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Background: RBC effectiveness studies

• RBCs are a complex biological product with variation between units 

• Known differences in stress-induced hemolysis at end of RBC storage

• Prior studies have focused on the impact of prolonged RBC storage on 
morbidity and mortality

• Recent studies are using “big data” approaches
• Evaluate blood donor, component, and recipient variables 



Science 12/9 -14

Laviano. NEJM 2014



Donor-Component-Recipient Linkages

Demographics, 
social behavior, 
medical history 

on each donation

Collection, manufacturing 
and processing data

Electronic 
health records, 
registries, 
claims data



Blood donor-component-recipient databases

• Canada 
• TRUST (Hamilton/McMaster)
• Ottawa (OHRI)

• Sweden/Denmark 
• SCANDAT
• Dutch Blood Donor Study (DBDS)

• Netherlands
• DTD

• United States
• REDS-III/IV (Recipient Epidemiology Donor Evaluation Study)
• Kaiser Permanente Northern California



Donor-Component-Recipient Linkages

Recipient 

Component

Donor
• Sex, age, BMI, race/ethnicity, ABO/Rh, h/o pregnancy

• Fingerstick hemoglobin level

• In vitro measures of hemolysis

• Donor genetic polymorphisms

• Donation history, ferritin, iron/MVI, tobacco, alcohol, caffeine use

• Collection method

• Leukoreduction, washing, volume reduction

• Additive solution 

• Gamma irradiation

• Pathogen reduction

• Storage duration

• Sex, age, BMI, race/ethnicity, ABO/Rh

• Number of transfusion exposures, allo-immunization 

• Co-morbidities and immune function

• Concomitant platelet / plasma TX

• Hemoglobin, creatinine, bilirubin levels

• Organ failure, length of stay, death



Chassé M et al. JAMA Int Med 2016

>25% absolute
mortality difference



# of RBCs & mortality: non-linear association

Edgren et al. JAMA Int Med, 2017



Donor age & patient mortality: adjustment for 
number of RBC transfusions

Donor age
Number of RBC

units (%)

Log-linear 
adjustment

Restricted cubic 
splines

Hazard ratio (95% CI)

<20 years 126 847(1.9) 1.04 (1.03-1.04) 1.01 (1.00-1.01)

20-29 years 1 104 248(16.3) 1.02 (1.02-1.02) 0.99 (0.99-1.00)

30-39 years 1 464 872(21.6) 1.00 (1.00-1.00) 0.99 (0.99-1.00)

40-49 years 1 889 084(27.9) 1.00 (ref) 1.00 (ref)

50-59 years 1 600 320(23.6) 1.00 (1.00-1.00) 1.00 (1.00-1.00)

60-69 years 578 194(8.5) 1.00 (1.00-1.01) 1.01 (1.01-1.02)

≥70 years 3 238(0.0) 0.85 (0.83-0.87) 0.96 (0.91-1.01)

Edgren et al. JAMA Int Med, 2017



Associations between donor sex, prior pregnancy & mortality

Caram-Deelder et al, JAMA, 2017
Edgren et al, JAMA, 2019



Changes in donor parity over time

Edgren et al, JAMA, 2019



Component modifications & mortality?

Heddle et al, Lancet Haemotology, 2016.



Other blood donor factors or outcomes?

Donor hemoglobin Donor body mass index Donor smoking

Mortality

Length of Stay

Roubinian et al, Transfusion, 2019

Donor age



Fergusson et al, BMJ Open, 2021



Blood Donor Blood Component Transfusion Recipient 

Factors affecting hemoglobin increments in transfusion recipients

• Male blood donor

• Donor age < 70

• (+) Rh-D status

• Apheresis blood collection

• Additive solution

• Gamma irradiation

• Storage duration > 35 days

• Female recipient

• Recipient age

• (+) Rh-D status

• Lower body mass index

• Lower hemoglobin level

Retrospective cohort study using EHR data on 23,194 transfusion recipients who received one or more 
single-unit RBC transfusions from 2008-2016 at a Kaiser Permanente Northern California facility

Roubinian et al, Blood, 2019



Gamma Irradiation and Storage Duration

Un-irradiated
Storage Duration 

(days)

1-21

(n=9,580)

22-28

(n=11,791)

29-35

(n=7,738)

36-42

(n=6,433)

Pre-TX Hb 8.10 (0.88) 8.04 (0.87) 8.04 (0.85) 7.92 (0.87)

Post-TX Hb 9.14 (1.17) 9.08 (1.15) 9.09 (1.12) 8.97(1.12)

Post-TX Inc 1.05 (0.90) 1.05 (0.89) 1.07 (0.87) 1.07 (0.85)

Irradiated
Storage Duration 

(days)

1-21

(n=828)

22-28

(n=643)

29-35

(n=539)

36-42

(n=467)

Pre-TX Hb 7.65 (0.82) 7.77 (0.78) 7.78 (0.81) 7.78 (0.80)

Post-TX Hb 8.59 (1.12) 8.76 (1.19) 8.68 (1.06) 8.69 (1.07)

Post-TX Inc 0.96 (0.82) 1.03 (0.96) 0.96 (0.73) 0.98 (0.79)

Roubinian et al, Blood, 2019



KPNC - Donor-component-recipient linkage

Hemoglobin increments for donor & recipient sex and gamma irradiation – mean in g/dL (SD)

Male Blood Donor Female Blood Donor

Unirradiated Irradiated Unirradiated Irradiated

Female Recipient

Hb Increment 1.23 (0.93) 1.18 (0.96) 1.14 (0.89) 1.08 (0.84)

Male Recipient

Hb Increment 0.93 (0.83) 0.88 (0.79) 0.88 (0.84) 0.74 (0.77)

Hemoglobin increments for donor & recipient sex and collection method – mean in g/dL (SD)

Whole blood collection Apheresis collection

Male Donor Female Donor Male Donor Female Donor

Female Recipient

Hb Increment 1.29 (0.93) 1.14 (0.89) 1.10 (0.90) 1.04 (0.82)

Male Recipient

Hb Increment 0.97 (0.82) 0.88 (0.83) 0.85 (0.82) 0.79 (0.86)

Roubinian et al, Blood, 2019



Modeling hemoglobin increments

Hb increment (g/dL) after transfusion for Hb level of 7 g/dL

• Female donor (0)
• Don/Rec Rh-D neg (-0.06)
• Apheresis collection (0)
• Irradiated unit (-0.08)
• Additive solution 3 (-0.06)
• 60-yo old male recip. (0)
• BMI – 30 (-0.5)

0.59 g/dL Hb increment

• Male donor (+0.1)
• Don/Rec Rh-D pos (0)
• Whole blood coll. (+0.16)
• Unirradiated unit (0)
• Additive solution 1 (0)
• 85-yo old female (+0.4)
• BMI – 18 (-0.3)

1.65 g/dL Hb increment

Roubinian et al, Blood, 2019



Donor behaviors: smoking & RBC transfusion

De Simone et al, Transfusion, 2020
De Simone et al, Transfusion, 2019

Donor & component factor
Δ Hemoglobin, g/dL 

(SD)

Non-smoker, unirradiated 1.03 (0.92)

Smoker, unirradiated 1.05 (0.98)

Non-smoker, irradiated 0.94 (0. 83)

Smoker, irradiated 0.74 (0.80)



Blood donor “Exposome”

Nemkov et al. JCI Insight 2021



Donor genetic variations can affect the hemolytic 
propensity and recovery of RBC

Kanias and Gladwin, Transfusion, 2014



Determinants 
of RBC 

Storage and 
Transfusion 

Efficacy

Hemolysis 
Phenotype

TM Array GWAS Metabolomics

Recipient 
Outcomes

879	K	
SNP	
and	
CNPs	

Standard	coverage	
to	MAF	>	5%	
348K	SNPs	

eQTL	markers	
Affy	and	GTEX	

23K	SNPs	

ADME	
2K	SNPs	

HLA/KIR	
14K	SNPs	

SNPs	in	blood	and	
iron	disorder	gene	

3885	SNPs	

GWAS	catalog	blood	
and	iron	transport	

1164	SNPs	

Iron	
Genes	

141	Genes	

Blood	Grp	
Genes	

729	SNPs	

RBCs	
1285	
Genes	

Nearby	
genes	

936	genes	

Y	and	Mt	
genes	

1200	markers	

Addition	AA	
Coverage	163	K	

Addition	East	
Asian	

Coverage	
48K	

RH	c	d	e	and	
Globin	CNP	
1000	CNPS	

Nonsynonymous	
SNPs	<	80K	SNPs	

GWA	markers	
~34,000	SNPs	

Brazil	SNPs	
238	SNPs	

SNPs	in	coag.	and	
cytokine	genes	

125	SNPs	

Restless	Legs	
13	SNPs	

Transplant	
SNPs	

145	SNPs	

Platelets	
3856	
Genes	

Cytokine	
238	Genes	

SCD	Genes	
48	Genes	

TGF	Genes	
155	Genes	

AA	SNPS	
41	SNPs	SNPS	we	selected	

Genes	we	selected	
SNPs	to	1%	MAF	 Affymetrix		

Content	

CNPS	we		
selected	

Customized	for		
this	array	

Affymetrix	Axiom	genome	wide	SNP	array		

Identifying	extreme	hemolyzers	during	screening	–	Reproducibility	at	recall	
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Intra-assay	correlations	for	screening	vs	recall	results	in	transfer	bags	

Storage	Hemolysis	 Osmotic	Hemolysis	 Oxidative	Hemolysis	

To	identify	extreme	hemolyzers	<5th	and	>95th	percentile	of	the	hemolysis	assay	
à	GWAS	and	Metabolomics	
		

Osmotic	Hemolysis	Storage	Hemolysis	 Oxidative	Hemolysis	

Storage	
Hemolysis 

Osmotic	
Hemolysis 

Oxidative	
Hemolysis 

African	
Americans 0.0078 <0.0001 0.0008 

Asians 0.69 <0.0001 0.41 

Hispanics 0.89 0.10 <0.0001 

High-intensity <0.0001 0.84 <0.0001 

	>	hemolysis	vs	Caucasian	donors		

<	hemolysis	vs	Caucasian	donors		

Manhattan	Plot:	GWA	analysis	osmotic	hemolysis.	14	genome	wide	significant	hits	
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Metabolites	increasing	over	
storage	

Metabolites	decreasing	
over	storage	

n	=	599	
~20,000	named	metabolites	

Donor-specific	

REDS-III RBC-Omics Study



Blood donors

(n=13,403)

Red blood cell storage (39-42 days)

Storage hemolysis
Oxidative hemolysis

Osmotic hemolysis

• Sex (female) 

• Sex (male)

• Ethnicity 

(Asian/African American)

• Ethnicity 

(African American)

• Sex (female) 

• Sex (male)

• Donor age

• Sex (female)

• Donor age

• Prior donation 

• Sex (male)

Lower 
hemolysis

Higher
hemolysis

Summarized findings from RBC-Omics screening phase

Associations between RBC-omics donors & hemolysis with storage

Kanias et al. Blood Advances, 2017
Kanias et al. Transfusion, 2019



Identifying	extreme	hemolyzers	during	screening	–	Reproducibility	at	recall	
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To	identify	extreme	hemolyzers	<5th	and	>95th	percentile	of	the	hemolysis	assay	
à	GWAS	and	Metabolomics	
		

Osmotic	Hemolysis	Storage	Hemolysis	 Oxidative	Hemolysis	

Extreme hemolyzers during screening – Reproducibility at recall

Lanteri et al. Transfusion, 2019 



REDS-III Transfusion Medicine Array

Guo et al. Transfusion, 2019 



Candidate genes or SNPs with function or disease association, if known, showing 15 genome wide significant 
hits (p <5 x 10-8)* for osmotic hemolysis and 4 genome wide significant hits** for oxidative hemolysis from 

RBC-Omics donors.
Examples of Candidate Genes or SNPs Function / Disease Association Type of Hemolysis

ANK1 (Ankyrin 1) Hereditary Spherocytosis Osmotic*

AQP1 (Aquaporin 1) Water channel protein Osmotic*

SPTA1 (Spectrin Alpha) Hereditary Spherocytosis/Elliptocytosis Osmotic*

PIEZ01 Mechanosensitive ion channel component 2 Osmotic*

HK1 (Hexokinase) Mitochondrial membrane protein / hemolytic anemia Osmotic*

SWAP70/LOC440028 SWAP switching B-cell complex Osmotic*

MYO9B (Myosin IXB) Myosin Osmotic*

IKZF2/DDC/GRB10 Zink finger/Centromeric heterochromatin/ cell surface receptor kinases Osmotic*

MIR4289 MircroRNA of unknown significance Osmotic*

CNTN5/ARHGAP42 Contactin 5/ Rho GTPase activating protein 42 Osmotic*

SH2B3/BRAP/MAPKAPk5/NAA25/Others SH2B adaptor protein 3/ BRCA1 associated protein Osmotic*

HBA2 Hemoglobin subunit alpha 2 Osmotic*

SLC4A1/UBTF Solute carrier family 4 (anion exchanger)/ Transcription factor, RNA 

polymerase I

Osmotic*

ANTXRLP1 Pseudogene Osmotic*

EPB41 (Erythrocyte Membrane Protein Band 4.1) Elliptocytosis-1 Osmotic*

ESYT2 Extended synaptotagmin-like protein 2 Osmotic

G6PD A- G6PD deficiency Oxidative**/Osmotic

GPX4 (Glutathione Peroxidase 4) Role in oxidative stress Oxidative**

GLRX (Gluaredoxin) Role in oxidative stress Oxidative**

SEC13L4/SEC14L2/SEC14L4 SEC14 like lipid binding 4 Oxidative**

TRAK1/ULK4 Trafficking protein, kinesin binding 1/ kinase 4 Oxidative

Page et al. JCI, 2021



REDS-III RBC-Omics data linkages

Blood Donor

Component 

manufacturing

Transfusion 

Recipient 

Manhattan	Plot:	GWA	analysis	osmotic	hemolysis.	14	genome	wide	significant	hits	
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Identifying	extreme	hemolyzers	during	screening	–	Reproducibility	at	recall	
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Intra-assay	correlations	for	screening	vs	recall	results	in	transfer	bags	

Storage	Hemolysis	 Osmotic	Hemolysis	 Oxidative	Hemolysis	

To	identify	extreme	hemolyzers	<5th	and	>95th	percentile	of	the	hemolysis	assay	
à	GWAS	and	Metabolomics	
		

Osmotic	Hemolysis	Storage	Hemolysis	 Oxidative	Hemolysis	

Donor genetic polymorphisms
In vitro hemolysis phenotype

Outcomes

Δ Creatinine

Δ Bilirubin

Δ Hemoglobin



REDS-III donor & donation linkages

4 REDS-III Hubs

2012-2016
12 REDS-III Hospitals 13,403 Omics Donors

Transfused Donations
550,029 donations

279,291 donors

Transfused RBCs 
407,392 donations

227,972 donors

All Donations
2,218,281 donations

670,548 donors

Transfused 
RBC-Omics RBC units

23,714 donations
8,810 donors



AQP1 IKZF1 ANK1 HK1 GPX4 GLRX

VRI RBC-Omics donors (n=3,129)

Homozygous dominant 75.2% 28.8% 48.2% 86.6% 36.1% 91.4%

Heterozygous recessive 22.4% 48.4% 40.1% 12.8% 47.3% 8.3%

Homozygous recessive 2.4% 22.8% 11.7% 0.6% 16.5% 0.3%

KPNC RBC transfusions (n=3,434)

Homozygous dominant 71.2% 27.9% 51.3% 84.3% 34.9% 89.3%

Heterozygous recessive 25.7% 49.8% 39.6% 15.0% 46.8% 10.5%

Homozygous recessive 3.1% 22.3% 9.2% 0.8% 18.3% 0.3%

Prevalence of selected SNPs associated with osmotic 
hemolysis in donors and transfused RBC recipients



Need for additional RBC transfusion-1 week

Decreased Hb dose Increased Hb dose

• Female donor
• Donor age > 70
• Apheresis collection
• Irradiated unit 

47% transfused - 1 week 

• Male donor 
• Donor age < 70
• Whole blood collection
• Unirradiated unit

28% transfused - 1 week 

19% absolute difference 
40% relative rate difference



Measures of hemolysis

Timing of subsequent transfusion

Hemoglobin increments

Gamma irradiated, male donor RBC exposures

Bacteremia

Acute kidney injury

Thrombosis

Longitudinal outcomes of RBC transfusion



REDS-IV-P: Red Blood Cell – IMProving trAnsfusions for 
Chronically Transfused recipients (RBC – IMPACT)

HbA or Hb

Specific genetic donor factors influence RBC survival of 
units transfused to patients with SCD (measured by HbA) and 

Thalassemia (measured by total Hb) 



REDS-III Linked donor-component-recipient 
database (2013-2016)

• 4 blood centers and 12 hospitals

• Donors and donations
• Over 2 M successful donations from  ~ 650,000 donors

• Demographics, prior donation history

• Components and modifications

• Over 5.5 M components
• Collection method, processing and modifications: e.g., leukoreduction, additive 

solutions, gamma irradiation, volume reduction, storage age

• Recipients (inpatient and outpatients)
• Over 1.5 M encounters from ~ 750,000 unique patients

www.biolincc.nhlbi.nih.gov

http://www.biolincc.nhlbi.nih.gov/


Summary

• Linked blood donor-component-recipient databases provide 
unique opportunities to study transfusion effectiveness

• Donor genotype and phenotype data will allow us to better 
understand mechanisms of clinical associations

• Studying granular longitudinal outcomes of transfusion are 
relevant to understand the role of donor and component 
covariates

• Ongoing collaboration and corroboration are critical
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