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Spherocytic shift of red blood cells during storage provides a

quantitative whole cell–based marker of the storage lesion

Camille Roussel,1,3 Micha€el Dussiot,3 Micka€el Marin,2 Alexandre Morel,3 Papa Alioune Ndour,1

Julien Duez,1 Caroline Le Van Kim,2 Olivier Hermine,3,4 Yves Colin,2 Pierre A. Buffet,1 and

Pascal Amireault2,3

BACKGROUND: Storage lesion may explain the rapid

clearance of up to 25% of transfused red blood cells

(RBCs) in recipients. Several alterations affect stored

RBC but a quantitative, whole cell–based predictor of

transfusion yield is lacking. Because RBCs with reduced

surface area are retained by the spleen, we quantified

changes in RBC dimensions during storage.

STUDY DESIGN AND METHODS: Using imaging

flow cytometry we observed the dimension and

morphology of RBCs upon storage, along with that of

conventional biochemical and mechanical markers of

storage lesion. We then validated these findings using

differential interference contrast (DIC) microscopy and

quantified the accumulation of microparticles (MPs).

RESULTS: Mean projected surface area of the whole

RBC population decreased from 72.4 to 68.4 mm2, a

change resulting from the appearance of a well-

demarcated subpopulation of RBCs with reduced mean

projected surface (58 mm2, 15.2%-19.9% reduction).

These “small RBCs” accounted for 4.9 and 23.6% of all

RBCs on Days 3 and 42 of storage, respectively. DIC

microscopy confirmed that small RBCs had shifted upon

storage from discocytes to echinocytes III,

spheroechinocytes, and spherocytes. Glycophorin A–

positive MPs and small RBCs appeared after similar

kinetics.

CONCLUSION: The reduction in surface area of small

RBCs is expected to induce their retention by the spleen.

We propose that small RBCs generated by MP-induced

membrane loss are preferentially cleared from the

circulation shortly after transfusion of long-stored blood.

Their operator-independent quantification using imaging

flow cytometry may provide a marker of storage lesion

potentially predictive of transfusion yield.

E
ighty-five million patients receive a red blood cell

(RBC) transfusion each year worldwide (World

Health Organization). The complex management

of the transfusion process is facilitated by the

possibility to store RBC for up to 42 days after blood col-

lection (less commonly 35 days in some countries). Dur-

ing this 6-week-long period, a series of modifications that

alter RBC have been described, collectively referred as
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“storage lesion,” suggesting that RBC quality does not

remain stable during hypothermic storage. Despite pro-

gressive improvement of storage conditions in blood

banks (use of plastic bags and optimized additive solu-

tions, leukoreduction), the storage lesion remains a matter

of concern as it is responsible for the rapid clearance of

up to 25% of transfused RBCs over a few hours, thereby

reducing transfusion yield.1,2 This proportion of cleared

RBCs increases with storage duration and displays marked

interdonor variabilities.

So far, relatively little has been demonstrated regard-

ing the clinical significance of this rapidly cleared popula-

tion of transfused RBCs. Although correlations have been

observed between duration of storage and adverse

events,3-5 recent clinical trials have been reassuring about

potential harmful effects related to the transfusion of

“older” RBCs in current clinical practice.6,7 However, these

studies did not assess the impairment of transfusion yield

and were not designed to explore the last third of the stor-

age period (Day [D]28 to D42) with adequate statistical

power. Furthermore, studies are still lacking for specific

patient populations such as fragile or chronically trans-

fused patients, who are particularly vulnerable to micro-

circulatory impairment or iron overload and who could

benefit the most from improvement of transfusion yield.

The Food and Drug Administration (FDA) threshold

to approve a preparation and storage process of RBCs is a

maximum 1% in vitro hemolysis (0.8% in European regu-

lations8) and a 24-hour in vivo recovery of at least 75%

after reinfusion of autologous radiolabeled RBC in healthy

volunteers, 42 days after donation.9 This in vivo measure-

ment of posttransfusion survival remains essential

because so far, no in vitro marker can accurately predict

the viability of stored RBCs.10,11 Even though measure-

ment of other variables such as concentrations of adeno-

sine triphosphate (ATP), 2,3-diphosphoglycerate acid,

glucose, lactate, and RBC deformability are also routinely

performed, no decisional thresholds have been deter-

mined and, accordingly, none of them is an absolute crite-

rion for approval.1 Numerous published observations

have reported strong evidence about the accumulation of

biomechanical, molecular, and morphologic changes

associated with storage duration.12 None of these varia-

bles is, however, a reliable predictor of posttransfusion

recovery, as they generally reflect the alterations of a glob-

al population but cannot discriminate RBCs that will be

able to circulate in the recipient from those that will be

cleared. An optimal quantitative marker of transfusion in

vivo recovery should therefore identify a subpopulation

that matches the proportion of RBC exposed to early pre-

mature clearance.

Because it retains and eliminates RBC displaying sur-

face or mechanical alterations, the spleen is expected to

contribute significantly to the premature clearance of

transfused RBCs. A specific characteristic of this organ is

its ability to sense purely mechanical alterations of RBCs

even in the absence of surface modifications. In some

inherited RBC disorders, such as hereditary spherocytosis,

a tight relationship between the morphology and the

deformability of RBCs has been demonstrated.13 Surface

area-to-volume ratio is a major determinant of RBC

deformability and of their ability to circulate14,15 as it

allows normal discocytes (8 mm in diameter) to deform

enough to navigate along 4- to 6-mm-wide microvessels

and to cross 1- to 2-mm-wide interendothelial slits in the

spleen. Experiments in mice have confirmed the rapid

removal from circulation of spherical RBCs upon reinfu-

sion16,17 and human studies have shown a correlation

between the shape of RBCs and their persistence in circu-

lation.18 In addition, ex vivo perfusion of human spleens

have shown a strong positive correlation between the

number of RBCs retained in the spleen and the proportion

of projected surface area they had lost.19 Retention was

greater than 90% for RBCs that had lost more than 18% of

their projected area. This result confirms the existence of

a “splenic clearance threshold” based on biomechanical

alterations. A recent in vitro study using salicylate-

exposed human RBCs also correlated RBC morphologic

alterations and their ability to circulate in a microfluidic

device.20 Thus, data suggest that morphologic changes

could trigger clearance of RBCs if the intensity of these

alterations reaches the spleen-sensing threshold. We

hypothesized that RBC morphologic changes occurring

during storage would result predominantly from mem-

brane loss and decrease in surface area, an alteration that

may trigger splenic entrapment and could lead to prema-

ture clearance of markedly altered RBCs.

In this study, we used imaging flow cytometry

(ImageStream X Mark II, AMNIS part of EMD Millipore) to

characterize the dimensions and morphology of RBCs

stored in blood bank conditions, on D3, D21, D28, D35,

and D42 of the storage period and to assess the accumula-

tion of microparticles (MPs). Imaging flow cytometry ena-

bles a simultaneous high-speed multispectral imaging of

cells, as it combines the speed and phenotyping capacity

of conventional flow cytometry to analyze a very high

number of events, with a detailed and objective explora-

tion of cell morphology. This exploration was performed

in the context of a comprehensive study of storage lesion

where biochemical, metabolic, and biomechanical char-

acteristics of stored RBC were assessed in parallel.

MATERIALS AND METHODS

Blood collection and sampling of RBCs

Leukoreduced RBCs in SAG-M from six healthy donors

were supplied by the Etablissement Français du Sang

(French Blood Service) 2 days after blood collection. All

units were stored in optimal blood bank conditions,
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between 2 and 68C and for 42 days, according to regula-

tions. Samples were aseptically collected on 2 consecutive

days (D3-4, D20-21, D27-28, D34-35, and D41-42 of stor-

age) to perform all experiments. Because preliminary

observations had shown little morphologic variations dur-

ing the first 3 weeks of storage (Fig. S1, available as sup-

porting information in the online version of this paper),

weekly analysis of variables started on D20 and D21, with

a baseline determination upon reception of concentrates

on D3 and D4.

RBC dimensions and morphology assessment by

imaging flow cytometry

Imaging flow cytometry (ImageStream X Mark II, AMNIS

part of EMD Millipore) was performed to determine RBC

dimensions and morphology by using brightfield images

(603 magnification) processed with computer software

(IDEAS v6.2, AMNIS part of EMD Millipore). Focused cells

were selected using gradient RMS and single cells were

gated using area and aspect ratio. Finally, front views were

selected by the circularity feature (mask “Object”). At least

6000 front views of focused single cells were used for anal-

ysis at each time point. Normalized frequency plot of pro-

jected surface area and aspect ratio (ratio of the width and

height of the RBC) were assessed using the mask “Object.”

Stored RBCs were suspended at 1% hematocrit (Hct) just

before acquisition (INSPIRE software, AMNIS part of EMD

Millipore) in a Krebs-albumin solution (Krebs-Henseleit

buffer, Sigma-Aldrich) modified with 2 g of glucose, 2.1 g

of sodium bicarbonate, 0.175 g of calcium chloride dehy-

drate, and 5 g of lipid-rich bovine serum albumin (Albu-

MAX II, Thermo Fisher Scientific) for 1 L of sterile water

(pH 7.4).

Differential interference contrast microscopy

RBCs were washed in Krebs-albumin solution to remove

storage solution and suspended in Krebs-albumin to

obtain a final dilution at 0.014% of Hct. The diluted RBCs

were added to an Ibidi flow chamber (m-Slide I 0.4 Luer

uncoated, Ibidi) and kept for 10 minutes to allow sedi-

mentation. Differential interference contrast (DIC) images

were acquired using a confocal microscope (ZEISS LSM

700, Objectif Plan APOCHROMAT 40X/1.3 oil, Carl Zeiss).

Twenty images (representing 600 to 1000 RBCs) for each

sample were acquired, anonymized, and randomized to

allow blind analysis. Results are presented according to

the Bessis classification21 adapted for DIC microscopy.22

Hemolysis, Hct, and mean corpuscular volume

measurement

Total and free hemoglobin (Hb) were measured with a

plasma and low-Hb spectrophotometer (HemoCue). Per-

centage of hemolysis was calculated using the formula

Free Hb½ �= Total Hb½ �Þ3 100 – Hctð Þ:

Hct was determined by microcentrifugation technique

using a micro/Hct centrifuge (Microfuge NF048, N €UVE).

The mean of two independent measures was used for

analysis. Mean corpuscular volume (MCV, mm3) was

established using a hematologic device (ABX Pentra 80,

HORIBA).

Biochemical variables

Supernatant was collected after centrifugation (1500 3 g,

15 min) and frozen at 2808C until analysis. Biochemical

variables (potassium, sodium, chloride, lactate, glucose,

and iron concentrations) were assessed with a multipara-

metric automat (Model AU400, Olympus).

Determination of ATP concentration

ATP concentration was determined by luminescence

assay using a commercial kit (ATPlite, PerkinElmer). Sam-

ples were measured in duplicate and according to the

manufacturer’s procedure. ATP concentration was then

computed (mmol/dL) using the standard curve and nor-

malized with Hb concentration (mmol/g Hb).

RBC elongation index measurement

RBC deformability was evaluated by the elongation index

(EI) measured by ektacytometry as described previously,23

using a laser-assisted optical rotational cell analyzer

(LORRCA, Mechatronics). EI was defined as the ratio of

the difference between the two axes of the ellipsoidal dif-

fraction pattern and the sum of these two axes. The con-

trol was frozen RBCs from a healthy donor, thawed the

day of the experiment; the same RBC sample was used for

all experiments to minimize potential variability.

Osmotic fragility test

RBC osmotic fragility was determined as previously

described.24 Briefly, RBCs were washed in phosphate-

buffered saline (PBS), incubated for 45 minutes in hypo-

tonic NaCl-PO4 solutions (equivalent to NaCl solutions,

ranging from 0% to 0.9%), and centrifuged (800 3 g, 5

min). Absorbance of the released Hb was measured at

540 nm using a spectrophotometer and percentage of

hemolysis for each salt concentration was calculated (DO

value measured for condition Eq NaCl 0% corresponding

to 100% hemolysis).

Determination of MPs concentration

Supernatant containing MPs was collected after centrifu-

gation (1500 3 g, 15 min) and frozen at 2808C until analy-

sis. Before staining, all buffers were sterile filtered twice

with a 0.22-mm filter. CD235a-PE (BD PharMingen),

CD45-FITC (Ebiosciences), and CD41-Pacific Blue (Biole-

gend) antibodies were diluted at a final concentration of
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1:25 directly in MP preparations. Samples were incubated

for 60 minutes in the dark at room temperature and then

washed in PBS (centrifugation at 17,000 3 g for 10 min)

and resuspended in 100 mL of PBS. Images were acquired

on an imaging flow cytometer (ImageStream X Mark II,

AMNIS part of EMD Millipore) at 603 magnification. All

lasers (488, 561, 405, and 785 nm) were used at full power.

A total of 100,000 events were acquired for each condition.

To calculate compensations, single staining matrix for

each fluorochrome was done. MP gating strategy was

used as previously described.25 Concentration of MP was

assessed using IDEAS software and the background stain-

ing emitted by the antibody mix alone was subtracted.

RESULTS

Kinetics of conventional markers are consistent

with published observations

We analyzed the kinetics of biochemical, metabolic, and

biomechanical characteristics of stored RBCs from six

donors (Fig. 1). Mean hemolysis level on D42 was 0.32%

(range, 0.17%-0.44%) and did not exceed the 0.8% limit

defined by European regulations at the end of storage

(Fig. 1A), which confirms the appropriate quality of RBCs

used in this study. Evolution of MCV, intracellular ATP lev-

el, and plasma concentrations of ions and metabolites

were consistent with published observations (Fig. 1A). The

percentage of hemolysis as function of the extracellular

osmolarity shifted to the right, denoting the appearance of

osmotically sensitive RBCs upon storage (Fig. 1B).

Deformability, evaluated by maximum elongation index

(shear stress 30 Pa) measured by ektacytometry, also

decreased mildly with storage duration (Fig. 1C). These

two results suggest the accumulation of a subpopulation

of RBCs with an increased susceptibility to storage lesion,

particularly during the last 2 weeks of storage.

Imaging flow cytometry determines robust

distribution patterns of the projected surface area

of large populations of RBCs

Using imaging flow cytometry, we analyzed the distribu-

tion of the projected surface area of stored RBCs (six

donors) on normalized frequency plots, between D3 and

D42 of storage (at least 6000 RBCs/sample). Projected sur-

face area exhibited a Gaussian or nearly Gaussian distri-

bution for all donors on D3 (Fig. 2A). Mean surface area

was 72.4 mm2 (70.5-74.4 mm2) and was distributed approxi-

mately from a minimum of 40 mm2 to a maximum of 100

mm2. This pattern was similar to those of fresh RBCs from

healthy donors collected just before analysis and resus-

pended in the same buffer (superimposed black line, Fig.

2A). Of note, this surface represented approximately 50%

of the whole normal RBC surface. This was consistent

with previous observations based on micropipette

aspiration technique that measured a mean surface area

of 134 mm2 for discocytes.26

The unimodal distribution of projected surface

area undergoes a bimodal segregation upon RBC

storage

Mean projected surface area of the whole RBC population

significantly decreased from 72.4 mm2 (70.5-74.4 mm2) on D3

to 68.4 mm2 (63.9-74.0 mm2) on D42 (Fig. 2B) but this reduc-

tion was mainly due to the progressive emergence of a RBC

subpopulation of low surface area. Indeed, in 5 of 6 units,

the surface area distribution became progressively bimodal

upon storage with the appearance of a well-demarcated

subpopulation of smaller RBCs (Fig. 2A). Segregating “small

RBCs” (left of the dashed line, Fig. 2A) from “normal RBCs”

(right of the dashed line, Fig. 2A) was performed indepen-

dently for each donor, using the nadir of the bimodal fre-

quency histograms as the gating boundary. The surface

distribution histogram on D3 crossed the surface distribu-

tion histogram on D42 exactly at this nadir in all donors

(Fig. 2A), confirming the robustness of this gating procedure.

For all donors, the small RBC subpopulation accumulated

upon storage from 4.9% (1.1%-8.5%) on D3 to 23.6% (4.9%-

38.5%) on D42 (p< 0.05, Fig. 2C), with marked interdonor

variability. Remarkably, Donor 5 displayed a low proportion

of small RBCs on D42 (4.9%) when compared to other

donors. Increase in the proportion of the small RBC subpop-

ulation was markedly faster during the last third of the stor-

age period (114% between D28 and D42) than during the

first two-thirds of this period (14.8% between D0 and D28).

The subpopulation of small RBCs corresponds to

morphologically altered RBCs

Morphologic analysis of imaging flow cytometry brightfield

images using categories based on an adaptation of the Bes-

sis classification (Fig. 4A) revealed that echinocytes III,

spheroechinocytes, and spherocytes accounted for 88%

(73%-96%) of the small RBC subpopulation (Fig. 3A, left

panel). Conversely, 89% (82%-94%) of RBCs with a normal

surface area were discocytes, echinocytes I, and echinocytes

II (Fig. 3A, right panel). Moreover, the circularity of the

small RBC subpopulation increased with storage duration

while the projected surface area decreased. Taken together,

these data showed an increased sphericity in the subpopu-

lation of small RBCs, reflecting an increase in the propor-

tion of spheroechinocytes and spherocytes during storage.

Remarkably, surface area and aspect ratio of normal RBC

did not vary during the same storage period (Fig. 3B).

Reference morphologic analysis of RBCs using

differential interference phase contrast microscopy

validates imaging flow cytometry findings

We next evaluated the evolution of RBC morphology dur-

ing storage by DIC microscopy and compared these
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observations to those obtained by imaging flow cytometry.

Both approaches used the same morphologic categories

adapted from Bessis classification, namely, discocytes,

echinocytes (I, II, and III), stomatocytes, spheroechino-

cytes, and spherocytes. Typical images of RBCs from each

morphologic category are shown in Fig. 4A. DIC

A

CB

Fig. 1. Kinetics of conventional markers of storage lesion. (A) Kinetics of hemolysis, iron, sodium, potassium, chloride, glucose,

lactate, and ATP concentrations in RBCs and of MCV (n 5 6, mean 6 SEM). (B) Osmotic fragility test: evolution of the percentage

of hemolysis as function of the extracellular osmolarity (% equivalent NaCl) upon storage (n 5 6, mean). (C) Maximum EI mea-

sured by ektacytometry (shear stress 30 Pa) upon storage (n 5 6, mean 6 SEM).
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microscopy observations confirmed storage-induced mor-

phologic alterations (Fig. 4B). The relative proportion of

each category was quantified at each evaluation point

upon storage (Fig. 4C). Proportion of discocytes decreased

from 60.1% (43.2%-69.4%) at D3 to 33.7% at D42 (13.8%-

51%) while that of echinocytes steadily increased (Fig. 4C,

lower panel). The proportion of stomatocytes started to

decrease from D21 to reach 6.8% of the population at the

A

B

C

Fig. 2. Imaging flow cytometry identifies a well-demarcated subpopulation of small RBCs that accumulates during storage. (A)

Typical evolution of projected surface area on normalized frequency plot for one donor between D3 and D42 of the storage peri-

od (horizontally) showing the apparition of a well-demarcated subpopulation of small RBCs, at the end of the storage period

(D42), for the six donors (vertically), highlighting a great interdonor variability. The superimposed red line shows the profile of

each donor’s RBC population at the beginning of storage (D3). The black line shows the profile of a typical fresh RBC popula-

tion. Dashed vertical lines define gating of the small RBC subpopulation for each donor. (B) Evolution of projected surface area

for front views of focused single RBCs (n 5 6, mean 6 SEM) and (C) evolution of the proportion of the small RBC subpopulation

upon storage (n 5 6, mean 6 SEM). [Color figure can be viewed at wileyonlinelibrary.com]

ROUSSEL ET AL.

1012 TRANSFUSION Volume 57, April 2017

http://wileyonlinelibrary.com


end of storage (D42). The proportion of echinocytes (II

and III), spherocytes, and spheroechinocytes increased

more rapidly after D28 and D35, respectively (Fig. 4C).

There was a very strong correlation between the propor-

tion of small RBCs determined using imaging flow cytom-

etry and the proportion of echinocytes III, spherocytes,

and spheroechinocytes determined by DIC (correlation

squared coefficient 5 0.91; Figs. 2C, 5A, B). Moreover, sim-

ilar proportions of these three categories were found both

in the small RBC gate (imaging flow cytometry) and in

DIC analysis (Fig. 5C).

RBC MPs accumulate upon storage and their

concentration correlates with that of small RBCs

MPs in the supernatants of RBCs were quantified at each

time point. Imaging flow cytometry, which is at least as

sensitive as conventional flow cytometry, was used to

detect MPs.25,27 CD45 and CD41 staining showed no accu-

mulation of white blood cell– or platelet-derived MPs

(Table 1). Glycophorin A–positive (GPA1) MPs accumulat-

ed slowly during the first 4 weeks of storage but then

increased exponentially between D28 and D42 (Fig. 6),

again with marked interdonor variability. Stored RBCs

from Donor 5 showed markedly lower MP accumulation

between D3 and D42 compared to samples from other

donors (33 vs. 377, not shown). Interestingly, the RBCs

from Donor 5 also contained a low concentration of small

RBCs at the end of storage (4.9%, Fig. 2A).

DISCUSSION

Using imaging flow cytometry to characterize the dimen-

sion and morphology of RBCs upon storage, we have

identified a subpopulation of small spherocytic RBCs the

proportion of which increases with storage duration and

varies widely between donors. Previous physiologic obser-

vations have linked morphology and mechanical retention

of RBC,16,18-20 suggesting that the small spherocytic popu-

lation may be preferentially cleared by the spleen. If this

hypothesis is confirmed, rapid quantification of this sub-

population of altered RBC may become a predictor of

transfusion yield.

Previous observations have described morphologic

alterations of RBCs during storage. Most studies used con-

ventional microscopy (DIC or SEM) to analyze

glutaraldehyde-fixed RBCs without measuring RBC

dimensions.28-30 Cell fixation on its own induces volume,

morphologic changes, or both.31-33 Morphologic

A

B

Fig. 3. The subpopulation of small RBCs contains essentially spherocytes, spheroechinocytes, and echinocytes III. (A) Typical

ImageStream brightfield images of small RBCs (left panel) showing spherocytes (b and f), spheroechinocytes (a and e), and echi-

nocytes III (a and d) and normal-sized RBCs (right panel) showing discocytes (a and c), echinocytes I (e and f), and echinocytes

II (b and d). (B) Typical aspect ratio frequency histogram of small RBCs (blue curve) and normal RBCs (red curve) on D42 (left

panel). Evolution of aspect ratio (middle panel) and projected surface area (right panel) of the small RBCs (blue line) and nor-

mal RBCs (red line) subpopulations upon storage. [Color figure can be viewed at wileyonlinelibrary.com]
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characterization was often limited to a distinction

between “reversible” and “irreversible” alterations, where

reversibility was not unequivocally defined and based on

variable sets of variables. These previous studies used

low-throughput and operator-dependent methods.

Because fine morphologic classification of RBCs depends

on the pH and composition of the suspension medi-

um21,34 we used Krebs-albumin solution shown in prelim-

inary experiments to provide the best preservation of

surface area including the bimodal distribution of stored

RBCs, compared to serum or plasma. Imaging flow

cytometry has been increasingly used to study RBC mor-

phology and pathology.35-37 Although it generates less pre-

cisely defined images than does conventional microscopy,

the analysis of critical size and shape features on many

unfixed RBCs using the IDEAS postacquisition software is

rapid, objective, and reproducible. RBC morphologic cate-

gories were identified with similar efficiency using either

imaging flow cytometry or classification by eye of thou-

sands of RBCs imaged with DIC microscopy (Figs. 4 and

5). We thus provide here a robust description of morpho-

logic alterations of unfixed RBCs stored after leukoreduc-

tion under current transfusion conditions. We also

confirm that imaging flow cytometry, which combines the

morphologic accuracy of conventional imaging methods

and the large-scale, operator-independent quantification

power of flow cytometry, displays major technical

strengths for quality control purposes in the field of trans-

fusion medicine. The spherocytic shift of stored RBCs

quantified by imaging flow cytometry is not only a poten-

tial marker, but a likely operator of poor transfusion yield.

The mechanisms leading to RBC morphologic altera-

tions are not fully understood, but it is generally accepted

that late echinocytes (echinocytes III and spheroechinocytes)

progressively lose membrane through budding of microve-

sicules from their spicules.22,38,39 Microvesiculation likely

results from the disorganization of the membrane–cyto-

skeletal interaction modulated by ATP levels, cation

homeostasis, and cellular metabolism, which are well-

known markers of storage lesion.12 As RBCs lose more sur-

face than volume upon vesiculation, the result is an

increased sphericity. Spherocytic RBCs no longer display

the advantageous surface-to-volume ratio that enables

normal discocytes to navigate unevenly along small

capillaries and to cross very narrow slits in the

spleen.13,16,40 In our study echinocytes III, spheroechino-

cytes, and spherocytes were observed to form a subpopu-

lation of stored RBCs with reduced projected surface area

and increased sphericity. These small spherocytic RBC

accumulated upon storage with a marked acceleration

A

B

C

Fig. 4. DIC microscopy accurately categorizes morphologic alterations of unfixed RBCs during storage. (A) Typical images (3400

magnification) for each morphologic category were analyzed using the Bessis classification adapted for DIC microscopy: disco-

cytes (D), stomatocytes (St), echinocytes I (EI), echinocytes II (EII), echinocytes III (EIII), spheroechinocytes (SE), and sphero-

cytes (S). (B) Typical DIC images (3400 magnification) of RBCs on D3 (left) and D42 (right). (C) Evolution of each morphologic

category (n 5 6, mean 6 SEM) during storage.
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after D28. Accumulation of GPA1 MPs in stored concen-

trates showed similar kinetics in agreement with the

hypothesis that these MP are released from spicules of

RBC undergoing the spherocytic shift (echinocytes III,

shperoechinocytes). Future clinical studies will determine

whether membrane surface of small spherocytic RBCs is

restored once they are in circulation or whether their

membrane loss is irreversible and induces mechanical

clearance from circulation.

Previous studies using imaging flow cytometry have

unequivocally shown that surface area loss of RBCs is

almost linearly correlated with splenic retention.19 The

small RBC subpopulation exhibited, at each time point,

and for all donors, a 20% decrease in their surface area

when compared to normal RBCs. This decrease is below

the splenic retention threshold defined in previous obser-

vations16,19 and should result in an enhanced splenic

entrapment of these altered RBCs. The subpopulation of

small spherocytic RBCs accounted for 23.6% of the whole

RBC population on D42, a proportion strongly reminis-

cent of the FDA-accepted threshold for the proportion of

RBCs cleared from the circulation in the 24 hours after

transfusion.1 Indeed, these RBC labeling studies have

shown that a proportion of transfused RBCs is rapidly

cleared while those that persist in circulation beyond 24

hours display an elimination half-life similar to that of

normal RBCs.2,41 This further supports the hypothesis that

a discrete RBC subpopulation with an increased suscepti-

bility to storage lesion contributes significantly to the ini-

tial drop in transfused labeled RBCs. Band 3 clustering

and CD47 expression level or modifications at the surface

of altered RBC have been proposed as potential markers

C

B

A

Fig. 5. DIC microscopy validates imaging flow cytometry

findings. (A) Proportions of echinocytes III (EIII), spheroe-

chinocytes (SE), and spherocytes (S) upon storage using DIC

microscopy (n 5 6, mean 6 SEM). (B) Correlation between

proportions of EIII 1 SE 1 S determined by DIC microscopy

and the proportion of small RBCs quantified by imaging flow

cytometry (IFC) during storage. (C) Relative proportions of

EIII, SE, and S identified by imaging flow cytometry (left his-

togram, IFC) or DIC microscopy (right histogram, DIC) in

samples of all donors on D42.

Fig. 6. GPA1 MP accumulate upon storage. Concentration of

GPA1 MPs upon storage (n 5 6, mean 6 SEM).

TABLE 1. Concentration of MP GPA1, CD451, and
CD411 upon storage (n 5 6)*

Days MP GPA1/mL MP CD451/mL MP CD411/mL

3 8,991 6 1,451 64 6 21 32 6 6
21 59,995 6 19,536 8 6 4 40 6 9
28 106,073 6 39,672 32 6 12 59 6 10
35 267,383 6 85,344 33 6 15 68 6 7
42 695,632 6 163,272 38 6 18 62 6 16

* *Data are reported as mean 6 SEM.
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predicting the clearance of altered RBCs from circula-

tion.42-44 Phosphatidylserine exposition, a quantifiable

and recognized prophagocytic signal has been shown to

increase during storage.45-47 However, the proportion of

phosphatidylserine-exposing RBCs on D35 to D42 of stor-

age (between 0.02 and 7%) is markedly lower than the

rapidly cleared RBC subpopulation.45-47 In addition to sur-

face alteration, shape and rigidity of RBCs can trigger their

retention in the spleen and be sensed by macrophages

thereby inducing phagocytosis.48 Taken together, these

observations point to small RBCs (as defined in this

report) as strong contributors to reduced transfusion yield

when “older blood” is transfused2 either independently

from surface alterations or synergistically with them. Why

only a relatively small subpopulation of stored RBC is

markedly altered by storage lesion and whether surface

marker and/or morphologic features are involved in the

clearance of altered RBCs remains to be explored in detail

at the cellular and molecular level.

Our study showed that major morphologic changes

occurred after 4 weeks of storage while only minor modifi-

cations were observed on D3 and D21. This is consistent

with in vitro assays showing that irreversible alterations

generally occurred within the last 2 weeks of storage.12,49

Recent clinical trials showed similar outcomes in patients

transfused either with “short-” (<7 days) or “long-term-

stored” RBCs (22-28 days depending on the studies). How-

ever, these studies did not investigate the impact of stor-

age for more than 4 weeks with adequate power.6,7 These

major trials were therefore not designed to exclude a

potential negative impact of transfusion with concentrates

containing proportions of small spherocytic RBCs higher

than 20%, and did not include precise estimates of trans-

fusion yield. We propose that these outcomes deserve spe-

cific exploration. In this study, we have clearly

demonstrated that imaging flow cytometry enables defini-

tion and easy quantification of a discrete subpopulation

of storage-induced small spherocytic RBCs. Future inves-

tigations will aim at determining the ability of this small

RBC population to escape splenic retention either ex

vivo50,51 or in vivo.2 If its premature clearance is con-

firmed, this peculiar subpopulation may become a solid

candidate to predict transfusion yield. Marked quality var-

iations may exist between donors and, in our small

cohort, we observed wide variation in the proportion of

small spherocytic RBC at the end of storage (from 4.9% to

38.5%). Validation of such a simple predictive quality

marker of RBC concentrates may enable the selection of

optimal RBCs for transfusion of fragile or chronically

transfused patients.
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Additional Supporting Information may be found in the

online version of this article at the publisher’s website:

Fig. S1. Typical evolution of the projected surface area

of RBC at D3 (red histogram), D7 (blue line) and D14

(grey line) of storage.
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