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Old and new insights into the diagnosis of hereditary spherocytosis

Olga Ciepiela

Department of Laboratory Diagnostics, Medical University of Warsaw, Warsaw, Poland

Correspondence to: Olga Ciepiela, PhD. Department of Laboratory Diagnostics, Medical University of Warsaw, Banacha 1a, 02-097 Warsaw, Poland.

Email: olga.ciepiela@wum.edu.pl.

Abstract: Hereditary spherocytosis (HS) belongs to the group of congenital hemolytic anemias resulting

from plasma membrane protein deficiency. When diagnosed too late, HS bares the risk of long-term

complications including gall stones and severe anemia. Here, there are discussed advances in HS screening

and diagnostics, with a particular focus on methodologies, most of which are available in clinical laboratories

worldwide.
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Introduction

Hereditary spherocytosis (HS) belongs to the group of
congenital hemolytic anemias resulting from plasma
membrane protein deficiency (1,2). It is the most common
inherited red blood cell (RBC) plasma membrane disorder
in Northern Europe and Northern America, and is
diagnosed in 1 in every 2000 individuals. Mild forms of the
disorder might be asymptomatic, therefore, it is thought that
the incidence could be underestimated (3). In people with
HS, the lifespan of erythrocytes is shortened, mainly due
to decreased deformability of the cell. This results from an
altered surface-to-volume ratio. The inability of spherocytes
to absorb hypoosmotic fluid makes them osmotically fragile
and prone to hemolysis in the spleen (4). The molecular
mutations that cause HS may be localized in genes encoding
one or more plasma membrane proteins, including ankyrin,
band 3 protein, o or B spectrin and protein 4.2 (4-11).
Furthermore, the clinical severity may differ between
individuals with different genetic mutations. Hemolysis
may appear constantly or only occasionally, induced by
events such as postinfectious hypersplenism (4). The first
symptom of HS in neonates is hyperbilirubinemia which is
not associated with blood group type incompatibility (12,13).
Non-diagnosed HS may lead to kernicterus, a severe
neurological complication, in addition to severe hemolytic
anemia and the development of gall stones. Thus, early

© Annals of Translational Medicine. All rights reserved.

diagnosis of HS is crucial to reduce the risk of complications
later in life (4,12,14). To date, several methods for HS
screening and diagnosis have been developed, and these are
still undergoing improvements.

Complete blood count (CBC) analysis

The first laboratory tests for HS screening were the mean
corpuscular hemoglobin concentration (MCHC) and red
blood cell distribution width (RDW) (14,15). Both indices
are elevated during the course of HS, allowing the diagnosis
of HS with satisfactory sensitivity and specificity (12,16,17).
High MCHC in HS individuals is partially assessed by
the RBC shape and a method of its measurement (used
in conductance-orifice analyzers). The mean corpuscular
volume (MCV) and MCHC measurements are based on
the analysis of cells in a fluid in which flow is accelerated,
causing cells to deform into a “cigar” shape. The MCV is
measured in these deformed cells by assessing the cross-
sectional area of the cell. Cells with a high hemoglobin
concentration or spherocytes, which cannot be deformed
due to their shape, affected by plasma membrane protein
deficiency, are classified as having a higher MCHC and
smaller volume than normal RBCs (18). Beckman Coulter
introduced mean sphered corpuscular volume (MSCV)
as a way to measure erythrocyte volume in hypoosmotic
solutions (2,19). Low MSCYV has been demonstrated to be a
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Table 1 Diagnostic algorithms based on CBC analysis useful in HS screening

Parameters Algorithm

Author (ref)

Ret (10°/L)/IRF >7.7 for HS
>19 for Trait and mild HS
Micro R/Hypo-He

>2 for severe HS, if Hb is <8 g/dL

Micro R >3.5% for moderate and severe HS

Delta (MCV-MSCV) >9.6 fl for HS, after excluding AIHA

MSCV, MCV and MRV
positive CHT

MSCV, MCV and MRV
MSCV, MCV and MRV
%Hyper %Hyper >6.4% for HS

Ret (10°/L) and MicroR

>2.5 for moderate HS if Hb is 8-12 g/dL

HS highly probable if MSCV <70.2 or delta (MCV-MSCV) >10.4 and/or MRV <96.7 fl with

Delta (MCV-MSCV) >10 fl and delta (MRV-MSCV) <25 for HS differentiation from AIHA
Delta (MCV-MSCV) >10 fl and delta (MRV-MSCV) <25 for HS

Ret 2100x109/L and MicroR =2.6% for HS

Mullier et al. (15)

Mullier et al. (15)

Mullier et al (15)
Broséus et al. (19)

Lazarova et al. (20)

Arora et al. (22)
Nair et al. (28)
Farias et al. (24)
Persijn et al. (26)

CBC, complete blood count; HS, hereditary spherocytosis; Ret, reticulocytes count; IRF, immature reticulocytes fraction; MicroR, number
of microcytic red blood cells; Hypo-He, RBCs with low hemoglobin concentration; MCV, mean corpuscular volume; MSCV, mean sphered
corpuscular volume; MRV, mean reticulocyte volume; %Hyper, percentage of hyperdense cells.

sensitive parameter for HS detection (20). When expressed
as delta MSCV, i.e., the difference between MCV and
MSCV (MCV-MSCV), this measurement has even higher
discriminatory value for the detection of HS, which is
confirmed by increased delta MSCV (19,21-23).

Among the measurements which can be obtained by
automated hematology analyzers, reticulocyte parameters
have been shown to have high utility for HS screening (2).
Patients with HS present a high reticulocyte count with
a low immature reticulocyte fraction (IRF). These less
mature reticulocytes are recognized as cells with higher
RNA levels (21). Mullier et al. showed that mild cases of
HS have a Ret/IRF ratio higher than 19, while severe cases
of HS have a Ret/IRF ratio higher than 7.7 (15). Lazarova
et al. were more cautious with their interpretation of Ret/
IRF parameters as different automated analyzers measure
IRF with different methods, therefore, they cannot be
compared (20). Other parameters measured in regard to
reticulocytes are the Hypo-He and Hyper-He indices,
which discriminate RBCs with low and high hemoglobin
concentrations, respectively. Individuals with HS have
a higher Hyper-He count, which is associated with the
increased number of microcytic erythrocytes (MicroR),
an index measured exclusively by the Sysmex analyzer
(15,24,25). Persijn et al. proposed that the threshold for
the MicroR value be decreased from >3.5% to >2.6% to
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discriminate between HS and non-HS subjects, which would
significantly increase the sensitivity of the test (26). A low
mean reticulocyte volume (MRV) has also been shown to be
a good parameter to distinguish between HS and non-HS
subjects; however, it has a lower sensitivity and specificity
than other reticulocyte indices (20,21,27). Combining some
new parameters into diagnostic algorithms, like MCV-
MSCYV >10 with MRV-MSCV <25, obtains results with
satisfactory sensitivity and specificity (28) (Table 1).

Osmotic fragility

Osmotic fragile cells easily hemolyze in hypoosmotic
solutions. Spherocytes, which are unable to increase in
volume due to their surface-to-volume area, cannot absorb
hypotonic solutions. As a result, they hemolyze in higher
concentrations of NaCl, thus presenting lower osmotic
resistance than normal biconcave RBCs. The first osmotic
fragility test introduced into routine diagnostics was Dacie’s
method. Briefly, RBCs are placed in serial solutions of
saline at concentrations ranging from 0.1% to 0.9% NaCl.
Hemolysis is evaluated by spectrophotometric measurement
of the hemoglobin concentration in the solution (29,30).
Acidified glycerol lysis test (AGLT), a modified version
of the classic Dacie’s method, was introduced in the early
1980s by Zanella and colleagues. RBCs are transferred
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Figure 1 Flow cytometric osmotic fragility test (FCOF). Ratio between cells count in first (P1) and mean of two last gates [(P9+P10)/2]

corrected by dilution factor indicates residual red blood cells count, which, when low, is indicative for HS. (A) Gating of red blood cells in

forward scatter vs. side scatter logarithmic scale cytogram; (B) cytogram of forward scatter vs. time divided into 30 seconds gates, P1—shows

cells before water addition into red blood cells suspension in saline, and gates P2-P10 show cells after water addition; (C) cells counts in

appropriate gates.

into phosphate-buffered saline with a pH of 6.85 (pH is
crucial for proper test performance) and placed in the
spectrophotometer cuvette. Then, 0.3 M glycerol solution
is added to the RBC sample and the decrease in turbidity
of the specimen is measured over time. The AGLT, is the
time in which the absorbance of the solution reaches 50%
of the absorbance of the solution without glycerol (31).
Despite satisfactory sensitivity, the AGLT test has limited
specificity and is time consuming, with the analysis taking
30 minutes to perform. The most recent osmotic fragility
test, introduced by Won and Suh in 2009, is based on
flow cytometric assessment (32). This assay is based on
measurement of RBC count in a 0.9% NaCl solution before
and after the addition of water. The ratio of the number of
RBCs measured during a 30-s acquisition period before the
addition of water to the mean RBC count during two gates
(time periods) after the addition of water (fifth minute of
the analysis), corrected for the dilution factor, represents
the actual result of the test (32,33) (Figure I). Attempts
were made to combine flow cytometric assessment with the
classic osmotic fragility test (34); however, this proved to be
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a laborious and time-consuming method which did not gain
a foothold. The flow cytometric osmotic fragility (FCOF)
test has very high sensitivity and specificity for detecting HS
(33,35-38). Moreover, Shim and Won found that the result
of the FCOF test is correlated with the clinical severity of
the disease (39). Although it represents a sensitive assay
which would perfectly complement extended CBC analysis,
it has one important limitation (40). As flow cytometers are
not available in all routine diagnostic laboratories, FCOF
cannot be introduced as a screening test for HS in the
international guidelines (41).

There are two other tests based on measurement
of the osmotic fragility and deformability of RBCs,
the cryohemolysis test (CHT) and osmotic gradient
ektacytometry test. The CHT is based on an observation
by Streichman ez 4/., who found that spherocytes are more
susceptible to cold temperatures (0 °C) in hypertonic
conditions (42). The CHT is more specific for HS
diagnosis, as the principle of the test is hemolysis due to
affected integrity of membrane proteins rather than an
unfavorable volume-to-surface area (43). However, the
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utility of the CHT is disputable, as the sensitivities and
specificities obtained in several studies differ significantly,
making this assay unreliable (37,41,43-46). Ektacytometry
determines the deformability of cells at a constant shear
stress but gradually changing osmolality, which depends
on the inner viscosity, volume-to-surface area and viscosity
of the cell membrane (47-49). A next-generation osmotic
gradient ektacytometry (NG-OGE) assay was recently
introduced, which allowed adaption of the primary research
method into clinical diagnostics (50). Lazarova et al. found
that the NG-OGE is useful for distinguishing between
HS and other inherited anemias; however, it cannot differ
between HS and autoimmune hemolytic anemia (51).
Recent studies demonstrated the three main parameters
of the NG-OGE curve which can identify RBCs affected
by HS with high sensitivity and specificity: Omin, the
osmolality at which 50% of the RBCs are lysed in the classic
osmotic fragility test, associated with surface-to-volume
ratio; EI max, the maximal elongation index; and area under
the curve (AUC) (3,50,51). Although, it has been suggested
that NG-OGE could represent an intermediate diagnostic
step between screening tests and advanced diagnostic assays,
the use of these analyzers is not prevalent. In the most
recent HS diagnostic guidelines, NG-OGE was presented
as one of the screening tests for HS (2,51).

Eosin-5’-maleimide test

Among the described screening tests for HS, the eosin-5'-
maleimide (EMA) binding assay is the most specific for HS
(37,52-54). This flow cytometric test with fluorescent EMA
dye allows for the detection of RBCs with plasma membrane
deficiency with high sensitivity and specificity (46). Eosin-
5’-maleimide binds to band 3 protein, but also to CD47
and Rh-associated glycoprotein (55). Its fluorescence
corresponds to the plasma membrane protein content on
the surface of RBCs (56). When performing the EMA test,
5-6 healthy control samples should be analyzed in parallel
for comparison of EMA fluorescence (35). In regard to the
results, HS is highly probable when the patient’s RBCs
present approximately 85% or less fluorescence than EMA-
bound control samples (Figure 2). There are still ongoing
studies attempting to improve the utility of the EMA test.
Our team proposed that MCV-matched control samples
be chosen to avoid obtaining false negative results for
macrocytosis (found in newborns) or false positive results
for microcytosis (HS with the coexistence of iron deficiency
anemia) (57). Agarwal et al. suggested the use of an EMA
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“footprint”, which is the position of EMA-bound RBCs in
cytogram presenting side scatter versus EMA fluorescence
channel, in order to allow better interpretation of the
test (58). Finally Crisp er /. demonstrated that a very small
volume of blood (5 pL), even from capillary blood sampling,
is sufficient for straightforward diagnosis (59). The volume
of blood needed for the EMA test is a huge advantage of
this test. Moreover, several studies have confirmed the
stability of RBCs stored under refrigeration, which can bind
the same amount of EMA dye as freshly collected samples
after up to 7 days of storage (54,60). Moreover, the stability
of EMA-bound RBCs was demonstrated in stained samples
kept refrigerated for 24 hours (60). However, there is a
discrepancy between the presentation of EMA test results
between different laboratories. Some prefer to express the
result as a percentage of the decrease in EMA fluorescence
compared to control RBCs (43,46,53,61,62), while others
use the mean fluorescence intensity obtained for EMA-
bound cells (63,64) or the EMA “footprint” (52,58). Despite
these differences in presentation of EMA test results, it
remains the most reliable screening test, with a relatively
short time-around-time (TAT), high sensitivity, cost-
effectiveness and availability in laboratories equipped with
even the most basic flow cytometer. Importantly, the results
of the EMA test are not affected by splenectomy (65),
and even the smallest populations of RBCs with plasma
membrane deficiency can be extracted, including after blood
transfusion (66).

Plasma membrane protein electrophoresis

Although screening tests for HS are characterized by high
sensitivity and specificity, they do not indicate which plasma
membrane protein is deficient or which genetic mutation is
responsible for the observed symptoms. The first-line tests
require only a small sample of blood, and can be performed
on a specimen collected for CBC. However, final diagnosis
requires more specific methods to identify the actual disorder.
To detect plasma membrane deficiency, electrophoresis
of disintegrated RBC ghosts is performed. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
allows for detection of abnormal plasma membrane protein
content, either quantitatively or qualitatively [such as band
3 protein modification in congenital dyserythropoietic
anemia type II (CDAII)] (2). A disadvantage of SDS-
PAGE is the volume of sample needed for analysis. This
method is laborious and time consuming, and requires prior
preparation of RBC ghosts and removal of hemoglobin
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Figure 2 Eosin-5"-maleimide test. (A) Red blood cells are gated in gate “RBCs”, gate “E” contains doublets of erythrocytes. Primary

gating is based on forward scatter vs. side scatter logarithmic scale; (B) EMA-bound cells’ fluorescence is measured in the first channel

of fluorescence at 488 nm excitation wavelength and presented as mean fluorescence intensity; (C) the overlay histogram of fluorescence

of EMA-stained RBCs from the HS subject (first, lower peak) and a healthy control (second peak), respectively. Peaks differ in mean

fluorescence intensity.

from plasma membranes (67). This technique is also only
available in highly specialized diagnostic centers, while the
availability of the EMA test or osmotic fragility assessment
is much more widespread (68). In case of mutation within
the ankyrin gene, interpretation of SDS-PAGE might
be challenging because it presents as a thin band located
directly under the spectrin band (69). Classic SDS-
PAGE is a one-dimensional method, which, in 10-20%
of cases, does not allow detection of the deficient plasma
membrane protein. However, there is no difference in
clinical symptoms between patients with characterized
or non-characterized defects (44). An improved method,
the two-dimensional (2D) electrophoresis of RBC
plasma membrane proteins, was introduced to increase
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the sensitivity of the applied method (70). In this 2D
technique, proteins are separated not only based on
their molecular weight, but also according to charge.
However, it should be taken into consideration that
proteolysis, contamination from cytosolic proteins, and
variable loss of extrinsic membrane proteins may interfere
with the interpretation of 2D electrophoresis, which is
not an issue with the one-dimensional technique (71).
To improve the precision of plasma membrane protein
quantification, the electrophoretic method was adapted for
capillary electrophoresis (sodium dodecyl sulphate capillary
gel electrophoresis, SDS-CGE). Unfortunately, SDS-CGE
shows a lower degree of resolution than SDS-PAGE. Thus,
despite being less time-consuming, it will probably not find
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high utility for this purpose (67).

Molecular diagnostics

HS may be diagnosed based on clinical features, screening
tests (including extended CBC), osmotic fragility or EMA
test, and finally, plasma membrane electrophoresis, which
will reveal the deficient protein. Molecular diagnostics
allows for identification of the genetic mutation within
genes encoding plasma membrane proteins, the deficiency
of which leads to HS. The genetic defects confirmed to
cause HS include the SPTAI gene encoding alpha spectrin,
SPTB gene encoding beta-spectrin, ANKI gene encoding
ankyrin, SLC4A1 gene encoding band 3 protein and/or
EPB42 gene encoding protein 4.2 (2,5-10,72-77). Mutations
in the genes encoding ankyrin, beta spectrin and band 3
proteins are inherited dominantly, whereas mutations in the
genes encoding alpha spectrin and protein 4.2 are inherited
in a non-dominant manner. Moreover, alpha spectrin and
protein 4.2 defects are recessively inherited or arise as de novo
mutations (5). Non-dominant HS often bares higher risk
of a severe disease course (78). Molecular diagnostics is the
most advanced and most expensive method, and is generally
the last option, especially in subjects who present symptoms,
but the previously mentioned methods do not indicate a
direct diagnosis. As the presence of a genetic mutation does
not determine the severity of the disease or its course, it is
not necessary to obtain precise information regarding the
specific gene mutation (2). Molecular diagnostics is used to
distinguish between a polymorphism and a gene mutation.
Moreover, it may help to predict the disease course if any
detrimental polymorphisms are present (2,7,79).

For many years, gene mutations have been detected
by polymerase chain reaction [i.e., using single-stranded
conformation polymorphism analysis (PCR-SSCP)] (80).
Nowadays, applied methods are more advanced, allowing
screening for gene mutations over unlimited amounts of
DNA. Whole genome sequencing allows the identification
of new mutations that cause HS. Advances in molecular
diagnostics, from Sanger sequencing through to next-
generation sequencing (NGS) and whole exome sequencing,
enable the discovery of new mutations and allow for a final
diagnosis of HS in unresolved cases with the coexistence of
two different diseases (7,81).

Differential diagnosis

Misdiagnosis or missed diagnosis of HS is rare, especially
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when appropriate laboratory investigations based on
screening tests are undertaken. The majority of cases
without proper diagnosis are patients who were not
subjected to specific screening tests (82). Inherited
hemolytic anemias present similar symptoms, thus
differential diagnosis is necessary for these cases. Most
misdiagnosed cases are HS patients with an asymptomatic
form of the disease or who present symptoms suggestive
of other diagnoses, such as liver dysfunction. To avoid
misdiagnosis, a wide spectrum of specific laboratory tests
should be performed, including direct antiglobulin test,
hemoglobin electrophoresis and assessing the enzymatic
activities of glucose-6-phosphate dehydrogenase (G6PD)
and pyruvate kinase (82). Some mild cases are diagnosed
following infection with parvovirus B19, which causes
aplastic crisis. Laboratory tests performed during the
recovery period may help establish a final diagnosis of
HS (83). The most sensitive methods used to distinguish
between HS and other hemolytic anemias are SDS
electrophoresis and molecular diagnostics. Of the
several hemolytic anemias with similar symptoms to HS,
CDAII patients also show peripheral blood film with
spherocytes and normocytic anemia with increased RDW.
For differential diagnosis, hypoglycosylation of band 3
protein in CDAII subjects can usually be detected by
SDS-PAGE (2). On the other hand, hereditary
pyropoikilocytosis (HPP), a severe form of hereditary
elliptocytosis (HE), is characterized by decreased
fluorescence of EMA-bound RBCs in flow cytometric
analysis. Hence, in families with a history of HE, decreased
fluorescence in the EMA test should be considered as HPP
and not HS (54). Finally, diagnostic algorithms, when
properly implemented, would avoid the misdiagnosis of HS.

Summary

Diagnostics for HS, the most common inherited anemia
in Northern Europe and Northern America, is still
under improvement. Advances in biotechnology and the
availability of most modern analyzers for routine and
extended laboratory analyses have led to a decrease in the
number of undiagnosed or misdiagnosed patients, which has
a significantly influence on the development of acute and
long-term disease complications. Importantly, expanding the
panel of tests with high utility for HS diagnostics to include
CBC analysis is the first step to improve the effectiveness of
first-line screening and differentiation of inborn hemolytic
anemias.
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