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INTRODUCTION

Reticulocytes are immature red blood cells (RBCs). Reticu-
locytes originate in the bone marrow from the orthochromatic
normoblast through nuclear exclusion. They are released into
the peripheral blood after a period of maturation in the bone
marrow and undergo further differentiation into mature RBCs.
The enumeration of peripheral blood reticulocytes (“reticu-
locyte counting”) is often performed to obtain information
about the functional integrity of the bone marrow since the
reticulocyte count reflects the erythropoietic activity of the
bone marrow, the rate of reticulocyte delivery from the bone
marrow into the peripheral blood, and the rate of reticulocyte
maturation. Reticulocytosis (an increased number of periph-
eral blood reticulocytes) occurs in anemic patients with a func-
tional bone marrow, whereas anemic patients with a
dysfunctional bone marrow produce decreased numbers of
reticulocytes, and have decreased numbers of peripheral blood
reticulocytes (i.e., reticulocytopenia). In addition to the evalu-
ation of anemic patients, reticulocyte enumeration is also of
value in monitoring bone marrow regenerative activity after
chemotherapy or bone marrow transplantation. In the labora-
tory, the differentiation of the reticulocyte from the mature
RBC is based on the presence of RNA and other substances
in the reticulocyte, which are lost during differentiation into
the mature RBC. Manual counting of reticulocytes by light
microscopy with supravital dyes for RNA was developed in
the 1940s and remains the standard method of reticulocyte
enumeration. However, automated methods of reticulocyte
enumeration developed during the past decade are much more
accurate, precise, and cost-effective than manual counting,
and are increasingly being performed in the clinical labora-
tory. In addition, the newer techniques provide a variety of
reticulocyte-related parameters, such as the reticulocyte matu-
ration index and immature reticulocyte fraction, which are
not available with light microscopy. These new parameters
are under evaluation in the clinical diagnosis and monitoring
of anemia and other diseases.

This article reviews the physiology and pathophysiology
of the reticulocyte, laboratory techniques of reticulocyte enu-
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meration, and the clinical applications of reticulocyte count-
ing. Reticulocyte enumeration is the subject of several re-
views (1-7).

ERYTHROPOIESIS AND RETICULOCYTE
MATURATION

Blood cells (RBCs, white blood cells, and platelets) are
continuously renewed in the bone marrow from the hemato-
poietic stem cell. Stem cells both self-renew and self-differ-
entiate to form populations of progenitor cells from which
the major marrow cell lines (erythroid, myeloid, megakaryo-
cytic, and lymphoid) arise. Early progenitor cells are
multipotent, but their progeny are committed to the forma-
tion of a limited number of cell lines. The “microenviron-
ment” provided by the stromal matrix of the bone marrow is
essential for the survival, growth, and replication of hemato-
poietic stem cells.

Hematopoietic growth factors are necessary for the self-
renewal of stem cells and for the proliferation and differen-
tiation of lineage-committed progenitor cells. Since many of
these hormone-like substances stimulate in vitro colony for-
mation of progenitor cells, they are termed colony-stimulat-
ing factors (CSFs). Erythropoietin, one of the hematopoietic
growth factors, is the major chemical regulator of erythro-
poiesis. Erythropoietin is a glycoprotein (34,000-39,000 kDa)
produced by the kidney in response to reduced renal oxygen
tension. Although erythropoietin accelerates the division of
erythroblasts at all stages of development, its major effect is
to stimulate resting (GO) committed erythroid stem cells
(CFU-E) to enter the cell cycle (Fig. 1) (8). Because optimal
oxygen delivery to the tissues occurs at a hematocrit of 40—
45%, the production of RBCs is very tightly regulated.
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Erythropoietin

Fig. 1.

A series of progressive structural and biochemical changes
occur during the differentiation of immature RBC precursors
into mature RBCs (9). The most important of these changes
include:

1. Synthesis and cytoplasmic accumulation of hemoglo-
bin.

2. Loss of protein-synthesizing apparatus and mitochon-
dria.

3. Chromatin condensation, contraction, and extrusion of
the nucleus.
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4. Loss of cell-surface membrane receptor expression via
exosome formation.

5. Changes in membrane cholesterol and phospholipid lev-
els.

6. Changes in various intracellular enzyme levels, includ-
ing glucose-6-phosphate dehydrogenase.

The morphological characteristics of the RBC precursors
reflect these events. The pronormoblast results from cell di-
vision of the CFU-E, and is the first morphologically identi-
fiable RBC. Subsequent cellular stages in erythropoiesis
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Fig. 2. Modern concept of erythropoiesis.

include the basophilic normoblast, polychromatophilic nor-
moblast, orthochromatic normoblast, reticulocyte, and ma-
ture RBC (Fig. 2) (10-12). Together, the RBCs and the various
morphologically identifiable RBC precursors comprise the
erythron. Complex changes in cellular biochemistry also oc-
cur during this time (13). The progression from a pronormo-
blast to a non-nucleated RBC requires 3-5 days.

The reticulocyte is an anucleate RBC, which is slightly
larger than the mature RBC (10-15 mm vs. 6-8 mm). The
early reticulocyte contains mitochondria, a small number of
ribosomes, the centriole, and remnants of Golgi bodies. Early
reticulocytes continue to synthesize hemoglobin, and approxi-
mately 20-30% of the total hemoglobin of the RBC is syn-
thesized at this stage of RBC development. However,
hemoglobin synthesis gradually decreases as cellular or-
ganelles are progressively lost and the reticulocyte becomes
amature RBC. Changes in the surface membrane of the reticu-
locyte, including the loss of the transferrin receptor, also oc-
cur during differentiation. After about 2 days in the bone
marrow, reticulocytes are normally released into the periph-
eral blood and undergo final maturation. The term “reticulo-
cyte” was derived from the deep blue precipitate seen in these
cells after staining with new methylene blue and other tricy-
clic, heterochromatic, cationic dyes that bind and cross-link
RNA and aggregate other organelles.

The “age” of areticulocyte can be determined from its rela-
tive RNA content. For example, Heilmeyer and Westhduser,
using supravitally stained blood preparations, classified reticu-
locytes into four groups (Groups I-IV) (14,15). In this classi-
fication scheme, nucleated RBCs with a dense perinuclear
reticulum are classified into Group 0. Following extrusion of
the nucleus, very young reticulocytes (Group I) have a dense,
coherent mass of RNA and other organelles. The RNA be-
comes less dense with further maturation, and a reticular net-
work appears in the region of the original mass (Group II).
The RNA later scatters and decreases in amount (Group III).
Only scattered remnants of RNA remain in the most mature
reticulocytes (Group IV) and these are lost when the reticulo-
cyte finally becomes a mature RBC. This classification sys-
tem has been used to obtain information about reticulocyte
maturity from the microscopic examination of blood smears.
This provides information about bone marrow function be-
yond that provided by the relative or absolute number of reticu-
locytes in the peripheral blood (Fig. 3).

Stress reticulocytes are very young reticulocytes released
into the blood stream in response to a severely anemic state.
By phase contrast microscopy, stress reticulocytes are multi-
lobular and motile, in contrast to the cup-shaped nonmotile
characteristics of mature reticulocytes (16). Stress reticulo-
cytes are found in the circulation only under conditions of
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Fig. 3. A schematic illustration of reticulocyte maturation according to
Heilmeyer. Group 0: nucleated RBC; Group I: most immature reticulocyte
with dense reticulum; Group II: reticulocyte with extensive but loose reticu-

erythropoietic stress and are not present in nonanemic indi-
viduals (16). Although stress reticulocytes are rapidly re-
moved from the circulation in hematologically normal
individuals, their survival is increased in anemic individuals,
apparently through by an adaptation of the spleen (17). Den-
sity-gradient fractionation is used to separate normal reticu-
locytes from stress reticulocytes.

LABORATORY TECHNIQUES OF RETICULOCYTE
ENUMERATION

Most clinical laboratory techniques for reticulocyte enu-
meration are based on the detection of RNA (reticulin) in the
cytoplasm of the reticulocyte. From the late 1940s until the
early 1980s, reticulocyte enumeration was performed by mi-
croscopic examination of supravitally stained peripheral
smears. The development of RNA-specific fluorescent dyes
in the 1980s provided a means by which to use the flow cy-
tometer for reticulocyte enumeration, with greatly improved
accuracy and precision. The development of flow cytometers
dedicated to reticulocyte enumeration proved a popular alter-
native to light microscopy for laboratories performing high-
volume reticulocyte enumeration. Flow cytometric analysis
was also found to provide clinically valuable information not
available by light microscopy. With the recent incorporation
of flow cytometric technology (i.e., light scatter and immun-
ofluorescence detection) into the hematology analyzer, reticu-

lar network; Group III: reticulocyte with scattered reticulum network; Group
IV: most mature reticulocyte stage with scattered reticulum granules (237).

locyte counts and special reticulocyte parameters are becom-
ing a routine part of the workup of hematologic specimens.

Reticulocyte analysis with fluorochrome-labeled mono-
clonal antibodies against reticulocyte surface receptors is
available for research studies of the reticulocyte and diseases
of the erythron. Techniques using density gradient fraction-
ation and other phenomena have also been reported, but these
have not achieved clinical utilization (Fig. 4).

Light Microscopy

The supravital staining technique described by Brecher (18)
in 1949 remains the standard method for reticulocyte enu-
meration (19-21). In this technique, a few drops of the su-
pravital dye solution (1.0% w/v of new methylene blue or
brilliant cresyl blue) are mixed with an equal volume of anti-
coagulated (usually with EDTA) peripheral blood and incu-
bated for several minutes. A thin smear of the stained blood
preparation is made on a microscope slide, a counterstain (usu-
ally Wright’s) is applied, and the slide is examined by light
microscopy (22,23). An adequate number of erythrocytes
(usually 1,000) in a well-stained area are examined, and the
proportion of reticulocytes is determined. Reticulocytes pos-
sess a blue granular precipitate, which can vary from indi-
vidual small blue granules to a network of blue reticular
material (thus the name “reticulocyte”). Reticulocytes have a
faint, diffuse basophilic hue (polychromasia) (Fig. 5).
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Fig. 4. Laboratory practices in reticulocyte enumeration. a: Present instrumentation and methodology.

The reticulocyte count is usually reported as a percent-
age (i.e., reticulocytes per total RBCs examined). The
normal mean percentage reticulocyte count by NMB light
microscopy is 1.0% to 1.5%, with 3% being the upper limit
of normal. Some studies have shown sex differences in
the reticulocyte count, but this has not been universally
confirmed (19).

The relative reticulocyte count is misleading when the RBC
count is abnormal and/or erythropoietic stimulation to the bone
marrow is taking place (i.e., in severe anemia). Under these
circumstances, mathematical corrections must be applied to
the relative count. As classified by Koepke and Koepke (23),
these corrections include the following:

1. Packed cell volume (PCV) correction
Reticulocyte index
Absolute reticulocyte count

L

Fig.5. Photomicrograph of peripheral blood smears stained with new me-
thylene blue. Reticulocytes are differentiated from mature RBCs by the pres-
ence of an intracellular granular precipitate.

2. Shift correction
Reticulocyte production (maturation) index

The PCV correction (reticulocyte index) is applied to speci-
mens from anemic patients to compensate for the decrease in
mature RBCs. The PCV corrects the percentage reticulocyte
count to a normal PCV (0.45) using the following formula:

PatientPCV

Reticulocyte index = Reticulocyte count (%) X YT

A more accurate method to correct for the effect of anemia is
to calculate the absolute number of reticulocytes:

Absolute reticulocyte count =
Reticulocyte count (%) x RBC(RBC/1 or RBC/mm”?)

The absolute reticulocyte count is normally between 50,000
and 150,000 reticulocytes/mL (5 x 10" and 1.5 % 10" reticu-
locytes/L).

The “shift correction” is applied to percentage reticulo-
cyte counts from patients undergoing intense erythropoi-
etic stimulation. Under these circumstances, “young”
basophilic macroreticulocytes (“shift cells”) from the bone
marrow are released prematurely into the peripheral blood,
causing a shortened reticulocyte maturation time in the bone
marrow (sometimes to < 1 day), but a longer reticulocyte
maturation time in the peripheral blood (23-27). Since shift
cells have a cell diameter about 25% larger than that of
normal cells, a correction for RBC maturation time and the
PCV must be made when they comprise more than 5% of
the total reticulocytes (23). The corrected count (“reticulo-
cyte production index”) is calculated by the following for-
mula (23):
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Unfortunately, the assumption of a linear relationship be-
tween the hematocrit and the reticulocyte maturation time is
correct only in patients with an intact hematopoietic system.
If erythropoietin production is impaired, or if the bone mar-
row does not respond appropriately to an increased erythro-
poietin level, the reticulocyte count will be inappropriately
low and the reticulocyte production index will be incorrect
(Fig. 6).

Technical Considerations

A number of factors besides pathophysiologic phenomena
may compromise the accuracy of reticulocyte counts per-
formed by manual counting (23). Of these factors, inter- and
intralaboratory variability are the most important (19,23,28).
Sources of laboratory variation include the following:

. Specimen collection, transportation, and storage

. Interobserver variability in morphological identification

. Sample size (total number of cells counted)

. Type and quality of blood film (distributional variabil-
ity of reticulocytes)

. Staining variations

6. The use of an ocular counting aid for standardized area

reduction
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ever, in anemia the marrow maturation time progressively shortens, and
reticulocytes circulate for a correspondingly longer period of time in the
peripheral blood (238).

Reticulocyte enumeration must be performed on whole
blood collected into di/tripotassium or disodium EDTA at a
final concentration of 3.7-5.4 mmol/mL (1.5-2.2 mg/mL)
(29). Other anticoagulants, such as heparin or citrate, are not
presently approved for reticulocyte enumeration, although one
study found no statistical differences in the reticulocyte count
or percentages of reticulocyte fractions between EDTA and
trisodium citrate-anticoagulated samples, evaluated with the
Sysmex R-3000 (30). Since reticulocytes in vitro undergo a
time and temperature-dependent maturation, reticulocyte
counting should be performed within 6 hr if the specimen is
kept at room temperature, or up to 72 hr if the blood sample
is refrigerated at 2—6°C (29). In one study, the relative pro-
portion of reticulocytes decreased to around 80% of the ini-
tial value, and it reached 60% after 3 weeks of storage at 4°C.
There was a strong negative correlation of the change in reticu-
locytes with time (r =-0.9972) (31).

Blood specimens for reticulocyte enumeration should not
be visibly hemolyzed, and the patient should have a stable
RBC count (29). An accurate RBC count should be deter-
mined on the same sample used for the reticulocyte count, by
using a hematology analyzer or a flow cytometer (29).

Surveys by the College of American Pathologists (CAP) re-
vealed the severity of the problem of interlaboratory variabil-
ity in reticulocyte enumeration. For example, in the 1971, 1972,
and 1974 CAP Comprehensive Hematology Surveys, the
interlaboratory coefficient of variation (CV) on three stained,
previously prepared reticulocyte smears (glass slides) varied
from 25% to 48% (20). In 1984, a similar study conducted by



the CAP Reticulocyte Project found CVs ranging from 26.2%
to 32.4% (28,32). CAP initially adopted the recommendations
of the National Committee for Clinical Laboratory Standards
(NCCLS) for reticulocyte enumeration, and later encouraged
utilization of the Miller ocular disc to remedy this situation.
More recently, whole-blood proficiency testing was initiated
by the CAP Hematology and Clinical Microscopy Resource
Committee to assess sources of pre-analytic variation in reticu-
locyte enumeration (specimen mixing, staining, and slide prepa-
ration), in addition to slide interpretation (33). This survey
material also provides a means to evaluate the increasing vari-
ety of instrument-assisted methods of reticulocyte enumera-
tion now available or in development (Table 1). The 1994-1995
CAP Reticulocyte Survey revealed much better precision for
the automated methods, with CVs at or below 15% (33).
Interobserver variability in the morphological identification
of reticulocytes remains the major cause of laboratory impre-
cision in reticulocyte enumeration (23). For example, Peebles
and colleagues (34) found that inconsistent application of mor-
phologic criteria for reticulocyte identification caused propor-
tional errors that could exceed 30% for each technologist. These
problems pertain mostly to reticulocytes in Heilmeyer group
IV, which normally comprise the majority of those in the circu-
lation ((60%). This problem has been addressed by the estab-
lishment of more standardized criteria for morphologic
identification. In this regard, Gilmer and Koepke (20) and
Koepke and Koepke (23) concluded that Heilmeyer group IV
cells should be identified by the presence of at least two clumps
or granules of reticulin, while other definitions require three
clumps of reticulum or the presence of a reticulum network.

TABLE 1. Laboratory techniques of reticulocyte enumeration®
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Crouch and Kaplow (35) found that Heilmeyer group I and II
erythrocytes are not normally present in the circulation, and
proposed that the term ““shift reticulocyte” should be restricted
to these cells. These investigators also proposed the routine
calculation and clinical use of the “shift reticulocyte count”
(percentage of shift cells per 100 reticulocytes).

Cytoplasmic particles other than RNA (i.e., debris, Heinz
bodies, Howell-Jolly bodies, nuclear remnants, siderotic gran-
ules, etc.), are another source of counting inaccuracy, since they
can be stained by supravital dyes and confused with reticulum
granules (36). Heinz bodies are particles of denatured hemo-
globin that occur in patients with a variety of hematological
disorders (i.e., hemolytic anemia, thalassemia major, congeni-
tal Heinz-body anemia, postsplenectomy disorders, etc.). Al-
though adequate technologist training can usually alleviate
problems caused by the misidentification of these particles,
special stains are sometimes used to confirm their presence.
For example, the presence of Heinz bodies can be confirmed
by staining with acetylphenylhydralazine (APH), while nuclear
material can be identified by the Feulgen or methyl green
pyronin stains, and siderocytes by an iron stain (37).

The type and quality of the blood film and the number of
cells counted are additional considerations in manual reticu-
locyte enumeration. The total number of cells counted deter-
mines the precision of reticulocyte enumeration. The 95%
confidence limits are quite high (0.03-5.45%) in a count of
100 cells with 1% reticulocytes, but markedly decrease (0.46—
1.84%) in a 1,000-cell count. Therefore, a minimum of 1,000
cells should be counted for optimal analytical precision
(23,38). Ideally, blood films for reticulocyte enumeration

Instrument/company Dye

Light microscopy

Light microscopy with Miller ocular

Flow cytometry (Becton Dickinson,
Beckman Coulter)

ABX PENTRA 120 Retic, ABX
Montpellier, France)

Cell-Dyn 4000 Hematology Analyzer CD4K530
(Abbott Diagnostics, Santa Clara, CA)
Sysmex R Series (TOA Medical Electronics, Auramine O

Kobe, Japan)
XL Hematology Analyzer (Beckman
Coulter Inc., Fullerton, CA)

Bayer/Miles ADVIA 120 Hematology System Oxazine
(Bayer/Miles Diagnostics Division, Tarrytown, NY)
Bayer/Miles Technicon H-3 Hematology Analyzer Oxazine

(Bayer/Miles Diagnostics Division, Tarrytown, NY)
Cell-Dyn 3500 Hematology Analyzer
(Abbott Diagnostics, Santa Clara, CA)
Coulter GEN-S System (Beckman Coulter Inc.,
Fullerton, CA)
STKS/MAXM Hematology Analyzers
(Beckman Coulter Inc., Fullerton, CA)

New methylene blue
New methylene blue
Thiazole orange

Thiazole orange

Coriphosphine-O

New methylene blue
New methylene blue

New methylene blue

Technique Present utilization
Manual coutning 30.4%
Manual counting 25.2%
Fluorescence detection 1.2%
Fluorescence detection <1%
Fluorescence detection 4.0%
Fluorescence detection 4.1%
Fluorescence detection <1%
Optical light scatter detection 4.0%
Optical light scatter detection <1%
Optical light scatter detection <1%
Optical light scatter detection 16.1%
Optical light scatter detection 17.8%

“Data from College of American Pathologists Survey RT, RT-04, 2000. Data from 3443 participating laboratories.
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should be evenly stained with a uniform cellular distribution,
but there is disagreement about the relative merits of wedge
smears and spun smears, and the smear type has not been
standardized among laboratories (34,39). On the other hand,
ruled ocular devices that standardize the area to be counted,
such as the Miller ocular reticle, theoretically reduce count-
ing variability and are widely utilized in the clinical labora-
tory (23). The Miller ocular, developed by Dr. J.W. Miller of
the National Institutes of Health (NIH), contains a small square
set within a larger square, such that the area of the small square
is one tenth that of the area of the large square (40-42). The
number of erythrocytes is counted in the smaller square, while
the number of reticulocytes is counted in the larger square.
Since seven or eight erythrocytes are normally found in small
square in the feathered edge of a blood smear, a total of about
1,500 erythrocytes can be counted from the examination of
20 ruled fields (42). The percentage reticulocyte count is de-
termined from the following formula:

Total reticulocytes in larger squares % 100

% Reticulocytes = -
Total RBCs in smaller squares X 9

Reticulocyte counts with the Miller disc are significantly
lower than conventional manual counts unless “edge rules”
are observed (43). These require that only red cells lying within
the small square and on two of its four edge lines (usually the
right and lower lines) are counted. Cells touching the other
two edges of the small square are not included in the count (43).
Beginning in 1994, the Miller disc was included in the CAP
accreditation inspection, and failure to utilize this device was
considered a phase II deficiency. However, later CAP surveys
did not confirm the beneficial nature of the Miller disc, and the
requirement for its utilization was later revoked (Fig. 7).

Few investigators have considered the effect of age and
various physiologic effects on reticulocyte counts. Reference
intervals for reticulocyte counts and the reticulocyte maturity
index in infancy, childhood, and during the puerperium have
been reported (44—47). In one study on the effect of maternal
smoking on neonatal cellular blood components, cord blood
reticulocytes were found to be significantly lower in neonates
from smoking mothers, as compared with those who did not
smoke. However, there was no significant difference in whole-
blood cell count, leukocyte differential count, and thromb-
ocyte counts between the two groups (48). Sex- and
age-specific reticulocyte reference limits for fully automated
flow cytometric analysis have also been determined (49). The
within-subject CV for the reticulocyte count was reported as
11%, while the mean reticulocyte volume, mean reticulocyte
hemoglobin content, and mean reticulocyte hemoglobin con-
centration have a CV of between 1% and 2% (50).

Immunofluorescence

RNA-specific fluorochromes. Reticulocyte enumera-
tion by immunofluorescence microscopy was first reported

Fig.7. The Miller ocular disk reticle. The small square occupies one-tenth
the area of the large square. The number of erythrocytes is counted in the
small square, and the number of reticulocytes is counted in the large square.
The percentage reticulocyte count is determined from the formula given
above.

by Kozenow and Mai (51) in the early 1950s, using an RNA/
DNA-specific fluorochrome (acridine orange). Subsequent
investigators used the UV-fluorescing dyes pyronin Y,
thioflavin T, DiOC1(3), and proflavine for reticulocyte enu-
meration (52-57). Although similar results were obtained by
light and fluorescence microscopy, fluorescence techniques
offered few practical advantages over light microscopy, and
were not widely used. In contrast to fluorescence microscopy,
reticulocyte enumeration of peripheral blood stained with
RNA/DNA-specific fluorochromes by flow cytometry offers
many advantages over conventional light microscopy. For
example, it is rapid, objective, semiautomated, technically easy
to perform, and requires less technical labor than manual slide-
based techniques. Flow cytometry also offers several of ad-
vantages over slide-based, manual counting techniques,
including the ability to provide accurate information on the
age distribution of the reticulocyte population, the elimina-
tion of subjective technical inconsistencies, counting preci-
sion, and cost efficiency for the analysis of large numbers of
specimens. The major disadvantages of reticulocyte enumera-
tion by immunofluorescent techniques are spuriously high
flow cytometric reticulocyte counts caused by interfering RBC
inclusions, such as nucleated RBCs and Howell-Jolly bod-
ies, and the need for expensive, complex instrumentation and
highly trained technologists (3,58). Interferents that are known
to, or may potentially, lead to erroneous results with fluores-
cent dyed-based techniques of reticulocyte enumeration are
listed in Table 2.



TABLE 2. Potential sources of interference with automated
methods of reticulocyte analysis®

Cellular elements Cellular inclusions Miscellaneous
Platelet clumps Howell-Jolly bodies Autofluorescence
Giant platelets Heinz bodies (porphyria, drugs)
Leukocytes Pappenheimer bodies Paraproteins
Leukocyte fragments Parasites (malaria, Cold agglutinins
Nucleated RBCs babesia) Platelet/RBC
Basophilic stippling coincidence
Hemoglobin H Hemolysis

inclusion bodies

“Updated from (29).

A wide variety of fluorochromes have been used for
reticulocyte enumeration by flow cytometry. These include
pyronin Y, acridine orange (AQO), propidium iodide (PI),
ethidium bromide (EB), dimethyloxacarbocyanine (DiOC1),
thioflavin T, auramine, and proflavine (56-63). However, in
the mid-1980s the development of a thioflavin T analogue
[thiazole orange (TO)] specifically for reticulocyte enumera-
tion greatly improved counting accuracy and made flow
cytometric reticulocyte enumeration practical for clinical labo-
ratories with commercial clinical flow cytometers with rela-
tively low-powered visible lasers (64). This was largely due
to the fact that, unlike thioflavin T and other fluorochromes
which require ultraviolet excitation from large, expensive
lasers, TO excitation occurs in the visible region of the
spectrum (488 nm). In addition, commercial, FDA-ap-
proved TO-based reagent kits became available for clini-
cal laboratories.

Fluorescence microscopy. Reticulocyte enumeration
with fluorescence microscopy can be performed with unfixed
blood stained with DiOCI(3) or AO. The blood is mixed with
a dilute, buffered solution of the dye and counted as a wet
preparation using a glass slide or hemocytometer with a glass
coverslip (52). Ultraviolet to blue light is required for the
excitation of these dyes, and a green long-pass filter must be
in place for detection of the fluorescence emission. Blood
cells are fixed in formalin prior to staining with AO. A fluo-
rescence microscope with green excitation filters and red,
long-pass emission filters is required for examination of the
stained cells. The use of fluorescence microscopy for routine
reticulocyte enumeration in a clinical laboratory setting has
not been described.

Conventional flow cytometry. Flow cytometric reticu-
locyte enumeration with AO can be performed on fixed or
unfixed RBCs. For fixed-cell analysis, a mixture of AO and
formaldehyde in citrate buffer is added to the specimen. Flow
cytometric analysis is performed at an excitation wavelength
of 488 nm. Forward angle light scatter (FALS) is used to dis-
criminate reticulocytes from platelets, while RNA is quanti-
tated by red fluorescence emission (> 650 nm). Unfixed cell
analysis is performed by mixing the specimen with a solution
of AO in buffered saline. Both green and red emission and
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FALS are measured immediately. Blood is prepared for reticu-
locyte enumeration with thioflavin T by incubation with a
buffered solution of the dye; after dilution with buffer, flow
cytometric analysis is performed immediately with an exci-
tation wavelength of 457 nm and an emission wavelength of
>500 nm.

Reticulocyte enumeration with commercial flow cytometers
provides automated gating and data analysis, occasionally in
conjunction with automated sample preparation and sampling.
Reticulocyte enumeration is usually performed with TO, and
is technically simple to achieve. Fresh, anticoagulated blood
is mixed with a solution of TO dye and incubated in the dark
atroom temperature for a brief period of time. Flow cytometric
analysis is then performed, with the detection of FALS, right
angle light scatter (RALS), and green fluorescence. Accurate
data analysis is critical, but is relatively operator-indepen-
dent with the recent advent of sophisticated commercial ana-
Iytic software programs. The first requirement for data analysis
is the accurate discrimination of RBCs from platelets and
white blood cells by FALS, or by a combination of FALS and
RALS; this process is termed “gating.” Gating is possible
because platelets are small, while mature RBCs and reticulo-
cytes are intermediate in size between platelets and leuko-
cytes. Unfortunately, size alone is insufficient to discriminate
reticulocytes from mature RBCs, even though reticulocytes
gradually decrease in size during maturation. However, the
quantitation of TO incorporation by measurement of the in-
tensity of green fluorescence reveals young, immature reticu-
locytes as brightly fluorescent (high RNA content), while
maturing reticulocytes show an intermediate fluorescence
intensity (intermediate RNA content), and older reticulocytes
show dim fluorescence (low RNA content). Therefore, reticu-
locytes are identified and enumerated within the gated RBC
population on the basis of fluorescence intensity.

Since flow cytometric green fluorescence intensity is a
continuum from the immature reticulocyte to the mature eryth-
rocyte, accurate analysis of the green fluorescence histogram
is critical for reticulocyte enumeration. In curve fitting analy-
sis, distribution functions are fitted to a single parameter fluo-
rescence histogram and area determinations are made in a
manner analogous to cell cycle fraction analysis (56,65). Since
curve fitting is applied to the overlapping region of reticulo-
cytes and mature erythrocytes, this technique is theoretically
accurate. Therefore, the easier discriminator method is usu-
ally applied. In this technique, a threshold value (“discrimi-
nator”) is set at the reticulocyte/mature erythrocyte region of
a single parameter histogram (55,66). The cell populations
with a fluorescence intensity greater than the threshold
value are considered reticulocytes, and the reticulocyte
frequency in the total population is determined from the
following formula:

Counts above threshold value

% Reticulocytes =
Total counts
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In the discriminator technique, fluorescence intensity val-
ues (“thresholds™) representing the reticulocyte population
are determined from normal blood specimens with known
reticulocyte counts, or by the use of mathematical analysis
(55). For this purpose, Tanke et al. (55) described a tech-
nique using the mode + full width at half-maximum of the
RBC population as the discriminator setting. Although dis-
crimination analysis is easily performed by a computer, its
accuracy is compromised by the lack of consideration of the
reticulocyte/mature erythrocyte interface. Some of the re-
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cent clinical flow cytometric systems provide automated,
computerized data acquisition and analysis with the discrimi-
nator method, with rapid determination of the reticulocyte
percentage, absolute reticulocyte count, and reticulocyte
maturation data. Furthermore, the results are usually printed
in a detailed format suitable for submission to the patient’s
chart and requesting physician, or can be interfaced to a labo-
ratory information system. Detailed technical standards for
reticulocyte enumeration by flow cytometry have been pub-
lished (29) (Fig. 8).

Iincubate in dark 30 minutes

l Perform flow cytometric analysis

U

Fig. 8. Steps in reticulocyte enumeration with TO (Retic-COUNT™,
Becton Dickinson Immunocytometry Systems, San Jose, CA). This proce-
dure requires peripheral blood collected by venipuncture and anticoagulated
with EDTA. The TO reagent (1 ml) is placed in a 12 x 75 mm test tube,
followed by 5 ml of a well-mixed sample of peripheral blood. The specimen
is incubated in the dark for 30 min, gently vortexed, and then analyzed on a
flow cytometer optimized for green fluorescence quantitation. Data acquisi-

-.._\__q___\

tion and analysis can be performed manually or automatically. Manual analy-
sis involves gating the RBC population on a scattergram to exclude debris,
platelets, and leukocytes, acquiring 10,000 or more fluorescence events in
the RBC gate, setting a threshold cursor using an unstained sample, and
determining the percentage of positive events (reticulocytes). Calculation of
the absolute reticulocyte count can be performed if the RBC count is known.



Van Hove and collaborators (67) reported a detailed evalua-
tion of the quality assurance issues of flow cytometric enu-
meration of reticulocytes utilizing TO and commercial
(Retic-COUNT™) software. Although good linearity, preci-
sion, and accuracy for normal, low, and high reticulocyte counts
were demonstrated, interference by artifacts, such as RBC
autofluorescence, nucleated RBC, Howell-Jolly bodies, high
leucocyte count, high platelet count, and giant platelets, falsely
increased the number of reticulocytes unless software gate cor-
rections were made. With appropriate corrections for artifact,
fewer than 5% of the specimens were rejected for flow
cytometric analysis, necessitating light microscopic counting.
Peripheral blood anticoagulated with dipotassium EDTA pro-
vided stable reticulocyte counts for up to 30 hr after acquisi-
tion. Variations in the incubation time with TO from 2 to 7 hr at
25°C had no effect on the results, nor did changes in the incu-
bation temperature up to 30°C. (67). Reference ranges for flow
cytometric reticulocyte analysis are critical, since there is a ten-
dency of flow cytometric analysis with TO to yield relative
reticulocyte values approximately 1.5 times higher than the
manual technique (68). In this regard, TO has been documented
to be more sensitive than methylene blue (69). Detailed techni-
cal standards for reticulocyte enumeration by flow cytometry
have been recently published (29).

Metzger and Charache (62) were among the first to report
the clinical utilization of flow cytometric reticulocyte enumera-
tion. In the large hematology laboratory at the Johns Hopkins
Hospital (Baltimore, MD), where more than 60 reticulocyte
counts/day were performed, these investigators evaluated the
use of a thioflavin T fluorochrome and an EPICS C flow cy-
tometer, and compared the results with manual reticulocyte
counts performed on new methylene blue-stained films of each
blood specimen. Excellent correlation was obtained between
the manual and flow cytometric reticulocyte counts (r = 0.984).
For manual counts, the CV varied from 17.1% in smears with
markedly elevated reticulocyte counts, to 47.3% for smears with
normal reticulocyte counts, with corresponding CVs for the same
flow cytometric determinations of 1.3% to 6.4%. No fixation of
the RBCs was required, and specimens were stored at room
temperature for as long as 4 days with no change in the reticulo-
cyte count. The introduction of semiautomated reticulocyte
counting by flow cytometry resulted in greater laboratory effi-
ciency, and the reduction of the technical staff by one full-time
equivalent. Although flow cytometric counts were much more
precise than those obtained by manual counting, rare cases of
discrepancy were identified. For example, in one child with tran-
sient erythroblastopenia of childhood, repeated flow cytometric
analysis showed a reticulocyte count of 0.3% to 0.4%, in spite
of an absence of reticulocytes by conventional counts and a
bone marrow devoid of hematopoietic precursors.

In similar studies using thioflavin T, EB, and TO, Corash
et al. (58,70) and Carter et al. (71) later found that all meth-
ods produced comparative data and well-defined normal
ranges. However, the values obtained with the fluorescent dyes
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were slightly greater than those achieved with the manual
counts; this observation was subsequently confirmed by many
other investigators. Rabbit blood was found to be an excel-
lent quality control material for flow cytometric reticulocyte
enumeration, since the reticulocyte concentration and reticu-
locyte fluorescence intensity distribution were similar to those
of human blood.

Several investigators evaluated the clinical utilization of
TO for reticulocyte enumeration. For example, Carter et al.
(71) found an excellent correlation between manual reticulo-
cyte counts and reticulocyte counts performed by flow
cytometry (r = 0.98). However, the flow cytometric counts
were much more precise (CV = 3.1 for flow cytometric deter-
minations, 11.9% for manual single-observer determinations,
and 20.8% for multiple-observer determinations). After stain-
ing with TO, the reticulocyte count of peripheral blood speci-
mens stored at 4°C did not change over a period of 6 hr;
however, the counts were significantly different in specimens
analyzed at 24 hr. The mean (mean % =* 2 SD) reticulocyte
counts for 78 male and 76 female blood donors was 0.74 *
0.48 and 0.84 % 0.56, respectively (P < 0.005) but there were
no sex differences in absolute counts (36 + 24 x 10°/L). These
investigators did not address the financial considerations of
reticulocyte enumeration. Similarly, Nobes and Carter (72)
reported flow cytometric reticulocyte enumeration with TO
to show a correlation of 0.99 with manual counting using
brilliant cresyl blue. Good precision was found for specimens
with an elevated reticulocyte count (1.4% CV with a reticulo-
cyte count of 14.3%). However, the precision decreased with
lower reticulocyte counts (7.3% with a reticulocyte count of
1.84%, and 33.3% with a reticulocyte count of 0.12%) (Fig. 9).

The advent of commercial reagents and software in the late
1980s greatly reduced the technical difficulty of flow
cytometric reticulocyte enumeration, and this procedure be-
came increasingly utilized in the clinical laboratory. Ferguson
and collaborators (73) were among the first to report the use
of a commercial TO reagent and software system (Retic-
COUNT™, Retic-COUNT Enumeration Software, Becton
Dickinson Immunocytometry, San Jose, CA) in a routine he-
matology laboratory. The precision of flow cytometric reticu-
locyte counts (mean CV: 4.3%, range 1.7: 6.6%) was
significantly better than that achieved with manual determi-
nations (mean CV: 22.4%, range: 8.3-44.2%), and flow
cytometric determinations were linear over the range of 1.8—
30.1% (r = 0.99). There was no difference between the flow
cytometric adult male (1.69% =* 0.52) and female (1.66% =*
0.48) reference ranges, although flow cytometric counts were
slightly higher than those obtained by light microscopy.

Dedicated reticulocyte analyzers. Dedicated, fully
automated flow cytometers specifically designed for reticu-
locyte enumeration were developed and are produced by two
companies: TOA (Kobe, Japan) and ABX (Montpellier,
France) (63). The TOA instruments (Sysmex R-1000, Sysmex
R-3000) are similar to conventional benchtop analytical flow
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Fig. 9. Single-parameter histograms (green fluorescence vs. cell number)
of peripheral blood specimen from a patient with reticulopenia ((a) 0.05%
reticulocytes) and from patients with reticulocytosis ((b) 4.3% reticulocytes,

cytometers in the use of an argon ion laser and a sheath flow
system; they utilize auramine-O as the fluorochrome for
nucleic acid detection. Reticulocyte analysis is performed
automatically, with minimal operator intervention. In the in-
strument, a small (100 mL) aliquot of EDTA-anticoagulated
whole blood is mixed with auramine-O, followed by flow
cytometric analysis. Platelets and nucleated cells are excluded
from consideration by gating (forward scatter vs. side scat-
ter), and both the RBC count and the absolute reticulocyte
count (10°/L) are reported. In addition, the reticulocyte popu-
lation is automatically divided into fractions showing low,
intermediate, and high fluorescence, and the percentage of
cells in each fraction is calculated.

The ABX PENTRA 120 RETIC (VEGA RETIC) utilizes
TO as areticulocyte detection agent. An aliquot of whole blood
(0.8 mL) is mixed with 2.5 mL of a proprietary formulation
of TO and incubated at 35°C for 25 sec. An aliquot is ana-
lyzed with a 20 mW argon ion laser to the determine fluores-
cence and true volume by resistivity of a maximum of 32,000
cells. Customized gating is used to separate reticulocytes from
mature RBCs, WBCs, and platelets. The results are displayed
on a reticulocyte matrix with RNA content (y-axis) plotted
against cell volume (x-axis). Parameters determined by the
ABX PENTRA 120 Retic include the proportional and abso-
lute reticulocyte count, mean fluorescence index (MFI), and
reticulocyte maturation fractions (low RNA content, RetL;
medium RNA content, RetM; and high RNA content, RetH).

The Sysmex R-1000 system and related automated flow
cytometric reticulocyte counters has been evaluated by sev-
eral investigators. For example, Oyamatsu et al. (74,75) com-
pared the Sysmex R-1000 with conventional light microscopy
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(¢) 15.6% reticulocytes, and (d) 24.3% reticulocytes). Specimens were ana-
lyzed as described above with Retic-COUNT™ reagents and software
(Becton Dickinson Immunocytometry Systems, Mountain View, CA) (239).

for routine reticulocyte enumeration of 150 peripheral blood
specimens. Although an excellent overall correlation was
found between the two methodologies (r = 0.97), the within-
run precision of the R-1000 was significantly better than that
obtained by light microscopy. The presence of Jolly bodies,
Pappenheimer bodies, and basophilic stippling did not influ-
ence the automated reticulocyte count, while specimens with
cold-agglutinated RBCs and giant platelets produced abnor-
mal flags. Nucleated RBCs (NRBCs) were not counted as
reticulocytes by the instrument, but they were accompanied
by increased numbers of young reticulocytes that were not
delineated by manual counts. The authors concluded that the
R-1000 could safely perform reticulocyte enumeration in
blood containing abnormal RBCs or platelets if the abnormal
flag is taken into consideration and a manual recount is per-
formed when this flag occurs.

More recently, Bowen et al. (76) compared a modified TO
technique and the R-1000 system for reticulocyte enumera-
tion in whole-blood specimens obtained from 89 normal con-
trols and 43 patients. A FACS 440 (Becton Dickinson) was
used for the quantitation of green fluorescence. There was a
good correlation between the two techniques for the determi-
nation of the percentage reticulocyte count (rs = 0.805, P <
0.01) and absolute reticulocyte count (rs = 0.797, P < 0.01).
However, although blood samples stored at room tempera-
ture over a period of 5 days showed no significant change in
the reticulocyte count as determined by the Sysmex R-1000
system, a small but significant (P < 0.05) decrease was noted
by TO analysis. A reticulocyte reference range of 20-70 X
10°/L. was established in the normal controls. The authors
concluded that since both techniques provide accurate reticu-



locyte enumeration, economic considerations should be taken
into account. The Sysmex R-1000 system is fully automated,
so in a smaller clinical setting without an existing flow cy-
tometer it can be fully integrated into the hematology labora-
tory with minimal expansion of the technical staff. On the
other hand, reticulocyte enumeration by conventional flow
cytometry is more economical for laboratories with existing
instrumentation and personnel. In a similar manner to con-
ventional flow cytometry, Davies et al. (77) found that auto-
mated reticulocyte analysis with the Sysmex R-1000 provided
reliable quantitation of reticulocytes to very low levels in
undergoing autologous or allogeneic bone marrow transplan-
tation. Furthermore, the highly fluorescent reticulocyte (HFR)
provided useful clinical information not available through
manual counting.

In a later study, van Houte et al. (78) found a poor correla-
tion between the microscopic count and both flow cytometric
methods (FACScanr =0.61; Sysmex r =0.57), but the corre-
lation between the flow cytometric methods was satisfactory
(r = 0.79). Their reference ranges for the reticulocyte count,
corresponding with the 2.5th and 97.5th percentile, were as
follows: microscopic (8-30/1000), FACScan (11-27/1000)
and Sysmex (8—18/1000). The Sysmex R-3000 methodology
produced the lowest and narrowest reference range. Paterakis
et al. (79) evaluated the performance of the Sysmex R-1000
for reticulocyte enumeration in patients with marked red cell
heterogeneity (thalassemia and various sickle-cell syndromes).
The technique was considered accurate in this patient popu-
lation, although there was increased nonspecific fluorescence
and a higher proportion of gating errors than in normal indi-
viduals. Patients with heterozygous beta-thalassemia were
found to have slightly increased reticulocyte counts. Other
evaluations of the Sysmex R-1000 have been reported by
Laharrague et al. (80) and by Tichelli and associates (81).
Automated reticulocyte analysis with the ABX PENTRA 120
Retic (Montpellier, France) was recently reported to show
excellent precision and linearity (82). The ABX PENTRA
120 reticulocyte count showed good intraclass correlation with
the Sysmex R-2000, flow cytometric, and manual counts, al-
though measurements of the IRF were not concordant. Large
platelets and erythrocytic inclusions will interfere with
Sysmex analysis. There is one reported case of interference
by falciparum malaria with a high level of intracellular para-
sitemia. Although the R-3000 reported a reticulocyte count
of 21.6% (918 x 10°/L), light microscopy revealed 4% reticu-
locytes (15.5 x 10°/L) (83).

The comparative accuracy of flow cytometric and manual
reticulocyte enumeration has been a subject of continuing
interest. Most, but not all flow cytometric studies have dem-
onstrated slightly higher absolute values for reticulocyte enu-
meration in comparison to light microscopy. Possible
explanations include the higher sensitivity of fluorescence
detection and differences in the binding of NMB and TO to
RNA (84). Another concern is the effect of RBC inclusions
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and other artifacts on flow cytometric reticulocyte enumera-
tion. In this regard, Davis and Bigelow (3,85) found leuko-
cytes and RBCs containing Howell-Jolly bodies to have no
significant effect on reticulocyte quantitation, since they were
excluded from the analysis by gating. However, Lofsness et
al. (86) reported spuriously elevated automated reticulocyte
counts in the presence of Howell-Jolly bodies, in proportion
to the percentage of Howell-Jolly bodies observed on their
Wright-Giemsa stained blood smears. Heinz bodies have been
reported to interfere with automated reticulocyte enumera-
tion in patients with an unstable hemoglobin hemolytic ane-
mia. (87,88). Additional studies are needed to clarify these
issues.

Hematology analyzers with immunofluorescence
capability. Fluorescence reticulocyte enumeration using a
recently developed hematology analyzer (Cell-Dyn(r)-4000;
Abbott Diagnostika GmbH, Wiesbaden-Delkenheim, Ger-
many) with an integrated argon ion laser light source and fo-
cused flow impedance has been reported (89-92). The
instrument permits analysis of 26 hematologic parameters,
including simultaneous determination of reticulocytes (% and
absolute), reticulocyte quantitative maturational data (i.e., IRF,
etc.), NRBCs, and a complete blood count (CBC) with a five-
part differential on a peripheral blood specimen of <120 mL
with a throughput of 115 samples/hr (93). The Cell-Dyn 4000
utilizes CD4K530 dye for reticulocyte enumeration, as dis-
cussed above. Blood specimens for reticulocyte enumeration
can be refrigerated for up to 72 hr or stored at ambient tem-
perature for up to 48 hr. Coefficient variations of 4.83%,
3.31%, and 2.02% were reported at reticulocyte levels of
1.09%, 4.31%, and 11.3%, respectively. The analysis is not
affected by other cellular components, including NRBCs
(90,91). The quantum efficiency of the CD4K530 was ap-
proximately an order of magnitude greater than TO, permitting
the most immature reticulocytes to be separated from NRBCs
and WBCs (90). An excellent correlation was achieved with
manual reticulocyte counts (R = 0.98) (Fig. 10).

A comparative analysis of reticulocyte enumeration utiliz-
ing the CELL-DYN-4000, Sysmex R-3000, TO flow
cytometry, and NMB visual microscopic counts showed the
CELL-DYN-4000 to provide sensitive reticulocyte counts and
IRFs comparable to those of TO flow cytometry, regardless
of the flow cytometric analytic software utilized (94). In con-
trast, the Sysmex R-3000 and manual counts produced lower
reticulocyte counts, which was attributed to a lower sensitiv-
ity for immature reticulocyte fractions. A later comparison of
the CD4000 with manual, FACScan, and Sysmex R1000
methods also revealed good agreement between the CD4000
and the manual procedure, with no intermethod bias (89).
There was excellent agreement between the CD4000 and
Sysmex R1000 in the range of 0-6% reticulocytes, although
there was some intermethod bias in the higher range. An ex-
ponential relationship (r = 0.78) between CD4000 IRF and
Sysmex R-1000 HFR fraction values was found. A compari-
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Fig. 10. Bone marrow transplantation. Flow cytometric and manual reticu-
locyte enumeration in a patient receiving allogeneic bone marrow trans-

son of the CD4000 and FACScan indicated a distinct ten-
dency for the FACScan to give higher reticulocyte estimates
than the CD4000 (89). A recent comprehensive evaluation of
five automated reticulocyte analyzers emphasized perfor-
mance on samples with very low reticulocyte concentrations
(95). Although all automated methods tended to overestimate
the percentage and absolute reticulocyte count at low con-
centrations, the overestimation was statistically insufficient
only for the SE 9500 RET. The SE 9500 RET and the CD
4000 produced the highest analytical sensitivity.

The CELL-DYN-4000 also provides precise (CV < 6%)
and accurate (12 = 0.817) counting of NRBCs in peripheral
blood. In addition, bone marrow aspirates can be analyzed
for total cellularity, erythroblasts, and granulocytes, while
“nonviable” cells in the peripheral blood or bone marrow can
be quantitated through the use of propidium iodide dye (96)
(Fig. 11).

Reticulocyte maturation index. Reticulocyte RNA
content, as determined by the quantitation of fluorescence
intensity, has provided information previously unavailable
with manual counts. Davis, Bigelow (3,4,85,98,100) and
Davis et al. (97,99,101) were among the first to explore
reticulocyte RNA content, and have extensively evaluated
the mean fluorescence (reticulocyte maturation index,
RMI, RNA index, and RNA content) of the TO-stained
reticulocyte population as a clinical parameter since the
late 1980s. The RMI is directly proportional to the amount

plantation for malignant lymphoma. Graph shows serial reticulocyte assays
obtained from 7 days pretransplantation to 52 days posttransplantation.

of reticulocyte intracellular RNA, but is also affected by iron
stores and other factors.

Immature reticulocyte fraction. A new laboratory pa-
rameter, the immature reticulocyte fraction (IRF), was devel-
oped by Davis and the Spanish Multicentric Study Group for
Hematopoietic Recovery, and other investigators (33,102—
105) as areplacement for the reticulocyte maturity index. The
IRF is the sum of reticulocyte fractions with medium and
high fluorescence. They identified an elevation in the IRF as
the first sign of hematologic recovery in the majority of pa-
tients receiving remission-induction chemotherapy and first
sign of engraftment in those undergoing bone marrow trans-
plantation. The clinical significance of the IFR is discussed
below.

The International Society of Laboratory Hematology held
a workshop in June 1997 to develop a consensus on the per-
formance, standardization, and clinical utilization of the IRF.
The workshop participants reached the following conclusions:

1. The IRF is a clinically useful parameter, with increased
utilization and medical benefits anticipated.

2. The IRF is most effective when viewed in correlation

with the absolute reticulocyte count.

The IRF should be expressed as a fraction (0.00—1.00).

4. Standardization of IRF methods is impractical at this
time due to a lack of stable reference material and an
accepted reference method.

(O8]
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5. IRF (normal) reference ranges inherently differ between
methods.

6. IRF measurements should allow for the detecting and
reporting of decreased, normal, and increased values
within the spectrum of clinical samples expected from
patients with hematologic disorders. Manufacturers
should report imprecision information (standard devia-
tion and CV) for a given method at the low, median,
and high values of the expected reference range.

7. Manufacturers should report intermethod comparisons
over the entire IRF-reportable range.

8. IRF multilevel and stainable quality control material can
and should be provided by manufacturers.

9. Sources of potential interference with IRF measurement
should be evaluated and reported by manufacturers.

Reticulocyte-specific monoclonal antibodies. Fluo-
rochrome-labeled monoclonal antibodies specific for several
different reticulocyte antigens have been evaluated as reagents
for reticulocyte enumeration. The antigens presently evalu-
ated include the CD71 molecule (transferrin receptor, TfR,
and T9 antigen), CD36, and other antigens.

CD71 is a homodimeric glycoprotein consisting of two 95
kDa chains which is expressed on early thymocytes, activated
T and B lymphocytes, myelocytes, nucleated erythrocyte pre-
cursors, macrophages, and nonhematopoietic proliferating
cells (106). The transferrin receptor functions in iron-depen-
dent cell growth and proliferation. During these states, there
is up-regulation of the TfR gene, with subsequent increases
in mRNA and protein expression. CD71 receptors are abun-
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Comparison of reticulocyte enumeration by light microscopy with Miller disc vs. CD4000. n = 82, R = 0.9487.

dant on the surface of early reticulocytes, but gradually de-
crease during reticulocyte maturation, and are absent from
mature RBCs (107,108). Single color flow cytometric enu-
meration of reticulocytes using a fluorochrome-labeled anti-
CD71 antibody was first reported in 1983 (109,110). Although
reproducible results were obtained, this method of analysis
appears to offer few advantages over conventional methods
of reticulocyte enumeration for routine clinical analysis, and
is much more expensive to perform because of the relatively
high cost of the monoclonal antibody. In addition, Shumak
and Rachkewich (111) found a marked patient-to-patient varia-
tion in the number of receptors per reticulocyte (0-67,000),
and were unable to correlate receptor density with the reticu-
locyte count, hemoglobin level, or other parameters. The clini-
copathologic significance of these variations is unknown at
the present time. A recently developed dual-color technique
utilizing fluorochrome-labeled anti-CD71 and TO permits
reticulocyte subset analysis (110).

The CD36 antigen (gpIV, gplllb) is a transmembrane gly-
coprotein and the receptor for thrombospondin and collagen,
which is expressed on human thrombocytes, monocytes, mac-
rophages, erythroblasts and B-cells (weak), epithelial cells,
macrophages, and other cells. CD36 and the integrin alpha-
4-beta-1 complex (a receptor for fibronectin and vascular cell
adhesion molecule-1) are expressed on reticulocytes but not
mature erythrocytes, and may mediate an abnormal adher-
ence of red cells to the vascular endothelium, which contrib-
utes to the vascular occlusion characteristic of sickle cell
disease (112—114). Utilizing density fractionation and flow
cytometry, CD36-positive reticulocytes correlate with the
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stress reticulocyte fraction in patients with chronic hemolytic
diseases other than thalassemia (115). The significant eleva-
tion of CD36-positive stress reticulocytes in patients with
sickle cell anemia, even after splenectomy, may contribute to
the vasoocclusive episodes characteristic of this disease (115).

Optical light scatter

A new era in reticulocyte enumeration began with the re-
cent development of methods for reticulocyte enumeration
using existing hematology analyzers. This has enormous ad-
vantages for most laboratories, since it appears to offer the
accuracy and sensitivity of flow cytometric reticulocyte enu-
meration without the need for separate instrumentation. In
addition, this technology has the potential to eliminate the
need for a technical staff trained in flow cytometry to per-
form reticulocyte enumeration, to greatly reduce laboratory
operating expenses through elimination of manual reticulo-
cyte counts, and to provide more rapid turnaround time. In
addition, flow cytometric facilities operate only during week-
days in many institutions, which precludes the use of this
instrumentation for reticulocyte counts, as they are required
for patient care at nights and on weekends and holidays.

Abbott Diagnostika GmbH. The CELL-DYN 3500
(Abbott Diagnostika GmbH, Wiesbaden-Delkenheim, Ger-
many) hematology analyzer has been recently utilized for
reticulocyte enumeration. This instrument incorporates a 633
nm neon helium laser with optics and electronics for flow
cytometric single cell analysis by electrical resistivity (im-
pedance) and multi-angle light scatter at 0°, 10°, 90° polar-
ized, and 90° unpolarized (116). With this technology, whole
blood is stained in a single-step dilution procedure with a
supravital dye solution, incubated for 5 min, and analyzed
using 0°, 10°, and 90° light scatter (Fig. 12). Incubation time
is not critical, and smears can be prepared from the stained
blood for manual enumeration. Software-based data manage-
ment provides the absolute and relative reticulocyte count,
together with reticulocyte maturity information. The software
also collates the hemogram, differential, and reticulocyte data.

Beckman Coulter, Inc. Beckman Coulter, Inc. (Fuller-
ton, CA) was among the first to offer reticulocyte enumera-
tion technology on their STKS™, MAXM™, and MAXM
A/L instruments. The Coulter technique utilizes a new meth-
ylene blue stain and differentiates reticulocytes from mature
RBCs, white cells, and platelets through measurement of im-
pedance, radiofrequency, and laser light scatter (VCS tech-
nology). The computer software provides a reticulocyte
percentage, absolute reticulocyte count, mean reticulocyte vol-
ume, and maturation index in 60—120 sec based on examina-
tion of 32,000 cells. Samples for analysis are prepared off-line.
Whole blood is first incubated with a new methylene blue
dye stain. An aliquot of the stained sample is then diluted
with a hypotonic acid solution to clear hemoglobin from the
cells. The instrument determines the volume, conductivity,
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Fig. 12. Reticulocyte enumeration with optical light scatter analysis. a:
Normal peripheral specimen stained with supravital dye. Reticulocytes (gated
area, top) are separated from mature RBCs by dual-parameter light scatter
at 10° and 90 °. They appear in the area between the threshold limits on a
single-parameter histogram of 90° light scatter (bottom). RBC: 3.65 MIL/
mL; reticulocyte %: 1.65; reticulocyte #: 60.2 THO/mL. b: Peripheral blood
specimen with increased reticulocyte count. RBC: 2.88 MIL/mL; reticulo-
cyte %: 10.3; reticulocyte #: 296.6 THO/mL. Reproduced with the permis-
sion of Abbott Diagnostika GmbH.

and laser light scatter characteristics of each cell and plots
the results within a three-dimensional matrix. The position of
the reticulocytes within the matrix indicates their relative
maturity. Less mature reticulocytes have more residual RNA
and greater volume, scatter more laser light, and are larger
than the more mature reticulocytes. With maturation, the
reticulocyte loses RNA and moves toward the mature eryth-
rocyte population, until finally it has no RNA, absorbs no
stain, and merges with other mature RBCs. Both percent and
absolute reticulocyte counts are clinically reportable.
Several published studies show excellent correlation be-
tween the Beckman Coulter optical light scatter analysis and
the manual and flow cytometric methods of reticulocyte enu-
meration. For example, Buttarello and collaborators (117)
found that the MAXM analyzer provided reticulocyte counts
with good overall correlation with manual and automated
(Sysmex R-1000) methods, although there was evidence of a
significant overestimation at low concentrations and a mod-
erate underestimation at normal and high reticulocyte con-
centrations. Imprecision at low (16.1%), intermediate (16.9%),
and high (9.5%) reticulocyte concentrations was much lower
than the manual method (67%, 28.9%, and 13.0%, respec-
tively) (117). In a similar study, Davies et al. (118) reported a
correlation coefficient of 0.98 with conventional light micros-



copy. The CV with the manual technique was 16-22%, vs.
12.3% with automated analysis. Rudensky (119) reported
between-run CVs of 4.8%, 6.9%, and 14.5% for reticulocyte
counts of 9.5%, 2.4% and 0.7%, respectively, and within-run
CVs of 8.6%, 8.1%, and 6.1% for reticulocyte counts of 0.9%,
5.3%, and 18.4%, respectively. In this study, there were no
significant changes in the reticulocyte count with samples
stored for up to 72 h at 4-8°C.

Reticulocyte enumeration with the Beckman Coulter STKS
was evaluated in a children’s hospital by Ghevaert and col-
laborators (120). An instrument flag (R flag) occurred in 12%
of the total specimens analyzed, indicating a reticulocyte count
out of the linear range of the instrument or the presence of
interference. One-third of the flags resulted from a reticulo-
cyte percentage < 0.5%, which was confirmed by light mi-
croscopy, while the other two-thirds resulted from the presence
of sickle cells, spherocytes, or Howell-Jolly bodies. The in-
strument tended to overestimate the reticulocyte count in pa-
tients with beta-thalassemia major. This problem was
attributed to the presence of Pappenheimer bodies, even
though these specimens were not flagged. The correlation co-
efficient of the total population between manual and instru-
mental reticulocyte counts was highly significant, with an
r-value of 0.862.

The Beckman Coulter GEN-S hematology system is a top-
of-the-line hematology analyzer that offers standard fully
automated, on-line reticulocyte analysis utilizing new meth-
ylene blue dye. In addition to the features of the STKS and
MAXM, the Gen-S includes the IntelliKinetics™ application
and AccuGate™ software. IntelliKinetics™ is a system of
software and hardware that provides accurate control of tim-
ing, reagent reaction temperatures, and volumes. AccuGate
software utilizes nonlinear separation techniques, multi-
resolution analysis, and adaptive gating to accurately differ-
entiate small red cell populations with overlapping features.
As aresult, the instrument has a linear range of 0-30%, or 0—
750 reticulocytes x 10°/L.

Similar results were recently reported for the Beckman
Coulter GEN-S hematology analyzer (121,122). Chiron et al.
(123) found a unique parameter provided by the GEN-S, the
mean spherized corpuscular volume (MSCV), to be poten-
tially useful in the evaluation of patients with hereditary
spherocytosis (HS). Under the hypoosmotic conditions of
reticulocyte enumeration, the MSCV became smaller than the
MCYV, presumably because of increased osmotic fragility and
cell fragmentation.

Bayer/Miles, Diagnostics Division. Reticulocyte enu-
meration utilizing the Bayer/Miles Technicon H*3 blood ana-
lyzer (Bayer/Miles, Diagnostics Division, Tarrytown, NY) has
been developed. In this system, the nucleic acid-binding dye
oxazine 750 is used, and reticulocyte enumeration is deter-
mined by helium-laser light absorption and light scatter at
low angle (2°-3°) and high angle (5°-15°). An absorption
threshold is used to separate stained reticulocytes from un-
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stained RBCs. Since the amount of light absorbed by reticu-
locytes is proportional to the intensity of staining and their
RNA content, three populations of low, medium, and high
RNA content can be defined. In addition to the absolute and
relative reticulocyte counts, this technology permits direct
measurement or calculation of reticulocyte cellular indices,
including the reticulocyte mean cell volume (MCVr), reticu-
locyte mean cell hemoglobin concentration (CHCMr), reticu-
locyte cell hemoglobin content (CHr), and their respective
distribution widths (RDWr, HDWr, and CHDWr) (6).

Several studies have shown the Bayer/Miles H*3 technique
to be precise, with an acceptable intraclass correlation be-
tween it and other automated techniques. Buttarello and col-
laborators (124) reported a CV of 11.6% with the Bayer/Miles
H*3, compared with 4.2% for the Sysmex R-1000 and 24.2%
for manual microscopy. The Bayer/Miles H*3 tended to over-
estimate low reticulocyte values with respect to both the mi-
croscopic method and the R-1000, a tendency that was
especially pronounced in patients with marrow aplasia.
Brugnara et al. (125) compared the Bayer/Miles H*3 reticu-
locyte counting with manual counting, flow cytometry, and
the Sysmex R-3000. There was acceptable intraclass correla-
tion between the Bayer/Miles H*3 and the Sysmex R-3000
(0.952), and flow cytometry (0.922). Reticulocyte counts were
stable after storing blood samples for 72 hr at 4°C. The direct
cost/test, including depreciation, were as follows: manual
counting: $1.61; Sysmex R-3000: $6.03; flow cytometry:
$3.34; and Bayer/Miles H*3: $3.49. Cost/test for flow
cytometry and Miles H*3 were $3.34 and $3.49, respectively
(125). Reference ranges for reticulocytes on the Bayer/Miles
Technicon H*3 have been reported (126).

Other Techniques

Techniques using density gradient fractionation and other
phenomena have been reported, but these have not been ac-
cepted for clinical use (127).

Automated counting devices for NMB-stained peripheral
blood smears (“image analysis”) are under development to
decrease the imprecision associated with manual reticulocyte
enumeration. In particular, slide-based instruments developed
for the automated determination of the white blood cell dif-
ferential (Geometric Data Hematrak, Coulter Diff 3) have been
utilized (128,129). These devices provide excellent counting
reproducibility, but the reticulocyte count must be verified
manually in many circumstances. In one study utilizing fluo-
rescence image cytometry, in vitro changes in the degree of
sickling of reticulocytes and nonreticulocytes were studied
under conditions of complete (PO, = 0 mm Hg) and partial
(PO, = 30 mm Hg) deoxygenation at pH 7.4. Reticulocytes
were identified by AO staining, while the degree of sickling
was quantitated by image analysis. A subset of reticulocytes
was identified that was more susceptible to sickling than
nonreticulocytes. Furthermore, sickling increased dramatically
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with time, even under conditions of partial deoxygenation
approximating those normally observed in the venous circu-
lation. The effect of several metabolic inhibitors on sickling
was studied using this methodology (130). In another appli-
cation of image analysis, a two-stage staining technique was
used to quantitate the proportion of reticulocytes containing
fetal hemoglobin (HbF, F-reticulocytes). The results corre-
lated well with the conventional F-reticulocyte immunofluo-
rescence assay, but the technique was much more reliable and
easier to perform (131).

CLINICAL UTILIZATION OF RETICULOCYTE
ENUMERATION

The erythropoietic activity of the bone marrow and the
rate of delivery of cells from the bone marrow into the pe-
ripheral blood determine the number of reticulocytes in the
peripheral blood. Since reticulocyte enumeration provides
information about the bone marrow activity and the effec-
tiveness of RBC production, it is crucial in the diagnosis of
anemic patients, and for monitoring bone marrow transplan-
tation patients, patients undergoing therapy with marrow toxic
drugs, and patients being treated for anemia (132).

General Considerations

Reticulocytosis (an increased number of circulating reticu-
locytes) normally occurs in anemic patients with functional
bone marrow. This includes patients with blood loss or
hemolytic anemias (sickle cell anemia, thalassemia, sphero-
cytosis, glucose-6-phosphate dehydrogenase deficiency, im-
mune hemolytic disease, and hypersplenism), and patients
who have been successfully treated for other types of ane-
mia. In contrast, patients with marrow ablative disorders,
impaired erythropoiesis, or decreased erythropoietin produc-
tion may show a normal or decreased reticulocyte count in
spite of severe anemia. Such patients include those with iron,
folate, or vitamin B, deficiency anemias, pernicious anemia,
immunologic or drug-induced red cell aplasia, leukemia or

TABLE 3. Clinical significance of the reticulocyte count

metastatic carcinoma, renal failure, idiopathic myelofibrosis,
and other disorders (Table 3).

Accurate reticulocyte enumeration is critical for the diag-
nosis of many hematologic diseases and for the classifica-
tion of patients with anemia. In addition to its diagnostic
value, the reticulocyte count is also playing an increasingly
important role in monitoring the progress of patients receiv-
ing conventional or experimental therapy for a variety of
diseases. In this regard, a new era in clinical hematology
began with the use of recombinant human erythropoietin
(rhEPO) and other hematologic growth factors to stimulate
erythron production. Recently, thEPO used in conjunction
with oral or parenteral iron administration has been used to
stimulate erythropoiesis in anemia subjects, including those
with refractory anemia associated with various malignant
disorders, preterm infants, chronic renal failure, and other
patients (133—140). In addition, the use of rhEPO in patients
scheduled for major elective surgical procedures can facili-
tate preoperative autologous blood collection and minimize
the need for allogeneic blood transfusions (141-143). Syn-
thetic erythropoietin has also been successfully utilized in
patients who refuse transfusion based on religious convic-
tions (144). Finally, rhEPO and other hematologic growth
factors are essential to promote bone marrow regeneration
in patients receiving chemotherapy or bone marrow trans-
plantation. The major clinical applications of the reticulo-
cyte count and reticulocyte indices are listed in Table 4.

Reference intervals for reticulocyte analysis have been
determined by several investigators. Sandberg and collabo-
rators (50) performed a detailed study of 13 healthy adult
individuals over a 7-week period utilizing the Sysmex R-
1000 and the Technicon H*3. Mean values obtained in this
population with the Sysmex were as follows: reticulocytes:
0.044 x 10'%/L, HFR 1.5%, MFR: 10.4%, LFR: 88%. The
within-subject CV for the reticulocyte count was 11% (8.8—
14) and the between-subject variation was 33% (24-55).
Although Sandberg et al. (50) did not identify a sex-associ-
ated difference in the reticulocyte count, Tarallo et al. (49,145)

Clinical disease Mechanism

Cause

Reticulocytopenia
Hypochromic anemias

Aplastic anemias Impaired erythropoiesis

Megaloblastic anemia Impaired DNA synthesis
Aplastic crisis in hemolytic anemia Variable

Reticulocytosis
Blood loss Increased erythropoiesis

Hemolytic anemias Increased RBC destruction

Impaired hemoglobin synthesis

Tron deficiency, anemia of chronic disease, thalassemias,
sideroblastic anemia

Idiopathic, renal disease, metastatic infiltration of bone
marrow, viral infections, immunologic-, drug-, or
radiation-induced red cell aplasia

Vitamin B, folate deficiency

Variable

Covert blood loss, subacute overt blood loss

Hemoglobulinopathies, disorders of red cell membranes,
immune hemolytic disease, glycolytic enzyme defects,
hypersplenism




TABLE 4. Clinical utilization of reticulocyte count and
reticulocyte indices

Reticulocyte Reticulocyte

count indices
Hematologic diagnosis
Classification of anemic patients . .
Diagnosis and severity of hemolytic . .
anemia
Assessment of bone marrow function . .
Aplastic crisis in hemolytic anemia . .
Myelodysplasia . .
Occult or compensated hemorrhage . .
or hemolysis
Sickle cell crises and other .
complications in sickle cell anemia
Treatment monitoring
EPO therapy in ESRD, AIDS, MPO, . .
infants, etc.
Bone marrow regeneration post BMT . .
or chemoRx
Renal transplantation engraftment . .
Anemia therapy (Fe, ruEPO, B, . .
folate etc.)
Bone marrow toxic insults . .
Hydroxyurea therapy in sickle cell anemia .
Neonatal transfusion requirements . .
Other applications
Timing of stem cell harvest . .
Erythropoietin abuse in sport contestants °

reported a significantly higher reticulocyte count in men than
women using the Sysmex R-3000. There was, however, no
statistical difference between boys and girls aged 4-19 years,
nor was the reticulocyte count affected by menstrual cycle,
smoking, oral contraceptives, or menopause. Bock and
Herkner (44,146) evaluated automated reticulocyte enumera-
tion in infants and children, and established age-dependent
reference ranges. In serial studies of anemic newborn infants
and pediatric patients recovering from chemotherapy-induced
bone marrow suppression or ineffective erythropoiesis re-
sulting from renal failure, these investigators found that the
proportion of highly fluorescent reticulocytes significantly
earlier than the RBC, Hb, or Hct. In children aged 3 months
to 18 years, Turowski and co-workers (47) reported the fol-
lowing results, expressed as mean + 2 SD: reticulocyte count:
2.00 = 1.56%; absolute reticulocyte count: 88.8 + 68.94 x
10°/mL; and IRF: 0.22 + 0.16.

Anemia

Anemias secondary to bone marrow aplasia, nutritional dis-
orders, and bone marrow infiltration are characterized by very
low reticulocyte counts (<2% corrected). In these patients,
reticulocyte enumeration by manual supravital staining con-
firms the low reticulocyte count, but does not provide further
diagnostic information. Lin and collaborators (147,148) evalu-
ated automated reticulocyte evaluation in a large group of these
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patients. Very low reticulocyte counts (<0.03 % 1,012/L) and
very low immature fractions (<10%) were characteristic of
patients with aplastic or megaloblastic anemias, while patients
with marrow infiltrative diseases had nearly normal reticulo-
cyte counts, but high immature fractions (>30%). In patients
with pancytopenia resulting from aplastic anemia, infiltrative
marrow disorder, hypersplenism, or megaloblastic anemia, the
absolute reticulocyte counts were lowest in patients with aplastic
anemia or megaloblastic anemia and highest in patients with
hypersplenism. The marrow reticulocyte counts and shift ratio
to circulating blood did not add additional useful information
for the classification of these anemias.

Hemolytic anemia without reticulocytosis is characteristic
of pernicious anemia (PA), in which the reticulocyte count re-
mains relatively low (2-3%) in spite of a florid hemolytic ane-
mia, short RBC life span, and marked marrow erythroblastic
hyperplasia (1). In PA this occurs because the severe nuclear-
cytoplasmic dyssynchrony results in the loss of RNA prior to
nuclear extrusion (149). This phenomenon also occurs in pa-
tients with folic acid deficiency or iron deficiency anemia with
superimposed hemolytic disease (1,150). A different situation
occurs in autoimmune hemolytic anemia, in which life-threat-
ening aplastic crises may occur in spite of a striking erythro-
blastic response because of immune destruction of erythroblasts
(151,152). Aplastic crises with reticulopenia are also seen in
viral infections, hereditary spherocytosis, delayed hemolytic
transfusion reactions, and chronic hemolytic diseases such as
sickle cell anemia (1,153-156).

“Pseudoreticulocytosis’ has been described in patients with
myelodysplastic syndrome (157-159). Pseudoreticulocytes
are mature RBCs that retain substantia reticulofilamentosa
but lack the relatively high MCV and erythrocyte enzymes
characteristic of normal reticulocytes. This unusual finding
is caused by delayed reticulocyte maturation. Kinetic studies
in one patient with pseudoreticulocytosis revealed an eryth-
rocyte life span of 44 days and a calculated reticulocyte matu-
ration time of >20 days (159).

In patients with sickle cell anemia, hydroxyurea therapy
increases the production of fetal hemoglobin (Hgb F) and is
beneficial in alleviating both the hemolytic and vasoocclusive
manifestations of the disease. Reticulocyte enumeration is
widely utilized with other laboratory and clinical parameters
to monitor the safety and efficacy of hydroxyurea adminis-
tration (160-166). Reticulocyte enumeration has also been
used to predict the likelihood of sickle cell crises, cholelithi-
asis, and other complications in sickle cell anemia patients
(167-169).

Major and minor surgery induces a state of hypoferremia
in the presence of adequate iron stores, resembling the ane-
mia of chronic disease. This effect is reflected by a decrease
the serum iron concentration, serum transferrin concentra-
tion, and transferrin saturation, while the ferritin concentra-
tion is elevated (170). In contrast, serum erythropoietin
concentration and the reticulocyte count are raised after ma-
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jor surgery only (170). Preoperative treatment with recombi-
nant human erythropoietin (thEPO) has been utilized to stimu-
late erythropoiesis and partially overcome the postoperative
anemic state (171). Under these circumstances, only an in-
crease in the distribution widths of reticulocytes after the sec-
ond postoperative day was reported to correlate with
stimulation of erythropoiesis (172).

F-reticulocytes

Reticulocytes containing fetal hemoglobin (Hb F) are
termed F-reticulocytes. Measurement of F-reticulocytes is
used in patients with sickle cell disease and beta-thalassemia
to assess the efficacy of hydroxyurea, butyrate, and other drugs
given to elevate the levels of Hb F. Immunofluorescence mi-
croscopy and fluorescence image cytometry has been utilized
for the simultaneous determination of F-hemoglobin and
reticulocytes (131,173,174).

Reticulocyte maturation index

Wells and collaborators (175) found a significantly elevated
reticulocyte mean channel fluorescence in iron-deficient or
iron-depleted patients, compared to healthy controls, while
the reticulocyte mean channel fluorescence in patients with
the anemia of chronic disease was not significantly different
from the controls. There was a significant correlation of the
reticulocyte mean channel fluorescence with total iron-bind-
ing capacity (P < 0.0001, r = 0.62) and ferritin (P < 0.0001, r
= 0.40). The clinical value of the flow cytometrically deter-
mined reticulocyte count and RMI was also proven for renal
transplantation patients and patients with anemia from a va-
riety of causes (101,134,135,176-178).

Immature reticulocyte fraction

Chang and co-workers (179) evaluated the IFR in patients
with anemia. An IFR < 0.23 was found to correlate with an
unresponsive or underresponsive bone marrow, whereas an
IFR > 0.23 was found in patients showing an adequate eryth-
roid response to the anemia. In this study, there was a weak
but significantly positive correlation with the absolute reticu-
locyte count (ARC) and reticulocyte production index (RPI),
indicating that IRF is an additional useful parameter to evalu-
ate the erythropoietic activity in anemic patients and further
classify the etiology of the anemia. Most patients with an
increased IFR (>0.23) and increased ARC had an adequate
erythroid response to anemia, while the finding of a subnor-
mal or normal ARC, an RPI =2, and an IRF > 0.23 correlated
with an underlying clinical condition, such as acute infec-
tion, iron deficiency anemia, human immunodeficiency vi-
rus infection, sickle disease with crisis, pregnancy, and
myelodysplastic syndrome. Most patients with an IFR < 0.23
also showed an RPI < 2, and had clinical diseases with de-
creased erythropoietic activity—mainly chronic renal insuf-

ficiency (179). Watanabe and collaborators reported similar
results (180). A high IFR with an increased ARC was char-
acteristic of an enhanced erythropoietic state, such as an ac-
quired hemolytic anemia or acute blood loss, while an
increased IFR with a normal or reduced ARC was found in
patients with dyserythropoietic or ineffective erythropoietic
conditions, such as acute myeloid leukemia, myelodysplastic
syndrome, aplastic anemia, or megaloblastic anemia. Reticu-
locyte maturity was normal in patients with reduced erythro-
poiesis, including chronic renal failure and iron deficiency
anemia (180).

Reticulocyte hemoglobin content

There is a great interest among hematologists and clinical
pathologists in reticulocyte cell indices, especially the reticu-
locyte hemoglobin (CHr), as indicators of erythropoiesis in a
variety of clinical situations (181,182). The mean hemoglo-
bin content of reticulocytes (CHr) and RBCs (CH) is calcu-
lated as the product of the volume and the hemoglobin
concentration of single cells. Brugnara and colleagues
(183,184) have confirmed the clinical significance of CHr in
awide variety of disease states. For example, in children they
found CHr and Hb levels to be the only significant predictors
of iron deficiency, while the CHr was the only significant
multivariate predictor of iron deficiency anemia. A CHr value
of 26 PG provided the optimal cutoff for iron deficiency based
on sensitivity and specificity analysis (183).

Reticulocyte hemoglobin

The reticulocyte hemoglobin (retHb) is a measure, in grams
per liter, of the hemoglobin contained in the circulating reticu-
locyte compartment (185). It is a calculated value, obtained
by multiplying the absolute reticulocyte count and the CHr.
A related value, the hemoglobin contained in the RBC pool
(rbcHb), can be calculated by subtracting retHb from the to-
tal hemoglobin. The ratio between the two pools (rbcHb/retHb)
provides a rough estimate of RBC survival. In 50 normal con-
trol subjects, retHb values were 1.76 + 0.59 g/L, while the
rbcHb/retHb ratio had a normal value of 76.6 £ 21.9 (185).
Among a group of patients with various hemoglobinopathies,
the retHb values were highest in patients with SS disease with
no alpha-thalassemia (6.47 % 3.05 g/L, n = 20), while the
rbcHb/retHb ratio was the lowest in these same patients. The
retHb and rbcHb/retHb ratio were helpful in monitoring
therapy with hydroxyurea, intravenous or oral iron, or r-
HuEPO (185).

Bone Marrow Regeneration

In addition to the diagnosis of hematological diseases,
reticulocyte counting also provides useful information regard-
ing the degree of regenerative activity that takes place after
treatment of iron deficiency or vitamin B,,/folate deficiency



anemias, a course of chemotherapy, bone marrow transplanta-
tion, or malaria infestation (77,97,135,176,186-201). In patients
with end stage renal disease on hemodialysis, reticulocyte enu-
meration has been utilized in the diagnosis of iron deficiency
anemia and to follow the efficacy of treatment with oral iron
supplementation, erythropoietin, and other agents (202-205).

Much of the interest in the clinical use of automated reticu-
locyte technology has focused on patients with chemotherapy-
induced marrow aplasia. For example, Kuse (206) evaluated
reticulocyte levels with the Sysmex-3000 in patients with
acute myelogenous leukemia (CML) treated aplasiogenic
cytostatic drug therapy. During therapy induction, the reticu-
locyte count reached an extreme nadir (<0.01/pL) and con-
sisted only of cells with a low fluorescent ratio (LFR) (206).
The reticulocyte fraction with medium fluorescence ratio
(MFR) began to rise at a median interval of 16 days, fol-
lowed by HFR reticulocytes a median of 1 day in all cases
with partial or complete remission. Granulocytes levels
reached the critical limit of 20.5/nl at a median of 7 days after
MEFR and 5 days after HFR. Davis and collaborators (97) found
the RMI to be an independent parameter of erythropoiesis in
autologous bone marrow transplantation patients. In these
patients the RMI, but not the absolute number or percentage
of reticulocytes, correlated temporally with absolute neutro-
phil counts in the posttransplant period, but was the earliest
indicator of bone marrow engraftment in most patients. Three
patterns of engraftment (early, delayed, and failed) were de-
fined by the RMI. Davis et al. (207) later proposed criteria
for the standardization of RMI measurements. A ratio of HFRs,
defined using a normal adult population, and expressed as
the total number of reticulocytes (HFR %), was superior for
interlaboratory comparison and clinical utilization. A multi-
institutional interlaboratory correlation study performed at
eight sites with four different types of flow cytometers re-
vealed interclass correlations among all sites ranged from 0.79
to 0.99 for the reticulocyte counts and from 0.41 to 0.88 for
the reticulocyte maturity index (4). Later studies confirmed
these reports. For example, Dalal and co-workers (208) found
that the RMI predicted engraftment earlier (median day 17,
range 10-63 days) than the absolute neutrophil count (ANC,
median day 19, range 8-63 days), WBC (median day 19, 9—
71), absolute reticulocyte count (median day 19, 11-125), or
platelet count (median day 29, 11-237) in 37 patients under-
going autologous or allogeneic bone marrow transplantation.
However, in all patients the combined use of the ANC and
RMI (whichever increased first) predicted engraftment ear-
lier (median 15 days) and more confidently (no false starts)
than either used alone. In patients mobilized with chemo-
therapy and growth factors for peripheral blood stem cell
harvest, Remacha et al. (209) found that an increase in imma-
ture reticulocyte fractions preceded the presence of circulat-
ing CD34" cells by about 2 days, suggesting that flow
cytometric reticulocyte enumeration might be helpful in moni-
toring the timing of stem cell harvesting.
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The Spanish Multicentric Study Group for Hematopoietic
Recovery evaluated automated flow cytometric reticulocyte
enumeration with the Sysmex-2000 in the evaluation of he-
matopoietic recovery status postchemoradiotherapy-induced
aplasia and autologous or allogeneic bone marrow transplan-
tation (102). Serial automated flow cytometric quantitative
reticulocyte counting provided a useful and early measure of
erythropoiesis indicative of hematopoietic reconstitution or
successful bone marrow engraftment following marrow trans-
plantation. Similarly, in aplastic anemia patients receiving
bone marrow or peripheral stem cell transplantation, the HFR
counts provided the most reliable and sensitive index of he-
mopoietic recovery after bone marrow or peripheral blood
stem cell transplantation (210). A difference in the clinical
significance of the HFR counts autologous selected CD34+
peripheral blood stem cell transplantation and unfractionated
PBPC transplantation has been noted (211). The HFR count
gave advance notice of complete and stable hemopoietic en-
graftment in patients receiving unfractionated PBPC trans-
plantation, while the HFR and ANC count showed almost
simultaneous recovery in patients receiving the CD34" se-
lected transplants. In a series of patients receiving peripheral
blood stem cell transplantation for non-Hodgkin’s lymphoma,
George and collaborators (212) found that recovery of the
HFR to 2% of the total reticulocytes preceded an ANC of 0.1
x 10°/L in 92% of the patients, and preceded an ANC of 0.5 x
10°/L in 96% of cases.

In patients with lymphoma and myeloma, Gowans et al.
(213) did not find Sysmex R2000 reticulocyte parameters
useful in optimizing the timing of peripheral blood stem cell
harvesting due to high interpatient variability. In this study, a
rising immature myeloid index (IMI), determined on the
Sysmex SE9000, was the most accurate predictor of early
bone marrow regeneration.

Chronic Renal Failure

The recent introduction of recombinant human erythropoi-
etin (rHUEPO, epoetin beta) revolutionized the treatment of
anemia associated with chronic renal failure. In addition,
rHuEPO therapy is under evaluation for anemia associated
with many other diseases associated with relative erythropoi-
etin deficiency or bone marrow suppression, including can-
cer, cancer chemotherapy and bone marrow transplantation,
myelodysplasia, prematurity, perioperative state and prepa-
ration for elective surgery, zidovudine-induced anemia in HI'V-
infected patients, sickle cell anemia, and other diseases
(214-226). Since rHUEPO-stimulated erythropoiesis depends
on an adequate and continuous supply or iron, close labora-
tory monitoring of iron status is critical to achieving an opti-
mal therapeutic response, and rHUEPO treatment is often
accompanied by intravenous (IV) iron therapy. Of the con-
ventional parameters, the reticulocyte count is the most use-
ful laboratory monitor. More recently, several other parameters
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have been shown to provide a more accurate measure of the
marrow iron supply. These parameters are the CHr, percent-
age of hypochromic erythrocytes, and RBC ferritin (RBCFer)
(182,203,204,227,228).

Reticulocyte count

In chronic renal failure patients receiving erythropoietin,
Dalbak and associates (229), using the Sysmex-1000, reported
an increase in reticulocytes within days, significantly prior to
hemoglobin levels, which increased only after 2-3 weeks.
Tarallo et al. (49) utilized the Sysmex R-3000 to perform
reticulocyte enumeration in 1,219 healthy individuals 4 to
>60 years of age. Although the reticulocyte counts in chil-
dren were not statistically different, men >20 years old had a
significantly higher reticulocyte count than women of the same
age. The reticulocyte count was not affected by moderate
smoking, menstrual cycle, oral contraceptives, or menopause
(49). Automated flow cytometric reticulocyte analysis was
used by Jeffrey et al. (202) to evaluate patient responses to
low-dose erythropoietin. In the study, 16 adult dialysis pa-
tients were administered modest doses of recombinant hu-
man EPO (rHuEPO) subcutaneously thrice weekly (mean
dose: 15.7; SD: 3.7 U/kg). Although there was a wide varia-
tion in response, the reticulocyte count increased in 14 pa-
tients during the first week, and reached a maximal response
during the second week. Upon further investigation, five pa-
tients who exhibited a brisk reticulocyte response without a
sustained increased in hemoglobin level had gastrointestinal
bleeding. Other disease processes were found in the two pa-
tients who showed a poor reticulocyte response. The authors
concluded that reticulocyte enumeration provides useful clini-
cal information in renal dialysis patients receiving rHuEPO.

Immature reticulocyte fraction

Davis and coworkers (230) studied the clinical significance
of the IRF in chronic renal failure and co-workers. Automated
reticulocyte counts and the IRF were determined with the Cell-
Dyn 4000 in 114 patients receiving chronic dialysis and re-
combinant erythropoietin therapy during a 6-month period.
The IRF weakly correlated with other laboratory values, but
was the only laboratory parameter to significantly vary with
the degree of anemia. An IRF > 0.30 and either normal or
increased reticulocyte counts correlated with a subsequent
increase in hemoglobin levels, while most patients who did
not develop an elevated IRF showed a subsequent worsening
of their anemia.

Reticulocyte hemoglobin

In one of the largest studies of hemodialysis patients,
Fishbane and co-workers (231) found that a CHr of less than
26 pg at baseline had a sensitivity of 100% and a specificity
of 80% in predicting iron deficiency. The percentage of hy-

pochromic RBCs, serum ferritin, and transferrin saturation
were less accurate. With intravenous iron dextran therapy,
most iron-deficient patients responded with a correction of
the mean CHr to > 26 pg within 48 hr. Cullen et al. (205)
performed detailed laboratory studies of patients undergoing
chronic dialysis and also concluded that the CHr is superior
to the percentage of hypochromic red cells in detecting iron
deficiency. In this study, CHr < 26 pg had a diagnostic
sensitivity and specificity of 100% and 73%, respectively,
compared with 91% and 54% for a percentage of hypo-
chromic red cells > 2.5%. Sowade and collaborators (171)
performed a large double-blind, randomized, placebo-con-
trolled clinical trial of epoetin beta therapy in cardiac sur-
gery patients, and concluded that the monitoring of
reticulocyte parameters provided an objective analysis of
erythropoietic activity.

Myelodysplasia provides a challenging situation for the
evaluation of erythropoiesis, and was one of the first diseases
to be studied with the Bayer/Miles H*3 analyzer. In 32 MDS
patients and 10 elderly normal subjects, Bowen and collabo-
rators (232) found that reticulocytes from MDS patients were
larger and had a lower hemoglobin concentration than reticu-
locytes from the control group, and concentrated hemoglo-
bin more during maturation to RBCs. Among individual
subtypes of MDS, reticulocytes from sideroblastic patients
had a lower hemoglobin content and concentration than re-
fractory anemia patients. Although the pathogenesis of these
findings is unclear, they may assist in determination of early
therapeutic response in MDS patients (232).

During the postpartum period, Richter et al. (45,233) found
no evidence of functional iron deficiency or increased eryth-
ropoiesis. The minor changes in a group of 82 postpartum
patients included a increase in microcytic cells, from 0.9%
prepartum to 1.4% on day 42 postpartum, a decrease in hypo-
chromic cells from 4.3% to 1.9%, and a decrease in the reticu-
locyte mean corpuscular volume from 134 to 125 fL. The
reticulocyte mean hemoglobin content was unchanged dur-
ing this period (45,233).

Other Applications

Miscellaneous uses of flow cytometric reticulocyte enu-
meration include investigations of the persistence of re-
ticulocytes in refrigerated blood storage and in vivo
post-transfusion, the relationship between CD36 expression
and stress reticulocytosis in patients with sickle cell anemia
and other chronic hemolytic disorders, and the presence of
reticulocytes reacting with the IgG fraction of an antiserum
against cord RBC membranes (F-IgG reactive RBCs)
(115,234,235).

A recent novel application of reticulocyte enumeration is
to detect erythropoietin abuse in sports (236). In these cir-
cumstances, precise, accurate determinations of the reticulo-
cyte count are needed.



SUMMARY AND FUTURE PROSPECTS

The final stage of RBC differentiation occurs in the pe-
ripheral blood. The immature RBCs (reticulocytes) that are
released by the bone marrow still contain RNA and some cel-
lular organelles. Reticulocytes gradually lose their protein
synthesizing machinery, and normally become mature RBC
(erythrocyte) after about 3 days in the peripheral blood. Since
the number and characteristics of the reticulocytes in the pe-
ripheral blood reflect the activity of the bone marrow, reticu-
locyte counting has become a fundamental part of the
evaluation of patients with hematopoietic disease.

Circulating reticulocytes are decreased in patients with
impairment of bone marrow function, and are increased in
cases of blood loss or destruction with normal bone marrow
activity. Reticulocyte enumeration has been performed for
several decades by light microscopy, with the use of a su-
pravital dye (new methylene blue), which binds to the RNA
in the reticulocyte. However, the accuracy and precision of
this assay are greatly compromised by its subjective nature,
and by the limited number of cells (200-1,000) that can be
counted by a technologist in a reasonable length of time. In
contrast, automated techniques of reticulocyte enumeration
are more precise, accurate, objective, and cost-effective, since
30,000 or more cells can be accurately evaluated in a very
short period of time. A variety of RNA-specific fluorescent
dyes have been utilized for automated reticulocyte enumera-
tion, and some hematology analyzers utilize optical light scat-
ter analysis to perform reticulocyte analysis on specimens
stained with new methylene blue or other dyes. Approximately
45% of laboratories recently participating in the CAP reticu-
locyte presently use some form of automated reticulocyte
analysis. In addition to relative and absolute reticulocyte
counts, automated techniques provide information regarding
the age distribution of reticulocytes, which is not available
by light microscopy. Measurements of the RMI, IRF, CHr,
and other parameters are still under investigation, but there is
extensive evidence that these parameters are useful in the
accurate classification of anemia patients, and monitoring
patients receiving ruEPO or recovering from chemotherapy
or bone marrow transplantation. Although economic consid-
erations limit dedicated reticulocyte analyzers to laboratories
with a large reticulocyte sample volume, the recent trend to
incorporate reticulocyte analysis into the routine capacity of
the hematology analyzer will make automated reticulocyte
analysis increasingly common. However, since the results of
automated reticulocyte analysis are influenced by analytic
methodology, dye staining sensitivity for RNA, and software
discrimination of reticulocytes from erythrocytes and other
cells, method-specific reference intervals are presently nec-
essary, and most automated methods tend to overestimate the
reticulocyte count, particularly at low reticulocyte concen-
trations (95). Perhaps in a few years the manual reticulocyte
count will become a thing of the past.
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