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Newer CBC Parameters of Clinical

Significance

Shanaz Khodaiji

As technology advances, recently developed
automated hematology analyzers (HA) deter-
mine routine CBC parameters with better accu-
racy. In addition, they yield novel parameters also
called Advanced Clinical Parameters (ACP)
whose clinical utility is being assessed by several
researchers in the field of laboratory hematology.
Many of these ACP have been found to enhance
clinical information and are now integrated into
the routine Complete Blood Count (CBC) report.

ACPs can be obtained on the following
analyzers:

e Sysmex XE and now XN-series

* Abbot Diagnostics Cell Dyn Sapphire

¢ Beckman Coulter LH750 and UniCel DxH 800
¢ Horiba Medical Pentra

e Mindray BC 6800

e Siemens Advia

Evolution of CBC parameters from basic to
advanced is shown in Table 1.1.

ACP are a result of constant improvement in
hardware and software technology along with
use of newer improved reagents and fluorescent
dyes.

S. Khodaiji (<)

P.D. Hinduja Hospital and Medical Research Centre,
Mumbai, India

e-mail: dr_skhodaiji @hindujahospital.com

© Springer Nature Singapore Pte Ltd. 2019

Table 1.1 Evolution of CBC analyzers over the years

1960 | 1970/1980 1990

WBC | 5 part differential Immature grans (IG)

RBC | Reticulocytes and RET-HE & RBC-HE
fractions

Hb NRBC and frag RBC

Hect Platelet (I) Platelet (O) optical/(F)
impedance fluorescence

MCV |MPV Hematopoietic

progenitor cells (HPC)
MCH |RDW
1.1 Reticulocyte Parameters

These parameters are obtained from the
reticulocyte channel of the Sysmex XE and
XN HAs.

1.1.1 Reticulocyte Count

and Reticulocyte Fractions

The reticulocyte count is a very useful hemato-
logical parameter but highly under-utilized in
clinical practice because manual reticulocyte
counting is tedious to perform and prone to inter-
observer variation resulting in unreliable counts
with very high CVs.

The RET channel available on many newer
hematology analyzers performs reticulocyte
measurements automatically with no preprepara-
tion of sample required.

R. Saxena, H. P. Pati (eds.), Hematopathology, https://doi.org/10.1007/978-981-13-7713-6_1
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1.1.2 Principle

This is based on the principle of fluorescence
flow cytometry using the nucleic acid dye oxa-

S. Khodaiji

According to their stage of maturity, reticulo-

cytes have varying fluorescence intensity, and

zine 750 which stains the RNA of the cell. RBCs
do not contain RNA and hence do not take up the *
dye, whereas reticulocytes fluoresce brightly and
can thus be counted. The forward-scattered light *
(FSC) and the fluorescence signal (FSL), sepa-

rate reticulocytes from mature RBCs (Fig. 1.1).

forward scatter

L]

Reticulocyte

Erythrocyte
< > <4

LFR MFR LFR
- {t—re—P

- . A

4 T W K L 1

fluorescence from RET Search (Il)

based on this they are fractionated into three sub-
types as follows:

Those that fluorescence dimly are low fluores-
cence reticulocytes or LFR

Those showing medium fluorescence, the
medium fluorescence reticulocytes or MFR
Those with high fluorescence called HFR

IRF (Immature Reticulocyte Fraction):
v HFR (High Fluorescent Reticulocyte)

v" MFR (Medium Fluorescent Reticulocyte)
v LFR (Low Fluorescent Reticulocyte)

Reference Range:
IRF, Female: 1.1-15.9% Male: 1.5-13.7%

Immature

reticulocytes 1 s
leukaemia
High
Normal Normal
- |G
Low Normal High Reticulocytes
LFR
Low Fluorescent Retics.
Little RNA

Mature Retics.
Reference Interval: 86.5-98.5%

MFR

Medium Fluorescent Retics.
More RNA

Semi-Mature Retics.

Reference Interval: 1.5-11.3%

HFR

High Fluorescent Retics.
High level of RNA
Immature Retics.

Reference Interval: 0-1.4%

Fig. 1.1 Ultility of reticulocyte count and reticulocyte fractions in hematological diagnosis. Alongside is a normal RET

scattergram showing reticulocyte fractions on Sysmex analyser
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The immature reticulocyte fraction (IRF) is the
percentage of immature reticulocytes, calculated
from the sum of MFR and HFR. IRF is a reflec-
tion of erythropoietic activity and is increased in
bone marrow engraftment following transplant. It
is an earlier indication of regenerating marrow
than absolute neutrophil count (ANC).

1.2  Reticulocyte Production

Index (RPI)

The RPI, is a correction of the reticulocyte count,
and is useful in the diagnosis of anemia because
the percent reticulocyte count can be misleading
in anemia (Table 1.2)

Table 1.2 Calculation of RPI on automated HA

Reticulocyte Production Index is calculated as follows:

. . Hematocrit
1. ReticIndex = ReticCount  ————————
Normal Hematocrit

A value of 45 is usually used as a normal hematocrit

2. The next step is to correct for the longer life span of
prematurely released reticulocytes in the blood—a
phenomenon of increased red blood cell production

This relies on a table:

Hematocrit Retic survival(days) = maturation
(%) correction

36-45 1.0

26-35 1.5

16-25 2.0

15 and below | 2.5

So, in a person whose reticulocyte count is 5%, hemo-
globin 7.5 g/dL, hematocrit 25%, the RPI would be:

ReticIndex 45
RPI = - =—=
MaturationCorrection

Immature

reticulocytes A pa— Haemolysis
leukaemia
High
Normal

Low Normal High Reticulocytes

e RPI is used for evaluation only in anemic
patients

e RPI < 2 with anemia is seen when production
of reticulocytes (and RBC) is reduced

e RPI > 2 with anemia is suggestive of loss of
RBC as in hemolysis or hemorrhage and this
is accompanied by increased compensatory
production of reticulocytes

¢ RPIis difficult to calculate manually and is
available only on automated HAs

Availability of the reticulocyte fractions has
improved the classification of anemias as demon-
strated in Fig. 1.2. The reticulocyte count is plot-
ted against the reticulocyte fraction and cause of
anemia can be ascertained from this plot
(Table 1.3).

The normal ranges of reticulocyte parameters
as determined in our lab are:

Reticulocyte count | 0.20-2.50%

RPI 0.1 in normal individuals. In
anemic adults, RPI >2 indicates
increased erythropoiesis and <2
suppressed erythropoiesis at
BM level

IRF 2.0-16.20%

1.3  RET-HE (Reticulocyte

Hemoglobin Equivalent)

The RET-HE is a measure of the hemoglobin
(Hb) content of reticulocytes and is available on
the Sysmex analyzers. This parameter is called
CHr (reticulocyte Hb content) on the Bayer

Clinical Condition Reticulocyte

Count

Dyserythropoiesis (e.g.
acute myeloid leukemia or
myelodysplastic syndromes,
megaloblastic anemia)

Reduced erythropoiesis ¢
(e.g. iron deficiency, anemia
of chronic disease

Increased erythropoiesis
(e.g. acquired hemolytic T T
anemia, blood loss)

Fig. 1.2 Reticulocyte count vs. reticulocyte fractions. (Taken from d’Onofrio et al. 1996, Briggs 2009)
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ADVIA analyzer. Brugnara et al. found good cor-
relation between these two parameters.

Since RBCs have a 120-day life span, changes
in Hb of RBC (RBC-HE) are detected relatively
late by routine parameters such as Hb, Mean
Corpuscular Volume (MCV), Mean Corpuscular
Hemoglobin (MCH), or hypochromic red blood
cells (HYPO-HE). On the other hand, since reticu-
locytes mature over 2—4 days, RET-HE is a real-
time snap shot of current Hb content of developing
RBCs. Changes in iron status are instantly reflected
in the RET-HE value and is useful in diagnosis and
monitoring of iron deficiency anemia (IDA). The
published reference range is 28.2-36.6 pg.

1.3.1 Principle

The RET-HE and RBC-HE are determined in the

reticulocyte channel by flow cytometry. The
mean FSC estimates the cell volume and simulta-

Table 1.3 Reticulocyte count vs. reticulocyte fractions

Clinical condition Reticulocyte count | IRF
Dyserythropoiesis (e.g., Nor | )
acute myeloid leukemia or

myelodysplastic syndromes,

megaloblastic anemia)

Reduced erythropoiesis | N

(e.g., iron deficiency, anemia
of chronic disease)
Increased erythropoiesis 1 1
(e.g., acquired hemolytic
anemia, blood loss)

R
DELTA-He { 3
(RET-He—RBC-H)'

FSC (Cell volume)

R¥or 2 PIT greeen™ ™0 oo

neously measures the Hb content of RBCs and
reticulocytes. These parameters were initially
called RBC-Y and Ret-Y, but subsequently, were
transformed into the Hb equivalents (He) by
application of certain algorithms (Fig. 1.3).

1.4 DELTA-He

DELTA-He is a calculated value of the difference
between RET-HE and RBC-HE. A value higher
than the normal range is an indication of improved
erythropoietic activity, whereas consistently low
values over a period of time, may indicate sup-
pressed erythropoiesis.

Why is RET-HE a more effective marker?

 Inability to release iron from the bone marrow
stores rapidly enough to keep pace with eryth-
ropoiesis, even in the presence of adequate
iron stores, leads to a state of functional iron
deficiency (FID). RET-HE is an indicator of
adequacy of iron available for erythropoiesis.
It is thus useful in the diagnosis of iron defi-
ciency and monitoring response to treatment.

* Traditional biochemical tests for assessing iron
status, such as serum iron, transferrin or ferri-
tin, are also acute phase reactants and hence not
reliable in our setting. For example, a normal or
elevated serum ferritin as seen in anemia of
chronic disease, does not predict the bioavail-
ability of the iron correctly because in spite of a
raised ferritin level FID can exist in these

¢ 3
Reticulocyte Hb Equivalent - Retee”
He

Position of the new fluorescence parameters of the
red cell range in the scattergram of the XE-2100

RET-Y is used to
calculate RET-He

RBC-Y is used to
calculate RBC-He

Fluorescence-Thrombocytes

Forward scattered light intensity

Fluorescent light intensity
Reticulocyte channel of the SYSMEX XE-2100

RBC-Y:Normal range = 168.7 — 183.8 (Channels)
RET-Y:Normal range = 171.0 - 196.3 (Channels)

SFL (RNA Content)

Fig. 1.3 Reticulocyte channel of the Sysmex Hematology analyzer showing position of RET-HE and RBC-HE in the scat-
tergram (Provided by Sysmex Europe, Hamburg, Germany). SFL side fluorescence light intensity, FSC forward light scatter
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patients. Therefore, RET-HE has the potential
to be the most sensitive index for immediate
availability of iron for erythropoiesis
e It appears earlier and is more accurate than
biochemical parameters for diagnosis of FID.
e It is fast, inexpensive, and easy to perform.
Results are obtained along with CBC report.

Uses of RET-HE

¢ Reduced RET-HE and ferritin values are sug-
gestive of classical iron deficiency. In patients
with CKD, a RET-HE less than 25 pg suggests
iron deficiency.

e A patient will not respond to iron therapy if
the RET-HE is above the normal range.

* A combination of high/normal ferritin and low
RET-HE value is suggestive of FID provided infec-
tion is ruled out as the cause of raised ferritin.

* A RET-HE value below 27.2 pg is able to pre-
dict iron deficiency with a sensitivity of
93.3%, and a specificity of 83.2%.

e Itisuseful to determine iron status in patients
on EPO therapy. If it is low, then parenteral
iron needs to be administered to the patient
along with EPO. The best response to IV EPO
in dialysis patients is seen with a RET-HE less
than 30.6 pg. The RET-HE rises post-EPO
therapy, indicating a response to treatment.

* The National Kidney Foundation guidelines have
included RET-HE as a parameter for assessing
the initial iron status. It also assesses need of IV
iron replacement of hemodialysis patients.
According to The Clinical Practice Guidelines
and Clinical Practice Recommendations for ane-
mia in chronic kidney disease in adults, initial
assessment of anemia should include a CBC,
absolute reticulocyte count, serum ferritin to
assess iron stores, and serum transferrin satu-
ration (TSAT) or RET-HE/CHr to assess ade-
quacy of iron for erythropoiesis.

» European Best Practice Guidelines for manage-
ment of anemia in chronic renal failure recom-
mends that functional iron available for
erythropoiesis can be assessed by any one param-
eter; % hypochromic RBC, TSAT, or RET-HE.

e It is particularly helpful in pediatric patients
as diagnosis is quick and an extra blood col-
lection can be avoided in children.

* No other test provides similar information.

In a study carried out at Hinduja Hospital,
ROC analysis of RET-HE showed an AUC of
0.999 with a cut-off value of 28 pg below which
IDA could be diagnosed with a sensitivity of
100% and a specificity of 97.92%. The ROC
analysis of RBC-HE showed that with a cut-off
value of 24.8 pg (AUC of 1) IDA could be diag-
nosed with sensitivity of 98.46 % and specificity
of 100%.

The normal ranges as determined in our
lab are:

RET-HE in females 27.70-33.40 pg
RET-HE in males 28.70-34.10 pg
1.4.1 Thomas Plot

Thomas et al. introduced a diagnostic model using
RET-HE/CHr in combination with the soluble
transferrin receptor/log ferritin ratio (sTfR-F
index) for monitoring progression of iron defi-
ciency, regardless of acute phase response
(Fig. 1.4). The Thomas plot can be used in the
differentiating FID from classical iron deficiency.

A case to demonstrate usefulness of RET-HE

* A 25-year-old, female came with fatigue and
mild dyspnea.

e On day 0: Hb-10.6 g/dL (11.5-16.5), MCV-
70.5 pg (76-96) retic count—0.58% (0.2-2.5),
serum iron—10 pg/dL (65-175), TIBC-504 pg/
dL (235-400) and TSAT-2% (20-40).
RET-HE-20 pg.

e She was diagnosed as having IDA and treated
with Orofer tablet OD. CBC + retic was
repeated on day 5.

e Day 5: Hb, MCYV, serum iron, TIBC, and Tsat
remained constant. However, the RET-HE
(27) and retic count (1.18) rose significantly
demonstrating response to treatment.

e Day 30: All values had come within their ref-
erence ranges.

* Hence, we conclude that RET-HE is a useful
indicator of gauging response to iron therapy
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Iron supply for erythropoiesis
- °
30
Quadrant 1 (Q1) indicates Quadrant 2 (Q2) indicates
full or replete iron stores, normal reduced iron supply prior to °
or depleted erythropoiesis. iron-deficient erythropoiesis.
Unsatisfactory iron stores.
29 ‘Latent iron deficiency’
Q2
g
—> EPO therapy —> Oral iron therapy _g
> >
o
O Quadrant 4 (Q4) indicates Quadrant 3 (Q3) indicates >
decreased hemoglobinization depletion of storage and functional 3
of red cells. Full or replete iron iron reserves. Decreased homo- %
stores but inappropriate iron globinization of red cells and iron E
metabolism. deficiency. =
27 1 ‘Functional iron deficiency’ ‘Iron deficiency anemia’
—> EPO + iron therapy — Iron therapy Y
26
0 0.5 1.0 1.5 2.0 25 3.0

Ferritin index

Fig. 1.4 Thomas plot

when performed on day 5 of starting iron
therapy. Treatment should be continued till all
parameters are normal including serum
ferritin.

1.5 Newer RBC Parameters

Four novel RBC extended parameters are avail-
able on Sysmex XE analyzers, but on the XE
instruments, these are research parameters only.
They are:

% HYPO-HE, the percentage of hypochro-
mic RBCs with Hb content equivalent to less
than 17 pg.

* % HYPER-HE, the percentage of hyperchro-
mic RBCs with Hb content equivalent to more
than 49 pg.

* % MICRO-R, the percentage of microcytic
RBCs with a volume less than 60 fL.

* % MACRO-R, the percentage of macrocytic

RBCs with a volume greater than 120 fL. These

correspond to a subpopulation of mature red
cells with insufficient iron content.

On XN-Class analyzers, the MICRO-R and
MACRO-R, are new diagnostic reportable
parameters and are part of the CBC.

1.5.1 Principle for Measurement

of HYPO-HE

The RBC-HE is calculated on the high-angle
FSC in the retic channel (Fig. 1.5). HYPO-HE
and HYPER-HE are derived from RBC-HE using
a proprietary algorithm. RBC-HE is analogous to
the MCH. HYPO-HE is the percentage of RBC
with cellular Hb content lower than 17 pg,
whereas HYPER-HE is the percentage of RBC
with cellular Hb content higher than 49 pg.

The x-axis represents the fluorescence inten-
sity. The high-angle forward-scattered light sig-
nal, which reflects cell size and internal structure
is on the y-axis (Fig. 1.5). The left scattergram
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HYPO-He

A

FSC
t

Y

SFL

Fig. 1.5 RET scattergram showing HYPO-HE

(Fig. 1.5) shows a normal sample with HYPO-HE
less than 1% whereas the right scattergram shows
a sample with 60% HYPO-HE.

1.5.2 Principle of Measurement
of MICRO-R and MACRO-R
on Sysmex XN Analyzers

MICRO-R and MACRO-R values are obtained
from both ends of the RBC histogram. With
microcytes in the sample, the RBC histogram is
shifted to the left and often a shoulder can be seen.
Conversely, macrocytic RBC generate histograms
with a longer slope on the right. With the help of
two distinct discriminators at either end, a micro-
cytic and a macrocytic population of RBC can be
derived. The MICRO-R and MACRO-R are
expressed as a percentage of all RBCs (Fig. 1.6).

Clinical utility

e CKD patients on EPO can have either iron-
deficient or iron-sufficient erythropoiesis and
this can be determined by %HYPO.

e Urrechaga et al. devised a mathematical for-
mula using %MICRO-R and %HYPO-HE,
which could discriminate p-thalassemia from
IDA with a sensitivity of 97.4% and specific-
ity of 97.1%.

SFL

MicroR

250fL

MacroR

250fL

Fig. 1.6 RBC histogram showing Micro-R (upper panel)
and Macro-R (lower panel)

e RET-HE and RET-HE/RBC-HE ratio are
decreased (<29.5 pg and <1.02, respectively)
in patients with a combination of f-thalassemia
and IDA.

e Additionally, in this group of patients, also a
combination of %HYPO-HE and M-H index
seems to be promising. A markedly increased
%HYPO-HE (>20) is seen along with a
decreased M-H index (<11.5) (personal
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communication). Further investigation is
required.

e The %HYPO-HE and %MICRO-R RBCs is
increased in iron-deficient erythropoiesis.
These parameters can pick up small changes
in the number of RBC with inadequate
hemoglobinization.

e The FEuropean Best Practice Guidelines
(EBPG), National Kidney Foundation Kidney
Disease Outcome Quality Initiative (NKF
KDOQI) guidelines recommend the use of
HYPO-HE as well as MICRO-R.

e A normal MCV along with an increased
MICRO-R or MACRO-R is observed in
myelodysplastic syndrome patients.

Thus, MICRO-R and MACRO-R are helpful
in narrowing down the possible causes of
anemia.

1.6 Fragmented Red Blood

Cells (FRQC)

Fragmented red blood cells (FRC% and FRC#) is
a research parameter on the Sysmex analyzers. It
is based on the principle of fluorescence flow
cytometry and measured in the reticulocyte chan-
nel. FRC is present in an area below the RBC
population in the RET scattergram. FRC displays
extremely low SFL signal (due to the absence of
nucleic acids in RBC) and a high-angle FSC
which is lower than that of normal RBC (Fig. 1.7).

SFL intensity of each cell is on x-axis and the
high-angle FSC on y-axis. The cells are charac-
terized on basis of cell size and cellular content.
FRC are visible in the RET scattergram below the
RBC population.

FRCs appear as “helmets” (cells with two
tapered and horn-like projections on either end)
and other odd shapes on the peripheral smear.

1.7 The New WNR Channel

The New WNR Channel on the Sysmex XN ana-
lyzers has made NRBC assessment possible with
every CBC. Parameters reported in this channel

FSC

»-
SFL

Fig. 1.7 Scattergram of RET channel showing position
of FRC

are WBC count, BASO# (absolute count),
BASO%, NRBC#, and NRBC%.

1.8 Nucleated Red Blood

Cell (NRBC)

Nucleated red blood cells can be mistaken for
lymphocytes by hematology analyzers, thereby
resulting in an erroneous WBC and lymphocyte
count. NRBC is absent in healthy adults. When a
sample contains NRBC, the Sysmex XE analyz-
ers generate a flag and the slide has to be
reviewed. NRBCs in the blood film are counted
manually and a mathematical calculation is
applied to give a corrected total WBC count. This
is subjective and inaccurate. If a sample contain-
ing NRBC is not flagged, an erroneously high
WBC and lymphocyte count may be reported.
Automated NRBC detection has great clinical
utility and goes far beyond correction of WBC
count.

1.8.1 Principle

In the WNR channel of the Sysmex XN analyzer,
a polymethine dye for nucleic acids and cell-
specific lyse are used specifically for NRBC
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Fig. 1.8 Scattergram of NRBC channel showing position
of NRBC cluster

detection. Here, the cells are actually counted
and this is not a mere estimation. NRBCs are
identified in the same channel as WBCs. The SFL
reflects the nucleic acid content and FSC the cell
size (Fig. 1.8).

Advantages of automated NRBC count

e The NRBC count is included with every CBC
on Sysmex XN analyzers. It is quick and there
is no added cost involved. On other X-Class
analyzers such as XE, only a flag is generated
to indicate the presence of NRBC.

* NRBC are reported as a percentage (%/100
WBC) as well as absolute counts (#—per pL).

e No extra sample preparation or mathematical
correction is required.

e There is no impact of interference from lipids
or lyse-resistant RBCs.

e Sysmex XN provides an NRBC count that is
accurate for both high and low counts. This
accuracy is needed because:

— In neonates and in blood samples with high
NRBC counts, a correction has to be made
to the WBC count.

— In adults, even very low NRBC counts are
clinically significant.

Clinical value of NRBC counts

e NRBCs are raised in conditions of increased
erythropoiesis as seen in acute hemolysis,
severe hypoxia, and in thalassemia
syndromes.

e They can be seen in hematological malig-
nancies, bone marrow metastases of solid

1

tumors, and extramedullary hematopoiesis
(leucoerythroblastosis).

* They can also appear in conditions of hemato-
poietic stress such as sepsis, or massive hem-
orrhage. In these situations, their presence
correlates with severity of disease.

e Studies have shown that persistence of
NRBC:s in peripheral blood is associated with
a poorer prognosis in hematological and non-
hematological conditions and in ICU patients,
they indicate increased mortality.

e Itis extremely useful in neonatology and pedi-
atric practice. NRBC counts can be physiolog-
ically raised in new-borns and young infants
to up to 100 NRBC/100 WBC and automated
counts are superior and quicker than manual
counts in giving accurate and reliable WBC
counts.

e Patients of thalassemia or sickle cell disease
needing transfusion usually have high NRBC
counts and can benefit greatly from NRBC
monitoring.

Thus, automated NRBC count is extremely
useful to exclude a spurious rise in WBC count,
which is crucial in neonatal patients with sepsis
and low WBC counts. Therefore, an NRBC count
should be routinely performed for all pediatric
and neonatal patients and also in adult patients if
clinically warranted.

1.9  The New WDF Channel

On the new Sysmex XN analyzer, Immature
Granulocytes (IG) value is standard with every
WBC Diff count. The new WDF channel
improves reporting accuracy and precision for
samples with very low WBC counts (<500 cells)
because it includes a Low WBC mode, which
triples the number of cells counted, giving a dif-
ferential on every low WBC count. Thus, the
WDF channel increases the number of reportable
WBC and differential results by giving fewer
vote-outs. Sysmex has improved the sensitivity
and specificity of the six-part diff by developing
a new method for discriminating monocytes,
lymphocytes, atypical lymphocytes, and blasts.
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Sysmex Adaptive Flagging Algorithm based on
Shape-recognition (SAFLAS) allows linear dis-
crimination of cell clusters in the WDF scatter-
gram using shape and positioning of different
mononuclear cell populations (Fig. 1.9). The
parameters reported in this channel are NEUT%,
NEUT#, LYMPH%, LYMPH#, MONO%,
MONO#, EO%, EO# and 1G%, 1G# (Fig. 1.10).

Targeting lymphocytes and monocytes,
SAFLAS recognizes not only the numbers of
cells but also the shape of each cluster’s position,
angle, size, length, etc.

1.10 Immature Granulocyte (IG)

Count

Immature granulocytes are manually counted on
the peripheral smear as part of the differential
count (DC). They may be missed when present in

SAFLAS method

(Sysmex Adaptive FLagging Algorithm based on
Shape-recognition)

Detects abnormal cells - (with high sensitivity)
LDA (Linear Discriminant Analysis)

Fig. 1.9 SAFLAS in WDF channel

Fig.1.10 Shows
separation of different
cell populations,
particularly monocytes
and lymphocytes, using
population density
readings and SSC vs.
FSL analysis

Initial Centroid
of Lymphocytes

Initial Centroid
of Ghosts

very small numbers, especially in leucopenic
samples, because the manual count is imprecise
On the Sysmex XE hematology analyzers, the
presence of IG is flagged, requiring a slide review.
On the newer Sysmex XN hematology analyzers,
the IG counts (# and %) are a direct measure-
ment, which is part of the CBC and WBC differ-
ential counts. It becomes available with every
CBC within minutes, making it a valuable sixth
subpopulation of the WBC. Itis an FDA-approved
reportable parameter. Metamyelocytes, myelo-
cytes, and promyelocytes are counted as IGs.
Band cells are not included in the IG count.

1.10.1 Principle

IGs are measured by fluorescence flow cytometry
in the WDF channel.

The cell membrane is lysed by the unique lyse
reagent while the intracellular DNA and RNA are
labelled with a fluorescent dye. The strongest
fluorescence signals are displayed by cells hav-
ing high RNA content such as immature and acti-
vated cells. In the scattergram, the cells are
differentiated according to their fluorescence and
internal structure. These form separate popula-
tions which can be measured (Fig. 1.11).

An example of the scattergrams with the pres-
ence and absence of IGs is shown below
(Fig. 1.12).

1Gs in the peripheral blood are early indicators
of infection, inflammation, or other bone marrow
conditions. Quick and reliable detection of IGs
enables early diagnosis of these diseases.

Initial Centroid
of Monocytes

Initial Centroid
of Neutrophils

Initial Centroid
of Eosinophils
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Benefits and utility of IG count

e Automated IG counts are early indicators of
sepsis and infections and enable implementa-
tion of immediate action.

e For patients with unknown history/diagnosis,
who have an increased IG count, a slide review
is recommended. However, in known patients
on follow-up, a daily manual review need not
be done if IG count is available. It thus reduces
the slide review rate and improves TAT.
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Fig. 1.11 Position of the IGs in the WBC + Diff
scattergram

Patient

IG% 2.5%
IG# 0.47 x 10%/L
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Fluorescence
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=i - o | ]
Side Scatter

e The IG count is physiologically raised in neo-
nates and pregnant women.

1.10.2 Hypo- and Hyper-Granulated
Neutrophils on the New
Sysmex XN Hematology
Analyzer

It has been observed that the values of hemato-
logical parameters differ between the new XN
and the older XE analyzers because reagents and
algorithms have been optimized in the newer XN
analyzers. Hence, new reference ranges need to
be validated for these parameters. An example is
the  Neutrophil-Granularity-Intensity  or
NEUT-GI on the XN-series and NEUT-X on the
XE-series which are an important tool to detect
hypo-granulated neutrophils seen in myelodys-
plasia or hyper-granulated neutrophils seen in
inflammation.

Neutrophil Activation is measured by
Neutrophil Reactivity Intensity (NEUT-RI) and
Neutrophil-Granularity-Intensity (NEUT-GI)

Why measure neutrophil activation?

e Itis now recognized that in inflammation, neu-
trophils do not merely play a passive role by
simply responding to external signals, but acti-

Normal

IG% 0.0%
. 1G# 0.00 x 10%/L

Mono

Fluorescence

o

Side Scatter

Fig. 1.12 Diff scattergram: IG-positive and IG-negative cases
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vated neutrophils can perform most of the
functions of macrophages. They are known to
secrete a variety of pro-inflammatory cytokines
and surface molecules (MHCII) which enable
antigen presentation, and activation of T cells.

¢ Both, NEUT-GI and NEUT-RI, will be increased
in conditions showing early innate immune
response due to neutrophil activation.

e These parameters of inflammation allow an
early diagnosis of sepsis so that targeted ther-
apy can be instituted/modified immediately in
order to avoid unnecessary use of antibiotics.

e The activation markers, NEUT-GI and
NEUT-RI on neutrophils and RE-LYMP,
AS-LYMP on lymphocytes are available on
Sysmex XN HAs as “Extended Inflammation
Parameters” package.

NEUT-RI and NEUT-GI measurement in the

Sysmex XN analyzers

e Activated cells have altered membrane lipid
composition and show greater cytoplasmic
activity due to cytokine production leading to
higher intensity of the FSL than resting cells.
NEUT-RI is a parameter, which reflects neu-
trophil reactivity intensity, as per the meta-
bolic activity of the cell.

e The 90° side scatter signal (SSC) reflects the
inner complexity/granularity of the cell.
Therefore, in toxic granulation or vacuoliza-
tion, the position of the neutrophil cloud in the
scattergram is shifted from it is normal loca-
tion. Thus NEUT-GI, which is an indicator of
scatter intensity, (expressed in SI units)
changes accordingly (Fig. 1.13).

Neutrophil population with SSC on the x-axis,
(granularity and internal structure) and fluores-
cence intensity, on the y-axis (RNA/DNA content
of cell) (Fig. 1.13).

1.10.3 Neutrophil Granulation
(NEUT-SSC)

Neutrophils and eosinophils have the highest
SSC of all WBCs because they have more

WDF

SFL

NEUT-RI

NEUT-GI

SSC

Fig. 1.13 Scattergram from Sysmex XN showing posi-
tion of NEUT-GI and NEUT-RI in WDF channel

SFL

SR W

Decreased NEUT-SSC Increased NEUT-SSC
Hypo-granulated Hyper-granulated

Fig. 1.14 Scattergram demonstrating Neut-SSC

granules than any other leucocyte (Fig. 1.14).
Hypo-granular neutrophils have a low NEUT-
SSC which is a feature of dysplastic neutrophil,
as seen in myelodysplastic syndromes (MDS).
High NEUT-SSC is associated with hyper-
granularity. The NEUT-SSC is a research
parameter found in the WDF channel on



1 Newer CBC Parameters of Clinical Significance

XN-Series analyzers. In the XE analyzers, it is
called NEUT-X.

The SSC signal of the neutrophil population,
which is plotted on the x-axis of the scattergram,
is an indication of the granularity and internal
structure of the cells. Fluorescence intensity,
which corresponds to RNA/DNA cell content, is
plotted on the y-axis (Fig. 1.14).

1.10.4 Lymphocyte Activation

1.10.4.1 RE-LYMP and AS-LYMP

Reactive Lymphocytes (RE-LYMP) and Antibody-
Synthesizing activated B lymphocytes (plasma
cells) (AS-LYMP) are new diagnostic parameters
which can measure activated lymphocytes on all
XN-Series instruments. They provides additional
information about the cell-mediated response of
the innate and adaptive immune processes. Both
parameters are expressed as absolute counts and
percentages.

RE-LYMP has a higher FSL than normal
lymphocytes The AS-LYMP has the highest
FSL. The AS-LYMP cells are always included in
the RE-LYMP count (Fig. 1.15).

The values depend on the nature and severity
of the inflammatory stimulus.

These parameters can differentiate between a
cell-mediated or humoral immune-response to
pathogens, thus making it possible to distinguish
between

e Infectious vs. non-infectious cause of inflam-
mation where they help in diagnosis, treat-
ment, and monitoring

e Viral or bacterial infections

* Acute or subsiding infections

These parameters are early indicators of infec-
tion and have great potential in dedicated infec-
tion wards and ICUs.

RE-LYMP and AS-LYMP are part of the
“Extended Inflammation Parameters” package
available from a routine blood count, together
with the CBC and DIFF.
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Fig. 1.15 WDF channel scattergrams showing position
of AS-LYMP and RE-LYMP. Top position shows
AS-LYMP, bottom position shows RE-LYMP

1.11 Platelet Parameters

1.11.1 Optical and Fluorescent Platelet
Counts (PLT-O and PLT-F)

The impedance platelet count (PLT-I) is the
primary method for platelet counting in all
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hematology analyzers. When particles of simi-
lar size as platelets are present in the sample,
accuracy of PLT-1is compromised and the count
is flagged. These interfering factors are large
platelets, small RBCs, or WBC fragments
(Fig. 1.16). To overcome this, provision was
made on the Sysmex XE analyzers for optical
counting of platelets (PLT-O) in the reticulocyte
channel using a polymethine dye. Now a new
fluorescent channel dedicated for counting
platelets is available on Sysmex XN, the PLT-F
channel. The PLT-O/F counts are more accurate
and show excellent correlation with platelet
counts by flow cytometry (CD41/61) which is
the International Reference Method (IRM) for
counting platelets.

False increases False decreases

=+ RBC fragments Aggregates

.
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’ WBC fragments Giant platelets g
) [ &

"+ Microcytes
Platelet s

Bacteria satellitism ‘ 2

. Cryoglobulin
Immune complexes
Chylomicrons

Fig. 1.16 Factors interfering with PLT-I count
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1.11.2 Principle

Platelets are separated from RBC due to their
higher fluorescence signal in the reticulocyte
channel of the Sysmex XE analyzer (Fig. 1.17). A
switching algorithm in the software allows the
more reliable platelet result to be reported
between PLT-I AND PLT-O, and this is indicated
by the symbol “&”. On the XN analyzer, in the
PLT-F channel, platelets are identified and
counted using a platelet-specific, fluorescent dye,
Oxazine, which stains the rough surface endo-
plasmic reticulum and mitochondria (Fig. 1.17).
PLT-F is considered more accurate than the PLT-I
and is reported as the default platelet count.

A study conducted by Dadu T, Khodaiji S
et al., compared accuracy of platelet counting by
impedance and optical methods and showed that
out of a total of 118 blood samples with platelet
count <50,000/puL, Sysmex-R (reported count)
had the least bias with 95% linear agreement and
thus correlated best with IRM. In five cases, the
PLT-R values were based on the PLT-I values. In
all these cases, the IRM correlated best with
PLT-I value (Table 1.4).

Table 1.4 Comparison of PLT-I and PLT-F and Sysmex
reported count by Pearson correlation

Method Pearson correlation (r)

Sysmex reported 0.9537
Sysmex impedance 0.9138
Sysmex optical 0.9483

FSC

IPF

/

Fig. 1.17 Scattergrams of PLT-O and PLT-F channels. (a) P1t-O channel on Sysmex XE. (b) PIt-F on Sysmex XN

PLT-F

SFL



1 Newer CBC Parameters of Clinical Significance

Patients with low platelet counts have a
higher risk of bleeding and may require plate-
let transfusions. According to various recom-
mendations, a stable patient is transfused if
the platelet count falls below 10,000/
pL. However, in case of co-existing risk fac-
tors such as splenomegaly, coagulation factor
deficiencies, or severe bleeding the threshold
used is 20,000/pL.

The PLT-F is of great value in these situations
as it is the most accurate method of counting
platelets and can be relied upon as a transfusion
trigger in severely bleeding patients with very
low platelet counts.

Evolution of platelet counting technologies
(Table 1.5 and Fig. 1.18) on newer hematology
analyzers has vastly improved the accuracy of
platelet counts.

Table 1.5 Evolving platelet counting techniques

PLT-I PLT-O PLT-F
Hydrodynamic Fluorescence Fluorescence
focusing DC FC method FC method
(direct current) based on based on the
method using size | staining of the | staining of
discriminators to | remnant RNA | remnant RNA
separate platelet in platelets by | in platelets by
from other blood | polymethine Oxazine
cells fluorescent fluorescent
retic dye platelet dye

PLT-O scattergram

PLT histogram
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SFL: Side fluorescent light

1.12 Immature Platelet

Fraction (IPF)

On the newer hematology analyzers, optical and
fluorescence platelet measurements are done
flow cytometrically by using fluorescent intensity
(SFL) and forward scatter (FSC) to separate out
the platelets from the RBC and reticulocyte
populations.

Young platelets, which have a higher FSC and
SFL are measured as the immature platelet frac-
tion with the Sysmex XE (Fig. 1.19) and XN
(Fig. 1.18) instruments, and as the “reticulated
platelet fraction” with the Abbott Cell Dyn
Sapphire instrument. Just as the reticulocyte
count reflects the bone marrow production of the
RBCs, the IPF reflects bone marrow platelet pro-
duction. The IPF is a direct cellular measurement
of thrombopoiesis that measures young and more
reactive platelets in peripheral blood. It can be
used with other available clinical information to
help determine the pathophysiological mecha-
nism of thrombocytopenia.

The IPF is an FDA approved parameter and
can be reported as the absolute count (IPF#) and/
or the percentage (IPF%). The sample is run in
the RETIC mode on Sysmex XE and PLT-F and
IPF mode on Sysmex XN analyzers.

IPF is an improvement over the mean platelet
volume, (MPV) which is not very reliable as

PLT-F scattergram

FSC : Forward-scattered light

SFL: Side fluorescent light

Fig. 1.18 Impedance, optical, and fluorescence methods of platelet counting



S. Khodaiji

Retic count

Forward scatter

1 L 1 1 B
>

PLT-O Fluorescence intensity

Fig. 1.19 Scattergram of Sysmex XE showing position
of IPF

observed by biases between different hematology
analyzers.

Utility of IPF in clinical practice

e [IPF is an indicator of bone marrow activity
and is raised when there is excess destruc-
tion of platelets in peripheral blood. Thus, it
supports the diagnosis of autoimmune
thrombocytopenic purpura, (ITP) throm-
botic thrombocytopenic purpura (TTP), and
is useful in distinguishing these from bone
marrow suppression or failure, where the
IPF value is low.

e AsIPF rises before the platelet counts recover,
it can be used as a predictor of platelet recov-
ery after BMT or chemotherapy.

e Immature platelets are more reactive and have
araised prothrombotic potential. They are also
more resistant to inhibition by aspirin and
P2Y12 receptor antagonists. Many studies
have shown that the absolute count of IPF
reflects residual platelet reactivity. Thus, IPF
can be used to predict the efficacy of antiplate-
let therapy and to assess the risk of cardiovas-
cular thrombotic events.

e Use in Thrombocytosis: IPF cannot differen-
tiate between reactive thrombocytosis and
clonal proliferation such as essential thrombo-

cythemia (ET), with certainty, although some
data shows that platelet distribution width
(PDW) is increased in the latter compared
with the former. Also, IPF was found to be
greatly increased in patients with ET com-
pared with control subjects.

The published normal values are: NR: 1.1-
6.1%. Normal mean IPF = 3.1% (Briggs et al.
2004).

The normal range as determined in our lab is:

IPF 0.70-4.30%
PLT-F 150—400 x 10°/L
Benefits of IPF are:

* A bone marrow procedure can be avoided for
uncomplicated thrombocytopenia evaluation.

e [IPF is a better parameter than mean platelet
volume (MPV) to differentiate between the
causes of thrombocytopenia because younger
platelets are not necessarily larger.

e Can be reliable even when platelet count is
very low.

e It is a useful indicator in effective risk assess-
ment and therapy monitoring of coronary
artery diseases.

A word of caution

e Newer platelet parameters display time-
dependent variations in their values. Thus,
strict control for time of collection, transporta-
tion, and performance of the assay needs to be
observed.

e Scattergrams from HA should be compared
with the results of the microscopic examina-
tion of the blood smear, before relying on a
multiple quantitative indices from the
analyzers.

1.13 Body Fluid Analysis (BF)

Currently, body fluid counts are performed man-
ually in Fuchs-Rosenthal or Neubauer counting
chamber (hemacytometer) which is considered
the gold standard method.
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Cell differentiation is done on smears made by
cytocentrifugation, sedimentation, or filtration
and staining of the film with MGG or Wright
staining. These methods are time consuming and
inaccurate.

Sysmex launched its fully automated HA, the
XE-2100 in 1999. A few years later, it was FDA
approved for measuring most body fluids (BF)
except CSF because of its high background
count; the Limit of Quantification (LoQ) for
WBC is 50 x 10%/L.

In 2007, the XE-5000 was introduced which
had unique software for BF analysis called the
body fluid mode. It could analyze all fluids with-
out any pre-treatment and counted three times
more cells, thereby improving the precision and
accuracy of the cell counts. The limit of quantifi-
cation (LoQ) of WBC is 10 x 10°/L.

Sysmex’s latest HA the XN-Series contains a
BF mode which measures a variety of BFs and
counts two times more cells than the XE-5000 to
increase precision. The limit of detection (LOD)
of WBC is 1 cell/pL and LoQ of WBC is 5 cells/
pL (Fleming et al.).

It is FDA approved for CSF and can perform
38 samples per hour.

Features such as an extra rinse, and stringent
background checks are incorporated to improve
the precision and accuracy.
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1.13.1 Principle

A combination of fluorescent flow cytometry and
impedance techniques are used to characterize
cells based on their size, volume, granularity, sur-
face area, and fluorescence signal. Parameters
reported are the total nucleated cell count (TNC),
RBC count, WBC count, MN, count, PMN count,
and high fluorescent (HF-BF) cells such as mac-
rophages, malignant, and mesothelial cells. The
HE-BF cells are located just above the MN clus-
ter and are not included in the WBC differential
count, but are included in the TNC (Fig. 1.20).

Reportable Parameters are (Fig. 1.21)
WBC-BE, MN (#/%), PMN (#/%), TC-BF,
RBC-BF (RBC Channel) (Fig. 1.21).

Research Parameters are HF-BF (#/%),
NE-BF (#/%), LY-BF (#/%), EO-BF (#/%),
MO-BF (#/%).

1.14 Hematopoietic Progenitor
Cells (HPC)

There is a high individual variability in periph-
eral blood stem cell (PBSC) mobilization as
compared to bone marrow transplantation (BMT)
because it is more difficult to predict the time to
harvest the stem cells for transplantation.

Fig. 1.20 Scattergram of body fluid channel
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Fig. 1.21 Screenshot of
body fluid report on
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1.14.1 Measuring Stem Cells

The earlier, in vitro cell culture method is
impractical for routine use as it requires over
2 weeks for the colonies to grow and hence has
been abandoned. The flow cytometric measure-
ment of CD34 cells is the gold standard for
CD34 counts in PBSC and bone marrow har-
vests. However, this is costly and takes at least
2 h for the result.

An option is now available on the XN-Series
in the WPC measurement channel called “XN
Stem Cells” which measures HPC.

Advantage of HPC Counts

* As compared to flow cytometry, it is simple,
fast, and reliable

e Itis available within a few minutes because no
intervention is required like sample prepara-
tion or gating, etc.

e Excellent correlation has been reported with
the CD34 counting by flow cytometry.

e It is useful in predicting the optimal time to
collect stem cell from mobilized donors.

e Additionally, stem cell enumeration can be
done during the apheresis procedure to moni-
tor stem cell yield and optimize collection.

e This optimization of the process can help to
lower the cost.

1.14.2 Principle

Stem cell counting is done in the WPC channel.
Membrane lipids of immature cells are different
from that of mature cells or abnormal blasts.
Stem cell membranes are relatively resistant to
damage by the WPC reagent. Stem cells are
detected based on abnormal membrane composi-
tion and nuclear content. Stem cells are medium
in size (medium FSC), have a low granularity
(low SSC) and relatively low SFL (Fig. 1.22).

1.15 ACP on Beckman Coulter
Hematology Analyzers

The Beckman Coulter analyzers offer Cellular
Morphometric Parameters (CMP), which pro-
vide a powerful way to gain new insights into red
and white blood cell morphology. CMP include
extended 3D scatterplots and numerical values
assigned to cell subpopulations with characteris-
tic shapes.

The proprietary Automated Intelligent
Morphology (AIM) technology and unique
design of Beckman Coulter’s DxH series of
hematology analyzers has made it possible to
offer 70 additional parameters that correspond to
cell shape in three dimensions. It offers
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Fig. 1.22 XN Stem cells cluster (purple) in the 3D model
of the WPC channel

e More detailed morphological information
with higher resolution

e Proprietary data synthesis to yield deeper
insights into cellular behavior

Many researchers around the globe have used
the CMP to better understand cellular morpho-
logical changes in various disease states.

1.16 White Blood Cells

With CMP, researchers can analyze the four
major WBC types to detect aberrant cells. The
AIM technology records 14 numerical values of
parameters that can help pinpoint abnormal cells.
Some parameters include:

e Mean
volume
e Neutrophil/monocyte/lymphocyte width

neutrophil/monocyte/lymphocyte

These parameters are also called Cell
Population Data (CPD) and can be used for
early detection of sepsis and in differentiating

bacterial from viral infections. They are very use-
ful in pediatric practice.

1.17 RedBlood Cells

These are for research use only (RUO) and pro-

vide useful information about cell morphology,

enhancing the ability to detect altered cells.
These parameters are,

¢ Red blood cell size factor, which characterizes
size of the cell across the full age continuum
of circulating cells

e Un-ghosted cells, which indicate the pres-
ence of red blood cell abnormalities, such
as inclusions, target cells, and abnormal
hemoglobin

1.18 Platelets

Platelet researchers uses advanced data synthesis
to provide unique insights into platelet morphol-
ogy, including:

e Platelet distribution, which calculates varia-
tion in platelet size

e Plateletcrit, which computes the volume of
platelet packed cells

1.19 Reticulocytes

Reticulocyte parameters use the DxH 800’s
unique hardware design to allow deeper insights
into cell morphology, including:

e Reticulocyte distribution width by standard
deviation/coefficient of variation. Together,
these parameters can indicate the cell popula-
tion’s size dispersion

e Immature reticulocyte fraction calculations,
which compare the percentage of high light
scatter reticulocytes to the total count to detect
immature cells
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1.20 Hematoflow Technology
with CytoDiff’

HematoFlow is Beckman Coulter’s exclusive
technology that links hematology and flow
cytometry with a multi-color monoclonal anti-
body solution. It provides automated, accurate,
and detailed differential information. With
HematoFlow, WBC differentials go beyond tradi-
tional cellular analysis while producing results
more quickly with a reduced need for manual
review. The system also offers enhanced differen-
tial results and standardization across the labora-
tory, providing additional clinical information
and improving patient management.

1.20.1 How CytoDiff Implementation
Can Reduce Your Manual
Review Rate to 5%

CytoDiff software applies proprietary algorithms
to automatically separate and detail cell popula-
tions using a reagent cocktail composed of six
monoclonal antibodies in five colors. The result
is an automated 10-part cytometric WBC differ-
ential—the five-part traditional WBC differential
with additional immunologic subpopulations of
B and T/NK lymphocytes, as well as abnormal
populations of immature granulocytes and blasts
(Fig. 1.23).

'Not Available in the USA

How HematoFlow with CytoDiff Delivers

Better Reviews Faster

* Enhanced clinical utility: The automated
10-part differential provides far greater
insights than those available from a traditional
complete blood cell count.

e Improved sensitivity and statistical accuracy:
HematoFlow with CytoDiff analyzes a much
larger number of cells—20,000 vs. 100-200 in
a manual slide review, making it ideal for low
WBC populations.

¢ Improved standardization: Increased precision
eliminates subjective variability within the
laboratory and enables reproducible charts
and graphs.

e Significantly reduced manual review rates:
Laboratories can reduce the need for manual
review by up to eight times, thereby eliminat-
ing unnecessary slide making, staining, dry-
ing, and microscopic examination.

e Easy to learn, easy to use: HematoFlow with
CytoDiff analysis can be learned in 2-3 days,
vs. the years of practice required for effective
microscopic review.

1.21 Malaria Parasite Detection

Since a complete blood count (CBC) is an essen-
tial investigation for fever, there is growing
interest to utilize the automated HA to provide
an early and sensitive indication for malaria
detection.
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Fig. 1.23 Selected examples of CytoDiff data compared to cell images
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FSC

WDF (SSC-FSC)

Fig. 1.24 Scattergram of P.vivax malaria positive sample
on XN (IR 2.0%) showing cluster of infected RBCs (pur-
ple area)

Studies done so far show that the HAs can
detect malarial infection by several different
principles, such as (1) detection of malaria
pigment, hemozoin, in monocytes, (2) analysis
of depolarized laser light (DLL), and (3)
detection of increased activated monocytes.
Up until now, hematology analyzers have uti-
lized surrogate parameters for malaria detec-
tion. These provide subtle clues in the form of
abnormalities in the scattergram, but need
further validation for making an accurate
diagnosis.

In the Sysmex XN and XN-L hematology
analyzers, malaria-infected RBCs can be
picked up while performing a CBC. Malaria is
detected in the WDF channel on a scattergram
with SSC on the x-axis and SFL on the y-axis.
It is seen as an additional cluster made up of
infected RBC (Fig. 1.24) and a flag is gener-
ated when these clusters exceed a preset thresh-
old, prompting the user to do a slide review for
malaria.

Contrary to earlier surrogate modes of detec-
tion, this method gives a specific indication of
the presence of parasite in the RBC.

1.22 Conclusion

Technological advances incorporated in HA over
several years have made the CBC report more
accurate and meaningful. The TAT is improved
by reducing false-positive flagging for frag-
mented RBCs, abnormal WBCs, and platelet
clumps, thus reducing the need for unnecessary
slide reviews. Accurate detection and enumera-
tion of abnormal/atypical cells is now possible
along with measurement of novel parameters of
potential clinical relevance.

Clinical utility of the newer parameters some-
times remains poorly documented. External qual-
ity control is not always possible due to lack of
sufficient participants, and even internal quality
control may not be available. The reproducibility
is better validated for the well-established param-
eters, such as cell counts, though it is not so
robust for volume-based parameters such as
Mean Neutrophil Volume.

There are marked differences in measurement
principles, calibration, and algorithms of differ-
ent analyzers with the result some parameters
give widely varying results across analyzers. The
most conspicuous example of this is the MPYV,
whose clinical significance is uncertain in spite
of being available for years.

Another drawback is that parameters obtained
on a specific instrument from one manufacturer
cannot be used by other laboratories that do not
use that instrument.

In order to derive maximum benefit from the
newer parameters, it is required for every labora-
tory to validate these before using them for clini-
cal reporting.
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Iron Metabolism and Iron
Deficiency Anemia

Meera Sikka and Harresh B. Kumar

2.1  Introduction

Iron is an essential micronutrient which plays an
important role in several reactions in the human
body. With its ability to easily exchange elec-
trons, associate with proteins and bind oxygen, it
is indispensable in fundamental biochemical
activities. Iron is incorporated into proteins
including hemoglobin, myoglobin and cyto-
chromes, iron-sulfur clusters such as respiratory
complexes and other functional groups. These
iron containing proteins are essential for vital
functions including oxygen transport, mitochon-
drial respiration, nucleic acid replication, and
repair. Iron also serves an important role in vari-
ous enzymes such as peroxidases, ribonucleotide
reductase, and P450 class of detoxifying cyto-
chromes [1].

2.2 Iron Metabolism

2.2.1 Total Body Iron and its
Distribution

The total body iron content of an adult is 3-5 g,
i.e., 35 mg/kg in females and 4-5 g or 50 mg/kg
in males. Iron is distributed in two compartments:
functional and storage compartments. Majority
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(65%) of functional iron is incorporated in hemo-
globin of circulating red cells and serves to trans-
port oxygen. Rest of the functional iron is present
in myoglobin, cytochromes, and other enzymes
which use iron in electron transfer including
enzymes containing iron-sulfur clusters (15%).

About 20% of the total iron is stored as ferritin
and hemosiderin in macrophages. A tiny fraction
(0.1%) is in the plasma bound to the iron carrier
protein transferrin [2] (Fig. 2.1).

2.2.2 Dietarylron

Dietary iron is present in two forms: heme iron
and non-heme iron.

Heme iron which is found in foods of animal
origin accounts for only 10% of the dietary iron
with even lesser amounts in developing countries
like India. Despite its low concentration, it repre-
sents a highly bioavailable form of iron and
accounts for almost 40% of total absorbed iron.
Its absorption is significantly more efficient than
that of non-heme iron being unaffected by other
constituents of the diet.

Non-heme iron is present in foods of plant
origin and accounts for about 90% of the total
iron present in food. The absorption of non-heme
iron is affected by constituents of the diet and is
reduced by phytates (cereals), oxalates, bran,
other fibers, phosphates, tannins (tea, coffee), and
calcium. Ascorbic acid, dietary protein, heme
iron, and low gastric pH increase iron absorption.
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Fig. 2.1 Distribution of
body iron
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Depending on the combination of enhancers and
inhibitors of absorption, non-heme iron assimila-
tion varies several fold. Only 10% of dietary iron
is absorbed [3, 4].

2.2.3 Recommended Iron Intake

The recommended daily intake of iron for chil-
dren aged 0-5 and 5-12 years is 2 mg/kg and
30 mg, respectively. Adult men require an intake
of 8 mg while premenopausal women and preg-
nant women (PW) need 18 mg and 27 mg,
respectively [5].

2.3  Absorption of Iron

Iron absorption occurs in the duodenum and
upper jejunum where enterocytes absorb fer-
rous iron via their apical membrane.

Absorption of heme iron. On exposure to
gastric acid and proteases, heme is freed from the
apoprotein and enters the mucosal cell intact. It is
absorbed by the enterocytes using heme carrier
protein 1 (HCP1), a transport protein which is
expressed at high levels in the duodenum and is
regulated by Iron regulatory proteins (IRPs).

Within the cell, iron is released from the proto-
porphyrin ring by heme oxygenase and enters the
cytosolic iron pool [6].

Absorption of non-heme iron. Non-heme
iron is in ferric form and must be reduced to fer-
rous iron to be absorbed. This reduction is medi-
ated by the brush border, duodenal cytochrome b
reductase (Dcytb) expressed on the apical surface
of the enterocyte. The gene for Dcytb is located
on chromosome 2, and its expression is induced
in response to stimuli that increase iron absorp-
tion. Ferrous iron is transported across the cell
membrane into the cytoplasm by divalent metal
ion transporter 1 (DMT 1) expressed on the api-
cal membrane of the enterocytes. It also trans-
ports other divalent ions and acts as a proton
symporter, i.e., protons accompany metal ions
into the cell. The gastric fluid provides the
required protons for transport of iron [6].

Due to lack of a regulated mechanism for iron
excretion, body iron balance is maintained by
controlling iron absorption. The amount of iron
lost is replaced by uptake of an equal amount
from the diet. The intestinal mucosa responds to
changes in body iron stores and alters the absorp-
tion accordingly. While the absorption can
increase 3-5 times in iron-deficient states, it
decreases in situations of iron overload [3].
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2.3.1 Intracellular Iron Transport
Once iron enters the mucosal cell, it can either be
incorporated as ferritin or is transported into the
circulation across the basolateral membrane
within minutes to hours. Iron which is retained as
mucosal ferritin is not absorbed and is lost to the
body when the cell is exfoliated at the end of its
life span (2—4 days). Exfoliation of intestinal epi-
thelial cells represents a pathway of regulated
iron excretion. The amount of iron which moves
into the plasma and that which remains in the cell
as ferritin is regulated. Transport of iron across
the cytoplasm of the enterocyte is possible
because of its association with proteins which act
as iron chaperones [6].

2.3.2 Basolateral Transport of Iron

Iron which is not stored in the enterocytes is
transferred across the basolateral membrane into
the plasma by ferroportin, a multi-transmembrane
segment protein, and the only known iron
exporter.

Ferroportin (Fpn) is present in all tissues that
export iron into plasma which includes duodenal
enterocytes, macrophages of spleen and liver, and
hepatocytes. Fpn is also required for transfer of
iron from the mother to fetus early in gestation. It
plays a role in the export of iron from macro-
phages which recycle iron from senescent eryth-
rocytes. Ferroportin is known to be expressed in
the lung, renal tubules, and marrow erythroid
precursors where its function is not known.
Mutations in the ferroportin gene result in distur-
bances in iron homeostasis, elevated serum ferri-
tin, and a hemochromatosis like state.

The basolateral export of iron requires change
of its redox state from the ferrous to ferric form
which is mediated by hephaestin [3] (Fig. 2.2).

2.3.3 Factors Influencing Iron
Absorption

The total body iron content is maintained by reg-
ulating absorption. There are two factors which

determine the rate of absorption of iron: iron
stores and rate of erythropoiesis.

If iron stores are depleted as occurs in IDA,
more iron is transferred to the plasma and less
remains within the enterocytes as ferritin. The
reverse happens when iron stores are normal and
this is referred to as the stores regulator.

Rate of erythropoiesis irrespective of
whether it is effective or ineffective also deter-
mines absorption. When the rate of production of
red cells is increased, there is an increase in the
absorption of iron from the intestine (erythroid
regulator). In conditions associated with ineffec-
tive erythropoiesis such as beta thalassemia
major, the increased iron absorbed deposits in
various organs [3].

2.3.4 IronTransportin Plasma

Iron is transported in the plasma bound to the
protein transferrin which is synthesized in the
liver. It is a glycoprotein with a MW of about
80 kDa which is initially synthesized as a prepro-
tein and modified to produce the mature protein.
The rate of transferrin synthesis shows an inverse
relationship with iron stores.

Transferrin has two homologous iron binding
domains each of which can bind an atom of ferric
iron. As the iron atoms are incorporated one at a
time, iron loaded transferrin can exist in mono-
ferric or diferric forms. At any point of time, only
one-third of transferrin binding sites are occupied
with iron.

When iron binds to transferrin, one mole of
anion (bicarbonate usually) is taken up and three
moles of hydrogen ions are released. The binding
of bicarbonate and its interaction with iron give
transferrin its characteristic pink color with an
absorption peak at a wavelength of 465 nm.
Patients with congenital atransferrinemia develop
a severe microcytic hypochromic anemia. The
iron transport compartment is dynamic and
changes approximately ten times during the day.
Binding of iron to transferrin provides solubility,
reduces reactivity, and thus ensures a safe and
controlled delivery of iron to all cells [7]. In the
laboratory, transferrin can be measured directly
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Fig. 2.2 Absorption of
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(normal levels 2-3 g/L) or quantified as total iron
binding capacity, i.e., in terms of the amount of
iron it can bind.

2.3.5 Uptake of Iron by Tissues

Transferrin delivers the bound iron to developing
erythroid cells as also other cells by binding to
cell surface receptors, transferrin receptors (TfR).
The TfR-transferrin iron complex is internalized
via an endocytic vesicle. Once within the cell,
iron dissociates from the complex and remains in
the cytosol while the TfR-transferrin complex is
recycled back to the cell surface. Both transferrin

and TfR participate in multiple rounds of iron
delivery (Fig. 2.3).

Transferrin receptor is a transmembrane pro-
tein with two polypeptide chains each of which
weighs 95 kD. Both the chains are identical and
mediate the delivery of iron to erythroblasts. The
receptor has a membrane spanning segment and a
cytoplasmic segment. Each TfR can bind two
transferrin molecules. The diferric form of trans-
ferrin is bound with a higher affinity.

TfRs are present on all cells with the majority
(80%) being in the erythroid marrow. Their num-
ber is modulated during erythroid development.
Very few receptors are identified on CFU-E and
BFU-E, with numbers increasing in basophilic
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Fig.2.3 Systemic iron homeostasis

normoblasts. The numbers peak at the stage of
polychromatic normoblast and decrease as retic-
ulocytes mature. The number of transferrin
receptors on the cell surface reflects its iron
requirement. Mature red cells shed all the recep-
tors which are found in the plasma (a truncated
form of the tissue receptor) and their number cor-
relates with the rate of erythropoiesis [1].

TfR 2 shares 45% homology with TfR in its
extracellular domain. The receptor which binds
transferrin with lesser affinity is highly expressed
in the liver and erythroid precursors. Mutation in
the gene for TfR2 leads to an iron overload disor-
der suggesting that the receptor plays a role in
iron homeostasis [8].

In iron-deficient states, there is a prompt
induction of receptor synthesis. sTfR levels reflect
the degree of depletion of the functional iron
compartment well before IDA develops and are a
reliable index of early tissue iron deficiency.
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2.3.6

Once inside the cell, iron moves to the mitochon-
dria and is incorporated into protoporphyrin and
used for heme synthesis. Almost 80-90% of the
iron which enters the erythroid precursors is
incorporated into heme. Iron which is not used is
stored as ferritin and hemosiderin and can be
identified in erythroid precursors as blue granules
on Perl’s staining [1].

2.3.7 Storagelron

Iron is stored in two forms: ferritin and
hemosiderin.

Ferritin is comprised of an apoferritin with
iron incorporated in the central core. The protein

shell is constructed of two distinct ferritin subunits:
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H and L which are structurally homologous.
Ferritins rich in H chains acquire iron more rapidly
while L chain-rich ferritins are more stable. The
ratio of H and L chains varies depending on the
tissue subtype. Several isoforms of ferritin have
been described. Each molecule of ferritin can hold
4500 iron atoms when fully saturated. Iron stored
in ferritin is utilized in iron-deficient states.

Ferritin is also found in the plasma in small
amounts and the level correlates with iron stores.
Its estimation is used as a non-invasive indicator
of iron deficiency with 1 pg/L of plasma ferritin
concentration corresponding to 8—10 mg of tissue
iron stores.

Hemosiderin is formed by incomplete degra-
dation of ferritin. It is less soluble than ferritin
and has a higher iron to protein ratio. It represents
a more stable and less available form of storage
iron and the size of the compartment changes
only after prolonged mobilization of iron. In con-
ditions associated with iron overload, hemosid-
erin is the predominant iron storage protein [6].

2.3.8 Systemic lron Homeostasis

Systemic iron homeostasis regulates intestinal
iron absorption and its entry and mobilization
from stores to meet demands of erythropoiesis. It
also ensures a stable milieu wherein each cell
regulates its iron uptake according to needs
(Fig. 2.3).

2.3.9 Recycling of Macrophage Iron

Iron recycling accounts for most of the iron
homeostasis in humans. Iron is liberated from
phagocytosis of effete red cells in the macro-
phages of liver and spleen. A significant propor-
tion of the released iron is stored within
macrophages as ferritin and is rapidly mobilized
when the demand for iron is more. The remaining
iron is released in two phases: an early phase
which occurs within a few hours of erythropha-
gocytosis and a later phase which takes place
over days. Mobilization in the later phase occurs
in response to demand of iron and is a critical

determinant of the availability of iron for erythro-
poiesis. This release of iron is mediated by fer-
roportin. The recycling of erythrocytes generates
about 20-25 mg iron/day and is essential to meet
iron requirements of erythropoiesis. In adult
males, about 1 mg of iron is stored in macro-
phages, the amount being less in women of repro-
ductive age group. In conditions of increased
erythropoiesis, the amount of iron which leaves
the macrophages exceeds that which enters it.
The reverse happens in conditions associated
with increased destruction of red cells [2].

2.3.10 Loss of Iron

Iron is lost from the body when intestinal cells
and epithelial cells of the skin are shed. Women
during their reproductive life lose iron during
menstruation and pregnancy. The total average
loss in normal adult males and non-menstruating
females is about 1-2 mg/day. This amount is bal-
anced by intestinal absorption [3].

2.3.11 Iron Homeostasis: Role
of Hepcidin

Hepcidin, initially characterized as an antimicro-
bial peptide, is a 25 amino acid peptide hormone
synthesized by the liver. The human hepcidin
gene codes for the formation of a 84 amino acid
preprohepcidin which is then processed to the
active form. The structure of the 25 amino acid
molecule resembles a hairpin with 8 cysteines
that form 4 disulfide bonds in a ladder-like con-
figuration. Hepcidin that readily passes through
the glomerular membrane is taken up and
degraded in the proximal tubules. A small pro-
portion of the filtered hepcidin passes into the
urine intact. Hence, it can be detected both in
plasma and urine. Urine also contains 20 and 22
amino acid forms. The expression of hepcidin is
mediated by bone morphogenetic protein (BMP)
and JAK2/STAT 3 signaling pathway [9, 10].
Hepcidin acts by binding to the iron trans-
porter ferroportin. The binding induces a confor-
mational change in ferroportin and triggers its
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endocytosis and consequent lysosomal degrada-
tion. This reduces dietary iron absorption and
inhibits release of recycled iron from macro-
phages and hepatocytes.

Several factors regulate the production of
hepcidin. Important among these are body iron
content and rate of erythropoiesis. In iron-
deficient states, the synthesis of hepcidin is inhib-
ited allowing more iron to enter the plasma; the
reverse occurs when iron is adequate. Proteins
such as hemojuvelin, TfR2, and receptor for
BMP are involved in this. When erythropoiesis is
increased, hepcidin production is suppressed,
making more iron available for Hb synthesis and
this is mediated by growth differentiation factor-
15 (GDF-15). The suppression of hepcidin is par-
ticularly prominent in conditions with ineffective
erythropoiesis such as B-thalassemia major [7].

Inflammation and infections increase hepci-
din synthesis. This is mediated by IL-6 which
activates the BMP6 receptor complex followed
by activation of the SMAD pathway and over-
expression of hepcidin. The increased hepcidin
causes hypoferremia which develops early in
infections. It limits availability of iron for eryth-
ropoiesis and contributes to anemia associated
with infection.

Hypoxia stimulates the marrow to produce
more erythrocytes leading to decrease in hepci-
din. Anemia modulates hepcidin levels through
multiple effects: hypoxia, increased erythropoi-
etic activity, decreased tissue iron [10].

In order to coordinate the apical absorption of
iron by DMT 1 with the basolateral transfer into
plasma by ferroportin, the effect of hepcidin on
ferroportin is communicated to the apical iron
absorption mechanism so that iron uptake is
reduced. This is mediated by iron regulatory pro-
teins 1 and 2 (IRP-1, IRP-2) [11].

2.3.12 Iron Regulatory Proteins
Regulate Cellular Iron

Iron is present in many cells each of which has
specific functions related to iron metabolism.
Cellular iron homeostasis is post-transcriptionally
regulated by IRP1 and IRP2. IRPs are cytosolic

RNA binding proteins which bind to iron-
responsive element (IRE) located in the untrans-
lated regions of genes as also mRNA encoding
proteins involved in uptake of iron, its storage,
utilization, and export. The binding inhibits ini-
tiation of translation. When cellular iron is
reduced, IRPs do not bind to IREs allowing an
increased rate of mRNA translation. High iron
levels suppress these changes. Hence, IRP and
IREs are both involved in regulating the synthesis
and suppression of multiple proteins involved in
iron metabolism [12].

2.3.13 Iron Deficiency Anemia (IDA)

Iron deficiency (ID) is a condition in which iron
availability is insufficient to meet the body’s
needs. It can be present with or without anemia.

2.3.14 Prevalence

Iron deficiency is the most common nutritional
deficiency in the world. It is estimated that over
30% of the world’s population is anemic largely
due to deficiency of iron. Besides its high preva-
lence in developing countries, it is the only micro-
nutrient deficiency which is significantly prevalent
in developed nations also. It is estimated that
60-80% of the world’s population suffers from
deficiency of iron. However, 40% of the global
burden of ID is reported to occur in SE Asia.

Pregnant women and children are particularly
susceptible to the occurrence of IDA. With ane-
mia as an indirect indicator of ID, up to 88% of
Indian pregnant women (PW) are affected. The
prevalence among preschool children is similar
to that in PW with nearly 79% children below the
age of 3 years being anemic. In nonpregnant
women of reproductive age group, the prevalence
of anemia is reported to be 52% [13]. In a study
which compiled global data from several large
studies, it was estimated that 50% of anemia in
women and children is attributable to deficiency
of iron [14]. These prevalence rates are not differ-
ent from those in 1970s indicating that the ane-
mia epidemic is persisting in India.
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Based on the prevalence of anemia of which
the most common cause is iron deficiency, there
are no countries where ID is not a mild public
health problem. For PW, more than 80% coun-
tries have a moderate-to-severe public health
problem. In India, it is a severe public health
problem for preschool children, PW, and non-
pregnant women [15].

2.3.15 Etiology of IDA

The etiology of IDA is multifaceted. It generally
results from inadequate intake of iron due to poor
quantity/quality of diet, impaired absorption, or
increased demand for iron. Chronic blood loss
from any site is an important cause of
IDA. Bleeding from GIT (ulcers, parasites,
malignancies) as also from any other site causes
IDA (Table 2.1).

2.3.16 StagesofID

2.3.17 Clinical Features

Low plasma concentration of iron limits hemo-
globin synthesis leading to anemia. The clinical
features depend on the severity of anemia, its
duration and speed of onset. Some patients may
be asymptomatic while others present with pal-
lor, weakness, easy fatiguability, exertional dys-
pnea which progresses to dyspnea at rest as
anemia becomes severe, irritability, dizziness,
and palpitations. ID even without anemia also
results in fatigue [4]. Dryness and roughness of
skin and hair, alopecia, glossitis, and restless leg
syndrome are other clinical manifestations.

2.3.18 Adverse Consequences of IDA
It is now well recognized that iron deficiency

even without anemia is associated with several
adverse consequences.

Table 2.2 Stages in the development of iron deficiency

Iron deficiency and IDA result from a prolonged _Parameter Prelatent | Latent IDA
period of negative iron balance leading to a com- ~ Bone marrow | Reduced | Absent Absent
romised supply of iron to the tissues. The first
p Pply ¢ , ssues. 1he | Serum ferritin | <16 <16 <16
stage of prelatent iron deficiency is characterized (hg/L)
by the absence of measurable iron stores. Iron-  Fgp N Increased Increased
deficient erythropoiesis shows evidence of sTfR N Increased | Increased
restricted iron supply but no anemia. Finally, IDA TS (%) N <16 <16
occurs with reduction in Hb concentration [3] CHr N Decreased | Decreased
(Table 2.2). Hb N N Decreased
Table 2.1 Etiology of IDA
Increased

Decreased intake Impaired absorption Increased loss demand
Diets low in iron Achlorhydria Chronic blood loss from any site:GIT, Pregnancy

Gastrectomy/gastric hematuria, epistaxis

bypass surgery
Low quantity of Celiac disease Gynecological loss Lactation
bioavailable iron H.pylori infection
Less food intake Phytates, tannins, other Drugs:aspirin Infancy

inhibitors NSAIDs

Drugs:NSAIDs, aspirin, H, | Parasites:hookworm

blockers

Proton pump inhibitors
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2.3.19 Developmental
and Neurophysiological
Deficits in Infants
and Children

Several neurologic and non-neurologic sequelae
of ID have been reported, some of which are not
reversed completely with iron supplementation.

2.3.20 Cognitive Development

Iron plays a key role in brain function and is
present, often in large quantities in several
areas of the brain. A significant correlation has
been found between IDA and cognition. ID
even without anemia has an effect on cognitive
and motor scores with lower scores observed
when IDA sets in. Reduced mental, motor,
social, and neurophysiological functioning has
been observed in these patients. Iron-deficient
children were found to achieve lower scores on
IQ testing and other cognitive performance
activities.

Infants are particularly vulnerable during
6-23 months of age as iron is essential for devel-
oping cognitive functions at this stage of life.
Anemic infants have trouble with motor func-
tions specially those involving balance and coor-
dination. Even after receiving iron therapy for
3 months with correction of anemia, previously
anemic infants continue to have lower mental
and motor development. Delayed psychomotor
development has also been shown in iron-defi-
cient infants. On reaching school going age, they
have impaired performance in tests of language
skills as also motor skills and coordination.
Impaired scholastic performance has also been
reported [3, 16].

Children with IDA show behavioral distur-
bances. These children are disruptive, irritable
with short attention span and lack of interest in
their surroundings. Children, adolescents, and

women show increased attention and concentra-
tion with iron supplementation [17].

2.3.21 Evoked Response
Potentials (ERP)

Studies using ERP, both auditory and visual, in
iron-deficient children show prolonged latencies
and reduced amplitudes of waves responses pos-
sibly due to impaired myelination which remain
uncorrected with iron supplementation. The
changes persisted in children when repeat testing
was done at 4 years of age supporting the role of
iron as an essential element for myelination in
early infancy [16].

2.3.22 Other Consequences

ID results in impaired growth. The high iron
requirement in infancy cannot be met by diet
alone especially in developing countries.
Maternal iron reserves are depleted after
4-6 months of feeding and if these infants are not
supplemented, their growth is impaired. Iron sup-
plementation improves growth [18].

Immune abnormalities such as defects in
cellular immunity, reduction in number of both
helper and suppressor T cells and impaired kill-
ing of microorganisms by phagocytes are
observed in IDA which impairs resistance to
infection. Supplementation with iron reduces
morbidity from infectious diseases [3].

A higher risk of maternal mortality is
observed with decreasing Hb levels. About
18% of maternal mortality in low- and middle
income countries is attributable to deficiency
of iron [19]. Maternal IDA has a negative
correlation with the length of gestation.
Prematurity, low birth weight, and other
pregnancy-related complications are observed
in IDA [20].
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2.3.23 Economic Consequences
of IDA
2.3.23.1 Work Capacity
and Productivity
Skeletal muscle contains 10-15% of the body’s
iron mainly in oxidative fibers which appear red
because of the iron in myoglobin. Skeletal mus-
cle oxidative capacity and oxygen consumption
both determine exercise performance. Lack of
iron affects physical performance especially in
women. A linear relationship has been reported
between ID and aerobic work capacity. Anemia is
known to impair work performance, endurance,
and productivity all of which improve with sup-
plementation. For every increase in Hb of 1 g/dL,
there is an improvement in production efficiency
of 14% [21].

Iron deficiency impairs national socioeco-
nomic development. The estimation of disability
adjusted life years (DALY's) provides an estimate
of the magnitude of economic losses to a popula-
tion. The impact of ID on maternal mortality,
growth, and cognitive function in children and
adults results in 19.7 million DALY [19]. It has
been estimated that anemia accounts for 68 mil-
lion years of living with disability, almost 9% of
the total for all conditions [22].

2.3.24 Laboratory Diagnosis of IDA

Several tests are available for the laboratory diag-
nosis of IDA. The results of the tests must be
interpreted in the clinical context. A combination
of tests can be used for diagnosis.

2.3.24.1 Complete Blood Counts

Hemoglobin (Hb) and Hematocrit (Hct).
Patients with IDA have mild-moderate reduction
in Hb concentration and Hct. Hb < 13 g/dL in
males and <12 g/dL in females defines the last
stage of iron deficiency which is IDA. In preg-
nancy, this cutoff is 11 g/dL [14]. Hb provides a
quantitative measure of the severity of ID once
anemia has developed but lacks sensitivity and

specificity. As anemia can occur in several condi-
tions, Hb concentration alone cannot be used to
diagnose IDA.

Red cell count and indices. Total RBC count,
MCYV, and MCH are reduced while MCHC is
reduced in long-standing/severe disease. The
reduction is proportional to the severity and dura-
tion of anemia. MCV and MCH are inexpensive
and widely available parameters but become
abnormal in late stages of ID. The values may be
normal in co-existent deficiency of B ./folate and
are reduced in other disorders also.

The total leucocyte count is usually normal.
Thrombocytosis is observed in these patients
with counts being 1.5-2 times normal.

Red cell distribution width (RDW). This is a
measure of an isocytosis of red cells and is ele-
vated early in IDA. It can be measured as coeffi-
cient of variation (RDW-CV) or standard
deviation (RDW-SD). RDW can be used to dis-
tinguish between IDA and p-thalassemia trait
(normal RDW).

Reticulocyte Hb content (CHr). CHr pro-
vides a measure of the iron available to recently
produced red cells. It is a strong predictor of ID
as it provides a more real-time view of bone
marrow iron status. In the early phase of ID,
there is fluctuation in the iron supply to the mar-
row resulting in reticulocytes with less Hb and
decrease in CHr before the development of ane-
mia. CHr less than 29 pg is diagnostic of IDA. It
needs no additional blood sample, is reported as
part of the reticulocyte count in the analyzer,
and has been recommended as a screening test
for the early detection of ID. Unlike biochemi-
cal tests of iron status, it does not show biologi-
cal wvariability and is not affected by
inflammation. It is also used to monitor iron
therapy as it rises early after iron supplementa-
tion and to diagnose functional ID during r-Hu
EPO therapy. Its limitations are that it is avail-
able on only few automated analyzers. In
patients with co-existent deficiency of B,/
folate, the value may be elevated. It is also low
in other disorders associated with impaired iron
availability [20, 23].
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Reticulocyte Hb equivalent. This is available
on some automated hematology analyzers and is
a reliable, sensitive, and specific parameter to
identify iron-deficient states [24].

Percentage of hypochromic red cells. This
is a measure of the concentration of Hb in red
cells and takes into account the absolute amount
of Hb as also the size of the red cell. As the size
of the red cell changes with storage, it does not
give reliable results on stored samples necessi-
tating the need for a fresh sample. This limits
its application even though it is comparable to
CHr in terms of its utility. The parameter is
independent of erythropoietic activity and is
useful in monitoring hemodialysis patients on
r-Hu EPO [25].

2.3.25 Examination of a Stained
Peripheral Blood Film (PBF)

The blood smear shows microcytes with an
increase in central pallor. The number of erythro-
cytes affected and the degree of hypochromia are
related to the severity of anemia. In severe dis-
ease, most of the red cells appear as rings.
Poikilocytes in the form of elongated cells may
be seen (Fig. 2.4).

oo

e
i

55
20638,

,.
i

C

000
&
CA
o\.

.
0|
o
13

B
o

4 c?ﬁ"
e £ 2
010482

8
»d

oS
3
()

Fig. 2.4 PBF of patient with IDA showing microcytic
hypochromic red cells. Few elongated cells (arrow) are
also seen (Leishman stain x400)

2.3.26 Biochemical Tests of Iron
Status
2.3.26.1 Serum Iron (SI), Total Iron
Binding Capacity (TIBC),
and Percent Transferrin
Saturation (%TS)
These tests are widely used for assessment of
iron status. SI is reduced and TIBC elevated in
IDA resulting in a substantial reduction in %TS
with levels <16% being diagnostic of IDA [15].
SI shows diurnal variation with higher con-
centrations seen later in the day. Patients on iron-
rich diet or those on iron supplements have
falsely elevated levels. As the results are affected
by lipemia, testing is done on a fasting state.
There is a variation in the level of SI based on the
assay methodology and the presence of hemoly-
sis. The level is low in anemia of chronic disease
and must not be used on its own to diagnose
ID. Elevated TIBC is specific for ID but has a low
sensitivity. %TS also has acute phase reactivity
and shows diurnal variation. However, it is a
more useful indicator of iron status than SI or
TIBC alone. These iron markers are considerably
altered by inflammation. If IDA co-exists with
inflammation, the interpretation of results is dif-
ficult thus limiting their applicability [26].

2.3.26.2 Serum Ferritin (SF)

SF concentration correlates well with total body
iron stores. It is extensively used to diagnose ID
and is especially useful in populations where the
prevalence of infections is low. The test is not
invasive, widely available, specific, and fre-
quently used to diagnose ID. A low SF is a reli-
able index of ID and levels <16 pg/L are
diagnostic of ID [27].

Ferritin is an acute phase reactant and rises in
the presence of co-existing infection/inflamma-
tion/malignancy making interpretation of SF lev-
els in these situations problematic. The problem
can be overcome by simultaneous measurement
of markers of inflammation such as CRP which
will help in identification of co-existing inflam-
mation. Another approach is to raise the cut-off
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value of SF which defines iron deficiency when it
co-exists with infection with the best predictor
being SF < 100 pg/L. If serum ferritin is between
100 and 300 pg/L, %TS is recommended to
confirm ID [28].

2.3.26.3 Zinc Protoporphyrin

(ZPP)/Free Erythrocyte

Protoporphyrin (FEP)
Protoporphyrin is normally produced during the
synthesis of Hb and remains in the RBC for its
entire life span. FEP is elevated in IDA as less
iron is available for Hb synthesis. It detects stage
II iron deficiency, i.e., iron-deficient erythropoi-
esis being normal in Stage I. The level reflects the
events of the preceding 2-3 months. Changes in
FEP levels occur relatively slowly. It can be mea-
sured as ZPP which reflects aberrant incorpora-
tion of zinc into protoporphyrin instead of iron
when iron is not available.

FEP is measured in a hematofluorometer
which requires only a drop of blood and can be
performed within minutes along with CBC. It has
been used as a screening test in field surveys. It is
simple, cheap but not specific as it is also ele-
vated in infection, lead poisoning, and hemolysis.
Studies indicate that in patients with microcytic
hypochromic anemias, FEP done as an initial test
is helpful in the differential diagnosis. While an
elevated level is sufficient for a presumptive diag-
nosis of IDA, a normal level rules out disorders
of heme synthesis. Additional tests such as %TS,
SF may then be done as required. Some studies
recommend simultaneous measurement of FEP,
SF, and Hb in assessing iron deficiency [29].

2.3.26.4 SerumTfR
Receptorlevelsareincreased inIDA. Measurement
of sTfR is especially useful in the differentiation
of IDA from anemia of chronic disease as its con-
centration is unaffected by the acute phase
response. sTfR has shown to be a promising tool
for the diagnosis of ID. The levels are also raised
in conditions associated with increased erythro-
poietic activity such as hemolytic anemia.

sTfR is measured using commercially avail-
able ELISA assays. A major advantage of sTfR
measurement over SF is that it is more specific to

changes in iron status and erythropoiesis. The
clinical interpretation of sTfR result is simpler if
confounding factors such as hemolysis are
excluded. Its day-to-day variation is more accept-
able than the conventional indices of functional
iron status such as % TS and provides an alterna-
tive to these tests. As almost 30% of susceptible
population such as pregnant women can have ID
without anemia, sTfR levels can detect tissue ID
before the onset of anemia and help prevent its
deleterious effects. Limitations of the assay
include lack of standardized reference material
and nonavailability of standardized cutoffs which
has made the test underutilized [23].
2.3.26.5 sTfR/Log Ferritin (sTfR-F
Index)
This ratio provides a better indicator of iron deple-
tion than either of the tests alone. Ferritin reflects
storage iron and sTfR the functional iron com-
partment, combining the two values provides a
ratio which is reciprocally regulated. It takes
advantage of the increase in TfR and decrease in
SF in ID. Both the variables in the ratio are influ-
enced by iron stores, availability of iron for eryth-
ropoiesis, and the total erythroid marrow mass.
The ratio has a high sensitivity and specificity
and can distinguish between iron replete and iron
deplete anemic subjects effectively. It has been
found to be useful in accurately classifying ane-
mia especially when it accompanies diseases
with active inflammation. A low index indicates
anemia of chronic disease while a high index
suggests ID. Although thresholds are not well
defined, ratio > 2-3 can be used to diagnose IDA
[30]. However, its utility in diagnosing non ane-
mic ID is not established. The ratio has also been
used for assessment of supplementation induced
changes [31].

2.3.26.6 Serum Hepcidin

Assays have been developed to measure hepcidin.
These include ELISA using anti-hepcidin anti-
bodies and mass spectrometry with a close corre-
lation existing between both techniques. While
ELISA measures low levels more accurately,
mass spectrometry measures the active form (25
amino acid) of hepcidin accurately.
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Hepcidin can be measured in serum and urine
with the former being preferred. Urinary estima-
tion requires measurement of creatinine to correct
for the difference in the concentrating ability of
the kidney. Hepcidin levels are reduced in IDA.

The levels show a diurnal variation with lower
levels seen in the morning and are lower in
women as compared to men. Use of hepcidin as a
routine diagnostic test of ID is still limited due to
lack of studies on large number of subjects and of
international standardization thresholds [32].

Other uses of hepcidin estimation. Results
from a pilot study suggest that hepcidin levels
can be used to determine which patients will
respond to oral iron [33]. In regions with high
infection burden, estimation of hepcidin can help
decide the appropriateness of oral iron therapy.
This is necessary as supplementation with iron to
children with infections is associated with seri-
ous adverse outcomes including high mortality
attributed to increased vulnerability to malaria
and other microbial agents [34].

2.3.27 Examination of Bone Marrow
Aspirate for Iron

Examination of stained bone marrow aspirates for
hemosiderin is a specific test for ID and is still
considered the gold standard for evaluation of iron
stores (Fig. 2.5). On staining with Prussian blue,

Fig. 2.5 Perl’s stain of BM aspirate (x400) showing
absent iron stores in a patient with IDA. Inset shows nor-
mal iron stores (x400)
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Table 2.3 Laboratory tests of IDA
Reference
Parameter range Change in IDA
Hemoglobin Females Reduced
(g/dL) 13.5+1.5 Males < 13,
Males Females < 12
15.0+2.0 PW< 11
MCV (fL) MCV 80-100 | MCV < 80
MCH (pg) MCH MCH < 27
29.5+2.5
MCHC (g/dL) 33.0+1.5 Reduced in
severe disease
RDW (%) 128 +1.2 Increased >14%
CHr (pg) Reduced <29
%Hypochromic <5 Increased
cells
Serum iron 60-180 Reduced
(pg/dL)
TIBC (pg/dL) 250-450 Elevated
%TS <16
SF (pg/L) 20-200 Reduced <16
sTfR Lab to Elevated
establish
ZPP/FEP <40 Elevated
(pmol/mol heme)
BM iron 1+ to 3+ Absent
Serum hepcidin Lab to Reduced
establish

iron granules can be identified in erythroid precur-
sors and macrophages. The positivity is graded on
the basis of intensity of staining from 1 to 6.

Normoblasts which show siderotic blue gran-
ules are called sideroblasts. In normal individu-
als, about half of the normoblasts are sideroblasts,
each of which contains less than five small gran-
ules. If the granules form a ring; complete or par-
tial around the nucleus of the normoblast, the cell
is a ring sideroblast which is seen under patho-
logical conditions.

The disadvantages of this method are that it is
invasive, causes discomfort to the patient, and
hence is not suitable for screening [3].

The reference range and the abnormality of tests
used for diagnosis of IDA is shown in Table 2.3.

2.3.28 Treatment of IDA

IDA is treated with iron supplementation which
can be given orally or through intravenous route.
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The treatment aims to correct the Hb concentra-
tion and also replenish iron stores.

Oral iron therapy is inexpensive, convenient,
effective, easy to obtain, and the first choice of
treatment in most cases. The common oral prepa-
rations used are ferrous sulfate, ferrous fumarate,
and ferrous gluconate of which ferrous sulfate is
most commonly used. Oral iron is usually indi-
cated when Hb concentration is less than 12 g/dL.
and more than 8 g/dL. The recommended daily
dose for adults with ID is 100-200 mg of elemen-
tal iron and that for children is 3—-6 mg/kg body
weight of a liquid preparation. Though it is pref-
erable to take iron on an empty stomach, various
side effects including nausea, vomiting, epigas-
tric discomfort, constipation, diarrhea, metallic
taste, and dark colored stools are reported. The
patient can then be advised to take the supple-
ment with meals though it reduces absorption. As
the side effects are dose related, they can also be
reduced by starting therapy with a small dose and
gradually increasing it.

Sustained release preparations are also avail-
able for oral administration. They are better toler-
ated but are more expensive and are not absorbed
as efficiently as other oral drugs [23].

Duration of therapy. Oral iron therapy is
given till the Hb concentration reaches normal. It
should be further continued for 3—6 months to
replenish stores [32].

Failure to respond to oral iron results from
lack of adherence to therapy, low tolerance, true
refractoriness, continued loss of blood as also
impaired absorption or an incorrect diagnosis [23].

Estimation of serum hepcidin can identify
patients who will probably respond to oral iron
(hepcidin low) and those who will not (normal/
elevated hepcidin) [33]. However, these assays
are not available routinely.

Parenteral iron is indicated when oral ther-
apy is poorly tolerated, the patient does not
respond to oral iron and in patients with malab-
sorption. Patients with chronic blood loss in
whom bleeding cannot be adequately controlled
also need parenteral iron.

The preparations commonly in use are ferric
carboxymaltose (FCM), iron dextran, and iron
sucrose. These compounds comprise of a core

which contains the iron salt and is surrounded by
a carbohydrate shell. In the RES, iron is released
from the complex and used. The kinetics of iron
release varies with the compound used. The
speed of release determines how much iron can
be given as a single dose.

Intravenous iron can be given as a single dose
or in multiple doses. Single dose preparations
are low molecular weight iron dextran, feru-
moxytol, ferric carboxymaltose, and iron iso-
maltoside. These preparations can be given in
high doses of 500-1000 mg in a single infusion
resulting in replacement of the total deficit in one
or two infusions. The advantage is that a single
dose can be given in 1-2 sessions [5]. Multiple
dose preparations are iron sucrose and ferrous
gluconate. Even though they can be used as sin-
gle dose, multiple doses are used for better deliv-
ery rate and replacement. Ferric carboxymaltose
(FCM) has been successfully used to treat ID of
varied etiology in children and adults. The prepa-
ration is reported to be safe and extremely effec-
tive and is recommended when oral iron therapy
fails, a quick increase in hemoglobin or replace-
ment of the total iron deficit at a single or few
settings is required [35, 36].

Ferumoxytol is a newer compound approved
in the USA and Europe which is as effective as
other iron compounds. It is a iron oxide nanopar-
ticle with a polyglucose sorbitol carboxymethyl
ether coating. This minimizes sensitivity and
larger doses can be given rapidly. Iron nanopar-
ticles (iron hydroxide adipate tartrate [THAT])
mimicking the ferritin molecule which have high
bioavailability are under trial [29, 32]. The indi-
cations for parenteral iron are given in Table 2.4.

As formulae calculating the total iron deficit
are not reliable, a 1000 mg replacement dose is
used. This may not be sufficient for patients with
severe IDA and so SF should be measured after
2-4 weeks of the infusion. If SF is <50 pg/L,
another dose is given.

The chief advantage of parenteral iron is that
it replenishes iron stores more effectively and
reliably and increases Hb more quickly as com-
pared to oral iron. For the new formulations, a
single dose is sufficient thus reducing hospital
visits. These preparations have an extremely low



2 Iron Metabolism and Iron Deficiency Anemia

a

Table 2.4 Indications of parenteral iron

Table 2.5 Strategies in preventing IDA

. Hb <8 g/dL.
. Intolerance/not responsive to oral iron
. Rapid correction of anemia required
Selected cases of anemia of chronic disease
Chronic heart failure
. Iron malabsorption
. Ongoing blood loss
. Use of erythropoietin and erythropoietin
stimulating agents in CKD
9. Inflammatory bowel disease
10. IRIDA
11. Substitute for blood transfusion (religious reasons,
post-surgery transfusion sparing)

risk of serious adverse effects, do not require a
test dose, and can be given over a short period of
time.

Side effects include abdominal pain, nausea,
headache flushing, myalgia, arthralgia. and diar-
rhea. Infusion reactions including serious ana-
phylactic reactions have been reported especially
with high MW iron dextran [32].

2.3.29 Monitoring Response to Iron
Supplementation

The response to iron can be monitored by reticu-
locyte count which begins to rise after 3—4 days,
peaks at 57 days and then returns to normal. The
count is inversely related to Hb concentration
which begins to increase by the second week of
therapy and normalizes by 2 months of initiation
of therapy. An increase of 2 g/dL of Hb concen-
tration is an appropriate response to iron therapy.
The red cell indices remain abnormal for some
time after Hb returns to normal [37].

2.3.30 Follow-Up After Iron
Supplementation

After normalization of Hb, CBC and parameters
of iron status must be measured each month for
3 months and then once every 3 months for a year
[37]. Long-term follow-up is needed for patients
with severe IDA and those receiving intravenous
iron. Ferritin should be checked every 3—4 months
and if it falls below 50 pg/L, another dose of

* Removing poverty

* Awareness and education regarding diet

* Food fortification

* Biofortification

* [ron supplementation to susceptible populations
¢ Delayed cord clamping

* Prevention and treatment of infection

¢ Screening for ID in vulnerable population

intravenous iron is given. Recently, measurement
of Hb concentration at day 14 has been proposed
to decide if the patient needs to be shifted from
oral to intravenous iron therapy [38].

Caution. In malaria endemic areas, iron sup-
plementation may increase parasitemia and have
negative effects on other types of infections like
diarrhea and acute respiratory illness. There is
hence a need for caution [28]. Estimation of
serum hepcidin helps determine the best time to
provide children in these regions with iron sup-
plementation [34].

2.3.31 Prevention of IDA

Preventive measures are especially required for
populations at risk of IDA such as PW, infants,
and children (Table 2.5).

Preventive measures include

e Nations must provide information about and
promote access to foods rich in iron such as
foods of animal origin, legumes, green leafy
vegetables, kidney beans, and lentils. Adding
enhancers and reducing inhibitors of absorp-
tion will increase iron bioavailability. Ferritin
is used by plants and animals for storage of
iron and this phytoferritin has high potential
as a food fortificant. As this is not available
commercially, consumption of foods naturally
rich in this protein such as pulses and lentils
will help increase iron intake.

 Fortification is addition of iron supplements to
the most widely consumed food of a particular
population at the point of manufacture without
changing the property of the food item. Rice,
bread, wheat flour, and salt are some of the
foods which have been fortified. The choice of
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these ingredients is influenced by the charac-
teristics of the product such as taste and color
and may be constrained by cost. Fortification
gives access to all socioeconomic groups.
Products must contain at least 15% of the rel-
evant Nutrient Reference Value (NRV) per
measure of product to have claim of being for-
tified with iron. The limitation is that the iron
compounds used are insoluble/poorly soluble
and strongly chelated making them less bio-
available. Iron can react with other compo-
nents in the food affecting the shelf life.
Biofortification is targeted breeding of crops
rich in micronutrients. Iron biofortification is
applicable to wheat, rice, millets, beans, peas,
and lentils. These foods have higher concen-
trations of iron [29, 39].

Iron supplementation is given as part of pre-
vention to populations susceptible to ID (PW,
women in the reproductive age group, adoles-
cents, and preschool children). WHO recom-
mends that governments of low income
countries with high prevalence of ID should
implement universal iron supplementation for
young children and PW. However, the
approach has low levels of implementation
and the risk of side effects [40].

As children need additional iron after 6 months
of breast feeding, they may be given multiple
micronutrient powders. WHO recommends
micronutrient powders which contain lipid
encapsulated iron with other micronutrients in
the form of sachets for children 6-23 month
which can be added to prepared food. This is
easier for children to take as they have prob-
lem in swallowing tablets [40].

As worm infestation is a common cause of
IDA in tropical countries, deworming at regu-
lar intervals may help increase the Hb
concentration.

Cord clamping 1-3 min after delivery
improves infant iron stores at 6 months of age.
Delayed cord clamping is recommended for
all uncomplicated deliveries by WHO [29].

e Screening for IDA should be done at regular
intervals in children, adolescents, pregnant
women, and women in the reproductive age
group [v29, 39].

2.4  Functional Iron Deficiency
Functional iron deficiency (FID) is defined as a
state where there is insufficient incorporation of
iron into erythroid precursors despite adequate
iron stores as identified by the presence of stain-
able iron in the marrow together with normal or
elevated serum ferritin [3]. FID is characteristi-
cally seen in anemia of chronic disease (ACD)
which is associated with chronic diseases of var-
ied etiology including chronic kidney disease
(CKD). Disorders associated with ACD have in
common the ability to induce the production of
cytokines such as IL-6, TNF, and IL-1. These
cytokines induce the transcription of hepcidin
which downregulates ferroportin expression to
inhibit the absorption of dietary iron.
Hypoferremia diminishes the amount of iron
available for Hb synthesis and erythrocyte pro-
duction. Because of the inflammatory state, the
RE storage iron gets locked up thus restricting
the supply of iron to the erythroid marrow [28].
FID is frequently seen in patients of chronic
kidney disease (CKD) on dialysis. Anemia is
present in 80% of these patients and is multifac-
torial in etiology. Both absolute and functional
ID are present in 25-38% patients of
CKD. Recombinant erythropoietin is the treat-
ment of choice for anemia in CKD. Therapy with
erythropoiesis stimulating agents (ESA) stimu-
lates the erythroid marrow leading to an increased
iron requirement which outstrips the ability of
circulating iron to provide adequate substrate for
Hb synthesis. A high prevalence of iron defi-
ciency is observed in CKD patients on HD. ID in
CKD is a combination of absolute and functional
ID and is a major factor which limits response to
ESA. It is recommended that CKD patients



2 Iron Metabolism and Iron Deficiency Anemia

43

Table 2.6 Uses and limitations of laboratory parameters of FID

Parameter

Use

Limitation

Red cell indices MCV
and MCH

Must be determined at diagnosis as
baseline parameters to assess the change
over a time period

— They are mean values over a period
of 20-120 days

— Are slow to change

— Do not reflect any acute change in
iron lack

— Confounded by co-existing
deficiency of folate/B12 and
thalassemias

% hypochromic red cells

Direct indicator of FID

Reliable

Sensitive

Specific

>10% consistent with absolute ID/FID

— Available on only few analyzers

— Each analyzer has defined the cutoff

— Influenced by the time between
sampling and analysis

Reticulocyte count

Used to assess response to ESA (increase
>40 x 10°/L from baseline by 4 weeks)

By itself does not provide information
on iron status

CHr

Predicts response to intravenous iron
Levels of <29 pg indicate iron restricted
erythropoiesis in patients with FID and
those on ESA

— Available on only few analyzers
— Each analyzer has defined the cutoff

Reticulocyte Hb content

Helps distinguish absolute ID (<25 pg)
from ACD (>25 pg)

Best predictive value for response to
intravenous iron in patients of CKD on
HD (<30.6 pg)

— Available on only few analyzers

SIL, TIBC, %TS

%TS < 20 indicates the need for
parenteral iron therapy in patients on ESA

— SI'and TIBC do not identify FID

— %TS must be used together with
sTIR to identify patients who will
respond to ESA

SF

Essential as a baseline parameter
<100 pg/L:CKD not on dialysis and
<200 pg/L >CKD-HD indicates FID

— No consensus on upper limit above
which iron not to be given

— Suggested target values have
limitations

— Not helpful in predicting
responsiveness to ESA

sTfR, TfR index

Useful in the diagnosis of ID with ACD
Used in predicting response to intravenous
iron in patients on ESA (superior to SF)

— Expensive

— Not widely available

— Can be used with SF when
automated measures are not available

should be monitored for FID and be given intra-
venous iron supplementation along with ESA to
prevent iron restricted erythropoiesis. Oral iron
agents are not helpful as the increased hepcidin
inhibits its absorption [41].

e The laboratory diagnosis of FID is challeng-
ing as the conventional parameters used for
the diagnosis of absolute ID are not applicable

due to their alteration by the acute phase
response.

The parameters which can be used for diagno-
sis are briefly discussed below (Table 2.6).

* % hypochromic red cells is the best param-
eter for the diagnosis of FID. At a cutoff >6%,

it was found to be superior to SF, TIBC, ZPP,
and sTfR in the diagnosis of iron-deficient and
iron-sufficient CKD patients.
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ZPP is a reliable indicator of FID. It can be
used as an alternative to CHr or Ret-Hb.
However, the test lacks specificity in the diag-
nosis of FID.

SF being an acute phase reactant is elevated in
these patients. Hence, a normal value does not
exclude FID. SF values <100 pg/L in CKD
patients not on dialysis and <200 pg/L in CKD
patients on dialysis are suggestive of FID
which can be treated with intravenous iron
therapy. There is no consensus on the upper
limit of SF above which intravenous iron is
not recommended. If the level is >800 pg/L,
iron supplementation must not be given.
However, levels up to 1200 pg/L do not pre-
clude IRE.

SI, TIBC, %TS SI and TIBC fail to identify
FID. %TS less than 20% indicates the need for
parenteral iron therapy in patients on ESA. It
has poor sensitivity and specificity in identify-
ing patients who will respond to ESA and/or
iron in CKD. %TS can be used in combination
with sTfR to identify FID as an alternative to
CHr and Ret-He. In anemic patients with
CKD, if there is laboratory evidence of IRE
(%  hypochromic red cells > 6%,
Ret-He < 30.6 pg) SF must be estimated. If it
is <200 pg/L/<100 pg/L in patients on HD/not
on HD, respectively, it indicates absolute
ID. If SF > 200 pg/L/>100 pg/L in patients on
HD/not on HD but <800 pg/L, a diagnosis of
FID can be considered. In both situations, iron
therapy is warranted [42, 43].

Treatment

Functional iron deficiency is treated by mod-
ifying dosage of recombinant human eryth-
ropoietin or ESA along with intravenous
iron [42].

Iron deficiency anemia and thalassemia traits

Beta thalassemia trait (BTT) is an important
cause of microcytic hypochromic anemia and
often co-exist with IDA [44]. After a detailed

clinical history and examination, a CBC
should be assessed along with examination
of a stained PBF. BTT is characterized by
mild anemia, with a disproportianate decrease
in MCV and MCH, relative erythrocytosis,
and a normal RDW. Co-existent ID reduces
the Hb concentration to a greater degree.
Mean MCV and MCH have been reported to
be significantly lower in traits with ID as
compared to those without ID. Discriminant
functions like Mentzer index, Shine & Lal
index, and England & Fraser index can be
applied though none of them are 100% sensi-
tive or specific [45, 46]. Peripheral smear
shows the presence of microcytic hypochro-
mic red cells, target cells, and basophilic
stippling in BTT. Serum ferritin and iron
studies should be undertaken to identify
IDA. The parameters are normal in BTT
uncomplicated by iron deficiency while the
SF is reduced in IDA. If the SF is normal,
quantitation of HbA, is done. Elevated HbA,
(3.5-7%) which is measured by cellulose
acetate electrophoresis/HPLC/other method
quantitation is diagnostic of BTT [47]. As
red cell indices are altered by co-existing dis-
orders, screening for BTT should be consid-
ered in any patient with unexplained
microcytosis even if the red cell indices are
not typical of BTT [48]. HbA, may be
reduced in BTT patients with co-existent iron
deficiency. However, studies from India have
shown that the presence of ID did not pre-
clude the detection of BTT. If the RBC indi-
ces are suggestive of thalassemia trait and the
HbA, is normal, the level may be repeated
after correction of iron deficiency [49]. In
cases with low RBC indices, normal iron
parameters and HbA, levels, it is appropriate
to examine for HbH inclusions using brilliant
cresyl blue. Their absence does not exclude
a-thalassemia trait but their presence indi-
cates that family studies and DNA assay are
required [50] (Fig. 2.6).
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Hb <13 g/dl

Hb <12 g/dl

MCV <80 fl

MCH <27 pg

Y

Serum ferritin

Serum ferritin

Serum ferritin

Iron deficiency
anemia

<16ug/L >16ug/L
Y Y
HPLC

HbA2 <3.5%

Screen for o thalassemia
Reduced o3 globin ratio
HbH inclusions

o. thalassemia trait

Relative
erythrocytosis,
target cells,
basophilic
stippling in PS

HbA2 >3.5%

B thalassemia trait

Fig. 2.6 Approach to diagnosis of iron deficiency anemia co-existing with thalassemia trait
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Megaloblastic Anemia and Dual
Nutritional Deficiency Anemia

K. V. Karthika and Hara Prasad Pati

3.1 Megaloblastic Anemia

3.1.1 Definition

Megaloblastic anemia is a general term used to
describe a group of anemias caused by impaired
DNA synthesis and characterized by macro-
ovalocytes in peripheral blood smear and mega-
loblastic erythroid hyperplasia in the bone
marrow.

3.1.2 Pathophysiology
of Megaloblast Morphology

Megaloblasts, the hallmark of these anemias, are
caused by asynchronous maturation between the
nucleus and the cytoplasm due to impairment
of DNA synthesis. When DNA synthesis is
impaired, the cell cannot proceed from the G2
growth stage to the mitosis (M) stage. Hence, the
DNA synthesis is retarded, whereas the RNA and
protein synthesis of the cell occurs at a normal
pace. This leads to continuing cell growth with-
out division, resulting in a mature cytoplasm with
an immature nucleus.
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3.1.3 History

1849—Addison described this condition as
anemia, general languor, and debility

1877—O0sler and Gardner found its associa-
tion with neuropathy

1880—Ehrlich first described megaloblasts

1926—Minot and Murphy identified that this
condition could be reversed by ingestion of large
quantities of liver

1929—Castle established that gastric acid
contains an “intrinsic factor” (IF) that combines
with an “extrinsic factor” to allow the latter to be
absorbed

1934—Dorothy Hodgkin described the struc-
ture of vitamin B,, for which she received the
Nobel Prize

1948—Herbert discovered the structure of
folic acid and its association with megaloblastic
anemia

3.2  Folic Acid Metabolism

The synthetic form of folate is more commonly
known as folic acid. The metabolically active
form of folic acid is known as tetrahydrofolic
acid. The main dietary sources include green leafy
vegetables, lemons, oranges, banana, cereals, fish,
liver, kidneys, etc. Folate in food can be lost on
prolonged storage or overcooking. The daily
requirement varies from 50 to 100 pg; however,
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recommended daily allowances are kept at a
higher level of around 400 pg. This is because the
bioavailability depends on the conversion of the
polyglutamated form in the diet into monogluta-
mated form for absorption [1]. The body stores
are found in the liver. They range from 3 to 5 mg
and last for about 3—5 months [2].

3.2.1 Folate Absorption

Folate is absorbed in the small intestine, primar-
ily the duodenum and the upper part of jejunum.
Natural folates are absorbed faster than folic
acid. The polyglutamated folates are converted
to the monoglutamated form by the enzymes
carboxypeptidase or polyglutamate hydrolase
(also known as intestinal conjugase). The mono-
glutamated form is then absorbed either pas-
sively along the concentration gradient or
actively by binding to the transporters RFT-1,
RFT-2, and folate-binding protein (FBP). Once
within the enterocyte, they are further converted
to dihydro- and tetrahydro-folate by a reductase
enzyme and further converted to methyltetrahy-
drofolate which then passes into the systemic
circulation freely or bound to albumin. This form
(5-MTHEF) then enters the target cell membrane
through the reduced folate carrier and is demeth-
ylated (Fig. 3.1).

Physiological function of THF: The most
important role of THF is in the synthesis of thy-
midylate (a pyrimidine base of DNA). In the
absence of thymidylate, uracil is incorporated

which results in deranged DNA function [4].
Folic acid deficiency in pregnant women may
cause neural tube defects in the fetus, underlining
its role in neural development of fetus.

3.2.2 Causes of Folic Acid
Deficiency [5]

Deficiency of folic acid is usually due to low
folate in food or imbalance between demand and
intake.

Causes of Reduced Availability

* Dietary deficiency can occur in generalized
malnutrition states, elderly and in association
with alcohol intake.

e Impaired absorption usually occurs in primary
gastrointestinal conditions such as tropical
sprue, celiac disease, Crohn’s disease, extensive
small bowel resection, infiltrative disorders,
Whipple’s disease, scleroderma, amyloidosis,
and diabetes mellitus.

e Genetic defects of enzymes involved in their
uptake such as intestinal conjugase deficiency,
resulting in malabsorption, dihydrofolate
reductase, methylenetetrahydrofolate, and glu-
tamate formiminotransferase deficiencies.

* Drugs can also reduce absorption by several
mechanisms:

(a) Trimethoprim, pyrimethamine, metho-
trexate—inhibit dihydrofolate reductase

(b) Phenytoin and valproic acid—reduce
absorption and also affect its metabolism

Fig. 3.1 Absorption of
folate in the intestine [3]
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Causes of Increased Demand

e Increased requirements can occur in physio-
logical and pathological states such as preg-
nancy, breastfeeding, chronic hemolytic
anemia, and chronic exfoliative dermatitis.

Chronic hemolytic anemias cause rapid deple-
tion of the folate reserves due to the associated
erythroid hyperplasia. This can further result in
megaloblastic crisis in the presence of exacerbat-
ing factors such as fever and illness, which can
impede oral intake. Hence, prophylactic folic
acid should be given to patients with hemolytic
anemias such as hereditary spherocytosis and
sickle cell anemia.

3.3 Vitamin B,, Metabolism

The chemical name of vitamin By, is cyanoco-
balamin. There are also other forms depending
upon the radical to which they are bound such as
adenosylcobalamin and methylcobalamin. The
source of vitamin B, includes animal foods such
as fish, liver, and dairy products. Plant foods do
not contain vitamin B,,. The RDA of vitamin B,
is around 2 pg though requirements may increase
in pregnant and breastfeeding women. Similar to
folic acid, vitamin B, is stored in the liver, the
storage lasting for about 3—5 months.

3.3.1 Absorption of Vitamin B,,
When vitamin By, is ingested in diet, it is nor-
mally found bound to proteins. These proteins
are degraded by the enzyme pepsin released by
the parietal cells of the stomach. The free vitamin
B, binds to R-binder (also known as haptocorrin
or transcobalamin I [TC-I]) which protects the
molecule and carries it till the second part of duo-
denum. The R-binder is secreted by the salivary
glands of the oropharynx and is also found in
neutrophils and monocytes. Here, the proteases
in the pancreatic juice (trypsin, chymotrypsin,
elastase) degrade TC-I and release vitamin B,
from the complex [6].

The free vitamin B;, now binds to IF which is
also released from the parietal cells in the fundus

and cardia of the stomach. The IF-B;, complex
finally reaches the ileum. The ileal enterocytes pos-
sess the IF receptor (also known as cubilin-
amnionless complex). The complex binds to this
receptor and is internalized. Once within the entero-
cyte, the IF is degraded and cobalamin released. It
then binds to transcobalamin II (TC-II) which car-
ries vitamin B, in the systemic circulation. The tar-
get cells take up this bound cobalamin by the virtue
of TC-II receptors on their surface [6] (Fig. 3.2).

Physiological function of vitamin B,,: It acts
as a coenzyme in the synthesis of methionine and
tetrahydrofolate from methyltetrahydrofolate and
homocysteine. This process is known as “folate
trapping” since folate needs to be demethylated
to remain in the cell, failing which they escape
the cell without being used. This demethylation
is brought about by the above reaction. Thus, it is
hypothesized that manifestations of cobalamin
deficiency is primarily due to folate deficiency.
Cobalamin also acts as a coenzyme in the conver-
sion of methylmalonic acid (MMA) to succinic
acid, the latter being an important substrate in the
Krebs cycle [6].

3.3.2 Causes of Cobalamin
Deficiency [5, 8]

Vitamin B, deficiency is most commonly due to
impaired absorption rather than due to reduced
uptake. Reduced uptake occurs mostly in strict
vegetarians, due to dietary deficiency. Impaired
absorption can be caused by the following
disorders:

e Gastric disorders—pernicious anemia, gastri-
tis, old age, atrophic gastritis, use of proton
pump inhibitors or H2 antagonists,
Helicobacter pylori infection, total or partial
gastrectomy, Zollinger—Ellison syndrome

¢ Intestinal disorders—extensive ileal resection,
ileitis, leukemic/lymphomatous infiltration,
tuberculosis, Crohn’s disease, postradiation
ileitis, tropical sprue or celiac disease, sclero-
derma, amyloidosis, blind loop syndrome
with bacterial overgrowth, parasitic infections
such as Diphyllobothrium latum, Giardia lam-
blia, and Strongyloides stercoralis.
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Fig.3.2 Schematic illustration of vitamin B, absorption [7]

e Pancreatic disorders—hereditary chronic pan-
creatitis, Imerslund—Grisbeck disease (inher-
ited cubilin deficiency)

e Genetic defects—TC-II deficiency, functional
impairment of TC-II, haptocorrin or TC-I defi-

ciency, homocystinuria, methylmalonicacide-
mia, methylenetetrahydrofolate deficiency
collectively known as congenital megaloblas-
tic anemias

¢ Drugs—cholestyramine, metformin, colchicine

3.4  Pernicious Anemia

Pernicious anemia is caused due to impaired IF
secretion by the gastric parietal cells, resulting
in impaired vitamin B, absorption. It can be
inherited or acquired. The inherited form is a
rare autosomal recessive disorder causing defi-
cient secretion of IF in the absence of gastric
atrophy and is seen in children below 2 years of
age. The acquired form is more common and
occurs in adults. It is an autoimmune disorder
with genetic predisposition and is associated
with HLA A2, A3, B7, patients with type A
blood group and other autoimmune disorders.
Patients with pernicious anemia have a higher
risk of irreversible gastric atrophy, achlorhydria
with concomitant iron deficiency, and gastric
carcinoma.

The antibodies in pernicious anemia are of
two types: anti-parietal cell and anti-IF antibod-
ies. Anti-parietal cell antibodies are the most
common and present in 90% of patients with per-
nicious anemia but in only 5% of healthy adults.
Similarly, antibodies to IF are also found in most
patients with pernicious anemia. IF antibodies,
type 1 and type 2, are present in 50% of patients
with pernicious anemia and are highly specific.
Therefore, they can be used as a confirmatory
test. Treatment requires parenteral administration
of vitamin B, to circumvent the impaired absorp-
tion of oral vitamin B ,.

3.5 Congenital Megaloblastic

Anemia

Congenital megaloblastic anemia is due to defi-
ciency or altered activity of the enzymes, carrier
proteins, or receptors involved in the metabolism
(absorption, transport, and conversion to active
form) of vitamin B, or folate, resulting in
impaired utilization of these nutrients. This group
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has been explored in detail in the context of vita-
min B, deficiency. These disorders need to be
suspected when clinical manifestations of cobal-
amin deficiency are observed in infancy or child-
hood. Three disorders where absorption and
transport of cobalamin are affected have been
identified, and another seven alter cellular use
and coenzyme production. The disorders of
absorption and transport are TC-II deficiency, IF
deficiency (also known as inherited pernicious
anemia), and IF receptor deficiency (Imerslund—
Grisbeck syndrome). These defects cause devel-
opmental delay and megaloblastic anemia since
birth, which can be treated with pharmacologic
doses of parenteral cobalamin. Serum cobalamin
values are reduced in the IF defects and normal in
TC-II deficiency.

The defects of cellular use, commonly
denoted by letters CblA to G, can be detected by
the presence or absence of methylmalonic acid-
uria and homocystinuria. The presence of only
methylmalonic aciduria indicates a block in
conversion of methylmalonic CoA to succinyl-
CoA and results due to defect in the methylmal-
onyl-CoA mutase enzyme that catalyzes the
reaction or a defect in the synthesis of its cobal-
amin coenzyme (cobalamin A and cobalamin B
deficiency).

The presence of only homocystinuria can
result either from poor binding of cobalamin to
methionine synthase due to cobalamin E defi-
ciency or defect in producing methylcobalamin
from cobalamin and S-adenosylmethionine due
to cobalamin G deficiency. This results in a
reduction in methionine synthesis, with accumu-
lation of the enzyme substrates causing homo-
cystinemia and consequent homocystinuria.

Methylmalonic aciduria and homocystinuria
occur when the metabolic defect impairs con-
version of cobalamin III to cobalamin II (cobal-
amin C, cobalamin D, and cobalamin F
deficiency). This reaction is common for the
formation of both MMA and homocystinuria.
Early detection of these disorders is important
because most patients respond favorably to
supra-pharmacological doses of cobalamin,
thereby preventing the neurological abnormali-
ties associated with them.

3.6 Imerslund-Grasbeck

Syndrome

This is an autosomal recessive disorder caused
due to biallelic mutations in the IF receptor also
known as cubilin-amnionless receptor. This
receptor is essential not only for intestinal vita-
min B, absorption but also for renal reabsorption
of proteins. The deficiency of this receptor (either
cubilin or amnionless) therefore results in selec-
tive vitamin B, malabsorption and proteinuria.
The diagnosis of this disorder is suspected by a
decreased excretion of cobalamin-IF complex in
urine and is confirmed by mutation study of the
involved genes. The treatment involves lifelong
administration of parenteral vitamin B,.

3.7 Pathophysiology

of Megaloblastic Anemia

The pathophysiology of megaloblastic anemia is
due to ineffective erythropoiesis resulting from
intramedullary apoptosis of hematopoietic pre-
cursors (rapidly dividing cells). This apoptosis is
not solely due to deficiency of thymidylate. In the
absence of thymidylate, it is replaced by uracil
which activates the DNA repair pathways result-
ing in p53-mediated apoptosis. To some extent,
RNA and protein synthesis is also affected. This
results in asynchronous maturation of the nucleus
and cytoplasm. The nucleus devoid of DNA does
not mature, whereas the cytoplasm matures at a
normal rate due to normal RNA and hemoglobin
synthesis, thus resulting in megaloblastosis [5]. It
is also important to keep in mind that DNA syn-
thesis can also be impaired directly in HIV and
myelodysplastic syndromes in the absence of
vitamin B, and folate deficiency.

3.8 Pathophysiology

of Neurological Changes

Neurological symptoms are confined to cobala-
min deficiency. Two factors contribute to these
symptoms. The first factor is the impaired syn-
thesis of the amino acid methionine which is
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essential for myelin synthesis. The second factor
is the accumulation of MMA, a neurotoxic inter-
mediate. These factors together cause degenera-
tion of myelin fibers of the posterior and lateral
grey horn of the spinal cord, resulting in sub-
acute combined degeneration [5]. Increased lev-
els of cytokines such as TGF-a and EGF have
also been identified in these patients, which may
also contribute to the pathogenesis of neurode-
generation [9].

3.9 (Clinical Features

When patients present with the symptoms of
chronic anemia, there may be mild jaundice due
to the associated intramedullary hemolysis. The
combination of pallor and jaundice gives the skin
a lemon yellow color, characteristic of megalo-
blastic anemia. There may also be glossitis (beefy
tongue), nail pigmentation, change of hair color
(due to increased melanin synthesis), etc. The
neurological symptoms of cobalamin deficiency
include loss of joint position sense, loss of vibra-
tion sense in toes and fingers, paresthesia, hypo-
esthesia, tingling, gait abnormalities, loss of
coordination, muscle weakness, spasticity, optic
neuropathy, urinary and fecal incontinence, erec-
tile dysfunction, dementia, and memory loss.
Neuropathy is symmetric and mainly affects the
lower extremities (stock and glove distribution).
Clinically, patients with subacute combined
degeneration have a positive Romberg’s test.
Patients with pernicious anemia have symptoms
of other associated autoimmune disorders such as
type 1 diabetes, thyroid disorders, and Addison’s
disease.

nia in severe cases. Hypersegmented neutrophils
are another characteristic finding in megaloblastic
anemia. Hypersegmented neutrophils refer to the
presence of >5% of neutrophils with five seg-
ments, or >1% with six segments. Macrocytosis is
defined as increased mean corpuscular volume,
which may be masked in patients with iron defi-
ciency. However, hypersegmented neutrophils
persist in iron deficiency and aid in the diagnosis
of megaloblastic anemia. Other findings include
anisocytosis, basophilic stippling, Howell-Jolly
bodies, Cabot rings (remnants of mitotic spindle),
etc. Increased bilirubin and LDH reflect ongoing
intramedullary hemolysis.

3.10.2 Bone Marrow Examination

Bone marrow aspiration is usually done to rule
out myelodysplastic syndromes and to assess
iron stores. There is panmyelosis with megalo-
blastic changes in the erythroid and myeloid
series. There is erythroid hyperplasia with
increase in orthochromatic erythroid precursors
showing megaloblastic change. The cells are
enlarged with immature nucleus and a sieve like
chromatin, whereas the cytoplasm is mature and
adequately hemoglobinized (Fig. 3.3). In the
myeloid series, there are giant metamyelocytes
and band forms. A less common finding is the
presence of hyperlobated and hyperdiploid mega-
karyocytes and giant platelets. Lymphocytes and
plasma cells are spared from the cellular gigan-
tism and cytoplasmic asynchrony observed in
other cell lineages. Bone marrow megaloblasto-
sis is reversed within 24 h of vitamin B,,/folate
therapy and returns to normal in 2-3 days [5, 10].

3.10 Laboratory Findings

3.10.1 Hemogram and Peripheral
Smear

The characteristic peripheral smear finding is mac-
rocytic anemia (increased mean corpuscular vol-
ume) with macro-ovalocytes and reticulocytopenia.
There may also be leukopenia and thrombocytope-

3.11 Primary Tests for B,

and Folate Deficiencies [10]
3.11.1 Serum B,, (Cobalamin)

Reference range: 200-900 pg/mL

Anemia and neuropathy can be seen at levels of
<180 mg/L; however, levels <150 mg/L are diag-
nostic of By, deficiency. The serum cobalamin
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Fig. 3.3 Peripheral smear showing macro-ovalocytes and hypersegmented neutrophils and occasional polychromato-
phils (left) and bone marrow aspirate smear showing megaloblasts with erythroid hyperplasia (right)

level can however be within normal range in the
following circumstances:

e TC-II deficiency
e Acute cobalamin deficiency due to nitrous
oxide (prevalent in older times)

Serum cobalamin levels may be physiologi-
cally low in pregnancy, intake of oral contracep-
tives, severe folic acid deficiency, and patients
taking large doses of ascorbic acid.

3.11.2 Serum Folate

Reference range: 2.5-20 ng/mL

A diagnosis of folate deficiency can be made
when the folate levels are less than 2.5 ng/
mL. However, in some cases of folate deficiency,
there can be an overlap with the normal range
(2.5-5 ng/mL).

The following precautions need to be consid-
ered when assessing serum folate values:

* A single dose of folate either by medication or
meal may falsely elevate serum folate levels to
normal. Hence, blood sample should be drawn
prior to any intervention (transfusions, meals,
and therapy) to achieve accurate results.

e Hemolysis can cause false results due to
release of red cell folate.

3.11.3 RBC Folate
Reference range: >140 ng/mL

e Not affected by diet and reflects tissue stores
since folate content is established early in
RBCs.

e Red cell folate levels may be affected by
hemolysis.

e Low in severe B, deficiency.

e Test is complex and expensive.

Serum for folate and cobalamin should be
collected prior to meals or therapy, frozen and
then stored if the tests cannot be performed
immediately.

3.12 Lab Tests to Confirm
and Distinguish Vitamin B,
and Folate Deficiencies

Serum homocysteine and MMA levels together
are helpful to distinguish between cobalamin and
folate deficiencies. Both are increased in cobala-
mine deficiency. Homocysteine is increased in
folate deficiency; however, MMA is normal in
these cases. These should be used if the clinical
presentation and serum vitamin B, and folate
levels do not correlate. However, homocysteine
and vitamin B, levels may be altered in
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conditions other than megaloblastic anemia such
as the following:
The MMA level can be elevated in

* End-stage renal disease
e Inborn error of MMA metabolism

Serum homocysteine can be increased in
e Homocystinuria

e Hyperhomocysteinemia
e Certain MTHFR polymorphisms

3.13 Testing for Parietal Cell/IF
Antibodies

Antibodies against both IF and gastric parietal
cells can be demonstrated in patients with perni-
cious anemia. The former is seen in 50% of cases
and is specific. The latter though seen in 90% of
patients is not specific as it can be positive in
other autoimmune and thyroid disorders.

3.14 Diagnostic Therapeutic Trial

In under-resourced laboratories where serum
studies are unavailable, a therapeutic trial of vita-
min Bj,/folate can be given and the reticulocyte
response can be assessed after 72 h. However, a
trial of folate therapy alone is contraindicated
since this may exacerbate neurological symp-
toms in patients with coexisting cobalamin defi-
ciency. Therapeutic trial may also be useful in
elderly patients with subclinical deficiency in
whom laboratory tests are within normal limits.

3.15 Treatment
3.15.1 Folic Acid Deficiency

Folic acid therapy in a patient with coexisting
cobalamin deficiency may alleviate symptoms of
anemia; however, neurological symptoms
worsen. Hence, they need to be given together.
Folic acid is given at a dosage of 1-5 mg/day for
3-4 months along with cyanocobalamin.

Treatment should be ideally continued till blood
counts normalize. Treat underlying cause if any.
If no secondary cause is identified, continue ther-
apy indefinitely. Folate should be administered
prophylactically when there is increased physio-
logical demand such as during pregnancy,
lactation, and in the perinatal period during
breastfeeding. Folate is also indicated in patients
with chronic hemolytic anemias, psoriasis, and
exfoliative dermatitis and during extensive renal
dialysis. Folate therapy has been recommended
in patients with hyperhomocysteinemia, who are
at risk for thromboembolic complications [11].

3.15.2 Cobalamin Deficiency

Cyanocobalamin is given at a dosage of 1000 pg
intramuscularly daily for 2 weeks, followed by
weekly once until blood count normalizes, then
continued monthly once for life. Prophylaxis for
life is especially important in strict vegetarians,
elderly, and patients with prior gastric surgery.
Oral route is usually preferred in patients with
contraindications to intramuscular injections such
as hemophilias. Patients with genetic causes such
as TC-II deficiency may require higher doses.

3.16 Monitoring of Therapy

e 1-2 days: Reduction of serum iron, indirect
bilirubin, and lactate dehydrogenase

e 3-4 days: Reticulocytosis

¢ 10 days: Hemoglobin starts to increase, reduc-
tion of MCV

e 14 days: Hypersegmented neutrophils start to
disappear though they may persist for longer

e 2 months: Resolution of anemia

* 3-12 months: Resolution of neurological
symptoms

3.17 Dual Nutritional Deficiency
Anemia

Megaloblastic anemia may sometimes be masked
by coexistent iron deficiency. Thus, the macro-
cytic anemia may be masked by the microcytic
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hypochromic anemia of iron deficiency. This
clinical picture is known as dimorphic anemia or
dual nutritional deficiency anemia. According to
NHANES III data, dual nutritional deficiency
anemia constitutes for about 10% of nutritional
anemias [12]. This is commonly seen in elderly
patients, pregnancy, extensive bowel resection,
pernicious anemia, malnutrition, etc. Iron defi-
ciency may also be precipitated by the treatment
of megaloblastic anemia (associated with accel-
erated erythropoiesis). Combined deficiency may
also be suspected in patients who do not show
appropriate response to iron/vitamin B,,/folate
monotherapy. Peripheral smear characteristically
shows two distinct red cell populations. There is
one population of hypochromic, microcytic cells
and another of macrocytic cells with reticulocy-
topenia. There may also be hypochromic macro-
ovalocytes. The MCV may be normal though the
RDW is increased. In dimorphic anemia, all three
types of erythropoiesis can usually be detected—
hypochromic, megaloblastic, and normoblas-
tic—the latter, however, usually predominating.
Variability in red blood cell morphologic charac-
teristics in this setting reflects the relative degree
of deficiency of each of these substrates. The
diagnosis relies upon a high degree of suspicion
along with proper clinical examination and spe-
cific investigations. A bone marrow examination
may be done to assess iron stores. Serum ferritin
levels may not truly reflect the degree of iron
deficiency in patients with coexisting megalo-
blastic anemia. Treatment is by administration of
iron and vitamin B,,/folate either orally or paren-
terally depending on the cause of deficiency.
Clinical course may be monitored by the reticu-
locyte response.
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Pathogenesis and Investigations
in Hereditary Red Blood Cell
Membrane Disorders

Monica Sharma

4.1 Pathogenesis of Red Blood

Cell Membrane Disorders

Red blood cell (RBC) membrane disorders are
chiefly inherited conditions caused by muta-
tions in the genes encoding for cytoskeletal pro-
teins or transmembrane transporters, leading to
decreased red cell deformability and permeabil-
ity leading to premature removal of the erythro-
cytes from the circulation. RBC membrane
disorders can be categorized into two main
subgroups:

1. Structural defects: Hereditary spherocytosis
(HS), Hereditary elliptocytosis  (HE),
Hereditary pyropoikilocytosis (HPP), and
Southeast Asian ovalocytosis (SAO).

2. Altered permeability of the RBC mem-
brane: Dehydrated hereditary stomatocytosis
(DHS), Overhydrated hereditary stomatocyto-
sis (OHS), Familial pseudohyperkalemia
(FP), and Cryohydrocytosis (CHC).
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4.1.1 Structure of Red Cell

Membrane

The lipid bilayer interspersed with several trans-
membrane proteins is made up of equal amounts
of cholesterol and asymmetrically distributed
phospholipids, with phosphatidylcholine and
sphingomyelin placed in the outer leaflet of the
bilayer while phosphatidylethanolamine, phos-
phatidylserine, and phosphoinositides are local-
ized in the inner leaflet [1]. The asymmetry of
phospholipids helps in anchoring the skeletal net-
work and also protects from phagocytosis of red
cells by the macrophages.

4.1.2 Membrane Proteins (Fig. 4.1)

Skeletal proteins made of a/f-spectrin, actin, and
protein 4.1/4.1 R are like a laminate on the inner
surface of the lipid bilayer, which maintains the
biconcave shape. Linkage proteins maintain
cohesion between bilayer and membrane skele-
ton. Vertical linkage, made of band 3-RhAG-
protein 4.2-ankyrin and [-spectrin, provides
cohesion between phospholipid bilayer and the
membrane skeleton. Horizontal linkage, made of
spectrin self-association sites and spectrin—actin—
protein 4.1R junctional complex, confers elastic-
ity and deformability.

Both membrane cohesion and mechanical sta-
bility are critical to maintain the excess surface
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Fig. 4.1 Schematic representation of red cell membrane

area that allows deformability of the RBC. Loss
of linkages results in lipid loss in the form of
vesiculations and decreased membrane surface
area, which compromises the red cell deformabil-
ity in the circulation [2, 3].

Transmembrane proteins, acting as anion-
cation transporters, form the bulk of membrane
protein, chief of which is the anion exchanger
band 3, which is the core of the “band 3 com-
plex” (ankyrin-1, protein 4.2, and glycophorin
A). The “Rh complex” (the Rh-associated gly-
coprotein (RhAG), the CD47, glycophorin B,
and the Landsteiner—Wiener glycoprotein) is
also associated with “band 3 complex.” The
transmembrane proteins regulate cell volume
homeostasis as passive transporters they are
Na+-K+-Cl— co-transporter, Na+-Cl— co-
transporter, Band 3 anion exchanger and Na+-
K+ co-transporter; the active ATP-dependent
Na+-K+ ATPase, and Ca2+ ATPase. The
calcium-activated potassium channel, the
Gardos channel and AQP1, the water channel
also contribute to the red cell volume
regulation.
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4.1.3 Significance of the RBC
Membrane Structure

The passage of the RBC for 120 days in the blood
stream is possible only because of three distinct
factors in the red cell membrane:

1. Cell surface area-to-volume ratio
2. Cell volume homeostasis
3. Membrane deformability

Cell surface area-to-volume ratio: The
normal biconcave human RBC with about 90 fL.
volume and surface area of about 140/m? pos-
sesses an excess of surface area to undergo exten-
sive cellular deformations. Decreased cell surface
area-to-volume ratio leading to a spherical cell
is the defining feature in HS, HE, and
OHS. Sphericity in HS and HE is the result of
loss of cell surface area while that in the OHS
results from increased cell volume.

Cell volume homeostasis: The cell volume
homeostasis is maintained by intracellular concen-
tration of Na+ and K+ and the consequent water
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content. A volume of 90 fL. with cell hemoglobin
content of 30 pg enables the red cell to maintain the
intracellular hemoglobin concentration at 33 g/dL
and a cytoplasmic viscosity, which is only six times
higher than that of water. Cell volume homeostasis
is required to maintain the surface area-to-volume
ratio enabling red cellular deformations, and the
low intracellular viscosity minimizes any viscous
dissipation during red cell deformation. Red cell
dehydration and hence increased cytoplasmic vis-
cosity is a feature of DHS.

Membrane deformability: Unfolding and
refolding of the spectrin repeats is central to the
elasticity of the normal red cell membrane.
Decreased membrane deformability is a distinct
feature of red cells in SAO.

Knowledge of biogenesis of the membrane
cytoskeleton during erythropoiesis is essential to
understand the role of each gene or protein in the
pathogenesis of the spherocyte. The synthesis of
erythroid membrane proteins starts early and is
asynchronous. The synthesis of spectrins and
ankyrin is initiated earlier than that of band 3, and
the synthesis of a-spectrin is about 3—4 times more
than that of p-spectrin. Thus, homozygous or dou-
ble heterozygous defects of a-spectrin can cause
HS, whereas due to its limited amount (with
respect to a-spectrin), the deficiency of B-spectrin
can cause HS even in the heterozygous state [4, 5].

Decreased membrane cohesion, or mechani-
cal stability causing loss of surface area, or
increased cell volume due to defective ion trans-
porters, each can compromise the deformability
of the cell leading to its premature removal from
circulation.

4.1.4 Investigations of Red Cell

Membrane Disorders

4.1.4.1 Red Cell Morphology

Presence of spherocytes, pincered erythrocytes
(band 3) or spherocytic acanthocytes (B-spectrin),
elliptocytes (HE), poikilocytes, pyknocytes, and
microspherocytes (HPP) on a freshly made
peripheral blood smear are all a clue to the pres-
ence of a membrane defect. Their number though

is variable from few to numerous; however, the
elliptocytes should definitely be more than 20%
to be significant. Stomatocytes are seen as cup-
shaped red cells characterized by a central
hemoglobin-free area [6, 7].

4.1.4.2 Red Cell Indices

Various hematological analyzers provide erythro-
cyte indicators, which may aid in screening for
membrane defects. But most of these parameters
are research parameters not commonly used by
the laboratories.

1. Automated MCHC: In moderate and severe
cases, MCHC is increased, but may be normal
in mild cases. MCHC >35 g/dL. and RDW
>14% are reported to have a sensitivity of
50% and a specificity of 100% for the identifi-
cation of HS [8].

2. Hyper-dense cell percentage (% Hyper): Advia
2120 analyzer (Siemens Medical Solutions
Diagnostics, NY, USA)—% Hyper cut-off point
of 6.4% showed an excellent sensitivity (92.3%)
and specificity (90.7%) to detect HS [9].

3. Mean sphered corpuscular volume (MSCV):
Beckmann Coulter Inc., Fullerton, CA,
USA—an artificial volume measurement dur-
ing the reticulocyte count. A delta (MCV-
MSCV) value >9.6 fL is a good indicator for
HS (90.6% specificity and 100% sensitivity)
when there is a negative DAT result [10].

4. Hyperchromic RBC (% HPR)—CELL-DYN
Sapphire (Abbott Diagnostics, Santa Clara,
CA, USA)—erythrocytes with hemoglobin
>41 g/dL [11, 12].

5. Percent Hyper-He-Sysmex XE-5000 (Sysmex,
Kobe, Japan)—indicates the percentage of
hyperchromic red cells with an Hb content
>49 pg [13, 14].

4.1.4.3 Reticulocyte Count

Automated reticulocyte indices are particularly
very useful to differentiate hereditary from
acquired spherocytosis. Since membrane re-
modeling begins at the reticulocyte stage in HS, a
reduced reticulocyte volume less than 100 fL is
seen, except in the neonates.
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Table 4.1 Application of screening tests in the differential diagnosis of various RBC membrane defects

Diagnosis OFT AGLT Ektacytometry Cryohemolysis EMA binding
HS 1 <900 s DImax | 1 l

Omin 1

Hydration |
HE, HPP 1 N, | Trapezoidal shape 1 land ||}
OHSt 1 No data DImax N No data 1

Omin 1

Hydration 1
DHSt 1 >900 s DImax N No data )

Omin |

Hydration |
CHC No data No data No data No data |
SAO No data No data Not deformable T l
CDA 1 No data No data N/t N/|
AIHA 1 >900 s HS like No data N/t

The reticulocyte indices using a (Ret/IRF) ratio
higher than 7.7 have a high predictive value to
identify spherocyte population. This ratio is gener-
ally high (>19) in mild or subclinical HS. Moderate
and severe HS is identified based on an increased
MicroR/Hypo-He ratio (MicroR—microcytic
cells representing the formed microparticles and
Hypo-He—hypochromic erythrocytes) [14, 15].

Specific biochemical tests are available with
variable sensitivities and specificities to charac-
terize the membrane defects. Table 4.1 describes
the utility of the various tests in the differential
diagnosis.

4.1.4.4 Osmotic Fragility Test (OFT) [16]
The test has traditionally been considered as the
gold standard for the laboratory diagnosis of HS.
Principle: OFT measures the in vitro lysis of
red cells suspended in solutions of decreasing
osmolarity. Due to the loss of membrane surface
area relative to intracellular volume, HS red cells
are unable to withstand the entry of water that
occurs when they are placed in increasingly
hypotonic saline solutions; hence, they hemolyze
more readily than normal red cells at any saline
concentration. The red cells conditioned by the
spleen form a tail that disappears after splenec-
tomy. Post incubation at 37 °C for 24 h, the RBCs
become metabolically depleted, which acceler-
ates the loss of membrane surface area and the
spheroid shape, thus making it more sensitive.
Results: Hemolysis is determined colorimet-
rically measuring the amount of hemoglobin

released from red cells into the extracellular
fluid. The absorbance is measured at 540 nm for
fresh blood and after 24 h incubation, and a
graph of % hemolysis versus NaCl concentra-
tion is plotted.

Interpretation: The shift of OF curve reflects
the red cell response to hypotonic medium due
to reduced cell volume and surface area. The
shift to right of the curve is suggestive of sphe-
rocytes. Osmotic fragility is within reference
range in HE, but is increased in spherocytic HE
and HPP [17].

Limitations

e [t is labor-intensive and time-consuming pro-
cedure and requires >2 mL of whole blood,
thus making it unsuitable for use in newborn
babies or as a population screening test.

e It has low sensitivity and specificity.

e OFT may be normal in 10-20% of HS cases
because it cannot detect atypical and mild
cases, also the test may be normal in the pres-
ence of iron deficiency, obstructive jaundice
and during the recovery phase of an aplastic
crisis, affected by elevated reticulocyte counts.

e It does not differentiate spherocytosis seen in
other conditions, like AIHA, recent blood
transfusion, enzymopathies, and unstable
hemoglobin variants.

4.1.4.5 Sensitivity
HS cases: 68% on fresh; 81% on incubated blood
(incubated OFT).
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Compensated HS cases: 53% on fresh, 64%
with incubated OFT.

4.1.4.6 Flow Cytometry-Based

Fragility Tests
There are two flow cytometry-based tests to mea-
sure erythrocyte fragility:

1. Flow cytometric osmotic fragility test (FCM
OFT)
2. Eosin-5'-maleimide (EMA) binding test

% Residualred cells =

Mean event count of last two regions (residual cells)

4.1.4.7 Flow Cytometric Osmotic
Fragility [18-21]

Principle: The red cells are susceptible to lysis
when exposed to deionized water (DW), a
hemolysis-inducing agent. A red cell suspension
in isotonic normal saline undergoes hemolysis
when exposed to DW, subsequently red cell count
is measured in real time by FCM before and after
DW spiking.

Results: The degree of osmotic hemolysis is
expressed as “% residual red cells.”

x100

Event count of first region (cells present initially) x dilution factor

Interpretation: Increased osmotic fragility is
indicated by a low percentage of residual red
cells.

Advantages

e Time and labor-saving

¢ Quantitative and objective

* Cost-effective

e Pre-incubation of blood samples not required
* High test efficiency rates

* Can indicate clinical severity in HS patients

Sensitivity and specificity: 85.7% and 97.2%,
respectively.

4.1.4.8 Eosin-5-Maleimide (EMA)
Binding Test [20]

Principle: The dye eosin-5-maleimide on the
intact labeled red cells binds with Lys-430 on the
first extracellular loop of band 3 protein and the
Rh-related proteins of the RBC membrane, then
the relative fluorescence intensity is measured by
flow cytometry. Reduced band 3 and related
membrane proteins lead to a decreased fluores-
cence intensity, characteristically to <65% of
normal.

Mean channel fluorescence% (MCF) =

Advantages

e It is time-efficient (results within 2-3 h),
labor-saving, quantitative, and objective.

e The results are not influenced by storage for
up to 6 days, allowing shipping of samples.

e Requirement of only 5 pL of peripheral blood
makes it easy to perform in neonates.

e The test can detect HS red cells as well as
SAO, cryohydrocytosis, and some cases of
CDA type II, even HPP red cells.

e The test can be used alone when adequate
clinical and laboratory information on the
patient are available.

Limitations

1. EMA dye is expensive and its working solu-
tion is unstable to light.

2. Nonavailability of universal reference ranges
for normal controls and HS.

3. HS cases associated with ankyrin defects can-
not be picked up and is equivocal for other RBC
membrane disorders such as elliptocytosis,
pyropoikilocytosis, stomatocytosis, and SAO.

4.1.5 Results

(mean normal fluorescence controls — fluorescence test) x100

mean normal fluorescence controls
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The test is positive for HS when the percent-
age of fluorescence reduction is >21%, negative
when <16%, and equivocal if the percentage is
between 16 and 21% [22].

Hereditary pyropoikilocytosis (HPP,
MCYV < 60 fL) and HE can be differentiated from
HS, based on the graded reduction in fluorescence
intensity for HPP (the lowest) < HS < HE < nor-
mal controls [20, 23]. Fluorescence readings of
some rare red cell disorders—CDAII, SAO, and
cryohydrocytosis which are similar can be distin-
guished from HS based on their clinical features.

4.1.5.1 Interpretation of Results
Low MCEF indicates defect in band 3 or protein
4.2, hence it is specific for though can also be
positive in HPP.

Sensitivity and Specificity: 92.7% and 99.1%;
positive predictive value of 97.8% and a negative
predictive value of 96.9%.

4.1.5.2 Glycerol Lysis-Time Test/

Acidified Glycerol Lysis-Time

Test [24, 25]
Principle: Glycerol in a hypotonic buffered
saline solution slows the rate of entry of water
molecules into the red cells, so that the time taken
for lysis can be very conveniently measured. GLT
50 is a one-tube test, to measure the time taken
for 50% lysis of a blood sample after addition of
glycerol. The original method although had more
sensitivity in the osmotic-resistant range, but
could identify most patients with HS by a shorter
GLT50.

Zanella et al. modified the original test by low-
ering the pH of the buffered solutions to 6.85,
which improved the sensitivity and specificity for
HS. As a result, the lysis of normal red cells can
be measured at a more manageable time of >900 s.

4.1.6 Results

AGLT50 Normal blood (normal adults, newborn
infants and cord samples): >30 min (1800 s).
AGLT50 in Hereditary  Spherocytosis:
Between 25 and 150 s.
This AGLT is also seen in acquired spherocy-
tosis, such as AIHA, in some pregnant women,

chronic renal failure,
syndrome.

Sensitivity for p-thalassemia 95% and speci-
ficity 97%, for iron deficiency 53% and for HS,
only 36%, so PPV of a positive result is practi-

cally nil for HS.

and myelodysplastic

4.1.6.1 Significance of the AGLT

Sensitivity of the AGLT is high in compensated
HS and with an undetected biochemical defect
cases.

4.1.6.2 The Pink Test [26]

Principle: The pink test is a modification of the
acidified glycerol lysis test in which red cells in a
drop of peripheral blood are added to a solution
of acidic hypotonic glycerol (pH 6.66) and evalu-
ated for final hemolysis.

4.1.7 Results

Healthy controls: 4.1 and 21.7% of hemolysis.
HS: Above 41.3%.

It is also positive in some cases of renal fail-
ure, AIHA, normal pregnant women and negative
in other microcytic anemias (p-thalassemia, iron
deficiency anemia).

Sensitivity is 100% in hereditary spherocyto-
sis; it clearly discriminates them from healthy
subjects.

4.1.7.1 Cryohemolysis Test [27]

Principle: The red cells when cooled from 37° to
0 °C, while suspended in hypertonic medium, rup-
ture; because of the cell shrinkage, their membrane
cannot undergo mechanical accommodation. The
amount of hemoglobin released is then measured
spectrophotometrically. The strain imposed on the
skeleton during the temperature changes exposes not
only changes in the surface area-to-volume ratio but
also defects in the proteins of the vertical linkages.

Advantages

e This test is reported to identify all patients
with HS, including asymptomatic carriers.

* SAO has also increased cryohemolysis.

* The test can be carried out on EDTA blood up
to 1 day old.
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4.1.8 Results

%hemolysis =

Absorbance at 540 ( test )

x100%

Absorbance 540 0f 100% cell lysate

4.1.9 Interpretation

Range of cryohemolysis in normal subjects is
3-15%; in hereditary spherocytosis, it is >20%
[27].

However, it is recommended that individual
laboratories establish their own reference values
for the method.

Sensitivity is 100% and specificity is 90% in
relation to the general population of hospitalized
patients and 87% in relation to ATHA.

4.1.9.1 Ektacytometry [28]

Principle: Blood sample is subjected to a defined
value of shear stress which induces change of red
cell shape from circular at rest to elliptical at a
high shear stress, this is projected as a laser dif-
fraction pattern. It is a measure of the average
RBC deformability, and a deformability index for
the red cells is derived.

Advantages

* Amount of blood required to perform the test
is small (100 pL); hence, it can be used for
neonates.

* Distinct osmotic deformability profiles gener-
ated can help diagnosis of not only HS but the
other RBC membrane disorders such as ellip-
tocytosis, HPP, stomatocytosis, and SAO.

Limitations

e The instrument is complex and not readily
available.

e There is a need for specialized staff members
in order to process the samples and analyze
the data.

e The test can be done only after 3 months
post-transfusion.

e Analysis should be done within 48 h of blood
sampling.

A new generation ektacytometer Osmoscan
LoRRca MaxSis has been engineered by

Mechatronics Instruments BV® (Zwaag, The
Netherlands). It is a unique instrument, with
research and clinical applications, which enables
simultaneous analysis of three major RBC prop-
erties, RBC cell geometry, viscosity, and deform-
ability. Even though it diagnoses most of the
membrane defects, ektacytometry has not even
been evaluated in the 2011 guidelines.

4.1.10 Results

In both systems, a measure of cellular deform-
ability defined as the deformability index (DI) is
generated.

e HS. DImax|; Omint: osmotic fragilityt; O’|:
cell hydration]
e HE and HPP. DImax|; in both instances the
curve has a trapezoidal shape
e DHS. DImax normal; Omin]: osmotic fragil-
ityl; O’|: cell hydration |
e OHS. DImax normal; Omin?: osmotic fragil-
ity?; O’1: cell hydration?
4.1.10.1 Sodium Dodecyl Sulfate
Polyacrylamide Gel
Electrophoresis
(SDS-PAGE) [29]
Identifying a protein defect red cell membrane
confirms the diagnosis. SDS-PAGE is used on
red cell membrane ghosts not only for identifica-
tion of the protein defect (e.g., CDAII band 3 and
spectrin variants in HE/HPP) but also the quanti-
tation of protein (decreased proteins in both HS
and HE, or increased spectrin dimer in HE/HPP).
It can detect protein 4.1 defect in HE. Although
not mandatory for diagnosis of HS, it is useful
where the proband has a clinical condition incon-
sistent with that of the affected parent(s) and
siblings.
Limitation: The facility is largely unavailable
and the sample has to be processed rapidly within
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24 h. The test also lacks sensitivity for very mild
or asymptomatic “carrier” HS.

4.1.10.2 Molecular Genetics [30]
Several mutations have been identified, the test-
ing provides no extra information nor is it
required for treatment decision-making for a
patient of HS or HE with a positive family his-
tory. NGS (next generation sequencing) to iden-
tify the protein gene mutation in the proband, and
less expensive molecular techniques (namely
PCR and sequencing) to test the other family
members (e.g., parents and affected relatives).
Table 4.1 summarizes the laboratory features
of RBC membrane defects.

4,2  Hereditary Spherocytosis

HS is a group of inherited disorders characterized
by the presence of spherical shaped erythrocytes
in a peripheral blood smear. Approximately 1 in
2000 Caucasians has HS. It has also been found
in other ethnic groups (in Africa, Algeria, Tunisia,
Egypt, Japan, North India, and Brazil) [31].

4.2.1 Pathobiology of Hereditary

Spherocytosis (HS) [32]

The weakened vertical linkages due to defi-
ciency of one of the membrane proteins desta-
bilize the lipid bilayer, leading to loss of
membrane in the form of microvesicles. This
reduces the surface area of the cell and leads to
spherocyte formation. Red cells with a defi-
ciency of spectrin or ankyrin produce microves-
icles containing band 3, whereas a reduced
amount of band 3 or protein 4.1R gives rise to
band 3-free microvesicles. Consequent to the
decreased deformability, the spherocytes get
trapped in the spleen where the membrane is
further damaged by splenic conditioning and
ultimately lyse. The membrane lipid loss is
symmetrical, i.e., the relative proportions of
cholesterol and phospholipids are normal and
the asymmetrical distribution of phospholipids
is maintained. Secondary to the underlying

membrane defect, the increased cation permea-
bility leads to a loss of monovalent cations
accompanied by the loss of water leaving the
spherocytes dehydrated.

4.2.2 Red Cell Membrane Protein
Defects

Membrane loss in hereditary spherocytosis is as a
result of deficiency or dysfunction of one or com-
bined membrane proteins [2, 33, 34] based on
which the disease can be divided into subsets.

e Deficiency of spectrin

* Combined deficiency of spectrin and ankyrin
e Deficiency of band 3 protein

* Deficiency of protein 4.2

e Deficiency of Rh complex

e Undefined protein abnormalities

Different molecular mechanisms can generate
similar membrane protein deficiency in HS. Most
of the protein gene mutations in HS are “private”
or sporadic occurrences, i.e., they are specific to
one family or found in a few families from differ-
ent countries.

4.2.3 Hereditary Spherocytosis
in the Neonate

The disease very often presents as jaundice in
the first few days of life which has to be man-
aged by phototherapy or sometimes exchange
transfusions. Co-inheritance of Gilbert’s syn-
drome as detected by homozygosity for a TATA
box polymorphism in the uridine-diphosphate
glucuronyl-transferase 1A1 gene (UGT1Al)
increases both the frequency and severity of
hyperbilirubinemia [35] in neonates with
HS. The hemoglobin at birth is within the nor-
mal range, which decreases sharply during the
first 3 weeks of life, leading to a transient, severe
anemia requiring blood transfusions. The sever-
ity of hemolysis in the neonatal period has been
related to the presence of fetal hemoglobin,
which does not bind to 2,3-diphosphoglycerate



4 Pathogenesis and Investigations in Hereditary Red Blood Cell Membrane Disorders 67

(2,3-DPG). The resulting elevated free 2,3-DPG
levels destabilize the spectrin—protein 4.1 inter-
action, thereby augmenting the skeletal defect.
The erythropoiesis at this age is slow and most
infants outgrow the need for transfusion by the
end of their first year of life.

Close follow-up of infants with HS is neces-
sary; in the first 6 months hemoglobin and
reticulocyte counts should be monitored every
month to detect and treat late anemia. After
6 months every 6-8 weeks, and thereafter to
3—4 months in the second year of life. Up till
the age of 5 years, hemoglobin, bilirubin levels
and reticulocyte counts should be checked
every 6—12 months, and every year thereafter.
Annual screening for parvovirus B19 serology
should be done until a positive result for IgG is
obtained.

The diagnosis of hereditary spherocytosis is
more difficult in the neonatal period than later in
life. Splenomegaly is infrequent; reticulocytosis
is usually not severe, i.e., not >10%, and sphero-
cytes are commonly seen in neonatal blood films
even in the absence of disease. The neonatal red
cells are osmotically resistant compared to that of
the adult cells, hence the osmotic fragility test is
also less reliable. For these reasons, investiga-
tions should be postponed until at least 6 months
of age and age appropriate osmotic fragility
curves should be used.

4.3 Complications in HS

4.3.1 Gallbladder Disease

The formation of bilirubinate gallstones is the
most common complication of hereditary sphe-
rocytosis arising between 10 and 30 years of
age. The co-inheritance of Gilbert’s syndrome
(as detected by homozygosity for a TATA box
polymorphism in the uridine-diphosphate
glucuronyl-transferase 1A1 gene (UGT1Al))
increases the risk by 4-5 folds. An abdominal
ultrasound is recommended every third to fifth
year in patients with HS, every year in those
with both HS and Gilbert’s syndrome, and
before splenectomy.

4.3.2 Hemolytic, Aplastic,
and Megaloblastic Crises

Hemolytic crises are usually associated with
viral illnesses and typically occur in childhood.
They are mild and characterized by jaundice,
splenomegaly, anemia, and reticulocytosis.
Medical intervention is seldom necessary.

Aplastic crises following viral infections
(most common being parvovirus B19) are uncom-
mon but marrow suppression may be profound
anemia requiring hospitalization and transfusion
with serious complications, including congestive
heart failure or even death. The aplastic crises
usually last for 10-14 days. The diagnosis can be
confirmed by documenting raised parvovirus
IgM titers in the acute illness. The family mem-
bers should be warned of the risk of catching this
contagious viral infection.

Megaloblastic crises are seen in HS patients
during periods of increased folate demands, such
as growth spurt in pediatric age and pregnancy.

4.3.3 Other Complications

Leg ulcers, chronic dermatitis in the legs and gout
are rare manifestations of HS, which usually heal
rapidly after splenectomy. In severe cases, skele-
tal abnormalities resulting from expansion of the
marrow can occur. Extramedullary hematopoiesis
can lead to tumors, particularly along the thoracic
and lumbar spine or in the kidney hila, in nonsple-
nectomized patients with mild to moderate
HS. Postsplenectomy, the masses involute and
undergo fatty metamorphosis. Thrombosis has
been reported in several HS patients, usually
postsplenectomy.

4.3.4 DiagnosticValue
of the Various Lab Tests

The laboratory diagnosis is based upon a combi-
nation of clinical history, family history, physical
examination (splenomegaly, jaundice), and labo-
ratory data (full blood count, morphology, and
reticulocyte count) [36]. Additional, specialized
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tests utilizing the surface area-to-volume ratio are
needed to confirm the diagnosis, including the
red cell osmotic fragility test (OFT), Glycerol
Lysis (GLT), Acidified Glycerol Lysis (AGLT),
and Pink test. However, these tests may miss the
mild HS cases and do not differentiate HS from
secondary spherocytosis as in AIHA. The cryo-
hemolysis test and the flow cytometric EMA-
binding test are the recommended methods of lab
diagnosis of HS [35]. The latter in particular has
been proven to be a sensitive and specific diag-
nostic tool for HS.

EMA-binding shows 98% specificity and 93%
sensitivity which is independent of the type and
amount of molecular defect and the clinical phe-
notype. A comparable sensitivity has been shown
by the AGLT (95%) and Pink test (91%). The
sensitivity of NaCl osmotic fragility tests, tradi-
tionally considered the gold standard for diagno-
sis, is only 68% on fresh and 81% on incubated
blood, which is further reduced in compensated
cases (53% and 64%) [37]. EMA test has compa-
rable specificity and sensitivity to the acidified
glycerol lysis test and ektacytometry [38] and is
better than OFT [39].

Differentiation between HS and CDA Il is a
challenge, the latter mimics HS both in terms of
clinical presentation and increased red cell
osmotic fragility, and can only be distinguished
by detection of hypoglycosylation of band 3.
Patients with dominantly inherited HS and rela-
tives with clinical heterogeneity should also be
assessed for another co-existing RBC defect
(thalassemic trait, sickle hemoglobin, or pyru-
vate kinase or glucose-6-phosphate dehydroge-
nase deficiency) or for low-expression alleles
occurring in trans to the hereditary spherocyto-
sis allele using SDS-PAGE of membrane
proteins.

Thus molecular diagnosis is useful in patients
with atypical features, severe disease, unclear or
recessive inheritance, de novo mutations or
undiagnosed hemolytic anemia and also aids in
identification of silent carriers and prenatal
diagnosis.

Although none of the currently available meth-
ods have 100% sensitivity, British Committee for
Standards in Haematology guidelines (BCSH)

2011 recommends the use of the EMA test or
cryohemolysis for the diagnosis [40].

4.3.5 Treatment

Splenectomy cures almost all patients with this
disorder, eliminating the anemia and hyperbiliru-
binemia and near-normalization of reticulocyte
count. Spherocytes and altered osmotic fragility
persist even after splenectomy; however, the
tail of the osmotic fragility curve disappears.
Splenectomy in infancy and early childhood even
in severely transfusion dependent cases should not
be done before 3 years of age and is best delayed
until 6-9 years of age. Delay after 10 years
increases the risk of cholelithiasis.

4.4  Hereditary Elliptocytosis
(HE)/Hereditary

Pyropoikilocytosis (HPP)

HE characterized by the presence of elliptical or
oval erythrocytes on the blood films is estimated
to be 1 in 20004000 individuals and is inherited
as an autosomal dominant disorder [41].

4.4.1 Etiology and Pathogenesis
HE/HPP is due to defects in the horizontal inter-
actions of the cytoskeletal network involving the
spectrin dimer—dimer interaction or the spectrin—
actin—protein 4.1R junctional complex and gly-
cophorin C(GPC), which weakens the skeleton
and compromises its deformability during circu-
latory shear stress [41]. HE reticulocytes have a
normal shape when released into the circulation
but become progressively more elliptical as they
age and ultimately the abnormal shape becomes
permanent [41]. As the severity of the defect
increases, the cells become prone to fragmenta-
tion. HPP patients exhibit a combination of hori-
zontal (impaired spectrin tetramer formation) and
vertical (spectrin deficiency) defects, with the lat-
ter causing microspherocytes and exacerbating
the hemolytic anemia [42].



4 Pathogenesis and Investigations in Hereditary Red Blood Cell Membrane Disorders 69

4.4.2 Red Cell Membrane Protein
Defects

Spectrin: Commonly mutations that affect spec-
trin heterodimer self-associations are found in
HE. There is increase in spectrin dimers and
decrease in spectrin tetramers, which weakens
the membrane skeleton and facilitates the for-
mation of elliptocytes under circulatory shear
stress [42, 43].

Protein 4.1R: Mutated red cells are mechani-
cally unstable and fragment at moderate shear
stress but provide protection from P. falciparum
[43]. An acquired deficit in 4.1R is reported in
myelodysplastic syndromes [44].

Glycophorin C(GPC): Heterozygous carriers
of this defect are asymptomatic, with normal red
cell morphology, whereas homozygous subjects
present with mild HE and exhibit elliptocytes on
the blood film [45].

4.4.3 Clinical Features

The clinical presentation of HE is heteroge-
neous, from asymptomatic carriers to patients
with severe, life-threatening anemia. Majority
of patients are asymptomatic, found incidentally
or are carriers who possess the same molecular
defect as an affected HE relative. The erythro-
cyte life span is normal, and the patients are not
anemic and have normal blood films. HE
patients with chronic hemolysis experience
moderate to severe hemolytic anemia with ellip-
tocytes and poikilocytes on the blood film and
may develop complications of chronic hemoly-
sis, such as gallstones. The clinical expression
of HE may vary within the same family despite
all the affected individuals carrying the same
causative mutation. This is a result of the inheri-
tance of modifier alleles or co-inheritance of
other molecular defects which modify the clini-
cal expression. The hemolytic anemia can also
be exacerbated by acquired conditions, which
alter microcirculatory stress on the red cells.
HPP is typically picked up in patients with fam-
ily history of HE.

4.4.4 Hereditary Elliptocytosis
in Infants

Clinical symptoms of elliptocytosis are uncom-
mon in the neonatal period. Only severe forms of
HE/HPP are present in the neonatal period with
severe, hemolytic anemia with marked poikilocy-
tosis and jaundice requiring red cell transfusion,
phototherapy, or exchange transfusion. The clini-
cal severity of HE can be affected by the weak
binding of DPG to fetal hemoglobin leading to an
increased free DPG, which further destabilizes
the spectrin—actin—protein 4.1 interaction [46].
The hemolysis abates usually between 9 and
12 months of age, and the patient progresses to
typical HE with mild anemia. The typical ellipto-
cytes begin to appear on the blood film at
4-6 months of age.

4.4.5 Laboratory Features

The hallmark of HE is the presence of classically
normochromic, normocytic elliptical cells vary-
ing from the short stick shape (4.1 deficiency) to
more oblong on the blood smears from few to
100% in number although the number does not
correlate with severity of hemolysis.

In HPP along with elliptocytes, extreme poi-
kilocytosis in form of bizarre cells fragmented or
budding and microspherocytes are seen with low
MCYV from 50 to 70 fL. Some of the fragmented
red cells are counted as platelets by the hematol-
ogy analyzer and overestimate the platelets counts.
The reticulocyte count generally is <5%, but may
be higher when hemolysis is severe, along with
increased serum bilirubin, increased urinary urobi-
linogen, and decreased serum haptoglobin.

Osmotic fragility is abnormal in severe HE
and in HPP patients. The ektacytometry curve
exhibits a trapezoidal form with a decrease in the
red cell deformability. SDS-PAGE electrophore-
sis and analysis of spectrin tetramer—dimer ratios
using non-denaturing gels help in detection.
Molecular biological studies to determine the
underlying mutation are not necessary for
diagnosis.
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4.4.6 Treatmentand Prognosis

Treatment is rarely needed in patients with
HE. Occasional, red blood cell transfusions may
be required. In severe cases of HE and HPP, sple-
nectomy has been palliative.

Southeast Asian
Ovalocytosis (SAO)

4.5

SAO is characterized by the presence of large
oval red cells which contain one or two trans-
verse ridges or a longitudinal slit. It is a very
common autosomal dominant condition in the
aboriginals from Papua New Guinea, Indonesia,
Malaysia, the Philippines, and southern
Thailand, in areas where malaria is endemic,
with prevalence varying between 5 and 25%
providing protection against all forms of
malaria [47, 48].

The defect results due to a mutation in the
SLC4A1 gene encoding band 3. The erythro-
cytes are rigid and hyperstable and show a
slight loss of monovalent cations when exposed
to low temperatures, with a reduction of anion
flux. In SAO, band 3 binds tightly to ankyrin,
forming oligomers, which exhibit restricted lat-
eral and rotational mobility and inability to
transport anions. Interestingly, this rigidity
does not affect red cell survival in vivo, and the
affected adult individuals are completely
asymptomatic [49, 50].

4.5.1 Lab Diagnosis

The diagnosis is usually made coincidentally on
examination of blood smears with at least 20% of
oval shaped red cells and absence of clinical and
laboratory evidence of hemolysis. Few may pres-
ent as hemolytic anemia in the neonates requiring
phototherapy. Deformability of SAO red cells is
quantitated by ektacytometry [51].

4.6 Red Cell Membrane
Transport Defects:

Hereditary Stomatocytosis

The hereditary stomatocytoses described as the
“channelopathies” of the red cell are dominantly
inherited diseases where abnormal transport of Na+
and K+ is the key to the pathophysiology [52]. A
“pump” forces Na+ out of the cell and K+ in, and
this action is balanced by a process called “the pas-
sive leak.” In the hereditary stomatocytoses, the pas-
sive leak is increased and the red cell becomes
overwhelmed with salt and water resulting in hemo-
lysis. The main types are overhydrated (OHSt),
dehydrated (DHSt/xerocytosis), cryohydrocytosis
(CHC), and familial pseudohyperkalemia (FP).
Recently discovered genes, the clinical course, and
treatment have been summarized in Table 4.2.

4.6.1 Acquired Red Cell Membrane

Defects

Normal individuals may show up to 3% stomato-
cytes on blood films. Acquired stomatocytosis is
common in alcoholics, particularly acute alco-
holism. Vinca alkaloids used for chemotherapy
may induce hemolysis with increased sodium
permeability [60].

Transient stomatocytosis is seen in long distance
runners immediately after a race. Spherocytes are
hallmark of AIHA, where RBCs coated with auto-
antibodies are either entirely or partly phagocytosed
in the cords of spleen. Micro- and macrosphero-
cytes are also seen in chronic hepatitis C virus infec-
tion treated with protease inhibitors (telaprevir and
boceprevir) which induce oxidative stress, thus
destabilizing the membrane-cytoskeletal structure
by reducing o- and B-spectrins. Spiculated/spur
cells can occur transiently in several conditions,
such as after transfusion with stored blood, inges-
tion of alcohol and certain drugs, exposure to ion-
izing radiation or certain venoms and hemodialysis,
in patients with functional or actual splenectomy,
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Table 4.2 Salient features of various red cell membrane transport defects
Familial
Overhydrated HSt Cryohydrocytosis | psuedohyperkalemia
(OHSY) Dehydrated HSt (DHSt) (CHC) [57] (FP) [59] coles
Prevalence 1/1,000,000 1/10,000 [54] Rare Rare
Inheritance ADD ADD
Mutation RhAG protein PIEZO1 mechanoreceptor SLC4AI gene [58] | ABCBG6 gene
[53, 54] protein KCNN4 gene
(Gardos channel) [55, 56]
Morphology Macrocytes, Stomatocytes, target cells Stomatocytes Normal
stomatocytes
Hb 8-10 g/dL 12-15 g/dL 10-12 g/dL Normal
MCV 120-140 fL 98-120 g/dL Normal Normal/high
MCHC 24-28 g/dL. 35-37 g/dL [53] Normal Normal
Reticulocyte count | 10-15% 10% 08% Normal
Haptoglobin Undetectable Undetectable Undetectable Present
Intracellular 40x normal Na*/ Abnormal K* leak at low High plasma K* in
cation K* transport rate temperature and blood sample on
4°C long standing at RT
OFT Increased Decreased STL
Ektacytometry STR
deformability
Course Mild anemia Significant anemia, monitor
for cholelithiasis, parvovirus
Iron overload
Treatment Folate Folates
Splenectomy Splenectomy =+ in severe
contraindicated cases

severe liver disease, severe uremia, abetalipopro-
teinemia, certain inherited neurologic disorders and
abnormalities of the Kell blood group. Acanthocytes
and/or echinocytes may be present in patients with
glycolytic enzyme defects, myelodysplasia, hypo-
thyroidism, anorexia nervosa, and vitamin E defi-
ciency; in premature infants; and in individuals with
suppressed expression of Lu a and Lu b (Lutheran
blood group system). The altered phospholipid dis-
tribution as in abetalipoproteinemia or increased
cholesterol content (liver diseases) on the outer leaf-
lets causes increased surface area-to-volume ratio,
which in turn modifies band 3 causing irregular cell
surface which becomes more pronounced after pas-
sage through spleen. In acanthocytes, it is the altered
intramembrane proteins, which disrupts the band 3
and its cytoskeletal interactions causing membrane
protrusions.

4.6.2 Summary

Using peripheral blood smear along with specific
lab tests red cell membrane defects, inherited or
acquired, can be diagnosed. In hereditary sphero-
cytosis, spherocytes seen on PBF have a good posi-
tive predictive value in a patient with a family
history and compatible red cell indices but in the
absence of a family history, both DAT and a screen-
ing test for HS should be performed. All the screen-
ing tests described can detect typical HS. When in
doubt, two screening tests can be used. When the
screening tests give negative or equivocal results,
molecular testing should be resorted to especially
when the family members are hematologically nor-
mal [61]. For hereditary elliptocytosis in the
absence of a family history of HE or only a few
elliptocytes on the PBF, it is advised to confirm the



72

M. Sharma

No anemia

Hemolytic anemia

/

Enzymopathy, autoimmunity,
hemoglobinopathy

\ d/normal retic
N retic, T MCV | count DA
T Retic count
Evaluation of Kalemia at
diff temp |
) RBC MEMBRANE DEFECT
Familial
pseudohyperkalemia
v
ABCB6
HS HPP HE SAO HSt
First line of investigations Hb, MCV, MCH, MHCH PS, Family history, pedigree analysis
I | | | |
N MCV MCH
N MCV
1 MCH MHCH I mMcv N MCV T MCH 1 MCV MCH
! | | | Stomat l tes UHS > 20%
PS spherocyte Elliptocytes Elliptocytes spherocytes omatocyles > °
) Ovalocytes
polychromatophils fragments stomatocytes DHS < 20%
75% ADD 25% ARD ARD ADD ADD ADD
Second line of investigations OFT, AGLT 50, Pink test, EMA, Ekta
| | | Ekta STL DHS STR OHS
ta
| OF AGLT 50, Pink | Ekta trapezoidal ToFT Ekta flattened curve

Ekta trapezoidal

EMA test Normal or T

Third line of investigations SDS PAGE, Sequencing of causative gene, NGS

ANK1, SPTB, SPTA, SPTA1

SLC4A1, EPBA o LELY variant

SPTB, SPTA1
EPBA

PIEZO/KCNN4 -DHS
RHAG-OHS

SLC4A1

Fig. 4.2 Algorithm for the differential diagnosis of RBC membrane defects. Modified from Andolfo et al. [62]

diagnosis using SDS-PAGE for quantitation of pro-
tein 4.1 and spectrin analysis (spectrin dimer con-
tent and spectrin variant), or use ektacytometry to
obtain characteristic DI profile [61]. It is important
to identify disordered membrane permeability
defects as splenectomy is of no benefit to a patient

with dehydrated HSt and overhydrated HSt; in fact,
they are more prone to severe postsplenectomy
thrombotic complications. Apart from the increased
or decreased red cell volume, the confirmation
requires ion flux measurement, ektacytometry, or
DNA sequencing for specific genes [61] (Fig. 4.2).
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