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Chapter 26

NUCLEAR HAEMATOLOGY

Johan S. Masjhur

Introduction

Nuclear techniques have been applied to study, diagnose and treat various haematological
disorders for more than five decades. Two scientists are regarded as pioneers in this field,
i.e. John Lawrence who in 1938 used 32P to treat chronic myeloid leukaemia and George
Hevessy who used 32P labelled erythrocytes to measure blood volume in 1939. At present,
many nuclear medicine procedures are available for diagnosis and therapy of a variety of
haematological disorders.

Although nuclear techniques are somewhat complex, they give direct and quantitative
assessment of the kinetics of blood elements as compared to other non-isotopic haematological
tests.

Basically, equipment required for nuclear haematology is very simple such as well
scintillation counters to measure radioactivity in blood samples. More sophisticated
equipment like rectilinear scanner or gamma camera is required when imaging is necessary.

An overview of the basic principles and clinical applications of nuclear haematology is
given in this chapter.

Radionuclides and blood elements labelling

Labelling of various blood elements is crucial in many of the haematological applications
of nuclear techniques. Commonly used radionuclides for this purpose are 5ICr, "Tc™
and UIIn.

Ideally, an isotopic label for use in haematology should have the following
characteristics:

(a) The label should neither alter the function nor the life span of the cell.

(b) The label is not eluted or reutilized after (patho)physiological destruction
of the cell.

(c) The label should preferably be a gamma emitter with appropriate energy
for optimum counting and/or imaging and a half life appropriate to the
parameter being studied.

There are two types of cell labelling, i.e. random and cohort labelling. Cohort
labelling, sometimes known as pulse labelling, is performed on cell precursors. The labelled
precursors will appear in the circulation as labelled young cells and will remain in circulation
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throughout the life-span of the cell. This technique enables us to study the rate of cell
production, its kinetics, its absolute life span, the mechanism for its destruction and its final
fate in the human body. Unfortunately there is no ideal radionuclide for cohort labelling.
Radioactive iron, perhaps, is the only radionuclide which has most of the above qualities, but
it is currently not routinely available in the developing countries.

In random labelling, the radionuclide labels all cells of different degrees of maturity in
a blood sample taken from peripheral circulation and treated with anticoagulant prior to
labelling. This method is useful for mean cell survival determination and requires separation
of unbound label from the labelled fraction (usually carried out by centrifugation).

Erythrocyte labelling

Erythrocyte labelling with s 'Cr. slCr in the form of sodium chromate is the radionuclide
most commonly used for erythrocyte labelling. Chromate ion will be transported across the
erythrocyte membrane when incubated with blood previously treated with anticoagulant.
Inside the erythrocyte, chromate ion (Cr +6) will be reduced into chromic ion (Cr +3) which
is readily bound to the beta chain of the haemoglobin. Prior to (re)injection, the unbound
chromium should either be washed or reduced into Cr +3 by the addition of ascorbic acid.

Labelling efficiency of 5lCr can be as high as 90% and is not affected by washing and
dialysis. Several other factors can reduce labelling efficiency i.e:

(1) prolonged incubation of MCr with blood,

(2) presence of stannous ion (or other reducing agents),

(3) excessive calcium ion concentration,

(4) increased ACD pH (if ACD is used as an anticoagulant) and

(5) low specific activity of 51Cr.

Normally, the whole blood is used for erythrocyte labelling. However, if the number
of leucocytes exceeds 25 000/m3 or the number of thrombocytes exceeds 500 000/m3, the
buffy coat/layer formed upon centrifugation must be removed prior to labelling. Otherwise
leucocytes and thrombocytes will also be labelled, making it difficult to study the fate of
erythrocytes alone.

$1Cr labelled erythrocytes can be used for measurement of erythrocyte and total blood
volume, assessment of red cell survival and spleen sequestration, measurement of occult
blood loss and in-vivo cross matching.
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There are several constraints associated with the use of 51Cr i.e:

(a) Only 10% of i lCr disintegrations are emitted as gamma ray of 320 keV. This low
photon yield with high energy gamma ray is not satisfactory for scintigraphy at an
acceptable radiation dose.

(b) s lCr is eluted from labelled normal erythrocytes at a daily rate of 1%.

(c) half life of 28 days is too long for short procedures such as blood volume
determination.

Erythrocyte labelling with "Tc"1. "Tc01 labelled erythrocytes are used for cardiovascular
imaging especially the gated study, detection and localization of gastrointestinal bleeding,
measurement of erythrocyte volume and spleen imaging.

Erythrocyte labelling with "Tc1" which is normally supplied as sodium pertechnetate
(Tc 7+) can be carried out in vivo, in vitro or a combination of both. All methods of
labelling require the presence of stannous (tin 2+) ion. Both ions can freely diffuse through
the erythrocyte membrane, and inside the erythrocyte pertechnetate ion is reduced by the
stannous ion which is readily bound to haemoglobin, possibly to the beta chain. Reduced
"Tc™ and oxidized tin cannot pass through the membrane. To avoid binding of stannous ion
with erythrocyte cells, EDTA is sometimes added for in-vitro labelling method. In the in
vivo method, both stannous ion and '̂ Ic™ are injected into the body and labelling takes place
inside the body. In the in vitro method, venous blood is taken and labelled aseptically outside
the body. The labelled erythrocyte preparation is then reinjected to the patient. In the in
vitro method, the patient is first injected with stannous ion (pretinning) and afterwards a small
amount of venous blood is sampled for labelling outside the body. The labelled erythrocyte
will then be reinjected.

Labelling efficiency can decrease in the presence of certain drugs e.g. antimicrobial
agents, anticonvulsants, antihypertensives, cardiac glycosides, tranquillizers, heparin and
anti-inflammatory drugs. Diseases and treatments which cause formation of anti-erythrocyte
antibodies also reduces labelling efficiency.

Erythrocyte labelling with labelled DFP. Diisopropyl fluorophosphate (DFP) can be used
for erythrocyte labelling using the random or cohort technique. Radionuclides that are
commonly used as label are 32P, 3H or I4C. In the random technique, labelled DFP binds to
the cell membrane. Neither elution is observed during the first 24 hours nor there is any
significant damage to the cells. However, as this label is a pure beta emitter, it is impossible
to carry out external detection or in vivo counting.

When used as a cohort label, labelled DFP is taken up by cells in the bone marrow. To
eliminate uptake of labelled DFP by circulating cells, the binding sites in the latter should be
saturated by prior injection of cold DFP.
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Leucocyte labelling

Random labelling of leucocytes with 3H thymidine. 3H thymidine is a cohort label for
leucocytes, it is taken up by marrow myeloid precursors and will appear as circulating young
granulocytes two to three days afterwards. This method is useful for obtaining data on the
kinetics of (patho)physiological characteristics of human granulocytes. However, as
thymidine is bound to DNA, it can potentially produce genetic damage. Also, the absence
of gamma emission has made localization study impossible.

Random labelling of leucocytes with "Tc"1. The leucocytes can be labelled with "Tc™
sulphur colloid; around 30 to 40% of "Tc™ sulphur colloid is phagocytosed by granulocytes
in vitro. The use of this method has been hampered by indications that the labelling process
damages the granulocytes, and by the technical difficulties in separating the "Tc"1 labelled
granulocytes from unbound radiocolloid and from radiocolloid bound loosely to cell
membrane (Price and Mclntyre, 1984). However, some workers have claimed that they
succeeded in efficiently labelling leucocytes with 99Tcm and used it for detection of
inflammatory processes such as pelvic inflammatory disease, inflammatory bowel disease,
abdominal abscess, wound abscess, etc. (Labelling of leucocytes with "Tcf-HMPAO has been
described in Chapter 27.)

Random and cohort labelling of leucocytes with other labels. The method has been
experimentally carried out to study the kinetics of granulocytes. 32P DFP acts as a random
label when incubated with purified granulocyte preparation in vitro. 51Cr sodium chromate
is also an effective label of purified granulocytes in vitro. Leucocytes labelled with m In
oxine is useful for imaging of abscess and local inflammatory process.

Platelet labelling

Platelet can be labelled with 35S sodium sulphate, 32P DFP or 5ICr sodium chromate.
More recent workers have also reported the use of IUIn oxine (8-hydroxyquinoline).

Platelet labelling using 35S sodium sulphate. When injected intravenously, a part 35S
sodium sulphate will enter megakaryocyte and act as a partial cohort label of platelets.
Because of its beta emission and long half-life 35S, gives quite high absorbed radiation dose
to the patient.

Platelet labelling using "P DFP. i2P DFP can also label platelets through binding with
cell membrane enzymes, however its use is limited for survival study only.

Platelet labelling using s 'Cr sodium chromate . 51Cr is widely used as a random label for
platelets to assess platelet survival and platelet localization through external counting. The
difficult part of this in vitro technique is that it requires isolation, labelling and reinjection
of platelets without significant damage to the platelets.
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Platelet labelline with '"In oxine. This has been used to study platelet kinetics and organ
localization in vivo.

Albumin or plasma labelling

Among the long lived radionuclides, I31I and I2SI are the most common radioisotopes used
for plasma labelling. I25I labelled human serum albumin (125IHSA) is the radiopharmaceutical
of choice for determining plasma volume. 125I HSA can be obtained as a commercial kit.
l31I-HSA can also be used for this purpose.

Short lived radionuclides that can be used for plasma labelling include "Tc™ which binds
albumin. ll3Inm in the form of indium chloride in gelatin solution at acid pH binds plasma
transferrin in vivo. The complex formed is very stable and used for blood pool imaging.
Both radionuclides are also used for determination of plasma volume.

CLINICAL APPLICATIONS

Diagnostic studies

In vitro and non imaging in vivo techniques

Erythrokinetics

Erythrokinetic studies using radionuclides are more complex than their indirect simple
counterparts, such as haematocrit determinations. However, the former has the advantage
of being direct and quantitative, which is essential in certain cases such as differentiation
between relative and absolute polycythemia when haematocrit is only moderately elevated.

Erythrokinetics is maintained and regulated, among other things, by bone marrow, which
at steady state conditions replaces aging cells, cells lost due to bleeding or pathophysiological
destruction. There are three components of erythrokinetic studies i.e. measurement of total
blood volume (TBV)/ red cell volume (RCV) / plasma volume (PV), red cell production and
their destruction.

Measurement of total blood volume (TBV) / red cell volume (RCV) / plasma
volume (PV). Total blood volume is a heterogenous compartment comprising plasma and
cellular fraction. Therefore, blood volume can be determined indirectly from plasma or
erythrocyte volume provided the haematocrit value is available. However, more accurate
result is obtained if total blood volume is calculated through separate measurements of plasma
and erythrocyte volumes since this technique eliminates error due to possible difference in
total body haematocrit compared to peripheral haematocrit normally used which can vary
widely.
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Plasma or erythrocyte volume or any other compartment in the human body can be
measured based on dilution principle, where the volume in question is calculated from the
concentration of an inert labelled tracer added in an accurately measured amount, mixed
homogeneously within the compartment being measured according to the following formula:

V = Q/C

V = Volume of the compartment being measured
Q = Quantity of the tracer injected into the compartment

C = Concentration of diluted tracer after equilibrium

This formula is valid only if the following conditions are fulfilled:

(a) Tracer should be distributed homogeneously within the compartment.

(b) There should not be any loss of tracer during the process unless the loss can
be measured accurately.

(c) At equilibrium, tracer distribution should not change.

(d) Tracer should not affect the compartment in any way.

(e) Tracer can be easily and accurately measured.

Measurement of plasma volume. Plasma volume (PV) is measured by injecting labelled
human albumin. If the label is I25I, free iodine content should be less than 2%, while the
protein concentration should be around 2 gram/dl. Slow extravascular diffusion of albumin
may introduce up to a 3% error if the measurement is carried out ten minutes after the
injection. In certain diseases, where the rate of protein loss is great or there is increased
vascular permeability, there may be rapid loss of tracer. In this case, serial measurements
up to 60 minutes post-injection should be carried out, an initial concentration of diluted tracer
should be found out by extrapolation of the tracer disappearance curve to zero time. Another
problem that merits attention is the continuous exchange of intravascular albumin with its
extravascular counterpart. Therefore, plasma volume measurement using albumin is always
slightly higher compared to plasma volume measured by exclusively intravascular protein
such as fibrinogen.

"Tc™ can also be used as a label, however, care should be taken to avoid formation of
"J(f colloid or free pertechnetate. Rapid clearance of these compounds cause falsely
elevated plasma, and hence, blood volume.
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For red cell volume (RCV) calculation is based on the following formula:

RCV = TBV x Hct x 0.91 x 0.98

Total blood volume (TBV) can be estimated from plasma volume using the following
formula:

TBV = PV / [1 - (Hct x 0.91 x 0.98)1

Plasma volume can be calculated based on the following formula:

Total activity of injected labelled albumin
PV =

Activity/ml of plasma sample at equilibrium

0.91 is a correction factor to take into account the difference between peripheral
haematocrit(Hct) and total body haematocrit in normal cases where the number of platelets
and leucocytes are also normal. This factor can vary between 0.82 to 1.0 or more, especially
in splenomegaly.

0.98 is another factor to correct for plasma trapped within the erythrocyte fraction if
haematocrit is determined by centrifugation. This of course does not apply if haematocrit
determination is done by counting or sizing.

Determination of red cell (erythrocyte) volume. Red cell volume is best determined using
autologous 51Cr labelled erythrocytes, and is calculated by the following formula :

Total activity of injected labelled erythrocytes
RCV =

Activity/ml of red blood sample at equilibrium

Total blood volume can be estimated from the following formula:

TBV (ml) = RCV/Hct x 0.91 x 0.98

while plasma volume is:

PV = TBV - RCV

Erythrocyte volume can be expressed in several ways i.e.:

(a) in terms of the total volume (ml) in comparison with the volume expected from
a normal subject with the same body weight and height;

(b) in terms of volume per body surface area (ml/m2);
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(c) in terms of volume per kg of body weight (ml/kg). The last expression is used
most widely, however it has a disadvantage of negative bias in obese persons due
to the hypovascular nature of fat tissue.

Normal Blood Volume Values (ml/kg)

TBV
RCV
PV

Males

70 (55-80)
30 (25-35)
40 (30-45)

Females

65 (50-75)
25 (20-30)
40 (30-45)

Determination of erythrocyte destruction

Assessment of erythrocyte destruction using isotopic methods can be carried out directly
by random or cohort labelling, or indirectly by measuring the rate of erythrocyte production
or haem destruction. Direct methods enable us to obtain information on the nature of
shortening of red cell life span, independent of red cell age, while indirect methods give
information on mean life span.

Cohort method is based on biosynthetic incorporation of label into maturing
erythrocytes. Therefore, the labelled cells are approximately of the same age, comprising
about 5 % of total circulating erythrocytes. Labels used for this techniques include 14N or 15N
labelled glycine, 55Fe or 59Fe. Disadvantages of this method are lengthy sampling period and
reutilization of label causing difficulties in interpretation.

Random method. The most widely used label is 5lCr. Other radionuclides which can
be used are 32P, 3H or 14C labelled DFP or I4C-cyanate.

Determination of erythrocyte life span

Erythrocyte life span is measured by reinjection of 51Cr labelled autologous erythrocytes.
Twenty four hours post-injection and every alternate days for three weeks afterwards, about
5 ml of blood is taken from the patient. Accurate aliquots of each sample are counted at the
end of the sampling period and the disappearance curve is plotted, either using a
semilogarithmic paper or a computer program. From the disappearance curve, the half life
of red cell survival is extrapolated. During this period of the survival study, haematocrit
should not fluctuate grossly.

The blood sample to be referred as zero time (100% survival) should not be taken earlier
than 24 hours post injection as within this first 24 hours, there may be up to 9% of 5ICr label
loss. The cause of this, whether due to early elution or red cell destruction due to labelling
process, is not known.
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Normal erythrocyte life span is about 120 days. This means that on an average, daily
loss of cells is 0.8%. Therefore the expected half life of erythrocyte survival is about 55 to
65 days. However, the actual values observed in normal persons are shorter, ranging from
25 to 35 days. This is due to the fact that disappearance of blood radioactivity is not only
due to cell death but also due to elution of 51Cr from labelled cells at an average rate of 1 %
per day. Although this apparent shortening of the life span does not seem to reflect the true
pathophysiological conditions of erythrocytes, this study still has many useful clinical
applications.

Red cell survival study is meaningful only under steady state conditions, i.e. there is no
loss or addition of erythrocytes due to factors other than pathophysiological death or
production. Constancy of haematocrit is an indicator of steady state. Inaccuracy, for
instance, will be observed, if during the study, the patient received blood transfusion or
experienced bleeding. If steady state condition is difficult to attain, erythrocyte survival data
can be estimated from a plot of whole blood counts without haematocrit correction.

Correction factors for51Cr elution are supplied in the publication of International Council
for standardization in haematology (ICHS) to calculate the mean red cell life span, which
should be 45 to 60 days. Without elution correction, one obtains a 51Cr red cell half life,
which is normally more than 23-24 days. Counts per minute per millilitre of red cells are
plotted against time. It is determined from the curve whether the disappearance of
erythrocytes is linear or exponential (use both semilogarithmic and linear graph paper). If
it fits in linear graph, half life can be extrapolated by the line to zero activity, while if
exponential (straight line on semilog paper), mean survival can be calculated by multiplying
the half time with 1.44. If the line is not linear or exponential, use weighted mean least
square computer program.

Spleen sequestration studies

This study, which is normally carried out in conjunction with erythrocyte survival study,
is a surface body counting method using external probe. The probe is positioned on the
precordium, liver and posterior or lateral spleen. Each position is counted every alternate
days for about two weeks for two to five minutes to reach a 3% counting statistical precision.

To count the precordium, the probe is placed on the third left intercostal area at the
border of the sternum with the patient in the supine position. For the liver, the probe
position should be on the right ninth and tenth ribs along the midclavicular line. As for the
spleen, the patient should lie prone with the detector between the left ninth and tenth rib, two
thirds of the distance between the midline and the left edge of the body. In an elderly patient
or patients with chronic pulmonary diseases, the lower position of diaphragm requires some
adjustment of the probe position. As the positioning of the detector should be precise, the
exact detector location should be accurately marked on the patient and protected with a
transparent tape.
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In normal subjects, the ratio of spleen to liver radioactivity is approximately 1 : 1 . In
patients with splenomegaly, the ratio increases up to 2 : 1 and even 4 : 1 . Instead of this
ratio, the spleen to liver ratio, when the blood radioactivity has reached half of its original
level, should be taken into account when assessing spleen sequestration. Although spleen to
precordium ratio can also be used to assess spleen sequestration function (in sequestration,
the ratios are initially elevated but don't rise further with time), however, when contemplating
splenectomy, spleen to liver ratio is a more accurate reflection of spleen sequestration.

Progressive accumulation of 5lCr labelled red blood cells is a good guide for a decision
about splenectomy. However, splenectomy may be useful despite the absence of
sequestration, when there is synthesis of anti-erythrocyte antibodies by the spleen, which is
not possible to demonstrate by S1CT studies.

Determination of erythrocyte production

Iron metabolism studies

Ferrokinetic studies are useful for evaluation of iron metabolism, because the technique
enables us to find out about erythrocyte production as well as the relative roles of bone
marrow and other extramedullary centres in total erythropoiesis.

Complete ferrokinetic study is only possible if i9Fe is used. For a satisfactory evaluation
of iron metabolic pathways, radioactive iron should be completely bound to circulating
transferrin by prior incubation with donor plasma especially in patients with reduced iron
binding capacity such as those with haemochromatosis, haemosiderosis, haemolytic anaemia,
aplastic anaemia and patients with recent blood transfusions. If unbound iron is administered
to these patients, the iron will not be held in the circulation. Therefore, determination of
serum iron level and iron binding capacity should be determined first in any ferrokinetic
study.

Ferrokinetic studies normally consist of plasma radio-iron disappearance curve (PID), red
cell radio-iron incorporation and external in vivo surface counting.

Clinical applications of erythrokinetic studies

Pre-operative, intra-operative or post-operative total blood volume determination is
widely applied for effective management of patients likely to have massive bleeding during
surgery as in open heart surgery or major orthopaedic surgery. Total blood volume
determination is also useful for management of patients after major trauma, severe congestive
heart disease and patients with chronic renal disease.

Studies on erythrokinetics are useful for evaluation and management of polycythemia and
anaemia. Studies on red cell production and destruction can reveal the pathogenesis of these
diseases.
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Thrombocyte studies

In vivo platelet kinetic study is useful in evaluating primary platelet disorders
(thrombocytopenia, thrombocytosis), hypercoagulable states (TTP), and vascular disorders
such as atherosclerosis in which the extent of disease may correlate with shortened platelet
survival. With u lIn oxine labelled platelets, sites of active thrombus formation can be
localized in vivo with good sensitivity.

The use of SICr labelled erythrocytes for compatibility testing

Labelled erythrocyte can be used for compatibility testing in blood transfusion if
serological evaluation shows incompatibility between donor and recipient. Such a problem
arises due to the presence of cold antibody which shows in vitro activity at 30 to 37
centigrade. In addition, labelled erythrocytes can also be used to find out the presence of
unexplained haemolysis after transfusion.

The procedure recommended by ICSH involves injection of 0.5 ml of donor erythrocytes
labelled with 20^Ci of 5lCr. Prior to injection, the labelled erythrocytes should first be
washed and resuspended in 10 ml of saline. Blood samples are taken 3 ,10 and 60 minutes
after injection from the antecubital vein opposite to the injection site of labelled erythrocytes.

If donor erythrocyte is compatible with the recipient, counting rate of blood sample 60
minutes post-injection should be around 99.5 % with coefficient of variation between replicates
not more than 1.1 % and between duplicates not more than 0.8%. The lowest normal value
of the 60 minute sample is 94.5%. According to ICSH the normal range is between 94 to
104%.

In case of emergency when a compatible donor is not available, transfusion "with minimal
risk can still be considered provided survival at 60 minutes is not less than 70% and plasma
radioactivity at 10 and 60 minutes is not more than 3% of the total radioactivity injected. In
this case, the antibody concentration is probably very low that destruction of incompatible
erythrocytes is negligible. Although the 24 hour survival is high, the occurrence of
haemolytic reaction is still likely.

Vitamin B I2 absorption (Schilling test)

This is the most commonly used test to diagnose vitamin B,2 malabsorption. The test is
based on the principle that in cases of vitamin Bl2 malabsorption, little radioactivity is found
in the urine after loading of the body with parenteral vitamin B,2 (1 mg) following oral
administration of 1/ic radioactive vitamin BI2 ("Co); because in that condition vitamin B12

binding proteins are still unsaturated due to the absence of vitamin B12 in the serum.

Normally 24 hour urine will contain more than 10% of given radioactivity. When there
is deficiency of intrinsic factor, less than 6% of radioactivity is excreted within 24 hours.
In repeat study normally carried out two to five days later with the intrinsic factor given
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together with the tracer, radioactive excretion will be normal. Albeit not diagnostic, a value
less than 6 - 10% is suggestive of pernicious anaemia.

Since the test depends on the glomerular filtration of vitamin B12, false positive result
may occur if renal function is impaired. The dose of stable vitamin B12 (associated with the
radioactive B,2 as a carrier) should not exceed 1.0/xg since at higher dose low fractional
absorption may occur bypassing the intrinsic factor specific binding mechanism.

In clinical practice, Schilling test is normally carried out in three stages i.e.:

(a) In the first stage the patient is given radioactive vitamin B12 to determine
whether absorption is normal.

(b) The second stage comprises giving radioactive vitamin BI2 together with
intrinsic factor to assess the influence of this factor on vitamin B,2
absorption.

(c) After two months of vitamin B,2 therapy, the third stage is carried out
in the same manner as the second stage. The intestinal mucosa damaged
by previous lack of vitamin B,2 should have returned to normal by this
time. If this test shows normal absorption but in vitro assay shows lack
of intrinsic factor, diagnosis of pernicious anaemia can be confirmed
with dysfunction of ileum secondary to lack of vitamin B12.

Radioassay in haematology

Radioassay of vitamin B t2

Diagnosis of vitamin B,2 deficiency can be confirmed if the serum level of vitamin Bj2

is lower than 100 pg/ml. Determination of serum vitamin B,2 can be carried out using
radioassay technique based on the competitive inhibition of labelled vitamin B,2 binding to
intrinsic factor which is added as the binder.

Reliable commercial kits for vitamin B n assay are widely available. However, care
should taken in choosing a kit. While some kits do measure serum cyanocobalamine (vitamin
B12), other kits are inappropriately labelled for vitamin B l2 assay as they, in fact, measure
total corrinoids (vitamin B12 plus its analogues in serum).

It should be noted that in patients with liver or myeloproliferative disorder, vitamin B12

binding proteins in serum are elevated. When serum vitamin B l2 is assayed, the result is,
therefore, high. However, since the binding of vitamin B12 is irreversible, the tissue
concentration of vitamin B n is actually low and there is an overall biochemical vitamin B12

deficiency. In this case, as well as in conditions where serum vitamin B12 is artificially
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elevated e.g. recent injection of vitamin B12, assay of red cell vitamin B12 is required. The
technique is similar to that for the serum.

During pregnancy, serum vitamin B12 tends to fall while the binding capacity of its
transport protein tends to rise. This phenomenon seems to be similar to that shown by serum
iron.

Radioassay of intrinsic factor

In pernicious anaemia, inadequacy or absence of intrinsic factor secretion can be
demonstrated by measuring the capacity of intrinsic factor in gastric juice to bind added
radioactive vitamin B12. Separation of the tracer bound by intrinsic factor can be carried out
using charcoal adsorption technique or guinea pig intestinal mucosa homogenate. The latter,
although less popular, has the advantage of also measuring the transfer of vitamin B12 to its
specific receptor in the intestines.

Diagnosis of folate deficiency

Folate deficiency can be diagnosed through measurement of folate level in serum and red
cells by radioassay techniques and performing radiofolate absorption test. For an accurate
diagnosis, interpretation should be carried out after evaluating vitamin B12 levels.

USE OF LABELLED BLOOD ELEMENTS FOR IMAGING STUDIES

Spleen imaging

The spleen is a reticuloendothelial organ, which together with the liver, is responsible
for filtration of foreign particles from the circulation. The spleen also has an immunological
function. During the third until the sixth month of foetal life, spleen also serves haemopoietic
function. This function reappears during severe pathological conditions such as advanced
myelofibrosis or severe haemolytic anaemia.

Spleen scintigraphy is performed 15-20 minutes after intravenous injection of 3-5 mCi
of 9*Tcm-labelled sulphur microcolloid. Spleen scintigram can also be obtained using damaged
red cells, either by heat or excessive tinning, labelled with "Tc™ or 51Cr.

Indications for spleen scintigraphy include assessment of spleen size, evaluation of
abdominal mass in the upper left quadrant, assessment of focal defect, accessory spleen and
functional asplenism.

Bone marrow scintigraphy

Locations of erythropoiesis and iron storage can be depicted by imaging with 52Fe and
59Fe. However, constraints associated with the use of both radioactive irons have made ^
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sulphur colloid more popular. "Tcm antimony sulphide colloid, with a particle diameter of
1 to 13 nm or 5 to 12 nm has been shown to have higher marrow uptake than "Tc™ sulphur
colloid by a factor of two to three within one hour post-injection, with correspondingly less
hepatic uptake.

The variables which may influence the degree of colloid uptake by marrow include type
of the colloid, function of the rest of RES (largely spleen and liver), colloid charge, particle
number, the presence of stabilizers, surface-acting agents, plasma opsonin, the chemical
nature of the colloid surface, concomitant liver and/or spleen disease (especially as the
disorder relates to impaired blood flow), altered marrow distribution and blood flow, and
increased phagocytic efficiency by marrow.

At birth, bone marrow is present within all bones, and replacement with fat tissue starts
at the age of seven to eight years at the distal extremities. After this age it is abnormal to
find bone marrow beyond the lower two thirds of the diaphysis of femur.

In normal adults, erythropoiesis occurs in the whole middle part of the skeleton (ribs,
vertebra, sternum, pelvis, scapula and clavicula) and the caudal part of the sacrum. The
presence of radioactive iron within the spleen during the initial spleen imaging shows
extramedullary erythropoiesis in the organ. Serial imaging can demonstrate whether the
erythropoiesis is productive or not, as well as spleen erythrocyte sequestration. Abnormal
pattern of bone marrow due to myelofibrosis, radiotherapy or aplastic anaemia can also be
seen from the spleen image.

Absence of colloid uptake indicates defective marrow stroma or microenvironment. An
appropriate response to erythroid aplasia can be seen by expansion of RE marrow into the
distal extremities. Fibrosis of axial marrow and extramedullary haematopoiesis especially in
the spleen and liver, can be due to "spent" polycythemia vera and agnogenic myeloid
metaplasia. Bone marrow scan may be used for localization of active marrow for aspiration
and biopsy, and to determine how much marrow remains in the body if splenectomy is being
considered. Other clinical application of marrow scan is in differential diagnosis of
pancytopenia; damage from radiation and/or chemotherapy can also be differentiated from
hypersplenism with active marrow compensation.

In aplastic anaemia, no colloid uptake by bone marrow is observed. Expansion of
reticuloendothelial cells to the distal extremities indicates adequate response to erythroid
aplasia.

In "spent" polycythemia vera and agnogenic myeloid metaplasia, axial marrow fibrosis
and extramedullary haematopoiesis may occur especially in the liver and spleen.
Splenomegaly can cause leucocyte, LYe and erythrocyte sequestration, or pain due to infarct
or of its large size. To estimate the amount of marrow remaining in the body after
splenectomy, clinicians can find out locations of active bone marrow for biopsy and aspiration
from marrow imaging.
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Thrombus localization using luIn-oxine labelled thrombocytes

Scintigraphy of thrombi deposits with l"In-oxine labelled thrombocytes is useful for
localization of active thrombi which is clinically unidentified.

Scintigraphy is performed 24, 48 and up to 96 hours after an intravenous injection of
300/xCi of labelled thrombocytes. Most active thrombi can be localized within 24 hours post-
injection, however more sensitive results are obtained after 24 hours, especially in areas
where blood pool activity decreases and target to background ratio improves such as within
the heart. The most optimal result is obtained by combination of 173 and 247 keV peaks
using medium energy collimator for five to ten minutes.

Positive results have been found for thrombi localized in left ventricle, coronary arteries,
abdominal aortic aneurysm, prosthetic arterial grafts and rejection of renal transplants.

Labelled leucocytes for localization of infection

Studies using labelled granulocytes can be helpful in determining the localization of
infection. Labelling can be carried out using 32P-DFP, 51Cr, "Tc™, 67Ga or mIn-oxine.
Labelled leukocyte scans assist in proving the diagnosis or excluding a diagnosis of abscess
or inflammatory condition infiltrated with polymorphonuclear leucocytes. This subject is
dealt with in another chapter at great length.

THE USE OF RADIONUCLEDES FOR TREATMENT OF HAEMATOLOGICAL
DISORDERS

Treatment of polycythemia vera

Polycythaemia vera is a chronic proliferative disease of erythroid precursors in bone
marrow which persistently causes increasing red cell numbers, haemoglobin and haematocrit.
Erythrocytosis is commonly accompanied by leucocytosis, thrombocytosis and splenomegaly.
Without adequate treatment, haematocrit can increase up to 70% or more. Blood viscosity
becomes very high causing vascular catastrophes such as myocardial infarction, stroke,
arterial and venous thrombosis or life threatening bleeding. This disease can develop into
myelofibrosis or acute leukaemia, however both conditions can also appear as a result of
treatment. Treatments include phlebotomy, 32P administration or chemotherapy. 32P or
chemotherapy can increase the median life span by 11 to 15 years, while phlebotomy by only
7 to 9 years. The incidence of leukaemia after phlebotomy is only around 1 %, while after
32P or chemotherapy it increases up to 10 to 20%.

32P in the form of sodium phosphate is usually administered intravenously with an initial
dose of 2.3 mCi (85 MBq) per square meter of body surface. The upper limit of the starting
dose is 5 mCi (185 MBq). Otherwise, a standard dose of 3 mCi is also acceptable. Blood
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counts are performed every three to four weeks, and if after 12 weeks there is no definite
response, more 32P is given with a dose increase of 25% to 30%. This formula is repeated
every 12 weeks with a maximum dose of 7 mCi (260 MBq) until an adequate response is
obtained. If necessary, phlebotomy can be performed to control haematocrit. A
haematologic response is inadequate if haematocrit increase reaches above 47% during a 12
week follow-up, or if leucocyte or platelet count decrease is less than 25%.

If remission occurs, blood counts are performed every eight weeks to detect relapse.
Remission can last from several months up to several years. If no response is obtained after
9-12 months of 32P therapy, treatment strategy should be changed to phlebotomy or
phlebotomy and chemotherapy (using busulfan or hydroxyurea).

Treatment of essential thrombocythaemia (idiopathic or primary thrombocytopenia.
haemorrhagic thrombocythaemia. megakaryotic leukaemia)

Essential thrombocythaemia is an idiopathic myeloproliferative disorder characterized by
increase in thrombocytes in the circulation. In addition to chemotherapy (with busulfan or
melphalan), this disease can also be treated with 32P.

An intravenous injection of 32P at a dose of 2.9 mCi (110 MBq) per square meter of body
surface is given. The initial dose should not exceed 5 mCi (185 MBq). LYe count is done
every four to six weeks, and repeat doses are given with a three month interval until an
adequate response is achieved, i.e. thrombocytes less than 450 000/mm3. On repeat
administration, the 32P dose should be increased by 25% up to a maximum dose of 7 mCi.
If after six months or the third dose of 32P no response is obtained, treatment should be
changed to chemotherapy.

With the above protocol, complete remission is achieved in 63% of patients and partial
remission in 37% at the end of the first treatment year.

Appendices I to VII from Price and Mclntyre, 1984
Appendix VIII from Van Nostrand and Silberstein, 1985
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Appendix I

Red cell labelling procedure with 5lCr (ICSH, 1980)

1. Ten ml patient's blood is collected in a sterile tube or plastic labelling
bag that contains 1.5 ml of ACD (NIH A) solution. The blood is
centrifuged, the plasma is withdrawn, and 0.5jiCi/kg (--20 kBq/kg) of
high specific activity JICr sodium chromate is added.

2. Incubate the blood at room temperature for 15 minutes with occasional
gentle mixing.

3. Wash the cells twice with isotonic saline to remove unbound 51Cr.

4. After the second centrifugation and decantation, the original volume is
restored with isotonic saline.

5. A measured aliquot of the labelled RBCs can be used for red cell
survival and sequestration studies.
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Appendix II

In vitro "re™ red blood cell labelling

(Brookhaven National Laboratories method)

1. Draw 4 ml of the patient's whole blood into a heparinized syringe, and
transfer to the kit Vacutainer with a lyophilized stannous citrate mixture
containing 2 fig of tin. The blood is incubated with these reagents for
five minutes.

2. Add 1 ml of 4.4% EDTA (disodium or calcium disodium salt), mix, and
centrifuge the tube upside down at 1300 g for five minutes.

3. Withdraw 1.25 ml of the packed RBC's, transfer to a vial containing
1 - 3 ml ^Tc" pertechnetate, and incubate with gentle mixing for ten
minutes.

The red cells are now ready for injection. Alternatively, they can be heated at 49°C for
15 minutes and used to scan spleen.
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Appendix III

In vivo "Tc™ red blood cell labelling

1. Reconstitute commercial stannous pyrophosphate containing 2 to 4 mg
of stannous ion with normal saline, and inject into the patient an aliquot
containing 10 to 20/ig of tin per kg body weight.

2. After 30 min, inject the required quantity of "Tc™ pertechnetate (usually
10 to 25 mCi or 370 to 925 MBq). Red blood cell labelling occurs
almost immediately.

Note: It is important to inject the stannous pyrophosphate shortly after reconstitution
to avoid oxidation of the tin.
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Appendix IV

In vitro "Tc01 red blood cell labelling

1. Inject 0.5 mg stannous ion intravenously from a reconstituted
commercial stannous pyrophosphate kit.

2. Insert a 19-gauge butterfly infusion set into an appropriate vein. Attach
a four-way stopcock, and flush from a syringe containing ACD.

3. Approximately 20 min following injection of the tin, withdraw 3 ml of
blood into a 5 ml shielded syringe containing 10 to 25 mCi
(370-925 MBq) "Tcm pertechnetate.

4. Flush the tubing with ACD solution. After ten minutes of incubation
with gentle agitation at room temperature, the labelled red blood cells
are injected through the infusion set.

491



CHAPTER 26

Appendix V

The procedure for measuring red cell volume

1. Draw 10 ml blood under sterile conditions. Add 6 ml blood to 2 ml
ACD in a sterile tube, and mix well. Anticoagulate the remaining 4 ml
with EDTA, and pipette a 2 ml aliquot for background count.

2. Inject 35/^Ci (--1 MBq) 5lCr sodium chromate into the ACD-blood tube,
and incubate 45 min at room temperature with continuous gentle rotation
or agitation.

3. After incubation, centrifuge at 1000 g for 10 min. Remove the
supernatant with a spinal needle, and discard as radioactive waste.
Usually, 85 to 90% of the tracer remains labelled to the red cells.

4. Resuspend red cells gently in sterile normal saline, almost filling the
incubation tube.

5. Recentrifuge and wash one more time with normal saline, then resuspend
in normal saline to approximately the original volume.

6. Measure exactly 1.0 ml of the labelled cells, dilute to 1000 ml with
distilled water, then pipette two 2.0 ml aliquots for gamma counting.

7. With the patient in a basal resting state for 30 to 60 min, inject exactly
5.0 ml of labelled cells intravenously. With the patient still supine, draw
5-ml EDTA blood samples at 10 and 40 min from opposite arm. Obtain
the patient's height and weight on the same day.

8. Check the injection site with a hand radiation monitor to be sure that
there is no extravasated radioactivity compared with the opposite arm.

9. From each blood sample, pipette 2.0 ml for gamma counting and
perform a microhaematocrit measurement on the remainder.
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10. Calculate red cell volume (RCV) (ml) for each blood sample as follows:

RCV = (net cpm/ml std) x (Hctvx0.98)xl000x5/(net cpm/ml) blood sample

Then, as indicated above total blood volume (TBV) is:

TBV (ml) = RCV/Hctv x 0.91 x 0.98

And, plasma volume (PV) is:

PV = TBV - RCV

11. If the 10- and 40- min calculations are similar, utilize the 10-min RCV
value and compare with standard tables for accuracy. If the 40-min
RCV value is significantly larger, and if the patient does not have and
aggressive haemolytic process or bleeding, which would result in
significant loss of red blood cells over a 30-min period, the 40-min value
is considered to be more accurate. This decision is particularly
appropriate if the patient has marked splenomegaly which causes delayed
equilibration.

12. When autologous red blood cells are difficult to obtain (e.g. with severe
cold haemagglutinin or haemolysin), type-0 Rh negative donor cells can
be labelled for the study.

13. If time or facilities do not permit washing the red cells to remove "the
unbound s 'Cr add 50 mg of ascorbic acid to the labelling vial at the end
of the incubation period. This procedure reduces the unbound chromate
to the chromic ion and thereby prevents further labelling of erythrocytes.
The whole blood is then injected. Also, a standard of the plasma from
the labelled blood to be injected must be prepared, and a plasma sample
must be counted from each of the patient's blood samples to correct for
free circulating radioactivity. Washing the labelled cells prior to
injection is the preferred method, however, and it eliminates the need for
ascorbic acid.
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Appendix VI

The procedure of measuring plasma volume

1. The patient must be in a basal metabolism state (recumbent) for 30 to 60
min prior to the study. Determine height and weight that day, and draw
5 ml of blood (EDTA) prior to the study for a 2.0 ml plasma
background counting sample.

2. Inject intravenously 5/iCi (185 kBq) ml HSA that has been carefully
measured from a commercial supplier's vial.

3. Monitor the injection site with a hand radiation monitor and compare
with the opposite arm for any evidence of isotope extravasation.

4. At exactly 10 min, draw 5 ml blood (EDTA) from a vein other than that
injected. Centrifuge, and pipette 2.0 ml plasma for gamma counting.

5. If there is reason to suspect accelerated plasma albumin clearance, draw
additional blood samples at 20, 30, and if appropriate, 60 min. In such
a case, the zero-time plasma l2iI count is determined by extrapolation
from the several timed samples plotted on semilogarithmic graph paper.

6. Pipette 5/xCi 125I HSA into a 1000-ml volumetric flask almost filled with
normal saline. Fill to exactly 1000 ml, mix well, and immediately
pipette two 2.0-ml counting standards. Since albumin can adhere to
glass, siliconized glass ware is recommended, or carrier albumin or a
detergent can be added to the dilution.

7. Plasma volume (PV) is calculated from the 10-min blood sample count
as follows :

PV (ml) = net cpm x 1000 std / net cpm plasma sample
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Appendix VII

Schilling test

1. After an overnight fast, the patient is given 0.5/xCi (18.5 kBq) S7Co
labelled vitamin B,2 orally in O.5/xg total vitamin B l2. A diluted standard
is made, and two 2.0-ml samples are pipetted into counting tubes for
dose standards. The patient begins two consecutive 24 hour urine
collections after the oral dose.

2. One to two hours later, 1.0 mg of nonradioactive vitamin B n is injected
intramuscularly or subcutaneously.

3. At the end of the 48 hour urine collection, each 24 hour collection is
mixed well, its total volume is measured, and two 2.0-ml aliquots are
counted in a properly calibrated well counter with the two standard
tubes.

4. The percentage of injected dose excreted over each 24 hour period is
calculated. Normal patients excrete greater than 10%, and patients with
malabsorption excrete less than 6%. Excretion of 6 to 10% is
considered suspicious, but not diagnostic.

5. If the result is low or suspicious, the test is repeated a few days later,
using 0.5/xCi "Co labelled B n precomplexed to human IF. Both oral
preparations are available in standard commercial kits.
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Appendix VIII

The 32P regimen for treatment of Porycythemia Vera

(Polycythemia Vera Study Group)

1. Induction is performed with 2.3 mCi/m2 intravenously, with the initial
dose not exceeding 5 mCi.

Twelve weeks later, if phlebotomy is again required to bring the
haematocrit down to 45% and less than a 25% decrease in platelet or
leukocyte count has occurred, or if the platelet count still exceeds
600,000/ul, a second 32P dose is given. This dose may be increased at
12-week intervals by 25% of the initial dose, to a final limit of 7 mCi
per dose. 32P is no longer given when the haematocrit has stabilized
without phlebotomy. Unmaintained remission may last up to 9 years,
but the modal duration is about a year.

3. For relapse, i.e. with haematocrit in excess of 45%, phlebotomy is
employed and 32P is given at the previously effective dose.

4. Administration of 32P is contraindicated if the platelet count falls below
100,000//xl or the leukocyte count is less than 3,OOO/jtl. Phlebotomy
alone is employed to treat an elevated packed cell volume under these
circumstances, until these counts normalize.

5. If haematologic control has not been achieved after one year of 32P
treatment, another form of therapy is indicated. A review of the total
dose of 32P required with a variety of treatment regimens during the first
5 years of therapy found an average total of 2 mCi/m2/year.
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