Lymphocyte Labeling with Technetium-99mHMPAO:

A Radiotoxicity

Study

Using

the

Micronucleus Assay
Hubert M.A. Thierens, Anne M. Vral, Jean P. Van Haelst, Christophe Van de Wide, Karel H.G. Schelstraete,
Leo I.F. de Ridder
Departments ofMedical Physics, Radiotherapy, and Nuclear Medicine and Laboratoryfor Histology, University of
Gent, Belgium

present in the mixed white blood cell population. After
The cytogenetic radiation damage to lymphocytes after in
vftro labeling of mixed Ieukocytes and isolated lymphocytes

proliferation,

these transformed

cells might cause a malig

evaluated ualng the cytokinesis-biocked micronudeus assay.

nant process such as leukemia or lymphoma. The possi
bility of an increased risk oflymphoid malignancies asso
ciated with the administration ofradiolabeled lymphocytes

A directassessmentof the radiationdamage to the lympho

is a very controversial subject (22â€”24). Apart from a

with

@Tc-hexamethy1propy@nearnineoxime (HMPAO) was

cytes after a labelingprocedure of Ieukocytes separated from

possible neoplastic transformation, high irradiation doses
may also cause detrimental effects on cell viability and
due to an almost complete impairment of the proliferative
lymphocyte functions (16-21).
capacity. By Starting with isolated lymphocytes, the number
Few data are available concerning the irradiation dose
of micronuclei was studied versus the intracellular activity
@Tc-1abeled
lymphocytes (9-12). An accurate calcu
concentration in the range 0â€”3MBciJlO@lymphocytes for in
three donors. A companson of these results with the dose lation of the dose is very difficult because of the different
response of the micronudeus inoldence in lymphocytes after Auger electron groups emitted in the decay of 99mTc,the
distribution of the radioactivity within the cells and the
In-vitro irradiation with x-rays allowed an individual assess
ment of the x-ray dose, inducing the equivalent amount of limits ofthe classical dosimetry methods (25).
dastogenic damage as the intracellular activity after
@Tc
To evaluate the radiation-induced damage in lympho
HMPAO labeling. Based on an extrapolation of these data, cytes after labeling ofmixed white blood cells and isolated
the radiation damage of the lymphocytes due to self-irradia lymphocytes with 99mTc..HMPAO, we used the cytokinesis
46 ml biood with 740 MBq of

@Tc-HMPAO
was not possibie

tion in a labeling procedure of leukocytes with 740 MBq of

blocked micronucleus assay (26). Micronuclei are small,
round cytoplasmic bodies containing nuclear material.
They
arise mainly from acentric fragments that fail to
proliferative capacity at this high dose level, the increased
incorporate into the daughter nuclei during cell division.
risk for a lymphoid malignancy after administration of isolated
lymphocytes or mixed leukocytes labeled with @Tc-HMPAOMicroscopic scoring of the micronucleus incidence in bi
@Tc-HMPAO
wasestimatedto beequivalent
to 26 Gyofx
rays. Due to the observed almost complete inhibitionof the

activities sufficient for scintigraphy can be regarded as small.

nucleated cells after cell culture with mitogen stimulation

and cytokinesis blocking with Cytochalasin B is a reliable
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biological dosimetry assay system.

A comparisonof the micronucleusincidencein labeled
cintigraphy

with radiolabeled

autologous

leukocytes

has been shown to be a useful noninvasive method for
localizing inflammation

and infection. As an alternative

and in in-vitro irradiated lymphocytes allowed an assess
ment of the 250 kV x-ray dose inducing equivalent clas
togenic damage as observed after the labeling procedure.
Furthermore,

the detrimental

effects ofthe cell labeling on

the proliferative capacity of the lymphocytes were investi

to lipophilic chelates
11â€˜In, @Tc-hexamethylpropy1ene gated by counting the number of binucleatedcells versus
amine oxime (HMPAO) is now widely used as a labeling the number of nondividing mononuclear lymphocytes
agent (1-8). Several investigators (9â€”21)indicated that after mitogen stimulation and cytokinesis blocking. The
intracellular labeling of leukocytes has severe detrimental
effects on the cells. A number ofauthors (14,15) expressed

concern about the possibility of an oncogenic transfor
mation induced by self-irradiation in the lymphocytes
Received Oct. 18. 1991; revIsion accepted Jan. 31. 1992.
For reprints contact: Dr. H. Thierens, Department of Medical Physics,
Lkiiversityof Gent, Proeftuinstraat 86, B-9000 Gent, Belgium.

increased risk for a lymphoid malignancy associated with
white blood cell scintigraphy with 99mTc@HMPAO
will be
discussed in view ofthe results obtained.
MATERIALS AND METHODS
Procedure
A schematic survey of the procedure used for the evaluation
of the radiation damage to the lymphocytes following mixed
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leukocyte labeling with approximately 740 MBq of

@mTc@the number of micronuclei, the correlation between the intracel
lular activity and the equivalent x-ray dose was determined.
Figure 1. Because of an almost complete impairment of the
In a second set ofexperiments, mixed leukocytes ofthe donors
proliferative capacity of the lymphocytes after labeling with 740 werelabeledwith 37 and 740 MBqof@mTc@HMPAO.
Although
MBq, a direct assessment of the radiation damage was not pos
a direct assessment ofthe cytogenetic radiation damage with the

HMPAO,a dose commonlyused in clinicalpractice,is given in

assay. Therefore, the

micronucleus assay was not possible after intracellular labeling

correlation between the intracellular activity of the lymphocytes
and the number ofmicronuclei per cell was determined accurately
in a first set ofexperiments by labeling isolated lymphocytes from
three healthy donors with increasing @mTc-HMPAO
activities up
to 37 MBq (activity 1â€”3
in Fig. 1). To derive the equivalent x

sible in this setting using the micronucleus

of leukocytes with 740 MBq, these â€œhighâ€•
activity experiments
were performed to determine the intracellular activity concentra
tion in lymphocytes and granulocytes separately and to evaluate
inhibition of the proliferative capacity by self-irradiation in this
setting. To quantify this effect, the number of binucleated cells
versus the number of nondividing mononuclear lymphocytes
after mitogen stimulation and cytokinesis blocking was counted.

ray dosecausingradiationdamageto the geneticmaterialas that
obtained with the above labeling procedures, isolated lympho
cytes from the same donors were also irradiated externally with
different x-ray doses up to 4 Gy (dose 1â€”4in Fig. 1). Based on

Finally, an estimation of the x-ray dose, which would cause the

same clastogenic damage to the lymphocytes as a labeling of
mixed leukocytes with 740 MBq 99mTc..HMPAO,was obtained
by extrapolation of the correlation between intracellular activity
and equivalent x-ray dose, derived from the first set of experi

ments involving isolated lymphocytes. To check the reliability of
ISOLATED LYMPHOCYTES

this method, a labeling experiment of mixed leukocytes with a
low activity (37 MBq) Of99mTc..HMPAO was also performed. At
this activity level, the radiation damage could be assessed directly

using the micronucleus assay and could be compared to the
estimation value based on the correlation between the intracel
lular activity and the micronucleus incidence for isolated lym
phocytes.
Cell Separation
Venous blood was collected from three healthy donors, one
male and two females, all 24 yr old. After sedimentation of the
erythrocytes for 90 mm in a syringe containing a mixture of 10

MIXED LEUKOCYTES

ml ofACD, 4 ml hydroxyethyl starch solution (6%)(Plasmasteril,
Fresenius Laboratories, Germany) and 46 ml ofwhole blood, the
leukocyte-nch plasma was collected. For the labeling experiments
with mixed leukocytes, the leukocyte-rich plasma was gently
centrifuged (130 g) for 10 mm, resulting in a mixed leukocyte
pellet. This pellet was washed with 10 ml of 0.9% (w/v) NaCI
and resuspended in 1.3 ml cell-free plasma (plasma centrifuged
at 2000 g for 10 mm). Of this suspension, 0.3 ml was used for
cell counting and 1 ml for labeling.
For the labeling experiments with isolated lymphocytes, the
cell pellet was resuspended in 3 ml of cell-free plasma and
deposited on top oftwo layers of Percoll-saline isotonic mixtures
of increasing density (55%, 70% (v/v) Percoll with a density of

1.130 g/ml). After centrifugation at 200 g, the interface layer was
collected and washed with 10 ml of 0.9% (w/v) NaCl to reduce
the number of contaminating platelets. The lymphocyte pellet,

obtainedafter centrifugationat 150g for 5 mm, wasresuspended
in 3 ml of cell-free plasma. This suspension was divided in three
fractions of 1 ml each for labeling with increasing activities of
99mTcHMpAO or in five fractions of 0.6 ml for external irradi
ation with x-rays.

Radiolabeling
For mixed leukocyte labeling, 37 or 740 MBq of

@mTc@

HMPAO in 1 ml 0.9% (w/v) NaC1were added to the l-ml
leukocyte suspension. The 99mTcHMPAO solution was obtained
by injecting 1.5 GBq Na@mTcO4 in 2 ml 0.9% (w/v) NaCl into

the vial containing 0.5 mg HMPAO (Ceretec, Amersham Inter
national plc, Green End Aylesbury, Buckinghamshire, England).

After incubation for 15 mm, the 2-ml volume was increased
FIGURE1. Schematic
surveyof theexperimental
procedure
used for the evaluationof radiationdamage to the lymphocytes. to 10 ml by adding 0.9% NaCl. This cell suspension was centri
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fuged for 10 mm at 150 g. The resulting pellet was resuspended
in 2 ml RPM! 1640 culture medium

(Gibco, Paisley, United

Kingdom) and the total radioactivity associated with the cells was

Hepes buffer (Gibco, Paisley, United Kingdom), supplemented
with 15% fetal calf serum and antibiotics. Phytohemagglutinin

(PHA) (Wellcome,Dartford, England) at a concentration of 5

measured. The volume of the suspension was increased to 6 ml

@Lg/ml was

by adding RPMI 1640. One-half of this suspension served for

the labeling experiments with 740 MBq, this fraction was used to

method of Fenech and Morley (26) Cytochalasin B (Sigma, St.
Louis, MO) in a final concentration of 3 @g/mlwas added 42 hr
after the initiation ofthe cultures to block cytokinesis. At the end
of the incubation, the cells were harvested, treated with an
hypotonic solution containing 0.075 M KCI and fixed with a
mixture of methanol:glacial acetic acid 6:1. Slides were stained

evaluate the inhibition of proliferative capacity.

with Romanowsky-Giemsaand micronucleiwerescoredin binu

Percoll-density gradient separation to determine the amount of

radioactivity present in the lymphocytes and granulocytes fol
lowed by cell counting. The other half was used for the micro
nucleus assay after labeling with 37 MBq of 99mTc..HMPAO. In

used

to stimulate

cell division.

According

to the

For the isolated lymphocyte labeling experiments, the three 1- cleated cytokinesis-blocked cells using a 400x magnification
ml fractions were incubated with 13, 25 and 37 MBq of @mTc@based on the criteria summarized by Almassy et al. (27). One

HMPAO,respectively.The99mTc..HMPAO
solutionwasobtained

thousand binucleated cells from various slides were scored per

in the same way as for mixed leukocyte labeling procedure. After
incubation for 15 mm, the lymphocytes were washed with 8 ml
0.9% NaC1(w/v) and the pellet resuspended in 2 ml RPM! 1640.
The radioactivity of this suspension was measured to determine
labeling efficiency. Of this suspension, 0.5 ml was used for cell

culture. For cultures labeled with 740 MBq @mTc@HMPAO,
the
number of binucleated cells versus the number of nondividing
mononuclear lymphocytes was scored to evaluate the radiation

inducedinhibitionofthe PHA-responseofthe lymphocytes.

counting and 1.5 ml for micronucleus assay.

To assessthe radiationburden due to the extracellularactivity RESULTS
present during the labeling procedure, a suspension containing
In Table 1, the data on labeling activity, labeling effi
isolated lymphocytes was incubated with 37 MBq of Na99mTcO4 ciency, intracellular activity per i0@'granulocytes and lym
insteadof99mTc@HMPAO
in a separateexperiment.
phocytes and the total number of micronuclei scored per
To estimate the contribution ofthe activity due to the contam

mating platelets in the lymphocyte suspensions, the labeling
efficiencyof platelets in the @mTc@HMPAO
taggingprocedure
was also determined.

For this experiment,

1.3 ml of the super

1000 binucleated cells are summarized. The results of the

labeling experiments with the isolated lymphocytes and

the mixed leukocytes are tabulated for the three donors in

natant obtained after centrifugation ofthe leukocyte-rich plasm4
during the initial step of the cell separation procedure was aspi

sections A and B, respectively. Scoring ofmicronuclei was
not possible in the labeling experiments of mixed leuko

rated. Of this suspension, 0.3 ml was used for thrombocyte cell

cytes with 740 MBq 99mTcHMpAO due to an almost
complete impairment of the proliferation capacity of the
lymphocytes, caused by the high irradiation dose. In these
â€œhighâ€•
activity experiments, the ratio of the number of

counting. The remaining fraction of 1 ml was incubated with 37
MBq 99mTcHMPAO. After washing with 8 ml 0.9% NaCl (w/v)
and centrifuging at 2000 g for 10 mm, the radioactivity of the
thrombocyte pellet was measured.

External Irradiation
After Percoll-density gradient separation isolated lymphocytes
were divided in five fractions. One sample served as sham
irradiated control. The remaining fractions were exposed to 250

binucleated cells, representing cells after one mitosis, ver
sus the number of nondividing mononuclear lymphocytes
was 0.3%, 0. 1% and 0.3% for donors A, B and C, respec
tively.

The number of micronuclei scored after incubation of

kV x-rays(HVL 1.1 mm Cu) with dosesvaryingfrom 1to 4 Gy

isolated lymphocytes

at a dose rate of 40 Gy/hr. The irradiation was carried out in a
waterbath at 37Â°Cusing a Philips MG420 X-ray generator cou

1000 binucleated cells, is only slightly enhanced compared
to the control value, 6 per 1000 binucleated cells, of the
considered donor (A). However, the micronucleus yield
after intracellular labeling ofa similar cell population with

pled to a MCN42O tube (Philips Medical Systems, Brussels,

Belgium). The doses were measured with a NE2571 cylindrical
ionization chamber and a Farmer NE2570 dosemeter (Nuclear

Enterprises Limited, Reading, England).

Cell Counting
Cell counting of the samples was performed with the Coulter
STKS system (Coulter Electronics Limited, Luton, England), a
method of counting and sizing to derive complete blood count
parameters. Analysis and classification of white blood cells are

with 37 MBq Na99mTcO4, 13 per

38.9 MBq of 99mTCHMPAO was 783. This experiment
shows that the irradiation dose and radiation damage due
to the extracellular activity present during the labeling

procedure is negligible compared to the dose induced by
intracellular activity.
The values for the intracellular

activity given in Table 1

based on three simultaneousmeasurements:individualcell vol

are obtained after correction for the activity associated
with the contaminating platelets. For this correction, the

ume, high frequency conductivity and laser light scatter. The

labeling efficiency of platelets with 99mTc@HMPAO, deter

number of platelets present in the samples was also determined
with this system.
Micronucleus Assay
Lymphocytes were cultured at 37Â°Cfor 70 hr in a 5% CO2
atmosphere at an initial density of 2 x 106 cells/ml. Culture
medium consisted of RPM! 1640 with 2 mM L-glutamine and

mined in a separate set of experiments, 0.13% Â±0.03%
per l0@platelets, was used. This value is small compared

to the labeling efficiency of, for example, lymphocytes,
7.4% Â±1.0% per l0@cells in the labeling experiments of
isolated lymphocytes involving 1.6 Â±0.5 i0@cells. Percoll
density gradient centrifugation allowed us to determine

Radiotoxicity of Technetium-99m-HMPAO Lymphocytes â€¢
Thierens et al

1169

TABLE 1
Number of Micronuclei (MN) per 1000 Binucleated Cells After Labeling of Isolated Lymphocytes and Mixed Leukocytes with

@Tc-HMPAO
A. IsolatedLymphocytesLabelingLabeling
activity

MNDonorA

(MBq)Number

of lymph.
(10@)Labeling

eff. (%)Activity

per 10' cells
(MBq)Number

of

0613.11.411.31.0622425.51.411.32.0648138.91
.41

0.93.04783DonorB

0813.71.310.81.1425727.01.310.72.2269840.01.310.23.131071DonorC

01016.62.213.21.0021028.12.213.51.7344940.72.213.02.40670B.

MixedLeukocytes LabelingLabeling

MNDonor

per
of leuk.
10@'gran.
activity
(MBq)Number (10@)Labeling eff. (%)Activity (MBq)Activity

per
10@lymph.

of

(MBq)Number

.912.8276282513.137.721.927.3â€”DonorB
A
48.36.830.21
36.65.020.41.301.8957267011.128.115.220.4â€”Donor

C

40.36.837.42.002.6685177714.242.722.228.1â€”

the labeling efficiency of the granulocyte and lymphocyte
cell populations separately in a mixed leukocyte labeling
procedure. By averaging the data summarized in Table
1B, a value of 0.74 Â±0.05 is obtained for the ratio of the
labeling efficiencies of i0@'granulocytes and the same

number of lymphocytes.
In Figure 2, the number of micronuclei per 1000 binu
cleated cells is plotted versus the intracellular activity per
i0@ lymphocytes for the three donors. These data are
presented on the left part of the figure. On the right the
individual dose response of the micronucleus incidence
after external irradiation of lymphocytes with x-rays is

given for the donors. The indicated error bars are the
statistical uncertainties on the number of micronuclei
(95% confidence level).
The curves in Figure 2 are the results of linear-quadratic

least squares fits through the data, obtained in the isolated
lymphocytes experiments: Y = C + aX + fiX2, where Y
is the micronucleus yield and X the intracellular activity

for the results ofthe labeling experiments and the external
irradiation dose for the dose response curves. The values

of the linear coefficient a and the quadratic coefficient f3
are indicated in the figure. Figure 2 shows that the micro
nucleus yields, obtained in the mixed leukocyte labeling

experiments with 37 MBq of99mTc@HMPAO,are in agree
ment with the data ofthe isolated lymphocytes taking into
account the intracellular activity of the lymphocytes.
By combining the individual analytical expressions de
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rived from the micronucleus yield versus intracellular
activity and external irradiation dose data (Fig. 2), the
functional relationship between the intracellular activity

and the equivalent external x-ray dose can be deduced for
the three donors. These fits are presented graphically in
Figure 3. The behavior, obtained by averaging over the

donors is also indicated in the figure. This figure represents
the external irradiation dose of reference x-rays causing
the same chromosomal damage to the lymphocytes as the

considered intracellular activity in the

@mTc@HMPAO

labeling.

The intracellular activity-dose relations obtained can be
extrapolated to estimate the x-ray dose inducing the equiv
alent clastogenic damage in the lymphocytes as the â€œhighâ€•
activity labeling procedure of the mixed leukocyte popu
lations for the three donors. Labeling of 13.1 x i0@leu
kocytes of donor A with 825 MBq results in radiation

damage to the lymphocytes corresponding to 27 Gy of x
rays. The same procedure with 670 MBq for 11. 1 x i0@'
leukocytes of donor B is equivalent to 23 Gy and labeling
of 14.2 x i0@leukocytes of donor C with 777 MBq to 30

Gy of x-rays. In view ofthese high doses, it is obvious that
the proliferative capacity of the lymphocytes is greatly
affected and binucleated cells are practically absent in the
slides: the ratio of the number of binucleated cells versus
nondividing mononuclear lymphocytes was less than 0.5%

for the three donors.
By using the x-ray dose versus intracellular

activity
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FIGURE2. Ontheleft,thenumber
ofmicronuclei
per1000binucleated
cellsisgivenasa function
oftheintracellular
activity
after
labeling with

@Tc-HMPAOfor the three donors (A-C). Circles represent

the results obtained with the isolated lymphocytes

and

t@iangIesare results Obtainedwith mixed leukocytes. On the nght, the dose response of the number of micronudei per 1000
binucleated cells after irradiation with 250 kV x-rays is shown for the same donors. The curves are the results of linear-quadratic

leastsquaresfitsthroughthedata.

relationship obtained by averaging over the three donors

and adopting a labeling efficiency of 36%, the radiation
damage induced in lymphocytes following a mixed leu
kocyte labeling of 1.3 x 108 cells with 740 MBq 99mTc@

HMPAOis equivalentto the effectscausedby 26 Gy of x
FIGURE 3. The
x-ray dose that
causes equivalent
cytogenetic radia
tion damage as

rays.

DISCUSSION

Different cytotoxicity studies (9â€”21)have shown that
@â€œTcradiation-induced damage may occur in lymphocytes after

self-irradiationafter
labeling with

HMPAOversus the
@
1

2

3

Intraceu. Act.(M Bq/lO7 LYmPh)

intracellular activity
for the donors in
the study. The
dashed-dotted line
represents the av

erage behavior.

intracellular labeling. When leukocytes are labeled with
lipophilic chelates of â€˜
â€˜In,a labeling dose-dependent
depression ofthe proliferative capacity ofthe lymphocytes

in response to mitogen and antigen stimulation and pro
nounced aberrations in lymphocyte migration patterns are
observed (15,18â€”21). Cytogenetic studies (15) revealed
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that â€˜
â€˜
â€˜Ininduces chromosomal aberrations in lympho

@

has to be known very accurately to calculate the dose to

cytes even with labeling doses as low as 74 kBqJlO7 lym
the DNA double helix, the most radiosensitive part of the
phocytes. These detrimental effects point to high irradia
cell. By also taking into account the high biological effec
tion doses in intracellular labeling procedures with â€˜
â€˜In tiveness of these low-energy electrons, comparable to

due to the important Auger electron groups in the decay

densely ionizing radiations of high linear energy transfers

of this radionuclide. According to Thakur and McAfee

(LET), such as alpha particles (29,30), a calculation of the
dose of reference x-rays inducing equivalent radiation

(24), the dosereceivedby lymphocytesin a labeling pro
cedure of l0@leukocytes with 18.5 MBq â€˜
â€˜
â€˜In,
an activity

damage as the intracellular activity after 99mTc@HMPAO

commonly applied in clinical practice, may be as high as

labeling is not feasible.

87.5Gy, assumingan uniform intracellular distribution of
the activity.
Auger electron groups are also present in the decay of

To circumvent these problems, we used the micronu
cleus assay to evaluate directly the radiation damage to

99mTc and therefore

labeling. A comparison with the clastogenic effects after

radiotoxic

effects can equally be ex

the genetic material of lymphocytes

after 99mTc..HMPAO

pected in intracellular labeling procedures of white blood external irradiation allowed an assessment of the dose of
cells using this radionucide. Indeed, a 370 MBq @mTc reference x-rays inducing equivalent radiation damage to
labeling dose with stannous pyrophosphate as a reducing the genetic material. Furthermore, the number of binu
agent considerably affects the functional properties of lym cleated cells representing cells after one cell division versus
phocytes (E-Rosette formation and mitogen response) the number of nondividing mononuclear lymphocytes
(10). The chromosomal damage induced by 21 MBq after mitogen stimulation and cytokinesis blocking was a
99mTc/lOl lymphocytes is equivalent to 1 Gy of x-rays valuable parameter to study the radiation induced inhibi
(11). A calculation of the absorbed dose to the cells in a tion of the proliferative capacity of the lymphocytes.
labeling procedure of 108 granulocytes with 500 MBq
In the first set of experiments, isolated lymphocytes of
99mTc with a bisalt method without pretinning yields a three donors were labeled with increasing activities up to
value of 17.7 Gy, assuming an uniform distribution of the 37 MBq or irradiated externally with different doses up to
intracellular activity (12). Although the radiotoxicity stud

iesjust mentioned (10â€”12)indicate high internal radiation

4 Gy to derive the intracellular activity-irradiation
dose
relationship based on the micronucleus yields. The results

dose values induced by intracellular

@mTcin general, a of these experiments (summarized in Table 1 and Fig. 2)
systematic study of the dose and cytogenetic radiation show a very high number of micronuclei even after incu
damage resulting from white blood celllabeling with @mTc@
bation with a relatively low @mTc@HMPAO
activity (13

HMPAOwas not performedup to now.

In the decay of 99mTc,different important low-energy
Auger electron groups are present (25). By comparing the
range ofthese electrons in tissue (28) with the dimensions
of a lymphocyte, as depicted graphically in Figure 4, it is
evident that the distribution of the activity over the cell

dose response curves of the number of micronuclei

show

an analogous behavior. However, when the linear and
quadratic components are compared, the linear compo
nent is systematically much more important in the labeling
data than in the x-ray data. The higher a/@9ratio points to
the high LET character of the radiation damage induced

2.0

by Auger electrons as compared to the effect of low-LET
reference x-rays. By combining the labeling and x-ray data,
the individual intracellular activity-dose relations have
been determined in the activity range 0â€”3MBciJlO7 lym
phocytes. The curves for the three donors (Fig. 3) show a

â€˜@
1.5

:: 1.0

S

E

similar behavior, deviating at most 20% from the average.

0

oTooi ooi
t
@

MBq). For the three donors, the number of micronuclei
versus the intracellular activity concentration can be de
scribed very accurately by a linear-quadratic function. The

DNA
Nâ€¢Ii*

0.1
1
Range@.m)

lO
f

iOo 1000

From Figure 3, it is apparent that the genetic damage to
the lymphocytes

c.Ã˜::@
Lymphocyte
+1o/@m

@oo2/'m

due to self-irradiation

is high: an intra

cellular activity concentration of 1 MBqJlO7 cells is equiv
alent to 1.6 Gy of x-rays.
In a second set of experiments, the radiation damage to
the lymphocytes in a mixed leukocyte population, sepa
rated from 46 ml blood, after labeling with 740 MBq
99mTcHMPAO was evaluated with the micronucleus as

FIGURE4. Comparison
oftherangeintissuefortheimportant say. An almost complete impairment of the proliferative
low-energyAugerelectrongroups inthe decay of @â€˜Tc
withthe
capacity after PHA-stimulation was observed: less than
dimensions of a lymphocyte and the DNA double helix structure.
The number of electrons emitted per decay is indicated on the
vertical axis.
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0.5% of the lymphocytes had undergone division. Based
on the x-ray dose versus intracellular activity relationships,
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Coulter STKS Systemfor cell counting, Dr. G. Demonceau,St
obtained in the labeling experiments with isolated lympho
cytes, the radiation damage to the lymphocytes in a mixed Elisabeth, Zottegem, Belgium, Dr. Cl. de Labriolle-Vaylet, Fa
X. Bichat.,Paris, France, and Dr. A. Skretting,The Nor
leukocyte labeling of 108 cells with 740 MBq of @mTc@cultÃ©
wegianRadium
Hospital,Oslo,Norway,for fruitfuldiscussions.
HMPAO can be estimated to be equivalent to 26 Gy of x
rays. In view of this high dose value, the almost complete
proliferation stop can be easily understood (31). The pres

ence of a small number of cells still able to divide in the
â€œhighâ€•
activity experiments can be explained by an inho
mogeneous labeling of the cells within the leukocyte pop
ulation. This hypothesis is supported by the results of an
autoradiographic

study (13). On the other hand,

one

would expect that an inhomogeneous distribution of the
activity over the cells results in an enhanced value of the

variance-to-mean ratio, @2/@i,
of the incidence frequency
distribution of the number of micronuclei per cell in the
labeled lymphocytes compared to the x-ray data. This
effect was not observed in present experiments.

Several authors (9,14â€”15)have expressed their concern
about the mutagenic and oncogemc potential of self-irra
diated lymphocytes. Particularly, ten Berge et al. (15)
questioned

whether

â€˜
â€˜
â€˜In-oxine-labeled lymphocytes

can

be safelyused in vivo to monitor homing and circulation
of lymphocytes in view of observed severe radio-induced
chromosomal aberrations. According to other authors
(22â€”24),the increased risk ofleukemia or lymphoma from

the administration of lymphocytes tagged with â€˜
â€˜
â€˜Inis
small and acceptable. This statement was based on the
following argument: the injected self-irradiated lympho
cytes represent only 0.1% of the total lymphocyte pool

and the potential for oncogenesis is small, because most
ofthe cells have lost their proliferative capacity. Neverthe
less, the clinical utilization of intracellulary labeled lym
phocytes has remained controversial and in a number of
nuclear medicine departments is restricted to patients with
shortened life expectancy.

The studies mentioned above (14â€”15,22-24)deal with
lymphocytes labeled with â€˜
â€˜
â€˜In.
The extent to which intra
cellular labeling with @mTc@HMPAO
presents an onco
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SELF-STUDY TEST

Radiobiology and Radiation Protection
Questions are taken from the Nuclear Medicine Self-StudyProgram I,
published by The Society of Nuclear Medicine
DIRECTIONS

The followingitems consist of a question or incomplete statement followedby five lettered answers or completions.
Select the one lettered answer or completion that is best in each case. Answers may be found on page 1182.

Truestatements concerning radiation-induced thyroidcancer

17. The limitingtissueresponseoccursinthe bone marrow.

include:

18. Radiationnephritis
occursinabout5% of patients.
19. Cytogenetic
changesincirculating
lymphocytes
aredirect

I . Alltypesofthyroidcancerareincreased
inincidenceby
radiation exposure.

2. Itis unlikelyto develop as a consequence of administra
tion of 1311
in dosesusedin the diagnosisor therapyof
thyrotoxicosis.
3. Itcan be distinguishedfromthatoccurring spontaneously.
4. Itismorelikelytoresultfromexposuretothethyroiddur
ing adolescence than in early childhood.

5. Itis more common followingexternal than internalradia
tion exposure.
True statements concerning probability of causation (PC)
calculations for radiation-induced cancers include:

ly related to the blood dose.

20. Radiation-inducedvomitingoccurs in more than 20% of
patients.
Radiation-relatedeffectsfrom high-dose32@therapyof
polycythemia vera include:

21. thyroidcancer
22. leukemia
23. leukopenia

Truestatements regarding radiationtherapy with radiolabeled
6. Theypertaintoa particularcancerdiagnosedata particu monoclonal antibodies include:
lar time followinga particularradiationexposure.
24. Itis effectiveprimarytherapy for several types of cancer.
7. The PC is equal to the relativeriskfor radiation-induced
cancerdividedbythesumofthatriskandthespontaneous 25. The radiation dose distributionwithina typical tumor is
risk.
sufficientlyuniformto ensureatumoricidaldosethrough
out the tumorvolume.
8. They may be applied to patients exposed to diagnostic
and therapeuticradiation.
26. The doseto normaltissues does notlimittheeffectiveness
of radiolabeled monoclonal antibodies as a sole method
9. Theyconsiderage,sex,andcigarettesmokinghabitsas
of treatment.
wellas radiation exposure.
27. Alpha-emittingradionuclides are preferred.
10. Theyare basedon the linearâ€”quadratic
modelfor all
cancers.

Iodine-131therapy forcarcinoma ofthe thyroidhas been shown
to cause
II.
12.
13.
14.
I 5.

excessdeathsfromcancerofthe bladder.
excessdeathsfromleukemia.
increasedincidenceofmalignant
salivary
glandtumors.
reducedfertility.
overtevidenceof geneticdamage.

True statements concerning 1311therapy for thyroid cancer
Include:

For radiation protection purposes it is generally assumed that
a dose to a portion ofthe bone marrow can be averaged over

the entire marrow. Concerning this concept,
28. a dose of 800 rads to 40% of the marrow is equivalent
to 320 rads to the whole marrow.

29. the dose calculated inthisfashionisthe same asthe mean
marrow dose.

30. the assumption isconsistentwitha dose-response model
incorporatingquadraticterms.
31. the assumptionapplies if partial body doses are high

enoughto kill cells.
32. the assumptionisthe basis ofthe dose equivalentconcept.

I 6. Radiation
effects
ontheparathyroid
glandsoccurinabout
10% of patients.
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(continued on page 1182)
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