
In the present paper, results are presented of a study
where mutants in the HPRT gene were measured in pe
ripheral blood lymphocytes from 13 patients undergoing
a diagnostic test for heart functions with 99mTc.From each
patient, the first blood sample was taken immediately
before administration of 99mTc and the second at 8â€”120
days thereafter.

Results of this study indicate that the mean mutant
frequency in post-treatment samples is significantly below
that for pre-treatment samples. This stands in contrast
with results of Seifert et al. who found an increase.

MATERIALS AND METHODS
The procedure used for cloning ofT-lymphocytes was basically

the one described by O'Neill et al. (3) with the following modi
fications:

1. After their publication O'Neill and Albertini proposed the

use of lymphokine-activated killer (LAK)-supernatant as a
source of IL-2 (see below). In our own studies LAK-super

natant proved to be a very useful supplement to the cloning
medium.

2. For improvement ofcolony growth $-mercaptoethanol was
added to the medium (4,5).

3. In additionto the standardantibiotics(penicillin,strepto
mycin), amphotericin B (Fungizone) was used to avoid
infection with fungi.

Media
The basic medium was RPMI 1640 (Gibco Life Technologies,

Breda, The Netherlands) containing 25 mM HEPES. The pH
was adjusted to 7.2 before addition of 2 g/l sodium bicarbonate.

A growth factor source was made from â€˜LAK-supernatant,'
which was obtained from the Department of Clinical Oncology
of the University Hospital Leiden. The supernatant is in fact a
standard culture medium to which a large amount of recombi
nant IL-2 is added. Lymphocytes from cancer patients are cul
tured in this medium to stimulate proliferation of â€˜killer'cells.
After culture, the LAK cells are transferred back to the patient
(6). The remainingmediumiscentrifugedandstoredfrozenfor
our experiments. LAK supernatants from different sources were

Mutant frequencies were measured in T-lymphocytes of pa
tients undergoing radionuclide angiography with erythrocytes
labeled in vivo with technetium-99m. Blood from 13 patients
was sampledbeforeand after (8â€”120 days)an injectionwith
750 MBq technetium-99m. Frequencies of HPRT mutants
were measuredwith the T-cellcloningmethod.Resultsmdi
cated that the mean frequency of mutants after treatment
wassignificantlybelowthatmeasuredbeforeexposure.Thus,
in contrast to published data, our results do not support the
conclusion that radionuclide angiography with technetium
99m inducesHPRT mutations.Furtheranalysisof our data
indicated that the decrease in mutant frequency after expo
sure can be accounted for by an effect of cloning efficiency.
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rythrocytes labeled in vivo with technetium-99m
(99mTc)are often used for ventriculographic examinations
of heart function. The effective dose equivalent due to this
diagnostic test is reported to be 6.4 mSv (1), and it can be
calculated that lymphocytes from patients undergoing this
test receive, on average, a dose equivalent of about 14
mSv.

In 1987, Seifert et al. (2) reported that exposure of
patients to a low dose of ionizing radiation from 99mTcis
associated with an increase in hypoxanthine-guanine phos
phoribosyl transferase (HPRT) mutant frequency in T
lymphocytes from peripheral blood. In view of this alarm
ing finding and the frequent use of this diagnostic test, we
considered it necessary to investigate whether or not the
data of Seifert et al. could be confirmed.
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%CE(cells/well) Mutantselection(+TG)SampleInter.

valPatient pos/Mfno.
Age 2 4 8 16 Mean total 10_695% conf.lim.pre/post(days)1

53.4 47.7 â€” â€” â€” 47.7 51/960 5.74.2â€”7.8(pre)817.8
â€” â€” â€” 17.8 20/960 5.93.7â€”9.5(post)2

67.6 3.5 â€” â€” â€” 3.5 15/960 22.511.9â€”42.5(pre)144.5
â€” â€” â€” 4.5 16/953 18.810.4 â€”34.2(post)3

49.4 39.6 â€” â€” â€” 39.6 45/960 6.14.4â€”8.4(pre)1458.5
â€” â€” â€” 58.5 62/960 5.74.3 â€”7.6(post)4

52.3 48.5 37.6 â€” â€” 39.5 24/456 6.184.5â€”10.4(pre)14â€”
31 .3 â€” â€” 31 .3 67/958 1 1 .68.6 â€”15.3(post)5F

51.4 0.9 1.3 0.6 0.8 0.9 1/136 40.05.6 â€”293.7(pre)145.8
6.7 7.9 10.0 7.9 16/480 22.413.5 â€”37.1(post)6

65.0 3.9 â€” â€” â€” 3.9 17/672 32.918.0â€”59.8(pre)155.9
â€” â€” â€” 5.9 10/480 17.89.0â€”35.5(post)7

58.3 23.5 â€” â€” â€” 23.5 13/224 12.77.2â€”22.4(pre)221
.7 â€” â€” â€” 1 .7 4/960 12.14.0 â€”37.2(post)8F

53.3 2.9 3.3 2.0 1.1 2.4 0/56<40(pre)2996.3
91.2@@ 93.7 2/64 1.70.4 â€”7.0(post)9F

60.8 5.9 4.7 5.6 5.6 5.5 9/928 8.94.6 â€”17.4(pre)941
.0 38.6 36.9 28.5 36.3 19/480 5.73.5 â€”8.8(post)10

59.5 4.2 â€” â€” â€” 4.2 24/960 30.217.7â€”51.5(pre)3922.7
26.7 22.0 21.7 23.3 39/864 9.97.2 â€”13.8(post)1

1F 62.1 * *@ @9 1 .8 1 .9 5/1 92 71 .528.8 â€”177.2(pre)631
1.8 10.1 11.8 12.5 11.6 48/960 22.21 6.4 â€”30.0(post)12F

53.5 10.4 10.5 12.6 13.3 11.7 13/632 9.05.2 â€”15.7(pre)6448.4
55.3@@ 51.8 9/384 2.31 .2 â€”4.6(post)13

33.2 24.3 â€” â€” â€” 24.3 13/336 8.17.3â€”9.1(pre)12089.6
â€” â€” â€” 89.6 128/960 7.86.5â€”9.9(post)Pre-treatment:

MeanCEÂ±s.d.= 16.0Â±16.9;meanMf Â±s.d.= 21.2Â±19.9x 10_6.Post-treatment:
MeanCEÂ±s.d.= 33.4Â±31.4;meanMfÂ±s.d.= 11.1Â±7.2 x10_6.*

= Not possible tocalculate.â€”

= Notdone.F

= both pre- and post-sample frozen before Mf determination.

tested for their capacity to support clone formation by lympho
cytes from one and the same donor. No substantial differences
could be detected.

Lymphocyte Isolation and Storage
Approximately 40 ml samples of blood were collected from

individuals in heparinized vacutainers (Becton Dickinson, Gei
den, The Netherlands). The mononuclear cell fraction was im
mediately separated on Ficoll-Paque (Boehringer Mannheim BY,
Almere, The Netherlands) and washed with phosphate-buffered
saline (PBS)supplementedwith 2% fetal bovine serum (FBS)
(Hyclone, Greiner By, The Netherlands, heat-inactivated). After
viability counting, cells were suspended in priming medium (see
below) or frozen by suspending the cells in 1.5 ml freezing
medium (RPM! 1640containing 40% FBS and 10% DMSO) and
stored under liquid nitrogen.

Lymphocyte Priming
In some patients (marked in Table 1), freshly isolated lympho

cytes were immediately suspended in priming medium to induce
mitotic activity. In other donors, isolated lymphocytes were fro
zen and put in culture when both pre- and post-treatment samples
of a particular patient were available. In the latter case, mutant
frequencies could thus be determined under exactly the same
culture conditions.

Frozen pre- and post-treatment samples of each patient were
thawed simultaneously in a waterbath (37Â°C).The contents of
each ampule were transferred to two 10-mi tubes, each containing
8 ml RPM! 1640 with40% FBSandcentrifuged( 10mm at 350
g). After resuspending the pellet in RPM! 1640,cells were counted
(viability usually greater than 90%), recentrifuged and seeded out
in priming medium at a cell density of2 x l06/ml, and incubated
upright in 50-ml tissue culture flasks (Greiner, max. 15 ml
suspension per flask) in humidified incubators in an atmosphere
of5%â€”6%CO2 in airat 37Â°C.Phytohemagglutinin (PHA HA16,
Wellcome Diagnostics, Weesp, The Netherlands) was added at a
final concentration of 1 @cg/ml.

Priming medium consisted of RPM! 1640 supplemented with
20% nutrientmediumHL-l (Ventrex,BiolabNV, Amersfoort,
The Netherlands), 5% FBS, 5 x lO@M beta-mercaptoethanol, 2
mM L-glutamine, 100 U/ml penicillin, 100 @cg/mIstreptomycin
sulphate, and 2.5 @cg/mlamphotericin B (Fungizone, Gibco).

Cloning
After incubation for 44 hr, primed lymphocytes were counted

and plated in round-bottom 96 well microtiterplates (Nunc,
Gibco)at 1,2, 4, 8, or 16cellsper wellin non-selectionmedium
(â€”TG)and at 2 x lO@cellsper wellin selectionmedium (+TG).
Each well contained 200 zl cloning medium.

TABLE 1
Frequencies of Patients Sampled Before and After Technetium Treatment
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To determinecloningefficiencies(CE,â€”TG),we initiallyused
four plates with 2 cells/well. Due to occasional low cloning
efficiencies (CEs), it was decided later on to use an extra two
plates with 4 cells/well, two plates with 8 cells/well, and two
plates with 16 cells/well. For selection, we used, when possible,
10 plates of 2 x l0@cells/well. Plates were incubated for 12â€”14
days under conditions as described above to allow colony growth
before scoring under an inverted microscope.

Cloningmedium(non-selection)consistedof RPMI 1640sup
plemented with 20% HL-1, 5% FBS, 12.5% LAK-supernatant as
a source of IL-2, 5 x l0@ M beta-mercaptoethanol,2 mM L
glutamine, 0.25 @igPHA/ml, antibiotics as described above, and
5 x i0@irradiated feeder cells/ml. Selection medium also con
tamed 2.5 @ig/ml6-thioguanine (TG, Sigma Instruchemie, Hil
versam, The Netherlands).

Feeder cells were TK6-derived HPRT-deficient lymphoblas
told cells obtained from R.J. Albertini, and grown in RPMI 1640
supplemented with 10% heat-inactivated newborn calf serum
(defined bovine serum, Hyclone). Before use as allogenic stimu
lators, they were killed by exposure to 40 Gy of x-rays at a dose
rate of 25 Gy/min (Enraf Nonius, Delft, The Netherlands, 100
kV, 12 mA).

StudyPopulation
Individuals who were referred to the nuclear medicine depart

ment of the University Hospital Leiden for a diagnostic test of
heart function were asked to volunteer for this study. To study
low-dose radiation effects, it was important that the selected
patients had not previously received radiotherapy, chemotherapy,
or relevantradiologicexamination.It was rather difficultto find
volunteersthat fulfilledthesecriteria.

Blood samples were collected just before the beginning of the
nuclear medicine procedure and at 8 to 120 days thereafter.

For the radionuclideangiographicexamination, erythrocytes
of patients were labeled with 750 MBq @mTcaccording to the in
vivo method (7). Twenty minutes after the injection of 2 ml of a
pyrophosphate solution containing 1.5 mg stannous chloride
(TechneScan PYP, Mallinckrodt Diagnostica, Petten, The Neth
erlands) 750 MBq [99mTc]pertechnetatewere administered intra
venously. Immediately thereafter multiple-gated scintigraphy was
performed.

Dosimetry
Technetium-99m was produced in a radionuclide generator as

pertechnetate (99mT@(J4_;Ultratechnekow FM, Mallinckrodt
Diagnostica). In the generator, molybdenum-99 (@Mo;TÂ½= 66
hr) was transformed by beta-decay into either @mTc(87.9%) or
99Tc(12.1%). Technetium-99m (TÂ½= 6 hr) decayed by isomeric
transition to @Tcand emitted partially converted gamma-pho
tons of 142 keV or 140 plus 2 keY. The effective output of the
140-keVgamma radiation was 87.2%.

Radionuclidepurity of the pertechnetate solution was high.
The @Mocontent was lessthan 0.001%.The labelingefficiency
ofthe in vivo method used was better than 90%. The half-life of
99mTc in the human body, due to excretion and physical decay,

wasapproximately5 hr.
The effective dose equivalent due to the nuclear medicine

procedure was reported to be 6.4 mSv (1). From this, it was
calculated that lymphocytes receive, on average, a dose equivalent
of about 14 mSv.

Calculationof MutantFrequencies
CEswerecalculatedby means of the followingformula:

CE = (â€”lnP0)/x,

where P0 = the fraction of negative wells and x = the average
number of cells/well. The calculated mutant frequency (MO is
the ratio of the CE in the presence and absence of the selective
agent 6-thioguanine (8).

For experiments with two or more types of non-selection
plates, the arithmetical mean CE was used to calculate the Mf.
Ninety-five percent confidence intervals for Mfs were calculated
according to Furth et al. (9).

Statistical Analysis
Mfs and CEs were not normally distributed and were therefore

transformed with the â€˜Â°logfunction. Despite this, we report the
means and standard deviations of the untransformed Mfs and
CEs.The differencesof â€˜Â°log(M@and â€˜Â°log(CE)in patientsbefore
and after treatment were tested with the paired t-test.

Covarianceanalysis for repeated measurementswas used to
test for the difference between â€˜Â°Iog(M@before and after treat
ment while controlling for differences in â€˜Â°log(CE)before and
after treatment (10).

RESULTS
Mfs of patients before and after 99mTcadministration

are presented in Table 1. The CEs for pre-treatment sam
ples range between 0.9% and 47.7% (16.0 Â±16.9) and for
post-treatment samples between 1.7% and 93.7% (mean
33.4 Â±3 1.4). The increase in CE after diagnostic exami
nation is not significant (p < 0.08).

For Patient 8, it was impossible to obtain mutant clones
due to the low CE (2.4%) and the small number of
lymphocytes available for mutant selection. The Mf for
this donor (<40 x l0_6) was calculated by assuming that
there was less than one positive well out of a total of 56
wells. For the statistical analysis of the data, a Mf of 40 X
lO_6 was used for this patient.

Mfs before 99mTctreatment ranged between 5.7 and 71.5
x lO_6(mean 2 1.2 Â±19.9 x l0_6) and after 99mTcexposure
between 1.7 and 22.4 x 1Ã˜6 (mean 11. 1 Â±7.2 x 1Ã˜6),
The decrease in Mf after diagnostic examination proved
to be statistically significant (p < 0.031).

Because the mean CE doubled after treatment, the
question arose whether the decrease in Mf after treatment
could perhaps be attributed to an effect of CE. With
covariance analysis for repeated measurements, it ap
peared that the regression of â€˜Â°log(Mf)on â€˜Â°log(CE)was
significant (p < 0.036). However, the difference between
the â€˜Â°log(Mf)measured before and after treatment and
corrected for the regression of â€˜Â°log(Mf)and â€˜Â°log(CE)was
not significant (p < 0. 125). Thus, the apparent decrease of
the Mf after treatment can fully be accounted for by the
observed increase in CE after treatment.

DISCUSSION
Several laboratories have used the HPRT clonal assay

to measure Mfs in normal adult donors. Results are quite
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consistent, with mean Mfs ranging from 3 to 10. 1 x l0_6
(2,8,12â€”16).

In our studies in normal adult donors, a mean Mf of
9.8 x lO_6 was found for non-smokers and 10.7 x l0_6
for smokers (data to be published elsewhere). Inspection
of Mfs in individual donors indicated considerable differ
ences. The highest Mfs were usually found in donors with
relatively low CEs. In the literature, it has been reported
that Mfs are strongly but inversely correlated with CEs
(1 1). Because Mfs are measured by calculating the ratio
between CEs with and without 6-TG selection, Mfs tend
to be high when CEs in non-selection plates are low. In
our laboratory, we have used the HPRT clonal assay
routinely for several years and have observed that CEs for
some donors (not only patients) were low. Parallel exper
iments with â€œhighCEâ€•donors and â€œlowCEâ€•donors
indicated that low CEs are by no means always due to
technical factors such as sub-optimal culture conditions.
Therefore, we do not favor the elimination of data from
these low CE donors. In our opinion, Mfs should always
be presented together with their CEs.

A striking feature of the mutation studies with techne
tium patients is the fact that the CEs in nonselective
medium (â€”TG)were generally lower (mean CE patients:
16.3%) than in our control population (mean CE total
data: 40.9%, data not shown). The fact that Mfs in patients
and controls were determined with exactly the same cul
ture methods and media seems to indicate that the lower
CEs in patients must be attributed to other factors such as
the higher mean age of the patients (mean age: 55.3 yr;
mean age controls: 37. 1 yr) and/or their health condition.
We believe, however, that the lower CEs in this group of
patients should have no influence on the outcome of the
present study because pre- and post-treatment samples
were always from the same donor.

It is of interest to note that CEs after 99mTc treatment
were, on average, twice as high as before treatment, al
though the difference was not statistically significant (p =
0.08; two-sided test). The reason(s) for the observed differ
ence in CEs is not known. Obvious differences between
pre- and post-treatment samples are that: (1) pre-treatment
samples were not exposed to irradiation and (2) pre
treatment samples have not been exposed to SnCl2 prior
to treatment with 99mTc With respect to the first difference,
it is difficult to believe that the low dose of 99mTc would
kill lymphocytes and thereby stimulate production of new
relatively undamaged cells with a better CE. It is also
difficult to understand how exposure of lymphocytes to
SnCl2 could induce a better CE.

It has been reported that SnCl2 is readily taken up by
human lymphocytes in vitro and that it can cause damage
to DNA as demonstrated with DNA unwinding techniques
(1 7). Such damage is induced at concentrations of the
chemical that are about six times higher than those in
patients.

Furthermore, SnCl2 can interfere with the ability of

lymphocytes to be stimulated by the polyvalent mitogen
Concanavalin A (but in our studies PHA has been used).
Such an effect is only demonstrable in vitro at a concen
tration that is about four times higher than in blood from
patients. This effect is in fact also in opposition to our
findings; namely, a stimulation of mitotic activity. DNA
damaging effects of SnCl2 have furthermore been reported
for Chinese hamster ovary cells but again at concentrations
at least one order of magnitude above the concentration
in human blood (18).

Our observation of a doubling of the mean CE value in
post-treatment samples stands in contrast with that of
Seifert et al. (2) who found in their patients a 50% reduc
tion of the mean CE value in post-treatment samples.
They explained this reduction by assuming that there had
been a loss of activity of T-!ymphocyte growth factor
during the time interval between pre- and post-treatment
samples. In our experiments, the same batch of growth
factor was used for the pre- and post-treatment samples
and, apparently this has not resulted in a decrease of the
CE value in post-treatment samples, but rather in an
increase.

Our observations and data from the literature suggest
that Mfs are inversely correlated with CEs. Therefore, the
question can be asked whether our finding of a higher
mean Mf value before rather than after treatment with
99mTc should not be attributed to the fact that CEs for pre

treatment samples were often lower than those for post
treatment samples. We have analyzed this problem by
correcting the difference between the â€˜Â°log(Mf)measured
before and after treatment for the regression of â€˜Â°log(M@
on â€˜Â°log(CE).After this procedure, the decrease in Mf after
treatment was no longer statistically significant (p <
0.125).

Our findings are at variance with those published by
Seifert et a!. (2) who reported an increase ofMfs in patients
following exposure to a very low dose ofionizing radiation
from 99mTc (p < 0.007, two-tailed paired t-test on trans
formed data). However, their data, like ours, show a sig
nificant regression between â€˜Â°log(Mf)and â€˜Â°log(CE)(cor
relation = â€”0.76,p < 0.018). If we take into account this
regression, then the differences between â€˜Â°log(Mf)before
and after treatment are no longer statistically significant
(p < 0.268). This means that the increase in Mfs that they
observed after treatment with 99mTccan, in our opinion,
also be attributed to an effect of CE.

We therefore conclude that nuclear angiography with
99mTc, which represents a frequently used diagnostic test

involving a relatively high dose of irradiation in compari
son to other diagnostic tests with radionuclides, does not
constitute a genetic risk as measured by induction of
HPRT mutants in T-lymphocytes.
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