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SURVIVAL OF CULTURED MAMMALIAN CELLS IRRADIATED AT VARIOUS DEPTHS

IN THE LAMPF NEGATIVE PION THERAPY BEAM

by

P. W. Todd, J . D l c e l l o , G. West, C. Shonk,

M. M. Kl igennan, and M. R. Raju

ABSTRACT

Cultured human kidney T-l cells were irradiated in flasks or on coverslips
at different depths in a water phantom using the Clinton P. Anderson Meson Physics
Facility (LAMPF) negative pion beam. Studies of cell survival and division delay
as a function of depth and recovery between doses indicate RBEs of 1.8+0.3 and
an ability of cells to recover between two doses of stopping pions.

I. MATERIALS AND METHODS

Human kidney T-l cells were cultured in Eagle's

BME containing 10% fetal bovine serum and were ir-

radiated while attached to T-25 culture flasks (Fal-

con Plastics) or coverslips (LUX Plastics). Colony

development was allowed to take place without further

post-irradiation disturbance of the cells. Survival

was determined as previously described. The con-

figurations of irradiation are shown in Fig. 1. For

brevity and consistency, the results reported here
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were obtained from experiments in which the cells

were irradiated in flasks.

The depth-dose and transverse beam profiles for

which biological data are currently available are

shown in Fig. 2. The double-beam profile shown in

Fig. 3 was also used in the irradiation of coverslip

cultures, and the colony-count data are reported
2

elsewhere.
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Fig. 2. Depth-dose profile (left) and transverse
beam profile (right). The horizontal bars
represent dimensions of the irradiated
pairs of flasks in the x and y beam planes.

Fig. 1. Irradiation configuration for human T-l
cells in flasks and on coverslips.
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Fig. 3. Depth-dose profile calculated for double
irradiation of cultures by adding 50% more
dose at a 2.5-cm shallower position than
the first exposure (used in irradiation of
the coverslip holders to evaluate change in
RBE through the modulated peak).

II. RESULTS
Figure 4 shows the results of experiment 800 in

which cells in flasks were irradiated with 100 rads
(bottom panel) and 200 rads (top panel) of negative
pions at the position of maximum dose (in the pro-
file of Fig. 2). In this experiment, an aluminum
oxide target was employed for picn production, and
the peak dose rate occasionally reached 6 rads/min.

In experiment 801, cells of another cell line
were used (Chinese hamster M3-1), as this cell line
is more resistant than T-l cells to both high- and
low-LET radiations. Figure 5, which shows the

16 18 20
Depth in H20(cm)

22

Fig. 4. Depth-survival profile for cultured human
T-l cells irradiated in flasks with 200
peak rads pions (top) and 100 rads (bottom).
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Fig. 5. Dopth-survival profile for cultured Chinese
hamster M3-1 cells irradiated in flasks
with 200 peak rads pions.

depth-survival profile for these cells , indicates
that they are also resistant to stopping pions. Al-
though the dose peak occurred at a depth of 18.4 to
18.7 cm, this figure also indicates a rather flat
survival profile all the way back to 19.6 cm. The
lethality peak is expected to be broader than the
dose peak because the dose-average LET (and hence
the biological effect) is greater beyond the depth
at which the maximum dose occurs.

This biological broadening of the dose peak is
also suggested in Fig. 6 which presents a portion of
tiie results of experiment 820. This experiment was
a repeat of the above experiments with T-l cel ls ,
but a carbon target was used for pion production, and
the average dose rate tended to be around 3 rads/min
at the dose peak (located 18.4 to 18.7 cm into the
water phantom). Survival was very nearly constant
over a breadth of ~ 1 cm at the doses used (100, 200,
300, and 400 rads). In addition, a fractionated
exposure was made in which a set of cultures received
400 rads in four 100-rad fractions delivered exactly
every 3 h.

Dose-response curves were generated from the
data of experiments 800 and 820 using doses and sur-
vivals at 18.75 cm depth, and these are plotted in
Fig. 7 along with an estimate of the x-ray .survival
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Fig. 6. Depth-survival profiles for human T-l cells
irradiated with 100 (-9-), 200 (-X-), 300
(-0-), and 400 (-4-) peak rads pions.
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Fig. 7. Dose-survival curves derived from Figs. 3
and 5 compared with x-ray survival (-X-)
and with survival of cells receiving
400 rads as four 100-rad treatments every
3 h (-©-).

curve under the same conditions at low doses and at
acute dose rates. At the higher pion doses, the
survival curve of experii&ent 800 (Fig. 4) l ies below
that of the later experiment (Fig. 6). I t is pos-
sible that this difference is due to a dose-rate
effect. In the region of 100 peak pion rads, the
two curves do not differ significantly. Comparing
the combined curves to cell survival following a
200-rad dose of x rays yields an average relative
biological effectiveness (RBE) of 1.8 + 0.2. The
error limits on this figure are s t i l l too broad for
serious clinical application. The cells that re-
ceived 400 rads in 100-rad increments survived as
if they had received 340 rads in a single dose.
Therefore, the existence of a small amount of sub-
lethal damage repair following pion irradiation in
this dose range is apparent.

Additional end points studied included post-
irradiation growth. The scoring of "ells per colony
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Fig. 8. Post-irradiation growth curvts for human
T-l cells exposed to pions in the peak and
plateau regions•

by phase-contrast microscopy of the irradiated cul-
tures yielded the growth curves of Fig. 8. The
division delay per rad appeared to be very nearly the
same at the two positions studied.

I I I . DISCUSSION
A single irradiation with 100 rads of peak pions

does not appear to k i l l any cells in the plateau por-
tion of the depth-dose profile. This may not be
true in the case of daily 100-rad fractions, and ±c
would need to be tested in an in vivo system. A 10
to 15% reduction in cell survival in the plateau
region occurred after four 100-rad fractions were
delivered at the peak; however, in rhii cise, only
3 h intervened between exposures.

An unmodulated beam should be adequate for i r -
radiating a 1-cm treatment volume, and two overlap-
ping peaks may be adequate for treating a 4-cm treat-
ment volume to a uniform dose. Biological results
to date are consistent with this conclusion.

The downward curvature of the survival curves
implies that some pion damage is sublethal and must
be accumulated. The fractionation experiment sug-
gests that this sublethal damage can be repaired.
When these preliminary data are used to determine
the exponent of N (the number of daily fractions)
in the "HSD" (Nominal Standard Dose) formula, the
value of the exponent becomes 0.11, similar to that
determined for neutrons used for radiotherapy at the
Texas A and M University cyclotron (TAMVEC) but

greater than ~0.04 estimated for the Hammersmith
4 5

Hospital and the Naval Research Laboratory neu-
trons. In neutron experiments, no evidence has
indicated that the exponent of T (the time over
which treatment is administered) should change,
and pion experiments with synchronous cells to
investigate division delay and other nonlethal
effects are needed. D » NSD x N0"11 x T0"11 can be
used as an in i t i a l estimate of the time-dose rela-
tionship for stopping pions in the configuration
used in these experiments. In other words, the
Kligerman formula, D = SD x T , for daily i r -

0 22radiations, would become D = SD x T "
An analysis of the data presented here is s t i l l

incomplete. For example, a thorough consideration
of the higher RBE on the "back" side of the close
peak has yet to be made. An RBE in the vicinity of
2.0 can perhaps be anticipated.
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The biological action of pions la the peak of
this beam configuration may or may not resemble that
of TAMVEC neutrons. It may b2 worthwhile to explore
other factors than RBE and fractionation to deter-
mine to what extent such a resemblance exists. Ex-
periments determining the fractionalion response of
mouse jejunal crypts and the OER for Vioia faba root
growth inhibition, both of which have been done very
well at TAMVEC, may make an entire, set of parameters
from the TAMVEC experience available co the LAMPF
pion program.

An initial estimate of the equivalent of 200 x-
ray rads daily for 7 wk was made from the results of
this study. It appears that approximately 120 rads
of peak pions per day on the same schedule would
lead to the same level of cell lethality.
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