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SUMMARY

Samples of thyroid tissue removed surgically
from 63 patients were cultured in vitro and
X-irradiated to investigate the radiosensitivities
of various types of thyroid epithelial cells. A
total of 76 samples were obtained, including
neoplastic cells from patients with papillary
carcinoma (PC) or follicular adenoma (FA),
cells from hyperthyroidism (HY) patients, and
normal cells from the surgical margins of PC
and FA patients. Culturing of the cells was
performed in a manner which has been shown to
yield a predominance of epithelial cells. Results
of colony formation assays indicated that cells
from HY and FA patients were the least radio-
sensitive: when adjusted to the overall geometric
mean plating efficiency of 5.5%, the average
mean lethal dose Dy was 97.6 cGy for HY cells,
and 96.7c¢Gy and 94.3 cGy, respectively, for
neoplastic and normal cells from FA patients.
Cells from PC patients were more radiosensitive,
normal cells having an adjusted average Dy of
85.0cGy and PC cells a significantly (p=.001)
lower average Do of 74.4cGy. After allowing
for this variation by cell type, in vitro radio-
sensitivity was not significantly related to age at
surgery (p=.82) or sex (p=.10). These results
suggest that malignant thyroid cells may be
especially radiosensitive.
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INTRODUCTION

That exposure of the thyroid gland to ionizing
radiation increases the risk of thyroid cancer
has been confirmed in studies of atomic bomb
survivors in Hiroshima and Nagasaki,"? of
patients therapeutically exposed to X rays for
various medical conditions,> ™" and of persons
exposed to radioactive fallout in the Marshall
Islands.*'®  Recent technical advances in the
in vitro culturing of human epithelial cells'®
have made it possible to study the effects of
radiation at the cellular level, It has recently
been reported!” that the colony-forming ability
of normal human thyroid cells in vitro may be
somewhat more sensitive to impairment by
XKArradiation than those of human mammary
epithelial cells, liver parenchymal cells, or fibro-
blast cells from various organs.'®"?! However,
little has been reported about the radiosensi-
tivities of neoplastic thyroid cells or hyperthyroid
cells.’® Tissue scarcity and limited success with
primary culture methods have in the past
restricted such comparative studies of human
tissue, This report describes the cell survival
dose responses of normal, cancer, adenoma,
and hyperthyroid cells from the surgically
resected thyroids of 63 individuals.

MATERIALS AND METHODS

Cell Origin and Culture Method

Thyroid tissue was obtained from patients
undergoing partial or total resection of the
thyroid for PC, FA, or HY at the Second
Department of Surgery, Hiroshima University
School of Medicine. Normal cells were obtained
from the margins of the excised tissue of patients
with tumors, None of the PC or FFA patients
received therapy prior to surgery. For approxi-
mately one year prior to surgery, HY patients
received methylmercaptoimidazole so that serum
concentrations of thyroid hormones were within
normal limits.

Cell culture methods are described in detail
elsewhere.'® Briefly, excised thyroid tissue was
minced and then incubated at 37°C for two
hours in collagenase (300 U/ml). Next, the
suspension of cells was passed through a coarse
nylon filter (53 um average pore size) to remove
undigested stromal tissue and large cell aggregates.
The filtered suspension was then centrifuged
at 1,200rpm for 10 minutes after which the
supernatant was discarded and the pellet of
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cells resuspended in medium. Complete medium
for primary cultures and experimentation
consisted of equal parts of Ham’s F-12 and
minimal essential medium (a-MEM) supplemented
with 2.5% fetal bovine serum and six growth
factors (insulin, hydrocortisone, transferrin,
glycyl-1-histidyl-L-lysine acetate, somatostatin,
and epidermal growth factor). Glucose (1.5g/
liter) was added to insure a sufficient nutrient
supply, and penicillin and streptomycin were
added to prevent bacterial contamination.
After allowing for cell attachment, dishes were
washed with phosphate buffer solution and filled
with fresh complete medium for cells to grow
from four to six days. Measurements of thyroid
hormone levels in the medium and thyroid
stimulating hormone (TSH)-stimulated cyclic
adenosine monophosphate (cAMP) of cells
have been used to verify the culture of thyroid
cells.'®

Irradiation Procedure

Cells at first passage were used in all experiments
reported here. Approximately 18 hours before
irradiation, subconfluent primary culture cells
were trypsinized for five minutes in 0.1% trypsin
with 0.01% ethylenediamine tetraacetic acid
(EDTA). Complete medium was added and the
suspension of single cells was centrifuged for
five minutes at 1,200 rpm to remove the trypsin
solution from the cells, Cell density was
determined with a hemocytometer, and cells
were plated into sets of four replicate 60 mm
diameter plastic culture dishes per radiation
dose group in sufficient numbers to yield ap-
proximately 40 colonies per dish. After the
18-hour incubation at 37°C, the cells were
irradiated at room temperature with a Softex
X-ray machine operated at 40kVp and 5mA
with 0.2mm aluminum external filtration
(7.70 Gy/min calculated dose rate). Experiments
included nonirradiated controls and at least
six exposure doses ranging from 37 to 744 cGy
of X rays. The population doubling time of all
cell types ranged from 32 to 36 hours and the
multiplicity at the time of irradiation was less
than 1.01 wunder the present experimental
conditions. No feeder cells are now used because
early studies revealed no improvement of plating
efficiency (PE) with up to 4%X 10% X-ray-
inactivated human skin fibroblast cells per dish.
No more than 4x 10* thyroid cells were seeded
into each dish.
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Accurate dosimetry of soft X rays was ac-
complished wusing Nuclear Associates Type
30-330 PTW, Exrodin Type 2A and Shonka-
Wyckoff ionization chambers, and a Keithley
Model 602 electrometer. Additionally, thermo-
luminescent (BeO) chip dosimeters were used to
verify dose measurements at the location of cell
attachments on the dishes. Beam quality was
measured using aluminum absorbers., Dose rate
calculations were made based on the identical
physical parameters encountered during cell
irradiations.

To facilitate irradiation, dishes contained only
0.5ml of medium during the irradiation period.
An identical procedure, omitting only irradiation,
was followed for nonirradiated control cells.
After a two-week incubation period in 5%
C0,-95% air at 37°C, the cells were fixed in
formalin and stained with Giemsa. Reproduc-
tively viable cells were determined as those
that had developed into macroscopic colonies
containing at least 50 cells. Because the penetra-
bility of 40kVp X rays is poor and the meniscus
at the edge of the dishes certainly resulted in a
reduced amount of radiation dosage, colonies
at the edge of all dishes were not scored.

Statistical Analysis

For each assay the nonirradiated control cell
PE was calculated as the number of colonies
observed, Cp, divided by the number of cells
plated, Ng. The surviving fraction (SF) at each
dose D was then calculated as

SFD =Cp/(Np x PE)
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extrapolation number, n, were obtained by 2k 0, FEBEIEM G Dy B O 0 o i

fitting the single-hit multitarget model BREAFEIZE D KD,
S(D)=1-[1-exp(—D/Dg)] " , [2]

using the method of maximum likelihood,
assuming the colony counts are realizations of
Poisson random distribution. Comparisons of
radiosensitivity according to patient’s disease,
cell type, sex, and/or age were based primarily

T —HRERT Y sS4 REL V0T
HHLHE L. BHEOHER, MBOFE, % X

Tl ORGSO B, FE LT B



on analyses of variance and covariance and
linear regression analyses of the logarithms of
the cell survival parameter estimates. “‘Average”
values of Do or n produced by these analyses
correspond to geometric rather than arithmetic
means. In comparative analyses, each value of
log(Dg) or log(n) was given a weight inversely
proportional to the square of its estimated
standard error, to reduce the possibility that
comparisons among experiments might be
distorted by the least precisely estimated values.

RESULTS

Radiosensitivity assays were performed using
76 samples of cells obtained from 63 patients
(54 female, 9 male). Table 1 shows the distri-
bution by sex, patient disease, and cell type, and
the ranges and mean values of age at surgery
for all experiments. Primary cultures of
adenoma cells frequently failed to be established
under the present experimental conditions by
some unknown reasons. As expected, the HY
patients were generally younger than those with
neoplastic diseases. The 76 experiments in
Table 1 include 26 which used autologous
normal and neoplastic cells from eight PC
patients and five FA patients; detailed analysis of
these 13 cases is given elsewhere.??
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TABLE 1 DISTRIBUTION OF EXPERIMENTS AND AGES AMONG 54 FEMALE
AND 9 MALE PATIENTS WITH THYROID DISEASE

#1 HZEMARUCGEEIAORIKREHLEOERR VERTH

Number of experiments

Patient age at surgery

e caw
Female Male Total Minimum Mean Maximum
Pe Normal 10 5 15 31 510 75
PC Neoplastic 13 2 15 31 51.0 75
FA Normal 15 0 15 15 425 68
FA Neoplastic T 0 7 34 504 68
HY Hyperthyroid 21 3 24 15 289 53
All All 66 10 76 15 412 75

PC =Papillary carcinoma, FA =Follicular adenoma, HY =Hyperthyroidism

PC=7L#, FA=SRNE. HY=FHKBNETLE
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Fourteen samples of cells were assayed in
duplicate, one in triplicate, and one sample was
used in four replications; the remaining 60
samples were each assayed only once. It has
been shown'® that replicate experiments using
cells in first passage produce consistent results
if performed within a period of a few days.
Since 11 of the 16 sets of replicated assays were
performed within periods of two days or less,
and since the aim of the present report is to
examine differences between cell types rather
than between replications, common estimates
of Do and n were calculated for each set of
replications.

Figures la-e display the fitted cell survival curves
for each of the 76 samples. This display of
multiple survival curves in the panels of Figure 1
portrays two kinds of variability that exist in
the data: the variability among experiments
using different cell strains of a common type
(i.e., within single panels) which arise from
experimental “noise” and from the natural
variation of radiosensitivity among cells from
different persons; and any heterogeneity among
the five types of cells (i.e., between panels).
The relative magnitudes of these two kinds of
heterogeneity would be quite difficult to discern
if each survival curve were plotted in a separate
panel, as is possible and commonly done in
reports involving much smaller numbers of
experiments. However, the display of individual
data points in Figure | is impractical, because of
the large number of assays. Therefore, the
goodness of fit of the 76 survival curves in
Figure 1 is illustrated in Figure 2, which is a
histogram of the ratios of the observed SFs
(SFy from equation [1]) to the corresponding
fitted values based on the estimates of Dg and
n calculated for each experiment (S(D) from
[2]). For 438 (74%) of the 592 SFs that were
calculated, the observed value is between 75%-
125% of the fitted value, and for only 30 (5%)
do the two estimates differ by more than a factor
of two. With the exception of five instances for
which the observed SF was zero, i.e., for which
no colonies were observed, the observed and
fitted SFs always differed by less than an order
of magnitude. Results for all cell types are
combined in Figure 2, since a similar pattern
occurred for each cell type. It is apparent from
Figure 2 that the single-hit multitarget model
[2] provides an adequate fit to the data.
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Figure 1. X-ray dose-response cell survival curves for human thyroid epithelial cells in primary culture. Each
curve extends to the maximum dose for its experiment(s). a. Normal cells from patients with papillary carcinoma
(15 experiments). b. Papillary carcinoma cells (15 experiments). c. Normal cells from patients with follicular
adenoma (15 experiments). d. Follicular adenoma cells (7 experiments; arrow indicates one experiment which
included maximum X-ray dose of 10.49 Gy). e. Hyperthyroid cells (24 experiments).
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Figure 2. Histogram of ratio of observed [1] to fitted [2] values of surviving fraction, based
on all experiments. Actual frequencies are given in the figure for all 592 ratios.
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Figure 3 displays the estimates of the cell survival
parameters Do and n for each of the 76 samples.
There is substantial overlapping in Figure 3
among the five types of cells considered, but the
heterogeneity of Do among the five cell types
is nevertheless highly significant (p<.001).
All experiments with PC cells yielded values of
Do less than 100cGy. For ease of comparison,
the unweighted, unadjusted geometric mean
values of Do and n for each cell type are
indicated at the margins of Figure 3. From
Figures 1b and 3 it is apparent that one experi-
ment with PC cells yielded an exceptionally low
Do value of 41.1cGy. It is important to note
that this individual point does not unduly
influence the comparison among the five cell
types: with that point eliminated the hetero-
geneity of Do among cell types is still significant
(p=.004).
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Figure 3. Cell survival parameter estimates Dyand n for 76 experiments. Unweighted geometric
mean values (not adjusted for PE) are indicated at the margins.
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Among all 76 experiments, there is a moderately
strong positive association between PE and the
cell survival parameters: for log(PE) and log(Dyg ),
Pearson’s coefficient of correlation is r=0.22
(one-tailed p=.03); for log(PE) and log(n),
r=0.13 (p=.14). Therefore, to compare the
survival parameters among the groups, the
weighted geometric mean values of Dy and n,
adjusted for regression on log(PE) are shown in
Table 2; the corresponding survival curves are
illustrated in Figure 4. (The results in Table 2
and Figure 4 are all calculated for the overall
mean PE of 5.5%) The effect of weighting is
most apparent for neoplastic cells from FA
patients (Table 2). This group has the largest
unweighted geometric mean Dy, 1.07Gy
(Figure 3); however, its adjusted and weighted
mean, 0.97 Gy, is slightly lower than that for
HY cells. This occurs because the two largest
values of Dy from the seven experiments with
FA cells were estimated with quite large standard
errors. Nevertheless, the average survival curve
for neoplastic cells from FA patients lies above
that for HY cells over the entire dose range
0-6 Gy even when the adjustment for correlation
with PE is included (Figure 3). After allowing
for the marginally significant (p=.06) variation
of Dp among HY, PC (normal and neoplastic
combined), and FA (combined), there is a
highly significant difference between the average
Do values of neoplastic and normal cells from
PC patients (744 and 85.0cGy, respectively;
one-tailed p=.001), but not between those of
FA patients (p=.36).

6RO EBRT XTIZ20wT, PE L#lfatkfi/5 5
A= —ORIZHEMECHEZMEIZDSNS.
log (PE) & log (Dg) 125w T Pearson O fHM{E #1
r=0.22 (K #&E p=.03) ¢ % 1, log(PE) &
log(n) 22V Tl r=0.13(p=.14) Th-/. LI
HoT, GRBOEFS7A -y -2l T 5728
12, log(PE)®O Iz THIEL 2Dy REn @
MEMHETLHMAE2Z IZRL, ZOMET 245
a4 cRmd(R2ZEUCKAIOFER I ~<T,
PE O A& EHM5.5% 2w CHBLALDTEHES ).
MEOFEE, W2 L E th# OMEE ANz w»T
GbLHFETHA(F2). ZOFO Dy O I EHFE
EEEREAES 107Gy TH -4 (H3). LAL,
Zha#iiE - MIE L AFH 0.97Gy 13 B IR AR
EELAEREOMBOL O LD PP, DAL,
EiaR s EhkoMaz Hu A TROERTES
hDp oo, bEv2@EIEDTKE
BRI I, 5THS. LAL, BIaMEESE
kOB A g o FHEFligiE, PE oMMz
SVTHIEAT-ABETH, 0~6Gy O&itiH
ERICEVTHIRBERETEE LS B EoMBn
FEHEFIMSO EHI2HS (K3 ). PRI THE
fE, P (E®W R UESEMEo ), BT
WEHIRNE (AF) 12, bEFHLrIZHEL (p=.06)
Do ZWMtEAH Y, 2hit ERT 5 &, JLoEHE
JBAE R O N R O IE WAL & @) Do 2134
THREEERSIBDO SN 3 H(F 4 T4.4cGy BT
85.0cGy; K {liFeiE p=.001), a0 &4 0a
ITHEETUHLZ WL (p=.36).

TABLE 2 PLATING EFFICIENCY (PE) AND AVERAGE CELL SURVIVAL PARAMETERS
BY PATIENT DISEASE AND CELL TYPE
#2 BEOHKLEUCMREMAHNOI0=-—BRE (PE)RT
FHlaEF T A -5 —

Average cell survival
parameters*®
Patient No. of PE(%)
disease Cellygn experiments Do n
GM  Range
GM 95% CI GM  95% CI

PC  Neoplastic 15 28 08147 744  (65.3, 84.8) 3.0 (25, 3.6)
| Normal 15 6.2 1.2-155 85.0 (77.4, 93.4) 2.1 (16, 2.7
FA Normal 15 94 29206 943 (87.1, 102.2) 1.8 (L6; 2.0)
FA  Neoplastic it 4.6 0.2-16.3 96.7 (85.5, 109.4) 21 (@15, 29
HY  Hyperthyroid 24 6.0 04-309 976 (91.3,104.4) 1.8 (1.5, 2.1)

*Estimated by weighted least squares, with weights inversely proportional to estimated sampling variances,
and adjusted for regression on logjo PE; estimates are given for overall geometric mean (GM) of PE (5.5%)

with 95% confidence interval (CI).

HERFATMCREATIMEREZ A TMEE S ZRIZEDHEE L, log1oPE Q@ IZ>VTHIIE. PE(5.5%) 0
ZHEEETHGM) >0 THEML TN, HEMH(CI)29%%.
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Figure 4. X-ray dose-response cell survival curves corresponding to weighted geometric mean
values of cell survival parameters, adjusted for PE.
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There was no evidence that the extrapolation
number n varied significantly between the five
cell types (p>.20). This was true whether or
not the analysis involved adjustment for the
association between log(n) and log(PE) and/or

log(Do ).

Based on the weighted analysis with adjustment
for the association between Do and PE and for
differences between the five cell types in Table 2,
there was no significant association between
Do and either patient age at surgery (p=.82)
or sex (p=.10).

DISCUSSION

Early cultures of human thyroid epithelial cells
from 63 patients (54 female, 9 male; age at
surgery 15-75 years) with PC, FA, or HY were
exposed to graded doses of soft X rays. Since
PE was seen to have a moderate association with
the cell survival parameters, comparisons of the
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SO cH i@ Y EE -T2 %
FTEREE -2 (p>.20). Zhitlog(n) BT
log (PE) X123 log (Dg) @ BiE 122w T D #fl 1E A AR
LEVWTITAATVALXEX»IZHFREL 22 1.

#2128115 Dy & PE oM KO 5 #iMoMMAako
ERIZOVWTHMIEAZ T ZMERRFIZ LS L, Do &
BEOTHIFEHEM (p=.82) Xi#: (p=.10) ¥ DR
CHELZMAERb s hE L1

Z =B

FLFA M, o8 AmIRRE, ORI TR #H
63N (&1ESA AN, BIEI A, FilihfEMIS~T5K)
5w FRER EEERO MO R ICHi4
NDEROBLX L 5L L 7~. PE #ifakfE 52—
S—tOMIZBELZMAENS 32 LHFBHShLD
T, Bz sfMOMBMO/I7 A -y —iOEE
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parameter values among cell types were adjusted
for PE. This ensures that the differences in
cell survival shown in Table 2 and Figure 4 do
not arise as an artifact due to variability of PE.
Additionally, in these comparisons, the cell
survival parameters were weighted in inverse
proportion to their estimated sampling variances,
thus reducing the possibility that the most poorly
estimated values might distort comparisons
among the five cell types. The weighted,
adjusted analysis showed that neither patient
age at surgery nor patient sex had a significant
effect on the cell survival parameters,

There was highly significant heterogeneity of
cell survival among the five types of cells
(p<.001), however HY, FA normal, and FA
neoplastic cells all gave similar results (Table 2
and Figure 4). The average Dy values of
neoplastic (74.4cGy) and normal (85.0¢Gy)
cells from PC patients, on the other hand, were
substantially lower. There were no significant
differences in the average value of n among the
five groups.

The present results may appear to suggest that
human thyroid epithelial cells are more radio-
sensitive than other types of human cells. For
example, Dg values for human normal mammary
epithelial cells were reported to range between
109-148 ¢cGy for 225kVp X-irradiation'® and
between about 110-130cGy for Cesium gamma
rays.??  Experiments with human normal skin
fibroblasts have yielded Dy values between
140-152 ¢Gy for 220kVp X rays,19 and between
101-160cGy for *°Co yrays.”®  (The latter
results were used by the authors of that work
to deduce a “normal range” of 97-180 cGy.”)
However, recent results for human skin fibroblasts
using the same soft X-ray machine as in the
present study yielded much lower Dy values
between 61-83 ¢Gy.? Because of the discrepancy
between results using fibroblasts, the present
results concerning thyroid epithelial cells must
be viewed with some caution.

A number of reasons may explain the discrepancy
between Dy values for skin fibroblasts. One is
the difference of X-ray energy used at the
different laboratories. It has been shown that
low energy photons are more effective for
killing cultured mammalian cells than are higher
energy photons. Zeitz et al* using HeLa cells
estimated the relative biological effectiveness
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(RBE) of low energy (<40 kVp) X rays compared

Co'y rays (i.e., the ratio of y-ray Dy to
X -ray Dg) to be 1. - -1.4, with higher dose rates
having lower RBE. Preliminary results indicate
that under the experimental conditions reported
here, a reasonable estimate of RBE for Dy is

about 1.4 for Chinese hamster V79 cells,
compared to 60('07 rays (manuscript in
preparation).

Another possible reason for the discrepancy in
results with fibroblasts is the difference in
methods for irradiating cells. In the experiments
of other investigators, cells were irradiated, either
while in suspension or while attached to dishes,
and then trypsinized for plating at the desired
densities. This permits low-density cell plating
regardless of radiation dose, since the number of
dishes for high-dose cells can be increased as
needed to obtain adequate numbers of colonies.
Because of the low penetrability of soft X rays,
the method used in both the present study and
the recent study of fibroblasts carried out at
RERF® required that trypsinized cells be plated
into dishes prior to irradiation. Moreover, due
to constraints on time available for irradiation,
the number of dishes that could be used was
limited. Therefore, cells exposed to high
radiation doses had to be plated at comparatively
high densities in order to obtain adequate colony
yields.

Even if either or both of these effects influence
the outcomes of radiosensitivity assays, it is
reasonable to presume that they affect equally
the five types of human thyroid epithelial cells
used in the present study. Thus, the conclusion
that cells from PC patients, and especially the
malignant PC cells themselves, are relatively
more sensitive to radiation-induced suppression
of colony formation than are cells from FA or
HY patients appears to be well founded.

Further studies are planned to examine the
possible effect of cell cycle distribution on the
interpretation of the present results. That is,
it is well established that cellular radiosensitivity
changes during cell cycle. An 18-hour incubation
of trypsinized cells prior to X-rradiation might
result in different cell cycle distribution for PC
neoplastic cells compared to the others because
their PE was the lowest of all. A new high
energy X-ray (220kVp) apparatus now installed
at RERF will enable us to carry out these further
studies.
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