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The new conception is based on simple radiobiological model-
ling of cell tissue lethality and restitution processes during
and after local fractionated irradiation. Several simple assump-
tions have been tested against some animal data and compared
with other theoretical treatments (Cohen's model, NSD concep—
tion). The analyses have been performed for rat spinal cord ok
rat skin’/®/, and mouse colon’/3/, Some considerations have been
done on high-LET radiations 4/, An attempt has been made to
analyse the data on multicelluar spheroids in terms of the new
formulae ’%, Some remarks have been published on human skin
acute reaction’® as well as on late reactions of several human
tissues /7/. Further experimental data on mouse and pig skin
will be discussed in this paper.

SURVIVAL CURVE ACUTE SKIN REACTION

Many experimentis have been performed on mouse skin. The ex-
periments were so accomplished that the full survival curve could
be established ‘8, In the case of mouse skin the derived survi-
val curve was well fitted by an exponential quadratic equation
and it led to the analysis in terms of the "Fe" concept ‘%,

It is possible to use a quadratic equation for the calculation
of DFT, too:

DFT =N-.(d +md2) —ﬁo(T—TQ)- ’ (1)

where @ is the survival curve parameter. There are, however, se-
veral reasons for which we shall take rather generalized Hug-
gett's formula through further analyses:

The exponential-quadratic formula is not general enoegh to
describe all experimental results for various tissues /8 The
survival curve determined by Douglas and Fowler /8 is the initial
one. The survival curve during repopulation differs from that
of initial days and so the survival curve parameters are the
average ones. The presence of more sensitive compartment should
be expréssed in the existence of a pronounced initial slope of
the survival curve, which is in contradiction with exponential-
quadratic formula.

Table | shows the data by Doglas and Fowler 3/ on fractiona-
ted irradiation together with the results of analyses in terms
of generalized Huggett's and exponential-quadratic formulae. It
is obvious that the first formula describes experimental data
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Table 1

The analyses of mouse skin fractionated irradiation
experiments in terms of generalized Huggett's and ex-—
ponential-quadratic formulae. Dg*Rg ... experimental

dose with standard deviation, D; ... theoretical dose
obtained from exponential-quadratic equation with op-
timal B/a = 0.096 and DF = D +B/aD?=76.0, Dy ...
theoretical dose obtained from generalized Huggett's formu
formula with optimal parameters y = 1.816, dg = 1.5 Gy,
DF = N-(d +dg)” = 325..The squares $Q; and 8Q, deter-
mined as (D - Die )/RE)E.

SCHEDULE Tty n Sy D, &y
Simgle exposure 22.620.5 23.4 2.5 22.7 0.04
4 fr. in 3 days = 38.5%0.7 39.2 1.00 39.1 0.73
5 fr. in 4 days 42.730.6 42.1 1.00 42.3 0.44
8 fr. in 7 days 49.4%0.5 48.2 5.76 49.5 0.04

16 fr. in 8 days 60.0%1.3 56.7 6.44 60.0 0.00
17 fr. in 8 days sa.ot;:g 57.4 0.09 60.8 0.49
32 fr. in 8 days  65.103.5 63.8 1.00 66.7 0.64
64 fr. in 8 days 67.6%0.8 68.9 2.64 66.9 0.77

14 x 2.00 Gy in week + Dy 16.5%0.5 16.5 0.00 16.4 0.04
28 x 1.00 Gy in week + D 16.0%0.5 17.1 4.84 16.4 0.64
64 x 0.45 Gy in week + Dy 16.5%0.5 17.3 2.56 16.2 0.36

Sum of squares 52 27.89 4.19
Degrees of freedom DF 9 8
s2/DF 3.10 ' 0.52

much better. The difference im sums of squares is significant

at 1% level (P < 0.01). So if using the two formulae as descrip-
tive ones we should prefer generalized Huggett's formula in
spite of its additional parameter.

The “Fe”plot (the dependence of log - survival over total
dose vs dose per fraction) has been suggested as particularly
useful way of plotting the cell survival curve for skin respon-
se data which appeared to fit a quadratic survival equation as
this gave a straight line on such a plot’® . More exact expe-
riments, however, showed a slight curvature’?® just correspond-
ing to the curve of generalized Huggett's formula.
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Dutréix's graph (or “D;” plot) was recently found to be
linear in the broad region of doses (from 4 to 20-25 Gy),
which is further evidence for the superoirity of the new for-
mUI39?S it gives linear D, plot (experiments by Douglas et
al. Y - .

Generalized Huggett's formula has been fitted to the cubic
equatiﬂﬂﬁ given as the best fits of survival curves by Lam
et al, for 7-day scoring and 22-day scoring systems for
mouse skin reaction. The correlations were nearly exact (dif~
ferencies in dose between 4-25 Gy were less than 1% with avera-
ge difference of 0.67).

Furthermore, generalized Huggett's formula is easy to handle
in respect to experimental data. Its parameters can be inter-
preted in terms of Dutreix's and Strandquist's graphs and orien-
tational values can be determined from such graphs.

The additional parameter may be sometimes superfluous or may
have approximate value only, of course.

The parameters can be derived from Douglas' survival curve,
too. The linearization of generalized Huggett's formula gives:

In(-In(8) = Ina +yIn(d+d,). @)

Good agreement can be achieved with d, =1.5, y =1.82, a =
=0,034. The value of a could be determined from the full survi-
val curve, of course; but it is usually impossible. Douglas

and Fowler 8/ used the data of Emery et al.’'" on clone coun-
ting in order to achieve the absolute scale. The absolute scale
can be determined with some uncertainty only a = 0.034 * 0,010.

The least squares fitting assumes in this case constant dis-
persion of the quantity In(-In(8S)). Such a method differs some-
what from usually used assumption that In(S) has the same disper-
sion but in such cases it is an advantage’®/,

The determined survival curve formula describes well the re-
sults of Field et al,/1®/ yith the irradiation during 43 days.
The computed DF factor for 8, 16 and 32 fractioms is DF = 500.5+
+ 37 (for 4 fractions the computed value was somewhat greater
but the authors confirmed less precision -in that case and they
themselves did not use the point for their analyses). This fact
suggests that there could be small changes of the parameters dg
and ys during the schedule only(the parameter ¢ may very).The -
mice used by Field et al. /1%/ and Field and Hornsey 13/ were of
SAS/TO strain; Douglas and Fowler’® used WHT/Ht mice. The sur-
vival characteristics seemed to be the same for the two stra-
ins 712/ although the dose corresponding to given reaction so-
mewhat differs, and so the parameter a may differ, too.

The determined survival curve describes also the results of
Fowler et al.’'% with fractionated irradiation up to 18 days.
Fowler obtained a straight line with a slope of « = 0.33 in




Table 2

Doses and DF factors for various levels of mouse
skin reaction y=1.816, dp= 1.5, T = 43 days.

SCHEDULE REACTION 0.5 REACTION O.6 REACTION O.7 REACTION 1.0
FRAC/DAYS D/Gy/ DF ~ D/Gy/ DF D/Gy/ DF D/Gy/ DF

Single dose ; 18.7 234.7
8/43 50.7 336.4 56.5 395.1 61.5 449.0 67.2 514,2
16/43 608 330.7 70.2 400.2 75.8B 444.5 82.8 502.7
32/43 74.1  364.1 83.0 413.8 94.9 484.5

Mean values 333.6 386.5 435.8 500.5
of DF ¥ s.D. +t 1% tog. . 2N t 3y

Strandquist's graph, which corresponds to ¥ = 1.49 of original
Huggatt's formula. The doses per fraction were, however, rather
great (> 4 Gy), and so we have further evidence that in these
cases original Huggett's formula gives a fairly good approxima-
tion. It can bejeasily shown, that the original and generalized
formulae coincide in the region 3-15 Gy. The values of y differ,
of course.

The value y = 1.49 for mouse skin is quite near to the value
¥ = 1.40 determined for rat skin /%% which suggests that there
is one common survival curve for acute skin reactionm. -

REPOPULATION OF SKIN STEM CELLS

Repopulation during fractionated irradiation has been inves-
tigated in the case of rat skin’/2?/, The model parameters have
been estimated. The latent period is about 20 days, doubling
times 33-44 hours/3/. The process of repopulation in mouse skin
has been studied by many authors’/i®:14, 15,18/  pepekamp has
shown that the repopulation does not start until approximately
10 days after the beginning of irradiation in fractionated ir-
radiation by 3 Gy fractions. Douglas and Fowler /8/ did not ob-
serve repopulation until 16 .days. Denekamp used SAS/TO mice and
WHT/Ht mice, Douglas and Fowler used WHT/Ht mice. SAS/TQ mice
were used also in further experiments by Field et al. . The
numerical values of doses from his work were determined for early
reactions and are given in Table 2 together with the values of
DF factor. Small errors of mean values suggest that the survival
curve formula describes these data well. The difference in DF
values between a single dose and fractionated irradiation should
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Table 3

Schedules, doses, and DF factors for SAS/TO mice’1¥,
The values of DF are not shown where the dose is
beyond model applicability; in parentheses are

rough estimations 2

SCHEDULE Reaetion 1.0 Reaction 1.5 Reaetion 2.0
Daily frac./days Dy DF Dy DF n! DF
Single dose 20.0 262.9 24.8 - 31.3 -
9x3 Gy + Dy /11 11.0 236.4 15.7 313.5 18.3 374.5
9x3 Gy + DT /1% 13.7 278.2 18.2 362.4 21.3 /430.6/
9x3 Gy + DT /19 16.5 328.5 . 20.3 /407.7/ 23.7 -
9x3 Gy + DT /26 18.2 362.4 22.1 = 271 -

be given by repopulation. The estimation of 8, can be calcula-
ted: ADF =268, Tg =10-15 days and so Bg= 8-10 (Gy’day ~1).
Further experiments were performed with irregular schedules
and it should be noted that the predictions of the model for
fairly irregular regimes from parameters derived from regular
ones may be rough only. The basic interpretation should be,

‘however, valid for irregular schedules, too.

Denekamp et al. irradiated SAS/TO mice with 9 fractions
per 3 Gy daily. Then a test dose was delivered at different ti-
mes. The schedules, doses, times,and DF factors are enlisted in
Table 3. The values of 845 ¢an be determined by the simple least
squares fit to the equation

DF =B, T + DFT -B,- T, (3)

&
providing only schedules with T>Tg are used for the analysis
and T is less than the time of full restoration of tissue cell
level, The values of By, DFT - B,-Top and DFT values are given
in Table 4. The values of correlation coefficients are near to
1.0 and it is the evidence for the exponential pattern of growth.
See also Fig.l. It should be emphasized that this conclusion
does not depend on precise form of the survival curve formula.
The repopulation coefficients B3 quite correspond to those
of Field's experiment owing to the fact that our survival curve
formula should be considered as rough approximation for such
different schedules and the speed of repopulation itself may de-
pend on fractionation, too. Somewhat greater value for By of
reaction 2.0 is probably due to a greater test dose which is
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Table 4

The analysis of the data given. in Table 3.The least
square fit has been used to Eq.3.The values in parentheses
are rough estimations. DFT values are calculate for

To= 9 days (DFTy) and T4 =10 days (DFTg). Correlation
coefficient t is shown.

gummr‘ A wga, 1 .mz r
1.0 11.2 114.5 214.9 226.0 0.998
1.5 - 12.5 172.3 284.7 296.2 0.997
2.0 /15.2/  /201.3/  /331.8/  /353.0/ 0.999

Fig.l. DF factor as a function
DF factor of ‘the time between 9x3 Gy deli-
vered daily and the test dose
for SAS/TO mice skin. Reactions
1.0 (¢) and 1.5 (0) are shown.
The linear dependence reflects
an exponential growth of the
stem cell population. The opti-
mal parameters from Table 1
have been used for the calcu-
Days after 9x3 Gy lations. 2

400
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a t
beyond the region of the validity of ‘model equations., It seems
that after the doses exceed 20 Gy, the population exchibits more
resistant response - perhaps due to some small resistant compo-
nent. Average vHlue of By for reactions 1.0 and 1.5 is B, -
= 11.85.

Similarly the results with split dose (10 Gy + test dose) ex-
periments by Denekamp et al. '®" for SAS/TO mice can be analysed.
The corresponding quantities are given in Table 5. This data
suggest the repopulation does not start before the 8th day.The
repopulation coefficient can be estimated t{)ﬁo=l2ﬂ9-|5.6 ( Top=
= 9-10 days). The two experiments mentioned above give further
evidence for the hypothesis that Ty - the latent period - does
not depend on fractionation (in the first approximation).

NORMAL TURNOVER RATE AND REPOPULATION

Plucked mouse skin exhibits somewhat different pattern of
behaV}our/17/. After single doses of X-rays the peak of skin
reaction appears in 10-12 days for plucked skin and in 20-
6

Table 5

: *
Split dose experiments for SAS/TO mice skin/16/,
Doses and DF factors are calculated;
DF = (@ +1.5)!-8% 4 (4, + 1.5) 1,:8.2

First dose Second dose Time DF
25.7 - 0 -
10.0 20.8 1 365.3

Wie 0 obio U 15 /aaait/

22 days for unplucked skin. Mitotic indexes in unplucked skin
are below the control value until 9 days, while the plucked skin
responds nearly immediately. The survival curves are probably
similar for both plucked and unplucked skins as the values of
(D~ Dy )gqy are the same /187, v

Thé“dnalysis for SAS/TO plucked skin reaction (the data by
Emery et al. ¥ ) is in Table 6. The estimationg of the para-
meters are (dgand y taken from Table 1): :

DFT = 183.0 Tg = 0.0 Bg =6.7.

The schedule 2fr./21 days was excluded owing to experimental un-
certainties confirmed by authors’!?/. A very good value of cor-
relation coefficient suggests again that the repopulation can be
seen as exponential growth at a constant average speed (Fig.2).
The doubling time can be determined according to the equation
Tg = 1!12,[(80-0) taking a= 0.034:

Tg = 2.0-2.5 for fractionated irradiation (exp. of Field

et al.) s

Tq =1.7 days for irregular schedules (exp.of Denekamp et al.)

Tgq= 3.0 for plucked skin (exp. of Emery et al.)

A somewhat greater value for fractionated irradiation (compared
with irregular schedules) is quite understandable owing to ra-
diatioh induced delay after each fraction (actual number of
days of repopulation should be a little smaller).

A higher value for plucked skin could bé due to a higher nor-
mal turnover rate as the turnover rate T;= 100 hours turns to
T, = 47 hours during 20-24 hours after plucking’Q74 Our values
were determined from radiation response and do not include other
than radiation cell loss. In fact the population is reduced by
two factors: radiation damage and cell loss which is characteri-

.




Table 6

Split dose experiments for SAS/TO mice, plucked skin’1%
Experimental doses Dg in Gy and DF factors are shown.
Theoretical doses Dy are calculated with optimal para-
meters Tg= 0.0, 8y = 6.716, DFT = 182.9

SCHEDULE ne.0. ¢ D,

' Single dose  15.98%0.14  180.49 16.11

2fr./1 4 21.68%0.25 191.80 21.52
2fr./3 4 22.28%0.30 200.36 22.47
2fr./7 4 24.58%0.42 234.68 24.27
2fr./14d 27.09%0.54 274.90 27.21
Dose Fig.2. The time dependence of
28l the total dose producing the

. -}'_ same effect to plucked skin of
26} - T — SAS/TO mice. Experimental points
. e and theoretical curve have
4 ; been taken from Table 6. The
22 _/I' dashed line corresponds to the
2l formulavof’Blhs' type D =
i 1 i 1 1 1 1 = NSD-NV". 3 i =
ST G IR T" with optimal para

i meters (v = 0.318, 7 = 0.105
Time between fractions NSD = 1598). 95% confidence in~

tervals have been shown. The ordinate: dose in Gy, the abscis-
sa: time in days.

zed by the normal turnover rate. The cell loss constant is
Bw =In2/T; = 0.17 for normal skin and By = 0.35 day~! for
pPlucked skin. The repopulation after irradiation is characteri-
zed by constants B, =B,,-a =0.4] for normal skin and B, =
= Bop +@=0.23 for plucked skin. The sum Bu+Bm= + B Fo e
2 - ¢ P
Q:ES in both normal and plucked skin and represents praably
maximum possible speed of repopulation for given tissue: B=
= 0.58 day~! with the doubling time T 4= 28.8 hours.
Repopulation was not found for 16 days in the case of WHT/
HT mice /8/ after the beginning of irradiation. ‘Nevertheless,
afte/r 14 x 3 Gy during 18 days a rapid repopulation was obser-
ved 1.5/. 'I't.\e values of DF factors and repopulation coefficients
are given in Table 7. The speed of repopulation is markedly
higher than in the case of SAS/TO mice as By =23.743.0.
i ok

-
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Table 7

Schedules, doses and DF factors for WHT/Ht mice’1%.
The DF factors are shown to higher doses tham in the
case of SAS/TO mice as the survival curve used is
valid up to 23 Gy. The repopulation coefficients B,
have been calculated assuming Tp = 18 days.Dg...
test dose (Gy)

-

SCHEDULE Reaction 1.0 Reaction-1.5 Reaction 2.0
Daily frac./days Dy DF DT DF Dy DF

Single dose 19.0 241.1 22.0 308.9 26.4 421.9
13x3 Gy + Dy/17 7.2 250.4 12.1 314.0 15.4 369.4
14x3 Gy + Dp/18 5.7 251.0 10.3 303.4 13.7 355.0
14x3 Gy + D, /26 16.9 413.1 21.5 S512.1 23.2 553.1
14x3 Gy + Dy/33 17.3 421.0 23.1 550.7 8.0 -

A, . 203 26.1 24.8

The process of repopulation is likely to be influenced by many
factors and may be gr—obably different for various strains, too.
White and Hornsey’2Y/ arrived at the similar conclusion compa-
ring their results with that of Van der Kﬁgel/m’- Assuming the
survival curve parameter a=0.034 for SAS/TO mice and a somewhat
higher value of @ = 0.041 for WHT/Ht mice due to greater sensi-
tivity » we can calculate the values of doubling times: Ty=
= 16,7 hours for WHT/Ht mice and Tg= 40.8 hours for SAS/TO mi-~
ce. The value of about 16.7 hours for WHT/Ht mice is in agreement
with 22 hours determined by Withers 22/ for plucked mice. A lon-
ger doubling time could be due to a shorter normal turnover.ra-—
te for plucked mice. :

ACUTE REACTION OF PIG SKIN

The experimental data published by Bewley et al.’®% and
Fowler et al.”®% are consistent with survival curve parameters
derived for mouse skin (Table 8). The difference between 18-

28 days leads to the estimation of the repopulation constant
Bo = 6.8. Earlier considerations concerning the power function
in Ellis' formula led to great discrepancies between the two
sets of experiments’/23.24/ - gee discussion in the paper by
Fowler /2‘/,

The results of experiments of Berry et al.”®’ 4o not fit in
the picture given above. The difference between doses for

9
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Table 8

Schedules, doses, and DF factors for pig skin/23.24/,
Schedules are given in N/T notation, doses in Gy. The
average values of DF have been calculated for the la-
tent period DFy and for T = 28 days, DF -

——

SCHEDULE DOSE  DF SCHEDULE ~DOSE  OF
S.De 18.4 228.4 $/28° 38.1 6.8
2/2 23.5 218.3 9/28 47.3 289.0
2/3 25,0 ‘p41.2 . 21/28  60.9 309.5
3/3 30.2 255.8 "'5;;‘ 4
5/5 4.2 235.4 : tag

9/17  39.0 221.4
+0015/18 498 244.8

DF, 235.2
4%

30 fr./39 days and 6 fr./18 days is IO-!S Gy only, which is tgg
low owing to great differences in fraction numbefs and time. 'S
conclusion can be drawn that the sche?ule 30/%9 is very eff?ctl
ve. It could be due to greater effect*vgness in ra§1at10n kil-
ling or lower rate of repo flation. Similar situation was re—f-
ported by Withers et al. 27/ where 32 fr./45 days were more e
fective than 13 fr./45 days for nearly the same to?al dgse.

It seems that the effect is not restricted to pig skin only.
The mouse skin experiments by Field et al. showed that 32 fr.
can be as effective as 16 fractions in 43 days for doses about
65 Gy, although there is a marked difference for stronger reac-
tions. Doses for a level of 1.0 are in agreement with thoretxcal
formulae including repopulation. Similar behaviour exhibits rat
skin. Two possible explanations can be suggesteq:’ :

1) the population of stem cells is more sensitive in the

lation phase of the schedule, :
repgguthe latznt period T, is longer for the schedules with
low doses per fraction. : ; ,
Both mechanisms may be effective and their investigation would
be of great value for human radiotherapy.
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DISCUSSION

The process of repopulation was assumed to start at the time
T, after the first dose fraction. The time T o=20 days is in
correlation with the time of stem cell maturation, which sug-
gests that differentiated cells trigger stem cell population.

T, may slightly depend on the degree of tissue damage. Analysing
the large data sets’/3/ separately for each reaction, the depen-
dence of Ty on the reaction level could be noticed. Tg- = 15.0
days for level 1| of reaction in the case of rat skin and Tj=

= 21.2 for level 5; Ty =33.2 hours for 100 cells per circum
ference in mouse colon and Tg= 41.1 hours for 10 cells per cir-
cumference. This findings are in agreement with independent mea-
surements by Hegazy and Fowler/! for mouse skin and Lesher

and Lesher’2%for intestinal cells.

The assuption of exponential growth was confirmed by seve-
ral data sets. There is, however, difference between the speed
of repopulation during fractionated regims and the speed of
free repopulation. Some dose-dependent delay should be conside-
red with in a more detaild approach.

There are still other more unknown factors that may influence
the picture. For example, if there exists some regime-dependent
cell loss factor or if the gross reaction does not follow the
cell survival. The correspondence between cell survival and mac-
roscopic tissue reaction was experimentally confirmed’es'lgﬁ
but in the case of protracted irradiation the maximum tissue
reaction reflects rather minimum cell level in the tissue, which
may be at the end of the latent period.
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Kozubek S. E19-83-156
Acute Skin Reaction after Fractionated Irradiation

Experimental data on acute mouse and pig skin reaction after fractionated
y or X irradiation have been analysed in terms of a new cell tissue kinetic
model. The exponential-quadratic and general ized Huggett formulae have been
used for cell lethality description. Fairly better results could be demon-
strated with generalized Huggett's formula. The speed of repopulation has
- been determined for fractionated regimes as well as for some irregular sche-

dules. The repopulation is slower In the case of fractionated treatment.

On considering the normal cell loss factor in the tissue, minfmum cell cycle
tjme has been calculated. Its value differs for various strains (Tqy =
= 28.8 hours for SAS/TO mice and T, <17 hours for WHT/Mt mice) and does not
differ for plucked skin. The repopu‘ation has been shown to follow
tial dependence after some latent period. Other factors influencing the
effectiveness of radiation treatment (the length of the latent period or the

changes of the survival curve during fractionated irradiation) have been
considered, too.

The investigation has been performed at the Laboratory of Nuclear
S Problems, JINR. :
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