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Pxarr.s 26 AND 27 
Study of the mechanisms of action of ionizing radiation in higher animals 

has been impeded by lack of a precise method for measurement of reproductive 
potential in single mammalian cells comparable to that available for micro- 
organisms, such as the plating technique of the bacteriologist (1) or the plaque 
method of the virologist (2). While a number of quantitative and semiqnantita- 
tire procedures for titmting animal cell reproductive capacity have been pro- 
posed (3), these generally depend on complex interactions between members of 
large populations, and their results are difficult to translate in terms of the fate 
of the individual cell. A variety of different criteria have been used as an index 
of cell "killing" by irradiation, and "cell lethal doses" have variously been 
defined over a range extending from the neighborhood of 100 r to more than 
100,000 r (3-5). The extent to which the metabolic state of the individual 
animal cell can alter its radiation susceptibility is only poorly apprehended. 
The degree to which the lethal radiation dose to an entire animal depends on 
radiobiologic damage to reproductive processes within cells of specific types is 
uncertain. And the rates of mammalian cell mutation have been very rarely 
susceptible to experimental determination (6) because of lack of a reasonably 
rapid method for cultivation of large populations from the single cell mutants 
produced by irradiation, as is done in a routine manner with microorganisms, 
(see reference 7, for example). 

With the development of simple, rapid methods for growing single mam- 
malian cells into macroscopic colonies with a plating efficiency of 100 per 
cent (within the limits of sampling error) (8-9), it became possible to carry out 
studies on such cells in precisely the same way as has been done for bacteria. 
In this paper are presented experiments describing quantitatively the effects 
of high energy irradiation on the reproductive capacity of single HeLa cells, 
derived from a human cervical carcinoma (10). 

* Contribution No. 39. 
:~ Aided by a research grant from the Division of Biology and Medicine of the Atomic 

Energy Commission (Contract No. AT(11-1)-269) and by a grant from the Damon Runyon 
Fund. 
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Methods and Materials 
The plating procedures used to obtain colonial growth from single HeLa cells on Petri 

dishes have been described (9). Both the method employing a feeder layer and that involv- 
ing more gentle tryps'mization which makes the feeder layer unnecessary, were observed 
to yield similar results, so that after the first several experiments the use of feeders was dis- 
continued. The clonal strain $3 was employed in most of these experiments, although a few 
survival curve determinations carried out on the wild type HeLa cell and on another mu- 
tant, $1, yielded essentially the same result. 

Known aliquots of monodisperse HeLa cell suspensions were deposited on 60 ram. Petri 
dishes containing 4 to 5 cc. of standard growth medium (9), or a modification thereof con- 
taining 10 or 15 per cent porcine serum as the only serum component. (Use of porcine rather 
than human serum permits a larger number of colonies on each plate because of the greater 
compactness of the resulting growth (9).) In the standard procedure the plates were incu- 
bated in 5 per cent CO2 in air at 37°C., for at least 5 hours and not more than 24 hours, 
during which time the cells attach to the glass. Inspection of the plates just before irradia- 
tion confirmed that more than 90 per cent of the cells are indeed single at this point and in 
interphase. The covered Petri plates were then exposed for measured time intervals to a 
Westinghouse x-ray tube operating at 230 KVP 1 and 15 ma., filtered with 1 ram. of alumi- 
num and 0.5 mm. of Cu. Dose rates of 100 to 200 r/minute were employed. These were 
measured with a Victoreen r meter whose calibration had been confirmed by comparison 
with meters standardized by the National Bureau of Standards. The meter was placed in 
exactly the same position as the sample, and covered with a Petri dish lid to duplicate the 
conditions of cell exposure. Readings were corrected to standard temperature and pressure. 

After irradiation the plates were incubated in the COs chamber (9) for at least 9 days, 
and sometimes as long as 17 days, as will be described. In some experiments, fresh growth 
medium was substituted immediately after irradiation in case toxic materials should have 
been produced in the suspending fluid, but experience soon demonstrated that this measure 
had no appreciable influence on the experimental results for the dosages used in this study. 
I t  was also necessary to determine whether toxic products arising from the irradiated cells 
might inhibit growth of true survivors on the same plate. The following experiment showed 
this effect to be negligible within the dose ranges here employed: Plates containing thou- 
sands of cells were irradiated with 2000 to 4000r, a dose range sufficient to permit no sur- 
vivors. Immediately afterward a known inoculum of normal cells was added, and the plates 
incubated. In every case the colony count obtained closely approximated the number of 
normal cells added to the heavily irradiated plate. 

Un l r r ad i a t ed  cells exhibi t  100 per  cen t  co lony- forming  efficiency unde r  the  
condi t ions  employed .  Hence ,  i t  is reasonably  cer ta in  t h a t  the  exper imenta l  
p rocedure  subjects  these cells to no ma jo r  stress o the r  t han  t h a t  of the  i r radia-  
tion. T h r o u g h o u t  this pape r  the  words,  " s u r v i v a l , "  " v i a b l e , "  and  " k i l l i n g "  are  
used in the  sense which has  become  s t anda rd  in microbio logy;  i.e., referr ing 
on ly  to the  ab i l i ty  of the  ind iv idua l  cell to mu l t i p ly  in to  a macroscopic  colony.  
We  shall des ignate  Do as the  n u m b e r  of R o e n t g e n s  needed  to  reduce  a popula-  
t ion to the  f rac t ion  1 /e  - 37 per  cent ,  and  shall use this as  a measure  of the  
slope of the  surv iva l  cu rve  in regions where  i t  is a l inear ly  logar i thmic  func t ion  
of the  dose. 

1 KVP, kilovolt peak. 
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Linear-quadratic model

Actual data are fit reasonably well by the following mathematical expression for the surviving fraction

The dose Deq at which the linear and the quadratic term contribute equally is obtained from 

and therefore 

S(D) ⇡ e�↵D��D2

↵Deq = �D2
eq

Deq = ↵/�
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Target theory
Here we assume that a cell has one sensitive target, and that successive hits by ionizing particles are all statistically 
independent, so that we can use the Poisson statistics.

The probability of hitting n times a given target, when the average number of good hits is a, is 

Then the probability missing the target is:

If the target is a vital function in a cell and the average number of hits depends on radiation dose D

then the survival probability is just the probability that the target is NEVER hit

P (n) =
an

n!
e�a

P (0) = e�a

a = D/D0

S(D) = P (0, D) = e�D/D0
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Multitarget model, asymptotic behavior and threshold effect. 

If there are multiple targets, say n targets, all of which must be hit to kill a cell, then the probability of missing at least one of 
them – i.e., the survival probability – is

then, for large dose

i.e., 

which is a linear relation with intercept ln n, and slope -1/D0.

S(D) = 1� (1� e�D/D0)n

S(D) ⇡ ne�D/D0

lnS(D) ⇡ lnn�D/D0
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S(D) = 1� (1� e�D/D0)n
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Survival curves may deviate from the 
LQ model at low and high doses

• Certain cell lines and tissues, are 

hypersensitive at low doses of 0.05-0.2Gy. 

• The survival curve plateaus over 0.05-1Gy

• Not seen for all cell lines or tissues, but has 

been reported in skin, kidney and lung

• At high doses, the model does not fit data 

well because D2 dominates the equation

HT29 cells
(from Lambin et al., Int. J. Rad. Biol. 63 
(1993) 639
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Tumor Control Probability

The fraction of cells that survives a dose D is by definition S(D), therefore when N cells are irradiated with dose D, on 
average there are N S(D) surviving cells. 

This means that when we use a Poisson probability model, the probability of finding n surviving cells is 

and the probability of finding 0 surviving cells (a total kill !) is 

The following quantity is called Tumor Control Probability (TCP)

P (n;D) =
[NS(D)]n

n!
e�[NS(D)]

P (0;D) = e�[NS(D)]

TCP = P (0;D) = e�[NS(D)] = e��CV S(D)

density of tumor 
clonogens

tumor volume
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using a linear-quadratic model for S(D), one finds a sigmoid curve
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sione, indicazione al trattamen-
to, follow up), sia le procedure
correlate agli aspetti tecnici della
terapia devono essere soggetti ad
attenti controlli di qualità;

• si raccomanda che ogni Centro
partecipi regolarmente a inter-
confronti dosimetrici esterni. È
stato infatti dimostrato che gli
interconfronti dosimetrici, o più
ampie verifiche esterne della do-
simetria e del funzionamento
delle apparecchiature, sono mol-
to efficaci nell’evidenziare dove
possano potenzialmente insor-
gere problemi.
L’attività del Laboratorio di Fi-

sica in questo campo ha avuto ini-
zio nel 1995 per far fronte al primo
dei due punti indicati, con la co-
stituzione di Gruppi di studio sul
tema della GQR, a cui partecipano
studiosi indicati dalle associazioni
dei radioterapisti oncologi, dei fisi-
ci specialisti e dei tecnici di ra-
dioterapia, cioè proprio quel-
le figure profes-
sionali princi-
palmente coin-
volte nel tratta-
mento radiote-
rapico. Su que-
sto fronte è atti-
vo in primo luo-
go l'ESTRO
(European So-
ciety for Thera-
peutic Radiology and On-
cology) con il suo "Quality
Assurance Committee" che prov-
vede a emanare linee guida genera-
li. L’attività dei Gruppi ISS è rivol-
ta a identificare gli aspetti sui qua-
li sviluppare le suddette raccoman-
dazioni e regole applicabili a livel-
lo nazionale, in base a quanto in-
dicato dal documento dell’ESTRO
(8) elaborato nell'ambito del pro-
gramma "Europe Against Cancer",
e in analogia a quanto fatto dagli
altri Paesi europei. La GQR, infat-
ti,  non è più concepita solo come
controllo e taratura degli strumen-
ti adoperati, ma secondo criteri di
GQ globale che coprano tutti gli

aspetti delle procedure collegate al-
la diagnosi, al trattamento e al
follow up. È necessario, per-

tanto, procedere
con un’attività
multidisciplinare
in modo da co-
prire sia gli aspet-
ti tecnici della te-
rapia - come le
procedure di irra-
diazione - che i
parametri correla-
ti al paziente,

quali diagnosi, decisioni rela-
tive al trattamento, ecc.
Tra le ricadute positive dell’in-

troduzione di un sistema di qua-
lità vi è quello di garantire
una migliore
omogeneità nel
modo in cui uno
stesso protocollo
terapeutico vie-
ne applicato in
Centri diversi;
viene così mi-
gliorata la pro-
babilità di dimo-
strare l’esistenza di diffe-
renze tra le modalità tera-
peutiche confrontate nello studio,

riducendo le variabilità legate a di-
versità tra i Centri partecipanti.
L’esistenza di procedure di GQ in
uno studio multicentrico è quindi
oggi considerata requisito essen-
ziale per la validazione dei risulta-
ti riportati.

Per una buona pratica clinica,
l’attuale legislazione (9) sottolinea
che, in tutte le articolazioni orga-
nizzativo-funzionali, sia favorito
l’utilizzo di linee guida predisposte
dalle società scientifiche o da grup-
pi di esperti nelle varie branche spe-
cialistiche.

I suddetti Gruppi di studio ISS
hanno avviato da diversi anni ini-

ziative relative alla GQR, or-
ganizzando corsi-dibattito ed

elaborando linee
guida su questo
tema. Il coinvol-
gimento dell’ISS
in questo settore
è stato ribadito
anche nel nuovo
regolamento di
organizzazione
dell’ente (10) do-

ve è riportato, tra i compiti isti-
tuzionali, quello di svolgere attivi-
tà di consulenza per la tutela dellaN
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L’ISS ha elaborato 
linee guide generali

sulla garanzia di qualità
in radioterapia

Un sistema di qualità 
in radioterapia

garantisce omogeneità
nell’applicazione
di un protocollo

terapeutico

Figura 5 - Esempio di curve di isodose bidimensionali calcolate per le irra-
diazioni di un tumore (liposarcoma retroperitoneale) situato in prossimità di
organi critici (reni e midollo spinale). La regione tratteggiata rappresenta il
volume bersaglio pianificato (PTV), mentre con la sigla OAR sono indicati gli
organi critici

Example of two-dimensional isodose curves in the treatment of retroperitoneal 
liposarcoma, close to critical organs – kidneys and spinal cord. 

PTV = Planned Target Volume
OAR = Organ At Risk
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4. Equivalent Uniform Dose (EUD)

According to Niemierko (who introduced the concept in 1997), 

“For any dose distribution, the corresponding Equivalent Uniform Dose  EUD  is the dose  in Gy, which, when distributed 
uniformly across the target volume, causes the survival of the same number of clonogens.”

In the discussion of EUD, “it is assumed that an irradiated tumor is composed of a large number of independent clonogens, 
and that random killing of the clonogens is well described by Poisson statistics. The binary response – control or failure – of 
an irradiated tumor is assumed to be determined by the expected number of surviving clonogens. Therefore, two different 
target dose distributions are equivalent if the corresponding expected number of surviving clonogens are equal.”

from Niemierko, Med. Phys. 24 (1997) 103
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Example with a Poisson cell kill model

Surviving fraction for a generic dose 
D and for a reference dose Dref

The surviving fraction can be rewritten as an explicit function of the reference dose

S(D) = exp(�D/D0)

S(Dref) = exp(�Dref/D0)

lnS(Dref) = �Dref/D0 ! D0 = � Dref

lnS(Dref)

lnS(D) = �D/D0 = D
lnS(Dref)

Dref
! S(D) = (S(Dref))

D/Dref
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Now assume that there are N cells uniformly scattered in a volume V, which is subdivided in subvolumes Vi
which receive each a dose Di. Then the number of cells that survive in the whole volume is the sum of the 
cells that survive in subvolumes Vi

Therefore the total surviving fraction is

X

i

ni =
N

V

X

i

Vi S(Di) =
N

V

X

i

Vi (S(Dref))
Di/Dref

1

N

X

i

ni =
X

i

Vi

V
(S(Dref))

Di/Dref =
X

i

vi (S(Dref))
Di/Dref



We would obtain the same surviving fraction

with an equivalent uniform dose EUD such that
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S̄ =
X

i

vi (S(Dref))
Di/Dref

S̄ = (S(Dref))
EUD/Dref

! EUD = Dref
ln S̄

lnS(Dref)
= Dref

ln
P

i vi S(Dref)Di/Dref

lnS(Dref)

This holds for the simple Poisson-model surviving fraction. More complex cases are treated in the paper by 
Niemierko: 

• absolute volume effect
• nonuniform spatial distribution of clonogens
• dose-per-fraction effect (using the LQ model)
• proliferation effect
• inhomogenity of patient population
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Optimization (basic concepts of treatment plans)

We optimize a treatment by 

• maximizing damage to tumor tissue
• minimizing damage to normal tissue

This is a complex process that requires numerical solutions. 

In the following slides we analyze a simple example that utilizes Monte Carlo simulation to analyze the 
effects of an IMRT (Intensity-Modulated Radiation Therapy) treatment (IMRT is an improved version of the 
3D-treatment).
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In this example the radiation is 
delivered by beams with the 
same Gaussian intensity 
modulation (this kind of intensity 
modulation is not realistic, it is 
just part of this specific example)

beam profile

position (a.u.)
-2 -1 0 1 2

0.0

0.2

0.4

0.6

0.8

1.0
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Simulation target: glioblastoma multiforme

Glioblastoma multiforme (GBM) is the most common and 
malignant brain tumor found in human beings, accounting for 
approximately 52% of all functional tissue brain tumor cases and 
20% of all intracranial tumors. 

GBM is comprised of heterogeneous groups of neoplasms that 
proliferate through various parts of the central nervous system. 
Although it is the most prevalent form of primary brain tumor, only 
2-3 cases per 100,000 people in the Europe and North America are 
reported annually. However, the prognosis for patients afflicted 
with GBM is extremely poor, and is eventually fatal in the vast 
majority of cases.

(from https://sites.google.com/site/whatisglioblastomamultiforme/pathophysiology)

https://sites.google.com/site/whatisglioblastomamultiforme/pathophysiology
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FIG. 2. TCP curves (solid black lines) for various GBM histological types12 and NTCP curve

(dashed red line) for brain tissue vs. dose D (Gy). The TCP curves have been drawn taking the

linear extrapolation14 of the LQ model with the ↵ and � parameters listed in Ref. 12. The NTCP

curve has been drawn with partial volume v = 5%.

maximizing the TCP.

To compute the TCP I approximate human cells with spheres with the average radius

R = 10 µm – see, e.g., Ref. 15, which is an excellent source of important biological numbers

like cellular sizes. This means that the average cell volume is about 4000 µm3 = 4⇥10�15 m3,

and – with a relative mass density very close to 1 – the average cell mass is about 4⇥10�12 kg.

The corresponding cell density is about 2.5⇥ 108 cells/cm3. Then, a solid tumor with about

109 cells20 has total volume ⇡ 4⇥ 103 mm3 and mass ⇡ 4⇥ 10�3 kg, which I attribute to a

disc 1 cm high and with a radius of about 1.1 cm. I assume that the radius of the head is

9 cm.

I start the trial-and-error by delivering a total dose D = 100 Gy, which is a common

value in many treatments, and corresponds to a total energy of 0.4 J released in the disc-

shaped tumor mass. The photon energy in many treatments ranges from about 1 MeV to

somewhat more than 10 MeV (see, e.g., Ref. 16), so that the number of photons absorbed

in the tumor volume ranges from about 2.5⇥ 1011 to about 2.5⇥ 1012. This is a very large

number of photons, and it is easy to anticipate that it is not possible to simulate all of them,

one has to simulate a lower dose, and then scale the distribution of the absorbed photons

to the higher dose. While this is perfectly acceptable if one is content with estimates of

average values, it also means that fluctuations observed in the simulation runs are mostly

artifacts due to the reduced number of photons. If the number of photons of energy E�

5

TCP curves (solid black lines) for various GBM histological types and NTCP curve (dashed red line) for brain tissue vs. 
dose D (Gy), for 109 cells (volume about 4 cm3). The TCP curves have been drawn taking the linear extrapolation of the 
LQ model with the α and β parameters listed in the literature. The NTCP curve has been drawn with partial volume v = 
5%. 
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Example distribution with 3 beams

Each dot represents the position of one absorbed photon. The local dot density is proportional to the local dose. The 
photon beams undergo exponential attenuation, and there is a corresponding energy absorption in tissue. 
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FIG. 9. Dose-volume histograms (DVH) for the whole volume of the simulated head (left panel)

and for the planning target volume (right panel). DVH’s are empirical cumulative distributions of

dose that are often used in radiotherapy, but they are read o↵ di↵erently from usual cumulative

distributions. For instance, from the histogram on the right we find that about 70% of all voxels

receives a dose larger than 60 Gy, and that about 30% of all voxels receives a dose larger than 100

Gy. The histograms show here refer to the same MC simulation shown in figure 6.

The dose distribution in individual voxels and the isodose map are shown in figure 10. It

turns out that the change is not beneficial, the new configuration has roughly the same TPC

value and a larger NTCP value: TCP ⇡ 1.7% and NTCP ⇡ 16.7%.

In a final attempt I go back to the 3-beam configuration and try with wider Gaussian

beams to obtain a better coverage of the planning target volume, i.e., I use the parameters

• number of beams: 3

• beam angles: -60�, 0�, and 60�

• beam profile: Gaussian with common � = 2 cm

• total dose in the planning target volume: 200 Gy

This choice of parameters leads to a di↵erent distribution of dose, as shown in figure 11.

Again, the change does not significantly modify the TCP and NTCP: TCP ⇡ 1.9% and

NTCP ⇡ 86.1%. There is a minor gain in TCP and a very large increase in NTCP. The

situation is somewhat disappointing: a negligible increase in TCP has been achieved, but

at the cost of a very large increase in NTCP. However this is not really unexpected: GBM’s

are extremely di�cult to treat and one of several reasons is the low radiosensitivity of some

13

Dose-volume histograms (DVH) for the whole volume of the simulated head (left panel) and for the planning target 
volume (right panel). DVH’s are empirical cumulative distributions of dose that are often used in radiotherapy, but they 
are read off differently from usual cumulative distributions. For instance, from the histogram on the right we find that 
about 70% of all voxels receives a dose larger than 60 Gy, and that about 30% of all voxels receives a dose larger than 
100 Gy. 

Dose-volume histograms
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By carefully adjusting the beam parameters 
we can optimize the results of radiation 
therapy. 

This simple example shows how to use the basic principles, 
however: 

• example limited to 2D (real treatment plans must be 3D)
• no real physics (intensity does not change because of 

absorption, no Compton scattering of photons, etc.)
• quantification of damage with simplified TCP and NTCP curves
• simple structure with circular symmetry (real cases are much 

more complex)
• no organ-at-risk in the vicinity
• ...  

logo

Treatment Planning Topics Photon Therapy 3D-conformal Radiotherapy

Radiation Dose

Dose is the measure of energy
deposited in medium by ionizing
radiation per unit mass

gray (Gy) = Joule
Kilogram

Dose deposited in patient is
measured using a fine cubical grid

cubes are called voxels
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