
 Curso de Radiobiología 
UDELAR

Facultad de Ciencias
Unidad de Física Médica

Dr. Eduardo Francisco Larrinaga Cortina



4R. Repoblación

Créditos:
Dr. Jerry Battista



R3 Re-Population
J. Battista

March 2011 Chapters 20, 21, 23

in vitro is a far cry
from tumour growth in vivo
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Darwin Yip
As you go to a bigger mass, growth rate goes down



Cell Number and Tumour Size

Medical
Imaging

Micro-
Imaging



What Matters Most in Tumour Response
(Predictive Assays, Chapter 23)

Intrinsic Cell Radiosensitivity (SF?Gy )
Bergonie & Tribondeau

Oxygen Levels (hypoxia)
Tumour Growth Rate (Tdoubling)  
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In-Vitro  Models
Good experimental system 
Well- behaved cells
Controlled environment (e.g. O2)
Artificial conditions (e.g. no micro-vasculature) !
Not easily extrapolated to in-vivo situations



Spheroid Growth already deviates from Exponential Growth

Exponential

V = Vo e t

Gompertzian

V = Vo e( / )(1-e- t ) AC Burton

http://thumbs.dreamstime.com/thumb_357/1232842467247iAu.jpg



In-Vivo Growth Assays

Measure tumour volume by:

Mechanical Means palpation, calipers, Archimedes
Imaging Techniques (Ultrasound, CT, MRI etc.)
Surrogate markers (e.g. blood PSA, growth enzymes)

Darwin Yip






Primary Human Lung Tumours

Steel 1997



Tumour Growth Delay Assay
(following therapy)

T delay = Time to re-grow to initial size at start of  treatment

T 

Darwin Yip
Traditional way to measure effectiveness or radiotherapy



Tumour Cure Assay TCD50

Animal Study
Mimics clinical trial
Groups of animals exposed 

to various dose fractionation 
schemes

Score the % of animals in 
which local control of 
tumour growth was achieved

TCD50 = Dose that controls 
50% of tumours

1k rad = 10 Gy

Hypoxic 
Tumours

TCD50



Tumour Dilution Assay - TD50
(not to be confused with other TD !)

GOAL:
To measure Cell Survival  
with in-vivo conditions

1. Treat donor cells in vivo
2. Extract cells from donor 
3. Dilute and transplant # of 

cells in recipients
4. Calculate TD50 = 

# of cells that
yields 50%     

Donors Recipients

S = T D50 (control) / T D50 (treated)



Lung Colony Assay
Similar to TD50 transplantation method but uses solid tumours
Grow and irradiate tumour in vivo in donor
Extract cells and inject into identical recipient animal
Wait and count lung colonies formed

in donor tumour

Note : Xenografts (human tumours grown in immuno-deficient 
-356 



- Assay
Treat in vivo and measure cell survival in vitro



Growth 
Fraction 
(GF)

Tcell

Cell 

Tpot Tdoubling

In Vitro
In Vivo

< <
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Growth Fraction (GF in %)

Tcell

Td Doubling Time

= Cell Death Rate/Cell Birth Rate
=  1 (Tpot/ Td ) = (Td - Tpot ) /  Td = T/ Td 

Cell Equilibrium Model

T pot = ln2 /mitotic rate constant
= (Tc/ln2) ln [(100 + GF)/GF]

0 if Td = Tpot
(Death Rate = 0)

1.0 if Td >> Tpot
Birth Rate = Death Rate

Cell
Birth 
Rate

Cell 
Death  
Rate

Darwin Yip


Darwin Yip
Tpot is doubling time if there is no cell loss



Cell Cycle T ime (Tc) in vitro

Idealized conditions

With Growth Fraction and NO Cell Loss, we get

Potential Doubling Time (T pot) in vivo/vitro  

Based on flow cytometry (FACS)

Called Tpot by English radiobiologists !

With Growth Fraction and Cell Loss, we get

Tumour Doubling Time (Td) in vivo

Tumour volume is measured (e.g. Imaging) 
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Cell Cycle Times



Growth Fraction
G F = P/ (P+Q)

where:
P  Proliferating Cells (cycling and undergoing mitosis)
Q Quiescent Cells ( stalled in Go-

PQ



Potential Doubling Time (Tpot)
Used to study kinetic of human tumours in vivo

Method:

1. Inject tracer amount of (unlabelled) BudR
2. Wait a time less than estimated S-duration of cell cycle (Ts) 

Typically 6 hours
3. Take a biopsy sample from the tumour
4. BUdR to label cells 

that were in S-phase at time of step 1
5. current DNA content,  

independent of cell cycle phase
6. - of individual cells
7. Analyze by Flow Cytometry (aka FACS)



Flow Cytometry

Fig 21.9

Number of cells

S-labeled with 
[DNA] amount)]



Intact bromodeoxyuridine (BrdUrd) labelled cells 
recovered from the spheroids were fixed in ethanol, 
hydrolyzed in HCl, reacted with fluorescein-conjugated 
anti-BrdUrd antibody (purchased from Becton 
Dickinson, Oxnard, CA), washed, and resuspended in 5 
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S-cells
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Flash 
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Wait t 
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Green (BUdR- Ab]
tags S-cells  at  t = o

Red (propidium iodide) 
tags the mass of

manufactured DNA

T pot Basics

Time

T1/2 = 20 
minutes
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DNA content

S-cells 
move

Short G2 
= 2.4 hrs



Calculation of S-Duration (Ts )
Method 1 - Relative Movement (RM) 
(Begg et al. 1985)

Method 2 - % Still in S                   
(Durand 1993 )

Determine population fraction (f) of  
BudR- still in S after a 
wait time, t. These S cells have variable 
DNA conent:

G1 cell DNA < DNA content < G2 cell DNA).

Ts = t /(1.00 f)

RM: average red signal 
due to fresh DNA 



Calculating Tpot

T pot  = TS/ LI

where :

= 0.67 to 1.00

Ts duration of S

LI fraction of 
cells in S -phase

TS and LI from 
Flow Cytometer

Wait Time





Begg AC, McNally NJ, Shrieve DC, Karcher H: A method to measure the duration of 
DNA synthesis and the potential doubling time from a single sample. Cytometry 6:620-
626, 1985.

Comments on Tpot Estimates

White RA, Terry NHA, Meistrich ML: New methods for calculating kinetic properties 
of cells in vitro using pulse labelling with bromodeoxyuridine. Cell Tissue Kinet 23561-
573, 1990.

White RA, Terry NHA, Meistrich ML, Calkins DP: Improved method for computing 
potential doubling time from flow cytometric data. Cytometry 11:314-317, 1990.

Issues of Uncertainty:
Biopsy is only a sample of all the tumour cells
Cell Age distribution  assumed

Cell Loss effects  ?
cell)

DNA manufacturing linear with time ?
Cytometer  noise, sensitivity/specificity

e.g. detection thresholds
Non-diploid cells in tumours
Validation 

versus other in-vitro method
predictive of tumour response/control ?

References 



Cell Cycle T ime (Tc) in vitro

Idealized conditions

With Growth Fraction and NO Cell Loss, we get

Potential Doubling Time (T pot) in vivo/vitro  

Based on flow cytometry (FACS)

Called Tpot by English radiobiologists !

With Growth Fraction and Cell Loss, we get

Tumour Doubling Time (Td) in vivo

Tumour volume is measured (e.g. Imaging) 
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Cell Loss Factor 
Cell losses due to:

Cell death including apoptosis
Immunologic attack
Metastasis escape and migration



Volume Doubling Times
(Lung Metastases)



See 

Table 
21.5



Summary of Results



Summary on R4 

In vivo conditions are very different from in vitro conditions for 
tumour growth 

GF and factors (< 100 %) in tumours work to our advantage 
in slowing the growth of most tumours

There is evidence that radiation causes accelerated proliferation  
after a delay time (Tkickoff in BED equations)

Higher Dose Rate or Dose per Fraction is better for tumour 
control to achieve:

Tumour cell killing rate > Cell repopulation rate

Darwin Yip
R3, not R4



Summary of Differential Effects on 
Tumour and Normal Tissues

4Rs Tumour Cells Normal Cells

Repair

Re-
Assortment
Re-
Population
Re-
Oxygenation

Balance is affected by Dose and Dose Rate/Fractionation
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