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Role of XRT in the management of cancerRole of XRT in the management of cancerRole of XRT in the management of cancer

XRTXRT is one of the most effective treatments for cancer.

SurgerySurgery is usually the primary form of treatment: it leads to good 
therapeutic results in a range of early nonnon--metastaticmetastatic tumors.

XRTXRT has replaced surgery for many tumors of the head and neck, 
cervix, bladder, prostate and skin, where it gives a reasonable 
probability of tumor control with good cosmetic result.

In addition to its curative role, XRT is a valuable means of palliationpalliation
for many patients with a variety of types of cancer.

ChemotherapyChemotherapy (CTCT) is currently the third most important modality. 
Many patients receive CT at some point in their management. Useful 
symptom relief and disease arrest is often obtained.

CT is being increasingly used in an adjuvantadjuvant setting.
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““Radiotherapy remains a mainstay in the treatment of Radiotherapy remains a mainstay in the treatment of 
cancer. Comparison of the contribution towards cure cancer. Comparison of the contribution towards cure 
by the major cancer treatment modalities shows that by the major cancer treatment modalities shows that 
of those cured, 49% are cured by surgery,of those cured, 49% are cured by surgery, 40% by 40% by 
radiotherapyradiotherapy and 11% by chemotherapyand 11% by chemotherapy””

RCR document BFCO(03)3, (2003).RCR document BFCO(03)3, (2003).

Slide courtesy of Dr. RG Dale.

An important statisticAn important statisticAn important statistic
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Therapeutic Index (TI)TTherapeutic herapeutic IIndex (TI)ndex (TI)

•• TITI is the most important factor in XRT.

• The dose that can be delivered to a tumor is limited 
by damage to surrounding normal tissue and the 
consequent risk of complications.

• As radiation dose is increased, tumor response 
generally increases, butbut the same is true of normal 
tissue injury.
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TCP and NTCPTCP and NTCPTCP and NTCP

–XRT treatments are designed on the basis of the 
upper limit of tolerance of the dose-limiting normal 
tissue.

•Optimization of XRT treatment plans involves the 
computation of two factors:

TTumor CControl PProbability (TCPTCP); and
NNormal TTissue CComplication PProbability (NTCPNTCP).

••TITI depends on maximizing TCP for a given clinically 
acceptable level of NTCP (usually 5%).



77

Hypothetical dose responses for TCP (−) and NTCP (- -), illustrating the concept of TI for 
XRT.

A greater TI based on the same level of 5% NTCP would be achieved if the differential response 
between tumor tissue and critical normal tissue elements could be increased through the 

appropriate use of modifying agents, as shown in the right hand panel.
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••Unfortunately, malignant tumors tend to Unfortunately, malignant tumors tend to 
infiltrate surrounding normal tissue, so the infiltrate surrounding normal tissue, so the 
treatment field treatment field mustmust encompass a margin of encompass a margin of 
normal tissue around the known extent of a normal tissue around the known extent of a 
tumor.tumor.

••Gross tumor volume [GTV] = Radiographic visible Gross tumor volume [GTV] = Radiographic visible 
gross tumor.gross tumor.

••Clinical target volume [CTV] = GTV + 0.5 cm margin.Clinical target volume [CTV] = GTV + 0.5 cm margin.

••Internal target volume [ITV] = CTV + patient specific Internal target volume [ITV] = CTV + patient specific 
margin for tumor motion.margin for tumor motion.

••Planning target volume [PTV]Planning target volume [PTV] = CTV/ITV + 0.5 cm = CTV/ITV + 0.5 cm 
margin.margin.

••CTV2 = involved or atCTV2 = involved or at--risk lymph nodes.risk lymph nodes.

••PTV2 = CTV2 + 1 cm margin.PTV2 = CTV2 + 1 cm margin.

{OAR = organ at risk}.{OAR = organ at risk}.

Target delineation in XRT: an idealized treatment planTarget delineation in XRT: an idealized treatment plan
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Therapeutic index of XRTTherapeutic index of XRTTherapeutic index of XRT
The major TI in XRT derives from dosimetricdosimetric factors (contrast 

with CT in the next lecture).

To obtain the maximum dose to a tumor while minimizing dose to 
surrounding normal tissue, the oncologist will often use a number 
of overlapping external radiation beams.

The dose at any given location is calculated by summing the 
doses given by the various individual beams.

The dose distribution is represented by a series of iso-dose 
curves (like contours on a map).

Target

Organ at Risk
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XRT delivery: 
“Physical” therapeutic index 

XRT delivery:XRT delivery: 
““PhysicalPhysical”” therapeutic indextherapeutic index
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Linear acceleratorLinear acceleratorLinear accelerator
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XRT delivery: 
“Biological” therapeutic index 

XRT delivery:XRT delivery: 
““BiologicalBiological”” therapeutic indextherapeutic index

A second major contribution to TI derives from "dose-
fractionation".

XRT usually involves giving 25-35 individual dose fractions 
of about 2 Gy* given 5 or 6 days/week over a period of 5-7 
weeks.

Why is this? Tumors do continue to grow during treatment!

*Gy (Gray): The SI unit of absorbed radiation dose. 1 Gy = 1 J/kg. 
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Clonogenic cell survival curves: 
the basis for experimental XRT 

Clonogenic cell survival curves:Clonogenic cell survival curves: 
the basis for experimental XRTthe basis for experimental XRT

• Tumor control by XRT depends on preventing the 
continued proliferation of clonogenic tumor (stem?) 
cells.

• The effects of radiation on normal tissues are also 
believed to be mediated in part by the death of stem 
cells within those tissues.

• Evaluation of the survival of clonogenic cells 
following treatment is thus an important tool in 
experimental cancer therapy.
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Cell survival curvesCell survival curvesCell survival curves

•Cell killing is usually described by 
a "survival curve“.

•The fraction of cells surviving after 
a given dose (plotted on a log 
scale) is graphed versus radiation 
dose in Gy (plotted on a linear 
scale).

Survival curve (solid line) as defined by the 
linear-quadratic (LQ) model of cell killing. The 
curves defined by the two components of the 
equation are shown separately as the dashed 

lines.
Source: Source: IF Tannock and RP Hill, Basic Science 

of Oncology. 3rd Ed., McGraw-Hill, 1998.
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The Linear-Quadratic (LQ) modelThe LinearThe Linear--Quadratic (LQ) modelQuadratic (LQ) model
Survival curves for human tumor cells are well fitted by the LQ 

equation.

Survival at doses < 2 Gy is dominated by the linear ( α) term.

As will be seen later, the quadratic/2-hit (β) term is important 
because it represents the fraction of killing caused by damage that can 
be repaired by fractionation of the radiation dose over time, i.e.,  the 
impact of β-type damage is time-dependent.

In contrast,  α-type/1-hit damage is independent of time.

The αα//ββ ratioratio is the dose where the α and β contributions to cell 
killing are equal.

There are no systematic differences between the survival curves for 
normal and malignant cells.

SF = eSF = e−−((ααD + D + ββD  D  )) or    or    ––ln[SF] = ln[SF] = ααD + D + ββDD2222
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The 5 Rs of XRTThe 5 Rs of XRTThe 5 Rs of XRT
• The biological factors that influence the response of normal and neoplastic 

tissues to fractionated XRT have been summarized as the 5 Rs of XRT:

R1. RepairRepair
R2. RedistributionRedistribution (of cells within the cell cycle)
R3. RepopulationRepopulation
R4. ReoxygenationReoxygenation
R5. RadiosensitivityRadiosensitivity

•• RepairRepair and repopulationrepopulation tend to make the tissue more resistant to a second 
dose of radiation, i.e., to increase the total dose required to achieve a given 
level of biological damage (an iso-effect) when XRT is fractionated.

•• RedistributionRedistribution and reoxygenationreoxygenation tend to make tissues more sensitive, i.e., 
to reduce the required total dose for an iso-effect.

•• RedistributionRedistribution and repopulationrepopulation are important only in rapidly proliferating 
cell populations.
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R1: RepairR1: RepairR1: Repair

•In the first half of the 20th century, it became evident that the 
biological effect of XRT given as fractionated daily doses was 
less than the effect of the same total dose given as a single 
treatment.

•A major development in the 1980s was the realization that 
early and late normal-tissue complications are differently 
modified by a change in dose fractionation.

LateLate: injury manifests months to years post-XRT. Can be life threateningCan be life threatening!
EarlyEarly: injury manifests within days to weeks post-XRT. Generally  
manageable.
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Repair: Split-dose recovery/repairRepair: SplitRepair: Split--dose recovery/repairdose recovery/repair
• Split-dose recovery/repair is the 

major mechanism underlying the 
clinical observation that a larger total 
dose can be tolerated when an XRT 
dose is fractionated.

• The repair capacity of cells can be 
related to the parameter β

 

in the LQ 
equation. Larger values of β

 

imply a 
greater split-dose recovery capacity.

• Single-hit (α) damage, in contrast, is 
not spared by dose fractionation.

• Recovery occurs during the first few 
hours after exposure.

• Human tissues typically require ~4- 
12 h for complete split-dose repair

Influence of dose fractionation on the shape of cell- 
survival curves. When complete repair occurs 

between the fractions, the shoulder of the survival 
curve is repeated for every fraction (after Elkind and 

Sutton, 1960 ).
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The LQ model and fractionation for normal tissuesThe LQ model and fractionation for normal tissuesThe LQ model and fractionation for normal tissues

• The LQ model nicely describes 
the relationship between total 
iso-effective dose and the dose 
per fraction in fractionated XRT.

• If iso-effective total dose (or 
tolerance dose) is measured as 
a function of decreasing dose 
per fraction (or increasing 
number of fractions), it becomes 
apparent that latelate--responding responding 
tissues are spared by dose tissues are spared by dose 
fractionation much more fractionation much more 
(steeper curve!) than early(steeper curve!) than early-- 
responding tissuesresponding tissues. Relationship between total iso-effective dose and 

dose per fraction for a variety of normal tissues in 
experimental animals. The curves for late- 

responding tissues (full lines) are steeper than 
those for early-responding tissues (broken lines).

Source: Source: E Hall, Radiobiology for the Radiologist, 
Harper and Row.
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Hypothetical survival curves for target cells in early- and late- 
responding tissues

LATELATE
Low α/β

 

ratio (0.5-6 Gy)
Bendier survival curve
High repair capacity

EARLYEARLY
High α/β

 

ratio (7-20 Gy)
Flatter survival curve
Low repair capacity

H Thames and J Hendry, 
Fractionation in Radiotherapy. 

Taylor and Francis, 1987.

D
os

e 
fo

r 
is

o-
ef

fe
ct

Number of fractions

–– TumorsTumors are typically (but not always) like are typically (but not always) like earlyearly responding normal tissues, sometimes responding normal tissues, sometimes 
with an even higher with an even higher α/βα/β

 

ratio, i.e., show little repair.ratio, i.e., show little repair.

Why the difference between the fractionation response of 
early and late-responding tissues 

Why the difference between the fractionation response of Why the difference between the fractionation response of 
early and lateearly and late--responding tissuesresponding tissues
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R2: RedistributionR2:R2: RedistributionRedistribution
• "RedistributionRedistribution" results from cell-cycle 

progression effects occurring during a 
fractionated treatment.

• Following the first fraction of XRT, a 
certain proportion of tumor cells will be 
killed.

• Cells that survive a first dose of XRT will 
tend to be in a resistant phase of the cell 
cycle (e.g., late-S).

• Within a few hours, they may progress to 
a more sensitive phase and be killed 
more efficiently by the next XRT fraction.

• Applies to both tumors and proliferating 
normal tissues.

Radiosensitivity of cells in the 
different phases of the cell cycle

Source: IF Tannock and RP Hill, Basic 
Science of Oncology. McGraw-Hill. Adapted 

from W Sinclair, 1968.

Cyc = cyclin; cdk = cyclinCyc = cyclin; cdk = cyclin--dependent kinase, M = dependent kinase, M = 
mitosis, S = DNA synthesis, G = mitosis, S = DNA synthesis, G = ““gapgap””. . 
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R3: RepopulationR3: RepopulationR3: Repopulation

• During a 5-7 week course of XRT, 
cells that survive irradiation may 
proliferate and thus increase the 
number of cells that must be killed.

•• RepopulationRepopulation applies to both 
tumors and proliferating normal 
tissues.

• Tumor-cell proliferation during 
treatment may thus reduce the 
effectiveness of XRT.

• Withers et al (1988) drew attention 
to this phenomenon; re-analysis of 
their data by Bentzen and Thames 
(1991) plots the dose to achieve 
tumor control in 50% of cases (i.e., 
TCD50 ) versus overall treatment 
time for squamous cell carcinomas 
of the head and neck.

TCD50 in head and neck cancer as a function of 
the overall treatment time. Each point is the 

result of a particular trial, the size of the symbol 
indicating the size of the trial. There is a trend for 

the curative XRT dose to increase with overall 
treatment time.

Source: Source: S Bentzen and H Thames, Radiother Oncol 22, 161- 
166, 1991.
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R4: ReoxygenationR4: ReoxygenationR4: Reoxygenation
• Hypoxic cells are more resistant to 

X rays than well-oxygenated cells.
• The oxygenoxygen--enhancement ratio enhancement ratio 

(OER)(OER) for cell killing is ~2.5-3 for 
many mammalian cell types.

• Most tumors contain a significant 
proportion of hypoxic cells and 
hence are more resistant to 
radiation.

• In contrast, most normal tissues 
are well oxygenated and are fully 
sensitive to radiation.

• Hypoxia (and thus reoxygenation) 
effects thus apply mostly to 
tumors.

Survival of human cells exposed to X rays 
in the presence or absence of oxygen.

IF Tannock, RP Hill. Basic Science of Oncology, 3rd Ed. 
McGraw-Hill, 1998. Adapted from JD Chapman et al. 1974
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Mechanisms of hypoxia developmentMechanisms of hypoxia developmentMechanisms of hypoxia development

• Two general models have 
been proposed to explain 
the existence of hypoxic 
cells in tumors.

• The tumor cord modeltumor cord model 
suggests that hypoxic 
cells exist at the limits of 
the diffusion range of 
oxygen away from the 
blood vessels (~150 µm). 
This is referred to as 
"chronicchronic" hypoxia.

Source: Hall EJ, Radiobiology for the Radiologist, Third 
Ed. p147, J.B. Lippincott Company, 1988.
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Hypoxia development, 2Hypoxia development, 2Hypoxia development, 2

• A second model proposes 
that flow in tumor blood 
vessels fluctuates such 
that regions of tumors 
supplied by one or more 
blood vessels may 
become hypoxic for short 
periods of time as a result 
of intermittent 
interruptions in blood flow.

• This results in "transienttransient" 
or "acuteacute" hypoxia.

JM Brown, Mol Med 6:157-162, 2000.

Principal differences between the vasculature of normal Principal differences between the vasculature of normal 
and malignant tissues.and malignant tissues.

••Normal tissues have relatively uniform blood vessels that are suNormal tissues have relatively uniform blood vessels that are sufficiently fficiently 
close together to oxygenate all of the tissue.close together to oxygenate all of the tissue.
••Tumor blood vessels are tortuous and have sluggish irregular bloTumor blood vessels are tortuous and have sluggish irregular blood flow.od flow.
••Consequently, tumors have regions of hypoxia between the vesselsConsequently, tumors have regions of hypoxia between the vessels 
(chronic hypoxia) and areas of acute or (chronic hypoxia) and areas of acute or ““transienttransient”” hypoxia adjacent to hypoxia adjacent to 
temporarily closed vessels.temporarily closed vessels.
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ReoxygenationReoxygenationReoxygenation
•• Reoxygenation:Reoxygenation: the process by which 

tumor cells that were hypoxic at the time 
of irradiation become oxygenated 
afterwards.

• Because of the OER effect, more cells 
will be killed in the well-oxygenated 
regions of the tumor than in the hypoxic 
region.

• The cells that survive the first dose of 
XRT will tend to be hypoxic, but 
thereafter their oxygen and nutrient 
supply may improve, leading to an 
increase in their radiosensitivity.

The time course of changes in the 
hypoxic fraction during the life 

history and response to XRT of a 
tumor

MR Horsman, J Overgaard. Basic 
Clinical Radiobiology, 3rd Ed. GG 

Steel, Editor. Hodder-Arnold, 2002.
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If reoxygenation is rapid and complete, hypoxic cells should havIf reoxygenation is rapid and complete, hypoxic cells should have little e little 
influence on the outcome of a course of fractionated XRT (e.g., influence on the outcome of a course of fractionated XRT (e.g., 30 x 230 x 2--Gy Gy 
fractions).fractions).

Recent studies using an Eppendorf electrode/oxygen sensor indicaRecent studies using an Eppendorf electrode/oxygen sensor indicate that:te that:

tumors do contain areas of hypoxia tumors do contain areas of hypoxia ……..

Eppendorf oxygen sensor

M Adam et al., Head Neck 
21, 146-153, 1999.

Eppendorf electrode measurements of pO2 in a lymph node 
metastasis of a head and neck tumor and in the surrounding 

normal s.c. tissue of that patient.

ReoxygenationReoxygenationReoxygenation

http://cancerres.aacrjournals.org/content/59/23/5863/F2.expansion.html
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•• PURPOSEPURPOSE: To investigate changes in tumor oxygenation (: To investigate changes in tumor oxygenation (pOpO22 ) by ) by 
polarographic needle electrode measurements, following fractionapolarographic needle electrode measurements, following fractionated ted 
external beam XRT in carcinoma of the cervix.external beam XRT in carcinoma of the cervix.

•• METHODSMETHODS: Normal and tumor tissue oxygenation measured in 19 : Normal and tumor tissue oxygenation measured in 19 
patients prior to and after 40patients prior to and after 40--45 Gy of XRT delivered in 20 fractions 45 Gy of XRT delivered in 20 fractions 
over 4 weeks.over 4 weeks.

•• RESULTSRESULTS: Tumor oxygenation increased in the majority of patients : Tumor oxygenation increased in the majority of patients 
(15/19) following 40(15/19) following 40--45 Gy of XRT. No significant difference in normal 45 Gy of XRT. No significant difference in normal 
tissue oxygenation pretissue oxygenation pre-- and postand post--XRT.XRT.

From: Cooper RA, Cooper RA, et alet al. Changes in oxygenation . Changes in oxygenation 
during radiotherapy in carcinoma of the cervix. during radiotherapy in carcinoma of the cervix. Int Int 

J Radiat Oncol Biol PhysJ Radiat Oncol Biol Phys 1999 45:1191999 45:119--126.126.

… and reoxygenation does indeed occur in 
human tumors during fractionated XRT 

… and reoxygenation does indeed occur in 
human tumors during fractionated XRT

http://rds.yahoo.com/_ylt=A0S0205T5t1Hd7IA6h6JzbkF;_ylu=X3oDMTBwZjdvc3Q1BHBvcwMxBHNlYwNzcgR2dGlkA0k5OTlfNzM-/SIG=1gftetnb7/EXP=1205811155/**http%3A//images.search.yahoo.com/images/view%3Fback=http%253A%252F%252Fimages.search.yahoo.com%252Fsearch%252Fimages%253Fei%253DUTF-8%2526p%253DEppendorf%252520electrode%2526fp_ip%253DCA%2526fr2%253Dtab-web%2526fr%253Dyfp-t-501%26w=350%26h=185%26imgurl=www.eppendorfna.com%252Ffaqs%252Fimages%252F0701-C208_2PlatElectrode.jpg%26rurl=http%253A%252F%252Fwww.eppendorfna.com%252Ffaqs%252FPC_KFC.asp%26size=6kB%26name=0701-C208_2PlatElectrode.jpg%26p=Eppendorf electrode%26type=JPG%26oid=25ad9e39df5304b4%26no=1&tt=1
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•• Despite fractionation and reoxygenation, hypoxia is predictive fDespite fractionation and reoxygenation, hypoxia is predictive for or 
clinical response (TCP) in:clinical response (TCP) in:
–– Cervical carcinoma (M HCervical carcinoma (M Hööckel ckel et alet al., ., Semin Radiat OncolSemin Radiat Oncol. 6:3. 6:3--9,9, 1996).1996).
–– Head and neck cancer (M Nordsmark Head and neck cancer (M Nordsmark et al., et al., 1996; D Brizel 1996; D Brizel et alet al., 1999).., 1999).

TCP is predicted by preTCP is predicted by pre--treatment hypoxia in carcinomas of the head and neck.treatment hypoxia in carcinomas of the head and neck.
pO2 was measured using an Eppendorf electrode.

M Nordsmark et al., 
Radiother Oncol 41, 31-39, 

1996.

DM Brizel et al., Radiother Oncol 
53, 113-117, 1999.

Tumor hypoxia: the need for predictive assaysTumor hypoxia: the need for predictive assaysTumor hypoxia: the need for predictive assays
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• The Eppendorf electrode is invasive and limited to accessible 
tumors.

• Non-invasive imaging techniques are an attractive alternative 
but need to be validated.
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1-α-D-(5-deoxy-5-[18F]- 
fluoroarabinofuranosyl)- 

2-nitroimidazole (1818FF-- 
FAZAFAZA)

[18F] F-misonidazole
(FMISOFMISO)

[18F] penta-F-etanidazole 
(EF5EF5)

•• These are typically based on the 2These are typically based on the 2--nitroimidazole COREcontaining the nitroimidazole COREcontaining the 
positronpositron--emitting isotope emitting isotope 1818F.F.

Non-invasive hypoxia positron emission 
tomography (PET)-imaging probes? 

NonNon--invasive hypoxia positron emission invasive hypoxia positron emission 
tomography (PET)tomography (PET)--imaging probes?imaging probes?
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Non-invasive hypoxia PET imaging with 18F-EF5 
and 18F-FMISO: Pre-clinical 

NonNon--invasive hypoxia PET imaging with invasive hypoxia PET imaging with 1818FF--EF5 EF5 
and and 1818FF--FMISO:FMISO: PrePre--clinicalclinical

•18F-EF5 and 18F-FMISO uptake in mice bearing subcutaneous 
B16 murine melanoma tumors.

SM Ametamey et al., 2004.
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[18F]-FMISO) selectively binds in hypoxic areas of head-and-neck tumors.
Scans are of the same patient. Left, 18F-FMISO; Right 18F-FDG

Non-invasive hypoxia PET imaging with 18F- 
FMISO: Clinical 

NonNon--invasive hypoxia PET imaging with invasive hypoxia PET imaging with 1818FF-- 
FMISO:FMISO: ClinicalClinical

D Thorwarth and M Alber, ESTRO 2004.
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PET (18F-FMISO) and Eppendorf electrode 
measurements correlate fairly well 

PET (PET (1818FF--FMISO) and Eppendorf electrode FMISO) and Eppendorf electrode 
measurements correlate fairly wellmeasurements correlate fairly well

B Gagel et al., 
Strahlenther Onkol 180, 

616-622, 2004.

[18F]-FMISO versus Eppendorf electrode assessments of 
tumor hypoxia in 16 head-and-neck cancer patients.
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And finally, hypoxia has major non-radiobiological effectsAnd finally, hypoxia has major nonAnd finally, hypoxia has major non--radiobiological effectsradiobiological effects

•• Chronically hypoxic tumors are also more clinically Chronically hypoxic tumors are also more clinically aggressiveaggressive and and 
metastaticmetastatic (Bristow RG, Hill RP. Hypoxia, DNA repair and genetic (Bristow RG, Hill RP. Hypoxia, DNA repair and genetic 
instability. instability. Nat Rev CancerNat Rev Cancer 8, 1808, 180--192, 2008.)192, 2008.)

•• The chronically hypoxic tumor environment may promote and/or The chronically hypoxic tumor environment may promote and/or 
select for select for genomic instabilitygenomic instability and genetic heterogeneity, and thus and genetic heterogeneity, and thus 
for more malignant cellular phenotypes.for more malignant cellular phenotypes.

•• Hypoxia may also influence tumor response to therapy by alteringHypoxia may also influence tumor response to therapy by altering 
gene expression. E.g., activation of the transcription factors Hgene expression. E.g., activation of the transcription factors HIFIF--1 1 
and NFand NF--κκB by hypoxia may contribute to malignant progression by B by hypoxia may contribute to malignant progression by 
promoting cell proliferation and survival and/or uppromoting cell proliferation and survival and/or up--regulating genes regulating genes 
that control that control angiogenesis angiogenesis and and cell adhesioncell adhesion..
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R5: RadiosensitivityR5: RadiosensitivityR5: Radiosensitivity
• Human tumors differ in their curability by XRT.
• A range of radiosensitivity is also found among human tumor cell lines. 

(a) Survival curves for a number of different 
human melanoma cell lines.

(b) The low dose region of these curves.
Source: IF Tannock and RP Hill, Basic 

Science of Oncology. McGraw-Hill. 
Adapted from Fertil and Malaise 1981.
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Radiosensitivity, contd.Radiosensitivity, contd.Radiosensitivity, contd.
• That the cellular radiosensitivity 

of human tumors could be an 
important determinant of clinical 
radioresponsiveness was 
demonstrated by Fertil and 
Malaise (1981) and by Deacon 
et al (1984).

• These studies determined 
parameters such as surviving surviving 
fraction at 2 Gy (SF2)fraction at 2 Gy (SF2).

• Within each category of clinical 
radioresponsiveness there was a 
significant trend in the data 
towards Group A having lower 
and Group E having higher SF2 
values.

SF2 values for 51 human tumor cell 
lines classified according to 

clinical tumor 
radioresponsiveness

A Neuroblastoma, lymphoma, myeloma
B Medulloblastoma, small-cell lung carcinoma
C Breast, bladder, and cervix carcinoma
D Pancreas, colorectal, squamous lung carcinoma
E Melanoma, osteosarcoma, glioblastoma, renal 

carcinomaJ Deacon et al. Radiother Oncol. 2:317-323;1984
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TCP data for cervical cancer patients stratified by TCP data for cervical cancer patients stratified by in vitroin vitro SF2 values. SF2 values. 

Study of CM West et al (1997).

Radiosensitivity is predictive for clinical response in some 
tumor sites, notably:
Cervical carcinoma (West et al 1997)*
Head and neck cancer (Girinsky et al 1992)
as well as in late-reacting normal tissues (Burnet et al 1994; Geara et al 1993).

Radiosensitivity, contd.Radiosensitivity, contd.Radiosensitivity, contd.
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Tumor sizeTumor sizeTumor size

• The dose of XRT required to 
control a tumor depends on the 
number of stem cells.

• Large tumors are more difficult to 
cure because more clonogenic 
cells have to be killed.

• A course of XRT that can achieve a 
surviving fraction of 10−9 could be 
curative in a tumor that has less 
than 109 clonogenic cells, but 
probably not in one that has 1012.

Theoretical TCP curves for groups of tumors containing 
different numbers of tumor stem cells.

The dashed curve represents the predicted response for 
a group of tumors containing equal proportions from 

the 3 individual groups.

Source: Source: IF Tannock and RP Hill, Basic 
Science of Oncology. McGraw-Hill.
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Recent advances in XRTRecent advances in XRTRecent advances in XRT

Most improvements have come in 3 areas:Most improvements have come in 3 areas:

– Better fractionation.
– Better dose distribution.
– Individualization of treatment.
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[1] Hyperfractionation[1] Hyperfractionation[1] Hyperfractionation

• Most tumors behave like early-responding normal tissues (high α/β

 

ratio, 
low repair capacity); because late reactions are usually dose-limiting, 
small doses per fraction should give the best therapeutic index (TITI).

•• HyperfractionationHyperfractionation using a larger number of dose fractions below 2 Gy 
is predicted to give a therapeutic gain.

• There is no change in overall treatment time. Because of the reduced 
fraction size and increased total dose, more fractions are required and 
these must be given more than once per day. The fraction interval is 
maintained at ~6 h to ensure sufficient time for repair.
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HyperfractionationHyperfractionationHyperfractionation

•Tested in a randomized clinical 
trial of oropharyngeal cancer.

•The larger total dose in the 
hyperfractionated treatment 
produced an increase of ~19% 
in TCP.

JC Horiot et al. Radiother Oncol 
25:231-241;1992.

EORTC (22791) trial of hyper-fxn.
Local tumor control; Patients free of late effects, grade 2+.

HyperHyper--fxnfxn: 70 x 1.15 Gy (2 fxn/day, 4-6 h interval); total dose 
80.5 Gy.

ConventionalConventional: 35 x 2 Gy; total dose 70 Gy.
Overall time 7 weeks in both arms.
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[2] Accelerated fractionation[2] Accelerated fractionation[2] Accelerated fractionation

• Use of a reduced overall treatment time with a 
conventional dose per fraction, achieved using 
multiple fractions per day.

• Aim is to reduce the adverse impact of tumor-cell 
repopulationrepopulation during XRT, thereby increasing TCP.



44

Accelerated fractionationAccelerated fractionationAccelerated fractionation
•H&N patients with slowly 
proliferating tumors responded 
significantly better than patients 
with rapidly proliferating tumors.

•When patients were stratified into 
those receiving conventional (7.5 
weeks) or accelerated (5 weeks) 
XRT, patients with rapidly 
proliferating tumors responded 
better to accelerated treatment.

•For patients with slowly 
proliferating tumors, it made no 
difference.

Results of the EORTC 22851 cooperative trial of accelerated XRT in 
advanced head and neck (H&N) cancer, analyzed at 3 years. A: Survival. 
B: local tumor control. Conventional: 72 Gy, 2 Gy per fraction, 1 fraction 
per day, no split, ~7 weeks overall time. Accelerated: 72 Gy, 1.6 Gy per 

fraction, 3 fractions per day, 1 week XRT - 2 weeks gap - 2 weeks XRT, 5 
weeks overall time. 

A Begg et al. Semin Radiat 
Oncol 2:22-25;1992.
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[3] CHART[3] CHART[3] CHART

•• CContinuous 
HHyperfractionated 
AAccelerated XRTRT 
(CHARTCHART) is a 
combination of 
hyperfractionation 
and accelerated 
fractionation.

Early results of a phase II CHART trial in head and neck and 
bronchial cancer. There was a significant difference in local 

control: head and neck, p = 0.005; bronchus, p< 0.001.

MC Joiner. In: Basic Clinical Radiobiology, GG Steel, Editor. E Arnold, 1993.
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[4] Sealed-source brachytherapy[4] Sealed[4] Sealed--source brachytherapysource brachytherapy



47

[5] Low dose-rate “unsealed source” therapies: 
Radioisotope Therapy (RIT) 

[5] Low dose[5] Low dose--rate rate ““unsealed sourceunsealed source”” therapies:therapies: 
RRadioadioiisotope sotope TTherapy (RIT)herapy (RIT)

• Low dose-rate XRT represents the ultimate hyper- 
fractionation and presumably sparing of late effects.

•• RITRIT can be defined as the:

“Systemic administration of a targeted radionuclide 
utilizing short range β particle or electron emissions to 

achieve a clinically important outcome for a patient with 
primary or metastatic cancer” 

““Systemic administration of a targeted radionuclide Systemic administration of a targeted radionuclide 
utilizing short range utilizing short range ββ particle or electron emissions to particle or electron emissions to 

achieve a clinically important outcome for a patient with achieve a clinically important outcome for a patient with 
primary or metastatic cancerprimary or metastatic cancer””

D Murray and AJB McEwan, Cancer Biother Radiopharm 2007 22:1-23 
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RIT targeting strategiesRIT targeting strategiesRIT targeting strategies

•• Monoclonal antibodies (MAbs)Monoclonal antibodies (MAbs)
•• Antibody constructs/fragmentsAntibody constructs/fragments
•• PeptidesPeptides
•• Small moleculesSmall molecules
•• Metabolic precursorsMetabolic precursors
•• BiologicalsBiologicals
•• Physiological processes (e.g., hypoxia)Physiological processes (e.g., hypoxia)
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Principles of RadioimmunotherapyPrinciples of RadioimmunotherapyPrinciples of Radioimmunotherapy

• Targeted delivery of radiation to 
tumor cell antigens.

• Greater exposure of tumor vs. 
surrounding normal tissues by 
virtue of limited path length of 
particle emissions and selectivity 
of the carrier antibody.

• Crossfire of particle emissions.

• Continuous low dose rate 
exposure.

ME Juweid J Nucl Med 43:1507-1529, 2002.
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Targeting strategiesTargeting strategiesTargeting strategies

MAbsMAbs

• 90Y Zevalin - Lymphoma
• 131I Bexxar - Lymphoma
• 90Y HMFG 1 - Ovarian

PeptidesPeptides

• 131I Lymphorad - Lymphoma
• 111InOctreotide
• 90Y Octreotide
• 90Y Lanreotide
• 177Lu Octreotate - Neuroendocrine 

tumors
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Lymphoma response with Zevalin®Lymphoma response with ZevalinLymphoma response with Zevalin®®

Before After

18F-Fluorodeoxyglucose (FDG) PET scans:
FDG is a marker for metabolic activity/glycolysis

Source: Dr. Sandy McEwan

Zevalin targets binds to the CD20 antigen found on the surface of normal and malignant B 
cells (but not B cell precursors).

Presenter�
Presentation Notes�
Key Point: Zevalin® is effective at reducing indolent follicular NHL.

�
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[6] Use of sophisticated computerized treatment 
planning and delivery, e.g., Tomotherapy 

[6] Use of sophisticated computerized treatment [6] Use of sophisticated computerized treatment 
planning and delivery, e.g., Tomotherapyplanning and delivery, e.g., Tomotherapy

•Use of increasingly sophisticated imaging-based 3- 
dimensional dose-delivery techniques such as image-guided 
adaptive radiotherapy (IGAR) or intensity-modulated  
radiotherapy (IMRT). 

••TomotherapyTomotherapy is a current extension of this approach.

•Involves complex computer-controlled beam delivery using 
multi-leaf collimators.
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Helical Tomotherapy unitHelical Tomotherapy Helical Tomotherapy unitunit
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Helical TomotherapyHelical TomotherapyHelical Tomotherapy

Helical scanning 

Megavoltage Detector: 
provides delivery verification 
and dose reconstruction.

Multi-leaf collimator  (modulates fan beam) MV CT Scan 
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Malignant Mesothelioma, coronal CT scan. Malignant Mesothelioma, coronal CT scan. The mesothelioma is indicated by yellow arrows; 
the central pleural effusion is marked with a yellow star. (1) right lung, (2) spine, (3) left lung, 
(4) ribs, (5) aorta, (6) spleen, (7) left kidney, (8) right kidney, (9) liver.

MesotheliomaMesothelioma: a form of cancer almost always caused by asbestos. Malignant cells develop in 
the mesothelium, a protective lining that covers most of the body's internal organs. The most 
common site is the pleurapleura (outer lining of the lungs and internal chest wall).

MesotheliomaMesotheliomaMesothelioma

http://upload.wikimedia.org/wikipedia/commons/5/56/Tumor_Mesothelioma2_legend.jpg
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Tomotherapy for the treatment of mesotheliomaTomotherapy for the treatment of mesotheliomaTomotherapy for the treatment of mesothelioma
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TomotherapyTomotherapy--IMRT as an option for patients with IMRT as an option for patients with 
hypoxic tumors identified by PET/MRI?hypoxic tumors identified by PET/MRI?

If PET or MRI imaging can reliably define hypoxic zones in If PET or MRI imaging can reliably define hypoxic zones in 
tumors, then what are the possibilities?tumors, then what are the possibilities?
•Other modalities, such as charged particle beams.

•Hypoxic-cell radiosensitizers, cytotoxins and chemosensitizers such as 
Tirapazamine [next time].

• Tomotherapy: image 
guided dose-escalation 
to hypoxic zones ("dose 
painting").

http://www.medizin.uni- 
tuebingen.de/medphys/research.html

A-L Grosu et al., Hypoxia imaging with FAZA-PET and 
theoretical considerations with regard to dose 

painting for individualization of radiotherapy in 
patients with head and neck cancer. Int J Radiat 

Oncol Biol Phys 69, 541-551, 2007.

http://www.medizin.uni-tuebingen.de/medphys/research.html
http://www.medizin.uni-tuebingen.de/medphys/research.html
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Optimizing TI by screening for XRT-hypersensitive 
patients 

Optimizing TI by screening for XRTOptimizing TI by screening for XRT--hypersensitive hypersensitive 
patientspatients

•XRT is generally given to some "acceptable" level (5%) of complications based on the 
dose-limiting normal tissue for that field/tumor.

•If one could identify genetically predisposed individuals (for complications) that might 
contribute to this 5% and remove them from the curve, then a higher dose could be given to 
the remainder, leading to increased tumor cure probability.

sensitive        resistant   

Source: Adapted from S 
Bentzen, IJRB 61:417, 1992.

NTCP curves for 
stratified vs. 
heterogeneous 
patient 
populations

Courtesy of Dr. R Gatti, UCLA
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Predictive assays of individual radiosensitivity : where to?Predictive assays of individual radiosensitivityPredictive assays of individual radiosensitivity : where to?: where to?

• Gene expression using microarrays, polymorphisms in 
key radiosensitivity genes

• Applicable to both normal tissue and tumor responses.
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