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• The main goal of radiotherapy 
is to kill tumour cells, sparing 
normal tissues. 

• Toxicity is a limiting factor

• Efficacy depends on  
• radio-sensitivity of various

tumours
• Identified pathways to induce 

tumour sterilisation (e.g.,  
apoptosis, mitotic cell death, …)

Molecular Radiotherapy 
is the physical response 
to a biological problem. 
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Indirect 
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01 Basic Radiobiology

Radiation damages to biomolecules 



Radiation hit a 
cell nucleaus

Mutation repaired

Cell dies

Cell survive mutated
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No effect

Deterministic
Effect

Stochastic
Effect
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Surviving fraction: cells are able to make “colonies”

S <(10-3 - 10-4)

S = N D /N0
ln 𝑆 = −𝛼𝐷 − 𝛽𝐷2

− ln 𝑆 = 𝑒𝑓𝑓𝑒𝑐𝑡
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tissue response to 
fractionation.

• Large α/β (~10 Gy) → “Early-responding” tissues: relatively 
insensitive to dose per fraction, such as mucosa, skin, and 
most tumors.

• Small α/β (< ~4 Gy) → “Late-responding” tissues: sensitive 
to dose per fraction, including liver, lung, and kidney.

Typical values of α 
values is hard to 
measure vs α/β

• α values is hard to measure vs α/β. e.g. for low LET 

radiation

• α  value: 0.1 Gy-1 – 1.5 Gy-1

• α/β value: 1.0 Gy - 20 Gy

Repopulating 
tissues

• Liver
• Slow-growing neoplasms, including prostate tumors and 

others (e.g., thyroid)
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Relationship between α/β ratio and tissue response to fractionation

ln 𝑆 = −𝛼𝐷 − 𝛽𝐷2



Biological effective dose & EQDx concepts 

T1/2rep+ T1/2eff

BED = D+ /   D2  
T1/2rep

T1/2 rep = 1.5 h / 0.5 h → repair half-life 

normal tissues / tumors

T1/2 eff = effective half time of radionuclide 

BED

Linear Quadratic model

“-damage” → D

“-damage”→D2
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Local dose-rates  
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Cell repopulation 



RBE is defined as the dose D by using α-particles required to 
generate the same survival (S) as the reference dose D 
(delivered by the reference  radiation).

Relative biological effectiveness (RBE)

10

DRBE=              D

SF
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



Adapted from Hall 2006, Kassis Sem Nucl Med 2008

+XsRBEx=              

SF
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Biological effective dose 
local dose-rates produce 

different radiobiological effects

Repopulation reduces the treatment efficacy

ICRU REPORT No. 96
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Dose rate: The quantity of 
radiation absorbed per unit time

Fractionation: the number of cycles

Time interval between cycles

Administered activity 

D

Absorbed Dose: The quantity of 
energy per mass unit absorbed 
during treatment 

Tissue radiosensitivity
(α/β)  Repopulation (Tav) LQ

 M
od

el

DT

Type of radiation/particle
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Iso-effects
Withers (1982) found that the efficacy 

depends on both the total dose  (D) 

and dose per fraction (d). 
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BED: the radiobiological fulcrum of practical radiotherapy 

BEDTreat. 
A

Treat. 
B 

Treat. 
C 

Treat. 
D 

Treat. 
F 

…

SMRD2 2025 L. Strigari

Number of cycles

Intercycle interval

Dose per  cycle

Overall time 

Dose-rate 

RBE (for high LET) 

/ ratio 



Poissonian-LQ-TCP-model

SN
eTCP

−
=

*
0

Hypothesis: 
Indipendence → clonogens

( )BEDN
eTCP

−−
=

exp*
0

03 TCP/NTCP
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Large tumors need higher 
doses to be controlled 
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Poissonian-LQ-TCP-model

( )BEDN
eTCP

−−
=

exp*
0

03 TCP/NTCP
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• Blood vessels play a very important role in 
determining radiation effects both for 
tumours and for normal tissues.

Vascularization determines oxygenation and, therefore 
radiosensitivity

Hypoxic cells induced by radiation 
Reoxygenated cells during treatment 

Hypoxyc cells are more 
radioresistant tumoral cells



• JNM 2010 

Small lesion Large lesions
Hypoxic areas Well oxygenated 

areas

Dose-response model 
JNM 2010
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Impact of non-uniformity
• Activity (dose) distribution is not uniform

• Resin vs. glass spheres  number of spheres

→ thresholds for response & toxicity

Dose rate effect matters
• 166Ho- vs 90Y-based SIR

• Early tumour response

Pasciak AS, EJNMMI 2020;     Högberg EJNMMI Res. 2014;    
Van der Gucht, JNM 2017;   Walrand, JNM 2014

Adapted from Maxwell AWP, et al. 2022  

99mTc-MAA

0 250 500 750 1000
0.0

0.2

0.4

0.6

0.8

1.0

D (Gy)

T
C

P

90Y

0 250 500 750 1000
0.0

0.2

0.4

0.6

0.8

1.0

D (Gy)

T
C

P



Impact of non-uniformity
• Activity (dose) distribution is not uniform

• Resin vs. glass spheres  number of spheres

→ thresholds for response & toxicity

Dose rate effect matters
• 166Ho- vs 90Y-based SIR

• Early tumour response

Pasciak AS, EJNMMI 2020;     Högberg EJNMMI Res. 2014;    
Van der Gucht, JNM 2017;   Walrand, JNM 2014

Adapted from Maxwell AWP, et al. 2022  

99mTc-MAA

0 250 500 750 1000
0.0

0.2

0.4

0.6

0.8

1.0

D (Gy)

T
C

P

90Y

0 250 500 750 1000
0.0

0.2

0.4

0.6

0.8

1.0

D (Gy)

T
C

P



doi:10.2967/jnumed.123.266991 10.2967/jnumed.123.267023 doi: 10.1007/s00259-025-07378-w.

TCP for G2 NETs,as function of 
cumulative absorbed dose 
overall cycles. Tumor control was 
defined as 66% volumetric 
reduction after baseline.
25% lesions

Variation of lesion volume ≤ 0% 
between baseline and M3-CT is 
considered as controlled tumor.

Tumour Control Probability (TCP) as a function 
of Global Tumour Dose at cycle 1 (GTD_1). The 
tumour control was defined as having a PFS > 
= 24 m

Several dose-effect correlations for NET tumours 



Proliferative Organization of Normal Tissues

• Cell proliferation in normal tissues is highly 
organised, with cell production under tight 
homeostatic control. 

• Number maintained by proliferative activity of 
precursor cells, i.e. cells which serve to replace 
those cells lost due to normal “wear and tear”.

• The degree of organisation of cells within 
proliferative and functional compartments has 
been used to distinguish between two categories 
of tissues, hierarchical and flexible (Michalowski 
1981).

Hierarchical or 
H-type Tissues

(Flexible) F-
type  Tissues



Mostly rapidly renewing cell systems: include hematopoietic
tissues, skin epidermis,  GI tract mucosa and testicular epithelium.

Stem cells * 

(self-renewing)

Precursors 

(amplification)
Mature cells (function)

Time to response

Steel GG,Basic clinical radiobiology

* Stem cell number is maintained by self-replication;
when not  proliferating, the stem cells reside in a
quiescent G0 state

• Time to reach complete depopulation depends on the
length of mature cell longevity, and it is dose-
independent

Life span

Hierarchical or H-type tissues



Hierarchical or H-type Tissues
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Radiation Response of (Flexible) F-type Tissues

• These tissues (e.g., liver, lung, kidney) typically have long turnover
times; thus, an apparent delay in the expression of damage may be 
seen, and its duration will be inversely related to dose.

• Therefore, more severe damages are seen earlier than mild injury, in 
contrast to the H-type tissue reactions (i.e., severe damages take less 
time to occur with increasing dose).

Dose 
dependent

• Cell killing 
• Probability of mitotic failure
• Steepness of initial slope of 

depopulation
• Rate of depopulation



Different F-tissue architectures

Effect of radiation on the organ is different

Sensitivity 

Repair

Repopulation

Migration

Tolerance dose, α/β ratio

Time-related recovery factors: repair half-time, repopulation, long-term recovery

Volume effects: cell migration,

tissue compartment, injury probability

▹ Parallel (B)

▹ Combined (C-E)

doi.org/10.1016/j.zemedi.2023.02.006

▹ Serial (A)



Percentage of patients with complication of a given grade

• Lyman model
• 4-parameter sigmoidal function for all 

complications

• Parameters: 
• TD50(1)
• m (and TD5(1))
• effective volume veff
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Lyman et al. IJROBP 1989

Kutcher et al. IJROBP 1989

Emami et al. IJROBP 1991

Burman et al. IJROBP 1991
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• JNM 2010 

Post treatment dosimetry
allows developing predictive
dose-response model 

Constraints

TCP/NTCP models

Follow-up



JNM 2014 

Constraints

TCP/NTCP models

Follow-up



Dose - renal toxicity: correlations found in 90Y-PRRT 

BED50 40 Gy

BED5 28 Gy

doi: 10.2967/jnumed.108.053173
doi: 10.1016/0360-3016(91)90171-y.

EBRT

90Y-PRRT 

Kidneys
The higher non-
uniformity of 177Lu 
should mitigate the 
renal burden
→ higher tolerability 

of 177Lu vs.90Y 
→ for the same 

mean dose
Subsequently confirmed by 

clinical data.

Konijnenmerg M et al, JNM 2007; Wessels et al, 2008.

Dose distribution in renal cortex from autoradiography

90Y 177Lu
177Lu: DVH

dose

Vo
lu

m
e 

%

low volume with high 
doses

• BT
• Lattice/GRID/mic

robeams
→ higher tolerability 

TD5/5 23 Gy
TD 50/5 28 Gy



Current Challenges in Radionuclide Therapies

Tumour Heterogeneity Tumour 
microenviroment

Tumor radiosensitivity/ 
radioresistance

L. Strigari

Radionuclide 
delivery 

Geometric, PK-PD 
features 

Activity distribution 
heterogeneity



Rationale for Combining radionuclides 

Pro Beta? 
Cytotoxicity within  
tissue range
(target heterogeneity)

Tumor Heterogeneity

ALPHA VERSUS BETA RADIATION: MICRODOSIMETRY

Pro Alpha? 
Cytotoxicity within 
cell diameter range 
(target small lesions)

Micrometastases

Fendler et al. J Nucl Med. 2017 Nov;58(11):1709-1710.

Sgouros et al. Nature Reviews | Drug Discovery Volume 19 | September 2020

Dual Targeting

RBE matters 

Courtesy of Daniela Oprea-Lager

Neuroendocrine  
Tumor (HE)

SSTR
Expression

Beta Radiation  
Coverage

Alpha Radiation  
Coverage



Radionuclide
therapy

L. Strigari

Tumor 
recurrenc

e 

Aggressive 
disease

Plan 
higher 

doses or  
combined 
strategies

04 Combined treatments



How to move on ? 

The BED and EQD concepts 
should be used in combined 
dosimetry to account for the 
differing radiobiological 
effects of EBRT and SIRT.

Treatment with both EBRT 
and SIRT can be given safely 
to patients with HCC.

Constraints

TCP/NTCP 
models

Follow-up

L. Strigari 



Logistic regression model for 2-year overall survival (2y-OS) and  toxicity rate (TOX), i.e., neutropenia 
EBRT in combination with Ra223- Xofigo 

Alpha-Emitter Radiopharmaceuticals and EBRT: 
A Radiobiological Model for the Combined Treatment 

Sarnelli A et al. Cancers (Basel). 2022

Radionuclide
therapy



Immunotherapy + TARE

May 2024
• Systemic

treatment 
Atezolizumab-
Bevacizumab

June 2024
• SIRT treatment

August 2024
• Systemic

treatment 
Atezolizumab-
Bevacizumab 

October 2024
• Complete 

response

SIR-
spheres

133 Gy to
the target

6 mos FUp

Pre-TARE

Enhancing Efficacy
Combination of radionuclides 
with other therapies (e.g., 
immunotherapy) can 
overcome resistance and 
improve tumor control.

Male, 
58 years, 
Multifocal
HCC,
Right lobe

IRCCS AUOBo, Italy



The response depends on

Tumour

the number of 
clonogenic cells 

(N0*), 

Repopulation
Cell proliferation

Repair
Cell repair

Redistribution
Cell cycle

Reoxygenation
Oxygen Enhancement 

Ratio

Radiosensitivity

Treatment  

Linear Energy Transfer 
(LET)

Dose Rate

Absorbed dose

other agents given 
concurrently (e.g. 

EBRT, chemotherapy, 
radioprotectors) …

treatment  schedule 
(e.g., time between 

cycles)

Organs

number of sub-
functional units, 

type of architecture, 

individual 
radiosensitivity,  

…

Organ reserve

NTCP = 
normal 
tissue 
complication 
probability

TCP = tumor 
control 
probability

Radiobiology 

is complex  

L. Strigari 



Dose thresholds & Overall Survival 
Yttrium-90 glass microspheres 
radioembolization (RE) for biliary tract 
cancer: a large single-center experience

Bourien et al. 

Evaluation of factors affecting tumor response and 
survival in patients with primary and metastatic liver 
cancer treated with microspheres

Demirelli et al. 

Cheng et al. 

Garin et al. 

Cheng et al. 

DOSISPHERE-01

The planning impacts the Overall Survival 
26.6 months vs 9.9 (SARAH) or 11.3 (SIRveNIB trials) 



Patient presentation 

Tumor target and 

behavior (selection, 
predictive markers)

FDG-PET

P
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h

e
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p
e
u
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XX

Genetic screening

Tumor 

microenvironnement
& vasculature

Molecular imaging

Pharmacodynamic

markers & liquid biopsy

05 The optimal treatment
What we need to understand for proper therapy planning

Treatment Clinical goal 



lidia.strigari@aosp.bo.it

Thank you for the attention 

WG 5. Clinical Translation – 
Strategies for treatment 
personalization/optimization 
Lidia Strigari & Daniela E. Oprea-Lager
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