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    Chapter 1   
 Improving the Therapeutic Ratio 
of Radiotherapy by Targeting the DNA 
Damage Response                     

     Ross     Carruthers     and     Anthony     J.     Chalmers    

    Abstract     In recent decades, technological advances in radiotherapy delivery have 
allowed dose escalation or reduction of toxicity for radiotherapy regimens used to 
treat several major tumour sites. However, tumour radioresistance remains a 
signifi cant clinical problem. Although it is well established that the major biological 
effects of ionising radiation are mediated through DNA damage, our knowledge of 
the biological processes infl uencing tumour response to radiation is still relatively 
basic. It is known that tumour cells repair the vast majority of potentially lethal 
DNA damage infl icted by ionising radiation and that the cellular response to DNA 
damage is a major determinant of tumour radiosensitivity. Manipulation of tumour 
DNA damage repair mechanisms to modify the radiobiological response of 
malignant cells is therefore a very appealing idea with the potential to greatly 
amplify the therapeutic effects of radiation therapy.  

  Keywords     DNA damage response   •   Radiotherapy   •   Poly(ADP-ribose) polymerase   
•   Ataxia telangiectasia mutated   •   Cell cycle checkpoints   •   Radiosensitizers  

      Introduction 

 In recent decades, technological advances in radiotherapy delivery have allowed 
dose escalation or reduction of toxicity for  radiotherapy regimens   used to treat 
several major tumour sites. However,  tumour radioresistance   remains a signifi cant 
clinical problem. Although it is well established that the major biological effects of 
ionising radiation are mediated through DNA damage, our knowledge of the 
biological processes infl uencing tumour response to radiation is still relatively basic. 

        R.   Carruthers    •    A.  J.   Chalmers      (*) 
  Translational Radiation Biology, Institute of Cancer Sciences, Wolfson Wohl Cancer 
Research Centre ,  University of Glasgow ,   Garscube Estate ,  Glasgow   G61 1QH ,  UK   
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It is known that tumour cells repair the vast majority of potentially lethal  DNA 
damage   infl icted by ionising radiation and that the cellular response to DNA damage 
is a major determinant of  tumour radiosensitivity  . Manipulation of tumour DNA 
damage repair mechanisms to modify the radiobiological response of malignant 
cells is therefore a very appealing idea with the potential to greatly amplify the 
therapeutic effects of  radiation therapy  . 

 The components and mechanisms of DNA repair  and cell cycle   control pathways 
in normal mammalian cells have now been defi ned in some detail, and the potential to 
target and inhibit specifi c components of DNA damage response pathways is now a 
reality with the development in recent decades of small molecule inhibitors of some of 
the key components of these pathways. The current challenge facing radiation oncol-
ogy is to integrate this knowledge in a manner which will allow specifi c manipulation 
of tumour radiobiological response in order to provide clinically useful,  tumour-spe-
cifi c radiosensitisation  . This chapter will summarise briefl y the DNA damage response 
of cancer cells to ionising radiation and then describe various strategies to manipulate 
tumour radiobiology by inhibition of key DNA damage response  proteins  .  

    The  DNA Damage Response (DDR)   

 Upon encountering DNA damage of any variety, the normal response of mamma-
lian cells, whether malignant or otherwise, is to attempt repair. Cells accomplish 
this via a complex network of protein signalling cascades and pathways. The term 
‘DNA damage response’ (DDR) will be used to refer to this cellular repair network. 
There are multiple pathways involved in  DDR  , often with huge complexity and 
some redundancy in function. However in general the cellular response to DNA 
damage can be summarised by two  processes  : (1) activation of cell cycle check-
points and (2) initiation and execution of DNA repair. These two processes are 
complementary; activation of cell cycle checkpoints provides time for the cell to 
repair damaged DNA before either replicating it or attempting it to undergo mitosis. 
If repair of DNA damage is successful, the cell will survive and retain reproductive 
integrity. If unsuccessful, the cell may die via apoptosis, mitotic catastrophe or an 
alternative cell death mechanism. This is summarised in Fig.  1.1 . A brief overview 
of the  cellular DDR      to ionising radiation  follows  .

        Detection of Radiation-Induced DNA Damage and Initiation 
of DDR   

 Effi cient DDR relies upon rapid detection of DNA damage and subsequent escala-
tion of appropriate DDR pathways. The  MRN complex   consisting of MRE-11, 
NBS-1 and Rad50 proteins represents the major DNA DSB detector within mam-
malian cells.  Ku70/Ku80 proteins  , which are key effectors of the non- homologous 
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end joining (NHEJ) pathway, also bind directly to DNA DSBs facilitating early 
repair of most DNA DSBs. Following detection of DNA damage, this signal must 
be amplifi ed and coordinated in order to facilitate a cellular environment conducive 
to DNA repair. This is achieved by the actions of three apical DDR proteins:  ataxia 
telangiectasia mutated (ATM)  ,  ataxia telangiectasia and Rad 3 related (ATR)   and 
 DNA-dependent protein kinase (DNAPK)   which are  phosphatidylinositol 3-kinase-
related kinases (PIKKs)  . The apical PIKKs phosphorylate a repertoire of DNA 
repair and checkpoint control proteins ensuring timely activation of cell cycle 
checkpoints and initiation of  DNA repair   mechanisms appropriate to DNA lesion 
stimuli and allow modifi cation of heterochromatin and other more general intracel-
lular environmental features in order to promote cellular survival. Apical  PIKKs   are 
appealing targets for  radiosensitisation strategies   and their functions and are 
described below. 

    Ataxia Telangiectasia Mutated (ATM) 

  ATM      is a highly prolifi c kinase which phosphorylates many substrates in response to 
DNA DSBs and has a dual role in both cell cycle control and repair of a subset of 
DNA DSBs. For a detailed review, see Shiloh et al. [ 1 ]. Mutations in ATM are respon-
sible for the radiosensitivity syndrome ‘ataxia telangiectasia’, fi rst described in 1975 
[ 2 ]. Cells derived from patients with ataxia telangiectasia show defi cient G1/S, S and 
G2/M checkpoints and defi cient DNA DSB repair. ATM exists as an inactive dimer 
or multimer until DNA damage occurs, upon which  autophosphorylation   at serine 
1981 occurs, allowing the dissociation of ATM dimers into active monomers. The 
exact mechanism of ATM activation is debated in current literature, and activation 
may occur via direct interaction with DNA DSBs, in response to conformational 
changes in heterochromatin structure or via the MRN complex [ 3 ,  4 ]. 

 The proportion of  DNA DSBs   that cannot be repaired in ATM-mutant cells is 
estimated at around 10–20 % of the total DSB burden. ATM has a role in promoting 
DSB repair executed by NHEJ in G1 phase and by both NHEJ and HR in G2, and 
the proportion of ATM-dependent DSBs is similar in both phases of the cell cycle. 
Goodarzi et al. investigated the role of ATM in chromatin  modifi cation      and demon-
strated that ATM has a role in repair of heterochromatic DSBs [ 5 ]. This model 
proposes that in G1 phase, around 75 % of DNA DSBs occur in euchromatin regions 
and that ATM is not required for the repair of these lesions. However, in heterochro-
matic regions, nucleosome  fl exibility   is constrained by factors such as  KAP-1  , 
which severely limits DSB repair. In this model, DSBs in heterochromatin are 
responsible for the slow phase of  DSB repair  , since the cell needs to execute addi-
tional steps to rejoin DSBs occurring in this relatively inaccessible chromatin con-
text. ATM is able to phosphorylate  KAP-1  , thereby generating suffi cient elasticity 
in DNA tertiary structure to allow repair. It has previously been suggested that 
ATM’s primary role is to deal with complex DNA DSB lesions, since  Artemis   and 
ATM defects create epistatic DNA repair defects and Artemis has a vital role in end 
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resection for facilitation of NHEJ [ 6 ]. However, the proportion of ATM-dependent 
DNA DSBs appears not to increase following irradiation with high LET radiation 
types which cause more complex DSBs, which implies that ATM-dependent repair 
is not necessarily associated with complex  DNA DSBs  . 

 Nevertheless, ATM is also known to have roles in specialised  DSB repair   
mechanisms that are not related to heterochromatin such as VDJ class switching and 
meiotic recombination. Alvarez-Quilon et al. demonstrated that ATM is necessary 
for the repair of DNA DSBs with blocked ends and that this requirement is indepen-
dent of chromatin status [ 7 ]. The authors speculated that ATM could promote 
nucleolytic activity to eliminate blockage at DNA ends via the MRN complex, CtIP 
or Artemis or it could restrict excessive nucleolytic degradation of DNA ends by 
inhibiting these same nucleases or by phosphorylation of H2AX. These two models 
are not necessarily confl icting, since ATM may have roles in both complex DNA 
lesion repair and modifi cation of  chromatin     .  

    Ataxia Telangiectasia and Rad 3 Related (ATR) 

  ATR      has a critical role in the DDR by protecting  cells   from replication stress. 
 Replication stress   can be defi ned as the slowing or stalling of replication forks dur-
ing duplication of DNA and is characterised by the presence of  single-stranded DNA 
(ssDNA)   within the nucleus. Cancers in general are known to exhibit high levels of 
replication stress, which is thought to be induced primarily by oncogene activation, 
leading to upregulation and increased dependence upon the ATR-Chk1 pathway [ 8 ]. 
Furthermore, the DNA damage induced by ionising radiation (both SSBs and DSBs) 
is a signifi cant source of replicative stress in the irradiated cell. The role of ATR in 
the DDR is reviewed in Marechal et al. [ 9 ]. ATR has an essential role in the survival 
of proliferating cells, and its deletion leads to embryonic lethality in mice and lethal-
ity in human cells [ 10 ]. ATM and ATR share many phosphorylation substrates; how-
ever, they have distinct roles in DDR and cannot be viewed as redundant in function. 
ATR is activated by RPA-coated ssDNA; hence, any situation leading to the forma-
tion of ssDNA will result in the activation of ATR. ATR phosphorylates Chk1 which 
leads to G2/M checkpoint activation, allowing time for damage repair. However, 
both ATR and Chk1 have additional important functions in maintaining the integrity 
of replication forks. Replication fork collapse is characterised by the dissociation of 
replisome contents and may result in generation of a DSB. This process is still 
poorly understood and may be the result of replisome dissociation/migration, nucle-
ase digestion of a reversed fork or replication runoff [ 11 ]. ATR is activated by 
ssDNA generated at stalled replication forks and acts to stabilise the fork and initiate 
cell cycle checkpoint activation and inhibition of DNA replication origin fi ring on a 
global scale throughout the cell nucleus. ATR activation inhibits origin fi ring via the 
phosphorylation of the  lysine methyltransferase   MLL, which alters chromatin struc-
ture around replication origins [ 12 ]. In this manner, the stalled fork can then be 
restarted when the replication stress  stimulus      has been resolved.  

1 Improving the Therapeutic Ratio of Radiotherapy by Targeting the DNA Damage…
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    DNA-Dependent Protein Kinase (DNA-PK) 

  DNA-PK      has a critical role in DDR via its  function   in NHEJ, as discussed below. 
It phosphorylates a smaller number of substrates in comparison to ATR and ATM. 
However, DNA-PK is able to phosphorylate some substrates of ATM in ATM- 
defective cells, allowing a degree of functional redundancy. In particular, DNA-PK 
is able to phosphorylate histone H2AX in the absence of ATM [ 13 ]. 

 Activation of the apical DDR PIKKs results in cell cycle checkpoint initiation and 
attempted DNA repair. These processes will be considered separately as  follows        .   

     Cell Cycle Checkpoint Control   

  Mammalian cells   have three main cell cycle checkpoints that are activated following 
DNA damage: G1, intra-S and G2/M. These are shown in Fig.  1.2 . The checkpoints 
regulate progression through the cell cycle, preventing a cell from progressing into the 
next phase of the cell cycle prior to satisfying the requirements of the previous phase. 

  Fig. 1.2     Cell cycle control   in response to  DNA damage  . Simplifi ed diagram of cell cycle control 
following activation of the upstream PIKKs ATR and ATM. ATM is activated by  DNA DSBs   and 
infl uences all three major checkpoints, whereas ATR is activated by RPA-coated ssDNA and has 
its major roles in the  intra-S checkpoint   and maintenance of the  G2/M checkpoint         
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Progression through the cell cycle is controlled by  cyclin-dependent kinases (CDKs)   
and cyclins, the names alluding to their cyclical accumulation and destruction through 
the cell cycle. These proteins form cyclin-CDK complexes whose activity ultimately 
regulates the machinery responsible for cycle progression. For a review of the cellular 
machinery controlling cell cycle checkpoints, see Lukas et al. [ 14 ].

   The  G1 checkpoint   is usually very robust in eukaryotic cells; however, in malignant 
cells, the G1 checkpoint is frequently absent due to mutations affecting the p53 pathway. 
For example,  glioblastoma   and other cancer cells frequently fail to initiate a G1 check-
point response to irradiation. Normal G1 checkpoint function requires functioning p53, 
which is phosphorylated in response to DNA damage by both ATM and Chk2 proteins. 
This leads to a reduction in the binding of MDM2 to p53, and subsequent p53 activation, 
resulting in its nuclear accumulation and  stabilisation  . Increased levels of p53 protein 
stimulate increased transcription of p21, which binds and inhibits CDK2-cyclin E activ-
ity, preventing the cell from entering S phase. The  G1/S checkpoint   is highly sensitive, 
but limited by the time required for p21 upregulation [ 15 ]. Alternative activation of the 
G1/S checkpoint is mediated via phosphorylation of Cdc25A, again by ATM and Chk2, 
which then targets Cdc25A for proteasomal degradation. Cdc25A removes inhibitory 
phosphate groups on CDK2, allowing progression into S phase [ 16 ]. 

 The  intra-S checkpoint      is activated in response to replication stress or other dif-
fi culties encountered by the cell during S phase. It operates to slow DNA replication 
rather than stop it entirely and is p53 independent. The components of the  S phase 
checkpoint   suppress origin fi ring and slow replication fork progression to reduce 
the rate of DNA replication. Abnormalities in  S phase checkpoints   result in the 
 radioresistant DNA synthesis (RDS)   phenotype, i.e. cells are unable to stop or delay 
the synthesis of DNA following induction of DNA damage by radiation. 

  Cancer cells   frequently demonstrate an increased dependency upon  G2/M check-
point   activation to allow repair of DNA damage prior to entering mitosis, since the G1/S 
phase checkpoint is often dysfunctional in malignant cells due to defi ciencies in the p53 
pathway. Progression through the G2/M checkpoint with unrepaired DNA damage can 
result in cell death, and therefore it is essential that control of the G2/M checkpoint is 
maintained. Activation of the G2/M checkpoint occurs via ATM and ATR which phos-
phorylate Chk1 and Chk2, leading to phosphorylation of Cdc25 phosphatases. The 
G2/M checkpoint has a defi ned threshold of sensitivity, with activation and mainte-
nance of G2/M arrest appearing to require 10–15 DSBs [ 17 ]. The G2/M cell cycle 
checkpoint arrests heavily damaged cells in G2 to provide time for repair of DSBs, and 
it is proposed that this may be important for slow phase repair in G2 via homologous 
recombination. However, the G2/M checkpoint is inherently insensitive and allows cells 
to enter mitosis carrying a measurable number of unrepaired  DSB   [ 18 ].  

    DNA Repair  Processes   

 Exposure to a 2Gy dose of radiation will produce on average around 2000 SSBs 
and 80 DSBs. DNA DSBs are much more diffi cult for cells to repair and have long 
been considered the lesions responsible for lethality following irradiation. 

1 Improving the Therapeutic Ratio of Radiotherapy by Targeting the DNA Damage…
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Figure  1.3  illustrates DNA  DSB      repair kinetics in mammalian cells following 
gamma radiation adapted from Goodarzi et al. [ 19 ]. There is an initial fast phase of 
repair lasting 1–3 h which represents  DNA DSBs   that can be effi ciently repaired by 
the cell. In addition to the fast phase of repair, there is a longer ‘tail’ which is termed 
the slow phase of DNA DSB repair and can extend past 24 h. Both slow phase and 
fast phase repair occur simultaneously. If left unrepaired, even a single DNA DSB 
can result in loss of genetic information and cell death [ 20 ] so it is unsurprising that 
mammalian cells have developed complex and highly effi cient systems for their 
repair. DNA DSBs are repaired predominantly by two pathways, homologous 
recombination (HR) and non-homologous end joining (NHEJ), although back up 
pathways such as  microhomology-mediated end joining (MMEJ)   also exist. For a 
review of DNA DSB repair, see Shibata and Jeggo [ 21 ].

       Non-homologous End Joining (NHEJ)      

 The bulk of DNA DSB repair in mammalian cells is undertaken by NHEJ, exclu-
sively so in G1 cell cycle phase where cells have a diploid DNA content. NHEJ is 
involved in both fast phase  repair   and slow phase repair in G1 cells and in the fast 
phase of repair in G2 cells [ 6 ]. NHEJ involves the processing of broken DNA ter-
mini to form compatible ends which can then be ligated back together. NHEJ is a 
relatively simple, rapid and effi cient method of DNA DSB repair but is error prone 
and associated with loss of genetic information. The mechanisms of NHEJ can be 

  Fig. 1.3    Illustrative schematic of kinetics of DNA  DSB   repair following irradiation in mammalian 
cells. The majority of DSBs are repaired a short time after irradiation in the ‘fast’ phase of DNA 
DSB repair via NHEJ. However, a subset of DNA DSBs requires much more time for repair, due 
to complexity and/or chromatin context, and is represented by a ‘slow’ phase tail on the above 
illustration. Slow phase repair is achieved via NHEJ in G1 phase and HR repair in G2 phase. 
Adapted from [ 19 ]       
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simplifi ed into three steps: (for a comprehensive review, see Weterings et al. [ 22 ]) 
(1) capture of both ends of the broken DNA molecule, (2) bridging of the two bro-
ken DNA ends and (3) religation of the broken DNA molecule. NHEJ is thought to 
make the fi rst attempt at rejoining the majority of  DNA DSBs  , even in G2 phase 
where HR is competent, due partly to the cellular abundance of Ku70 and Ku80 and 
their high affi nity for DNA termini [ 23 ,  24 ].  NHEJ      and its major protein  compo-
nents   are summarised in simplifi ed form in Fig.  1.4 .

   An alternative mechanism of NHEJ is thought to occur via  microhomology- 
mediated end joining (MMEJ)   [ 25 ,  26 ]. For a detailed review, see McVey et al. 
[ 27 ]. MMEJ has a requirement for limited MRN-dependent end resection and 
relies upon homologous matching of 5–25 base pairs on both strands in order to 
correctly align the DNA DSB ends. Any overhanging or mismatched bases are 
removed and missing bases inserted. The process is particularly error prone, since 
it does not identify sequences lost around the DSB. MMEJ appears to act as a 
reserve DSB  repair   pathway but can also repair DSBs generated at collapse of 
replication forks. The process is dependent upon ATM, PARP-1, MRE-11, CtIP 
and DNA ligase IV but operates independently of Ku or DNA-PKcs [ 27 ]. The 
extent to which MMEJ contributes to DSB repair in normal cells is unknown, but 
it has been shown to assume importance in cancer cells bearing defects in other 
DSB repair  pathways      [ 28 ].  

    Homologous Recombination (HR) 

 The homologous  recombination      (HR) pathway represents a more complex and 
sophisticated mechanism of DNA DSB repair. Although NHEJ repairs the majority 
of  DNA DSBs  , HR contributes to the repair of DSBs in specifi c circumstances, such 
as the one-ended DSB created by the collapse of DNA replication forks and a subset 
of  DNA DSBs   in G2 that are repaired with slow kinetics [ 23 ,  29 ,  30 ]. HR is conven-
tionally considered to be limited to S and G2 phases of the cell cycle, since it relies 
upon homologous DNA sequences (in the form of the duplicated DNA strand of a 
sister chromatid) to effect repair. Because of this, however, it is highly accurate. For 
a more detailed review of the process, see Filippo et al. [ 31 ], Li et al. [ 32 ] and Krejci 
et al. [ 33 ]. In brief, HR is initiated by resection of the 5′ DNA end of the DSB in 
order to create 3′ SS DNA which can then invade a partner chromosome. End pro-
cessing creates 3′ ends following resection of  nucleotides   from the 5′ break ends. 
Extension of resection is tightly regulated by the repositioning of 53BP1 via a 
BRCA 1-dependent process (9 Jeggo 2014 review). Resected 3′ ends are then 
quickly bound by  replication protein A (RPA)  , which protects ssDNA and removes 
DNA secondary structure in order to facilitate formation of a ‘ presynaptic fi lament  ’ 
consisting of Rad51-coated ssDNA [ 34 ,  35 ]. Rad51 is a recombinase, i.e. an enzyme 
which facilitates genetic recombination and forms a helical  fi lament      on ssDNA 
which holds it in an extended conformation to aid the search for homology.  BRCA 
2   has an essential role in the loading of Rad51 onto ssDNA. 
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 Once assembled, the  presynaptic fi lament   captures a duplex DNA molecule and 
begins its search for the homologous sequence. Rad51 facilitates the physical con-
nection between the invading DNA strand and the DNA duplex structure leading to 
the formation of  heteroduplex DNA   (‘D loop’) with a  Holliday junction (HJ)  , as 
described in Fig.  1.5 . Synthesis of DNA and repair of the DSB lesion then occurs 

  Fig. 1.4    Schematic diagram of  non-homologous end joining (NHEJ)   repair. NHEJ is initiated by 
the binding of Ku70/Ku80, followed by the recruitment of DNA-PKcs and its subsequent  auto-
phosphorylation  . End processing is achieved via Artemis, and additional factors before the broken 
DNA ends are ligated       
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using the undamaged DNA strand of the heteroduplex DNA molecule as a template. 
Following successful repair, resolution of the  heteroduplex DNA   molecule occurs, 
generating crossover or non-crossover  products        .

         Poly (ADP-Ribose) Polymerases (PARPs)   

 Whilst the main features of the DDR to DNA  DSB   have been explored, it should 
not be forgotten that responses to single-strand DNA breaks also infl uence the 
eventual outcome of radiation-induced  DNA damage  .  Gamma   or  X-radiation   

  Fig. 1.5    Schematic diagrams of  homologous recombination (HR)   repair. HR repair is initiated by 
end resection and coating of ssDNA by RPA and subsequently Rad51. The search for a homolo-
gous sequence on the sister chromatid is initiated by strand invasion and subsequent Holliday 
junction formation. Synthesis of new complementary DNA sequence and Holliday junction resolu-
tion results in successful DNA  DSB   repair       
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induces around 25-fold more SSBs than DSBs, but these are usually repaired 
promptly. If SSBs are not resolved effi ciently, however, they can have signifi cant 
effects on cell survival via the generation of DSBs. The PARP family of proteins is 
known to facilitate  base excision repair (BER)   which is one of the main cellular 
single-strand break repair pathways. 

 PARPs form a large protein family with diverse cellular functions including 
DNA repair, mitotic segregation, telomere homeostasis and cell death. PARPs 
are characterised by their catalytic function, which is poly(ADP-ribosylation). 
There are 18 reported family members; however, not all have defi nite poly(ADP-
ribose) catalytic function, and only PARPs 1–3 have well-characterised roles in 
DNA repair. For an in-depth review of PARP function, see D’Amours and 
Burkle [ 36 ,  37 ]. PARP-1 is the most abundant and best understood family mem-
ber, so the term ‘PARP’ will be used to refer to the actions of PARP- 1   for the 
rest of this chapter. 

 Activated PARP modifi es its substrates via covalent, sequential addition of 
ADP- ribose molecules that form branching poly(ADP-ribose) (PAR) polymers on 
its targets. The substrate from which PAR is formed is nicotinamide adenine dinu-
cleotide (NAD+). Poly(ADP-ribosylation) is a commonly occurring post-transla-
tional modifi cation in the cell. It creates negative charge on target proteins altering 
their three- dimensional structure and regulating interactions with other proteins 
and with DNA [ 38 ]. 

 PARP is an effi cient sensor of DNA damage and its rapid binding to damaged 
DNA results in its activation (Fig.  1.6 ).  PARP   can bind to a variety of DNA dam-
age structures including SSBs and DSBs [ 39 – 42 ] and plays a major role in PAR 
synthesis following DNA damage: approximately 90 % of PAR production is 
attributable to PARP-1 in this context [ 43 ]. DNA-bound PARP undergoes auto-
modifi cation via the addition of long, negatively charged PAR polymers [ 36 ]. This 
 autoPARylation   promotes dissociation of PARP from the DNA molecule, allowing 
access of other DNA repair components to the damaged DNA [ 44 – 46 ] and facili-
tating their recruitment to the damaged sites. The list of substrates of PARP is 
extensive, and their DDR function can be modifi ed both by  PARylation   and by 
direct interaction with PARP.

   Although the precise role of PARP in DNA repair is still being elucidated, an 
important contribution to the repair of SSB lesions is well documented. Rather 
than being essential for SSB repair, however, PARP appears to increase the effi -
ciency and kinetics of this process [ 47 – 49 ]. Activation of PARP promotes recruit-
ment of the scaffold protein  XRCC1   to damages sites [ 50 ]; PARP modifi es and 
interacts directly with XRCC1 during this process. Lesions then undergo end 
processing before being repaired by either short patch or long patch mechanisms. 
 PARP   is known to interact with and modulate many SSB repair proteins, includ-
ing DNA Lig III, DNA Pol Beta and others, whilst playing a clear role in  base 
excision repair (BER)   does not appear to be an absolute requirement for the func-
tion of this pathway [ 49 ]. The radiosensitising effects of PARP  inhibition   will be 
discussed below.  
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    DNA Damage Response as a Therapeutic  Target      

 From the discussion above, it can be predicted that targeting of the tumour cell 
DDR will lead to  radiosensitisation   via two distinct mechanisms. Inhibition of 
cellular checkpoint activation will promote transit of malignant cells into mitosis 
before  DNA damage   can be completed, thus increasing the probability of cell 
death, whilst inhibition of DNA repair will increase the incidence and persis-
tence of unrepaired DNA breaks, thus enhancing the lethal effects of irradiation. 
Some of the key DDR effectors (e.g. ATM) are involved in both of these 
processes. 

  Fig. 1.6    The role of  PARP   in SSB repair. PARP detects SSBs and facilitates effi cient repair via 
interactions with a variety of  base excision repair (BER)   factors. Automodifi cation of PARP facili-
tates its dissociation from the damaged site       
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 Exploitation of DDR as a therapeutic target often raises understandable concerns 
regarding toxicity to normal tissues. The concept of ‘ tumour specifi city  ’ is vitally 
important in cancer therapy and particularly so when considering strategies that 
increase the biological effects of ionising  radiation     . If DDR inhibition were to sen-
sitise normal tissues to the same degree as tumour cells, then no therapeutic gain 
would be made, since any increased tumour effect would be accompanied by an 
unacceptable increase in normal tissue toxicity. 

 Supporting the prospect of  tumour-specifi c radiosensitisation  , important 
differences between the DDR of tumours and normal tissues have been well 
documented. At the most fundamental level, the DDR presents a barrier to car-
cinogenesis during the early stages of tumour development [ 51 ].  Cellular popu-
lations   in the process of carcinogenesis face selective pressures that promote 
survival of cells bearing mutations associated with altered DDR that increase 
their ability to tolerate  oncogenic proliferative stress  . At the population level, 
 dysfunctional DDR         can be advantageous, endowing a minority of tumour cells 
the capacity to generate and tolerate genomic instability and heterogeneity, 
leading to adaptability and a survival advantage in the hostile tumour microen-
vironment. Consistent with this, there is evidence to suggest that tumours may 
be profoundly defi cient in some aspects of DDR, rendering them overly depen-
dent on other DDR pathways to carry out necessary DNA repair. Examples of 
this behaviour are seen in the widespread loss of  G1/S checkpoint   integrity in 
solid tumours due to p53 mutation and resulting dependence upon  G2/M check-
point   integrity. A further example is seen in the context of ‘ synthetic lethality  ’ 
in HR-defi cient tumours, which are sensitive to therapies such as PARP inhibi-
tors that create DNA lesions requiring HR for repair. Given that genomic insta-
bility is now considered a ‘hallmark’ of cancer, it is likely that DDR abnormalities 
are common in cancer cells [ 52 ]. Indeed the main reason why  radiotherapy   is a 
successful cancer treatment is because tumour cells are less able than the sur-
rounding normal tissues to deal with the DNA damage caused by ionising radia-
tion. The intact DDR of normal tissues ensures that a therapeutic ratio exists 
between tumour and normal tissue, allowing radiation to eradicate tumour cells 
whilst normal tissues are able to survive or tolerate the resulting DNA damage. 
Therefore, pharmacological inhibition of DDR exploits an inherent vulnerabil-
ity of many cancer cells and represents a valid and promising therapeutic 
strategy. 

 Recently, a variety of small molecule  inhibitors      have become commercially 
available that possess the ability to specifi cally and potently inhibit individual DDR 
proteins. Although many of these are not yet suffi ciently advanced to be anything 
more than laboratory tools, others such as the PARP inhibitor class have been 
licensed as single agents and are entering phase I and II clinical trials in combina-
tion with radiotherapy. A discussion on the current landscape of DDR inhibition in 
the context of radiation therapy now follows. 
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    PARP Inhibition 

 PARP  inhibitors         represent the most developed class of  DDR      modifi ers, largely due 
to early successful trials as  monotherapy   in the ‘ synthetic lethality  ’ setting [ 53 ]. 
There are now several PARP inhibitors entering clinical trials as  radiosensitisers   
including  AZD2281 (olaparib)  ,  AG014699 (rucaparib)   and  ABT888 (veliparib)  . 
Extensive preclinical investigation into their role as radiosensitising agents has been 
carried out and is summarised below. 

 In vitro work has demonstrated that  PARP inhibitors (PARPi)   provide modest 
 radiosensitisation  .  Sensitiser enhancement ratios (SER)  , which are a measure of the 
fold increase in radiation dose necessary to produce a given level of survival 
observed in the absence of the sensitising drug, have been reported in the range of 
1.1–1.7, depending on the PARP inhibitor and cell line tested. 

 Brock et al. [ 54 ] demonstrated this effect in fi broblast and murine sarcoma cell 
lines, with SERs (at 10 % survival) of 1.4–1.6 using the  PARP      inhibitor INO-1001. 
Interestingly they also showed an enhanced sensitisation effect when INO-1001 was 
combined with fractionated radiotherapy, suggesting that  PARPi   was able to block 
interfraction repair of sublethal damage. This effect was also reported in a study of 
 glioblastoma   cell lines [ 55 ]. 

 Other  authors      have confi rmed the  radiosensitising effects of PARPi   in vitro in a 
variety of different tumour cell lines; these are summarised in Table  1.1  and include 
 head   and  neck squamous cancer  ;  prostate cancer  ;  glioblastoma  ;  pancreatic  ,  colon      
and  cervix cancer  ; and  lung carcinoma   cell lines.

   PARP  inhibitors   have been shown to decrease  clonogenic      survival and increase 
apoptosis and mitotic catastrophe in irradiated cells in vitro .  The pro-apoptotic effects 
of PARPi vary between studies and are likely to be cell line dependent. Noel et al. 
demonstrated lack of radiosensitisation of asynchronously dividing human cell lines 
treated with PARPi, whilst HeLa cells synchronised in S phase were signifi cantly sen-
sitised to radiation by the addition of PARPi, suggesting that sensitisation was depen-
dent upon  DNA replication   [ 61 ]. This was confi rmed by Dungey et al. [ 55 ] who 
showed that  radiosensitisation   was enhanced by synchronisation in S phase and abro-
gated by  aphidicolin   (which creates an early S phase block). PARPi delayed repair of 
DNA damage and was associated with a replication-dependent increase in  DNA DSBs   
as measured by gamma H2AX and Rad51 foci. Again radiosensitisation was increased 
with a fractionated schedule, indicating impaired repair of sublethal damage in PARPi-
treated cultures. The authors proposed a mechanism whereby  PARPi   reduced the rate 
of SSB repair which, in replicating cells, increased the burden of DSBs due to genera-
tion of collapsed replication forks during S phase (see Fig.  1.7 ). They also proposed 
that the DNA lesions produced by collapsed replication forks in the presence of PARPi 
might be more complex and hence more diffi cult to repair. Persistent binding of chemi-
cally inhibited PARP to DNA (via steric hindrance) would prevent effi cient recruitment 
of DNA repair  proteins      to the lesion, providing a potential explanation for this theory 
[ 62 ]. The observation that DNA  replication      is required in order for PARP inhibition to 
radiosensitise cells indicates that direct effects on DSB repair are unlikely.
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   Table 1.1    Summary of in vitro studies of radiosensitising  effects   of PARP inhibitors   

 Author 

 Parp inhibitor 
and radiation 
dose  Cell line  Assays  Outcome 

 Brock et al. 
[ 54 ] 

 INO-1001 
10 μM, IR 
0–8 Gy 

 CHO rodent 
fi broblast, c37 
human fi broblast, 
SaNH murine 
sarcoma cell 
 lines   

 Clonogenic 
survival and 
apoptosis 

 Decreased clonogenic 
survival in PARPi plus IR, 
effect enhanced by 
fractionation 
 No increase in apoptosis 

 Albert 
et al. [ 56 ] 

 ABT888 
(veliparib) 
5 μM, IR 
0–6 Gy 

 H460 lung 
carcinoma cell 
lines 

 Clonogenic 
survival, 
apoptosis, 
endothelial 
damage assay 

 Decreased clonogenic 
survival in PARPi plus IR 
vs. IR alone 
 Increased apoptosis 
 Inhibition of endothelial 
tubule formation 

 Dungey 
et al. [ 55 ] 

 AZD2881 
(olaparib) 
 1 μM , IR 
 0–5 Gy 

  T98G   and 
U87MG 
glioblastoma cell 
lines 

 Clonogenic 
survival, 
gamma H2AX 
foci 

 Decreased clonogenic 
survival in PARPi plus IR 
vs. IR alone, decreased 
DNA repair, DNA 
replication-dependent 
effect of PARPi, 
fractionation-sensitive 
effect 

 Loser et al. 
[ 57 ] 

 AZD2881 
(olaparib) 
500 nmol/l 
plus IR 
0–8 Gy 

 Human and 
murine primary 
cells defective in 
Artemis, ATM, 
DNA ligase IV 

 Clonogenic 
survival, 
alkaline comet 
assay, gamma 
H2AX foci 

 PARPi radiosensitisation 
enhanced in ATM, Artemis 
and DNA ligase 
IV-defi cient cells. 
Clonogenic survival 
decreased in rapidly 
dividing and DNA 
repair-defi cient cells 

 Calabrese 
et al. [ 58 ] 

 AG14361 
0.4 μM plus 
IR 8 Gy 

 LoVo and 
SW620 human 
colonic 
carcinoma cell 
 lines   

 Clonogenic 
survival 

 PARPi plus IR decreased 
survival by inhibiting 
recovery from potentially 
lethal damage 

 Russo et al. 
[ 59 ] 

 E7016 
3–5 μM plus 
IR 0–8 Gy 

 U251 
glioblastoma, 
MiaPaCa 
pancreatic, 
DU145 prostatic 
carcinoma cell 
lines 

 Clonogenic 
survival, 
gamma H2AX 
foci, mitotic 
catastrophe, 
apoptosis 

 PARPi plus IR increased 
clonogenic cell kill and 
mitotic catastrophe, 
however no increase in 
apoptosis 

 Liu et al. 
[ 60 ] 

 ABT 888 
(veliparib) 
2.5 μM plus 
IR 5 Gy 

 H1299 lung 
cancer cells, 
DU145 and 
22RV1 prostate 
carcinoma cell 
lines 

 Clonogenic 
survival, 
repair foci 
assay 

 PARPi plus IR reduced 
clonogenic survival, with 
effect seen in acute 
hypoxic cells and oxic 
cells 

R. Carruthers and A.J. Chalmers



17

   Loser et al. investigated the radiosensitising  effects   of  PARPi   on cells that were 
defi cient in various DDR pathways, an effect which has been termed ‘synthetic 
sickness’. Pre-existing DDR pathway abnormalities were found to enhance the 
 radiosensitising effects of PARPi   when compared with effects in DDR competent 
cell lines. Whilst the underlying mechanism varied according to the specifi c DDR 
pathway abnormality, the addition of PARPi appeared to render DDR-defi cient cells 
more vulnerable to radiation-induced DNA lesions that would otherwise have been 
repaired by alternative  pathways      [ 57 ]. 

 Important work by Liu and colleagues [ 60 ] examined the effects of  acute hypoxia   
on  radiosensitisation   by  PARPi  . Firstly, the clinical  PARPi ABT-888   was shown to 
inhibit intracellular PARP activity in prostate and non-small cell lung carcinoma 
cell lines under conditions of hypoxia. Secondly, tumour cells under conditions of 
 acute hypoxia   were radiosensitised to the same degree as oxic cells. The authors 
concluded that ABT-888 remained an effective radiosensitiser under conditions of 

Radiation induced SSB

Cell replication

PARP

DNA repair 
complex

DNA repair 

PARP inhibition

Block to DNA repair 
proteins

SSBs not repaired

SSBs converted to 
DSBs via collapsed 
replication forks

Cell death

  Fig. 1.7    Mechanism of  radiosensitisation   by PARP-1 inhibition. PARP inhibition does not affect 
binding of PARP-1 to DNA SSBs but prevents their effi cient repair by inhibiting recruitment of key 
BER effectors and by blocking access of repair elements to damaged sites. This results in delayed 
SSB repair and increases the likelihood of replication fork collapse by which mechanism SSBs are 
converted into cytotoxic DSBs during S phase       
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acute hypoxia, which is an important consideration in translating PARPi into clinical 
practice because most tumours are hypoxic to some degree [ 63 ,  64 ].  Chronic 
hypoxia   induces downregulation of HR, which may allow targeting of chronically 
hypoxic cancer cells with a PARPi synthetic lethal strategy. Chan et al. have shown 
that PARPi-treated tumour xenografts with hypoxic subregions exhibited increased 
gamma H2AX signalling and reduced survival in an ex vivo clonogenic assay. 
However, the specifi c radiosensitising effects of PARPi in the context of chronic 
hypoxia were not investigated [ 65 ]. Nevertheless, the ability of PARPi to selectively 
target chronically hypoxic cancer  cells      is of signifi cant clinical interest. 

 The radiosensitising  effects   of  PARPi      have been replicated by several authors in 
in vivo models. The results of these studies are summarised in Table  1.2 . As an 
example, a recent paper by Tuli et al. demonstrated tumour growth inhibition and 
prolonged survival in an in vivo orthotopic model of  pancreatic carcinoma   [ 69 ].

   Reviewing these data, there is an indication that the  radiosensitising effects of 
PARPi      are enhanced in in vivo models, with several studies showing radiosensi-
tising  effects      that exceed those predicted by in vitro data. This is unlikely to be 
explained by radiotherapy fractionation effects alone, since several of the studies 
used large single fraction radiotherapy doses similar to those used in vitro. The 
enhanced effects observed in vivo may be at least partly explained by effects of 
PARPi on the tumour vasculature, which may in turn be attributed to the struc-
tural similarities of many PARPi to  nicotinamide  , which is a potent vasodilator. 
 Vasodilatory effects of PARPi   on tumour blood vessels might alleviate tumour 
hypoxia whilst simultaneously increasing drug delivery and enhancing  radiosen-
sitisation   [ 58 ,  70 ]. As yet, the clinical relevance and therapeutic potential of 
these effects remain unproven. 

 The normal tissue toxicity implications of a PARPi radiosensitisation strategy 
have not been extensively investigated, partly because few animal models yield 
clinically meaningful radiation toxicity data. However, several mechanistic argu-
ments predict at least a  degree      of tumour specifi city, as described below. Likely 
toxicities will of course depend upon the tumour  site      irradiated. As single agents, 
PARP inhibitors have been shown to have highly favourable toxicity  profi les   [ 53 ], 
so toxicities outwith the irradiated fi eld would be unexpected, unless concomitant 
chemotherapy was also incorporated into the treatment regimen. 

 Since PARP inhibition requires DNA replication to produce a radiosensitising 
effect, rapidly dividing tissues are likely to be radiosensitised by PARP inhibition. 
Hence, squamous cell carcinomas, glioblastoma and other highly mitotically active 
tumours may be most sensitised by  PARPi  . This also has implications for normal 
tissue toxicity, however, since tissues with high cellular turnover such as the skin, 
bone marrow and mucosal surfaces of the oesophagus, oropharynx and bowel 
might also be radiosensitised by PARPi, although only if these tissues were irradi-
ated of course. Tissues such as the brain, spinal cord, heart and muscle, which are 
comprised mainly of infrequently dividing cells, are predicted not to be radiosensi-
tised by PARPi, although it should be remembered that these tissues are heteroge-
neous and contain additional cell  types      such as vascular endothelial cells, which 
may have higher mitotic  indices     . 
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 Since  vascular endothelial cells   are present in every organ and tumour treated, they 
are worthy of specifi c consideration. The cell doubling time of endothelial  cells   in 
culture has been estimated from labelling studies to be in the region of 93 to 2300 
days, which would classify the  endothelium   as an intermediate to late-responding tis-
sue [ 71 ]. However, there is evidence to suggest that irradiation provides a proliferative 
stimulus that decreases cell doubling time and hence might increase the  radiosensitising 
effects of PARPi   on endothelial cell radiosensitivity [ 72 ]. To date, there is no direct 
evidence to support or refute such an effect either in animals or in  patients     . 

   Table 1.2    Summary of in vivo studies of radiosensitising  effects   of PARP inhibitors   

 Author 
 PARP inhibitor and 
radiation dose  Cell line  Assay  Outcome 

 Khan et al. 
[ 66 ] 

 GPI-15427 10, 30, 
100, 300 mg/kg po, 
IR 2 Gy for 2 days 

 JHU012 and JHU012 
head and neck cancer 
xenografts 

 Tumour 
growth delay 
apoptosis 

 PARPi plus IR 
inhibited tumour 
regrowth vs. IR 
 Increased 
apoptosis 

 Clarke 
et al. [ 67 ] 

 ABT 888 7.5 mg/
kg po bd, 
Temozolomide 
33 mg/kg/day, IR 
20 Gy over 11 days 

  Glioblastoma   
intracranial xenografts 
(MGMT 
hypermethylated) 

 Animal 
survival, 
body weight 

 PARPi-TMZ-IR 
prolonged 
survival vs. IR 
alone, minimal 
weight loss 

 Donawho 
et al. [ 68 ] 

 ABT 888 25 mg/
kg/day via osmotic 
pumps, IR 20 Gy 
over 10 days 

 HCT116 xenograft 
human colorectal 
carcinoma 

 Animal 
survival 

 PARPi plus IR 
increased mean 
survival time vs. 
IR alone 

 Albert 
et al. [ 56 ] 

 ABT 888 25 mg/kg 
ip for 5 days, IR 
10 Gy over 5 days 

 H460 xenograft, 
human lung  carcinoma   

 Tumour 
growth 
delay, Ki67 
staining, 
apoptosis, 
blood vessel 
density 

 PARPi plus IR 
delayed tumour 
regrowth vs. IR 
alone 
 Decreased 
tumour 
vasculature 
 Decreased 
proliferation 
 Increased 
apoptosis 

 Calabrese 
et al. [ 58 ] 

 AG143615 or 
15 mg/kg/day ip, 
IR 10 Gy over 5 
days 

 SW620 human colon 
carcinoma 

 Tumour 
growth delay 

 PARPi plus IR 
delayed tumour 
regrowth vs. IR 
alone 

 Russo et al. 
[ 59 ] 

 E7016 30 mg/kg 
po, IR 4 Gy single 
fraction 

 U251 glioblastoma 
xenograft 

 Tumour 
growth delay 

 PARPi-TMZ-IR 
delayed tumour 
regrowth vs. IR 
alone 

 Tuli et al. 
[ 69 ] 

 ABT 888 25 mg/
kg, IR 5 Gy single 
fraction 

 Pancreatic  carcinoma    Tumour 
growth delay 
and survival 

 PARPi plus IR 
delayed tumour 
regrowth and 
prolonged 
survival 
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 It is also unknown whether the progenitor stem  cells      of slowly dividing tissues 
might be sensitised by PARPi strategies; this issue clearly has implications for late 
normal tissue toxicities.  Intermediate tissues   such as type I and II pneumocytes and 
the bladder epithelium would be expected to experience less  radiosensitisation   with 
PARPi than malignant tumours. 

 Considering potential mechanisms of  tumour specifi city     ,  PARPi   have been 
observed to accumulate in malignant tissue, an effect that might be related to 
increased  levels      of DNA damage (which would therefore bind more PARP) in 
malignant tissue. In theory, this  phenomenon      would increase the tumour-sensitising 
effects of PARPi [ 58 ] whilst limiting normal tissue toxicity [ 73 ] and might also have 
implications for scheduling of  PARPi  , particularly if  cytotoxic chemotherapy   agents 
form part of the therapeutic schedule and there is a risk of increased haematological 
toxicity in combinations with continuous PARPi dosing. 

 Taking the tumour selectivity  argument      a step further, there are theoretical 
grounds on which to predict that  PARP inhibition   could protect certain late- 
responding normal tissues from the adverse effects of radiation. In a variety of nor-
mal tissue models, damage-induced activation of PARP has been shown to deplete 
cells of NAD+, preventing them from activating energy-dependent apoptotic path-
ways and thereby promoting necrotic cell death and a consequent infl ammatory 
cascade that exacerbates and disseminates tissue damage. If PARP activity is inhib-
ited prior to the toxic insult, NAD+ levels are preserved, and cells are more likely 
to die via  apoptosis  , thus reducing overall levels of tissue damage. A broad and 
expanding literature describes the protective application of PARPi in animal models 
of myocardial reperfusion  injury      and acute lung injury that lend some support to this 
theory [ 74 ,  75 ]. Furthermore, it has been reported that PARP inhibition is protective 
in mouse models of irinotecan-induced gastrointestinal  toxicity         [ 76 ].  

     ATM Inhibition         

 The development of  radiosensitisation   strategies based on ATM inhibition is at a 
much earlier stage of development. Much of the in vitro work in this area has 
explored the use of ATM inhibition as a laboratory tool rather than preclinical inves-
tigation as a  therapeutic radiosensitiser           . 

 In recent  studies        , Golding et al. [ 77 ] evaluated ATM inhibition as a radiosensitiser for 
GBM. They demonstrated highly potent radiosensitisation of commercially available 
GBM cell lines using the ATM inhibitor  KU-60019   and concluded that ATM inhibition 
had clinical potential as a highly effective radiosensitiser and inhibitor of DDR in this 
disease. In a subsequent paper, the team explored the combination of ATM inhibition 
with radiation and temozolomide on commercially available GBM cell lines [ 78 ]. SER 37  
values for radiation were calculated to be 1.8–2.1 depending on the dose of KU-60019 
used, whilst the addition of  temozolomide   did not enhance the radiosensitising effects 
of ATM inhibition (nor did temozolomide radiosensitise in the absence of ATM inhibi-
tor). In coculture models of glioma cells and human astrocytes, the combination of 
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temozolomide and ATM inhibition reduced glioma cell growth by around 70 %, but 
astrocytes did not exhibit in vitro radiosensitisation after exposure to KU-60019. 
Biddlestone-Thorpe et al. explored similar combinations in an orthotopic in vivo  GBM 
model   [ 79 ]. In vivo administration of KU-60019 required the use of intracranial osmotic 
pumps and convection- enhanced delivery, since the drug did not reach therapeutic con-
centrations in plasma following oral or intraperitoneal administration. In this context, 
KU-60019 delayed tumour  growth      and signifi cantly prolonged survival when added to 
radiation treatment. The investigators also reported that p53 status had an important 
effect on the radiosensitising  effects         of ATM inhibition. U87 cells, which express wild-
type p53, were infected with a  mouse retrovirus   expressing the  p53-281G allele  , gener-
ating  p53-mutant U87 cells   that were shown to be more susceptible to the radiosensitising 
effects of ATM inhibition in vitro than the parental cell populations. Similarly,  mice 
bearing U87-281G xenografts   experienced prolonged overall survival when treated 
with the combination of ATM inhibition and radiation in comparison to  mice         bearing 
U87 parental xenografts. Whilst the authors concluded that ATM inhibition may be of 
potential benefi t in combination with radiotherapy for p53-mutant GBM, it should be 
recognised that  aberrations      in the p53 signalling pathway are observed in about 90 % of 
GBM even though p53 mutations are seen in only 30–40 % of cases [ 80 ]. 

 These three papers represent the most in-depth preclinical studies of ATM inhibi-
tion to date. Other studies have demonstrated the potentiating effects of ATM inhi-
bition on  cisplatin-mediated radiosensitisation   of non-small cell lung cancer cells 
and radiosensitisation of  head   and  neck squamous carcinoma   cell lines by ATM 
downregulation via RNA interference [ 81 ,  82 ]. Rainey et al. demonstrated that tran-
sient ATM inhibition for a period of 4 h was able to potently radiosensitise HeLa 
cells in vitro [ 83 ], whilst Choi et al. demonstrated distinct effects of ATM inhibition 
versus ATM loss, manifested by reduced sister chromatid exchange (a marker of 
homologous recombination) in ATM inhibited irradiated cells which was not appar-
ent in irradiated ATM null cells [ 84 ]. 

 Current dogma might suggest that  inhibition         of ATM in combination with radio-
therapy would lead to overwhelming normal tissue toxicity, since ATM is one of the 
central DDR kinases. However, there is evidence to suggest that radiosensitivity 
following ATM  inhibition      may be tissue specifi c. A study by Schneider et al. dem-
onstrated that astrocytes downregulate ATM expression but retain DNA repair com-
petency via NHEJ [ 85 ]. In support of this, Gosink et al. demonstrated that astrocyte 
radiosensitivity was unaffected by ATM defi ciency [ 86 ]. A further recent study by 
Moding et al. using a murine sarcoma  model         demonstrated that deletion of the ATM 
gene had much less of a radiosensitising effect on normal cardiac endothelia than on 
rapidly proliferating tumour endothelial  cells      [ 87 ]. These data suggest that ATM 
inhibition as a radiosensitising strategy may be clinically achievable; however, fur-
ther study of the normal tissue effects of ATM inhibition is clearly required. 

 The low bioavailability of compounds used to inhibit ATM to date has been a 
barrier to both preclinical in vivo studies and clinical trials in combination with 
radiation. Recently however, a highly potent inhibitor of ATM that exhibits blood- 
brain barrier penetration has been described by Valerie et al. AZ32 in combination 
with a fractionated radiotherapy schedule signifi cantly increased median survival in 
an  orthotopic human glioma murine model            [ 88 ].  
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    ATR Inhibition 

 The effects of  ATR inhibition         on radiosensitivity have been the subject of several 
preclinical studies. Wang et al. investigated the effects of kinase-dead  ATR      expres-
sion on cellular radiosensitivity and demonstrated that loss of ATR kinase  function         
radiosensitised cells through defi cient S and G2 cell checkpoints and reduced HR 
[ 89 ]. Gilad et al. demonstrated a requirement for malignant cells to engage the ATR- 
Chk1 pathway in order to maintain genome stability following oncogenic expres-
sion of Ras, implying indirectly that suppression of ATR signalling may sensitise 
cancer cells to DNA-damaging agents such as  radiation   [ 90 ]. 

 Until a recent study by Reaper et al. of the compound  VE821     , specifi c and potent 
inhibitors of ATR had not been available. VE-821 was shown to potentiate the lethal 
effects of cisplatin and ionising radiation, effects that were enhanced in cells with a 
defi ciency in the ATM-p53 axis. The authors speculated that ATR inhibition gener-
ated DSBs via collapse of replication forks which would normally induce an ATM- 
dependent  S phase checkpoint   response. Cells defi cient in ATM or p53 were unable 
to activate this response and exhibited increased sensitivity to ATR inhibition [ 91 ]. 

 Prevo et al. investigated the radiosensitising effects of ATR inhibition in pancre-
atic carcinoma models using  VE821  , which was shown to ablate induction of Chk1 
phosphorylation by  radiation   or  gemcitabine  . It also increased the sensitivity of 
established and primary pancreatic cancer cells to the combination of radiation and 
gemcitabine under both normoxic and hypoxic conditions and effectively inhibited 
radiation-induced G2/M arrest. ATR inhibition also appeared to increase  DNA 
DSBs   following treatment with radiation as assessed by persistent gamma H2AX 
and 53BP1 foci. In contrast, Rad51 foci formation was reduced 24 h after treatment 
with IR and VE821, suggesting inhibition of HR [ 92 ]. 

 Fokas et al. subsequently used a more potent  analogue     , VE822, to study the  effects         
of ATR inhibition on pancreatic cancer cell radiosensitivity in vivo .   VE822   was found 
to inhibit  Chk1 phosphorylation   and sensitise pancreatic cancer cells to radiation, both 
alone and in combination with  gemcitabine  . In contrast, it had no effect on tube forma-
tion by human dermal microvascular endothelial cells after radiotherapy and did not 
affect clonogenic survival of fi broblasts, indicating favourable  tumour specifi city  . As 
before, radiation-induced DSB repair foci (gamma H2AX and 53BP1) were increased 
by the combination of ATR and radiotherapy, whilst Rad51 foci were decreased, 
strengthening the concept that ATR inhibition is associated with an HR defect. In vivo, 
the combination of IR and ATR  inhibition      produced a signifi cant increase in tumour 
growth delay in subcutaneous pancreatic tumour xenografts. This study also attempted 
to quantify the toxic effects of the IR plus ATR inhibitor combination on critical nor-
mal tissues by assessing  apoptosis   of jejunal cells and villus tip loss in mice treated 
with the combination. Neither of these parameters when compared with controls indi-
cated additional toxicity with the addition of ATR inhibition [ 93 ]. 

 In further studies on  radiotherapy-resistant hypoxic tumour cells  , Pires et al. dem-
onstrated that inhibition of ATR with VE821 sensitised a wide variety of commer-
cially available cancer cell lines to radiation with no evidence of a relationship with 
p53 mutation in these experiments. Severe hypoxia is known to cause  replicative 
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stress   and consequent activation of ATM and ATR signalling; in this study,  VE821   
was demonstrated to abrogate hypoxia-mediated ATR signalling and to increase 
radiation-induced cell killing in physiologically relevant hypoxic  conditions         [ 94 ]. 

 Finally, Sankunny et al. demonstrated that siRNA knockdown of  ATR      could 
radiosensitise oral squamous cell carcinoma with distal chromosome arm 11q loss 
(a marker of relative radioresistance and poor prognosis) [ 95 ], whilst Vavrova et al. 
have also demonstrated radiosensitisation of p53-defi cient promyelocytic leukae-
mia cells by  ATR inhibition         [ 96 ].  

     Chk1 Inhibition         

 The radiosensitising effects of Chk1 have been investigated by several authors in 
various tumour models. Since Chk1 has important effects on  G2/M checkpoint   con-
trol and in the promotion of Rad51-mediated DNA DSB homologous recombina-
tion repair, Chk1  inhibitors      are predicted to have potent radiosensitising effects. 
Many studies have addressed this question in p53-mutant models since these cells 
are expected to display increased dependency on G2/M checkpoint arrest. Koniaras 
et al. demonstrated that the G2/M checkpoint was independent of p53 and then 
showed that expression of a dominant negative Chk1 construct resulted in increased 
radiosensitivity [ 97 ]. Sorensen et al. further defi ned the role of Chk1 as an essential 
kinase for the maintenance of genomic integrity [ 98 ]. They demonstrated Chk1 
inhibition with two different compounds (UCN01 and CEP3891) and noted an 
increase in phosphorylation of ATR targets, increased initiation of DNA replication 
and generation of  DNA DSBs  . Chen et al. investigated the role of Chk1 inhibition 
as a potential sensitiser to DNA-damaging  agents         [ 99 ] by comparing radiation 
responses of p53-mutated cancer cell lines following Chk1 inhibition to those of 
p53 wild-type cell lines and normal human fi broblasts. Chk1 inhibition was found 
to potentiate the effects of radiation in p53-mutant cells only. 

 Radiosensitising effects of additional Chk1 inhibitor compounds have subsequently 
been published in preclinical models of  breast cancer   and  pancreatic cancer            [ 100 , 
 101 ].  

    Inhibition of NHEJ 

 Inhibition of  NHEJ         can be achieved using inhibitors of DNAPK, the apical kinase 
that plays a central role in this pathway. Since NHEJ is the predominant mechanism 
of DSB repair in normal mammalian cells, its inhibition might be predicted to cause 
non-specifi c radiosensitisation and severe normal tissue toxicity, an argument often 
used to suggest that  NHEJ      is not a promising therapeutic target. Nevertheless, it 
should be remembered fi rstly that malignant cells do not possess normal DDR and 
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secondly that back up repair pathways such as MMEJ exist in normal cells. Inhibition 
of NHEJ thus remains an area of active interest as a  radiosensitisation   strategy. 

  DNAPK-defi cient cell lines   have been shown to be highly radiosensitive [ 102 ], 
but whilst several inhibitors of DNAPK are available, none as yet have been used in 
preclinical in vivo studies in combination with radiation. In  cellular models  , Veuger 
et al. demonstrated effective radiosensitisation in vitro using NU7026, which was 
shown to be a potent and specifi c DNAPK  inhibitor         in this study [ 102 ].  

    Rad51 Inhibition 

  Rad51         is a key element of the HR DSB repair pathway, and inhibition of this protein 
would be predicted to have signifi cant effects on the repair of DSBs following irra-
diation. Investigating this hypothesis, Short et al. found that levels of Rad51 in 
human glioma cell lines were inversely related to their radiosensitivity and that 
knockdown of Rad51 led to increased sensitivity to both  radiation      and  temozolo-
mide   (an  alkylating cytotoxic agent  ). They and others have proposed that Rad51 
inhibition represents a promising radiosensitisation strategy [ 103 ] but development 
of pharmacological inhibitors of Rad51 has lagged behind work on other DNA 
repair targets. Huang et al. recently described the development of a small molecule 
inhibitor of Rad51 which increased the  chemosensitivity   of in vitro cancer cells; 
however, the effects on  radiosensitivity         were not explored [ 104 ].  

    Combination DDR Inhibition 

 The ability to inhibit different  targets         within the  DDR      allows the prospect of 
inhibiting combinations of DDR proteins in order to manipulate radiation sensitiv-
ity. To date, only a few studies have adopted this approach. Vance et al. investigated 
 radiosensitisation   of  pancreatic cancer   cells exposed to combinations of Chk1 and 
PARP inhibitors [ 105 ]. This study demonstrated radiosensitisation of both p53 wild 
type and p53 mutants in isogenic cell lines by the combination treatment; however, 
radiosensitisation was greater in the p53-mutated cell lines.  Single-agent sensitiser 
enhancement ratios   for PARP and Chk1 were modest (1.5); however, the combina-
tion of agents produced sensitiser enhancement ratios of greater than 2. The combi-
nation of Chk1 and PARP inhibition caused G2/M dysfunction, inhibition of HR 
and persistent DDR in tumour cells but did not appear to radiosensitise normal 
intestinal epithelial cells in vitro. The authors speculated that the HR defi ciency 
induced by Chk1 inhibition may sensitise to PARP inhibition via generation of a 
‘BRCAness’  phenotype  . 

 Hoglund et al. demonstrated that the combination of  PARP      inhibition and Chk2 
functional loss elicits a synthetic lethal response in Myc-overexpressing lymphoma 
cells [ 106 ], whilst Booth et al. observed that combining PARP inhibition and Chk1 
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inhibition produced cytotoxic effects in mammary cells even in the absence of any 
exogenous DNA-damaging agent [ 107 ]. Furthermore, the actions of PARP and 
Chk1 inhibition were enhanced by ATM knockdown. Similarly Peasland et al. 
documented a synthetic lethal effect of combining the ATR inhibitor NU-6027 and 
PARP inhibition [ 108 ]. None of these studies evaluated the impact of adding ionis-
ing  radiation        . 

 Clearly the combination of different DDR inhibitors has the potential to 
enhance the effects of radiation, and given the redundancy encountered within 
DDR pathways, this may represent a particularly effective way of inducing 
potent  radiosensitisation   of resistant cancers. Nevertheless, the effects of combi-
nation DDR inhibition on normal tissue toxicity will require careful 
 consideration              .   

    DDR Kinase Inhibition and Cancer Stem Cell Theory 

  Cancer stem cell theory      has gained prominence in a variety of solid tumour sites in 
the last decade. This theory states that only a subpopulation of tumour cells (cancer 
stem cells) possesses the ability to initiate tumour growth and that this subpopula-
tion exhibits some of the features of normal tissue stem cells. Cancer stem cells have 
been shown by several authors to be resistant to conventional cancer treatments and 
in particular to be radiation resistant [ 109 ,  110 ]. These observations implicate the 
cancer stem cell population in tumour recurrence following treatment; hence, efforts 
to develop therapies that specifi cally target the cancer stem cell populations of solid 
tumours are urgently required. 

 Bao et al. demonstrated the  radioresistance      of glioblastoma cancer stem cells 
(GBM CSCs) and subsequently showed GBM CSCs to exhibit upregulated DNA 
damage responses [ 110 ]. Subsequent studies have demonstrated that  GBM CSCs   
exhibit enhanced activation of the G2/M checkpoint and more effi cient DNA 
DSB repair in G2 phase of the cell cycle following irradiation [ 109 ] compared to 
other GBM cell populations which did not exhibit the CSC phenotype. ATM 
inhibition was shown to be a potent radiosensitiser of  GBM CSCs   and was effec-
tive in abrogating both enhanced G2/M checkpoint activation and G2 DNA DSB 
repair advantage following radiation in the GBM CSC population. Ahmed et al. 
recently demonstrated that selective inhibition of parallel DNA damage response 
pathways optimised radiosensitisation of GBM CSCs. Individually, inhibition of 
ATR, PARP, Chk1 and ATM all radiosensitised  GBM CSCs  ; however, only ATM 
inhibition or dual inhibition of ATR and PARP delivered increases in GBM CSC 
radiosensitivity that were signifi cantly greater than those observed in tumour 
bulk (non-CSC) populations. These data demonstrate that multiple, parallel 
pathways contribute to GBM CSC radioresistance and that combined inhibition 
of cell cycle checkpoint and DNA repair targets provides the most effective 
means of overcoming radioresistance of GBM CSCs [ 111 ]. They also support 
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the concept that upregulated DDR is integral to the radioresistance seen in GBM 
CSCs and that DDR inhibition is a promising radiosensitising strategy for this 
problematic cellular  subpopulation     .  

    Combining Radiotherapy and DDR Kinase Inhibition 
in the  Clinic      

 Combining DDR kinase inhibition with radiotherapy in the clinic poses several 
challenges. Many DDR kinase inhibitors used for in vitro studies are potent and 
specifi c inhibitors of their targets but lack the bioavailability, tumour penetration or 
blood-brain barrier penetration necessary for them to be clinically useful com-
pounds. In recent years, a number of clinically useful DDR kinase inhibitors have 
been developed, and these agents are starting to be combined with radiotherapy in 
early-phase clinical trials. 

 As discussed above, there is compelling evidence to suggest that a DDR inhibitor 
radiosensitiser strategy has the potential to provide  tumour-specifi c radiosensitisation   
but that concomitant administration of cytotoxic systemic agents can complicate deliv-
ery of this strategy by increasing the risk of systemic toxicities. Many curative radio-
therapy regimens now incorporate systemic chemotherapy agents, which have been 
demonstrated to provide small benefi ts in terms of tumour control, but which increase 
toxicity towards the ceiling of tolerance. DDR inhibition has been demonstrated to 
increase the haematological toxicity of  chemotherapy drugs  : early combination trials of 
PARP inhibitors with systemic cytotoxic agents reported severe haematological toxicity 
that limited the usefulness of the combination approach. However, improved schedul-
ing of these agents with systemic treatments may provide a solution to this problem. 
Another solution would be to pioneer early- phase clinical trials in palliative (non-cura-
tive) radiotherapy treatments which do not include concurrent  chemotherapy        .  

     Clinical Trials of DDR Kinase Inhibition      

 Clinical trials of several DDR kinase inhibitor agents combined with radiation are 
either in progress or in advanced stages of development. Most are investigating the 
combination of PARP inhibitors with radiation, since these compounds are the most 
advanced in their clinical development. There are now several phase I clinical trials 
of PARP inhibitors in combination with radiotherapy in various tumour sites includ-
ing  breast cancer  ,  non-small cell lung cancer  ,  oesophageal cancer  ,  brain metastases   
and  glioblastoma  . Many of the studies have adopted palliative (non-curative) radio-
therapy regimens for locally advanced cancer in order that toxicity of combined 
PARP inhibitor and radiation therapy can be fully explored without compromising 
chances of cure. An example of one of these trials is the ‘PARADIGM’  study   which 
is currently recruiting patients in the United Kingdom. This study will investigate 
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the combination of olaparib with hypofractionated radiotherapy (40 Gy in 15 frac-
tions) in  glioblastoma   patients who are unsuitable for concurrent chemoradiation. 
An initial phase I trial will identify a maximum tolerated dose of olaparib with 
radiotherapy before progressing to a randomised phase II trial which will investi-
gate whether olaparib in combination with radiotherapy increases survival in this 
population, with a view to justifying a subsequent phase III trial. 

 The results of a phase I trial of the PARP inhibitor  ABT888 (veliparib)   in 
 combination      with palliative whole brain radiotherapy for brain metastases have 
been published recently [ 112 ]. This trial showed that the combination of whole 
brain radiotherapy and PARP inhibition was well tolerated; indeed a maximum 
tolerated dose of veliparib was not reached because predefi ned dose-limiting tox-
icities were not observed at any dose level. The toxicity of the combined regimen 
at the recommended phase 2 dose of veliparib was felt to be similar to that of whole 
brain radiation alone. Comparison to historical controls suggested an improvement 
in survival in patients receiving veliparib and radiotherapy; however, this was a 
phase 1 trial in a highly selected patient population, preventing any robust conclu-
sions regarding effi cacy. Nevertheless, the study provides promising evidence that 
PARP inhibition can be delivered in combination with whole brain radiotherapy 
with relatively modest  toxicity     . 

 The ‘PATRIOT’  study   is the only ‘non-PARP’ DDR inhibitor/radiotherapy com-
bination study currently under way. This phase I study is evaluating the ATR inhibi-
tor AZD6738 both as monotherapy and in combination with radiation in solid 
tumours exhibiting abnormalities in the p53 pathway. The trial design incorporates 
three stages that enable investigation of optimal dose, optimal scheduling and over-
all safety of the combination of AZD6738 with palliative radiotherapy (20 or 30Gy). 
Recruitment to this trial has commenced, and results are eagerly awaited. Other 
inhibitors of the DDR are yet to be combined with radiation in a clinical setting, and 
to the authors’ knowledge, no clinical trials of inhibitors of ATM or Chk1 in combi-
nation with radiotherapy are yet  underway     .  

     Biomarkers   

 Clinical application of DDR inhibitor  radiosensitisation   strategies will require the 
development of companion biomarkers that allow rational patient selection whilst 
ensuring optimal tumour radiosensitisation and minimal normal tissue toxicity. 
Next-generation sequencing technologies have enabled comprehensive sequencing 
of tumour genomes, facilitating detailed analysis of mutations, copy number vari-
ants and deletions in individual tumours. This information has the potential to 
enable selection of patients that will benefi t from DDR inhibition and to identify the 
DDR inhibitor that will deliver optimal radiosensitisation. For example, a tumour 
defi cient in the HR pathway may benefi t from PARP inhibition, or cancers with high 
levels of replication stress may be optimally radiosensitised by ATR inhibition. 
Tumours lacking p53-mediated G1/S checkpoint may usefully be radiosensitised by 
Chk1 or ATM inhibition. In this way, radiosensitiser strategies could in the future be 
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tailored to a patient’s tumour allowing manipulation of the therapeutic ratio of radi-
ation treatment to its maximum extent. Whilst the building blocks of this 
personalisation strategy are in place in the form of extensive, detailed understand-
ing of the DDR pathways involved, clinically meaningful and deliverable molecular 
biomarkers have yet to be identifi ed and will need to be validated in randomised 
clinical trials before they can be adopted in routine clinical  practice  .  

    Conclusion 

  Tumour radioresistance   has been a fundamental problem facing radiation oncologists 
since ionising radiation was fi rst used to treat cancer over one hundred years ago. 
Despite the knowledge that radiotherapy is essentially a DNA-damaging agent and 
that repair of radiation-induced DNA damage is a major determinant of tumour radio-
resistance, manipulation of the radiobiological response of tumours has not been a 
feasible prospect until the last few years. Recent advances in molecular biology have 
described the vast interconnected pathways responsible for maintaining the integrity of 
mammalian DNA, and it is clear that during the process of carcinogenesis fundamental 
alterations to the normal DNA damage response are necessary in order to generate the 
hallmark feature of genomic instability in cancer cells. Given the presence of altered 
DDR in many tumour cells, the targeting of specifi c DDR pathways by small molecule 
inhibitors provides the exciting prospect of  tumour-specifi c radiosensitisation  . 

 Recent research has centred upon inhibition of central DDR kinases such as 
ATM, ATR, DNAPKcs and Chk1. These agents deliver potent radiosensitisation 
in vitro, and there is some evidence to indicate tumour specifi city in their actions. 
The effects of PARP inhibition on tumour radiation response have also been inves-
tigated by a number of authors, and this approach has been shown to be a promising 
way of radiosensitising normoxic and hypoxic tumour cells both in vitro and in vivo, 
in a potentially tumour-specifi c manner. Clinical development of DDR inhibitors is 
progressing, with PARP inhibitors entering phase I and II trials in combination with 
radiotherapy in a variety of tumour sites. Entry of other DDR inhibition strategies 
into clinical trials has been somewhat slower; however, ATR inhibitors are soon to 
enter phase I trials in combination with radiation. 

 The manipulation of DDR in radioresistant tumours will greatly enhance the 
biological effects of radiotherapy, allowing the treatment of cancers which have in 
the past proven diffi cult or impossible to cure using radiation. One of the challenges 
of developing DDR  radiosensitiser   strategies will be to identify which elements of 
DDR in a particular tumour can be safely targeted by inhibitors to produce  tumour- 
specifi c radiosensitisation  . Only a fuller understanding of the DDR mechanisms 
that determine radioresistance in tumours will achieve this aim, coupled with the 
development of clinically useful biomarkers. DDR inhibition has signifi cant poten-
tial to enhance the benefi cial biological effects of radiation on tumours and to open 
a new frontier in the treatment of malignant disease.     
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    Abstract     The advent of the modern era of molecularly targeted therapies in oncol-
ogy has generated considerable excitement in the fi eld of oncology. While there 
have been successes with molecularly targeted agents as monotherapies, most solid 
tumors display only a transient and modest response to single-targeted agents. As 
such, there has been signifi cant effort in combining molecularly targeted agents 
with radiotherapy. Receptor tyrosine kinases (RTKs) play central roles in oncogen-
esis, stress sensitivity, tumor maintenance/progression, and clinical prognosis. 
Secondary to these roles, receptor tyrosine kinases are attractive targets for cancer 
therapy and specifi cally in combination with radiation therapy to enhance tumor 
radiosensitivity. Signifi cant preclinical and clinical investigations have been per-
formed to understand their roles in regulating the cellular response to radiation. A 
number of RTKs with relevance to radiation oncology have been identifi ed includ-
ing EGFR, VEGFR, IGF-1R, c-MET, and HER2. This chapter will highlight the 
preclinical and clinical fi ndings associated with the combination of radiotherapy 
and inhibitors of the aforementioned receptors.  

  Keywords     Radiosensitization   •   Receptor tyrosine kinase   •   EGFR   •   VEGF   •   c-Met   
•   FGFR   •   Her2   •   Epidermal growth factor receptor   •   RTK  

      Introduction 

 Clinicians have long combined radiation therapy with systemically delivered agents 
to enhance the local effects of RT, improve tumor control, and enhance patient sur-
vival. This combined modality approach couples standard fractionated radiation treat-
ment regimens with  cytotoxic chemotherapies   such as 5FU,  mitomycin  ,  cisplatin  , 
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 taxol  , and  gemcitabine  . While these combinations have shown success for specifi c 
disease sites in the clinic, substantial limitations exist. Chief among these are the dose 
limitations and toxicity imposed by normal tissue responses to the nonspecifi c nature 
of cytotoxic chemotherapy. 

 The advent of the modern era of targeted therapies has been met with great 
excitement in the oncology community. By attacking aberrantly activated pathways 
only present in tumor cells, targeted therapies have the potential benefi t of being 
able to minimize normal tissue toxicity while maximizing tumor effect. While there 
have been successes with the use of targeted agents as  monotherapies   (e.g., imatinib 
in the BCR-Abl-driven chronic myeloid leukemia) [ 1 ], most common solid tumors 
have shown only a modest and transient response to  single-targeted agents   [ 2 ]. As 
such, tremendous effort has been expended in studying the combinations of these 
molecularly targeted agents with standard chemotherapies and/or radiation. 

 One target-rich area of tumor biology that has received considerable interest is 
membrane receptor (or specifi cally receptor tyrosine kinase) signaling. These 
kinases have been shown to play an important role in oncogenesis, stress sensitivity, 
tumor maintenance/progression, and clinical prognosis [ 3 ]. Secondary to these 
roles,  receptor tyrosine kinases (RTKs)   are attractive targets for cancer therapy and 
specifi cally in combination with radiation therapy to tumor radiosensitivity. As 
such, considerable preclinical and clinical investigations have been performed to 
understand their roles in regulating the cellular response to radiation. A number of 
 RTKs   with relevance to radiation oncology have been identifi ed including EGFR, 
VEGFR, IGF-1R, c-MET, and  HER2   [ 2 ,  4 ,  5 ]. This chapter will highlight the sub-
stantial preclinical and clinical fi ndings associated with the combination of radio-
therapy and inhibitors of the aforementioned receptors.  

     EGFR   

 The erbB family of receptors has been the subject of extensive laboratory and clini-
cal investigations. The erbB family consists of four distinct receptors: EGFR 
(erbB1), HER-2/NEU (erbB2), erbB3, and erbB4 [ 6 ]. EGFR or epidermal growth 
factor receptor is the most well studied of the family with regard to its role in modu-
lating a tumor’s response to radiation. 

 The EGFR is a 170-kDa transmembrane  RTK   that plays an important role in 
 carcinogenesis  ,  tumor progression  , and response to therapy [ 6 ]. Structurally, EGFR 
is comprised of four extracellular domains, a hydrophobic transmembrane domain, 
a juxtamembrane sub-domain, an  intracellular tyrosine kinase domain  , and 
c- terminal phosphorylation sites [ 6 ]. The natural ligands of the EGFR include  epi-
dermal growth factor (EGF)  ,  transforming growth factor alpha (TGF-α)  ,  epiregu-
lin  ,  betacellulin  ,  amphiregulin  , and  heparin-binding EGF-like growth factor 
(HB-EGF)   [ 7 ]. The EGFR is present in a monomeric  state  , but ligand binding 
drives a conformational change of the extracellular domain that causes receptor 
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homo- and heterodimerization with other ErbB family receptors [ 8 ]. This dimerization 
activates intracellular tyrosine kinase domain auto- and transphosphorylation and 
initiates downstream signal transduction [ 8 ]. The EGFR and other RTKs are also 
activated by ionizing radiation [ 9 ]. The mechanisms that underlie this phenomenon 
include (1) receptor clustering and dimerization [ 10 ,  11 ], (2) radiation-induced 
release of autocrine ligands [ 12 ], and (3) phosphatase inactivation [ 13 ]. 

 Signal transduction downstream of the EGFR occurs through a number of criti-
cal pathways including RAS/RAF/MAPK, PI3K/AKT/mTOR, Jak/STAT, Src, and 
PLC-DAG/PKC [ 14 – 18 ]. While the goal of this chapter is not to describe in detail 
each of these pathways, it is important to highlight their respective roles in the radia-
tion response and tumor biology in general. The PI3K/AKT/mTOR pathway has 
been shown to be directly involved in regulating cell survival after radiation both 
in vitro and in vivo [ 19 – 21 ]. Various investigations have demonstrated different 
 mechanisms   by which this pathway governs radiosensitivity: through regulation of 
metabolic demands through activation of the  mechanistic target of rapamycin 
(mTOR) kinase  , control of proliferative signaling via MAPK cascade stimulation, 
and activation of cell survival signaling through AKT [ 22 ]. Other work has also 
documented the roles of Jak/STAT and PKC pathways in infl uencing tumor cell 
radiosensitivity [ 23 ,  24 ]. Ultimately activation of these pathways modifi es cellular 
responses and repair programs induced by DNA damage, and regulation of these 
critical oncogenic pathways by EGFR underscores its potential as a target for 
enhancing tumor radiosensitivity and improving patient outcomes. 

 EGFR has a well-documented role in cancer [ 6 ] that was initially implicated by 
increased expression levels in a wide range of  cancers   including ovarian, brain, 
breast, colorectal,  non-small cell lung cancer (NSCLC)  , and  head and neck squamous 
cell carcinomas (HNSCC)   [ 25 ,  26 ]. Based upon this appreciation, several classes of 
EGFR inhibitors have been developed. These inhibitors belong broadly to two 
classes:  monoclonal antibodies (mAb)   that target the extracellular ligand- binding 
domain and small molecule inhibitors that target the intracellular kinase domain [ 2 , 
 27 ]. mAbs to the EGFR recognize, inactivate, and remove the receptor from the cell 
surface, and several mAbs have been advanced to the clinic including  cetuximab  , 
 panitumumab  , and  matuzumab   [ 2 ,  27 ].  Cetuximab   is FDA approved for the treatment 
of HNSCC in combination with radiation [ 2 ,  5 ,  27 ]. Small-molecule  tyrosine kinase 
inhibitors (TKIs)  , which bind to the intracellular ATP-binding domain of the EGFR, 
prevent receptor phosphorylation and subsequent signal transduction [ 2 ,  27 ]. A num-
ber of these TKIs have been developed and tested in the laboratory and clinic. 
 Gefi tinib   and  erlotinib   are two  EGFR  -specifi c TKIs developed as single agents for 
advanced NSCLC and that have demonstrated effi cacy in clinical trials [ 28 ,  29 ]. 

 The observation that prolonged exposure of head and neck cancer cells to EGF 
enhanced the effects of radiation by clonogenic survival began to spark interest in 
studying the effects of EGFR modulation and radiation [ 30 ,  31 ]. While these 
initial in vitro results seem counterintuitive, it is likely that prolonged EGF expo-
sure resulted in EGFR internalization and degradation causing a decrease in 
EGFR signaling. Another early study by Balaban et al. showed that targeting of 
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EGFR via the anti-EGFR antibody LA22 resulted in an increase in radiation-
induced apoptosis [ 32 ]. Additionally, several other groups demonstrated in pre-
clinical models (in vitro and in vivo) that EGFR expression inversely correlated 
with radiation sensitivity [ 33 – 35 ]. This correlation was also observed in clinical 
 samples  , and in fact poor survival of HNSCC patients with high EGFR tumors 
was shown to be secondary to poorer local regional tumor control and not distant 
metastasis [ 36 ]. The in vitro observation that radiation activates EGFR receptor 
phosphorylation [ 9 ,  37 ] and several downstream signaling cascades such as Ras/
MAPK and PI3K/AKT/mTOR [ 17 ,  38 ] provided a mechanistic rationale for tar-
geting EGFR function concurrent with RT, and genetic models of EGFR blockade 
indeed provided evidence that  radiosensitization   could be achieved through 
EGFR inhibition [ 10 ,  39 ]. 

 These initial preclinical results, as well as parallel work examining EGFR tar-
geting as a  monotherapy  , led to the development of the mAb, C225 (now known 
as  cetuximab  ). C225 was shown to enhance radiation effects in vitro in HNSCC 
cell lines despite also causing a G1 cell cycle arrest, a fi nding that supported the 
potential for clinical translation [ 40 ]. Preclinical and clinical research has also 
been performed on additional mAbs such as mAb806, which recognizes an acti-
vation-specifi c conformation of the receptor. This antibody has been shown to 
bind a cryptic EGFR epitope that is exposed in the presence of  oncogenic muta-
tions   such as EGFRvIII or is coincident with overexpression and activation of 
wild-type EGFR [ 41 ]. The specifi city of blocking activated EGFR signaling in 
tumor cells with this Mab represents an intriguing strategy to minimize normal 
tissue toxicity [ 41 ]. Phase I clinical trial testing with mAB806 (ABT806) has 
been completed in patients with advanced solid malignancies (NCT01255657) 
although  results   have not yet been reported [ 42 ]. 

 Preclinical studies have also investigated combinations of radiation and mAbs or 
TKIs that target EGFR in NSCLC,  breast adenocarcinoma  , and  glioblastoma   [ 40 , 
 43 – 45 ]. Effects on in vitro intrinsic radiosensitivity as determined by clonogenic 
survival assays have been modest but consistent in most instances [ 2 ]. In vivo 
results from the combination of radiation and  EGFR   inhibition have typically been 
more striking with concurrent treatment, resulting in greater than additive effects on 
tumor growth delay [ 2 ]. In vivo  radiosensitization   has been achieved with both 
single fractions of radiation as well as the more clinically relevant fractionated radi-
ation schedules [ 7 ,  46 ]. For example, treatment of  tumor xenografts   with  gefi tinib   
[ 47 ,  48 ] in combination with radiation resulted in inhibition of tumor growth that 
was greater than either modality alone. The discrepancy between in vitro and in vivo 
results has been hypothesized to be related to several different mechanisms that 
would only be apparent in vivo including inhibition of angiogenesis and reduction 
in tumor cell invasion [ 2 ]. 

 Secondary to the promising preclinical results in the aforementioned para-
graphs, numerous clinical trials have been designed evaluating the effi cacy of 
combining EGFR inhibitors with radiation [ 49 ]. Perhaps the most notable of these 
trials was a phase III multicentered randomized controlled trial with 424 patients 
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with  locoregionally advanced HNSCC [ 50 ]. The trial compared treatment with 
radiotherapy alone to radiotherapy plus  cetuximab  . The results were striking and 
showed an increase in overall survival (OS) from 29.3 months with radiotherapy 
alone to 49.0 months with the combination of radiotherapy and cetuximab (hazard 
ratio for death 0.73;  P  = 0.03). Local control rates were also signifi cantly improved 
with the addition of cetuximab to radiotherapy (50 % vs. 41 % in the radiotherapy 
alone arm). 

 Building upon the Bonner et al. study,  RTOG 0522   was designed to answer the 
question as to whether the addition of cetuximab to  cisplatin-based standard 
chemoradiotherapy (CRT)   improved outcomes [ 51 ]. This phase III clinical trial 
randomized patients to concurrent  CRT   (cisplatin + radiotherapy) alone or with 
cetuximab in patients with stage III/IV HNSCC. The results of the study showed 
no difference in OS or PFS with the addition of cetuximab to standard cisplatin-
based CRT. However the critical unanswered question is whether cetuximab 
could replace cisplatin as a radiosensitizing agent for defi nitive CRT of locore-
gionally advanced HNSCC.  RTOG 1016   was designed to answer this question in 
a subset of HPV- positive HNSCC [ 42 ] and randomizes patients with oropharyn-
geal cancer to CRT with  cisplatin   or  cetuximab  . This trial began recruiting in 
2011 and  outcomes   are pending. 

 The combined results of the Bonner et al. trials, the preclinical data suggest-
ing that EGFR is a target for  radiosensitization  , and data showing that the major-
ity of NSCLCs overexpress EGFR led to the development of a 2 × 2 phase III 
trial in NSCLC evaluating the use of cetuximab and radiation dose escalation up 
to 74 Gy [ 52 ]. The results of this study, however, were disappointing and showed 
that addition of cetuximab to  chemoradiotherapy   in patients with locally 
advanced NSCLC did not affect patient survival. Why did  cetuximab   fail to 
radiosensitize NSCLC? The most likely explanation is that the radiosensitizing 
effect of EGFR inhibition was not additive with chemotherapy. Alternative 
explanations include the possibility that tumors from this primary site either 
contain parallel signaling mechanisms that compensate for  EGFR   inhibition or 
that EGFR is not a primary driver of cell survival. 

 The results of the  RTOG 0617   and other negative clinical trials combining 
EGFR targeting with radiation/chemotherapies raise several important questions 
about how to advance this treatment strategy. The most important of these is how 
patients that respond to EGFR inhibition in combination with radiation can best be 
identifi ed prior to treatment. This concept is currently undergoing extensive evalu-
ations in both the laboratory and the clinic [ 2 ]. For example, it has been suggested 
that p16+ HNSCC are more sensitive to the combination of  cetuximab   and radia-
tion [ 53 ]. In contrast, and somewhat surprisingly, EGFR expression has not shown 
to correlate to response to combination chemotherapy and cetuximab [ 54 ]. In fact 
responses to EGFR inhibition have been shown with a lack of EGFR staining by 
 immunohistochemistry (IHC)   [ 55 ], confi rming that identifi cation of mechanistic 
biomarkers will be valuable for directing future approaches for EGFR targeting 
and  radiosensitization     .  
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     VEGF/VEGFR   

  Angiogenesis   is a hallmark of tumor progression and metastasis, and the VEGF 
growth factor and its receptors play critical roles in the regulation of angiogenesis 
[ 56 ]. The VEGF family of proteins consists of VEGF A–E and  placenta growth fac-
tor (PLGF)   1–2. VEGFA is the most abundant of the VEGF proteins and exerts its 
effects primarily by binding to VEGFR-1 and VEGFR- 2   [ 56 ,  57 ]. Like the EGFR, 
both transmembrane  RTKs   are stimulated by ligands and undergo dimerization, 
autophosphorylation of its intracellular tyrosine residues, and initiation of down-
stream signaling [ 56 ]. These receptors exist primarily on vascular endothelial cells 
[ 56 ,  57 ]. VEGFR-1 is thought to be involved in vascular system development dur-
ing angiogenesis, whereas VEGFR-2 is the primary mediator of the angiogenic, 
mitogenic, and vascular permeability-enhancing effects of VEGF. VEGFR-2 sig-
nals downstream via PI3K/AKT/mTOR and the RAS/MAPK pathways to enhance 
endothelial cell proliferation and survival [ 57 ]. 

 VEGF is overexpressed in many solid tumors [ 57 ]. This increased expression 
has been shown to correlate with worse PFS and OS [ 56 ,  58 ]. As such anti-VEGF 
therapy has garnered signifi cant interest as a cancer therapy, and development of 
 bevacizumab  , a humanized monoclonal antibody, is directed against VEGF that 
prevents its binding to VEGFR-1 and VEGFR-2 [ 59 ]. 

 It was initially thought that  antiangiogenic therapy   would impair the effects of 
ionizing radiation by the induction of tumor hypoxia, as oxygen is thought to be 
critical to the formation of free radicals that cause  DNA double-strand breaks   and 
cell death [ 60 ]. However, early studies by Teicher et al. showed that this might not 
be true for all tumors as antiangiogenic therapy with the  angiogenesis   inhibitor 
TNP-470 and  minocycline   actually improved tumor oxygenation and the antitumor 
effects of radiotherapy [ 61 ]. Furthermore the interaction with  EGFR   signaling, 
which potentiates production of  VEGF   [ 62 ], suggests that enhanced angiogenesis is 
a mechanism for both tumor and vessel radioresistance [ 62 ]. Because of the increase 
in oxygenation with antiangiogenic therapies and data showing enhancement of 
VEGF levels by RT, it was postulated that strategies targeting angiogenesis might 
augment the radiation response. 

 In the fi rst preclinical study of a targeted  antiangiogenic therapy   with radiation, 
it was shown that  angiostatin  , a natural product that inhibits angiogenesis, enhanced 
the effects of radiation on in vivo murine lung cancers as well as human  glioblas-
toma  ,  squamous cell carcinoma  , and  prostate carcinoma xenografts   [ 63 ]. Gorski 
et al. showed that anti-VEGF antibodies in combination with radiation (20 and 
40 Gy) in several  tumor xenografts   ( lung carcinoma  ,  squamous cell carcinoma  , 
 glioblastoma  , and  esophageal carcinoma  ) caused a greater than additive increase in 
tumor growth delay than either therapy alone [ 64 ].  DC101   an inhibitor of mouse 
VEGFR-2 has also been used in several preclinical studies to enhance the effects of 
radiation [ 65 ]. Kozin et al. showed that the use of DC101 before, during, and after 
fractionated radiation therapy decreased the dose of radiation required to  control   
50 % of tumors locally in 54a (lung carcinoma) and U87 (glioma) xenografts by 
1.7- and 1.3-fold, respectively [ 66 ]. 
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 Several potential mechanisms have been described with regard to anti-VEGF 
therapies and increased response to radiation. First, it has been suggested that  anti- 
VEGF therapy   increases the radiosensitivity of vascular endothelial cells [ 64 ]. 
Several studies have shown increased apoptosis of vascular endothelial cells with 
anti-VEGF therapy and radiation [ 65 ,  66 ]. The increased death of endothelial cells 
then can reduce vascular density and inhibit the formation of new blood vessels 
causing impaired nutrient delivery to the tumor [ 65 ]. Secondly, studies have shown 
that anti-VEGF agents can renormalize the vasculature causing an increase in tumor 
oxygenation and hence an increase in tumor radiosensitivity [ 67 ,  68 ]. 

 Secondary to the promising preclinical fi ndings mentioned above, clinical trials 
have been performed with anti-VEGF therapy both as  monotherapy   and in combi-
nation with radiation. Several phase I/II clinical trials have been published showing 
promising results in many tumor types (e.g.,  glioblastoma  ,  rectal cancer  , and 
HNSCC) [ 69 ]. These early clinical trials in patients with glioblastoma led to the 
development of two phase III clinical trials. The  RTOG 0825   was a phase III double- 
 blind   randomized controlled trial comparing conventional concurrent chemoradia-
tion and adjuvant temozolomide plus bevacizumab vs. conventional concurrent 
 chemoradiation   and  adjuvant temozolomide   in patients with newly diagnosed glio-
blastoma [ 70 ]. The data showed that there was no increase in OS with the addition 
of  bevacizumab   to standard therapy even though there was a trend toward increased 
PFS (HR, 0.79; 95 % CI, 0.66 to 0.94;  P  = 0.007). A similar study,  AVAglio   (Avastin 
in glioblastoma), was a phase III study that evaluated the effi cacy of adding  Avastin   
( bevacizumab  ) to standard  chemoradiation   and  adjuvant temozolomide   in patients 
with newly diagnosed  glioblastoma   [ 71 ]. After surgery or biopsy, patients were ran-
domized to receive concurrent radiation and temozolomide plus either Avastin or 
placebo. After the completion of six cycles of maintenance  temozolomide   and 
Avastin or placebo, the patients continued on Avastin or placebo until disease pro-
gression or unacceptable side effects are presented. OS was nearly identical between 
the two arms. The improvement in PFS (10.6 months with Avastin vs. 6.2 months 
with placebo; HR 0.64; 95 % CI, 0.55–0.74;  P  < 0.001) observed in this study 
refl ects the drug’s clinical effectiveness for targeting  angiogenesis   without enhanc-
ing the radiosensitivity of glioblastoma tumor cells. 

 The disappointing results of these clinical trials in GBM suggest that the rationale 
for  radiosensitization   must be reevaluated. Chief among these concerns is the 
hypothesis that VEGFR inhibition does not increase hypoxia in human tumors as 
this effect could counteract the combination of  antiangiogenic therapy   with radia-
tion. Additionally biomarkers and patient selection may also provide a way to iden-
tify patients most likely to benefi t from anti-VEGF agents. We also know from 
preclinical results that treatment combinations with anti-VEGF agents and radiation 
are treatment dose dependent [ 72 ]. This emphasizes careful consideration and under-
standing of the clinical design of combinations of radiation and anti-VEGF agents. 
In addition, similar to anti-EGFR agents, patients being treated with anti- VEGF/
VEGFR agents experience resistance to therapy [ 72 ]. In patients with  glioblastoma   
who experienced clinical progression on cediranib (a potent TKI of VEGFRs), sig-
nifi cant increases in plasma bFGF and  stromal cell-derived growth factor (SDF1a)   
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were noted [ 73 ]. This is in agreement with preclinical models where cross talk 
between many angiogenic factors including VEGF, PDGF, angiopoietins, ephrin, 
and Notch has been shown [ 56 ,  74 ]. Thus although inhibition of a single factor may 
not be suffi cient to fully inhibit angiogenesis in all patients, study of rationale com-
binations of anti-VEGF therapy with other targeted agents in preclinical models may 
provide valuable insights for combining RT with targeting of  angiogenesis  .  

     c-Met   

 c-Met, also known as the  hepatocyte growth factor (HGF) receptor  , is a 170-KD 
transmembrane receptor tyrosine kinase that plays an important role in  tumorigen-
esis   and metastasis [ 75 ]. Like other  RTKs  , ligand binding activated receptor activ-
ity through dimerization and phosphorylation of intracellular tyrosine kinase 
domains [ 76 ]. Downstream signaling occurs through many of the previously men-
tioned oncogenic signaling pathways including PI3K/AKT/mTOR, RAS/MAPK, 
and JAK/STAT [ 77 ,  78 ]. 

  HGF   was originally identifi ed as a  cytokine      that caused the dissociation of colo-
nies of cells into single cells [ 79 ] and is a pro-migratory ligand that accumulates in 
the extracellular matrix and is linked to tumor cell invasion. HGF also promotes 
 epithelial-mesenchymal transition (EMT)   [ 79 – 82 ], which in turn causes further 
increases in tumor cell migration, invasion, and angiogenesis [ 77 ]. 

 HGF/c-MET autocrine ligand signaling is aberrantly activated in a number of 
different cancers including breast, glioma, NSCLC, SCLC, and colon cancer [ 83 –
 88 ]. Increased production of HGF by both cancer cells and the surrounding stroma 
as well as gene amplifi cation and overexpression of c-Met has been described as 
mechanisms for activating this autocrine loop. Increased production/upregulation 
of the HGF/c-Met axis has also been shown to be a negative prognostic indicator 
[ 77 ,  89 ,  90 ]. For example, increased expression of HGF and c-Met in colon cancer 
is associated with worse disease stage [ 91 ], lymph node metastasis [ 91 ], and 
decreases in PFS and  OS   [ 86 ]. 

 c-Met activation and signaling has been linked to resistance to both DNA- 
damaging chemotherapies and ionizing radiation [ 77 ]. One of the earliest studies 
to link HGF/c-Met and resistance to DNA-damaging therapies was done by Fan 
et al. [ 92 ]. This study showed that pretreating breast cancer cells with HGF 
decreased DNA fragmentation induced by DNA-damaging agents. In a further 
study, they showed this effect to be mediated by c-Met through the PI3K/AKT 
pathway [ 93 ]. In clinical studies increased c-Met expression has been shown to be 
an independent predictor of local failure in patients undergoing defi nitive radiation 
for SCC of the oropharynx [ 94 ]. 

 Preclinical studies have explored the relationship between radiation and c-Met 
signaling. De Bacco et al. showed that irradiation induced c-Met expression in a 
variety of cell lines [ 95 ]. Furthermore they found that inhibition of c-Met activity 
with the small molecule tyrosine kinase inhibitors PHA665752 (or JNJ-38877605) 
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sensitized glioma and breast cancer  cells   to irradiation in vitro and in tumor  xeno-
graft   model systems [ 95 ]. Increased c-Met expression/activation after radiation has 
been reported in pancreatic cancer, glioblastoma, and neuroblastoma model systems 
[ 96 – 98 ], and Chu et al. reported that in  glioblastoma   cells, radiation-induced  HGF   
secretion leads to activation of c-Met signaling in glioma cell lines [ 97 ]. 

 Based upon the above observations several groups have begun to defi ne the role 
of HGF/c-Met in mediating cell survival after exposure to ionizing radiation. 
Welsh et.al showed that inhibition of c-Met with siRNA and the small molecule 
inhibitor MP470 can radiosensitize glioma cells to radiation in vitro and in vivo 
[ 99 ]. In these studies, radiation-induced DNA damage repair via a decrease in 
Rad51 expression after irradiation was implicated as the mechanism for  radiosen-
sitization  . In gastric carcinoma cells, inhibition of c-Met was shown to decrease 
phosphorylation of ATR and  checkpoint kinase 1 (CHK1)   [ 100 ]. Similar results 
demonstrating  radiosensitization   have been shown in other  glioblastoma xenograft 
models   as well as in vitro and in vivo models of prostate cancer, thyroid cancer, 
and NSCLC [ 101 – 105 ]. 

 A number of different inhibitors of the HGF/c-Met signaling axis are available 
for clinical use [ 77 ,  106 ]. These include  anti-HGF antibodies   ( fi clatuzumab  ,  rilo-
tumumab  , and  TAK-701  ),  anti-Met antibodies   ( onartuzumab  ), and small molecule 
tyrosine kinase inhibitors ( cabozantinib  ,  foretinib  , and  tivantinib  ). Several of 
these molecules have been combined with other targeted agents including anti-
EGFR inhibitors [ 77 ]. 

 To date only one clinical trial of radiation and  c-Met   inhibition has been per-
formed. This was a phase 1 safety trial of  cabozantinib   with  temozolomide   and 
radiation in newly diagnosed  glioblastoma   patients. The study closed in 2013 and 
the results have not been reported at the time of this publication [ 42 ]. Given the 
aforementioned preclinical and clinical data, it is logical to further explore the com-
bination of radiation and c-Met inhibition with the goal of testing whether inhibition 
of Met signaling can enhance the effects of radiation therapy in malignant  tumors  .  

    Other  RTKs   

 There are several other RTKs that have been studied with regard to their role in the 
radioresponse, however, to a lesser degree than the previously described receptors. 
One such studied RTK is the  insulin-like growth factor-type 1 receptor (IGF-1R)  . 
The IGF family  proteins   are the primary ligand for IGF-1R [ 107 ]. Their binding acts 
similarly to the other RTKs discussed above [ 108 ]. IGF-1R signaling has been 
linked to malignant transformation, cellular proliferation, cell survival and differen-
tiation [ 109 ], as well as increased local recurrence after RT [ 110 ]. 

 With regard to regulation of the radiation response, several preclinical studies 
have been performed showing  radiosensitization   both in vitro and in vivo. Riesterer 
et al. showed that the use of A12, an anti-IGF- 1R   antibody, caused  radiosensitiza-
tion   of HNSCC cell lines in vitro via the clonogenic survival assay as well as in vivo 
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as measured by tumor growth delay [ 111 ]. Allen et al. published similar results with 
the combination of A12 and radiation in H226 lung cancer xenografts [ 112 ]. Recent 
data by Chitnis et al. reports IGF-1R inhibition by AZ12253801, a selective IGF-1R 
tyrosine kinase inhibitor that radiosensitizes tumor cell lines via an inhibition of 
both HR and NHEJ [ 113 ]. 

 More recently several studies have begun to defi ne the use of IGF- 1R    inhibitors   
in combination with radiation and EGFR blockade. The rationale for these studies 
lies in data showing cross talk between the  EGFR   and IGF-1R pathways at multiple 
levels [ 114 ,  115 ]. In fact, EGFR inhibition has been shown to cause increased 
response to IGF-1R ligands [ 114 ,  115 ]. Li et al. demonstrated that co-inhibition of 
EGFR and IGF-1R using specifi c small molecule tyrosine kinase inhibitors to both 
receptors caused  synergistic radiosensitization      in breast cancer cell in vitro and in 
tumor xenografts [ 116 ]. 

  HER2   (or erbB2) is an RTK that has no known soluble ligand. However, it exerts 
its actions by formation of heterodimers with the other ErbB family members, nota-
bly  EGFR  . HER2 overexpression has been noted in approximately 30 % of breast 
cancers [ 117 ] and 20 % of gastroesophageal (GE)    and gastric  cancers   [ 118 ]. 
 Trastuzumab  , a monoclonal antibody to the external domain of HER2, has been 
approved for clinical use in metastatic breast cancer and shows activity in preclinical 
models as well [ 119 ]. With regard to the role of  HER2   in regulating radiosensitivity, 
much less is known, with only a few reports combining radiation with specifi c anti-
HER2  therapies  . One such study by Pietras et al. showed that trastuzumab treatment 
radiosensitized the breast cancer cell line MCF7 in vitro and in  tumor xenografts   
only under conditions of HER2 overexpression [ 120 ]. Instead, most studies examin-
ing the role of  Her2   in the radiation response have focused on the use of lapatinib a 
dual  EGFR   and Her2 inhibitor. Using  lapatinib  , several groups have shown an 
increase in radiosensitivity [ 121 – 123 ]. For example, Sambade et.al demonstrated 
that the effects of lapatinib plus radiation on tumor growth of HER2+/EGFR+ breast 
cancer xenografts were greater than additive of either therapy alone [ 121 ]. 

 Although there is a paucity of preclinical data with regard to the combination of 
radiation and anti- HER2   therapies, there have been several clinical trials completed 
combining the two treatments. The Brown University Oncology Group performed a 
pilot study of  trastuzumab   in addition to  chemoradiation   in patients with HER2+ 
locally advanced  esophageal adenocarcinoma   [ 124 ]. Despite the patients’ advanced 
burden of disease, a 3-year OS of 47 % was observed with no increase in adverse 
events. This study led to the development of RTOG 1010 in which patients with 
HER2+ locally advanced esophageal adenocarcinoma and GE junction tumors are 
randomized to chemoradiation plus concurrent and maintenance  trastuzumab   or 
 chemoradiation   [ 119 ]. This trial is still open to accrual [ 42 ]. In breast cancer, several 
large clinical trials including the NSABP B-31 and NCCTG N9831 trials have been 
completed [ 42 ]. These trials have compared the addition of trastuzumab to chemo-
therapy in node-positive or high-risk node-negative nonmetastatic, operable breast 
cancer patients [ 125 ]. Approximately 70 % of patients in both studies underwent 
adjuvant radiotherapy concurrently with trastuzumab. DFS ( P  < 0.001; stratifi ed 
HR, 0.52; 95 % CI, 0.45 to 0.60) and OS ( P  < 0.001; stratifi ed HR, 0.61; 95 % CI, 
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0.50–0.75) were signifi cantly increased with the addition of trastuzumab. While this 
study was not directly comparing the  effect   of adding trastuzumab to adjuvant 
radiotherapy, some of the effects seen may have been due to this addition. 

 The  fi broblast growth factor (FGF)   pathway has also been studied with regard to 
its role in regulation of the cellular response to radiation. The FGFs mediate their 
biological effects through the  FGF receptors (FGFRs)  . The four known FGFRs 
include FGFR-1, FGFR-2, FGFR-3, and FGFR-4 [ 125 ,  126 ]. Their activation is con-
trolled by a unique combination of ligand (FGFs) binding as well as heparin sulfate 
glycosaminoglycan cofactors [ 127 ]. The FGF/FGFR signaling axis has a well-docu-
mented role in cancer [ 126 ]. Activating mutations, receptor  overexpression  , and 
alternative splicing have been shown to augment tumorigenesis in a variety of malig-
nancies [ 126 ,  128 – 132 ]. Expression of FGFR-1 is a known predictor of poor overall 
survival and shorter time to progression in patients with  glioblastoma   [ 132 ,  133 ]. 

 Several early reports began to defi ne the role of the FGF/FGFR axis in regulating 
cellular survival after radiation [ 130 ,  133 – 135 ]. Fuks et al. showed that basal FGF 
(bFGF or FGF2) protected endothelial cell from radiation-induced apoptosis and 
that administration of bFGF to mice protected against the development of fatal radi-
ation pneumonitis [ 134 ]. Other studies showed that expression of FGF2 in human 
tumor cell lines led to an increase in their relative radioresistance via the small 
GTPase RhoB [ 136 ]. A recent study by Ader et al. used an  allosteric FGFR      small 
molecule inhibitor, SSR128129E, to determine the effects of  FGFR   inhibition on 
glioma cell radiosensitivity [ 137 ]. They showed that inhibition of  FGFR   signaling 
enhanced in vitro radiosensitivity of two glioma cell lines via the clonogenic sur-
vival assay. Additionally the combination of radiation and SSR128129E signifi -
cantly enhanced neurologic sign-free survival of mice bearing  orthotopic glioma 
xenografts  . Furthermore, Cazet et al. showed that disruption of  glycosylation   via 
inhibition of mannose phosphate isomerase inhibited  FGFR   signaling and enhanced 
radiosensitivity of glioma cell lines in vitro [ 133 ]. The preclinical results are prom-
ising and suggest further investigation into the role of FGF/ FGFR   signaling in regu-
lating the cellular  radioresponse   both preclinically and clinically.  

    Conclusion 

 Signifi cant progress has been made toward the understanding of receptor tyrosine 
kinase signaling in radiotherapy. The extensive body of literature reviewed above 
with regard to  EGFR  ,  VEGF/VEGFR  , c-MET, IGF-1R, and  HER2   illustrates this 
progress. These fi ndings underscore the importance of the rational translation of 
preclinical data to the clinical setting. Perhaps the best example of this success is 
shown by the Bonner et al. showing substantial overall survival benefi t with the 
addition of  cetuximab   to radiation therapy in HNSCC patients [ 50 ]. 

 These successes in the preclinical and clinical settings are not without their limita-
tion. First of all, resistance to these therapies is common [ 27 ,  119 ,  138 ]. As discussed 
above, the mechanisms of resistance are complicated and can possibly vary from 
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tumor to tumor, and thus we are only beginning to understand the mechanisms of 
resistance. This understanding will allow us to pursue logical combinations of tar-
geted agents in combinations with radiotherapy both preclinically and clinically. 
Secondly, it appears that with many of the agents that target  RTKs  , only a subset of 
tumors actually responds to a given therapy. This fact underscores the importance of 
being able to prospectively select patients for a given therapy. As illustrated above, 
this work has begun but has proved to be challenging and will require further investi-
gation. Thirdly, in many of the clinical trials with agents targeting RTK pathways, 
there was a lack of true target engagement [ 2 ]. Being able to determine whether an 
agent is clearly inhibiting its target in the tumor and actually having an effect on 
downstream signaling is paramount to being able to judge success or failure in the 
clinic. While this may be challenging, it is of utmost importance to ensure proper 
interpretation of results. 

 Importantly an understanding of which molecular subtypes of tumors will respond 
to the combination of radiation and RTK inhibition will be of considerable signifi -
cance. This has been an area of considerable interest with regard to inhibitors of  RTKs   
as monotherapies [ 2 ,  27 ]. For instance, in  lung carcinoma  , it has been demonstrated 
that tumors that harbor KRAS mutations are resistant to  EGFR   inhibition [ 139 ]. 
Similarly PTEN deletion in glioblastoma patients causes resistance to EGFR-directed 
therapeutics. As both KRAS mutations and PTEN cause activation of signaling down-
stream of RTKs, it is rational to expect these mutations to confer resistance to inhibi-
tors upstream molecules. A recent study by Bennett et al. extended these results to the 
combination of radiation and inhibition of RTK signaling via  aclacinomycin (Acm)   
treatment [ 140 ]. They demonstrated that Acm was only effective as a radiosensitizer 
when used on cell lines that were EGFR dependent but not on cell lines that harbored 
KRAS mutations ( EGFR   independent) [ 141 ]. These results underscore the importance 
of choosing tumors with molecular characteristics that will be expected to respond to 
RTK-targeted therapies. As such future studies aimed at determining molecular signa-
tures of responsive tumors will bear relevance to molecular radiation oncology. 

 While the mechanism of action of how these agents interact with radiation is 
beginning to be elucidated, much has yet to be learned. A mechanistic  understanding 
of this interaction will allow for differing treatment schedules and rationale combi-
nations with other therapies. Additionally, understanding the mechanisms of radio-
sensitization may allow us to exploit certain tumors based upon their specifi c 
genotypes or pathway alterations. As such continued investigation into all of the 
above  RTKs   should continue to provide a wealth of knowledge that will ultimately 
be able to benefi t patients with many different types of tumors.     
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    Chapter 3   
 Histone Deacetylase Inhibitors and Tumor 
Radiosensitization                     

     Elizabeth     I.     Spehalski    ,     Philip     J.     Tofi lon    , and     Kevin     Camphausen    

    Abstract     Current strategies to increase the radiosensitivity of tumor cells have 
focused on the molecules and pathways that regulate response to radiation at the 
cellular level. One group of processes that is generating considerable interest is the 
modifi cation of DNA histones, with a particular focus on the inhibition of histone 
acetylation. Histone acetylation is the process by which an acetyl group is cova-
lently affi xed to lysine residues within the N-terminus of histone proteins. Acetylation 
levels are determined by the opposing actions of two families of enzymes: histone 
acetyltransferases (HATs) and histone deacetylases (HDACs). HDACs function to 
regulate both chromatin structure and gene expression, two factors that are impor-
tant in determining the response of tumors to radiation. In an attempt to alter the 
histone acetylation status of cells, considerable efforts at the development of inhibi-
tors of HDAC activity have occurred. The result is the development of a large and 
structurally diverse number of compounds that are able to inhibit HDAC activity, 
leading to the hyperacetylation of histones. In preclinical studies, these compounds 
have been found to enhance the in vitro and in vivo radiosensitivity of a spectrum of 
human tumor lines. Although the mechanism of HDAC inhibitor-induced radiosen-
sitization has not been fully elucidated, HDAC inhibitors have shown promise in 
clinical trials when used in combination with chemotherapy and radiation therapy.  

  Keywords     Hyperacetylation   •   Histone deacetylase   •   HDAC inhibitors   •   Tumor 
radiosensitization  

      Introduction 

 Over half of all cancer patients receive radiation treatment during the course of their 
disease. The  American Cancer Society   has predicted there will be over 1.7 million 
cases of cancer diagnosed in the United States in 2016 (  www.cancer.org    ), 
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suggesting that a signifi cant number of cancer patients would be positively impacted 
by the development of strategies that selectively enhance  tumor radiosensitivity  . 
Progress in radiation physics and computer technology in the last quarter of the 
twentieth century allowed for improvements in technological advances in radiation 
source quality, design, delivery, and study of altered fractionation [ 1 ]. In the 1950s, 
attempts to increase the radiosensitivity of tumors began to focus on combining 
radiation with standard  cytotoxic chemotherapy  , with an early focus on using drugs 
that target rapidly dividing cells [ 2 ]. Since that time,  chemoradiation   modalities 
have been extensively explored with confl icting levels of success. In some tumor 
histologies, combination therapy has been extremely effective, while in others it is 
less so, leading scientists to address the mechanism behind this discrepancy. Thus, 
current approaches for enhancing radiosensitivity emphasize targeting the mole-
cules and processes that regulate cellular radioresponse, such as cell cycle check-
points, DNA damage response, and altered death pathways. This approach has 
resulted in the discovery of a range of molecules have been shown to effect radio-
sensitivity in one or more experimental tumor models. 

  Epigenetic modifi ers   are thus an attractive class of molecularly targeted agents 
to examine as they can affect cell cycle control and DNA damage response. 
 Epigenetics   is the study of changes in gene expression that are caused by external 
factors such as posttranslational histone modifi cations,  DNA methylation  , and 
 chromatin remodeling  , rather than changes in the DNA sequence itself.  Histones   
are nuclear proteins that serve two crucial functions in eukaryotic cell nuclei. First, 
histones are the chief protein component of chromatin, acting as spools around 
which DNA winds. This enables the compaction of the genome into units called 
 nucleosomes   and the organization of the genome into the cell nuclei. In addition to 
this structural function,  histones   also undergo posttranslational modifi cations, 
which serve to alter their interaction with the DNA and nuclear proteins. These 
modifi cations are the basis of the histone-code hypothesis, which posits that chro-
matin-DNA interactions and, importantly, gene expression are determined by spe-
cifi c combinations of these chemical modifi cations [ 3 ,  4 ]. 

 The core  histones  , H2A, H2B, H3, and H4, include an N-terminal tail that pro-
trudes from the histone core of the nucleosome and is covalently modifi ed in mul-
tiple places. These modifi cations include  methylation  ,  phosphorylation  , 
 ubiquitylation  ,  ADP-ribosylation  ,  SUMOylation  , and  acetylation  . Though this 
chapter will mainly focus on histone acetylation, it is well established that posttrans-
lational histone modifi cations can be radically altered during neoplastic develop-
ment and consequently may be a target for  tumor radiosensitization   [ 5 ]. For example, 
several  tumor histologies   show widespread changes in histone methylation patterns, 
including the methylation of histone H3 on lysine 27. The  histone methyltransferase 
(HMT)   responsible for this modifi cation, EZH2, has been found to be overexpressed 
in both breast and prostate cancers [ 6 ]. An example of an important  histone phos-
phorylation   event in tumor biology is the phosphorylation of the histone variant 
H2AX on serine 139 to form γH2AX [ 7 ]. This modifi cation is crucial for many 
mechanisms of the DNA damage response and is used as a marker of DNA damage 
in cancer cells. Since  DNA double-strand breaks   are the primary lesion caused by 
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ionizing radiation, it may be possible to target  γH2AX   as a radiosensitizing agent 
[ 8 ] or to use γH2AX as a tool to monitor the effi cacy of radiation and chemothera-
peutics in tissues [ 9 ]. Additionally,  HDACs   are found to be overexpressed in numer-
ous types of cancer [ 10 ], while the loss of genome-wide histone H4 acetylation has 
been attributed to the overexpression of histone deacetylases (HDACs), which 
results in the repression of many genes, including tumor suppressors. 

 Because of this, the inhibition of histone-modifying enzymes has generated con-
siderable interest as a potential target for cancer therapy. A large number of com-
pounds with diverse structures and  pharmacokinetics   are being developed and 
tested to inhibit histone modifi ers for cancer therapy. For example, HDAC  inhibi-
tors   have been reported to induce tumor cell differentiation, apoptosis, and growth 
arrest. Importantly, experimental and clinical results suggest that the cytotoxic 
effects of HDAC  inhibitors   are tumor selective [ 11 – 14 ]. 

 This chapter will present evidence that inhibition of histone deacetylation is an 
important strategy for tumor cell  radiosensitization  , discuss possible mechanisms of 
HDAC inhibition, and address critical questions that remain to be elucidated in order to 
make possible the clinical application of HDAC inhibitors as radiosensitizing agents.  

    Histone Acetylation  and Deacetylation   

  Histone acetylation   is closely associated with transcriptional activation and involves 
the NH 3 + group of conserved  lysines   of the N-terminal tails. It is mediated by  histone 
acetyltransferases (HATs)  , which transfer an acetyl group from acetyl coenzyme A to 
the specifi c lysine residue of the protein tail. A large number of acetylating proteins 
have been identifi ed, and they are grouped into families that share homology within 
the catalytic histone acetyltransferase domain, but little or no other sequence homol-
ogy. Additionally, besides their ability to acetylate histones, the HAT families share 
little similarity with each other and can mediate different biological functions. 

 Deacetylation of histones is likewise modifi ed by a series of  histone deacetylases 
(HDACs). HDACs   catalyze the inverse reaction to HATs, removing the acetyl  group   
from the  acetyl-lysine residue  . Numerous HDACs have been discovered in higher 
organisms, and they were categorized into three classes.  Class I HDACs   include 
HDACs 1, 2, 3, and 8.  Class II HDACs   are divided into classes IIa (HDAC 4, 5, 7, 
and 9) and IIb (HDACs 6 and 10) and have the ability to shuttle between the nucleus 
and the cytoplasm, likely because class IIb proteins have predominantly  non- 
epigenetic functions   such as regulation of protein folding and turnover [ 15 ,  16 ]. 
 Class III HDACs   (SIRT1-7), also known as  sirtuins  , share homology with yeast Sir2 
and are evolutionarily unrelated to the other classes of HDACs. Mammals also 
express an additional zinc-dependent HDAC (HDAC 11) that is different than class 
I, II, and III proteins and is therefore regarded as a separate class (class IV). HDAC 
activity is summarized in Fig.  3.1 .

   Histone acetylation typically correlates with an increase in general transcription 
activity [ 17 ] while providing a platform for protein binding. Various transcription 
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factors contain a  bromodomain motif  , which can  recognize   and bind to acetylated 
 lysines   on the histone tails [ 18 ,  19 ], serving to activate gene transcription by attract-
ing further transcription complexes. On the contrary, histone deacetylation results in 
more closely condensed chromatin and the formation of more stable nucleosome 
interactions, leading to an overall inhibition of transcription [ 20 – 22 ]. Thus, HDACs 
function as enzymes, removing the acetyl group from a lysine of the histone tail. 
 HDACs   can also complex with transcriptional corepressors or protein-modifying 
enzymes to limit the accessibility of chromatin to transcription factors [ 23 ,  24 ] or to 
directly switch target transcription factors to their inactive form [ 25 ]. 

 Given the effects of histone acetylation on chromatin  dynamics  , it is unsurpris-
ing that it has been implicated in the regulation of DNA repair, which is of utmost 
importance when considering targets for radiosensitization [ 26 ,  27 ]. The DNA 
 damage response in human cells was fi rst associated with histone acetylation when 
studies revealed that histones are very rapidly acetylated after  ultraviolet radiation 
(UV)   exposure [ 28 ]. This  hyperacetylation   of  histones   was accompanied by a more 
rapid repair of the DNA damage caused by the UV, leading to the hypothesis that the 
relaxing of chromatin initiated by acetylation allows the DNA repair machinery 
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  Fig. 3.1    Histone deacetylases are responsible for counteracting the reaction of HATs by removing 
the acetyl groups from acetyl-lysine residue. However, they also target non-histone proteins that 
control cellular processes such as cell cycle, DNA repair and gene expression. Thus, inhibitors of 
HDACs impact a wide range of cellular function       
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better access to the lesion [ 29 ]. The DNA damage caused by UV radiation is primarily 
 thymine dimer   formation, which is repaired differently from DNA double-strand 
breaks, the principal lesion caused by ionizing radiation (IR). As mentioned, one of 
the fi rst chromatin events upon the formation of a DNA double-strand break in 
mammalian cells is the  phosphorylation      of H2AX to form γH2AX [ 7 ]. Acetylation 
of H2AX has also been observed to impact DNA repair after IR-induced DNA dam-
age [ 30 ]. For example, the  HAT TIP60   has been shown to acetylate H2AX on lysine 
5 upon DNA damage [ 31 ].  TIP60   activity is regulated by SIRT1 which, when 
depleted, leads to  hyperacetylation   of H2AX lysine 5 and defective DNA damage 
response [ 32 ]. Deacetylation of histones has been shown to impact IR-induced 
DNA repair as well. Depletion of H3 lysine 56 acetylation has been shown to pro-
mote the nonhomologous end joining DNA repair pathway following  IR   [ 33 ].  

     Histone Acetylation   and Metabolism 

 While alterations in global histone modifi cation signatures are a hallmark of 
cancer, so is the metabolic reprogramming of tumor cells. Normal cells, under 
conditions of normal nutrient and oxygen levels, will generate energy (ATP) by 
utilizing the oxidation of pyruvate derived from glucose to carbon dioxide in the 
mitochondria via the  tricarboxylic acid (TCA)   cycle and the electron transport 
chain. In the absence of oxygen, cells are able to continue to produce energy via 
 glycolysis   and lactic acid fermentation in the cytosol. Cancer cells, as well as 
other populations of rapidly proliferating cells, preferentially employ  glycolysis   
and lactic acid fermentation to produce ATP, even in the presence of suffi cient 
levels of oxygen. This phenomenon is known as the  Warburg effect  , as it was 
fi rst described by Otto Warburg in 1956 [ 34 ]. This process is far less effi cient at 
generating ATP, but it may be advantageous for neoplastic cells to overutilize 
glycolysis, as it leads to increased biomass. 

 Interactions between metabolism and  epigenetics   are only beginning to be 
explored, but it is not surprising that the two are connected, as most  histone- modifying 
enzymes   require a substrate or cofactor that is a metabolic intermediate. Examples of 
this include the requirement for  S-adenosyl methionine (SAM)   during the transfer of 
methyl groups to  histones   by histone methyltransferases, the Jumanji- containing his-
tone lysine demethylases dependence upon α-ketoglutarate, or the dependence of 
histone acetyl transferases on acetyl coenzyme A (acetyl-CoA) [ 35 ]. 

 Given this relationship between  histone acetylation   and acetyl-CoA, a natural ques-
tion to ask is if the levels of acetyl-CoA generated by glycolysis have an impact on 
chromatin structure and consequently transcription and DNA repair. Experiments have 
shown that feeding cell’s elevated glucose concentrations will increase levels of gly-
colysis, leading to an increase in cytosolic acetyl-CoA [ 35 ], which has been directly 
linked to histone acetylation [ 36 ]. Inversely, depletion of ATP-citrate lyase results in a 
decrease in histone acetylation [ 36 ]. This data suggests that the cytosolic level of acetyl-
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CoA produced during glycolysis is an important driver of histone acetylation. 
Furthermore, Liu and colleagues [ 37 ] explored the relationship between metabolism 
and DNA  repair   by inhibiting glycolysis using the inhibitor 2- deoxyglucose (2-DG) as 
well as siRNA against two rate-limiting enzymes in glycolysis (hexokinase I and pyru-
vate kinase) in a human lung carcinoma cell line. The inhibition of glycolysis in these 
cells produced a more compact chromatin structure in the nucleus. Since a more con-
densed chromatin assembly is often associated with histone deacetylation, they exam-
ined levels of protein acetylation in these cells and showed that acetylation of multiple 
lysine sites on histones H3, H4, H2A, and H2B were signifi cantly decreased upon  gly-
colysis   inhibition, which was reversible with the addition of an HDAC  inhibitor   [ 37 ]. 
Furthermore, cells that were treated with inhibitors of glycolysis showed a decrease in 
DNA repair following treatment with a DNA-damaging agent, presumably because the 
condensed conformation of the chromatin prevented the  DNA repair   machinery from 
accessing the damage [ 37 ]. This is not the only study to examine the relationship 
between metabolism and DNA repair. Efi mova and colleagues show that inhibition of 
glycolysis leads to the persistence of DNA double-strand breaks following DNA dam-
age via ionizing irradiation as well as the acceleration of senescence [ 38 ]. Interestingly, 
this study was also able to show that the disruption of  glutaminolysis   impaired the DNA 
damage response of cells. Amplifi ed glutamine uptake in cancer cells is, like glycolysis, 
thought to occur in order to increase the proliferating cell’s demand for biomass. This 
study indicates that glutamine metabolism, too, may be important for genome repair. 

 This relationship between glycolytic metabolism and the modulation of histone 
acetylation has implications for the  radiosensitization   of cells. We have already 
established that the DNA damage response and DNA repair mechanisms are of 
utmost importance when considering the radioresponse of cells and that HATs are 
key regulators of the DNA  damage   response as well as transcription. Additional 
studies have shown that glycolysis inhibition can sensitize cancer cells to DNA- 
damaging chemotherapeutics and radiation [ 39 ,  40 ]. Taken together, it is clear that 
targeting  HDACs   for inhibition could both increase the effi cacy of DNA-damaging 
chemotherapeutics as well as be used as a strategy to preferentially target cells that 
rely heavily upon  glycolysis  , such as tumor  cells  .  

     Inhibitors   of Histone Deacetylation 

 Aberrant expression of HDACs has been repeatedly demonstrated in human 
tumors, and certain HDACs (1, 5, and 7) have been shown to act as  molecular 
biomarkers   for tumor tissue [ 41 ]. Additionally, the overexpression of individual 
HDACs in several types of cancer correlates with a signifi cant decrease in both 
disease-free and overall survival in patients and was predictive of poor patient 
prognosis independent of variables such as tumor type and disease progression 
[ 42 – 45 ]. Given this, considerable focus has been put into the development of 
clinically applicable HDAC inhibitors. 
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 While new inhibitors are being generated continually, the most commonly used 
HDAC inhibitors are divided into general classes based on their chemical structure: 
 hydroxamates  ,  carboxylic acids   (also known as short-chain  fatty   or  aliphatic acids  ), 
 cyclic peptides  ,  aminobenzamides  ,  epoxyketones  , and  hybrid molecules   [ 46 ]. The 
hydroxamic  class   of HDAC inhibitors includes  suberoylanilide hydroxamic acid 
(SAHA)  , and  trichostatin A (TSA)  . These compounds chelate zinc in the active site and 
contain a hydrophobic backbone that spans the active  site   of the hydrophobic pocket 
[ 47 ]. The  carboxylic acids  , which include  sodium butyrate   (NaB) and  valproic acid 
(VPA)  , target the active site zinc and, due to their smaller size and lack of hydrophobic 
backbone, are signifi cantly less potent than the  hydroxamic acids   [ 48 ]. The cyclic  pep-
tide   class contains the drugs  depsipeptide  ,  apicidin  , and  romidepsin  ; all of which contain 
a cyclic ring.  Aminobenzamides   include MS-275 (entinostat), CI-994 (tacedinaline), and 
mocetinostat and function by attaching to the catalytic zinc ion as well [ 49 ].  Epoxyketones  , 
which comprise trapoxins and 2-amino-8-oxo-9,10-epoxydecanoic acid, have an 
epoxyketone group that binds irreversibly to the catalytic site of the HDAC [ 50 ]. The 
fi nal class, hybrid molecules, includes synthetic combinations of known compounds, 
specifi cally hydroxamic-acid-containing peptides having features of both  hydroxamic 
acids   and  cyclic tetrapeptides   [ 51 ].  Examples   of this are tubacin and CUDC-101 [ 52 ]. 

 The earliest inhibitors generated were not specifi c for a given HDAC but instead 
show slight preferences to either class I or II [ 53 ]. Despite this, current efforts to 
develop more advanced HDAC inhibitors trend toward isoform-selective deacety-
lase inhibitors [ 54 ]. Illustrations of this include tubacin, which was found to selec-
tively inhibit HDAC6 deacetylation of  α-tubulin   [ 52 ], and PCI-34051, which was 
able to induce  apoptosis   in T-cell lymphomas by selectively binding HDAC8 [ 55 ]. 
Another focus of HDAC inhibitor development is the combination of inhibiting 
HDACs and other oncogenic proteins in the same molecule. These molecules allow 
the HDAC inhibition element to remain nonspecifi c, while targeting select onco-
genic pathways like tyrosine kinases [ 56 ] or  phosphatidylinositol 3-kinase (PI3K)   
[ 57 ]. The drug  CUDC-101  , which inhibits EGFR-2 and EGFR in addition to HDACs, 
has been shown to enhance the radiosensitivity of GBM cells in vitro [ 58 ]. Other 
hybrid expansions include pairing an HDAC inhibitor with a topoisomerase II inhib-
itor (fusing daunorubicin with SAHA) or with a nuclear receptor target via a vitamin 
D receptor agonist [ 59 ]. While these technologies provide a promising future for the 
treatment of cancers, it is important to note that compounds from the primary classes 
of HDAC inhibitors have been clinically evaluated for antitumor  activity   [ 60 ].  

    HDAC  Inhibitors      and Radiosensitization 

    In Vitro Radiosensitization 

  Inhibition         of HDACs results in the  hyperacetylation   of histones, which loosens 
chromatin structure and has effects on the radiosensitivity of cells. Studies of 
HDAC inhibition combined with radiotherapy date back to the 1980s, when 
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J.T. Leith and  colleagues      demonstrated that the HDAC inhibitor  sodium butyrate   
(NaB) increased the radiosensitivity of human colon carcinoma cell lines at rela-
tively nontoxic concentrations [ 61 ]. At that time, NaB was considered a “ differen-
tiation-inducing agent  ,” and its mechanism of action was yet to be elucidated. 
Radiation cell kill was attributed to “ cell maturation  ,” and the histone acetylation 
status of the tumor cells studied was not examined [ 62 ]. Because of its very short 
half-life and low achievable serum concentration, NaB has limited clinical appli-
cability [ 63 – 65 ], but another HDAC inhibitor,  trichostatin A (TSA)  , was also ini-
tially shown to produce a signifi cant increase in the in vitro radiosensitivity of 
human colon carcinoma cell lines [ 66 ]. Like NaB, TSA showed excessive cytotox-
icity, apparently due to actions involving the  acetylation         on nonhistone proteins, 
and is unstable under in vivo conditions [ 16 ,  67 ]. Thus, although the earliest stud-
ies done with agents that inhibit HDACs were promising in that they were able to 
enhance the level of radiation- induced cell death, the challenge remained to fi nd 
drugs suitable for clinical use. 

 Advances in drug discovery have produced a number of HDAC inhibitors with 
more promising in vivo pharmacokinetic and toxicity profi les. One of the fi rst 
clinically applicable HDAC  inhibitors      with respect to radiosensitizing potential is 
the  benzamide entinostat   (MS-275). MS-275 is a potent HDAC inhibitor, has 
been reported to have in vivo antitumor activity in a number of preclinical models 
[ 49 ], and was the fi rst clinically relevant HDAC inhibitor to be evaluated as a 
radiosensitizing agent [ 68 ]. Utilizing a  human prostate carcinoma line   (DU145) 
and  human glioma line   (U251), the effect of MS-275 on histone acetylation status 
was determined by exposing the cells to the drug for 6–48 h. An increase in levels 
of acetylated  histones   could be detected after 6 h of drug  treatment        , reaching a 
maximum level between 24 and 48 h in both cell lines. As histone acetylation is 
a dynamic process with some species of histones having an acetylation half-life 
of minutes [ 69 ]. The investigators then determined the dependence of the ele-
vated acetylation levels on the presence of MS-275. This was achieved by expos-
ing the cultures to the HDAC inhibitor for 48 h to induce maximum acetylation 
 levels     , followed by removal of the  drug        . The result was that histone  hyperacety-
lation   was signifi cantly reduced by 6 h following drug removal, with a reduction 
close to control levels by 16–24 h. The rapid decline in histone hyperacetylation 
following drug removal has a signifi cant role in the radiosensitization mechanism 
of HDAC inhibitors. 

 The investigators then asked if MS-275-induced hyperacetylation was correlated 
with alterations in tumor cell radiosensitivity. To answer this question, DU145 and 
U251 cells were exposed to MS-275 for 48 h, irradiated, trypsinized, and plated 
sparsely as a single-cell suspension to determine colony formation effi ciency and radi-
ation cell survival. The result was a minor increase in  DU145 cell radiosensitivity  , with 
no effect on  U251 cell radiosensitivity  . Because the mechanism behind HDAC-induced 
radiosensitization was unknown, it was possible that the hyperacetylation needed to be 
maintained after irradiation to increase radiation-induced cell death. When radiation 
clonogenic studies were performed with MS-275 both pre- radiation treatment and 
post-radiation treatment, the result was a signifi cant increase in the radiosensitivity of 
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DU145 and U251, with  dose enhancement factors (DEFs)   at a surviving fraction of 0.1 
and 1.9 for DU145 and U251, respectively, compared to no  increase         in sensitivity when 
it was given only pre-radiation treatment. This work was signifi cant because it was the 
fi rst to demonstrate that there is a correlation between HDAC inhibitor-induced  hyper-
acetylation   and an increase in radiation sensitivity of tumor cells, as well as the fi rst to 
show that the timing of the drug and radiation  treatments      were important. 

 These results led to parallel  studies         that examined other known HDAC inhibitors. 
One compound that had been studied extensively and quickly became of interest 
was  valproic acid (VPA)  . Its clinical values were discovered in 1963, as an antisei-
zure drug [ 70 ], and it has since become a well-established treatment of epilepsy and 
other seizure disorders [ 71 ,  72 ]. In general, VPA is well tolerated by patients, has 
few serious side effects, and is highly effective, making it a standard therapy for 
chronic epilepsy [ 71 ]. It was not until 2001 that VPA’s HDAC inhibitor activity was 
identifi ed when Gottlicher and colleagues looked at VPA-treated hyperacetylation-
hyperacetylation of histone species H3 and H4 in human teratocarcinoma and HeLa 
cells [ 73 ].  Treatment      with concentrations of VPA as low as 0.25 mM caused a sig-
nifi cant increase in acetylated histone H4. Shortly thereafter, Phiel et al. reported 
that VPA activates Wnt-dependent gene expression through a pathway that involves 
directly inhibiting HDAC1 [ 74 ]. The chemical structure of VPA is similar to NaB, 
an eight-carbon branched-chained fatty acid, but in place of the 30 min half-life of 
NaB, VPA exhibits a serum half-life of 9–18 h and can be administered orally [ 71 ]. 
Importantly, VPA’s effi cacy as an antiseizure medication proves that it can penetrate 
the blood-brain barrier and that it can be chronically administered with minimal 
toxicity. Combined, these factors generated considerable interest in  VPA         as a poten-
tial HDAC inhibitor for cancer patients. 

 Several studies have been done since, suggesting that  VPA   causes radiosensitization 
in vitro and in vivo. One study characterized the histone acetylation status of two 
human brain tumor lines, SF539 and U251, and showed that levels of acetylated H3 
and H4 increased in a concentration-dependent manner after VPA treatment, reaching 
peak acetylation levels by 24 h [ 75 ]. Like MS-275, removal of VPA from cell culture 
media resulted in rapid loss of histone acetylation, indicating that histone  hyperacety-
lation   is dependent upon the continued  presence         of the HDAC inhibitor. In order to 
determine if VPA exposure, like MS-275, needed to be both pre- and post-irradiation 
in order to radiosensitize SF539 and U251 cells, experiments were carried out that mir-
rored the MS-275 study. The SF539 cells plated without post-irradiation VPA exhib-
ited enhanced radiosensitivity with a DEF at a surviving fraction of 0.1 of 1.3, while 
the effect on U251 cells was negligible. However, the SF539 and U251 cultures that 
were plated with media containing VPA post-irradiation obtained  DEFs      of 1.6 and 1.5, 
respectively, demonstrating that exposure to VA, like MS-275, is required both before 
and after irradiation in order to increase tumor cell radiosensitivity. This effect of  VPA   
on radiation sensitivity has been validated for other tumor types, including human 
erythroleukemic cells as well as  esophageal squamous cell carcinomas   [ 76 ,  77 ]. 

 Numerous other HDAC inhibitors have shown radiosensitizing properties in 
various different  tumor cell cultures  , including SAHA in squamous cell carcinoma, 
prostate cancer cells, and pancreatic cancer cells as well as CI-994 and depsipeptide 
in  glioblastoma   [ 50 ,  78 ,  79 ]; phenylbutyrate in glioblastoma and hepatocellular 
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carcinoma  cells      [ 80 ,  81 ]; tributyrin in melanoma cells [ 82 ];  PCI-24781   in cervical 
and colon carcinoma [ 83 ];  AR-42   in hepatocellular carcinoma cells [ 81 ]; and 
 LBH589   in colon, breast, and lung cancer  cells         [ 84 ,  85 ].  

    In Vivo  Radiosensitization         

 The in vitro data clearly demonstrates that HDAC inhibitors have the ability to 
enhance the radiosensitivity of a variety of tumor cell types by inhibiting HDAC 
function. Furthermore, these studies suggest that histone  hyperacetylation   may be 
used as a  biomarker         for radiosensitization. To further evaluate the antitumor poten-
tial of HDAC inhibitor and radiation combination therapy, in vivo xenograft model 
experiments have been performed. 

 The fi rst xenograft experiments with MS-275 were performed by injection of MS-275 
at 6 mg/kg every 12 h for up to three days.  Mice         were euthanized 6 h after 2, 4, or 6 
injections in order to evaluate levels of acetylated histones in each tumor. Peak histone 
acetylation in  DU145 xenografts   was observed after 4 injections, with a rapid decrease 
in acetylation within 24 h of the last injection, consistent with the in vitro data [ 68 ]. A 
follow-up experiment was then designed in which radiation was delivered between the 
fourth and fi fth of six MS-275 doses. Comparison of tumor growth rates revealed that 
MS-275 clearly enhanced radiation-induced tumor growth delay with a DEF of 2.8, 
signifying that MS-275 treatment increases the radiosensitivity of DU145 xenografts. In 
a similar study using  U251 glioma xenografts  , 150 mg/kg of VPA (a serum VPA con-
centration corresponding to that necessary to prevent seizures in humans) [ 72 ] was 
administered with a single dose of 4 Gy irradiation delivered 6 h after the third dose. 
Tumors showed a signifi cant growth delay with a DEF of 2.6 for the combination treat-
ments [ 75 ]. 

 Other studies explored the actions of HDAC inhibitors  FK228      and CBHA on 
human gastric and colorectal adenocarcinoma cells [ 86 ] and the effect of combina-
tion therapy of the HDAC inhibitor LBH589 on non-small cell lung cancers [ 87 ]. 
Collectively, these in vitro and in vivo analyses (summarized in Table  3.1 ) have 
afforded a rational basis for combining HDAC inhibitors with standard radiotherapy 
in both preclinical and clinical trials, a  number         of which are currently ongoing.

       Tumor Versus Normal Cells 

 It is thought that tumor  cells         alone would be susceptible to the cytotoxic and cyto-
static effects of HDAC inhibitors due to aberrant histone deacetylase activity in 
tumor cells as compared to normal cells. For the most part, experimental evidence 
has backed up this theory, as shown by cell culture studies [ 102 ,  104 ] and animal 
models administered with clinically relevant HDAC inhibitors at antitumor doses 
[ 105 – 107 ]. One such study shows that following NaB  exposure     , melanoma cell 
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lines were signifi cantly radiosensitized, while normal cells remain unaffected 
[ 82 ]. The same group then found that a tumor radiosensitizing treatment of SAHA 
delivered to normal fi broblasts also had no effect on radiosensitivity [ 50 ]. In 
accordance with these studies, Kim et al. found that while HDAC inhibitors 
amplifi ed the in vitro sensitivity of tumor cells to DNA-damaging drugs, they had 
no effect on the drug sensitivity of normal breast or intestinal cells [ 108 ]. Finally, 
the HDAC inhibitor Garcinol was found to radiosensitize human cervical adeno-
carcinoma line HeLa and large cell lung carcinoma line A549 to radiation, but not 
normal human fi broblasts [ 109 ]. 

 In fact, HDAC inhibitors have been suggested as  radioprotectors   for normal 
tissue. Chung et al. were able to show that topical treatment with the histone 
deacetylases  phenylbutyrate (PB)  , TSA, and VPA suppressed radiation-induced 
skin injury in a rat  model      and that later consequences of radiation such as skin 
fi brosis and tumorigenesis were avoided [ 103 ]. The same group explored the 
effects of the HDAC inhibitor PB on radiation-induced oral mucositis [ 110 ]. In 
this study, irradiated mucosa of hamsters treated with PB had signifi cantly lower 
oxidative stress, TNF-α expression, and a reduction in oral tumor incidence than 
untreated, irradiated mucosa. 

 While there is a bulk of  evidence         suggesting that normal tissue is unaffected 
by HDAC inhibitors, a few studies have found that HDAC inhibitors have the 
capacity to reduce DNA repair capacity in normal cells. Stoilov et al. reported 
that normal lymphocytes treated with NaB exhibited a decrease in the repair of 
radiation- induced  DNA double-strand breaks  , as measured by premature chro-
mosome condensation [ 111 ]. However, this study did not include a cell survival 
experiment, making it diffi cult to evaluate for a variation in lymphocyte radio-
sensitivity as measured by cell death. Perrucker et al. examined the effects of 
four different HDAC  inhibitors      (NaB, VA, SAHA, and MS-275) on human fi bro-
blasts. They use both the persistence of γ-H2AX foci following treatment as well 
as clonogenic survival assays to show that HDAC inhibitors reduce the DNA 
double-strand break repair capacity of normal human fi broblasts [ 112 ]. Of note, 
this study shows that  fi broblasts   are radiosensitized differently depending on 
HDAC inhibitor used. Thus, HDAC inhibitors are a multifaceted class of mole-
cules that have a complex effect on tissues, and in the absence of well-defi ned 
mechanistic insight, it remains necessary to continue to evaluate the effect of 
newer HDAC inhibitors on normal tissue, as well as to keep in mind the potential 
genotoxic effects when treating high-risk patient  populations              .   

    Clinical Application of HDAC  Inhibitors      and Radiotherapy 

 As a class of drugs, HDAC inhibitors enhance radiosensitivity in both in vitro and 
in vivo preclinical models of numerous  tumor cell types   derived from diverse histolo-
gies including, but not limited to, colon carcinoma, glioma, melanoma, and pancre-
atic  adenocarcinoma     . That said, there are various other factors that must be considered 
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when matching the appropriate compound with the proper group of patients, includ-
ing drug distribution, toxicity, and pharmacology. One example of this is that both 
 VPA   and CI-994 are able to cross the blood-brain barrier and thus would be a logical 
choice to use in combination with radiation in patients with brain tumors. Conversely, 
VPA would be an inappropriate choice for use in patients with pancreatic carcinomas, 
as one of the principal side effects of prolonged VPA exposure is pancreatitis. Thus, 
the agent selected to evaluate in each disease site should minimize the risk of toxicity 
while maximizing the chances of delivering therapeutic doses to the target tissues. 

 When performing preclinical studies, one goal is to model the future potential 
clinical studies. For example, the most profound HDAC inhibitor-induced radiosen-
sitization measured preclinically was when the drugs were administered both pre- 
and post-radiation. This dosing protocol was used in a recent study that added twice 
daily VPA to the standard  radiation therapy (RT)   plus  temozolomide (TMZ)   treat-
ment for patients with glioblastoma thus having a continuous pre- and post-RT 
exposure of drug. Thirty-seven patients diagnosed with glioblastoma were enrolled 
in the clinical study and given VPA twice daily for one week before the fi rst day of 
RT and subsequently received twice daily VPA, with daily RT/TMZ [ 113 ]. This 
treatment protocol resulted in an overall  survival      of 29.6 months compared to 
14.6 m for the standard treatment. Additionally, 70 % of patients were progression-
free at 6 months, 86 % alive at 1 year, and 56 % alive more than 2 years after the 
initiation of therapy, a very favorable outcome. Moreover, there was little additional 
toxicity from this combination regimen. This survival benefi t agrees with several 
retrospective studies that showed an improved survival rate in patients with GBM 
who were treated with either RT or combination RT/TMZ and had been given  VPA   
for the management of seizures [ 114 ,  115 ]. 

 Three additional studies have been reported with combination radiotherapy and 
HDAC inhibitor administration. The fi rst was a Phase I study of the combination of 
 vorinostat   and RT for patients getting palliative RT to the pelvis. The second was a 
Phase I study of vorinostat plus  RT   in patients with brain metastases, and the third was 
a Phase I study of panobinostat plus RT in patients getting re-irradiation for recurrent 
high-grade gliomas. As all three reported trials were Phase I studies, no additional 
conclusions can be drawn about the effi cacy of HDAC inhibitor administration plus 
RT. However, multiple additional studies are ongoing in various diseases including 
pediatric brain tumors, adult GBM, mycosis fungoides, as well as other  sites     .  

    Conclusion 

 The histone-code hypothesis theorizes that specifi c combinations of posttranslational 
chemical modifi cations to the histone determine chromatin-DNA interactions and gene 
expression of a cell, and this code can be drastically altered during neoplastic develop-
ment and consequently may be a target for tumor radiosensitization. HDAC inhibitors, 
important regulators of this code, have been shown to be potent anticancer agents 
because of their ability to impact cell cycle, senescence, differentiation, and apoptosis 
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via global control of gene expression. Preclinical data have demonstrated the effi cacy 
of HDAC inhibitors as  anticancer agents  , especially in conjunction with other treat-
ments such as radiation therapy. They are looked upon favorably in the clinic because 
they appear to have very little effect on normal tissues and generally low toxicity. The 
current number of active clinical trials that combine HDAC inhibitors and IR should 
help shed light into the mechanism of HDAC inhibitor-induced cell death, allowing for 
the full potential of these therapies to be utilized.     
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    Abstract     Radiotherapy is a commonly used local and regional treatment for can-
cer. Although important advances in radiation treatment delivery have been made in 
recent years, normal tissue damage remains a major cause of toxicity from radio-
therapy and chemoradiotherapy regimens. Efforts to reduce normal tissue injury 
have included technical improvements to minimize normal tissue exposure to high 
doses of irradiation. Extensive preclinical research and a growing fi eld of clinical 
research are focusing on the development of agents to protect normal tissues from 
the deleterious effects of irradiation. In this review, we discuss the characteristics of 
these agents, the research required to translate these agents into clinical trials, and 
highlight some challenges and successes in these efforts.  

  Keywords     Radiation protector   •   Radiation mitigator   •   Normal tissue toxicity  

      Background 

  Radiotherapy   is a commonly used treatment modality for cancer, with more than 
half of all cancer patients receiving radiotherapy during the course of their malig-
nancy [ 1 ,  2 ]. With a few exceptions, radiotherapy is used for the local and regional 
treatment of cancer. In many cases, radiation is combined with surgery or  chemo-
therapy   to improve the likelihood of long-term local and regional control of cancers. 
 Advancements in   radiation treatment delivery and medical imaging have revolu-
tionized the fi eld of radiation  oncology     , providing a greater certainty about the 
location of  tumor   in the body and allowing more precise delivery of complex dose 
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distributions.  Altered fractionation schemes      have allowed improved tumor control 
[ 3 ]. Collectively, these advancements in technology have driven improvements 
in local control by allowing an escalation of dose to tumor while minimizing the 
volume of normal tissue exposed to high radiation doses. 

 Despite these improvements, normal tissue  injury   remains a common problem 
in modern treatments. Improving the ability of normal tissues to tolerate  radio-
therapy   may further reduce toxicity of treatment, thus improving effi cacy by 
minimizing treatment breaks and improving adherence to therapy. Further, the 
ability to spare normal tissues to even a moderate degree may allow further dose 
escalation to tumor at a similar or reduced rate of toxicity, thus potentially 
improving disease control. 

 The development of agents to protect normal  tissues   from irradiation to enhance 
the therapeutic  index   has long been a goal of radiobiologists. Herein, we will 
describe the mechanisms of injury in normal  tissues   after irradiation and highlight 
methods to prevent and treat this damage. We will focus on agents that have success-
fully been translated into the clinic and agents that are currently in development.  

    Methods to Improve the Therapeutic Index of  Radiotherapy      

 Normal tissue damage from  irradiation      can result in both acute and late toxicities. 
Acute  toxicities      manifest within days or weeks after treatment, whereas late toxicities 
manifest months or years after radiation. Acute toxicities are often reversible, but 
may negatively impact treatment compliance or require treatment interruption. 
Examples of acute toxicities include dermatitis, mucositis, and cystitis. Late toxici-
ties are often chronic, progressive, and, in many cases, irreversible. Examples of late 
toxicities are proctitis, fi brosis, myelitis, and brain necrosis. Both  acute      and late tox-
icities are radiation dose limiting. 

 The therapeutic  index      is a concept that can be applied to any treatment modality, 
including radiotherapy. For radiotherapy, the  therapeutic index   is the ratio between 
the radiation dose that results in tumor control and the dose that results in toxicity. 
A larger therapeutic index is favorable because it affords the selection of a higher 
dose of radiation that in turn results in a greater chance of cure with a minimal 
chance of toxicity. In practice, this ratio is often small, necessitating the clinician to 
tolerate a moderate chance of substantial toxicity from a radiation treatment. 

 A number of strategies may be employed to increase this ratio, including increas-
ing the tolerance of normal tissue to a radiation treatment or enhancing the radiation 
response in a tumor. Strategies to improve normal tissue tolerance to radiotherapy 
include altered fractionation schedules, improvements in targeting and delivery, and 
the use of radiation modifi ers.  Altered fractionation schedules      take advantage of 
differential responses between tumor and normal tissues to allow “escalation” of 
dose to tumor with similar normal tissue  toxicity  . Technological advancements 
allow improved accuracy and precision of radiation treatments, minimizing the 
amount of normal tissue exposed to high doses of irradiation. 
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 Perhaps the greatest opportunity for improving the therapeutic ratio in radio-
therapy in the future is the development of  radiation protectors  ,  radiation mitigators  , 
and effective treatments for radiation injury in normal tissues. A basic understand-
ing of these strategies is helpful to understanding their clinical implementation. 
Each of these strategies is briefl y described below. 

 Radiation results in  ionization events  , which lead to free radical production. 
Often, these ionizations occur in water molecules, although direct damage to DNA 
and other cellular structures may occur (Fig.  4.1 ). It is thought that  DNA double 
strand   breaks are the lethal event that occurs after exposure to ionizing  radiation        . In 
cells that  survive radiation exposure  , signal transduction may be initiated, leading 
to the activation of multiple pathways important in cell survival and growth. At the 
tissue level, the loss of cells or the activation of these pathways may result in 
changes in tissue function or activation of additional processes like infl ammation 
and wound healing. Intervening in these processes may result in modulation of nor-
mal tissue damage after irradiation. The three major categories of agents that can 
minimize normal  tissue      injury after irradiation fall into three classes: radioprotec-
tors, radiation mitigators, and treatment.
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  Fig. 4.1    Sequence of events following radiation  exposure  . The chart is divided into three parts by 
 dashed lines  suggesting events and reactions that might be modifi ed by radiation protectors ( top ), 
radiation mitigators, and treatment ( bottom ). Reproduced from Citrin et al. [ 5 ]       
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        Radioprotectors      

 A radioprotector is an agent that prevents the damage caused by radiation, generally, by 
scavenging the free radicals that cause DNA oxidation and  DNA double strand   breaks 
[ 4 ]. Because these agents prevent the damage from occurring, they must be given 
before or at the time of the radiation exposure.  Free radicals   have an extremely short 
half-life and, as a result, a limited range for diffusion. Thus, radioprotectors must have 
the ability to cross the nuclear membrane and accumulate near DNA. This accumula-
tion allows scavenging of radicals that would otherwise lead to lethal DNA damage. 

 In order for a radioprotector to enhance the therapeutic ratio, the agent must 
selectively protect normal tissues from irradiation (Fig.  4.2 ). If the agent protects 
both normal and tumor tissues, there is no change in the ratio and hence, no benefi t 
to the delivery of the agent [ 5 ]. The agent may selectively protect  normal tissue   
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  Fig. 4.2    Effects of radioprotectors on the therapeutic  window  . ( a ) The chosen treatment dose 
( blue vertical line ) delivers a high chance of tumor cure ( black ) with a small chance of normal tis-
sue injury ( red ). ( b ) A nonselective radioprotector indiscriminately protects tumor and normal 
tissue shifting both the tumor cure and normal tissue injury curve to the right. Consequently, the 
therapeutic window remains unchanged. Shifted curves are shown in  red and black . The original 
curves are shown in  gray and pale red . ( c ) A true selective radioprotector exclusively protects 
normal tissue and, thus, shifts only the normal tissue injury curve to the right. This affords a larger 
therapeutic window such that a higher dose can be given to achieve increased tumor cure with 
equal or less injury. A lower dose producing the same tumor probability can also be given with less 
tissue injury. ( d ) Some nonselective radioprotectors can protect the normal tissue to a greater 
extent shifting the normal tissue curve further to the right than the tumor cure curve and resulting 
in an increased therapeutic window       
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through a variety of mechanisms. For example, the radioprotector may be activated 
or taken up by normal tissue more effectively than tumor tissue, leading to a higher 
concentration of the agent in normal  tissue     . Conversely, the agent may be cleared or 
metabolized more rapidly by tumor tissue, also leading to a higher concentration of 
the agent in normal tissue.

    Antioxidants   are molecules that reduce cellular damage caused by  free radicals  . 
Some examples of antioxidants are ascorbic acid, polyphenols, and thiols. These 
low  molecular weight antioxidants   produce a more stable reactive species by donat-
ing a hydrogen atom to free radicals. Most  radioprotectors      are also antioxidants [ 5 ]. 
Of note, however, not every antioxidant has radioprotective effects [ 6 ,  7 ], as they are 
not all reactive toward the secondary species generated by radiation [ 7 ]. In addition 
to small molecule antioxidants, some antioxidants exist in the form of enzymes, 
such as superoxide dismutase, catalase, and glutathione  peroxidase      [ 5 ]. 

     Amifostine         

 Amifostine is a thiol compound that scavenges free radicals, and it is the only  FDA- 
approved radioprotector  . Clinically, it has been administered to head and neck can-
cer patients receiving radiotherapy to prevent  xerostomia (dry mouth)   [ 8 ]. Amifostine 
is a prodrug that is only activated when dephosphorylated by alkaline phosphatase, 
a  cell membrane protein   [ 9 ]. It selectively protects  normal tissue   as it preferentially 
accumulates in normal tissue rather than tumor tissue [ 10 ]. It is thought that the 
hypovascularity and low pH of the tumor microenvironment limits the activation of 
amifostine. Furthermore, tumors have lower levels of alkaline phosphatase than 
normal tissues [ 11 ]. In addition to scavenging free radicals, amifostine  metabolites   
induce hypoxia by increasing oxygen consumption [ 12 ,  13 ], which further protects 
tissues in which the metabolites concentrate. 

 Amifostine has been tested extensively in clinical trials in various cancer types 
for the prevention of both acute and late injury. At least 30 different studies have 
evaluated the use of  amifostine         in preventing oral mucositis, and the results from 
these studies have been confl icting. A systematic review of these studies found that 
data supporting the use of amifostine for oral mucositis was inconclusive [ 14 ]. In 
 non-small lung cancer  , several small studies showed that  amifostine         minimized 
esophagitis [ 15 – 17 ]. However, a study with a larger number of patients receiving 
 chemoradiotherapy   was unable to support a reduction in physician-assessed esopha-
gitis; however, amifostine was reported to ameliorate patient-reported swallowing 
impairment and pain [ 18 ,  19 ]. Amifostine has been shown in some series to be 
effective against proctitis and dermatitis in patients with pelvic malignancies who 
underwent radiotherapy [ 20 – 22 ]. It has also been effective in reducing soft tissue 
[ 23 ] and lung fi brosis [ 23 ,  24 ] in patients receiving radiation. 

 Despite a large number of trials that have been conducted to evaluate amifostine, its 
usefulness is limited. Many of the studies were conducted with a small and  heterogeneous 
patient population, and dosing schedules differed between studies. In addition, there 
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are several limitations associated with the use of the drug. To be effective, amifostine 
must be given 15–30 min before radiation and is only approved for intravenous deliv-
ery, which may be logistically challenging.  Systemic delivery of amifostine            is also 
associated with several side effects, including nausea, vomiting, sleepiness, and low 
blood pressure. Finally there is much debate over the use of amifostine with radio-
therapy and chemoradiotherapy not only because of its side effects but because there 
are concerns that it may reduce the effectiveness of radiation treatment.  

     Nitroxides         

 Nitroxides are recycling antioxidants that have been shown to prevent cytotoxicity 
induced by oxidative stress as well as by radiation. Nitroxides interconvert between 
the oxidized and reduced form. In their oxidized state, nitroxides are a stable free 
radical referred to as a nitroxide radical. These radicals undergo hydrogen reduc-
tions to generate hydroxylamine. Both nitroxide radicals and hydroxylamine have 
antioxidant functions [ 7 ,  25 ]; however only nitroxides exhibit radioprotective 
effects. In vitro studies using various cell types have shown that  nitroxides         can 
reduce DNA damage and cell death induced by radiation [ 26 ,  27 ]. More impor-
tantly, systematic administration of nitroxides to mice resulted in decrease lethality 
after total body irradiation exposures, further substantiating their therapeutic 
potential [ 28 ,  29 ]. 

 One of the more clinically promising nitroxides is tempol (4-hydroxy-2,2,6,6- 
tetramethylpiperidine- 1-oxyl).  Tempol   has been studied as a radioprotector in both 
topical and systemic applications. Topical application of tempol to the skin of guinea 
pigs exposed to single and fractionated doses of radiation was capable of ameliorat-
ing alopecia [ 30 ,  31 ]. Systemic administration of tempol was capable of reducing 
the lethality of total body irradiation exposures [ 28 ,  29 ]. Systemic administration of 
tempol has also been shown to protect salivary glands from radiation [ 32 ]. 

 As mentioned previously, to enhance the therapeutic ratio, a radioprotector must 
selectively protect normal and not tumor tissue. The selectivity of tempol for  normal 
tissues   has been addressed in several preclinical studies. Systemic administration of 
tempol in tumor-bearing  mice   had no effect on tumor growth, and administration 
with radiation had no impact on the dose of radiation that results in cure in 50 % of 
tumors at 30 days after treatment [ 33 ]. However, systemic administration of tempol 
was capable of protecting salivary glands and the skin from irradiation [ 32 ]. 

 The differential effect of tempol in normal and tumor tissue has been hypothe-
sized to relate to faster reduction to the  hydroxylamine metabolite in tumor      com-
pared to normal tissues [ 33 ]. This hypothesis was evaluated by temporally tracking 
nitroxide levels with  magnetic resonance imaging (MRI)  .  Tempol   in its oxidized 
form acts as contrast agent and can be imaged by MRI. As tempol reduces into 
 hydroxylamine        , the contrast enhancement decreases because in its reduced form, it 
does not provide T 1  contrast. By following the intensity of contrast enhancement 
over time, it was deduced that tempol is reduced faster into its non-radioprotective 
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form in the tumor compared to surrounding normal tissue (Fig.  4.3 ) [ 34 ]. The unique 
ability to image  tempol   may allow a determination of the optimal time of tempol 
delivery and may further allow the unique opportunity to test this relationship in 
each patient to be treated.

   Clinical translation of tempol has met with initial success. In a phase I clinical 
trial, tempol was effective at reducing alopecia in patients who underwent  whole- 
brain radiotherapy            [ 35 ]. Pharmacokinetic studies found that tempol was only 
 detectable in 50 % of plasma samples after topical application and that the levels 
were minimal in those in which it was detected, suggesting that tumor protection via 
systemic leak was not a major concern in patients treated with topical tempol.  

  Fig. 4.3    Results from a  redox imaging experiment of tumor   and salivary glands. ( a ) Concentration 
maps overlaid on T2-weighted images corresponding to the hind leg region of a mouse. The tumor 
and the adjacent leg muscle are outlined in  red . ( b ) The average tempol concentration inside the 
muscle and tumor was plotted as a function of time after injection. The concentration of tempol 
was determined in three different tumor models: SCCVII, KHT, and HT-29. For each time point 
after injection (20 s intervals), the average concentration was determined for each tissue. ( c ) Using 
the same technique as used in  a  and  b , the concentration of tempol was determined in nine noncan-
cerous tissue compartments. The  error bars  represent the standard error of the mean, and the lines 
connect the data points. Note the difference in tempol concentration in tumor compared to normal 
tissues as a function of time. Reproduced from Davis et al. [ 34 ]       
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    Other Candidate  Radioprotectors      

 Naturally occurring  antioxidants   have also been tested for their effi cacy as 
radioprotectors. Antioxidants such as  α-tocopherol   (vitamin E) and  β-carotene   have 
been demonstrated to reduce various  radiation-induced injuries   including  xerosto-
mia   [ 36 ] and  mucositis   [ 37 ,  38 ], and in combination with  pentoxifylline  , α-tocopherol 
has been shown to reduce lung fi brosis [ 39 ,  40 ]. The use of these  nutritional antioxi-
dants   as radioprotectors has come under question due to concerns that these agents 
may also interfere with tumor control either through radioprotection or via enhance-
ment in the rate of second malignancies. Combined α-tocopherol and β-carotene 
supplementation given during and after radiation was also shown to increase the 
local recurrence rate of head and neck tumors [ 37 ]. These fi ndings highlight the 
need to consider the possibility of tumor radioprotection carefully. 

 One promising antioxidant that could be an effective  radioprotector      is  superox-
ide dismutase (SOD)  . SOD is an  endogenous enzyme   that converts superoxide into 
oxygen and hydrogen peroxide. Transgene expression of SOD in animal models via 
gene therapy has been shown to protect against mucositis [ 41 ], esophagitis [ 42 ], and 
pneumonitis [ 43 ,  44 ]. Furthermore in  animal models  , SOD was demonstrated to 
selectively protect normal and not tumor tissue [ 45 ]. The major concern with this 
approach is the ability of SOD to access the primary target of radaition, DNA. 

  Melatonin   is a hormone that has been shown in a number of studies to have  radiopro-
tective effects  . It has the ability to directly scavenge free radicals and to increase the 
expression levels of antioxidant enzymes, including SOD, glutathione peroxidase, and 
catalase. It also has been reported to increase the effi ciency of mitochondrial function, 
thereby reducing ROS levels generated by the  electron transport chain   [ 46 ]. In animal 
models, melatonin has been demonstrated to protect mice against lethal total body expo-
sures [ 47 ,  48 ] and to protect a number of organs from radiation injury [ 49 ]. In vitro stud-
ies have demonstrated that melatonin sensitizes cancer cell lines to irradiation [ 50 ,  51 ]. 

 Despite the fact that preclinical data supports that melatonin is a selective radio-
protector, a phase II trial did not confi rm activity in this regard. A  Radiation Therapy 
Oncology Group (RTOG)   trial randomized patients with brain metastases into two 
groups: morning versus nighttime high-dose melatonin. Melatonin was given to the 
patients during and following  radiation     . Results from this study were compared to 
historical controls who received only whole-brain radiotherapy. It was concluded 
that melatonin improved neither overall survival nor neurocognitive function after 
radiotherapy [ 52 ]. More recently, several in vitro studies have shown that melatonin 
at pharmacologic doses may actually have oxidant effects [ 53 – 55 ]. This fi nding has 
yet to be confi rmed in vivo; nevertheless, it suggests caution and careful consider-
ation of dosing is necessary when combining melatonin with  radiotherapy     .   

     Radiation Mitigators      

 Radiation mitigators reduce normal tissue damage after exposure to radiation 
through a variety of mechanisms. Unlike radioprotectors, which prevent damage 
from occurring, radiation mitigators minimize damage by acting upon physiologic 
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processes that occur after radiation exposure but before the clinical manifestation of 
injury [ 4 ]. Radiation mitigators may be used to ameliorate both acute and late tox-
icities. Acute radiation toxicities, such as dermatitis and mucositis, are often caused 
by the death of rapidly dividing cells [ 56 ]. Damage to the rapidly proliferating stem 
cell compartment of organs, such as the skin and small intestine, eventually leads to 
loss of differentiated, specialized cells and results in the manifestation of tissue 
damage [ 57 ,  58 ]. Therefore, mitigators that effectively prevent acute injury often 
promote stem cell survival and proliferation. 

 Although the cellular response to radiation is almost immediate, the expression of 
late toxicities may be delayed for months to years after radiation exposure. Radiation 
activates a myriad of different signaling pathways that initiate pro- infl ammatory, 
profi brotic, and vascular injury responses. These responses continue long after the 
initial radiation exposure and result in altered tissue homeostasis, fi brosis, vascular 
damage, atrophy, and necrosis [ 59 ]. Many radiation mitigators target key molecules 
or processes in the pathways that lead to late radiation injury. It is impossible to 
review every radiation  mitigator      identifi ed in the space allowed. Thus, we have high-
lighted clinically approved or notable examples in the sections below. 

    Total Body  Exposures         

 Normal tissue stem  cells      are responsible for regenerating tissues damaged by radia-
tion and other processes. Stem cells are highly sensitive to radiation and are typically 
depleted in the  radiation-damaged tissues   [ 58 ,  60 ,  61 ]. Thus, a great deal of research 
has evaluated cytokines and growth factors that have the capacity to promote stem 
cell survival and proliferation. These approaches have been explored primarily as a 
method to reduce  acute toxicity   after localized and total body exposures. 

 Total body exposures can cause death through bone marrow failure and loss of 
intestinal integrity (gastrointestinal syndrome) [ 56 ]. At extreme doses death results 
from damage to the central nervous system and vascular collapse [ 56 ].  Intestinal 
damage   is also a cause of major morbidity among transplant patients treated with 
total body irradiation. Many mitigant strategies for total body exposures are there-
fore geared toward preventing  bone marrow failure   and  gastrointestinal syndrome   
by stimulating stem cell function. Intestinal injury is also a major  dose-limiting 
factor   during abdominal and pelvic radiation. 

 One example of this approach is the use of  granulocyte colony-stimulating factor 
(G-CSF)   as a radiation mitigant. In nonhuman  primates  , administration of G-CSF at 
6 h after a total body exposure led to increased hematopoietic recovery [ 62 ]. In mice, 
administration of two separate doses of G-CSF at 24 h and 30 min before total body 
irradiation increased survival rates. Interestingly, there was no effect on survival when 
G-CSF was given 24 h after irradiation [ 63 ] suggesting that for the G-CSF to be effec-
tive, it must be given close to when radiation DNA damage occurs. This type of treat-
ment may be useful in the setting of accidental total body exposures or in therapeutic 
exposures that require irradiation of extensive marrow compartments that are unin-
volved by  tumor        . The use of G- CSF   with therapeutic radiation must be approached 
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with caution as G-CSF has been reported to drive epithelial to mesenchymal transition 
and tumor progression [ 64 ]. G-CSF is considered an effective treatment for accidental 
total body exposures and is part of the  US Strategic National Stockpile   [ 65 ]. 

 Another agent in the stockpile,  entolimod  , is a  toll-like receptor 5 (TLR5)   ago-
nist that has been shown to have mitigant effi cacy in  animal models   of lethal  total 
body exposures        , dermatitis, and mucositis [ 66 ,  67 ], with no evidence of impaired 
tumor response [ 66 ,  67 ]. Entolimod, formerly known as  CBLB502  , is a   Salmonella  
fl agellin   derivative that activates the NF-kB pathway by binding toll-like receptor 5 
(TLR5). It is more potent but less immunogenic and toxic compared to purifi ed 
fl agellin [ 67 ]. At high radiation doses, delivery of entolimod in mice shortly before 
irradiation led to reduced gastrointestinal and hematological injury and subsequent 
improvement in survival. Enhanced survival was also observed with postirradiation 
delivery of entolimod but only at low radiation doses [ 67 ]. Effi cacy of entolimod 
was further tested in nonhuman primates, and data showed that entolimod protected 
primates from hematopoietic and lymphoid organ damage and lethality incurred by 
radiation [ 67 ]. G-CSF and  interleukin-6 (IL-6)   are two potential  biomarkers for 
entolimod   effi cacy in mitigating  radiation-induced injury  . In irradiated and nonir-
radiated animals, levels of these  cytokines   were stimulated by entolimod in a TLR5- 
and dose- dependent manner. Furthermore, inhibiting G-CSF and IL-6 with 
neutralizing antibodies blocked the radiation mitigating effects of entolimod sug-
gesting that the two cytokines are major mediators of entolimod’s mechanism of 
action [ 68 ]. The discovery of these two biomarkers may aid in determining the most 
optimal, effi cacious dose to use in humans. Currently, entolimod is being evaluated 
in clinical trials for its capacity to mitigate radiation injury. 

  Palifermin   is a truncated recombinant human  keratinocyte growth factor (KGF)  . 
KGF is a mitogenic factor with diverse functions in proliferation, survival, differen-
tiation, DNA repair, and reactive oxygen species  detoxifi cation         [ 69 ]. Animal studies 
have shown that administration of palifermin can reduce  xerostomia   [ 70 ],  mucositis   
[ 71 ], and  gastrointestinal injury   [ 72 ,  73 ] induced by radiation. Palifermin is FDA 
approved for prevention of severe mucositis in hematologic cancer patients who 
receive  chemoradiotherapy   prior to stem cell transplant [ 74 ]. Additionally, a phase 
II clinical trial for head and neck cancer found that delivery of palifermin to patients 
receiving concurrent  chemotherapy         and hyperfractionated radiotherapy minimized 
the incidence, severity, and duration of oral mucositis [ 75 ]. In the same study, it was 
concluded that palifermin had no effect on survival or progression-free survival 
[ 75 ], suggesting an absence of  tumor-promoting effects  . The selectivity of palifer-
min for  normal tissue   may depend on whether or not the  fi broblast growth factor 
receptor 2b (FGFR2b)  , a cognate receptor for KGF, is expressed in tumor tissues. 
Preclinical studies have shown that KGF-FGFR2b signaling can promote tumor and 
metastatic phenotypes in breast, lung, and gastric cancer [ 76 ]. 

 Because infl ammation and vascular damage are two immediate radiation 
responses that can persist and cause late tissue damage, there has been much interest 
in mitigators that target infl ammatory pathways. One such pathway is the  thrombo-
modulin (THBD)-activated protein C (APC)  . THBD is a  transmembrane glycopro-
tein   that binds thrombin and activates  thrombin activatable fi brinolysis inhibitor 
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(TAFI)   [ 77 ]. In addition, it cleaves and activates the  protein C zymogen  , which in 
turn inactivates blood coagulation factors V and VIII via proteolysis [ 78 ]. The  anti-
coagulant APC   also promotes fi brinolysis and induces anti-infl ammatory and cyto-
protective activities in endothelial, neuronal, and innate immune cells [ 78 ]. In 
clinical and preclinical studies, it has been shown that  THBD   is signifi cantly reduced 
and never recovered in intestinal endothelial cells after radiation [ 79 – 81 ]. More 
interestingly, systematic delivery of soluble THBD and APC in mice exposed to 
total body  irradiation         resulted in protection from hematological injury and lethality 
[ 82 ]. Numerous candidate mitigants that expand hematopoiesis or gastrointestinal 
recovery after total body exposures have been studied, such as metformin, lyso-
phosphatidic acid mimics, genistein, and GSK-3 inhibitors [ 83 – 89 ].  

     Dermatitis         

 Radiation dermatitis is an  acute toxicity   of radiotherapy that can cause pain, increase 
the risk of infection, and result in the need for treatment breaks. Radiation dermati-
tis typically begins as  erythema   and progresses with increasing skin dose to indura-
tion, dry desquamation, moist desquamation, and fi nally to ulceration [ 56 ]. A 
number of agents have been tested as treatment for radiation dermatitis in small 
randomized trials. Several of these agents have been found to reduce the severity of 
radiation dermatitis to some degree [ 90 – 94 ]. Despite these fi ndings, these agents are 
not in widespread clinical use at this time, and many patients are only treated with 
topical emollients for symptomatic relief.  Mometasone furoate   and  betamethasone  , 
topical  steroids  , have been shown in randomized trials to reduce the severity of 
radiation dermatitis [ 95 ,  96 ].  

     Fibrosis         

 Fibrosis is a common type of late tissue injury associated with radiation. TGF- β   is 
the predominant signaling pathway that drives  fi brosis         [ 59 ], and accordingly, many 
radiation mitigators that target this pathway have been evaluated. Neutralizing anti-
bodies against TGF-β have been shown to minimize fi brosis in animal models fol-
lowing radiation [ 97 ].  Halofuginone  , a small molecular inhibitor that targets TGF-β 
signaling, also had similar protective effects in mice and showed normal tissue 
selectivity as it had no effect on tumor radiosensitivity [ 98 ]. Downstream molecules 
of the TGF-β signaling pathway, such as Smad3, have also been demonstrated to be 
possible therapeutic targets [ 99 ,  100 ]. 

 It is noteworthy to mention that TGF-β has opposing, dual roles in cancer. In the 
early stages of cancer, it inhibits tumorigenesis but promotes metastasis as the disease 
progresses [ 101 ,  102 ]. Therefore, determining the appropriate dosing schedule for 
anti-TGF-β agents may be crucial in achieving therapeutic gain. Currently, there are 
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no TGF-β-targeting agents in clinical trials specifi cally for mitigation of radiation- 
induced fi brosis, although there are several for fi brotic disease and scarring [ 103 ]. 

  Statins   are  HMG-CoA reductase inhibitors   that are traditionally used in clinic to 
lower cholesterol levels. Data from preclinical studies however suggest that statins 
may also be effective as a radiation mitigator for late and acute injury. In mice that 
received whole-lung irradiation,  lovastatin   was shown to reduce thrombopenia and 
mRNA levels of several pro- infl ammatory   and  profi brotic genes   including TNFα, 
IL-6, TGF-β, and connective tissue growth factor (CTGF) [ 104 ]. Lovastatin in a sepa-
rate study was also shown to attenuate lung fi brosis and increase survival [ 105 ]. 
Moreover, other statins such as  pravastatin   were shown to attenuate CTGF expression 
and intestinal radiation fi brosis [ 106 ]. The mechanism by which statins regulate late 
tissue injury is unclear, but it has been hypothesized that it may involve the Rho path-
ways as inhibition of this pathway resulted in similar protective effects as seen with 
pravastatin [ 107 ,  108 ]. Statins are also known to inactivate  Rho-GTPases   further sup-
porting the hypothesis [ 109 ]. Whether or not statins are safe to use during tumor  radio-
therapy         remains to be determined. Several reports have shown that statins enhance the 
radiation cytotoxic effects in tumor tissue [ 110 ,  111 ], but further evaluation is needed. 

 Activation of the PDGF pathway has been implicated in the progression of radia-
tion fi brosis. PDGFR inhibition via imatinib and other small molecule inhibitors has 
been shown to be effective in preclinical models of pulmonary and dermal  fi brosis         
[ 112 ,  113 ]. One of the targets of  imatinib  ,  c-Abl  , is known to be a downstream sig-
naling intermediate of  TGF-β   in fi broblasts [ 114 ]. Furthermore, morphologic trans-
formation and activation of gene expression in TGF-β-stimulated fi broblasts are 
dependent on the activation of c-Abl, suggesting that reduction in fi brosis with ima-
tinib treatment may partially involve inhibition of TGF-β signaling. 

 Another group of agents thought to have effi cacy in fi brosis and nephropathy are 
 angiotensin-converting enzyme (ACE) inhibitors  , agents that are widely used to treat 
hypertension and heart failure. These agents act by preventing the generation of 
 Angiotensin II   which is a  vasoconstrictor   [ 115 ]. More recently, animal studies have 
shown that ACE inhibitors can ameliorate radiation-induced normal tissue injury. For 
example, captopril, an ACE inhibitor, reduced pulmonary endothelial dysfunction in 
irradiated rats [ 116 ].  Captopril   and other ACE inhibitors were also shown to mini-
mize lung fi brosis caused by radiation [ 117 ,  118 ]. In addition to lung injury, ACE 
inhibitors have been reported to protect other organs such as the kidney [ 119 ] and 
skin [ 120 ,  121 ] from radiation injury. Importantly, ACE inhibitors have been shown 
to reduce radiation lethality from lung and kidney toxicity after total body exposures 
[ 119 ]. As for the effects of  ACE inhibitors on tumors  , a study of ramipril in mice 
bearing  A549 xenografts   had no effect on tumor response [ 121 ]. The mechanism by 
which captopril mitigates radiation injury is unclear. It has been hypothesized that it 
maybe through inhibition of angiotensin II production as  angiotensin II   is known to 
promote the expression of  TGF-β  , a known pro-fi brogenic factor [ 122 ,  123 ]. 

 Small molecule inhibitors account for many of the agents thought to be effective 
as radiation mitigators. Another area of growing interest for radiation mitigation is 
cell-based  therapies        .  Cell-based therapies   can be used to inhibit infl ammatory pro-
cesses or to repopulate the damaged organ. The infusion of  mesenchymal stem 
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cells  , an expandable, multipotent stem cell found in mesenchymal tissues, has been 
reported to mitigate radiation fi brosis in the lung and skin [ 124 ,  125 ]. These cells 
may be derived from a number of mesenchymal tissues such as bone marrow and 
adipose  tissues        . The use of these cells as a therapeutic option is of particular interest 
given that they can be harvested, expanded in vitro, and stored for future use. 
Further, these cells are considered immune privileged due to low expression of 
MHC-II, allowing the use of  donor-derived mesenchymal stem cells   as therapy. 
Importantly, the timing of delivery of these cells may be important in their effi cacy. 
Evidence from skin fi brosis models suggests that the interaction of bone marrow 
stromal cells with activated macrophages results in  macrophage repolarization  , with 
elaboration of anti-infl ammatory IL-10 [ 125 ]. Thus, it is possible that effective 
treatment with  bone marrow stromal cells   for mitigation requires a substantial accu-
mulation of macrophages in the irradiated tissues, which is often not seen until 
several weeks after  treatment        . Stem cell-based therapies for radiation-induced organ 
dysfunction have also been studied for other types of radiation injury, such as liver 
injury and osteonecrosis [ 126 – 128 ].  

     Central Nervous System Injury         

  Patients with multiple brain tumors   that cannot be surgically resected are commonly 
treated with  whole-brain radiotherapy   and/or  stereotactic radiosurgery           . 
Unfortunately, patients can experience cognitive impairments from tumor progres-
sion or radiation-induced demyelination, vascular damage, and white matter necro-
sis [ 129 ]. Although oxidative stress and infl ammation have been implicated in 
promoting radiation-induced brain injury [ 130 ], more recent data suggests that 
brain tumors themselves may produce infl ammatory changes in the CNS microen-
vironment that are independent of radiation [ 131 ]. Accordingly, agents that inhibit 
these cellular processes including  ACE inhibitors  ,  peroxisome proliferator- activated 
receptor-у (PPARу) agonists  , and  vascular endothelial growth factor (VEGF) inhib-
itors   have been evaluated in animal models, and preclinical evidence suggests that 
it may be effective as radiation mitigators for brain injury [ 130 ,  132 – 137 ]. 

 Clinical trials to mitigate radiation toxicity in the CNS have largely focused on 
technical approaches to reduce radiation dose to critical structures or off-label use 
of  pharmacotherapies   commonly used to treat dementia. RTOG 04 utilized intensity- 
modulated external beam radiation planning techniques to reduce the dose of radia-
tion delivered to the hippocampus of patients requiring whole-brain radiation for 
treatment of brain metastases, with the  hippocampal sparing technique   producing 
improved performance on a neurocognitive evaluation at 4 months following treat-
ment [ 138 ].  Acetylcholinesterase inhibitors  , such as  donepezil  , have been evaluated 
for differences in neurocognition, mood, and quality of life outcomes in adult and in 
pediatric patients with some improvement compared to baseline at 24 weeks after 
radiation  treatment         [ 139 ,  140 ]. NMDA receptor antagonists such as  memantine   
have produced some improvements in cognitive function over time and delayed 
neurocognitive decline 24 weeks after whole-brain radiotherapy [ 141 ]. 
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 Despite the current data demonstrating short-term benefi ts with some radiation 
 mitigators         in the CNS, there is a severe lack of understanding about the underlying 
biological processes which produce acute and long-term neurodegenerative changes. 
Most clinical strategies have relied on the assumption that the underlying biological 
process of neurocognitive decline seen in other conditions such as dementia also 
holds true for radiation-induced CNS damage. However, this assumption may be 
misplaced or may not refl ect the entire spectrum of radiation-induced changes. The 
goal of current scientifi c investigations is to determine how the DNA damage 
response from  radiotherapy         to the CNS compartment translates to altered structural 
and biochemical changes so that more effective, targeted therapies may be devel-
oped to afford patients long-term, sustained benefi ts after radiation. 

     Treatment      

 Agents that are given after the development of radiation-induced symptoms are 
characterized as treatments. In general, preventing normal tissue injury with the use 
of radioprotectors and mitigators is preferable since some of these toxicities are 
irreversible and only limited treatments of variable effi cacy exist. Treatments for 
radiation injury may be used for a short duration, or ongoing treatment may be 
required for prolonged periods to maintain clinical benefi t. A comprehensive dis-
cussion of treatment of radiation injury is outside the scope of this section; however 
a few examples are highlighted below. In addition to the examples provided, a num-
ber of  treatments      have been studied for gastrointestinal toxicity, dermatologic toxic-
ity, and mucositis with varying degrees of effi cacy. 

  Fibrosis   is a particularly challenging toxicity of radiotherapy, often considered to 
be irreversible. One  treatment      that has shown effi cacy in this setting is  pentoxifyl-
line   combined with vitamin E. A double blind, placebo-controlled trial of pentoxi-
fylline and vitamin E in patients with radiation fi brosis of the skin and subcutaneous 
tissues after treatment for breast cancer found a marked regression in fi brotic sur-
face area with treatment [ 142 ]. These fi ndings were confi rmed in a study of patients 
with radiation fi brosis at multiple sites, who were found to have improved range of 
motion and reduced pain with pentoxifylline treatment [ 143 ]. Importantly, long- 
term treatment with pentoxifylline and vitamin E appears to be necessary, with the 
possibility of rebound effects if treatment is discontinued too early [ 144 ]. Studies of 
pentoxifylline have also been completed for patients suffering from radiation injury 
in a number of organs with variable success [ 145 – 149 ]. 

  Radiation pneumonitis   may occur in up to 15 % of patients treated with  tho-
racic radiotherapy   [ 150 ].  Pneumonitis   is characterized by fever, cough, and dys-
pnea with radiographic changes corresponding to the radiated fi eld and may occur 
within the fi rst 18 months after irradiation. Radiation pneumonitis is a diagnosis 
of exclusion, meaning that infection, tumor spread, and other causes of lung 
infl ammation must be excluded. Radiation pneumonitis evolves into radiation 
fi brosis over time, although symptomatic pneumonitis is not a prerequisite for 
developing radiation fi brosis.  Glucocorticoids   remain the most effective treatment 
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for radiation pneumonitis but are not considered an effective treatment for radia-
tion fi brosis [ 151 ,  152 ]. Oxygen is also used as needed to limit hypoxia. 

 In patients receiving radiotherapy to the brain or head and neck, radiation brain 
necrosis may occur as a side effect. Traditionally, radiation  necrosis   has been man-
aged with glucocorticoids, with surgical resection reserved for patients in whom 
radiation necrosis causes persistent symptoms. More recently, bevacizumab, a 
VEGF inhibitor, has been reported to substantially ameliorate radiation-induced 
brain necrosis [ 153 – 156 ]. In a randomized trial of bevacizumab versus placebo in 
14 patients with biopsy or radiographically confi rmed radiation necrosis,  treatment      
with bevacizumab improved neurologic symptoms and signs in all patients [ 154 ]. 
All patients treated with placebo were allowed to cross over into the bevacizumab 
arm. No response was seen after treatment with the placebo; however, after  bevaci-
zumab treatment  , only two patients developed a recurrence of radiation  necrosis     .   

     Challenges      

 A number of challenges exist in the effective preclinical and clinical development of 
the agents for use as radioprotectors and radiation mitigators. One major concern is 
the ability of animal models to predict the behavior of the human condition. Animals 
may have different pharmacokinetic responses to drugs, which may alter the appro-
priate timing and dosing of agents.  Conventional radiotherapy   often continues daily 
for up to 8 weeks, a condition challenging to replicate in animal models of injury in 
which one to ten fractions are typically delivered. Animals also tend to be of similar 
genetic background with no comorbidities that may affect drug metabolism, drug 
penetration, and susceptibility to radiation toxicity. And it cannot be forgotten that 
mice have fundamental biological differences from humans. 

 Another factor complicating the study of these agents is the use of chemotherapy 
concurrently with radiotherapy in a growing number of cancers. As a result, testing 
of these agents as radioprotectors or mitigators often requires assessment of effect 
in the context of combined radiation and chemotherapy, not just radiotherapy alone. 
This increases the level of complexity of preclinical studies, increases cost substan-
tially, and complicates analysis of effi cacy. To ensure that candidate  radiation      pro-
tectors or mitigators do not impair tumor control, additional studies should always 
be completed in tumor models before clinical translation if it is expected that they 
will be delivered in close proximity to radiotherapy. 

 Perhaps the greatest challenge for the development of effective radiation pro-
tectors and radiation mitigators is determining which patients would benefi t most 
from  treatment     . Unless an agent has minimal cost and minimal toxicity, it would 
be unreasonable to treat every patient prophylactically unless the toxicity was so 
severe it would cause death or serious chronic injury in a substantial number of 
patients. In order to determine which patients would benefi t the most from the 
use of these agents, it is necessary to develop effective means of predicting who 
will develop injury. 
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 Finally, the clinical translation of agents used to prevent, mitigate, or treat radiation 
injury can be diffi cult because of the challenges involved in designing clinical trials 
capable of determining effi cacy. Patients included in these trials will have different 
comorbidities and genetic background, which may variably affect the likelihood or 
predisposition to developing toxicity. Patients will have tumors of varying sizes or with 
characteristics that require treatment of different volumes or doses with radiotherapy. 
With newer techniques such as  intensity-modulated radiation therapy  , dose delivered 
to organs becomes increasingly complex to consider as a variable in these studies. 
Perhaps most importantly, the endpoint of these studies and grading scales used to 
assess effi cacy must be carefully chosen to accurately refl ect clinical benefi t. 

 Despite these challenges, the development of radiation protectors, radiation miti-
gators, and treatment for radiation injury holds great promise for the growing num-
ber of patients that survive aggressive cancer  therapy     . Encouraging progress has 
been made in reducing normal tissue injury from radiotherapy, but clearly addi-
tional work is needed.      
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    Chapter 5   
 Application of Functional Molecular Imaging 
in Radiation Oncology                     

     Sarwat     Naz     ,     Murali     C.     Krishna     , and     James     B.     Mitchell    

    Abstract     Molecular imaging of tumors is rapidly gaining momentum as a tool 
with the capacity to improve cancer treatment. It has the potential to provide more 
precise diagnosis of cancer, improve radiation treatment planning, and monitor 
response to treatment as the treatment progresses. Noninvasive imaging platforms 
reporting on molecular, biochemical, metabolic, and physiological parameters cou-
pled with existing high-resolution anatomical modalities hold the promise of pro-
viding clinicians with information regarding the  biology  of the tumor in the context 
of its anatomical location. The basic principles of established and emerging molecu-
lar imaging techniques as applied to radiation oncology are reviewed highlighting 
advantages and limitations. The application of molecular imaging monitoring 
 normal tissue responses as well as tumor may provide a means to determine more 
precisely a therapeutic ratio of different experimental radiation or chemoradiation 
approaches.  

  Keywords     Radiation oncology   •   Metabolic imaging   •   Functional imaging   •   Tumor 
heterogeneity   •   Molecular biomarker   •   Hypoxia   •   Glucose metabolism   •   PET/CT   • 
   13 C hyperpolarization   •   Cell proliferation  

      Introduction 

  Radiation therapy   is an effective non-invasive cancer therapy  approach   that can be 
administered to patients repetitively over a few to several weeks. Each year approxi-
mately 60 % of cancer patients, in the United States are given radiation therapy for 
defi nitive treatment, for palliation of symptoms, or as an adjunct to surgery or  che-
motherapy  . A continuing challenge in the fi eld of  radiation oncology   is to improve 
the therapeutic ratio, which is the balance of biological effectiveness of treatment 
and severity of treatment-related side effects on normal tissue. A major objective in 
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 radiation oncology   is to accurately delineate tumor volume and thereby, when pos-
sible, minimize radiation exposure to normal tissues. In the past decade, substantial 
technological progress in radiation oncology has achieved remarkable success in 
radiation dose delivery with high geometric precision. This has been possible with 
the introduction of  stereotactic radiotherapy  ,  radiosurgery  ,  intensity-modulated 
radiotherapy (IMRT)  , and three-dimensional planning of  brachytherapy     .  Computer-
optimized intensity-modulated radiation therapy (IMRT)   allows achieving high 
radiation doses to the primary tumor while limiting the dose to radiation-sensitive 
normal tissues adjacent to the tumor. Despite the advancement in accurate delivery 
of high-dose radiotherapy, overall survival rates of some specifi c tumors have not 
signifi cantly improved. There are several reasons behind this including intrinsic and 
acquired resistance of tumors mediated through genetic and phenotypic  tumor het-
erogeneity   and infl uence of the tumor microenvironment. Several clinical trials con-
ducted using targeted therapies have demonstrated the existence of genetic and 
phenotypic  tumor heterogeneity   [ 1 ]. As a result, patients with similar tumor types 
exhibit differential responses to the same therapy.  Genetic heterogeneity   in a tumor 
can arise from the clonal expansion of aggressive and therapy-resistant cancer cells 
combined with spatial heterogeneity arising from variety of  stresses   imposed by the 
tumor microenvironment. These changes within a tumor can lead to regional differ-
ences in stromal composition [ 2 ], oxygen consumption and  hypoxia   [ 3 ,  4 ],  glucose 
metabolism   [ 4 ], and varied gene expression [ 5 ]. Consequently, subregions within a 
given tumor exhibit spatially distinct patterns of blood fl ow [ 6 ,  7 ], vessel permeabil-
ity [ 8 ],  cellular proliferation   [ 9 ], cell death [ 10 ] and other related features.  Spatial 
heterogeneity   is observed between different tumors within individual patients 
(  intertumor heterogeneity      ) and within each lesion in an individual (  intratumor het-
erogeneity   ) patient. To overcome these barriers, additional approaches are war-
ranted to quantitatively estimate the exact tumor volume and the extent of phenotypic 
 tumor heterogeneity   for effective delivery of ionizing radiation. 

 One approach to quantitatively extract information pertaining to  tumor heteroge-
neity   is the development and introduction of molecular imaging methods.  Functional 
molecular imaging   is a noninvasive approach providing visual and quantitative 
information about a disease process. In addition, it can be combined with diagnostic 
imaging modalities to provide spatial orientation that may provide molecular, bio-
chemical, or physiological information unique to the tumor or region within the 
tumor. It is anticipated that such information will be of paramount importance in 
diagnosis, staging, and selection of tailored treatments and assessment of treatment 
response. Likewise, alterations in these functional endpoints may also prove useful 
in  monitoring and predicting toxicities in treated normal tissues. Not only can these 
imaging modalities help to defi ne a more precise “gross tumor volume” (GTV)    but 
also can aid in establishing a “biological target volume” (BTV)   . The biological 
target volume represents a subregion within a given tumor with specifi c characteris-
tics such as  hypoxia      [ 11 ]. Given the accuracy of modern radiation delivery 
 instrumentations, such tumor volumes that are resistant to radiation could be 
given extra dose of radiation, thus enabling the concept of “ dose painting  ” or “ dose 
 sculpturing  ” to be founded on fi rm biological and physiological rationale [ 12 ]. 
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Combining  functional molecular imaging   with standard or experimental treatment 
approaches holds the promise to help clinicians rapidly assess the effectiveness of 
an existing or new therapy in individual patients and help abandon ineffective treat-
ments at an early stage. 

 The emergence of functional molecular imaging  modalities   coupled with the 
availability of an expanding array of molecular probes is beginning to augment the 
role of molecular medicine in the treatment of cancer [ 13 ]. In this chapter, we briefl y 
outline the basic principles of the different imaging modalities and discuss  func-
tional molecular imaging   techniques to study functional characteristics of tumor 
mainly tumor  glucose metabolism   and  hypoxia  , application of molecular imaging in 
chemo-/radiotherapy planning, dose painting, and monitoring treatment response. 
We aim to discuss the limitations and challenges associated with individual imaging 
methods in preclinical and clinical setup. Lastly, we give an overall perspective on 
the future direction of this immensely growing fi eld and its impact on  image-guided 
radiotherapy  .  

    Principles of Established and Emerging Advanced  Molecular 
Imaging Technology   

 Medical imaging began with  radiography   after the discovery of X-rays in 1895 by 
Wilhelm Roentgen, a German professor of physics. X-rays were put to diagnostic 
use very early, before the dangers of ionizing radiation were discovered. Since then, 
imaging human diseases has advanced unprecedentedly. Various molecular imaging 
techniques exist at preclinical and clinical stages including  magnetic resonance 
imaging (MRI)  ,  X-ray computed tomography (CT)     ,  positron emission topography 
(PET)  ,  ultrasound  , and  optical approaches  . In this chapter, we describe specifi cally 
two widely used approaches, namely,  MRI   and PET, to image malignancies. 

     CT Imaging      

  X-ray computed tomography (CT)   is a technique for visualizing interior features 
within solid objects. CT images can be generated by rotating a low-energy X-ray 
source and detector around the subject to acquire a series of projections. These pro-
jections are then used to construct a three-dimensional  image  . Contrast in the 
CT-generated image arises because of differential tissue absorption of X-rays. The 
main advantages of CT imaging are high spatial  resolution   (0.5–2.0 mm), fast 
acquisition time, simplicity, availability, and excellent hard-tissue imaging. CT 
imaging is being combined with PET, where it provides an anatomical context to the 
relatively low-resolution PET image. In the clinic, the fusion of X-ray CT and PET 
images has led to improvements in tumor  detection     .  
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     Radionuclide Imaging      

  Radionuclide molecular imaging   mainly includes  positron-emitting tomography 
(PET)   and  single-positron emission CT (SPECT)   imaging. Due to their high sensi-
tivity and quantitative nature of acquiring  images  ,  radionuclide molecular imaging   
has played a signifi cant role in advancing the preclinical and clinical studies [ 14 ]. 
We highlight some preclinical and clinical  studies   that have confi rmed the feasibil-
ity of using  radionuclide molecular imaging   in cancer [ 15 ,  16 ]. 

    PET and  SPECT      

  Positron-emitting tomography (PET)   and  single-positron emission CT (SPECT)   
imaging are radionuclide-imaging techniques, which provide relatively low- 
resolution images of injected probe molecules that have been labeled with positron- 
emitting (PET) or γ-emitting isotopes (SPECT). The sensitivity of  PET   is in the 
picomolar range, facilitating investigation of biological processes without any 
adverse pharmacological effects from the labeled probe molecule, namely,  11 C,  15 O, 
 18 F, and  124 I [ 17 ]. PET can accurately assess the functional and biochemical pro-
cesses of the body’s tissues, before any detectable anatomical or structural changes 
have occurred. In the clinic, PET has been crucial for cancer detection and staging, 
as well as evaluation of response to therapy. An important advantage of PET over 
SPECT is that positron-emitting isotopes can be substituted for naturally occurring 
atoms in the probe compound without any effect on probe function. Over the past 
decade, with the progress of molecular biology and radiochemistry, a variety of PET 
tracers have been developed with high specifi cities and affi nities. Several PET trac-
ers have been characterized for their application in  functional imaging   of tumors 
preclinically and clinically. Among several  PET      radiotracers used for cancer imag-
ing,  18 F-FDG is the most widely used and acceptable PET tracer. PET imaging lacks 
anatomical parameters to identify molecular events with accurate correlation to ana-
tomical  fi ndings  , and this  disadvantage      has been compensated by merging PET 
imaging with either CT or MR.  PET/CT imaging      can help to differentiate neoplastic 
areas with hypermetabolic activity within the surrounding normal tissue (Fig.  5.1 ) 
[ 18 ]. PET has become extremely useful to delineate the GTV for radiotherapy plan-
ning and monitoring treatment response.

   Like PET, SPECT has also been extensively employed in the clinic. In general, 
SPECT isotopes have long half-lives, whereas PET isotopes have relatively short 
half-lives. Commonly used isotopes for SPECT imaging include [ 111 In] indium and 
[ 177 Lu] lutetium. Most importantly, SPECT can distinguish among different 
 radioisotopes based on the isotope-specifi c energies of the emitted  photons  . There-
fore, it is possible to image different targets simultaneously using SPECT [ 19 ]. In 
recent times, application of SPECT imaging in the clinic is less compared to MRI, 
PET, and  ultrasound           .   
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    MRI 

 In modern times, magnetic resonance imaging ( MRI)      has become a highly versatile 
imaging and diagnostic tool [ 20 ]. The technique was developed in the early 1970s 
and led to a Nobel Prize in Physiology and Medicine to Paul Lauterbur and Peter 
Mansfi eld in 2003. MRI involves the detection of nuclear  spin   reorientation in an 
applied magnetic fi eld [ 21 ]. Compared to CT imaging, MRI has several advantages, 
such as high temporal and spatial resolution, excellent tissue contrast and tissue 
penetration, no ionizing radiation, capability of serial studies, and simultaneous 
 acquisition   of anatomical structure and physiological function [ 22 ]. The intensity of 
the MR image depends mainly on four parameters: nuclear density; two relaxation 
times, called T1 (T1 relaxation  time   is a time constant in which the nuclei align in a 
given magnetic fi eld) and T2 (T2 is the time constant for loss of phase coherence of 
excited spins); and motion of the nuclei within the  region of interest (ROI)  . As the 
nuclear density increases, increasing numbers of nuclei align with the magnetic 
fi eld, producing a proportionately intense MR  signal   [ 21 ]. Abnormal soft tissue can 
be better differentiated through measurement of these four parameters compared to 
any other previous described techniques. MRI-based high soft-tissue contrast allows 
the assessment of extent and spread of disease, which ultimately can infl uence radi-
ation treatment volumes [ 23 ]. In  addition  , spatial orientation of the MR image can 
be performed in any plane, because of the feasibility of manipulating the magnetic 
fi eld gradients. These inherent advantages of MRI make it a useful imaging method 
for the evaluation of neurological, musculoskeletal structures, cancer diagnosis, and 
radiotherapy treatment planning [ 24 – 28 ]. For brain metastases,  MRI      is much more 
sensitive than CT, particularly at identifying small lesions (≤0.5 cm) [ 29 ]. The abil-
ity to visualize tiny lesions prevents patients from aggressive defi nitive-intent local 
therapies and allows these lesions to be targeted by  stereotactic radiosurgery  , which 
can be delivered with submillimeter accuracy. Additionally, MRI is used for treat-
ment planning in gastrointestinal [ 30 ], genitourinary [ 31 ,  32 ], head and neck [ 33 ], 
gynecologic [ 34 ], and sarcomatous tumors [ 23 ]. By attaching paramagnetic  labels   
to appropriate targeting ligands, MR signal intensity and contrast can be modulated 

  Fig. 5.1    PET  images   differentiate neoplastic areas with hypermetabolic activity from within the 
surrounding normal tissue. ( a ) CT  image  , ( b ) PET image, and ( c )  fused PET/CT image  . The teal 
color marks the  gross tumor volume (GTV)   as determined from PET image.  Modifi ed and adapted 
with permission  [ 18 ]       
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to directly or indirectly obtain functional information of the labeled target, for 
example,  1 H MRI of tissue water protons can be used to indirectly image membrane 
receptors, such as  ERBB 2   (also known as  HER-2  ) on breast cancer cells [ 35 ], the 
integrin αvβ3 on endothelial cells [ 36 – 38 ], and the  phospholipid phosphatidylserine   
on the surface of apoptotic cells [ 39 ,  40 ]. MR image resolution in vivo at the single 
cell level is currently not possible; however, it is possible to image the presence of 
single cells using  iron oxide-based nanometer   or micrometer-sized  particles  . The 
effect of these particles on the surrounding magnetic fi eld extends beyond the 
 boundaries      of the cell enabling imaging of single cell [ 41 ]. This technique has been 
used to track implanted stem cells in the brain and spinal cord [ 42 ,  43 ], to monitor 
T-cell traffi cking in immunogenic tumors [ 44 ,  45 ], and to image the location of 
implanted dendritic cells in the  clinic         [ 46 ].   

    Imaging of Tumor  Metabolism      

 In recent years, molecular imaging of tumor metabolism has gained considerable 
interest. Several preclinical studies have indicated relationship between activation 
of various  oncogenes   and alterations in cellular metabolism, now considered as one 
of the hallmarks of cancer [ 47 ,  48 ]. In normal mammalian cells under aerobic con-
ditions, mitochondria oxidize pyruvate to CO 2  and H 2 O while generating energy 
equivalents. Conversion of glucose to lactic acid even in the presence of oxygen is 
termed as  aerobic glycolysis   and frequently noticed in malignant cells. Otto Warburg 
fi rst reported this phenomenon at the beginning of the twentieth century as a specifi c 
metabolic  abnormality   of cancer cells, commonly known as “ Warburg effect  .” He 
hypothesized that cancer arises from a defect in mitochondrial metabolism leading 
to  aerobic glycolysis   [ 49 ]. Over time studies conducted in human and rodent glioma 
cells exhibited high or moderate susceptibility to inhibitors of oxidative phosphory-
lation, and glioma cells exhibiting high glycolytic phenotype oxidized pyruvate and 
glutamine even when glucose  levels   were found to be low [ 50 ]. These experimental 
data suggested that a mitochondrial defect is not a prerequisite for the genesis of 
cancer and in a strict sense disproved  Warburg’s hypothesis  . Nevertheless, several 
studies have confi rmed frequent overexpression of glucose transporters and glyco-
lytic enzymes in malignant tumors including brain, head and neck, breast, and pros-
tate cancer indicating altered  glucose metabolism   [ 51 ,  52 ]. 

      18 F-FDG PET/CT         

   18 F-fl uorodeoxyglucose (FDG)   is the most commonly used and the only oncologic 
PET tracer approved by the  Food and Drug Administration (FDA)   for routine clini-
cal monitoring of tumor  glucose metabolism  . More than 90 % of oncologic PET 
imaging is performed by FDG-PET due to the increased metabolism of glucose by 
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most of the solid tumors including the lung, colorectal, esophageal,  stomach     , head 
and neck, cervical, ovarian, breast, melanoma, and most types of lymphomas. In 
addition to diagnosis, staging, restaging, and monitoring response to cancer treat-
ment, FDG-PET can be useful for selection or delineation of radiotherapy target 
volumes. FDG-PET has been used as a dose-painting target for sub-volume boost-
ing and thus guiding radiotherapy planning. The use of  FDG-PET   for radiotherapy 
planning purposes has shown increasing importance, as more and more radiation 
oncologists believe that target volume  selection   and delineation can be adequately 
performed using FDG-PET in certain cancer types such as  non-small cell lung car-
cinoma (NSCLC)   stage N2-N3 patients [ 53 ]. In  head and neck squamous cell carci-
noma (HNSCC)  , methodological studies have shown that the use of  pre-radiotherapy   
using FDG-PET led to a better estimate of the exact tumor volume, as defi ned by the 
pathologic specimens, compared with CT and MRI. Interestingly, when validated 
segmentation tools were used, the mean FDG-PET-based GTV was consistently 
smaller than the GTV defi ned from morphologic imaging in all investigated tumor 
locations and at all-time points during  radiotherapy   (Fig.  5.2a ) [ 12 ,  56 ,  57 ]. 
 18 F- FDG PET/CT is also increasingly used for monitoring tumor response after 
completion of therapy as demonstrated for malignant  lymphoma      lung, colon, and 
breast cancer [ 58 ]. An example from a  lymphoma   patient shown in Fig.  5.2b  dem-
onstrates that high metabolic activity (measured by high uptake of FDG) of the 
tumor before the therapy had reduced after the  therapy   (indicated by reduced FDG 
uptake), indicating the effi cacy of the treatment [ 54 ]. Persistently increased FDG 
uptake after treatment is also associated in predicting a high risk for early disease 
recurrence and poor prognosis. In patients with  Hodgkin’s disease   and aggressive 
 non-Hodgkin’s lymphoma  ,  18 F-FDG  PET      showed very promising results for assess-
ing tumor response early in the course of therapy. This study included 260 patients 
with  Hodgkin’s lymphoma   and utilized  18 F-FDG PET before and after two cycles of 
chemotherapy to monitor tumor response. The 2-year progression-free survival for 
patients with positive PET results after two cycles of  chemotherapy      was 13 %, 
whereas it was 95 % for patients with a negative PET scan. In a univariate analysis, 
the treatment outcome was signifi cantly associated with PET response after two 
cycles of  chemotherapy   and various well-known clinical prognostic factors such as 
stage and the  international prognostic score (IPS)  . In multivariate analyses, how-
ever, only positive PET results after two cycles of chemotherapy turned out to be 
signifi cantly correlated with patient survival ( P  < 0.0001). These data indicated that 
tumor response in  18 F-FDG PET after two cycles of chemotherapy is a stronger 
predictor of patient outcome than the IPS and other well-established clinical prog-
nostic factors [ 59 ]. The results from this study concluded that  18 F-FDG PET appears 
to be the single most important tool for risk-adapted treatment in  Hodgkin’s lym-
phoma      [ 59 ]. The ability of  18 F-FDG PET to predict tumor response early in the 
course of therapy as in the case of Hodgkin’s lymphoma offers the opportunity to 
intensify treatment in patients who are unlikely to respond to fi rst-line chemother-
apy. Conversely, treatment could be shortened in patients who show a favorable 
response after two cycles of  chemotherapy  . This is of particular interest in Hodgkin’s 
lymphoma, since chemotherapy combined with radiotherapy can cure most of the 
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  Fig. 5.2    ( a ) An example showing application of  FDG-PET   over conventional CT and MRI 
(T2-weighted sequence). A patient with right-sided hypopharyngeal squamous cell carcinoma 
received concomitant chemoradiotherapy. Images were obtained using intravenous contrast 
CT, MRI (T2-weighted sequence), and FDG-PET before treatment ( upper panel ) and at the 
end of weeks 3 and 5 of 30 Gy and 50 Gy radiation dose, respectively ( lower two panels ). 
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patients but also puts them at increased risk for secondary malignancies and other 
serious long-term complications, such as  infertility      and  cardiopulmonary toxicity  . 
Focal  18 F-FDG uptake after chemo- or radiotherapy has been shown to be a strong 
prognostic factor. In one of the largest prospective studies published so far, Schwarz 
et al. [ 55 ,  60 ] prospectively performed  18 F-FDG  PET      in patients with cervical can-
cer treated by  chemoradiotherapy     . Post therapy  18 F-FDG PET (2–4 months later) 
showed a complete metabolic response (Fig.  5.2c ) in 70 % of the patients, a partial 
metabolic response in 16 %, and progressive disease in 13 % of patients. The 3-year 
progression-free survival rates of these patient subgroups were estimated to be 
78 %, 33 %, and 0 %, respectively ( P  < 0.001) [ 55 ,  60 ]. Another application of  18 F- 
FDG PET could be in deciding sub-volumes within tumor or lymph nodes that 
demonstrate high metabolic activity and therefore represent high-risk  lesions      to be 
selectively treated with an increased radiation dose. Several  studies   in rectal and 
lung cancer have shown that FDG-PET allows selective boosting of hypermetabolic 
areas. For example, in a study conducted in patients with small-cell lung cancer, 
FDG-PET-based radiation planning for mediastinal lymph nodes changed the radio-
therapy fi eld in 24 % of the patients [ 61 ]. In patients with head and neck cancer, the 
radiation boost dose was markedly elevated and directed at the tumors with the 
highest FDG-avidity, and the adverse treatment-related  effects   remained limited [ 62 ]. 

Fig. 5.2 (continued) FDG-PET imaging depicted the most pronounced decrease in tumor volume 
post  therapy compared to CT or MRI. Modifi ed and adapted with permission from [ 12 ]. ( b ) FDG-
PET-based imaging to determine response to chemotherapy. ( a ) High FDG-PET uptake of 2-[ 18 F] 
fl uoro-2-deoxy- D -glucose (FDG) in a patient with lymphoma arrowed before ( a ) and reduced 
uptake after ( b ) drug chemotherapy, seen in the tumor and brain. Modifi ed and adapted with per-
mission from [ 54 ]. ( c ) Application of  18 F-FDG-PET to assess complete metabolic response. PET/
CT image of 52-year-old women diagnosed with stage IVA squamous cell cancer of the cervix. ( a ) 
Sagittal ( top ) and transaxial ( bottom ) CT ( left ), fused PET/CT ( middle ), and PET ( right ) images 
taken at the initial stage demonstrate high  18 F-FDG uptake within the cervical mass. ( b ) Sagittal 
( top ) and transaxial ( bottom ) CT image ( left ), fused PET/CT ( middle ) image, and PET ( right ) 
image taken 3 months after concurrent radiotherapy clearly showing resolution of cervical mass 
with mild or diffuse uptake of  18 F-FDG within the cervix, depicting complete metabolic response. 
Adapted with permission from [ 55 ]         
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Despite its great clinical utility, FDG- PET      has a few limitations. The technique has 
lower sensitivity for slow growing, metabolically less active tumors (such as pros-
tate, thyroid, and neuroendocrine tumors), and high levels of uptake in some normal 
tissues, such as the brain, that can make quantifi cation of tumor uptake  specifi cally 
diffi cult. Accumulation of PET tracers in infi ltrating infl ammatory cells, which also 
show high glycolysis, might give false-positive results and limit the sensitivity of 
the technique for detecting tumor response to  treatment         [ 63 ].

       Hyperpolarized Metabolic MR 

  Hyperpolarized  13 C MRI            is an emerging molecular imaging technique that can pro-
vide unprecedented gain in amplifying signal intensity. This technique can be used 
to monitor  uptake      and metabolism of  13 C-labeled endogenous biomolecules such as 
glucose, pyruvate, fumarate, etc. [ 64 ,  65 ]. The degree and magnitude of the increase 
in sensitivity of biomolecules depend on the extent of polarization achieved, the T1 
relaxation time of the agent, the delivery time, and the MR imaging  methods   
employed. The polarization of  13 C at a magnetic fi eld strength of 3 T is calculated to 
be 2.5 ppm. Consequently, biological molecules enriched with  13 C suffer from poor 
sensitivity because of a lower magnetic moment, lower polarization, and reduced 
concentrations compared to tissue water proton (in range of a few mM versus 80 M 
for water  1 H). As a result of these differences, ~ four orders of sensitivity difference 
for  13 C-containing molecules compared to water protons need to be bridged to 
implement  metabolic imaging   using endogenous organic molecules. Increasing the 
polarization (fraction of molecules with nuclear spins emitting signal) needs to be 
increased signifi cantly. Among the various  methods      used to enhance the polariza-
tion of nuclei, dynamic nuclear polarization (DNP) technique has so far been the 
most successful for in vivo applications [ 64 – 66 ]. In DNP, the higher  polarization   of 
a molecule with an unpaired electron spin is transferred to nuclei such as  1 H,  13 C, 
 15 N and  19 F, etc. Firstly, for a molecule to be suffi ciently polarized with long signal 
decay, it should possess a carbon site with long intrinsic T1 that can be enriched in 
 13 C (e.g., carbonyl or carboxylic acid). Introducing deuterium in aliphatic carbons 
has been shown to be very amenable. Secondly, the molecule should be able to form 
a homogenous glassy solid formulation with the paramagnetic agent as when frozen 
it must ensure polarization transfer from the electrons to nuclei. Thirdly, upon dis-
solution the loss of polarization should be marginal and not signifi cantly high. 
Fourthly, the chemical shifts of the injected molecule and products should be clearly 
distinct. Lastly, the molecule should not exhibit any associated side effects when 
injected as a bolus at the required doses (typically approx. 0.1 mmol/kg body 
weight). Pyruvate labeled with  13 C in the C-1 position satisfi es all the prerequisite 
conditions listed above for a polarized agent.  Hyperpolarization of pyruvate   is 
achieved by mixing  13 C-labeled compounds with an electron paramagnetic agent 
(EPA), e.g., OXO-63. The mixed entity is then placed in a 3.35-T magnetic fi eld, 
cooled to ~1 K, and  microwaves         are used to transfer polarization from the electron 
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spin of the EPA to the  13 C nuclei of the biomolecule [ 66 ]. Once the polarization is 
achieved, the sample is rapidly dissolved with hot, sterile water and neutralized to 
physiological pH, temperature, and osmolality. Hyperpolarized  13 C pyruvate can be 
intravenously injected where it metabolized in tissues to various metabolites such as 
 bicarbonate  ,  lactate  , and  alanine   depending on the dominant metabolic pathway in 
the tissue of interest in vivo. The conversion of pyruvate to each of these metabolites 
can be imaged using chemical shift  MRI      or  MR spectroscopic imaging (MRSI)  . The 
data acquisition utilizing hyperpolarized pyruvate is very rapid, approximately 60 s 
for [1 -13 C] pyruvate at 3 T. Several studies have shown the preclinical application of 
using  hyperpolarized pyruvate   [ 64 ,  65 ]. Studies examined hyperpolarized  13 C pyru-
vate and lactate in a C6 glioma-bearing animal before radiotherapy (Fig.  5.3b–d , 
top) and 96 h after radiotherapy (Fig.  5.3b–d , bottom). Comparison of  spectra   from 
tumor voxels with those on the contralateral side of the brain indicated high lactate 
signal in the tumor than in the brain (Fig.  5.3a ).  13 C chemical shift images acquired 
following intravenous injection of hyperpolarized [1 -13 C]  pyruvate   into rats with 
implanted C6 gliomas showed signifi cant labeling of lactate within the tumors but 
comparatively low levels in the surrounding brain. Labeled pyruvate signal was 
observed at high  levels      in blood vessels above the brain and from other major vessels 
elsewhere but was detected at only low  levels   in the tumor and in the brain [ 67 ,  68 ]. 
The ratio of hyperpolarized  13 C label in tumor lactate compared with the maximum 
pyruvate signal in the blood vessels was decreased from 0.38 to 0.23 (a reduction of 
34 %) by 72 h following whole-brain irradiation with 15 Gy (Fig.  5.3 ) [ 67 ]. Further 
studies in a  transgenic adenocarcinoma of the mouse prostate (TRAMP) model   
demonstrated elevated levels of hyperpolarized [1 -13 C] lactate in tumor, with the 
ratio of [1 -13 C] lactate/[1 -13 C] pyruvate being increased in high-grade tumors and 
decreased after successful treatment (Fig.  5.4 ) [ 69 ]. The preclinical studies using 

  Fig. 5.3    Representative images of hyperpolarized  13 C pyruvate ( c ) and lactate ( d ) in a C6 glioma- 
bearing animal before ( top ) and 96 h after radiotherapy ( bottom ). ACSI dataset is shown in ( a ). The 
chemical shift images were superimposed on grayscale T1-weighted proton images ( b ) for ana-
tomical reference. The lactate signals, in the false color images, were normalized to the maximum 
pyruvate signal in each dataset. The lactate signal was reduced following exposure to 15-Gy radia-
tion [ 67 ].  CSI  chemical shift imaging       
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  Fig. 5.4    Hyperpolarized  13 C metabolic  images   of a TRAMP mouse.  Upper : representative ana-
tomical image ( a ) and hyperpolarized  13 C lactate image ( b ) following the injection of hyperpolar-
ized [1- 13 C] pyruvate, overlaid on T2-weighted  1 H image.  Middle : hyperpolarized  13 C spectra of 
primary prostrate and metastatic tumor regions. ( c )  Lower : 3D MRSI depicting markedly elevated 
lactate in the high-grade primary tumor compared with the low-grade tumor. This study demon-
strated application of hyperpolarized MRSI imaging of lactate-pyruvate ratio as a biomarker for 
the assessment of radiation therapy response [ 67 ].  Ala  alanine,  Lac  lactate,  Pyr  pyruvate       
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hyperpolarization of  pyruvate   has now advanced to human clinical trials. The fi rst 
human translation of hyperpolarized technology was successfully demonstrated in 
patients with prostate tumor [ 70 ]. In brief, the study imaged 31 untreated patients 
diagnosed with localized prostate cancer, where 23 patients had  Gleason score   of 6, 
6 patients with Gleason score 7, and 2 patients with Gleason score 8. The initial 
phase 1 of the study evaluated the safety, feasibility, and tolerability of injected 
hyperpolarized [1- 13 C] pyruvate. The study indicated no dose-limiting toxicities 
associated with hyperpolarized [1- 13 C] pyruvate. In addition, the median time taken 
for the dissolution of the agent to delivery into patient was 66 s. The  1 D dynamic 
MRSI data obtained showed higher [1- 13 C] lactate signal coming from tumor, and 
no detectable [1- 13 C] lactate signal came from the area which did not had tumor. The 
study confi rmed correlation between the high lactate signals with prostate cancer 
grade. In conclusion, the  study   successfully demonstrated safety, tolerability, kinet-
ics of hyperpolarized pyruvate delivery, and imaging hyperpolarized  13 C metabo-
lism (Fig.  5.5 ). In the future, more studies will be designed utilizing hyperpolarized 
[1- 13 C] pyruvate in larger cohorts of patients with different tumor types to fi rmly 
acknowledge the correlation with tumor grade and changes with  therapy              .

          Imaging  Cellular Proliferation      

 Measures of tumor cell proliferation can help to assess the degree of tumor aggres-
siveness. Several in vitro  biomarkers   and assays have been developed to estimate 
tumor proliferation correlating its aggressiveness and stage. However, conventional 
anatomic pathology is limited in its ability to quantify the rate of cellular prolifera-
tion and requires invasive biopsies making it diffi cult to obtain over  time   from dif-
ferent metastatic lesions of the patient. Therefore, efforts have been taken to develop 
imaging modalities to noninvasively measure and quantify the rate of cell prolifera-
tion. Noninvasive imaging to estimate the rate of tumor cell proliferation has focused 
on the application of PET in conjunction with tracers for the thymidine salvage 
pathway of DNA synthesis. A tracer of  thymidine   has great implications, as it is the 
only pyrimidine or purine base unique to DNA, thereby measuring only the DNA 
synthesis. In the clinics,  3-deoxy-3-[ 18 F]fl uorothymidine (FLT)   is the most widely 
used PET tracer to noninvasively measure tumor proliferation. The principles and 
application of FLT/PET imaging-based radiotherapy planning and tumor response 
are covered comprehensively in the section on clinical imaging and radiotherapy 
(see Chap.   9    ). Here we discuss application of spectroscopy-based imaging involv-
ing magnetic resonance spectroscopy imaging (MRSI) to measure cellular prolif-
eration and its application in radiotherapy. 
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    MRSI 

  MRSI   combines the  ability   of  spectroscopy   to acquire a large volume of metabolic 
information, with the ability of imaging to localize information spatially. Although 
 phosphorus   ( 31 P) and carbon ( 13 C) MRSI are possible, proton ( 1 H) MRSI is the tech-
nique most often used in clinical settings. On  1 H  MRSI  , tumor spectra contain 

Contra-lateral prostate voxel

kpyr    lac  = 0.016s-1

25

20

15

10

5

0
0 20 40 60 80

Time (s)
S

ig
na

l-t
o-

no
is

e 
ra

tio

 Prostate cancer voxel

kpyr    lac  = 0.07s-1

25

20

15

10

5

0
0 20 40 60 80

Time (s)

S
ig

na
l-t

o-
no

is
e 

ra
tio

Vascular voxel

kpyr    lac  = 0.005s-1

25

20

Pyruvate

Lactate
15

10

5

0
0 20 40 60 80

Time (s)

S
ig

na
l-t

o-
no

is
e 

ra
tio

a b

dc

  Fig. 5.5    Representative image showing  2D  13 C dynamic MRSI data  . Images are from a represen-
tative patient with a current PSA of 3.6 ng/ml, who had biopsy-proven prostate cancer in the left 
apex (Gleason grade 3 + 4) and received the highest dose of hyperpolarized [1- 13 C] pyruvate 
(0.43 ml/kg). ( a ) A focus of mild hypo-intensity can be seen on the T2-weighted image, which was 
consistent with the biopsy fi ndings. ( b – d ) 2D localized dynamic hyperpolarized [1- 13 C] pyruvate 
and [1- 13 C] lactate from spectral data that were acquired every 5 s from voxels overlapping the 
contralateral region of the prostate ( turquoise ), a region of prostate cancer ( yellow ), and a vessel 
outside the prostate ( green ). The dynamic data were fi t as described previously [ 71 ]. Data taken 
with permission from [ 70 ]       
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resonances from metabolites such as  taurine  , total choline (choline, phosphocholine, 
and glycerophosphocholine), total creatine (phosphocreatine and creatine),  pyruvate  , 
and  lactate  . 

 Among the hallmarks of cancer described by Hanahan and Weinberg, elevated 
choline metabolism resulting in the accumulation of choline containing  compounds   
such as  choline  ,  phosphocholine  , and  glycerophosphocholine   (together represented 
as tCho) is recognized as an important hallmark, which is amenable for in vivo 
detection, by MRSI. Studies have shown that malignant transformation rather than 
just rapid proliferation as the reason for the increased  accumulation   of tCho is mak-
ing this a very specifi c MRI-based imaging biomarker for proliferation [ 72 ,  73 ]. 
Tumor microenvironmental features such as  hypoxia   and acidotic extracellular  con-
ditions   have also been associated with elevated tCho [ 74 ]. Several clinical studies 
already support the strength of monitoring tCho in detecting malignancies and pre-
dicting survival. Numerous multi-institutional clinical studies are examining the 
utility of MRS to detect tCho to aid in the diagnosis and treatment response 
 monitoring        .   

    Imaging Tumor  Microenvironment      

 Tumors survive obtaining oxygen and nutrients passively up to a size of ~2–3 mm 3 . 
For further growth, they invoke neo-angiogenesis to grow new blood vessel net-
work, commonly known as  tumor vasculature  . While in normal tissue, the angio-
genesis processes are tightly regulated resulting in a physically robust vascular 
network functioning well to deliver oxygen and nutrients, the tumor vascular net-
work is aberrant and not well organized and functions abnormally resulting in a 
marked heterogeneity in perfusion. As a consequence, tumors exhibit  hypoxia   and 
acidotic environments. These are two common  features      characterizing the tumor 
microenvironment. Imaging techniques, which can obtain information pertaining to 
the tumor microenvironment, such as tumor oxygen status, perfusion, and tumor 
pH, will be useful in both diagnoses and treatment planning. 

 Development of  hypoxia   in the tumor microenvironment is highly dynamic pro-
cess resulting in alterations in cellular metabolism and proliferation. Typically, 
focal areas of  hypoxia   are observed in many solid tumors (mainly in the core of the 
tumor). Tumors exhibit high proliferation ability, and one of the direct conse-
quences of unregulated cellular growth results in a greater demand of oxygen (as 
well as other nutrients) for energy metabolism. However, unlike normal cells, 
tumor cells rapidly adapt to hypoxic microenvironment by slowing their growth 
rate, inhibiting apoptosis, switching mitochondria respiration to glycolysis, stimu-
lating growth of new vasculature (neo-angiogenesis), and promoting metastatic 
spread. Several preclinical and clinical studies have shown that hypoxic tumors 
also have elevated expression of key transcription factors notably  hypoxia-induc-
ible factor (HIF) expression   [ 75 ]. A number of hypoxia-related genes, downstream 
transcription factors, and signaling molecules are also found to be responsible for 
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the genomic changes within the tumor. Some of the most commonly associated 
molecular  changes   associated with tumor  hypoxia   include elevated expression of 
endothelial cytokines such as  vascular endothelial growth factor (VEGF)   and sig-
naling molecules such as IL-1,  tumor necrosis factor alpha (TNF-α)  ,  transforming 
growth factor beta (TGF-β)  , and loss of p53 expression [ 76 ]. Increased  glycolysis   
observed in most hypoxic cells leads to accumulation of lactate in the microenvi-
ronment resulting in reduced glycolytic activity and increased acidosis (reduced 
pH) [ 77 ]. These changes arising from  hypoxia   create an environment conducive for 
tumor progression and development of metastases as well as therapy-resistant 
clones [ 77 ,  78 ]. Most chemotherapeutic drugs act by inhibiting tumor growth, but 
when a tumor becomes hypoxic, cells enter a resting phase in their cell cycle and 
tend to become refractory to these cytotoxic agents. The hypoxia-induced meta-
static  phenotype      is also a contributing factor for the disappointing success of much 
acclaimed anti- angiogenic therapy. Ionizing radiation is an alternative and effective 
strategy for killing proliferating cells because the radiation fi eld is homogenous and 
the killing effect of radiation is independent of vascular delivery. However, radio-
biologists have long recognized negative infl uence of hypoxia on response to radia-
tion therapy as the cytotoxicity of ionizing radiation depends on the level of 
intracellular O 2 . Gray made this observation over 50 years ago that about a three 
times higher dose of radiation is required to kill hypoxic cells over well-oxygen-
ated cells. Thus, the presence of tumor  hypoxia         can compromise the effectiveness 
of radiation treatment. 

 Another key characteristic of tumor hypoxia is that it is heterogeneously distrib-
uted and its dynamics keeps changing over time and with therapy [ 79 ]. The blood 
supply of a malignant tumor is thought to be suboptimal as its vasculature network 
is immature,  leaky  , and randomly distributed making it chaotic. This chaotic micro-
vasculature of tumor tissue leads to two types of  hypoxia  , which can be defi ned as 
either diffusion limited or perfusion limited. The fi rst, also known as  chronic 
hypoxia     , is the consequence of proliferating cells exceeding the oxygen capacity of 
the newly formed vascular network. This is because the newly synthesized micro-
vasculature is often insuffi cient in providing the normoxic microenvironment in the 
distant tumor areas resulting in diffusion-limited  hypoxia   [ 78 ]. Tumor cells exposed 
to  acute hypoxia      have easier access to the blood circulatory system, as they are 
thought to be nearer the blood vessels. These tumor cells may therefore have greater 
perfusion limited hypoxia or acute  hypoxia  , resulting from the structural and func-
tional abnormalities in the newly formed vasculature with poor or insuffi cient blood 
supply. Subsequently, this leads to an unstable blood supply to the core of proliferat-
ing tumor cells producing  intermittent hypoxia     . This form of hypoxia is often char-
acterized by rapidly fl uctuating oxygen concentration [ 78 ]. The relevance of  cycling 
hypoxia      in tumor radiobiology and/or conferring radio resistance has been studied 
using animal models [ 80 ,  81 ]. There are few studies showing evidence of the exis-
tence of cycling  hypoxia   in human tumors. One such study conducted by Pigott 
et al. examined blood fl ow in various superfi cial human tumors, using implanted 
laser Doppler fl ow probe. In around 50 % of the lesions examined,  fl uctuations      in 
the fl ux of red blood cells were observed to be more than a factor of 1.5 correlative 
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to  cycling hypoxia      measured in animal models [ 82 ]. Another study conducted by 
Janssen et al. in head and neck cancer patients detected  cycling hypoxia   by  immu-
nohistochemistry   [ 83 ]. However, all these indirect approaches to assess cycling 
hypoxia in human tumors are invasive and could not fi rmly establish any correlation 
between the overall oxygenation state of the  tumors      and the incidence of  cycling 
hypoxia     . 

     Methods for Evaluating Hypoxia   

 Clearly, the  ability         to identify and quantify tumor oxygenation status and energy 
 metabolism   has far-reaching implications in a wide range of medical settings. Most 
importantly, a clinically useful  assay      to measure  hypoxia  , fi rstly, must be able to 
distinguish normoxic regions from the ones that are hypoxic at a level relevant to 
tumor oxygen partial pressure (pO 2 ) falling in the range of 5–15 mmHg. The ability 
to simultaneously image tumor oxygenation and metabolic profi le can profoundly 
guide future therapies involving inclusion of radiosensitizers, hypoxia-directed 
cytotoxins, oxygen-enhanced gas mixtures such as  carbogen   (a mixture consisting 
of 95 % oxygen and 5 % carbon dioxide) [ 84 ], and hypoxia-activated  prodrugs  . 
Non-toxic prodrugs that generate active species in hypoxic tissue by selective bio-
reduction have now reached advanced clinical  trials  . Such hypoxia prodrugs mainly 
include  tirapazamine   [ 85 ], PR104 [ 86 ], and TH-302 [ 87 ]. In the early 1990s, 
hypoxia measurements were achieved by implanting properly calibrated, oxygen- 
sensitive electrodes (Eppendorf pO 2  histograph) which directly measured pO 2  in 
units of mmHg [ 88 ]. This technique had several practical disadvantages. It is limited 
to tumors that the probe can be easily accessed, and its invasive nature can cause 
tissue damage. However, this approach is still in use in the clinic. Other approaches 
such as  immunohistochemistry   of tumor tissue using  extrinsic hypoxia-specifi c bio-
marker   such as  pimonidazole   and  intrinsic hypoxia          biomarker   such as  carbonic 
anhydrase IX (CAIX)  ,  VEGF receptor expression  , and  glucose transporter 1 (Glut1)   
are utilized to measure hypoxia [ 89 ]. These biomarker signatures show poor prog-
nosis and are correlative to the extent of tumor hypoxia. However, the drawback of 
this approach is that it requires a biopsy, which is challenging and sometimes is not 
possible.  Serum markers   have also been evaluated to measure tumor  hypoxia   but 
with less success [ 90 ,  91 ]. Furthermore, sampled  biomarkers      are not able to evaluate 
spatial  heterogeneity  , which is often relevant to overall response and is essential for 
defi ning a radiation treatment fi eld. Notably, all the above methods do not provide 
the longitudinal monitoring of hypoxia as the measurement is restricted to only a 
smaller sub-volume of a tumor. Noninvasive approaches have been instrumental in 
allowing serial imaging of  hypoxia            quantitatively and provide valuable information 
about cycling nature of hypoxia in both space and time. PET hypoxia imaging is 
noninvasive and routinely used in  clinic  . Due to the clinical signifi cance of  hypoxia   
imaging, an increasing number of hypoxia PET  tracers      are available and are being 
evaluated in the clinical setting. The fi rst radionuclide detection of hypoxia in 

5 Application of Functional Molecular Imaging in Radiation Oncology



120

tumors was reported using   14 C-misonidazole autoradiography   [ 92 ]. Subsequently, 
two main tracer classes have been developed to specifi cally study hypoxia 
with PET. These tracers are  18 F-labeled 2-nitroimidazole derivatives, such as 
 [ 18 F]-fl uoromisonidazole ([ 18 F]-FMISO)  ,  [18F]-azomycinarabinoside [ 18 F]-FAZA  , 
 [18F]-fl uoroerythronitroimidazole [ 18 F]-FETNIM  , and Cu-labeled diacetyl-bis (N 4 -
methylthiosemicarbazone) analogues. Among all these  tracers  ,  18 F-FMISO is the 
lead candidate and most extensively studied 2-nitroimidazole- based radiopharma-
ceutical PET tracer in the clinics. Clinical application of  18 F-FMISO in radiotherapy 
planning and dose painting of different solid tumors is well described in Chap.   9    . 
Despite its potential clinical application,  18 F-FMISO imaging in rectal cancer was 
shown to be compromised by high nonspecifi c tracer accumulation in normoxic tis-
sue [ 93 ]. Several other techniques to measure tumor  hypoxia   quantitatively and 
noninvasively are in preclinical development, namely, Overhauser MRI (OMRI), 
 electron paramagnetic resonance imaging (EPRI)  , and  19 F MRI.  Electron paramag-
netic resonance (EPR)   predominantly measures interstitial hypoxia. We describe 
here highly promising hypoxia imaging modalities that have gained immense atten-
tion in both preclinical and clinical  setting  . 

    DCE-MRI 

 Dynamic contrast-enhanced  MRI               is a powerful MRI  technique         to examine tissue 
perfusion profi les. It involves collecting a series of images rapidly following a bolus 
intravenous administration of the T1 contrast agents, typically gadolinium com-
plexes. Following the bolus administration, these agents localize in the extravascu-
lar-extracellular space and are gradually cleared. The time-intensity  features      from 
these rapidly acquired sequences of images allow the determination of the micro-
vasculature of the  tumors           . DCE-MRI has been applied for over a  decade            to extract 
functional information regarding the peripheral vascular system such as blood vol-
ume, blood fl ow, vascular permeability, as well as distribution volume and available 
interstitial space for the contrast agent. DCE- MRI   acquires serial MR images 
before, during, and after the administration of an intravenous contrast  agent   such as 
low molecular weight, gadolinium-based (Gd-DTPA) contrast medium. DCE-MRI 
has grown with the development of anti-angiogenic and neoadjuvant  strategies      for 
treating cancer.  Angiogenic inhibitors   are known to reduce both the number of ves-
sels (particularly non-functional vessels) and their permeability, which can be quan-
titatively imaged using DCE-MRI. In cervical cancer, DCE-MRI was shown to 
measure tumor  hypoxia   in good correlation to Eppendorf oxygen electrode and was 
an independent predictor of tumor recurrence and death than clinically accepted 
prognostic factors (e.g., stage, lymph node status, and histology) [ 94 ]. Newbold 
et al. demonstrated a statistically signifi cant correlation between various dynamic 
contrast-enhanced MR imaging parameters [ 95 ], particularly  K  trans  (which repre-
sents the permeability of blood vessels) and pimonidazole staining (an exogenous 
marker for hypoxia). DCE-MR imaging of head and neck squamous cell carcinoma 
and rectal cancer also has been used to successfully predict treatment  response   to 
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chemoradiation therapy [ 96 ,  97 ].  DCE            imaging also offers an exciting opportunity 
to predict the extent of normal tissue function post radiation. Radiation treatment 
can lead to vascular  damage   such as vessel dilation, endothelial cell death and apop-
tosis, microvessel hemorrhage, and eventually vessel occlusion affecting organs 
such as the brain, liver, and rectum [ 98 – 100 ]. Risk of damaging the normal tissue 
thereby hinders increasing the radiation dose for better tumor control or even cure. 
DCE- MRI         can be used for early monitoring of vascular  response   to radiation treat-
ments and predict the outcome of organ function after therapy, thereby selecting the 
patient who is resistant to radiation for higher dose, potentially leading to a better 
chance of tumor local control and better overall therapeutic outcome. DCE-MRI/CT 
thus offers promise of early assessment of tumor response to radiation therapy, 
opening a window for adaptively optimizing radiation therapy based upon func-
tional  alterations      that occur earlier than morphological changes and enhancing 
radiotherapy therapeutic  ratio        . Although holding great promise, to date DCE-MRI 
and  CT   have yet to qualify to be a surrogate endpoint for radiation therapy assess-
ment or for modifying treatment strategies in any prospective phase III clinical trial 
for any tumor  site              .  

    BOLD-MRI 

 The primary form of functional  MRI               that uses the  blood-oxygen-level dependent 
(BOLD) contrast   was discovered by Seiji Ogawa. In BOLD-MRI hypoxia imaging, 
the primary source of contrast in images is contributed by the endogenous, para-
magnetic deoxyhemoglobin. This  technique      relies on the delivery of red blood cells 
to the tissue of interest to provide information about the tissue oxygenation. When 
 hemoglobin   becomes saturated with increasing oxygen concentrations, the iron 
within the heme subunit changes from a paramagnetic high spin state (under 
hypoxia) to a diamagnetic low spin state (under normoxia). Hoskin et al. evaluated 
BOLD-MRI sequences to measure regional  hypoxia   in normal prostate gland and in 
20 prostate cancer  patients  . They validated the reliability and reproducibility of 
BOLD-MRI with pimonidazole staining of the excised tissues from the same 
patients [ 101 ]. Recently, clinical and preclinical correlations between BOLD-MRI 
 radiotherapy   and  chemotherapy   treatment response have been established. Tissue 
oxygenation-level-dependent contrast MRI has been shown to corroborate tumor 
growth  delay            after irradiation supplemented with hyperoxic breathing in rat prostate 
tumors [ 102 ]. Another pilot study was conducted using BOLD-MRI approach to 
evaluate response to neoadjuvant chemotherapy in  patients         with advanced breast 
 cancer   [ 103 ]. Signifi cantly, higher  BOLD   response to oxygen breathing was 
observed in patients who exhibited complete pathological response. These fi ndings 
establish the effectiveness of BOLD-MRI as a convenient and noninvasive imaging 
modality in identifi cation of hypoxic subregions within a tumor and providing pre-
dictive capabilities for estimating the therapeutic response.  Functional MRI (fMRI)   
has gained unprecedented applications in mapping neural activity of  brain         in resting 
and active state. This technique has dominated brain-mapping research since the 
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early 1950s as it does not require subjects to undergo injections and surgery, or to 
ingest substances, or be exposed to  radiation  , etc. However, more studies in future 
are required to characterize the clinical utility of BOLD-MRI in mapping tumor 
 hypoxia   in various types of solid  tumors              .  

     EPRI and OMRI         

 Overhauser-enhanced MRI (OMRI)          is a proton-electron double resonance imaging 
 technique      that provides anatomically co-registered quantitative pO 2   maps  . It uses 
the  enhanced paramagnetic resonance (EPR)   transition of the injected paramagnetic 
agent to enhance the intensity of the tissue water protons. The enhancement is 
dependent inversely on the tissue oxygen content allowing the determination of 
pO 2 . Briefl y, the object to be imaged is placed in a resonator assembly whose reso-
nance frequency has been tuned to the  frequencies      of both paramagnetic agent and 
water  1 H when placed in a magnetic fi eld of ∼10 mT. By saturating the electron  spin         
of paramagnetic oxygen-sensitive contrast agent, water protons in tissue become 
hyperpolarized via  dynamic nuclear polarization (DNP)  . The resultant  images      
refl ect both the concentration of the contrast agent and local oxygen concentration. 
However, limitations with this  technique   made translation to human studies not pos-
sible. However, direct imaging of the paramagnetic agent  OXO-63   by EPRI has 
provided advantages over OMRI allowing improved spatial, temporal resolutions 
and allow dynamic [ 104 ,  105 ] and longitudinal [ 106 ] of tumor  oxygenation           . In prin-
ciple, EPR is a noninvasive and quantitative imaging technique to measure the pO 2 . 
It is based on the principle where species with unpaired electron exhibiting para-
magnetic properties, for example, transition metal  complex   and free radicals, can be 
detected. Notably, oxygen exhibits paramagnetic properties and can infl uence the 
relaxation rates of the exogenous paramagnetic agent. EPRI is highly sensitive in 
the  detection   of changes in oxygen concentrations [ 107 – 110 ]. However, EPR can-
not be used to estimate directly the dissolved molecular oxygen. Instead EPR can 
determine  tumor oximetry   repeatedly by measuring average tumor pO 2  with mini-
mal perturbation to the microenvironment [ 111 ].  Studies         have indicated that  multi-
site EPR oximetry            is achieved by applying gradient of magnetic fi eld [ 107 ,  112 , 
 113 ]. This approach can simultaneously measure pO 2  at multiple sites in a given 
tissue of interest. Generally, to obtain EPR image, an exogenous paramagnetic 
agent is injected to capture the signal. Therefore, an appropriate EPR tracer/agent 
must meet the indicated criteria: (1) it must be able to generate simple EPR spectra, 
(2) should have longer pharmacological half-life than the imaging  time  , and (3) 
should not confer by itself any associated toxicity. One such agent for EPRI is triaryl-
methyl radical, OXO-63, used to study tissue oxygen in live  animals        . The collision 
interaction between  OXO-63   and O 2  broadens the spectral line of  OXO-63   in direct 
proportion to oxygen  concentration     , thereby enabling a quantitative  measure   of tis-
sue pO 2  in vivo [ 114 ]. The EPRI pO 2  mapping can be co-registered with the host of 
related physiologic and metabolic  information  . In a study from our  group  , we dem-
onstrated that tumor region with higher pO 2  (22.8 mmHg) contained clearly high 
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levels of lactate (visualized by MRI/MRS) indicating the predominance of aerobic 
glycolytic  process   in normoxic tumor regions. In contrary, the averaged lactate peak 
area observed in radiobiologically oxygenated region (>10 mmHg) was signifi -
cantly higher than that in hypoxic region (<10 mmHg). The difference in lactate 
content was attributed to limited blood supply and nutrient  supply     , as estimated 
from the blood volume differences in these regions (Fig.  5.6 ) [ 111 ]. With advance-
ment in image formation and reconstitution strategies, it is possible to obtain three-
dimensional (3D) maps of pO 2  within 3 min in tumor-bearing mice to enable 
monitoring of intermittent  hypoxia  . Studies from our  group   have shown a successful 
visualization of dynamic changes of tumor oxygenation over a 30 min time frame 
using EPRI, where the images were imaged every 3 min, and 3D  reconstruction         of 
pO 2 , (Fig.  5.7 ) [ 67 ] was achieved.  EPRI         has also been useful in studying tumor 
responses to therapy with regard to oxygenation. In another study, changes in 
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  Fig. 5.6    Co-registration of  EPRI   and MRS/MRI to simultaneously monitor pO 2  distribution and 
metabolite levels in same tumors. ( a ) T2-weighted anatomical MRI image of SCC tumor-bearing 
mouse and ROI locations for MRS. ( b ) EPRI pO 2  map of the same animal and the corresponding 
ROIs chosen for MRS. ( c ) Blood volume image of the slice using USPIO and the corresponding 
ROIs for MRS. Numbers 1–3 in  a – c  correspond with numbers 1–3 in  d . ( d ) Representative MRS 
spectra obtained from three different tumor regions selected with different pO 2  and blood volume 
levels. ( e ) Averaged lactate peak area of MRS spectra obtained from radiobiological hypoxic 
(<10 mmHg) and normoxic (>10 mmHg) regions. High level of lactate production was detected 
even in the well-oxygenated tumor region.  BV  blood volume,  MRS  magnetic resonance spectros-
copy,  Cr  creatine,  Lac  lactate,  tCho  total choline [ 111 ]       
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chronic and cycling tumor hypoxia were imaged before and 1 day after radiation in 
an  SCCVII murine model   (Fig.  5.8 ). In this study, two regions of cycling and chronic 
 hypoxia         were imaged using EPRI. Interestingly, the study indicated that despite no 
signifi cant  changes   in tumor volume before or 1 day after radiation, visible  changes         
in cycling and chronic  hypoxia      were observed. The region of cycling  hypoxia   
showed a decrease, whereas chronic hypoxia regions in the tumor exhibited a sig-
nifi cant increase in  response   to radiation treatment. Matsumoto et al. used EPRI and 
MRI approaches to demonstrate vascular renormalization in tumor-bearing  mice   by 
obtaining longitudinal mapping of tumor pO 2  and microvessel density during 

  Fig. 5.7    Representative  EPRI   oxygen image monitoring temporal and spatial dynamics of cycling 
and chronic  hypoxia  . ( a ) An EPR oxygen imaging of tumor-bearing mice. The EPRI method 
allows the pO 2  map from the deep tissue of healthy mouse to be obtained. ( b ) T2-weighted ana-
tomical image of a representative SCCVII tumor-bearing mouse. The large yellow line indicates 
the tumor region. The four ROIs that are indicated by the small white lines were chosen for tracing 
fl uctuations of pO 2  and spin intensity with time. ( c ) Corresponding pO 2  maps ( top ) and the tracer 
level maps ( bottom ) were obtained from EPRI. The white line indicates the tumor region. Time 
increased from  left  to  right  from 4 to 28 min. ( d ) The values of pO 2  and the tracer level in each ROI, 
described in (b), were quantifi ed and plotted as a function of time.  SCCVII  squamous cell carci-
noma VII [ 67 ]       
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treatment with the multi-tyrosine  inhibitor  , sunitinib (Fig.  5.9 ). This study demonstrated 
that radiation treatment during the  period   of improved oxygenation by  anti- 
angiogenic therapy   resulted in a synergistic delay in tumor growth. Most importantly, 
sunitinib treatment suppressed cycling tumor hypoxia [ 106 ]. These preclinical results 
demonstrate a potential of noninvasive monitoring of tumor pO 2  enabling identifi ca-
tion of a window of vascular renormalization to maximize the effects of radiation in 
combination therapy such as anti-angiogenic drugs. Subsequently noninvasive imag-
ing modality can be useful in uncovering the dynamics of functional heterogeneity 
such as tumor pO 2  associated during and after the response to therapy. Despite its 
great clinical potential, EPRI is currently available only for preclinical applications. 
Efforts from radiation biologists, radiation oncologists, and imaging experts are 
needed to conduct studies toward designing clinical trials and strengthening the appli-
cation of EPRI, fostering the advancements of this technology for clinical  use                                   .

            Conclusion 

 The ultimate aim of molecular and  functional imaging   approaches in clinical oncol-
ogy is to improvise cancer diagnosis and treatment. These imaging approaches aid 
clinicians to visualize tumors and their response to treatments. Research focused on 

  Fig. 5.8     Three-dimensional-EPR oxygen images   monitoring the spatial and temporal dynamics of 
chronic and cycling  hypoxia   in response to radiation. EPR images obtained from subcutaneous 
SCCVII tumors in mice before RT and 1 day after irradiation (3 Gy). 1 and 2 marked within white 
circle represent region of interest (ROI) selected to monitor changes in pO 2  dynamics every 3 min 
over 30 min time period. ROI 1 represents cycling hypoxia (median pO 2  > 10 mmHg during 30 min 
duration) and ROI 2 represents chronic  hypoxia   (median pO 2  < 10 mmHg during 30 min duration). 
Representative images and EPR images captured during 9 min and 27 min before RT and at 15 min 
and 24 min after RT are shown.  EPR  electron paramagnetic resonance,  pO   2   partial pressure of O 2 , 
 ROI  region of interest (Personal communication to Murali C. Krishna)       

 

5 Application of Functional Molecular Imaging in Radiation Oncology



126

cancer molecular genetics and epigenetics has contributed a number of targeted 
therapies, whose clinical utility can be successfully characterized using molecular 
imaging. Future discoveries identifying novel imaging  biomarkers      will accelerate 
and improve drug development by helping to determine if the drug under investiga-
tion is hitting the desired target and causing the intended effect to tumors.  Molecular 
imaging-based targeted therapy   has great potential in making personalized medi-
cine a reality. Collectively,  image-guided targeted therapies   are the only noninvasive 
approach that provides real-time intervention rather than facing endpoint failures 
in cancer management. So far two major tumor  characteristics   have been well 
exploited using molecular imaging approaches. These include the altered 
tumor metabolism and changes in tumor microenvironment such as  hypoxia  . 

  Fig. 5.9    EPRI  imaging   of tumor pO 2  and blood volume for monitoring chemoradiation response. 
( a ) Administration of anti-angiogenic agent sunitinib treatment at later stage of tumor development 
improved tumor oxygenation ( upper panel ) and reduced tumor blood volume ( lower panel ) with-
out signifi cant change in tumor size. ( b ) Quantifi cation of tumor pO 2  changes in sunitinib-treated 
mice and vehicle control mice. * P  < 0.05, * P  < 0.01. ( c ) Transient increase in tumor oxygenation 
with sunitinib treatment enhances  outcome   of radiation therapy. The tumor growth kinetic shown 
for untreated control mice ( black ), mice treated with a single10-Gy radiation at SCC day 10 ( blue ), 
mice treated for 4 days with sunitinib during 6–10 days after SCC implantation ( red ), and mice 
treated for 4 days with sunitinib followed by a single 10 Gy radiation ( green ).  SCC  squamous cell 
carcinoma. Data taken from [ 106 ]       
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Tumor  glucose metabolism   has been highly successful in monitoring, staging, and 
early assessment of targeted therapies including radiotherapy in the clinics. The 
utility of  18 F-FDG with PET and MRSI will remain the cornerstone of imaging 
metabolism in the near future. More advancement in better PET tracers along with 
our current understanding of altered tumor metabolism and key factors infl uencing 
tumor microenvironment will impact future management of cancer patient diagno-
sis, tumor staging, radiation treatment planning, and monitoring of tumor response 
to therapy.  Tumor hypoxia      is another well-characterized biological phenomenon 
that is prevalent in various solid tumors. Hypoxic tumors tend to be more resistant 
to radiation-induced death. Years of research have shed light on the cyclic and 
chronic  hypoxia   present in solid tumors which is heterogeneously dispersed and is 
independent of size, stage, grade, or histology of any given tumor. Therefore, non-
invasive measurement of tumor hypoxia is of paramount importance in clinical 
management with radiotherapy. It has been observed that tumors can overcome 
hypoxia by several different survival mechanisms, including loss of apoptotic 
potential, increased proliferative potential, and formation of new blood vessels that 
encourage the evolutionary selection for a more malignant phenotype. Noninvasive 
techniques such as DCE-MRI and  BOLD-MRI   have shown some promise in 
 measuring hypoxia noninvasively. Currently, EPRI seems to the highly sensitive 
technique to measure  hypoxia   quantitatively. Still, in its infancy, future work needs 
to be done to make this technique applicable in a clinical setting. Incorporating 
EPRI/ MRSI   in radiotherapy will help advance its application in targeting deep-
seated, surgically unresolved tumors. The assessment of tumor hypoxia by noninva-
sive means will be of immense value to radiation oncologists, medical oncologists, 
and pharmaceutical companies to develop and test hypoxia-based therapies or other 
combinatorial treatment strategies. Multimodality or hybrid imaging will play a 
major role in the clinical assessment in the near future. This trend has already been 
set by the replacement of separate PET and CT by  hybrid PET/CT technology         and 
will continue with the establishment of integrated MRI/PET. In summary, applica-
tion of integrated imaging tools for detecting tumor physiology has tremendous 
potential in oncology and can improve the effectiveness of radiation therapy.  

    Future Perspective 

 A number of promising molecular imaging platforms are emerging to provide radia-
tion oncologists with biochemical and physiological information of tumor and nor-
mal tissues before, during, and after treatment. This information has the potential to 
aid clinicians in diagnosis and perhaps rapid assessment of treatment response. With 
respect to tumor metabolism, FDG has been and will continue to be useful in diag-
nosis and monitoring treatment responses. Future, emerging multimodalities for 
 metabolic imaging   using hyperpolarized biochemical substrates such as   hyper-PET    
may provide better specifi city of metabolic processes. This technique utilizes simul-
taneous in vivo PET combined with hyperpolarized MRI. The fi rst example 
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demonstrating the application of  hyper-PET  has recently been tested in  canine 
 liposarcoma model   [ 115 ]. In this study,   13 C-hyperpolarized pyruvate   was combined 
with  18 F-FDG-PET and MRI to assess the feasibility and specifi city of  glucose   
uptake by tumor over normal muscle tissue. Interestingly, the muscle forepaw of the 
subject indicated signifi cantly high  18 F-FDG uptake compared to  13 C-hyperpolarized 
pyruvate. High  18 F-FDG in the normal muscle tissue was attributed to high activity 
of these muscles before anesthesia. However, real-time conversion of  13 C-pyruvate 
into  13 C-lactate corresponding to high  18 F-FDG was observed in the tumor tissue 
(Fig.  5.10 ). This study confi rms the sensitivity and specifi city of  13 C-hyperpolarized 
pyruvate for the diagnosis of cancer. Such cross comparison and application of 
emerging imaging platforms will be necessary to choose and optimize the most 
accurate  functional imaging   approach. Lastly, imaging with specifi c hyperpolarized 
biochemical substrates may be useful in delineating tumors with specifi c mutations 
in metabolic  pathways  .

   The ongoing identifi cation of a variety of tumor specifi c markers that can be 
incorporated into imaging platforms will further enhance the clinician’s ability to 
diagnose and monitor treatment response. Imaging that reports on  physiological   
and  microenvironmental processes   such as diffusion, perfusion, proliferation, and 
 hypoxia  , which are known to be important in tumor growth and treatment response, 
will further enhance the information base. There will also be a need to evaluate 
many of the new imaging modalities not only for tumor but also for normal tissues 
within the radiation fi eld. Establishing a therapeutic ratio of radiation and/or chemo-
radiation cancer treatment is not always straightforward. It is anticipated that the 
newer molecular imaging approaches will complement and perhaps hybridize with 
existing imaging platforms to yield more information, particularly at the biochemical/
molecular level that might be used to more precisely derive a therapeutic ratio for 
various treatment  strategies  .     

  Fig. 5.10      Hyper - PET    showing sensitivity of  13 C-hyperpolarized pyruvate over  18 F-FDG to mea-
sure tumor  glucose metabolism  . Image showing right front leg of canine patient with liposarcoma. 
High uptake of  18 F-FDG in muscle (marked in  arrow , panel  b ,  18 F-FDG-PET +  1 H-MRI) and of  13 C 
pyruvate in the large vessels (marked in  arrow , panel  d ,  13 C-Pyruvate CSI +  1 H-MRI). ( a )  18 F-FDG- 
PET. ( b )  18 F-FDG-PET +  1 H-MRI. ( c )  1 H-MRI. ( d )  13 C-pyruvate CSI +  1 H-MRI. ( e )  13 C-lactate 
CSI +  1 H-MRI. Data taken with permission from [ 115 ]       
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    Chapter 6   
 Remodeling the Irradiated Tumor 
Microenvironment: The Fifth R 
of Radiobiology?                     

     Mary     Helen     Barcellos-Hoff    

    Abstract     With the recognition that the host and tumor are inextricably intertwined 
as a malignant system, the tumor microenvironment (TME) is now considered to be 
an important target in cancer therapy. A long-standing objective to improve the 
therapeutic ratio of radiotherapy has been to manipulate microenvironmental fac-
tors that impede cancer cell radiosensitivity, most notably hypoxia. A more recent 
idea is to eradicate or reeducate the components of TME that support and sustain 
cancer in order to better control the local tumor and prevent metastatic disease. The 
TME includes the vasculature, stromal cells, and immune cells, each of which is 
locally corrupted by the presence of cancer, which itself infl uences distant tissue 
and cell behaviors. The biology of the irradiated TME provides robust targets to 
augment local tumor control and intersect with immunological mechanisms that can 
eliminate distant disease. Transforming growth factor β (TGFβ) is an example of a 
critical mediator of the irradiated TME. TGFβ inhibition in the context of radio-
therapy is predicated on understanding its mechanistic opposition to therapeutic 
benefi t. Therapeutic strategies to biologically augment radiotherapy by preventing 
the reestablishment of a functional TME could motivate the addition to the classic 
“Rs” of radiation biology in oncology: repair, reoxygenation, repopulation, redistri-
bution, and now, remodeling the TME.  

  Keywords     Tumor microenvironment   •   TGFβ   •   Extracellular matrix   •   Radiotherapy   
•   Cancer  

        M.  H.   Barcellos-Hoff      (*) 
  Department of Radiation Oncology, Helen Diller Family Comprehensive Cancer Center , 
 University of California ,   2340 Sutter Street ,  San Francisco ,  CA   94147 ,  USA   
 e-mail: mary.barcellos-hoff@ucsf.edu  

mailto:mary.barcellos-hoff@ucsf.edu


136

      Introduction 

 At least one course of  radiation therapy   is prescribed to more than half of all patients 
with solid tumors. The  therapeutic effi cacy of radiation   is generally considered to be 
mediated by its capacity to directly kill  cancer   cells, encouraging dose escalation 
strategies and combinations with chemotherapy to enhance its antitumor effect. The 
basis for radiation therapy is often described in terms of the 4 Rs of radiobiology: 
repair, reoxygenation, repopulation, and redistribution.  Double-strand DNA breaks   
cause a molecular response that results in cell cycle arrest and repair or cell death by 
diverse processes ranging from apoptosis to senescence [ 1 ]. Accordingly, efforts to 
understand and improve the therapeutic effi cacy of  radiotherapy   have largely con-
centrated on the molecular mechanisms of DNA damage recognition and repair. 

 When  cancer   is treated with radiation, death of tumor cells is coupled with tumor 
microenvironment (TME) changes that accompany tumor regression. The radiation 
response of tumor cells has been far better characterized than that of the  TME  , with 
the major exception of hypoxia which is a critical barrier to tumor control [ 2 ]. 
 Radiation oncology   principles thus incorporate the vascular response as a concomi-
tant therapeutic target and resultant effects of radiation on hypoxia (i.e.,  reoxygen-
ation  ). How ever, it is becoming increasingly clear that additional aspects of the 
TME can contribute to tumor control and even determine radiation sensitivity. 

 The growing appreciation that TME complexity is inextricably intertwined with 
tumor growth, metastasis, and response to therapy has engendered clinical strate-
gies to target the TME [ 3 ]. Here, we focus on the potential of knowledge about the 
TME response to  radiotherapy  . Understanding TME dynamics in response to radia-
tion provides a view of the tumor as an adaptive “organ.” This area of investigation 
is in an exponential growth phase as evidenced by the number of research papers on 
which radiotherapy and microenvironment are keywords, from 11 in 2000 to 250 in 
2015, but is still relatively understudied, particularly as a function of fractionation. 
One might thus propose the addition of  remodeling  of the TME to the “Rs” of 
radiobiology.  

    The Tumor  Microenvironment   

 The cellular component of the TME is comprised of infl ammatory cells, innate and 
adaptive immune cells, including natural killer cells, T cells, and B cells, and can-
cer-associated fi broblasts [ 4 ]. These cells collectively create a stromal environment 
that promotes tumor progression by providing growth factors, pro-angiogenic fac-
tors, proteases, and adhesion molecules that facilitate tumor cell proliferation, 
angiogenesis, invasion, and metastasis [ 5 ,  6 ]. The  dynamic changes in the TME   also 
provides a selective pressure for tumor cell variants that may promote genomic 
instability, genomic heterogeneity, and epigenetic alteration [ 7 ]. 

 In order for  cancer   to evolve from early dysplastic lesions into invasive cancer, 
further changes in both the epithelium and the stroma are required to establish the 
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tumor. When initiated cells activate oncogenic signaling pathways that promote 
growth, motility, and resistance to apoptosis, they also activate the stroma, leading 
to further recruitment of infl ammatory cells and reprogramming of the stromal 
niche [ 8 ]. For example, many of the key downstream targets of mutant K ras   are 
 cytokines   and  chemokines   that promote progression to dysplasia in a large part 
through activation and remodeling of stromal cells [ 9 ]. Thus, initiated cells begin to 
“educate” the niche cells to provide greater growth signals and immune suppres-
sion. Moreover, these stromal educating signals are not confi ned simply to the local 
microenvironment, but are in fact systemic signals. Recent data indicate that as 
carcinogenesis progresses to the stage of  dysplasia  , there are systemic signals sent 
out that lead to profound reprogramming of the bone marrow stroma, with increased 
production of bone marrow myofi broblasts and recruitment of mesenchymal stem 
cells into the blood stream and then into the tumor site [ 10 ]. The education of the 
bone marrow by the tumor is likely to be a critical step in  cancer   progression. The 
nature of these signals is not fully defi ned but could include TGFβ, SDF-1, and pos-
sibly exosomes. Prior to metastatic spread of  cancer  , activation and generation of 
distant “ niches  ” provide a suitable environment for the growth and spread of the 
tumor [ 11 ,  12 ]. Early-stage tumors are able to generate these “ pre-metastatic niches  ” 
in a systemic fashion, and these niches are likely a major factor determining meta-
static spread [ 13 ]. Indeed, the ability to metastasize is probably acquired early on by 
many cancer cells, and individual tumor cells are likely released frequently into the 
circulation. However, in the absence of suitable niche cells, these  cancer   may remain 
localized for years. 

 With respect to treatment of established  cancer  , emerging evidence supports the 
idea that the stromal niche contributes substantially to chemoresistance and to the 
inability to eradicate  cancer   [ 14 ]. This could be due in part to the role of  stroma   as 
a barrier to drug delivery, via high interstitial pressure [ 15 ], but likely the stroma 
also contributes positively to signaling pathways that sustain cancer cells and/or 
inhibit apoptosis and cell death. Thus, additional efforts to understand the TME, and 
to target key pathways or cellular components, may be important to improve thera-
pies for many solid tumors. 

 Most  epithelial-derived tumors   are characterized by the recruitment of 
 mesenchymal- derived stromal cells  , including  intratumoral      and  peritumoral fi bro-
blasts  , often designated as  cancer-associated fi broblasts (CAF)  , that mediate tumor 
growth,  angiogenesis  , invasion, and  metastasis   [ 16 ,  17 ]. CAF are often described as 
being in an “activated” state, as might occur in wound healing, which is phenotypi-
cally distinct from normal fi broblasts. Although their heterogeneity is yet to be fully 
explored, a subset of CAF has characteristics similar to  myofi broblasts   based, for 
example, on expression of α-smooth muscle actin. The mechanism of fi broblast 
activation in cancer is not completely understood. In adult tissues, differentiation 
from resident stromal fi broblasts into activated myofi broblasts occurs through 
  paracrine signaling   by TGFβ generated by damaged or infl amed tissues [ 18 – 20 ]. 
Both TGFβ and interleukin-1β induce differentiation of quiescent fi broblasts into 
activated myofi broblasts, but TGFβ is considered the predominate inducer [ 21 ]. 
Radiation-induced TGFβ-mediated activation of  fi broblasts   is evident in culture 
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[ 22 ] and may occur in tumors. The origins of activated fi broblasts in  tumors   are also 
incompletely described. Although the majority of CAF are thought to arise from the 
activation of resident fi broblasts, activated  fi broblasts   can also originate from peri-
cytes, vascular smooth muscle cells, bone marrow-derived mesenchymal cells, and 
epithelial to mesenchymal cell transition [ 23 ]. 

 Prognostic signifi cance of CAF-associated gene-expression signature has been 
reported in multiple independent cohorts of  non-small cell lung cancer (NSCLC)   
patients [ 24 ]. When compared with normal fi broblasts,  CAF   signifi cantly increase 
the invasiveness of co-cultured lung  cancer   cells and enhance  tumorigenicity   
in vivo. Genes differentially expressed by CAF compared to normal fi broblasts 
include signal transduction, response to stress, cell adhesion, and angiogenesis [ 24 ]. 

 The ability of tumor cells to induce new blood vessel  formation   is essential for 
progressive tumor growth and blood-borne  metastasis  .  Angiogenesis   is the forma-
tion of new capillaries from pre-existing vessels which is of fundamental impor-
tance in development, normal organ maintenance, and  homeostasis  . Tumor 
angiogenesis relies on many of the same processes as those involved in physiologi-
cal angiogenesis. Ischemia and hypoxic conditions, which initiate a cascade of 
highly coordinated cellular functions resulting in the establishment of new blood 
vessels and oxygen and nutrient supply, are major drivers of both physiological and 
tumor angiogenesis. This complex process requires interaction between different 
cell types, the extracellular  matrix  , and several  cytokines   and growth factors. 

 Under physiological conditions, the chain of events leading to changes in cellular 
function and composition recedes following vascular perfusion. In contrast, during 
tumor angiogenesis, the angiogenic cascade is persistent and unresolved, fueled in 
part by tumor-secreted factors and areas of transient tumor hypoxia due to tortuous 
vasculature.  Angiogenesis   contributes to the progression of  cancer   from a dormant 
in situ lesion to life-threatening invasive disease. 

  Infl ammatory cells   are components of the microenvironment of normal tissues 
and organs, regulating various processes during development, including epithelial 
growth and branching and clearance of apoptotic cells [ 25 ]. The progressive change 
in both infl ammation and antitumor immunity with tumor stage is important in that 
a balance toward anti-tumor immunity initially suppresses  cancer   cell growth, 
but eventually tumor cells escape this control and elicit infl ammation that is more 
conducive to tumor progression [ 26 ]. 

 Of particular importance are  myeloid-derived suppressor cells (MDSC)   which 
are a heterogeneous population of immature macrophages, granulocytes, and other 
myeloid cells in early stages of differentiation and have properties similar to those 
that have been described for M2 macrophages. More MDSC, marked by CD11b+/
CD14+/CD15+/CD33+, are present in the peripheral  blood   of advanced- stage 
 NSCLC   patients compared with healthy controls [ 27 ].  MDSC oppose the actions of 
cytotoxic T cells. Cytotoxic T lymphocytes (CTL)  , mostly CD8+, are associated 
with prolonged survival in squamous cell NSCLC [ 28 ]. Stromal CD4+ T cell and 
co-localization of stromal CD8+ T cells and CD4+ T cell are associated with 
improved NSCLC survival [ 29 ,  30 ]. In a study of stage I compared to III NSCLC, 
immunosuppressive tumor-infi ltrating Foxp3+ Treg cells were associated with 
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increased tumor recurrence [ 31 ].  Anti-tumor tumor-associated macrophages (TAM)   
are classifi ed as M1 phenotype. M1 accumulate intratumorally, whereas pro-tumor 
M2 phenotype accumulates in the stroma and expresses interleukin- 8 (IL-8) and 
IL-10 and triggers  TREM-1  , a receptor expressed on myeloid cells. 

  IL-8   is an angiogenic factor, and the angiogenic role of TAM in  cancer   has been 
shown by correlating macrophage density with intratumor microvessel counts and 
poor NSCLC patient outcomes [ 32 ]. IL-10 is an immunosuppressive cytokine, and 
its  expression   by TAM has been observed more commonly in late-stage NSCLC, 
which correlates with decreased overall survival. Furthermore, increased levels of 
TREM-1 high TAM in resected specimens was an independent predictor of shorter 
overall survival in stage I to III NSCLC patients [ 33 ]. 

 In late-stage tumor development, TAM and  MDSC   also activate TGFβ and are 
classically involved in cancer progression and metastasis [ 34 ]. It is likely that TGFβ 
acts in an autocrine manner to convert TAM from an M1 to M2 phenotype and that 
TAM contribute to the general immunosuppressive TME in turn by producing large 
amounts of TGFβ. MDSC are polarized toward immunosuppression that impedes 
the ongoing immune and infl ammatory response to  cancer  . Such polarized MDSC 
suppresses T cells and natural killer cells, as well as antigen-presenting cells, abro-
gating the antitumor immune response. Thus, the presence of MDSC in cancer 
poses a serious obstacle to therapies that attempt to stimulate antitumor immune 
responses. The expansion of MDSC population in the circulation of cancer patients 
may be useful as a biomarker of TGFβ inhibition. One study reports that polymor-
phisms in TGFβ pathway members are associated with dramatically different 
median survival times of 45.39 versus 13.55 months and 18.02 versus 5.89 months 
for high- and low-risk populations of  NSCLC   patients as a function of chemoradia-
tion and chemotherapy, respectively [ 35 ]. 

 A canonical target of TGFβ is the  extracellular matrix (ECM)  , which is actively 
remodeled during tumor development and in response to therapy. The composition 
of the ECM is tissue specifi c, e.g., collagen rich in epithelial organs in which it 
provides a “skeleton” to support the parenchyma versus hyaluronic acid rich in the 
brain supportive of neuronal networks. The ECM composition also differs across 
 cancers   and is often a hallmark as in the dense collagen of  breast      and  pancreatic 
desmoplastic cancers     .  Matrix metalloproteinases  , commonly produced by activated 
macrophages recruited by TGFβ, degrade ECM components can release TGFβ, 
VEGF, and other sequestered factors of TME  remodeling   [ 36 ].  

     TGFβ in Cancer   and Radiation  Biology   

 TGFβ biology warrants further exploration in the TME and particularly in the con-
text of therapy. Although TGFβ is a canonical tumor suppressor due to inhibiting 
epithelial proliferation and inducing apoptosis, loss of response to TGFβ as a growth 
inhibitor and increased expression of  TGFβ   is nearly universal in cancer [ 37 ]. 
Increased TGFβ activity in tumors can act in a variety of ways to promote  neoplastic 
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progression  . Production of TGFβ in malignant cells acts on the host to suppress 
antitumor immune responses, to enhance extracellular  matrix   production, and to 
augment angiogenesis (reviewed in [ 38 ]). These activities resemble those induced 
by TGFβ during wound healing and may create a “permissive”  microenvironment   
that promotes malignant growth by acting on the host. 

 TGFβ ligands are enriched in the TME where their production by  stroma   or 
tumor cells varies according to tumor phenotype [ 39 ]. TGFβ  activity   is controlled 
by production as a latent complex that requires extracellular modifi cation to initiate 
ligand binding to ubiquitous receptors; TGFβ activation is effi ciently induced 
by radiation, in part due to the presence of a redox-sensitive motif in the latency- 
associated peptide (reviewed in [ 40 ]). TGFβ is a  canonical tumor suppressor   due to 
inhibiting epithelial proliferation and inducing apoptosis [ 37 ]. Loss of response to 
TGFβ as a growth inhibitor and increased expression of TGFβ have been associated 
with malignant conversion and progression in breast, gastric, endometrial, ovarian, 
and cervical cancers, as well as  glioblastoma   and  melanoma   [ 37 ]. Inactivation of the 
 Smad4 gene   through  homozygous deletion   or  intragenic mutation   occurs frequently 
in association with malignant progression in pancreatic and colorectal cancer [ 41 ]. 
However, mutation of the TGFβ pathway genes occurs only occasionally in many 
human cancers. For example, Reiss and colleagues showed that 92 % of more than 
500 breast cancers were positive for nuclear, phosphorylated Smad2, indicating 
activation of the TGFβ pathway [ 42 ]. Indeed, many TGFβ transcriptional responses 
are intact, while cancer cells have escaped the control of proliferation. 

 The conundrum of why tumors maintain  TGFβ   expression and signaling when it 
is an extremely potent growth inhibitor becomes less perplexing when control of the 
DNA damage response is incorporated. Cancer  cells   that have high genomic insta-
bility fail to progress; indeed invasive breast tumors are more stable than ductal 
carcinoma in situ [ 43 ].  Genomic instability   is a less well-recognized consequence 
of TGFβ loss, yet deletion of  Tgfb1  greatly increases genomic instability in murine 
epithelial cells [ 44 ]. Using  cultured keratinocytes   isolated from newborn  Tgfb1   null  , 
heterozygote, and wild-type mice, Yuspa and colleagues found that  Tgfb1  null cells 
spontaneously immortalized more readily than TGFβ competent cells. Compared to 
wild-type cells,  Tgfb1  null cells gave rise to 1000-fold more mutant clones resistant 
to a chemical, which requires amplifi cation of the dihydrofolate reductase gene. 
This unexpected phenotype was diffi cult to place within the pathways controlled by 
TGFβ. 

 Following up on this fi nding,  inhibition   of  TGFβ   signaling in non-malignant 
human epithelial cells using a small-molecule inhibitor of the TGFβ type I receptor 
kinase increased frequency of  centrosome aberrations  ,  chromosomal instability  , 
and  spontaneous DNA damage   [ 45 ]. Moreover,   Tgfb1  heterozygote mammary epi-
thelium  , which expresses only 10–30 % of wild-type protein levels, exhibits 
genomic instability at a level comparable to   Trp53  heterozygote epithelium  . 
Proteomic  profi ling of TGFβ-treated mink lung epithelial cells suggests that TGFβ 
can inhi bit DNA repair genes by causing downregulation through ubiquitylation 
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and  proteosomal degradation of Rad51, an essential component of the DNA-DSB 
repair machinery, in a Smad-dependent manner [ 46 ]. Rad51 fails to form nuclear 
foci in TGFβ-treated cells, which results in more DNA fragmentation in response to 
double-strand breaks compared to untreated controls [ 46 ]. 

 Given that epithelial tissues of  Tgfb1   null   embryos fail to undergo apoptosis or 
cell cycle arrest in response to high-dose (5Gy) radiation [ 47 ], this suggested major 
defects in the DNA damage pathway; studies in mouse and human epithelial cells 
demonstrated that TGFβ is necessary for  ATM kinase activity   elicited by DNA dam-
age [ 48 ]. ATM is a phosphoinositide 3-kinase-related serine/threonine kinase that 
mediates DNA damage responses to initiate, recruit, and activate a complex pro-
gram of checkpoints for cell cycle, apoptosis, and genomic integrity. Mutations in 
human ATM lead to ataxia-telangiectasia, a genetic disease characterized by cellu-
lar radiosensitivity and high levels of  chromosome aberrations   [ 49 ]. ATM is acti-
vated in response to DNA damage caused by IR and, in turn, phosphorylates 
numerous substrates, thereby modulating cell fate decisions. ATM precisely con-
trols its downstream pathways, often by approaching the same DNA damage pro-
cess from several different directions, e.g., the cell cycle checkpoints, each of which 
is governed by several ATM-mediated pathways [ 50 ]. Notably, in addition to ATM's 
versatility as a  protein kinase   with numerous substrates, the ATM nexus contains 
protein kinases that are themselves capable of targeting several downstream effec-
tors simultaneously and thereby concomitantly control subsets of pathways (e.g., 
the Chk1 and Chk2 kinases). A prototypic  example   is ATM-mediated phosphoryla-
tion and subsequent stabilization of the p53 protein, a major player both in the G1/S 
cell cycle checkpoint and in damage-induced apoptosis [ 51 ]. 

  Tgfb1  depletion by genetic knockout in mouse  cells  , or inhibition of TGFβ sig-
naling in human cells, compromises  ATM kinase activity   and  autophosphorylation  , 
leading to reduced phosphorylation of critical DNA damage transducers, abrogation 
of the cell cycle block, and increased radiosensitivity [ 47 ,  48 ]. The ability of exog-
enous TGFβ to restore these responses indicates that the effect is both cell intrinsic 
and distal to TGFβ signaling. Radiation induces TGFβ activity in vitro and in vivo 
both in normal and cancer cells [ 52 – 58 ]. Inhibiting TGFβ signaling in irradiated 
human cells phenocopies the molecular and cellular consequences of genetic 
 deletion in mouse cells [ 48 ]. Consistent with reduced ATM activity, TGFβ genetic 
deletion in murine cells or signaling inhibition in human cells increases radiosensi-
tivity. The requirement for TGFβ in the genotoxic stress program provides an under-
studied avenue by which TGFβ acts as a tumor suppressor, whereby its loss would 
prime genomic instability and cancer progression. 

 Many TGFβ transcriptional responses are intact, while cancer cells have escaped 
TGFβ’s control of proliferation. The necessity for TGFβ signaling to maintain 
genomic stability and the recognition that TGFβ regulates ATM kinase suggests the 
following: TGFβ acts to initially suppress cancer by ensuring genomic integrity and 
yet protects malignant cells both by limiting the level of genomic instability and by 
enabling recovery from DNA damage induced by radiation and other  therapies     .  
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    TGFβ  Inhibition in Radiation Therapy   

 Studies spanning two decades have identifi ed TGFβ as a key extracellular signal 
in irradiated tissues and tumors. Among all radiation-induced  cytokines  , TGFβ 
 arguably elicits the most complex and far-reaching effects in determining outcome. 
Testing clinically viable TGFβ inhibitors in oncology is motivated by its pleomor-
phic consequences in  cancer  , including regulating the DNA damage response, facil-
itating the mechanism of  metastasis  , and compromising antitumor immunity [ 59 ]. 

 Execution of DNA damage response is compromised by blocking TGFβ activity 
in the context of RT, which increases both tumor cell radiosensitivity in vitro and 
tumor growth delay in vivo [ 60 ,  61 ]. Most cancer cell lines treated with a small-
molecule inhibitor of TGFβ type I receptor kinase are more radiation sensitive, i.e., 
10–70 % less dose is needed to reduce survival to 10 % as measured by clonogenic 
cell kill. Consistent with defi cient ATM activity, ATM  autophosphorylation   and 
γH2AX foci formation are decreased. Irradiation of tumors in mice treated with pre-
clinical pan- neutralizing TGFβ antibodies shows reduced γH2AX foci and increased 
tumor growth delay. Inhibiting TGFβ enhances tumor control by radiation in pre-
clinical brain, breast, and lung  cancer   models. Thus, epithelial tumors appear to rely 
on TGFβ to effectively mount the DDR, even though most are resistant to TGFβ 
growth control. These data provide a strong rationale for TGFβ inhibitors as a means 
to increase tumor response to radiation across a range of cancers [ 62 ]. 

 Of particular interest is  glioblastoma multiforme (GBM)  , which is characterized 
by a high degree of radioresistance and inevitable local and/or disseminated recur-
rence. Several clinical trials are underway combining TGFβ inhibition with  cancer   
RT and chemotherapy, including a phase II trial in glioblastoma. The addition of 
TGFβ inhibitors improves radiation  response   in preclinical models of GBM [ 63 , 
 64 ]. Zhang et al. specifi cally reported that the addition of the small-molecule inhibi-
tor of TGFβ receptor type I and II kinase, LY2109761, to the current standard of 
care treatment (radiation and the oral alkylating agent temozolomide) provided ben-
efi t. In addition to radiosensitization and tumor growth delay, TGFβ signaling 
blockade had antiangiogenic and anti-migration effects as well. Mengxian et al. 
similarly reported radiosensitization, tumor growth delay, and improved survival 
with the addition of the same small-molecule inhibitor of TGFβ, LY2109761, with-
out combining with  temozolomide  . They further demonstrated that either TGFβ 
inhibition or radiation decreased self-renewal of glioma stemlike cells in a neuro-
sphere assay and a greater decrease when these were combined. 

 Our studies have also added signifi cantly to the growing body of evidence that 
TGFβ is a therapeutic target in  GBM   [ 61 ]. First, we showed that autocrine TGFβ 
potentiates an effective molecular DNA damage response and that radiation-induced 
TGFβ mediates self-renewal signals in  glioma-initiating cells (GIC)  . Second, the 
magnitude of radiosensitization ( dose-enhancement ratio (DER)   ~1.25 by clono-
genic assay) is similar to that treated with  temozolomide   (DER 1.32) [ 65 ]. 
Considering that the addition of temozolomide to radiation therapy in the treatment 
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of GBM was one of the largest breakthroughs in this disease in decades and is now 
considered the standard of care, radiosensitization of this magnitude reported here 
must be considered signifi cant, particularly since the radiation sensitivity of GIC 
increased nearly threefold. Last, GIC produce more TGFβ, which actually enables 
more effective execution of the DDR and increases self-renewal signals that together 
ensure survival following radiation exposure [ 61 ]. 

 Recent studies in murine triple-negative  breast cancer      models also suggest that 
TGFβ inhibition during RT can also drastically reduce metastasis and promote anti-
tumor immunity [ 66 ]. It is clear that increased TGFβ in cancer can act in a variety 
of ways to promote neoplastic  progression  . Production of TGFβ in malignant cells 
acts on the host to suppress antitumor immune responses, to enhance extracellular 
 matrix   production, and to augment angiogenesis (reviewed in [ 38 ]). These activities 
resemble those induced by TGFβ during wound healing and may create a “permis-
sive”  microenvironment   that promotes malignant growth by acting on the host. The 
excellent safety profi les demonstrated in clinical trials [ 59 ], as well as the possibil-
ity of protection from late normal tissue complications [ 67 ], provide further motiva-
tion for assessing TGFβ inhibitors as a means to augment response to radiation 
 therapy  .  

    Targeting the Irradiated  TME      

  Ionizing radiation   induces modifi cations of the TME that profoundly impact tumor 
biology and also infl uence tumor responses to subsequent exposures to radiation, 
thus providing novel routes for manipulating the response to  radiotherapy   [ 3 ,  40 ]. 
Preclinical tumor models that shed light on the importance of the tumor microenvi-
ronment in modulating the tumor response to radiotherapy suggest opportunities for 
the development of novel therapeutic strategies to synergize with radiotherapy. 
Thus, strategies to improve radiotherapy can be envisioned that change “molecular” 
regulatory  cancer      cell intrinsic sensitivity to targeting of the “microenvironment.” 

  Tumor vascular endothelium   plays a crucial role in tumor radiation response. In 
irradiated tumors, endothelial cell apoptosis precedes tumor cell apoptosis by 3–5 
days, suggesting that tumor cells are dependent on endothelial cells for survival 
[ 68 ]. Paris et al. suggested that early-phase microvascular endothelial apoptosis is 
mandatory for tumor cure [ 69 ]. Recent data indicate that radiation-induced endothe-
lial cell apoptosis can lead to vascular destruction [ 70 ] and secondary tumor cell 
death [ 71 ]. 

 Of high clinical and biological relevance is the growing evidence that the pro-
found radiation resistance of  GBM   is mediated by the TME. Rich and colleagues 
showed that glioblastoma stem-like cells appear to be intrinsically resistant to 
 radiation [ 72 ]. Additional studies in model systems support the critical role of the 
microenvironment in the radioresistance of GBM. First,  intracranial tumors   are 
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more resistant than the same cells grown in subcutaneous tumors [ 73 ]. Second, 
human glioblastoma stem-like cells grown in co-culture with human astrocytes 
showed signifi cantly decreased the radiosensitivity of  glioblastoma stem-like cells   
compared to standard culture conditions via a paracrine- based mechanism [ 74 ]. The 
cytokine milieu resulting from cell-cell interactions of glioblastoma stem-like cells 
grown in neurosphere-type conditions makes them more resistant than those cells in 
standard culture as measured by secondary neurosphere-forming capacity and DNA 
damage foci [ 61 ]. Notably the cells grown in neurosphere conditions make fi ve-fold 
more TGFβ, which enables effi cient activation of the DDR. These data suggest that 
both autocrine and paracrine signals may create the “perfect storm” for radioresis-
tance that is clinically evident in GBM. 

 Brown and colleagues provided compelling evidence that ionizing radiation 
induces recruitment of tumor-protective myeloid cells that promote blood vessel 
formation suffi cient to support the growth of recurring tumors postirradiation [ 75 ]. 
Suppression with antibodies against an immature myeloid cell surface marker, 
CD11b, greatly enhanced tumor radiation response in a preclinical  GBM   model. 
Blockade of either SDF-1 or CSF1 achieved the same effect in both transplantable 
 GBM      and spontaneous glioma by blocking signals that motivate myeloid cells 
[ 76 – 78 ]. Notably, inhibiting tissue-resident macrophages before  radiotherapy   also 
protected radiation-induced normal tissue damage signifi cantly [ 79 ,  80 ]. CAF pro-
mote further cell recruitment through secretion of chemokines such as SDF-1 that 
in turn enhances the recruitment of bone marrow-derived cells involved in  tumor 
vasculogenesis   [ 81 ]. 

 In the era of personalized medicine, it is imperative to stratify patients for mod-
ern trials to identify optimal candidates for testing biological therapies to be used in 
conjunction with radiotherapy. Radiation dose delivery and fractionation schedules 
have rapidly changed because of gains in technology, particularly imaging, that 
motivate renewed interest in specialized regimens that include  hypofractionation   
and  radiosurgery   [ 82 ]. Additional motivation comes from re-examination of the cell 
biology that underlies tumor and normal tissue response to  ionizing radiation  . 
Ultimately, better understanding of the biology of irradiated tissues and tumors 
means new opportunities to optimize radiotherapy for particular tumors, specifi c 
regimes, and individual patients. The subversion of normal cells that constitute the 
TME provides the lifeline for cancer cell growth, a barrier to the immune system, 
and can promote extrinsic mechanisms of resistance during treatment. Thus, decon-
struction of the irradiated TME could also improve outcomes, for example, in com-
bination with immunotherapy by removing exogenous immune system breaks like 
 TGFβ  . Targeting radiation delivery to the tumor provides unequivocal patient ben-
efi t by eliminating tumors cells and hobbling the supporting  stroma   and vasculature. 
Substantial potential for augmenting that success could be achieved by preventing 
TME remodeling, which reestablishes the support network that enables regrowth of 
 cancer    cells     .     
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    Chapter 7   
 Combining Radiotherapy 
and Immunotherapy: Emerging Preclinical 
Observations of Lymphocyte Costimulatory 
and Inhibitory Receptor Modulation                     
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and     Christopher     A.     Barker    

    Abstract     A greater understanding of immune system biology has translated into 
more effective cancer immunotherapeutics. This has prompted exploration of the 
combination of these agents with other cancer treatments such as radiotherapy, 
which has also been shown to promote antitumor immunity independently. This 
review will present data from reports of immune modulators and radiotherapy and 
will discuss common themes and observations. Costimulatory molecules including 
CD40 and CD134/OX40; glucocorticoid-induced tumor necrosis factor receptor 
family-related gene (GITR), CD137/4-1BB; and inhibitory molecules CD152/ 
cytotoxic T lymphocyte-associated protein 4 (CTLA4), lymphocyte activation gene 
3 (LAG3), programmed death 1 (PD-1)/programmed death ligand 1 (PD-L1), and 
T cell immunoglobulin and mucin domain 3 (TIM-3) will be discussed. Observations 
regarding radiotherapy sequencing, dose, and fractionation will also be addressed. 
We conclude that a strategy combining immune modulation and radiotherapy is 
rational and holds promise for future successful translation in clinical trials.  

  Keywords     Radiotherapy   •   Radiation   •   Immunotherapy   •   Immune checkpoint   • 
  CTLA4   •   PD-1   •   PD-L1   •   Abscopal effect   •   Checkpoint blockade  

        R.  M.   Samstein      •    C.  A.   Barker      (*) 
  Department of Radiation Oncology ,  Memorial Sloan Kettering Cancer Center , 
  275 York Avenue ,  New York ,  NY   10065 ,  USA   
 e-mail: samsteir@mskcc.org; barkerc@mskcc.org   

    S.   Budhu      •    T.   Mergoub      
  Ludwig Collaborative and Swim Across America Laboratory, Department of Medicine , 
 Memorial Sloan Kettering Cancer Center ,   1275 York Avenue ,  New York ,  NY   10065 ,  USA   
 e-mail: budhus@mskcc.org; merghout@mskcc.org  

mailto:samsteir@mskcc.org
mailto:barkerc@mskcc.org
mailto:budhus@mskcc.org
mailto:merghout@mskcc.org


152

      Introduction 

 A greater understanding of immune system biology has translated into more effec-
tive cancer immunotherapeutics. This has prompted exploration of the combination 
of these agents with other cancer treatments such as radiotherapy, which has also 
been shown to promote antitumor immunity independently. This review will present 
data from reports of immune modulators and radiotherapy and will discuss common 
themes and observations.  Costimulatory molecules   including  CD40   and CD134/
OX40; glucocorticoid-induced tumor necrosis factor receptor family-related gene 
(GITR),  CD137/4-1BB  ; and inhibitory molecules CD152/ cytotoxic T lymphocyte- 
associated protein 4 (CTLA4)  , lymphocyte activation gene 3 (LAG3),  programmed 
death 1 (PD-1)  / programmed death ligand 1 (PD-L1)  , and  T cell immunoglobulin 
and mucin domain 3 (TIM-3)   will be discussed. Observations regarding radiother-
apy sequencing, dose, and fractionation will also be addressed.  

    Cancer Immunity and Radiation  Response      

 In order to generate a robust and sustained immune response to a pathogen or can-
cer, several key elements are required. These include the presence of an immuno-
genic antigen at suffi cient quantities to be picked up, processed, and presented by 
 antigen-presenting cells (APCs)   such as  dendritic cells (DCs)   for T cell recognition. 
Antigen presentation by APCs in the context of MHC molecules and subsequent 
recognition by the TCR complex on a T cells are a critical fi rst step for mounting an 
immune response. In order for the  APC-T cell   interaction to result in activation of 
the T cell and subsequent immune response, a second costimulatory signal is 
required either directly from the APC or from the surrounding microenvironment to 
promote  T cell maturation  . The immune response can also be modulated by the 
presence of inhibitory molecules on the surface of the dendritic cell, T cell, or target 
cancer cell. In addition, the microenvironment can dramatically affect the degree 
and type of immune response via circulating cytokines and chemokines as well as 
direct cell-cell interactions. Suppressor cells such as  regulatory T (Treg) cells   and 
myeloid-derived suppressor cells (MDSCs)    can promote an anti-infl ammatory 
milieu and thus curtail the  antitumor immune response  . All these factors contribute 
to the activation, effi cacy, and duration of an antigen-specifi c immune response, and 
cancers have thus developed mechanisms to modulate these pathways in order to 
subvert anticancer immunity. 

 The interplay of  radiotherapy   and the local and systemic immune response has 
been demonstrated in numerous preclinical studies. The effi cacy of RT is severely 
reduced in the absence of an immune response in nude mice, which are defi cient in 
B and T cells, and is signifi cantly dependent on local CD8 T cell infi ltration [ 1 ]. The 
absence of an innate immune response also results in reduced effi cacy of RT [ 2 ]. 
Radiation can promote tumor antigen availability and presentation via  immunogenic 
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cell death via cell apoptosis and modifi cation of the microenvironment with 
 upregulation of  damage-associated molecular patterns (DAMPs)   including  calre-
ticulin  , secreted ATP, and HMGB1 [ 3 – 5 ].  Tumor irradiation   also results in upregu-
lation of  major histocompatibility complex class I (MHC-1) expression   [ 6 ] and 
 chemokine   and  cytokine   secretion promoting an infl ammatory infi ltrate within the 
tumor as well as draining lymph node [ 7 ,  8 ]. Of note, tumor irradiation has been 
shown to induce some immunosuppressive properties such as increased  proportion      
of Treg cells and promotion of inhibitory factors such as TGF-beta and PD- L1   exp-
ression which can be overcome with some of the immunotherapeutics discussed [ 9 ]. 

 Cancer cells have thus been shown to evade recognition and elimination by the 
immune system via a variety of mechanisms including antigen variation or editing, 
downregulation of MHC, immunosuppressive  cytokines  , recruitment of regulatory 
cells, and overexpression of inhibitory ligands. Irradiation of the  tumor   can result in 
reversal or neutralization of many of these mechanisms supporting its potential syn-
ergy in attempts to promote tumor immunity via systemic  immunotherapy        .  

    Modulation of Lymphocyte Costimulatory or Inhibitory 
Receptors and  Experimental Methods      

 A variety of cell surface receptors are present on  lymphocytes   and are critical to 
function of the immune system [ 10 ]. These are generally grouped into costimula-
tory or inhibitory receptors, with corresponding ligands (see Table  7.1 ). Recently, 
therapeutic strategies have evolved to antagonize inhibitory molecules or agonize 
costimulatory molecules with monoclonal antibodies independently or in combina-
tion. Some of these lymphocyte receptor modulators are used in clinical practice, 
while others are still undergoing preclinical development. Importantly, the thera-
peutic target of these agents is the lymphocyte signaling process, not the cancer cell 
itself. In addition, modulating some of these targets can also lead to activation of the 
 innate immune system  .

   Several investigations combining  radiotherapy   and lymphocyte receptor modula-
tors in preclinical models have been reported. Many of these studies use similar 
immunologic experimental methods. For readers unfamiliar with these methods, 
they are explained briefl y here. The reader is also referred to several recent reviews 
on the immunologic effects of  radiation   therapy for further understanding of the 
effect of radiation on the immune system, in the absence of lymphocyte receptor 
 modulators      [ 11 ,  12 ]. 

 As the target for experimental manipulation is the immune system, most studies 
are performed in vivo, rather than in vitro. For this reason, the models must use 
 immunocompetent syngeneic species  -specifi c (often murine) tumor grafts, rather 
than  xenografts   from human tumors in immunocompromised hosts. Investigators 
have studied tumor grafts placed subcutaneously or intradermally (on the fl ank or 
hind limb) and orthotopically (in the organ of tissue origin, such as the breast, brain, 
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or skin). Tumor size, tumor growth delay, tumor response, metastasis, and overall 
survival are often the simplest measures of treatment effect. To demonstrate 
immune-mediated response to cancer distant from the radiotherapy target, some 
models incorporate two tumors, where one is irradiated and the other is not irradi-
ated. This allows for demonstration of an  abscopal effect   (effect of  radiation   away 
from the target of radiotherapy) [ 13 ]. 

 Immunologic response to tumor,  radiotherapy     , and lymphocyte receptor modula-
tion can also be characterized at the treated tumor or in the peripheral lymphoid 
organs. Often immune cell populations ( lymphocytes  ,  myeloid cells  ,  macrophages  ) 
are characterized based on cell surface markers (of differentiation, activation, 
exhaustion, etc.) in different anatomic compartments (infi ltrating the  tumor  , drain-
ing the lymph node basin, spleen, etc.). The dependency of the treatment effect on 
specifi c immune cell populations can be interrogated by performing experiments in 
animal models defi cient for immune function (through genetic knockout) or through 

   Table 7.1    Costimulatory and inhibitor lymphocyte  receptors      and ligands. Representative 
costimulatory and inhibitory lymphocyte receptors and ligands studied in combination with 
radiotherapy are presented, with example agonistic and antagonistic therapies listed   

 Cell surface 
receptor 

 Cell surface 
receptor ligand 

 Therapeutic agonist/
antagonist examples 

 Costimulatory   CD40       CD40L  CP-870,893 (Pfi zer), 
dacetuzumab (Seattle 
Genetics) 

 CD134/OX40  CD252/OX40L  MEDI0562, MEDI6469, 
MEDI6383 (AstraZeneca) 

 GITR  GITRL  TRX518 (GITR Incorporated) 
 CD137/4-1BB  CD137L  PF-05082566 (Pfi zer), 

lipocalin (Pieris 
Pharmaceuticals), urelumab 
(Bristol-Myers Squibb) 

 Inhibitory  CD152/CTLA4  CD80, CD86  Ipilimumab (Bristol-Myers 
Squibb), tremelimumab 
(AstraZeneca) 

  LAG3       MHC II  BMS-986016 (Bristol-Myers 
Squibb), IMP321 (Immuntep) 

 PD-1  PD-L1, PD-L2  Nivolumab (Bristol-Myers 
Squibb), pembrolizumab 
(Merck), pidilizumab (Cure 
Tech), AMP-224, AMP-514 
(Amplimmune) 

 TIM-3  Galectin-9, 
HMGB1, PS, 
CEACAM-1 

 Anti-TIM-3 (Tesaro) 

   GITR  glucocorticoid-induced TNFR family-related gene,   CTLA4    cytotoxic T lymphocyte- 
associated protein 4,  LAG3  lymphocyte activation gene 3,  PD-   1    programmed death 1,  PD-   L1    
 programmed death ligand 1,  PD-L2  programmed death ligand 2,  TIM-   3    T cell immunoglobulin 
and mucin domain 3,  HMGB1  high-mobility group box 1,  PS  phosphatidylserine,  CECAM-1  car-
cinoembryonic antigen-related cell adhesion molecule 1  
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depletion of immune cell populations by neutralizing monoclonal antibodies against 
 cell surface markers   (CD4, CD8, etc.) and ligands (PD- L1  , TIM- 3  , etc.). Determining 
whether immune cells recognize tumor-specifi c antigens can be carried out using 
ex vivo assays to determine if lymphocytes can kill tumor cells or if they elaborate 
 cytokines   such as interferon gamma in response to tumor antigens. Finally,  immu-
nologic memory   can be tested after complete  tumor regression   by rechallenging the 
host with the tumor graft and assessing for the presence or absence of tumor growth. 
Similarly, immune cells from hosts with complete tumor regression can be adop-
tively transferred to naïve, tumor-bearing animals to assess for antitumor properties 
of the transferred immune  cells        .  

    Combinations of Costimulatory Receptor Modulation 
 and Radiotherapy      

     CD137/4-1BB         

 CD137 or 4-1BB is a member of the  tumor necrosis factor receptor (TNFR)   super-
family and is expressed on T cells and other immune subsets following activation. 
Ligation of the receptor via its ligand or agonist antibodies results in enhanced 
 T cell proliferation   and production of  cytokines  . CD137 activation has also been 
shown to provide a strong survival signal for CD8 T cells via upregulation of anti-
apoptotic pathways [ 14 ]. In 2006, investigators fi rst reported on the combination of 
4-1BB agonism (with a monoclonal antibody, BMS-469492) and radiotherapy 
(5–15 Gy/1 fraction or 40 Gy/10 fractions) in a preclinical breast (EMT6) and lung 
(M109) cancer model. The authors found that 4-1BB agonism could effectively 
delay the growth of tumors in the breast cancer model, but not the lung cancer 
model. In the breast cancer model, when treated with the combination of single- 
dose or fractionated radiotherapy followed by 4-1BB agonism, investigators 
observed a delay in tumor growth signifi cantly longer than either therapy when 
given alone. In the lung cancer model, only the highest single dose of radiotherapy 
(15 Gy), but not fractionated treatment, yielded a signifi cant delay in tumor growth 
compared to either therapy given alone. The lung cancer cell line was found to have 
high basal expression of 4-1BBL which could not be increased by irradiation, while 
the breast cancer cell line had low basal expression of 4-1BBL, which could be 
increased by irradiation [ 15 ]. This suggests that the expression of 4-1BB ligand may 
be a good biomarker for combining RT with 4-1BB agonism. 

 In a  preclinical orthotopic model   of  glioma   using the GL261 cell line, investiga-
tors observed that the 4-1BB agonist antibody (BMS-469492) in combination with 
whole-head radiotherapy (8 Gy/2 fractions) yielded signifi cantly longer survival 
rates than either treatment alone. Of the long-term survivors treated with radio-
therapy alone ( n  = 2) or in combination with BMS-469492 ( n  = 6), 50 % and 83 % 
demonstrated no evidence of tumor regrowth after tumor rechallenge, respectively. 
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All had pathologic complete response in the brain. When examining the 
 tumor- infi ltrating lymphocytes, signifi cantly higher numbers of CD8 and CD4 
 lymphocytes were noted in the group treated with radiotherapy alone compared to 
the untreated control group, and even higher numbers were observed in those treated 
with 4-1BB agonism and radiotherapy. Finally, the production of interferon gamma, 
indicative of T cell effector function, in a tumor-specifi c manner by  splenocytes      was 
greatest in the group treated with 4-1BB agonism  and radiotherapy         [ 16 ].  

     CD134/OX40         

 CD134 or OX40 is another member of the TNFR superfamily expressed on acti-
vated CD4 and CD8 T cells as well as neutrophils, DCs, and Treg cells. The natural 
ligand (OX40L) is found on APCs as well as activated T cells. Engagement of OX40 
promotes T cell activation, maturation, survival, and cytokine production [ 17 ]. 
Investigators have also observed that single-dose radiotherapy (20 Gy) followed by 
OX40 agonism (with a monoclonal antibody clone OX86) increased the rate of cure 
in a preclinical  lung   (Lewis lung  carcinoma  ) model, compared to either treatment 
alone. This effect was found to be dependent on CD8 lymphocytes, but not CD4 
lymphocytes or natural killer cells. The combination of OX40 agonism and radio-
therapy signifi cantly increased the proportion of CD8 lymphocytes in the draining 
lymph node compared to either treatment alone. The CD8 lymphocytes had the 
ability to kill the lung cancer cell line in an antigen-specifi c manner. Finally, the 
combination of OX40 agonism and radiotherapy was found to yield immunologic 
memory and tumor rejection after rechallenge, compared to animals not previously 
treated [ 18 ]. 

 Other investigators found that in a preclinical model of lung cancer (Lewis lung 
 carcinoma  , LLC), radiotherapy (60 Gy/3 fractions) followed by OX40 agonism 
(starting one day after the fi rst fraction of radiotherapy) yielded signifi cantly longer 
survival compared to either treatment alone. Tumor rechallenge after combination 
radiotherapy and OX40 agonism demonstrated immunologic  memory               [ 19 ].  

     GITR         

 Glucocorticoid-induced TNFR family-related (GITR) gene is expressed on CD4 
and CD8 T cells and is upregulated after activation. Similar to other TNFR family 
members, ligation with its natural ligand (GITRL) expressed on activated APCs and 
 endothelial cells (EC)   results in enhanced T cell proliferation, survival, and effector 
function [ 20 ]. Investigators explored the effect of radiotherapy (30 Gy/1 fraction) 
with or without GITR agonism using a monoclonal antibody (DTA-1) in a lung 
carcinoma (Lewis lung  carcinoma  , LLC) model. The authors observed that irradia-
tion of  LLC   signifi cantly delayed tumor growth and increased survival, compared 
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to no irradiation. Depletion of CD8  lymphocytes            signifi cantly decreased the tumor 
growth delay and survival suggesting that the effect is CD8 dependent. When GITR 
agonism and radiotherapy were combined, there was a nonsignifi cant tumor growth 
delay greater than either treatment alone, but no association with longer  survival         [ 21 ].  

     CD40         

 CD40 is another member of the TNFR superfamily constitutively expressed on 
APCs, and its ligation results in promotion of functional maturation with enhanced 
antigen presentation and  cytokine   production resulting in increased activation of 
T cells [ 22 ]. In 2003, investigators reported on studies of two syngeneic models of 
 B cell lymphoma   (A31 and BCL1) treated with total body  irradiation   (TBI, 2–8 Gy/1 
fraction) for systemic lymphoma and/or costimulation by CD40 agonist monoclo-
nal antibody 4 h after irradiation. The investigators observed a signifi cant increase 
in survival with the combination of TBI and CD40 agonism, compared to either 
treatment alone. However, the effect was dependent on the dose of TBI used; 5 Gy 
yielded the highest proportion of survivors, with higher or lower doses of  radiation   
proving inferior. The authors found that a wide range of doses of the  CD40         agonist 
were effective at promoting survival, but that other B cell-depleting antibodies 
(against CD19, MHC II, CD22) did not yield the same effect as the CD40 agonist 
suggesting that the CD40 antibody is not acting by simply depleting B cells. In vitro 
analyses of  apoptosis   and clonogenic survival suggest that CD40 agonism did not 
increase the cellular radiosensitivity of the lymphoma cell lines. Interestingly, in an 
experiment where variable numbers of lymphoma  cells      were inoculated, the authors 
observed that a minimum amount of lymphoma cells must be treated to yield long- 
term immunity, again suggesting that CD40 is not a general sensitizer to  radiation  . 
By tracking the number of lymphoma cells present after combination treatment, 
investigators found that TBI alone yielded a dose-dependent decrease in the number 
of lymphoma cells, which regrew in the absence of CD40 agonism. The combina-
tion of  TBI   and CD40 agonism led to a two-phase (early and late) pattern of lym-
phoma regression. Importantly, a signifi cant increase in CD8 cells was noted in 
animals treated with 5 Gy of TBI and CD40 agonism compared to those given 5 Gy 
of TBI alone. However, this was not observed with higher (8 Gy) or lower (2 Gy) 
doses of  radiation  , or in animals not bearing lymphoma, or with the use of other 
monoclonal antibodies. The authors observed that CD8 cells in the group receiving 
 CD40         agonism and TBI had a signifi cantly greater lymphoma-specifi c cytotoxic 
activity. In addition, CD8, but not CD4, lymphocyte  depletion   abrogated the thera-
peutic effect of TBI and CD40 agonism. In long-term survivors of the CD40 
 agonism and TBI treatment, rechallenge with lymphoma cells demonstrated immu-
nologic memory in 80 % of the treated animals. Finally, adoptive transfer of 
T cells from survivors of the CD40 agonism and TBI combination to untreated 
lymphoma- bearing animals signifi cantly increased the duration of survival in the 
recipient  mice               [ 23 ].   
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    Combinations of Multiple Costimulatory Receptor 
Modulators  and Radiotherapy         

 In 2012, investigators explored the combination of targeting multiple costimulation 
modulators in combination with radiotherapy in preclinical models. Using two 
triple-  negative   (estrogen/progesterone/Her-2/neu receptor negative) breast cancer 
cell (4T1.2 and AT-3) models, the authors explored the effect of 4-1BB and CD40 
agonism alone, in combination, or immediately after radiotherapy (12 Gy/1 frac-
tion). It was observed that 4-1BB agonism alone, or in combination with CD40 
agonism, signifi cantly delayed tumor growth compared to control. Notably, CD40 
agonism alone did not signifi cantly delay tumor growth. Likewise, when given 
radiotherapy, 4-1BB agonism alone, or in combination with CD40 agonism, signifi -
cantly delayed tumor growth. This effect was not observed with CD40 agonism 
after radiotherapy. In the 4T1.2 cell line, tumor cure was observed with radiotherapy 
or in combination with CD40 and 4-1BB agonism; tumor cure occurred most often 
in the group receiving the combination of CD40 and 4-1BB agonism and radio-
therapy. The antitumor effect was noted to be dependent on CD4, CD8, and natural 
killer cells. Moreover, rechallenge of the host with a tumor demonstrated immuno-
logic memory. The authors hypothesized that the differences in response to the com-
bination of  immunotherapy   and radiotherapy in the two cell lines were associated 
with 4T1.2 tumors supporting a necrotic core and undergoing an immunogenic, 
non-apoptotic death after radiotherapy, while AT-3 cells expressed PD- L1  , possibly 
conferring resistance to the combination of costimulation and radiotherapy. The 
authors conducted further experiments to explore ways to overcome  resistance         
(described further below) [ 24 ].  

    Combinations of Inhibitory Receptor Modulation 
and  Radiotherapy      

     CTLA4         

 APCs present antigen in the context of MHC to a specifi c T cell receptor on the sur-
face of T cells. However, for resulting T cell activation, costimulation is required by 
a variety of other cell surface receptors including CD28 on the T cell interacting with 
CD80/B7.1 and CD86 B7.2 on APCs. CTLA4 is a member of the CD28 family of 
receptors and is upregulated on activated T  cells     . CTLA4 has a higher affi nity for 
CD80/CD86 than the costimulatory receptor CD28 and can therefore competitively 
bind ligand more avidly than CD28. Through this mechanism, it acts as a negative 
feedback  loop         for T cell activation after TCR stimulation. CTLA4 is also expressed 
constitutively at high levels on Treg cells and is important for their suppressive func-
tions. The administration of anti-CTLA4 antibodies results in blockade of inhibitory 
signals as well as direct depletion of Treg cells resulting in immune activation [ 25 ]. 
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 In 2005, investigators reported on the effects of radiotherapy (12 Gy/1 fraction or 
24 Gy/2 fractions 48 h apart) alone or followed by CTLA4 blockade with the anti-
body 9H10 in a breast cancer (4T1) model. The growth of implanted 4T1 tumors 
was signifi cantly delayed only in animals treated with radiotherapy, with or without 
9H10, compared to untreated controls. Treatment with 9H10 alone did not delay 
tumor growth. Moreover, radiotherapy or CTLA4 blockade did not signifi cantly 
increase survival compared to the group that did not receive treatment. However, the 
combination of CTLA4 blockade and RT did signifi cantly increase survival com-
pared to the untreated control group. Compared to untreated controls, a signifi cantly 
lower number of lung metastases were observed only with the combination of 
CTLA4 blockade and radiotherapy, but not either treatment alone. This effect was 
abrogated with CD8 lymphocyte depletion, but not CD4 lymphocyte  depletion  . The 
authors further demonstrated that a higher total dose of  radiation   (24 Gy/2 fractions) 
yielded a 57 % rate of complete regression of the primary tumor, which was not 
observed for the lower dose of radiation (12 Gy/1 fraction). Despite improvement in 
primary tumor control with a higher dose of radiation, similar to prior experiments, 
the combination of CTLA4 blockade with 9H10 and radiotherapy yielded signifi -
cantly longer  survival         than either treatment alone or no treatment at all. In the group 
with long-term survival, tumor rechallenge demonstrated protective immunity with 
4T1-specifi c cytolytic activity in the spleen [ 26 ]. 

 A subsequent study from the same  group      investigated the effect of single-dose 
(20 Gy/1) or fractionated radiotherapy (30 Gy/5 fractions or 24 Gy/3 fractions) with 
or without concurrent or subsequent CTLA4 blockade with a monoclonal antibody 
(9H10) in breast cancer (TSA) or colon cancer (MCA38) models. Using a  two- 
tumor model   where tumors were implanted on each fl ank of the mice but only one 
tumor was irradiated (as illustrated in Fig.  7.1 ), the authors observed that 9H10 

  Fig. 7.1     Two-tumor model   for the assessment of the  abscopal effect  . In this model, bilateral tumor 
grafts are placed, typically with one tumor being smaller than the other ( a ).  Radiotherapy   is admin-
istered to the larger of the two tumors ( b ), and the immune response in the tumors can be assessed 
after treatment ( c ). The unirradiated tumor is observed for abscopal response, or response away 
from the target of radiotherapy ( d ). This effect is thought to be immune mediated       
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alone had no  effect         on tumor growth compared to untreated controls. Radiotherapy 
alone caused tumor growth delay of the irradiated tumor of a similar magnitude 
across the three-dose schedules, but no growth delay in the unirradiated distant 
 tumor     . The combination of CTLA4 blockade and fractionated radiotherapy (but not 
single-dose radiotherapy) was associated with regression of both irradiated and 
unirradiated tumors demonstrating an  abscopal effect  . The effect was greatest in the 
24 Gy/3 fraction regimen. The investigators further explored the effect of delaying 
the start of  immunotherapy   after initiating radiotherapy. They found that the longest 
delay between immunotherapy and radiotherapy was associated with the most rapid 
rate of tumor regression. Examination of the unirradiated tumors in the group 
receiving 9H10 and radiotherapy (24 Gy/3 fractions) demonstrated a signifi cantly 
greater number of tumor-infi ltrating CD4 and CD8  lymphocytes  , compared to either 
treatment alone. Finally, the ex vivo tumor-specifi c production of interferon gamma 
by splenocytes was greatest in animals exhibiting rejection of the unirradiated 
tumor [ 27 ].

   Another group of investigators examined the effects of combining radiotherapy 
(2–30 Gy/1 fraction) with or without CTLA4 blockade using a monoclonal anti-
body (9H10) in a lung carcinoma (Lewis lung  carcinoma  , LLC) model. The authors 
assessed secretion of  HMGB1  , a protein released after immunogenic cell death, 
after LLC cell irradiation in vitro. They noted no difference in HMGB1 levels 
between cells irradiated with 2 Gy and those not irradiated. However, cells irradi-
ated with 6 or 30 Gy released threefold more HMGB1 than those not irradiated. The 
authors then carried out in vivo experiments, observing that  radiotherapy         (30 Gy/1 
fraction) signifi cantly delayed tumor growth and increased overall survival, com-
pared to no radiotherapy. CD8 lymphocyte depletion signifi cantly decreased the 
tumor growth delay and survival. CTLA4 blockade and radiotherapy signifi cantly 
increased tumor growth delay and overall survival, compared to  radiation   or CTLA4 
blockade alone [ 21 ]. 

 Subsequently, other investigators studied  radiotherapy      (5–15 Gy/1–3 fractions) 
in combination with CTLA4 blockade with a monoclonal antibody in a  mesotheli-
oma model   (AB12) in immunocompetent or immunodefi cient (nonobese diabetic/
severe combined immunodefi cient, NOD/SCID) hosts. Using a  two-tumor model  , 
the authors found that irradiating one tumor leads to signifi cant delay in growth of 
the irradiated tumor, as well as the unirradiated tumor. However, immunodefi cient 
(NOD/SCID) hosts did not demonstrate delay in growth of the unirradiated  tumor         
suggesting that the adaptive immune system is important in controlling the growth 
of the unirradiated tumors. The combination of CTLA4 blockade and radiotherapy 
delayed irradiated and unirradiated tumor growth signifi cantly longer than either 
treatment alone. These same observations were made whether the irradiated tumor 
and unirradiated tumor were implanted synchronously or metachronously. Assess-
ment of immune infi ltrates in the tumor, draining lymph  nodes     , and spleen 10 days 
after treatment revealed signifi cantly higher levels of activated (ICOS+) and prolif-
erating (Ki67+) CD4 and CD8  lymphocytes  , as well as dendritic  cells   in the drain-
ing lymph nodes (but not the spleen) of hosts with irradiated tumors, compared to 
control tumors. Signifi cantly more CD8 T cells were noted in irradiated tumors in 
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the group treated with CTLA4 blockade and radiotherapy, compared to those treated 
with either treatment alone. In the group treated with CTLA4 blockade and radio-
therapy, a signifi cant increase in the number of activated (but not total) CD4 and 
CD8 T cells in the spleen was observed compared to the group treated with radio-
therapy alone. Finally, compared with irradiated or unirradiated tumors treated with 
radiotherapy alone, those treated with CTLA4 blockade and radiotherapy demon-
strated an increase in the expression of  pro-infl ammatory markers   including 
 interferon gamma, perforin, IP-10, TNF alpha, granzyme B, ICOS, IL-4, IL-12, 
IL-12p70, IL-5, IL-6, IL-17A, and MCP-1 [ 28 ]. 

 In a colon  carcinoma   (CT26) model, investigators studied the combination of 
radiotherapy (10 Gy/1 fraction) with intratumoral injection of  immature dendritic 
cells (iDCs)   with or without CTLA4 blockade (9H10). Using a  two-tumor model  , 
they observed a signifi cantly longer delay in tumor growth, overall survival, and 
greater tumor-specifi c cytolytic T cell activity with the combination of radiotherapy 
and  iDC   injection with CTLA4 blockade, compared to either  treatment         alone [ 29 ].  

     PD-1/PD-L1            

 Programmed cell death protein-1 (PD-1) is a coinhibitory member of the CD28 
superfamily expressed on activated T cells in a more delayed fashion than  CTLA4   
and thought to be involved in more chronic infl ammation to induce T cell exhaus-
tion or anergy. PD-1  binds      to B7-family ligands PD-L1 and PD-L2 on APCs 
on other nonimmune cells which induce inhibitory signals within the T cells [ 30 ]. 
Tumor cells have been shown to dramatically upregulate PD-L1 to dampen the anti-
tumor immune response [ 31 ]. Using two breast carcinoma (4T1 and AT3) models, 
investigators studied the effect of radiotherapy (12 Gy/1 fraction) followed by PD-1 
blockade with a monoclonal antibody (RMP1-14). The investigators found that 
PD-L1 was not expressed on AT3 cells in vitro, but was present ex vivo whether 
taken from a subcutaneous or orthotopically grown tumor.  Radiotherapy      did not 
affect the expression of PD-L1 on explanted tumor cells. However, 12 h after radio-
therapy, there was an enrichment of tumor-infi ltrating CD8 cells that expressed high 
levels of PD-1 (PD-1 High ) through the reduction of CD8 cells expressing low levels 
of PD-1 (PD-1 Low ), with a resultant increase in the ratio of PD-1 High  to PD-1 Low  CD8 
cells in treated AT3 tumors. In addition, 36 h after radiotherapy, tumor-infi ltrating 
CD8 cells were noted to be actively proliferating and productive of interferon 
gamma, indicating preservation of functionality. Additional experiments confi rmed 
these CD8 cells were tumor antigen specifi c. Finally, the combination of PD-1 
blockade and radiotherapy in vivo did not delay tumor growth more than radio-
therapy or PD-1 alone in the subcutaneous AT3 model. However, in the subcutane-
ous orthotopic AT3 model, the combination of radiotherapy and PD-1 blockade 
delayed tumor growth signifi cantly longer than either treatment alone, with a long- 
term cure rate of 17 % [ 24 ]. 

7 Combining Radiotherapy and Immunotherapy: Emerging Preclinical Observations…



162

 Using an  orthotopic glioblastoma model   (GL261), other investigators tested 
 stereotactic radiosurgery (10 Gy/1 fraction) with or without immediate PD-1 block-
ade with a monoclonal antibody (G4). In vitro, the investigators found that GL261 
expressed PD-L1, a potential biomarker of the effi cacy of PD-1 blockade. In addi-
tion, radiotherapy increased the surface expression of MHC I, ICAM1, and CXCL16 
in vitro. In vivo, the investigators found that the combination of PD-1 blockade and 
radiotherapy yielded signifi cantly longer overall survival than either treatment 
alone, or no  treatment     . Depletion of CD8 (more than CD4) was associated with 
abrogation of the survival benefi t. In long-term survivors, tumor rechallenge dem-
onstrated long-term immunity. On studying the brain immune infi ltrates of  mice            
treated with  radiation   or PD-1 blockade, investigators found that the combination 
signifi cantly increased the number of CD8 cells, while radiation (with or without 
PD-1 blockade) seemed to decrease regulatory T cells. The net result was a signifi -
cant increase in the ratio of CD8 to regulatory T cells in the group treated with PD-1 
blockade and radiotherapy [ 32 ]. 

 Other investigators subsequently reported on single-dose or fractionated radio-
therapy (at various doses) and PD-1 blockade with an antibody in models of  colo-
rectal cancer   (MC38-OVA), breast cancer (4T1-HA), and melanoma (B16-OVA). In 
vitro, they observed that radiotherapy (10–20 Gy/1 fraction) resulted in a dose- 
dependent increase in antigen presentation. In vivo,  B16-OVA tumor growth delay   
was signifi cantly longer with PD-1 blockade and radiotherapy, compared to either 
 treatment      alone. The investigators observe a signifi cantly greater proportion of 
antigen- specifi c immune infi ltrates in the spleen and draining lymph nodes after 
treatment with PD-1 blockade and radiotherapy, compared to either treatment alone. 
Adoptively transferred splenocytes from hosts treated with PD-1 blockade and 
radiotherapy signifi cantly delayed tumor growth longer than  splenocytes   from 
untreated hosts, or hosts treated with PD-1 blockade alone. Greater numbers of 
tumor-infi ltrating lymphocytes were noted after PD-1 blockade and radiotherapy, 
compared to radiotherapy alone. Greater numbers of CD4 and CD8 cells were noted 
to infi ltrate irradiated tumors, compared to those not treated with radiotherapy. 
There was an increase in regulatory T cells in irradiated tumors (but not draining 
lymph nodes or spleens) not treated with PD-1 blockade. The combination of PD-1 
blockade and radiotherapy yielded a signifi cantly greater increase the CD8 to regu-
latory T cell ratio, compared to either treatment alone. The combination of PD-1 
blockade and radiotherapy increased the frequency of effector memory T cells in 
the tumors to a greater extent than either treatment alone. Similar fi ndings were 
observed in the  4T1-HA model   [ 33 ]. 

 Other investigators explored the effect of stereotactic ablative radiotherapy 
(15 Gy/1 fraction) and PD-1 blockade (G4) in breast cancer (4T1),  renal cancer 
(RENCA)  , or  melanoma   (B16) in PD-1 wild-type or  knockout mouse models  . 
Using a  two-tumor model  , the authors observed that both irradiated and unirradiated 
tumors grew signifi cantly slower in the PD-1 knockout  model     . Survival was also 
signifi cantly longer in the PD-1 knockout model, compared to the wild-type  model           . 
In the wild-type model, the combination of PD-1 blockade and radiotherapy was 
associated with a signifi cantly longer delay in irradiated and unirradiated tumor 
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growth, compared to either treatment alone. The combination treatment was also 
associated with signifi cantly longer survival than either treatment alone. The inves-
tigators went on to demonstrate that antitumor immune effect is antigen specifi c for 
the irradiated tumor. In a three tumor model, with two of the unirradiated tumors 
being of different origin (one 4T1, one RENCA), only the irradiated  RENCA   tumor 
and the unirradiated RENCA tumor responded to the combination of PD-1 blockade 
and radiotherapy; the 4T1 did not respond to treatment. In the two-tumor model, 
signifi cantly more PD-1 expressing tumor-infi ltrating reactive CD8 cells (CD11a High ) 
were present in irradiated or unirradiated tumors, compared to untreated controls. 
This population of cells was found to be tumor antigen specifi c and responsive. 
Moreover, PD-L1 expression on leukocytes (but not tumor cells) in the irradiated 
and unirradiated tumors signifi cantly increased after  irradiation     . The expression of 
LAG3 and TIM- 3   on tumor-infi ltrating CD8 cells was not affected by irradiation. 
Finally, CD4, CD8, and CD11a depletion in vivo demonstrated dependence of unir-
radiated tumor regression on CD8 cells [ 34 ]. 

 Investigators studied the combination of radiotherapy (12–20 Gy/1 fraction) and 
PD-L1 blockade (10F.9G2) in breast (TUBO) and  colorectal cancer   (MC38) mod-
els. The authors found that radiotherapy (12 Gy/1 fraction) increased PD-L1 expres-
sion on tumor cells and dendritic  cells  , but not on myeloid-derived suppressor cells 
or macrophages. PD-1 expression was slightly downregulated on CD8 (but not 
CD4) cells after radiotherapy. In vivo, the combination of PD-L1 blockade and 
radiotherapy delayed irradiated MC38 and TUBO tumor growth signifi cantly lon-
ger than either treatment alone. In a  two-tumor model  , this combination also delayed 
the growth of an unirradiated TUBO tumor longer than either treatment alone. In the 
group with complete tumor regression after the combination of PD-L1 blockade and 
radiotherapy, tumor rechallenge experiments demonstrated long-lasting immunity. 
Depletion of CD8 cells was noted to abrogate the therapeutic effect of PD-L1 block-
ade and radiotherapy. The combination of PD-L1 blockade and radiotherapy was 
associated with tumor-specifi c T cell functionality that was greater than either 
 treatment alone. On the investigation of the immune cells infi ltrating the tumor and 
present in the spleen, the authors observed a signifi cantly greater reduction in 
myeloid-derived suppressor cells (MDSCs)    10 days (but not 3 days) after PD-L1 
blockade and  radiotherapy           , and this reduction was greater than those observed from 
either treatment alone. They noted that depletion of MDSCs could signifi cantly 
delay tumor growth in animals treated with radiotherapy alone. Finally, the authors 
observed CD8 cells were in part responsible for the reduction in MDSCs, through 
the cytokine  tumor necrosis factor alpha (TNFa)  . TNFa  blockade      abrogated the sup-
pression of tumor growth in the combination of PD-L1 and radiotherapy [ 35 ]. 

 Other investigators studied fractionated radiotherapy (10 Gy/5 fractions) and 
PD-1 or PD-L1 blockade with monoclonal antibodies in  melanoma   (4434), breast 
cancer (4T1), and  colorectal cancer   (CT26) models. The authors observed that 
PD-L1 expression increased on CT26 tumor cells, increased 1 day after in vivo 
tumor radiotherapy (10 Gy/5 fractions), reached a peak 3 days after radiotherapy, 
and declined signifi cantly 7 days after radiotherapy. Subsequent experiments 
revealed that irradiation (2–10 Gy/1 fraction) of tumor cells in vitro had little effect 
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on PD-L1 expression. In vivo, depletion of CD8 cells abrogated the increase in 
PD-L1 expression caused by radiotherapy. Depletion of natural killer cells had no 
effect on PD-L1 expression, while depletion of CD4 cells increased the expression 
of PD-L1 on tumor cells. In the absence of  radiation  , interferon gamma alone and in 
combination with tumor necrosis factor alpha (but not tumor necrosis factor alpha 
alone) increased PD-L1 expression on tumor cells in vitro. In addition, depletion of 
interferon gamma suppressed the overexpression of PD-L1 on irradiated cells. In 
vivo, local tumor control and overall survival were signifi cantly greater in the group 
treated with the combination of PD-L1 or PD-1  blockade      and radiotherapy, com-
pared to either treatment alone. Combined PD-1 and PD-L1 blockade and radio-
therapy were not associated with an improvement in the outcome of radiotherapy 
and PD-1 or PD-L1 blockade. In vitro, the authors found that the PD-1 and PD-L1 
blocking monoclonal antibodies did not increase tumor cell radiosensitivity. 
Depletion of CD8 and natural killer cells abrogated the tumor growth delay pro-
vided by PD-L1 blockade and radiotherapy. Depletion of CD4 cells signifi cantly 
increased tumor growth delay after PD-L1 blockade and radiotherapy, which the 
authors speculated may have been due to the presence of fewer regulatory T cells. 
Among the group with complete tumor regression after PD-L1 blockade and radio-
therapy, tumor rechallenge demonstrated long-term antigen-specifi c immunity. In 
addition, the authors found that the scheduling of PD-L1 blockade and radiotherapy 
was important. The authors observed signifi cantly longer survival in the groups 
initiating PD-L1 blockade on the fi rst or last day of fractionated radiotherapy, com-
pared to 7 days after the end of fractionated radiotherapy. Consistent with this time- 
dependent effect, the authors observed signifi cantly higher PD-1 expression levels 
on CD4 and CD8 cells infi ltrating the tumor 1 day after radiotherapy (compared to 
untreated controls), but not 7 days after  radiotherapy                  [ 36 ].   

    Combinations of Multiple Inhibitory Receptor Modulators 
and  Radiotherapy      

 Using a  melanoma model   (B16), investigators studied the effect of stereotactic abla-
tive radiotherapy (15 Gy/1 fraction) and  CTLA4   (9H10) and PD- 1   (G4) blockade. 
Using a two-tumor model, they observed the greatest delay in tumor growth with the 
combination of CTLA4 blockade, PD-1 blockade, and radiotherapy, compared to 
CTLA4 or PD-1 blockade and radiotherapy. This effect was noted at the irradiated 
and unirradiated tumor, with the latter observation being statistically signifi cant [ 34 ]. 

 Using models of  melanoma   (B16-F10), breast cancer (TSA), and pancreas can-
cer (PDA.4662), investigators explored the effect of  CTLA4   (9H10), PD- 1   (RMP1- 
14), and PD- L1   (10F.9G2) blockade and radiotherapy (20 Gy/1 fraction or 24 Gy/3 
fractions). Using a two-tumor B16-F10  model  , investigators found that the combi-
nation of CTLA4 blockade and radiotherapy was associated with the greatest delay 
in distant unirradiated tumor growth, compared to either treatment alone. Depletion 
of CD8 cells abrogated this effect. Among the 17 % treated with the combination 
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and achieving a complete tumor response, tumor rechallenge demonstrated 
 persistent immunity. Analysis of tumor-infi ltrating lymphocytes demonstrated that 
resistance to therapy was associated with low numbers of infi ltrating CD8 cells, and 
a low CD8/regulatory T cell ratio, and a higher number of “exhausted” CD8 cells. 
They also observed that upregulation of PD- L1   and interferon-stimulated genes in 
tumor cells was associated with resistance to combination treatment. The authors 
found that adding PD-L1 blockade to the combination of CTLA4 blockade and 
radiotherapy increased the response rate to 58 % and was associated with reinvigo-
ration of the “exhausted” CD8 population infi ltrating the tumor and in the periphery. 
They went on to characterize the effect of radiotherapy in the context of dual  check-
point blockade   and found that radiotherapy was associated with diversifi cation of 
the T cell receptor repertoire, while  CTLA4   and PD- 1   lowered the percent of Tregs 
and reversed T cell exhaustion in the tumor, respectively. Finally, the authors devel-
oped and tested the accuracy of a model to predict response to the combination of 
 immunotherapy   and radiotherapy which incorporated the proportion of “exhausted” 
CD8 cells, reinvigorated CD8 cells, and the ratio of CD8/regulatory T  cells      [ 37 ].  

    Combinations of Costimulatory and Inhibitory Receptor 
Modulators  and Radiotherapy         

 Using a triple- negative   (estrogen/progesterone/Her-2/neu receptor negative) breast 
cancer cell (AT-3) model, investigators explored the combination of PD- 1   antago-
nism with a monoclonal antibody, with 4-1BB agonism alone immediately after 
radiotherapy (12 Gy/1 fraction or 16–20 Gy/4 fractions). The authors found that the 
combination of radiotherapy, 4-1BB agonism, and PD- 1   antagonism was associated 
with a higher rate of response than the combination of radiotherapy and 4-1BB 
agonism or radiotherapy and PD-1 antagonism. In an orthotopic and subcutaneous 
model, this combination led to a 100 % and 40 % cure rate among the group treated 
with the triple combination of 4-1BB agonism, PD-1 blockade, and radiotherapy, 
respectively. A similar effect was noted when combining fractionated radiotherapy, 
PD-1 blockade, and 4-1BB agonism, with approximately 80 % achieving cure [ 24 ]. 

 Investigators using a  glioblastoma   (GL261-luc) model examined the effect of 
focal radiotherapy (10 Gy/1 fraction) followed by  CTLA4   (4F10) blockade and 
4-1BB (2A) agonism. The combination of radiotherapy and CTLA4 blockade or 
radiotherapy and 4-1BB agonism was associated with longer survival than no 
 treatment in their model; the CTLA4 combination with radiotherapy (but not the 
4-1BB combination) was associated with signifi cantly longer survival than radio-
therapy alone. They found that delivering radiotherapy 2 days before, the day of, or 
2 days after the fi rst dose of CTLA4-blocking antibody was associated with similar 
survival benefi ts, compared to no  treatment        , although a lower proportion of long-
term survivors and shortest median duration of survival was noted in the group 
treated with radiotherapy, followed 2 days later by  CTLA4   blockade. The authors 
then went on to observe that the group treated with CTLA4 blockade, 4-1BB 
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 agonism, and radiotherapy had survival longer than any other combination  treatment 
groups. They observed that CD4 and CD8 brain-infi ltrating  lymphocytes   were more 
common in the groups treated with the combination of CTLA4 blockade and 4-1BB 
agonism, with or without radiotherapy, compared to non-tumor-bearing brains. The 
difference in infi ltrating lymphocytes was not noted in draining cervical lymph 
nodes. Depletion of CD4 and CD8 abrogated the survival improvement with CTLA4 
blockade and 4-1BB agonism, with the former being a more profound effect. Long- 
term survivors of the combination therapy underwent tumor rechallenge and were 
found to have long-term tumor-specifi c immunity [ 38 ]. 

 An alternative strategy to tumor-specifi c irradiation is whole-body irradiation. 
Investigators used a combination of “lymphodepleting”  whole-body irradiation 
(WBI)   to 5 Gy in 1 dose 7 days after injection of multiple myeloma cell lines and 
found that this, in conjunction with a combination of checkpoint-blocking antibod-
ies (against  CTLA4  , PD- 1  , PD- L1  , TIM- 3  , or LAG3 or a combination thereof), 
improved the anti-myeloma immune response and survival. The authors could not 
elucidate the mechanism whereby WBI augmented  immunotherapy   other than to 
say it depleted lymphocytes with upregulated coinhibitory molecules, and this tran-
sient depletion facilitated effective immunotherapy. Notably, this strategy was only 
effective in  hematopoietic cancer models  , but not in solid tumor  models         [ 39 ].  

    Summary 

 Several noteworthy preclinical studies have examined the effect of combining lym-
phocyte costimulatory and inhibitor receptor modulators and radiotherapy. Most 
have demonstrated improvements in irradiated tumor control with the combination 
of receptor modulation and radiotherapy. In two-tumor models, this was associated 
with an improved control of unirradiated tumors, which translated into longer sur-
vival, cure, and immunologic memory. However, no improvement over radiotherapy 
alone was presented in some studies of CD40 and GITR. Moreover, some studies 
found that a combination of radiotherapy and more than one costimulatory or check-
point modulator ( CTLA4   and PD- 1   or PD- L1  , CD137/4-1BB and PD-L1, CD137/4- 
1BB and CTLA4) yielded the best outcomes. These effects have been observed in 
models of various cancers, including breast, lung, glioma, lymphoma, colon, meso-
thelioma, melanoma, kidney, pancreas, and multiple myeloma. 

 Variations in radiotherapeutic approach have been explored. The effect has been 
observed with single-dose and fractionated in vivo tumor radiotherapy, which most 
accurately recapitulates common clinical scenarios for patients with solid tumors. 
Importantly, some studies observed that a signifi cant delay in checkpoint modula-
tion after radiotherapy abrogated the therapeutic effects. In some models, a higher 
dose of tumor radiotherapy was associated with response, while lower doses were 
not. In some instances, irradiation of tumor cells demonstrated the effect, and in one 
study, two doses of radiotherapy appeared superior to a single dose. The target of 
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radiotherapy was most often a tumor, but in the context of hematopoietic disease 
models, whole-body  irradiation   increased the response to checkpoint modulation 
and appeared to be dose dependent. 

 Immunologically, induction of the receptor ligands (PD- L1  , 4-1BBL) by radio-
therapy was associated with response to combination therapy in some studies. One 
study found that the T cell receptor diversifi cation may be another important effect 
that radiotherapy has on the immune system. The infi ltration of immune cells after 
combined checkpoint modulation and radiotherapy was greater than after either 
treatment alone; depletion of CD8 cells (and sometimes CD4, natural killer cells, or 
macrophages) typically abrogated therapeutic effects. In vitro assays typically dem-
onstrated tumor-specifi c functionality of the infi ltrating immune cells. Resistance to 
 immune checkpoint   modulation and radiotherapy was attributed to PD- L1   expres-
sion on tumor cells in two studies, and strategies to block this immunologic barrier 
appeared to overcome resistance. Finally, the use of  immunocompromised model 
organisms   demonstrated a lack of an antitumor effect after  radiation   demonstrating 
a critical role of the immune system in mediating the antitumor effi cacy of radiation 
therapy. 

 The fi ndings discussed herein clearly support future investigations combining 
 lymphocyte   costimulatory and inhibitory receptor modulation and radiotherapy. 
Preclinical evidence has suggested approaches that hold promise for cancer patients, 
but additional studies will be needed to clarify the optimal therapeutic approach. 
The design of rationale clinical trials will be imperative to validate the potential 
benefi t for cancer patients.     
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    Chapter 8   
 Stereotactic Body Radiation Therapy (SBRT) 
or Alternative Fractionation Schedules                     

     Aaron     M.     Laine     ,     Zabi     Wardak     ,     Michael     R.     Folkert     , 
and     Robert     D.     Timmerman    

    Abstract     The use of hypofractionated regimens for the treatment of tumors with 
radiation has come full circle. After the discovery of X-rays and their utilization for 
cancer treatment, the initial fractionation schemes were primarily hypofractionated 
in nature. However, due to technical limitations and associated toxicities, more pro-
tracted fractionated regimens eventually became the foundation for modern radia-
tion therapy. With the advance of imaging and radiation delivery systems, interest 
in more hypofractionated approaches was revived. Stereotactic ablative radiation 
therapy (SABR; also referred as stereotactic body radiation therapy, SBRT) is the 
most abbreviated form of hypofractionation, typically utilizing 1–5 fractions for 
treatment. Its strengths include high rates of tumor control via a convenient, nonin-
vasive outpatient procedure. Toxicities related to high, ablative radiation doses still 
are a potential concern; however, recent clinical trials for a variety of tumor sites 
have shown good outcomes in properly selected patients. This chapter will discuss 
the potential for SBRT/SABR to improve the therapeutic response. The use of 
SBRT/SABR regimens to treat lesions within the lung, liver, spine, and prostate will 
be reviewed. Due to more mature data in regard to the safety and effi cacy, cost- 
effectiveness of the treatment, and potential for immunomodulatory effects, SBRT/
SABR has become more wildly utilized in cancer treatment.  
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      Stereotactic Body Radiation Therapy (SBRT) or Stereotactic 
Ablative Body Radiosurgery (SABR)       

     Introduction      

 After the discovery of  X-rays   in 1895 and  radioactivity   in 1896, initial  radiation can-
cer treatments   were mostly  hypofractionated  . Treatments were limited in giving 
higher doses to the skin and superfi cial structures than to a deeper tumor target. 
Quality assurance measures were lacking to ensure accurate dose deposition. These 
approaches lead to tumor responses, however, with signifi cant late tissue  effects           . 
Despite these limitations,  hypofractionation   remained the  primary treatment sched-
ule   due to patient convenience and technical considerations with treatment delivery. 

 Early radiotherapy  pioneers  , including Friedrich Dessauer, identifi ed the prob-
lems with the state of technology for delivering  hypofractionated treatments  . In 
1905, Dessauer proposed that improvements could be achieved with the application 
of homogeneous dose to the tissue and eventually leading to the formulation of 
ideas of  multibeam   or  multisource irradiation   [ 1 ]. 

 At the same time, Claudius Regaud was performing his seminal experiments 
relating to the irradiation of the testis. He observed that cells undergoing  mitosis      
were more sensitive to radiation, whereas the more differentiated cells were less 
sensitive [ 2 ]. This work led to the  “Law of Bergonie and Tribondeau”   stating that 
the effects of irradiation on cells are more intense the greater their reproductive 
activity, the longer their mitotic phases, and the less differentiated, forming the 
 biological basis for fractionation [ 3 ]. 

 In 1932, Henri Coutard presented his groundbreaking fi ndings at the  American 
Congress of Roentgenology   demonstrating that protracted fractionated  radiotherapy      
had cured deep  tumors   with signifi cantly less  toxicity            previously seen [ 4 ]. Afterward, 
radiation  oncologists   across the world mostly abandoned  hypofractionated   as a method 
for curative treatment. Interestingly, Coutard believed in both approaches stating that 
choice of fractionation should depend on the initial volume of the  target            (small targets 
warrant hypofractionation, whereas large should be more protracted) [ 5 ]. 

 It took until the 1950s when Lars Leksell broke from the perceived rationale of 
 conventionally fractionated radiotherapy (CFRT)   by using large-dose single ses-
sions of radiation delivery in the central nervous system [ 6 ]. Although a single 
 large-dose radiation treatment   was historically prohibitive,  Leksell’s approach   
defi ed conventional wisdom by its technology and administration. Unlike  CFRT  , 
which often irradiates much larger volumes of normal tissue to the prescription dose 
than the tumor itself, Leksell’s  stereotactic radiosurgery (SRS)   went to great lengths 
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to avoid delivering high dose to nontargeted normal tissues. Whatever normal tissue 
was included, either by being adjacent to the target or by inferior  dosimetry  , was 
likely damaged. However, if this damaged tissue was small in volume or nonelo-
quent, the patient did not suffer clinically apparent toxicity, even as a late event. 

 Building upon these results, Lax and Blomgren at the Karolinska Institutet in 
Sweden separated from the established traditions of CFRT and began to explore the 
use of alternative hypofractionated radiation  treatment   regimens for  lung  ,  liver  , and 
selected other  malignant extracranial tumors     . They constructed a  stereotactic body 
frame   that would simultaneously enable comfortable and reliable immobilization 
and dampening of respiratory motion treating patients with extracranial, localized 
tumors  with ablative doses of radiation   that ranged from 7.7 to 45 Gy in 1–4 frac-
tions [ 7 ]. At the same time in Japan, Uematsu and colleagues developed technolo-
gies to deliver  stereotactic radiation               to lung  tumors   [ 8 ]. Initially the treatments were 
called  extracranial stereotactic radioablation   and later stereotactic body radiation 
therapy (SBRT) [ 9 ,  10 ]. More recently, the descriptive term stereotactic ablative 
radiotherapy (SABR) has been  used            [ 11 ]. 

 Defi ning  characteristics of SBRT/SABR      include the following [ 12 ]: (1) secure 
immobilization avoiding patient movement for the typical long treatment sessions; 
(2) accurate repositioning from simulation to treatment; (3) minimization of normal 
tissue exposure attained by using multiple (e.g., 10 or more) or large-angle arcing 
small aperture fi elds; (4) rigorous accounting of organ motion; (5) stereotactic reg-
istration (i.e., via fi ducial markers or surrogates) of tumor targets and normal tissue 
avoidance structures to the treatment delivery machine; and (6) ablative dose 
 fractionation delivered to the patient with subcentimeter  accuracy     .   

     Radiobiological Modeling of SBRT/SABR         

 Classical understanding of the mechanisms of radiation-induced tumor  cell   killing 
centers on the hypothesis that DNA is the main target of ionizing radiation, leading 
to single- and double-strand breaks. Different  mathematical models   have been 
developed to compare tumor control and normal tissue toxicity profi les for various 
radiation schedules and fraction sizes. Since the development of the  linear-quadratic 
(LQ) formalism   by Lea and Catcheside to describe the relationship between radia-
tion dose and the incidence of chromosomal translocations, it has served as the 
primary basis for modeling  radiation dose effects   [ 13 ]. The  LQ model   describes cell 
 killing   as a single-hit versus double-hit  hypothesis  , where the  linear cell kill   is 
expressed by the  α  component, while the  quadratic cell kill   is expressed by the 
 β  component [ 14 ]. The  α / β  ratio is obtained from isoeffect curves using the survival 
fractions of a cell line at different doses per fraction [ 15 ]. This ratio is primarily 
utilized to predict the  clinical effects   in response to changes in fraction size. With 
regard to tumors, a high   α / β  ratio   predicts higher  sensitivity to CFRT           , while a lower 
 α / β  ratio predicts lower sensitivity to CFRT. Most tumors typically possess a high 
 α / β  ratio (approximately 8–10) relative to most normal tissues, which demonstrate 
lower  α / β  ratios (approximately 1–4). 

8 Stereotactic Body Radiation Therapy (SBRT) or Alternative Fractionation Schedules



174

 Not all  hypofractionated radiotherapy   is ablative. In general, ablation occurs at 
dose levels that correspond to the exponential (linear region on a logarithmic scale) 
portion of the cell survival curve, which would generally involve daily dose levels 
of >8 Gy. Below this dose range, cells have more capacity to repair. The logarithm 
of cell  survival   as a function of dose in the lower-dose region exhibits a curviness 
called the  shoulder  . More conventional and  nonablative hypofractionated radio-
therapy      is delivered on the shoulder. The range of 2.25–8 Gy per fraction, still 
 considered hypofractionated, has mostly been used for palliation of metastatic dis-
ease. More recently, though, investigators treating common diseases like  breast   and 
 prostate cancer   have used nonablative hypofractionation in patients with curable 
tumors. This was partly for the cost savings associated with fewer overall fractions, 
but in some cases, such  hypofractionation   has a biological rationale for improving 
the  therapeutic ratio  . 

 Based on experimental and clinical data, the  LQ model   seems to predict  biologi-
cal effective dose (BED)   accurately for fraction sizes less than 3.25 Gy [ 16 ]. Due to 
the fact that typical doses for SBRT/SABR fall outside of this range, the LQ model 
breaks down as does not accurately predict the BED for extremely hypofractionated 
regimens [ 16 – 19 ]. The development of more accurate models to predict the 
responses of tumors  to hypofractionated radiotherapy   has been attempted. The  uni-
versal survival curve  , modifi ed  linear-quadratic model (LQL)  , and the generalized 
linear-quadratic model all have shown better radiobiological modeling of high dose 
per fraction than the LQ model, with moderate success at maintaining accuracy 
within the conventionally fractionated range [ 16 ,  18 ,  20 ]. In an attempt to address 
this discrepancy, a universal survival curve was constructed which hybridized the 
LQ model and the multitarget model [ 20 ]. The multitarget model better describes 
the survival curve for ablative doses beyond the shoulder or the transition dose D T . 
These models primarily predict the tumor control to hypofractionated  radiotherapy  ; 
however, better estimation of normal tissue toxicity with larger doses per fraction is 
required. 

 Limitations to predict clinically relevant endpoints exist in simple radiobiologi-
cal  modeling         due to the presence of additional factors, including dose rate, period of 
time over which treatment is delivered, tissue type irradiated, and competing cell 
death mechanisms besides DNA damage. These may include immunological activa-
tion mediated by the release of antigens, damage to cell membranes and organelles, 
and additional mechanisms related to ablative therapy [ 21 ]. 

 Several groups have described tissues and their radiation response according to 
the organization of the smallest functional subunit [ 22 ,  23 ]. Structurally defi ned  tis-
sues   can only repair radiation damage by recruiting their own  stem cells   and have a 
lower radiation tolerance per functional subunit. Generally, organs comprised of 
such structurally defi ned subunits, also called  parallel functioning tissues  , and are 
large organs like the peripheral lung and liver.  Parallel organs      display signifi cant 
redundancy in the number of subunits performing the same function to overcome 
the poor tolerance to damage. In contrast, tissues made up predominately of struc-
turally undefi ned subunits are much more tolerant of radiation damage per subunit 
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because of their ability to recruit clonogenic cells from neighboring tissues for 
repair. Organs made up of  structurally undefi ned subunits   like the esophagus, major 
ducts and airways, and spinal cord are referred as serially functioning tissues and 
perform critical functions acting as a conduit. Despite possessing a higher radiation 
tolerance, if a section of a serially functioning tissue is damage anywhere along its 
length, all downstream function may be effected [ 12 ]. The potential to elicit such 
tissue injury when utilizing ablative doses is a major consideration needed to be 
taken into account when developing treatment plans. 

 The underpinning of radiobiological understanding of  radiation therapy   is based 
on the differences of chromosomal damage within tumor versus normal cells resul-
ting from the relatively homogenous dose exposures of CFRT. It could then be 
expected that the large dose per fraction associated with SBRT/SABR would cause 
tremendous DNA damage within any tissue exposed to this dose. Therefore as men-
tioned above, it is critical to geometrically partition the dose levels received by the 
tumor and normal tissues. Additionally, SBRT/SABR dose  distributions   are typically 
engineered to be heterogeneous, allowing large variations of dose between tumor, 
adjacent normal tissue, and more removed normal  tissues        . Due to this dose variabil-
ity, comparisons between SBRT/SABR and CFRT can become complicated [ 24 ].  

    Immunological Effects of Ablative  Radiation      

 In addition to the  DNA damage effects   described above, a high  intratumoral dose   
achieved with SBRT/SABR might optimize  antitumor mechanisms   by stimulating 
local and direct immune responses in the local microenvironment and  antigen- 
presenting cells (APCs)   [ 25 ].  High-dose-per-fraction radiation   (>8 Gy per treatment 
fraction) may also generate  stromal effects   that are not accounted for in traditional 
radiobiological modeling [ 26 ,  27 ]. It has been suggested that higher doses per 
 fraction result in increased tumor endothelial apoptosis and vascular damage, a phe-
nomenon seen only in high-dose-per-fraction treatment  schedules  , may contribute 
signifi cantly to cell kill [ 26 ,  28 ]. Relatively radiation-insensitive tumor  stem cells      
may also compromise the ability of low-dose fractions to achieve durable tumor 
 control  ; it has been hypothesized that higher doses per fraction can overcome these 
 cells’      ability to repair sublethal damage [ 29 ]. Higher doses per fraction, as opposed 
to conventional 2 Gy doses, can also prime T cells in lymphatic  tissue     , leading to 
more signifi cant CD8+ T-cell-dependent eradication of disease, as well as the induc-
tion and expression of  effector cytokines   and other  infl ammatory mediators   [ 30 ]. 
Such a  pro-infl ammatory environment   laden with cytokine production can increase 
permeability of local vasculature and stimulate APCs to mature more effectively. 
More recently, increased interest in the potential ability of SBRT/SABR to promote 
an abscopal response in conjunction with  immunomodulatory agents   has been 
investigated. Two case reports of combination SBRT/SABR and ipilimumab (anti- 
CTLA- 4) have shown  abscopal effects   in metastatic melanoma and non-small cell 
lung cancer [ 31 ,  32 ]. A Phase I trial of SBRT/SABR and high-dose interleukin-2 for 
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patients with  metastatic melanoma   or  renal cell carcinoma   revealed abscopal 
responses in several patients [ 33 ]. The combination of greater degree and/or differ-
ent modes of DNA damage as well as injury to the tumor microenvironment arising 
from the use of  hypofractionated   or  single-fraction radiation therapy   may work syn-
ergistically to cause irreparable and lethal injuries to the irradiated cells [ 28 ,  34 ,  35 ].  

    SBRT/SABR  for Primary Management of NSCLC         

 Lung  cancer      is the second most diagnosed cancer and the leading cause of 
 cancer- related mortality in the United States [ 36 ]. Of patients newly diagnosed with 
 non- small cell lung cancer (NSCLC)           , 15–20 % are found to have stage I disease 
[ 37 ]. Surgical  resection   is the treatment of choice for these patients. However, up to 
30 % are deemed inoperable because of comorbidities [ 38 ]. SBRT/SABR has 
proven effi cacy in the treatment of patients with early-stage, medically inoperable 
NSCLC [ 39 ,  40 ] with an emerging indication in the setting of limited metastatic 
disease [ 41 – 52 ]. 

 For patients with medically inoperable NSCLC, dose escalation using  con-
ventional fractionation   was initially explored to improve the probability of local 
control.  Radiation Therapy Oncology Group (RTOG) Protocol 7301   investigated 
multiple dosing regimens for patients with T1-3 N0-2 disease, including 40 Gy 
delivered in a split regimen of two courses of 20 Gy delivered in 5 fractions (40 Gy 
total in 10 fractions) with a 2-week break between courses, and continuous regi-
ments escalating the dose from 40 to 60 Gy. The failure rate within the irradiated 
volume was 48 % in the 40 Gy continuous regimen, 38 % for the 40 Gy split course 
and 50 Gy regimen, and 27 % in the 60 Gy continuous regimen [ 53 ].  RTOG Protocol 
9311   then escalated doses from 65 to 90.3 Gy using 3D conformal  radiation therapy      
in inoperable patients and found that treatment could safely be delivered in daily 
fraction sizes of 2.15 Gy to a total dose of 77.4 Gy or 83.8 Gy provided that the 
volume of the lung receiving 20 Gy could be constrained to less than 25 % of the 
total lung volume. The study attained  locoregional control rates   at 2 years of 
55–78 % at the MTD [ 54 ]. 

 A later  dose-escalation study   conducted by Rosenzweig et al. treated patients 
with inoperable NSCLC using 3D conformal radiation therapy, with fraction sizes 
of 1.8 Gy for doses ≤81 Gy and 2 Gy for doses >81 Gy. Dose-escalation levels 
included 70.2, 75.6, 81.0, 84.0, and 90 Gy; unacceptable pulmonary toxicity 
occurred at 90 Gy, and the  maximum tolerated dose (MTD)   was established at 
84 Gy [ 55 ]. Long-term results of this study were reported by Sura et al. and included 
55 patients with stage I/II disease. They demonstrated that treating the primary 
lesion with escalated doses >80 Gy in 2 Gy  fractions   resulted in 5-year local control 
(LC) and overall survival (OS) outcomes of 67 % and 36 %      , respectively [ 56 ]. 

 In order to continue to improve LC and OS in this patient population, protocols 
have sought to improve the  therapeutic ratio   with the addition of  chemotherapy   or 
by changing the dose per fraction. Researchers at Indiana University reported a 

A.M. Laine et al.



177

Phase I study in which patients with T1–T2 N0  NSCLC      were treated with escalating 
doses of SBRT/SABR, starting at 24 Gy in 3 fractions and increasing to 60 Gy (for 
T1 lesions) or 72 Gy (for T2 lesions) in 3 fractions to determine the maximum toler-
ated dose (MTD). The MTD was not reached for T1 lesions at 60 Gy, and for T2 
lesions an MTD of 66 Gy was established based on bronchitis, pericardial effusion, 
hypoxia, and pneumonitis. Crude rates of local failure were 21 % in both the T1 and 
T2 cohorts, and a dose response was noted with only one local failure observed with 
fraction sizes of >16 Gy per fraction [ 10 ,  39 ]. These doses were calculated without 
correction for tissue  inhomogeneity  ; subsequent doses used inhomogeneity  correc-
tion   and as a result appear slightly lower. 

 A subsequent  Phase II multicenter trial   (RTOG 0236) further evaluated the toxic-
ity and effi cacy of stereotactic body radiation therapy in a high-risk population of 
patients with T1-2aN0 (lesions <5 cm in size) early-stage, medically inoperable 
NSCLC. Doses of 54 Gy in 3 fractions were delivered, and an estimated 3-year local 
control rate of 97.6 % was observed, with an overall survival rate of 55.8 % at 3 
years [ 40 ]. Based on this study, stereotactic body radiotherapy ( SBRT  ) is now the 
standard of care for medically inoperable early-stage  non-small cell lung cancer 
(NSCLC)   or those patients who refuse surgery. Further work is being done to opti-
mize dose delivery for early-stage NSCLC; the RTOG conducted  RTOG Protocol 
0915  , a randomized Phase II study that compared two different SBRT/SABR treat-
ment schedules for medically inoperable patients with  stage I peripheral NSCLC  , in 
which patients were randomized to receive 34 Gy in a single fraction or 48 Gy in 
four daily consecutive fractions of 12 Gy per  fraction     . This protocol is now closed 
to accrual, and fi nal results are pending; preliminary data suggest that 34 Gy may be 
more effi cacious with respect to local control and equivalent in toxicity profi le, and 
a comparison of 34 Gy in one fraction to 54 Gy in 3 fractions is planned. 

 Continued evaluation of dose response outside of trials has been performed. In a 
review of the  National Cancer Data Base (NCDB)     , 498 patients were identifi ed and 
evaluated for response to SBRT/SABR. These patients were treated with a range of 
dosing regimens, with the most common being 60 Gy in 3 fractions, 48 Gy in 4 frac-
tions, 54 Gy in 3 fractions, 45 Gy in 3 fractions, and 48 Gy in 3 fractions. Outcomes 
were evaluated with respect to  biologically effective dose (BED)   [ 57 ], which is 
calculated according to the simplifi ed formula:

  
BED = + ( )( )nd d1 / /a b

   

where  n  = number of treatment fractions,  d  = dose per fraction, and  α / β  is the ratio of 
the linear and quadratic components of the cell  survival curve  ; for the purposes of 
their study, an  α / β  ratio of 10 was assumed. For example, a regimen of 54 Gy in 
3 fractions would have a BED of  18 3 1 18 10× × +( )/

 
  or 151.2. They found that 

increasing BED to doses >150 Gy equivalent was associated with improved survival 
in patients undergoing SBRT/SABR for larger (T2) tumors [ 58 ]. 

 While local control rates with SBRT/SABR in  early-stage NSCLC   are excellent 
[ 40 ,  59 ], distant failure is common, occurring in 20–30 % of patients in 3–5 years 
[ 40 ,  60 – 62 ]. Future efforts in the treatment of early-stage NSCLC will naturally 
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include optimization of treatment delivery to safely and accurately deliver ablative 
doses to tumor while limiting normal tissue toxicity, but it is likely that incorpora-
tion of appropriately timed and administered cytotoxic, targeted, and  immunotherapy- 
based treatments   will be required to optimize outcomes in terms of out-of-fi eld 
tumor recurrence and overall patient survival after SBRT/ SABR        .  

    Specifi c  Issues Associated with SBRT/SABR for Targets 
in the Lung            

 Escalating the dose to the target in the lung has been shown to be effective in terms 
of killing the tumor cells, but the normal nearby tissues must be taken into account; 
tumor  control   does come at a price. The lung may be considered both a  parallel   and 
 serial organ  , in that there is some redundancy due to its paired nature and  parenchy-
mal reserve  , but injury to a central structure may impair function of a large down-
stream volume; one aspect of this is the  proximal bronchial tree  . Ablative doses 
given to a very proximal branch of the airway could cause injury that impairs down-
stream function and lead to signifi cant  patient pulmonary toxicity  ; additionally, 
large vessels run in close approximation to these large branches and could also 
potentially be a target for injury. In a study by Timmerman et al., building on an 
earlier  dose-escalation study   [ 10 ], 70 patients with T1-2 N0 medical inoperable 
NSCLC were treated with either 60 Gy in 3 fractions (for T1 disease) or 66 Gy in 3 
fractions (for T2 disease); these doses were also calculated without correction for 
tissue inhomogeneity, and there was no restriction on tumor location. Local tumor 
 control   remained very high, 95 % at 2 years; however, on follow-up, eight patients 
had serious grade 3 or 4 toxicities (declining pulmonary function, pneumonia, effu-
sion, apnea), and six patients died of possible grade 5 toxicities, including one fatal 
 hemoptysis      four  infectious pneumonias  , and one  pericardial effusion  . Tumor  loca-
tion   was associated with severe toxicity, and this study identifi ed that dose delivery 
to targets overlapping the  proximal bronchial tree   with a 2 cm expansion (consisting 
of the carina, the right and left main bronchi, the right and left upper lobe bronchi, 
the  bronchus intermedius  , the right middle  lobe bronchus   the  lingular bronchus     ;, 
and the right and left lower lobe bronchi) was most predictive of serious adverse 
effects. This area was defi ned as a  “no-fl y zone”   for SBRT/SABR in the lung of very 
high fraction sizes (>10 Gy per fraction) [ 63 ]. 

 Effective dose delivery for patients with “central tumors”    is an area of active 
investigation. The RTOG recently closed  RTOG Protocol 0813  , which was a Phase 
I/II study of SBRT/SABR for the treatment of  early-stage  , centrally located NSCLC 
in medically inoperable patients. They defi ned  central tumors   as those with any 
overlap with a 2 cm expansion from the previously defi ned  proximal bronchial tree  , 
as well as any lesions adjacent to the mediastinal or pericardial pleura. Dose was 
delivered in 5 fractions every other day, starting at 50 Gy in 5 fractions and escalat-
ing to 60 Gy in 5  fractions        .  
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     SBRT/SABR for Metastases to the Spine            

  Radiation therapy   has a role in the management of both primary and metastatic 
lesions of the spine, although the vast preponderance of metastatic disease has led 
to more extensive research and clinical evaluation of treatment techniques. 
Metastatic disease in the  spine   is common, accounting for up to 70 % of all metas-
tases to the bone and affecting up to 10 % of all cancer patients [ 35 ,  64 ]. Spine 
involvement can result in back pain (the most common presenting symptom) and 
deterioration in functional status and quality of life [ 65 ]. Compression or invasion 
of the spinal cord, cauda equina, or exiting nerve roots can lead to disabling or even 
life-threatening neurological symptoms [ 66 ]. 

 Conventionally  fractionated radiation therapy   for spine metastases is generally a 
 palliative therapy      and may not be suffi cient alone to restore and maintain neurologi-
cal function; in a study by Patchell et al., patients with epidural spinal  cord          com-
pression   were randomized to  conventional external beam radiation therapy   (30 Gy 
in 10 fractions) alone or  direct decompressive surgery   followed by radiation ther-
apy. Patients who underwent combined modality treatment had signifi cantly 
improved neurological outcomes, with more patients able to ambulate after treat-
ment (84 % vs 57 %,  P  = 0.001) and longer sustained ambulatory status (122 days vs 
13 days,  P  = 0.003). A small survival benefi t was also noted (126 days vs 100 days, 
 P  = 0.033) [ 67 ]. Conventional external beam therapy has been shown to achieve 
local control rates range less than 50 % [ 68 – 71 ]. Even in the postoperative setting, 
in a large retrospective study by Klekamp and Samii, patients receiving low-dose 
conventional external beam radiation therapy following surgery for spinal lesions 
had documented local failure as high as 58 % at 6 months, and these local failures 
led to neurologic deterioration in 69 % of the patients within 1 year and in 96 % of 
patients within 4 years [ 69 ]. 

 Multiple studies support the hypothesis that dose escalation, particularly in terms 
of dose per fraction, improves the likelihood of local control in lesions metastatic to 
the spine [ 72 – 75 ]. Hartsell et al. conducted a randomized trial in which 898 patients 
with painful bone lesions (patients with spinal cord or cauda equina compression 
were excluded) were treated with either 8 Gy in 1 fraction or 30 Gy in 10 fractions. 
The two regimens were equivalent in terms of pain and narcotic relief at 3 months, 
with less acute grade 2–4 toxicity in the 8 Gy arm (10 % vs 17 %); retreatment rates 
were doubled in the 8 Gy arm (18 % vs 9 %), suggesting that a single high-dose frac-
tion could provide comparable benefi t to a more protracted course [ 76 ]. With 
advances in radiation therapy delivery, fraction sizes above 8 Gy could be delivered 
to spinal targets while constraining dose to the  spinal cord   and/or  cauda equina   [ 77 ]. 
The use of SBRT/SABR techniques with precise target delineation allows for safe 
delivery of  radiation   while limiting dose to the nearby spinal cord; techniques for 
defi ning the spinal cord vary, with some institutions preferring a  CT-myelogram- 
defi ned cord   immediately prior to simulation [ 78 ,  79 ], while other institutions 
defi ne the  cord            on the basis of a registered and fused T1- and T2-weighted MRI, 
which is the method used in the current RTOG (now  NRG Oncology  ) 0631  protocol  . 
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A more conservative approach pursued at some institutions defi nes the organ at risk 
as the entire thecal sac or canal [ 80 ]; this approach is often used at the level of the 
 cauda equina   [ 74 ]. 

 A Phase I/II  non-dose-escalating study   was performed by Chang et al. using 
SBRT/SABR for spinal metastasis, pattern of failure analysis. In their initial Phase 
I report [ 81 ], they treated 15 patients with SBRT/SABR to a goal dose of 30 Gy in 
5 fractions, constraining the spinal cord to a maximum dose of 10 Gy. Five of the 
patients treated on the study had been previously irradiated. No neurotoxicity or 
grade 3–4 toxicities were observed. In the subsequent failure analysis report [ 82 ], a 
total of 63 patients with 74 tumors had been treated to doses of 30 Gy in 5 fractions 
or 27 Gy in 3 fractions; 1-year freedom from tumor progression was 84 %. Of the 
local recurrences, 47 % were located in the epidural space, where effective dose 
delivery was most constrained by the proximity of the spinal cord [ 81 ,  82 ]. The cor-
relation between failure to deliver maximal dose and increased risk of failure has 
received attention from multiple investigators. Lovelock et al. [ 83 ] reported a study 
of dosimetric coverage of target lesions and found that portions of  gross tumor vol-
umes (GTV)   receiving less than 15 Gy were at highest risk of failure. These defi cits 
in GTV dosimetry were often due to constraints placed on the radiation treatment 
planning process in terms of the maximum dose ( D  max ) permitted to the spinal cord. 

 A dose-escalation protocol initiated at  Memorial Sloan Kettering Cancer Center 
(MSKCC)   using image-guided single- fraction   high-dose radiotherapy for meta-
static disease established 24 Gy to the  planning target volume (PTV)   as an effective 
dose to achieve 85–95 % tumor control for spine lesions, osseous metastases, and 
soft-tissue/lymph node metastatic deposits (MSKCC Protocol 06-101) [ 77 ,  84 ]. 
Yamada et al. reported on 93 patients with 103  spinal metastases   treated with 
18–24 Gy in a single fraction. Using this regimen, 90 % overall actuarial local con-
trol was achieved at a median follow-up of 15 months; patients treated with the 
highest dose level of 24 Gy had superior local control (95 % vs 80 % for single- 
fraction  treatments            <24 Gy) [ 77 ]. 

 Some  tumors  , such as  renal carcinoma   and  sarcoma  , have been shown to be less 
sensitive to fractionated radiation than other histologies and also have limited sys-
temic treatment options. These tumor histologies provide a particularly useful 
model for testing the effi cacy of SBRT/SABR, as local control outcomes are not 
confounded by competing therapies [ 85 ]. Zelefsky et al. reported on tumor control 
outcomes after hypofractionated and single-dose SBRT/SABR for  extracranial 
metastases   from renal cell carcinoma; of the 105 lesions treated on the study, 59 
(56 %) were located in the spine. For patients who received 24 Gy in a single frac-
tion, 3-year local progression free survival was 88 %; for patients receiving single 
fractions of less than 24 Gy or hypofractionated regimens of 24–30 Gy in 3–5 frac-
tions, 3-year local progression free survival was 21 % and 17 %, respectively [ 75 ]. 
Folkert et al. reported on 88 patients with 120 discrete metastases from high-grade 
sarcoma to the spine, treated with hypofractionated or single-fraction SBRT/
SABR. Local control at 12 months was 88 %, with single-fraction treatments of 
24 Gy having superior outcomes (1-year local control of 91 %, compared to 84 % 
for hypofractionated courses of 24–26 Gy in 3–6 fractions) [ 73 ]. 
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 A currently open RTOG trial, RTOG  0631   (NCI designation NCT00922974), is 
comparing the relative benefi t of 2 single-fraction regimens: 8 Gy in 1 fraction 
delivered with conventional techniques and 16–18 Gy delivered in 1 fraction using 
SBRT/SABR techniques. Clinical response, in terms of pain reduction at 3 months, 
is the primary objective of the Phase III portion of the study. Initial Phase II results 
have been published demonstrating the feasibility and reproducibility of the tech-
nique [ 86 ]; while local control outcomes are not a specifi c objective of the study, the 
potential exists to provide a direct comparison of objective radiographic response to 
low- and high-dose single-fraction regimens.  

    Specifi c  Issues Associated with SBRT/SABR for Targets 
in the Spine            

 Treatment of targets in the spine can be particularly complex as the spine circumfer-
entially encloses critical neural structures. A critical toxicity that must be taken into 
account with treatments affecting the spinal cord is  radiation myelitis  .  Radiation 
myelopathy   is defi ned as clinical signs and/or symptoms of sensory or  motor defi cits  , 
with progressive loss of function or neuropathic pain, referable to a level of the spinal 
cord treated by radiation therapy and confi rmed by radiographic means [ 87 – 89 ]. 

 The generally accepted dose limit for the  spinal cord   is 45 Gy at 1.8–2.0 Gy/
fraction [ 89 ]; 50 Gy is observed in otherwise healthy patients treated with curative 
intent where the tumor location prohibits limiting the cord to a lower dose, with an 
attendant 5 % risk of myelopathy at 5 years [ 87 ,  89 ]. For patients undergoing high- 
dose spinal cord radiosurgical procedures, spinal cord tolerance is defi ned as a cord 
maximal dose of 14 Gy or less than 10 Gy to 10 % volume of the spinal cord per 
level [ 77 ,  90 ]. In the event of failure, these limitations may preclude or impair the 
ability of radiation oncologists to offer effective  salvage therapy   with  external beam 
techniques  . Toxicity resulting from repeat irradiation is a subject of open investiga-
tion, with thresholds of 100–135 Gy in  biologically effective dose (BED)   proposed 
for late complications due to repeat irradiation of the spinal cord [ 91 – 93 ]. Outcomes 
were evaluated with respect to biologically effective dose (BED) [ 57 ], which is 
calculated according to the simplifi ed formula:

  
BED = + ( )( )nd d1 / /a b

   

where  n  = number of treatment fractions,  d  = dose per fraction, and  α / β  is the ratio of 
the linear and quadratic components of the cell survival curve; for the purposes of 
spine irradiation, an  α / β  ratio of 2 may be assumed. For example, a tolerance dose 
of 14 Gy in 1 fraction would have a  BED   of  14 1 1 14 2∗ ∗ +( )/

 
  or 112 Gy. 

 Preclinical data exists in  swine models  , as well as several published institutional 
experiences with multiply irradiated  patients  , that suggests that the tolerance of 
the human spinal  cord         to re-irradiation may be greater than currently assumed and 

8 Stereotactic Body Radiation Therapy (SBRT) or Alternative Fractionation Schedules



182

practiced. A study by Medin et al. [ 94 ] used a swine model in which two sets of pigs 
underwent single-fraction SRS at a series of increasing spinal cord  D  max  (approxi-
mately 15, 17, 19, 21, 23, and 25 Gy); one set had previously undergone irradiation 
of the spinal cord 1 year prior to SBRT/SABR, receiving 30 Gy in 10 fractions 
(BED = 75 Gy). No differences in the rates of spinal cord injury were noted in the 
previously irradiated swine cohort compared to the unirradiated cohort, and no neu-
rologic injuries were noted at spinal cord  D  max  <18.8 Gy. In humans, Katsoulakis 
et al. [ 95 ] studied a cohort of ten patients treated with three courses of radiation to 
the same site in the spine; the median spinal cord total  D  max  BED for the cohort was 
141.5 Gy BED (range 103.8–203.4 Gy BED). In this cohort, no cases of clinical 
 radiation myelopathy   were observed with a median total follow-up of 40 months 
from the fi rst course of radiation and 12 months from the third course of radiation. 
Additionally, no MRI spinal cord signal changes were noted. 

 Determining the re-irradiation tolerance of the  spinal cord   is the objective of a 
prospective Phase I clinical trial investigating the use of single-fraction re- irradiation 
following local progression of mobile spine and sacral lesions that have previously 
received radiation therapy. Patients on this trial will be treated with single-fraction 
SBRT/SABR at three cord tolerance levels, starting with a spinal cord/cauda  D  max  of 
14 Gy, escalating to 16 and then 18 Gy (NCI designation NCT02278744).  

    SBRT/SABR  for Primary Liver Cancer            

  Hepatocellular carcinoma (HCC)   is the sixth most common cancer worldwide and 
the third most common cause of cancer death [ 96 ]. Hepatocellular carcinoma most 
commonly arises within a background of  chronic liver disease   [ 97 ], and the most 
common risk factors for the development of HCC are alcohol use and viral infection 
with hepatitis B and/or hepatitis C [ 98 ]. In the United States, the incidence will 
continue to rise dramatically necessitating early diagnosis and defi nitive therapy 
[ 99 ]. Due to the increasing incidence of HCC, routine surveillance strategies are in 
place which allow for earlier detection of disease in patients at high risk [ 100 ]. 

 The current treatment schema for patients with HCC is defi ned by the  Barcelona 
Clinic Liver Cancer (BCLC)   strategy. This takes into account the quantity of tumors, 
the size of tumors, Child-Pugh’s score, and extent of invasion [ 101 ]. Potentially 
curative treatment for patients with HCC can be performed with  orthotopic liver 
transplantation (OLT)  , which treats both the underlying cirrhosis as well as the 
malignancy. Candidacy for  liver transplantation   is based on patients with  early- stage 
disease, consisting of  Child-Pugh score A–B  , a single nodule <5 cm or 3 nodules 
<3 cm, and candidacy for transplantation. 

 Aside from OLT,  surgical resection   and  percutaneous ablation   are the treatments 
which provided the highest potential of cure [ 100 ]. Percutaneous radiofrequency 
ablation is the treatment of choice for patients not candidates for surgical resection. 
During treatment, the tumor and a margin of adjacent hepatic tissue are treated with 
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results as effective as resection for small, solitary nodules of HCC [ 102 ].  Transarterial 
chemoembolization   is a procedure which takes advantage of the dual blood supply 
of the liver to deliver antineoplastics plus a gelatin sponge to arterial vasculature 
supplying the tumor [ 103 ]. The seminal meta-analysis of  TACE      versus  systemic 
therapy   found an improvement in the 2-year survival rate [ 104 ], and it is recom-
mended for patients with BCLC intermediate-stage disease. 

 For patients with BCLC  early-stage disease  , SBRT/SABR can be considered as 
an alternative for patients not amenable to RFA due to tumor size or proximity to 
vessels. A substantial proportion of patients present with disease outside of trans-
plant criteria or will progress outside of transplant criteria while on the waiting list, 
which necessitates the need for “bridging” therapies. It is here where modalities for 
downstaging or bridging can be aided by the utilization of SBRT/SABR. Furthermore, 
among patients with BCLC  intermediate-stage disease  , SBRT/SABR can be used 
following failure of TACE or as an alternative for TACE in patients who are not 
candidates for therapy. Follow-up of patients treated with SBRT/SABR with HCC 
includes dedicated liver imaging, ideally with MRI. There is considerable work 
being performed on characterizing imaging features in the cirrhotic liver post- 
SBRT/SABR, with Fig.  8.1  showing features of a treated lesion.

   Our commonly utilized dose regimen for patients with  HCC   is based on the 
Indiana University experience. In a Phase I feasibility trial, patients with HCC were 
treated with dose escalation from 36 Gy in 3 fractions to a total dose of 48 Gy in 3 
fractions if  dose-limiting toxicities   were not suffered [ 105 ]. Patients were eligible 
for this trial if they had Child-Pugh score A or  B  , a  solitary tumor      less than 6 cm in 
size or three lesions with total diameter less than 6 cm, and adequate liver function. 
In this trial, patients were treated in the  Elekta Stereotactic Body Frame   with 
abdominal compression to minimize diaphragmatic motion to less than 0.5 cm. 

  Fig. 8.1     HCC treated with SBRT     . Pathognomonic arterial enhancement and venous washout seen 
pretreatment, which gradually resolved representing tumor response. T2-weighted imaging shows 
progressive evolution of edema within irradiated volume ( a – e ) [ 145 ]       
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Patients had daily image guidance with cone-beam CT scans prior to the delivery of 
each fraction. The target volume was delineated based on CT-based imaging, with 
no clinical target volume expansion and a minimum of 5 mm axial and 10 mm cra-
niocaudal planning target volume expansion. Patients with  portal vein thrombosis   
were allowed on the protocol, and the entire length of the thrombus was treated with 
a 1 cm margin. Key normal tissue constraints were that 1/3 of the uninvolved liver 
received less than or equal to 10 Gy for Child-Pugh class A patients and that 1/3 of 
the uninvolved liver received less than or equal to 15 Gy for Child-Pugh class B 
patients. Renal constraints included less than 2/3 of the right kidney receiving 
greater than 15 Gy and 1/3 of the left kidney receiving greater than 15 Gy. The 
maximum bowel and stomach dose were 12 Gy. In this study, the dose was success-
fully escalated to patients with Child-Pugh class A to 48 Gy in 3 fractions without 
reaching dose-limiting toxicity. However, in patients with Child-Pugh class  B      cirrho-
sis, the maximum tolerated dose was 40 Gy in 5 fractions due to two patients suffering 
grade 3 liver toxicity. With long-term follow-up, the Indiana experience found posi-
tive rates of 2-year local control of 90 % among the treated population. There were no 
long-term grade 3 or higher non-hematologic toxicities, and 20 % of patients were 
found to experience progression in the Child-Pugh score at 3 months [ 106 ]. 

 A second key Phase I/II trial was performed by Princess Margaret University and 
the University of Toronto [ 107 ]. In this trial, patients with Child-Pugh score A with 
no more than fi ve liver tumors with a maximal dimension of 15 cm were enrolled. 
Patients in this trial were treated to a dose of 30–54 Gy in six fractions, with the 
maximum effective irradiated liver volume of 60 %. No patients in this trial suffered 
classic RILD or dose-limiting toxicity, with a decline in Child-Pugh score at 3 
months occurring in 29 % of the cohort. Like the Indiana experience, the local tumor 
control was excellent at 87 % at 1 year. These two trials provide data for the effi cacy 
for SBRT in the setting of well-controlled and designed clinical trials. 

 While these studies were limited to patients with preserved to mildly elevated 
liver function, there is evidence for the treatment of patients with Child-Pugh B7 or 
B8 with SBRT/SABR as well. The Princess Margaret group performed a prospec-
tive study with patients with Child-Pugh B7 or 8 with less than 10 cm of HCC tumor 
[ 108 ]. Patients received a median dose of 30 Gy in 5 fractions; however, as expected 
with their more fragile liver function, 63 % of the cohort had a decline in their Child- 
Pugh score at 3 months.  Sorafenib   is a  tyrosine kinase inhibitor   which is used in 
patients with advanced HCC, showing an improvement in overall survival com-
pared to placebo. Currently an  RTOG   trial (RTOG 1112) is enrolling patients with 
 advanced-stage HCC   to daily sorafenib versus SBRT/SABR alone followed by 
daily sorafenib. The primary endpoint of the trial is overall survival with secondary 
endpoints evaluating the safety profi le of SBRT/SABR plus sorafenib. This trial will 
potentially further expand the utilization of SBRT/SABR patients with advanced 
HCC.  
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    SBRT/SABR for the Treatment of Liver  Metastases            

 Because of its rich blood supply,  hematogenous metastases   to the liver are common 
among patients with  solid organ malignancies   [ 109 ].  Colorectal cancers   are the 
most common primary malignancy to metastasize to the liver due to drainage via the 
portal circulation, with up to 50 % of patients suffering hepatic metastases within 
5 years [ 110 ]. A subset of patients with metastatic disease present with oligometas-
tases, a hypothesis popularized in 1995 by Hellman and Weichselbaum. It states that 
 metastatic disease   occurs in a stepwise manner, with limited metastases initially 
followed by progression to widespread disease [ 111 ]. Early in the spectrum, metas-
tases may be limited in number and location [ 112 ]. Improvements in imaging 
including PET/CT and MRI have allowed for identifi cation of isolated metastatic 
deposits with higher sensitivity and specifi city than ever before. A signifi cantly 
greater proportion of patients may be identifi ed early in the metastatic spectrum and 
offered potentially curative local treatment with liver metastases. 

 Treatment of  oligometastases   was fi rst performed via  surgical metastasectomy   
with surgical resection of hepatic, pulmonary, or adrenal metastases having imp-
roved rates of survival with resection [ 113 – 115 ]. Furthermore,  systemic therapy   
may convert patients with widely metastatic disease to a limited volume metastatic 
state, increasing the proportion of patients who may be candidates for early treat-
ment of oligometastatic disease.  Surgical metastasectomy   is the standard of care in 
patients who are candidates; however, this is available only to approximately a quar-
ter of patients with hepatic metastases due to the extent of disease or comorbidities 
[ 116 ]. RFA and TACE, much like utilized in  hepatocellular carcinoma  , are treat-
ment options for patients with hepatic metastases as well. 

 Noninvasive treatment of hepatic  metastases      is also possible with external beam 
 radiotherapy        .  Stereotactic body radiotherapy      has allowed the delivery of high doses 
of therapy in single and multiple fractions with excellent rates of local control. 
A multi-institutional Phase I/II trial from the University of Colorado enrolled 
patients with 1–3 liver metastases from any solid tumor, cumulative maximum 
tumor diameter <6 cm, adequate liver and kidney function, and no chemotherapy 
14 days before or after SBRT [ 47 ]. In the Phase I portion, the SBRT/SABR dose 
was escalated from 36 to 60 Gy in 3 fractions. Thirteen patients were treated with a 
dose of less than 60 Gy and 36 patients treated at 60 Gy, for a total of 63 hepatic 
 lesions        . Volume delineation was similar to that in the lung oligometastases trial, 
with the PTV defi ned as GTV expanded by 5 mm radially and 10 mm craniocau-
dally and 7 mm radially and 15 mm craniocaudally, with active breathing control 
and abdominal compression, respectively. At least 700 cc of normal liver had to 
receive a total dose <15 Gy, and the sum of the left and right kidney volume receiv-
ing 15 Gy had to be less than 35 %. With a median follow-up of 16 months, the 
2-year actuarial in-fi eld local control was 92 % with a median overall survival of 
20.5 months. Treatment was well tolerated with one patient suffering grade 3 soft-
tissue toxicity, no grade 4 or 5 toxicity, and no instances of  radiation-induced liver 
dysfunction (RILD)  . 
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 Recently, interest has been increased in the delivery of  single-fraction liver 
SBRT/SABR  . Wulf et al. demonstrated that single-fraction doses of 26 Gy improved 
local control at 12 months to approximately 100 % with no grade 3 or higher toxic-
ity [ 117 ]. More recently, SBRT/SABR was successfully escalated to 40 Gy in a 
single  fraction         with no grade 3 or higher toxicities related to treatment observed 
[ 118 ]. Furthermore, the 36-month rate of local control was 100 % showing an excel-
lent opportunity to control liver  metastases        . Figure  8.2  shows dosimetry and beam 
geometry for  single-fraction liver SBRT/SABR              .

  Fig. 8.2    Stereotactic body 
radiation therapy (SBRT) 
of a colorectal liver 
 metastasis  . ( a ) Beam 
arrangements for treatment 
of liver dome lesion. 
Diaphragmatic motion was 
limited by the use of a 
compression plate on the 
abdomen. ( b ) Dose 
distributions for treatment 
of large lesion in liver 
dome in axial, sagittal, and 
coronal  planes  , receiving 
35 Gy in a single fraction       
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       Specifi c Issues Associated with SBRT/SABR for Targets 
in the  Liver         

 Liver SBRT/SABR for metastatic disease is often performed in patients without 
concomitant cirrhosis. Nonetheless, normal liver reserve, much like  surgical resec-
tion  , is a key consideration with treatment planning, with a minimal residual func-
tional volume of approximately 700 cc desired. In patients with HCC, the doses 
delivered, as seen above, are lower than for metastatic disease due to the sensitive, 
cirrhotic liver. 

 Traditional SBRT/SABR is delivered via  photon beams   with energies between 6 
and 18 MV. Patient immobilization is a key factor in the delivery of stereotactic 
treatment, with stereotactic frames with reference to the  stereotactic coordinate sys-
tem  , a commonly utilized system.  Motion management for treatment of the liver   is 
essential, given the considerable motion of the organ and diaphragm. During CT 
simulation, the movement of the dome of the diaphragm should be visualized via 
fl uoroscopy or alternative means with techniques to limit motion including breath- 
hold and abdominal compression. Target volume delineation of liver  lesions   is ide-
ally done with registration of an abdominal MRI, done in the treatment planning 
position with motion management, if possible. Planning can be performed with 
noncoplanar 3D-conformal techniques, intensity-modulated radiation therapy, or 
volumetric-modulated arc  therapy           . Prescription isodose lines covering the PTV are 
between 60 and 90 %, and suggested dose constraints for adjacent normal structures 
for 1, 3, and 5 fractions are shown below in Table  8.1 .

       SBRT/SABR for the Treatment of Prostate  Cancer            

 Prostate cancer is the most common cancer in Western males after non- melanomatous 
skin cancer [ 36 ]. Among males,  prostate carcinoma   was the second leading cause of 
cancer mortality behind lung cancer. About 60 % of prostate cancer is diagnosed in 
men age 65 or older which impacts therapy options as a result of competing comorbidi-
ties. With introduction of PSA screening, the majority of prostate cancer is diagnosed 
in organ-confi ned disease, which is typically treated with  radical prostatectomy   or 
 radiotherapy   [ 119 ]. Dose escalation of  conventionally fractionated external beam radi-
ation therapy (CF-EBRT)   has demonstrated improved biochemical control and even a 
survival advantage for patients with intermediate and high-risk disease [ 120 – 122 ]. 
These results can be achieved with acceptably low toxicity using modern conformal 
techniques, however, at the increased cost and inconvenience of delivering a large 
number of fractions, 5 days a week over 8–9 weeks. Additionally, the potential unusual 
radiobiological characteristics of prostate cancer suggest that it may be more sensitive 
to larger fractions of radiation. More hypofractionated regimens have been proposed to 
improve the effi cacy and convenience of treatment for prostate cancer. 
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   Table 8.1    Proposed dose constraints for  SBRT  / SABR   treatments of 1, 3, and 5 fractions   

 Serial tissue  Volume (cc) 
 Volume max 
(Gy) 

 Max point 
dose (Gy) a   Endpoint (≥grade 3) 

  One fraction  
 Spinal cord and medulla  <0.35  10  14  Myelitis 
 Esophagus b   <5  11.9  15.4  Stenosis/fi stula 
 Heart/Pericardium  <15  16  22  Pericarditis 
 Rib  <5  28  33  Pain or fracture 
 Skin  <10  25.5  27.5  Ulceration 
 Stomach  <5  17.4  22  Ulceration/fi stula 
 Bile duct  30  Stenosis 
 Duodenum b   <5  11.2  17  Ulceration 

 <10  9 
 Jejunum/ileum b   <30  12.5  22  Enteritis/obstruction 
 Colon b   <20  18  29.2  Colitis/fi stula 
  Parallel tissue    Critical 

volume (cc)  
  Critical 
volume dose 
max (Gy)  

 Liver  700  11  Basic liver function 
 Renal cortex (right 
and left) 

 200  9.5  Basic renal function 

  Serial tissue    Volume 
(cc)  

  Volume max 
(Gy)  

        

  Three fractions  
 Spinal cord and medulla  <0.35  15.9  22.5  Myelitis 
 Esophagus b   <5  17.7  25.2  Stenosis/fi stula 
 Heart/pericardium  <15  24  30  Pericarditis 
 Rib  <5  40  50  Pain or fracture 
 Skin  <10  31  33  Ulceration 
 Stomach  <5  22.5  30  Ulceration/fi stula 
 Bile duct  36  Stenosis 
 Duodenum b   <5 

 <10 
 15.6 
 12.9 

 22.2  Ulceration 

 Jejunum/ileum b   <30  17.4  27  Enteritis/obstruction 
 Colon b   <20  24  34.5  Colitis/fi stula 
  Parallel tissue    Critical 

volume (cc)  
  Critical 
volume dose 
max (Gy)  

 Liver  700  17.1  Basic liver function 
 Renal cortex (right 
and left) 

 200  15  Basic renal function 

  Serial tissue    Volume 
(cc)  

  Volume max 
(Gy)  

(continued)
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 CF-EBRT schemes employing fraction sizes of 1.8–2.0 Gy are based on the 
 premise that tumors are less responsive to faction size than are late-responding nor-
mal tissues. The   α / β  ratio   is a measure of fractionation response with low ratio typi-
cally associated with late-responding tissues (normal tissues) and higher ratios 
associated with acute-responding tissues (tumors)   . Convention states that a low  α / β  
ratio is consistent with a higher capacity for repair between fractions with an accom-
panying greater relative sparing with smaller fraction sizes. Therefore under these 
conditions, an improved  therapeutic ratio   would be achieved with multiple small 
fractions for most tumor types. However, if a tumor has a lower  α / β  ratio than 
 surrounding organs, decreasing dose per fraction preferentially spares the tumor, sug-
gestion that for tumors with a low  α / β , hypofractionation may be more effective [ 57 ]. 

 Recent analysis and review of clinical outcomes, primarily after treatment with 
 brachytherapy  , argue for a low  α / β  for prostate cancer of approximately 1.5 [ 123 – 127 ]. 
Several recent clinical trials were designed with the explicit assumption of this low 
  α / β  ratio   by utilizing more hypofractionated regimens in comparison with conven-
tional  schedules         [ 128 – 133 ]. Altogether, these trials show that the treatment can be 
delivered much more quickly and conveniently using equivalent effective doses 
with  hypofractionation   without compromising PSA control or signifi cant toxicity so 
long as careful technique and normal tissue dose tolerance are respected. Building 
upon this premise, even more extreme hypofractionated approaches (6.5–10 Gy per 
fraction) have been investigated. 

Table 8.1 (continued)

 Serial tissue  Volume (cc) 
 Volume max 
(Gy) 

 Max point 
dose (Gy) a   Endpoint (≥grade 3) 

  Five fractions  
 Spinal cord and medulla  <0.35  22  28  Myelitis 
 Esophagus b   <5  19.5  35  Stenosis/fi stula 
 Heart/pericardium  <15  32  38  Pericarditis 
 Rib  <5  45  57  Pain or fracture 
 Skin  <10  36.5  38.5  Ulceration 
 Stomach  <5  26.5  35  Ulceration/fi stula 
 Bile duct  41  Stenosis 
 Duodenum b   <5  18.5  26  Ulceration 

 <10  14.5 
 Jejunum/ileum b   <30  20  32  Enteritis/obstruction 
 Colon b   <20  28.5  40  Colitis/fi stula 
  Parallel tissue    Critical 

volume (cc)  
  Critical 
volume dose 
max (Gy)  

 Liver  700  21  Basic liver function 
 Renal cortex (right 
and left) 

 200  18  Basic renal function 

   a “Point” defi ned as 0.035 cc or less 
  b Avoid circumferential irradiation  

8 Stereotactic Body Radiation Therapy (SBRT) or Alternative Fractionation Schedules



190

 Madsen et al. published one of the fi rst experiences with  prostate   SABR describing 
their results from a Phase I/II trial at the Virginia Mason Medical Center [ 134 ]. 
Forty men with low-risk disease (Gleason score ≤6, PSA <10 ng/mL, and clinical 
stage ≤T2a) were treated with 5 fractions of 6.7 Gy per fraction for a total dose of 
33.5 Gy. The target was the prostate plus a 4–5 mm margin. Daily image guidance 
was used using implanted fi ducial markers. Median follow-up was 41 months. 
There was one acute grade 3 urinary toxicity (urinary retention requiring catheter-
ization) and no acute grade 4–5 toxicities. Late grade 2 GU and GI toxicity rates 
were 20 % and 7.5 %, respectively, with no grade 3 or higher toxicities. Four-year 
actuarial freedom from biochemical recurrence (FFBR) was 90 %. 

 The feasibility of increasing SBRT/SABR  dose   was investigated by King et al. at 
Stanford University in a Phase II trial [ 135 ]. 36.25 Gy in 5 fractions of 7.25 Gy 
was delivered to the prostate plus a 3–5 mm margin. In 67 patients with low- to 
intermediate- risk features (Gleason score 3 + 3 or 3 + 4, PSA ≤10 ng/mL, and clini-
cal stage ≤T2b), there were no grade 4 or higher toxicities. Late grade 2 and 3 GU 
toxicity rates were 5 % and 3.5 %, respectively. Late grade 2 GI toxicity was 2 % 
with no grade 3 or higher toxicities seen. Patients who received  QOD treatments   
were less likely to experience grade 1–2 GI and GU toxicities than those who 
received  QD treatments  . Four-year PSA relapse-free su rvival was 94 %. 

 The largest prospective study of prostate SBRT/SABR is from Katz et al. at the 
Winthrop University Hospital [ 136 ]. Three hundred four patients (69 % low-risk, 
27 % intermediate-risk, 4 % high-risk) were treated. The fi rst 50 patients received 
35 Gy in 5 fractions of 7 Gy with the subsequent 254 patients receiving 36.25 Gy in 
5 fractions of 7.25 Gy. Lower-dose  patients         had a median follow-up of 30 months 
and the higher-dose patients a median follow-up of 17 months. There were no grade 
3–4 acute complications. Late grade 2 GU and GI toxicities were 14 % and 7 %, 
respectively. Five patients had late grade 3 GU toxicity with no late grade 4–5 
 toxicities. For patients that were potent prior to treatment, 75 % stated that they 
remained sexually potent. Actuarial 5-year biochemical recurrence-free survival 
was 97 % for low-risk, 90.7 % for intermediate-risk, and 74.1 % for high-risk 
patients. 

 A recent pooled analysis of 1100 patients from prospective Phase II trials using 
SBRT/SABR for the treatment of prostate cancer in which a median dose of 
36.25 Gy was delivered in 4–5 fractions demonstrated a 93 % 5-year biochemical 
relapse-free survival rate for all  patients   (95 % for low-risk, 84 % for  intermediate- risk, 
and 81 % for high-risk) with favorable long-term patient-reported outcomes with 
respect to urinary and bowel functions [ 137 ,  138 ]. 

 Compared to the prior studies using similar dose fractionation regimens, we 
commenced a multicenter Phase I/II trial investigating using signifi cantly higher 
 doses   [ 139 ]. We chose to start at a dose similar to the biologic equivalent margin 
dose of the HDR  brachytherapy   experience (i.e., 45 Gy in 5 fractions) and escalate 
to 50 Gy in 5 fractions. In the Phase I portion, 45 patients, in 3 cohorts of 15, were 
treated with 45, 47.5, and 50 Gy in 5 equal fractions, respectively. Forty percent had 
low-risk disease (Gleason score ≤6, PSA <10 ng/mL, and clinical stage ≤T2a) and 
60 % with intermediate-risk (Gleason score = 7 or PSA >10 ng/mL, <15 ng/mL, or 
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clinical stage T2b). No dose-limiting toxicities (grade 3–5) occurred within the fi rst 
90 days posttreatment. GI grade ≥2 and grade ≥3 toxicity occurred in 18 % and 2 %, 
respectively, and GU grade ≥2 and grade ≥3 toxicity occurred in 31 % and 4 %, 
respectively. Initial PSA control was 100 %. These encouraging results led to the 
further enrollment on the Phase II trial at the 50 Gy dose level studying late toxicity. 
An additional 46 patients were enrolled for a total of 91 (64 % intermediate-risk and 
36 % low-risk). With a median follow-up of 42 months, PSA control remained at 
99 % [ 140 ]. One patient with unfavorable intermediate-risk disease, who was treated 
on the 45 Gy arm, demonstrated failure to  therapy        .  

    Specifi c Issues Associated with SBRT/SABR for Targets 
in the  Prostate      

 Ultimately, dose escalation to treat  prostate cancer   is limited by toxicity to the 
 bladder or rectum. As reported in an update by Kim et al., the toxicity profi le was 
favorable in the initial Phase I results; however, in the Phase II portion, the profi le 
changed and fi ve  patients   (10.6 %) developed high-grade rectal toxicity [ 141 ]. 
Injury was primarily to the anterior rectal wall and required a diverting colostomy 
for resolution. 

  Dosimetric analysis   was performed on treatment planning data to determine pre-
dictors for rectal tolerance when using SBRT/SABR [ 141 ]. We predicted that the 
key to tolerance for SBRT/SABR would relate to the degree of damage infl icted and 
the success of normal tissue injury repair permitted. The most successful surgical 
repair of radiation-induced rectal injury with deep ulceration and/or fi stula is by 
inserting a myocutaneous graft. A myocutaneous graft provides both a blood supply 
to devascularized areas via transferred muscle (i.e., the myo-component) as well as 
epithelial stem  cells   via skin and mucosal grafting (i.e., the cutaneous component) 
capable of proliferation over the denuded areas. We hypothesized that the two 
 primary physiological requirements learned from surgical repair studies, a robust 
blood supply and adequate stem cells capable of repairing mucosal injury, are 
impaired by high dose of radiation therapy, and therefore, injuries would primarily 
fall into two categories: (1) mucosal damage including injury to stem cells and/or 
(2) vascular/stromal damage leading to devitalization of tissues. In turn, the inabil-
ity to heal may be due to (1) stem cell (crypt cell) depletion at the site of injury and 
inability to effi ciently recruit neighboring viable stem cells, due to excessive dis-
tance required to migrate to the site of injury, and/or (2) signifi cant destruction of 
stroma and vasculature by excess volume of rectal wall being irradiated to an abla-
tive dose of radiation. In line with this hypothesis, high-grade rectal events were 
correlated with the volume of rectal wall receiving 50 Gy >3 cm 3  and treatment of 
>35 % of rectal wall to 39 Gy (Fig.  8.3a, b ). Additionally, a high rate of acute grade 
≥2 rectal injury occurred if more than 50 % of the rectal mucosa was irradiated 
beyond 24 Gy. Therefore, strategies of limiting percent rectal circumference (PRC) 
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treated to 24 Gy may reduce risk of acute grade ≥2 rectal events, whereas reducing 
PRC treated to 39 Gy may reduce the risk of high-grade late rectal  toxicity      
(Fig.  8.3c ).

   In an attempt to optimize treatment planning and reduce rectal toxicity, we are 
currently investigating the use of a biodegradable spacer to increase the distance 
between the target organ (prostate) and the tissue at risk (rectum). This spacer has 
been shown to be well tolerated and able to reduce patients experiencing declines in 
bowel and urinary quality of life when used with conventionally fractionated image- 
guided radiation therapy [ 142 – 144 ]. These spacers would likely be particularly 

  Fig. 8.3    Determination of rectal  toxicity   when treating the prostate with ablative doses. 
Representative treatment plans of patients treated with 50 Gy in 5 fractions. ( a ) Experienced grade 
2 acute and grade 3 late rectal toxicity. ( b ) Only experienced grade 1 acute/late rectal toxicity. ( c ) 
Potential biological consequence of rectal wall irradiation. (Reprinted with permission from [ 141 ])       
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effective at reducing the high  dose   associated with vascular/stromal injury and will 
likely lead to signifi cant reduction of high-grade rectal toxicity events while allow-
ing the highly effective tumor ablative dose to be delivered, thereby increasing the 
 therapeutic ratio   (Fig.  8.4 ).

       Conclusions 

 Through advances in imaging and radiation delivery techniques, the use of stereo-
tactic radiation in the body has become a common treatment approach in a relatively 
quick fashion. Well-conducted clinical studies have shown that SBRT/SABR can be 
utilized for a broad scope of indications, especially for the eradication for gross 

  Fig. 8.4    Increased separation with the use of a  biodegradable spacer   (SpaceOAR system; 
Augmenix, Waltham, MA). ( a ) Planning computer tomography (CT) axial imaging prior to spacer 
placement. ( b ) T2-weighted axial magnetic resonance images and ( c ) planning CT axial imaging 
post spacer placement       
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primary disease. In addition, due to its oligofractionation approach, SBRT/SABR 
can easily integrate into systemic therapeutic regimens without causing signifi cant 
delays or disruptions. Further investigation of the potential immunological stimula-
tion of ablative radiation could lead to more effi cacious therapies, especially for the 
treatment of metastatic disease. Going forward, ablative therapies utilizing particles 
will be of increased interest due to the potential for increased sparing of normal 
 tissue dose and higher radiobiological potency.     
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    Abstract     Anatomic imaging has long represented an integral part of modern radio-
therapy, from planning, image-guidance to response evaluation. Functional imaging 
modalities now allow oncologists to supplement these anatomic images with func-
tional maps, to elucidate the underlying biologic processes of cancer and allow delin-
eation of both physical and biologic target volumes. Prescription of dose to this 
combination, commonly referred to as dose painting, represents an attractive avenue 
to further improve the therapeutic ratio of radiotherapy. This chapter focuses on the 
integration of novel imaging techniques and their role in delineating biologic radio-
therapeutic targets, organized by well-known principles in radiobiology: tumor 
repopulation, reoxygenation, and repair. Focus is largely on clinically available imag-
ing modalities, including positron emission tomography (PET) with various targeted 
radionuclides and functional magnetic resonance imaging (MRI). Other potential 
preclinical techniques are highlighted where relevant, particularly as they apply to 
promising translational concepts. Emphasis is placed on integration into treatment 
planning, adaptive treatment modifi cation, and posttreatment response assessment.  

  Keywords     Functional imaging   •   Image-guided radiotherapy   •   Dose painting   • 
  Biologic targeting   •   Novel imaging   •   MRI   •   PET   •   Magnetic resonance spectroscopy   
•   FDG   •   Hypoxia imaging  

      Introduction 

  Radiotherapy   is primarily a  locoregional treatment   modality, capable of delivering 
 tumoricidal   doses to both areas of gross disease and those at high risk of harboring 
microscopic spread. Therefore, by defi nition  radiotherapy   relies on the ability to 
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accurately focus treatments to these regions, while simultaneously avoiding healthy 
normal tissue as much as possible. This forms the foundation of the therapeutic ratio in 
radiation-based treatments. Imaging is intrinsic within this process and as imaging 
technology has evolved, so too has modern  radiotherapeutic techniques  . Standard two-
dimensional simulator-based planning has given way to three- and four-dimensional 
volume-based planning, based on improved anatomical and temporal delineation with 
both  computed tomography (CT)   and  magnetic resonance imaging (MRI)  . Target defi -
nitions have evolved in parallel to advancing  imaging techniques  , and the latest 
 International Commission on Radiation Units (ICRU)   now outlines a host of anatomic-, 
clinical-, and geometric-based subvolumes which ultimately add together to produce 
the  planning target volume (PTV)  . Furthermore, where these volumes were previously 
exclusively treated with homogenous doses based on predefi ned fi eld borders, the 
aforementioned increases in imaging capability along with larger computational 
reserve have led to increasing use of  intensity- modulated radiation therapy (IMRT)   and 
 volumetric modulated arc therapy (VMAT)  , whereby radiation doses can be sculpted 
around target volumes, further sparing the surrounding  organs at risk (OARs)  . This 
increase in conformity has allowed for tumor doses to be escalated while maintaining 
consistent  OAR   doses, leading to further widening of the therapeutic window [ 1 ]. 

 The rise of functional imaging offers promise of yet another target and perhaps a 
new paradigm for radiation  oncologists     , namely, the prescription of dose based on 
the intrinsic biology of the tumor being treated. This has been previously described 
as  “dose painting”   and has the theoretical advantage of being able to differentially 
target radiosensitive and radioresistant areas of disease, thereby maximizing the use 
of dose escalation to the regions that truly benefi t. The concept of  radiation sensitiv-
ity   is most often discussed in terms of the classic tenants of radiobiology, the “4 
Rs”: the differential  r epair of tumor and normal cells, the  r edistribution of cells into 
more or less radiosensitive phases of the cell cycle, and the  r epopulation and  r eoxy-
genation of tumor cells between fractions (a fi fth “ R ”—intrinsic radiosensitivity 
was introduced later to account for empirical data not explained by the other four). 
Advances in functional imaging provide the opportunity to directly measure and 
map these properties, offering a potential framework for modulated dose delivery. 
This chapter will review the current standard workfl ow of radiotherapy from treat-
ment planning to tumor response assessment. This will provide a backbone on 
which to discuss various  novel imaging modalities   and their role in identifying and 
defi ning radiotherapeutic targets as well as characterizing post-treatment response.  

     Modern Radiation Therapy and Response Assessment   

 After the decision is made to proceed with radiotherapy, the standard workfl ow of 
modern radiotherapy typically dictates a process of treatment simulation, target/ OAR   
delineation, radiation planning, quality assurance check, daily treatment verifi cation, 
and post-treatment response assessment based on clinical exam, diagnostic imaging, 
and pathology where relevant (Fig.  9.1 ). Currently,  X-ray-based imaging   (helical CT, 
cone-beam CT scan, kV orthogonal, and MV portal imaging) represents the backbone 
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of this workfl ow. Initial simulation scans are acquired in the “treatment position,”    i.e., 
patients are scanned as they will be treated on a daily basis. These  imaging datasets   
are then transferred to a planning system where the targets and OARs are delineated. 
Any adjunct information via clinical exam or other imaging modalities must be 
adapted to the current simulation images, sometimes objectively with image fusion 
and other times subjectively based on the clinical interpretation. Target volumes are 
defi ned according to the  ICRU   defi nitions, and a radiotherapy plan and  dosimetric 
map   are created based on these target volumes and pertinent OARs [ 2 ]. The plan then 
undergoes a quality assurance check and patients begin daily  treatment  . Once on 
treatment, the patient is set up based on the initial CT-simulation parameters and veri-
fi ed via some form of imaging, from 2D portal images to 3D/4D  cone-beam CT scans 
(CBCT)  . After completion of treatment, the patient is seen in follow-up and evaluated 
with clinical exam ± imaging to determine the disease response.

   To date the most impactful strategy to improve the therapeutic ratio in radiotherapy 
has involved improvements in the accuracy and precision of radiation delivery. This has 
been accomplished through improved anatomic planning images (e.g., higher-resolu-
tion CT, MRI simulators) to better delineate gross disease, advancing knowledge of 
patterns of relapse to better defi ne the clinical target volume (CTV) and improved 
immobilization and daily  image-guided imaging technologies   to reduce uncertainties 
surrounding radiation delivery. The introduction of  novel imaging modalities   offers an 
opportunity to synergistically complement these with the ability to image and target 
differential tumor biology. 

     Dose Painting      

 The idea of targeting tumor subvolumes based on functional imaging is often 
referred to as “dose painting”, a term coined by Ling and colleagues in 2005 [ 3 ]. 
The concept is to incorporate the quantitative output of a  functional imaging 

  Fig. 9.1    Schematic representation of present  radiotherapy   workfl ow pathway       
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modality   directly into the dose prescription. This can be done as coarsely as to 
prescribe two tumor prescriptions, i.e., the  anatomic GTV   and the  biologic GTV  , 
or as fi nely as a prescription for each voxel scaled on the biologic parameter in 
question. The latter approach was fi rst proposed by Bentzen and was coined 
“dose painting by numbers”, referencing the popular  children’s coloring tech-
nique   [ 4 ]. Needless to say, there are innumerable intermediaries between these 
two ends of the spectrum. 

 The concept of dose painting is integral to the process of exploiting personal-
ized tumor biology with radiotherapy, either by local escalation or de-escalation 
to resistant or sensitive tissues, respectively. The realization of this technique 
requires a rigorous preliminary evaluation, including assessing each modality’s 
ability to quantify a relevant oncologic parameters, how said parameters are 
affected by treatment, and ultimately determining a clinically relevant dose–
response relationship. Furthermore, the feasibility of integration of these new 
modalities will require careful quality assurance testing regarding the interaction 
with the current  radiotherapy      workfl ow.   

    Functional  Imaging   and the Basic  Radiobiology   

 The radiobiologic  principles  —4 Rs—were fi rst described by Withers as a means 
of explaining the tumoricidal effects of radiotherapy [ 5 ]. Withers described the 
differential repair, cell cycle redistribution, repopulation of tumor cells, and 
reoxygenation. These concepts fi t well with the empirical evidence of differen-
tial cell kill noted in  standard fractionated radiotherapy   and observed oxygen 
enhancement.  Intrinsic radiosensitivity   was added to this framework over a 
decade later by Steel et al. as a means of rationalizing the differential cell kill 
effects based on tumor histology [ 6 ]. Over the past 30–40 years since these con-
cepts were introduced, the understanding of cancer  biology   has grown exponen-
tially, punctuated with the translational success of molecularly targeted agents 
in clinical care. Nonetheless, the original 4 Rs remain a fundamental pillar of 
radiotherapy due to their ability to explain empiric observations, with literature 
consistently being published to better explain the molecular underpinnings of 
this success [ 7 ]. As such, the 4 Rs provide a natural and useful framework in 
which to discuss the integration of functional imaging within the context of 
radiotherapy and the potential for optimizing the therapeutic ratio (Fig.  9.2 ). 
The workfl ow outlined in Fig.  9.1  also illustrates the potential for integration of 
adjunct imaging with adaptation. The following sections will describe the role 
of  functional imaging modalities      within this framework and highlight both cur-
rent clinical applications and potential for future integration of ongoing transla-
tional research. We limit the discussion to the most utilized 3 Rs, omitting 
redistribution due to lack of dedicated imaging.
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       Repopulation:  Metabolism   and Proliferation 

 The malignant transformation of normal tissues and the subsequent growth of new 
 neoplasms   rely on a host of molecular changes that lead to the acquisition of pro- 
growth capabilities, including (but not limited to) self-suffi ciency in growth factors, 
insensitivity to antigrowth signals, limitless proliferative potential, sustained angio-
genesis, and evasion of apoptosis [ 8 ]. A  growing tumor   is often fi rst detected clinically 
(or with planned radiographic screening) as a growing mass, representing an underly-
ing abnormal proliferation of cells. This represents the standard target of radiotherapy 
and is delineated in an anatomical fashion on CT or MRI. Functional imagining pro-
vides an opportunity to evaluate the underlying molecular signatures of cancer growth, 
to potentially aid in targeting, adaptation, and assessment of treatment response. 

     Glycolysis      

 Glycolysis is the cellular conversion of glucose to energy, a process that is upregu-
lated in the proliferative atmosphere of malignancy. Currently, the most heavily 
utilized functional imaging modality in cancer care exploits this phenomenon by 
modifying a glucose molecule to contain a positron-emitting fl uorine-18 isotope, 
namely,  fl uorodeoxyglucose (FDG)  . FDG- based    positron-emission tomography 

  Fig. 9.2    Schematic representation of the 4 Rs of  radiotherapy         
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(PET)   is able to image the differential uptake of glucose in tumor cells over neigh-
boring normal cells owing in part to their higher metabolic requirements. The com-
mon measurement used in PET is the  standard uptake value (SUV)  , defi ned as  voxel 
activity   per dose injected per body mass. FDG-PET has been shown to be extremely 
powerful in identifying cancer cells, even in the absence of abnormal anatomic 
morphology. The combination of PET with CT has resulted in vastly improved sen-
sitivity in detecting occult disease missed by CT, resulting in improved locoregional 
 targeting   and where appropriate omitting intensive curative treatments in patients 
with distant metastasis. In  non-small cell lung cancer (NSCLC)   (Fig.  9.3 ), the addi-
tion of FDG-PET to conventional staging assessment has shown a change in planned 
management in 20–30 % of patients, mainly in reducing the number of  futile thora-
cotomies   [ 9 ]. Similarly in esophageal cancer (Fig.  9.4 ), FDG- PET   has been found 
to improve the sensitivity for detection of metastatic disease by up to 20 % over CT 
alone [ 10 ]. In head and neck cancers, the use of FDG-PET/CT has become common 
due to the high sensitivity, specifi city, and accuracy for metastatic disease (>75 %) 
[ 11 ] and the fi nding that local  radiotherapy         plans changed from curative to palliative 

  Fig. 9.3     Baseline CT   ( left ), FDG- PET   ( middle ), and planning CT ( right ) images of a patient with 
stage IIIA (T2N2) lung adenocarcinoma treated with concurrent chemoradiation.  White arrows  
denote the primary tumor and nodal disease on CT and FDG-PET images; the  solid lines  delineate 
the radiotherapy targets, primary (red) and nodal (magenta) internal target volumes, respectively       

  Fig. 9.4     Baseline axial and coronal FDG-PET   images of a patient with squamous cell carcinoma 
of the upper thoracic esophagus. The FDG-PET scan identifi ed a supraclavicular node ( white 
arrows ) that was subsequently included in the radiation treatment volume       
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intent in 13 % of patients when FDG-PET information was added [ 12 ]. FDG-PET 
has also had a large impact in the care of lymphoma patients, particularly those with 
 Hodgkin’s lymphoma (HL)   (Fig.  9.5 ). Staging FDG-PET results in stage migration 
in ~25 % of patients with HL and a change in management in up to 15 % [ 13 ]. The 
standard of care for numerous malignancies now involves FDG-PET/CT in the 
work-up, including the lung and lymphoma to name a few.

     The rise in utilization of FDG-PET as a staging investigation has led investigators 
to study its use as a quantitative biomarker via the SUV measurement. In an exami-
nation of patients from three prospective clinical trials evaluating  chemoradiation   in 
non-operable stage II and stage III  NSCLC   patients, baseline FDG-PET information 

  Fig. 9.5    CT ( left ) and FDG-PET ( right ) images of a patient with  stage IIA X  Hodgkin’s lymphoma   
at baseline ( top ) and after the planned four cycles of combination chemotherapy and involved fi eld 
radiotherapy ( bottom )   .  White arrows  denote the tumor at baseline. The patient achieved complete 
CT and metabolic response posttreatment       
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was found to be predictive of local recurrence [ 14 ,  15 ]. Volumes generated by delin-
eating the 70 % of pretreatment SUV max  were well correlated with the 90 % SUV max  
recurrence volume. 

 Similar results have been demonstrated in cancers of the head and neck, which 
have shown that local recurrences are more likely to occur within FDG-avid areas 
and that the degree and volume of avidity is associated with both local and distant 
recurrence rates [ 16 ,  17 ]. Furthermore, analogous studies have been conducted 
with the addition of interim FDG-PET  analysis   partway through defi nitive head 
and neck radiotherapy and have demonstrated that the lack of FDG response is 
associated with inferior outcome [ 18 ]. Studies done in esophageal and rectal can-
cer are consistent, showing that the degree of metabolic response between pre- 
and posttreatment scans is associated with outcome [ 19 ,  20 ]. Adaptive PET-guided 
strategies have been investigated in Hodgkin’s and  non-Hodgkin’s lymphoma   
alike (Fig.  9.6 ). In advanced-stage  Hodgkin’s lymphoma  , treatment with six cycles 
of  BEACOPP   (escalated) followed by  PET-guided radiotherapy   resulted in better 
freedom from treatment failure and less  toxicity         compared to eight cycles of the 
same  chemotherapy regimen   [ 21 ]. However, interim analysis of HD10  trial      
showed that omitting  radiotherapy   in patients with stage I/stage II  Hodgkin’s lym-
phoma   who attained a negative early PET scan after two cycles of chemo was 
associated with an increased risk of early relapse compared to standard combined 
modality  treatment      [ 22 ].

  Fig. 9.6    FDG- PET   scan images from baseline ( left ) and after six cycles of combination chemo-
therapy ( right ) of a patient with primary mediastinal diffuse large B-cell lymphoma.  White arrows  
denote areas of metabolically active disease. This patient received 35 Gy in 20 fractions of involved 
fi eld radiotherapy to the areas of persistent FDG uptake       
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   The linkage with CT has enabled PET to easily integrate into the radiotherapy 
workfl ow, and given its promise as a biomarker, the natural extension has been to 
utilize the combined information directly in radiotherapy planning. The obvious ben-
efi t is to identify areas that may be missed on a standard planning CT due to normal 
anatomic morphology but identifi ed via FDG avidity. Not surprisingly, numerous 
studies have shown the alteration of fi nal GTV volumes with the inclusion of FDG-
PET information [ 23 – 26 ]. FDG- PET   has been shown to be the most accurate modality 
for delineating GTV compared to MRI and CT in  pharyngolaryngeal cancer   when 
validated against surgical specimen [ 27 ]. Studies are now being conducted to evaluate 
the benefi t of taking this biologic information further by assessing its use as a target 
for dose painting. As mentioned above, studies have suggested that local glycolytic 
activity may correlate with resistant disease and therefore a target for dose escalation. 
Early dose painting studies have established the feasibility of this technique for numer-
ous sites, including the head and neck, lung, and esophagus. Madani et al. showed the 
safety of dose painting by numbers in a phase I study evaluating the head and neck 
( non-nasopharynx  ) of patients undergoing defi nitive radiotherapy [ 28 ]. They showed 
that a median CTV dose of 80.9 Gy was safely achievable. Similarly, Yu et al. demon-
strated a sub-GTV volume based on the pretreatment SUV 50%Max  in patients with an 
SCC of the  esophagus   could be safely escalated to 70 Gy using a simultaneous inte-
grated boost [ 29 ]. In NSCLC,  studies integrating FDG-PET   into the RT planning  pro-
cess   have shown that one can modulate the  OAR   to CTV dose ratio using metabolic 
guidance to either shrink boost volumes while keeping overall integral target doses 
constant (resulting in lower surrounding OAR doses) or conversely by maintaining an 
 iso- OAR dose   and dose painting nearby target subvolumes. Van Der Wel et al. showed 
that when using a prescription dose of 60 Gy, an FDG-PET-based plan could be imple-
mented to reduce the mean esophagus dose from 29.8 to 23.7 Gy and the average lung 
dose by 2 %. Conversely, for an iso-OAR dose, the mean target dose could be increased 
to 71 Gy [ 30 ]. A phase II study by the Belderbos group showed that the utilization of 
FDG-PET in planning could be used to safely boost the mean target dose to 77 Gy 
[ 31 ]. Table  9.1  highlights several studies investigating the integration of FDG-PET 
into the  radiotherapy process           . For a more dedicated review, please refer to excellent 
summaries provided by Jelercic and Shi, respectively [ 23 ,  32 ]. Prospective studies are 
now being developed to test whether these modifi cations can result in meaningful 
clinical endpoints, including RTOG-1106 investigating whether FDG-PET-guided 
 radiotherapy         can improve local control in stage III NSCLC (RTOG-1106).

   In addition to the value of metabolic imaging at baseline, the ability to compare 
glycolytic activity following treatment has been shown to offer independent prognos-
tic information. In cancers of the head and neck, FDG-PET acquired 24-week post-
treatment demonstrated >90 % sensitivity and specifi city in locating recurrent disease 
and offered an 85 % rate of concurrent targeted biopsies [ 33 ]. In locally advanced 
 esophageal cancers  , Kauppi et al. demonstrated that percentage change in SUV of the 
primary tumor (pre- and post-neoadjuvant chemotherapy) was independently predic-
tive of overall survival (HR 0.966 per 1 % increase,  p  < 0.0001) [ 34 ]. FDG-PET 
response has been correlated pathologically by Bahace et al., investigating patients 
with superior  sulcus tumors      who underwent  trimodality therapy   and demonstrating 
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that the maximum SUV obtained following  chemoradiotherapy   was correlated with 
the amount of remaining viable tumor cells ( R  = 0.55,  p  = 0.007) [ 35 ]. In squamous cell 
carcinomas of the  cervix  , Schwarz et al. showed that FDG- PET images acquired 3 
months post chemoradiotherapy were predictive of the response. Twenty-three percent 
of patients with complete metabolic response experienced treatment failure, compared 
to 100 % of those with progressive metabolic activity and 65 % of those with partial 
 metabolic         response [ 36 ]. These results emphasize the role of FDG-PET in oncology, 
and particularly  radiotherapy     , further accentuating the importance of prospective stud-
ies integrating this information into treatment planning as discussed above.  

     Proliferation   

 The ability of tumor cells to divide and grow in a self-sustained fashion is one of the 
hallmarks of cancer; it has been shown that the rate of proliferation is prognostic in 
many cancers in many sites [ 37 – 40 ]. Additionally, the rate of tumor growth can 
increase after treatment (chemotherapy or radiotherapy), a phenomenon named 
 “accelerated repopulation”   [ 41 ]. Numerous disease sites have demonstrated a 
reduced rate of local control with prolonged treatment courses, highlighting the 
importance of this effect [ 42 – 46 ]. The ability to identify a tumor’s specifi c prolif-
erative potential at the outset of treatment and then follow dynamic changes during/
after treatment may be benefi cial in modern radiotherapy. 

     PET         

 The functional imaging tracer, 3′-deoxy-3′- 18 F-fl uorothymidine (FLT)   , has been pro-
posed as a  noninvasive imaging biomarker   for proliferation based on its biochemical 
pathway in dividing cells. FLT is taken up by cells and is phosphorylated by  thymidine 
kinase-1 (TK1)  , trapping it within the cell (Fig.  9.7 ). TK1 is upregulated in S-phase and 
is thus an indirect measurement of cell division. FLT uptake has been shown to correlate 
with the gold standard in pathologic proliferative status,  Ki67  , in a number of cancer 
sites, and in and of itself has shown to be a prognostic biomarker based on treatment 
response [ 47 – 49 ]. In  squamous cell cancers   of the head and neck, a decrease in FLT 
uptake (SUV max  and PET-segmented GTV) during the fi rst 2 weeks of defi nitive radio-
therapy (± chemotherapy) was associated with better 3-year disease-free survival (88 % 
vs. 63 %,  P  = 0.035, and 91 % vs. 65 %,  P  = 0.037, respectively) [ 50 ]. The  use of FLT 
imaging   has been extensively investigated in terms of targeted growth signal modifi ers, 
most commonly modulators of the  epidermal growth factor receptor (EGFR)  . One study 
showed that early changes in FLT- PET         during the fi rst week  erlotinib treatment   pre-
dicted signifi cantly longer progression-free survival (HR 0.3) in patients with NSCLC 
[ 51 ]. Furthermore, FLT has been shown to be a better marker of disease response than 
FDG-PET  during radical chemoradiation  , although the results are still pending on if this 
will translate to a difference in patient outcome in a prospective setting [ 52 ].
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   Similar to FDG-PET,  FLT-PET   is commonly integrated with CT scanning, providing 
a relatively straightforward integration into the radiotherapy pathway. Planning studies 
investigating this integration have provided promising preliminary results. In thoracic 
esophageal cancers, the GTV volumes constructed using FLT- based parameters were 
generally 10 % smaller than anatomic delineations, resulting in a 10 % reduction in 
mean lung and heart doses ( p  < 0.01) and showed higher correlation with fi nal patho-
logic size [ 53 ]. Planning studies have also shown the feasibility of boosting areas of 
high proliferation in tumors of the oropharynx and rectum [ 54 ,  55 ]. A comprehensive 
review focused on FLT in oncology is provided by Tehrani et al. [ 56 ]. 

 Choline is a substrate for synthesis of phosphatidylcholine, which is a major 
component of the cellular membrane. Choline can be tagged with a carbon-11 or 
fl uorine-18 positron-emitting radionuclide for use in PET scanning (Cho-PET). 
With cellular turnover elevated in malignancies, accumulation of choline can be 
demonstrated in areas of active disease. Cho-PET has been most heavily investi-
gated in prostate cancer and has shown improved sensitivity and specifi city for both 
regional and distant disease detection over conventional staging modalities [ 57 ]. 
Cho-PET has also been investigated in regard to identifying dominant tumor nod-
ules within an intact prostate, possibly for local dose escalation strategies. Currently 
the standard imaging for this task is multi-parametric MRI (mpMRI). However, a 
meta-analysis by Chan et al. showed that while Cho-PET alone was roughly equiva-
lent to mpMRI in identifying a dominant nodule, the combination of both had 
improved sensitivity and specifi city over either alone [ 58 ]. Planning studies using 
Cho-PET for defi ning subvolumes for dose escalation up to 90 Gy have shown 
gains in estimated tumor control probability (TCP) without exceeding OAR toler-
ances [ 59 ,  60 ]. Pinkawa et al. implemented this technique up to 80 Gy and showed 
no adverse effects on toxicity or quality of life [ 61 ]. The utilization of Cho-PET has 
been more widely accepted in the setting of recurrent disease and now represents 
the standard of care in many countries, including the United States, for restaging 
prior to defi nitive salvage treatment [ 62 ]. There is single institution data supporting 
the feasibility of Cho-PET-directed salvage treatment up to 74 Gy; however larger 
series and longer-term outcomes are needed [ 63 ]. Table  9.2  provides a summary of 
relevant literature pertaining to radiotherapy and proliferative imaging modalities.

  Fig. 9.7    Baseline  CT   ( left ),  FDG-PET   ( middle ), and  FLT-PET   ( right ) images of a patient with 
newly diagnosed non-small cell lung cancer. The  thick white arrow  indicates the primary tumor. 
The  thin white arrow  represents a mediastinal lymph node that is avid on FLT-PET scan, but not 
on the corresponding FDG-PET scan (courtesy of Dr. Meredith Giuliani)       
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        Diffusion-Weighted MRI         

  MR diffusion imaging   is an imaging sequence based on the thermally driven random 
motion of water molecules (Brownian motion). By applying strong gradient pulses, 
local diffusivity can be measured, and regions can vary depending on the local 

   Table 9.2    Summary of select studies utilizing FLT and  choline PET   in tumors treated with 
radiotherapy   

 Reference  Tracer  Study type  Tumor site   N   Findings 

 Hoeben 
et al. [ 50 ] 

 FLT  Retrospective  HNSCC  48  A relative change in tumor 
SUV max  ≥ 45 % from baseline to after 
1.5 weeks of treatment (median 14 Gy, 
range 10–24 Gy) was associated with 
improved disease-free survival (88 % 
vs. 63 %,  p  = 0.035)    

 Everitt 
et al. [ 52 ] 

 FLT  Prospective  NSCLC  20  Visual analysis of both FLT and FDG 
PET after 2 weeks of CRT (compared 
to baseline) showed that 52 % of 
patients had a partial metabolic 
response, while 76 % had a partial 
proliferative response, suggesting 
earlier tumor cell proliferation is 
affected more rapidly than  metabolism   

 Troost 
et al. [ 55 ] 

 FLT  Prospective  HNSCC  10  A signifi cant decrease in SUV max  was 
seen during radiotherapy (compared to 
baseline), greatest after 2 weeks of 
treatment (20 Gy), but continuing 
through 4 (40 Gy) weeks of treatment 
(7.6 vs. 3.1 vs. 1.7,  p  = 0.0001 and 
0.001, respectively) 

 Chang 
et al. [ 59 ] 

 Cho  Prospective 
(planning 
study) 

 Prostate  8  A SIB to 90 Gy to a subvolume defi ned 
by 70 % SUV max  threshold resulted in a 
higher TCP across all patients (mean 
increase 37 %,  p  < 0.001) with no 
signifi cant change in NTCP rectum and 
 bladder   

 Pinkawa 
et al. [ 61 ] 

 Cho  Prospective  Prostate  67  Delivery of a SIB to 80 Gy to a 
subvolume defi ned by a tumor-to- 
background ratio >2 did not result in 
signifi cantly increased acute or late 
bladder/bowel toxicity or decreased 
QoL (median 2 and 19 months 
post-RT) compared to a similar cohort 
not treated with SIB 

   Cho  choline,  CRT  chemoradiotherapy,  FDG  fl uorodeoxyglucose,  FLT  3′-deoxy-3′- 18 F- 
fl uorothymidine,  HNSCC  head and neck squamous cell carcinoma,  NSCLC  non-small cell lung 
cancer,  NTCP  normal tissue complication probability,  PET  positron emission tomography,  QoL  
quality of life,  RT  radiotherapy,  SIB  simultaneous integrated boost,  SUV  standardized uptake value, 
 TCP  tumor control probability  
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  Fig. 9.8    Axial  MRI images   acquired pretreatment ( left ), 3 months after completion of chemora-
diation ( mid ) and at the time of recurrence 1 year post-chemoradiation ( right ) in a woman who 
presented with stage IVA cervical squamous cell carcinoma. Along the top are T2-weighted 
images, and below are the corresponding diffusion-weighted images ( b  = 800 s/mm 2 ).  White 
arrows  denote initial disease and the area of recurrence. Note the persistent restricted diffusion 
even at time of radiographic complete response posttreatment       

microenvironment. Generally, higher cellular density equates to lower diffusivity 
[ 64 ]. The metric generally used to quantify this diffusivity within a given volume ele-
ment is referred to as the  apparent diffusion coeffi cient (ADC)  , given in units of area/
time. The term “apparent” is used because true diffusion is affected by innumerable 
variables which cannot be individually quantifi ed in-situ (i.e., intravoxel motion, 
microvascular perfusion, physical obstacles within the cell, etc). Lower ADC values 
represent more restricted diffusion (Fig.  9.8 ); it has been reported across numerous 
sites that regions of malignancy have lower ADC values than surrounding healthy 
tissue [ 65 – 68 ]. Intuitively, regions of increased proliferation lead to areas of increased 
cellularity; and ADC has also been shown to correlate with  Ki67   in both bladder and 
breast cancer [ 69 ,  70 ]. Furthermore, areas of reduced ADC have been shown to be 
associated with higher grades of breast, bladder, endometrial, and prostate cancer [ 69 , 
 71 – 73 ]. The use of  DWI         in the identifi cation of high-grade  prostate cancer   has been 
particularly useful and relevant for management decisions and now features promi-
nently in the  prostate imaging reporting and data system (PI-RADS)   classifi cation 
system for MRI evaluation of prostate cancer [ 74 ]. In a recent review by Futterer 
et al.,  DWI   was able to provide a negative predictive value of up to 98 % for the pres-
ence of greater than Gleason 6 prostate cancer [ 75 ]. Baseline ADC values have also 
been shown to be biomarkers of  disease-free survival   in patients undergoing radical 
chemoradiation  for squamous cell carcinomas   of the cervix. A retrospective study by 
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Micco et al. demonstrated that a higher pretreatment mean tumor ADC was associated 
with better disease-free and overall survival in patients treated with chemoradiation 
on univariate analysis (HR 0.56,  p  = 0.007; HR 0.46,  p  = 0.02) [ 76 ]. Similar fi ndings 
were reported by other groups investigating cervical cancer [ 77 ,  78 ]. In postoperative 
recurrences of  cervical cancer  , a tumor ADC >0.95 × 10 −3  mm 2 /s was predictive of a 
lack of complete response to chemoradiation in bulky lesions (sensitivity 85.7 %; 
specifi city 100 %,  p  = 0.05) [ 79 ]. In  rectal cancer  , a systemic review showed that pre-
treatment ADC was predictive of pCR following neoadjuvant chemoradiation with a 
negative predictive value of 90 % and a specifi city of 68 % [ 80 ].

   Much like FLT imaging,  DWI-MRI   has shown promise in measuring the dynamic 
changes of malignancies throughout and after treatment, offering an in vivo barom-
eter of treatment effect. The hypothesis is that  treatment-induced cell death   will 
result in lower cellular density, reducing the restrictions to intercellular water diffu-
sion and therefore increasing local ADC. Unlike single pretreatment measurements, 
increasing ∆ADC with  treatment         (ADC post –ADC pre ) has consistently shown positive 
associations with outcome. A work by Yu et al. demonstrated that patients treated 
with  stereotactic radiotherapy for hepatocellular carcinoma   with an increment 
of ≥20 % in ADC value (6 months vs. pretreatment) had signifi cantly better local 
progression-free survival at 1 year [ 81 ]. Greater increases in tumor  ADC   early 
(mostly 1–3 weeks) during RT ± concurrent chemotherapy have been associated 
with better response in many cancers: high-grade glioma [ 82 ], head and neck squa-
mous cell  carcinoma         [ 83 ], nasopharynx cancer [ 84 ], liver tumor (hepatocellular car-
cinoma, liver metastases, cholangiocarcinoma) [ 85 ], rectal cancer [ 86 – 88 ], and 
cervix cancer [ 89 – 91 ]. In particular, a meta-analysis done by Fu et al. demonstrated 
a signifi cant association between ∆ADC and the status of residual tumor  post- 
chemoradiation   in locally advanced cervical cancer patients ( p  < 0.001), suggest-
ing its utility in monitoring treatment response [ 92 ]. There is currently limited 
work investigating the real-time integration of  DWI-MRI   directly into radiother-
apy planning, but preliminary work does show promise [ 93 – 95 ]. Table  9.3  provides 
a representative summary of evidence investigating DWI-MRI in conjunction with 
radiotherapy.

         Summary   

 A trait common to many malignancies is the increase in  cellular proliferation  , which 
can manifest as local increases in glycolysis and cellular density.  Novel functional 
imaging modalities   have probed each of these facets directly, including quantifying 
FDG uptake with PET, assessing cellular density with  DWI-MRI  , and directly esti-
mating local proliferation rates with  FLT-PET  . Each of these modalities has been 
shown to be useful in oncologic imaging and have been investigated to improve 
staging. Each is increasingly showing promise as a quantitative peri-treatment bio-
marker for treatment response and/or long-term outcome. Retrospective studies 
have shown benefi t with integration into radiotherapy planning/dose painting, and 
larger prospective trials are now ongoing.   
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    Reoxygenation: Hypoxia and  Vascularization      

 Hypoxia refers to the phenomenon where cells are deprived of oxygen, which is essen-
tial for a variety of cellular functions. A  prolonged hypoxic environment   leads to 
changes in  cellular metabolism   and genomic expression that can result in alterations of 
 glycolysis   and DNA repair. Tumor  hypoxia   is often a result of the rapid proliferation 
and abnormal vasculature associated with malignant growth. The chaotic and unorga-
nized growth of cancer creates an unpredictable variation of oxygenation among and 
within tumors. Hypoxic tumors are more resistant to treatment and are associated with 
poor clinical outcome [ 96 ,  97 ]. There is strong prospective evidence that modifi cation 
of hypoxia itself leads to improved tumor control [ 98 – 100 ]. With regard to radiother-
apy, in particular, the lack of oxygen disrupts one of the major radiobiologic methods of 
cell  killing  —free radicals. The deposition of high- energy photons leads to local ioniza-
tion; the resultant free radicals directly infl ict DNA damage. This damage can become 
permanent with the fi xation of nearby oxygen to become stable organic peroxides. In 
the absence of oxygen, this damage can be repaired more effectively. The gold standard 
for measuring hypoxia is polarographic electrodes, which can measure oxygen tension 
directly in the tissue [ 101 ,  102 ]. However, this method requires the invasive introduc-
tion of an electrode into the tissue itself; therefore, it is not feasible in many cancer sites. 
The ability to detect hypoxia noninvasively by imaging enables not only better quanti-
fi cation of tumor heterogeneity but also a potential biologic target for radiotherapy. 

     PET         

 A number of  positron-emitting tracers   have been evaluated for imaging hypoxia. The 
most prominent probes are nitroimidazole-based, a compound that was fi rst shown 
by Chapman to remain trapped within hypoxic cells [ 103 ]. Among the  nitroimidazole- 
based probes  , the most investigated are  fl uoromisonidazole (FMISO)  , diacetyl-bis-
N4-methylthiosemicarbazone (Cu 60  or Cu 64 -ATSM), and  fl uoroazomycin arabinoside 
(FAZA)   (Fig.  9.9 ). These probes have shown promise as not only a reliable bio-
marker of hypoxia but also an association with outcome across many tumor types. 
Pre-treatment PET imaging of tumor hypoxia in patients with head and neck, lung, 
brain, and cervical cancers has been shown to correlate with disease-/progression-
free survival [ 104 – 107 ], cancer-specifi c survival [ 108 ,  109 ], and overall survival 
[ 110 – 113 ] following (chemo)radiation. A meta- analysis         by Horsman across multi-
ple tumor types and a variety of tracers showed that hypoxic tumors were more likely 
to have poor response to radiotherapy (OR 0.27, 95 % CI, 0.18–0.39) [ 114 ].

   Although a meta-analysis showed that  hypoxia-modifying therapies   improved 
locoregional control (HR 0.77; 95 % CI 0.71–0.86) and overall survival (HR 0.87; 
95 % CI 0.80–0.95), they have not been adopted in clinical practice because of practi-
cal limitations and toxicities [ 100 ]. Initial studies looked at ameliorating the hypoxic 
environment directly via improving oxygenation (carbogen + nicotinamide),  hypoxic 
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radiosensitizers   (e.g., nimorazole), or  direct hypoxic cytotoxins   (e.g., tirapazamine). 
These strategies are not specifi c to the spatial distribution of hypoxia.  Radiotherapy   
allows for integrated and personalized hypoxia targeting via dose painting. Several 
dosimetric studies highlighted the feasibility of this approach without excess dose to 
the OAR. Planning studies in carcinomas of the head and neck using FAZA-PET 
have shown the ability to dose escalate hypoxic regions in a simultaneous boost up 
to 86 Gy, without signifi cant effect on existing OAR dose constraints. Specifi cally, 
Servagi-Vernat et al. showed that this adaptive FAZA- based dose painting is feasible 
with FAZA-PET imaging at three time points (baseline, post 7 and 12 fractions), 
offering the ability to target hypoxic regions dynamically over time [ 115 ]. Similarly, 
dose escalation to hypoxic regions identifi ed by  FMISO-PET   beyond 80 Gy is feasible 
without excessive increase of dose to the  OARs   [ 116 ,  117 ]. 

 An important limitation of dose painting  based on hypoxic PET   signals is the 
temporal instability of hypoxia. Radiotherapy based on pretreatment scans inherently 
assumes a robust target throughout treatment. Various studies have suggested that 

  Fig. 9.9     Baseline axial T2 MRI   ( left upper ), FAZA-PET/CT ( right upper ), FDG- PET   ( left lower ), 
and ADC map ( right lower ) images of a patient with stage IIIB cervix squamous cell carcinoma. 
 White arrows  indicate the primary tumor. Note the tumor shows focal FAZA uptake, strong FDG 
uptake, and restricted diffusion       
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this may not be the case in regard to hypoxia, and specifi cally both acute and chronic 
hypoxia can be important in radiation resistance. Work by Lin et al. investigated this 
prospectively in a group of head and neck cancer patients who had consecutive  pre-
treatment         FMISO-PET scans 3 days apart. They found that the mean D95 for the 
hypoxic GTV was an average of 7 Gy lower (range 3–12 Gy) when the initial plan 
was applied to the second scan [ 118 ]. Bollineni et al. performed serial  FAZA-PET   
imaging in patients with HNSCC and NSCLC and found four cases: (1) increasing 
hypoxia, (2) decreasing hypoxia, (3) stable hypoxia, and (4) stable non- hypoxia with 
patients falling into any one of these categories [ 119 ]. Further work on the reproduc-
ibility, temporal variability, and adapting radiotherapy to hypoxic subvolumes identi-
fi ed by  hypoxia         tracers is required. 

 In addition to its  prognostic  value,  PET imaging with FAZA   can also monitor and/or 
predict response to hypoxia-targeted therapy.  Xenograft studies   showed that FAZA tumor 
uptake declined by 55–70 % 1–3 days after administration of BAY 87-2243, a preclinical 
inhibitor of mitochondrial complex I that decreases tumor hypoxia and sensitizes tumor 
to radiation [ 106 ,  120 ]. Another xenograft study showed FAZA uptake to predict response 
to hypoxic cytotoxin  tirapazamine   and radiation [ 121 ]. Table  9.4  provides a representa-
tive review of the literature of  PET- based hypoxia            imaging in conjunction with radio-
therapy, and further description of the use of PET-based hypoxia imaging can be found in 
excellent reviews by Padhani and Fleming [ 122 ,  123 ].

        MRI         

 Several specifi c MRI sequences have been shown to correlate with tumor hypoxia. 
 Dynamic contrast-enhanced MRI (DCE-MRI)   is the most clinically utilized of these. 
DCE-MRI is a surrogate measurement for hypoxia, as it directly measures vascula-
ture and local disruptions to blood fl ow. The main principle is to acquire a baseline 
non-contrast T1-weighted image as a reference set. A  gadolinium-based contrast 
agent   is then injected at a known rate and a second set of T1-weighted images is 
acquired. The contrast is readily seen as an increase in signal and the dynamic change 
in signal can be quantifi ed. Based on the signal seen outside the vasculature, a param-
eter called K trans , which represents the “leakiness” of the local  vasculature        , is mod-
eled.  Tumors   often have poorly organized and  quasi-functional vasculature   which can 
be quantifi ed using  DCE-MRI  . DCE-MRI has been found to be correlated with oxy-
gen levels measured by polarographic electrodes in cervical cancer [ 124 ,  125 ]. In 
prostate cancer, hypoxia-inducible factor 2 α  (HIF-2), a known hypoxia pathway, has 
been shown to be negatively correlated with the 5th percentile K trans  in a histologic 
comparative study [ 126 ]. Similarly, negative correlations with K trans  were shown with 
hypoxic and radioresistant xenografts of cervical carcinoma and primary glioma 
[ 127 ,  128 ]. Halle et al. combined DCE-MRI data with gene expression profi les of 
biopsies from patients with cervical cancer treated with defi nitive chemoradiation 
[ 129 ]. They fi rst identifi ed a DCE parameter called  A  Brix  that had the strongest 
association with progression-free survival in these patients (in which tumors with 
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low  A  Brix  appeared to be most aggressive) [ 129 ]. They then found that low  A  Brix  was 
associated with the upregulation of hypoxia response genes and HIF1 α  protein and 
constructed a DCE-MRI signature with the most important genes refl ected by  A  Brix . 
This DCE-MRI hypoxia gene signature was independently associated with progres-
sion-free survival and locoregional control (RR 2.5, 95 % CI 1.3–4.8, and RR 3.7, 
95 % CI 1.2–11.8) [ 129 ]. Integration of DCE-MRI into the radiotherapy workfl ow is 
becoming more feasible with the increasing availability of MRI and specifi cally MRI 
simulators within radiotherapy departments. In cervical cancer, the quantity of low-
enhancement (i.e., poorly vascularized, likely hypoxic) tumor regions predicted sub-
sequent tumor recurrence [ 130 ] and persistently low perfusion from the pre-RT 
through mid-RT phase independently correlated with inferior local control and dis-
ease-free and overall survival [ 131 ]. This suggests a potential role for  biologic target-
ing   and possible dose escalation; however, prospective studies are warranted. Early 
planning studies in prostate  cancer         have demonstrated the feasibility of an integrated 
boosts to DCE-defi ned targets to 90 Gy [ 132 ]. This has led to several phase 2 studies 
demonstrating that this strategy can be implemented safely, and now we await the 
results of a recently completed phase 3 randomized controlled trials investigating the 
impact on clinical outcome [ 133 ,  134 ]. 

 Another  functional MRI technique      aimed at measuring in vivo oxygenation is 
 blood–oxygen-level-dependent contrast imaging (BOLD-MRI)  . Initially developed 
as a tool for functional brain imaging, this technique is based on the varying mag-
netic susceptibility of  hemoglobin      due to oxygenation status. An advantage of this 
technique is the lack of contrast required for quantifi cation. It was found to correctly 
predict treatment response to  hypoxia-modifying agents   in various rodent models 
[ 135 ,  136 ]. Pathologic correlative studies showed that BOLD-MRI parameters are 
correlated with HIF-1 α  staining in both invasive breast cancer and high-grade gli-
oma [ 137 ,  138 ]. Similarly, in prostate cancer, BOLD-MRI fi ndings correlated 
hypoxia measurements using polarographic electrodes [ 139 ]. Investigations of 
BOLD-MRI directly within the radiotherapy workfl ow have not yet been done and 
remain an intriguing avenue for research. 

 Similar to  PET-based hypoxia imaging     , temporal uncertainties are present in 
MRI-based modalities. A planning study by Sovik et al. on canine  sarcomas      showed 
that plan adaptation based on hypoxic subvolumes defi ned by DCE-MRI improved 
the tumor control probability by 20 %, if replanned twice a week as compared to a 
single baseline acquisition [ 140 ]. Dedicated studies investigating the temporal 
uncertainties of tumor hypoxia imaged via BOLD-MRI are required. A recent 
review of MRI-based hypoxia imaging in cancer is provided by Matsuo [ 141 ].  

     CT         

 Analogous to DCE-MRI is perfusion-based computed  tomography     , DCE-CT. Based 
on a similar acquisition but with iodinated rather than gadolinium-based contrast 
media, DCE- CT         quantifi es comparable modeling parameters. Again these parameters 
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are linked to tumor vasculature and have been shown to be a useful surrogate for 
hypoxia. In NSCLC, DCE-CT derived tumoral blood volume is negatively correlated 
with histologically based hypoxia via pimonidazole staining [ 142 ]. Similarly, in head 
and neck cancers, tumor  hypoxia   is correlated with DCE-CT parameters, although not 
as strongly as with DCE-MRI [ 143 ]. Prospective studies investigating the role of  anti-
angiogenic therapy   in head and neck cancers have demonstrated a decline in tumor 
blood fl ow and CT enhancement with DCE-CT post-treatment [ 144 ]. In high-grade 
glioma, serial postoperative DCE-CT in patients treated with combined chemoradia-
tion demonstrated a negative correlation between tumor blood fl ow and blood volume 
in the residual tumor with survival [ 145 ]. As with PET-CT, DCE-CT presents a prom-
ising candidate for integration into the radiotherapy workfl ow, perhaps even more so 
given the ability to obtain scans directly on a standard  CT         simulator (with appropriate 
post-acquisition processing). Future dosimetric and clinical studies integrating 
DCE-CT are needed. Review articles highlighting the role of DCE-CT in radiotherapy 
are provided by van Elmpt and Astner et al. [ 146 ,  147 ].  

    Summary 

 Hypoxia has been well established as a negative predictive feature in oncology and 
specifi cally has been associated with  radioresistance  . The identifi cation and quanti-
fi cation of tumor hypoxia offers a chance to customize treatment and/or subsequent 
clinical follow-up.  Radiographic biomarkers   offer the ability to quantify hypoxia in 
sites not amenable to direct measurement and also allow measurements in a fully 
geometric and temporal manner. The integration of these imaging modalities into 
the radiotherapy workfl ow has the potential to facilitate hypoxia-directed dose 
painting, adaptation, and personalized follow-up. Further prospective work is 
required to fully elucidate the clinical benefi t of such a strategy.   

     Repair   

 Radiotherapy infl icts DNA damage, and ultimately cell killing, by a process of 
breaking base-pair linkages via ionization. The cellular response to this assault is to 
initiate DNA repair via one of several pathways (e.g., homologous repair, nonho-
mologous end joining, base excision repair, etc.) [ 148 ]. Due to the scale, the repair 
itself cannot be directly visualized; however, surrogates have been developed to 
provide macroscopic insight into this process. The obvious goal of radiotherapy is 
to minimize tumor repair and maximize normal healthy tissue repair, and the most 
direct route is by shaping target and avoidance doses, respectively. The potential for 
measuring repair in vivo represents an intriguing adjunct to this strategy. Not only 
does it represent an independent marker for delineation, as often the repair mecha-
nisms differ between tumor and normal tissues, but there is potential for measuring 
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the local repair effi ciency within each, enabling targeting of high repair regions of 
tumor and avoiding poorly repairing healthy structures [ 149 ]. Doubling down in this 
manner presents an intriguing tactic for widening the therapeutic window. 

    Magnetic Resonance Spectroscopy 

  Magnetic resonance spectroscopy (MRS)      is a noninvasive technique to measure 
metabolite concentrations in the tissue. The principal difference between MRS and 
anatomic MR measurements is that the signal obtained from hydrogen precession 
(infl uenced by neighboring protons) is used to quantify chemical shifts rather than 
provide contrast information. Another key aspect is to ensure water/fat suppression 
as these signals would otherwise dominate the observed spectrum. By comparing an 
acquired shift spectrum against a library of characteristic spectra, various com-
pounds can be identifi ed and their relative concentrations quantifi ed. The most com-
mon metabolites that are characterized by MRS are  choline (Cho)  , a component of 
cellular membranes (increased levels suggest increased cellular turnover), creatine 
(decreased levels suggest necrosis/cell death), glucose, N-acetyl-aspartate ( NAA  , a 
prominent neuronal metabolite reduced in areas of neuronal destruction), and lac-
tate (increased in areas of hypoxia). The most investigated sites utilizing MRS for 
radiotherapeutic applications are the brain and prostate. 

 Various studies investigating MRS in gliomas have linked a Cho/NAA ratio >2 
(both pre- and postoperatively) with worse outcome [ 150 ,  151 ]. This suggests a 
potential target for dose escalation, and subsequent planning studies have demon-
strated dosimetric feasibility in targeting  subvolumes      with elevated Cho/NAA 
ratios up to 72 Gy [ 152 ]. A single arm, prospective phase II study of stereotactic 
boost (15–24 Gy) to regions with an elevated Cho/NAA > 2 (plus standard confor-
mal radiotherapy to 60 Gy) has shown acceptable toxicity and a 6.2-month 
improvement in median survival versus historical controls, but phase III studies 
are needed [ 153 ]. Furthermore, following completion of adjuvant treatment, a sec-
ondary problem of distinguishing residual  glioma   versus benign regions of necro-
sis and tissue repair is prevalent. This phenomenon, called pseudoprogression, 
occurs in ~30 % of patients [ 154 ]. Studies have shown MRS as a promising tool in 
this area, with an elevated Cho/nCho (nCho represents the Cho in the contralateral 
brain) or Cho/NAA ratio both demonstrating a high specifi city for true tumor pro-
gression [ 155 ,  156 ]. In a meta-analysis by Zhang et al. evaluating a total of 455 
patients with high-grade glioma, an elevated Cho/Cr ratio had a sensitivity and 
specifi city each of 83 % (95 % CI 0.77–0.89 and 0.74–0.90, respectively) for 
classifying tumor progression [ 157 ]. 

 In  prostate cells  , citrate represents an important  metabolite   that plays a critical 
role in metabolism together with zinc ions. High concentrations of citrate are 
unique to glandular areas of the prostate, which are highest in the peripheral zone. 
 Cancerous prostate cells   dedifferentiate and lose the ability to accumulate and 
secrete citrate, and energy pathways subsequently alter. Elevated citrate/Cho or 
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citrate/Cr ratios have been shown to be associated with prostate cancer [ 158 ]. 
Targeted biopsies utilizing MRS and MRI guidance have shown a sensitivity, spec-
ifi city, and accuracy of 100 %, 70.6 %, and 79.2 %, respectively (95 % CI 61.6–
100.0, 46.9–86.7, and 57.9–92.9, respectively), in a population of men with a 
rising PSA and previously negative biopsy [ 159 ]. Furthermore, a ratio of cho-
line + creatine + spermine to citrate showed a positive correlation (Spearman’s 
coeffi cient 0.77,  p  < 0.001) with Gleason score, therefore suggesting an ability to 
preferentially identify areas of increased aggressiveness [ 160 ]. Naturally, this led 
to planning studies investigating the feasibility of MRS- guided      dose escalation, 
which proved possible up to 90 Gy with EBRT and up to 130 % (~40 Gy) with 
brachytherapy boost [ 161 ,  162 ]. Limited focal targeting of a dominant intrapros-
tatic lesion, defi ned by T2W and MRS to 82 Gy and de-escalation of remaining 
prostate  dose      to 74 Gy, resulted in a signifi cant rise in TCP (80.1 % vs. 75.3 %, 
 p  < 0.001) and reduction in rectal normal tissue complication probability (3.84 % 
vs. 9.7 %,  p  = 0.04) [ 163 ]. Prospective studies evaluating the clinical effect of these 
strategies are lacking. 

 In addition to standard MRS,  hyperpolarized MRS (hMRS)   via dynamic nuclear 
polarization allows for molecules other than hydrogen to be imaged. This can offer 
advantages in signal-to-noise ratio (as hydrogen is ubiquitous in the body) as well 
as offer imaging of otherwise low-density areas such as the lungs. One area of inter-
est specifi c to radiotherapy is the evaluation of  radiation-induced lung injury   or 
 radiation pneumonitis (RP)  . Lung doses are often the limiting factor for treatment 
plans of thoracic based malignancies, particularly lung cancer. This limits the pros-
pects of dose escalation. Carbon-13 is a suitable candidate for hyperpolarization and 
has been tagged to pyruvate, which converts to lactate, bicarbonate, and alanine 
upon metabolism. Animal models showed that elevated lactate levels based on C-13 
hMRS were associated with RP and were detectable as little as 5 days post- conformal 
radiotherapy, suggesting a role for early detection and treatment modifi cation in a 
patient population [ 164 ]. Work in hyperpolarized gases (helium-3 and xenon-129) 
has shown promise as inhaled contrast agents for hMRS, allowing highly detailed 
ventilation scans, useful for accurately describing a number of lung diseases [ 165 ]. 
Planning studies have suggested that integration of  3 He-based hMRS can reduce the 
volume of ventilated lung that is irradiated, potentially reducing the risk of RP by 
up to 10 % versus a standard plan [ 166 ], and the potential clinical benefi t is being 
assessed in an ongoing randomized controlled trial [ 167 ]. A recent review by 
Nguyen et al. examines the potential role of MRS in modern image- guided radio-
therapy [ 168 ]. 

 Limitations of  spectroscopy   are generally related to poor spatial resolution, exac-
erbated by volume averaging between adjacent voxels. This is accentuated particu-
larly in the era of ever-improving anatomical  imaging     . Furthermore, inhomogeneities 
within the magnetic fi eld can result in differences in metabolite quantifi cation, 
which makes standardization among centers and between individual patients dif-
fi cult and can limit generalizable protocols.  
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    Diffusion Tensor Imaging 

  Diffusion tensor imaging (DTI)      is a form of DWI that was discussed earlier, but in 
DTI the directional diffusion is also measured.  DWI   assesses the Brownian motion 
of water molecules and quantifi es their ability to disperse within a given space. DTI 
measures this on a directional basis, determining if some paths are more restricted 
than others. Imagine a garden hose, where water is quite free to “diffuse” longitudi-
nally through the tube, but that fl ow is signifi cantly attenuated axially by the rubber 
casing. DTI has been most utilized in brain imaging where neurons are akin to the 
garden hose in the previous example [ 169 ]. Typically a series of DWI images are 
taken along six different gradient orientations, and diffusion can then be quantifi ed in 
terms of a vector fi eld rather than a single scalar quantity. Generally, increases in 
axial diffusivity and decreases in longitudinal diffusivity (e.g., a leak in the hose) are 
suggestive of neuronal injury or  demyelination   regardless of mechanism [ 170 ]. In 
radiotherapy, changes in anisotropic diffusion have been noted after radical treatment 
for gliomas and also retrospectively in pediatric patients who underwent whole brain 
radiotherapy. These changes have been correlated with decline in neurocognitive 
tests, compared to pretreatment or healthy controls, suggesting permanent neuronal 
damage [ 171 ,  172 ]. The ability to distinguish individual nerve tracts and identify 
those compromised by tumor suggests a method of improved tumor delineation and 
also a means of identifying eloquent, intact neuronal pathways. A planning study in 
13 glioblastoma multiforme patients by Berberat et al. showed a mean reduction in 
CTV volume of 50 % ( p  < 0.005) was achieved using DTI-based delineations as com-
pared to T2-weighted imaging alone [ 173 ]. Prospective implementation of neuronal 
pathway imaging has been utilized in radiosurgical series, demonstrating low rates 
of neurologic complication in the treatment of arterial-venous malformations and an 
improvement of motor dysfunction as compared to the absence of DTI imaging 
[ 174 ,  175 ]. The integration of  DTI      into areas outside the brain is lacking, but the rise 
in spinal stereotactic treatments offers an intriguing potential application.  

    Summary 

 Improving the healthy tissue repair profi le is critical to minimizing radiation toxic-
ity and thereby widening the therapeutic ratio. The surest way of implementing this 
goal is to decrease the radiotherapy delivered to normal tissue and particularly 
highly functional subunits of healthy tissue. The implementation of MRS, hMRS, 
and DTI has shown promise of not only providing functional information and assist-
ing accurate delineation of tumor invasion but also for directly imaging the function 
of surrounding anatomy. This has been most developed in the area of brain imaging 
via neuronal mapping (DTI) and lung through ventilation/perfusion mapping via 
hMRS. Future work will entail prospective patient data to support improvement of 
the therapeutic ratio and extension into other body sites.   
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    Technical  Considerations      

 The integration of functional imaging technology into the radiotherapy workfl ow 
offers not only additional information to guide treatment planning but also the 
potential of a new paradigm in radiation oncology practice. However, there exist a 
number of technical and practical limitations in each of these new imaging modali-
ties; these will require a thorough understanding and characterization prior to full 
realization of this goal. Many of these limitations apply to all of the techniques 
described in this chapter and will be reviewed together here. 

     Simulation   

 The current radiotherapy workfl ow as discussed at the beginning of this chapter is 
based on CT simulation, whereby the patient is positioned on a fl at table top and 
immobilized in the treatment position. This allows for the planning image to repre-
sent the daily treatment reality, offering a reproducible environment to derive safety 
margins. CT simulation is generally fast, on the order of seconds or minutes for 
four-dimensional acquisitions.  Functional imaging modalities   described in this 
chapter often require additional hardware (PET/MRI) that may or may not accom-
modate treatment immobilization and/or positioning. Both PET and functional MRI 
often require lengthy scan times depending on the intended image set(s)   , typically 
between 20 and 60 min [ 23 ,  95 ]. During this time patients can move, shift, or cough, 
resulting in degraded image accuracy. These sources of uncertainty must be 
accounted for in radiotherapy planning to ensure appropriate tumor coverage, par-
ticularly when curative doses are intended. Commonly, these uncertainties are 
incorporated via additional safety margins within the PTV. This results in larger 
treatment volumes, more irradiated healthy tissue, and therefore increased toxicity, 
opposite the therapeutic goals. Developments are being made in these areas, with 
radiotherapy centers increasingly acquiring dedicated imaging equipment (modifi ed 
to accommodate patient positioning/immobilization) and optimizing image acquisi-
tion  techniques   to reduce scan times [ 176 – 178 ].  

     Resolution and Registration   

 Current anatomical CT and MRI scans allow for high-resolution acquisitions, up to 
1–2 mm 3  when required, to enable high-precision anatomical delineation and radia-
tion planning. Many of the  functional imaging modalities   can only acquire images 
with much coarser pixilation to maintain an adequate signal-to-noise ratio. Not only 
does this make it diffi cult to register images, the volume averaging effect can also 
blur functional features at a tumor’s edge. This can be even more pronounced at 
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tissue interfaces. How one interprets a high-resolution anatomic scan together with 
a lower resolution but perhaps more biologically relevant image remains uncertain. 
In addition to spatial resolution, the issue of temporal resolution also exists. There 
is much literature to suggest that metabolism, proliferation, hypoxia, and repair are 
not static processes and can change signifi cantly during the course of treatment 
[ 119 ,  179 ,  180 ]. When is the right time to image and is a single baseline scan all that 
is required, or should plans be adapted during treatment? If a biologic feature is 
targeted, over what time frame is that volume relevant? These are questions that will 
require further study to adequately address. Relevant reviews addressing these 
issues for glycolytic and hypoxia-based PET modalities as they relate to the radio-
therapy workfl ow are provided by Scripes and Thorwarth [ 181 ,  182 ]. These issues 
are further accentuated when merging or fusing multiple imaging modalities 
together into a single viewable series; where in addition to resolution, deformation 
becomes prevalent. This can happen between scans on different modalities and also 
within a single modality throughout time. Whether the tissue is expanding, shrink-
ing, or simply changing shape, the effect on target volumes, both anatomic and 
biologic, and how they relate to a planned dose distribution will be critical for inte-
grative and adaptive  radiotherapy  . There is much work focusing on deformable reg-
istration algorithms both for intra- and inter-imaging modality, but wide clinical 
implementation and verifi cation is still incomplete [ 183 – 185 ]. 

 A related issue to resolution is spatial/geometric distortion. While generally not 
an issue for CT- or PET-based imaging modalities, this can be a large problem in 
MRI.  Distortions in MRI   are generally related to inhomogeneities in the main mag-
netic fi eld and nonlinearities in localizing gradient pulses. These distortions can be 
intrinsic to  scanner-specifi c fi eld generation  , in which case they can usually be mod-
eled and overcome, or by insertion of a nonuniform object into the magnetic fi eld—
which is unavoidable as the goal is to have patients within the scanner. As these 
artifacts are unique to each shape, they can be more diffi cult to systematically 
address. In  diagnostic radiology  , these distortions may not represent a signifi cant 
issue, as description and identifi cation of disease may depend less on robust spatial 
integrity; however in targeted radiotherapy, precision and accuracy are of the utmost 
importance. There are ongoing efforts to develop more robust MRI sequences spe-
cifi cally to address this problem, as well as MRI phantoms to verify spatial  accuracy   
[ 186 ,  187 ]; however, the default radiotherapy reaction is as before to increase safety 
margins, which again is ultimately counterproductive.  

     Verifi cation   

 A key aspect in reducing uncertainties (and therefore volumes) in radiotherapy is 
the treatment verifi cation process, where daily setup is compared to and adjusted 
according to treatment planning scans. The precision of this task is directly related 
to the PTV margin utilized in patient planning. Currently the radiotherapy work-
fl ow is organized around CT-based planning and daily verifi cation via orthogonal 

9 Novel Imaging for Treatment Planning or Tumor Response



230

X-rays, megavoltage portal fi lms, or volumetric cone-beam CT scans. This practice 
is relatively robust as image comparison among X-ray-based modalities is straight-
forward. Introduction of functional imaging modalities, particularly MRI based, 
represents a new challenge for daily verifi cation. The most utilized approach is to 
verify registration between planning scan and the adjunct planning images, leaving 
daily verifi cation solely X-ray based. As discussed above, this approach has several 
shortcomings and the alternative is again to increase the PTV  margin  . Ongoing 
work toward MRI-based verifi cation scans in MRI-linac systems offers perhaps a 
better solution to this problem [ 188 – 190 ].  

    Summary 

 Functional imaging and the capability to target and optimize treatment plans accord-
ing to biology in addition to anatomy represent an exciting new area in radiation 
oncology. However, a number of technical challenges must be considered before 
true integration can take place. Questions remain on when the optimal time is to 
obtain biologic imaging (and whether this needs to be repeated during treatment), 
how to incorporate radiotherapy immobilization, how precise image registration is 
(± deformation), and how to verify daily treatment position. With ongoing develop-
ment of new imaging modalities and new radiotherapy delivery platforms, these 
questions will hopefully be addressed.   

    Conclusion 

 Since its inception, radiation oncology has been an image-guided treatment modal-
ity. Advances in imaging technology have allowed for the direct visualization and 
quantifi cation of biologic processes critical to therapy response. This chapter has 
outlined and summarized a variety of these techniques including PET (with a variety 
of tracers), diffusion- and contrast-based MRI (and CT), and spectroscopy, orga-
nized by three of the classic tenants of radiobiology:  r epopulation,  r eoxygenation, 
and  r epair. The ability to better delineate and target tumors according to their bio-
logic underpinnings and specifi cally how they enhance or compromise interactions 
with radiotherapy will allow further personalization of patient care. Retrospective 
and ongoing prospective studies investigating these interactions have shown promis-
ing results in terms of tumor control and treatment toxicity. The long-term viability 
of this strategy will depend on the maturation of these and future studies, as well as 
overcoming current technical limitations, including spatial-temporal resolution and 
workfl ow integration. With ongoing effort, the goal of multimodality- based radio-
therapy is achievable and can potentially provide a fulcrum to further tilt the thera-
peutic ratio in the patients’ favor.     
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    Abstract     Nanoparticles have garnered signifi cant interest in recent decades for 
both biomedical imaging and therapeutic applications. The ability to fi nely tune 
their sizes and morphologies and modify their surface properties to enable cell- 
specifi c receptor targeting for tumor localization and prolonged circulation and the 
potential of low or reduced toxicity make them attractive agents in both cancer 
imaging and therapy. Recent studies have shown that nanoparticles in combination 
with radiation therapy can lead to an increase in the number of DNA double-stranded 
breaks compared with radiation alone and improve cancer survival in mouse mod-
els. With recent advances in imaging modalities as well as new radiation therapy 
technologies, targeted radiation therapy with nanoparticles is actively being pursued 
as a strategy to increase the effectiveness of radiation-induced cancer cell death 
while minimizing damage to normal tissues. This chapter will highlight the past and 
current developments of nanomedicines used to increase the therapeutic ratio of 
radiotherapy for in vitro models and in vivo models, the mechanisms of radiation 
enhancement and interaction of ionizing radiation with nanoparticles, and explore 
the potential for future integration into clinical radiotherapy practice.  
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      Overview of  Nanoparticles   

 Nanoparticles are generally defi ned as objects on the scale of 1–200 nm in diameter. 
Due to several inherent advantages, they are being investigated extensively for their 
potential use in the prevention, diagnosis, and treatment of disease. This technology 
may have the potential to impact medicine, improve quality of life, lower healthcare 
costs, and ultimately improve patient outcomes [ 1 ]. Additional formulations are 
being introduced into the clinic for many applications including drug delivery [ 2 ], 
immunization [ 3 ,  4 ], image-guided surgery [ 5 ,  6 ], and  imaging   [ 7 ,  8 ]. With the 
growing number of nanoparticle formulations and the variety of materials used, the 
number of distinct nanoplatforms is too numerous to count. Some of the more com-
monly used nanoparticles include  gold nanoparticles (AuNPs)   due to their relative 
ease of synthesis and tunability as well as unique physicochemical properties, 
 superparamagnetic iron oxide nanoparticles (SPIONs)   which possess electromag-
netic properties that can be utilized for contrast imaging and magnetic therapy, and 
polymer-based  nanoplatforms  .  Polymer nanoparticles   include liposomal formula-
tions, biodegradable polyethylene glycol block polycaprolactone/polylactic acid 
(PEG-PCL/PLA) micellar nanocarriers, and polymersomes that can be developed to 
house therapeutic/imaging agents depending on their hydrophilic and hydrophobic 
properties [ 9 ,  10 ]. 

 Nanoparticles can be synthesized using different materials ranging from inor-
ganic heavy metals with solid cores to  amphiphilic polymers   with soft shell com-
ponents. Their  shapes and sizes   can be fi nely tuned, and their surfaces can be 
modifi ed with ligands to help impart stealthiness and deter opsonization by anti-
bodies and complement proteins, thereby increasing circulation times. They can be 
designed to carry high therapeutic payloads to increase drug accumulation at dis-
ease sites while minimizing off-target toxicities, possess unique properties that 
respond to extracellular microenvironments to improve cellular uptake and drug 
release, respond to external stimuli such as  electromagnetic radiation   to help 
increase site-specifi c cellular damage or improve image contrast, and easily inte-
grate both therapeutic and diagnostic functionalities enabling both disease detec-
tion and treatment within a single administration. The surface  coating   of the 
nanoparticles can also infl uence the interaction of nanoformulations with their 
extracellular environment as well as specifi c cell types. 

  Strategies   of nanoparticle targeting can either be classifi ed as passive  targeting      or 
active  targeting  . Passive targeting of nanoparticle formulations is the preferential, 
but nonspecifi c, accumulation at a disease site, mediated by the pharmacokinetics of 
the nanoparticle and the characteristics of the diseased tissue (i.e., without the use 
of a targeting ligand). The most well-known example of passive targeting is the 
enhanced permeability and  retention effect  , which occurs in tumors. As a tumor 
grows, it will eventually reach a size where metabolic requirements exceed the 
capability of the existing nearby vascular supply [ 11 ]. Consequently, the tumor will 
respond by secreting factors to promote the process of angiogenesis resulting in the 
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formation of new blood vessels that facilitate continued growth. Many of these 
 rapidly forming blood vessels are poorly formed, possessing large gaps between 
endothelial cells, and have non-intact basement membranes, resulting in an increased 
permeability to structures in the nano-size range [ 12 ]. In addition, these  actively 
growing tumors   typically have impaired and disorganized lymphatic vessels, caus-
ing poor  lymphatic drainage   which results in the retention of material in the tumor 
interstitium [ 11 ]. This phenomenon of leaky blood vessels and ineffective lymphatic 
drainage is known as the  enhanced permeability and retention (EPR) effect   and is 
the major factor contributing to nanoparticle accumulation in malignancies for diag-
nostic and therapeutic applications. 

 Typically many passes through the circulation are necessary in order for an ade-
quate amount of nanoparticles to extravasate at the tumor site for successful  imag-
ing   and therapy. Therefore, a key design feature for successful passive delivery is a 
nanoparticle with prolonged in vivo circulation times. However, a major obstacle to 
 passive tumor delivery   is clearance by the  reticuloendothelial system (RES)  , also 
commonly known as the  mononuclear phagocyte system  , which effi ciently clears 
nanoparticulate material from the systemic circulation [ 13 – 15 ]. As a result, for 
maximal tumor accumulation, nanoparticle  formulations   must be designed with 
minimal removal by the RES. Many  parameters   of a nanoparticle (e.g., size, shape, 
surface charge, hydrophilicity, and specifi c coating material) can infl uence the 
nanoparticle’s interaction with blood and cellular components, thereby affecting 
blood pool residence times and hence tumor accumulation [ 16 ]. 

 The hydrodynamic diameter of a  nanoparticle      has a strong infl uence on circula-
tion time and passive nanoparticle tumor penetration [ 16 ]. Nanoparticles smaller 
than 5 nm in diameter are rapidly fi ltered via the kidneys and excreted in the urine; 
therefore, their circulation time is very short and their tumor accumulation is low. 
The size range where nanoparticle blood clearance is minimized, in order to maxi-
mize passive delivery by EPR, is in the size range of 5–200 nm. For nanoparticle 
sizes exceeding roughly 200 nm, extravasation through capillary fenestrations 
becomes impaired (depending on the tumor type, some tumors have larger or small 
endothelial fenestrae). In addition, particles of larger size, i.e., >400 nm, are compa-
rable in diameter to capillaries in the lungs and liver and are therefore cleared 
quickly by these organs, preventing tumor uptake [ 17 ]. 

  Surface charge   is another important characteristic that affects nanoparticle cir-
culation time and passive tumor delivery by EPR. Previous studies have shown 
that particles possessing a neutral or mildly negative surface charge exhibit the 
most favorable circulation profi les and, therefore, optimal tumor accumulation. 
Particles with strongly negative surface charges interact unfavorably with the RES 
decreasing circulation time, whereas particles with a positive charge interact elec-
trostatically with the cell membrane and are primarily localized at the site of 
injection [ 18 ]. 

 Finally, the surface coating of the nanoparticle also infl uences nanoparticle cir-
culation time. Since many groups have demonstrated that incorporation of  polyeth-
ylene glycol (PEG)   into the surface of nanoparticles helps avoid opsonization and 
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prolong circulation times [ 19 ,  20 ], nanoparticle PEGylation is a very popular 
method to impart in vivo stealth properties [ 21 ]. 

 In contrast to passive  targeting     , active  targeting   is a nanoparticle delivery 
strategy whereby the surface of the nanoparticle is modifi ed with  targeting ligands   
to specifi c receptors or  biomarkers   such as the  folate   or the HER2/NEU receptor 
within the tumor. These strategies achieve tumor delivery via specifi c interactions 
with either cancer cells or their microenvironment. Examples of targeting ligands 
used for such purposes include antibodies, proteins, peptides, aptamers, sugars, 
and small molecules. However, successful active targeting is still frequently depen-
dent on initial effi cient extravasation of the nanoparticles through the permeable 
tumor endothelium. Therefore, the nanoparticle’s  physicochemical properties  , 
which infl uence blood circulation and passive delivery by the  EPR effect  , are also 
applicable for designing actively targeted nanoparticles. A consequence of this is 
that covering the entire surface of a nanoparticle  with targeting ligands   does not 
result in optimal targeting, since the stealth properties of the nanoparticle are com-
promised. Optimal ratios of ligands to surface area need to be determined for indi-
vidual formulations, but in general occupying 20–40 % of the surface with ligands 
results in the best targeting [ 22 ]. 

 Upon successful  penetration of nanoparticles into tumor   sites, actively targeted 
agents possess several key advantages compared to passive targeting strategies. 
While completely passive  targeting   is dependent on poor lymphatic drainage in 
order to achieve nanoparticle retention at the tumor site, active  targeting   can result 
in greater tumor retention due to specifi c binding to receptors. In addition, in some 
cases, the nanoparticle can undergo receptor-mediated internalization and enhance 
drug delivery to tumor cells as opposed to other cells within the tumor microenvi-
ronment such as  macrophages   that are capable of phagocytosing nanoparticles, 
thereby reducing delivery to cancer cells [ 23 ]. Thus, actively targeted nanoparti-
cles can accumulate at higher concentrations and deliver their payload within cells 
compared to passively targeted formulations, which are more easily washed out of 
the tumor interstitial compartment. 

 Over the past few decades, the combination of nanoparticles with  radiotherapy   
has been a topic of considerable interest (Fig.  10.1 ). The chemical composition of 
 nanoparticles      can be tailored such that they have different mechanisms of interaction 
between ionizing radiation and nanoparticles. Consequently, studies have been per-
formed to increase the therapeutic effi cacy in conventional radiation therapy by using 
nanoparticles with high atomic numbers (Z) as radiation sensitizers that can increase 
the emission of secondary electrons via their strong photoelectric and  Compton 
effects   [ 25 ]. Others have looked into the design of nanoparticle drug carriers in 
which triggered release of  chemotherapeutic agents   can be controlled by the applica-
tion of an external radiation beam [ 26 ]. Finally, some reports use ionizing radiation 
to activate nanoparticles that induce cytotoxicity through alternative mechanisms 
such as  phototherapy   [ 27 ]. This chapter will highlight the most common application 
of nanoparticles in radiation therapy and their ability to increase the  radiobiological 
effectiveness (RBE)  .
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       Safety and Potential Toxicity of  Nanoparticles   

 For the successful clinical translation of nanoparticles, as with any medicine, 
thorough and careful evaluation of both the safety and pharmacokinetics of the 
agent is needed. Analysis of nanomaterial toxicity can be done using either in vitro 
or in vivo methods. The  in vitro approach   is by far the most commonly used as 
results can be determined rapidly at a low cost without the use of animals and can 
provide some insight into the biocompatibility of a nanoplatform. Some com-
monly accepted methods include the MTT assay for mitochondrial  function  , the 
 clonogenic assays   for cell proliferation and colony studies, and the  lactate dehy-
drogenase assay   for evaluating the integrity of the cell membrane, as well as using 
immunohistochemistry markers for measuring apoptosis and necrosis. While 
these methods are effective for providing some guidance of potential toxicity pro-
fi les, the in vivo interaction of nanoparticles with complex and  dynamic biologi-
cal systems   cannot be predicted with substantial accuracy. Therefore, in vivo 
testing of nanoparticles is often done to determine the pharmacokinetic and phar-
macodynamic profi le and to understand their biocompatibility and safety. Methods 
for in vivo evaluation include determining  organ biodistribution   using multiple 
time points, blood sample collections for the analysis of circulation half-lives and 
liver enzymes, changes in appetite or weight, infl ammatory cytokines, and histo-
logical tissue sectioning for microscopic examination to  organ-specifi c toxicity  . 
Additionally, blood chemistry analytes exist for the evaluation of specifi c  organ 
toxicity   such alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

  Fig. 10.1    A schematic depiction of the interaction of nanoparticles with  ionizing radiation      [ 24 ]. 
With permission from J.W. Bergs et al.       
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alkaline phosphatase, and total bilirubin for the evaluation of the hepatobiliary 
system and potential hemolysis. 

 When designing a  nanomedicine      for clinical translation, careful consideration of the 
factors and components that are responsible for the generation of toxicity are in order to 
maximize the chances of creating a safe agent. For example, silver is generally consid-
ered nontoxic when used on a large scale but can be toxic when used on a nanoscale 
[ 28 ]. Furthermore, the pharmacokinetic and pharmacodynamic profi les may provide a 
basis for potential fates and effects within the human body. For example, particles that 
are removed by the  RES   have the potential to cause  toxicity   and damage in those tissues 
involved in the clearance of the nanoparticles (liver, spleen, bone marrow). Therefore, 
the safety of nanoparticles will depend on many parameters including the chemical 
composition of the nanoformulation, size, shape, reactivity, stability, surface coating, 
and charge. One must therefore take into account all these properties when evaluating the 
safety and biocompatibility of nanoparticles. 

 The general  rule of thumb   for limiting the potential for nanoparticle toxicity as it 
relates to nanoparticle size is that they are inversely proportional to one another. This is 
because nanoparticles become more reactive as they become smaller, and their surface 
area to volume ratio increases. In addition to size, the nanoparticle shape and surface 
charge can also contribute to nanoparticle-induced toxicity. Studies have shown that the 
shape of nanoformulations dictates resulting interactions with biological systems 
including diffusion, translocation across cell membranes, and biodistribution [ 29 ]. For 
instance, a study evaluating cellular uptake of nanoparticles has shown that  spherical 
AuNPs   have a higher uptake in cells compared to gold nanorods [ 30 ]. With respect to 
surface charge, particles with a net negative surface charge tended to be less toxic than 
those with a positive surface charge, since  cell membranes   are negatively charged and 
positively charged particles are taken up by cells more readily. This concept can be 
exploited to help improve nanoparticle transportation into cancer cells. In one example, 
nanoparticle surfaces can be linked with a neutral compound that can become posi-
tively charged within low-pH microenvironments of certain tumors enabling local 
intracellular delivery of payload [ 31 ]. Surface coating is another important characteris-
tic to consider since it can affect nanoparticle surface charge, hydrophilicity, hydropho-
bicity, protein adsorption, circulation half-lives, and interaction with specifi c cell types 
[ 32 ]. The fi nal aspect to take into consideration is nanoparticle stability. This is relevant 
since nanoparticles can break down in the harsh, acidic environment of  lysosomes   
increasing the concentration of toxic  ions   within cells, resulting in the buildup of reac-
tive oxygen species [ 33 ]. The main mechanisms through which nanoparticles have the 
potential to exert a  toxic effect on biological structures   include the generation of free 
radicals and reactive oxygen species [ 34 ], or altering the binding stability and catalytic 
activity of protein structures, which can ultimately result in the induction of infl amma-
tion, genotoxicity, cytotoxicity, and developmental abnormalities [ 35 ]. 

 While these  nanoparticle   characteristics are useful for predicting the potential for 
toxicity, a clear-cut correlation may not always exist across different nanoparticle plat-
forms and other materials. For example,  iron nanoparticles   are generally regarded as safe 
and have been approved by the  Food and Drug Administration   for the treatment of 
anemia and contrast-enhanced MRI  imaging   [ 36 ,  37 ]. On the other hand, it was found 
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that inclusion of safe iron oxides in emulsions made from edible oils resulted in nanopar-
ticles that could produce toxicity, since the iron oxides catalyzed the oxidation of the oils 
to produce toxic substances [ 38 ]. Similarly,  gadolinium   used clinically as an MRI 
contrast agent is well tolerated; however, in patients with compromised kidney function 
gadolinium, exposure can result in  nephrogenic systemic fi brosis   [ 39 ].  Gold   is consid-
ered to be very safe. In fact, gold has been used in medical practice throughout history 
and continues today as a treatment for rheumatoid arthritis [ 23 ]. Accordingly, when 
12.5 nm AuNPs were administered intraperitoneally into mice every day for 8 days, no 
evidence of toxicity was observed in any of the studies performed, including survival, 
behavior, animal weight, organ morphology, blood biochemistry, and tissue histology 
[ 40 ]. In addition studies utilizing 1.9 nm and 0.8 nm AuNPs did not suggest any toxicity 
in mice [ 41 ]. In another study, a toxicological  analysis   of mice evaluating the intrave-
nous injection of 0.9 nm and 5 nm up to 3 months showed no signs of illness and revealed 
blood chemistry values within normal limits [ 42 ]. Numerous other studies also support 
the assertion that AuNPs are not toxic to  cells   [ 43 – 48 ].  

    Nanoparticles in  Radiation Therapy      

 Since  current irradiation strategies   may fail to kill all cancer cells within an irradiated 
volume, it may be benefi cial to selectively enhance radiation at the cellular level. 
Consequently, many approaches have been developed to enhance the  radiation effects   
specifi cally within tumors. A  radiosensitizer   is an agent or drug that increases the cyto-
toxic susceptibility of cancer cells to radiation therapy. Ideally a  radiosensitizer   would 
act specifi cally on tumor cells while sparing normal tissues, have favorable pharmaco-
kinetic profi les for tumor accumulation prior or during radiation therapy, and be non-
toxic. A variety of approaches have been implemented to increase radiation response to 
help decrease cellular resistance to ionizing radiation while minimizing toxicity to nor-
mal tissues. These include oxygen imitators [ 49 – 51 ], thymine analogues [ 52 ], inhibitors 
of cellular repair and cellular processes [ 53 – 56 ], thiol scavengers [ 52 ], and nanoparti-
cles [ 25 ]. Among these, nanoparticles are favorable because they are able to increase 
tumor penetration, reduce required radiation doses thereby minimizing adverse effects 
compared to  conventional radiosensitizers  , and have been shown to be a promising 
strategy for increasing the effi ciency of radiation therapy [ 57 ]. Studies have shown that 
nanoparticle carriers formed from poly(lactic-co-glycolic acid)  PLGA  , a biodegradable 
polymer that can be easily hydrolyzed into the metabolites lactic acid and glycolic acid, 
containing paclitaxel and etanidazole are able increase radiation sensitivity in tumor cell 
lines compared to free drug alone or  nanoparticles      containing only one of the agents 
[ 58 ]. Furthermore, nanoparticles have been used to encapsulate the poorly water-solu-
ble radiosensitizer  docetaxel   to circumvent the undesirable side effects associated with 
administration of free drug [ 59 ]. Another polymeric  nanoparticle      that has shown to be a 
more effective radiation sensitizer in vivo compared to free drug alone is  Genexol-PM  , 
a polymeric micelle containing  paclitaxel   used for the treatment of non-small cell lung 
cancer [ 60 ]. However, the most extensively studied nanoparticles for radiation 
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enhancement are those with high Z numbers. For example, gold [ 61 ], gadolinium [ 62 ], 
bismuth [ 63 ], titanium [ 64 ], hafnium [ 65 ], germanium [ 66 ], and platinum [ 67 ] have 
been evaluated for their radiosensitization capabilities. This is because high Z materials 
have a higher probability of emitting auger electrons and photoelectrons producing 
highly oxidizing free radical molecules that cause cellular death. Of all the high Z mate-
rial  nanoparticles     , AuNPs have been the most thoroughly evaluated. The next section 
will focus primarily on radiation therapy involving nanoformulations containing AuNP.  

    Mechanisms of Interaction of Radiation with  Nanoparticles   

 The primary objective of  radiation therapy   is to deprive cancer cells of their mitotic 
potential and ultimately promote cancer cell death. The main  interaction of X-rays in 
cells   is by  Compton scattering  , producing secondary high-energy electrons that exert 
their effects on biological structures. In the cell, DNA is the desired biological target 
of ionizing radiation. There are two mechanisms by which radiation can  interact   with 
DNA. The fi rst is known as direct action where ionizing radiation interacts directly 
with DNA to cause damage. The second is known as indirect action where ionizing 
radiation interacts with the surrounding water molecules, generating free radicals, 
notably hydroxyl radicals [ 68 ], which cause lethal damage to cellular DNA.  Hydroxyl 
radicals   are generated either directly by the oxidation of water by ionizing  radiation   
or indirectly by the formation of secondary partially  reactive oxygen species (ROS)  . 
ROS include superoxide (O2 − ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals 
(OH ═ ). The damage caused can include DNA strand breaks that are initiated by the 
removal of a deoxyribose hydrogen atom by the activated hydroxyl  radical   [ 69 ]. 
Excessive damage to cells  exposed to radiation   can lead to either  double-strand 
breaks (DSB)   or  single-strand breaks (SSB)  . DSBs are the not the most common 
type of radiation-induced damage but are regarded as the most serious and poten-
tially lethal. At this stage, some cells will arrest their cell cycle to repair the damage. 
If the damage is beyond repair then the cell will undergo apoptosis. Alternatively, 
some cancer cells with mutations in cell cycle checkpoints can continue to proliferate 
following radiation exposure. However, the majority of these cells will undergo cell 
death during mitosis as a result of sustained DNA damage and chromosomal defects. 
The  postmitotic   or  reproductive mode   of cell death is considered to be the most 
prevalent mechanism in cells exposed to ionizing radiation [ 70 – 72 ]. The  apoptotic 
signaling pathway   can be initiated in various cellular compartments that include the 
plasma membrane, cytoplasm, and nucleus [ 73 ]. In the plasma membrane,  ionizing 
radiation   can promote lipid-oxidative damage through interactions with radiation-
induced free radicals resulting in altered ion channels, a buildup in arachidonic acid, 
and the production of ceramide which is involved in mediating cellular death. Cell 
 death   occurs via free radical molecules eliciting cumulative un-repairable lipid-oxi-
dative damage [ 75 ].

   The mechanism of nanoparticle enhancement, in X-ray therapy, is dependent on 
the energy of incident ionizing photons and different interactions between the pho-
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tons and nanoparticles. The three fundamental mechanisms of radiation  enhance-
ment   are the  photoelectric effect  ,  Compton scattering  , and  pair production  . The 
 photoelectric effect   is the predominant mechanism of radiosensitization of high 
atomic number (Z) elements, for photons with energies in the range of 10–500 keV 
[ 76 ]. The cross section of the  photoelectric effect   varies with the atomic number 
approximately proportional to Z 3 , meaning that higher  Z atoms   will have a larger 
absorption cross section. The photoelectric effect is also dependent on the energy of 
the photon, with a maximum cross section when the photon energy is equal to the 
binding energy of orbital electrons. This effect decreases sharply as  energy   is 
increased and varies as E −3 . For example, the binding energies of electrons bound to 
gold are 79 keV for the inner shells, 13 keV, and 3 keV for outer shells, while those 
of soft tissue are on the order of 1 keV or lower resulting from the lower atomic 
number of organic matter. Therefore, gold would absorb signifi cantly more energy 
than soft tissue in the kilovoltage energy range. When photons with energies in 
these ranges interact with AuNPs, they can produce electrons, characteristic  X-rays   
of gold  atoms  , or  Auger electrons     . Once an atom absorbs a photon, an electron may 
be emitted resulting in an ionized atom. 

 When  photons of energy   greater than the binding energy of an inner  shell electron 
collide  , that electron is ejected leaving behind a vacancy in an orbital electron shell. 
As a result, outer electrons in a higher-energy state fi ll the vacancy in the lower-
energy orbital. This process is accompanied by either a  fl uorescent photon   or an 
Auger electron ejected from an outer shell with an energy equal to the difference 
between the two orbital shells. If multiple shells exist within an atom, then further 
 Auger electrons   can be generated as outer shell electrons fi ll in the vacancies. This 
phenomenon is known as the  Auger cascade  . The number of Auger electrons emitted 
is directly proportional to the atomic number. Therefore, high  Z atoms   are expected 
to generate more Auger electrons than elements with lower atomic numbers [ 77 ]. 
The range of these emitted electrons has been calculated to be around tens of 
nanometers depositing their energy along their path and distributing radiation 
throughout the system [ 77 ]. Furthermore, the Auger electron “shower” can produce 
highly positively charged ions, causing local Coulomb force fi elds that can disrupt 
nearby cellular structures. 

 The enhancement of radiation with high Z material was fi rst realized when DNA 
damage was detected in lymphocytes isolated from patients receiving iodinated 
contrast agents for X-ray  imaging   [ 78 ]. Since then many other studies have demon-
strated that radiation therapy in combination with iodine suppresses tumor growth 
and improves survival in animal models [ 79 ]. Another interesting approach was the 
incorporation of iodine into cellular DNA yielding a threefold improvement in 
in vitro radiosensitization [ 80 ]. However, this strategy is not as effective if insuffi -
cient levels of thymine are substituted with iododeoxyuridine. Although the mecha-
nisms of radiation enhancement of gold  nanoparticles   are not completely understood, 
it is currently believed that the interaction of X-rays with high  Z atoms   induces the 
release of  photoelectrons   and  Auger electrons   [ 76 ] (Fig.  10.2 ). 

 Given that gold has a higher  Z number   (79 vs 53), it is likely that gold as a 
 radiosensitizer   would be much more effective than iodine. When photon  ener-
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gies   are greater than 500 keV,  Compton effects   begin to dominate. The Compton 
effect is the incoherent or inelastic scattering between an X-ray photon and an 
electron of an atom. In this interaction, only a part of the energy is transferred 
to the electron. The resulting emitted electron is known as a  Compton electron  , 
leaving behind an ionized atom or molecule. In contrast to photoelectric interac-
tions where most photoelectrons are inner electrons, Compton interactions 
increase for loosely bound electrons. So most of the Compton electrons are 
valence electrons. In contrast to  Auger electrons  , Compton electrons are capable 
of traveling several hundred microns. For incident photons with energies higher 
than 1.02 MeV, a process known as  pair production   dominates where the photon 
is absorbed by the nucleus with the production of a positron and electron pairs. 
The probability of pair production increases with the atomic number as Z 2  and 
linearly with the energy of incident photons. The interaction of charged particles 
is more complex; however, some studies have speculated that proton-AuNP 
interactions lead to the increased production of low-energy delta-ray electrons 
producing a high degree of lethal damage within the cells, thus lowering the 
surviving fraction of cells [ 81 ]. 

 While most nanoparticle  radiosensitization   has primarily been attributed to their 
photon absorption capabilities, recent studies highlight that a signifi cant biological 
component may be responsible for  radiosensitization  . In the absence of radiation, 
nanoparticles have been reported to induce ROS that cause oxidative DNA damage 
[ 82 ]. In addition, nanomaterials have been shown to cause alterations in the cell 
cycle with an increase in cells at the G2/M phase [ 83 ]. In a recent study by Kang 
et al., the nuclear targeting of AuNPs was shown to cause cytokinesis arrest leading 

  Fig. 10.2    Schematic depiction of increased generation of  reactive oxygen species   by the emission 
of photoelectrons and Auger electrons from AuNPs in the presence of ionizing radiation [ 74 ]       
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to the failure of complete cell division and apoptosis [ 84 ]. Although experimental 
evidence may suggest the involvement of biological components in  radiosensitization  , 
the exact mechanisms are still not clearly understood.  

     In Vitro Radiosensitization Using AuNPs      

 By far the majority of in vitro and in vivo studies analyzing AuNP-mediated 
radioenhancement rely on passively targeted nanoparticles. One of the earliest 
studies using gold for radioenhancement was performed by Regulla and col-
leagues [ 85 ]. In this study, enhanced radiation effects were observed in mouse 
embryo fi broblasts that were exposed to gold surfaces compared to those exposed 
to  polymethyl methacrylate  . Secondary electrons were found to travel a range of 
approximately 10 μm. Following this study, numerous other experimental studies 
using AuNPs over both orthovoltage (200–500 keV) and megavoltage (>100 keV) 
ranges have been described. The results of these reports are diffi cult to compare 
directly since they were performed using many parameters such as size, shape, 
surface coating, concentration, radiation type and energy, and origin of cell lines 
(Table  10.1  adapted from Butterworth et al.). In an attempt to address these 
issues, Brun and coworkers investigated AuNP radiation enhancement by system-
atically altering AuNP concentrations, AuNP diameter, and incident X-ray energy 
(range 14.8–70 keV). They determined that the conditions with the most radiation 
enhancement were those using larger sized  AuNPs     , high gold concentration, and 
50 keV photons providing dose enhancement factors of 6 [ 98 ]. In a separate 
study, 1.9 nm AuNPs enhanced the response of bovine aortic endothelial cell 
damage infl icted by X-ray irradiation, with a dose enhancement factor up to 24.6 
[ 91 ]. While optimal sizes for AuNP radiation therapy may be inconclusive, it is 
generally accepted that radiation- induced DNA damage will increase with 
increasing concentrations of  AuNPs      [ 99 ]. In vitro experiments using  brachyther-
apy   sources and AuNPs have also been reported and initially demonstrated an 
increased biological effect with irradiation with values up to 130 % greater than 
without AuNPs [ 100 ].

   Most  photoelectrons  ,  Auger electrons  , and other  secondary electrons   have low 
energies and a short range in tissues (nm to μm) delivering lethal doses in their 
immediate surroundings [ 101 ]. The possibility of having AuNPs target specifi c can-
cer cells may increase the production of secondary electrons within the vicinity of 
DNA molecules, especially if they involve cellular internalization [ 102 ]. 
Chattopadhyay et al. was one of the fi rst to validate this hypothesis by synthesizing 
trastuzumab-PEG-AuNPs [ 97 ]. Briefl y, SK-BR-3 cells were irradiated after treat-
ment with either phosphate-buffered saline, PEG-AuNPs, or trastuzumab-PEG- 
AuNPs. The DNA DSBs as measured by γ-H2AX foci increased 5.1 and 3.3 times 
for targeted AuNPs compared to cells treated with PBS or PEG-AuNPs, respec-
tively. AuNPs modifi ed with either cysteamine or thioglucose have been shown to 
have differential accumulation in cancer cells. While cysteamine-modifi ed AuNPs 
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   Table 10.1    Summary of in vitro radiosensitization experiments using  AuNPs     

 Author 
 Size 
(nm)  Concentration  Surface coating 

 Cell 
model 

 Energy 
source  DEF  SER 

 Geng et al. [ 86 ]  14  5 nM  Glucose  SK- 
OV- 3 

 90 kVp  1.002  1.3 
 6 MV  1.00009  1.2 

 Jain et al. [ 87 ]  1.9  12 μM  Thiol  DU- 145  160 kVp  1.05  <1.41 
 MDA- 
231 MB 

 6 MV  1.0005  <1.29 

 L132  15 MV  1.0005  1.16 
 6 MeV e −   1  <1.12 
 16 MeV e −   1  1.35 

 Chithrani et al. 
[ 79 ] 

 14  1 nM  Citrate  HeLa  220  kVp    1.09  1.17–
1.16  74  6 MV e −   1.0008 

 50  662 keV  1.0006 
 Liu et al. [ 88 ]  6.1  >1 mM  PEG  CT-26  6 keV e −   1  2 

 EMT-6  160 kVp  1.02  1.1 
 6 MV  1.002  1 

 Butterworth 
et al. [ 89 ] 

 1.9  2.4 μM  Thiol  DU- 145  160  kVp    1.01  <1 
 MDA- 
231 MB 

 0.24 μM 

 AG0- 
1522 
 Astro 
 L132  1.01  <1.67 
 T98G  1.01  <1.97 
 MCF-7  1.01  <1.04 
 PC-3  1.01  <1 

 1.01  <1.91 
 1.01  <1.41 
 1.01  <1.07 
 1.01  1.3 

 Kong et al. [ 90 ]  10.8  15 nM  Glucose  MCF-7  200  kVp    1.01  1.3 
 662 keV  1.00008  1.6 

 Cysteamine  MCF- 
10A 

 1.2 MV  1.00001 

 Rahman et al. 
[ 91 ] 

 1.9  <1 mM  Thiol  BAEC  80 kV  6.6  20 
 150  kV    5.2  1.4 
 6 MV e −   1  2.9 
 12 MV e −   1  3.7 

 Roa et al. [ 83 ]  10.8  15 nM  Glucose  DU- 145  662 keV  1.00008  >1.5 
 Zhang et al. [ 92 ]  30  15 nM  Glucose-TGS  DU- 145  200  kVp    1.0083  >1.3 

 1.0083  >1.5 
 Chang et al. [ 93 ]  13  11 nM  Citrate  B16F10  6 MV e −   1  1 

(continued)
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were preferentially limited to the cell membrane of MCF-7 breast cancer cells, 
glucose- AuNPs are internalized and distributed throughout the cytoplasm [ 86 ,  90 ]. 
Furthermore, glucose-AuNPs exhibited enhanced irradiation (200 kVp)-induced 
cell death compared to cysteamine- AuNPs      and irradiation alone. Finally, in an inde-
pendent study, the radiotoxicity of proton  therapy      with AuNP internalization was 
increased by approximately 15–20 % compared to proton therapy without AuNPs 
[ 81 ]. However, the meaning of these results is not clear, as targeted AuNPs were not 
compared to nontargeted AuNPs.  

     In Vivo Radiosensitization Using AuNPs      

 In 2004, Hainfeld et al. performed the fi rst animal study evaluating enhanced tumor 
 radiosensitization via AuNPs  . Using 1.9 nm AuNPs in combination with 250 kVp 
X-rays (30 Gy), overall tumor-xenograft mouse survival was 86 % versus 20 % for 
radiation alone and 0 % for gold only [ 103 ]. Since then AuNP radiosensitization has 
been demonstrated in vivo with murine mammary ductal carcinoma [ 104 ],  murine 
squamous cell carcinomas   [ 103 ],  human sarcoma cells   [ 105 ], and  cervical carci-
noma   (see Table  10.2 ) [ 111 ]. In a study by Zhang and colleagues, in vivo radiosensi-
tization was studied using four different sizes of PEG-AuNPs, and demonstrated that 
while all sizes can decrease tumor volumes after gamma radiation (5 Gy), the small-
est (4.8 nm) and largest (46.6 nm) particles tested had weaker sensitization effects 
than 12.1 and 27.3 nm [ 109 ]. However, in a recent study by Zhang et al., 

Table 10.1 (continued)

 Author 
 Size 
(nm)  Concentration  Surface coating 

 Cell 
model 

 Energy 
source  DEF  SER 

 Chien et al. [ 94 ]  20  <2 mM  Citrate  CT-26  6 MV e −   1  1.19 
 Zhang et al. [ 95 ]  4.8  0.095–3 mM  Citrate  K562  2–10 kR 

 gamma    12.1 
 27.3 
 46.6 

 Liu et al. [ 96 ]  4.7  500 μM  PEG  CT-26  6 MV  1.3–
1.6 

 Chattopadhyay 
et al. [ 97 ] 

 30  0.3 nM  Trastuzumab- 
PEG 

 SK- BR- 3  300 kVp  5.1 

 Brun et al. [ 98 ]  8.1  1–5 nM  Citrate  Plasmid 
DNA 

 30 kV  <3.3 
 20.2  80 kV 
 37.5  80 kV 
 74  100 kV 
 91.7  120  kV   

 150 kV 

   SER  surface enhancement ratio,  DEF  dose enhancement factor  
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glutathione-coated AuNPs with sizes less than 2 nm have the ability to accumulate 
preferentially within subcutaneous tumor-bearing mice providing strong radioen-
hancement for cancer therapy [ 111 ]. More recently, Joh et al. showed that PEG- 
AuNPs and radiation therapy can enhance DNA damage and tumor cell destruction 
and improve survival in mice with orthotopic glioblastoma multiforme tumors [ 107 ]. 
Intriguingly, they also showed that ionizing radiation could compromise tumor vas-
culature signifi cantly increasing the accumulation of AuNPs within brain 

   Table 10.2    Summary of in vivo radiosensitization experiments using  AuNPs     

 Author 
 Size 
(nm) 

 AuNP 
dose 
(g kg −1 )  Surface coating  Cell model 

 Source 
energy 

 Dose 
(Gy) 

 Predicted 
DE 

 Hainfeld et al. 
[ 106 ] 

 1.9  0–2.7  Thiol  SCCVII  68 kV  30  1.84 
 157  kV    1.315 

 Hebert et al. [ 104 ]  5  0–0.675  DTDTPA-Gd  MCF7-L1  150 kV  10  1.01 
 Chang et al. [ 93 ]  13  0–0.036  Citrate  B16F10  MV e −   25  1.01 
 Hainfeld et al. 
[ 103 ] 

 1.9  0–2.7  Thiol  EMT-6  250 kV  26–30  1.56 

 Joh et al. [ 105 ]  12.4  0–1.25  PEG  HT1080  175 kV  6 Gy  1.16 
 U20S  1.07 

 Joh et al. [ 107 ] 
PLOS 

 12  0–1.25  PEG  U251  175  kV    20 Gy  1.3 

 Kim et al. [ 108 ]  14  0–0.3  Citrate  CT26  Proton 
40 MV 

 10–
41 Gy 

 Zhang et al. [ 109 ]  4.8  0–4  PEG  U14  Gamma 
rays 

 5 Gy  1.41 
 1.65 

 12.1  1.58 
 27.3  1.42 
 46.6 

 Chattopadhyay 
et al. [ 97 ] 

 30  Herceptin  MDA-MB-361  100  kV    11 Gy 

 Atkinson et al. 
[ 110 ] 

 n/a  n/a  n/a  6 Gy 

 Zhang et al. [ 111 ]  1.5  0.01  GSH  U14  662  kV    5 Gy 
 BSH 

 Al Zaki et al. [ 112 ]  75  0–0.65  PEG  HT1080  175 kV  6 Gy  1.2 
 McQuade et al. 
[ 113 ] 

 100  0–0.4  PEG  HT1080  175 kV  6 Gy  1.32 

 Sun et al. [ 114 ]  75  0–0.3  PEG  U251  150  kV    4 Gy 
 Vilchis-Juarez 
et al. [ 115 ] 

 20  RGD, 177 Lu  C6 

 Miladi et al. [ 116 ]  2  DTDTPA-GD 50   Osteosarcoma 
9LGS 

 Gamma 
 rays   

 25 Gy 
 20 Gy 

 662 kV 

   DE  dose enhancement  
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tumor-bearing mice. All of these strategies mentioned are examples of passive tumor 
targeting of AuNPs that are reliant on the EPR effect. To our knowledge, a study 
conducted by Chattopadhyay and coworkers is the only one that has assessed the 
in vivo radioenhancement effects of targeted AuNPs, using a tumor-specifi c HER-2-
targeted nanoplatform [ 101 ]. However, the benefi ts of having targeted AuNPs versus 
untargeted were not conclusive as there were no in vivo comparisons made, and 
 AuNPs      were administered via intratumoral injections.

   Very few in vivo studies have been carried out using  MV photon energy beams   
that are commonly used in radiotherapy. However, some emerging studies are sug-
gestive of the clinical potential of AuNPs in improving outcomes of radiotherapy. 
Using 6 MV electrons with 13 nm AuNPs, tumor growth was signifi cantly retarded, 
and survival was prolonged compared to radiation alone in mice with melanoma 
fl ank tumors [ 93 ]. Increased tumor sensitization with  AuNPs      has also been demon-
strated using proton therapy [ 108 ]. Proton beam irradiations of 45 MeV (10–41 Gy) 
were delivered to subcutaneous colon carcinoma tumors in mice after receiving a 
single dose of 100–300 mg/kg of AuNPs, which led to a 58–100 % 1 year survival 
versus 11–13 % in proton only irradiation.  

     Theranostic Agents      

 There has been a growing trend to integrate both diagnostic and therapeutic agents 
within a single formulation at the nanoscale level; an approach known as  theranostics  . 
The benefi t of this combination will enable both disease detection and treatment 
within a single procedure. Direct visualization of nanoparticle distribution within 
the tumor can provide guidance for treatment localization, monitor disease progres-
sion, and aid in the prediction of therapeutic outcome. Crucial information such as 
this could invariably be useful for physicians to provide their patients with person-
alized treatment strategies that help minimize off-target toxicity and improve clini-
cal outcomes. While still at the preclinical stage, a number of studies have 
demonstrated the use of theranostic nanoformulations for  imaging   and radiation 
therapy enhancement.  Gadolinium   and gold  nanoparticles   can be used as multi-
modal agents. Their high Z material improves the effi cacy of radiation therapy and 
can be used as contrast agents for  magnetic resonance imaging (MRI)   and  com-
puted tomography (CT)  , respectively. A multifunctional micellar nanocarrier was 
prepared by encapsulating both AuNP for radiosensitization and SPIONs for con-
trast-enhanced  imaging   (Fig.  10.3 ). MRI imaging suggested that the heterogeneity 
of  tumor      permeability and initial response to radiation therapy was predicted based 
on the extent of contrast enhancement within the tumor (Fig.  10.4 ) [ 113 ]. Similarly, 
via the use of gadolinium- based  ultra-rigid platforms (USRPs)     ,  lung tumors   were 
detected noninvasively using ultrashort echo time magnetic resonance imaging 
(Fig.  10.5 ) and improved the mean survival time compared to mice receiving radia-
tion therapy alone (Fig.  10.6 ) [ 117 ]. In another example, a theranostic  agent      was 
prepared using magnetic Fe 3 O 4  and silver nanocomposites for simultaneous cancer 
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therapy and diagnosis of nasopharyngeal carcinoma [ 118 ]. These nanocomposites 
were conjugated to an epidermal growth factor receptor antibody resulting in an 
enhancement in radiotoxicity by a factor of 2.26.

      While these examples show promise for theranostic agents in cancer therapy, 
further investigation is warranted. Currently, combining both imaging and therapeu-
tic functionalities signifi cantly increases the cost and complexity of nanoparticle 
preparation, which adds concerns for commercial viability, altered pharmacokinetics, 
reduced drug loading capacity, and regulatory hurdles for clinical translation. The 
incorporation of high sensitivity and quantifi able positron emission tomography 
(PET) imaging  agents   onto the surfaces of existing FDA-approved nanoplatforms 
might be a promising alternative approach to improve nanoparticle biodistribution 
and antitumor effi cacy.  

  Fig. 10.3    ( a ) Schematic depiction of a gold  nanoparticle   and  SPION-loaded polymeric micelles   
(GSMs). These particles are administered intravenously into tumor-bearing mice. Once particles 
accumulate within tumors, they provide T 2 -weighted contrast-enhanced MRI imaging for localiz-
ing external beam radiation therapy. ( b ) Dynamic light scattering measurements of GSMs. ( c ) 
Electron micrograph of GSMs. ( d ,  e ) Energy-dispersive spectroscopy analysis on GSMs with Au 
and Fe signals detected, respectively       
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     Future/Clinical Translation   

 With the rapid development and progress of the fi eld of nanotechnology for bio-
medical applications, there has been wide evaluation of their use for enhanced 
diagnosis and therapeutic effect in existing treatment modalities. During the past 
decade, many nanoformulations have been developed as anticancer agents that 
exert their  cytotoxic effects   by enhancing the effi cacy of radiation therapy. Of the 
published studies, most have focused on  nanoparticles   composed of high  Z 
elements   like gold, bismuth, and gadolinium. While these approaches have 
proven successful in preclinical studies, the exact mechanisms of radiosensitiza-
tion are not yet clearly understood. Therefore, additional studies are needed to 

  Fig. 10.4    ( a ) CT ( top ) and MR ( bottom ) imaging of  HT1080 fl ank tumor-bearing mice   24 h 
postinjection of GSMs. Tumor contrast is enhanced on MR imaging. ( b ) Kaplan-Meier survival 
curve in HT1080 tumor-bearing mice receiving no treatment ( n  = 8), radiation therapy only ( n  = 8), 
GSMs only ( n  = 7), or radiation therapy 24 h post-intravenous injection of GSMs ( n  = 7). The radia-
tion dose used was 6 Gy at 150 kVp ( c ) Plot of average tumor volumes in mice taken over follow-
ing treatment with GSMs and radiation therapy or radiation therapy alone. ( d ) Graph of initial rate 
of tumor volume decrease against the percent change in tumor contrast for mice receiving GSMs 
plus radiation therapy       
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help elucidate the biological effects exerted by the addition of nanoparticles and 
therefore direct improved nanoformulation design. Since the majority of studies 
conducted have focused on irradiation using kilovoltage  energies   that are limited 
to superfi cial tumors and brachytherapy in a clinical setting, the extent of radio-
sensitization when nanoparticles are exposed to the more clinically utilized 
megavoltage energies is required. Furthermore, relevant animal models are 
needed to more accurately mimic clinical disease to determine the potential of 
nanoparticles for radiosensitization. 

 Although radiation enhancement has proven to be successful using a variety of 
nanoparticle formulations, the number of clinical trials using nanoparticles as radio-
sensitizers is still limited. Current barriers must be overcome that hinder translation 
of nanoparticles to the clinic. These include the diffi culty associated with selection 
of the optimal nanoplatform, improvement of ligand conjugation effi ciencies and 
technologies, as well as the development of synthetic strategies for nanoparticle 

  Fig. 10.5    In vivo imaging of H358-Luc orthotopic  lung tumor      imaging. ( a ) Fluorescence imaging 
of USRPs-CY5.5. ( b ) Bioluminescence and fl uorescence showing the colocalization between 
H358-Luc tumors and fl uorescent USRPs. ( c ) Organ biodistribution of USRPs following intrapul-
monary administration. ( d ,  e ) MR imaging of lung tumors pre- and postadministration of USRPs       
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scale-up that follow good manufacturing process with fewer steps, high consistency, 
and lower costs [ 119 ]. 

 Despite these hurdles for clinical translation, some nanotechnology platforms 
have made it to clinical trials for testing in radiation therapy and are currently 
being investigated. Phase I clinical trials of  hafnium oxide nanoparticles 
(NBTXR3)   were well tolerated and revealed a favorable safety profi le with 
promising signs of antitumor activity.  Hafnium oxide nanoparticles (NBTXR3)   
are currently undergoing phase II/III clinical trials (NCT02379845) after 
demonstrating effi cacy and safety in patients with soft tissue sarcomas in phase 
I studies [ 24 ]. With further advancements in  nanoparticle   production, purifi cation, 
and conjugation techniques combined with fi ndings from ongoing and future 
studies, the number of nanoplatforms that will be translated to clinical studies is 
expected to increase.     
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