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How to deal with the relationship between hypoxia 
and radiotherapy in the hypofractionated 

radiotherapy era? 

INTRODUCTION 

Tumor hypoxia is one of the main factors               
affecting the effect of radiotherapy. The                 
conventional radiotherapy mode of 1-2 Gy is to 
reduce the effect of hypoxia on radiotherapy by 
reoxygenation of tumor cells between                      
radiotherapy. HFRT reduces the number of             
fractions and overall treatment duration by            
using larger doses >2 Gy per fraction (1). How 
does hypoxia and radiotherapy affect each other 
in HFRT? Better understanding of the                       
interaction between hypoxia and HFRT is              
beneficial to optimize the radiotherapy plan and 
improve the outcome. So, here we make a review 

about the relationship and mutual effect                   
between hypoxia and HFRT. 

 
Hypoxia 

Tumor hypoxia has been observed in many 
human cancers (2). About 90% of solid tumors 
have lower partial pressure of oxygen                       
than normal tissues (3). Hypoxia is                           
characterized by lower oxygen tension than  
normal (2.03-3.04kpa). "Intermediate” hypoxia                    
(0.13-2kpa) plays an important role in                       
enhancing tumor invasiveness and metastasis 
but does not interfere with radiation-related cell 
death. “Radiobiological” hypoxia (inhibiting           
radiation-induced cell death) occurs at oxygen 
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ABSTRACT 

Hypoxia, a common phenomenon in solid tumors can promote dysfunctional 
vascular growth and epithelial-to-mesenchymal transition, leading to cell 
mobility and metastasis. The decreased sensitivity of hypoxic tumor cells to 
ionizing radiation is one of the main factors affecting the effect of 
conventional radiotherapy. It is well known that conventional radiotherapy 
mainly reduces the effect of hypoxic radiation resistance by reoxygenation 
between fractions. With the improvement of radiation treatment planning 
and delivery, more and more cancer patients have been treated with 
hypofractionated radiotherapy (HFRT), which have achieved a much higher 
effect than conventional radiotherapy. Given that HFRT is delivered within 
one or a few fractions, does tumor hypoxia affect its efficacy? Is there any 
way to further improve the effect of HFRT? In this review, we focus on the 
interaction between HFRT and hypoxia, and how to optimize the regimen of 
HFRT to decrease the effect of hypoxia and improve the efficacy is discussed 
in detail. 
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level below 0.13kpa. As oxygen is further               
reduced (less than 0.02 kpa), cancer cells exhibit 
survival-oriented mutations and maximal                 
resistance to radiotherapy (4). Tumor hypoxia 
can be defined as lower oxygen pressure in              
tumors than in surrounding normal tissues,                
but the most commonly used definition is 
pO2≤10mmHg (5).  

Many methods can be used to detect the               
condition of hypoxia, but remain to be further 
improved. Direct measurements of tumor                 
oxygenation have been performed                             
predominantly with the Eppendorf histography. 
Exogenous markers have been used for the               
detection of hypoxia by immunohistochemical 
examination of hypoxic tumor areas 
(pimonidazole) or by positron-emission                   
tomography (PET) imaging (misonidazole).               
Hypoxia-related proteins such as                             
hypoxia-inducible factor-1a (HIF-1a) are                   
considered as potential endogenous markers of 
hypoxia (6). 

In individualized and complex environments, 
functional definitions may be more appropriate. 
Therefore, when oxygen supply does not meet 
the demand for oxygen, hypoxia-inducible               
Factors (HIF)-subunits become stable and tumor 
hypoxia begins (7). More than 50% of solid               
tumors present with heterogeneous hypoxia, 
regardless of size and histological characteristics 
(8-10). 

Tumor vasculature originates from host             
vessels and neovascularization induced by                 
tumor angiogenesis factors (11). The decrease of 
oxygenation in tumor cells is due to the disorder 
of the structure and function of tumor blood  
vessels, which inhibits the normal delivery of 
oxygen (12). New vascular formation in tumor 
tissues is chaotic. In normal tissues, the                 
branches of the blood vessels are strictly                
regulated, each cell needs to be within                 
approximately 40 microns of adjacent capillaries 
to ensure that the cell has sufficient oxygen and 
nutrients. In solid tumors, this branch is more 
extensive because of the rapid proliferation of 
tumor cells. Rapid tumor proliferation means 
higher metabolic demand, which leads to             
excessive pro-angiogenic factors. Also, tumor 
vessels are constantly remodeled in solid          
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tumors, resulting in loss of contact between             
endothelial cells and basement membrane and 
rupture of capillary beds. Then tumor blood  
vessels present large pores and leakage occurs 
(13). Therefore, a highly vascularized tumor is not 
necessarily a highly oxygenated tumor (11). 

A prominent feature of cancer cells is their 
insensitivity to micro-environmental signals, 
resulting in continual proliferation and reduced 
cell death due to the accumulation of driver             
mutations and epigenetic changes (14). This            
nature of the carcinogenesis process establishes 
a strong negative selective pressure that leads to 
cell adaptation and creates a heterogeneous             
tumor microenvironment in which the clone 
population of cancer cells produces a gradient of 
nutrients, pH, and metabolites that eventually 
produce hypoxia (15, 16). 

Studies showed that α/β ratio was an          
important marker to evaluate repair ability of 
cells. The higher α/β ratio was, the more              
weakened repair ability of cells became (17). And 
the sensitivity to radiation was directly affected 
by repair ability of cells. When tumor hypoxia 
happened, α/β ratio was increased, indicating 
that the sensitivity to radiation was decreased 
(18). 

 

Effects of hypoxia on tumor and conventional 
radiotherapy 

Oxygen supply is necessary for cell growth 
but is often reduced in solid tumors, especially at 
the center of the tumor mass (19). Tumors must 
adapt to hypoxia to support their own growth 
and survival. Moreover, tumor hypoxia may be 
associated with resistance to radiation and 
chemotherapy (20-22). Tatrai et al. showed that in 
different human tumor cell lines, hypoxic               
environment induced cell-type dependent 
changes and activated small GTPase, resulting in 
different migration and metastasis promotion 
responses (19). Tumor hypoxia promotes                   
dysfunctional vascular growth and epithelial-to-
mesenchymal transition, leading to cell mobility 
and metastasis shown in figure 1. Hypoxia alters 
cancer cell metabolism and exacerbates               
therapeutic resistance by inducing cell               
quiescence (23). So, the main reason for the         
failure of radiotherapy on severe hypoxic            
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tumors is the decreased sensitivity of hypoxic 
tumor cells to ionizing radiation (24).  

 
The methods of reducing the effects of hypoxia 
on conventional radiotherapy 

Under the conventional radiotherapy mode, 
by dividing the total dose, the reoxygenation of 
radiotherapy interval reduces the problem of 
hypoxic radiation resistance (25). 

In the past century, radiologists have                   
identified several factors that control the                 
radiation response of tumors and normal tissues 
to fractionated radiotherapy. The most critical 
factors are 5"R", including repair of sublethal 
cellular damage, redistribution of cells within 
the cell cycle, reoxygenation of surviving cells, 
repopulation of cells after irradiation, and the 
radiosensitivity intrinsic to the cells (26). 

The conventional radiotherapy model is 
based on the classical radiobiology of 5"R" to 
optimize the treatment plan. The resistance of 
radiotherapy was overcome mainly by                    
redistribution of cells within the cycle and                
reoxygenation of hypoxic cells between                 
fractions. The sensitivity of cells to radiation 
therapy varies with their position in the cell       

cycle (27). During conventional radiotherapy,            
tumor cells increase their probability of being in 
a sensitive phase during one or more fractions 
by progression of the cell cycle between                   
fractions (28). Hypoxia can be transient because 
of fluctuations in tumor blood flow or be chronic 
because of increased demand for oxygen within 
the tumor and the irregularity of tumor blood 
vessels (29). In traditional radiotherapy, transient 
hypoxia during radiotherapy can be alleviated 
by radiation fractionation, which allows                     
surviving cells to be reoxygenated between               
fractions (28). 

 
Hypofractionated radiotherapy 

With the improvement of radiation treatment 
planning and delivery, it has become possible to 
deliver radiation more accurately to tumors 
while limiting the dose to normal tissue around 
them. These advances have improved the                
treatment and have been able to provide a small 
number (≤5) highly accurate high-dose radiation 
to the target at certain anatomical sites (30). 
These techniques, which have been termed            
stereotactic body radiation therapy (SBRT) or 
stereotactic ablative radiation therapy (SART) 
for extracranial treatment and stereotactic             
radiosurgery (SRS) for intracranial treatment, 
are increasingly being used in different clinical 
settings to improve local control of cancer (31). 
Conventional radiotherapy is aimed to use             
several principles of radiobiology to complete a 
small daily dose in a few weeks, which is               
significantly different form HFRT (28). In                     
conclusion, the development of HFRT is based 
on the progress of radiation physics such as             
image guidance and precise radiotherapy, which 
makes it possible to locate, plan and treat the 
tumor target area accurately, thus realizing the 
high-dose irradiation of tumor and minimizing 
the radiation dose received by normal tissue 
around tumor.  

 
Different Understandings of Radiobiology of 
Hypofractionated Radiotherapy 

Despite the wide-spread adoption of HFRT in 
the clinic, divergent views existed about the 
mechanisms by which HFRT enhances local             
control (32-51) shown in table 1. 

Figure 1. Hypoxia can affect cell apoptosis and metastasis of 
tumor via triggering HIF-1a, eNOS and VEGF signaling                

pathways. 
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The classical radiation biology theory (5"R") 
and linear-quadratic (LQ) model are the basis of 
conventional radiotherapy models. Some studies 
showed that the LQ model may not be suitable 
for the accurate evaluation of the killing effect of 
tumor cells by HFRT, and some researchers             
reported that it remains to be revised to meet 
the needs of clinical biologically effective doses 
conversion (52-54). For example, Sheu et al. found 
that when a single dose was greater than 10Gy, 
the LQ model significantly underestimated the 
killing of cells by HFRT (55). These studies              
suggest that, in addition to the classical LQ             
model, there may be other mechanisms such as 
changes in tumor cells and microenvironment 
involved when the dose is greater than a certain 
fraction. 

 
On the other hand, some studies confirmed 

that the LQ model is suitable for 10 Gy (56), or 
even a single dose of 15 to 20 Gy (47). The LQ 
model can also predict the effect of HFRT with 
the reference of biologically effective doses 
(BED), and it is suitable for predicting the effect 
of different radiotherapy modes. There is no 
need to modify or replace the model (57). For 
now, there are still many studies trying to               
modify the LQ model in order to find the most 

suitable predictive model for HFRT, but it does 
not go far beyond the traditional LQ model (58, 59). 
Brown et al. combined the standard theory of 
radiobiology with the preclinical and clinical 
studies of HFRT and concluded that in the HFRT 
model, there is no need to change the LQ model, 
nor to introduce other biological mechanisms 
beyond the classic radiobiological theory 5“R”. 
For most tumors, the standard radiobiology               
concepts of the 5R’s are sufficient to describe the 
clinical effects of HFRT, and the excellent results 
obtained from clinical studies are those from the 
much larger BED that are delivered with HFRT 
(45). Furthermore, the tumor control probability 
(TCP) model for predicting lung SBRT, which is 
closest to clinical observations, is also based on a 
LQ model of cell killing (18). 

 
Interaction between hypoxia and                    
hypofractionated radiotherapy 

Compared with conventional radiotherapy, 
emerging radiotherapy techniques provide a 
more valuable physical advantage for patients 
with isolated tumors (60, 61). HFRT produces             
excellent local control rates (>90%) in many  
prospective clinical trials of lung tumors (62-67). 
However, the local control rate of cancer patients 
in daily clinical practice is not as high as in              
prospective studies. As the total radiation dose is 
completed in only a few fractions, the possibility 
of reoxygenation between fractions is reduced, 
and the therapeutic effect is affected. So, hypoxia 
may be an important cause of resistance to 
HFRT. But on the other hand, HFRT can cause 
endothelial cell and vascular damage (37), and 
aggravate hypoxia, which is not conducive to the 
repair of sublethal cellular damage and leads to 
the indirect death of tumor cells shown in figure 
2. 

 

Effect of hypoxia on hypofractionated                   
radiotherapy 

It has been suggested that the effect of tumor 
hypoxia on single high-dose radiotherapy may 
outweigh the effect on conventional                           
radiotherapy because the important benefit of 
reoxygenation between fractions has been lost 
(45). Preclinical and modeling studies have shown 
that tumor hypoxia can lead to significant         
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Studies not supporting 
that linear-quadratic           

model is suitable for the 
therapeutic evaluation of 

SBRT 

Studies supporting that 
linear-quadratic model is 

suitable for the                   
therapeutic evaluation of 

SBRT 

Song CW et al., 2019. (29) Torok JA et al., 2019. (39) 

Bodo S et al., 2019. (30) Moding EJ et al., 2015. (40) 

Song CW et al., 2015. (31) Shuryak I et al., 2015. (41) 

Sperduto PW et al., 2015. 
(32) 

Brown JM et al., 2014. (42) 

Park HJ et al., 2012. (33) Mehta N et al., 2012. (43) 

Kirkpatrick JP et al., 2008. 
(34) 

Brenner DJ, 2008. (44) 

Garcia-Barrps M et al., 
2003 (35) 

Krause M et al., 2007. (45) 

Szeifert G et al., 2002. (36) Hoinkis C et al., 2005. (46) 

Kocher M et al., 2000. (37) Budach W et al., 1993. (47) 

Clement JJ et al., 1978. (38) van der Kogel AJ, 1985. (48) 

Table 1. Studies supporting or not supporting that                       
linear-quadratic model is suitable for the therapeutic                   

evaluation of SBRT. 
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resistance to single high-dose radiotherapy (68, 

69). With fractionated radiotherapy, the effects of 
hypoxic radiation resistance were reduced by 
reoxygenation between fractions (70). Compared 
with conventional radiotherapy, HFRT has          
technical feasibility and logical advantages, but 
the potential reoxygenation is reduced because 
the total dose is accomplished within a few               
fractions (71). Therefore, the radiation resistance 
of hypoxic tumor cells is more serious in HFRT 
(12, 45, 72). A recent LQ modeling study of tumor 
hypoxia suggested that HFRT limited the                
potential for reoxygenation between fractions 
and therefore could lead to a significant               
reduction in tumor cell kill ratio in comparison 
with conventional radiotherapy (12). Lindblom et 
al. calculated cell survival in the simulated                 
tumors with a modified LQ model taking into 
account different radiosensitivities of                      
chronically and acutely hypoxic cells. The                 
simulated treatments were evaluated by               
calculating the TCP. They found hypoxia could 
have impact on the outcome of HFRT (73). 

 
 
 
 
 
 
 
 
 
 
 

 
 

 

Effect of hypofractionated radiotherapy on 
hypoxia 

Studies have shown that secondary or               
indirect cell death induced by vascular injury 
plays an important role in the high-dose                
response of tumors to HFRT (35, 36, 74-76). It has 
been reported that a single exposure to an               
experimental rodent tumor of 10 Gy or more can 
cause severe vascular damage, leading to                

indirect tumor cell death (41, 77-82). Other reports 
also suggest that high-dose irradiation-induced 
endothelial cell death and vascular dysfunction 
can lead to secondary cell death in various types 
of tumors (39, 83, 84). Song et al. found that a single 
dose of 15 to 30 Gy induced a dose-dependent 
secondary cell death in FSaII tumors of C3H 
mice, considering the possible deterioration of 
the intratumor microenvironment due to              
vascular damage. After irradiation with 15 or 20 
Gy, the survival rate of FSaII tumors decreased 
for 2 to 3 days, and began to recover thereafter 
in some but not all tumors. While after                       
irradiation with 30 Gy, cell survival rate                      
decreased continuously for 5 days. In some      
tumors, the cell survival rate of 5 days after 20 to 
30 Gy irradiation was 2 to 3 logs less than that 
immediately after irradiation. 20 Gy irradiation 
significantly reduced blood perfusion,                          
up-regulated HIF-1a and increased expression of 
carbonic anhydrase-9, suggesting that                           
irradiation increased tumor hypoxia (34). 

Recent studies of radiation-induced changes 
in tumor blood vessels have shown that a single 
dose of 5 to 10 Gy causes relatively mild vascular 
damage, whereas a higher dose of radiation 
more than 10 Gy per fraction causes severe               
vascular damage (36). Song et al. observed in their 
reoxygenation studies that high-dose exposure 
caused vascular damage to the tumor, leading to 
the death of hypoxic cells that escaped the direct 
effects of radiation. Therefore, it is concluded 
that the decrease of hypoxic cell fraction in              
tumor after high dose irradiation is not only due 
to the reoxygenation of hypoxic cells, but also 
partly due to the indirect death of hypoxic cells 
(41, 81). In analyzing the radiobiological                     
mechanism of SBRT and SRS, song et al. also 
showed that in addition to killing tumor cells  
directly, using high-dose irradiation also caused 
indirect tumor cell death through vascular               
damage (32). Keladaoj et al. used dynamic                   
positron emission tomography images to                 
prospectively observe hypoxic volume in the          
tumor after a single high dose of radiotherapy by 
injecting 18F-fluoromisonidazole into patients 
with early NSCLC cancer. It was found that high 
single doses of radiation may induce an elevated 
and, in some cases, persistent state of tumor     

Figure 2. Tumor cells are directly and indirectly killed by SBRT 
or SRS. 
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hypoxia in NSCLC tumors (85). 
 

How to reduce the effect of hypoxia on 
hypofractionated radiotherapy 

Although many clinical studies have                 
demonstrated the superior efficacy of HFRT, 
many aspects still need to be optimized. One of 
the most important issues is to set an optimal 
fractionation schedule (including prescription 
dose, number of treatment fractions and                    
interval) for HFRT to mitigate the effect of                
hypoxia on radiotherapy. 

Studies have shown that a single dose of 24 
Gy caused transient vascular dysfunction                 
associated with adhesion of platelets and                   
leukocytes to vascular endothelium, and                   
increase of vascular permeability (86). It doesn't 
seem to be a good way to get a daily dose like 
conventional radiotherapy. In HFRT, tumor             
hypoxia should not be ignored. A new                      
fractionation paradigm of 12 fractions of           
approximately 12 Gy followed by more                
moderate dose fractions of 5-6 Gy could increase 
the therapeutic ratio. This option has the                 
advantage of not only providing the largest dose 
of radiotherapy when the tumor is resistant to 
treatment due to hypoxia, but also allowing a 
degree of reoxygenation within a time frame, 
but limiting the time for tumor regrowth (87). 

Harriss-Phillips et al. simulated SART on              
hypoxia and well-oxygenated tumors using 
probabilistic parameter distributions and LQ 
versus linearquadratic-cubic (LQC) methods, 
and evaluated the optimal fractionation schemes 
using BED comparisons. The results showed that 
the complex temporal dynamics of tumor                
oxygenation combined with the probabilistic cell 
dynamics in radiotherapy model required a 
complex stochastic model to predict the killing 
of tumor cells. For HFRT, a high dose in the first 
week, followed by a milder dose, may be                
beneficial because a high proportion of hypoxic 
cells can be eradicated early, while maintaining 
a relatively low BED required, with normal            
tissue toxicity in tolerable levels (87). 

Animal studies found that the tumor               
perfusion of hoechst33342 dye was significantly 
reduced and vascular morphology changed in 
lung cancer-bearing mice at 6 hours after        

high-dose radiotherapy. However, 2 days after 
radiotherapy, hoechst33342 perfusion and cd31 
density partially recovered. The results                   
suggested that a single high dose irradiation 
produced rapid but reversible vascular collapse 
in the tumor (88). A prospective study of six             
patients with NSCLC tumors receiving                    
SBRT-eligible using non-invasive methods 
showed that NSCLC patients with detectable 
baseline levels of tumor hypoxia might have 
higher levels of tumor hypoxia (by a factor of up 
to 2.7) 2 days after receiving the first fraction of 
SBRT. It was believed that given this                   
phenomenon of increased hypoxia volume at 2 
days after SBRT treatment, tumor oxygenation 
should be fully taken into account in the                   
formulation of the optimal hypofractionated 
schedules. To overcome hypoxic radiation         
resistance, the SBRT delivery schedule for                
patients with more hypoxic tumors could be  
altered from 3 times per week to once per week 
for 3 weeks (85). Increasing the time between 
fractions may allow for more reoxygenation to 
occur and may improve clinical outcomes. In 
addition, five fractions of 10 Gy delivered every 
other day (excluding weekends) improved local 
control compared with consecutive daily                
fractions (89, 90). Shibamoto et al. summarized the 
radiobiological properties of HFRT, and based 
on these considerations, they suggested that 
lung tumors larger than 2 cm in diameter were 
irradiated 60 Gy in eight fractions delivered 
three times a week (72). Meanwhile, some reports 
suggested that the current reference lung SBRT 
schedule (18 Gy × 3) represents overdosage, at 
least for smaller tumors. Taking into account 
changes in tumor oxygenation, it is                              
recommended to increase the treatment rate by 
doing more than three times (such as 10 Gy ×5 
or 6 Gy × 8) rather than the current reference 
schedule (18 Gy × 3) (18). 

Pre-treatment assessment of tumor                  
oxygenation using hypoxic imaging is feasible. A 
study has explored the feasibility of using a 
method for calculating the dose required for  
hypoxia subvolume on 18F-HX4 positron               
emission tomography (PET) in NSCLC. It was 
found that the method to account for                
heterogeneous and dynamic hypoxia in target 
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volume segmentation and dose prescription 
based on 18F-HX4-PET imaging appeared                 
feasible in NSCLC patients, and the distribution 
of oxygen partial pressure within hypoxic target 
volumes could impact the required prescribed 
dose more than the size of the volume (91). In 
turn, hypoxic imaging can be used to develop 
personalized treatments. For example, lowering 
the prescribed dose reduces the risk of normal 
tissue complications in patients with low levels 
of hypoxia. This strategy was successful in               
patients with head and neck cancer who                
selectively received reduced dose to neck nodes 
based on hypoxic imaging and achieved 100% 
local control (92). Selecting tumors with low              
resistance to radiotherapy for dose reduction 
can improve the eligibility of patients with more 
central lesions for SBRT (85). 

In addition to optimizing the dose                       
segmentation, the sensitizer for HFRT is also a 
hot topic. Hypoxia-selective drugs, such as 
tirapazamine, can counteract the                               
radiation-protective effects of tumor hypoxia 
after delivery of the first fraction (93).                       
Alternatively, the use of a hypoxic cell                   
radiosensitizer immediately before SBRT dose 
delivery can sensitize patients with hypoxic             
tumors (12, 94). It was found that dolanidazole, a 
hypoxic cell radiosensitizer combined with a 
single 25Gy fraction, improveed 3-year survival 
for pancreatic cancer (95). 

Other methods of increasing sensitivity in 
HFRT, such as manipulating the cell cycle phase 
(95) and blocking the mechanisms of tumor               
repopulation(98,99), are not covered in this paper.  
 
 

CONCLUSION  
 

This paper discusses the current                           
understanding of radiobiology of HFRT, the             
interaction between hypoxia and HFRT, and the 
methods to improve the curative effect of HFRT. 
The radiobiology of HFRT is controversial, but 
for most tumors the standard radiobiology           
concepts of the 5R’s are sufficient to explain the 
clinical data besides possible anti-tumor                   
immunity in certain tumors. As to the                     

interaction between hypoxia and HFRT, hypoxia 
also affects the efficacy of HFRT, and in turn, 
HFRT, through its effect on tumor blood vessels, 
can aggravate tumor hypoxia, leading to              
secondary death of tumor cells after                         
radiotherapy. According to the understanding of 
the above problems, some schemes for                
optimizing HFRT have been proposed in recent 
years. The topic about hypoxia and HFRT gains 
more and more attention recently. Further               
research remains necessary tobetter understand 
the phenomenon of hypoxia, clarify the                  
hypoxia-inducible responses and signaling  
pathways, and find more constructive strategies 
to improve the effect of HFRT. 

 
 

ACKNOWLEDGEMENTS 

 
This work was financially supported by 

grants from Shandong Province Science and 
technology development plan of traditional            
Chinese Medicine (No.2019-0313). 
 
 
Conflicts of interest: Declared none. 
 
 

REFERENCES 
 
 1. Tovanabutra C, Katanyoo K, Uber P, Chomprasert K, 

Sukauichai S (2020) Comparison of treatment out-
come between hypofractionated radiotherapy and 
conventional radiotherapy in postmastectomy 
breast cancer. Asian Pac J Cancer Prev, 21: 119-125.  

 2. Brizel DM, Sibley GS, Prosnitz LR, Scher RL, Dewhirst 
MW (1997) Tumor hypoxia adversely affects the 
prognosis of carcinoma of the head and neck. Int J 
Radiat Oncol Biol Phys, 38: 285-289. 

 3. Brown JM (1999) The hypoxic cell: a target for selec-
tive cancer therapy--eighteenth Bruce F. Cain Me-
morial Award lecture. Cancer Res, 59: 5863-5870. 

 4. Salem A, Asselin MC, Reymen B, Jackson A, Lambin 
P, West C, et al. (2018) Targeting hypoxia to improve 
non-small cell lung cancer outcome. J Natl Cancer 
Inst, 110: 14-30. 

 5. Rademakers SE, Span PN, Kaanders JH, Sweep FC, 
van der Kogel AJ, Bussink J, et al. (2008) Molecular 
aspects of tumor hypoxia. Mol Oncol, 2: 41-53. 

 [
 D

O
I:

 1
0.

52
54

7/
ijr

r.
19

.4
.1

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

rr
.c

om
 o

n 
20

25
-1

1-
15

 ]
 

                             7 / 12

http://dx.doi.org/10.52547/ijrr.19.4.1
http://ijrr.com/article-1-3937-en.html


Gao et al. /  Hypoxia and hypofractionated radiotherapy 

Int. J. Radiat. Res., Vol. 19  No. 4, October 2021 766 

 6. Vordermark D and Horsman MR (2016) Hypoxia as a 
biomarker and for personalized radiation oncology. 
Recent Results Cancer Res, 198: 123-142. 

 7. Bredell MG, Ernst J, El-Kochairi I, Dahlem Y, Ikenberg 
K, Schumann DM, et al. (2016) Current relevance of 
hypoxia in head and neck cancer. Oncotarget, 7: 
50781-50804. 

 8. Bose P, Brockton NT, Dort JC (2013) Head and neck 
cancer: from anatomy to biology. Int J Cancer, 133: 
2013-2023. 

 9. Vaupel P, Mayer A, Hockel M (2004) Tumor hypoxia 
and malignant progression. Methods Enzymol, 381: 
335-354. 

10. Luoto KR, Kumareswaran R, Bristow RG (2013) Tu-
mor hypoxia as a driving force in genetic instability. 
Genome Integr, 4: 5. 

11. Vaupel P, Kallinowski F, Okunieff P (1989) Blood 
flow, oxygen and nutrient supply, and metabolic 
microenvironment of human tumors: a review. Can-
cer Res, 49: 6449-6465. 

12. Carlson DJ, Keall PJ, Loo BJ, Chen ZJ, Brown JM 
(2011) Hypofractionation results in reduced tumor 
cell kill compared to conventional fractionation for 
tumors with regions of hypoxia. Int J Radiat Oncol 
Biol Phys, 79: 1188-1195. 

13. Carmeliet P and Jain RK (2011) Principles and mech-
anisms of vessel normalization for cancer and other 
angiogenic diseases. Nat Rev Drug Discov, 10: 417-
427. 

14. Rey S, Schito L, Koritzinsky M, Wouters BG (2017) 
Molecular targeting of hypoxia in radiotherapy. Adv 
Drug Deliv Rev, 109: 45-62. 

15. Hanahan D and Weinberg RA (2011) Hallmarks of 
cancer: the next generation. Cell, 144: 646-674. 

16. Wouters BG and Koritzinsky M (2008) Hypoxia sig-
nalling through mTOR and the unfolded protein 
response in cancer. Nat Rev Cancer, 8: 851-864. 

17. Weyrather WK, Ritter S, Scholz M, Kraft G (1999) 
RBE for carbon track-segment irradiation in cell lines 
of differing repair capacity. Int J Radiat Biol, 75: 
1357-1364. 

18. Ruggieri R, Stavrev P, Naccarato S, Stavreva N, 
Alongi F, Nahum AE, et al. (2017) Optimal dose and 
fraction number in SBRT of lung tumours: A radiobi-
ological analysis. Phys Med, 44: 188-195. 

19. Tatrai E, Bartal A, Gacs A,  Paku S, Kenessey I, Garay 
T, et al. (2017) Cell type-dependent HIF1 alpha-
mediated effects of hypoxia on proliferation, migra-
tion and metastatic potential of human tumor cells. 
Oncotarge, 8: 44498-44510. 

20. Harris AL (2002) Hypoxia--a key regulatory factor in 
tumour growth. Nat Rev Cancer, 2: 38-47. 

21. Vaupel P, Thews O, Hoeckel M (2001) Treatment 
resistance of solid tumors: role of hypoxia and ane-
mia. Med Oncol, 18: 243-259. 

22. Brown JM and Giaccia AJ (1998) The unique physiol-
ogy of solid tumors: opportunities (and problems) 
for cancer therapy. Cancer Res, 58: 1408-1416. 

23. Muz B, de la Puente P, Azab F, Azab AK (2015) The 
role of hypoxia in cancer progression, angiogenesis, 
metastasis, and resistance to therapy. Hypoxia 
(Auckl), 3: 83-92. 

24. Nordsmark M, Bentzen SM, Rudat V, Brizel D, Larti-
gau E, Stadler P, et al. (2005) Prognostic value of 
tumor oxygenation in 397 head and neck tumors 
after primary radiation therapy. An international 
multi-center study. Radiother Oncol, 77: 18-24. 

25. Kallman RF (1972) The phenomenon of reoxygena-
tion and its implications for fractionated radiothera-
py. Radiology, 105: 135-142. 

26. Steel GG, McMillan TJ, Peacock JH (1989) The 5Rs of 
radiobiology. Int J Radiat Biol, 56:1045-1048. 

27. Sinclair WK, Morton RA (1965) X-ray and ultraviolet 
sensitivity of synchronized chinese hamster cells at 
various stages of the cell cycle. Biophys J, 5: 1-25. 

28. Moding EJ, Mowery YM, Kirsch DG (2016) Opportu-
nities for radiosensitization in the stereotactic body 
radiation therapy (SBRT) Era. Cancer J, 22: 267-273. 

29. Dewhirst MW, Cao Y, Moeller B (2008) Cycling hy-
poxia and free radicals regulate angiogenesis and 
radiotherapy response. Nat Rev Cancer, 8: 425-437. 

30. Lo SS, Fakiris AJ, Chang EL, et al. (2010) Stereotactic 
body radiation therapy: a novel treatment modality. 
Nat Rev Clin Oncol, 7: 44-54. 

31. Timmerman RD, Herman J, Cho LC (2014) Emer-
gence of stereotactic body radiation therapy and its 
impact on current and future clinical practice. J Clin 
Oncol, 32: 2847-2854. 

32. Song CW, Glatstein E, Marks LB, Emami B, Grimm J, 
Sperduto PW, et al. (2019) Biological Principles of 
Stereotactic Body Radiation Therapy (SBRT) and 
Stereotactic Radiation Surgery (SRS): Indirect Cell 
Death. Int J Radiat Oncol Biol Phys, 110: 21-34. 

33. Bodo S, Campagne C, Thin TH, Higginson DS, Vargas 
HA, Hua G, et al. (2019) Single-dose radiotherapy 
disables tumor cell homologous recombination via 
ischemia/reperfusion injury. J Clin Invest, 129: 786-
801. 

34. Song CW, Lee YJ, Griffin RJ, et al. (2015) Indirect Tu-
mor Cell Death After High-Dose Hypofractionated 
Irradiation: Implications for Stereotactic Body Radia-
tion Therapy and Stereotactic Radiation Surgery. Int 
J Radiat Oncol Biol Phys, 93: 166-172. 

35. Sperduto PW, Song CW, Kirkpatrick JP, Glatstein E 

 [
 D

O
I:

 1
0.

52
54

7/
ijr

r.
19

.4
.1

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

rr
.c

om
 o

n 
20

25
-1

1-
15

 ]
 

                             8 / 12

http://dx.doi.org/10.52547/ijrr.19.4.1
http://ijrr.com/article-1-3937-en.html


Gao et al. /  Hypoxia and hypofractionated radiotherapy 

767 Int. J. Radiat. Res., Vol. 19  No. 4, October 2021 

(2015) A hypothesis: indirect cell death in the radio-
surgery era. Int J Radiat Oncol Biol Phys, 91: 11-13. 

36. Park HJ, Griffin RJ, Hui S, Levitt SH, Song CW (2012) 
Radiation-induced vascular damage in tumors: im-
plications of vascular damage in ablative hypofrac-
tionated radiotherapy (SBRT and SRS). Radiat Res, 
177: 311-327. 

37. Kirkpatrick JP, Meyer JJ, Marks LB (2008) The linear-
quadratic model is inappropriate to model high 
dose per fraction effects in radiosurgery. Semin Ra-
diat Oncol, 18: 40-243. 

38. Garcia-Barros M, Paris F, Cordon-Cardo C, et al. 
(2003) Tumor response to radiotherapy regulated 
by endothelial cell apoptosis. Science, 300: 1155-
1159. 

39. Szeifert GT, Massager N, DeVriendt D, et al. (2002) 
Observations of intracranial neoplasms treated with 
gamma knife radiosurgery. J Neurosurg, 97: 623-
626. 

40. Kocher M, Treuer H, Voges J, et al. (2000) Computer 
simulation of cytotoxic and vascular effects of radio-
surgery in solid and necrotic brain metastases. Radi-
other Oncol, 54: 149-156. 

41. Clement JJ, Tanaka N, Song CW (1978) Tumor reoxy-
genation and postirradiation vascular changes. Radi-
ology, 127: 799-803. 

42. Torok JA, Oh P, Castle KD, et al. (2019) Deletion of 
atm in tumor but not endothelial cells improves 
radiation response in a primary mouse model of 
lung adenocarcinoma. Cancer Res, 79: 773-782. 

43. Moding EJ, Castle KD, Perez BA, et al. (2015) Tumor 
cells, but not endothelial cells, mediate eradication 
of primary sarcomas by stereotactic body radiation 
therapy. Sci Transl Med, 7: 234r-278r. 

44. Shuryak I, Carlson DJ, Brown JM, Brenner DJ (2015) 
High-dose and fractionation effects in stereotactic 
radiation therapy: Analysis of tumor control data 
from 2965 patients. Radiother Oncol, 115: 327-334. 

45. Brown JM, Carlson DJ, Brenner DJ (2014) The tumor 
radiobiology of SRS and SBRT: are more than the 5 
Rs involved? Int J Radiat Oncol Biol Phys, 88: 254-
262. 

46. Mehta N, King CR, Agazaryan N, et al. (2012) Stereo-
tactic body radiation therapy and 3-dimensional 
conformal radiotherapy for stage I non-small cell 
lung cancer: A pooled analysis of biological equiva-
lent dose and local control. Pract Radiat Oncol, 2: 
288-295. 

47. Brenner DJ (2008) The linear-quadratic model is an 
appropriate methodology for determining isoeffec-
tive doses at large doses per fraction. Semin Radiat 
Oncol, 18: 234-239. 

48. Krause M, Prager J, Zhou X, et al. (2007) EGFR-TK 
inhibition before radiotherapy reduces tumour vol-
ume but does not improve local control: differential 
response of cancer stem cells and nontumourigenic 
cells? Radiother Oncol, 83: 316-325. 

49. Zips D, Hessel F, Krause M, et al. (2005) Impact of 
adjuvant inhibition of vascular endothelial growth 
factor receptor tyrosine kinases on tumor growth 
delay and local tumor control after fractionated 
irradiation in human squamous cell carcinomas in 
nude mice. Int J Radiat Oncol Biol Phys, 61: 908-914. 

50. Budach W, Taghian A, Freeman J, Gioioso D, Suit HD 
(1993) Impact of stromal sensitivity on radiation 
response of tumors. J Natl Cancer Inst, 85: 988-993. 

51. van der Kogel AJ (1985) Chronic effects of neutrons 
and charged particles on spinal cord, lung, and rec-
tum. Radiat Res Suppl, 8: S208-S216. 

52. Wang JZ, Huang Z, Lo SS, Yuh WT, Mayr NA (2010) A 
generalized linear-quadratic model for radiosurgery, 
stereotactic body radiation therapy, and high-dose 
rate brachytherapy. Sci Transl Med, 2: 39r-48r. 

53. Park C, Papiez L, Zhang S, Story M, Timmerman RD 
(2008) Universal survival curve and single fraction 
equivalent dose: useful tools in understanding po-
tency of ablative radiotherapy. Int J Radiat Oncol 
Biol Phys, 70: 847-852. 

54. McKenna FW and Ahmad S (2009) Fitting tech-
niques of cell survival curves in high-dose region for 
use in stereotactic body radiation therapy. Phys 
Med Biol, 54: 1593-1608. 

55. Sheu T, Molkentine J, Transtrum MK, et al. (2013) 
Use of the LQ model with large fraction sizes results 
in underestimation of isoeffect doses. Radiother 
Oncol, 109: 21-25. 

56. Guerrero M and Li XA (2004) Extending the linear-
quadratic model for large fraction doses pertinent 
to stereotactic radiotherapy. Phys Med Biol, 49: 
4825-4835. 

57. Brown JM, Brenner DJ, Carlson DJ (2013) Dose esca-
lation, not "new biology," can account for the effica-
cy of stereotactic body radiation therapy with non-
small cell lung cancer. Int J Radiat Oncol Biol Phys, 
85: 1159-1160. 

58. Wennberg B and Lax I (2013) The impact of fraction-
ation in SBRT: analysis with the linear quadratic 
model and the universal survival curve model. Acta 
Oncol, 52: 902-909. 

59. Guckenberger M, Klement RJ, Allgauer M, et al. 
(2013) Applicability of the linear-quadratic formal-
ism for modeling local tumor control probability in 
high dose per fraction stereotactic body radiothera-
py for early stage non-small cell lung cancer. Radi-

 [
 D

O
I:

 1
0.

52
54

7/
ijr

r.
19

.4
.1

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

rr
.c

om
 o

n 
20

25
-1

1-
15

 ]
 

                             9 / 12

http://dx.doi.org/10.52547/ijrr.19.4.1
http://ijrr.com/article-1-3937-en.html


Gao et al. /  Hypoxia and hypofractionated radiotherapy 

Int. J. Radiat. Res., Vol. 19  No. 4, October 2021 768 

other Oncol, 109: 13-20. 
60. Timmerman R, Papiez L, McGarry R, et al. (2003) 

Extracranial stereotactic radioablation: results of a 
phase I study in medically inoperable stage I non-
small cell lung cancer. Chest, 124: 1946-1955. 

61. Yamada Y, Bilsky MH, Lovelock DM, et al. (2008) 
High-dose, single-fraction image-guided intensity-
modulated radiotherapy for metastatic spinal le-
sions. Int J Radiat Oncol Biol Phys, 71: 484-490. 

62. Timmerman R, Paulus R, Galvin J, et al. (2010) Stere-
otactic body radiation therapy for inoperable early 
stage lung cancer. JAMA, 303: 1070-1076. 

63. Taremi M, Hope A, Dahele M, et al. (2012) Stereo-
tactic body radiotherapy for medically inoperable 
lung cancer: prospective, single-center study of 108 
consecutive patients. Int J Radiat Oncol Biol Phys, 
82:967-973. 

64. Nagata Y, Takayama K, Matsuo Y, et al. (2005)Clinical 
outcomes of a phase I/II study of 48 Gy of stereotac-
tic body radiotherapy in 4 fractions for primary lung 
cancer using a stereotactic body frame. Int J Radiat 
Oncol Biol Phys, 63: 1427-1431. 

65. Baumann P, Nyman J, Hoyer M, et al. (2009) Out-
come in a prospective phase II trial of medically 
inoperable stage I non-small-cell lung cancer pa-
tients treated with stereotactic body radiotherapy. J 
Clin Oncol, 27: 3290-3296. 

66. Le QT, Loo BW, Ho A, et al. (2006) Results of a phase 
I dose-escalation study using single-fraction stereo-
tactic radiotherapy for lung tumors. J Thorac Oncol, 
1: 802-809. 

67. Fakiris AJ, McGarry RC, Yiannoutsos CT, et al. (2009) 
Stereotactic body radiation therapy for early-stage 
non-small-cell lung carcinoma: four-year results of a 
prospective phase II study. Int J Radiat Oncol Biol 
Phys, 75: 677-682. 

68. Fowler JF (1989) The linear-quadratic formula and 
progress in fractionated radiotherapy. Br J Radiol, 
62: 679-694. 

69. Fowler JF, Sheldon PW, Denekamp J, Field SB (1976) 
Optimum fractionation of the C3H mouse mammary 
carcinoma using X-rays, the hypoxic-cell radiosensi-
tizer Ro-07-0582, or fast neutrons. Int J Radiat Oncol 
Biol Phys, 1: 579-592. 

70. Brown JM (2000) Exploiting the hypoxic cancer cell: 
mechanisms and therapeutic strategies. Mol Med 
Today, 6: 157-162. 

71. Carlson DJ, Yenice KM, Orton CG (2011) Tumor hy-
poxia is an important mechanism of radioresistance 
in hypofractionated radiotherapy and must be con-
sidered in the treatment planning process. Med 
Phys, 38: 6347-6350. 

72. Shibamoto Y, Miyakawa A, Otsuka S, Iwata H (2016) 
Radiobiology of hypofractionated stereotactic radio-
therapy: what are the optimal fractionation sched-
ules? J Radiat Res, 57(1): i76-i82. 

73. Lindblom EK, Hui S, Brooks J, et al. (2019) Radiation-
induced Vascular Damage and the Impact on the 
Treatment Outcome of Stereotactic Body Radiother-
apy. Anticancer Res, 39: 2721-2727. 

74. Song CW, Cho LC, Yuan J, et al. (2013) Radiobiology 
of stereotactic body radiation therapy/stereotactic 
radiosurgery and the linear-quadratic model. Int J 
Radiat Oncol Biol Phys, 87: 18-19. 

75. Song CW, Park I, Cho LC, et al. (2014) Is indirect cell 
death involved in response of tumors to stereotactic 
radiosurgery and stereotactic body radiation thera-
py? Int J Radiat Oncol Biol Phys, 89: 924-925. 

76. Song CW, Kim MS, Cho LC, Dusenbery K, Sperduto 
PW (2014) Radiobiological basis of SBRT and SRS. 
Int J Clin Oncol, 19: 570-578. 

77. Song CW and Levitt SH (1970) Effect of X-irradiation 
on vascularity of normal tissues and experimental 
tumor. Radiology, 94: 445-447. 

78. Song CW and Levitt SH (1971) Vascular changes in 
Walker 256 carcinoma of rats following X irradia-
tion. Radiology, 100: 397-407. 

79. Song CW, Payne JT, Levitt SH (1972) Vascularity and 
blood flow in x-irradiated Walker carcinoma 256 of 
rats. Radiology, 104: 693-697. 

80. Wong HH, Song CW, Levitt SH (1973) Early changes 
in the functional vasculature of Walker carcinoma 
256 following irradiation. Radiology, 108: 429-434. 

81. Clement JJ, Song CW, Levitt SH (1976) Changes in 
functional vascularity and cell number following X-
irradiation of a murine carcinoma. Int J Radiat Oncol 
Biol Phys, 1: 671-678. 

82. Song CW, Sung JH, Clement JJ, Levitt SH (1974) Vas-
cular changes in neuroblastoma of mice following X-
irradiation. Cancer Res, 34: 2344-2350. 

83. Lasnitzki I (1947) A quantitative analysis of the di-
rect and indirect action of X-radiation on malignant 
cells. Br J Radiol, 20: 240-247. 

84. Denekamp J (1984) Vascular endothelium as the 
vulnerable element in tumours. Acta Radiol Oncol, 
23: 217-225. 

85. Kelada OJ, Decker RH, Nath SK, et al. (2018) High 
single doses of radiation may induce elevated levels 
of hypoxia in early-stage non-small cell lung cancer 
tumors. Int J Radiat Oncol Biol Phys, 102: 174-183. 

86. Maeda A, Chen Y, Bu J, et al. (2017) In-vivo imaging 
reveals significant tumor vascular dysfunction and 
increased tumor hypoxia-inducible factor-1alpha 
expression induced by high single-dose irradiation 

 [
 D

O
I:

 1
0.

52
54

7/
ijr

r.
19

.4
.1

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

rr
.c

om
 o

n 
20

25
-1

1-
15

 ]
 

                            10 / 12

http://dx.doi.org/10.52547/ijrr.19.4.1
http://ijrr.com/article-1-3937-en.html


Gao et al. /  Hypoxia and hypofractionated radiotherapy 

769 Int. J. Radiat. Res., Vol. 19  No. 4, October 2021 

in a pancreatic tumor model. Int J Radiat Oncol Biol 
Phys, 97: 184-194. 

87. Harriss-Phillips WM, Bezak E, Potter A (2016) Sto-
chastic predictions of cell kill during stereotactic 
ablative radiation therapy: Do hypoxia and reoxy-
genation really matter? Int J Radiat Oncol Biol Phys, 
95: 1290-1297. 

88. Song C, Hong BJ, Bok S, et al. (2016) Real-time tu-
mor oxygenation changes after single high-dose 
radiation therapy in orthotopic and subcutaneous 
lung cancer in mice: Clinical implication for stereo-
tactic ablative radiation therapy schedule optimiza-
tion. Int J Radiat Oncol Biol Phys, 95: 1022-1031. 

89. Corso CD, Park HS, Moreno AC, et al. (2017) Stage I 
Lung SBRT Clinical Practice Patterns. Am J Clin On-
col, 40: 358-361. 

90. Alite F, Stang K, Balasubramanian N, et al. (2016) 
Local control dependence on consecutive vs. non-
consecutive fractionation in lung  stereotactic body 
radiation therapy. Radiother Oncol, 121: 9-14. 

91. Kjellsson LE, Ureba A, Dasu A, et al. (2019) Impact of 
SBRT fractionation in hypoxia dose painting - Ac-
counting for heterogeneous and dynamic tumor 
oxygenation. Med Phys, 46: 2512-2521. 

92. Lee N, Schoder H, Beattie B, et al. (2016) Strategy of 
using intratreatment hypoxia imaging to selectively 
and safely guide radiation dose de-escalation con-
current with chemotherapy for locoregionally ad-
vanced human papillomavirus-related oropharynge-
al carcinoma. Int J Radiat Oncol Biol Phys, 96: 9-17. 

93. Rischin D, Hicks RJ, Fisher R, et al. (2006) Prognostic 

significance of [18F]-misonidazole positron emission 
tomography-detected tumor hypoxia in patients 
with advanced head and neck cancer  randomly 
assigned to chemoradiation with or without tirapa-
zamine: a substudy of trans-tasman radiation oncol-
ogy group study 98.02. J Clin Oncol, 24: 2098-2104. 

94. Brown JM, Diehn M, Loo BJ (2010) Stereotactic abla-
tive radiotherapy should be combined with a hypox-
ic cell radiosensitizer. Int J Radiat Oncol Biol Phys, 
78: 323-327. 

95. Karasawa K, Sunamura M, Okamoto A, et al. (2008) 
Efficacy of novel hypoxic cell sensitiser doranidazole 
in the treatment of locally advanced pancreatic can-
cer: long-term results of a placebo-controlled ran-
domised study. Radiother Oncol, 87: 326-330. 

96. Caretti V, Hiddingh L, Lagerweij T, et al. (2013) WEE1 
kinase inhibition enhances the radiation response of 
diffuse intrinsic pontine gliomas. Mol Cancer Ther, 
12: 141-150. 

97. De Witt HP, Mir SE, Noske D, Van Noorden CJ, 
Wurdinger T (2011) WEE1 kinase targeting com-
bined with DNA-damaging cancer therapy catalyzes 
mitotic catastrophe. Clin Cancer Res, 17: 4200-4207. 

98. Kim KW, Hwang M, Moretti L, et al. (2008) Autopha-
gy upregulation by inhibitors of caspase-3 and 
mTOR enhances radiotherapy in a mouse model of 
lung cancer. Autophagy, 4: 659-668. 

99. Moretti L, Kim KW, Jung DK, Willey CD, Lu B (2009) 
Radiosensitization of solid tumors by Z-VAD, a pan-
caspase inhibitor. Mol Cancer Ther, 8: 1270-1279. 

 
 

 [
 D

O
I:

 1
0.

52
54

7/
ijr

r.
19

.4
.1

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

rr
.c

om
 o

n 
20

25
-1

1-
15

 ]
 

                            11 / 12

http://dx.doi.org/10.52547/ijrr.19.4.1
http://ijrr.com/article-1-3937-en.html


 [
 D

O
I:

 1
0.

52
54

7/
ijr

r.
19

.4
.1

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

rr
.c

om
 o

n 
20

25
-1

1-
15

 ]
 

Powered by TCPDF (www.tcpdf.org)

                            12 / 12

http://dx.doi.org/10.52547/ijrr.19.4.1
http://ijrr.com/article-1-3937-en.html
http://www.tcpdf.org

