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1. Introduction 28 

Prostate cancer (PC) is the second most common cancer (after lung cancer) in males 29 

worldwide, including 1,276,106 new cases and 358,989 deaths in 2018 [1, 2]. The capacity to 30 

diagnose and stage of PC is limited and generally based on pre-treatment assessments such as 31 

prostate-specific antigen (PSA), TNM stages, and pathologic Gleason score [3]. However, 32 

existing pre-treatment assessments cannot be used to predict acute RT-induced toxicity. 33 

Therefore, new protein biomarkers are required in RT oncology to improve decision-making, 34 

treatment and therapy monitoring for PC patients.  35 

In clinical practice, intensity-modulated radiotherapy (IMRT) is an effective and common 36 

treatment modality for locally advanced PC [4]. However, RT has inconsistent success 37 

depending on the cancer being treated and it also causes side effects [5]. RT-induced toxicity 38 

can be classified as acute or late toxicity. RT-induced toxicity is classified as acute if it 39 

occurred during RT and within the first 3 months, they include bowel problem, urinary 40 

problem and lethargy [6, 7]. Second malignancy, femoral neck fracture, rectal bleeding, 41 

bladder problems and erectile dysfunction are late toxicities which usually occur 3 months 42 

after RT completion but it could emerge many months after [6, 8, 9]. In PC, the most 43 

common RT-induced toxicity classify as genitourinary (GU) and gastrointestinal (GI) 44 

symptoms based on validated scoring criteria [Common Terminology Criteria for Adverse 45 

Events (CTC-AE) [10].  46 

Some pro-inflammatory cytokines are believed to play an important role in RT resistance 47 

and lead to tumour progression, invasion, and angiogenesis [11-13]. Cytokines are water-48 

soluble, low molecular weight proteins that transport signals between cells [14]. Following 49 

RT, researchers believe that normal tissue damage and gene expression changes at the 50 

messenger RNA (mRNA) level leads to increased cytokine production within the irradiated 51 

area, which then enters the circulation [15, 16]. Ionizing radiation is known to increase the 52 



expression of several cytokines which are involved in inflammation and development of RT-53 

induced toxicity [17]. In several previous studies, cytokines have been examined as novel 54 

biomarkers involved in tissue damage response and RT-induced toxicity [10, 15, 18, 19]. 55 

Rubin et al. were among the first to describe the role of cytokines in RT-induced toxicity 56 

[20]. Cytokines as biomarkers have gained much attention in the last few years, with the 57 

intention of the screen and notify the degree and severity of toxicity from RT.  58 

The goals of this study were to assess the levels of cytokines in blood plasma before and 59 

after RT and interrogate any association with acute GU and GI toxicity respectively.  60 

 61 

2. Material and methods 62 

2.1 Study population and patient information 63 

Eighteen patients were recruited who had agreed to undergo curative external beam RT 64 

(EBRT) +/- ADT for intermediate to high-risk PC using the D’Amico classification [21]. All 65 

patients were diagnosed between 2nd July 2015 and 21st April 2016 at Royal Darwin 66 

Hospital (RDH). Eligible patients were ≥18 years old, had histologically confirmed prostate 67 

adenocarcinoma, and had an ECOG (Eastern Cooperative Oncology Group) performance 68 

status of 0 to 1 and no history of prior surgery to the prostate. Exclusion criteria include prior 69 

prostate EBRT or brachytherapy, metastatic disease at presentation, prior history of 70 

malignancy (excluding non-melanoma skin cancer), and serious medical or psychiatric illness 71 

precluding safe administration of RT. Using the D’Amico classification, selected patients 72 

were classified into the following three groups: low risk, ≤ cT2a, PSA <10 ng/ml and GS ≤ 6; 73 

intermediate-risk, cT2b, PSA 10–20 ng/ml, GS = 7; and high risk, ≥ cT2c, PSA > 20 ng/ml, 74 

GS ≥ 9 – 10 [21]. 75 

 76 



2.2 Radiation therapy 77 

All patients had fiducial markers inserted prior to RT and had daily cone beam imaging 78 

during treatment. Treatment planning was based on computed tomography (CT) performed 79 

with empty rectum, comfortably filled bladder, with patients in the prone position. Clinical 80 

target volume (CTV) included the prostate gland or the prostate gland plus seminal vesicles. 81 

A 1cm margin was added around the CTV to define the planning target volume (PTV), 82 

expect the boundary between the anterior rectal wall and the prostate, where a 0.7 cm margin 83 

was used.  84 

 85 

2.3 Grading RT-induced acute toxicity 86 

Patients were asked to complete questionnaires concerning symptoms of bladder or rectal 87 

dysfunction prior to RT, on the last week of RT and 3 months after the completion of RT as 88 

part of their standard care. International Index Prostate Symptom Scoresheet (IIPS) [22, 23] 89 

and Expanded Prostate Cancer Index Composite (EPIC) [24] were used to interrogate the 90 

acute bladder and rectal toxicities respectively. The total score can range from 0 to 35 for 91 

IIPS and 0 to 28 for EPIC respectively (asymptomatic to very symptomatic). The RT-induced 92 

toxicity was considered as mild if the total score is equal or less than 7, while it was 93 

considered as moderate if total score range was 8-19, and it was considered as severe if the 94 

total score range is 20-35 [23, 25].  95 

 96 

2.4 Blood sampling and plasma processing 97 

Patients’ blood was taken before immediately preceding the initiation of RT, at the end of 98 

RT and 3 months from the completion of RT. At each sampling, 5-10 ml of peripheral blood 99 

was drawn into blindly coded 5-7 ml vacutainer tubes containing powdered lithium heparin 100 

(14 Units/ml blood). Blood samples were immediately placed on ice for transport to the 101 



laboratory, aliquoted into conical 15 ml tubes and centrifuged (3000 × g × 20 min) to separate 102 

out the plasma. The platelet-free plasma layer was separated from the blood, transferred into 103 

coded cryotubes and frozen at –80˚C until they were analysed. The analysis was carried out 104 

under blind conditions and in accordance with the guidelines established by the Charles 105 

Darwin University committee for handling biohazardous material. 106 

 107 

2.5 Assessment of blood plasma cytokines  108 

The expression levels of cytokines were measured using sandwich enzyme-linked 109 

immunosorbent assays (ELISA) which are commercially available in kits from Life 110 

Technologies Australia Pty Ltd. The cytokine concentration (colour) was quantified using a 111 

Titertek Multiskan MCC/340 plate reader at the appropriate wavelength dictated by the 112 

particular kit utilized. Each assay was run against a standard curve with a full range 113 

predetermined for each cytokine and sample source. These kits were designed to detect 114 

cytokines levels using a target-specific antibody on pre-coated 96 well microplates.  115 

 116 

2.6 Statistical analysis 117 

Statistical analysis was performed using GraphPad Prism 7. The Mann-Whitney U test 118 

was used to compare cytokine levels for pre-RT versus post-RT. The Wilcoxon sign-rank test 119 

was used to determine the effect of RT on cytokine levels using aggregated median cytokine 120 

levels at before and after IMRT. Spearman’s correlation test was used to determine the 121 

correlation between cytokine levels and patient-reported GU and GI toxicity, respectively. 122 

For all analyses, p ≤ 0.05 was taken as significant. 123 

 124 



3. Results 125 

The clinical characteristics of patients in this study are summarised in table 1. The mean 126 

age of PC patients at the time of diagnosis was 66.8 years (range, 53 - 80 years). The mean 127 

pre-treatment serum PSA level was 16.03 ng/ml (range, 4 – 71 ng/ml) and post-RT serum 128 

PSA were 0.34 ng/ml (range, 0.05 – 3.48 ng/ml). The mean GS was 8 (range, 6 – 10). Four 129 

(23%) patients had a GS of 3 + 4 = 7, five (28 %) patients had GS of 4 + 3 = 7, three (16.5 %) 130 

patients had GS of 4 + 4 = 8, three (16.5 %) patients had GS of 4 + 5 = 9, one (5 %) patient 131 

had GS of 5 + 4 = 9 and two (11 %) patients had GS of 5 + 5 = 10. Patients were planned and 132 

treated using IMRT. Definitive IMRT patients received a total dose of 78 Gy in 39 fractions 133 

(n = 4) and 80 Gy in 40 fractions (n = 14). 134 

 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 



Table 1: Clinicopathological characteristics of patient population 150 

Characteristics Number of patients Percentage (%)    

Age (years) 66.83 ± 7.93 (53 – 80)  

cT-stage   

• T1c 1 5% 

• T2a 3 16.5% 

• T2b 4 23% 

• T2c 2 11% 

• T3a  3 16.5% 

• T3b 5 28% 

Gleason score   

• 3 + 3 = 6 0 0% 

• 3 + 4 = 7 4 23% 

• 4 + 3 = 7 5 28% 

• 4 + 4 = 8 3 16.5% 

• 4 + 5 = 9 3 16.5% 

• 5 + 4 = 9 1 5% 

• 5 + 5 = 10 2 11% 

Pre-RT PSA (ng/ml)  16.03 ± 15.81 (range, 4 – 71) 

Post-RT PSA (ng/ml) 0.35 ± 0.77 (range, 0.05 – 3.48) 

Radiation dose   

• 78 Gy in 39 fractions 4 23% 

• 80 Gy in 40 fractions 14 77% 

   

Values for age are presented as the mean ± standard deviation; cT-stage, clinical tumour 151 

stage; RT, radiotherapy; PSA, prostate-specific antigen and Gy, gray, unit of radiation dose. 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 

 161 

 162 

 163 



3.1 Baseline (pre-RT) versus post-RT cytokines levels  164 

The concentration levels of anti-inflammatory transforming growth factor-β1 (TGF-β1) 165 

were elevated (mean ±SD, 765.2 ± 426.3 to 915.9 ± 539.2) at the end of RT when compared 166 

with pre-RT cytokines levels. Though the levels of pro-inflammatory interleukin-6 (IL-6) and 167 

IL-8 (mean ±SD, 10.6 ± 3.2 to 16.2 ± 15.5 and 1.2 ± 0.1 to 1.3 ± 0.1) were found to be altered 168 

3 months post-RT completion, only IL-8 levels were found to be statistically significant (p = 169 

0.05).  170 

 171 

3.2 Correlation between plasma cytokine levels and patient-scored RT-induced toxicity 172 

We also sought to determine if there was an association between cytokine levels and 173 

patient-reported acute GU and GI toxicity graded prospectively (summarized in Table 2 and 174 

3). Levels of pro-inflammatory tumour necrosis factor-α (TNF-α) (mean ±SD, 13.8 ± 1.9 to 175 

17.7 ± 3.7 and 15.4  4.2 to 23.9) and IL-6 (mean ±SD, 9.8  3.6 to 12.1  4.5 and 18.7  176 

20.3 to 44.6) increased as the severity of GU toxicity increased at post-RT and after 3 months 177 

completion of RT. However, it did not show statistical significance difference. In contrast, 178 

levels of anti-inflammatory TGF-β1 decreased (mean ±SD, 1201.7  892.9 to 726.5  657.2 179 

and 936.0  580.3 to 343.1, respectively) as the severity of GU toxicity increased at the end 180 

of RT and 3 months post-RT completion. Again, we could not find a significant difference. 181 

 182 

 183 

 184 

 185 

 186 

 187 



Table 2: Expression of cytokines along the severity of acute GU RT-induced toxicity 188 

Cytokines Phase of Blood GU toxicity = 0 GU toxicity = 1 GU toxicity = 2 

No. of patients End of RT 5 8 5 

     

 3 months after RT 8 8 1 

     

TNF- End of RT 13.8  1.9 (pg/ml) 18.6 3.6 (pg/ml) 17.7  3.7 (pg/ml) 

     

 3 months after RT 15.4  4.2 (pg/ml) 17.1  3.9 (pg/ml) 23.9 (pg/ml) 

     
TGF-1 End of RT 1201.7  892.9 (pg/ml)    858.3  256.4 (pg/ml) 726.5  657.2 (pg/ml) 

     

 3 months after RT 936.0  580.3 (pg/ml) 610.1  254.9 (pg/ml) 343.1 (pg/ml) 

     
IL-6 End of RT 9.8  3.6 (pg/ml) 10.1  1.9 (pg/ml) 12.1  4.5 (pg/ml) 

     

 3 months after RT 18.7  20.3 (pg/ml) 10.2  2.6 (pg/ml) 44.6 (pg/ml) 

     
IL-8 End of RT 1.1  0.1 (pg/ml) 1.2  0.1 (pg/ml) 1.2 0.1 (pg/ml) 

     

 3 months after RT 1.3  0.1 (pg/ml) 1.2  0.1 (pg/ml) 1.2 (pg/ml) 

     
Values for age are presented as the mean ± standard deviation; TNF-α, Tumour necrosis factor-alpha; TGF-β1, Tumour growth factor-beta1; IL-189 

6, Interleukin-6; IL-8, Interleukin-8; GU toxicity (0 = mild, 1 = moderate and 2 = severe toxicity).    190 

 191 



Table 3: Expression of cytokines along the severity of acute GI RT-induced toxicity 192 

Cytokines  Phase GI toxicity = 0 GI toxicity = 1 GI toxicity = 2 

No. of patients End of RT 13 2 3 

     

 3 months after RT 9 7 1 

     

TNF- End of RT 16.9  3.8 (pg/ml) 15.4  3.3 (pg/ml) 19.3  3.6 (pg/ml) 

     

 3 months after RT 14.9  4.0 (pg/ml) 17.9  3.7 (pg/ml) 23.9 (pg/ml) 

     
TGF-1 End of RT 972.7  536.5 (pg/ml) 362.5  40.3 (pg/ml) 269.3  10.4 (pg/ml) 

     

 3 months after RT 882.1  558.5 (pg/ml) 627.6  250.5 (pg/ml) 343.1 (pg/ml) 

     
IL-6 End of RT 9.9  2.5 (pg/ml) 8.7  1.7 (pg/ml) 14.3  4.6 (pg/ml) 

     

 3 months after RT 17.7  18.9 (pg/ml) 10.2  2.8 (pg/ml) 44.6 (pg/ml) 

     
IL-8 End of RT 1.2  0.1 (pg/ml) 1.3  0.1 (pg/ml) 1.2  0.1 (pg/ml)  

     

 3 months after RT 1.3  0.1 (pg/ml) 1.2  0.1 (pg/ml) 1.2 (pg/ml) 

     
Values for age are presented as the mean ± standard deviation; TNF-α, Tumour necrosis factor-alpha; TGF-β1, Tumour growth factor-beta1; IL-193 

6, Interleukin-6; IL-8, Interleukin-8; GI toxicity (0 = mild, 1 = moderate and 2 = severe toxicity).    194 

 195 



Moreover, levels of pro-inflammatory TNF-α (mean ±SD, 16.9  3.8 to 19.3  3.6 and 14.9  196 

4.0 to 23.9, respectively) and IL-6 (mean ±SD, 9.9  2.5 to 14.3  4.6 and 17.7  18.9 to 197 

44.6, respectively) increased as the severity of GI toxicity increased at post-RT and 3 months 198 

post-RT completion. However, concentration levels of pro-inflammatory TNF-α and IL-6 199 

were not statistically different when compared with the severity of GI toxicity. On the other 200 

hand, levels of anti-inflammatory TGF-β1 (mean ±SD, 972.7  536.5 to 269.3  10.4 and 201 

882.1  558.5 to 343.1, respectively) decreased as the severity of GI toxicity increased at the 202 

end of RT and after 3 months completion of RT. Though, this difference was not statistically 203 

significant, maybe due to the limited sample size. In figures 1 and 2 maximum levels of 204 

cytokines were plotted against the maximum patient-scored acute GU and GI toxicity at the 205 

end of RT and after 3 months of RT completion.  206 

 207 

 208 



 209 

Figure 1: Plasma cytokines levels against acute RT-induced toxicity at the end of RT 210 

Maximum expression of (TNF-α, IL-6) as a function of maximum toxicity. However, TGF-211 

β1 is decreasing while increasing toxicity. Closed circles, GU toxicity; open circles, GI 212 

toxicity.  213 



 214 

Figure 2: Plasma cytokines levels against acute RT-induced toxicity after 3 months of RT 215 

completion. Maximum expression of (TNF-α, IL-6) as a function of maximum toxicity. 216 

Though, TGF-β1 is decreasing while increasing toxicity. Closed circles, GU toxicity; open 217 

circles, GI toxicity.  218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 



4. Discussion 229 

During planning RT for the treatment of PC, radiation oncologists consider several tumour 230 

and treatment-related factors. These factors comprise patterns of regional tumour spread, to 231 

confirm coverage of local tumour extension, uncertainties in positioning the patient and 232 

tumour and organ movement during and between treatments. To accomplish these goals, 233 

normal tissues surrounding the tumour are irradiated, which may result in symptomatic 234 

injury. These injuries are acute or chronic and have an influence on the quality of life of PC 235 

patients.  236 

 RT is a well-established treatment for PC in organ-confined disease, including early and 237 

locally advanced PC [26, 27]. Most studies investigating an association between cytokine 238 

levels and RT-induced toxicity have concentrated on cytokine measurements prior to and 239 

during RT treatment [10]. Several previous studies reported that levels of cytokines such as 240 

IL-1, TGF-β, and TNF-α, IL-6, and IL-4 were increased during or after RT completion [20, 241 

28, 29]. Johnke et al. also revealed that concentration levels of TGF-β, IL-1β, and IL-6 were 242 

increased at the end of RT [30]. Further clinical studies also identified that expression levels 243 

of cytokines such as TGF- β1 and TGF-β2, TNF-α and IL6 were elevated during IMRT in the 244 

blood patients with PC [10, 31, 32]. In our clinical study, levels of anti-inflammatory TGF-β1 245 

were increased in post-RT blood plasma; however, those changes were not statically 246 

significant. Although levels of pro-inflammatory IL6 and IL8 were found to be altered 3 247 

months post-RT completion, only changes in IL-8 levels were found to be statistically 248 

significant. 249 

The importance of dose escalation for tumour control has been revealed in many 250 

randomised trials [33, 34]. By increasing the RT dose, the risk of developing complications 251 

caused by injury to the bladder, prostatic urethra and rectum also increase [35]. The possible 252 

association between RT dose and the effects of RT in PC has been observed by several 253 



investigators [7, 8]. The release of intracellular molecules from injured cells by RT triggers 254 

the up-regulation of the pro-inflammatory IL-1β and TNF-α cytokines [36]. Christensen et al. 255 

reported that levels of IL-2 and IL-1 were elevated during RT over Pre-RT and significantly 256 

associated with increased GU toxicity [10]. A significant association between levels of TGF-257 

β1 and development of RT-induced fibrosis was also observed in breast cancer patients [37]. 258 

Furthermore, levels of TGF-β1 were elevated in patients during RT, who developed RT-259 

induced lung toxicity (RILT) [38]. This clinical study also agrees with other clinical studies 260 

that elevated cytokine expression post-RT was associated with RT-induced lung toxicity [39-261 

42]. In our clinical study, levels of pro-inflammatory TNF-α and IL-6 increased after RT and 262 

they were associated with the higher probability for GU toxicity. However, the level of anti-263 

inflammatory TGF-β1 was found to be inversely proportional to GU toxicity in our study in 264 

contrast to previous studies. However, we did not find any significance difference.  265 

RT treatment for PC also exposes a portion of the lower GI tract to ionizing radiation and 266 

therefore carries a risk of GI toxicity. Modifications of intestinal motility and peristalsis such 267 

as high stool frequency, loose stools and rectal urgency can greatly affect the quality of life of 268 

PC patients [43]. A previous study reported that increased level of pro-inflammatory IL-6 269 

was associated with a higher probability for acute GI toxicity; however, it did not find any 270 

significant difference [10]. Moreover, levels of pro-inflammatory TNF-α were elevated in 271 

patients who had GI symptoms [29]. Another study also reported that an elevated level of 272 

pro-inflammatory IL-1 was associated with an increased probability of GI toxicity [44]. In the 273 

current study, levels of pro-inflammatory TNF-α and IL-6 were also increased and associated 274 

with a higher probability for acute GI toxicity. On the other hand, again level of anti-275 

inflammatory TGF-β1 was found to be inversely proportional to GI toxicity in our study in 276 

sharp contrast to the former studies. However, there was no statistically significant 277 

association between cytokine levels and severity of acute GI toxicity. 278 



The clinical study reported here is proposed to be investigative and to guide future larger 279 

trials. We observed that levels of pro-inflammatory cytokines TNF-α and IL-6 were increased 280 

and anti-inflammatory TGF-β1 decreased after prostate IMRT. Noticeably, we have found a 281 

promising association between altered levels of cytokines and acute GU and GI toxicity, 282 

although our results are not statistically significant, likely due to limited sample size. Further 283 

studies are clearly needed to attribute the altered (increased/decreased) levels of pro-284 

inflammatory TNF-α, IL-6 and anti-inflammatory TGF-β1 cytokines in PC patients as a 285 

biomarker of malignancy and RT-induced toxicity.   286 

 287 

5. Conclusion  288 

In this clinical observation study, a trend towards increased pro-inflammatory cytokine 289 

levels with increased acute GU and GI toxicity was observed, though the difference was not 290 

statistically significant, likely due to limited sample size. Further studies with larger cohorts 291 

are needed, especially to establish the relationship between levels of pro-inflammatory TNF-292 

α, IL-6 and anti-inflammatory TGF-β1 cytokines and acute RT-induced toxicity. 293 

 294 

Declarations 295 

Ethics approval and consent to participate 296 

All participants were informed of the tentative nature of this observation clinical study and 297 

signed informed consent forms prior to their inclusion in this study. This clinical study has 298 

been approved by the Human Research and Ethics Committee (HREC: 2015-2385) of the 299 

Northern Territory (NT) and the Department of Health and Menzies School of Health 300 

Research. The research team collected previous prostate tissue biopsies, blood samples at 301 

different time points during RT treatment. Medical and pathology records from Royal Darwin 302 



Hospital (RDH) and Alan Walker Cancer Care Centre (AWCCC) were interviewed during 303 

this study. 304 

 305 

Competing interests 306 

The authors declare that they have no competing interests. 307 

 308 

Authors’ contributions 309 

Conception and design: JS, SSS, TT and PDI 310 

Clinical data and samples collection: JS, HD, AL, TT and PDI  311 

Analysis of experimental data: JS, SSS and KA 312 

Drafting of the article or critical revision: All authors 313 

Final approval of the article: All authors 314 

 315 

Acknowledgements 316 

This clinical study was supported by College of Health and Human Sciences, Charles 317 

Darwin University, Australia. The authors would also like to acknowledge AWCCC, RT 318 

technicians for their support in blood sampling and clinical data collection for this study, and 319 

the patients who gave their time so freely to participate in this study. 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 



References 328 

[1] F. Bray, J. Ferlay, I. Soerjomataram, et al., Global cancer statistics 2018: 329 
GLOBOCANestimates of incidence and mortality worldwide for 36 cancers in 185 330 

countries, Cancer J. Clin. 68 (2018) 394-424. 331 
[2] J. Ferlay, M. Colombet, I. Soerjomataram, et al., Estimating the global cancer incidence 332 

and mortality in 2018: GLOBOCAN sources and methods, Int. J. Cancer 144 (2019) 333 
1941-1953. 334 

[3] A.M. Nichol, P. Warde, R.G. Bristow, Optimal treatment of intermediate-risk prostate 335 
carcinoma with radiotherapy: clinical and translational issues, Cancer 104 (2005) 891-336 

905. 337 
[4] S. De Langhe, K. De Ruyck, P. Ost, et al., Acute radiation-induced nocturia in prostate 338 

cancer patients is associated with pretreatment symptoms, radical prostatectomy, and 339 
genetic markers in the TGFβ1 gene, Int. J. Radiat. Oncol. Biol. Phys. 85 (2013) 393-399. 340 

[5] C.J. Furst, Radiotherapy for cancer. Quality of life, Acta oncologica (Stockholm, Sweden) 341 
35 Suppl 7 (1996) 141-8. 342 

[6] F.J. Berkey, Managing the adverse effects of radiation therapy, Am. Fam. Physician 82 343 

(2010) 381-8, 394. 344 
[7] B.A. Jereczek-Fossa, D. Zerini, C. Fodor, et al., Correlation between acute and late 345 

toxicity in 973 prostate cancer patients treated with three-dimensional conformal external 346 
beam radiotherapy, Int. J. Radiat. Oncol. Biol. Phys. 78 (2010) 26-34. 347 

[8] M.J. Zelefsky, E.J. Levin, M. Hunt, et al., Incidence of late rectal and urinary toxicities 348 
after three-dimensional conformal radiotherapy and intensity-modulated radiotherapy for 349 

localized prostate cancer, Int. J. Radiat. Oncol. Biol. Phys. 70 (2008) 1124-9. 350 
[9] N. Ohri, A.P. Dicker, T.N. Showalter, Late toxicity rates following definitive radiotherapy 351 

for prostate cancer, Can. J. Urol. 19 (2012) 6373-80. 352 

[10] E. Christensen, M. Pintilie, K.R. Evans, et al.. Bristow, Longitudinal cytokine expression 353 
during IMRT for prostate cancer and acute treatment toxicity, Clin. Cancer Res. 15 354 

(2009) 5576-83. 355 
[11] A. Deorukhkar, S. Krishnan, Targeting inflammatory pathways for tumor 356 

radiosensitization, Biochem. Pharmacol. 80 (2010) 1904-14. 357 
[12] G.E. Steiner, M.E. Newman, D. Paikl, et al., Expression and function of pro-358 

inflammatory interleukin IL-17 and IL-17 receptor in normal, benign hyperplastic, and 359 
malignant prostate, Prostate 56 (2003) 171-82. 360 

[13] T. Poutahidis, V.P. Rao, W. Olipitz, et al., CD4+ lymphocytes modulate prostate cancer 361 
progression in mice, Int. J. Cancer 125 (2009) 868-78. 362 

[14] D.J. George, S. Halabi, T.F. Shepard, et al., The prognostic significance of plasma 363 
interleukin-6 levels in patients with metastatic hormone-refractory prostate cancer: 364 
results from cancer and leukemia group B 9480, Clin. Cancer Res. 11 (2005) 1815-20. 365 

[15] C.E. Rube, J. Palm, M. Erren, et al., Cytokine plasma levels: reliable predictors for 366 
radiation pneumonitis?, PloS One 3 (2008) e2898. 367 

[16] S. Siva, M. MacManus, T. Kron, et al., A pattern of early radiation-induced 368 

inflammatory cytokine expression is associated with lung toxicity in patients with non-369 
small cell lung cancer, PloS One 9 (2014) e109560. 370 

[17] D.E. Citrin, Y.J. Hitchcock, E.J. Chung, et al., Determination of cytokine protein levels 371 
in oral secretions in patients undergoing radiotherapy for head and neck malignancies, 372 

Radiat. Oncol. 7 (2012) 64. 373 
[18] T.L. McDonald, A.Y. Hung, C.R. Thomas, et al., Localized External Beam Radiation 374 

Therapy (EBRT) to the Pelvis Induces Systemic IL-1Beta and TNF-Alpha Production: 375 



Role of the TNF-Alpha Signaling in EBRT-Induced Fatigue, Radiat. Res. 185 (2016) 4-376 

12. 377 
[19] E.B. Holliday, N.F. Dieckmann, T.L. McDonald, et al., Relationship between fatigue, 378 

sleep quality and inflammatory cytokines during external beam radiation therapy for 379 

prostate cancer: A prospective study, Radiother. Oncol. 118 (2016) 105-11. 380 
[20] P. Rubin, C.J. Johnston, J.P. Williams, et al., A perpetual cascade of cytokines 381 

postirradiation leads to pulmonary fibrosis, Int. J. Radiat. Oncol. Biol. Phys. 33 (1995) 382 
99-109. 383 

[21] A.V. D'Amico, R. Whittington, S.B. Malkowicz, et al., Biochemical outcome after 384 

radical prostatectomy, external beam radiation therapy, or interstitial radiation therapy 385 
for clinically localized prostate cancer, JAMA 280 (1998) 969-74. 386 

[22] P. Rodrigues, A. Meller, J.C. Campagnari, et al., International Prostate Symptom Score--387 
IPSS-AUA as discriminat scale in 400 male patients with lower urinary tract symptoms 388 
(LUTS), Int. Braz. J. Urol. 30 (2004) 135-41. 389 

[23] X. Li, D. Fang, M.R. Cooperberg, et al., Long-term follow-up of International Prostate 390 
Symptom Score (IPSS) in men following prostate brachytherapy, World J. Urol. 32 391 

(2014) 1061-6. 392 
[24] P. Chang, K.M. Szymanski, R.L. Dunn, et al., Expanded prostate cancer index 393 

composite for clinical practice: development and validation of a practical health related 394 
quality of life instrument for use in the routine clinical care of patients with prostate 395 

cancer, J. Urol. 186 (2011) 865-72. 396 
[25] J.T. Wei, R.L. Dunn, M.S. Litwin, et al., Development and validation of the expanded 397 

prostate cancer index composite (EPIC) for comprehensive assessment of health-related 398 
quality of life in men with prostate cancer, Urol. 56 (2000) 899-905. 399 

[26] I.M. Thompson, C.M. Tangen, J. Paradelo, et al., Adjuvant radiotherapy for 400 

pathologically advanced prostate cancer: A randomized clinical trial, JAMA 296 (2006) 401 
2329-2335. 402 

[27] A.V. D'Amico, J. Manola, M. Loffredo, et al., 6-month androgen suppression plus 403 

radiation therapy vs radiation therapy alone for patients with clinically localized prostate 404 

cancer: A randomized controlled trial, JAMA 292 (2004) 821-827. 405 
[28] N. Bedini, A. Cicchetti, F. Palorini, et al., Evaluation of Mediators Associated with the 406 

Inflammatory Response in Prostate Cancer Patients Undergoing Radiotherapy, Dis. 407 
Markers 2018 (2018) 9128128. 408 

[29] S.R. Dirksen, K.F. Kirschner, M.J. Belyea, Association of symptoms and cytokines in 409 
prostate cancer patients receiving radiation treatment, Biol. Res. Nurs. 16 (2014) 250-7. 410 

[30] R.M. Johnke, J.M. Edwards, M.J. Evans, et al., Circulating cytokine levels in prostate 411 
cancer patients undergoing radiation therapy: influence of neoadjuvant total androgen 412 
suppression, In Vivo 23 (2009) 827-33. 413 

[31] M.D. Hurwitz, P. Kaur, G.M. Nagaraja, et al., Radiation therapy induces circulating 414 
serum Hsp72 in patients with prostate cancer, Radiother. Oncol. 95 (2010) 350-358. 415 

[32] N. Tanji, T. Kikugawa, T. Ochi, et al., Circulating Cytokine Levels in Patients with 416 

Prostate Cancer: Effects of Neoadjuvant Hormonal Therapy and External-beam 417 
Radiotherapy, Anticancer Res. 35 (2015) 3379-83. 418 

[33] A. Pollack, G.K. Zagars, G. Starkschall, et al., Prostate cancer radiation dose response: 419 
results of the M. D. Anderson phase III randomized trial, Int. J. Radiat. Oncol. Biol. 420 

Phys.  53 (2002) 1097-105. 421 
[34] B.A. Jereczek-Fossa, R. Orecchia, Evidence-based radiation oncology: definitive, 422 

adjuvant and salvage radiotherapy for non-metastatic prostate cancer, Radiother. Oncol. 423 
84 (2007) 197-215. 424 



[35] V. Stankovic, Z. Dzamic, T. Pekmezovic, et al., Acute and Late Genitourinary Toxicity 425 

after 72 Gy of Conventionally Fractionated Conformal Radiotherapy for Localised 426 
Prostate Cancer: Impact of Individual and Clinical Parameters, Clin. Oncol. 28 (2016) 427 
577-86. 428 

[36] P. Davidovich, C.J. Kearney, S.J. Martin, Inflammatory outcomes of apoptosis, necrosis 429 
and necroptosis, Biol. Chem. 395 (2014) 1163-71. 430 

[37] D.L. Boothe, S. Coplowitz, E. Greenwood, et al., Transforming growth factor beta-1 431 
(TGF-beta1) is a serum biomarker of radiation induced fibrosis in patients treated with 432 
intracavitary accelerated partial breast irradiation: preliminary results of a prospective 433 

study, Int. J. Radiat. Oncol. Biol. Phys.  87 (2013) 1030-6. 434 
[38] M.H. Stenmark, X.W. Cai, K. Shedden, et al., Combining physical and biologic 435 

parameters to predict radiation-induced lung toxicity in patients with non-small-cell lung 436 
cancer treated with definitive radiation therapy, Int. J. Radiat. Oncol. Biol. Phys. 84 437 
(2012) e217-22. 438 

[39] P. Okunieff, Y. Chen, D.J. Maguire, et al., Molecular markers of radiation-related 439 
normal tissue toxicity, Cancer Met. Rev. 27 (2008) 363-74. 440 

[40] J.P. Hart, G. Broadwater, Z. Rabbani, et al., Cytokine profiling for prediction of 441 
symptomatic radiation-induced lung injury, Int. J. Radiat. Oncol. Biol. Phys. 63 (2005) 442 
1448-1454. 443 

[41] L. Zhao, K. Sheldon, M. Chen, et al., The predictive role of plasma TGF-beta1 during 444 

radiation therapy for radiation-induced lung toxicity deserves further study in patients 445 
with non-small cell lung cancer, Lung Cancer 59 (2008) 232-9. 446 

[42] K. Fleckenstein, B. Gauter-Fleckenstein, I.L. Jackson, et al., Using biological markers to 447 
predict risk of radiation injury, Semi. Radiat. Oncol. 17 (2007) 89-98. 448 

[43] V. D'Avino, G. Palma, R. Liuzzi, et al., Prediction of gastrointestinal toxicity after 449 

external beam radiotherapy for localized prostate cancer, Radiat. Oncol. 10 (2015) 80. 450 
[44] C.J. Kovacs, B.M. Daly, M.J. Evans, et al, Cytokine profiles in patients receiving wide-451 

field + prostate boost radiotherapy (xRT) for adenocarcinoma of the prostate, Cytokine 452 

23 (2003) 151-63. 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 



 465 

 466 


