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Abstract

Background: Previous studies have noted the incidence of radiation-induced sarcomas (RIS) but 

have not investigated the relative risk (RR) of developing RIS based on primary tumor organ 

disease site. By examining data from the Surveillance, Epidemiology, and End Results (SEER) 

database, we hypothesized that breast cancer would have a higher incidence of RIS compared to 

seventeen other primary cancer sites.

Methods: This was a retrospective cohort study that examined patients from SEER registries 

between 1973 and 2013. We included patients aged 18 years or older who were diagnosed with 

cancer and those diagnosed with a cancer who subsequently developed a sarcoma. We excluded 

patients with missing information on initial radiotherapy treatment or stage. RIS was defined as 

those who developed a secondary sarcoma near the site of their original malignancy and after a 24-

month latency period.

Results: Our patients had a mean age of 60 years and follow up time of 9.2 years. Breast cancer 

comprised the majority with 693,701(36.8%) patients of which 161 (0.02%) had a secondary 
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sarcoma. Of the 359 patients with secondary sarcomas, 242 (67.4%) had RIS. Breast cancer had 

the highest number of RIS patients at 126 compared to all combined non-breast cancer sites at 

116. The RR of RIS in breast cancer versus 19 other primary cancer sites was 1.21 (CI: 1.01–1.45, 

p < 0.03, adjusted for age at primary diagnosis, gender, and latency).

Conclusions: Our study demonstrated that breast cancer has a higher risk of developing RIS 

compared to other solid cancers.
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1. Introduction

Radiation-induced sarcoma (RIS) is a rare iatrogenic malignancy occurring after 

radiotherapy that carries a poor prognosis with a 5-year overall-free survival rates ranging as 

low as 32% to as high as 58% compared to sporadic soft tissue sarcomas [1,2]. RIS are hard 

to treat as they occur in previously treated areas and are difficult to resect [3]. The diagnosis 

of a RIS is usually clinical and based on three guiding principles that have not significantly 

changed since the late 1940s: 1) Antecedent history of radiation exposure before 

development of sarcoma, 2) Development of sarcoma in or near the field or radiation, and 3) 

Sarcoma diagnosis confirmed by histology, which differs from the primary cancer [4].

Previous studies have investigated the incidence of all secondary cancers due to radiotherapy 

using data from the Surveillance, Epidemiology, and End Results Program (SEER) and have 

noted that less than 10% of secondary cancers may be due to radiation therapy. However, 

incidence of RIS in a contemporary population-based cohort has not been noted [5]. 

Interestingly, upon review of RIS cases, a majority are found in breast cancer patients [2,6]. 

In the United States, it is estimated that 252,710 women in 2017 will be diagnosed with 

invasive breast cancer [7]. Approximately half of these patients will receive radiation therapy 

during their treatment for stage I-IV breast cancer [8]. We hypothesized that breast cancer 

would have a higher incidence of RIS compared to seventeen other primary cancer sites in a 

large series spanning forty years.

2. Methods

2.1. Data Source

This study was approved by the institutional review board of the University of Southern 

California (#HS-14–00512). Patients were obtained from the SEER*Stat Databases 

specifically using Incidence - SEER 18 Regs Research Data + Hurricane Katrina Impacted 

Louisiana Cases, Nov 2015 Sub (1973–2013, version April 2016). The index record selected 

to obtain specific data sets for each primary cancer were: Age at Diagnosis. Age recode with 

<1 year olds = '15–19 years','20–24 years','25–29 years','30–34 years','35–39 years ','40–44 

years','45–49 years','50–54 years','55–59 years ','60–64 years','65–69 years','70–74 

years','75–79 years','80–84 years'; Race, Sex, Year Dx, Registry, County, Year of diagnosis} 

= '1973–2013'; Multiple Primary Fields, Sequence number} = '1st of 2 or more primaries'; 
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Site and Morphology, Primary Site - labeled; Cause of Death (COD) and Follow-up, 

Survival months = 24–491; Stage - LRD (Summary and Historic), SEER historic stage A = 

'In situ', Ľocalized', 'Regional'; and Site and Morphology, Site recode ICD-O-3/WHO 2008. 

To obtain secondary sarcomas we selected the above index record in addition to selecting the 

following: Multiple Primary Fields. Sequence number = '2nd of 2 or more primaries'; Site 

and Morphology. Primary Site - labeled = 'C49.4-Conn, subcutaneous, other soft tis: abdo-

men','C49.5-Conn, subcutaneous, other soft tis: pelvis'; and Site and Morphology. Site 

recode ICD-O-3/WHO 2008} = 'Soft Tissue including Hearť.

2.2. Study cohort

The present analysis was limited to adult patients aged 18 or older who were diagnosed with 

a first solid cancer reported in the SEER registry between January 1, 1973-December 31, 

2013. Nineteen primary cancer sites routinely treated with radiotherapy were included: 

abdomen, anal, brain, breast, cervical, eye, head, larynx, lung, nonHodgkin lymphoma 

(NHL), pelvis, pharynx, prostate, rectal, salivary, testicular, thorax, thyroid, and uterine. 

Patients with only local or regional SEER historic stage were included. Exclusion of 

missing, unstaged, and distant staged cancers eliminated all NHL cases from our analytical 

cohort. Since the Ann Arbor Staging criteria are used to stage NHL, it was difficult to make 

comparisons to solid cancers which utilize a different staging system. For brain 

malignancies, only primary sites frontal lobe, parietal lobe, temporal lobe, occipital lobe, 

cerebellum, and brain stem were included in the analysis; the staging for these tumors was 

treated as localized. Patients were further classified according to whether or not they 

received any radiation sequence with surgery or radiation therapy, including external beam, 

radioactive implants, radioisotopes, NOS method, combination radiotherapy, or other. 

Patients with unknown or missing data for radiation therapy were excluded.

Secondary sarcoma data were collected only for patients in the first course of treatment for 

their first malignancy. Patients whose second malignancy was less than 24 months from their 

primary cancer (as determined by survival months) were excluded from the present analysis. 

The lag time to developing RIS is debated to be as early as six months post-radiation to as 

long as five years [4,9]. For our study, we chose to have a latency of 2 years for the 

development of RIS as several studies have used this criterion [2,10–13]. Although sarcomas 

developing within six months of radiation therapy have been reported, they are extremely 

rare [14].

Inclusion criteria for secondary sarcoma were: 1) patients aged 18 years or older; 2) 

diagnosis of a first primary invasive solid cancer defined by the International Classification 

of Diseases for Oncology 3rd Edition (ICD-O-3) codes; 3) diagnosis of a second primary 

soft tissue sarcoma defined by ICD-O-3 codes; 4) occurrence of secondary sarcoma around 

primary tumor site defined by ICD-O-3 codes 5) SEER historic stage A (in situ, localized, 

and regional); 6) follow-up survival of greater than 24 months; 7) year of diagnosis between 

1973–2013. Exclusion criteria were: 1) incomplete staging; 2) missing information on initial 

treatment with radiotherapy.
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2.3. Statistical analysis

Basic descriptive statistics were used to summarize the data. Results were reported as 

proportions or means for categorical or numerical data, respectively, by both primary cancer 

site and by radiotherapy vs. no radiotherapy. Differences in patient characteristics between 

the radiotherapy vs. no radiotherapy groups were calculated by chi-squared test or Fisher's 

exact test, as appropriate. The follow-up time for the incidence of secondary sarcoma was 

calculated by subtracting the survival months from the second cancer from the survival 

months of the primary cancer. For patients who had more than two cancers, data from only 

the second cancer was used to avoid potential bias or lack of attributability.

Due to the low number of secondary sarcomas observed and taking into consideration the 

primary research objective, primary cancer sites were further classified into breast vs. "non-

breast" in order to have sufficient statistical power for calculation of appropriate relative 

risks (RR). The analytical cohort was further restricted to patients who developed a 

secondary sarcoma; based on the selection methods for secondary sarcoma from the SEER 

registry, patients who received radiation therapy for their primary cancer and later developed 

a secondary sarcoma (after 24 months) were classified as having RIS in the present analysis. 

Differences in the proportion of observed sarcomas in the RIS vs. no RIS groups were 

compared by Fisher's exact test, stratified by both primary cancer sites and by breast vs. non-

breast primary site groups.

A modified multivariate Poisson regression analysis using robust error variance was 

conducted to estimate the RR and 95% confidence interval (CI) of RIS as these are rare 

events within a large population and accounts for bias of different treatments over time. 

Results are reported by both primary cancer site and by breast vs. non-breast primary site 

groups. Variables found to be significantly different between RIS groups in the univariate 

analyses using Fisher's exact test were included in a multivariable model evaluating the RR 

of RIS in patients initially treated with RT for breast cancer (compared to other cancers 

combined), adjusted for any confounding variables.

A two-sided p-value <0.05 was considered significant. All statistical analyses were 

performed using SAS version 9.4 (SAS Institute, Inc., Cary, NC).

3. Results

3.1. Patients characteristics

A total of 2,031,963 patients were identified for analysis through SEER. We excluded 9567 

patients with unstaged primary brain cancers, and 2900 patients did not meet the age criteria 

(18 years or older). We excluded 18,282 patients with distant, unstaged, or missing SEER 

historic stage, and 39,956 patients were excluded for unknown or missing radiation therapy. 

Patients with a secondary cancer occurring within 24 months of their primary diagnosis were 

additionally excluded from the final analytical sample, yielding a total of 1,884,469 patients 

meeting inclusion/exclusion criteria. Fig. 1 depicts a detailed flow chart for the analytical 

cohort selection process.
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Among the 1,884,469 patients meeting our inclusion/exclusion criteria, only 359 (0.02%) 

were diagnosed with a second sarcoma (Table 1). Of those 359 patients with secondary 

sarcoma, 242 (0.01%) fit the criteria for radiation-induced sarcoma. The mean age at 

diagnosis for a primary cancer was 60 years and the average follow-up time was 

approximately 9.4 years. Approximately 43.0% of the study cohort received radiotherapy 

(Table 1). Patients who did and did not receive radiotherapy had comparable patient and 

cancer characteristics (Table 2).

3.2. Radiation induced sarcoma characteristics

In comparing patients with secondary sarcoma in RIS versus no RIS groups (Table 3), no 

significant differences were observed in terms of year of first diagnosis, race, or cancer 

stage. However, there were several differences. Patents with RIS were more likely to be 

between the ages of 45–74 years of age at first diagnosis (33.5% vs. 29.9% for ages 45–59, 

42.6% vs. 33.3% for ages 60–74, and 8.3% vs. 17.1% first diagnosed over age 75; p = 0.04). 

Females were more likely to develop RIS (71.1% vs. 53.0%; p < 0.001), and patients with 

RIS tended to have a greater latency period (74.8% vs. 59.8% with a latency period ≥5 

years; p = 0.02).

3.3. Frequency of radiation induced sarcoma

An overall RIS rate of 0.02% was observed for breast cancer patients (Table 1). Comparing 

individual non-breast cancer sites, the RR of RIS was increased for anal, brain, larynx, and 

pharyngeal cancer sites compared to breast cancer, while the RR of RIS was decreased for 

uterine cancer compared to breast cancer. No patients who had a primary cancer of the eye 

later developed a secondary sarcoma. However, these RR values have limited interpretation 

given the small number of RIS events within each primary cancer group, excluding breast 

cancer. All results are detailed in Table 4 and 5.

4. Discussion

Elucidating risk factors for the development of RIS has historically been difficult given its 

rare occurrence. Also, RIS tumors are aneuploid and have complex genomics making it a 

challenging disease to understand [15]. Our group has previously evaluated evidence-based 

practices for RIS and found no prospective, randomized trials on RIS of the breast. Thus 

high-quality evidence on RIS is lacking [16]. The SEER database is advantageous to 

studying RIS as it contains a large cancer population with well-documented follow-up times 

[17,18]. Our study used the most recent version of SEER to determine if breast cancer 

patients had an increased risk for RIS. We found that the RR of developing RIS in breast 

cancer, after adjusting for differences in age at primary diagnosis, gender, and latency, was 

1.21 (95% CI: 1.01–1.45) times that of the risk for non-breast cancers. Prior studies have 

found a slightly higher RR for developing sarcomas in breast cancer patients. For example, a 

study examining 13,490 patients in the Swedish Cancer Registry had an RR of 2.2 (CI 95% 

1.3–3.4) for the development of secondary soft tissue sarcoma in breast cancer patients [19]. 

Another study found that the RR of developing angiosarcoma in breast cancer patients after 

radiation therapy was 15.9 (95% CI, 6.6–38.1) and for developing other sarcomas, it was 2.2 

(95% CI 1.4–3.3) [20]. The lower RR found in our study may be due to more stringent 
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inclusion criteria as only secondary sarcomas found in the area of the primary tumor were 

included. In addition, if we were to stratify sarcomas into angiosarcomas versus other soft 

tissue sarcomas, we may have found a larger RR for angiosarcomas.

Overall our study found the incidence of RIS was 0.02% in breast cancer patients. Prior 

investigations estimated the incidence of RIS to be 0.03–0.2%, but there are some estimates 

as high as 0.8% [21,22]. Several studies have examined the rates of RIS specifically in breast 

cancer. Taghian et al. found the cumulative incidence of RIS in breast cancer to be 0.2% at 

10 years, 0.43% at 20 years, and 0.78% at 30 years [23]. Kirova et al. reviewed 16,705 

breast cancer patients and found the cumulative RIS incidence to be 0.07% at 5 years, 0.27% 

at 10 years, and 0.48% at 15 years [24]. Yap et al. investigated the SEER database from 1973 

to 1997 and found the incidence of RIS in breast cancer to be 0.09% at 15 years post-

diagnosis [25]. In comparison to Yap et al., we included data from 1973 to 2013 and found a 

lower RIS incidence than that previous analysis of SEER data. Two explanations could 

account for our lower RIS incidence. First, many RIS studies collected data from academic 

centers, which may inherently have a bias towards accumulating rare cases. Secondly, 

radiation therapy has changed significantly since the 1990s. Before the advent of computed 

tomography simulation and the incorporation of imaging from magnetic resonance imaging 

and positron emission tomography, radiation therapy lacked precise modeling to guide 

therapy [26]. We propose that our analysis, including recent data 15 years beyond the results 

published by Yap et al., captured the effect of new techniques for superior radiation delivery 

and dosing, which have improved patient safety and radiation toxicity [27].

While many studies do not comment on RR, they have calculated standardized incidence 

ratios (SIR). Barrington et al. examined an older version of the SEER database for RIS 

among solid tumors. They found that ovarian cancers had the highest SIR of radiation-

induced soft tissue sarcoma at 6.25, followed by brain and CNS cancers at 3.66, lung and 

bronchus cancers at 3.44, and finally breast at 2.67. For radiation-induced bone sarcomas in 

solid tumor cancers, those with the highest SIR values from highest to lowest were in 

ovarian, brain and CNS, oral cavity and pharynx, cervix uteri, rectum and anus, and thyroid 

[17]. Interestingly, we noticed that anal, brain, larynx and pharynx had increased RR of RIS 

when compared to breast cancer in our study, while prostate and uterine cancers had 

decreased RR of RIS compared to breast cancer. However, these values should be interpreted 

with caution as the absolute number of RIS events for these cancers was low and therefore, 

may not have clinical significance.

Breast cancer patients who developed RIS had an average survival of rate of 36% at 5-years 

after their diagnosis [24]. Thus, it is essential to understand the biological mechanisms 

behind the development of RIS. Prior breast cancer treatment with and without radiation 

therapy is associated with higher rates of soft tissue sarcomas; however, a concrete 

mechanism for sarcoma development is unknown [28,29]. One proposed mechanism for 

radiation carcinogenesis involves: 1) A direct ionizing radiation event leading to the release 

of reactive oxygen species, 2) radiation-induced bystander events (cells not directly hit by 

radiation) that lead to the release of inflammatory mediators, 3) Decrease in DNA repair and 

cell cycle checkpoint from inflammatory mediators, and 4) Cell death and a primary 

instability event that leads to carcinogenesis [30]. Lymphedema, a common complication of 
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cancer, has been linked as a possible risk factor in the development of sarcomas [31,32]. The 

evidence for lymphedema as a risk factor is inconclusive. One study found that upper 

extremity edema was the only risk factor linked to the development of angiosarcoma (AS) 

[19], whereas another found the risk of soft tissues sarcomas including AS increased with 

higher radiation dose and not edema [33]. Particularly interesting is that chronic 

lymphedema can cause chronic inflammation [34], which has been thought to affect 

different stages of cancer development [35,36]. Surgical treatment of breast cancer often 

involves axillary lymph node dissection for node positive disease as is the case for head and 

neck cancers. We found similar rates of RIS (larynx = 0.01%, pharynx = 0.04%, salivary = 

0.04%, compared to breast = 0.02%). However, the numbers of RIS for all other cancer sites 

were too low to compare all individual groups. Another potential explanation for higher rate 

of RIS in breast cancer patients could be age. Women who commonly get breast cancer are 

menopausal at the median age of diagnosis. Several studies showed that estrogen signaling 

affects cellular response to ionizing radiation and tissue injury [37–39]. An obvious 

assumption would be that cancers with higher doses of radiation should have a higher 

number of RIS (i.e. lung or head and neck) which we did not see in our analysis. Thus, 

radiation dose may not matter that much as a driving factor for RIS development in breast 

cancer as the typical Gy dose is 40, whereas the other had doses of 50–60 Gy. However, our 

data was taken from the 1970s to the present time. Radiation doses and technique have 

changed significantly, and SEER does not report these variables with fine detail, therefore it 

was not possible to test for this assumption.

Thus, the development of RIS in breast cancer is likely multifactorial with radiation and 

treatments causing lymphedema all playing a role at increasing patients' risk for soft tissue 

sarcomas.

There were several limitations to this study regarding the use of the SEER database. First, 

SEER does not record information about germline mutations. Several hereditary cancer 

syndromes (i.e. Li-Fraumeni, retinoblastoma, Nijmegen breakage syndrome) and defects in 

DNA-repair mechanisms (e.g. BRCA1) have been suggested to play a role in the 

pathogenesis of RIS [40–43]. While RB1 and TP53 alterations have been found to be higher 

in RIS than in sporadic sarcomas [44,45], germline p53-mutations appear to be overall rare 

in most sarcomas [46]. Kadouri et al. found that BRCA or p53 mutations ultimately did not 

increase the risk of RIS and concluded they should not be considered in risk stratification of 

breast cancer patients receiving radiation therapy [47]. Although data on the genetics of RIS 

exist, this line of research is in its early stages [48]. Hence, to our knowledge studies on RIS 

did not include mutations to distinguish these lesion from other secondary sarcomas 

[20,49,50]. Given that the strength of a SEER analysis is the large population, the limitation 

is that variables not tracked by SEER such as genetic testing cannot be controlled for in this 

analysis. However, the vast majority of RIS patients would not be expected to carry a 

deleterious gene mutation in a tumor suppressor gene based on what is currently known 

from the population genetics of RIS. Therefore, the impact of germline mutations on this 

data analysis is unlikely to change the main study results reporting on the incidence rates for 

each histology. As we enter an age of precision medicine, future investigations may 

determine genetic risk factors for RIS in breast cancer. The incidence rate of RIS in breast 
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cancer patients in our study was 0.02%, which does not indicate an over-abundance of RIS 

cases as would be expected if attribution bias was a significant problem.

Another limitation is that SEER does not provide data on radiation dosing or subsequent 

radiation therapy which is important as studies suggest rates of RIS in adults increase with 

higher doses of radiation [17]. Specifically, in breast cancer patients, those who received 

radiotherapy of greater than 14 Gy had a higher risk of developing a sarcoma [33]. SEER 

does not provide data on radiation fields, but if the data were available, there is likely 

considerable variation in techniques over time given changing methodologies for radiation 

therapy delivery [51]. In addition, SEER only lists whether a patient received chemotherapy 

during their first cancer diagnosis but does not provide chemotherapy regiments or list 

subsequent chemotherapy treatments after the primary diagnosis.

We found that the RR for RIS was higher in anal, brain, cervical, larynx and pharynx. A 

potential explanation could be the fact that chemoradiotherapy is frequently used in the 

treatment of these cancers and often as the first line of therapy [52–55]. The combination of 

radiation and chemotherapy together has been demonstrated to result in higher cumulative 

toxicity leading to an increase in the rate of secondary malignancies, including RIS [56–60]. 

Platinum-based compounds and alkylating agents have been associated with secondary 

cancers, although not specifically as carcinogens in sarcomas [61,62]. Another contributing 

factor could be that higher cumulative radiation doses correlate with higher rates of 

secondary cancers. Kuttesch et al. did not observe any secondary sarcomas in patients 

receiving less than 48 Gy [63], while Rubino et al. observed that a 30.6 higher risk for 

sarcomas for doses greater than 44 Gy compared to doses of less than 15 Gy [33]. For most 

cancers with a higher RR for RIS in our analysis (i.e. anal, brain, cervical, head and neck) 

radiation doses are > 45 Gy and may exceed 80 Gy. Schonfeld et al. found that increase 

incidence of secondary soft tissue sarcoma was highest for breast cancer as primary cancer 

in young adulthood cancer survivors [64]. Although they did not focus on RIS, they found 

the highest incidence rate after chemoradiotherapy compared to radiation or chemotherapy 

alone, acknowledging limited availability of detailed information as data available through 

SEER regarding drugs, doses, schedules (initial treatment only) and overlap with 

radiotherapy is limited. Furthermore, radiations doses, techniques and treatment modalities 

have changed substantially for all cancer types.

Lastly, given our small numbers of secondary sarcomas for non-breast cancers, it is difficult 

to conclude the importance or compare the RR of RIS for other primary cancer sites. SEER 

also does not provide detailed information about the site of cancers so our study may 

underestimate the incidence of RIS as we included secondary sarcomas found at the site of 

primary cancer based upon SEER documentation. Our study confirms that breast cancer 

patients are more likely to

Our study confirms that breast cancer patients are more likely to develop RIS compared to 

most non-breast cancers (excluding NHL). Using SEER data from 45 years of follow-up, 

including current data of the past 15 years not included in previous studies, we found a lower 

incidence rate which we attributed to technical and safety advances in radiation therapy. 

Further studies need to confirm our finding and delineate other RIS risk factors to better 
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stratify those receiving radiation therapy, especially patients with breast cancer, to decrease 

rates of these deadly cancers.

Acknowledgments

Funding

The project described was supported in part by award number P30CA014089 from the National Cancer Institute. 
The statistical analysis was supported by grants UL1TR001855 and UL1TR000130 from the National Center for 
Advancing Translational Science (NCATS) of the U. S. National Institutes of Health. The content is solely the 
responsibility of the authors and does not necessarily represent the official views of the National Cancer Institute or 
the National Institutes of Health.

References

[1]. Bjerkehagen B, Smstuen MC, Hall KS, Skjeldal S, Smeland S, Foss SD, Why do patients with 
radiation-induced sarcomas have a poor sarcoma-related survival, Br. J. Cancer (2012).

[2]. Gladdy RA, et al., Do radiation-associated soft tissue sarcomas have the same prognosis as 
sporadic soft tissue sarcomas? J. Clin. Oncol (2010).

[3]. Kim KS, et al., Radiation-induced sarcoma: a 15-year experience in a single large tertiary referral 
center, Cancer Res. Treat. (2016).

[4]. Cahan WG, Woodard HQ, Higinbotham NL, Stewart FW, Coley BL, Sarcoma in irradiated bone. 
Report of eleven cases, Cancer (1948).

[5]. De Gonzalez AB, et al., Proportion of second cancers attributable to radiotherapy treatment in 
adults: a cohort study in the US SEER cancer registries, Lancet Oncol. (2011).

[6]. Sheppard DG, Libshitz HI, Post-radiation sarcomas: a review of the clinical and imaging features 
in 63 cases, Clin. Radiol (2001).

[7]. DeSantis CE, Ma J, Goding Sauer A, Newman LA, Jemal A, Breast cancer statistics, 2017, racial 
disparity in mortality by state, CA Cancer J. Clin (2017).

[8]. Miller KD, et al., Cancer treatment and survivorship statistics, 2016, CA Cancer J. Clin (2016).

[9]. Cha C, et al., Long-term results with resection of radiation-induced soft tissue sarcomas, Ann. 
Surg. (2004).

[10]. Laskin WB, Silverman TA, Enzinger FM, Postradiation soft tissue sarcomas: an analysis of 53 
cases, Cancer (1988).

[11]. Bjerkehagen B, et al., Radiation-induced sarcoma: 25-Year experience from the Norwegian 
Radium Hospital, Acta Oncol. (Madr) (2008).

[12]. Brady MS, Gaynor JJ, Brennan MF, Radiation-associated sarcoma of bone and Soft tissue, Arch. 
Surg (1992).

[13]. Bjerkehagen B, Smastuen MC, Hall KS, Skjeldal S, Smeland S, Fossa SD, Why do patients with 
radiation-induced sarcomas have a poor sarcoma-related survival? Br. J. Cancer 106 (2) (2012) 
297–306. [PubMed: 22173669] 

[14]. Chahin F, et al., Angiosarcoma of the breast following breast preservation therapy and local 
radiation therapy for breast cancer, Breast J (2001).

[15]. Lang J, et al., Characterization of a novel radiation-induced sarcoma cell line, J. Surg. Oncol 
(2015).

[16]. Sheth GR, Cranmer LD, Smith BD, Grasso-LeBeau L, Lang JE, Radiation-Induced sarcoma of 
the breast: a systematic review, Oncologist (2012).

[17]. Berrington de Gonzalez A, Kutsenko A, Rajaraman P, Sarcoma risk after radiation exposure, 
Clin. Sarcoma Res (2012).

[18]. Duggan MA, Anderson WF, Altekruse S, Penberthy L, Sherman ME, The surveillance, 
epidemiology, and end results (SEER) program and pathology, Am. J. Surg. Pathol. (2016).

[19]. Karlsson P, Holmberg E, Johansson KA, Kindblom LG, Carstensen J, Wallgren A, Soft tissue 
sarcoma after treatment for breast cancer, Radiother. Oncol (1996).

Snow et al. Page 9

Cancer Epidemiol. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[20]. Huang J, Mackillop WJ, Increased risk of soft tissue sarcoma after radiotherapy in women with 
breast carcinoma, Cancer (2001).

[21]. Mark RJ, Poen J, Tran LM, Fu YS, Selch MT, Parker RG, Postirradiation sarcomas. A single-
institution study and review of the literature, Cancer (1994).

[22]. Patel SR, Radiation-induced sarcoma, Curr. Treat. Options Oncol. (2000).

[23]. Taghian A, et al., Long-term risk of sarcoma following radiation treatment for breast cancer, Int. 
J. Radiat. Oncol. Biol. Phys. (1991).

[24]. Kirova YM, Vilcoq JR, Asselain B, Sastre-Garau X, Fourquet A, Radiation-Induced sarcomas 
after radiotherapy for breast carcinoma: a large-scale single-institution review, Cancer (2005).

[25]. Yap J, et al., Sarcoma as a second malignancy after treatment for breast cancer, Int. J. Radiat. 
Oncol. Biol. Phys. (2002).

[26]. Thariat J, Hannoun-Levi JM, Sun Myint A, Vuong T, Gérard JP, Past, present, and future of 
radiotherapy for the benefit of patients, Nat. Rev. Clin. Oncol. (2013).

[27]. Freeman C, Radiation oncology: times of practice change, Curr. Oncol (2007).

[28]. Mery CM, George S, Bertagnolli MM, Raut CP, Secondary sarcomas after radiotherapy for breast 
cancer: sustained risk and poor survival, Cancer (2009).

[29]. Virtanen A, Pukkala E, Auvinen A, Incidence of bone and soft tissue sarcoma after radiotherapy: 
a cohort study of 295,712 Finnish cancer patients, Int. J. Cancer (2006).

[30]. Burtt JJ, Thompson PA, Lafrenie RM, Non-targeted effects and radiation-induced carcinogenesis: 
a review, J. Radiol. Prot (2016).

[31]. Stewart FW, Treves N, Lymphangiosarcoma in postmastectomy lymphedema. A report of six 
cases in elephantiasis chirurgica, Cancer (1948).

[32]. Monroe AT, Feigenberg SJ, Mendenhall NP, Angiosarcoma after breastconserving therapy, 
Cancer (2003).

[33]. Rubino C, et al., Radiation dose and risk of soft tissue and bone sarcoma after breast cancer 
treatment, Breast Cancer Res. Treat. (2005).

[34]. Cucchi F, Rossmeislova L, Simonsen L, Jensen MR, Bülow J, A vicious circle in chronic 
lymphoedema pathophysiology? An adipocentric view, Obes. Rev (2017).

[35]. Grivennikov SI, Greten FR, Karin M, Immunity, inflammation, and Cancer, Cell (2010).

[36]. Rokavec M, Öner MG, Hermeking H,Lnflammation-induced epigenetic switches in cancer, Cell. 
Mol. Life Sci. (2016).

[37]. Magné N, et al., NF-κB modulation and ionizing radiation: mechanisms and future directions for 
cancer treatment, Cancer Lett. (2006).

[38]. Egloff AM, Rothstein ME, Seethala R, Siegfried JM, Grandis JR, Stabile LP, Cross-talk between 
estrogen receptor and epidermal growth factor receptor in head and neck squamous cell 
carcinoma, Clin. Cancer Res. (2009).

[39]. Madani I, De Ruyck K, Goeminne H, De Neve W, Thierens H, Van Meerbeeck J, Predicting risk 
of radiation-induced lung injury, J. Thorac. Oncol (2007).

[40]. De Bree E, Van Coevorden F, Peterse JL, Russell NS, Rutgers EJT, Bilateral angiosarcoma of the 
breast after conservative treatment of bilateral invasive carcinoma: genetic predisposition? Eur. J. 
Surg. Oncol (2002).

[41]. Hisada M, Garber JE, Fung CY, Fraumeni JF, Li FP, Multiple primary cancers in families with 
Li-Fraumeni syndrome, J. Natl. Cancer Inst. (1998).

[42]. Yu CL, et al., Cause-specific mortality in long-term survivors of retinoblastoma, J. Natl. Cancer 
Inst. (2009).

[43]. Pollard JM, Gatti RA, Clinical radiation sensitivity with DNA repair disorders: an overview, Int. 
J. Radiat. Oncol. Biol. Phys. (2009).

[44]. Brachman DG, Hallaban DE, Beckett MA, Yandell DW, Weichselbaum RR, p53 Gene Mutations 
and abnormal retinoblastoma protein in radiation-induced human sarcomas, Cancer Res. (1991).

[45]. Nakanishi H, et al., Mutation of the p53 gene in postradiation sarcoma, Lab. Investig (1998).

[46]. Hartley AL, Birch JM, Blair V, Kelsey AM, Harris M, Jones PHM, Patterns of cancer in the 
families of children with soft tissue sarcoma, Cancer (1993).

Snow et al. Page 10

Cancer Epidemiol. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[47]. Kadouri L, Sagi M, Goldberg Y, Lerer I, Hamburger T, Peretz T, Genetic predisposition to 
radiation induced sarcoma: possible role for BRCA and p53 mutations, Breast Cancer Res. Treat. 
(2013).

[48]. Kim KS, et al., 15-year experience in a single large tertiary referral center, Cancer Res. Treat. 48 
(2) (2016) 650–657. [PubMed: 27004955] 

[49]. Moon K, Stukenborg GJ, Keim J, Theodorescu D, Cancer incidence after localized therapy for 
prostate cancer, Cancer (2006).

[50]. Kendal WS, Eapen L, MacRae R, Malone S, Nicholas G, Prostatic irradiation is not associated 
with any measurable increase in the risk of subsequent rectal cancer, Int. J. Radiat. Oncol. Biol. 
Phys. (2006).

[51]. Gianfaldoni S, Gianfaldoni R, Wollina U, Lotti J, Tchernev G, Lotti T, An overview on 
radiotherapy: from its history to its current applications in dermatology, Open Access Maced. J. 
Med. Sci (2017).

[52]. Steele SR, Varma MG, Melton GB, Ross HM, Rafferty JF, Buie WD, Practice parameters for anal 
squamous neoplasms, Dis. Colon Rectum (2012).

[53]. Blanchard P, et al., Meta-analysis of chemotherapy in head and neck cancer (MACH-NC): a 
comprehensive analysis by tumour site, Radiother. Oncol (2011).

[54]. Wong LC, Ngan HYS, Cheung ANY, Cheng DKL, Ng TY, Choy DTK, Chemoradiation and 
adjuvant chemotherapy in cervical cancer, J. Clin. Oncol. (1999).

[55]. Toita T, et al., Phase II study of concurrent chemoradiotherapy with high-dose-rate intracavitary 
brachytherapy in patients with locally advanced uterine cervical cancer: efficacy and toxicity of a 
low cumulative radiation dose schedule, Gynecol. Oncol. (2012).

[56]. Zhang AY, et al., Chemotherapy with radiotherapy influences time-todevelopment of radiation-
induced sarcomas: a multicenter study, Br. J. Cancer (2017).

[57]. Curtis RE, et al., Risk of leukemia after chemotherapy and radiation treatment for breast Cancer, 
N. Engl. J. Med. (1992).

[58]. Menu-Branthomme A, et al., Radiation dose, chemotherapy and risk of soft tissue sarcoma after 
solid tumours during childhood, Int. J. Cancer (2004).

[59]. Hawkins MM, et al., Radiotherapy, alkylating agents, and risk of bone cancer after childhood 
cancer, J. Natl. Cancer Inst. (1996).

[60]. Tucker MA, et al., Bone sarcomas linked to radiotherapy and chemotherapy in children, N. Engl. 
J. Med. (1987).

[61]. Travis LB, et al., Risk of leukemia after platinum-based chemotherapy for ovarian cancer, N. 
Engl. J. Med. (1999).

[62]. Greenberg PA, Hortobagyi GN, Smith TL, Ziegler LD, Frye DK, Buzdar AU, Long-term follow-
up of patients with complete remission following combination chemotherapy for metastatic 
breast cancer, J. Clin. Oncol (1996).

[63]. Kuttesch JF, et al., Second malignancies after Ewing’s sarcoma: radiation dosedependency of 
secondary sarcomas, J. Clin. Oncol (1996).

[64]. Schonfeld SJ, et al., Risk of second primary bone and soft-tissue sarcomas among young 
adulthood cancer survivors, JNCI Cancer Spectr (2019).

Snow et al. Page 11

Cancer Epidemiol. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Study cohort.
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Table 2

Descriptive statistics of study population stratified by radiotherapy (n = 1,884,469).

Radiotherapy No radiotherapy p-value

n % n %

Total 809,879 43.0% 1,074,590 57.0% –

Secondary sarcoma 242 0.03% 117 0.01% <0.001

Age at first diagnosis, yr

18–44 109,778 13.6% 139,365 13.0%

45–59 250,317 30.9% 339,011 31.6%
<0.001

60–74 344,198 42.5% 437,789 40.7%

75+ 105,586 13.0% 158,425 14.7%

Year of first diagnosis

1973–1998 198,715 24.5% 330,866 30.8%

1999–2003 219,079 27.1% 253,002 23.5%
<0.001

2004– 2007 195,714 24.2% 234,668 21.8%

2008–2011 196,371 24.3% 256,054 23.8%

Female gender 477,563 59.0% 602,036 56.0% <0.001

Race

White 665,435 82.6% 885,342 83.5%

Black 83,098 10.3% 105,649 10.0% <0.001

Other 57,059 7.1% 69,836 6.6%

Stage

Local 348,742 43.0% 521,821 48.6%
<0.001

Regional 461,137 57.0% 552,769 51.4%
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Table 3

Descriptive statistics of final analytical cohort stratified by radiotherapy (n = 359).

RIS No RIS p-value 
a

n % n %

Total 242 67.4% 117 32.6% –

Age at first diagnosis, yr

18–44 38 15.7% 23 19.7%

45–59 81 33.5% 35 29.9%
0.04

60–74 103 42.6% 39 33.3%

75+ 20 8.3% 20 17.1%

Year of first diagnosis

1973–1998 94 38.8% 40 34.2%

1999–2003 97 40.1% 38 32.5%
0.08

2004–2007 36 14.9% 30 25.6%

2008–2011 15 6.2% 9 7.7%

Latency, yr

2– 4 61 25.2% 47 40.2%

5– 9 118 48.8% 44 37.6%
0.02

10–14 43 17.8% 14 12.0%

15+ 20 8.3% 12 10.3%

Female gender 172 71.1% 62 53.0% <0.001

Race

White 201 83.1% 87 74.4%

Black 22 9.1% 16 13.7% 0.15

Other 19 7.9% 14 12.0%

Stage

Local 112 46.3% 65 55.6%

0.12Regional 130 53.7% 52 44.4%

a
By Fisher’s exact test.
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Table 4

Proportion of secondary sarcoma stratified by primary cancer site and radiotherapy.

1st cancer Site Total Secondary Sarcoma Secondary Sarcoma
p-value

a

RT No RT

Abdomen 4 1 (25.0%) 3 (75.0%) >0.99

Anal 3 3 (100.0%) 0 >0.99

Brain 2 2 (100.0%) 0 0.54

Breast 161 126 (78.3%) 35 (21.7%) <0.001

Cervical 17 15 (88.2%) 2 (11.8%) <0.001

Eye 0 – – –

Head 8 3 (37.5%) 5 (62.5%) >0.99

Larynx 3 3 (100.0%) 0 >0.99

Lung 9 3 (33.3%) 6 (66.7%) >0.99

By cancer site Pelvis 10 6 (60.0%) 4 (40.0%) 0.33

Pharynx 4 4 (100.0% 0 >0.99

Prostate b 75 44 (5.7%) 31 (41.3%) <0.001

Rectal 22 14 (63.6%) 8 (36.4%) 0.05

Salivary 6 4 (66.7%) 2 (33.3%) 0.69

Testicular 5 2 (40.0%) 3 (60.0%) >0.99

Thorax 2 1 (50.0%) 1 (50.0%) >0.99

Thyroid 6 1 (16.7%) 5 (83.3%) 0.22

Uterine 22 10 (45.5%) 12 (54.6%) 0.16

All non-breast 198 116 (58.6%) 82 (41.4%)

a
By Fisher’s exact test comparing the incidence of secondary sarcoma by radiation therapy.
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Table 5

Relative risk of RIS by primary cancer site (n = 359).

Primary cancer site Total n % RIS Relative risk (95% CI) p-value

Breast 161 78.3% ref ref

Abdomen 4 25.0% 0.32 (0.06, 1.75) 0.19

Anal 3 100.0% 1.28 (1.18, 1.39) <0.001

Brain 2 100.0% 1.28 (1.18, 1.39) <0.001

Cervical 17 88.2% 1.13 (0.93, 1.37) 0.22

Head 8 37.5% 0.48 (0.20, 1.18) 0.11

Larynx 3 100.0% 1.28 (1.18, 1.39) <0.001

Lung 9 33.3% 0.43 (0.17, 1.08) 0.07

By cancer site
Pelvis 10 60.0% 0.77 (0.46, 1.28) 0.31

Pharynx 4 100.0% 1.28 (1.18, 1.39) <0.001

Prostate 75 58.7% 0.75 (0.61, 0.92) 0.01

Rectal 22 63.6% 0.81 (0.59, 1.13) 0.21

Salivary 6 66.7% 0.85 (0.48, 1.51) 0.58

Testicular 5 40.0% 0.51 (0.17, 1.50) 0.22

Thorax 2 50.0% 0.64 (0.16, 2.56) 0.53

Thyroid 6 16.7% 0.21 (0.04, 1.28) 0.09

Uterine 22 45.5% 0.58 (0.36, 0.92) 0.02

a
Model adjusted for age at primary diagnosis, gender, and latency.
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