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Abstract

Combining the latest targeted biologic agents with the most advanced radiation technologies has 

been an exciting development in the treatment of cancer patients. Stereotactic body radiation 

therapy (SBRT) is an ablative radiation approach that has become established for the treatment of 

a variety of malignancies, and it has been increasingly used in combination with biologic agents, 

including those targeting angiogenesis-specific pathways. Multiple reports have emerged 

describing unanticipated toxicities arising from the combination of SBRT and angiogenesis-

targeting agents, particularly of late luminal gastrointestinal toxicities. In this review, we 

summarize the literature describing these toxicities, explore the biological mechanism of action of 

toxicity with the combined use of antiangiogenic therapies, and discuss areas of future research, so 

that this combination of treatment modalities can continue to be used in broader clinical contexts.

Introduction

Since the recognition of angiogenesis in the 1970s as playing a vital role in tumor growth, a 

process largely dependent on the vascular endothelial growth factor (VEGF) pathway (1), 

multiple antiangiogenic agents have been and are currently being studied in clinical trials, 

and many are now approved for the treatment of colon (2–4), lung (5, 6), brain (7), and 

hepatocellular carcinoma (8, 9); renal cell carcinoma (10); and thyroid carcinoma (11). 

Although these events have shown promising antitumor effect, their efficacy when used as 

monotherapy is limited by adverse effects, acquired resistance (12), and rapid vascular 

regrowth after removal of anti-VEGF therapy (13). As a result, these agents have been 

integrated with conventional cancer therapies, including radiation, to enhance antitumor 

activity.

Serious toxicities from VEGF inhibitors (VEGFIs) were initially unexpected because they 

were believed to interfere with growth factor signaling pathways in proliferating endothelial 

cells but not in the nonproliferating endothelial cells of the established vasculature. 
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However, vascular-related side effects have been observed with the clinical development of 

these agents, including hypertension, hemorrhage, and thromboembolism, and a 1% to 2% 

risk of gastrointestinal (GI) perforation (14). Although several trials have shown that the 

addition of conventionally fractionated radiation therapy to antiangiogenic agents is well 

tolerated (15, 16), there have been reports showing increased luminal GI toxicity with the 

combination (17–19).

The role of stereotactic body radiation therapy (SBRT), also known as stereotactic ablative 

radiation therapy (SABR), has similarly become an area of rapid expansion and active 

investigation. Advances in image guidance, respiratory motion management, and treatment 

planning and delivery systems have enabled SBRTand have resulted in a shift from the 

paradigm of fractionation that was established by radiobiologic experiments in the 1920s. 

SBRT allows the delivery of large doses of radiation, with rapid dose falloff at the periphery 

of the target that has allowed for a significant reduction in the volume of normal tissue 

irradiated. SBRT has rapidly gained acceptance in the treatment of lung (20), liver (21), 

spine (22), kidney (23), and pancreas tumors (24). The indications for SBRT are expanding, 

particularly in the setting of oligometastatic disease (25).

The safety of SBRT, however, is predicated on avoiding organs at risk in the delivery of 

high-dose radiation. Toxicity is a concern when the tumor is in close proximity to sensitive 

GI structures. Dose-dependent GI ulceration and perforation have been reported in patients 

treated with SBRT for abdominal lesions (24, 26) and lesions of the spine and lung (27, 28). 

With increased use of both SBRT and anti-VEGF agents, reports have arisen describing 

unanticipated late luminal GI toxicities when these agents are used in combination, which is 

particularly alarming given that our understanding of normal organ tolerance with SBRT is 

still in its infancy. Improved understanding of this potential risk is critical to preserve the 

safety of both novel treatment modalities and to continue expanding their use in broader 

clinical contexts. In this review, we summarize the available clinical literature describing 

these toxicities associated with combined SBRT and anti-VEGF therapy, explore possible 

biological mechanisms for this potential interaction, and recommend areas of future 

investigation.

Clinical Reports of GI Toxicity With SBRT and Antiangiogenic Agents

Combining radiosensitizing chemotherapy with conventional radiation therapy has long been 

used to enhance treatment efficacy, though with increased treatment morbidity (29). 

Conversely, radiosensitization has not been routinely combined with SBRT, given the high 

rates of local control with SBRT alone, and from concern for an increased risk of toxicity, 

given that normal organ radiation tolerance is poorly understood in the setting of large doses 

per fraction. Given the increasing indications for SBRT and antiangiogenic agents, their 

combined use may be inevitable. However, data have emerged suggesting increased toxicity 

risk when SBRT is combined with antiangiogenic therapy.

To review the literature reporting luminal GI toxicity with SBRT, a PubMed search was 

performed using these terms: VEGF, angiogenic, SBRT, SABR, radiation, radio-surgery, 

gastrointestinal toxicity, and TKI. The search was limited to articles in the English language. 

Pollom et al. Page 2

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2016 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Relevant prospective and retrospective studies that reported ≥grade 3 luminal GI toxicities 

with the use of SBRT and an anti-VEGF agent were selected and are discussed here and 

summarized in Table 1. We contacted study authors for any missing data.

Peters et al (30) reported the case of a woman with renal cell carcinoma who received 8 Gy 

in 1 fraction for a L3–L5 metastasis 5 weeks after the start of sorafenib. Sorafenib was 

stopped 2 days before radiation therapy and started again 3 days later. One week after 

radiation treatment, the patient experienced multiple colon perforations within the radiation 

field. Biopsy specimens of the colon showed ischemic enteritis with radiation effects and 

vascular changes with thrombus formation, but no evidence of tumor.

Toxicity has been observed whether radiation is delivered before and after antiangiogenic 

therapy. A German case series reported 3 patients who experienced bowel adverse events 

after receiving bevacizumab after a course of radiation therapy (31). Although 2 of the 3 

patients had been treated with conventionally fractionated radiation and eventually 

recovered, 1 patient who underwent hypofractionated radiation treatment (7 × 4 Gy) for a 

right ileum metastasis 4 months before starting bevacizumab (10 mg/kg every other week) 

experienced a cecal perforation within the radiation field and ultimately died. This 

perforation occurred 1 day after his second dose of bevacizumab.

Institutional series have also reported high rates of GI toxicity with the use of VEGF-

modulating agents and SBRT. Stephans et al (32) retrospectively reviewed 52 patients with 

lung and liver tumors near the esophagus treated with SBRT (median dose 50 Gy in 5 

fractions) and found 2 patients in whom esophageal fistulas developed, both within the 

irradiated field (personal communication, Dr Gregory Videtic, 2014). These toxicities 

occurred at D0.01 cc of 51.5 and 52 Gy, both below the Radiation Therapy Oncology Group 

(RTOG) 0813 specified maximum esophageal constraint of 52.5 Gy. However, 1 patient 

exceeded the RTOG 0813 5-cc dose limit of 27.5 Gy, having received 37.3 Gy to 5 cc (the 

other patient had a D5 cc of 21.5 Gy). Both patients had received adjuvant anti-VEGF agents 

within 2 months of completing SBRT. No patient in their series had an esophageal fistula in 

the absence of adjuvant VEGF-modulating agents.

A report from the Mayo Clinic also noted serious bowel injuries in 7 of 20 patients (9%) 

receiving VEGF-modulating agents within 13 months of completing SBRT (median 50 Gy 

in 5 fractions) (33). All 7 patients with bowel injuries had begun receiving VEGFI therapy 

after completing SBRT and were actively receiving a VEGFI at the time of bowel injury. In 

addition, all toxicities occurred in bowel at the level of the treated lesions and therefore 

received radiation (personal communication, Kenneth Olivier, 2014). Five patients had 

started a VEGFI within 3 months of completing SBRT, and the median time from initiation 

of VEGFI to bowel injury was 3.3 months (range, 0.4–4.0 months). There were no bowel 

injuries in the other 56 patients not receiving VEGF active agents.

Gastrointestnal toxicity has also been observed in the prospective setting. Dawson et al (34) 

conducted a phase I study of patients with advanced hepatocellular carcinoma and found 

serious luminal toxicity with large irradiated volumes and concurrent sorafenib. Sorafenib 

was delivered 7 days before SBRT, during SBRT, and after SBRT. Two of 3 patients with an 
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effective irradiated liver volume of 30% to 60% treated to 30 Gy and 33 Gy in 6 fractions 

with concurrent sorafenib (400 mg daily) experienced GI toxicity. All GI toxicities were 

confirmed or suspected to have occurred within the radiation field (personal communication, 

Laura Dawson, 2014). Thus, sorafenib was deescalated to 200 mg by mouth daily. In the 3 

patients who had a low effective liver volume irradiated (<30%) and received concurrent 

sorafenib (400 mg daily), none experienced dose-limiting toxicity. Luminal GI toxicity was 

significantly less in their SBRT-alone experience for hepatocellular carcinoma (35).

Finally, GI toxicity has been reported with fewer hypofractionated schedules. Chi et al (36) 

reported 3 episodes of upper GI bleeding in 23 patients treated with sunitinib 25 mg daily at 

least 1 week before radiation (median, 52.5 Gy in 15 fractions), during radiation, and 2 

weeks after radiation.

In contrast to those reports, Koukourakis et al (37) reported no increased GI toxicity in 19 

patients with locally advanced rectal cancer treated with radiation (34 Gy in 10 fractions) 

with amifostine (500–1000 mg daily), capecitabine (500 mg/m2 twice daily, 5 days per 

week), and bevacizumab (2 doses at 5 mg/kg every 2 weeks) followed by surgery 6 weeks 

after the end of radiation. At a followup time of 21 months, there were no late radiation 

sequelae. The administration of amifostine, a radio-protectant, confounds the comparison of 

these data with other reports, and further investigation is needed to determine its role with 

SBRT.

Mechanism of Action of Toxicity of SBRT and Antiangiogenic Therapy

Acute and late intestinal injury with radiation alone

The small intestine is a highly regenerative organ, renewing every 2 to 5 days (38). Mature 

and differentiated epithelium cells at the top of the villi are continuously shed into the lumen 

and are replaced by new cells dividing from stem cells located at the crypt of Lieberkuhn 

base. In the acute setting, radiation is believed to selectively kill these stem cells, resulting in 

an insufficient supply of new cells to replace the sloughed villi (39–41).

The mechanism of late effects of radiation is generally considered to be related to fibrosis 

and endothelial abnormality (42). The postradiation intestine has decreased motility and is 

more prone to mechanical friction and damages. TGF-β1, which is associated with fibrosis, 

increases within the first day after irradiation (43) and is still highly expressed months later 

after >10 Gy irradiation (44). In vitro, radiation also promotes fibroblast differentiation to 

fibrocytes, which results in increased collagen synthesis (45). Endothelial damage may also 

be involved in the fibrotic process. Irradiated endothelium loses thrombomodulin, leading to 

increased levels of thrombin, which promotes fibrosis, and thrombosis (46). Finally, 

radiation results in a decrease in vascular density, leading to ischemia, telangiectasia, and a 

predisposition for bleeding (47). Figure 1 shows the chronic radiation changes of the bowel 

endothelium.

“New biology” of SBRT?

There is controversy regarding the mechanism of SBRT and whether its improved efficacy is 

the result of the high biologically effective doses (BEDs) delivered to the tumor or whether 
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there may be a “new biology” leading to enhanced killing of tumor cells (48). Fuks and 

Kolesnick (49) have suggested that the vascular endothelium of tumors is an important target 

of high single doses of radiation. They report that high radiation doses (>8–10 Gy but <20 

Gy) produce sphingomyelinase-dependent rapid vascular collapse resulting from endothelial 

apoptosis, leading to greater cytotoxic effect (50). Park et al (51) have also suggested that 

SBRT induces vascular damage leading to indirect tumor cell death. However, clinical data 

seem to suggest that the excellent tumor control of SBRT may be simply due to dose 

escalation not previously achievable with older techniques (52).

Similarly, whether stem cell loss is due to direct radiation killing or secondary to vascular 

insult from high irradiation dose has been debated. It has been recently suggested that SBRT 

induces microvascular endothelial apoptosis, resulting in stem cell dysfunction at the crypt 

base (53). However, the high level of endothelial apoptosis after irradiation has not been 

consistently observed (54, 55). Selective irradiation of endothelial cells did not cause 

additional crypt stem cell loss beyond whole body radiation (56), and genetic deletion of 

proapoptic Bax and Bak1 from endothelial cells did not protect mice from irradiation-

induced GI syndrome (57).

As with improved tumor efficacy, increased rates of GI toxicity may also be simply due to 

the increased dose delivered with SBRT. The loss of stem cells has been shown to be dose 

dependent (41, 58, 59) and has long been considered the primary cause of acute intestinal 

toxicity after radiation. Crypt base columnar cells, which are believed to be Lgr5+ (Leucine-

rich repeat-containing G-protein coupled receptor + 5) intestinal stem cells, have been found 

to undergo increased apoptosis at 10 Gy compared with 1 Gy (58). Metcalfe et al (41) 

further found that genetic ablation of Lgr5+ cells at 2 Gy of irradiation did not lead to an 

obvious change of crypt villus architecture, but radiation at 6 Gy or higher resulted in about 

60% crypt loss and blunting of villi.

The nonhealing “complex wound” in the setting of antiangiogenic therapy

As just described, radiation can result in a complex wound (60), which may be more likely 

to result from SBRT and higher BEDs, and it may be that antiangiogenic treatment simply 

inhibits the healing process (Fig. 2).

The VEGF has been shown to play an important role in GI mucosa and ulcer healing (61), 

and it may be protective against small bowel injury after total body irradiation (62). Higher 

levels of VEGF expression correlate with smaller and shallower stress-induced gastric ulcers 

in murine models (63). Infusion of an anti-VEGF antibody in rats results in delayed healing 

of gastric erosions (64). Additionally, excessive VEGF inhibition has been shown to result in 

regression of normal blood vessels and reduced vascular density in the small intestinal villi 

in the GI tract, leading to impaired delivery of factors necessary for recovery of damaged 

tissue (65–67). Finally, VEGF inhibition may worsen ischemic injury caused by radiation. 

Cholesterol emboli syndrome resulting from VEGF inhibition has been hypothesized to 

cause thromboembolic events in atherosclerotic patients that may result in mesenteric 

ischemia and GI perforation (68). Meyer et al (69) found that bevacizumab forms an 

immune complex with VEGF and induces platelet aggregation and degranulation, which 

may be the mechanism of bevacizumab-associated thrombosis.
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Experiments by Mangoni et al (70) support this hypothesis. They showed that anti-VEGF 

antibody enhances intestinal damage, leading to decreased mucosal surface, shortened villi, 

and edema and inflammation, as early as 24 hours after total body irradiation with 12 Gy. 

Damage was worse 74 hours after radiation. They also found that radiation to a preexisting 

ulcer worsened the injury, which was further exacerbated with concomitant anti-VEGF 

antibody, resulting in massive necrosis.

Thus, if SBRT is more likely to result in GI mucosal injury, VEGF inhibitors and more 

severe may prevent normal tissue recovery in the post-SBRT period and thus make SBRT-

related toxicity more likely.

Interestingly, cerebral radiation necrosis, which has been associated with elevated levels of 

VEGF in preclinical models (71) and increased endothelial cell proliferation, vascular 

permeability, and extracellular edema (72), is treated with bevacizumab (73). The 

effectiveness of antiangiogenic therapy in the setting of radiation damage again highlights 

the need for further investigation into the mechanism behind normal tissue response in the 

setting of these therapies.

Areas of Future Research

The literature reporting luminal GI toxicity with SBRT and antiangiogenic therapy is sparse. 

Even though there are more data on the use of conventionally fractionated radiation with 

antiangiogenic therapy, the studies differ widely in the toxicities reported, the site treated, 

and the radiation dosing and drugs used. Additionally, there is inconsistent reporting of 

confounding factors such as blood thinners (74, 75) and proton pump inhibitors (76), which 

may modify the risk of radiation-induced GI toxicity. Finally, the reports of toxicity are 

subject to reporting bias and thus may reflect a higher incidence of toxicity with the 

combined use of SBRT and anti-VEGF therapy than in reality. However, our goal in this 

review is to highlight the potential risks rather than exhaustively review the combined use of 

these therapies, which is beyond the scope of this review. Based on the available data, we list 

here our recommendations and questions that are important to investigate further.

Timing of SBRT and antiangiogenic therapy

First, the optimal timing, duration, and dosing of anti-angiogenic therapy when used in 

combination with SBRT remain unknown. The studies mentioned in this review have used a 

variety of radiation doses, antiangiogenic agent doses, and treatment schedules, and the 

toxicity rates have been accordingly variable.

Several investigators have proposed the existence of a vascular normalization window after 

antiangiogenic therapy, during which peak radiosensitivity occurs and radiation should be 

given (77, 78). Anti-VEGF agents can normalize tumor vasculature (79), resulting in 

increased tumor oxygenation (80, 81). Radioresistance has been shown to result from 

hypoxia and VEGF upregulation in tumor cells (82), which can potentially be overcome by 

VEGFI therapy (83, 84). Because blood vessels in normal tissues are mature and are 

generally well oxygenated, their radiosensitivity should not be increased by giving radiation 

in this window. However, the window of vascular normalization is typically short lived, and 
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a recent review shows that a similar number of studies report increased hypoxia after anti-

VEGF therapy (85). Additionally, preclinical tumor models often do not adequately reflect 

the heterogeneity of human tumors, and applying data from animal models to human cancer 

should be done with this in mind.

It is also unknown whether there is a “wash-out” period that should be observed between 

antiangiogenic therapy and radiation. There is some experience with timing bevacizumab 

with surgery. A retrospective series in patients with colorectal cancer scheduled to undergo 

hepatic resection showed no increase in rates of adverse events with the administration of 

preoperative bevacizumab (86). The half-life of bevacizumab is approximately 20 days, and 

in this study, the median time from last dose of bevacizumab to surgery was 58 days (range, 

31–117 days). Thus, a “wash-out” period after which surgery or radiation may be safe to 

give may be dependent on the half-life of the specific agent. However, inasmuch as toxicity 

has been reported to occur as long as 17.2 months after SBRT (33), additive toxicity can be 

seen through and beyond this period of time. Until more data become available, we 

recommend caution with using SBRT and anti-VEGF agents concurrently or sequentially.

Antiangiogenic agent selection

Multiple agents that target VEGF signaling have been developed, including bevacizumab, a 

monoclonal antibody against VEGF, and sunitinib and sorafenib, antiangiogenic receptor 

tyrosine kinase small molecule inhibitors. These agents differ in target receptors, receptor 

affinity, and toxicity profiles, and additional study is needed to determine whether any 

particular agent is safer to use with radiation than another. However, bevacizumab appears to 

be more associated with GI toxicity than are some of the other agents (87), perhaps because 

of bevacizumab’s formation of immune complexes and induction of vascular inflammation 

and clotting, as discussed previously.

Dose is another consideration when combining anti-angiogenic therapy with radiation 

therapy. Willett et al (80) demonstrated that concurrent chemoradiation with bevacizumab at 

a dosage of 5 mg/kg was well tolerated in rectal cancer patients but reported the 

development of dose-limiting toxicities of diarrhea and colitis when the bevacizumab dosage 

was escalated to 10 mg/kg (88).

Optimizing radiation

This review is intended to focus on the potential risk of GI toxicity specifically with SBRT 

in the setting of anti-angiogenic therapy because of the increased rates of luminal toxicities 

reported with early SBRT alone (24, 26–28). Investigators at Memorial Sloan-Kettering 

reported that grade ≥3 esophageal toxicity was extremely rare until the single-fraction 

esophageal dose to 2.5 cc exceeded 15 Gy, at which point toxicity rose sharply with 

increasing dose (27). A series from Stanford similarly reported 2 high-grade esophageal 

toxicities that occurred at single-fraction biological equivalents of 14.2 and 18.1 Gy to 2.0 cc 

of esophagus (28).

Dose and volume limits for the duodenum have also been reported (89, 90). Dosimetric 

analysis of our single-fraction SBRT series found the maximum dose to 1 cc of the 

duodenum ≥23Gy (in a single fraction) to be associated with increased rates of duodenal 
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toxicity (80). Bae et al (90) found V25 > 20 cc and maximum point dose of 35 Gy and 38 

Gy (over 3 fractions) predicted for severe gastroduodenal toxicity. Despite these early 

toxicities, optimization of fractionating and delivery technique and improved understanding 

of organ volumetric tolerance has allowed SBRT to become safer with more study and 

longer followup times. Data from Stanford show that GI toxicity is significantly less using a 

multifraction regimen (25–45 Gy in 3–5 fractions with median BED3, using α/β of 3, of 

105.6 Gy; range, 66.7–180.0 Gy) compared with single fraction (all treated with 25 Gy in 1 

fraction or BED3 of 233.3 Gy) for pancreas SBRT (91). Patients were typically followed up 

every 3 months for the first 1 to 2 years and monitored for toxicity. The cumulative 

incidence of grade 2 or higher GI toxicity with single-fraction SBRT was 26.1% 1 year after 

treatment. With fractionation, the toxicity rate was reduced to 7.8%, with no compromise in 

local control.

Dose constraints specific to the setting of antiangiogenic therapy warrant further study 

because the available data are too heterogeneous and complex to enable the formulation of 

any specific recommendations at this time. Registries to allow reporting and tracking of 

toxicities would help accelerate our understanding of radiation tolerance and dosimetric 

constraints of bowel structures. As investigators continue to report their experiences to 

determine dose tolerance thresholds, specific attention should be paid to any concurrent 

biologic agents in their study population and should be taken into account. In the meantime, 

we recommend multifraction SBRT using the lowest BED that provides high local control 

and adhering to established normal tissue constraints in the setting of concurrent or possible 

sequential anti-VEGF therapy.

Better patient selection

It is important to screen and identify patients who may be at higher risk for GI toxicities 

while using antiangiogenic therapies. Patients with preexisting mucosal lesions and tumors 

adjacent to mucosal surfaces have been shown to be at higher risk for the development of 

ulcers and perforations. Involvement of bowel with tumor predisposes to GI toxicity during 

treatment with bevacizumab, as reported in ovarian cancer patients (92). When bevacizumab 

treatment was limited to ovarian cancer patients without evidence of bowel involvement on 

imaging or examination, no GI perforations were reported (93). Patients with larger radiation 

targets are also at potentially higher risk for toxicity.

Biomarkers for efficacy and GI toxicity

Biomarkers have been proposed to help determine sufficient inhibition of a targeted pathway 

and predict efficacy, allowing for appropriate modification of treatment dose and schedule. 

Although these biomarkers have been difficult to identify for angiogenesis pathways, studies 

have shown that plasma VEGF levels can serve as a surrogate for VEGF receptor blockade 

(94). Additionally, the development of noninvasive biomarkers of GI toxicity would be 

useful because the GI tract cannot be inspected easily or safely, especially in the setting of 

injured tissue.
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Conclusion

The increasing use of stereotactic radiation and an expanding array of antiangiogenic agents 

open the door for exciting new possibilities of combining these therapies. However, the 

reported GI toxicities summarized here should raise warnings to clinicians of potential 

interactions that may lead to increased toxicity. Further investigation is needed to confirm 

this interaction and to enable our understanding of the possible underlying mechanism. How 

SBRT and these novel targeted agents affect tumor and normal tissue is complex, 

multifactorial, and still poorly understood. Thus, many additional questions remain.

In the meantime, we caution the use of anti-VEGF therapy and SBRT until further 

prospective data are available. Although GI toxicity has been observed in a phase I trial of 

SBRT and sorafenib in hepatocellular carcinoma, this regimen is currently being studied in 

the phase III RTOG 1112 trial randomizing patients with hepatocellular carcinoma to 

sorafenib alone versus SBRT followed by sorafenib, albeit with lower radiation and 

sorafenib doses. Additionally, sorafenib is given sequentially rather than concurrently to 

further reduce the risk of toxicity. The results of this trial and many others in the future will 

help clarify the efficacy and the toxicity of combining SBRT and VEGF-modulating agents.
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Fig. 1. 
(A) Unirradiated colon showing normal-appearing glands overlying loose fibrovascular 

submucosa (hematoxylin and eosin, ×40). (B) The colon in this patient with chronic 

radiation injury demonstrates hyalinized collagen (fibrosis) replacing the submucosa. The 

overlying mucosa also demonstrates distorted crypt architecture and patchy lamina propria 

fibrosis (hematoxylin and eosin, ×40).
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Fig. 2. 
Vascular endothelial growth factor inhibition combined with radiation results in nonhealing 

complex wound.
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