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Purpose

To retrospectively and comparatively evaluate the improvement of the efficacy and safety on the addition of 252Cf neutron intracavitary brachytherapy (ICBT), individualized or individualized with intrarectal peritumoral injection of amifostine (IPIA) to external-beam radiotherapy (EBRT) or concurrent chemo-EBRT in 314 patients with T2N0-1 or T3N0-1 low-lying rectal adenocarcinoma.



Methods

Phase I: from 2009 to 2011, 157 patients were treated with additional 252Cf neutron ICBT for four fixed fractions with a total dose of 40–45 Gy-eq during the EBRT. Phase II: from 2011 to 2013, 75 patients were treated with individualized neutron ICBT delivered for two to five fractions with a total dose of 26–45 Gy-eq according to the response of tumor after concurrent chemo-EBRT. Phase III: from 2013 to 2014, 82 patients were treated with individualized ICBT protected by pretreatment IPIA.



Results

The 4-year local control rates for the entire T2 and T3 patients were 69.4, 72.0, and 79.3%, while the 4-year overall survival rates were 63.1, 54.7, and 72.0% (P=0.08), and the 4-year disease-free survival rates were 55.4, 52.0, and 69.5% (P=0.053) in Phases I, II, and III, respectively. The late complication (LAC, ≥G2) rates were 33.8, 26.7, and 15.9%, respectively (P=0.012), and the serious LAC (≥G3) rates were 4.5, 4.2, and 0%, respectively, in Phases I, II, and III.



Conclusion

Concurrent chemo-EBRT combined with individualized 252Cf neutron ICBT protected by IPIA shows promising efficacy and safety in treating low-lying T2 and T3 rectal adenocarcinoma patients without surgery opportunity or willing.
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Introduction

Low-lying rectal cancer (lower limit of tumor <6 cm from the anal verge) accounts for approximately 1/3 in rectal cancer patients who are constantly facing the difficult choice between radical resection using total mesorectal excision (TME) with poorer quality of life with stoma and sphincter preservation surgery with higher risk of disease recurrence. Although surgery has remained the cornerstone of curative treatment in rectal cancer, it is associated with postoperative mortality rates of 2 to 8%, especially for those aged over 85 years (1). Radiotherapy is one of the most important treatment in the (neo)adjuvant and first-line setting for local and local-regional rectal cancer. The achievement of pathological complete regression (pCR) occurs in 10 to 38% of local advanced rectal cancer (LARC) patients who undergo neoadjuvant chemoradiotherapy (CRT) and is associated with favorable disease-free survival (DFS) (2). However, a substantial proportion of patients is considered to be intermediate sensitive or resistant to conventional radiotherapy as about 30–40% of patients failed to achieve major regression after preoperational radiotherapy, even when concurrent chemotherapy was given as radiosensitizer (3, 4). Thus, the efforts of novel radiotherapy techniques application in rectal cancer had been made to improve the initial response to chemoradiotherapy.

For patients who refuse or are unable to receive surgery, intracavity contact X-ray or γ-ray brachytherapy is currently delivered in clinic in addition to conventional external beam radiotherapy (EBRT). Although contact X-ray radiotherapy was effective for T1 and early T2 stage low-lying rectal cancer, the treatment of T3 tumors with further contact X-ray or γ-ray (using off-axis applicator) brachytherapy must be restricted to highly selected patients, depending on the assessment of response to EBRT or concurrent chemoradiotherapy. If tumor has regressed over 80%, contact X-ray or γ-ray brachytherapy can be applied to increase the local control. If tumor has regressed less than 80%, immediate salvage surgery should be recommended to the patients (5).

However, in China, the majority of rectal patients are in advanced stage when diagnosed. For tumors initially staged as T3, the risk of lymph node spread is high (~30%) (6), which are not recommended for treating with conventional radiotherapy alone (7). Californium-252 (252Cf) is a source of mixed neutron/gamma rays, which has high linear energy transfer (LET) properties with special biological effects that potentially overcome the resistance of rectal adenocarcinoma cells to conventional photon rays (8). Nowadays, 252Cf has been used as a source of brachytherapy in treating patients with cervical, esophageal, and some other types of cancer. Our previous study also suggested a promising result of 252Cf neutron ICBT alone in rectal cancer patients with T1N0 rectal cancer (9). To our knowledge, the efficacy and safety profile of 252Cf neutron ICBT in treating T2N0-1 or T3N0-1 rectal cancer patients have not been documented. Therefore, it is of particular interest to investigate the possibility to apply 252Cf ICBT combining with radiotherapy or neoadjuvant chemoradiotherapy in this clinical commonly encountered cohort of rectal cancer. In the current study, we reported the improvement of safety and efficacy data on the addition of 252Cf neutron ICBT (phase I: from January of 2009 to November of 2011), individual (phase II: from November of 2011 to January of 2013), or individual one protected by intrarectal peritumoral injection of amifostine (phase III: from January of 2013 to August of 2014) to external-beam radiotherapy (EBRT) or concurrent chemo-EBRT in 317 patients with T2N0-1 or T3N0-1 low-lying rectal adenocarcinoma.



Materials and Methods


Patients

A total of 317 patients with low-lying rectal adenocarcinoma (<6 cm from the anal verge) staged with T2N0-1M0 or T3N0-1M0 who were inoperable and firmly refused surgery procedures were treated using 252Cf neutron ICBT at our center (157 patients in Phase I, 75 patients in Phase II, and 82 patients in Phase III). All histopathological diagnoses were confirmed in colonoscopy biopsy tissue in Pathology Department of Daping Hospital. Clinical staging processes were guided by institutional protocol and determined according to the Union for International Cancer Control (UJCC) TNM 7Th edition. In general, patients underwent pelvic magnetic resonance imaging (MRI), colonoscopic endoanal ultrasound scanning (EUS), and chest and total abdominal computed tomography (CT). Alternatively, positron emission tomography CT (PET-CT) was ordered instead of chest and total abdominal CT to exclude distal metastasis. The eligibility of surgery and peri-operational treatment was determined by institutional colorectal cancer multidisciplinary team (MDT), including medical oncologists, gastrointestinal surgeons, radiation oncologists, pathologists, and radiologists. Patients with full understanding of their disease and all the treatment options who were inoperable or refused to receive surgery and strongly preferred 252Cf radiotherapy were enrolled in our center for 252Cf ICBT combined EBRT with or without chemotherapy, after signed a consent form. The pretreatment screens including Karnofsky scoring, whole blood count, serum carcinoembryonic antigen (CEA), and biochemistry were then conducted for all patients enrolled, and only those who met general criteria for radiotherapy and chemotherapy then received scheduled therapy, which will be described later in this section. Retrospective medical record review was performed for all patients, and only eight patients who failed to complete follow-up visit were excluded in this analysis. Flow diagram of this study is shown in Figure 1, and the baseline of patient characteristics is summarized in Table 1.




Figure 1 | Diagram for the three phases of current study. EBRT, external beam radiotherapy; ICBT, neutron intracavitary brachytherapy; ChT, chemotherapy; TR, tumor regression; IPIA, intrarectal peritumoral injection of amifostine; f, fraction.




Table 1 |  The characteristics of rectal cancer patients with T2N1M0 or T3N1M0 in phases I–III.





External Beam Radiotherapy


Conventional External Beam Radiotherapy (Phase I)

Four small fields (8 cm × 10 cm) EBRT with a total dose of 39.6 Gy (0.55 Gy/field, 2.2 Gy/f/d, 18f) were administered for T2N0-1M0 patients. On the other hand, three whole pelvic fields (laterals with wedge) EBRT with a total dose of 42 Gy (2.1 Gy/f/d, 20f) were administered for T3N1M0 patients. While, T3N0M0 patients were delivered using whole pelvic field with a total dose of 21 Gy (2.1 Gy/f/d, 10f) plus small field with a total dose of 19.8 Gy (2.2 Gy/f/d, 9f).



3-D Conformal EBRT (Phase II)

In T2 cohort, T2N0-1M0 patients were irradiated using regional perirectal 3-D conformal radiotherapy with a total dose of 39.6 Gy (2.2 Gy/f/d×18f). In T3 cohort, T3N1M0 patients received whole pelvic 3-D conformal radiotherapy with a total dose of 42 Gy (2.1 Gy/f/d, 20f). T3N0M0 patients received whole pelvic 3-D conformal radiotherapy with a total dose of 21 Gy (2.1 Gy/f/d) plus regional perirectal 3-D conformal radiotherapy with a total dose of 19.8 Gy (2.2 Gy/f/d×9f) radiotherapy.



Intensity-Modulated Radiation Therapy (Phase III)

In T2 cohort, T2N0M0 patients were irradiated using regional rectal tumor IMRT with a total dose of 39.6 Gy (2.2 Gy/f/d, 18f). While T2N1M0 patients received regional rectal tumor and perirectal lymph node IMRT with a total dose of 44 Gy (2.2 Gy/f/d, 20f).

In the T3 cohort, T3N0M0 patients received whole pelvic IMRT with a total dose of 40 Gy (GTV-1, 2.0 Gy/f/d, 20f) and regional rectal tumor IMRT with a total dose of 44 Gy (GTV-2, 2.2 Gy/f/d, 20f).

While T3N1M0 patients received whole pelvic IMRT with a total dose of 42 Gy (GTV-1, 2.0 Gy/f/d, 21f) or/and internal iliac lymph node IMRT with a total dose of 46.2 Gy (GTV-3, 2.4 Gy/f/d, 21f), and regional rectal tumor and perirectal lymph node IMRT with a total dose of 46.2 Gy (GTV-2, 2.2 Gy/f/d, 21f).



Concurrent Chemotherapy (Phases II and III)

In general, all 5-fluorouracil-based chemotherapy regimens on day 1 of EBRT and last at least 3 days were accepted in this study. Typical chemotherapy regimens used in the current study include (a) 5-FU: bolus 5-FU 0.5 g/m2 days 1–2 followed by infusional 5-Fu 1 g for 48 h every 14 days for two cycles; (b) capecitabine 2,500 mg/m2 daily days 1–14 every 21 days for two cycles; (c) S-1: 50 mg twice daily days 1–21 every 28 days for two cycles.




Evaluation of Tumor Response

Tumor response was evaluated at 2–3 weeks post completion of EBRT by the same clinical and radiologic tools used in the baseline assessment of tumor extent. All patients considered to be complete clinical responders according to stringent criteria of clinical, endoscopic, and radiologic findings were treated without immediate radical surgery, as described elsewhere (10). Briefly, the criteria for considering cCR were the absence of residual ulceration, mass, or mucosal irregularity at clinical/endoscopic assessment. Whitening of the mucosa and the presence of neovasculature (teleangiectasia) were accepted features of cCR. In cases of the presence of clinical or endoscopic features of incomplete response to initial CRT or the radiologic evidence of residual disease within the mesorectum were diagnostic of incomplete clinical response, 252Cf ICBT was recommended. The percentages of tumor regression were assessed again by digital rectal examination and anoscope at 4–6 weeks after the completion of ICBT.



252Cf neutron Radiotherapy

ZunRui LZH-1000 252Cf neutron brachytherapy devices (ZunRui company, Shenzhen, China) were used. The large-size neutron source (length: 10 mm, diameter: 5 mm) was used in this study. The neutron source activity was 520–140 μg. The three or four channels, 3 or 3.5 cm in diameter off-axis applicators were selected in terms of the involvement of tumor’s anatomical, physiological conditions of patients during 252Cf neutron ICBT.


252Cf neutron ICBT (Phase I)

The fixed four fractions were implemented with a total neutron brachytherapy dose of 40–45 Gy (11–14 Gy/f/w) at the dose reference point defined on the anal canal mucosal surface during the EBRT. The dose calculation method and detailed operation procedures of 252Cf neutron ICBT were described in our previous study (9).



Individual 252Cf Neutron ICBT (Phase II)

Two weeks after administration of chemo-EBRT, the fractions of individualized 252Cf neutron ICBT, depending on the assessment of response after the external beam chemoradiotherapy, were administered once a week. If the tumor has regressed above 80%, two fractions of 252Cf neutron ICBT were applied once a week. If the tumor has regressed above 50–80%, four fractions of 252Cf neutron ICBT were applied. If the tumor has regressed less than 50% after concurrent chemoradiotherapy, another one fraction of rectal interstitial implant 252 Cf brachytherapy with neutron brachytherapy dose of 13–15 Gy was delivered to three patients with residual lesions after completion of the abovementioned radiotherapy (Figure 2).




Figure 2 | Treatment protocols for each phase of the current study. (A) Phase I treatment protocol. (B) Phase II treatment protocol and algorithm for patients with different response to initial therapy. (C) Phase III treatment protocol.





Individual 252Cf Neutron ICBT Protected by IPIA (Phase III)

The individualized 252Cf neutron ICBT was delivered for flexible two to four fractions with total neutron brachytherapy dose of 26–45 Gy in 11–13Gy/f/w with or without another one fraction of rectal interstitial implant in 82 patients according to the response of tumor after concurrent chemo-EBRT. In addition, the patients were injected amifostine 10 ml into mucosa and submucosa peritumorally (amifostine 0.4g + 9.5 ml 0.9% NaCl diluted) around the base of lump in the anus by local anesthesia at 30 min before the ICBT from first to fourth fraction (Figure 1).



252Cf Neutron Rectal Interstitial Implant

One fraction of rectal interstitial implant was given to patients with residue tumors at up to 4 weeks post-ICBT/EBRT or ICBT/CCRT combinational therapy. The small-size neutron source was used: the length was 5 mm, the diameter was 2 mm, and its activity was 250–46 μg. The interstitial implant was given by an average three or four needles (diameter=3 mm) with spacing of 0.5–1 cm between the needles with the patient in the knee chest position with anal local anesthesia (9). Eight T2 and 14 T3 patients with residue tumor were given a fraction of rectal interstitial implant (neutron brachytherapy dose 11–13 Gy/f).




Follow-Up

All patients completed the treatment and were assessed every 3 months in the first 2 years after completion of treatment and every 6 months thereafter. Treatment-related complications were categorized according to the Common Terminology Criteria for Adverse Events version of the Radiation Therapy Oncology Group (RTOG).



Statistical Analysis

SPSS 17.0 software was used for statistical analyses. Kaplan-Meier method was performed to calculate and compare the 5-year OS and FFS rate in rectum. Discrete data are shown as frequencies (percentages); continuous data are shown as means ± SE.




Results


Patients

A total 82 patients with T2 tumor and 232 patients with T3 tumor were enrolled in this study according to the inclusion and exclusion criteria described in Methods section. In T2 cohort, 14 patients were with positive pelvic lymph node and 68 with negative pelvic lymph node. The medium age of this cohort was 61.3 years, and 52 patients were male and 30 were female. The 252Cf neutron therapy is a brachytherapy. The area of tumor lesion is considered to be closely related to the efficacy and adverse effects; therefore, we measured the area of tumor invasion under direct vision of colonoscopy. The proportion of patients with distance from anal verge less than 3 cm was higher in phase III (P=0.020), and 35 patients with a long diameter of tumor lesion (Tumor size) more than 3 cm. In the T3 cohort, 74 patients were with positive lymph node and 158 with negative lymph node. The medium age of this cohort was 61.5 years, and 145 patients were male and 87 were female. Forty-three patients with distance from anal verge less than 3 cm, and the proportion of patients with large diameter of tumor lesion more than 3 cm was higher in phase III (P=0.001). The basic information of enrolled patients in this study are displayed in Table 1.



Treatment Exposure

All enrolled patients completed the required treatment regime. In the T2 cohort, 42 patients received radiotherapy alone for the initial treatment phase I, and 40 of them received concurrent chemoradiotherapy and sequential chemotherapy in the subsequent treatment phases II and III. In the T3 cohort, 115 patients received radiotherapy alone for the initial treatment phase I, and 117 of them received concurrent chemoradiotherapy and sequential chemotherapy in the subsequent treatment phases II and III. This bias was due to the shift of our standard-of-care protocols for the neoadjuvant therapy of rectal cancer in our institution in 2011.

The assessments of initial tumor response were performed at 2–3 weeks post the completion of initial treatment phase, since the interval between completion of therapy and assessment of initial response was shorter than conventional tumor response assessment of neoadjuvant therapy considering the subsequent individualized ICBT. The clinical complete regression (cCR) was rare, and we therefore categorized tumor response to three levels: tumor regression over 80% (≥80%), between 50 and 80% (<80 but ≥50%), and less than 50% (<50%) (Figure 1). According to our clinical experience, the population with tumor regression over 80% had very good chance to develop cCR eventually. In phases II and III, 69 patients (23 in T2 and 46 in T3) with tumor response ≥80% received one to two additional factions of ICBT, 66 patients (11 in T2 and 55 in T3) with tumor response <80 but ≥50% received three to four additional fractions of ICBT, and 22 patients (6 in T2 and 16 in T3) with tumor response <50% received additional four to five fractions of ICBT. The basic protocol of our current treatment regime in this study is shown in Figure 2.



Efficacy


Local Control

Besides survival, a major problem in LARC is the threat of local recurrence, not only because of the limited therapeutic options but especially because of the poor quality of life (Figure 3). In the T2 cohort, the 4-year local control rate of this study is 71.4% (30/42), 76.5% (13/17), 100% (23/23) in phases I, II, and III, respectively (P=0.008). In the T3 cohort, the 4-year local control rate of this study is 68.7% (79/115), 70.7% (41/58), 71.2% (42/59) in phases I, II, and III, respectively (P=0.947) (Table 2). Noteworthy, 22 patients with residual lesions received rectal interstitial implant, and local control was achieved in 14 patients (14/22,63.7%). Stratified analyses suggest that in T2 cohort, the local control rate is associated with initial tumor response (Tumor regression) and individualized ICBT treatment regime, but not associated with lymph node status, age, gender, involvement, distance from the anal verge, and tumor size (Table 3). While in the T3 cohort, the local control rate is associated with initial tumor response (Tumor regression), lymph node status, involvement, and tumor size, but not associated with age, gender, distance from the anal verge, and individualized ICBT treatment regime. Multivariate analyses showed that tumor response (Tumor regression), lymph node status, involvement, and tumor size were independent risk factors of the local control rate in the T3 cohort (Table 4).




Figure 3 | (A) Local control curves by different initial response groups. (B) Overall survival curves by different initial response groups. (C) Local control curves in patients with T2 tumors by different phases of the current study. (D) Overall survival curves in patients with T2 tumors by different phases of the current study. (E) Local control curves in patients with T3 tumors by different phases of the current study. (F) Overall survival curves in patients with T3 tumors by different phases of the current study.




Table 2 | The 4-year result of rectal cancer patients treated with radiotherapy for T2N1M0, T3N1M0, or both, respectively, in phases I–III.




Table 3 | Univariate and multivariate analyses of factors associated with LC, DFS, and OS for T2 rectal cancer patients, respectively.




Table 4 | Univariate and multivariate analyses of factors associated with LC, DFS, and OS for T3 rectal cancer patients, respectively.





Endoscopic Changes at 12–24 Months After Completion of ICBT

At tumor regression assessment after completion of ICBT, we have observed significant differences in morphological changes under colonoscopy among patients with various response to initial CRT. In patients with initial response over 80%, regional teleangiectasia were commonly observed after achieving complete tumor regression. In patients with initial response between 50 and 80%, scattered whitening of the mucosa, which represents localized fibrosis, was also observed in some cases on the background of teleangiectasia. However, in patients with initial response below 50%, ulceration can be formed and covered with larger area of whitened mucosa with black spotted tissue on the surface (Figure 4). Our side projects have revealed the existence of cancer-initiating cells in this type of lesion.




Figure 4 | Clinical images of representative patients in the current study. (A) Pre- and post-treatment colonoscopic endoanal ultrasound scanning (EUS, upper panel) and colonoscopy (lower panel) images of case #1 with T2 tumor. (B) Pre- and post-treatment EUS (upper panel) and colonoscopy (lower panel) images of case #2 with T3 tumor.





Survival

In the T2 cohort, the 4-year DFS rate of this study is 61.9% (26/42), 64.7% (11/17), 95.7% (22/23) in phases I, II, and III, respectively (P=0.011) (Table 2). In the T3 cohort, the 4-year DFS rate of this study is 53.0% (61/115), 48.3% (28/58), 59.3% (35/59) in phases I, II, and III, respectively (P=0.508) (Table 2). Stratified analyses suggest that in the T2 cohort, the DFS rate is associated with individualized ICBT treatment regime, but not associated with lymph node status, age, gender, involvement, distance from the anal verge, tumor size, and initial tumor response. While in the T3 cohort, the DFS rate is associated with involvement, lymph node status, tumor size, and initial tumor response, but not associated with age, gender, distance from the anal verge, and individualized ICBT treatment regime. Multivariate analyses showed that lymph node status and initial tumor response were independent risk factors of DFS rate in the T3 cohort.

In the T2 cohort, the 4-year OS rate of this study is 64.3% (27/42), 70.6% (12/17), 91.3% (21/23) in phases I, II, and III, respectively (P=0.047) (Table 2). In the T3 cohort, the 4-year DFS rate of this study is 62.6% (72/115), 50.0% (29/58), 64.4% (38/59) in phases I, II, and III, respectively (P=0.202) (Table 2). Stratified analyses suggest that in the T2 cohort, the OS rate is associated with individualized ICBT treatment regime, but not associated with lymph node status, age, gender, involvement, distance from the anal verge, tumor size, and initial tumor response. While in the T3 cohort, the OS rate is associated with involvement, lymph node status, and initial tumor response, but not associated with tumor size, age, gender, distance from the anal verge, and individualized ICBT treatment regime. Multivariate analyses showed that lymph node status and initial tumor response were independent risk factors of DFS rate in the T3 cohort.



Efficacy by Initial Response

Regarding the correlation of response to CRT to local recurrence and survival in rectal patients, we evaluated the LR and survival of patients with different initial responses in our study. In the good response group (>80%), the 4-year local control rate of this study is 64.6% (53/82), 62.5% (15/24), 71.1% (32/45) in phases I, II, and III, respectively (P=0.727). In the intermediate response group (<80 and >50%), the 4-year local control rate of this study is 48.4% (30/62), 57.1% (20/35), 64.5% (20/31) in phases I, II, and III, respectively (P=0.339). Although the case number is limited, in the poor response group (<50%), the 4-year local control rate of this study is 0% (0/13), 25.0% (4/16), 83.3% (5/6) in phases I, II, and III, respectively (P=0.000).




Toxicity

During the treatment, acute adverse effects involving the rectum tended to be mild (Grades 1 and 2), suggesting the overall tolerance of this regime was good. The incidence of late complications (≥G2) was 33.8, 26.7, and 15.9% in phases I, II, and III, respectively (P=0.012) (Table 2). In the T2 cohort, the incidence of late complications (≥G2) was 28.6, 23.5, and 13.0% in phases I, II, and III, respectively (P=0.353). The serious late complication (G3) rate was 2.38%, 0 and 0 in phase I, II, and III, respectively (P=1). In the T3 cohort, the incidence of late complications (≥G2) was 35.6, 27.6, and 16.9% in phases I, II, and III, respectively (P=0.353). The serious late complication (G3) rate was as follows: 3.9% (9/232) rectal bleeding occurred in 26 patients, rectal frequent urgency was reported in 54 patients, and both rectal bleeding and frequent urgency were reported in 15 patients. Nine patients with both rectal bleeding and frequent urgency developed grade 3 toxicity and finally proceeded to colostomy in phases I and II, and none developed grade 3 toxicity in phase III. Hence, the serious late complication (G3) rate was 3.9% (9/232) (Table 3). Among patients who developed late toxicity, those with tumor located <2 cm from the anal verge tended to show symptoms of frequent urgency, while those with tumor located >4 cm from the anal verge developed bleeding. For relief of symptoms of frequent urgency, patients were administered non-steroidal anti-inflammatory drugs per rectum. Bleeding was treated by rectal administration of liquid solution norepinephrine (2–4 mg).




Discussion

For LARC patients without surgery opportunity or willing, radiotherapy is the most important, if not the only, local treatment. To overcome the resistance to conventional radiotherapy in rectal cancer patients, we introduced a novel radiotherapy with powerful radiation source in treating these patients in our center. For the last decade, we have been using individualized 252Cf neutron ICBT in combination with EBRT to treat over 300 LARC patients with T2 or T3 tumor who are inoperable or patients who refused, and 317 patients who have complete follow-up data were included in this study.

Current investigation has included three distinct but evolving strategies to apply this novel radiotherapy to patients with LARC, which represents our explorative path in improving efficacy and reducing toxicity. Before starting this effort in rectal cancer, we previously employed ICBT in cervical cancer radiotherapy, and it was well tolerated and effective. Thus, in the beginning of this study (Phase I), we basically adopted the fixed four fractions ICBT regime used during the EBRT for rectal cancer patients. The efficacy of ICBT was as expected, while the rate of adverse effects was higher due to the lower radiation tolerance of rectum mucous compared to cervical tissue. We then designed a second regime, which is much more individualized, adapted to the response of initial radiotherapy. In Phase II, we tried to give less fractions in patients who reached better response after concurrent chemoradiotherapy with the aim to reduce the adverse effects without sacrificing the efficacy. On one hand, the toxicity of this regime was reduced in digits when compared to Phase I, especially in T3 cohort. On the other hand, the PFS and OS were slightly reduced in digits than those of Phase I, despite the higher local control. The unexpected survival reduction may be due to the clinical characteristics associated with poorer prognosis of included patients, such as larger tumor volume, more tumor involvement. The interval to evaluate initial responses between EBRT and ICBT, which increased the time of whole radiotherapy regime, could be another possibility to take into account. Taken together, we concluded Phase II exploration was successful in regard to better local control and lower toxicity, although the toxicity was still unacceptable when G3 toxicity was observed in 4% of patients, which need further surgical treatment. In Phase III of the current study, we introduced a much powerful pretreatment, amifostine injection, to further reduce the toxicity of individualized ICBT. By using this pretreatment, we finally diminished the G3 toxicity as well as reduced the overall adverse effects. In addition, the local control and survival were significantly improved in digits.

For patients who received radiotherapy as definite therapy, radiotoxicities have to be taken into account (11). Our current study showed that without any radioprotective agents, especially in Phase I, radiotherapy or combinational treatment rendered 30% grade 2 or above proctitis in low-lying rectal cancer patients, and among them, 7–8% grade 3 proctitis which is in need of surgical procedure. Therefore, to avoid this dilemma, we introduced amifostine as radioprotector in our individualized ICBT in Phase III. Amifostine is conventionally administered intravenously before chemotherapy or radiotherapy. A common and potentially dangerous side effect in patients receiving intravenous amifostine is hypotension, which has been reported to occur in approximately 62% of patients treated at a dose of 910 mg/m2. To balance the dose of amifostine and severity of its adverse effects, a number of amifostine delivery routes have been under investigation. We found, in our current study, that the peritumoral injection of amifostine is well-tolerated and effective in preventing radiation-induced proctitis. In addition to intracavity peritumor injection of amifostine, we utilized off-axis applicator and recalculated the adjusted RBE and dose distribution curve of 252Cf radiation source, to deliver more precise ICBT. As in Phase III, all the novel theories and techniques applied in our clinics, safety of ICBT in our institute has been significantly improved, which is highlighted by that in patients with T2 tumor G2 LAC occurrence has been significantly reduced, while there were no G3 LAC in patients with T2 and T3 tumor.

In Phases II and III, the initial response to conventional CRT is the key to decide the ICBT dosing because it is closely related to local recurrence rate and prognosis after definitive therapy. One might wonder why tumor regression evaluation in this study was performed at 2–3 weeks post CRT while standard-of-care tumor regression evaluation was performed at 4–6 weeks post CRT. As EBRT utilized in current study was in neoadjuvant setting, we considered that ICBT is necessary for all patients included in this study, regardless of the initial response. Even for the patients who could presumably achieve CR in the neoadjuvant setting, ICBT was still a powerful local treatment when there was no surgical removal of original lesions. We considered EBRT and ICBT as a continuous and definitive radiotherapeutic regime, other than two phases of a whole therapeutic strategy, such as conventional neoadjuvant chemoradiotherapy followed by surgery. Historically, ICBT regime shifted from an add-on therapy to EBRT to a fused therapy within the EBRT in treating cervical cancer, suggesting the shorter interval between EBRT and ICBT is beneficial for local control and survival. In the previous clinical observation and Phase I of this study, we found that the tumor regression at 2–3 weeks after EBRT was highly correlated with clinical response at 4–6 weeks, and clearly indicated the responsiveness to conventional radiotherapy. Therefore, in Phases II and III of this study, we evaluated initial response earlier at 2–3 weeks after completion of EBRT.

Considering the good prognosis of those rectal cancer patients who achieved cCR after neoadjuvant CRT, the watch-and-wait surveillance strategy has been investigated recently and can be considered as a good comparison for our study (12). In a prospective non-randomized controlled trial adopting a watch-and-wait strategy, only 1 (5%) of 25 patients developed LR. Two-year cumulative DFS and OS were 89 and 100%, respectively, which was not statistically different from those of the control cohort (13). Other trials suggested a high rate of LR (28 of 90, 31%), with 26 patients (93%) proceeding to salvage therapy. However, there was no difference in systemic relapse rates between patients with or without LR (13 vs. 18%), and 3-year DFS and OS were 78 and 88%, respectively (14). A systematic review and meta-analysis that identified 23 studies including 867 patients also showed that there was no significant difference between patients managed with watch-and-wait and patients with clinical complete response treated with surgery in terms of non-regrowth recurrence (RR 0·58, 95% CI 0·18–1·90), cancer-specific mortality (RR 0·58, 95% CI 0·06–5·84), disease-free survival (HR 0·56, 95% CI 0·20–1·60), or overall survival (HR 3·91, 95% CI 0·57–26·72) (15). For those who achieved over 80% tumor regression in our study, the 4-year DFS and OS were 78 and 88%, which is comparable to patients who received watch-and-wait or stand-of-care treatment in the previous study, suggesting that individualized ICBT is as effective and safe as other definite therapeutic strategies.

Our current study also includes patients with intermediate initial response to CRT, which was defined as tumor regression between 50 and 80%. This population of rectal cancer patients usually have intermediate prognosis due to the relatively lower sensitivity to radiotherapy. Thus, clinical oncologists and radio oncologists set to investigate how to improve treatment efficacy of LARC patients by incorporating novel brachytherapy techniques. Previous reports showed promising local control and survival in LARC patients adopting contact X-ray brachytherapy or high-dose rate endorectal brachytherapy (HDREBT) using 60Co or 192Ir (5, 16, 17). Noteworthy, these techniques, including contact X-ray radiotherapy or HDR Ir-192 isotope brachytherapy (used off-axis multichannels applicator), were usually allowed only if the tumor has regressed above 80%. If tumor has regressed less than 80%, immediate salvage surgery should be recommended to the patients (18). The results from our current study even have comparable local recurrence and survival to rates reported for standard treatment with neoadjuvant CRT in combination with surgical resection (19–21). Moreover, in terms of functional outcomes, all patients treated non-operatively had sphincter preservation, whereas usually almost half of patients in the standard care required a permanent colostomy. In contrast, our current study showed better rates of 4-year PFS and OS in digits, regardless of the initial response rate, even without any radical surgery procedures. Our results indicate that for patients without surgery opportunity or willing, individualized ICBT regime is a plausible option.

As for rectal interstitial implant, it was used to solve the dose deficiency of deep rectal tissue with 192Ir γ-ray for early stage T2 patients and patients with residue tumor after contact X ray/EBRT. Before 2009, we applied rectal interstitial implant using 192Ir γ-ray for patients with residue tumors after 252Cf neutron ICBT/EBRT. However, local control was achieved in less patients (less than 50%). After 2009, we applied rectal interstitial implant using small size 252Cf neutron source for patients with residue tumors. Noteworthy, local control was achieved in more patients (14/22,63.7%).

Given a number of previous studies have correlated complete pathologic response with lower recurrence rates, as well as improved DFS and OS, patients who have less than 50% tumor regression after CRT are usually considered to be associated with poor prognosis, suggesting this population is the key target in need of more powerful treatment to overcome therapeutic resistance and improve survival (3). Hence, to further improve the therapeutic efficacy of those population, study is undergoing in our facility to give an innovative 252Cf neutron rectal interstitial implant after boric acid solution intratumoral injection technology to increase the local radiation dosage by creating boron neutron capture effect. Our pilot study showed that this novel technique can further improve the treatment efficacy of T3 tumor or radiotherapy-insensitive tumor (initial response <50%).

Another limitation of current study is the lack of standard-of-care control group, which ideally should be surgery. The obvious reason is we can only test this therapeutic strategy in a cohort of patients who are inoperable or refuse surgery in this proof-of-concept study. As we have shown very promising outcomes of current individualized ICBT protocol in treating low-lying rectal cancer patients, future prospective controlled study is granted.



Conclusion

Concurrent chemo-EBRT combined with individual 252Cf neutron ICBT protected by IPIA showed promising efficacy and safety in treating low-lying T2 and T3 rectal adenocarcinoma patients. Furthermore, it also extended the indication of curative concurrent chemoradiotherapy for T2 and T3 low-lying rectal adenocarcinoma greatly compared with other non-surgical radiotherapy methods.
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