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INTRODUCTION

The coronavirus disease (COVID-19) pandemic in 2019/2020 became a significant problem not
only for first-line healthcare but also for cancer patients, who are at the risk of severe or fatal
outcome of potential infection. In recently published papers about radiotherapy (RT) in various
cancers, there are suggestions to use more hypofractionated RT (HFRT) regimens during the
COVID-19 pandemic to reduce overall treatment time (1). Unfortunately, HFRT in soft tissue
sarcomas (STS) is rarely mentioned and underestimated. SARS-CoV-2 infection in a tertiary STS
clinic or RT department might cause a shortage of experienced staff by putting them in quarantine.
What is more, the interrupted treatment cannot be continued in other institutions with the
maintenance of high-quality care due to lack of necessary knowledge, experience, and equipment.
Perioperative conventionally fractionated RT (CFRT), namely between 1.8 and 2.0Gy per fraction
by 5 to 7 weeks, is considered to be a standard regimen in STS (2). There is growing evidence that
preoperative HFRT could be also a possible therapeutic approach and its wide introduction may be
a controversial but necessary solution.

RATIONALE FOR PREOPERATIVE APPROACH

Preoperative RT in STS is not widely accepted due to the higher risk of postoperative
wound complications. However, wound complications, even serious, are usually manageable
and reversible, while late toxicity, manifested as complications related to fibrosis, is commonly
permanent and can lead to severe impairment of patient’s function and quality of life. In a
phase III randomized clinical trial that compared preoperative and postoperative RT in STS,
wound complications occurred in 35% of patients in the preoperative group and in 17% in the
postoperative group (3). After prolonged follow-up, late toxicity was observed more frequently in
the postoperative arm than in the preoperative arm without any significant differences in local
control and survival (4). The preoperative RT has more advantages i.e., visible tumor volume, less
healthy tissues within irradiated volume, lower total dose, better tissue oxygenation, and lower
risk of tumor cell seeding during surgery. Moreover, preoperative RT may provide substantial
benefit for patients with locally advanced disease, allowing conservative or limb-sparing surgery in
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marginally-resectable or unresectable STS (5). Finally, cost-
effectiveness analysis supports preoperative RT in STS (6).

RATIONALE FOR HYPOFRACTIONATION

HFRT has a clinical rationale. HFRT regimens could significantly
shorten overall treatment time. Decreased exposure to potential
SARS-CoV-2 infection in a hospital as well as compliance with
treatment, convenience and cost favor HFRT. Additionally,
HFRT has a radiobiological rationale. Basing on the linear-
quadratic model, a larger dose per fraction applied to tumors
with a lower α/β ratio should result in better tumor control.
Heterogeneity of STS translates into a wide spectrum of
radiosensitivity, however, for most STS subtypes α/β ratio is
considered as lower than 10Gy (7). For example, calculated
liposarcoma and rhabdomyosarcoma α/β ratios were as low as
0.4 and 2.8Gy, respectively (8). Furthermore, assuming low α/β
ratio for STS and better responsiveness to a larger fraction size,
HFRT may allow de-escalation of total dose with constant tumor
control. That may result in decreased toxicity from surrounding
tissues. For purposes of comparison of the different fractionation
schedules in this review, the equivalent dose in 2-Gy fractions
(EQD2) was calculated assuming the α/β ratio for STS of 4Gy,
as in calculations performed in other studies (2, 7). The results
were presented in Table 1.

AVAILABLE EVIDENCE AND HFRT
REGIMENS

Preoperative HFRT in STS has been validated in retrospective
analyses, prospective registries, and phase I-II clinical trials
(5, 23–31). However, randomized phase III trials comparing
preoperative CFRT with HFRT are lacking. As with CFRT, HFRT
could be combined with systemic treatment (2). Despite scarce
evidence on the efficacy of perioperative chemotherapy in STS, it
is commonly applied as a part of treatment. A combination of RT
with targeted therapy is still under investigation giving promising
results but also unexpected toxicities (18, 21). The investigated
regimens of preoperative RT in STS were summarized in Table 1

(3–5, 9–31). Presented data should be interpreted with caution
because analyzed populations were not comparable as they
differed with many factors including patients’ characteristics, STS
subtypes, tumor size, indications for RT, RT techniques, elective
margins, and quality of surgery. Nevertheless, the results of HFRT
regimens seem very similar to those of CFRT regimens. The 5-
year local control was 82–100% (median 91%) in CFRT and 89
and 97% in two studies on HFRT. Furthermore, the rate of severe
wound complications was 0–25% (median 17%) in CFRT and 1–
24% (median 18%) in HFRT. It is noticeable, that EQD2 is lower
than 50Gy in the majority of analyzed HFRT regimens.

DISCUSSION

Available data suggest that preoperative HFRT in STS is a
promising treatment option providing satisfactory local control
with acceptable toxicity. Nevertheless, it has been not widely

adapted in clinical practice. COVID-19 pandemic may be the
appropriate time to rethink RT in STS.

Routine use of preoperative HFRT may be limited by some
concerns. One may fear that decreased EQD2 in preoperative
HFRT will result in worse local control. However, the current
standard of 50Gy in 2-Gy fractions is not based upon strong
evidence coming from randomized clinical trials with various
dose levels or fractionation regimens. In the analysis performed
by Haas et al. it has been shown that dose-response relationship
for local control in preoperative RT is clear only below 28Gy
in 8 fractions of 3.5Gy (EQD2 = 35Gy if α/β = 4Gy) (2).
Above that level, the benefit in local control from increased total
dose may be negligible, especially when RT is combined with
preoperative chemotherapy or targeted therapy. Data presented
in the Table 1 suggest that this assumption may be correct
because local control in all described regimens is higher than 80%
despite various EQD2. Interestingly, HFRT regimen described
by Koseła-Paterczyk et al. (25Gy in 5 fractions) given in
the majority of patients without preoperative chemotherapy
provided lower (but acceptable) local control than regimens
with higher fraction and total doses (30Gy in 5 fractions)
or one with the same fractionation regimen but combined
with sequential anthracycline-based chemotherapy (5, 27, 30,
31). The same 5 × 5Gy regimen without chemotherapy but
with delayed surgery resulted in 100% 1-year control rate
in patients with myxoid liposarcomas that are considered
radiosensitive (29).

Furthermore, the preoperative approach and
hypofractionation in STS remain controversial due to the
risk of treatment-related morbidity. Wound complications
are serious adverse effects of any preoperative RT in STS.
However, this toxicity could be predicted by assessment of
patient-related risk factors, such as smoking, diabetes, obesity,
and tumor location (lower limbs) (32). Although larger doses
per fraction could theoretically increase the risk of late toxicities,
such assumption was neither confirmed in clinical trials with
preoperative and definitive HFRT in other neoplasms, i.e., rectal,
prostate or lung cancer, nor in presented data regarding HFRT
in STS. Moreover, the occurrence of selected late toxicities
after combined treatment of STS could be predicted and often
reduced. For example, periosteal location of tumor, higher
mean and maximal dose to bone as well as volume of bone
irradiated to over 40Gy in 2-Gy fractions increase the risk of
pathologic fractures (33). Proper treatment planning and choice
of RT techniques with intensity modulation can significantly
reduce both early and late toxicity (17, 20). Thus, taking into
account local control and toxicity, the choice of RT regimen
should be based on several factors, i.e., patients’ characteristics,
tumor location and size, STS subtype and its radiosensitivity,
risk of local and distant relapse, availability of equipment, RT
techniques, and systemic treatments.

No direct comparison of preoperative CFRT and HFRT
regimens in STS was performed in the literature. While
randomized clinical trials are still the gold standard,
other approaches when investigating various treatments
for rare diseases should be considered, such as Bayesian
trial design. Moreover, after discussion within the
multidisciplinary tumor board, the individualized treatment
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TABLE 1 | Preoperative radiotherapy regimens in soft tissue sarcomas in major published studies.

References Evidence N of patients Dominant

preoperative

regimen

EQD2

α/β

4 Gy

Tumors

>10 cm

Surgery

after RT

R0 @years

local control

All wound

complications

@severe∧

Reported

late toxicity

@years

estimated

survival

Conventionally

fractionated

RT regimens

Pollack et al. (9) Retrospective

cohort

128 (preop)

51 CHT+RT

77 RT

CHT*&

50 Gy/25 fr.

50Gy ND

median

10 cm

Delayed 92% @5y

82%

25%@ND 6% ND

O’Sullivan et al.

(3, 10)

Davis et al. (4)

Phase III RCT

(preop vs.

postop)

94 (preop) 50 Gy/25 fr. 50Gy 35% Delayed

(3–6 weeks)

84% @5y

93%

35%@17% G2+:

fibrosis 32%

JS 18%

edema 15%

@5y

DRFS 67%

OS 73%

Zagars et al. (11) Retrospective

cohort

271 (preop)

179 CHT+RT

92 RT

CHT*&

50 Gy/25 fr.

50Gy 42% Delayed

(4–6 weeks)

86% @5y

85%

@10y

83%

ND 5% @5y

DRFS 64%

@10y

DRFS 61%

DSS 64%

Hui et al. (12) Retrospective

cohort

67 50.4 Gy/28 fr. 48.7Gy ND

median

6 cm

Delayed

(3–6 weeks)

99% @5y

93%

41%@18% 7% @5y

DRFS 68%

OS 73%

Kraybill et al. (13) Phase II

single arm CT

64 MAID

22 Gy/11 fr.

MAID

22 Gy/11 fr.

MAID

44Gy ND

median

15 cm

Delayed 91% @3y

90%

11%@3% ND @3y

DRFS 65%

OS 75%

Canter et al. (14) Retrospective

cohort

25 50 Gy/25 fr. 50Gy 36% Delayed

(4–6 weeks)

84% @3y

100%

28%@16% ND ND

Yoon et al. (15) Phase II

single arm CT

20 Bevacizumab

50.4 Gy/28 fr.

48.7Gy ND

median

8 cm

Delayed

(6–7 weeks)

ND @2y

95%

20%@ND ND @2y

DRFS 65%

Shah et al. (16) Retrospective

cohort

30 50 Gy/25 fr. 50Gy 40% Delayed

(4–6 weeks)

ND @5y

100%

23%@20% ND @5y

DRFS 61%

OS 69%

O’Sullivan et al.

(17)

Phase II

single arm CT

59 50 Gy/25 fr. 50Gy ND

median 10 cm

Delayed 93% @5y

88%

31%@10% Moderate:

skin 2%

fibrosis 9%

JS 7%

edema 11%

@5y

DRFS 67%

OS 75%

Lewin et al. (18) Phase Ib/II

single arm CT

9 Sunitinib

50.4 Gy/28 fr.

48.7Gy ND

median

10 cm

Delayed

(3–6 weeks)

ND ND ND Any G: 78% @2y

PFS 44%

OS 56%

(Continued)
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TABLE 1 | Continued

References Evidence N of patients Dominant

preoperative

regimen

EQD2

α/β

4 Gy

Tumors

>10 cm

Surgery

after RT

R0 @years

local control

All wound

complications

@severe∧

Reported late

toxicity

@years

estimated

survival

Canter et al. (19) Phase I single

arm CT

8 Sorafenib

50 Gy/25 fr.

50Gy 63% Delayed

(4–6 weeks)

75% @3y

100%

38%@ND ND @3y

DRFS 42%

OS 75%

Wang et al. (20) Phase II

single arm CT

79 50 Gy/25 fr.

with

reduced margins

50Gy ND

median

11 cm

Delayed 76% @2y

94%

37%@25% G2+:

fibrosis 5%

JS 4%

edema 5%

@2y

DRFS 65%

OS 81%

Haas et al. (21) Phase I single

arm CT

11 Pazopanib

50 Gy/25 fr.

50Gy 27% Delayed

(5–7 weeks)

ND @2y

91%

20%@0% ND @2y

DRFS 82%

Jakob et al. (22) Phase Ib/II

single arm CT

5 Sunitinib

50.4 Gy/28 fr.

48.7Gy 40% Delayed

(5–8 weeks)

100% @2y

80%

56%@22% ND @2y

DRFS 60%

Hypofractionated

RT regimens

Temple et al. (23) Prospective

register

42 Doxorubicin

30 Gy/10 fr.

35Gy ND Delayed

(4–6 weeks)

ND @5y

97%

15%@ND ND @5y

OS 79%

Ryan et al. (24) Retrospective

cohort

25 EI

28 Gy/8 fr.

35Gy ND

median

10 cm

Delayed

(4–5 weeks)

88% @2y

88%

ND@20% ND @2y

DRFS 78%

OS 84%

MacDermed et al.

(25)

Retrospective

cohort

34

included 6

patients

with DM

Ifosfamide

28 Gy/8 fr.

35Gy 32%

(>12 cm)

delayed

(4–8 weeks)

100% @5y

89%

ND@17% Fibrosis 14%

edema 17%

@5y (no

DM)

DRFS 53%

OS 45%

Meyer et al. (26) Phase I single

arm CT

16

included 2

patients

with DM

Sorafenib

EI

28 Gy/8 fr.

35Gy ND Delayed 94% @2y

100%

38%@ND ND @2y

PFS 86%

Koseła-Paterczyk

et al. (27)

Prospective

register

272

61 CHT+RT

211 RT

CHT*&

25 Gy/5 fr.

37.5Gy 42% Immediate

(3–7 days)

79% @3y

81%

all 32% @12%

53% CHT+RT

53% @21%

RT 27% @9%

15% all

23% CHT+RT

12% RT

@5y

OS 60%

Pennington et al.

(28)

Retrospective

cohort

116 CHT*

28 Gy/8 fr.

35Gy 47% Delayed

(2–3 weeks)

93% @3y

89%

@6y

83%

10%@1% 4% @3y

DRFS 75%

OS 82%

@6y

DRFS 65%

OS 67%

(Continued)
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TABLE 1 | Continued

References Evidence N of patients Dominant

preoperative

regimen

EQD2

α/β

4 Gy

Tumors

>10 cm

Surgery

after RT

R0 @years

local control

All wound

complications

@severe∧

Reported

late toxicity

@years

estimated

survival

Spalek et al. (29) Phase II

single arm CT

29

MLPS only

25Gy /5 fr. 37.5Gy 66% Delayed

(6–8 weeks)

93% @1y

100%

31%@ND ND @1y

DRFS 86%

Spalek et al. (5) Phase II

single arm CT

30

marginally

resectable

or unresectable

1x AI

25 Gy/5 fr.

2x AI

37.5Gy 74% Delayed

(6–8 weeks)

73% @1y

97%

23%@7% ND @1y

DRFS 74%

Parsai et al. (30) Retrospective

cohort

16

3 CHT+RT

13 RT

CHT*

30Gy /5 fr.

50Gy 25% Immediate

(0–7 days)

63% @1y

100%

31%@19% ND ND

Kalbasi et al. (31) Phase II

single arm CT

50 30 Gy/5 fr. 50Gy 24% Delayed

(2–6 weeks)

82% @2y 94% 32%@24% G1:

fibrosis 24%

JS 11%

edema 4%

G2:

fibrosis 11%

JS 11%

edema 4%

@2y

DRFS 79%

AI, doxorubicin, ifosfamide; EI, epirubicin, ifosfamide; CHT, chemotherapy; CT, clinical trial; DM, distant metastases; DRFS, distant recurrence-free survival; DSS, disease-specific survival; EQD2, equivalent dose in 2-Gy fractions; G,

grade; JS, joint stiffness; MAID, mesna, doxorubicin, ifosfamide, dacarbazine; MLPS, myxoid liposarcomas; ND, no data; OS, overall survival; PFS, progression-free survival; RCT, randomized clinical trial; RT, radiotherapy; STS, soft

tissue sarcomas.

*various regimens were used.
&only part of a group received chemotherapy.
∧assessed by authors as grade 3 or higher, or requiring reoperation.
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regimens may be proposed to patients then collected in
prospective registries.

Radiation oncologists are not front-line fighters in COVID-
19 times, but they can deal with the spread of infection another
way. In a global emerging situation of COVID-19 pandemic, the
benefits of preoperative HFRT for STS patients may outweigh
risks. Besides good efficacy and acceptable toxicity, HFRT
decreases the hospital-associated COVID-19 infection risk, as
well as the risk of treatment interruption, delay, or its poor quality
if performed outside STS tertiary center. Available treatment
options and concerns should be discussed with the patient in a
shared decision-making process.
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Therapy for Esthesioneuroblastoma:
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Institute
Cihang Bao 1,2,3, Weixu Hu 2,3, Jiyi Hu 2,3, Yuanli Dong 1,2,3, Jiade J. Lu 2,3* and Lin Kong 1,2,3*

1Department of Radiation Oncology, Fudan University Shanghai Cancer Center, Shanghai, China, 2Department of Radiation

Oncology, Shanghai Proton and Heavy Ion Center, Shanghai, China, 3 Shanghai Engineering Research Center of Proton and

Heavy Ion Radiation Therapy, Shanghai, China

Objectives: To evaluate efficacy and safety of intensity-modulated radiotherapy (IMRT)

in the management of esthesioneuroblastoma (ENB).

Methods and Materials: A retrospectively analysis of 52 ENB patients treated with

IMRT between 8/2008 and 8/2018 was performed. Thirteen of the 44 patients (29.5%)

with newly diagnosed and 2 of the 8 patients with recurrent disease presented regional

lymph node metastasis. The median dose of IMRT was 66 (range 52.5–75) Gy for

all patients. Elective nodal irradiation (ENI) was provided to all excluding 6 patients in

this cohort.

Results: With a median follow-up time of 32.5 (6∼121) months, the 3-year overall

survival (OS), progression-free survival (PFS), local progression-free survival (LPFS),

regional progression-free survival (RPFS), and distant metastasis-free survival (DMFS)

rates for the entire cohort were 89.7, 69.5, 89.7, 95.1, and 85.4%, respectively.

Multivariate analysis revealed that N-classification (N– vs. N+) at presentation was the

only significant prognosticators for PFS. No significant prognosticator was identified

for other survival outcome. No severe (i.e., grade 3 or 4) IMRT-induced acute toxicity

was observed. Severe late toxicities were infrequent (11.5%), which included dysosmia

(3.8%), hearing loss (3.8%), radiation brain injury (1.9%), and temporal lobe necrosis

(1.9%). Moreover, late ocular toxicity secondary to IMRT was not observed.

Conclusion: IMRT produced acceptable 3-year outcomes in terms of OS (89.7%),

LPFS (89.7%), and RPFS (95.1%) rates without substantial late adverse effects. Further

investigations for a more effective systemic strategy for distant disease control as well as

a precision radiation technique for further improvement in local control are needed.

Keywords: intensity-modulated radiotherapy, esthesioneuroblastoma, elective nodal irradiation, toxicities,

outcomes
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INTRODUCTION

Esthesioneuroblastoma (ENB), also known as olfactory
neuroblastoma, is an uncommon malignancy of
neuroectodermal origin and constitutes 3% of all intranasal
neoplasms (1). Due to its rarity and heterogeneous biological
behavior, no uniformly accepted standard treatment has been
established. Although surgery is generally accepted as the
initial treatment of choice, complete resection with sufficient
margins is often challenging due to the anatomical location of
ENB. Radiation therapy, either with definitive (radiotherapy
exclusively or radiochemotherapy) or adjuvant intention, is
a vital component of the multidiscipline management of the
disease. Results of retrospective series has demonstrated that
adjuvant radiotherapy after surgery was effective in improving
local control (2–7). Furthermore, high-dose radiotherapy offers
the only potential for cure for unresectable or inoperable ENB,
and may provide similar outcome as compared to surgery for
early stage diseases (6). Nevertheless, the dose of radiation is
usually limited by critical organs at risk (OARs) usually within
the radiation field, especially for locally advanced ENB with
intracranial extension.

Intensity-modulated radiation therapy (IMRT) offers the
potential to reduce dose to OARs while maintaining doses at
therapeutic levels to the target volumes via optimized non-
uniform beam intensities. The benefit of IMRT is particularly
profound in the management of sinonasal tumors which are
usually irregular in contours and located in the immediate
vicinity of vital neurological and vascular structures (8–10).
However, the use of IMRT for the management of ENB has yet
to be studied further. The aim of this study is to document the
outcome of a relatively large group of patients with ENB treated
in a uniform fashion with IMRT.

METHODS AND MATERIALS

This retrospective study was approved by the institutional review
board (IRB) of the Fudan University, Shanghai Cancer Center
(FUSCC), and all patients provided written informed consent for
medical research prior to initial treatment.

Patients’ Criteria
Between 8/2008 and 8/2018, 57 consecutive patients with
histologically confirmed ENB were treated at the FUSCC. One
patient lost in follow-up immediately after the completion of
IMRT and 4 patients refused to receive IMRT due to financial
reasons were excluded from this analysis. For the remaining 52
patients (Table 1), their extent of disease was determined by
review of CT or MRI of the head and neck as well as surgical

Abbreviations: IMRT, Intensity-modulated radiotherapy; ENB,

Esthesioneuroblastoma; ENI, Elective nodal irradiation; OS, Overall survival;

PFS, Progression-free survival; LPFS, Local progression-free survival; RPFS,

Regional progression-free survival; DMFS, Distant metastasis-free survival;

OARs, Organs at risk; IRB, Institutional review board; FUSCC, Fudan University,

Shanghai Cancer Center; EP, Etoposide and cisplatin; BED, Biological equivalent

dose; RTOG, Radiation Therapy Oncology Group; NCDB, National Cancer

Database.

TABLE 1 | Characteristics of 52 patients with Esthesioneuroblastoma.

Primary IMRT

(44 patients)

Salvage IMRT

(8 patients)

n % n %

Gender

Male 35 79.5 6 75

Female 9 20.5 2 25

Age (years)

Median(range) 44 (18–67) 64 (55–74)

Modified Kadish stage

A 4 9.1 0 0

B 12 27.3 5 62.5

C 15 34.1 1 12.5

D* 13 29.5 2 25

T-classification

1 10 22.7 3 37.5

2 15 34.1 3 37.5

3 8 18.2 2 25

4 11 25 0 0

N-classification

0 31 70.5 6 75

1 13 29.5 2 25

Surgery

R0/R1 10 22.7 2 25

R2 20 45.5 3 37.5

Biopsy 14 31.8 3 37.5

Chemotherapy

No 20 45.5 4 50

Yes 24 54.5 4 50

Total dose of IMRT, Gy

Median (range) 66 (52.5–75) 66 (56–66)

Fractionation of IMRT, Gy

Median (range) 2 (1.8–2.2) 2 (2–2.2)

ENI

No 2 4.5 4 50

Yes 42 95.5 4 50

*All had regional lymphadenopathy without distant metastasis. IMRT, intensity-modulated

radiation therapy.

reports. Tumor stage was evaluated and confirmed using the
modified Kadish staging system (11). Hyams grade were available
for only 12 patients. The gross tumor volume (GTV) was defined
based on the diagnostic CT and/or MRI. Surgical tumor bed of
patients underwent resection were also included in GTV. The
clinical target volume (CTV) was defined as the GTV plus a
margin for subclinical diseases as well as the draining lymphatics
in the neck. Elective nodal irradiation (ENI), which covered
the primary tumor as well as the draining lymphatics in the
neck, was provided to all patients excluding 6 patients in this
cohort. The use of induction and/or adjuvant chemotherapy
was at the discretion of their referring medical oncologists.
All patients treated with chemotherapy received two or
more cycles.
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Statistics
Time to local, regional, and distant failure as well as death were
estimated from the date of diagnosis of disease or recurrence
until documented event. Univariate analyses for survivals were
performed using Kaplan-Meier method (with the log-rank
test) and the univariate Cox proportional hazards model.
The prognostic factors were determined by the multivariate
Cox proportional hazards model. Statistical calculation was
performed with SPSS (version 19.0) and R software (version
3.5.3) was used to draw survival curves. P values < 0.05 were
considered statistically significant.

RESULTS

Baseline Characteristics
The characteristics of the patients and their treatment strategy
are detailed in Table 1. Fifteen patients presented with neck
adenopathy including 2 failed a previous course of radiation. The
characteristics of the regional (neck node) metastases in the 13
patients with newly diagnosed ENB is detailed in Figure S1. The
neck nodal stations were classified according to the DAHANCA,
EORTC, GORTEC, NCIC, and RTOG consensus (12). Bilateral
neck adenopathy was seen in 6 (46.2%) among these 13 patients.
One patient presented with skip metastasis, and the remaining
presented in a contiguous pattern. Level IV and V nodes were
implicated only in case with disease widely metastatic to the
upper and middle neck nodes.

Thirty-five patients underwent surgery including 10 with
endoscopic resection. Twelve patients achieved R0 or R1
resection, and the remaining 23 had partial resection (Table 1).
Elective neck dissection was not performed unless for patients
with known neck adenopathy. The remaining 17 patients
received biopsy only.

Forty-four patients received primary IMRT (newly diagnosed
patients received first course of IMRT), and 1 patient with local
recurrence after surgery alone received high-dose salvage IMRT.
In addition, 4 patients failed previous radiotherapy (non-IMRT)
for ENB and 3 patients with radiation-induced ENB as second
primary tumor after treatment for nasopharyngeal cancer (n =

2) or nasal NK/T cell lymphoma (n= 1) received a second course
of radiation using IMRT. The latent period between the 2 courses
of radiotherapy for all 7 patients were > 3 years.

For 44 patients who received primary IMRT, the total dose
to the CTV of covers the GTV ranged from 52.5 to 75 (median
= 66) Gy in conventional fractionations (1.8∼2.2Gy per daily
fraction). Two patients with stage C and D disease, respectively,
discontinued IMRT due to adverse effects at 52.5Gy (2.1Gy/daily
fraction) and 56Gy (2 Gy/daily fraction). The doses of ENI
were 60Gy for 37 patients, and were 50∼54Gy for 5 additional
patients. Two patients did not receive ENI.

For the 8 patients who received salvage IMRT (1 with local
recurrence after surgery, 4 failed previous course of radiotherapy,
and 3 with radiation-induced second primary ENB), the total
dose to the CTV ranged from 56 to 66 (median = 66) Gy
at 2.0∼2.2 Gy/daily fraction. One patient received 56Gy in 28
fractions after R0/R1 resection. Two patients received 60Gy, and
the remaining 5 received 66Gy. Four patients received ENI with

the doses at 50, 60, 60, and 66Gy. The remaining 4 patients
received IMRT to the primary lesions only.

Induction chemotherapy were provided to 13 patients,
and the most commonly used regimen was etoposide
and cisplatin (EP). Ten patients received platinum-based
chemotherapy in concurrent with IMRT. And 6 patients received
adjuvant chemotherapy (platinum + etoposide, gemcitabine, or
etoposice/cyclophosphamide) after the completion of IMRT.

Disease Control and Survival
The median follow-up time for the entire cohort of 52 patients
was 32.5 (6∼121) months. Three and two patients received
primary or salvage IMRT, respectively, had deceased. The 3-
year overall survival (OS), progression-free survival (PFS),
local progression-free survival (LPFS), regional progression-free
survival (RPFS), and distant metastasis-free survival (DMFS)
rates for the entire cohort were 89.7, 69.5, 89.7, 95.1, and
85.4%, respectively.

Patterns of Failure
Among the 44 patients treated with primary IMRT, only 2
patients with modified Kadish Stage C disease (T3N0M0)
experienced local failure. In addition, 2 patients with stage D (N1)
experienced regional failure. Furthermore, 4 patients developed
distant metastases in bone, lung, and/or distant nodal region at
7, 8, 13, and 23 months after the completion of IMRT. Among
the 8 patients received salvage IMRT, 4 patients developed local
(2 patients) and distant (2 patients) failure, respectively. The
patterns and details of failure for all patients are demonstrated
in Table 2.

Prognostic Factors
All significant prognosticators, previously reported in
the literatures for ENB after radiotherapy for local and
regional disease control were assessed in both univariate and
multivariate analyses for this cohort of patients (Tables 3, 4 and
Tables S1–S5). These potential prognosticators included age,
gender, recurrent vs. initial diagnosis, salvage vs. primary IMRT,
modified Kadish stage, Dulguerov T- and N-classifications, use of
chemotherapy or surgery, dose of IMRT to GTV, fractionation,
biological equivalent dose (BED), and use of ENI.

On univariate analysis using the log-rank test (Table 3), the
use of ENI significantly improves LPFS (p = 0.019, Figure 1A);
recurrence was a significant prognosticator for both DMFS
(p = 0.030), PFS (p = 0.012, Figure 1B), and OS (p =

0.035); salvage IMRT is a significant predictor for PFS (p =

0.038, Figure 1C) and LPFS (p = 0.045); Patients receiving
chemotherapy experienced worse LPFS (p = 0.032). Univariate
analyses using the cox regression analysis (Tables S1–S5)
revealed that recurrence was a significant prognosticator for PFS
(HR, 3.986; 95% CI: 1.246–12.754, p = 0.020); salvage IMRT is a
significant predictor for PFS (HR, 3.009; 95% CI: 1.007–8.991, p
= 0.049); the use of ENI significantly improves LPFS (HR, 0.136;
95% CI: 0.019–0.964, p = 0.046); recurrence showed a trend to
predict DMFS (HR, 5.373; 95% CI: 0.981–29.426, p = 0.053),
and OS (HR, 5.886; 95% CI: 0.931–37.231, p = 0.060); salvage
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TABLE 2 | Details of the 12 patients who experienced local and/or distant failures and their treatment.

Gender/age (y) KS Neck Nature of RT Treatment received RT Dose (Gy) Failure (mo) Salvage at failure Final status [last follow-up time, mo]

M/33 C N0 Primary S+CT+RT 66 LR (12) CT AWD (21)

M/53 C N0 Primary S+CT+RT 66 LR (20) S+CT AWD (25)

M/41 D N1 Primary S+CT+CCRT 66 RR (24) CT AWD (29)

M/40 D N1 Primary RT 70 RR (5) S NED (72)

F/35 B N0 Primary S+RT 66 DM (13) CT DOD (30)

M/29 C N0 Primary S+RT 59.4 DM (7) RT+CT+RT DOD (23)

F/46 D N1 Primary S+RT 66 DM (23) RT+CT AWD (38)

M/64 D N1 Primary CT+CCRT+CT 66 DM (7) CT AWD (8)

M/64 B N0 Salvage S+CT+RT 60 LR (16) None AWD (24)

M/64 D N1 Salvage CT+RT 66 LR (25) Unknown AWD (25)

M/71 B N0 Salvage S+RT 60 DM (7) None DOD (8)

F/55 D N1 Salvage CT+CCRT 66 DM (30) S AWD (81)

The last 4 patients received salvage IMRT. KS, modified Kadish stage; RT, radiotherapy; S, surgery; DM, distant metastasis; LR, local recurrence; RR, regional recurrence; NED, no

evidence of disease; DOD, death from disease; CT, systemic-dose chemotherapy; CCRT, concurrent chemoradiation. AWD, alive with disease.

TABLE 3 | Univariate analyses for survival outcomes by Kaplan-Meier method

(log-rank).

Variables OS PFS LPFS RPFS DMFS

Gender (female vs. male) 0.771 0.784 0.224 0.403 0.148

Age (≤ vs. > 50) 0.397 0.343 0.205 0.211 0.796

Recurrent ENB (no vs. yes) 0.035 0.012 0.213 0.650 0.030

Salvage RT (no vs. yes) 0.163 0.038 0.045 0.548 0.234

Modified Kadish stage (A/B/C vs. D) 0.748 0.018 0.992 0.018 0.149

T-category (T1/2 vs. T3/4) 0.350 0.629 0.171 0.805 0.243

N-category (N– vs. N+) 0.748 0.018 0.992 0.018 0.149

Surgery (No vs. Yes) 0.765 0.351 0.809 0.573 0.941

Chemotherapy*(No vs. Yes) 0.227 0.587 0.032 0.974 0.403

GTV dose (< vs. ≥66Gy) 0.551 0.643 0.947 0.431 0.662

Fractionation (< vs. ≥2.1Gy) 0.990 0.663 0.388 0.490 0.944

BED (≤ vs. >79.2Gy) 0.880 0.941 0.313 0.332 0.759

ENI (No vs. Yes) 0.143 0.118 0.019 0.604 0.727

*Chemotherapy before RT and/or concurrent chemotherapy and/or Chemotherapy

after RT.

Salvage RT including 1 local recurrence after surgery and 7 re-irradiation patients.

Bold values indicates P < or ∼0.05, which was considered statistically significant.

IMRT showed a trend to predict LPFS (HR, 5.840; 95%CI: 0.821–
41.522, p = 0.078). However, no significant association between
chemotherapy and LPFS was observed on cox regression analysis
(p= 0.293, Table S3).

Patients diagnosed with N1 stage have worse RPFS than
those with N0 stage (81.7 vs. 100%, log-rank: p = 0.018), while
no significant association between N-classification and RPFS
was observed on cox regression analysis (p = 0.464, Table S4).
Moreover, the 3-year PFS rates for the 37 patients diagnosed with
N0 (median PFS not reached) vs. the 15 patients diagnosed with
N1 (median PFS 25.4 months) were 82.2 vs. 37.7%, respectively
(log-rank: p= 0.018, Figure 1D; Cox: HR, 3.295, 95% CI: 1.154–
9.408, p= 0.026, Table S2).

No significant prognosticator was found in multivariate
analyses for survival outcomes except for PFS (Table 4). Modified

TABLE 4 | Multivariate analyses of PFS (Cox proportional hazards model).

Variables Multivariate analyses

HR (95% CI) P-value

Gender (female vs. male) 1.590 (0.316–7.993) 0.574

Age (continuous variable) 1.007 (0.958–1.058) 0.797

Salvage RT (no vs. yes) 2.895 (0.279–30.005) 0.373

T-category (T1/2 vs. T3/4) 0.312 (0.071–1.375) 0.124

N-category (N– vs. N+)‡ 4.774 (1.388–16.423) 0.013

Surgery (No vs. Yes) 0.900 (0.212–3.824) 0.886

Chemotherapy* (No vs. Yes) 1.277 (0.326–4.998) 0.726

GTV dose (continuous variable) 1.124 (0.902–1.400) 0.299

Fractionation (continuous variable) 0.000 (0.000–3.206) 0.077

ENI (No vs. Yes) 1.065 (0.092–12.276) 0.960

*Chemotherapy before IMRT and/or concurrent chemo-IMRT, and/or Chemotherapy

after IMRT.

Salvage RT including 1 local recurrence after surgery and 7 re-irradiation patients.
‡Constant or Linearly Dependent covariates Modified Kadish stage (A/B/C vs. D) = N

stage (N− vs. N+).

Bold values indicates P < or ∼0.05, which was considered statistically significant.

Kadish stage (A/B/C vs. D) and N-classification (N– vs. N+)
were constant or linearly dependent covariates. And BED
was calculated from total dose (to GTV) and fractionation.
Therefore, potential prognostic factors, including age, gender,
salvage vs. primary IMRT, Dulguerov T- and N-classifications,
use of chemotherapy or surgery, dose of IMRT to GTV,
fractionation and use of ENI were included in the multivariate
analysis. The only independent factors predicting PFS were N-
classification (N– vs. N+) (HR, 4.774, 95% CI: 1.388–16.423,
p = 0.013). Fractionation of IMRT showed a trend to predict
PFS (p= 0.077).

Radiation-Induced Adverse Effects
Acute Radiation Morbidity Scoring Criteria of the Radiation
Therapy Oncology Group (RTOG) was used for IMRT-induced
acute toxicities that observed within 3 months after the initiation
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FIGURE 1 | Univariate analysis using the log-rank test. (A) Local progression-free survival (LPFS) of patients with esthesioneuroblastoma treated with

intensity-modulated radiotherapy (IMRT) stratified by use of elective nodal irradiation (ENI). Progression-free survival (PFS) of patients with esthesioneuroblastoma

treated with IMRT stratified by recurrence (B), salvage IMRT (C), and N-classification (D).

of IMRT. Grade 1-2 acute toxicities were observed in most
patients, which included mucositis, dermatitis, neutropenia,
anemia, or thrombocytopenia. The most commonly observed
acute toxicity was mucositis. Four, 12, 11, and 1 patient
respectively experienced Grade 1, 2, 3, and 4 mucositis but
recovered after supportive care. No other patient experienced
Grade 3 or 4 acute toxicity otherwise.

Late toxicities included those occurred 3 months after the
initiation of IMRT and were assessed using the Late Radiation
Morbidity Scoring Criteria of the RTOG (13) and were detailed
in Table 5. Fifteen patients reported IMRT-related late toxicities
at their last follow-up. 11.5% of 52 ENB patients presented severe
late toxicities were treated by IMRT with (7.7%) and without
(3.8%) chemotherapy (p= 0.815, Table S6), respectively.
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TABLE 5 | Type, severity, and frequency of late toxicities.

Toxicity IMRT with

chemotherapy

IMRT without

chemotherapy

Grade 1 or 2 Grade ≥ 3 Grade 1 or 2 Grade ≥ 3

No. of

patients (%)

No. of

patients (%)

No. of

patients (%)

No. of

patients (%)

Nasopharyngeal

Mucositis

0 (0%) 0 (0%) 0 (0%) 0 (0%)

Temporal lobe

necrosis

0 (0%) 1 (1.9%)* 0 (0%) 0 (0%)

Radiation brain injury 5 (9.6%) 1 (1.9%) 0 (0%) 0 (0%)

Xerostomia 1 (1.9%) 0 (0%) 4 (7.6%) 0 (0%)

CNN

Hearing Loss 0 (0%) 1 (1.9%)* 0 (0%) 1 (1.9%)*

Visual acuity 2 (3.8%) 0 (0%) 0 (0%) 0 (0%)

Dysosmia 0 (0%) 1 (1.9%) 0 (0%) 1 (1.9%)

*Patients received re-irradiation. CNN, Cranial nerve neuropathy.

DISCUSSION

In this retrospective analysis, we studied 52 ENB patients
most with locally advanced and unresected disease. All patients
received IMRT (median dose = 66Gy) with (88.5%) or without
(11.5%) ENI. The 3-year OS, LPFS, RPFS, and PFS rates were
89.7. 89.7, 95.1, and 69.5%, respectively. The OS and PFS from
our analyses were comparable or slightly superior as compared
to those previously reported (7, 14, 15). However, severe late
adverse effects after IMRT with or without chemotherapy were
infrequent, which included dysosmia (3.8%), hearing loss (3.8%),
radiation brain injury (1.9%), and temporal lobe necrosis (1.9%).
Not surprisingly, patients who presented neck node metastasis
had worse outcome in terms of PFS on multivariate analyses.

ENB is a relatively rare malignancy in the head and neck,
and radiotherapy is an important modality for its management.
Due to its high local failure rate, adjuvant radiation after
surgery has been shown to improve local control of the disease
and potentially survival, especially for locally advanced diseases
(16–18). For patients with inoperable or unresectable diseases,
high-dose radiation therapy is the only curative treatment
modality. However, despite of its efficacy for early stage disease,
local control for locally advanced ENB was suboptimal. In a
retrospective study of 55 patients, Benfari et al. reported local
control rates of 58 and 19%, respectively, for Kadish B and
C patients (19). Such dismal outcome was due to, at least
in part, the lower dose (median dose = 55Gy) used. More
recently published clinical results have indicated that the use
of conformal techniques like IMRT or proton beam therapy
at higher doses may improve outcomes for local control and
minimizing radiation-induced adverse effects to the nearby
OARs (20–22).

Although a dose-response has not been confirmed for ENB,
higher radiation dose, in theory, may improve local control
thereby overall outcome. Owing to its initial inconspicuous
location and unspecific symptoms (primarily nasal obstruction

with or without recurrent epistaxis) (14, 23–27), ENB is often
locally advanced (frequently extended into the orbits, sinuses,
and anterior cranial fossa) at diagnosis. As such, the dose of
conventional radiotherapy is often substantially limited by the
OARs. The use of precision radiation therapy such as IMRT
and proton therapy have the physical advantage in improving
therapeutic ratio. In a retrospective of 116 patients reported by
Yin et al., the use of 2D vs. 3D or IMRT produced similar outcome
in term of LPFS, DMFS, and OS (28). However, radiation-
induced adverse effects cannot be ignored and usually arrange
between 30 and 40% (16). In fact, sinonasal radiotherapy is
challenging due to the close anatomical association between
the tumor bed and OARs including eye, optic pathway, brain
and brainstem. The incidence of unilateral and bilateral grade
3–4 radiation-induced retinopathy and optic neuropathy, for
instance, reported to be as high as 30 and 10% respectively
(29) after conventional radiation. In a study used 3D-CRT,
9% of patients developed RT-related severe late toxicity (23),
suggesting more precise radiation technique may improve the
toxicity profile after radiotherapy. The efficacy of IMRT for tumor
in nasal cavity and paranasal sinuses including 7 ENB patients
reported by Daly et al. (30) suggested that IMRT might not
significantly improve disease control but was favorably associated
with low incidence of complications. The incidence of ocular
toxicity was minimal and decreased vision was not observed.
Late complications included xerophthalmia (1 patient), lacrimal
stenosis (1 patient), and 1 patient developed an early cataract ∼2
years after radiation treatment for an ethmoid sinus ENB. With
a median follow-up time of 32.5 months, our data showed that
severe late toxicities (grade 3 or 4) after IMRT were infrequent
(11.5%), which included dysosmia (3.8%), hearing loss (3.8%),
radiation brain injury (1.9%), and temporal lobe necrosis (1.9%).
The incidence of ocular toxicity was minimal, and no patients
experienced loss of vision. Of note, the reported median time for
developing optic-nerve damage was 25 to 30 months (31).

The value of ENI has been suggested in a number of
retrospective studies for locally advanced ENB. Early publications
with small sample size questioned the necessity of ENI for
patients with ENB (14, 32); however, modern series indicated
otherwise. In a series of 67 cases ENB received 3-D conformal
radiation therapy or IMRT with or without ENI after definitive
surgery, 12% developed neck recurrence. However, none of
the patients with neck recurrence received prophylactic neck
radiation (15). Furthermore, in a more recently published study
of 116 patients, ENI significantly reduced the risk of neck
recurrence from 23 to 2% (28). Our findings seem to confirm
the efficacy of ENI. Nearly all patients received ENI in our series,
and only 2 patients (4.5%) of the 44 newly diagnosed patients
developed neck recurrence. It is important to note that both
patients had N1 disease at diagnosis. As the regional recurrence
rate can be as high as 12–44% for locally advanced ENB and the
outcome is usually dismal once recurrence occurs, we suggest a
careful evaluation of the risk of nodal recurrence in patients with
Kadish B and C patients.

Several pitfalls need to be discussed. First, as a retrospective
study, the treatment regimens for patients included in this
analysis were heterogeneous. Forty-four patients presented after
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initial diagnosis of ENB and 8 had either recurrent or secondary
disease; 35 patients received surgery followed by IMRT, and 17
received IMRT without surgery as the treatment. In addition,
chemotherapy was used in 28 patients at the discretion of
the attending oncologists. The relatively limited number of
patients due to the rarity of the disease, together with the
mixed regimens used made it difficult to understand the role of
individual treatment modality and their combinations. Ideally,
well-designed prospective trials will be required to define the
optimal treatment regimens; nevertheless, considering the rarity
of the disease, it will be difficult to plan for a prospective clinical
trial even with multi-institutional efforts. Currently, surgery
followed by adjuvant radiotherapy or definitive radiation for
unresectable/inoperable disease is the most utilized combination
for ENB, with or without chemotherapy. Our results indicated
that IMRT with ENI is efficacious and safe for both primary and
recurrent/secondary ENB. Secondly, Hyams grade which reflect
the biology ENB, is available for 12 patients only. Hyams grading
was reported to correlate with treatment outcome. High grade
ENB (i.e., Grade III or IV) were found to be related with more
advanced local and regionally stages as well as worse survival
outcome (33, 34). Unfortunately, we were not able to include
Hyams grading in our uni- and multi-variate analyses due to
the limited details of pathology reports. Last but not the least,
the follow-up time of 32.5 months is relatively short for our
cohort of patients, thus we could only report the 3-year survival
and disease control outcome with confidence. Several researchers
reported that recurrence occurs long (about 60 months) after
the completion of ENB treatment (35). However, the pattern of
recurrence had been reported as biphasic, with early recurrence
at 17 months usually with poor prognosis, whereas patients with
late recurrence enjoy a better prognosis (36).

Despite of the favorable OS and local/regional control rates, a
number of issues remained puzzling. The role of chemotherapy
has not been well-defined in the management of non-metastatic
ENB. There is no standard regimen of chemotherapy for ENB,
but cisplatin and etoposide seem to be the most acceptable
combination used (37). The use of adjuvant chemotherapy may
improve LPFS and RPFS but not OS (21). In a National Cancer
Database (NCDB) analysis, chemotherapy improved efficacy
of post-operative radiation therapy, especially in patients with
Kadish C and D diseases (38). In our analyses, chemotherapy
was used in nearly half of the patients. Although the regimen
and timing of chemotherapy varied, no significant finding
was observed in local, regional, or distant disease control. On
univariate analysis using the log-rank test, patients receiving
chemotherapy experienced worse LPFS (p = 0.032), potentially
due to more advanced T-disease in patients who received
chemotherapy (Table S6, p = 0.011). However, no significant
association between chemotherapy and LPFS was observed on
cox regression analysis (p = 0.293, Table S3). Clearly, efficacious
chemotherapy regimens and combined treatment strategies need
to be discovered then tested for ENB especially for patients with
N+ diseases given the high probability of distant metastasis.
In addition, the optimal dose of IMRT should also be further
confirmed. Conventional radiation therapy was used in most
published literatures on radiation for ENB. Whether higher

radiation dose used in IMRT could further improve disease
control thereby survival while maintaining a lower adverse
effect profile is largely unknown. In our series, both uni- and
multivariate analyses revealed that total dose of IMRT (above or
below 66Gy) was not significant for predicting OS, PFS, or local
control rates. Nevertheless, with an LPFS of less than 90% in 3
years, further escalating of radiation dose should be investigated
for a more optimal local control. A regional recurrence rate of
4.5% in our study for a group of patients largely with advanced
or recurrent ENB indicated that ENI is effective in preventing
neck recurrence.

CONCLUSION

IMRT produced acceptable 3-year outcomes in terms of
OS (89.7%), LPFS (89.7%), and RPFS (95.1%) rates without
substantial late adverse effects. PFS remained at 69.5% due
to, at least in part, a more suboptimal distant metastatic rate
(85.4%). Further investigations for a more effective systemic
regimen for distant disease control as well as a precision
radiation technique for further improvement in local control
will be needed.
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Background: Accurate segmentation of tumor targets is critical for maximizing tumor

control and minimizing normal tissue toxicity. We proposed a sequential and iterative

U-Net (SI-Net) deep learning method to auto-segment the high-risk primary tumor

clinical target volume (CTVp1) for treatment planning of nasopharyngeal carcinoma

(NPC) radiotherapy.

Methods: The SI-Net is a variant of the U-Net architecture. The input of SI-Net includes

one CT image, the CTVp1 contour on this image, and the next CT image. The output is

the predicted CTVp1 contour on the next CT image. We designed the SI-Net, using the

left side to learn the volumetric features and the right to localize the contour on the next

image. Two prediction directions, one from inferior to superior (forward direction) and

the other from superior to inferior (backward direction), were tested. The performance

was compared between the SI-Net and the U-Net using Dice similarity coefficient (DSC),

Jaccard index (JI), average surface distance (ASD), and Hausdorff distance (HD) metrics.

Results: The DSC and JI values from the forward direction SI-Net model were 5 and

6% higher than those from the U-Net model (0.84 ± 0.04 vs. 0.80 ± 0.05 and 0.74 ±

0.05 vs. 0.69± 0.05, p < 0.001). The smaller ASD and HD values also indicated a better

performance (2.8 ± 1.0 vs. 3.3 ± 1.0mm and 8.7 ± 2.5 vs. 9.7 ± 2.7mm, p < 0.01) for

the SI-Net model. For the backward direction SI-Net model, the DSC and JI values were

still better than those from the U-Net model (p< 0.01), although there were no significant

differences in ASD and HD.

Conclusions: The SI-Net model preserved the continuity between adjacent images

and thus improved the segmentation accuracy compared with the conventional U-Net

model. This model has potential of improving the efficiency and consistence of CTVp1

contouring for NPC patients.

Keywords: auto-segmentation, radiotherapy, clinical target volume, deep learning, nasopharyngeal carcinoma
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INTRODUCTION

In 2018, about 129,000 people were diagnosed with
nasopharyngeal carcinoma (NPC) and about 73,000 people
died because of it (1). With the advances of radiation technology,
intensity-modulated radiotherapy (IMRT) and volumetric-
modulated arc therapy (VMAT) have become standard
radiotherapy methods for NPC patients (2). Precise radiotherapy
relies on accurate delineation of tumor targets and organs at risk
(OARs). In radiotherapy practice, these anatomical structures
are usually manually delineated by radiation oncologists on
a treatment planning system (TPS). The manual delineation,
however, is a time-consuming and labor-intensive process. It
usually takes about several hours to contour all structures in NPC
radiotherapy planning (3). Moreover, the manual delineation
is a subjective process and hence is prone to inter-practitioner
variability. The NPC target segmentation is particularly
challenging because of the substantial interpatient heterogeneity
in tumor shape and the poorly defined tumor-to-normal tissue
interface (4), resulting in considerable variations in clinical target
volume (CTV) among physicians (5, 6).

Auto-segmentation method has the potential of improving
the contouring accuracy and efficiency. Different types of
auto-segmentation methods have been reported. Atlas-based
segmentation (7–9) is one popular technique. It matches new
images to a group of contours selected from a database on the
basis of deformable registration. But this method has several
disadvantages. For example, it has long computation time and
often could not account for large anatomical variations due to
the uncertainty of deformable registration (3). In recent years,
deep learning has achieved great success in computer science. It
has been applied to auto-segmenting tumor targets and OARs
in radiotherapy (10–13). Studies have demonstrated that deep
leaningmethod can perform comparably with or even better than
manual segmentation for some tumor sites.

In this work, we proposed a sequential and iterative U-
Net (SI-Net) model that can automatically segment high-risk
primary tumor CTV (CTVp1) in NPC radiotherapy. The SI-
Net preserved the continuity between adjacent images and thus
improved segmentation accuracy. We trained the model using
135 patients and tested its accuracy using 15 patients. The results
showed that the SI-Net performed better than conventional two-
dimensional (2D) U-Net did.

MATERIALS AND METHODS

Data
We retrospectively selected 150 NPC patients treated in our
hospital between January 2016 and May 2019. The patient
demographics are shown in Table 1. The patients with locally
advanced cancer (N = 53) were treated with induction
chemotherapy followed by concurrent chemoradiotherapy, and
the remaining patients were treated with either radiotherapy or
concurrent chemoradiotherapy. During CT simulation, patients
were immobilized in supine position with a thermoplastic mask
and underwent contrast-enhanced CT scan on a Somatom
Definition AS 40 (Siemens Healthcare, Forchheim, Germany)

TABLE 1 | Demographics of enrolled NPC patients.

GENDER

Male 112 (74.7%)

Female 38 (25.3%)

AGE

Median 52.0

Range 22.0–80.0

T STAGE

T1 11 (7.3%)

T2 23 (15.3%)

T3 79 (52.7%)

T4 37 (24.7%)

N STAGE

N0 8 (5.3%)

N1 41 (27.3%)

N2 84 (56.0%)

N3 17 (11.3%)

TREATMENT OPTIONS

Induction chemotherapy + concurrent chemoradiotherapy 53 (35.3%)

Radiotherapy or concurrent chemoradiotherapy 97 (64.7%)

CTVp1 VOLUME (ml)

Range 173–741

Mean 264 ± 80

NPC, nasopharyngeal carcinoma; CTVp1, primary tumor clinical target volume.

system. The dimension, resolution, and thickness of CT images
were 512 × 512, 0.98, and 2.5mm, respectively. To better
delineate the tumor region, T1-weighted MR images were also
acquired and fused with CT images. The CTVp1 was delineated
by experienced radiation oncologists on the CT images in a
Pinnacle TPS (Philips Radiation Oncology System, Fitchburg,
WI, USA) following the international guideline for NPC CTVp1
delineation (5).

Image Preprocessing
A binary body mask was automatically created in each CT
image to separate the body from external structures, such as
the couch, immobilization plate, and thermoplastic mask. First,
the Otsu thresholding was applied to each CT image. Then the
body mask was generated after the gaps and holes in the image
were filled with morphological closing operation. Subsequently,
multiplication of the CT image and the body mask produced
the final image used in the deep learning analysis. Images were
flipped and random rotated to augment the training dataset.

Network Architecture
The SI-Net is a variant of U-Net (14), which is popular
convolutional network architecture for biomedical image
segmentation. The U-Net consists of a contracting path
to capture context through convolution and max-pooling
operations and a symmetric expanding path to localize features
through up-convolution and concatenation operations. The
U-Net architecture enables structure delineation on one
isolated image. It, however, does not consider the continuity
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between neighboring images in a three-dimensional (3D) image
environment. We modified the U-Net architecture and designed
the SI-Net to specially take the image continuity into account.
The architecture of the SI-Net is illustrated in Figure 1. The
input is three 512 × 512 matrices, including the current CT
image, the CTVp1 contour on the current image, and the next
adjacent image. The output is the CTVp1 contour on the next
adjacent image, which is also one of the two input images. A
manual CTVp1 contour is required on the beginning image
as the input. The predicted contour will work as the input for
subsequent images. The left side of the architecture consists
of 3D convolutions to learn the volumetric features, and the
right side consists of 2D operations to localize the contour
on the next image. In the left, each layer contains two 3 ×

3 × 3 convolutions each followed by a rectified linear unit
(ReLU) activation (15) and one 2 × 2 × 2 max pooling with
two strides in each dimension. To better concatenate the 3D
convolutions on the left side with the 2D convolutions on the
right side, the 3D convolution is down-sampled by a 3 × 1
× 1 max pooling and then squeezed to decrease channels. A
reshape layer is used at the bottom of the architecture. On
the right side, each layer consists of three processes: one 2
× 2 convolution for up-sampling, one concatenation with
the corresponding feature map from the left side, and two

3× 3 convolutions to recover object segmentation details. In
the last process, each convolution was followed by a ReLU
activation. The final layer is a 1 × 1 convolution activated by a
sigmoid function. All ReLU activations were followed by batch
normalization (16).

Training Process
Of the total 150 patients, 120 were chosen as the training set, 15
patients as the validation set, and the remaining 15 patients as
the testing set. The manual contours were taken as the ground
truth. The loss function used in the study was 1—DSC index. The
Nesterov Adam optimizer was used with a learning rate of 0.0001.
The network architecture was implemented in Python using the
Keras package (17) on a Supermicro workstation with an Intel
Xeon Processor E5-2695 CPU and an NVIDIA Tesla P100 GPU.
Two predicting directions, one from inferior to superior (forward
direction) and the other from superior to inferior (backward
direction), were tested. The results were compared with those
from U-Net model.

Evaluation Metrics
The performance of the SI-Net auto-segmentation algorithm was
evaluated with Dice similarity coefficient (DSC), Jaccard index

FIGURE 1 | Overall architecture of the proposed SI-Net model. SI-Net, sequential, and iterative U-Net.

TABLE 2 | The definitions of evaluation metrics.

Metrics Mathematical definition Meaning Range

Dice similarity coefficient (DSC) DSC (A,B) =
2|A∩B|
|A|+|B|

Overlap between the two contours 0–1

Jaccard index (JI) JI (A,B) =
|A∩B|
|A∪B|

Similarity of the two contours 0–1

Average surface distance (ASD) ASD =
EdH,avg(A,B)+EdH,avg(B,A)

2
EdH,avg (A,B) = 1

|A|

∑

a∈|A| minb∈|B|d (a,b )

Average surface distance between two

contours (mm)

≥0

Hausdorff distance (HD) H (A,B) = max (h (A,B) , h (B,A))

h (A,B) = max
a∈A

(

min
b∈B

‖a− b‖

)

Maximum surface distance between two

contours (mm)

≥0
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(JI), average surface distance (ASD), and Hausdorff distance
(HD). The definitions of these metrics are described in Table 2.

Statistical Analysis
The paired t-test was performed to compare the DSC, JI,
ASD, and HD values between different models. The data were
presented with mean ± standard deviation. The significance was
determined at p < 0.05. All analyses were performed using SPSS
version 16.0 software.

RESULTS

The performance of the proposed SI-Net for all 15 test patients
is shown in Figure 2. The average DSC and JI values from the
SI-Net were 5% and 6% higher than those from the U-Net (0.84
± 0.04 vs. 0.80 ± 0.06, p < 0.001; 0.74 ± 0.05 vs. 0.69 ± 0.05,
p < 0.001), indicating that the SI-Net performed better than the
U-Net did. The smaller ASD and HD values further confirmed
the advantage of the SI-Net over the U-Net (2.8 ± 1.0 vs. 3.3 ±

1.0mm, p= 0.006; 8.7± 2.5 vs. 9.7± 2.7mm, p= 0.008).
The performance of the SI-Net using backward prediction

direction is also shown in Figure 2. The DSC and JI values were
still better than those from the U-Net (0.83± 0.04 vs. 0.80± 0.05,
p = 0.008; 0.72 ± 0.05 vs. 0.69 ± 0.05, p = 0.004), although the
differences in ASD and HD were not significant (3.1± 1.0 vs. 3.3
± 1.0mm, p= 0.616; 10.3± 2.6 vs. 9.7± 2.7mm, p= 0.223).

Figure 3 shows the 2D and 3D visualizations of the auto-
segmented contours for one patient. Red lines represent manual
contours, and green lines auto-segmented ones. Generally, the
auto-segmentation was close to the manual segmentation, which
was the ground truth (Figure 3A). Figure 3B presents the auto-
segmented contours predicted with the backward direction,
which were slightly different from those predicted with forward
direction. Figure 3C presents the segmentation results from the
U-Net. Overall, the SI-Net preserved the connection between
adjacent images and better maintained the continuity of the
adjacent contours.

The time needed to train the SI-Net and U-Net for 200 epochs
was 12 and 8 h, respectively. The mean time for CTVp1 auto-
segmentation was 20 and 13 s per patient, respectively, which
were much less than the manual contouring time (typically 10–
20min per patient).

DISCUSSION

In this study, we proposed a novel SI-Net neural network to auto-
segment the CTVp1 for NPC patients. The SI-Net performed
significantly better thanU-Net did. In addition, to benchmark the
SI-Net against manual contours, we conducted an independent
and separate pilot study. In the pilot study, three patients were
randomly selected, and their CTVp1 was re-contoured by three
radiation oncologists, each with more than 6-years experiences in
head and neck cancer radiotherapy. The manual contours were
then cross-compared among the three physicians to obtain the
inter-practitioner variability. The evaluationmetrics are shown in
Table 3. The DSC values range from 0.84 to 0.90, JI from 0.74 to
0.82, ASD from 1.69 to 2.74mm, and HD from 4.76 to 6.98mm.

FIGURE 2 | Boxplots of (A) DSC, (B) JI, (C) ASD, and (D) HD values from

three different models. Red and black lines represent the mean and median

values, respectively. The boxes indicate the 25th and 75th percentiles; the error

bars indicate the 10th and 90th percentiles. DSC, Dice similarity coefficient; JI,

Jaccard index; ASD, average surface distance; HD, Hausdorff distance.

These values serve as references for the auto-segmentation. The
manual contours are also demonstrated in Figure 4. The SI-Net
was able to achieve a contouring accuracy comparable with that
by radiation oncologists. In Figure 4, which demonstrates all
three manual contours for one patient, it can be observed that
most disagreements between physicians in CTVp1 contouring
took place in the anterior and inferior borders, which lack soft
tissue contrast.

Accurate segmentation of the tumor target is critical to
maximizing tumor control and minimizing radiation toxicities.
The CTVp1 in NPC radiotherapy includes both the tumor’s
gross tumor volume (GTV) and the nearby volumes that
may harbor subclinical and microscopic cancer spread. The
lack of soft tissue contrast on CT images and hence poorly
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FIGURE 3 | Segmentation results for CTVp1 with different CNN model: (A) SI-Net with forward direction; (B) SI-Net with backward direction; and (C) U-Net model.

Red lines denote the manual ground truth contours, and green lines represent auto-segmentation results. CTVp1, primary tumor clinical target volume; CNN,

convolutional neural network; SI-Net, sequential and iterative U-Net.

TABLE 3 | Comparison of the manual contours by three different oncologists.

DSC JI ASD (mm) HD (mm)

Oncologist 1 vs. 2 0.88 ± 0.05 0.80 ± 0.07 1.88 ± 0.43 5.48 ± 1.54

Oncologist 2 vs. 3 0.84 ± 0.07 0.74 ± 0.11 2.74 ± 1.04 6.98 ± 1.80

Oncologist 3 vs. 1 0.89 ± 0.05 0.81 ± 0.07 1.79 ± 0.66 4.86 ± 1.42

DSC, Dice similarity coefficient; JI, Jaccard index; ASD, average surface distance; HD,

Hausdorff distance.

defined tumor-to-normal tissue interface makes the CTVp1
delineation a challenging task, especially for junior physicians.
Considerable variability exists in manual contouring even for
experienced radiation oncologists, which was observed in our
separate pilot study. From this point of view, deep learning-
based auto-segmentation can play a role. It has potential of
improving the contouring consistency and accuracy through
learning from a large set of contours manually contoured
by experienced radiation oncologists. In addition, the time
spent on CTVp1 contouring varies between senior and junior
physicians. The deep learning auto-segmentation method can
provide, at least, a good start point from which they can
improve and finalize the contours. Therefore, there are more
and more interests in applying deep learning methods to auto-
contouring in radiotherapy. For instance, Ibragimov and Xing
used convolutional neural networks (CNNs) to segment head
and neck OARs on CT images, and they showed DSC values
from 37.4 to 89.5% (18). Zhu et al. proposed an end-to-end atlas-
free deep learning model and demonstrated an average DSC of
78.8% (19). Sun et al. developed a locating-and-segmentation
approach and achieved DSC values of 82.2–94% (20). For GTV

segmentation, Lin et al. developed a 3D CNN method to auto-
contour GTV in MR images, and they demonstrated a DSC
value of 0.79 (19). Ma et al. combined a CNN model and a
3D graph cut-base method, and they achieved a DSC value of
85.1% (3).

The SI-Net model we proposed was able to maintain the
continuity of contours between adjacent images. The input
requirement of the contour on the beginning image is to assist
the algorithm to decide the starting location along the superior-
to-inferior direction. In spite, it does not rely on contouring
directions. Physicians are free to choose their favorite contouring
direction when using the SI-Net method. Nonetheless, this is
still a feasibility study and warrants follow-up studies before the
proposed method can be translated into clinic use. On the other
hand, we only performed CTVp1 segmentation. In the future,
we will test this hypothesis of using the SI-Net to auto-segment
nodal CTV.

Although our method has achieved decent segmentation
accuracy, there are still several limitations. First, the total
training and validation datasets have only 135 patients, which
is relatively a small number. Increasing the training dataset
could further improve the accuracy and robustness. Second,
the inter-practitioner variability on CTVp1 delineation in
the training dataset may compromise the training process,
although all the radiation oncologists followed a same
guideline. Third, MR images were used when the physicians
manually contour the CTVp1 but was not included in the
auto-segmentation process. We may be able to further
improve the segmentation by including MR images into
the input of the SI-Net, considering their superior soft tissue
imaging contrast.
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FIGURE 4 | The three manual CTVp1 contours by different physicians for one patient. CTVp1, primary tumor clinical target volume.

CONCLUSION

In this work, we proposed a novel SI-Net based deep learning
method to auto-segment the high-risk primary tumor CTVp1 on
NPC radiotherapy patients. The SI-Net preserved the continuity
between adjacent images and thus improved the segmentation
accuracy when compared with the conventional U-Net. This
model has potential of improving the efficiency and consistency
of the CTVp1 contouring in the treatment planning of head and
neck radiotherapy.
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Clear cell adenocarcinoma of the cervix (CCAC) with genitourinary malformations is rare.

Here, we report a case of CCAC in uterus didelphys (UD) associated with unilateral

renal agenesis (URA) that was treated with intensity-modulated radiotherapy (IMRT)

and high-dose rate intracavitary brachytherapy (HDR-ICBT). We also retrospectively

reviewed the medical records of CCAC cases with genitourinary malformations treated

at the National Cancer Center/Cancer Hospital (Beijing, China) between December

2006 and June 2017. Eight cases of this rare condition were identified by pathologic

diagnosis. Seven patients received surgical treatment including radical hysterectomy (n

= 4), modified radical hysterectomy (n = 1), and total hysterectomy (n = 2). Five patients

received adjuvant radiotherapy and chemotherapy after surgery. One patient with CCAC

in UD associated with URA was treated with radical IMRT and adjuvant chemotherapy.

The eight patients were followed up for an average of 7.9 years; in seven cases, there was

no evidence of disease recurrence, while one patient relapsed and died after 1.5 years

of treatment. On the basis of these findings, locally advanced CCAC in UD associated

with URA can be effectively treated with radical IMRT.

Keywords: clear cell adenocarcinoma, genitourinary malformation, uterus didelphys, unilateral renal agenesis,

cervical adenocarcinoma

INTRODUCTION

Clear cell adenocarcinoma of the cervix (CCAC) is rare, accounting for 4–9% of cervical
adenocarcinomas (1). CCAC has the same histology as clear cell adenocarcinomas (CCAs) of
the endometrium, ovary, and vagina, which are associated with Müllerian duct abnormalities (2).
Congenital Müllerian anomaly (CMA) is diagnosed in 2–4% of women with a normal reproductive
outcome and is frequently associated with uterus didelphys (UD) (3). CCAC in UD associated with
unilateral renal agenesis (URA) is extremely rare.

Here, we report a case of CCAC in UD associated with URA treated with radical intensity-
modulated radiotherapy (IMRT) and high-dose rate intracavitary brachytherapy (HDR-ICBT) at
the National Cancer Center/Cancer Hospital (Beijing, China) between December 2016 and June
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2017. The patient’s medical records were retrospectively
reviewed, and we also carried out a comprehensive review
of seven cases with this rare joint condition reported in the
literature (4–8). Clinicopathologic features, treatments, and
outcomes for the eight cases are shown in Table 1.

CASE HISTORY

The patient was a 65-year-old female, gravida 4/para 3 with
no abnormalities during her deliveries. The limited record of
her medical history showed no in utero diethylstilbestrol (DES)
exposure. Left modified radical mastectomy was performed
on April 29, 2014. Postoperative histopathology confirmed
infiltrating ductal carcinoma of the breast. The clinical
stage (pTNM) was T2N1M0. There was strong positive
staining for HER2, but negative staining for ER and PR
by immunohistochemistry.

Following the surgery, the patient was treated with a
docetaxel/carboplatin/trastuzumab regimen for six cycles and
achieved complete clinical remission after completion of therapy.
No tamoxifen or aromatase treatment was used.

The patient was transferred to our institution on October
12, 2016 (15 years after menopause), after experiencing genital
bleeding for 1 month. Diagnostic curettage was performed along
with histopathologic analysis of an endometrial polyp. Speculum
examination revealed mild ulceration of the cervix (∼2 cm),
and pelvic and rectal examinations showed right parametrial
extension, with the patient complaining of pain during pelvic
examination. A single cervix was observed by colposcopy under
anesthesia. Pathologic analysis of a cervical biopsy suggested
CCA. There was strong positive staining for cervical markers
(e.g., PAX8 and P53) by immunohistochemistry. A computed
tomography (CT) scan of the chest and abdomen revealed UD,
left renal agenesis, and no evidence of lymph node metastasis or
distant metastasis. Magnetic resonance imaging (MRI) showed
bilateral uterine malformation and local fusion of bilateral cervix.
Abnormal nodules 2.5 cm in diameter were observed in the
right parametrial area, along with polyps 1.5 cm in diameter in
the uterine cavity. The human papillomavirus (HPV) test was
negative. Tumor makers such as SCC, CA125, and CA19-9 were
within normal limits. The diagnosis was CCAC IIB (Fédération
Internationale de Gynécologie et d’Obstétrique classification).

RADIOTHERAPY AND CHEMOTHERAPY

The patient received neoadjuvant chemotherapy [two cycles of
paclitaxel (175 mg/m2) and carboplatin (area under the receiver
operating characteristic curve four)] from December 9, 2016, to
January 12, 2017, followed by whole-pelvic CT-based IMRT. The
clinical target volume (CTV) comprised the cervix, parametrium,
uterus, upper third of the vagina, and regional lymph nodes
(internal, external iliac, and common). The upper field border
was at the level of the L4/L5 interspace, and the caudal field
border was at the lower margin of the obturator foramen
(Figure 1). Accounting for organ motion and setup uncertainty,
we applied a 5-mm margin around the CTV to establish the

FIGURE 1 | CT reconstruction of the coronal plane shows the upper and

caudal field borders. LRA, left renal agenesis.

FIGURE 2 | The green area is shown as PTV. The red line is the 4,500 cGy

isodose curve. L, left uterine; R, right uterine.

planning target volume (PTV). IMRT planning consisted of
three to seven coplanar fields with 6-mV photon beams. The
prescription dose to cover 95% of the PTV was 45Gy in 25
fractions (Figure 2). The following organs at risk were delineated:
the spinal cord, femoral heads, kidneys, bladder, rectum, small
bowel, and pelvic bone marrow.

The patient underwent definitive IMRT under anesthesia
consisting of Ir-192 HDR-ICBT insertions, with a total dose
of 28Gy (four fractions at 7 Gy/week) delivered to point A.
The doses were referred to an adapted point A, 2 cm lateral
and superior to each cervical structure. ICBT was performed by
placing a tandem 6 cm in length into one side of the uterine canal,
with two fractions of 7Gy delivered to both the right and left
sides. Complete response was achieved with therapy.
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TABLE 1 | Clinical features of eight patients with CCAC and CMA reported in the literature and treated at the NCC/CH.

No. Age

(years)

Gravida/para DES Site/stage Path Genitourinary

malformation

Treatment Follow-up First author,

year

Time

(years)

Outcome

1 34 NA N Cervix/IIA CCAC UD double vagina

URA

RH + PV + PLA 24 NED Nordqvist, 1976

2 27 NA N Cervix/IB CCAC UD double vagina

URA

RH Intracavitary + pelvic

radiation

Local recurrence after 3

months PV + PLA

Uretrovaginal fistula,

nephrostomy

16 NED Nordqvist, 1976

3 49 G2P2 N Cervix/IIA CCAC UD 2 cervix

URA

RH + BSO + PLA

EBPR: 56Gy + vaginal

irradiation: 16 Gy

4.5 NED Spörri, 2000

4 33 G1P1 Cervix/IB1 CCAC UD 2 cervix

URA

MRH + RSO + PLA

EBPR: 50Gy +

chemotherapy (PAC ×6)

10 NED Kawano, 2013

5 65 G3P2 N Cervix/? CCAC UD 2 cervix

URA

TLH + BSO + PLA

Concurrent

chemoradiation therapy

1.0 NED Kusunoki, 2018

6 20 NA NA Vagina right

cervix/I

CCAC HWWS (URA) LRH + BSO + PLA + TV 3.0 NED Zong, 2019

7 31 NA NA Double cervix

Vaginal

septum/IIA

CCAC HWWS (URA) Chemotherapy (TP × 3),

LH + BSO + PPLA,

chemotherapy (TP × 2),

CCRT

Local recurrence and

distant metastases after 4

months; chemotherapy

(TC × 3) and PE

1.5 DOD Zong, 2019

8 65 G4P3 N Cervix/IIB CCAC UD 2 cervix URA Chemotherapy (TP × 3),

RT

3.2 NED Present case

BSO, bilateral salpingo-oophorectomy; CCAC, clear cell adenocarcinoma; CCRT, concomitant chemoradiotherapy; CMA, congenital Müllerian anomaly; DES, diethylstilbestrol; EBPR,

external-beam pelvic radiation; HWWS, Herlyn–Werner–Wunderlich syndrome; MRH, modified radical hysterectomy; N, no; NA, not available; NCC/CH, National Cancer Center/Cancer

Hospital; NED, no evidence of disease; PAC, cisplatin plus adriamycin plus cyclophosphamide; PE, pelvic exenteration; PLA, pelvic lymphadenectomy; PPLA, pelvic-paraaortic

lymphadenectomy; PV, partial vaginectomy; RH, radical hysterectomy; RSO, right salpingo-oophorectomy; RT, radical radiotherapy; TC, paclitaxel plus carboplatin; TLH, total

laparoscopic hysterectomy; TP, pacitaxel plus platinum; UD, uterus didelphys; URA, unilateral renal agenesis.

FOLLOW-UP

After nearly 3.2 years of follow-up, there were no clinical or
radiologic signs (by MRI performed every 6 months) of local or
locoregional relapse. Acute toxicity was mild and there has been
no significant late toxicity since the completion of treatment, as
evaluated according to the National Cancer Institute Common
Terminology Criteria for Adverse Events (CTCAE) v4.03.

DISCUSSION

UD,which has a reported incidence of 1:1,026 (9), is caused by the
failure of Müllerian duct fusion during development and may be
accompanied by genitourinary malformation. UD frequently co-
occurs with URA, with an incidence of 31.8%. However, CCAC
associated with both UD and URA is extremely rare.

Although the etiology of CCAC is unknown, the currently
held view is that a history of intrauterine exposure to DES
plays a role based on a report that intrauterine exposure to
non-steroidal estrogens, particularly DES, predisposed young
women to the development of CCA (10). The average age
of non-DES-related CCAC is 50 years; the peak incidence of
DES-related CCAC varies across age groups, with the first
peak occurring between 17 and 37 years old and the second
between 44 and 88 years old (11). Of the eight patients in
our case review, five and three, respectively, were in these age
ranges, and the mean age was 40.5 years old. As an estrogen,
DES interferes with the normal process of differentiation and
degeneration of the Müllerian epithelium in the fetal vagina.
The persistence of Müllerian cells altered at the subcellular
level can potentially lead to the development of carcinoma
in later life (6). However, a similar sequence of events must
also occur spontaneously, as CCA can develop in women

Frontiers in Oncology | www.frontiersin.org 3 July 2020 | Volume 10 | Article 113631

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Lei et al. Radiotherapy for Clear Cell Adenocarcinoma of the Cervix

without a history of maternal estrogen exposure (11). Use of
DES during pregnancy has been banned for the last 40 years,
and the correlation between CCAC incidence and history of
DES exposure is now clinically insignificant. In our review of
eight cases, five had no clear history of DES exposure, and
no information was available in three. DES is not a potent
carcinogen, and other factors contribute to the pathogenesis of
CCA of the vagina and cervix (12) such as genetics (e.g., p53 gene
mutation), instability of microsatellite repeat sequences, HPV
infection, Bcl-2 protein overexpression, and exogenous factors
(13–16). The patient treated at our hospital was PAX8(+ + +)
and P53(++) by immunohistochemistry and tested negative
for HPV.

The clear cells of the cervix are thought to arise from
mesonephric and Müllerian ducts (7). Some researchers have
proposed that congenital malformations of the genitourinary
system are related to the occurrence of CCAC. All eight
patients reviewed in the present report had unilateral renal
deficiency in addition to UD, suggesting that patients with
simultaneous malformations of the genital and urinary tracts
have a high risk of developing CCAC. Patients with congenital
malformations of the genitourinary system are prone to multiple
primary malignancies; a case of simultaneous uterine and
renal cell carcinoma in an elderly woman with a septate
vagina, double cervix, UD, and a single kidney secondary
to contralateral renal agenesis has been reported (17). In
our study, one patient with URA and bilateral uterus had
CCA of the kidney and mucinous carcinoma of the breast,
while another with UD and URA had breast cancer (8).
However, because of the rarity of these cases and lack of
genetic information, conclusions cannot be drawn regarding
the development of carcinoma in patients with congenital
genitourinary anomalies.

The main clinical symptom of CCAC is irregular vaginal
bleeding accompanied by abdominal discomfort (18). Pelvic
examination is difficult and painful for patients with genital
tract malformations. Because occult lesions may be associated
with UD, early detection of cervical abnormalities is challenging;
therefore, gynecologic examinations can be performed under
anesthesia along with pelvic MRI for patients with CMA.
Given the low incidence of CCAC combined with CMA,
there is no standardized treatment, which often targets the
CCAC. At early stages, radical hysterectomy and pelvic lymph
node resection are appropriate; radical trachelectomy may be
considered for patients who wish to preserve their fertility
(19). However, in CCAC combined with CMA (especially
URA), anatomic abnormalities increase the risks associated
with surgery. The ureter on the healthy side should be strictly
preserved during the operation. In our review, there were three
cases of stage I, four of stage II, and one with undetermined
stage. Four patients underwent radical hysterectomy, one
underwent modified radical hysterectomy, and two underwent
total hysterectomy.

In patients with adverse prognostic factors, surgery is followed
by chemotherapy and/or radiotherapy. For locally advanced
stage II CCAC, neoadjuvant chemotherapy can improve the

success rate of surgical resection and enhance sensitivity to
radiotherapy (20). One patient in our case review received radical
radiotherapy, and five received pelvic radiotherapy after surgery.
Chemotherapy and/or radiotherapy are also treatment options
for advanced-stage and inoperable patients. However, there have
been few studies on the efficacy of radiotherapy or chemotherapy
for CCAC, and the findings are controversial. A Japanese study
reported a 5-year overall survival rate of 20.2% in patients with
stage IIIB CCAC treated by HDR-ICBT combined with external
beam radiation therapy, which is far lower than the rate in
patients with cervical squamous cell carcinoma (47.2–55.2%)
(20). CCAC combined with CMA is very difficult to treat with
ICBT because of the anatomic abnormalities and pain caused
by applicator placement. It is therefore recommended that ICBT
be performed under anesthesia. As there are no commercialized
applicators available for UD, if ICBT is performed by placing a
tandem into one side of the uterine canal, an insufficient radiation
dose will be delivered to point A (2 cm lateral and superior to each
cervical structure). In our patient, we used the mold technique
in the absence of an applicator; after insertion of a tandem 6 cm
in length into one side of the uterine canal, four fractions of
7Gy were delivered (two fractions to each of the right and left
sides). After nearly 3.2 years of follow-up, there was no local
recurrence. Given the rarity of CCAC with CMA, there is little
information on prognosis (21). The eight patients in our review
were followed up for 1–24 years, with an average follow-up time
of 7.9 years; in seven cases, there was no evidence of disease
recurrence, while one patient relapsed and died after 1.5 years
of treatment.

In conclusion, the treatment of CCAC with genitourinary
malformations is clinically challenging because of the rarity
of this condition. IMRT and HDR-ICBT can be used to
treat cases of locally advanced CCAC in UD associated
with URA.
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Purpose: The aim of this study was to evaluate the clinical benefit of different radiation

doses in concurrent chemoradiotherapy (CCRT) for esophageal carcinoma usingmodern

radiotherapy techniques.

Methods: A systematic review was conducted by screening PubMed, EMBASE,

Cochrane Central Register of Controlled Trials, SCOPUS,Wanfang, and Chinese National

Knowledge Infrastructure (CNKI) databases with prespecified searching strategy. Studies

which compared high radiation dose group with low-dose radiation group using modern

radiotherapy techniques for esophageal cancer patients in CCRT were identified. The

hazard ratios (HR) for overall survival (OS) and the odds ratios (OR) for local–regional

failure (LRF), distant metastasis (DM), and toxicities were considered as the outcomes of

interest. R 3.6.2 software was used for statistical analysis.

Results: Twelve studies involving 10,896 patients were included for analyses. The results

showed that the high-dose group had better OS (HR = 0.79, 95% CI = 0.70–0.90,

P = 0.0004) and the local–regional control (OR = 0.59, 95% CI = 0.46–0.76,

P < 0.0001), especially for patients who were diagnosed with squamous cell carcinoma

(SCC). The subgroup analyses further indicated that ≥ circa 60Gy can significantly

improve the OS (HR = 0.73, 95% CI = 0.68–0.80, P < 0.0001) as well as the

local–regional control (OR = 0.54, 95% CI = 0.40–0.74, P < 0.0001) as compared

with < circa 60Gy. Another subgroup analysis comparing ≤ 50.4Gy with > 50.4Gy

showed no substantial difference in OS (HR = 0.98, 95% CI = 0.93–1.03, P = 0.43).

In addition, there are no significant differences between the two groups in grade 3–5

radiation pneumonitis (OR = 1.05, 95% CI = 0.54–2.05, P = 0.89), grade 3–5 radiation

esophagitis (OR = 1.40, 95% CI = 0.93–2.11, P = 0.11), treatment-related death

(OR = 1.60, 95% CI = 0.70–3.66, P = 0.27), and DM (OR = 1.21, 95% CI = 0.92–1.59,

P = 0.17).

34

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.01222
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.01222&domain=pdf&date_stamp=2020-08-04
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:drhuizg@163.com
https://doi.org/10.3389/fonc.2020.01222
https://www.frontiersin.org/articles/10.3389/fonc.2020.01222/full
http://loop.frontiersin.org/people/947315/overview
http://loop.frontiersin.org/people/832808/overview
http://loop.frontiersin.org/people/977402/overview
http://loop.frontiersin.org/people/659552/overview
http://loop.frontiersin.org/people/686404/overview


Sun et al. Radiation Dose of Esophagus Carcinoma

Conclusions: For esophageal carcinoma receiving CCRT with modern radiation

techniques, evidence suggested that high-dose radiotherapy, especially ≥circa 60Gy,

had potentials to improve the OS and local–regional control without increase in severe

toxicities when compared with low-dose radiotherapy. The result needs to be confirmed

by randomized clinical trials.

Keywords: esophageal carcinoma, chemoradiotherapy, radiation dose, high dose, low dose, meta-analysis

INTRODUCTION

Definitive concurrent chemoradiotherapy (CCRT) is the
standard treatment modality for inoperable locally advanced
esophageal carcinoma, and patients refused surgery (1–4). Local
recurrence within the gross tumor volume (GTV) is the most
common treatment failure modality (5–7). Escalation of the
radiation dose can reduce the local recurrence, which is very
likely to associate with better overall survival (OS). However, the
optimal radiotherapy dose for inoperable esophageal carcinoma
patients undergoing CCRT is still controversial. INT 0123
randomized controlled trial (RCT) (8), disclosed 20 years
ago using the two-dimensional conventional radiotherapy
(2D-CRT) technique, showed that the higher radiation dose
(64.8Gy) produce no extra benefit on survival but rather a higher
treatment-related mortality rate compared to the standard
dose (50.4Gy) for definitive CCRT. Nowadays, 3-dimensional
conformal radiation therapy (3D-CRT) and intensity-modulated
radiation therapy (IMRT) have become widely used and are
able to deliver a higher dose to GTV without causing more
toxicities (9). This study evaluates the benefit and risk of high vs.
low radiation dose using modern techniques on survival, local
control, distant metastasis (DM), and toxicities of patients with
locally advanced esophageal carcinoma undergoing CCRT.

MATERIALS AND METHODS

Search Strategy
A literature search was performed systematically for the
following databases: PubMed, EMBASE, Cochrane Central
Register of Controlled Trials, SCOPUS, Wanfang, and
Chinese National Knowledge Infrastructure (CNKI).
All trials published prior to December 31, 2019, were
targeted. Computer retrieval was performed using
the following retrieval language: [(“esophageal”[Title])
or (“oesophageal”[Title]) or (“esophagus”[Title])] and
[(“tumor”[Title]) or (“cancer”[Title]) or (“carcinoma”[Title])
or (“neoplasm”[Title]) or (“neoplasms”[Title])] and
[(“chemoradiation”[Title]) or (“chemoradiotherapy”[Title])
or (“radiochemotherapy”[Title]) or (“chemo-irradiation”[Title])
or (“chemo-radiotherapy”[Title])] and (“dose”[Abstract]). To
ensure the integrity and comprehensiveness, manual searches of
reference lists were also performed.

Inclusion and Exclusion Criteria
Studies included in our analyses had to meet the following
criteria: (1) Clinical trials must compare high-dose radiotherapy

(HD-RT) to low-dose radiotherapy (LD-RT); (2) Studies on
initially diagnosed esophageal carcinoma received external beam
radiotherapy with concurrent chemotherapy; (3) Data on OS
had to be reported; (4) The language of publication abstract
was limited to English; (5) All the randomized controlled trials
(RCTs) and nonrandomized controlled trials (NRCTs) were
eligible. Studies were excluded as follows: (1) Duplicate studies;
(2) Incomplete information or data; (3) Radiotherapy delivered
by 2D-CRT; (4) Patients treated by brachytherapy; (5) Review,
meta-analysis, case report, basic research, ongoing clinical trial;
(6) Included cervical esophageal carcinoma only; and (7) Full text
not available. The workflow is shown in Figure 1.

Methodological Quality Assessment
The quality of RCT was assessed using the modified Jadad
score (10). Total scores from 1 to 3 indicate poor quality
while scores from 4 to 7 stand for high quality. The NRCTs
were evaluated according to the 9-star Newcastle–Ottawa Scale
(NOS) (available from: http://www.ohri.ca/programs/clinical_
epidemiology/oxford.htm). The quality categories were defined
as follows: high quality (score 7–9), medium quality (score 4–6),
and low quality (score less than 4). The quality of included studies
was independently assessed by two reviewers.

Data Extraction
For each study, the following data was extracted: first author’s
name, year of publication, the author’s country, type of study,
study period, age, sample size, tumor staging and location,
histology, radiation technology, radiation dose, chemotherapy
regimens, and follow-up time; the outcomes including HR of
OS, the observed frequencies of local–regional failure (LRF),
DM, and incidence of toxicities. Two investigators (X Sun and L
Wang) independently extracted the data and reached a consensus
on all variables. Detailed information on all included studies is
presented in Table 1.

Statistical Analyses
This meta-analysis was performed with the software of R
Version 3.6.2. Survival rates from Kaplan–Meier curves were
read using Engauge Digitizer version 4.1 (available from:
http://digitizer.sourceforge.net/), and the HR were then derived
using the calculation spreadsheet appended to Tierney’s paper.
The inversed-error-weighted meta-analyses were conducted for
outcomes of interest. The statistical heterogeneity of each study
was assessed by I2 (23). If I2 ≤ 50%which indicated no significant
heterogeneity among studies, a fixed-effects model was used to
synthesize hazard ratio (HR) and odds ratio (OR); otherwise, a
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FIGURE 1 | Flow chart showing inclusion and exclusion of studies.

random-effects model was employed. Potential publication bias
was evaluated by Egger’s and Begg’s test (24, 25).

RESULTS

Study Characteristics
The characteristics of 12 studies were presented in Table 1 (11–
22), which consisted of 1 RCT (11), four population-based
propensity-score matched analyses (14, 15, 20, 22), and seven
retrospective control studies (12, 13, 16–19, 21). There were nine
studies that came from Asian countries (including one from
Korea, four from Taiwan area, and three from China) and three
studies fromwestern countries (including two fromUSA and one
from France). One lakh eight hundred and ninety-six patients
with esophageal carcinoma were included in the final meta-
analysis, with a follow-up time range of 2.0–164.7 months. The
median age at diagnosis ranged from 56 to 69 years. 64.7 and
33.4% of patients were diagnosed with squamous cell carcinoma
(SCC) and adenocarcinoma (AC), respectively. Nine studies
enrolled patients with SCC only (11, 13, 15–17, 19–22), while for
the other three studies both SCC and AC were eligible. Tumor
nodal metastasis (TNM) stage of the patients ranged from I to

IV. All patients received modern radiation techniques, including
3D-CRT, IMRT, VMAT, and TOMO therapy. The total delivered
radiation dose ranged from 38 to 72Gy, and the radiation dose
per fraction ranged from 1.6 to 2.5Gy. Five thousand and nine
hundred and seventy-six patients received a total dose of 38–
60Gy in the LD-RT group and 4,920 patients received a total dose
of 50.4–72Gy in the HD-RT group.

Assessment of the Studies’ Quality
The details of assessment regarding the RCTs and NRCTs are
shown in Supplementary Tables 1, 2. The modified Jadad score
of the only RCT was 5 of 7, exhibiting that the quality was high.
The 9-star NOS scores of all included NRCTs ranged between 5
and 7, and the average score was 7.1. Therefore, the overall quality
of the included studies was sufficient.

Effect of Radiation Dose on Survival
All studies reported an OS Kaplan–Meier curve stratified by the
LD-RT and HD-RT groups. There was evident heterogeneity for
the results among the 12 studies, and a random-effects model
was used. There was statistically significant benefit on OS in the
HD-RT group when compared with the LD-RT group (pooled
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TABLE 1 | Characteristics of all clinical trials included in the meta-analysis.

Studies Country Study

Design

Inclusion

Period

Age

(Median,

Range)

Sample

Size

(LD/HD)

Stage Location

(Cervical/Upper/

Middle/Lower/

GJ/Unknown)

Histology

(SCC/AC/

Others)

Radiation

Technology

Radiotherapy Dose Concurrent

Chemotherapy

Follow-Up Time

(Median, Range)

Studies’

Quality*

LD-RT HD-RT

(11) China Prospective 2007.1–2007.12 57, 46–68 24/20 I–III* 44 (cervical and

upper)

44/0/0 IMRT 60 Gy/2Gy 63.9

Gy/2.27Gy

PF 36m, – 5

(12) France Retrospective 2003.1–2006.12 65, 42–81 60/83 I–IVa* 4/29/52/56/2 113/30/0 3D-CRT 38–50.4 Gy/

1.8–2Gy

50.7–72 Gy/

1.8–2.5Gy

Cisplatin/5-

FU/taxane

20.8m,

2.8–92.4m

6

(13) USA Retrospective 1998.5–2012.5 68, 30–89 137/56 I–IV*/** 0/66/40/87/0/0 193/0/0 3D-CRT/IMRT 41.4–50.4

Gy/1.6–2.4Gy

52.2–66

Gy/1.6–2.4Gy

Platin-/taxane-

based

32.4m,

2.5–161.3m

6

(14) USA Retrospective 2004–2012 69, 26–90 3821/3033 I–III*/** 859 (cervical and

upper)/1549/

3693/753/0

3049/

3602/203

3D-CRT/IMRT ≤50.4 Gy/– >50.4 Gy/– – – 6

(15) Taiwan

area

Retrospective 2008–2013 – 324/324 I–IVa 40/608

(/upper/middle/

lower/GJ/

unknown)

648/0/0 CRT/IMRT 50–50.4 Gy/– ≥60 Gy/– – – 5

(16) Taiwan

area

Retrospective 2006.1–2014.12 57, 29–92 1134/927 I–III 2061 (thoracic) 2061/0/0 IMRT 45–59.4

Gy/1.8Gy

60–72

Gy/1.8Gy

– 26.4m,

19.4–33.2m

7

(17) China Retrospective 2010–2016 68, 36–81 63/74 I–III** 0/29/57/51/0/0 137/0/0 3D-CRT/IMRT 50–50.4

Gy/1.8–2Gy

≥59.4

Gy/1.8–2Gy

5-FU based 27.5m,

6.4–79.5m

7

(18) Korea Retrospective 1994.2–2013.5 67, 30–86 120/116 II–III** 16/58/113/49/0 230/6/0 3D-

CRT/IMRT/TOMO

<60

Gy/1.8–2Gy

≥60

Gy/1.8–2Gy

PF/5-FU/

Cisplatin

19.4m,

2.2–164.7m

6

(19) Taiwan

area

Retrospective 2007–2015 56, 40–83 42/42 I–III** 38/28/18

(cervical and

upper/

middle/lower)

84/0/0 IMRT/VMAT 44–50.4 Gy/– 52.2–70 Gy/– – 23.2m, – 6

(20) China Retrospective 2004–2013 – 190/190 I–IVa*** 137/243

(cervical and

upper/

middle and

lower)

380/0/0 3D-CRT/IMRT 50.4–54

Gy/1.8Gy

60 Gy/2Gy PF/TP 87m, – 8

(21) China Retrospective 2009.1–2014.3 67, 46–79 43/37 II–III** 0/14/31/35/0/0 80/0/0 3D-CRT/IMRT 50.4–56

Gy/1.8–2Gy

59.4–64.8

Gy/1.8–2Gy

PF/TP/S-1 54m, −91m 6

(22) Taiwan

area

Retrospective 2011–2015 59, – 18/18 I–III** – 36/0/0 IMRT 50 Gy/1.8–2Gy 60 Gy/1.8–2Gy – 10m, 2–82m 6

LD, low dose; HD, high dose; RT, radiotherapy; SCC, squamous cell cancer; AC, adenocarcinoma; 3DRT, three-dimensional conformal radiotherapy; IMRT, intensity-modulated radiotherapy; VMAT, volume-modulated arc therapy;

TOMO, helical tomotherapy; 5-FU, 5-fluorouracil; PF, cisplatin + 5-fluorouracil; PF, cisplatin + 5-fluorouracil; TP, paclitaxel + cisplatin; *staged according to the sixth edition of the American Joint Committee on Cancer (AJCC) staging

manual for esophageal carcinoma; **staged according to the seventh edition of the American Joint Committee on Cancer (AJCC) staging manual for esophageal carcinoma; ***staged according to the eighth edition of the American

Joint Committee on Cancer (AJCC) staging manual for esophageal carcinoma; m, month.
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FIGURE 2 | (A) Forest plot of hazard ratio (HR) of OS in comparison of LD-RT group to HD-RT group; Publication bias: Begg’s test, P = 0.89. (B) Forest plot of

hazard ratio (HR) of OS in comparison of LD-RT subgroup (<circa 60Gy) to HD-RT subgroup (≥circa 60Gy); Publication bias: Begg’s test, P = 0.051; Egger’s test,

P = 0.13. (C) Forest plot of hazard ratio (HR) of OS in comparison of LD-RT subgroup (≤50.4Gy) to HD-RT subgroup (>50.4Gy); Publication bias: Begg’s test,

P = 0.17; Egger’s test, P = 0.61. CI, confidence interval; HD, high dose; LD, low dose; RT, radiotherapy.
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FIGURE 3 | (A) Forest plot of hazard ratio (HR) of OS in comparison of LD-RT group to HD-RT group for SCC; Publication bias: Begg’s test, P = 0.21; Egger’s test,

P = 0.56. (B) Forest plot of hazard ratio (HR) of OS in comparison of LD-RT subgroup (<circa 60Gy) to HD-RT subgroup (≥circa 60Gy) for SCC; Publication bias:

Begg’stest, P = 0.051; Egger’s test, P = 0.13. (C) Forest plot of hazard ratio (HR) of OS in comparison of LD-RT subgroup (>50.4Gy) to HD-RT subgroup (>50.4Gy)

for SCC. CI, confidence interval; HD, high dose; LD, low dose; RT, radiotherapy.
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FIGURE 4 | (A) Forest plot of odds ratio (OR) of LRF in comparison of LD-RT group to HD-RT group; Publication bias: Begg’s test, P = 0.85; Egger’s test, P = 0.95.

(B) Forest plot of odds ratio (OR) of LRF in comparison of LD-RT subgroup (<circa 60Gy) to HD-RT subgroup (≥circa 60Gy). (C) Forest plot of odds ratio (OR) of LRF

in comparison of LD-RT subgroup (≤50.4Gy) to HD-RT subgroup (>50.4Gy). Cl, confidence interval; HD, high dose; LD, low dose; RT, radiotherapy.

HR = 0.79, 95% CI = 0.70–0.90, P = 0.0004; Figure 2A). No
publication bias was detected for the pooled estimate survival,
using the Begg’s test. Moreover, different cutoffs were applied in
defining high and low radiation dose patients. We categorized
the 12 studies into subgroups based on the threshold of <circa
60Gy vs. ≥circa 60Gy (due to the difference in the fraction dose
radiotherapy, the thresholds of 59.4 and 60Gy were included in
the circa 60-Gy subgroup) and≤50.4 vs. >50.4Gy. Seven studies
were included in the subgroup analysis of <circa 60Gy (range:

45–59.4Gy) vs. ≥circa 60Gy (range: 60–72Gy) (15–18, 20–22).
Four studies were included in the subgroup analysis of ≤50.4Gy
(range: 38–50.4Gy) vs. > 50.4Gy (range: 38–50.4Gy) (12–14,
19). As there was only one study comparing 60 with 63.9Gy,
we did not perform a pooled analysis (11). The heterogeneity of
subpopulations was reduced where cutoffs were a major source.
The fixed-effects model was applied. As shown in Figure 2B,
the patients who received ≥circa 60Gy gain substantial survival
benefits when compared with patients that received <circa 60Gy
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FIGURE 5 | (A) Forest plot of odds ratio (OR) of DM in comparison of LD-RT group to HD-RT group; Publication bias: Begg’s test, P = 0.57; Egger’s test, P = 0.33.

(B) Forest plot of odds ratio (OR) of DM in comparison of LD-RT subgroup (<circa 60Gy) to HD-RT subgroup (≥circa 60Gy). (C) Forest plot of odds ratio (OR) of DM

in comparison of LD-RT subgroup (≤50.4Gy) to HD-RT subgroup (>50.4Gy). Cl, confidence interval; HD, high dose; LD, low dose; RT, radiotherapy.

(pooled HR = 0.73, 95% CI = 0.68–0.80, P < 0.0001). For
subgroups comparing ≤50.4 with >50.4Gy, no significant OS
benefits was observed (pooled HR= 0.98, 95% CI= 0.93–1.03, P
= 0.43; Figure 2C).

For patients diagnosed with SCC, patients in the HD-RT
group had a significantly better OS (pooled HR = 0.75, 95%
CI = 0.69–0.81, P < 0.0001; Figure 3A). The evidence was
consolidated when received ≥circa 60Gy (pooled HR = 0.74,
95% CI = 0.68–0.80, P < 0.0001; Figure 3B). However, less
strength of OS benefits was observed when comparing ≤50.4

with >50.4Gy for SCC (pooled HR = 0.89, 95% CI = 0.67–1.19,
P = 0.44; Figure 3C).

Effect of Radiation Dose on Recurrence
The observed frequency of LRF and DM data was reported
in six studies including 1,116 patients (12, 13, 18–21). A
fixed-effects model was used after assessment of heterogeneity.
LRF was significantly lower in the HD-RT group compared
with the LD-RT group (OR = 0.59, 95% CI = 0.46–0.76,
P < 0.0001; Figure 4A). There was no significant difference in
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the comparison of DM rate between the two groups (OR = 1.21,
95% CI= 0.92–1.59, P= 0.17; Figure 5A). No publication biases
for the estimate of recurrences were detected. Similar results were
found in subgroup analysis per cutoff. The patients receiving
≥circa 60Gy radiation had a significant better local–regional
control than those receiving <circa 60Gy radiation (OR = 0.54,
95% CI = 0.40–0.74, P < 0.0001; Figure 4B). In contrast, in
the studies comparing the ≤50.4Gy subgroup with the >50.4Gy
subgroup, the evidence is statistically insignificant (OR = 0.71,
95% CI = 0.46–1.09, P = 0.18; Figure 4C). In addition, the
subgroup analysis showed that neither the <circa 60Gy nor the
≤50.4Gy subgroup was significantly associated with less DM
(OR = 1.22, 95% CI = 0.87–1.71, P = 0.26; Figure 5B and
OR= 1.20, 95% CI= 0.76–1.89, P = 0.43; Figure 5C).

Effect of Radiation Dose on Toxicities
The most common radiation-related acute toxicities of grade 3 or
higher for esophageal carcinoma with CCRT were pneumonitis
and esophagitis. The incidence and severity of treatment-related
grade 3–5 toxicities are presented in Table 2. The pooled analysis
results revealed that high radiation dose did not increase the
risk of grade 3–5 pneumonitis (OR = 1.05, 95% CI = 0.54–
2.05, P = 0.89), esophagitis (OR = 1.40, 95% CI = 0.93–2.11,
P= 0.11), or treatment-related death (OR= 1.60, 95%CI= 0.70–
3.66, P = 0.27) compared with low radiation dose. On the whole,
escalated radiation dose did not increase the toxicities. Most of
the patients could tolerate the toxic reactions.

DISCUSSION

For patients with esophageal cancer receiving CCRT, the
recommended radiation dose remains controversial. Although
several meta-analyses were published regarding the optimal
radiotherapy dose of CCRT for esophageal carcinoma (26–
28), the robustness of their findings was inadequate due to
the limited sample size. Moreover, some outdated radiation
techniques, including the improper multiple field technique,

cobalt-60 equipment, and 2D-CRT, were included in these
studies, introducing more heterogeneity. Thus, we performed
an up-to-date meta-analysis to evaluate the clinical benefit of
different radiation doses using modern radiation techniques in
CCRT for esophageal carcinoma. Themethodological quality was
assessed to make sure that all studies included were scientifically
conducted. This guaranteed the result’s reliability of our study.

Overall, our meta-analysis based on 10,896 patients suggests
that escalating radiation dose undermodern radiation techniques
could induce a favorable benefit–risk profile. The subgroup
analyses in our study showed that ≥circa 60Gy can significantly
improve the OS as well as the local–regional control as compared
with <circa 60Gy, while >50.4 vs. ≤50.4Gy showed no
significant benefits for OS or local–regional control. The different
results between the two subgroup analyses can be partially
explained by the theory that 45 to 50-Gy radiation dose can be
used to control microscopic tumors of SCC or AC, and at least
60Gy is required aiming to control gross tumor (29–31). Our
analysis is also in accordance with some nearly published studies
(26, 32). The results suggest that when the dose of radiotherapy
is raised within a certain range below the 60Gy dose threshold,
it would not improve the OS and local–regional control of
esophageal carcinoma patients.

The previous study supports that the clinical features and
biological behaviors are different between SCC and AC (33);
the optimized radiation dose may also be influenced by the
histology type. In our study, SCC accounted for 64.7% of all
cases and 9 of the 12 studies included SCC patients only. In
order to verify the effect of histology type, subgroup analyses
based on histology type were also introduced. In the subgroup
analyses, we found that patients diagnosed with SCC had a
significantly better OS in the HD-RT group, especially for
≥circa 60Gy. Pooled analysis with AC was not performed
due to the lack of eligible study which only enrolled patients
diagnosed with AC. Radiation-related toxicities may influence
the survival benefits by high-dose radiation. Despite that the
INT 0123 study failed to demonstrate the increased radiation

TABLE 2 | Adverse events of grades 3–5.

Studies Sample

Size

(LD/HD)

Radiation

Technology

Radiotherapy Dose Pneumonitis Esophagitis Treatment-Related

Death

Evaluation

Criterion

for Toxicities

LD-RT HD-RT

(11) 24/20 IMRT 60 Gy/2Gy 63.9 Gy/2.27Gy 0 vs. 0 0 vs. 0 0 vs. 0 CTCAE 3.0

(12) 60/83 3D-CRT 38–50.4 Gy/1.8–2Gy 50.7–72 Gy/1.8–2.5Gy 0 vs. 0 6.8 vs. 8.4% 0 vs. 0 CTCAE 3.0

(13) 137/56 3D-CRT/IMRT 41.4–50.4 Gy/1.6–2.4Gy 52.2–66 Gy/1.6–2.4Gy 6.6% vs. 0 20.4 vs. 17.9% 5.1 vs. 3.6% CTCAE 3.0

(17) 63/74 3D-CRT/IMRT 50–50.4 Gy/1.8–2Gy ≥59.4 Gy/1.8–2Gy 4.0 vs. 6.0% 2.2 vs. 10.5% 3.2 vs. 6.8% CTCAE 3.0

(18) 120/116 3D-CRT/IMRT/

TOMO

<60 Gy/1.8–2Gy ≥60 Gy/1.8–2Gy 2.5% vs. 0 6.7 vs. 6.0% 1.7 vs. 0.9% CTCAE 4.0

(19) 42/42 IMRT/VMAT 44–50.4 Gy/– 52.2–70 Gy/– 0 vs. 0 0 vs. 0 0 vs. 0 CTCAE 4.0

(20) 190/190 3D-CRT/IMRT 50.4–54 Gy/1.8Gy 60 Gy/2Gy 1.6 vs. 1.6% 2.6 vs. 7.4% 0.5 vs. 3.2% CTCAE 4.0

(21) 43/37 3D-CRT/IMRT 50.4–56 Gy/1.8–2Gy 59.4–64.8 Gy/1.8–2Gy 9.3 vs. 27.0% 9.3 vs. 21.6% 0 vs. 0 CTCAE 4.0

LD, low dose; HD, high dose; RT, radiotherapy; 3DRT, three-dimensional conformal radiotherapy; IMRT, intensity-modulated radiotherapy; VMAT, volume-modulated arc therapy; TOMO,

helical tomotherapy; LD-RT vs. HD-RT group; CTCAE, Common Terminology Criteria for Adverse Events.
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dose could improve OS and local–regional control, investigators
debate the burden of outdated radiation techniques which may
under estimate the benefit. With the clinical application of
more precise radiotherapy techniques such as 3D-CRT, IMRT,
and VMAT, Welsh et al. (9) and Fakhrian et al. (34) reported
that modern techniques could deliver higher doses to locally
advanced esophageal carcinoma without increase in toxicities to
the organ at risks (OARs), such as the heart, lung, liver, and
spinal cord. Early results from a single-arm prospective phase
II trial showed that using IMRT simultaneous integrated boost
to escalate dose to 63Gy for GTV of esophageal carcinoma
was feasible with tolerable toxicities (32). Moreover, several
retrospective studies support dose escalation in definitive CCRT
with modern radiation techniques for esophageal carcinoma
(6, 13, 14, 35, 36). Our meta-analysis showed that although
esophagus-related toxicity and pulmonary injury were the main
severe late toxicities, high radiation dose did not increase the
toxicities, which finally convert to the survival benefit.

Two nearly closed RCTs reported the initial results by
conference abstracts, which could not be included in this study
(37, 38). Xu et al. (37) showed no difference toward 1 and
2 y-OS or treatment toxicity between the HD-RT (60Gy)
and LD-RT (50Gy) groups. This result may be caused by
the low radiotherapy completion rate in the HD-RT group
(87.5 vs. 95.4%, P = 0.002). Moreover, the result renewed at
the 2018 Chinese Society for Radiation Oncology (CSTRO)
annual meeting showed a marked but nonstatistically significant
improvement of 3 y-OS (63.1 vs. 55.7%, P = 0.199), which may
be due to the limited sample size. The ARTDECO study (38)
reported that the HD-RT (61.6Gy) group did not result in a
better OS or local–regional control than LD-RT (50.4Gy) group.
However, the radiation dose escalation was only delivered to
the primary tumor with a numerical improvement of the local–
regional control. Final conclusions cannot be drawn before the
detailed data can be published.

Inevitably, there are some limitations in our analysis.
Firstly, except one RCT and four population-based propensity-
score-matched analyses, the other studies included were all
retrospective ones, especially several studies only had a small
sampling of patients. Moreover, our study is based on
published data instead of individual patient data. This may
reduce the comprehensiveness of the conclusion. Secondly, the
heterogeneity of tumor stage, dose distribution, chemotherapy
regimens, and radiotherapy volumes in different studies would
confound the final results. Some of the data were absent in the
included studies, it was difficult for us to evaluate the influence
of these factors. Thirdly, our study was based on initially
diagnosed esophageal carcinoma treated with definitive CCRT.

The conclusion should be interpreted cautiously in radiotherapy
alone, in sequential chemotherapy and radiotherapy, or in
relapsed diseases.

CONCLUSION

For patients with esophageal carcinoma receiving CCRT with
modern radiation techniques, high-dose radiotherapy induces
a favorable benefit–risk profile by improving the OS and
local–regional control without increase in severe toxicities
compared low-dose radiotherapy, especially in the ≥circa
60Gy group vs. <circa 60Gy group. However, the result
should be interpreted cautiously before more prospective
large-scale phase III randomized clinical trials can draw a
definite conclusion.
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Purpose: The purpose of this study is to investigate the current status of clinical target
volume (CTV) delineation for primary site of nasopharyngeal cancer (NPC) among five
large tertiary cancer centers in China.

Materials and Methods: The simulation CT and MR images of a patient with T3N2M0
NPC were sent to the centers participating. Fourteen experienced physicians contoured
the targets independently, and the outlined structures were compared. The consistency
and differences among these 14 CTVs are discussed.

Results: Two different CTV designs were used in the centers. “One-CTV” design defines
one CTV with a dose of 60 Gy, whereas “two-CTV” design has a high-risk CTV with
dose of 60 Gy and a medium risk CTV with dose of 54 Gy. We found that the coverage
of prophylactic area is very consistent between these two designs. The variances on
the coverage of some sites were also significant among physicians, including covering
cavernous sinus at un-involved side, posterior space of styloid process, and caudal
border on posterior pharyngeal wall.

Conclusions: Standardization is the main requirement for personalization of care;
our study shows that among the 14 physicians in the five centers the coverage of
prophylactic areas is in excellent agreement. Two distinct strategies on CTV design
are currently being used, and multiple controversies were found, suggesting further
optimization of CTV for primary site of NPC is needed.
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INTRODUCTION

Intensity modulated radiation therapy (IMRT) is the major
treatment of nasopharyngeal cancer (NPC) (1). In IMRT
planning, accurate target delineation is the first critical step to
ensure good tumor control. However, even in tertiary centers
that treat large numbers of NPC patients, inter-physician variance
on gross tumor volume (GTV) and, even more importantly,
clinical target volume (CTV) delineation is still significant.
Moreover, among different centers, dose prescriptions for CTV
are not identical (2). This may lead to different normal
tissue toxicity among centers, even though their tumor control
rates are comparable.

In this study, 14 experienced (over 10 years) physicians
from five large cancer centers in China outlined the CTV and
prescribed treatment dose for an NPC case to investigate the
variations of CTV for primary site among different centers.
These CTVs were also compared with CTV suggested by an
international clinical consensus recently published (3). Besides
these guidelines, in China there are also recommendations based
on national guidelines published in 2010 (4). It is currently
unclear how the two guidelines compare to each other, in
particular in terms of prophylactic coverage, which is the most
used approach for treatments in China. Our results provide an
answer to these questions and evidence to support an improved
standardization of the CTV definition; at the same time, the
design differences shown by this study may contribute to a further
understanding of the criticalities in the process and to a further
optimization of NPC treatments.

MATERIALS AND METHODS

Patient
This study was approved by the Ethical Committee of the
Sichuan Cancer Hospital. A patient with T3N2M0, Stage III
disease (AJCC 8th edition) was selected. He was a 45-year-old
male. The histopathology was non-keratinized undifferentiated
nasopharyngeal carcinoma. The tumor was located in the right
fossa of Rosenmuller extending to the right parapharyngeal
space. Part of the right pterygoid process was also involved (see
Supplementary Material).

Imaging
A planning CT for head and neck was acquired with 3-mm-
thickness section. Iodine contrast was intravenously applied to
allow better visualization of tumor tissue.

A magnetic resonance imaging (MRI) scan was performed
using a 1.5 T MR system. Three different sequences were used:
T1 weighted fast spin-echo images, T2 weighted fast spin-echo
images, and T1 contrast enhancement with fat saturation.

Centers and Physicians Involved
Fourteen physicians with over 10-year experience in radiation
oncology were involved in this study, from five different reference
centers for radiation oncology in China: one from the Cancer
Hospital of Chinese Academy of Medical Science (CHCAM), one

from the Fudan University Shanghai Cancer Center (FUSCC),
four from Fujian Cancer Hospital (FCH), three from the Sun
Yat-sen University Cancer Center (SYSUCC), and five from the
Sichuan Cancer Hospital (SCH).

Target Delineation and Data Collection
The patient medical record was shared with all the participating
physicians. Both CT and MR images were sent to the five centers
in DICOM format. All the physicians contoured the GTV, CTV,
and CTVln (CTV for lymph nodes) independently on CT/MRI
fusions following their standard intra-institutional protocol. All
the structures outlined were then collected and transferred onto
the same CT volume for analysis. The volume of individual CTV
for primary site was derived from treatment planning system
(TPS). This study only focuses on the CTV for the primary site.

Probability Heat Map Generation
Each structure in DICOM files was imported into individual 3D
binary labels in the 3D Niftii file format using the Insight Toolkit1.
The contributing binary labels were added, and the result was
then divided by the number of contributing labels to generate a
probability of overlap. The resulting overlap probability images
were then assigned a threshold at 0.1 probability intervals
(from 0.1 to 1.0) to generate 3D binary labels representing
the percentage overlap between observers. These were then
converted into individual DICOM-RT structures using the code
from Dowling et al. (5).

The resulting probability structures were imported into
Slicer3D (6) using the Slicer-RT plugin (7), and this software was
used to generate the overlay images.

Statistical Analysis
Two-tailed t test was used to compare volumes of CTV
between two groups.

RESULTS

Among the five centers, the CTV designs, either for primary site
or lymph nodes, show some important differences (see Table 1).
For the primary site, the focus of this study, in particular the
following observations can be made.

CHCAM and FUSCC (“one-CTV group”) have only one CTV
for the primary site with a 60 Gy prescription (this CTV will
therefore be referred to as CTV60 from now on). FCH and
SYSUCC (“two-CTV group”) have two CTVs: a high-risk CTV
and a low-risk CTV, receiving 60 Gy (CTV60) and 54 Gy (CTV54,
hereafter), respectively. The CTV design and dose prescription
of SCH was consistent with the international consensus, with
a high-risk CTV receiving definitive dose (66 Gy), and a low-
risk CTV receiving a prophylactic 60 Gy dose (CTV60). Since
the comparisons proposed in this paper focus on prophylactic
coverage, SCH has been classified as well as one-CTV group.

Overall, the CTV60s in the one-CTV designs are larger than
the CTV60s in the two-CTV design in all directions (Figure 1A).

1http://insight-journal.org/browse/publication/887
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TABLE 1 | Different prescriptions and fractionations among the five centers.

GTV GTVln CTV high-risk CTV low-risk CTVln high-risk CTVln low-risk

CHCAM 73.92 Gy/33f 69.96 Gy/33f 60.06 Gy/33f 60.06 Gy/33f 50.96 Gy/28f

FUSCC 70.4 Gy/32f 66 Gy/32f 60 Gy/32f 60 Gy/32f 54 Gy/32f

FCH 70.95 Gy/33f 70.95 Gy/33f 61.05 Gy/33f 54.45 Gy/33f 54.45 Gy/33f

SYSUCC 69.96 Gy/33f 68 Gy/33f 60 Gy/33f 54 Gy/33f 60 Gy/33f 54 Gy/33f

SCH 69.96 Gy/33f 69.96 Gy/33f 66 Gy/30f 60 Gy/30f 54 Gy/30f

Consensus 70 Gy equivalent 70 Gy equivalent 70 Gy equivalent Prophylactic dose (60 Gy) 70 Gy equivalent 50–60 Gy

Abbreviations: GTV, gross tumor volume; GTVln, gross tumor volume for lymph nodes; CTV, clinical target volume; CTVln, clinical target volume for lymph nodes; CHCAM,
the Cancer Hospital of Chinese Academy of Medical Science; FUSCC, the Fudan University Shanghai Cancer Center; FCH, Fujian Cancer Hospital; SYSUCC, the Sun
Yat-sen University Cancer Center; SCH, the Sichuan Cancer Hospital.

FIGURE 1 | Comparison of CTV volume. (A) Overview of CTV60s in transverse, sagittal, and coronary sections. Note that CTV60 of CHCAM also covers part of
cervical lymph node area (white arrow in coronary figure). (B) Comparison of volume of CTV60. The volume of CTV60 from two-CTV design group (FCH AND
SYSUCC) is significantly smaller than one-CTV design group (FUSCC and SCH, p ≤ 0.006, t test). (C) Overview of CTV60s from one-CTV design and CTV54 from
CTV54 from two-CTV design. CTV54 from SYSUCC also covers cervical area (white arrow in coronary figure). (D) The volume of CTV54 from FCH (two-CTV design)
is significantly bigger than CTV60 from SCH (one-CTV design, p = 0.027), but if FUSCC is put into the analysis, the difference is not statistically significant (p = 0.131,
t test).

A quantitative volumetric comparison between the two groups
is plotted in Figure 1B. Because CHCAM contoured CTV60 for
the primary site and the high-risk cervical CTV (also 60 Gy) as
one object (Figure 1A, right, white arrow), it was not included in
this analysis. The results show that the volumes of the CTV60s
in the two-CTV designs are systematically smaller than those
of the CTV60s in the one-CTV designs, and such difference is
statistically significant (p = 0.006, t test).

The two-CTV design has a low-risk CTV54 which might be
volumetrically comparable to the CTV60 in the one-CTV design
(Figure 1C). Therefore, we compared the volumes of the CTV60s
in the one-CTV design to the CTV54s in the two-CTV design.
CTV54s from SYSUCC were excluded from this analysis because
their CTV54 and CTVln were contoured as a combined object
(Figure 1C right, white arrow). The comparison was thus made
between CTV54 of FCH and CTV60 of FUSCC and SCH. The
results show that there is no significant difference among them
(p = 0.131, t test). However, it appears that the CTV54 of FCH
is relatively larger than all the five CTV60s of SCH, and the
difference is statistically significant (p = 0.027, t test).

Controversies on CTV Coverage
Both CTV60 of one-CTV design and CTV54 of two-CTV design
are expected to cover the area harboring sub-clinical diseases.
The variance in anatomical coverage of seven CTV60s from
one-CTV design and seven CTV54s from two-CTV design
show major controversies on the judgment of tumor spread
possibility. Differences in the coverage of these 14 CTVs include
the following:

1. There is great variance on coverage of the left half of
pterygoid sinus and left cavernous sinus (Figure 2A).

2. A significant variance can be seen on the caudal border
of CTV on the posterior pharyngeal wall. Some CTVs
cover the posterior pharyngeal wall until midpoint of
C3 (Figure 2B).

3. There is also remarkable difference in covering the air
cavity of the nasopharynx (Figure 2C).

4. The failure at posterior space of styloid process
was frequently seen in 2-D era due to brainstem
avoidance. How much it should be covered for the
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FIGURE 2 | Some controversies among all contouring. (A) Coverage of
pterygoid sinus and cavernous sinus at contra-lateral side. (B) Caudal border
on posterior pharyngeal wall. (C) Coverage of air cavity. (D) Coverage of
posterior space of styloid process.

prophylactic purpose in IMRT treatment still needs to be
investigated (Figure 2D).

CTV Coverage Displayed as Probability
Map and Comparison to International
CTV Consensus of NPC
The probability of any given voxel being included for
prophylactic purpose in all 14 contouring was calculated
and displayed as a heat map that could immediately show the
agreement and controversies visually. Figure 3 shows this map
for four representative sections (the full map is available in
Supplementary Material). For comparison, the CTV suggested
by the international consensus were also delineated following
a template provided by the consensus (right column) (3).
According to the original contouring shown in the left column
and the heat map in the middle left column, it can be seen that
the coverage of prophylactic volume is largely consistent with
the international consensus (right column). However, some
minor differences were also noted. For the left side without
tumor involvement, most Chinese physicians took the posterior
wall of maxillary sinus as the front edge of CTV, whereas the
consensus covers 5 mm of the posterior part of the maxillary
sinus (Figures 3A,B). Coverage of parapharyngeal space of
uninvolved side was also tailored by most Chinese physicians.
Less pterygoid muscle was included in Chinese physicians’
contouring, whereas in the consensus, the lateral pterygoid plate
and part of the pterygoid muscle are consistently covered, and full
parapharyngeal space was covered even at the soft palate level,
leading to a close margin to alveolar process (Figures 3B–D).

DISCUSSION

IMRT treatment for NPC was started in the late 1990s and
early 2000s. The results published by the University of California
San Francisco (UCSF) group in the early 2000s (8) have been

acknowledged as the earliest reports of IMRT on NPC. The CTV
proposed by UCSF (CTV59.4) covers the entire nasopharyngeal
mucosa, posterior third of maxillary sinus and nasal cavity, clivus,
parapharyngeal space, sphenoid sinus, and pterygoid fossae. This
CTV design was also adopted by the subsequent RTOG 0615 trial
with limited modifications on anterior and posterior border (9).
The CTV definition used in early studies published by groups
from endemic area of NPC (10, 11) were very similar to the one
proposed by UCSF and RTOG 0615, all of which were inherited
from field design of conventional radiotherapy.

Based on improvements in MR imaging and accumulating
experience on IMRT, reduced volumes for CTVs and differential
dose prescriptions within the CTV have been proposed (12–15).
Lin et al. defined the GTV plus 0.5–1 cm margin as high-risk
CTV (CTV60), with a 60 Gy prescription (16). Their low-risk
CTV (CTV54, 54 Gy) covered the area that UCSF CTV59.4
covered but with reductions in almost all directions. The CTV
volume in Lin’s study (CTV54) was 160.2 cc (range, 86.5–337.1),
which was significantly smaller than the one in Sultanem’s study
from UCSF (average 212 cc, range, 104–339). Groups from non-
endemic areas also reported their results with reduced CTV
volumes (17–19).

In China, an experts’ consensus on IMRT field design for
NPC treatment has been established in 2010 (4). The CTV
design was similar to the one proposed by Lin (16). In 2017,
an international consensus for CTV delineation of NPC was
published with significant volume reduction compared to RTOG
0615 (3). In this study, the prophylactic volume is very consistent
among all physicians and is in agreement with the Chinese and
the international consensus. One of the noticeable alterations that
most physicians made was further shrinking the border at contra-
lateral site. Similar adaptation was also reported by Sanford
et al. (18), suggesting that reduction of treatment volume at
un-involved site might be safe and without loss in tumor control.

Currently, for most centers in China, CTV is not treated
with full dose, and indeed in this study only one center
adopted this approach, with a prescribed dose to the CTV of
66 Gy. There are two approaches to CTV definition in China:
the one-CTV design is consistent with the recommendations
of the international consensus, whereas the two-CTV design
substantially follows the principles of the 2010 Chinese
consensus. In this study, we showed that there is no fundamental
difference in terms of prophylactic volumes between these
two strategies. The two-CTV design has the advantage of
reducing normal tissue toxicity because of its relative smaller
60 Gy coverage. However, it should be noted that the centers
deploying two-CTV designs are all in south China, where the
NPC endemic area is located. In these areas, over 90% of
NPCs are Epstein–Barr virus (EBV)-associated, undifferentiated,
non-keratinized carcinomas, whereas in non-endemic areas,
only about 30% of NPCs are differentiated non-keratinized
carcinomas (20), and a significant fraction of them are not
EBV-associated (21). Dose deintensification on these tumors
should be performed with caution because they may have
a considerably different response to treatment compared to
tumors in endemic areas. The different distribution of physicians
involved in the different centers is a limitation of this study,
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FIGURE 3 | CTV coverage displayed as probability map and comparison to international CTV consensus of NPC. Left panel, T1 contrast enhanced MR images,
middle left panel, original contouring of CTV60 of one-CTV design (blue lines) and CTV54 of two-CTV design (green lines), middle right panel, heat map showing
involved probability of anatomical area, right panel, CTV recommended by the international consensus. Note the high consistence between contouring of Chinese
physicians and recommendation of international consensus. However, some differences were also appreciable. (A) The difference in covering maxillary sinus at
contra-lateral side. Note most Chinese physicians covered less than the consensus. (B) Difference in covering parapharyngeal space and lateral pterygoid plate at
middle plane of maxillary sinus. Most Chinese physicians covered less than consensus at contra-lateral side. (C) Difference in covering parapharyngeal space and
lateral pterygoid plate at hard plate level. Pterygoid process at contra-lateral side was spared, and medial edge of lateral pterygoid plate was used as left border by
most physicians. (D) Difference in covering parapharyngeal space and posterior space of styloid process. At this level, the front part of the parapharyngeal space
was spared for both sides by most Chinese physicians.

but it should be noted that the order of magnitude of intra-
institution variations are on average comparable to inter-
institution variations (see Figure 1), which means that although
internal guidelines improve consistency, still the controversies
discussed in this work apply.

Our work also displayed controversies on CTV coverage
among Chinese physicians. Currently, there is no clear consensus
on these questions, and further clinical studies should be
undertaken to clarify them. Some controversies, however, seem
to be caused by personal preference of physicians or by
institutional conventions. For instance, for the caudal border,
some contours were as low as C3 level. It has already been
proven that the central group of retropharyngeal nodes is

rarely involved between C2 and hyoid bone (22). It seems
unnecessary to cover so much posterior wall of oropharynx
for a tumor located within the nasopharynx. We generated
a heat map of CTV coverage based on all 14 contours. For
any controversies, an over-60% agreement for coverage of
any given site should be considered as an acceptable choice
(Supplementary Material).

This is the first study that directly compares contouring
strategies among different physicians from different centers
in China. We showed that the coverage of prophylactic area
was in high agreement among all centers that participated.
However, in centers from endemic areas, reduced dose to
CTV has been routinely applied. The study also found
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disagreements on the coverage of multiple sites. Some of them
need to be investigated by clinical studies. However, some
variations could be minimized when unmotivated personal
preferences are removed. Recently, automated contouring of
NPC GTV using machine learning yielded promising results
(23). Artificial intelligence (AI)-based innovative tools are now
expected to help reduce inter-observer and inter-institution
variance on CTV delineation in the near future.

Standardization of methods is fundamental to acquire a
reliable guidance that can be adapted to each specific case.
Otherwise, variability in treatments and in data acquisition
produces non-homogeneous results which ultimately will affect
the soundness of the research work.
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Is Single Cord Irradiation Going to Be
a New Standard for T1a Glottic
Carcinoma?
Esengul Kocak Uzel 1*, Metin Figen 1 and Ömer Erol Uzel 2

1 Radiation Oncology Department, Sisli Hamidiye Etfal Education and Research Hospital, University of Health Science,

Istanbul, Turkey, 2Department of Radiation Oncology, Istanbul University-Cerrahpasa Medical Faculty, Istanbul, Turkey

Purpose and Objective: To evaluate the disease-free survival, overall survival,

dosimetric, and voice handicap index (VHI) results of T1a glottic invasive squamous

cell carcinoma (SCC) patients who underwent hypofractionated single vocal cord

irradiation (HSVCI).

Materials and Methods: The data of 18 patients with stage T1a glottic SCC were

collected prospectively and analyzed retrospectively between July 2016 and July 2019.

Patients were immobilized using a custom-fitted thermoplastic face and shoulder mask

in hyperextension position. The CT scan was performed with 1-mm-thick slices. A

planned target volume (PTV) margin of 3mm was given to clinical target volume (CTV)

in all directions, and 13 organs at risk were identified. Patients were prescribed a

total of 5760–5808 cGy in 15–16 fractions. Patients had daily cone-beam computed

tomography (CBCT), and the treatment was carried out with the physician. VHI test was

applied to patients before and at the end of radiotherapy (RT) and 1, 2, 3, 4, and 6months

after the completion of RT.

Results: Local control and overall survival rate is 100% for a median of 18 months (6–44

months) of follow-up. A patient was diagnosed with 2nd primary lung cancer and active

treatment still continues. All patients completed the treatment within the scheduled time.

Grade 1–2 dysphagia and dermatitis occurred in all patients, and no grade 3 and above

side effects were observed. The mean values of VHI were 37.00, 39.83, 38.28, 17.17,

12.22, 8.56, and 6.06 at the beginning of RT, at the end of RT, and 1, 2, 3, 4, and 6

months after RT, respectively.

Conclusion: Compared to surgery and conventional laryngeal radiotherapy, HSVCI is an

alternative treatment method for T1a glottic cancer by reducing the treatment time to 3

weeks, facilitating recurrence treatment, and providing effective sound quality without

compromising local control. Considering that ∼80% of recurrences in glottic cancer

occur within the first 2 years, 100% local control in a median of 18 months is extremely

successful, but long-term follow-up is essential to observe possible late side effects.

Keywords: glottic cancer, VHI (voice handicap index), single vocal cord irradiation, IMRT (intensity modulated

radiation therapy), SBRT (stereotactic body radiation therapy)
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INTRODUCTION

The larynx plays an essential role in daily and social life as it is
responsible for voice production and coordination of respiration
and swallowing; therefore, the treatment aim of laryngeal cancer
is not just for better oncologic outcome but has to offer good
functional quality. Glottic cancer accounts for 65–70% of all
laryngeal cancers and majority of those patients are diagnosed
in the early stages (1). Both laryngeal preservation surgery and
radiotherapy are the standard treatment approach for early-stage
glottic carcinoma with 5-year local control rates approaching
90% (2). T1a glottic cancer has an excellent 5-year local control
rate approaching 95% (1). Both surgery and radiotherapy are
well-established treatment modalities for T1 glottic cancer (2, 3).
With the development of transoral laser surgery (TLS), TLS
replaced open partial laryngectomy (OPL) (4) and claims of lower
laryngectomy rates started to be reported with initial surgery
over radiotherapy (5, 6). Although there is lack of randomized
clinical trials, TLS supplanted classical conventional radiotherapy
claiming to be less harmful to healthy tissues (7). On the contrary,
radiotherapy has been found to enable slightly better voice quality
compared to surgery in a randomized trial (8) and has a clear
advantage over TLS in terms of VHI in a comparative study (9).

A total dose of 63–66Gy with a fraction size of 2–2.25Gy
given one fraction per day, 5 days per week is widely accepted
(10). Although conventional radiotherapy is given in different
fractionation schemas, the entire glottic larynx is generally
accepted standard treatment volume. Researchers from Erasmus
University Medical Center developed “single cord radiotherapy,”
which aims to target only the involved cord. Minimizing
the irradiated volume resulted in lower dose received by
non-involved laryngeal structures. Therefore, this resulted in
diminished early complication rate and better voice quality may
be achieved without compromising local control (11–15). After
their publications, a new approach, “SBRT to the involved vocal
cord,” for early glottic tumors has gained attention and has been
investigated by other institutions (14, 16, 17). Mitigation of side
effects from radiation exposure is very important for the group of
patients who are prone to have tobacco-related vascular disease
(15) and also likely to improve voice quality.

We adapted single vocal cord irradiation (SCVI) as standard
treatment approach for T1a glottic cancers since 2016.

Here, we present the oncologic and voice handicap index
(VHI) outcomes of 18 patients with early toxicity profile.

METHODS AND MATERIALS

Previously untreated 18 patients with stage T1a glottic laryngeal
cancer [according to the American Joint Committee on Cancer
(AJCC) tumor node metastasis (TNM) staging system, 8th
edition] were treated with hypofractionated single cord RT
between July 2016 and July 2019. Data were prospectively
collected and retrospectively evaluated. All patients had a
histologically proven squamous cell carcinoma of a single vocal
cord (T1a). Patients with carcinoma in situ and dysplasia and
patients with suspicious lesions elsewhere in the larynx were
not included in the study. Before treatment, all patients were

completely staged, using endoscopic examination and head and
neck diagnostic CT scan. All patients provided informed consent
before undergoing the treatment recommend by the radiation
oncologist. Before submitting these data, an ethical committee
approved the study (Hamidiye Sisli Etfal Teaching and Research
Hospital ethical committee).

Patients were simulated and treated in supine position with
hyperextension of chin and with arms on the side of the trunk,
adequately positioned with a five-point fixated thermoplastic
head and neck mask, in order to limit motion due to swallowing.
Simulation was done with planning CT scan with a slice
thickness of 1mm for target volume delineation and organ at
risk and patients were asked not to swallow during planning
CT acquisition. Volume definition was made based on ICRU
50/62 (18, 19). CTV was the entire involved cord, and a
3- to 5-mm margin was added when visible tumor extends
to the one end of vocal cord. PTV margin was 3mm for
all directions. The following structures were delineated as
organs at risk (OARs): spinal cord, carotids (ipsilateral and
contralateral), larynx, supraglottic larynx, arytenoids (ipsilateral
and contralateral), thyroid cartilage, thyroid gland, constrictors,
and cricopharyngeus muscle. Planning objective was to cover
the entire PTV with at least 95% of prescribed dose and only
2% of PTV D2 was allowed >107% of the prescribed dose.
Radiotherapy was delivered with the VMAT technique using a
6MV linear accelerator in three different radiotherapy centers.

Image-guided radiation treatment (IGRT), setup verification,
and correction of the patients were performed by daily cone
beam CT (CBCT). The thyroid cartilage was selected as the
matching structure to set up correction for each fraction. Patients
were asked not to swallow during CBCT acquisition and beam
delivery. In between delivery of the beams, swallowing was
allowed. All CBCT match was done by the physician for all
fractions of the entire treatment.

Endpoints of the study were LC, VHI, overall survival (OS),
and acute and late toxicity (based on Common Terminology
Criteria for Adverse Events, Version 5). Acute toxicity is within
90 days and late toxicity is more than 90 days.

All patients are followed with physical and endoscopic
examination in each visit; monthly for 6 months and bimonthly
for 2 years every 3–4 months for 3 years. Yearly, low-dose
CT of chest was also obtained for second primary lung
cancer surveillance.

The present study also mentions voice quality problems in
daily life. These problems were evaluated using a validated voice-
specific questionnaire, the VHI (20). The VHI scores range from
0 to 120; a lower score corresponds to a good voice-related
functional status. Total VHI scores of 10 or lower are considered
normal. Voice quality assessment was done at baseline (before
treatment), at the end of treatment, and at 1, 2, 3, 4, and 6 months
after treatment.

RESULTS

Among the entire group, 18 patients were male, and the
median age was 70 years (range, 56–80 years). A total dose of
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FIGURE 1 | A representative case; tumor was located at the anterior third of vocal cord reaching but not involving anterior commissure; a 5-mm CTV margin was

given in order to encompass possible microscopic disease (red line represents CTV). With OARs (Organ at risks) and DVH (dose volume histogram).

TABLE 1 | PTV volume, gradient index (GI), conformity index (CI), and

heterogeneity index (HI).

Range Mean ± SD

PTV Volume_cc 4.17–9.84 6.59 ± 1.74

GI 4.40–7.90 5.16 ± 1.08

CI 1.16–1.60 1.33 ± 0.12

HI 1.09–1.18 1.11 ± 0.03

57.6–58.08Gy was given in 15–16 fractions (median 58.08Gy
in 16 fr). The median overall treatment time (OTT) was 23
days (range, 22–26 days). All patients completed treatment as
planned. An example of a plan is illustrated in Figure 1. Mean
PTV volume, conformity index (CI), heterogeneity index (HI),
and gradient index (GI) values are summarized inTable 1. After a
median follow-up of 18 months (range, 6–44 months), the 2-year
LC and OS rates were 100%; one patient was diagnosed to have
second primary metastatic lung cancer 3 years after completion
of radiotherapy; he is currently on systemic treatment. Of all
patients who have completed the intended treatment schedule,
no treatment interruptions and no grade 3 acute toxicity were
reported. Acute dysphagia was observed in all patients, 12 grade
1(66%) and 6 grade 2 (33%). All patients had grade 1 acute

dermatitis. So far, no serious late toxicity was observed. Mild
ipsilateral arytenoid edema not requiring any treatment was
observed in four patients. Voice quality assessment was done at
baseline (before treatment), at the end of treatment, and at 1, 2, 3,
4, and 6 months after treatment. The results of VHI were 37.00,
39.83, 38.28, 17.17, 12.22, 8.56, and 6.06 respectively (Figure 2).
Dosimetric results of OARs are summarized in Table 2.

DISCUSSION

Single cord irradiation will be discussed with the following
aspects: determination of CTV and PTV, and optimal
dose fractionation regimen for maximum local control and
minimal toxicity.

Determination of CTV and PTV
Traditional radiotherapy fields for early glottic cancer is typically
5 by 5 cm lateral opposed fields targeting the entire glottic region
with a generous margin (21). Vast majority of publications on
radiotherapy for early glottic cancer report their results with
this technique yielding local control rates of 85–95% (21, 22).
IMRT has become the standard treatment for many head and
neck sites for almost two decades; however, in the treatment of
glottic cancer, adaptation of IMRT technique was rather late.
First, IMRT use in early glottic tumors was aiming to reduce
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FIGURE 2 | Voice quality assessment was done at baseline (before treatment), at the end of treatment, and at 1, 2, 3, 4, and 6 months after treatment. Results of all

the cases are shown.

carotid doses while keeping the entire glottic region as a target
(23). However, surgical treatment targets involved the cord or
even the tumor itself with highly successful local control rates
in experienced hands. The main reason for selecting the entire
glottis as a target is actually the radiotherapy technique used in
the past rather than field cancerization.

Consensus recommendations for delineating primary target
volume for head and neck sites generally based on surgical
pathological details and advised 0.5 cm from GTV are adequate
for high-dose CTV (24). They also recommended an additional
0.5-cmmargin for intermediate-dose CTV except for early glottic
cancer (24). Probably after adaptation of new guidelines, majority
of centers will use involved cord irradiation. Thus, encompassing
the entire larynx in the treatment of early glottic cancer will no
longer be valid.

In modern radiotherapy, stereotactic body radiotherapy
(SBRT) is developed to treat small volume disease with high
ablative doses with the aid of image guidance in various
anatomical sites. Thus, we are now capable of targeting and
treating the involved cord, which also allows us to spare normal
tissues much more easily as the irradiated volume is smaller.

Target delineation is an essential part of treatment, and thin
slice planning CT is mandatory. Researchers from Erasmus MC
Cancer Institute tested the feasibility of single cord irradiation
in a series of publications (11–13, 16, 25). Osman et al. (26)
investigated vocal cord movement during breathing with 4D CT

and concluded that breathing motion does not seem to be a
limiting factor for SVCI. Then, the question arises how much
PTV margin should be applied. Baron and colleagues looked at
laryngeal movement relative to vertebral body with CT on rails
and found that a 5-mm PTV margin would be adequate (27).
Sher et al. treated their patients with Cyberknife; initially, they
inserted fiducial markers in or in front of the thyroid cartilage and
then on a tattooed spot of skin anterior to the thyroid cartilage
to follow possible laryngeal movement, and they added 3-mm
PTV expansion in all directions while using image guidance (16).
Durmus et al. investigated laryngeal movement with intrafraction
CBCT during treatment delivery choosing thyroid cartilage as
a reference. They found that a 2-mm margin would be enough;
at least 94.1% of the fractions delivered. Displacement to lateral
direction was under 1 mm (28).

Radiation Dose
For many years, 66Gy in 33 fractions has been used as a standard
until more hypofractionated regimen of 63Gy in 28 fractions was
introduced and proved to be better than 66 Gy/33 fractions in
two randomized trials (29, 30). On the other hand, most centers
in UK and Canada used more hypofractionated radiotherapy for
glottic cancer with high local control rates (31, 32). Considering
dose volume relationship on normal tissue complications, it is
reasonable to increase the total dose if irradiated volume is
decreased. The present study and a series by Al Mamgani et al.
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TABLE 2 | Dosimetric results of OARs, IL (ipsilateral), and CL (contralateral).

Organs Dose range (cGy) Mean ± SD (cGy)

Spinal cord 0.1 cc 767–2,197 1387.89 ± 388.88

Spinal cord Max 2,314–3,208 2783.06 ± 322.42

IL_Carotid Max 2,314–3,208 2897.72 ± 308.80

IL_Carotid 0.1 cc 2,314–3,208 2746.72 ± 329.79

CL_Carotid Max 311–3,468 1576.17 ± 969.25

CL_Carotid 0.1 cc 240–3,110 1257.67 ± 878.90

Larynx (mean) 3,444–4,836 4050.39 ± 392.35

Supraglottic larynx (mean) 123–667 274.39 ± 168.54

CL_Arytenoid (mean) 1,101–4,080 2775.00 ± 862.73

Thyroid Cartilage (mean) 3,580–4,454 4091.67 ± 335.75

Thyroid gland (mean) 57–618 309.78 ± 167.36

CL_Vocal Cord (mean) 3,305–5,131 4319.78 ± 585.93

IL_Arytenoid (mean) 4,774–5,890 5554.78 ± 355.45

Constrictor (mean) 1,200–2,358 1677.44 ± 470.60

Constrictor V43Gy 0.69–21.44 5.57 ± 5.90

Constrictor V50Gy 0.01–16.10 2.67 ± 4.90

Cricopharyngus Mean 1,478–3,200 2552.06 ± 534.25

Cricopharyngus V43Gy 6.14–23.00 15.99 ± 5.71

Cricopharyngus V50Gy 3.44–14.00 9.69 ± 3.65

TABLE 3 | BED3, BED10, and EQD2 values in studies evaluating SVCI.

Dose/fraction

(Ref.)

BED3 BED10 EQD2 (3) EQD2 (10)

58.08 Gy/16 (13) 128.4 79.17 77 66

59.5 Gy/17 (17) 128.92 80.33 77.35 67

50 Gy/15 (16) 105.57 66.67 62.3 54.86

45 Gy/10 (16) 112.5 65.25 67.5 54.37

42.5 Gy/5 (16) 162.97 78.62 98 65.5

63 Gy/28 (10) 110.27 77.21 66.16 64.32

65.25/29 (14) 114.22 79.94 68.53 66.62

used almost the same dose fractionation schema 58Gy in 16
fractions. It is calculated to be equivalent to 66Gy in 33 fractions
by BED formula when α/β ratio is 10.

Chung et al. used a standard fraction size of 2.25Gy but
treated their patients in 29 or 30 fractions reaching a total dose of
65.25 and 67.5Gy (14). Sher et al. investigated three dose levels:
50Gy in 15 fractions, 45Gy in 10 fractions, and 42.5Gy in 5
fractions; they concluded that 42.5Gy in 5 fractions is feasible.
A dose-escalating study conducted by Kang et al. should not
be compared in terms of toxicity as they included the entire
larynx at a certain dose level, but should be taken into account
for local control. They used two dose levels for GTV: 59.5Gy
in 17 fractions and 55Gy in 11 fractions; they observed one
local recurrence in 13 patients (17). The abovementioned studies
usually calculated dose EQD2 choosing an a/b ratio of 10 without
time factor. BED3, BED10, and EQD2 for different dose levels are
summarized in Table 3.

Despite the fact that the majority dose levels mentioned above
are considered to be equal to 66Gy in 33 fractions for tumor
control, time factor is neglected. However, overall treatment time
plays an essential role in tumor control. To reduce the accelerated
repopulation of tumor cells, shorter overall treatment time
(OTT) with larger fraction sizes must be intended (33). Multiple
series and metanalysis supported that OTT is an important
prognostic factor in management of T1 glottic cancer (34). Voet
et al. showed that tumor control rates decreased with increasing
number of fractions and elapsed treatment time. OTT was the
most significant factor for the locoregional control of T1 glottic
cancer. Five-year local control rate decreased from 95% for 22–29
days to 79% for treatment time > 40 days (35). We obtained a
maximal tumor control of 100% in a median 18-month period on
a 22–23 day OTT period. When we assess the published data, the
cutoff value for OTT is not conclusive yet. Recently, Shuryak et al.
state that, optimizing fraction scheme to 18∗3Gy for head and
neck tumors reduces late normal tissue complication probability
and improves tumor control probability. From the point of early-
stage tumors, an estimated tumor control probability from 82.9 to
87.9% and estimated reduction in late normal tissue complication
from 13.1 to 1.4% can be obtained (36). It is expected that
increasing the dose per fraction above 3Gy/fx is suboptimal
because of unacceptably high late normal tissue complications.
In the present series, so far 8 of 18 patients have been followed up
more than 2 years and we have not witnessed any major or minor
late complication. It might be due to smaller PTV volumes than
traditionally irradiated.

Local Control
Local control rate is 100% in the present series although follow-
up time is limited. Al Mamgani et al. also reported 100% local
control rate in 30 patients with a median follow-up of 30
months (13). Both studies used similar target volume and dose
fractionation. A similar target volume description and technique
but different fractionation is used by Chung et al. in their series
of 34 patients with T1a glottic cancer; majority of patients were
treated with 65.25Gy in 29 fractions or 67.50Gy in 30 fractions,
and there was only 1 local recurrence in a median follow-up
of 41.3 months (14). This patient was salvaged with partial
laryngectomy. Sher and colleagues published a phase 1 fraction
and dose escalation study for T1–2 glottic cancer (16). The
following dose fractionation schedules were selected for study:
level 0 50Gy in 15 fractions (4 patients), level 1 45Gy in 10
fractions (13 patients), and level 2 42.5Gy in 5 fractions (12
patients). There were 2 local failures out of 4 in dose level 0 and
3 out of 13 in dose level 1. No local recurrence was observed in
dose level 2. Three of five local recurrences were in patients with
T2 tumors. One of the recurrences is considered to be a marginal
miss. At a median follow up of 25.7 months, no recurrences were
observed in dose level 2 (34). Kang et al. conducted a phase
1 clinical trial for SBRT in early glottic cancer with a different
concept (17). They described two CTVs: one entire larynx and
the second one with only gross tumor volume. They prescribed
47.6Gy to larynx (PTV1) and 59.5Gy to GTV (PTV2) in 17
fractions. For the second dose level, they prescribed 40.7Gy and
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TABLE 4 | Summary of results of the investigated studies (*One of two recurrences occurred in a T2 tumor. **Two of three recurrences occurred in T2 tumors).

References No. of patients Total dose

(Gy)/fraction

T stage (Number of cases) Local

recurrence/Number

of cases

Follow-up

(months)

Al Mamgani et al. (13) 30 58.06/16 T1a (30) 0/30 30

Sher et al.

(16)

4 50/15 Tis (1), T1a (15), T1b (6), T2

(7)

2*/4 25.7

13 45/10 3**/13

12 42.5/5 0/12

Kang et al. (17) 7 59.7/17 T1a (4), T1b (2), T2 (1) 0/7 37

6 55/11 T1a (5), T2 (1) 1/6

Chung et al.

(14)

34 65.25–67.5/29–30 T1a (34) 1/34 41.3

Present study* 18 58.06/16 T1a (18) 0/18 18

55Gy to PTV1 and PTV2, respectively. Treatment was delivered
daily for dose level 1 and every other day or twice weekly for
dose level 2. There was no local recurrence in seven patients
in dose level 1. One local failure was observed 4 months after
completion of radiotherapy in six patients treated with dose level
2. Results of previous and present studies are summarized in
Table 4. Overall local control rates seem excellent for patients
with T1 glottic cancer treated with single cord irradiation (17).
Optimal dose and fractionation, however, will be determined in
further studies.

Toxicity and Voice Quality
Dose to normal tissues is predictive of complication rates
in radiotherapy. In the present series, we delineated 13
normal structures around the target and tried to keep
dose to structures as low as possible. Al Mamgani also
reported dose received by surrounding structures. Results
of both studies were comparable. Ding et al. compared
hemilarynx IMRT plans with SBRT; considerable reduction
in contralateral arytenoid, ipsilateral and contralateral carotid,
spinal cord, and thyroid gland doses was noted with SBRT
plans with Cyberknife platform (37). In their clinical trial,
only patients with high volume disease developed serious
complications (16).

In the present series, we observed mild mucosal and skin
toxicity in all patients; there was no grade III acute toxicity.
Chung et al. reported 41% GII early mucosal toxicity and no
late toxicity (14). Al Mamgani also reported no late toxicity;
there was only one laryngeal edema that recovered with
steroids (13).

In a phase I study conducted by Kang et al., laryngeal
edema occurred in 3 out of 13 patients; 1 healed in 1 year,
and the other 2 resolved in <3 months. Two of six patients
developed GIII late laryngeal toxicity in 55Gy in 11 fraction
dose level. Trial was closed early because of high toxicity rate
for early glottic cancer (17). High laryngeal edema rate is
probably due to inclusion of the entire larynx as a part of
target volume.

Another dose-escalating study was conducted by Sher et al. In
their study, there were two dose-limiting toxicities (DLTs). One

of them had a large-volume T2 tumor (PTV volume of 17 cm3),
receiving 45Gy in 10 fractions that actually appeared to be a
true T4 tumor with cricoid cartilage involvement, and developed
grade IV laryngeal edema 5 months after treatment requiring
tracheostomy and gastrostomy; in 13months, recurrence became
obvious. A second DLT also occurred in a patient with a large
T2 tumor (PTV volume of 21.3 cm3). One GII laryngeal edema
was also observed in dose level 2 recovered with pentoxifylline
and vitamin E. The latter two patients were exposed to heavy
smoke (16). It appears that treatment volume plays an important
role in the development of high-grade laryngeal edema. It can
be concluded that it is feasible to irradiate small-volume disease
with high-dose hypofractionated regimens. Nevertheless, one
must be cautious as the follow-up times of these studies are
not long enough to make absolute conclusions especially for late
radiation effects.

An important aspect of treatment outcome for glottic
laryngeal cancer is the voice quality. There are several methods
to measure voice quality; although it is subjective, we used VHI
to determine voice recovery after RT. VHI forms are filled and
collected before, at the end, and at 1, 2, 3, 4, and 6 months
after RT for each patient. Voice is recovered in all patients but
one within 3 months after RT. Al Mamgani et al. compared
VHI patients treated with SVCI and conventional whole larynx
irradiation patients and concluded that less worsening at the end
of treatment and better recovery starting from 6 weeks after RT
are observed with SVCI (13). Both studies indicate that better
voice recovery may be accomplished with SVCI; however, one
must be cautious about long-term functional results as follow-up
time is limited.

CONCLUSION

Although we have a limited number of patients with short follow-
up time, our result supports the use of SVCI for T1a glottic
cancer. Daily image guidance is essential for high-precision
delivery. Optimal dose and fractionation however are yet to
be determined.
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Derek Wilke 1*, Lori Wood 2, Slawa Cwajna 1, Robert Rutledge 1, Helmut Hollenhorst 1,

David Bowes 1, Nikhilesh Patil 1, Casely T. Ago 1 and Jean-Philippe Pignol 1

1Department of Radiation Oncology, Dalhousie University, Halifax, NS, Canada, 2Division of Medical Oncology, Department

of Internal Medicine, Dalhousie University, Halifax, NS, Canada

Background: Concomitant chemo-radiation for pelvic cancers remains challenging to

be delivered at full doses. We hypothesized that fewer delays in chemotherapy would

occur if the sequence of radiotherapy would be reversed, starting with the boost volume

followed by the elective nodal volume. We report the result of a Phase II randomized

study for high risk prostate cancer.

Patients and Method: The study was a double-blinded phase II randomized trial.

Patients were eligible if they had non-metastatic high-risk prostate cancer. All patients

received 2.5 years of hormonal therapy and 46.5Gy in 25 fractions to the pelvic

lymph nodes. Patients received a radiation boost to the prostate, either before or after

whole pelvic irradiation. Concurrent (20 mg/m2) Docetaxel was given on the first day of

radiotherapy and weekly thereafter for a total of eight treatments until predefined toxicity

stopping rules.

Results: Ninety patients were included and randomized. Four were ineligible for the

analysis. In total, 42 patients were randomized to the standard sequence, 44 patients to

the experimental sequence. There were statistically fewer GI or GU toxicities leading to

a docetaxel dose reduction or omission in the experimental sequence compared to

the standard sequence, 5 vs. 15 events (p = 0.027). There was no difference in

overall survival, cause-specific survival, or biochemical-relapse free survival between the

two sequences.

Conclusions: This is the first study to test sequence inversion for pelvic

radio-chemotherapy in a randomized double-blind trial. Less chemotherapy interruptions

or dose reductions occurred by inverting the radiation sequence of the large field and

the boost.

The trial was registered with Clinicaltrials.gov: NCT00452556

Keywords: radiation, docetaxel (Compound CID: 148124), prostate cancer, randomized trial, hormone therapy
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BACKGROUND

Chemo-radiation is a standard treatment for several pelvic
malignancies, including those arising from the cervix, rectum,
and anal canal, and has also been tested for high risk
prostate cancer (1–6). When regional nodes are included in
the radiotherapy field, and systemic therapy itself has bowel or
urinary toxicity, often there are delays or dose-reductions, in
one or both modalities, and either treatment can be interrupted
or even discontinued. However, by tradition, the radiotherapy
treatment consists of sequentially large fields treated at low doses,
followed with a boost on the gross target volume. It is unknown if
the order of treatment between boost and large field may have an
impact on treatment tolerance and could enable fewer delays or
dose-reductions of chemotherapy, by postponing the time when
patients will present with significant bowel side effects.

In developed countries, prostate cancer is the most frequent
non-cutaneous cancer in men (7). Twenty percent are classified
as high risk, meaning they have a 30–50% risk of nodal
involvement (8) and a 20–30% chance of microscopic distant
metastases (9). For those high-risk patients, treatment options
include radiotherapy, usually combined with hormonal therapy,
and less frequently surgery in some highly selected patients.
Chemotherapy and concomitant chemo-radiation, which could
target both the loco-regional disease and the distant micro-
metastasis remains experimental. Among various systemic
therapies used in prostate cancer, Docetaxel is a radio-sensitizer
with activity against prostate cancer (10–12). However, Docetaxel
is also known to cause gastrointestinal toxicity (13), so there
is concern that when delivered concomitantly to radiotherapy
this would lead to excessive, dose-limiting toxicity. In a study
on 22 patients, Kumar et al. (14) showed that when delivered
concomitantly, the full chemotherapy regimen could only be
given in 50% of patients largely because of an excess of gastro-
intestinal toxicities.

We hypothesized that there would be fewer dose reductions or
delays in docetaxel chemotherapy if the sequence of radiotherapy
would be reversed, starting with the boost volume followed by
the large elective nodal volume. This is a proof of principle study
of sequence inversion, using prostate cancer as an example. In
this manuscript, we report the result of a phase II randomized
study of concomitant chemoradiation in high risk prostate cancer
patients comparing the standard sequence treating the large
volume followed by the boost volume, with an experimental
sequence delivering the boost dose before the loco-regional
treatment. Outcomes include the number of dose reductions
and/or delays in docetaxel, as a result of gastrointestinal or
genitourinary toxicity, survival, and health-related quality of life
measured by the Expanded Prostate Cancer Index Composite
(EPIC) (15).

MATERIALS AND METHODS

Eligible and Ineligible Patients
Patients were eligible if they had a high risk prostate cancer,
defined in the current trial either as untreated patients with a
2003 TNM clinical stage T2c, T3a, or T3b, or a Gleason score

8 to 10, or a PSA ≥ 20 µg/L but less than 50 µg/L (16), a life
expectancy of at least 5 years, and an ECOG (Eastern cooperative
oncology group) performance status of 0 or 1. Also, patients who
had radical prostatectomy (RP) were offered to receive regional
radiation as part of the study if they had more than a 50%
chance of biochemical recurrence following the Kattan et al. (17)
Nomogram. Post radical prostatectomy patients had to have a
post-operative PSA of < 1.0 µg/L and be able to start the study
protocol within 6months from surgery. In all cases, patients must
have had no evidence of metastatic disease after screening bone
scan, chest X-ray, and CT scan of the abdomen and pelvis, and
adequate end organ function in terms of bone marrow, liver, and
kidneys. Patients were excluded if they had a PSA > 50 µg/L,
prior pelvic radiotherapy, grade≥ 2 peripheral neuropathy, prior
malignancy, or known hepatitis B or C.

Study Design
The study was a single center double-blinded phase II
randomized design. Patients were approached for the study
during the initial consultation by the study co-ordinator,
and after informed consent was obtained, they were referred
for medical oncology consultation. When deemed eligible for
combined chemo-radiation treatment, patients were randomized
in a 1:1 ratio to treatment sequence at the time of registration
into the study. Randomization was performed by a computer
algorithm, using SAS software version 9.4 (Cary, NC), using
the permuted block design, using block sizes of four and
six patients. To ensure blinded assessment of toxicities, the
attending radiation oncologist completed the delineation of the
target volumes and organs at risk and approved the final plans
for each phase. All subsequent quality assurance, including
verification dosimetry and daily image guidance, was reviewed
by an independent radiation oncologist involved in the study, but
not in the patient’s treatment nor the assessment of toxicity. The
attending physician was responsible for assessing and scoring
toxicity at the time of weekly review within the hospital and was
blinded to patient treatment sequence. Prior to study initiation,
approval was obtained from the institutional ethics review board,
and the trial was registered with ClinicalTrials.gov.

Treatment Protocol: Chemotherapy and
Radiation Prescriptions
Patients underwent radiation simulation following institutional
guidelines. In brief, patients were immobilized supine in a Vak-
Loc (CIVCO, Coralville, Iowa) and CT simulation. A planning
MRI was performed in the treatment position using a 1.5 T
magnet without an endorectal coil. All patients, including those
having had radical prostatectomy, had insertion of gold fiducial
markers in the prostate or prostate bed. The clinical target
volume (CTV) for the larger volume which included the pelvic
nodes included the external and internal iliac vessels plus 7mm
except where vessels were in direct abutment to bone or muscle,
where the CTV included only the vessel. The CTV for the
larger volume included the nodes and either the prostate plus
3mm, except at the prostate-rectal interface, or the prostate bed,
from the bottom of the anastomosis, superiorly, to the inferior
aspect of the proximal vas deferens. The CTV for the smaller
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boost volume included only the prostate bed, or the prostate
plus any extraprostatic extension, if present. The planning target
volume (PTV) was equal to the CTV plus 7mm. The dose
fractionation was intended to be biologically equivalent to 70Gy
in 35 fractions, with the elective nodal dose equivalent to 46Gy
in 23 fractions. All patients received 46.5Gy in 25 fractions to the
pelvic lymph nodes. Patients who had not had previous radical
prostatectomy received a boost, either before, or after whole
pelvic irradiation, to the prostate and to the seminal vesicles for
T3b tumors to a dose of 26.78Gy in 13 fractions. The boost dose
was reduced to 20.6Gy in 10 fractions, if patients had previous
radical prostatectomy. There were no specified dose constraints
to organs at risk. Plans were approved if 95% of the dose covered
98% of the PTV volume. All patients were treated with static
port intensity-modulated radiotherapy (IMRT), using either five
or seven ports, with six MV photons. All radiation plans were
verified by Medical Physics prior to treatment as per institutional
policy. Daily image guidance was performed with on-board kV
imaging, matching to the fiducial markers.

All patients received hormonal therapy with leuprolide acetate
45mg subcutaneously every 6 months. This was given 4 months
prior to starting concurrent chemoradiation and continued for
two years post-treatment. In addition, patients received 4 weeks
of daily bicalutamide 50mg at the time of the first leuprolide
acetate administration. Concurrent Docetaxel was given on the
first day of IMRT (week 16 of protocol therapy) and weekly
thereafter for a total of eight treatments at a dose of 20 mg/m2

over 30min. Chemotherapy was withheld for grade 3 or greater:
diarrhea, thrombocytopenia, absolute neutrophil count (ANC)
< 500× 109/L, febrile neutropenia with ANC < 1.0 × 109/L,
nausea, and vomiting, stomatitis, grade 2 peripheral neuropathy,
or abnormal liver function tests. When acceptable toxicity was
reached, docetaxel was restarted at 16 mg/m2. If grade 3 toxicity
recurred, or if docetaxel was delayed more than 2 weeks,
docetaxel was discontinued.

Outcomes
The primary endpoint of the study was the comparison
between sequences of the patients’ proportion experiencing
Docetaxel dose reductions or omissions due to gastrointestinal
or genitourinary toxicity. The number of dose reductions
and/or delays was compared using Poisson regression. Secondary
endpoints included the time to selected grade 2 and 3 NCI
CTCAE version 3.0 toxicity, the difference in incidence of grade
2 and 3 toxicity, as well as the difference in overall bowel domain
score of the EPIC at weeks 16, 20, and 24. Differences in rates
of toxicity were compared using Poisson regression, when the
modeling fit the data, and when the assumptions of Poisson
regression were not met, the proportions of toxicity between
sequences were calculated using the Chi-squared test. Differences
in Overall survival and time to selected grades of toxicity were
calculated using the Log Rank test, and differences in biochemical
relapse-free survival and prostate cancer related mortality were
calculated using competing risk proportional hazards modeling.
The date of biochemical failure in the patients with no prior
surgery occurred at the time the PSA reached a value of the PSA
nadir+2, and the date of biochemical failure in the patients who

TABLE 1 | Baseline characteristics.

Characteristic Standard

sequence

Experimental

sequence

p-value

N 42 44

Age

Median (years) 67.4 65.6 0.3

Range (years) 47–78 53–75

T category, Clinical [N (%)]

T1c–T2a 8 (19) 11 (25) 0.83

T2b–T2c 8 (19) 5 (11)

T3a–T3b 26 (62) 28 (64)

Gleason score, biopsy [N (%)]

≤6 5 (12) 7 (16) 0.67

7 17 (40) 14 (32)

8–10 20 (48) 23 (52)

Previous radical

prostatectomy [N (%)]

11 (26) 14 (32) 0.56

Baseline PSA (mcg/L)

Median 11.25 10.28 0.67

Range 0.22–48.67 0.93–50

ECOG performance status [N (%)]

0 36 (86) 40 (91) 0.51

1 6 (14) 4 (9)

N, number; T, Tumor; PSA, Prostate specific antigen; ECOG, Eastern cooperative

oncology group.

had had a prior radical prostatectomy occurred at a PSA of 0.2.
Statistical analyses were conducted using SAS software version
9.4 (Cary, NC).

Sample Size
Based on the Kumar et al. (14) study, we assumed 50% of patients
receiving the standard sequence would require docetaxel dose
reductions or delays and 20% of patients in the experimental
sequence would require dose reductions or delays. With a type
1 error rate of 0.05 and a power of 80%, 39 patients per sequence
would be required. Assuming a 10% rate of withdrawal or
discontinuation, 43 patients per sequence were calculated. Early
trial stopping rules dictated that if there was a greater than 60%
grade 2 or more gastrointestinal or genitourinary toxicity in the
first 10 patients in either sequence, the dose of docetaxel would be
reduced to 16 mg/m2 weekly in all subsequently treated patients,
and if more than 30% of patients subsequently experienced grade
3 toxicity in the next 10 patients treated after the dose reduction,
the study would have been discontinued.

RESULTS

Patients Characteristics
Table 1 demonstrates that the two treatment sequences were
well-balanced for baseline characteristics. In total 90 patients
were registered and randomized. Four were deemed ineligible
for the analysis, including three who withdrew consent,
and one found to have an invasive bladder cancer on the
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TABLE 2 | Selected GI and GU toxicities.

Toxicity item NCI toxicity* Standard Sequence Arm Experimental Sequence Arm Individual item Grouped items

Group Grade 2 and 3 Number of

events

Percent of

patients

Number of

events

Percent of

patients

p-value p-value

Gastrointestinal Incontinence, anal 0 0.00 6 4.55 0.005 Grade 2 and 3 CHISQ

Proctitis 9 11.90 45 22.73 0.186 p = 0.011

Diarrhea 60 50.00 78 52.27 0.833 Grade 3 CHISQ

Constipation 0 0.00 2 4.55 0.045 p = 0.528

Hemorrhage, GI 4 7.14 2 4.55 0.660

Genito-urinary Urinary frequency 139 50.00 205 70.45 0.053 Grade 2 and 3 CHISQ

Cystitis 30 21.43 8 11.36 0.206 p = 0

Incontinence, urinary 20 4.76 27 6.82 0.275 Grade 3 POISS

Urinary retention 193 14.29 166 13.64 0.613 p = 0.056

Hemorrhage, GU 10 4.76 11 4.55 0.617

*National Cancer Institute common toxicity criteria adverse event version 3.0, CHISQ, Chi-squared test; POISS, Poisson regression.

TABLE 3 | Non-GI or GU toxicities.

Toxicity item NCI toxicity* Standard Sequence Arm Experimental Sequence Arm Individual item Grouped items

Group Grade 2 and 3 Number of

events

percent of

patients

Number of

events

percent of

patients

p-value p-value

Sensori-motor Neuropathy, sensory 0 0.00 2 2.27 0.102

Bone marrow Leukocytes 3 2.38 2 2.27 0.617 Grade 2 and 3 CHISQ

Platelets 1 2.38 0 0.00 0.231 p = 0.4169

Fever 1 2.38 0 0.00 0.231

Liver Alkaline phosphatase 0 0.00 4 2.27 0.021

Allergy/Local reaction Acute infusion reaction 14 7.14 4 4.55 0.617

*National Cancer Institute common toxicity criteria adverse event version 3.0, CHISQ = Chi-squared test.

planning MRI. In total, 42 patients were randomized to the
standard sequence, 44 patients to the experimental sequence.
The trial began recruitment June 7, 2007, and completed
Jan 23, 2012, after the prespecified sample size requirements
were met.

Chemo-Radiation Delivery and Toxicity
All patients received radiotherapy, as per protocol, without
breaks or dose reductions and the vast majority were able to
receive the full dose of chemotherapy, There were significantly
fewer GI or GU toxicities leading to a docetaxel dose reduction
or omission in the experimental sequence compared to the
standard sequence, 5 vs. 15 events (p = 0.027), using Poisson
regression. Secondary study endpoints included the total amount
of Docetaxel that can be delivered. In the standard sequence
78.6% of patients received 8 weeks of chemotherapy compared
to 81.8% in the experimental sequence (p = 0.88), and 76.2% of
patients did not require a docetaxel dose reduction compared to
77.2% in the experimental sequence (p = 0.88). Goodness of fit
testing indicated that the Poisson regression fit the data well (p=
0.44) for the primary endpoint of the study.

Secondary endpoints also included individual GI and GU
toxicities, selected ones of which are listed in Table 2. There

were significantly more cumulative GI grade 2 and 3 toxicities
in the experimental sequence, 91%, compared to the standard
sequence, 69% (p = 0.0109). The rates of Grade 2 or higher
diarrhea corresponding to 3 or more bowel movements per
day above baseline were similar with the standard sequence,
50%, compared to 52.2% in the experimental sequence (p =

0.83). Conversely, there were more combined grade 2 and 3
gastrointestinal toxicities in the experimental sequence, with
a non-statistically significant trend to more proctitis in the
experiment sequence, 22.7 vs. 11.9% (p = 0.186). Constipation
was the only statistically significant individual item (p =

0.045). There was a statistically significant delay in time to
grade 1 diarrhea in the experimental sequence (p = 0.04).
There was also a non-statistically significant trend to more
combined grade 2 and 3 urinary frequency corresponding to
2 times increase of the normal voiding frequency, 70.5 vs.
50% (p= 0.0525).

It is important to note that bone marrow toxicity was
infrequent in both sequences, with no patients experiencing
febrile neutropenia (seeTable 3). One patient in the experimental
sequence had a lower GI bleed, requiring transfusion, but this
resolved without further intervention. There were no treatment
related deaths.
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FIGURE 1 | Kaplan – Meier analysis of overall survival.

FIGURE 2 | Cumulative incidence of prostate cancer – specific mortality, using competing risk analysis.

Survival
There was no difference in overall survival (Log-Rank p = 0.66),
cause-specific survival (Gray’s Test p = 0.47), or biochemical
recurrence (Gray’s Test p = 0.98; see Figures 1–3) between the

two sequences. However, overall survival is encouraging with
90% of patients alive at 8 years, and only 22.5 and 21.0% of
patients demonstrating biochemical recurrence at 8 years, in the
experimental sequence and standard sequences, respectively.
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FIGURE 3 | Cumulative incidence of biochemical recurrence (date of failure = PSA nadir + 2), using competing risk analysis.

Heath—Related Quality of Life
During the period of concurrent chemo-radiation (week 16–24
of protocol therapy) there was statistically significant declines
in all domains of the EPIC, except on the Mental Component
score of the SF12. For this domain there was a statistically decline
in the standard sequence only using repeated measures analysis
of variance (p = 0.01). For all the other domains, there was
no difference between sequences in terms of score decline for
the bowel, urinary, sexual, hormonal domains, nor in the AUA
symptom scores, or Physical Component score.

DISCUSSION

This is the first proof of principle study, to test the inversion of the
sequence of loco-regional radiation followed by the boost as the
standard sequence or the reverse as the experimental sequence,
in a randomized, double-blind trial. The study found that there
were fewer dose-reductions or delays due to gastrointestinal
or genitourinary toxicity when the radiotherapy started with
the boost phase followed by the large loco-regional phase that
includes the nodal volume. This could potentially enable more
radio-sensitization of prostate cancer cells by docetaxel, and our
study demonstrates that by inverting the order of the radiation
sequences there was no detriment in cancer control to addressing
only the grossly apparent tumor first. There was more grade 2
toxicity, mostly grade 2 urinary frequency, in the experimental
sequence arm (70.4% vs. 50% combined grade 2 and 3 urinary
frequency, p = 0.053, with 9.09% (four events in four patients)
vs. 2.38% (one event in one patient) grade 3 urinary frequency, p
= 0.18), but this excess was not sufficient to fit the pre-specified

criteria to warrant chemotherapy dose reductions or delays, and
resulted in 15 events resulting in dose reductions or delays
in the standard sequence vs. five events in the experimental
sequence, due to GU or GI toxicity. In essence, slightly more
toxicity was seen in the experimental sequence, as a percentage
of patient affected, but it didn’t translate into more events that
required reduction or omission of the systemic therapy, in the
experiment arm. In fact, they had less events, and perhaps more
bother, although this was not detected by bother as measured by
the EPIC.

Clearly, however, docetaxel is out of favor to be combined with
radiotherapy in a concurrent fashion, and is not recommended.

Similar sequence inversion of the boost and whole pelvic
irradiation for concomitant chemo-radiation of prostate cancer
with paclitaxel had been reported by Sanfilippo et al. (18), but this
was not explored in a randomized study. Patients enrolled at the
beginning of the study received the traditional sequence starting
with whole pelvic lymphatics and prostate treated followed
by a boost. Due to GI toxicity, the patients accrued later in
the trial received inverted radiotherapy sequences starting with
the prostate boost and treating the pelvic lymphatics last. The
study reported a decrease in the incidence of grade 3 toxicity,
however, a formal analysis of the toxicity rates before and after
the sequencing switch was not provided. The patients in the
Sanfilippo study also received biweekly paclitaxel and 9 months
of androgen deprivation. They reported a 3 years biochemical-
free relapse rate of 74%, using the Phoenix definition, and an 18%
rate of grade 3 diarrhea, which is very similar to the 20.4% rate of
grade 3 diarrhea in our study experimental sequence. Conversely,
to Sanfilippo study we were able to escalate the loco-regional
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radiation dose to 46.5Gy in 25 fractions with a similar rate of
toxicity utilizing IMRT.

The strength in the present study is its randomized nature,
blinding of participants and investigators, which limits potential
bias. One other important aspect is that the incidence of grade
2 or higher bone marrow toxicity was less than 10%, without
febrile neutropenia, likely owing to the weekly docetaxel regimen
compared to docetaxel given every 3 weeks, when marrow
suppression is more pronounced. Ideally, the optimal systemic
agent would be radio-sensitizing only to tumor cells, would have
a high degree of independent anti-tumor effect, and itself would
not cause treatment-related diarrhea, or urinary toxicity.

What is the meaning for other cancer sites? The same
sequence inversion strategy could be tested for anal canal,
cervix, or rectal cancer or used as option when patients
present with significant co-morbidities presenting a challenge to
protocol completion.

In conclusion, our study demonstrates the proof of principle
that sequence inversion of the large and boost volumes results in
fewer dose deductions or delays in systemic therapy when there
is overlapping normal tissue toxicity between the two. There was
no detriment in cancer control to addressing only the grossly
apparent tumor first. While the study will not turns the heels
of radiotherapy on its head, it does provide scientific proof that
in special circumstances it may offer an approach of how to
optimize combined modality therapy, with radiotherapy and a
systemic agent, when there is overlapping toxicity.
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Purpose: To investigate the efficacy of targeted intraoperative radiotherapy (TARGIT) vs.

conventional external beam radiotherapy (EBRT) in Chinese patients with breast cancer.

Methods: We retrospectively analyzed breast cancer patients who underwent

breast-conserving surgery (BCS) at our hospital between April 2009 and October

2017. Patients were divided into TARGIT group and EBRT group according to different

radiotherapy methods. TARGIT was performed with low-energy X-rays emitted by the

Intrabeam system to deliver a single dose of 20Gy to the applicator surface. Propensity

score matching was performed at 1:1. The Kaplan–Meier method was used to calculate

the locoregional recurrence (LR), distant metastasis-free survival (DMFS), disease-free

survival (DFS), and overall survival (OS) of the two groups, and the log-rank test was run

to analyse between-group difference before and after matching.

Results: A total of 281 patients were included, with a median follow-up of 43 months.

Of them, 82 were included in the TARGIT group and 199 in the EBRT group. Using the

risk-adapted approach, 6.1% of patients received supplemental EBRT in the TARGIT

group. The 5-year LR rate was 3.2% in the TARGIT group and 3.1% in the EBRT group

(P = 0.694), the 5-year DMFS rates were 100 and 96.7%, respectively (P = 0.157); the

5-year DFS rates were 96.8 and 94.2% (P = 0.604); and the 5-year OS rates were 97.6

and 97.8% (P = 0.862). After matching which eliminated interference from imbalanced

baseline factors, 128 matched patients were analyzed by the Kaplan–Meier method. The

5-year LR rate was 2.3% in the TARGIT group and 1.6% in the EBRT group; the 5-year

DMFS rates were 100 and 98.4%, respectively; the 5-year DFS rates were 97.7 and

98.4%; and the 5-year OS rates were 98.4 and 98.4% (P = 0.659, 0.313, 0.659, 0.987).

There was no significant difference in efficacy between TARGIT group and EBRT group.
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Conclusion: TARGIT and EBRT have similar 5-year outcomes in selected Chinese

breast cancer patients undergoing BCS, and it can be used as an effective alternative

to standard therapy, with substantial benefits to patients. The results need to be further

confirmed by extending the follow-up time.

Keywords: breast cancer, external beam radiotherapy, breast-conserving surgery, intraoperative radiotherapy,

Asia

INTRODUCTION

In the beginning of the 21st century, long-term follow-up results
of prospective studies such as the National Surgical Adjuvant
Breast and Bowel Project B-06 study (1–3) showed that for
patients with early breast cancer, breast-conserving surgery
(BCS) combined with whole-breast external beam radiotherapy
(EBRT) is similar to mastectomy with respect to relapse and
survival. For about 40 years, BCS plus whole-breast EBRT has
been used as the standard treatment for early breast cancer.
EBRT usually adopts the conventional segmentation method
to deliver a total dose of 45–50Gy over 5–7 weeks, and most
patients require an additional 10–16Gy to the tumor bed (4).
However, in clinical practice, 15 to 30% of patients will decline
radiotherapy after BCS (5–8). Some patients even choose to
undergo total mastectomy in order to avoid EBRT. Reasons for
the low EBRT acceptance include the long EBRT time, high cost,
need to travel to treatment centers, and limited mobility (9–11).
Some researchers are trying to identify breast cancer patients who
do not require postoperative radiotherapy. Based on the inclusion
criteria of the Cancer and Leukemia Group B (CALGB) 9,343 and
PRIME II studies, few elderly patients with early breast cancer
who are eligible for standard endocrine therapy may not require
radiotherapy, but they face increased risk of local relapse (12, 13).
Many studies have reported that, regardless of whether EBRT was
performed, 90% of post-BCS recurrence cases were concentrated
in the quadrant of the primary lesions and that the recurrence
rate of breast cancer outside the ipsilateral breast tumor bed was
similar to that of the contralateral second primary breast cancer
(14–16). Whole-breast EBRTmay expose the surrounding tissues
and organs to radiation, with its associated adverse reactions
(17). As a result, some researchers believe that EBRT may be an
excessive treatment after BCS.

Targeted intraoperative radiotherapy (TARGIT) employs
the Intrabeam system (Zeiss, Germany) to generate low-
energy X-rays. During the operation, this method provides
all necessary radiation doses under direct vision to target
only the tumor bed. Compared with EBRT, this approach
allows a much shorter therapy time and a reduced volume of
irradiated breast (18).

In 2013 and in 2016, the TARGIT-A trial, a multicentre
randomized controlled trial, reported the advantages and
disadvantages of TARGIT and EBRT in patients with early
breast cancer (19, 20). The TARGIT treatment was non-inferior
to the EBRT treatment with respect to overall survival and
adverse reactions. However, this conclusion is questioned by
some scholars because of the short median follow-up time

and high local relapse (21). In 2019, Abo-Madyan et al. (22)
reported the results, a single-center study with a median follow-
up time of 8.5 years. No significant difference was observed
in 5-year local relapse, distant metastasis, or overall survival
between the TARGIT group and the EBRT group. While
available data are still inadequate to dethrone EBRT as the
standard treatment for early breast cancer, TARGIT has shown
great potential. Several studies (23–27) have been conducted
in Asia to investigate electron intraoperative radiotherapy, but
studies on TARGIT are scarce. Previously, we retrospectively
analyzed the use of TARGIT in Chinese patients with breast
cancer and found that the adverse reactions were tolerable
and cosmetic outcomes were good (28). Given this, we further
investigated the efficacy of TARGIT vs. EBRT in Chinese
patients with breast cancer to explore the value of TARGIT in
Asian patients.

MATERIALS AND METHODS

Patient Selection
We retrospectively analyzed the clinical data of all breast cancer
patients who underwent BCS at our hospital between April
2009 and October 2017. The decision whether to perform
BCS was made by the breast surgeon, radiation therapist, and
patient together. Inclusion criteria: maximum tumor diameter
<5 cm and patient consent to BCS. The inclusion criteria
did not limit lymph node status, hormone receptor status,
HER2 status, and tumor grade. The exclusion criteria were
as follows: (i) contraindication to radiotherapy or a previous
history of radiotherapy in the breast region; (ii) collagen
vascular disease; (iii) suspected polycentric lesions based on
preoperative mammography, ultrasound, or MRI; (iv) distant
metastasis indicated by imaging examination; (v) inflammatory
breast cancer; (vi) positive resection margin after extensive
local resection of the tumor and failure to ensure a negative
margin on subsequent resection; (vii) suspected malignant
microcalcification with extensive or diffusive distribution based
on imaging; and (viii) pregnancy. A total of 281 breast cancer
patients were included in this study. They were divided into two
groups: the TARGIT group (a single session of intraoperative
radiotherapy in all patients, and additional postoperative EBRT
in patients with high risk factors) and the EBRT group
(postoperative whole-breast radiotherapy). All patients signed
the consent form. This study was approved by the Ethics
Committee of the First Affiliated Hospital of Zhengzhou
University, China.
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Surgery and Radiotherapy
TARGIT Group

BCS in conjunction with TARGIT was performed by
professionally trained breast surgeons, radiation therapists,
and physical therapists [see Vaidya et al. (29) for details]. Rapid
intraoperative pathological examination was performed to
ensure that the resection margin was ≥2mm from the tumor
in all directions. An appropriate applicator was selected based
on tumor size. A 2.5–3.5 cm spherical applicator was the most
commonly used applicator. Intraoperative radiotherapy was
performed with low-energy X-rays emitted by the Intrabeam
system (Carl Zeiss Surgical, Oberkochen, Germany) to deliver a
single dose of 20Gy to the applicator surface over 15 to 25 min.

EBRT Group

As with the TARGIT group, the EBRT group underwent BCS,
but not intraoperative radiotherapy. Patients not undergoing
chemotherapy were recommended to start EBRT within 4–8
weeks after BCS, and patients undergoing chemotherapy were
recommended to start EBRT within 2–4 weeks after the end
of chemotherapy. During EBRT, patients were in the supine
position, with hands raised above the shoulders. A bodymold was
used to secure the patient. Computed tomography (CT) was used
for positioning and delineation of the target region and organs
at risk. If axillary lymph nodes were negative, only the whole
breast was irradiated. If positive, the whole breast and affected
axillary and supraclavicular/subclavian regions were irradiated.
If axillary lymph nodes were positive and the tumor was located
in the inner quadrant, the internal mammary lymph node was
irradiated while referring to the dose received by the heart and
lungs, as appropriate. The tumor bed was delineated based on the
leadmarkers at the surgical scar, and the boost dose was delivered
to 1 cm beyond the tumor bed. Radiotherapy was performed with
the Axesse linear accelerator (Elekta AB, Stockholm, Sweden)
and 6MV-X. The dose was delivered in sequential mode (whole-
breast: 46–50 Gy/23–25 fractions; boost dose for tumor bed: 10–
14 Gy/5–7 fractions) or concurrent mode (whole-breast: 50.4
Gy/28 fractions; tumor bed: 60.2 Gy/28 fractions). EBRT was
performed with intensity-modulated radiation therapy. Cone-
beam CT was performed 3 times a week during radiotherapy to
reduce radiotherapy errors.

Postoperative Treatment
Based on clinical data and postoperative pathological data,
patients in the TARGIT group received supplementary EBRT (50
Gy/25 fractions; same procedures as the EBRT group; TARGIT
replaced external radiation as a tumor bed boost) if the patient
had one or more of the following risk factors: age <40, extensive
ductal carcinoma in situ, invasive lobular carcinoma, positive
lymph nodes, extensive lymph vascular space invasion (LVSI),
tumor diameter >3 cm, and negative estrogen receptor (ER).
We recommended chemotherapy for patients with at least one
risk factor: ≥T2, hormone receptor (–), HER2 (+) and tumor
grade 3. Endocrine therapy could be performed at the same
time as or after radiotherapy. Trastuzumab (3-week cycles, for
1 year) was given as the targeted therapy at the same time
as chemotherapy or after chemotherapy. The specific regimen

for chemotherapy, endocrine therapy, and targeted therapy was
determined based on patient conditions and was given according
to standard procedures.

Follow-Up and Outcome Measures
The date of the patient’s surgery in our hospital was used as
the starting point of follow-up. Follow-up indicators included
locoregional recurrence (LR), distant metastasis-free survival
(DMFS), disease-free survival (DFS), and overall survival (OS).
Locoregional recurrence was defined as the recurrence of tumors
in the ipsilateral breast or affected lymphatic drainage area after
BCS. All relapses and metastases were diagnosed by experienced
physicians based on physical examination, imaging studies, and
pathological data.

Statistical Analysis
The χ

2 test or Fisher’s exact test was performed to compare
general information between the TARGIT group and EBRT
group. Propensity score matching (PSM) was performed at 1:1
with a caliper value of 0.03. The variables included age, tumor
(T) stage, lymph node (N) stage, ER, progesterone receptor (PR),
human epidermal growth factor receptor 2 (HER2), Ki67, tumor
grade, histological type, LVSI, chemotherapy, endocrine therapy,
trastuzumab therapy, and axillary dissection. The Kaplan-Meier
method was used for survival analysis, and the log-rank test
was run to analyse between-group difference before and after
matching. For plotting the Kaplan–Meier survival curves, data
from all patients was used. The log-rank test was also run
for univariate analysis of pre-matching covariates. P < 0.05
was considered statistically significant. SPSS v22.0 (SPSS Inc.,
Chicago, IL, USA) was used for statistical analysis.

RESULTS

General Characteristics of Patients
A total of 281 female patients with breast cancer who underwent
BCS at our hospital betweenApril 2009 andOctober 2017met the
entry criteria and were included in this study. Of them, 82 were
included in the TARGIT group and 199 in the EBRT group. Five
(6.1%) patients in the TARGIT group received supplementary
EBRT after surgery, and 77 (93.9%) received TARGIT alone. Nine
patients (11%) in the TARGIT group underwent lumpectomy at
another hospital and were referred to our hospital for second
operation and TARGIT based on pathological data. There were
no recurrence or death in the nine patients. The incision margin
was ≥2mm from the tumor in all cases. Table 1 shows that
significant between-group differences were observed in age, N
stage, chemotherapy, and lymph node dissection (all P < 0.05).
A higher proportion of patients in the EBRT group were <50
years old, had positive lymph nodes, received chemotherapy,
and underwent axillary dissection (Table 1). To balance these
differences, PSM was performed at 1:1, with 64 patients in each
group and no significant between-group difference in general
characteristics between the two groups (all P > 0.05, Table 2).
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TABLE 1 | General characteristics of patients in TARGIT group and EBRT group

before matching.

Characteristic TARGIT

(N = 82),

n (%)

EBRT

(N = 199),

n (%)

P

Age (years) <0.001

<50 21 (25.6) 137 (68.8)

50–59 21 (25.6) 36 (18.1)

≥60 40 (48.8) 26 (13.1)

T stage 0.126

T1 62 (75.6) 132 (66.3)

T2 20 (24.4) 67 (33.7)

N stage 0.006

N0 74 (90.2) 146 (73.4)

N1 7 (8.5) 46 (23.1)

N2 0 (0) 4 (2.0)

N3 1 (1.2) 3 (1.5)

ER 0.356

Positive 66 (80.5) 150 (75.4)

Negative 16 (19.5) 49 (24.6)

PR 0.196

Positive 62 (75.6) 135 (67.8)

Negative 20 (24.4) 64 (32.2)

HER2 0.484

Positive 12 (14.6) 36 (18.1)

Negative 70 (85.4) 163 (81.9)

Ki67 (%) 0.859

<50 61 (74.4) 146 (73.4)

≥50 21 (25.6) 53 (26.6)

Tumor grade 0.348

1 6 (7.3) 23 (11.6)

2 66 (80.5) 144 (72.4)

3 10 (12.2) 32 (16.1)

Histology 0.556

IDC 69 (84.1) 171 (85.9)

DCIS 6 (7.3) 13 (6.5)

Mixed 5 (6.1) 6 (3.0)

Other 2 (2.4) 9 (4.5)

LVSI 1.000

Yes 0 (0) 1 (0.5)

No 82 (100) 198 (99.5)

Chemotherapy 0.002

Yes 53 (64.6) 163 (81.9)

No 29 (35.4) 36 (18.1)

Endocrine therapy 0.508

Yes 66 (80.5) 153 (76.9)

No 16 (19.5) 46 (23.1)

Trastuzumab 0.925

Yes 12 (14.6) 30 (15.1)

No 70 (85.4) 169 (84.9)

ALND <0.001

Yes 9 (11.0) 64 (32.2)

No 73 (89.0) 135 (67.8)

IDC, invasive ductal carcinoma; DCIS, ductal carcinoma in situ; LVSI, lymph vascular

space invasion; ALND, axillary lymph node dissection.

TABLE 2 | General characteristics of patients in TARGIT group and EBRT group

after matching.

Characteristic TARGIT

(N = 64),

n (%)

EBRT

(N = 64),

n (%)

P

Age (years) 0.933

<50 21 (32.8) 23 (35.9)

50–59 20 (31.3) 19 (29.7)

≥60 23 (35.9) 22 (34.4)

T stage 0.404

T1 47 (73.4) 51 (79.7)

T2 17 (26.6) 13 (20.3)

N stage 0.377

N0 57 (89.1) 55 (85.9)

N1 6 (9.4) 8 (12.5)

N2 0 (0) 1 (1.6)

N3 1 (1.6) 0 (0)

ER 0.833

Positive 49 (76.6) 50 (78.1)

Negative 15 (23.4) 14 (21.9)

PR 0.694

Positive 45 (70.3) 47 (73.4)

Negative 19 (29.7) 17 (26.6)

HER2 0.626

Positive 11 (17.2) 9 (14.1)

Negative 53 (82.8) 55 (85.9)

Ki67 (%) 0.683

<50 49 (76.6) 47 (73.4)

≥50 15 (23.4) 17 (26.6)

Tumor grade 0.277

1 5 (7.8) 9 (14.1)

2 50 (78.1) 42 (65.6)

3 9 (14.1) 13 (20.3)

Histology 0.382

IDC 51 (79.7) 55 (85.9)

DCIS 6 (9.4) 6 (9.4)

Mixed 5 (7.8) 1 (1.6)

Other 2 (3.1) 2 (3.1)

Chemotherapy 1.000

Yes 42 (65.6) 42 (65.6)

No 22 (34.4) 22 (34.4)

Endocrine therapy 0.833

Yes 49 (76.6) 50 (78.1)

No 15 (23.4) 14 (21.9)

Trastuzumab 0.626

Yes 11 (17.2) 9 (14.1)

No 53 (82.8) 55 (85.9)

ALND 0.611

Yes 8 (12.5) 10 (15.6)

No 56 (87.5) 54 (84.4)

There was no LVSI after matching. IDC, invasive ductal carcinoma; DCIS, ductal

carcinoma in situ; ALND, axillary lymph node dissection.
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TABLE 3 | Characteristics of patients with locoregional recurrence.

Age (years) T (mm) ER PR HER2 Ki67 (%) Histology Grade N

TARGIT

45 27 Negative Negative Positive 60 IDC 2 2

69 30 Positive Positive Negative 60 IDC 2 0

EBRT

73 17 Negative Negative Negative 90 IDC 2 0

35 20 Negative Negative Negative 90 IDC 2 0

41 22 Negative Negative Negative 80 IDC 3 0

42 25 Positive Positive Negative 50 IDC 2 0

T, Maximum diameter of the tumor; N, Number of metastatic axillary lymph nodes.

TABLE 4 | Causes of death in raw data.

Causes of death TARGIT

(N = 82)

EBRT

(N = 199)

Total

Breast cancer 0 3 3

Esophageal

cancer

1 0 1

Cardiovascular

disease

1 0 1

Pancreatitis 0 1 1

Total 2 4 6

Data are numbers.

Survival Analysis
The median follow-up time of 281 patients was 43 months
(3–75 months). Before matching, the median follow-up time in
the TARGIT groupwas 44months, with two cases of local relapse,
no distant metastasis, and two deaths; the median follow-up
time in the EBRT group was 41 months, with four cases of local
relapse, five cases of distant metastasis, and four deaths. Table 3
summarizes the characteristics of patients with locoregional
recurrence. Three patients died of breast cancer in the EBRT
group, and no patient died of breast cancer in the TARGIT group
(Table 4). The 5-year LR rate was 3.2% in the TARGIT group
and 3.1% in the EBRT group (P = 0.694), the 5-year DMFS
rates were 100 and 96.7%, respectively (P = 0.157); the 5-year
DFS rates were 96.8 and 94.2% (P = 0.604); and the 5-year OS
rates were 97.6 and 97.8% (P = 0.862) (Figure 1). Moreover,
no significant between-group difference was observed in breast
cancer-related mortality or non-breast cancer-related mortality
(P = 0.245, 0.154).

After PSM (which eliminated interference from imbalanced
baseline factors), themedian follow-up timewas 44months in the
TARGIT group and 34 months in the EBRT group. The Kaplan–
Meiermethodwas used to analyse the survival of the 128matched
patients. The 5-year LR rate was 2.3% in the TARGIT group and
1.6% in the EBRT group; the 5-year DMFS rates were 100 and
98.4%, respectively; the 5-year DFS rates were 97.7 and 98.4%;

and the 5-year OS rates were 98.4 and 98.4% (P = 0.659, 0.313,
0.659, 0.987).

Univariate Analysis of Pre-matching Data
The log-rank test was performed for univariate analysis of pre-
matching covariates (Table 5). The results showed that ER, Ki67,
and endocrine therapy were significantly correlated with LR (all
P < 0.05). T stage and PR was a potential prognostic factor
for LR (both P < 0.1). N stage was significantly correlated with
DMFS (P< 0.05), and Ki67 and axillary dissection was a potential
prognostic factor for DMFS (both P< 0.1). Ki67 was significantly
correlated with DFS (P < 0.05); T stage, N stage, and axillary
dissection was a potential prognostic factor for DFS (all P < 0.1).
N stage was significantly correlated with OS (P < 0.05), and T
stage was a potential prognostic factor for OS (P < 0.1). We
did not perform Cox multivariate analysis because of the small
number of outcome-related events.

DISCUSSION

For early breast cancer, BCS combined with whole-breast EBRT,
along with endocrine therapy, chemotherapy, and targeted
therapy as needed, has achieved promising results. Many studies
have reported very low local relapse and mortality rates (19, 30–
32). In 2009, Botteri et al. (31) analyzed the clinical data of
2,784 patients with early breast cancer treated at the European
Institute of Oncology in Milan. All patients underwent BCS and
postoperative whole-breast EBRT. The 5-year local relapse rate
was 1.1%, and the overall mortality was 3.4%. In 2013, the ELIOT
study showed that the 5-year ipsilateral breast tumor recurrence
rate was only 0.4% and the mortality was 3.1% after EBRT (32).
These studies included patients with high-risk factors, such as
positive lymph nodes, negative ER, negative PR, and tumor grade
G3. Therefore, the relapse rate and mortality may be lower with
more stringent selection.

With the continuous improvement of treatment outcomes,
patients are turning their attention to treatment-related adverse
reactions, convenience, cost, and cosmetic effects. Some
researchers have tried to “subtract” the standard treatment, such
as reducing the number of radiotherapy sessions, reducing the
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FIGURE 1 | Kaplan–Meier analysis of (A) locoregional recurrence, (B) distant metastasis-free survival, (C) disease-free survival, and (D) deaths before matching. For

plotting the Kaplan–Meier survival curves, data from all patients was used.

area of radiation, and even forgoing radiotherapy in certain
breast cancer patients. TARGIT, one of the most popular mobile
intraoperative radiotherapy technologies, uses 50-kV low-energy
X-rays for direct, single-dose radiation to the tumor bed during
operation. Some studies have shown that in general, the side
effects of TARGIT are tolerable, the incidence of high-grade side
effects is lower than that of conventional EBRT, the local relapse
rate and survival rate are non-inferior to those of EBRT, and
TARGIT is superior to EBRT in improving the quality of life
and cosmetic effects (19, 33–36). However, these studies mainly
included non-Asians, with inadequate evidence to support the
value of TARGIT in Asian patients with breast cancer. Our
previous study showed that TARGIT is safe and feasible in
Chinese patients with breast cancer, with few high-grade side
effects and good cosmetic effects (28). In this study, we have
further confirmed that the efficacy of TARGIT is non-inferior to
that of EBRT in selected Chinese patients with breast cancer.

Based on recommendations from the TARGIT-A, ASTRO,
and ESTRO studies (19, 37, 38), we selected low-risk patients
with breast cancer for TARGIT. Moreover, based on risk-
adapted approach from TARGIT-A, patients with risk factors

were recommended to undergo EBRT after surgery, and TARGIT
was used as a tumor bed boost. The recommended suitability
criteria by ASTROwere as follows: age≥50 years, surgical margin
≥2mm, Tis or T1, partial ductal carcinoma in situ, ER (+),
and no LVSI, invasive lobular carcinoma, or other pathological
factors (37). As a result, a higher percentage of patients in the
EBRT group had risk factors after initial group assignment. In
the EBRT group, 68.8% of patients were younger than 50; in the
TARGIT group, only 25.6% were. Moreover, 26.6% of patients
in the EBRT group had positive lymph nodes; in the TARGIT
group, 9.8% did. A higher percentage of patients in the EBRT
group received chemotherapy and lymph node dissection. This
may be because there were more young patients and lymph
node–positive patients in the EBRT group, which affected the
treatment choice.

In this study, the overall median follow-up time was 43
months. Kaplan–Meier survival analysis showed no significant
between-group difference in LR, DMFS, DFS, or OS. While more
patients in the EBRT group had risk factors, chemotherapy,
and axillary dissection may help reduce the risks of relapse and
metastasis. To balance the differences in baseline factors, PSM
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TABLE 5 | Univariate analysis of prognostic factors in 281 breast cancer patients.

Characteristic n 5-year LR (%) P 5-year DMFS (%) P 5-year DFS (%) P 5-year OS (%) P

Age (years)

<50 158 4.3 0.472 96.7 0.506 92.4 0.268 97.9 0.850

50–59 57 0 100 100 98.2

≥60 66 3.1 98.5 96.9 97.0

T stage

T1 194 1.0 0.063 97.7 0.684 97.1 0.053 99.0 0.055

T2 87 8.3 97.3 89.2 95.0

N stage

N0 220 3.8 0.974 98.5 0.002 95.2 0.072 98.6 0.007

N1 53 4.5 95.5 90.9 95.2

N2 4 0 100 100 100

N3 4 0 75.0 75.0 75.0

ER

Positive 216 2.4 0.016 97.3 0.837 94.9 0.239 97.5 0.700

Negative 65 7.2 98.5 92.8 98.5

PR

Positive 197 2.7 0.062 97.7 0.649 95.0 0.193 98.0 0.865

Negative 84 5.7 97.3 92.8 97.2

HER2

Positive 48 3.6 0.943 97.9 0.849 94.3 0.810 97.9 0.984

Negative 233 3.5 97.6 94.5 97.7

Ki67 (%)

<50 207 0 <0.001 98.9 0.086 98.9 <0.001 98.4 0.182

≥50 74 14.4 94.1 81.4 95.9

Tumor grade

1 29 0 0.691 100 0.458 100 0.508 100 0.373

2 210 4.0 96.9 93.4 97.0

3 42 2.6 100 97.4 100

Histology

IDC 240 4.2 0.779 97.1 0.809 93.4 0.591 97.3 0.791

DCIS 19 0 100 100 100

Mixed 11 0 100 100 100

Other 11 0 100 100 100

LVSI

Yes 1 0 0.903 100 0.901 100 0.870 100 0.880

No 280 3.5 97.6 94.4 97.7

Chemotherapy

Yes 216 3.4 0.428 98.5 0.318 95.1 0.471 98.5 0.108

No 65 3.4 93.9 92.0 95.4

Endocrine therapy

Yes 219 2.4 0.012 97.4 0.873 95.0 0.204 97.5 0.739

No 62 7.5 98.4 92.5 98.4

Trastuzumab

Yes 42 4.0 0.964 97.6 0.764 93.6 0.685 100 0.297

No 239 3.4 97.6 94.6 97.3

ALND

Yes 73 4.2 0.755 95.4 0.083 91.2 0.093 95.2 0.168

No 208 3.8 98.3 95.1 98.6

Mode of radiotherapy

TARGIT 82 3.2 0.694 100 0.157 96.8 0.604 97.6 0.862

EBRT 199 3.1 96.7 94.2 97.8

IDC, invasive ductal carcinoma; DCIS, ductal carcinoma in situ; LVSI, lymph vascular space invasion; ALND, axillary lymph node dissection.
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was performed at 1:1. Between-group differences in treatment
outcomes were still not significant after baseline data matching.
These pre-matching and post-matching data demonstrate to
certain extent that TARGIT is similar to EBRT in selected Chinese
patients with breast cancer.

Some past studies showed that the efficacy of TARGIT was
non-inferior to that of EBRT in patients with early breast cancer
(19, 22). The TARGIT-A trial (19) enrolled a total of 3,451
patients with breast cancer in 11 countries. The median follow-
up time was 2.4 years. The 5-year local relapse rate was 3.3%
in the TARGIT group and 1.3% in the EBRT group (P =

0.042). The difference did not exceed the pre-defined threshold
of 2.5%, so the study concluded that TARGIT was non-inferior
to EBRT. The slightly higher relapse rate in the TARGIT group
may be related to the enrolment of some high-risk patients who
were not ideal candidates for TARGIT. The difference in overall
mortality was not statistically significant between the TARGIT
group and the EBRT group (3.9 vs. 5.3%, P = 0.099). The
TARGIT-A trial showed that non-breast cancer–relatedmortality
was significantly lower in the TARGIT group than in the EBRT
group (1.4 vs. 3.5%, P = 0.0086), which differed from the results
of this study. They believe that this is mainly due to the fewer
deaths from cardiovascular disease and other tumors in the
TARGIT group. Reduced mortality with targeted radiotherapy
was also found in two recent meta-analyses (39, 40). However,
our study showed no significant between-group difference in
non-breast cancer mortality. In the TARGIT group, one patient
died of esophageal cancer, and one died of cardiovascular disease.
In the EBRT group, only one patient died of pancreatitis. The
small sample size may have played a role in these observations.
In addition, the patients in the TARGIT group were older
(mean age) than the patients in the EBRT group and may
have been more susceptible to cardiovascular disease and other
tumors. We did not consider the effects of comorbidities when
selecting patients, which may have resulted in an imbalance in
comorbidities between the two groups. In 2019, a single-center
study in Germany extended the median follow-up time to 8.5
years (22). The study included 180 breast cancer patients and
found that the 5-year local relapse rate was 0% in the TARGIT
group and 1.1% in the EBRT group; the 5-year distant metastasis
rates were 3.4 and 2.3%, respectively; and the 5-year OS rates
were 94.4 and 93.3% (P= 0.317, 0.68, 0.73). The differences were
all statistically non-significant. Long-term follow-up data further
demonstrated that TARGIT was non-inferior to EBRT in patients
with early breast cancer.

BCS without postoperative radiotherapy is unfortunately not
uncommon in clinical practice. Tuttle et al. (41) searched
the Surveillance Epidemiology and End Results database to
analyse breast cancer patients who underwent surgery in the
United States between 1992 and 2007 and found that 21.1% of
patients did not undergo radiotherapy after BCS and that the
percentage of patients choosing not to undergo radiotherapy
had risen from 1992 to 2007. Their findings showed that
patients at high risk of recurrence were more likely to forgo
postoperative radiotherapy. This was also observed in patients
who undergo BCS in conjunction with TARGIT. The multi-
center retrospective study TARGIT-R in North America showed

that some at-risk patients were unwilling to undergo EBRT after
TARGIT (33). In this study, 25 at-risk patients in the TARGIT
group were recommended to undergo supplementary EBRT, but
only five patients did. The main hurdles included the long EBRT
time and high cost and that most of these patients may or may
not be indicated for intraoperative radiotherapy according to
guidelines. Real-world data requires clinicians to follow up these
patients closely and provide any necessary remedial treatment in
a timely manner. Fortunately, we did not see apparent relapse or
metastasis in these patients during the current follow-up period.

We initially planned to incorporate potential prognostic
factors (P < 0.1) from the univariate analysis into the Cox
regression model to identify independent risk factors for
treatment outcomes. However, due to overall good treatment
results and few outcome-related events, the Cox analysis may
have had compromised validity and produced unreliable results.
Thus, we did not perform Cox multivariate analysis. The
univariate analysis indicated some potential prognostic factors
that were reported in previous articles (31, 42, 43). We will
continue to extend the follow-up period and observe more
outcome-related events to further investigate the effect of each
variable on prognosis in Cox analysis.

The small sample size and relatively short follow-up time
are main limitations of this study. While the groups were
balanced after PSM, some source data were lost in this process.
Nevertheless, both pre-matching and post-matching analyses
demonstrate that TARGIT is non-inferior to EBRT in selected
Chinese patients with breast cancer. The relapse rate, metastasis
rate, and mortality are low in Chinese patients undergoing BCS
in conjunction with TARGIT. These data suggest that TARGIT
is an effective alternative to EBRT in some patients with early
breast cancer.

CONCLUSION

BCS in conjunction with TARGIT has similar outcomes
compared with conventional EBRT in selected Chinese patients
with breast cancer. Our results add to international evidence, and
support the use of TARGIT in Asian patients with breast cancer,
who would benefit from its many advantages such as its great
convenience, lower cost, and better quality of life.
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Purpose: To investigate an implementation method and the results of an inverse dose
optimization algorithm, Gradient Based Planning Optimization (GBPO), for three-
dimensional brachytherapy.

Methods: The GBPO used a quadratic objective function, and a dwell time modulation
item was added to the objective function to restrict the dwell time variance. We
retrospectively studied 4 cervical cancer patients using different applicators and 15
cervical cancer patients using the Fletcher applicator. We assessed the plan quality of
GBPO by isodose lines for the patients using different applicators. For the 15 patients
using the Fletcher applicator, we utilized dose-volume histogram (DVH) parameters of HR-
CTV (D100%, V150%) and organs at risk (OARs) (D0.1cc, D1cc, D2cc) to evaluate the difference
between the GBPO plans and the IPSA (Inverse Planning Simulated Annealing) plans, as
well as the GBPO plans and the Graphic plans.

Results: For the 4 patients using different applicators, the dose distributions are
conformable. For the 15 patients using the Fletcher applicator, when the dwell time
modulation factor (DTMF) is less than 20, the dwell time deviation reduces quickly;
however, after the DTMF increased to 100, the dwell time deviation has no remarkable
change. The difference in dosimetric parameters between the GBPO plans and the IPSA
plans is not statistically significant (P>0.05). The GBPO plans have a higher D100% (3.57 ±
0.36, 3.38 ± 0.34; P<0.01) and a lower V150% (55.73 ± 4.06, 57.75 ± 3.79; P<0.01) than
those of the Graphic plans. The differences in other DVH parameters are negligible
between the GBPO plans and the Graphic plans.

Conclusions: The GBPO plans have a comparable quality as the IPSA plans and the
Graphic plans for the studied cervical cancer cases. The GBPO algorithm could be
integrated into a three-dimensional brachytherapy treatment planning system after
studying more sites.
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Wang et al. An Optimization Algorithm for Brachytherapy
INTRODUCTION

Compared with external beam radiation therapy, brachytherapy
has the characteristics of high dose near the source and rapid
dose drop-off away from the source. In addition, because the
applicator is implanted in the tumor region, brachytherapy
reduces the dosimetric uncertainties caused by anatomical
change and setup error. These advantages ensure the
irreplaceable role of brachytherapy in radiotherapy (1).

At the present stage, image-guided three-dimensional (3D)
brachytherapy is the mainstream method for brachytherapy.
Dose optimization is a crucially important component of 3D
brachytherapy treatment planning systems (TPSs). In general,
dose optimization methods of 3D brachytherapy can be divided
into forward optimization and inverse optimization. In a forward
optimization process, a planner manually enters the dwelling
weight/time or drags isodose lines based on the planner’s clinical
experience to achieve a desirable dose distribution. The method
of dragging isodose lines is called graphic optimization. In an
inverse optimization process, a planner inputs the objectives and
penalty weights of targets and organs at risk (OARs) based on the
prescription dose and patient’s anatomy. Through a trial-and-
error process, a satisfactory dose distribution can be generated by
the inverse dose optimization system. Inverse optimization
algorithms of brachytherapy, such as IPSA (Inverse Planning
Simulated Annealing) and HIPO (Hybrid Inverse Planning
Optimization), have been reported in literatures and
implemented in 3D TPSs (2–5).

The inverse optimization algorithm of brachytherapy usually
produces a plan with a large dwell time variation (6), which should
be addressed for the following reasons: First, a location with a large
dwell time is suspect to have a high dose. A high dose region should
be avoided unless a tumor volume requires an inhomogeneous
dose distribution. Second, the larger the dwell time variation, the
greater the inhomogeneous dose distribution. An inhomogeneous
dose distribution is more likely to be affected by source position
uncertainties. Both IPSA and HIPO provide parameters that
restrict dwell time variance: the Dwell Time Deviation
Constraint (DTDC) and Dwell Time Gradient Restriction
(DTGR) for IPSA and HIPO, respectively (4, 5). By adjusting
these parameters, it is possible to obtain a favorable clinical plan for
which the variation of the dwell time is considered acceptable.

The purpose of this paper is to investigate an in-house inverse
brachytherapy optimization algorithm referred to as Gradient
Based Planning Optimization or GBPO and a new method to
restrict dwell time variance. We retrospectively studied a total of
4 cervical cancer patients using different applicators and 15
cervical cancer patients using the Fletcher applicator to
evaluate the GBPO algorithm.
MATERIALS AND METHODS

Dose Calculation
The dose calculation algorithm in this study was based on the
AAPM TG-43 recommendation (7, 8). Since the implementation
Frontiers in Oncology | www.frontiersin.org 280
detail has been reported in the reference (9), only a brief
introduction is included here. We calculated the dose of the i-
th voxel, Di, through the formula given in Equation 1:

Di =oNM
m=1oNN

N=1dm,ntm,n (1)

where NM is the total channel number, NN is the total dwell
position number in the m-th channel, dm,n and tm,n are the dose
rate contribution and the dwell weight, respectively, from the n-
th dwell position in the m-th channel.

Inverse Optimization
The GBPO optimization algorithm was implemented using the
LBFGS (Limited memory Broyden Fletcher Goldberg Shanno)
code, which is an optimization engine based on the gradient
descent method (10, 11). The GBPO used a quadratic objective
function, and we calculated the objective value F through the
formula given in Equation 2:

F tm,n

� �
=oi∈TARpTAR · HTAR Di − D0,TAR

� �
· Di − D0,TAR

� �2

+oi∈OARspOARs · HOARs Di − D0,OARs

� �
· Di − D0,OARs

� �2

+pSOU ·oNM
m=1oNN

n=1
1
NN

tm,n − tm,min

� �2

(2)

where pTAR is the penalty weight of the target; H (Di – D0) is a
Heaviside function (12), and for a target it equals 0 if Di > D0 but
1 if Di ≤ D0; the value reverses for an OAR. Di is the dose of the
i-th voxel; D0 is the objective dose; pTAR is the penalty weight of
the OARs; pSOU is the dwell time modulation factor (DTMF); and
tm,min is the smallest dwell time in the m-th channel.

The GBPO considered multiple targets and OARs, and each
region of interest (ROI) had an objective dose. The last item in
Equation (2) was provided to modulate the dwell time variance
to meet the clinical needs.

Test Cases
We divided the clinical test of the GBPO algorithm into two
parts: the first part tested the optimization results of different
applicators, which include a double ovoid applicator, a tandem-
ring applicator, a multi-channel applicator, and a tandem-
needles applicator. In the second part, we retrospectively
studied 15 cervical cancer patients using the Fletcher
applicator, and the average HR-CTV volume was 52.65 cm3

(minimum 36.03 cm3, maximum 80.45 cm3).

Treatment Planning
The delineation of target and OARs was performed on an
Oncentra V4.3 (Elekta AB, Stockholm, Sweden) TPS. The
target was HR-CTV, and the OARs included the bladder,
rectum, and sigmoid. The dose prescription was 6 Gy.

For each patient, we compared the following three plans: the
IPSA plan, the Graphic plan, and the GBPO plan. For all plans,
the source step size was 0.25 cm, and the dose calculation grid
resolution was 0.1 cm x 0.1 cm x 0.1 cm. Since the optimization
results were affected by the dwell point number and dwell
October 2020 | Volume 10 | Article 564580
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position, the three plans used the same dwell point number and
dwell position.

The IPSA plan automatically determined dwell positions based
on the reference target. The DTDC value affects the optimization
result (13), and we set it to 0.4 for all IPSA plans in this study.

We changed the dwell time of each dwell position to 1 before
the Graphic optimization, and then a physicist manually dragged
the isodose line to achieve a desirable dose distribution. The
quality of the Graphic plan heavily depends on the clinical
experience of the physicist. In order to improve the quality of
the Graphic plan, the planning was performed by an experienced
physicist who has worked in the brachytherapy department for
more than 5 years.

For the GBPO plan, we set the initial dwell time of each dwell
position to 1. The minimum value of the dwell time in the GBPO
iteration process was set to 0.000001, which ensures the non-
negativity of the dwell time during the optimization process. All
GBPO plans were iterated 100 times. Table 1 gives the
optimization objectives for studying the relationship between
the DTMF and the dwell time standard deviation (DTSD), as
well as the initial objectives of the GBPO plans used for the
comparison with the IPSA plans. In the dosimetric comparison
process, if the optimization result of a GBPO plan was not
Frontiers in Oncology | www.frontiersin.org 381
satisfactory, we adjusted the initial objectives until obtaining a
satisfying result. We set the DTMF to 10 for all GBPO plans,
based on the results given in Figure 2.

Plan Evaluation
We assessed the plan quality of GBPO by isodose lines for the 4
patients using different applicators. For the 15 patients using the
Fletcher applicator, dose volume histogram (DVH) parameters
were used to evaluate the dosimetric difference between the
GBPO plans and the IPSA plans, as well as the GBPO plans
and the Graphic plans. We defined Dx% as the dose expressed in
Gy that received by x% of the total volume, Vy% as the volume
expressed in percentage that received y% of the prescribed dose,
and Dzcc as the dose expressed in Gy that received by z cm3
TABLE 1 | The optimization objectives for GBPO plans (Dose unit: Gy).

ROI Weight MIN MAX Weight

HR-CTV 100 6.0 – –

Bladder – – 4.5 50
Rectum – – 4.5 80
Sigmoid – – 4.5 80
Oc
tober 2020 | Vo
lume 10 | Article
“-” means that this parameter was not used in the optimization.
A B

C D

FIGURE 1 | Isodose line of patients using different applicators. (A) Double ovoid applicator; (B) Tandem-ring applicator; (C) Multi-channel applicator; (D) Tandem-
needles. The organs are HR-CTV (red), bladder (blue), rectum (brown), and sigmoid (green).
564580

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. An Optimization Algorithm for Brachytherapy
volume. The DVH parameters for HR-CTV were D100% and
V150%, and for the OARs, they were D0.1cc、D1cc and D2cc (14).
All plans were normalized to HR-CTV D90% =6Gy. To evaluate
the dosimetric parameters mentioned above, the SPSS 19.0
software (IBM, Armonk, NY) was used for statistical analyses.
We conducted paired, a two-sided Wilcoxon signed-rank test to
compare the dose distributions between the GBPO plans and the
IPSA plans, as well as the GBPO plans and the Graphic plans. A
P value less than 0.05 was considered statistically significant.
RESULTS

Isodose Lines
Figure 1 shows the isodose lines optimized by the GBPO
algorithm for the 4 patients using different applicators. The
GBPO algorithm can generate conformable dose distributions
for different applicators.

Dwell Time Modulation Factor
Figure 2 illustrates the DTSD of the 15 patients using the
Fletcher applicator optimized by the GBPO algorithm. When
the DTMF is less than 20, the DTSD decreases quickly, but the
DTSD has no remarkable change after the DTMF increased
above 100. Therefore, in the planning optimization of cervical
cancer, a DTMF value greater than 100 is not recommended
when using the GBPO algorithm.

Dosimetric Comparison
Table 2 compares the DVH parameters of the target and OARs for
the 15 patients. The difference in dosimetric parameters between
the GBPO plans and the IPSA plans is not statistically significant
(P > 0.05). The GBPO attains a similar plan quality as the IPSA. The
GBPO plans has a higher D100% (3.57 ± 0.36, 3.38 ± 0.34; P<0.01)
and a lower V150% (55.73 ± 4.06, 57.75 ± 3.79; P<0.01) than that of
Frontiers in Oncology | www.frontiersin.org 482
the Graphic plans. The differences in other DVH parameters are
negligible between the GBPO plans and the Graphic plans.
DISCUSSION

With the aid of imaging techniques such as CT and MRI, we can
obtain an applicator position and ROIs three dimensionally.
Knowing the applicator position and the source step size, we can
also determine the dwell positions. A variety of algorithms have
been developed to optimize the dwell time to achieve a desirable
dose distribution (2–4, 15–18)_ENREF_11. In this study, we
implemented a new inverse optimization algorithm, GBPO, to
optimize the 3D brachytherapy dose based on patient anatomy
and prescription dose. The patient data show that this algorithm
achieves similar optimization results as compared with a
commercial algorithm.

Uncertainties affect dose accuracy in high dose-rate
brachytherapy (19). Regional hotspots should be avoided.
Several studies have suggested using the dwell time modulation
factor to address the issue of large dwell time variation (20, 21).
In IPSA, the DTDC is a user-entered parameter that constrains
the upper limit of a single dwell time relative to the average dwell
time (4). The DTDC changes in the [0-1.0] range by a step of 0.1.
When the DTDC is 0, it means that the optimization has no
dwell time constraint, and the dwell time is the most uniform
when it equals 1.0. The DTDC effectively reduces large dwell
times, and neglects dwell times below the average value. The
dwell time modulation factor of HIPO is DTGR, which avoids a
large dwell time change between adjacent dwell locations, and
eliminates the existence of large dwell times that may cause
hotspots. Similar to the DTDC, the DTGR varies by a step size of
0.1 in the range of (0–1.0) (5). Increasing the DTGR value forces
the optimizer to avoid situations where the dwell time is very
long or very short. Since the DTGR considers the change of the
adjacent dwell time, in places where there is no need to dwell,
there may also be short dwell times if using DTGR.

The dwell time modulation principle of this algorithm is
different from HIPO and IPSA. First, GBPO used the minimum
dwell time in the objective function instead of the average value.
The reason for this is that some of the dwell positions may not be
suitable for dwell due to the OAR’s constraint, in which case the
minimum dwell time is retained in GBPO. The purpose of
adding a dwell time modulation item to the objective function is
to make the larger dwell time shorter. Since the minimum dwell
time is preserved, the DTSD will not be zero, even if the DTMF
increases. Second, the GBPO does not normalize the maximum
DTMF to 1. This study used the site of radical cervical cancer for
testing, and did not consider other cancer sites. The normalized
DTMF for one site may not be suitable for another site, so there
are limitations in its application for other sites. In addition, using
the same normalization method as IPSA and HIPO will make the
modulation space smaller. There are only 11 values after
normalization. Without normalization, we can change the
DTMF value according to different clinical requirements.
FIGURE 2 | The dwell time standard deviation (DTSD) as a function of dwell
time modulation factor (DTMF) for patients using the Fletcher applicator.
October 2020 | Volume 10 | Article 564580

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. An Optimization Algorithm for Brachytherapy
There is currently a high incidence of cervical cancer (22).
External beam radiation therapy combined with brachytherapy
is the standard radiotherapy mode for cervical cancer (23). In our
brachytherapy center, more than 90% patients have cervical
cancer, which is why we selected cervical cancer patients as
test cases. The Fletcher applicator is one of the most commonly
used applicators for radical cervical cancer cases, it has 3
channels, and the optimization freedom is limited. However,
compared with the IPSA plan, the GBPO obtained more
favorable results, which gives us confidence this algorithm
could be extended to other applicators and tumor sites.

For patients with radical cervical cancer, when the DTMF
exceeds 100, the change in DTSD is not remarkable (Figure 1).
Therefore, it is recommended to select the DTMF value within
(0–100) for radial cervical cancers. It should be noted that Figure 2
is based on the optimization parameters listed in Table 1. The
relation of the DTSD and the DTMF may vary if the optimization
parameter changes. Different sites may have a different DTMF-
DTSD curve. Therefore, the DTMF- DTSD curve of other sites
should be studied before using DTMF to determine an appropriate
value suitable for other cancer sites. Testing the applicability of this
algorithm to other cancers is a topic of our future work.

Dose optimization is a trial-and-error process, for a reverse
optimization algorithm, the calculation speed is a factor that
needs to be considered. The GBPO calculation is performed on a
single central processor unit now, so the time required for GBPO
is longer than that of the IPSA for the same test case. The GBPO
running time for each case is about 2 to 5 min, depending on the
quantity of dwell positions and dose points. In order to reduce
the time spent on dose optimization, the GBPO needs parallel
computing by MPI (Message Passing Interface) or CUDA
(Compute Unified Device Architecture) technique. Parallel
computing is the work we are currently doing.
CONCLUSIONS

In this paper, we investigated a new inverse optimization algorithm,
GBPO, for 3D brachytherapy, including a new dwell time
modulation method. For a commonly used applicator in cervical
cancer, this algorithmachieved similar results as comparedwith the
IPSA optimization method. The GBPO algorithm could be
Frontiers in Oncology | www.frontiersin.org 583
integrated into a 3D brachytherapy TPS after more cancer sites
are studied.
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TABLE 2 | A dosimetric comparison for target and organs at risk.

Organ Parameter GBPO IPSA P value Graphic P value

HR-CTV D100% 3.57 ± 0.36 3.54 ± 0.34 0.50 3.38 ± 0.34 0.00
D90% 6.00 ± 0.00 6.00 ± 0.00 – 6.00 ± 0.00 –

V150% 55.73 ± 4.06 56.43 ± 4.21 0.06 57.75 ± 3.79 0.00
Bladder D0.1cc 6.08 ± 0.64 6.05 ± 0.75 0.60 6.15 ± 0.70 0.17

D1cc 5.12 ± 0.53 5.11 ± 0.57 0.91 5.14 ± 0.56 0.18
D2cc 4.74 ± 0.49 4.73 ± 0.53 0.29 4.76 ± 0.52 0.07

Rectum D0.1cc 5.69 ± 0.90 5.76 ± 0.86 0.22 5.74 ± 0.87 0.33
D1cc 4.63 ± 0.60 4.68 ± 0.60 0.21 4.70 ± 0.64 0.15
D2cc 4.17 ± 0.57 4.20 ± 0.54 0.52 4.22 ± 0.61 0.16

Sigmoid D0.1cc 2.77 ± 1.41 2.80 ± 1.34 0.51 2.69 ± 1.32 0.20
D1cc 2.22 ± 1.21 2.25 ± 1.14 0.34 2.18 ± 1.10 0.50
D2cc 2.00 ± 1.12 2.02 ± 1.04 0.51 1.96 ± 1.00 0.39
Octobe
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The dose unit is Gy, and the volume is a percentage volume. The data are listed as (mean ± standard deviation).
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Treatment planning plays an important role in the process of radiotherapy (RT). The quality

of the treatment plan directly and significantly affects patient treatment outcomes. In

the past decades, technological advances in computer and software have promoted

the development of RT treatment planning systems with sophisticated dose calculation

and optimization algorithms. Treatment planners now have greater flexibility in designing

highly complex RT treatment plans in order to mitigate the damage to healthy tissues

better while maximizing radiation dose to tumor targets. Nevertheless, treatment planning

is still largely a time-inefficient and labor-intensive process in current clinical practice.

Artificial intelligence, including machine learning (ML) and deep learning (DL), has been

recently used to automate RT treatment planning and has gained enormous attention

in the RT community due to its great promises in improving treatment planning quality

and efficiency. In this article, we reviewed the historical advancement, strengths, and

weaknesses of various DL-based automated RT treatment planning techniques.We have

also discussed the challenges, issues, and potential research directions of DL-based

automated RT treatment planning techniques.

Keywords: artificial intelligence, machine learning, deep learning, automated learning, radiotherapy

INTRODUCTION

As one of the cancer treatment modalities, radiotherapy plays an important role in the treatment of
numerous types of malignant tumors. Treatment planning is an important process of radiotherapy.
Advanced algorithms are used to calculate dose deposition and optimize a treatment plan by taking
into account the planning computer tomography (CT) images and a range of dosimetric objectives.
Radiation beam parameters, including aperture shapes at each gantry angle and dose deposition for
each aperture, are also determined during the treatment planning process. The beam parameters
are subsequently transferred to radiotherapy machines to enable radiation delivery so that the
prescribed dose distribution can be delivered as planned to achieve satisfactory tumor control while
preserving normal tissue function (1).

The current practice of treatment planning is largely amanual process, which is time-consuming
and labor-intensive, typically taking hours, or days to complete one case. The plan optimization
parameters need to be manually adjusted and determined by planners. Hence, the plan quality
heavily depends upon the planner’s experience. It is a trial-and-error process through multiple
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iterations to balance the trade-off between tumor control and
normal organs complications, which requires plenty of human
interactions. The iterative nature of manual treatment planning
makes it a tedious process. It requires experienced planners,
particularly for highly complex plans, leading to prodigious
human efforts, expertise, and time commitment. Consequently,
the quality of a plan created by different planners can be largely
inconsistent and limited by practical considerations, such as the
proficiency of planners and inadequate efforts made to design
an “optimal” treatment plan, even though the plan is clinically
acceptable (2).

Automated treatment planning (ATP), which is developed to
overcome the challenges mentioned above of manual treatment
planning, is capable of generating treatment plans that are
of sufficiently high quality and high consistency in a time-
saving manner (3). Automated treatment planning has evolved
from simple template-based, atlas-based automation execution
to machine learning, and deep learning-based DVHs or dose
distribution prediction, to direct plan parameters generation. The
current ATP solutions include automated rule implementation
and reasoning (ARIR), and modeling of prior knowledge-based
approaches. AutoPlanning from Philips Pinnacle treatment
planning system (TPS) is an example of ARIR based methods
(4–6), which firstly constructs a template including many kinds
of clinical protocols, such as target and organ-at-risk (OAR)
prescriptions. The TPS then begins plan optimization just
like a planner and finally obtains a solution based on the
selected clinical protocol, to avoid excessive radiation dose being
deposited to healthy tissue while maximizing tumor coverage.
In the optimization process of AutoPlanning, some supporting
structures are created to improve the OAR sparing. RapidPlan,
a built-in automated knowledge-based planning (KBP) module
in Varian (Varian Medical System) Eclipse TPS, is an example
of modeling of prior knowledge. It utilizes a large amount of
historical patients’ planning data to fit a principal component
analysis-based regression model for predicting a new patient’s
dose-volume histograms (DVHs), which are subsequently used
to guide the generation of a new treatment plan (7–16).

No spatial dose distribution information was considered in
the DVH-based prediction methods. Compared with the DVH-
based prediction algorithms, algorithms for directly predicting
3D dose distribution have significant advantages in a way
that it could provide a reference for clinical adjustment for
distribution of isodose lines. To solve the problem of lack of
spatial dose distribution, and the degeneracy issue of KBP DVHs
estimations, recent developments in ATP have focused on voxel-
level dose prediction (17, 18). With the rapid advancement of
machine learning and deep learning (19, 20), the accuracy of
these prediction methods was increased substantially (17, 21).
Artificial intelligence (AI) includes all approaches to imitate
human intelligence by machines. ML is a branch of AI, and deep
learning is a form of ML. The idea of DL was inspired by the
structure and function of brain (19, 20). The first DL method was
an artificial neural network algorithm, and the neural network
was composed of numerous nodes and connection weight, analog
to the neurons and connection of neurons in the brain. A variety
of DL techniques has been explored and investigated over the

past decade. Initially, there were only input and output layers
in the first generation, called single-layer neural network. Multi-
layer neural networks have later evolved with hidden layers added
into the neural networks. The multi-layer neural network with
only one hidden layer was called shallow neural network, while
those with two or more hidden layers were called deep neural
networks—the origin of the nomenclature of deep learning
methods. From artificial neural network (ANN), convolutional
neural network (CNN), to generative adversarial network (GAN),
the emergence of different network structures has led to different
DL methods. The biggest difference of the three kinds of neural
networks is their structure. ANN is a mathematical model that
simulates the processing information of neurons, and it is usually
composed of three parts: input layer, hidden layer, and output
layer. However, for a very deep neural network (a network with
a large number of hidden layers), the Vanishing gradient or
exploding gradient problems arise when propagating backward.
CNN is the first true multi-layer structure learning algorithm,
which uses spatial relative relationships to reduce the number
of parameters to improve training performance. On the basis
of the original multi-layer neural network, a feature learning
part is added, which imitates the human brain’s classification of
signal processing. Therefore, compared with ANN, the specific
operation of CNN is to add a partially connected convolutional
layer and a dimensionality reduction layer in front of the original
fully connected layer, which are used for feature extraction from
different dimensions automatically. The GAN consists of two
parts: one is called generator, and the other is discriminator.
The generator tries to generate data that is close to real, and
the discriminator tries to distinguish between real data and data
generated by the generating network. The generator network uses
the discriminator as a loss function and updates its parameters
to generate more realistic looking data. On the other hand, the
discriminator network updates its parameters in order to better
identify fake data from real data. So its performance has become
better. This cat and mouse game continues until the system
reaches the so-called “balance.” After reaching the balance, the
data created by the generator looks realistic enough, so all the
discriminator can do is random guessing.

The DL methods can be divided into three classes:
supervised DL, unsupervised DL, and reinforcement learning.
The main differences between the three classes are the input
terms used in different deep learning network architectures.
The training dataset of supervised deep learning algorithms
consists of input and corresponding output data, while for the
unsupervised learning methods; only input data is included in
the dataset without labeled output data. Compared with these
two techniques, reinforcement learning requires different types
of data: the input, partial corresponding output, and grade for
output. By training these datasets, a deep learning model can be
obtained for predicting the output results.

In recent years, a number of deep learning (DL)-based ATP
techniques have been proposed using various DL neural networks
(18–33). Several review articles on AI in radiation oncology (34–
36), and radiotherapy treatment planning (37–39), have been
published, which demonstrated the interests on AI and the
significance of ATP, summarization of the achievements and
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challenges, as well as insightful discussion on future studies.
No comprehensive review specifically focused on deep learning-
based automated radiotherapy planning was published. In this
review, we will summarize the historical advancement and
current status of automated radiotherapy planning using deep
learning, including the advantages, and limitations of various
DL-based ATP techniques. The challenges, practical issues, and
potential research directions of DL techniques in ATP are
also discussed.

DEEP LEARNING FOR AUTOMATED
TREATMENT PLANNING

Conventional radiotherapy treatment planning usually
consists of inverse optimization with trial and error (40).
Correspondingly, the automated treatment planning can be
summarized into three steps: automated beam orientation
selection, automated dose map prediction, and automated
fluence map and delivery parameters generation. A detailed
introduction is carried out in the following text.

AUTOMATED BEAM ORIENTATION
SELECTION

In 2020, Barkousaraie et al. (41) proposed a supervised DL
algorithm mimicking the column generation (CG) method
for beam direction optimization, saving time to seconds, and
increasing the possibility of clinical use. In the algorithm, 57
prostate cancer patients were utilized for training and validation,
13 patients for testing. The result showed that the differences
between plans generated by CG and by DL algorithm in the dose
coverage of PTV were about 0.2%. The mean dose differences
received by organs at risk were under 6%. Additionally, a
reinforcement learning method was developed for improvement
of the deep learning algorithm (42). It can be summarized into
two steps: Firstly, the possible next beam distribution is predicted
based on patient anatomy, by training a supervised deep neural
network; and, to find better solutions, a guided Monte Carlo
tree search method, combined with the network, is utilized for
decision. The result showed that the differences between plans
generated by CG and by reinforcement learning algorithm in the
dose coverage of PTV were similar. The mean dose differences
received by organs at risk could be reduced except for bladder,
which had a slight increase of 1%. These two deep learning
methods have been proved more accurate than the state-of-art
CG method. It is a promising direction for automated beam
orientation selection.

AUTOMATED DOSE MAP PREDICTION

In 2016, Shiraishi et al. (18) developed a three-dimensional (3D)
dose distribution prediction method based on an ANN using
geometric and planning parameters of historical patients. The
prediction error for all voxels was <8% for tested prostate cases.
The three-dimensional (3D) dose distribution prediction is an
improvement to one-dimensional (1D) DVHs prediction, which

makes voxel-by-voxel dose optimization and knowledge-based
isodose manipulation possible. Since then, significant efforts have
been made by researchers, and the use of deep learning in dose
prediction has been extensively explored. Different architectures
of CNNs have been utilized for 3D dose distribution prediction.
Campbell et al. (21) developed an ANN 3D dose distribution
prediction model for pancreatic stereotactic body radiation
therapy (SBRT) delivered using 2–4 coplanar arcs. The network
was trained using forty-three clinical plans with plan parameters
and voxel-based geometric parameters. Plan parameters included
the photon beam energy and PTV volume. Geometric parameters
included the voxel’s distance to the PTV, distance to an OAR, and
the number of arcs directly irradiating the voxel. The predicted
mean dose errors were <5%. Excellent model performance was
demonstrated for the volume receiving dose above 25Gy, but
much larger prediction errors were seen at the lower dose region.
The prediction accuracy was significantly improved when each
physician’s treatment protocols, and treatment approach, were
taken into account by training their dedicated models separately.
Kajikawa et al. (29) predicted the dosimetric eligibility of prostate
cancer patients treated with IMRT using a convolutional neural
network called Alex-Net. The Alex-Net was pre-trained with
a big and open dataset called Image-Net, and then modified
with a new CT dataset. Unlike other methods, the prediction
result is not a dose distribution but two categories that meet all
dose constraints category or do not meet all dose constraints
category. The prediction errors of the model with the planning
CT image dataset without and with the structure label were
56.7 ± 9.7% and 70.0 ± 11.3%, respectively. Compared with
previous methods, such as the ANN method, the 2D, and
modified 3D U-Net methods, this method was worse in terms of
prediction accuracy. However, it opened a new direction for ATP
using transfer learning.

Nguyen et al. (22) proposed a modified 2D U-Net architecture
for dose distribution prediction using labeled targets and OARs
of 88 coplanar prostate intensity-modulated radiation therapy
(IMRT) plans as input. Each patient was planned with a similar
beam configuration and prescription protocol. The planning CT
images were input into the full convolutional networks directly,
no handcrafted feature extractions or selections were needed.
The predictions were based on more detailed geometric and
anatomical information than parametric or principal component
analysis approaches. The predicted average absolute dose
difference was around 2% of the prescription dose in PTV and
under 5% in OARs. The average dice coefficient of the predicted
isodose volumes and the actual isodose volumes was 0.91. The 2D
U-Net algorithm is different from the ANN approach, in which
handcrafted feature extractions or selections were used. Different
input features may lead to different model performance, which
is often considered a lack of consistency among different users,
time-consuming, and labor-intensive. The 2D-U-net provided
better predictive performance compared with previous ANN
method (18). However, the most significant barrier of this 2D
U-Net method is that it predicts the 3D dose distribution on a
slice-by-slice basis, rather than a true 3D volumetric prediction.
This kind of prediction may cause uncertainties, especially in the
edges of the PTVs, and the whole training process can be tedious.
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Nguyen et al. (23) further proposed a hierarchically densely
connected U-Net (HD U-Net) for 3D dose distribution
prediction for head and neck cancer patients treated with
volumetric-modulated arc therapy (VMAT) based on the
combination of U-Net (24) and Dense-Net (25). U-Net was
initially proposed as a deep learning approach for semantic
segmentation (24). The previous maps are concatenated to
the following layers in the CNN of DenseNet (25). A 3D
densely connected U-Net combining the advantages of U-
Net and Dense-Net was developed with a reduced random-
access memory (RAM) requirement. The convolution layers
are connected densely along each hierarchy, but not connected
between hierarchies of the U-Net in the upsampling operation.
The issue of vanishing gradient was solved by connecting the
convolutional maps densely to promote feature propagation and
reuse, and the number of trainable parameters needed was also
reduced. HD U-Net is capable of predicting the dose distribution
accurately from the PTV and OAR contours. The predicted
organ-at-risk maximum dose was within 6.3% and mean dose
within 5.1% of the prescription dose. Kearney et al. (28) proposed
a fully convolutional neural network (Dose-Net) for 3D dose
prediction of prostate cancer patients treated with non-coplanar
SBRT. CT images, structures, and dose prescriptions were used
as input in the 3D fully-convolutional multi-channel Dose-Net.
Compared with U-net, Dose-Net reduced network redundancy
due to the use of residual blocks. However, fully connected
layers tend to generalize poorly for high dimensional data.
Considering both using bladder patients’ data as training data,
a comparison between Dose-Net and modified U-Net has been
conducted. According to the results of the two articles, the
absolute differences of Dose-Net and modified U-Net in PTV,
bladder, rectum in [max, mean] dose are [−2.5, 0.2%] vs.
[1.80, 1.03%], [9.9, 2.5%] vs. [1.94, 4.22%], [8.3, 1.6%] vs. [1.26,
1.62%]. It could be concluded that Dose-Net shows more robust
performance than modified U-Net, because Dose-Net has lower
mean dose differences thanmodified U-Net. Chen et al. (30) used
CNN called Res-Net for predicting optimal dose distributions of
nasopharynx carcinoma (NPC) IMRT plans with the planning
images and segmented anatomy as input. They found that
the prediction accuracy of out-of-field dose distributions was
improved by adding radiation beam geometry as input. Liu et al.
(31) proposed a Res-Net for predicting dose distributions of NPC
patients treated with Tomotherapy, with the contoured PTVs and
OARs, dose volumes, and CT images as input. The predicted
mean absolute dose differences are within 2.0 and 4.2% for
PTVs and OARs, respectively. Fan et al. (32) also used Res-Net
for NPC dose prediction with the CT images containing OARs
and PTVs being set as input terms. The differences between
the predicted dose and the clinical dose were not significant
except for structures of brainstem and lens at both sides. They
further generated a deliverable plan based on predicted dose
distribution. No significant differences were found between the
dose distribution of the generated plan and the predicted dose
distribution except the difference of 0.5% for PTV70.4.

Also, based on a combination of U-Net and Dense-
Net, Barragán-Montero et al. (26) developed a more general
model considering variable beam setups in addition to patient

anatomy. The beam setups are represented by an approximate
cumulative dose distribution from the involved beams. The
model considering beam configuration and patient anatomy
outperformed the model considering only patient anatomy,
especially in the medium and low dose regions for lung
IMRT plans in predicting spatial dose distribution with
varying beam arrangement. This approach makes it unnecessary
to train different models for different beam setups. This
is especially important for IMRT, including non-coplanar
treatment techniques for lung, brain, or liver, among others. For
these sites, the spatial relationships of the tumor with organs
at risk vary among different patients and the beam setups
also vary much more than for prostate. Zhou et al. (27) also
improved a 3DU-Res-Net model performance to predict 3D dose
distribution for postoperative rectal cancer patients treated with
IMRT considering beam configurations input.

Apart from various CNN models, GAN models have also
been utilized for 3D dose distribution prediction. Mahmood
et al. (33) recast the dose prediction problem as an image
colorization problem solved with two neural networks: a
generator performing a task and a discriminator evaluating
the performance of the generator. For treatment planning, the
generator plays the role of a planner, while the discriminator
plays the role of a radiation oncologist who evaluates the
plan designed by the planner. Both networks were trained
simultaneously on historical data, with effective replication
and aggregation of the combined knowledge and experience
gained during the iterative manual process used to design
clinically acceptable plans. They used contoured CT images
and clinically acceptable dose distribution from the treatment
plans of past oropharyngeal cancer patients to train a GAN.
It was found that the GAN algorithm outperformed a query-
based approach, a principal component analysis-based method,
a random forest, and a CNNmethod, and even outperformed the
clinical plans on clinical criteria satisfaction. A major drawback
of most existing prediction methods is their reliance on low
dimensional manually made features in patient geometry to
predict dose distributions. GAN eschews the classical paradigm
of predicting low-dimensional representations, or engineering
features, by training a generic neural network to learn desirable
dose distributions (43). The capability of GAN in generating truly
independent data, and producing an optimal treatment plan need
further investigation (44).

AUTOMATED FLUENCE MAP
GENERATION AND DELIVERY
PARAMETERS GENERATION

After the predicted dose distribution is obtained, the next
step is to convert the dose distribution into an executable
plan. Conventionally, there are two main methods to do this:
dose mimicking and inverse optimization (32, 33, 45). The
dose mimicking algorithm penalizes dose discrepancies between
post-mimicking dose and input dose by minimizing the L2
norm loss, where the post-mimicking dose should satisfy all
the constraints and objectives (32, 45). Dose mimicking has
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been incorporated into commercialized RayStation TPS from
RaySearch Laboratories.

In the era of artificial intelligence, deep learning has been
utilized for fluence map generation, with different neural
networks architectures being tested (46, 47). In 2019, Lee et al.
(46) proposed a modified U-Net algorithm to train with 240
prostate IMRT plans and 45 plans for test (46). The result showed
that the final synthetic plans had worse homogeneity index of
the target, and had nearly the same performance in conformity
index of the target. In 2020, Li et al. (47) proposed a Dense-Res
Hybrid Network (DRHN) algorithm to train with 106 prostate
IMRT plans and 14 plans for test. The result showed that the final
synthetic plans were compatible with the KBP plans and clinical
plans, with less time consuming. These two methods prove the
effectiveness of deep learning in predicting fluence map.

DISCUSSION

From Machine Learning to ANN, to CNN
Various types of ATP approaches have been investigated in
the past few years. The machine learning-based approaches
are the most extensively investigated and have significantly
improved the DVHs prediction accuracy. These approaches
require handcrafting features for DVHs prediction. Many efforts
have been made in selecting the handcrafted features, such as
distance-to-target histograms, the geometry of PTV and OARs,
overlapping volume histograms, etc. (8, 48–52). It is hard to
know which features impact the prediction most and what
other features could improve the performance of the model
significantly. ANN was investigated to learn the more complex
relationships between the handcrafted features and the predicted
DVHs or dose distribution. However, the inherent information
present in those data is still limited. Compared with ANN, CNN
improved the voxel-based dose distribution prediction, due to its
ability to extract local and global features from the patients’ CT
images in higher dimensions.

From DVH Prediction to Dose Distribution
Prediction, From the 2D Model to 3D Model
Considering the limitations of DVHs prediction, more recent
studies focus on spatial dose distribution prediction, as shown in
Table 1. The prediction models also evolve from the 2Dmodel to
the 3D model. The most investigated DL-based ATP approaches
have realized that CT images, structures, and dose distribution
maps are taken as input terms. When putting new patients’
CT images and structure labels into the constructed model,
the predicted dose distribution could be obtained and exported
as the output, which is then further converted to yield the
ultimate deliverable plans. Kajikawa et al. (55) found that the dose
predicted with the 3D CNN model was superior or comparable
with the dose distribution generated by RapidPlan TM for
prostate cancer IMRT plans using only contours in planning CT.
Ma et al. (56) incorporated the dose distribution from a PTV-
only plan, in addition to the patient’s structures contour data
from planning CT in their deep CNN-based dose prediction
model. The prediction results were better than the contours-
based method. CT value also influences the dose distribution

in addition to the PTV and OARs contours for a given beam
configuration. The significance of adding the CT value as
additional input information into the prediction model needs to
be further evaluated in future studies. The architectures Alex-
Net, VGG-Net, U-Net, V-Net, and Res-Net belong to the category
of CNN and are all investigated in detail. CNN is the most
frequently used technique for 3D dose distribution predictions.

Size of Data Sets, Model Over-Fitting, and
Generalization Performance
One issue of the current DL-based ATP approach is the severe
lack of high-quality and publicly available big datasets. Most
of the datasets reported in this review article involved <300
patients, which is not an adequate sample size under the context
of big data. In addition, model over-fitting caused by data
imbalance is also an important issue in ATP generation. The plan
quality and prescription variation in the training and test dataset
influences the model prediction error. It has been found that
the dose prediction accuracy was improved by training the plans
from two different radiation oncologists separately (21).

Also, the systematic training, validation, and testing require
a sufficiently large, high-quality database. The training data
and validation data should be separated from the test data
for a rigorous model training and testing process. Without
enough data for model training and testing, over-fitting tends
to occur due to an overly complex model produced from
a limited data set. The more complex model was shown to
perform inferiorly to the simpler ones for dose prediction in
the previous study (57). Therefore, high-quality databases with
optimal plans should be established. Improvement of manual
planning experience of existing personnel, classic optimization
algorithm, multiple institution cooperation, and standardized
protocols are benefiting for the DL-based ATP.

The model over-fitting influences the model generalization
performance. One method to address limited data size is using
transfer learning. Image-Net was commonly used for pre-
training deep learning networks for medical image processing
(53). Another method for addressing the issue of limited data set
is data augmentation.

Clinical Scenarios Complexity
More clinical conditions, such as different tumor sites and
delivery techniques, also need to be further investigated for DL-
based ATP. For fluence map generation, the two articles give
two different deep neural network architectures for fluence map
generation with prostate plans, other plans in different tumor
sites need to be tested to find the optimal deep neural network
architecture. In the meanwhile, when a new patient’s fluence
map is predicted with deep learning, leaf motion calculation
and multi-leaf collimator (MLC) leaf sequence are still required
to be determined to obtain the final machine parameters.
Prostate cancer patients have more consistent PTV sizes and
spatially neighboring anatomy than lung cancer or head and neck
cancer patients. Coplanar IMRT is different from non-coplanar
VMAT in terms of the beam configurations. The diverse clinical
scenarios determine the poor data uniformity, and the data with
good data consistency is scarce. It requires various networks and
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TABLE 1 | Selected studies on deep learning-based automated radiotherapy planning.

Reference Year Network Training sets Test

sets/NO.

Input Output Results Research Highlight

Shiraishi

et al. (18)

2016 ANN 23 prostate and 43

SRS/SRT VMAT plans.

Twelve training and 11

validation for prostate, and

23 training and 20 validation

for SRS/SRT

No Manually determined

geometric and plan

parameters

3D dose Prediction errors <10% and 8%

for prostate and SRS/SRT

cases, respectively

Knowledge-based 3D dose

predictions, rather than previous

1D DVH prediction

Campbell

et al. (21)

2017 ANN 43 pancreatic Arc-based

SBRT patients. Nineteen

training and 10 validation for

Group A, 9 and 5 for Group

B, respectively

No Plan parameters and

voxel-based geometric

parameters

3D dose Mean dose error <5% Prediction accuracy substantially

improved when each physician’s

treatment approach was taken

into account by training their own

dedicated models

Nguyen

et al. (22)

2017 Modified

2D-Unet

80 prostate IMRT patients,

10-fold cross-validation

8 labeled targets and OARs 3D dose Prediction errors around 2% in

PTVs and under 5% of the

prescription dose in OARs,

isodose volumes average dice

coefficient of 0.91

Unet for 3D dose prediction

Nguyen

et al. (23)

2019 3D HD U-Net 100 H&N VMAT patients,

5-fold cross validation

20 Labeled targets and OARs,

prescription doses

3D Dose OARs dose difference :maximum

error within 6.3% and mean error

within 5.1%

Outperforming the Standard

U-net and Dense-Net in both

prediction accuracy and

efficiency

Barragán-

Montero

et al. (26)

2019 3D HD U-Net 100 lung IMRT patients,

training, and validation

29 Labeled targets and OARs,

beam setup information

3D Dose Prediction accuracy improved

substantially in low and medium

dose regions and slightly in high

dose regions

Prediction accuracy improved by

considering beam setup

information

Zhou et al.

(27)

2020 3D U-Res-Net 100 rectal cancer

postoperative IMRT patients

22 Labeled targets and OARs,

beam setup information

3D Dose Mean absolute prediction errors

3.92 ± 4.16%,clearly

outperforming 3D U-Res-Net_O

and slightly superior to 3D U-Net

Prediction accuracy improved by

considering beam setup

information

Kearney

et al. (28)

2018 FCNN

Dose-Net

126 prostate non-coplanar

SBRT Cyberknife patients,

106 training, 20 validation

25 Labeled targets and OARs,

dose prescription

3D Dose A superior alternative to U-Net

and fully connected network

Utilizes a 3 phase learning

protocol to achieve convergence

and improve generalization

Kajikawa

et al. (29)

2018 Alex-Net CNN 60 prostate IMRT patients,

five-fold cross-validation

No CT images, with/without

labeled structures

3D dose Prediction accuracies

56.7 ± 9.7% and 70.0 ± 11.3%,

respectively

Pre-trained on Image-Net

database, the model with

structure labels focused on areas

related to dose constraints

improved prediction accuracy

Chen et al.

(30)

2018 Transfer

learning

ResNet

70 early-stage NPC

IMRTpatients

10 Labeled targets and OARs,

with/without beam setup

information

2D dose

map

Out-of-field dose distributions

prediction error 4.7 ± 6.1%vs.

5.5 ±7.9%, input with/without

beam setup information

Input information from beam

geometry improved the

out-of-field dose distributions

prediction accuracy

Liu et al.

(31)

2019 U-ResNet-D 170 NPCTomotherapy

patients, 136 training, 34

validation

20 Labeled targets and

OARs,3D dose

3D Dose Mean absolute dose differences

for PTVs and OARs are within

2.0 and 4.2%, respectively

U-ResNet-D for Tomotherapy 3D

dose prediction

(Continued)
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TABLE 1 | Continued

Reference Year Network Training sets Test

sets/NO.

Input Output Results Research Highlight

Fan et al.

(32)

2019 ResNet 270 H&N IMRT patients,

195 training, 25 validation

50 Labeled targets and OARs 3D Dose Predicted differences not

statistically significant for clinical

indices of all targets and OARs

except the difference of 0.5% for

PTV70.4

Automatic plan generation based

on predicted 3D dose distribution

Mahmood

et al. (33)

2018 GAN 130 oropharyngeal IMRT

patients

87 Labeled targets and OARs,

dose maps

3D dose Outperformed a query-based, a

PCA-based method, a random

forest, and a CNN method, on

clinical criteria satisfaction

Recast the dose prediction

problem as an image colorization

problem, solve the problem

using a GAN by mimicking the

iterative process between the

planner and oncologist

Appenzoller

et al. (8)

2019 3D CNN 80 prostate IMRT patients 15 Labeled targets and OARs 3D dose Prediction error: 1.10 ± 0.64%,

2.50 ± 1.17%, 2.04 ± 1.40, and

2.08 ± 1.99% for D2,D98 in

PTV-1 and V65 in rectum and V65

in bladder

3D CNN was superior to or

comparable with RapidPlanTM

Krayenbuehl

et al. (50)

2019 CNN 60 prostate VMAT patients 10 Labeled targets and OARs,

the dose distribution from a

PTV-only plan

3D dose Mean SARs for the PTV, bladder,

and rectum 0.007 ± 0.003,

0.035 ± 0.032, and

0.067 ± 0.037, respectively

Prediction results better than the

contours-based method

Shin et al.

(53)

2019 DNN 240 prostate IMRT plans 45 Labeled targets and OARs,

dose distributions

Fluence-

maps

Generated plan qualities

comparable with the

corresponding clinical plans

Generate beam fluence—maps

directly from the organ contours

and dose distributions without

inverse planning

Wieser

et al. (54)

2020 DNN,DRL-

based

VTPN

10 prostate IMRT patients 64 IMRT plans IMRT

plans

Spontaneously learn how to

adjust treatment planning

parameters, high-quality

treatment plans generated

The first artificial intelligence

system to model the behaviors of

human planners in treatment

planning

ANN, artificial neural network; SRS, stereotactic radiosurgery; SRT, stereotactic radiotherapy; VMAT, volumetric-modulated arc therapy; 3D, three dimensional; 1D, one dimensional; DVH, dose-volume histogram; SBRT, stereotactic

body radiation therapy; 2D, two dimensional; IMRT, intensity-modulated radiation therapy; OARs, organs at risk; PTV, planning target volume; HD U-Net, Hierarchically densely connected U-Net; H&N, head and neck; U-ResNet-D, model

looks like U-net, but uses ResNet to do down-sampling and deconvolution to perform up-sampling; FCNN, fully convolutional neural network; NPC, nasopharynx cancer; GAN, generative adversarial network; PCA, principal component

analysis; MAE, mean absolute errors; SARs, sum of absolute residuals; DNN, deep-neural-network; DRL, deep reinforcement learning; VTPN, virtual treatment planner network.
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training techniques of transfer learning and data augmentation
to mitigate over-fitting. Also, the effect of the weight decay,
learning rate, momentum strength, and other hyper-parameters,
and new architectures for more intelligent networks should be
tested (58). More types of data, including multimodality images,
and genomic data, can be integrated into the deep learning-based
automated planning.

Direct Prediction of Machine Parameters
For beam orientation selection with deep learning, the current
research focuses on IMRT plans solution, however, partial
arc volume modulated treatment (VMAT) plans have not
been solved. It is also very important to determine the start
and end angles of partial arc VMAT plans. In addition,
the beam orientation selection and other machine parameters
determination with deep learning for non-coplanar IMRT
and VMAT plans may be another trend in the future.
Most recent studies of ATP using DL focused on dose
distribution predictions. After dose distribution prediction, the
predicted dose distribution was converted into executable plans
using inverse optimization or dose mimicking (32, 33, 45).
Direct machine parameter prediction could become another
potential research area, which is promising in that the plan
optimality, deliverability can be considered and balanced in
addition to the prediction accuracy. It has been observed that
ATP has systematically increased the modulation factor (37).
As deep learning shows increasing promise for automated
image segmentation, direct deliverable plan generation by
using CT images without contoured structures, without dose
distribution is possible for automatic dose prediction. Lee
et al. (46) investigated a deep-neural-network to generate
beam fluence maps directly from the structure contours
and 3D dose distributions without inverse planning. The
generated plan qualities were comparable to the corresponding
clinical plans.

Reinforcement Learning
Reinforcement learning has been used successfully in the board
game Go (59). Shen et al. (60) investigated a deep reinforcement
learning-based network to model the behaviors of human
planners. In the treatment planning process, a series of actions
depend on the balance of targets and OARs dose distribution.
This feature makes that reinforcement learning is suited for
treatment planning.

Extensive research efforts have continuously been made
to develop a wide range of innovative structures of deep
neural networks in recent years, such as graph neural
networks (GNN), graph convolutional networks (GCN), graph
reinforcement learning (GRL), graph auto-encoders (GAE),
and graph regression neural networks (GRNN) (59, 61).
This diversity of neural network architectures has unarguably
facilitated the development of DL-based 3D dose prediction
strategies. Nevertheless, several inherent shortcomings of the
neural network algorithm remain to be addressed, such as black
box problem, time-consuming, labor-intensive, large amount of
data required, and so on.

Model Prediction Accuracy and Clinical
Non-inferiority
Another issue of deep learning-based ATP studies is the lack
of consensus on determining an “optimal” while clinically
acceptable treatment plan in an objective manner. To evaluate
the ATP model prediction accuracy, various quality metrics
were usually used to compare with the existing manual clinical
plans. Dose difference and statistical significance of points
in the volume of interest in ATP plans and clinical plans
were commonly used. Visualization of DVH differences with
clinical significance was also used for structures of interest,
which highlights outlier instances better than summary
statistics. Besides, voxel-based mean absolute error, global
or structure-based three-dimensional gamma analysis,
was also used for evaluation and loss function. One ideal
solution of evaluating the model prediction accuracy and
plan optimality is to quantitatively score treatment plans
integrating clinically significant quality metrics, such as
homogeneity, conformity, or the entire dose distribution
itself, in addition to the above mentioned. The indices for
evaluating the prediction accuracy and plan optimality of
the ATP model should be established in addition to an open,
high-quality database to compare the performance of the
different models.

Besides the evaluation of each quality metric, an alternative
approach is a blinded side-by-side comparison of automated
and manual plans. If the automated plans are indistinguishable
from the manual plans, then the ATP system can be used under
the supervision of the planners and radiation oncologists. It
should be noticed that a “problem” with DL is that it does
not provide any insight on plan optimality, and also Pareto-
optimality is not ensured. To mitigate this, a QA should
be present.

Legal and Ethical Consideration
The issues of patient safety, legal and ethical responsibilities need
to be considered before deep learning-based ATP is put into
clinical practice. Currently, deep learning algorithms are often
regarded as a “black box,” and the internal working mechanism
is still largely unknown, thus highlighting the seriousness of
this problem. Consequently, there is a pressing demand for
a thorough, comprehensive, and rigorous quality assurance
program for DL-based ATP strategies and software to maintain
a sufficiently high consistency of the generated plans with full
compliance to a set of safety standards. Scoring software and
independent third-party evaluation software could potentially
serve as solutions to address the issues stemming from automatic
planning algorithms.

Preclinical Validation
The automatic planning algorithms must be validated before
being used in the clinic for safety and quality. A large size
data set is needed for the preclinical validation of deep
learning-based ATP. Multi-center collaborations should
be encouraged to cumulate adequate data for the ATP
system development and validation, and generalization.
Multi-institutional prospective studies with detailed planning
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guidelines and protocol compliance are helpful in obtaining
high-quality data for deep learning-based ATP development
and validation. Open platforms and software packages can
be used for the development and validation of deep learning-
based ATP (54, 62). New regulation and supervision of
data should be available to encourage the DL-based ATP
development and guarantee the data security and proprietary
intellectual property.

Quality Assurance
As ATP systems improved the planning efficiency with
comparable or even better plan quality, systematic, and
comprehensive quality assurance program should be established
and implemented after preclinical validation. The automatically
generated plans may not be “optimal.” The quality assurance and
monitoring of ATP should be investigated with top priority and
extensively. Even if the ATP system has proved its performance
for tested cases, no one can assure their performance for the
new cases. Whenever new cases with different geometric and
dosimetric characteristics are put into the ATP system, the new
generated ATP plans should be reviewed carefully. The clinical
ATP process must be overseen closely and continuously by
physicist and radiation oncologist.

Model Adaptability
The ATP system should be adaptable to new emerging trade-
offs or knowledge. The criteria and evaluation of plan optimality
evolve with the advancement of new diagnostic and therapeutic
technology. Examples include but are not limited to the change
of prescription dose and constraint due to the integration and
development of chemotherapy, target therapy, and immunology;
the evolution of targets and OARs contouring due to the
application of new functional molecular imaging modality. The

ATP system needs to adapt to these changes in the context and
judgment criteria of plan optimality.

Summary
In recent years, various types of ATP solutions have been
proposed and investigated, and the results demonstrated
measurable improvement in plan quality and planning efficiency.
Deep learning-based ATP is a rapidly evolving field. It holds great
promises to be a highly useful tool for automatic plan generation,
plan quality evaluation and quality assurance, individualization
of dose prescription, and adaptive radiotherapy, etc. Further
studies are needed to address the remaining issues. Cautions
should be taken with regard to its limitations before it is
implemented for routine clinical use.
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Heart diseases and cardiovascular events are well-known side effects in left-sided breast
irradiation. Deep inspiration breath hold (BH) combined with fast delivery techniques such as
volumetric modulated arc therapy (VMAT) or tangential field-in-field (TFiF) can serve as a
valuable solution to reduce the dose to the heart. This study aims to compare the impact of
positioning errors in VMAT and TFiF plans for BH left-sided breast treatments. Fifteen left-
sided breast patients treated in BH with TFiF technique were included in this retrospective
study. For each patient, a second plan with VMAT technique was optimized. Eighteen setup
variations were introduced in each of these VMAT and TFiF reference plans, shifting the
isocenter along six different directions by 3, 5, and 10 mm. A total of 540 perturbed plans,
270 for each technique, were recalculated and analyzed. The dose distributions on the target
and organs at risk obtained in the different perturbed scenarios were compared with the
reference scenarios, using as dosimetric endpoints the dose-volume histograms (DVH). The
results were compared using the Wilcoxon test. Comparable plan quality was obtained for
the reference VMAT and TFiF plans, except for low doses to organs at risk for which higher
values (p < 0.05) were obtained for VMAT plans. For TFiF plans, perturbations of the
isocenter position of 3, 5, or 10 mm produced mean deviations of the target DVH dosimetric
parameters up to −0.5, −1.0, and −5.2%, respectively; VMAT plans were more sensitive to
positioning errors resulting in mean deviations up to −0.5, −4.9, and −13.9%, respectively,
for the same magnitude of the above mentioned perturbations. For organs at risk, only
perturbations along the left, posterior, and inferior directions resulted in dose increase with a
maximum deviation of +2% in the DVH dosimetric parameters. A notable exception were low
doses to the left lung and heart for 10 mm isocenter shifts for which the mean differences
ranged between +2.7 and +4.1%. Objective information on how external stresses affect the
dosimetry of the treatment is the first step towards personalized radiotherapy.

Keywords: left-sided breast, radiotherapy, volumetric modulated radiation therapy, breath hold, tangential field
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INTRODUCTION

Breast cancer is the most common cancer in women worldwide.
The standard of care includes conservative surgery or
mastectomy as appropriate, followed by adjuvant radiotherapy.
Radiotherapy is essential to improve local tumor control and
overall survival; nevertheless, delivery of some dose to heart,
lungs, and contralateral breast is unavoidable. Increased risk of
fatal cardiac events, pneumonitis, or a second primary cancer of
the breast has been largely reported (1–4). Given the occurrence
of this disease even at a young age and the increased life
expectancy, it is essential to limit as much as possible long-
term complications.

Deep inspiration breath-hold (DIBH) in left-sided breast
treatment increases the distance between the target and the
heart as well as the part of lungs included in the treatment
field. Many studies have been published on the benefits of DIBH
showing how it enables minimized irradiation of nearby organs
at risk while maintaining an adequate target dose coverage (5–8),
and, therefore, has become the gold standard in clinical practice
in many institutions (9–12).

Breast cancer treatment has historically been performed with
two opposing non-divergent isocentric tangent fields, using six
MV photon energies, with the addition of beam modifiers to
homogenize the dose within the target (13, 14). The tangential
field-in-field technique (TFiF), also referred to as forward
intensity modulated radiation therapy, can be used as an
alternative (15, 16); it consists of two open opposing tangential
fields, but instead of wedges for target dose homogenization,
additional fields (usually two to four) are manually created using
a multileaf collimator (MLC). The main field and the subfields
are therefore merged into one beam that includes several
segments for the sequential irradiation. However, high
intensity modulated radiotherapy techniques, such as
volumetric modulated arc therapy (VMAT) and intensity
modulated radiotherapy can achieve more homogeneous dose
distribution within complex targets, such as concave-shaped
breasts (17, 18). Moreover, inverse planning modalities have
the advantage of optimizing the plan based on the clinical goals,
offer fast planning options, and allow more tailored doses to
organs at risk (OARs) (19, 20). Additionally, VMAT provides
fast treatment delivery and is therefore an optimal candidate to
pair with DIBH.

Others authors investigated the use of VMAT in the breath-
hold treatment of left-sided breast radiotherapy and found
unquestionable advantages for the heart dosimetry (21, 22). A
paramount aspect to consider in these treatments is the
uncertainty in inter-fraction patient re-positioning, which can
lead to inaccuracies in the administered dose (23); when
positioning errors occur, the steepness of the dose-effect curves
can limit the effectiveness of highly modulated techniques such
as VMAT, thus influencing the patient’s results both for local
Abbreviations: DIBH, deep inspiration breath hold; TFiF, tangential field in field;
MLC, multi leaf collimator; VMAT, volumetric modulated arc therapy; OARs,
organs at risk; CT, computed tomography; CTV, clinical target volume; PTV,
planning target volume; Dm, mean dose; DVH, dose volume histogram.
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tumor control and for normal tissue complications. Moreover,
daily shifts in patient setup are inevitable even with image
guidance (24), and since it has become increasingly more
evident in literature that imaging dose delivered to patients for
pre-treatment image verification with cone-beam computed
tomography (25), can be a concern (26), it is often not
scheduled on a daily basis.

This work focuses on the use of BH with conformal TFiF and
highly conformal VMAT irradiation techniques. Investigates
whether, with an increased distance of the heart and lung from
the target, VMAT and TFiF plans are robust against isocenter
positioning errors; and it evaluates quantitatively their
dosimetric impact on treatment plans for different magnitudes
and directions.
MATERIALS AND METHODS

This retrospective study included fifteen female early-stage pT1c-
T2N1 left breast carcinoma patients receiving radiation therapy
in DIBH between April and August 2019, after a breast-
conserving surgery. The anatomical and clinical characteristics
of the patients enrolled in this study are reported in Table 1. The
study was reviewed and approved by the Ethics Committee of
our Hospital (approval number SCCHEC 02-2020003).
Clinical Workflow
In DIBH treatment, patients must be able to inspire and then
maintain inspiration during each treatment. At the planning
computed tomography (CT), time was dedicated to patient
training. Patients were immobilized in a supine position with a
standard commercial breast board (WingSTEP, IT-V, Innsbruck,
Austria) that allowed them to comfortably rest their arms behind
their heads; an anterior and two lateral tattoos were performed at
the free breathing setup position corresponding to the laser cross.
Patients were then asked to inhale so as to swell the upper chest
and to hold their breath, and three additional skin marks were
performed at the laser cross to set the breathing retention setup.
To be eligible for DIBH treatment, patients must be able to hold
their breath for at least 25 s and to replicate the breath retention
setting five times in succession. The setup reproducibility at the
CT training was verified by checking the alignment of tattoos/
lasers in the free breathing setup, followed by the alignment of
marks/lasers in breath hold; moreover, the height of the breath-
hold lateral tattoos above the couch top during breath-hold were
registered and compared with the height of the lateral tattoos on
the CT scan to confirm that a consistent breath-hold was
performed. CT scans with 3 mm slice thickness were acquired
in breath-hold with a 16-slice Brilliance Big Bore CT (Philips
Medical Systems, Cleveland, OH). In the treatment room, the
patient is first aligned in free breathing; then, in the same way as
at the CT training session, during the breath-hold retention the
accuracy and repeatability of the breath-hold setup is verified
and, for each treatment field, the field border is marked on the
patient skin. The patient was asked to perform a breath-hold;
October 2020 | Volume 10 | Article 554131
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using treatment room cameras, therapists at the LINAC’s
console administered the radiation when the light field and
previously marked field borders were correlated. Electronic
portal images acquired for each beam in breath-hold before
delivery were matched online to digitally reconstructed
radiographs. The voluntary breath-hold technique described
above has been implemented and used in the clinical practice
by the Royal Marsden Hospital in London (UK) (27). Barlett
et al. (28) found comparable results in the reproducibility and
normal tissue sparing of this technique and that of ABC (active
breathing coordinator); however, they noted that patients
found the voluntary DIBH technique more comfortable and
less claustrophobic.

Experienced radiation oncologists from the breast oncology
department outlined the target and the OARs on the CT images
dataset imported into Pinnacle 3TM Version 9.10 (Philips
Medical Systems, Eindhoven, the Netherlands). The clinical
target volume (CTV) consisted of the whole left breast,
excluding pectoralis muscles, chest wall muscles, and ribs. The
planning target volume (PTV) was an isotropic expansion of the
CTV with a 3 mm margin in all directions; the first 5 mm inside
the body external contour were excluded both from the CTV and
from the PTV. OAR delineations were performed according to
the breast cancer atlas for the radiation therapy planning
consensus definitions (29). An hypo-fractionated regimen as
standard of care for early stage breast cancer (30) has been
adopted in our center with a prescribed dose (Dp) of 42.56 Gy
delivered in 16 fractions (31, 32) over 3 weeks. The plan has been
optimized to achieve minimum 95% of the PTV covered by 95%
isodose line and a mean dose to PTV equal to the Dp; hotspots
should not exceed 107%, although they were considered
acceptable if 2 cm3 of the target received 110% of the Dp. For
OARs standard dose limits were used (33, 34) aiming at keeping
a heart Dm under 2 Gy and less than 15% of the left lung
receiving less than 20 Gy (10).
Frontiers in Oncology | www.frontiersin.org 398
Tangential Field in Field and Volumetric
Modulated Arc Therapy Reference Plans
An Elekta Infinity (Elekta, Stockholm, Sweden) LINAC
mounting a 5 mm MLC was used for the treatments. The TFiF
treatment plan delivered to the patients included in this study
was performed with a 6 MV beam and consist of two opposing
tangential fields with gantry angle between 300° and 315° for the
medial beam and 120° and 135° for the lateral beam, each
including two or three sub-segments. The main segment that
corresponds to the whole tangential field consisted of about 80%
of the monitor units (MU). TFiF is a forward plan and its clinical
implementation is closely related to conventional planning.
Manual definition of the segments leads to intuitive choices
for the segment shapes on the beam’s-eye-view option of
the planning system. Two opposite open tangential fields
were initially created, equal weights were assigned and the
corresponding dose distribution was calculated. High-spot
volumes were created from the isodoses, and subfield of the
tangential beams were added manually conforming the leaves of
the MLC to cover the hot-spot volumes; the dose distribution
was then recalculated and the weights of field and subfields were
adjusted to improve the dose homogeneity. This process was
repeated until the accurate dose distribution was reached. The
number of subfields varied between two and three. The plan was
constrained to a delivery time for each beam shorter than 20 s to
introduce a safety margin with respect to the inclusion criteria.
The plan was calculated using the full collapsed cone convolution
algorithm and a grid calculation size of 3 mm. The TFiF plan
clinically delivered, represents the TFiF reference plan (TFiFref)
for the purpose of this research.

For each case, a second plan was retrospectively implemented
for the purpose of our research, using the VMAT technique and
the same LINAC but with the 6 MV flat flattening free beam
energy and dose rate of 1,400 MU/min. This choice was made to
guarantee the shortest delivery time, which is advantageous for a
TABLE 1 | Patient characteristics.

Patient # Age* Patient anatomy Clinical characteristics

PTV volume (cm3) Heart volume (cm3) Lung volume^ (cm3) Body mass index (kg/m2) Grade pTNM

1 47 441.5 360.2 3571.5 19.7 G3 T1cN0M0
2 23 88.3 408.2 4543.6 22.2 G2 T1cN0M0
3 31 509.8 422.4 2356.4 20.8 G2 T1cN0M0
4 49 383.0 637.5 3701.6 17.4 G1 T1cN0M0
5 49 486.7 429.5 4150.9 18.8 G1 T2N0M0
6 34 598.6 469.9 2399.9 21.9 G3 T1cN0M0
7 39 500.8 518.8 3963.7 21.8 G2 T1cN0M0
8 31 638.3 540.9 4022.7 20.8 G2 T1cN0M0
9 56 389.9 595.9 3146.3 25.0 G1 T2N0M0
10 33 247.5 447.1 3112.0 19.6 G1 T1cN0M0
11 48 484.7 459.2 3627.1 20.5 G2 T1cN0M0
12 44 654.4 342.3 4473.2 21.0 G2 T1cN0M0
13 55 497.8 577.2 3625.5 19.8 G2 T1cN0M0
14 33 776.2 544.5 4236.4 21.3 G3 T1cN1M0
15 58 461.0 575.6 3492.8 19.2 G1 T1aN0M0
Mean 42 510.5 488.6 3628.2 20.7 – –

Median 44 497.8 469.9 3627.1 20.8 – –
October 2020
 | Volume 10 | A
PTV, planning target volume; pTNM, pathological tumor node metastasis stage; *at the time of radiotherapy; ^volumes at breath hold setup.
rticle 554131

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhao et al. Errors Breath Hold Breast Irradiation
patient treated in breath hold, with a target metric comparable to
the one obtainable with flattened filter beams (35–37); we will
refer to it as VMAT reference plan (VMATref). The plan
consisted of two 40° partial arcs with 300°/340° and 100°/140°
as start/stop angles, respectively, with a variability of 10° in the
start/stop gantry angles based on the specifics of the patient’s
treatment plan; the plan was optimized following the same
criteria for the maximum delivery time, OARs dose constraints,
target dose coverage. The same radiation oncologist approved the
TFiFref and, successively, the VMATref plans.
Plans Perturbations Comparisons
Eighteen setup variations were introduced on each VMATref and
TFiFref plan, shifting the isocenter from its reference position in
the superior (S), inferior (I), left (L), right (R), anterior (A), and
posterior (P) directions with respect to the patient couch view
from the feet of the patient by 3, 5, and 10 mm. A total of 540
treatment plans were recalculated with these simulated
positioning errors on the planning CT without changing any
parameter other than the position of the isocenter. Dose volume
histogram (DVH) endpoints were used to compare the impact of
the variations in setup on the dosimetry of the VMAT and TFiF
plans; in particular, D95, D98, D2cc, and Dm for the CTV; V5, V10,
V25, and Dm for the heart; V5, V20, and Dm for the left lung; and
V5 and Dm for the right breast, were used, where Dx represented
the dose (in Gy) received by x% of the volume, Vy the volume (in
percentage) receiving y Gy, and D2cc the dose in Gy received by a
volume of 2 cm2. Absolute differences DDx, DVy, and DDm were
calculated by subtracting the reference value Dx, Vy, Dm,
respectively, from the corresponding perturbed value.

Datasets were compared using the Wilcoxon signed-rank test.
A p value of less than 0.05 was considered statistically significant;
IBM SPSS v20 software (IBM, Armonk, US) was used for
the analysis.
RESULTS

CTV and OARs DVH dosimetric parameters (mean and range
values), obtained for the non-perturbed reference VMAT and TFiF
plans, are shown in Table 2. Target coverage was clinically
acceptable for both techniques and for all the cases studied, with a
minimum D95 value of 40.4 Gy, Dm equal to Dp ± 0.3 Gy, and a
maximum D2cc value of 45.4 Gy. Similarly, standard dose
constraints were satisfied for all OARs; heart Dm resulted <2 Gy,
with the exception of one case that achieved aDm of 3.2 Gy; and left
lung V20 < 15% with a maximum value registered of V20 = 16.4%.
Dm for the right breast was <2.4 Gy with a mean value of 1.5 Gy.

The comparison of the target coverage obtained with the
reference vs. the perturbed plans is shown in Table 3; the mean
and range of the absolute differences of CTV DVH dosimetric
parameters obtained are reported for different magnitudes and
directions of the isocenter shifts.

For a 3 mm perturbation, both techniques showed a mean
absolute difference DD95 and DD98 in all directions ≤−0.2 Gy
Frontiers in Oncology | www.frontiersin.org 499
(0.5%), with maximum value of −0.4 Gy (1.0%) in the A
direction. Isocenter shifts of 5 mm for TFiF perturbed plans
produced mean absolute difference DD95 and DD98 of −0.3 Gy
(−0.7%), and −0.4 Gy (−1.0%), respectively, with maximum
differences of −0.5 Gy (−1.2%) and −0.6 Gy (−1.5%),
respectively, in the A direction; for VMAT perturbed plans,
larger mean DD95 and DD98 values were registered: −1.5 Gy
(−3.7%), and −2.0 Gy (−5.0%), respectively, with maximum
differences in the A direction of −2.6 Gy (−6.3%) and 3.2 Gy
(7.9%), respectively. For 10 mm isocenter shifts, mean DD95 and
DD98 of −1.3 Gy (−3.2%) and −2.1 Gy (−5.2%) respectively, were
registered for TFiF perturbed plans, whereas VMAT perturbed
plans produced larger values of −3.8 Gy (−9.3%) and −5.6 Gy
(−13.9%), for DD95 and DD98, respectively. A and R directions
contributed most to worsening the target dosimetry with DD95 of
−2.6 Gy (−6.4%), and −2.2 Gy (−5.4%), respectively, for TFiF
plans, and −7.3 Gy (17.8%) and −6.3 Gy (−15.4%) for VMAT
plans; similarly, for DD98 differences of −3.8 Gy (9.4%), and
−3.2 Gy (7.9%), in the A and R direction, respectively, were
obtained for TFiF plans, whereas −10.1 Gy (25.1%), and −8.9 Gy
(22.1%), respectively, were reported for VMAT plans.

Only isocenter shifts in the L, P, and I directions increased the
dose to OARs. Shifts in the other three directions (R, A, S) had
the effect of moving the OARs further away from the treatment
field, thus decreasing the dose received. In Figure 1 the heart DV5

and DV25 and in Figure 2 the lung DV5 and DV20 are plotted for
each isocenter shift direction and magnitude. The mean and
range values of the absolute differences for the DVH parameters
between the reference plans and the perturbed plans along the L,
P, and I directions are reported in Table 4 for the heart, the left
lung, and the right breast. The mean absolute difference across all
OARs, treatment techniques, and perturbation values remain
<2%, with the exception of the heart and left lung DV5, which
rises for isocenter shifts of 10 mm to 3.9 and 2.7%, respectively,
for TFiF, and 4.1 and 3.0%, respectively, for VMAT plans.
TABLE 2 | Dose-volume histograms (DVH) dosimetric parameters mean and
range for volumetric modulated arc therapy (VMAT) and tangential field in field
(TFiF) reference (non-perturbed) plans of the 15 patients; in bold p values < 0.05.

VMAT TFiF p value

CTV D95 (Gy) 41.0 (40.4–41.4) 40.9 (40.4–41.4) 0.535
D98 (Gy) 40.3 (39.9–40.7) 40.3 (39.6–40.4) 0.430
D2cc (Gy) 43.9 (43.3–45.5) 44.4 (43.4–45.4) 0.327
Dm (Gy) 42.6 (42.3–42.8) 42.8 (42.5–42.9) 0.342

Heart V5 (%) 4.2 (3.8–6.0) 3.1 (1.1–5.2) 0.052
V10 (%) 1.2 (0.6–2.6) 1.3 (0.4–2.5) 0.061
V25 (%) 0.2 (0.0–0.4) 0.3 (0.0–0.8) 0.370
Dm (Gy) 1.6 (0.5–3.2) 1.5 (0.5–2.9) 0.350

Left lung V5 (%) 29.0 (23.2–34.5) 25.7 (21.0–30.0) 0.037
V10 (%) 20.0 (15,3–24.8) 19.2 (15.3–22.3) 0.132
V20 (%) 12.4 (9.1–16.4) 12.8 (9.2–16.4) 0.230
Dm (Gy) 6.6 (5.3–8.2) 6.6 (5.3–7.9) 0.123

Right breast V5 (%) 1.7 (0.2–3.0) 1.1 (0.0–2.2) 0.034
Dm (Gy) 1.5 (0.8–2.4) 1.5 (0.5–2.4) 0.321
October 2020
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DVH, dose volume histogram; VMAT, volumetric modulated arc therapy; TFiF, tangential field in
field; CTV, clinical target volume; Dx, dose in Gy received by x% of the volume; Dm, mean dose;
Vx, volume receiving x Gy; D2cc, dose in Gy received by a volume of 2 cube centimeters.
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DISCUSSION

There is now sufficient evidence that DIBH in left-sided breast
radiotherapy allows for dosimetric sparing of OARs (5–8).
Historically, treatment plans of the breast were performed with
opposing tangent fields, subsequently optimized with the field-in-
field technique. Inour institution,DIBHTFiF isoffered toevery left-
sided breast patient undergoing a radiotherapy treatment after
conservative surgery. The availability of a new LINAC with high
dose ratedroveus toconsiderusingVMATfor these treatmentsand
tocompare themwithour standardof care (TFiF). Furthermore, the
idea was also to compare the response of these two irradiation
techniques when perturbed by incorrect isocenter positioning,
verifying whether using them in BH could have a minor effect on
the dosimetric impact on the organs at risk. Among the patients
studied, the BMIs were almost all within the standard level value,
correctly representing the female population afferent to our
hospital; in any case, BMI, heart, and total lung volumes have
been reported in the literature as having a minimal impact on the
target dose and lung dosimetry (38).

Both the reference TFiF and the VMAT plans provided
adequate and similar CTV dose coverage (p > 0.05) and OAR
sparing (p > 0.05), except for the low doses (V5) for which higher
values were obtained in VMAT plans (p > 0.05). The low-dose
bath exposure of healthy structures is a well-known limitation of
VMAT in breast cancer treatment (39); nevertheless, the
difference was small, the values obtained were well above the
OAR constraints, and the VMAT plans were considered
Frontiers in Oncology | www.frontiersin.org 5100
clinically acceptable. These results are in agreement with
previously published studies (40).

When perturbations were introduced, however, TFiF
techniques guaranteed an accurate target coverage for isocenter
shifts up to 5 mm with deviations of the target DVH dosimetric
parameters <1.0%, whereas VMAT plans seemed more sensitive
to positioning errors registering mean deviations of −3.7% and
−5.0% for D95 and D98, respectively. In Table 3 it is possible to
observe that each isocenter perturbation has a dosimetric impact
on the CTV, which is larger for VMAT plans than for TFiF plans,
and this is amplified for isocenter’ perturbations of 10 mm, for
which mean DD95 of −9.3 vs. −3.2% respectively, and mean DD98

of −13.9 vs. −5.2%, respectively, were registered. Moreover,
perturbations in the A and R directions most affected the
target dosimetry for both techniques. Nevertheless, for VMAT
plans perturbed with isocenter shifts of 10 mm, all the directions
have a significant impact on the plan dosimetry, contributing to
D95 deviations between −3.4% (in the I direction), and −17.8%
(in the A direction); larger deviations, between −6.7, and −25.1%,
in the I and A directions, respectively) were registered for D98.
These high deviations on VMAT plans target dosimetry reported
for each direction of the perturbation make a customized
solution difficult. For TFiF plans, instead, mean DD95 and
DD98 are smaller, and only the A and R directions, and the A,
R, and I directions, respectively, contribute with deviations larger
than 3%. This suggests it may be possible to mitigate the
dosimetric deviations to below 3% in those specific directions
for isocenter’s positioning errors of 10 mm.
TABLE 3 | Mean value and range of clinical target volume (CTV) dose volume histogram (DVH) dosimetric parameters absolute difference between the reference and
perturbed volumetric modulated arc therapy (VMAT) and tangential field in field (TFiF) plans for different isocenter shifts.

Isocenter shift Dir; mm CTV, DD95 (Gy) CTV, DD98 (Gy) CTV, DDm (Gy)

TFiF VMAT TFiF VMAT TFiF VMAT

I; 3 −0.1 (−0.1; −0.3) −0.1 (0.0; −0.1) −0.1 (0.0; −0.3) −0.1 (0.0; −0.2) 0.0 (0.0; −0.1) −0.1 (0.0; −0.3)
S; 3 −0.2 (−0.1; −0.4) −0.2 (−0.1; −0.3) − 0.2 (−0.1; −0.4) −0.2 (−0.1; −0.4) −0.2 (−0.1; −0.5) −0.2 (−0.1; −0.4)
L; 3 −0.2 (−0.1; −0.4) −0.3 (−0.3; −0.4) −0.2 (−0.1; −0.3) −0.3 (−0.2; −0.5) −0.2 (−0.1; −0.4) −0.1 (0.0; −0.3)
R; 3 −0.2 (0.0; −0.3) −0.2 (−0.1; −0.4) −0.2 (0.0; −0.3) −0.3 (−0.1; −0.6) −0.2 (0.0; −0.3) −0.2 (−0.1; −0.3)
P; 3 −0.1 (−0.1; −0.2) −0.1 (0.0; −0.2) −0.1 (0.0; −0.1) −0.1 (−0.1; −0.2) −0.1 (0.0; −0.2) −0.2 (−0.2; −0.3)
A; 3 −0.3 (−0.2; −0.5) −0.4 (−0.2; −0.6) −0.4 (−0.2; −0.6) −0.4 (−0.3; −0.5) −0.3 (−0.1; −0.4) −0.3 (−0.1; −0.3)
All Dir −0.2 (−0.0; −0.5) −0.2 (−0.0; −0.6) −0.2 (0.0: −0.6) −0.2 (0.0: −0.6) −0.2 (0.0; −0.5) −0.2 (0.0; −0.4)

I; 5 −0.2 (−0.1; −0.3) −0.8 (−0.4; −1.5) −0.2 (0.0; −0.2) −1.0 (−0.6; −1.4) −0.1 (0.0; −0.3) −0.3 (−0.1; −0.3)
S; 5 −0.3 (−0.1; −0.4) −1.7 (−1.1; −2.7) −0.4 (−0.2; −0.6) −2.2 (−2.0; −2.7) −0.2 (−0.1; −0.4) −0.2 (−0.1; −0.4)
L; 5 −0.3 (−0.2; −0.4) −0.9 (−0.5; −1.9) −0.3 (−0.2; −0.4) −1.1 (−0.7; −1.5) −0.2 (−0.1; −0.4) −0.3 (−0.1; −0.4)
R; 5 −0.4 (−0.2; −0.5) −2.1 (−1.9; −2.7) −0.4 (−0.2; −0.6) −2.9 (−2.0; −3.6) −0.2 (−0.1; −0.3) −0.2 (0.0; −0.3)
P; 5 −0.1 (0.0; −0.3) −1.0 (−0.8; −1.6) −0.2 (−0.2; −0.3) −1.6 (−1.2; −1.8) −0.1 (0.0; −0.2) −0.1 (0.0; −0.3)
A; 5 −0.5 (−0.4; −0.8) −2.6 (−2.2; −3.0) −0.6 (−0.4; −1.4) −3.2 (−2.4; −4.5) −0.3 (−0.2; −0.5) −0.3 (−0.2; −0.5)
All dir −0.3 (−0.1; −0.8) −1.5 (−0.5; −2.9) −0.4 (0.0: −1.4) −2.0 (−0.6; 4.5) −0.2 (0.0; −0.5) −0.2 (−0.1; −0.5)

I; 10 −0.5 (−0.1; −0.6) −1.4 (−1.2; −1.7) −1.1 (−0.7; −1.4) −2.7 (−2.2; −3.4) −0.3 (−0.3; −0.4) −0.9 (−0.4; −1.1)
S; 10 −1.1 (−0.9; −1.3) −3.4 (−3.0; −3.6) −2.0 (−1.3; −3.0) −5.3 (−4.5; −6.1) −0.5 (−0.4; −0.9) −0.8 (−0.4; −1.1)
L; 10 −0.7 (−0.6; −1.0) −2.1 (−1.6; −2.4) −0.9 (−0.7; −1.3) −3.2 (−2.1; −4.3) −0.4 (−0.2; −0.6) −0.9 (−0.9; −1.3)
R; 10 −2.2 (−1.9; −2.6) −6.3 (−5.7; −6.3) −3.2 (−2.8; −3.8) −8.9 (−6.9; −10.1) −0.6 (−0.4; −0.8) −1.3 (−0.8; −1.1)
P; 10 −0.7 (−0.4; −1.6) −2.0 (−1.6; −2.2) −1.2 (−0.6; −1.8) −3.4 (−2.9; −3.9) −0.2 (−0.1; −0.3) −0.9 (−0.7; −1.0)
A; 10 −2.6 (−2.0; −3.3) −7.3 (−5.3; −8.1) −3.8 (−3.5; −4.3) −10.1 (−6.5; −12.1) −0.8 (−0.5; −1.1) −1.2 (−0.7; −1.4)
All dir −1.3 (−0.1; −3.3) −3.8 (−1.2; −8.1) −2.1 (−0.6; −4.3) −5.6 (−2.1; −12.1) −0.5 (−0.1; −1.1) −1.0 (−0.4; −1.4)
Octo
ber 2020 | Volume 10
VMAT, volumetric modulated arc therapy; TFiF, tangential field in field; CTV, clinical target volume; Dx, dose in Gy received by x% of the volume; Dm, mean dose; Vx, volume receiving x Gy. I,
inferior; S, superior; P, posterior; L, left; R, right; A, anterior; P. posterior; Dir, direction.
In gray data that with mean absolute difference ≤2%, in bold > 3%.
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For the OARs, only the L, P, and I isocenter shift directions
contributed to increase the dose received, bringing the treatment
field closer to the OARs. Considering only these directions that
worsen the OARs dosimetry, we obtained dose values with
deviations of less than 2% from the reference plan doses, with
the exception of 10 mm perturbation, for which mean differences
between 3.7 and 4.1% were registered for the low doses. Left
Frontiers in Oncology | www.frontiersin.org 6101
sided-breast BH irradiation has therefore the advantage not only
of limiting the dose to the heart and lung if compared with free
breathing delivery, but also of being more robust against possible
heart and lung overdosage in case of unexpected isocenter
misplacement. The benefit of post-operative RT for breast
cancer patients, in term of reduced risk of recurrence, has been
demonstrated (41, 42); nevertheless it is well known that
TABLE 4 | Heart and lung dose volume histogram (DVH) endpoints mean and range of the absolute difference between the reference and perturbed VMAT and TFiF
plans for the directions (left, posterior, and inferior) that contribute to an increase in the OAR dose.

10 mm 5 mm 3 mm

VMAT TFiF VMAT TFiF VMAT TFiF

Heart DV5 (%) 4.1 (2.9–5.5) 3.9 (3.0–4.7) 1.5 (2.0–4.1) 1.4 (1.1–2.0) 0.1 (0.0–0.2) 0.0 (0.0–0.1)
DV10 (%) 1.9 (1.7–34.4) 1.9 (1.5–3.3) 1.3 (1.0–2.0) 1.3 (1.0–1.8) 0.1 (0.0–0.3) 0.1 (0.0–0.3)
DV25 (%) 1.8 (1.6–2.5) 1.5 (1.3–2.3) 0.9 (0.7–1.4) 0.7 (0.4–1.5) 0.0 (0.0–0.2) 0.1 (0.1–0.2)
DDm (%) 0.5 (0.7–1.3) 0.5 (0.8–1.4) 0.4 (0.4–0.6) 0.2 (0.1–0.4) 0.1 (0.0–0.3) 0.0 (0.0–0.1)

Left lung DV5 (%) 3.0 (2.4–5.6) 2.7 (2.3–4.6) 1.6 (1.2–2.5) 1.3 (1.0–2.6) 0.2 (0.2–0.6) 0.2 (0.1–0.3)
DV20 (%) 1.9 (1.7–4.0) 1.8 (1.4–3.5) 1.2 (1.0–2.3) 1.0 (0.7–1.9) 0.2 (0.1–0.4) 0.1 (0.2–0.3)
DDm (%) 0.8 (0.6–1.4) 0.8 (0.5–1.4) 0.5 (0.4–1.0) 0.5 (0.3–0.9) 0.4 (0.3–0.5) 0.4 (0.3–0.4)

Right breast DV5 (%) 0.1 (0.0–0.1) 0.1 (0.0–0.1) 0.0 (0.0–0.0) 0.0 (0.0–0.1) 0.0 (0.0–0.0) 0.0 (0.0–0.1)
DDm (Gy) 0.1 (0.0–0.2) 0.1 (0.0–0.1) 0.0 (0.0–0.1) 0.0 (0.0–0.1) 0.0 (0.0–0.1) 0.0 (0.0–0.1)
October 20
20 | Volume 10 | A
VMAT, volumetric modulated arc therapy; TFiF, tangential field in field; Dx, dose in Gy received by x% of the volume; Dm, mean dose; Vx, volume receiving x Gy.
In gray data with mean difference ≤ 2%, in bold >3%.
A

B

FIGURE 1 | Heart V5 (A) and V25 (B) absolute differences between VMAT
and TFiF references and corresponding perturbed plans, for different
isocenter shifts directions and magnitudes. VMAT, volumetric modulated arc
therapy; TFiF, tangential field in field; A, anterior; P, posterior; I, inferior; S,
superior; R, right; L, left.
A

B

FIGURE 2 | Left lung V5 (A), and V20 (B) absolute difference between VMAT
and TFiF references and corresponding perturbed plans, for different
isocenter shifts directions and magnitude. VMAT, volumetric modulated arc
therapy; TFiF, tangential field in field; ant, anterior; sup, superior; inf, inferior;
post, posterior.
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concurrent heart irradiation leads to an increased risk of heart
disease (43), with evidence of increased risk of death of 3% per
Gy of the Dm (44). Recent literature (45) reports no correlations
between incidental heart irradiation and cardiac mortality,
nevertheless there is no consensus yet on cardiac irradiation
induced mortality in breast radiotherapy. Moreover, the well-
known second cancer risk for contralateral breast and lung (46)
force us to monitor the treatment delivery to ensure that the
OAR delivered dose corresponds to the planned ones. One
possible application would be in systems such as surface
imaging, often used to detect setup errors, which offer real-
time monitoring and beam delivery interruption if patient’s
positions exceed their tolerance limits (11). Personalized
thresholds in the different directions based on the results
presented here would ensure accurate dose delivery.

Among this study’s limitations, it is important to highlight
that a single institution was involved and the results were
obtained according to our center’s working protocols. The
study is focused on early breast cancer patients performing
radiotherapy without an implanted tissue expander, further
investigations are needed for this case. Contouring of the
regions of interest and approval of treatment plans were
performed by a single experienced radiation oncologist for
consistency in comparing the different treatment modalities.

Jensen et al. (47) analyzed the influence of localization errors
on VMAT and 3DCRT breast plans using weekly offline imaging
and throughout the treatment session; their findings,
representative of the workflow of their Center, show that
perturbed dose calculated on the treatment data were less
variable for VMAT than for 3DCRT plans. Personalized
radiotherapy means being able to adapt the clinical workflow
to the way the individual institute works. The knowledge and
therefore the study of how the system responds to external stress
is the first step towards this ambitious goal.

Left sided breast treatment performed in breath hold
maintains the heart and lung doses close to the planned values
(deviations < 2%) for setup errors up to 10 mm from the
isocenter and for both delivery techniques, except for heart
and lung low doses that increase up to 4.1%. TFiF technique
guarantees an accurate target coverage for isocenter shifts of
3 mm, and 5 mm with dose deviations < 1%; for isocenter shifts
of 10 mm, target dosimetric parameter deviations ranged
Frontiers in Oncology | www.frontiersin.org 7102
between −3.2 and −5.2%; the main contribution to these
deviations is due to perturbations in specific directions, leaving
open the possibility to limit them with appropriate personalized
management of the treatment. VMAT plans seem more sensitive
to positioning errors, showing mean target dosimetric
parameters deviations up to 5% for 5 mm isocenter shifts, and
up to 13.9% for 10 mm isocenter shifts, leaving less room to
control the target dosimetry. The evaluation of the dosimetric
impact when the ideal system is perturbed therefore remains of
primary importance. Quantitative information may support
radiation oncologists in setting up a personalized radiotherapy.
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Gastric cancer is the fifth most common cancer worldwide and has a high mortality rate. In
the last decades, treatment strategy has shifted from an exclusive surgical approach to a
multidisciplinary strategy. Treatment options for patients with resectable gastric cancer as
recommended by different worldwide guidelines, include perioperative chemotherapy,
pre- or postoperative chemoradiotherapy and postoperative chemotherapy. Although
gastric cancer is a heterogeneous disease with respect to patient-, tumor-, and molecular
characteristics, the current standard of care is still according to a one-size-fits-all
approach. In this review, we discuss the background of the different treatment
strategies in resectable gastric cancer including the current standard, the specific role
of radiotherapy, and describe the current areas of research and potential strategies for
personalization of therapy.

Keywords: gastric cancer, personalization, radiation oncology, multidisciplinary approach, future perspectives
INTRODUCTION

Gastric cancer remains a major health problem with worldwide over a million new cases per year
(1). Gastric cancer is the third leading cause of cancer deaths worldwide, although it should be noted
that there is a wide variation in incidence and mortality (1). The highest estimated incidence rates
are seen in Eastern Asia, but also in Central and South America and in Central and Eastern Europe.
By contrast, lower incidence rates are observed in Northern America, Northern Europe and
Western Europe (1). Gastric cancer usually becomes symptomatic at an advanced stage, which is
largely responsible for the poor outcome. In order to reduce gastric-cancer related mortality, both
Japan and South-Korea have implemented screening programs, which have led to earlier detection
of gastric cancer and improved survival rates (2–4).

Over the last decades, the management of patients with resectable gastric cancer has evolved
from a complete surgical approach to a multidisciplinary strategy (5). Although multimodality
treatment of gastric cancer patients is currently standard of care in all parts of the world, differences
in type of standard (neo-)adjuvant treatment do exist frequently dictated by nationally developed
and implemented guidelines. To illustrate, perioperative chemotherapy is the current standard of
care in Europe (5), while postoperative chemotherapy is standard of care in most Asian countries
(6–8). In the United States, both perioperative chemotherapy and preoperative chemoradiotherapy
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are recommended treatment strategies, of which perioperative
chemotherapy is most frequently used (9).

Gastric cancer is a very heterogeneous disease. It can be
subdivided according to tumor morphology, for which the Lauren
classification is most widely used (10). More recently, molecular
classifications have been introduced, including the classification by
The Cancer Genome Atlas (11). Despite these insights, resectable
gastric cancer is still being treated according to the one-size-fits-all
principle. Since there are several effective and feasible options for
(neo-)adjuvant treatment, this offers possibilities for personalization
in gastric cancer management based on patient- and tumor
characteristics. However, it is currently unknown which patients
profit the most from what therapy.

In this review, we evaluate the background of the different
multidisciplinary treatment approaches in resectable gastric
cancer including the role of radiotherapy. In addition, possible
options for personalization of therapy based on patient and
tumor characteristics are explored.
WORLD-WIDE TREATMENT
APPROACHES

Current standard treatments differ over the world. Table 1 provides
an overview of the current treatment recommendations for (neo-)
adjuvant treatments in various guidelines. The background and
evidence for these guideline will be discussed below.

The Surgical Approach
Until a few decades ago, surgery alone has been the only curative
treatment in patients with non-metastatic resectable gastric
cancer. However, despite improvements in surgical quality,
prognosis of gastric cancer remains poor prognosis even in
resectable disease (12, 13). The current surgical approach
includes resection of the primary tumor with a generous
margin plus extended D2 lymph node dissection (perigastric
lymph nodes plus those along the left gastric, common hepatic
and splenic arteries and the celiac trunk) (5). This “aggressive”
Frontiers in Oncology | www.frontiersin.org 2106
surgical approach was first considered and investigated in Japan,
where D2 lymph node dissection has been implemented in
clinical practice a few decades ago. The survival results of this
more extensive lymph node dissection were first published by
Japanese surgeons in 1970 (14). The authors reported a small
survival benefit among patients with pN0 disease, and a
larger survival benefit in patients with pN+ disease with 5-year
overall-survival (OS) rates increasing from 18% to 39%. In line
with these results, another study reported that the more extended
lymph node dissection led to an increase in 5-year OS from 33%
to 58% for a patient group including both pN0 and pN+ disease
(15). While the extended lymph node dissection had already
been implemented in Asian countries, clinical trials in a Western
population were awaited.

The first European trials showed increased postoperative
mortality for patients who underwent a D2 lymph node
dissection, which was therefore considered to be unsafe (16–18).
Also, the first results of the Dutch D1D2 study were disappointing,
andshowedthatpatientswhounderwentD2 lymphnodedissection
had higher chance of postoperative complications and mortality
(19). However, in the 15-year follow-up analysis of the D1D2 trial,
D2 lymph node dissection was associated with a significant and
persistent disease-specific survival benefit for patients who did not
undergo splenectomy and/or removal of the pancreatic tail (20).
The gastric-cancer-related deaths were higher in the D1 group as
compared with the D2 group (48% vs. 37%). These observations
were confirmed in a meta-analysis including 12 randomized
controlled trials performed in both European and Asian
countries, showing that a D2 lymph node dissection with spleen
and pancreas preservation had a higher survival rate than less
extensive lymphadenectomy in patients with resectable gastric
cancer [Hazard Ratio (HR)= 0.65, 95% Confidence Interval (CI)=
0.52-0.80, p<0.001] (21). Currently, an extended D2 lymph node
dissection with spleen and pancreatic gland preservation is also
recommendedbybothEuropean andAmericanguidelines (5, 9). In
South-America, NCCN guidelines or local guidelines are followed.
In Australia, both the NCCN and ESMO guidelines are
implemented in clinical practice.
TABLE 1 | Current treatment recommendations in different gastric cancer guidelines (5, 6, 8, 9).

Country/
stage

Clinical stage IA Clinical stage IB-IIIC

United
States

Endoscopic or surgical resection Resection with D2 lymph node dissection.
Preferred strategy: perioperative chemotherapy (with fluorouracil and cisplatin, or fluoropyrimidine and oxaliplatin, or
ECF/EOF/EOC/ECC, guideline was published in 2017, before results of the FLOT4-AIO).

Europe Endoscopic or surgical resection Resection with D2 lymph node dissection.
Preferred strategy: perioperative chemotherapy with a platinum/fluoropyrimidine combination.
Other postoperative pathways: postoperative chemoradiotherapy or postoperative chemotherapy

Asia Endoscopic or surgical (with D1/D1+
lymph node dissection)

Resection with D2 lymph node dissection.
Postoperative course depending on pathology stage:
I: observation
II/III: postoperative chemotherapy with S-1 monotherapy or oxaliplatin plus capecitabine*
*Guidelines in Asia differ slightly. In Japan, S-1 monotherapy is recommended for pathological stage II and capecitabine plus oxaliplatin for stage III. In Korea, both options are offered as
treatment option. In China, combined chemotherapy with platinum and fluorouracil preferred (not exceeding 6 months) and for fragile patients fluorouracil monotherapy (not exceeding 12
months).
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Differences in Multimodality Treatment
Guidelines Between East and West
The necessity for a multidisciplinary approach in the treatment of
resectable gastric cancer (provided that the patient is fit enough)
has been globally accepted. However, different guidelines are
followed in different parts of the world. To understand the
development of different approaches, it is important to note that
patient- and tumor characteristics differ between East and West
(22–25). Consequently, multidisciplinary (neo-)adjuvant
treatments have been studied separately in different parts of the
world. The studies which changed clinical practice and have led to
the current standards are displayed in Figure 1; ongoing
randomized phase II–III studies are shown in Supplementary
Table 1. Studies which have investigated important research
questions but have not led to change of clinical practice (yet) in
the curative setting are displayed in Figure 2.

Postoperative Chemoradiotherapy—West
(United States and Europe)
The first positive study regarding (neo-)adjuvant treatment was the
SWOG intergroup trial conducted in the United States (US) (32).
This study enrolled patients from 1991 until 1998 and the final
results were published in 2001. Eligible patients underwent a R0
resection and were randomized to postoperative observation versus
postoperative chemoradiotherapy. Patients in the intervention
group started with 5-fluouracil (5-FU) and leucovorin for 5 days,
followed by chemoradiotherapy 28 days after initiating
chemotherapy. Chemoradiotherapy consisted of 45 Gy in 25
fractions of 1.8 Gy, combined with an adapted dose of 5-FU and
leucovorin on the first four and last 3 days of radiotherapy. One
month after completion of radiotherapy, two 5-day cycles of 5-FU
and leucovorin were given. After a median follow-up period of
5 years, the OS was 36 months in the intervention group, compared
to 27 months in the observation group (p=0.006) with a HR
for death of 1.52 (95% CI 1.23–1.52, p<0.001). Updated
analyses demonstrated a persistent benefit from adjuvant
chemoradiotherapy in patients with resectable gastric cancer (26).
Frontiers in Oncology | www.frontiersin.org 3107
The SWOG-intergroup trial has often been criticized because only
10% of the study population underwent the advised extended (D2)
lymph node dissection. It has been hypothesized that postoperative
chemoradiotherapy was only effective in patients who underwent a
limited (D1 or less) lymph node dissection and compensated for
poor surgery. Furthermore, the chemoradiotherapy schedule used
in the SWOG intergroup trial was associated with high rates of
grades 3–4 toxicity. This high toxicity rate could have contributed to
the limited implementation of postoperative chemoradiotherapy in
Europe. Due to the concerns regarding toxicity, the chemotherapy
regimen as used in the SWOG-intergroup trial is no longer in use in
the United States (9). To optimize postoperative chemoradiotherapy
regimens, several phase I–II trials have evaluated less toxic
chemotherapy agents in combination with radiotherapy (33, 34).

Preoperative Chemoradiotherapy—West
(United States)
According to the National Comprehensive Cancer Network
(NCCN) guideline that is adhered to in the United States,
chemoradiotherapy can also be given preoperatively, next to
perioperative chemotherapy (next paragraph) (9). This is in
contrast to the European Society of Medical Oncology (ESMO)
guideline in Europe, which does not recommend preoperative
chemoradiotherapy as standard treatment (5). The first study on
preoperative chemoradiotherapy in patients with resectable gastric
cancer was published in 2001 (35). A total of 24 patients were
treated with 45 Gy external beam radiotherapy with concurrent 5-
FU. Resection was scheduled 4–6 weeks after chemoradiotherapy.
Intraoperatively, patients received an additional 10 Gy. Most
patients underwent gastric cancer resection with D2
lymphadenectomy (83%). Of the 19 resected patients, 12 (63%)
had a major pathologic tumor responses, and two (11%) had a
complete response. One of the concerns in the study was the
relatively low number of resected lymph nodes. A comparison
was made between the 19 resected patients in the study an similar
time period patients treated with preoperative chemotherapy
undergoing the same type of resection performed by the same
FIGURE 1 | Timeline of different practice-changing randomized trials (26–31).
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surgeon. The number of resected lymph nodes was (both median as
mean) lower in the patients receiving chemoradiotherapy.

A few other small phase II studies on preoperative
chemoradiotherapy have been performed. In one of the first
studies, 33 patients with localized gastric cancer (mainly T4 with
or without nodal disease, M0) were treated with one cycle of
chemotherapy, consisting 5-FU, leucovorin and cisplatin,
followed by chemoradiotherapy (36). A total of 45 Gy was
delivered in 25 fractions during 5 weeks, with concurrent 5-
FU. A pathological complete response was achieved in 10
patients (30% of the assessable patients), and a partial response
was noted in 8 patients (24% of the assessable patients). The 2-
year OS rate was 54%. Another study performed by the same
research group included 41 patients with localized gastric or
gastroesophageal adenocarcinoma (mainly T3 disease with or
without nodal disease) who were treated with two cycles of 5-FU
with paclitaxel and cisplatin, followed by 45 Gy concurrent with
5-FU and paclitaxel (37). The pathological complete response
rate was 20%, and the pathological partial response rate was 15%.
The survival rate after more than 36 months of follow-up was
68%, which is very promising for this group of patients. In
another phase II trial, 49 patients with stage IB-III gastric cancer
were included. Patients received two cycles of 5-FU, leucovorin
and cisplatin, followed by concurrent chemoradiotherapy
consisting of 45 Gy with 5-FU and paclitaxel. A total of 83% of
patients underwent resection. A pathologic complete response
was confirmed in 11 (26%) out of 43 evaluable patients. The 1-
year OS was 72% (38).
Frontiers in Oncology | www.frontiersin.org 4108
Other preoperative chemoradiotherapy schedules have been
explored in Europe. One study explored the feasibility and
efficacy of preoperative chemoradiotherapy consisting 25 fractions
of 1.8 Gy in combination with carboplatin and paclitaxel in 25
patients with stage IB-IVA (M0) gastric cancer (39). Grade III
adverse events were considered manageable: 12% gastrointestinal,
12% hematological and 8% other. The efficacy was encouraging with
40% (near) complete pathological responses.

A phase III study that compared preoperative chemotherapy
with preoperative chemoradiotherapy in patients with stage T3-4/
Nx/M0 gastro-esophageal junction (GEJ) tumors was performed in
Germany (40). This study ran from 2,000 until 2005 and planned
accrual for the first stage of the study was 200 patients. However,
only 126 patients were randomized due to slow accrual. Patients in
the chemotherapy arm received cisplatin, 5-FU and leucovorin with
a total treatment time of 15 weeks, whereas patients in the
chemoradiotherapy arm received the same type of chemotherapy
during 12 weeks, followed by chemoradiotherapy. Concurrent
chemoradiotherapy consisted of 30 Gy in fractions of 2 Gy,
combined with cisplatin on days 1 and 8, and etoposide on
days 3–5. Patients in the chemoradiotherapy group had more
frequently a pathological complete response (16% vs. 2%) as well
as tumor-free lymph nodes (64% vs. 38%). The 3-year OS rate was
28% in the chemotherapy group compared to 48% in the
chemoradiotherapy group.

Preoperative chemoradiotherapy has been indicated in the
NCCN flow-chart as possible treatment for patients with
resectable gastric cancer (based on level 2B evidence, meaning
FIGURE 2 | Timeline of different randomized trials that have not led to change of clinical practice (yet) in the curative setting, but have investigated important
research questions and/or form the rationale behind ongoing (possibly practice changing) studies (46, 47, 49, 77, 90, 103).
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that this statement is based upon lower-level evidence, but with
NCCN consensus that this intervention is appropriate) (9). The
results of small studies evaluating preoperative chemoradiotherapy
are promising in terms of efficacy. Large randomized controlled
trials are needed to compare toxicity and response rates
between preoperative chemoradiotherapy and preoperative
chemotherapy. Currently, these large randomized controlled trials
are lacking, which is probably the reason that preoperative
chemoradiotherapy has not been mentioned as treatment option
in the European guideline (5).
Perioperative Chemotherapy—West
(Europe and United States)
While the SWOG-intergroup trial was running in the United
States, the MAGIC trial enrolled patients in the United Kingdom
(UK) between 1994 and 2002 (27). The final results were
published in 2006. A total of 503 patients were randomized to
undergo surgery alone versus perioperative chemotherapy.
Perioperative chemotherapy included three cycles of
epirubicin, cisplatin and 5-FU. The OS increased in the
perioperative chemotherapy group, with a 5-year OS of 36%
compared to 23% in the surgery only group. The HR for
progression-free survival (PFS) was 0.66 (95% CI 0.53–
0.81, p<0.001).

The benefits of the preoperative part of perioperative
treatment has been confirmed in a meta-analysis, including
studies from 1990 to 2012 (41). Twelve comparable studies
were evaluated including 1,566 patients with GEJ or gastric
cancer, using several preoperative chemotherapy schedules.
Preoperative chemotherapy resulted in a higher chance of
obtaining an R0 resection with an odds-ratio (OR) of 1.38
(95% CI 1.08-1.78, p=0.01). In addition, preoperative
chemotherapy increased the likelihood of down-staging, with
an OR of 1.71 (95% CI 1.26–2.33, p<0.001). Also, survival
improved with an OR of 1.32 (95%CI 1.07–1.64, p=0.01).

Several studies have been conducted since the MAGIC trial.
The chemotherapy combination of epirubicin, cisplatin and 5-
FU was already widely used in patients with advanced and/or
metastatic esophagogastric cancer. The combination of
chemotherapy has been further explored in the REAL-2 trial,
in which oxaliplatin and capecitabine were considered as
alternatives for cisplatin and 5-FU (28). The study had a two-
by-two design, and 1,002 patients with advanced and/or
metastatic esophagogastric cancer were randomized to triplet
chemotherapy with epirubicin, cisplatin and either 5-FU (ECF)
versus capecitabine (ECC), or triplet chemotherapy with
epirubicin and oxaliplatin plus either 5-FU (EOF) or
capecitabine (EOC). Median survival rates at 1 year for ECF,
ECC, EOF, and EOC were 38%, 41%, 40%, and 47%, respectively.
Toxicity profile was similar for capecitabine and 5-FU.
Compared with cisplatin, oxaliplatin was associated with lower
incidences of grades 3–4 neutropenia, renal toxicity and
thromboembolism and slightly higher incidences of diarrhea
and neuropathy. It was concluded that capecitabine was as
effective as 5-FU and that oxaliplatin was a good alternative for
cisplatin. Although this study was performed in patients with
Frontiers in Oncology | www.frontiersin.org 5109
esophagogastric cancer in the palliative setting, this resulted in
adaptation of the gastric cancer guidelines in Europe, which
allowed oxaliplatin and capecitabine as alternative for cisplatin
and 5-FU in the curative setting (5).

Between 2010 and 2015, the FLOT4-AIO study was
performed in Germany, of which the results were presented at
the ESMO annual meeting in 2017 (42). A total of 716 patients
with at least cT2, any N gastric cancer or cancer of the gastro-
esophageal junction (GEJ) were allocated to receive either
perioperative three cycles of 3-weekly epirubicin, cisplatin, and
capecitabine/5-FU (ECC/ECF) or perioperative two cycles of 2-
weekly docetaxel, leucovorin, oxaliplatin and 5-FU (FLOT). As
shown in a pathology analysis in the phase II part of the study, a
complete pathological response was observed in 16% of patients
in the FLOT group compared to 6% in the ECC/ECF group
(p=0.02) (43). Overall-survival was higher in the FLOT group
than in the ECC/ECF group with a HR of 0.77 (95% CI 0.63–
0.94; median OS 50 versus 36 months), whereas the long-term
outcomes in the ECC/ECF arm were comparable with those in
the MAGIC trial (27). The results of the FLOT-AIO4 trial
provided a next step forward and the treatment regimen was
implemented in many European countries and in the United
States before the final publication came out in 2019 (29).
Perioperative chemotherapy is currently the preferred
treatment choice in both Europe and the United States.

Postoperative Chemotherapy—East
Slightly later than the SWOG-intergroup trial and the MAGIC
trial, the ACTS-Gastric Cancer (GC) trial was running in Japan
(44). The ACTS-GC trial enrolled patients from 2001 to 2004,
and the final results were published in 2007. During the study
period, the screening program was already implemented in Japan
(2). Eligible patients had stage II-III gastric cancer and
underwent R0 surgery with D2 lymph node dissection. A total
of 1059 patients were randomized to observation only versus
postoperative chemotherapy consisting of S-1 during 1 year.
Three-year OS was 70% in the control group as compared to 80%
in the intervention (S-1) group. The HR for death in de S-1 group
was 0.68 (95% CI 0.52–0.87, p=0.003).

The CLASSIC trial was another study investigating the role of
postoperative chemotherapy and enrolled patients from China,
South-Korea and Taiwan between 2006 and 2009 (30, 31). A total
of 1035 patients with stage II-III gastric cancer who underwent an
R0 resection with D2 lymph node dissection were randomized to
postoperative observation only or postoperative chemotherapy.
Postoperative chemotherapy included eight cycles of capecitabine
and oxaliplatin (CAPOX). The 3-year disease-free survival was 74%
in the CAPOX group, compared to 59% in the observation only
group, with an HR of 0.56 (95% CI 0.44–0.72; p<0.001).

Based on the results of the ACTS-GC and the CLASSIC trials,
the Japanese guidelines recommend adjuvant S-1 monotherapy
for patients with stage II disease, and S-1 monotherapy or an
oxaliplatin-containing chemotherapy combination such as
CAPOX in stage III disease (7). In South-Korea, both S-1 and
CAPOX are offered as postoperative treatment options for the
same group of patients (8). Combined postoperative
chemotherapy, such as CAPOX, is recommended in China for
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stage II-III gastric cancer (6). In Western countries, several
negative studies have been published on the survival benefit of
postoperative chemotherapy. Therefore, the role of postoperative
chemotherapy without preoperative chemotherapy in very
limited in Western countries (45). Recently, the interim
analysis of the Japanese JACCRO GC-07 trial has been
published (46). A total of 915 patients with stage III gastric
cancer who underwent an R0 resection with D2 lymph node
dissection were randomized to postoperative S-1 versus
postoperative docetaxel plus S-1. After a median follow-up of
12.5 months, the results revealed a superior recurrence-free
survival (RFS) in the docetaxel plus S-1 group, with a 3-year
RFS of 66% versus 50% (HR 0.632, 99.99% CI 0.400–0.998,
p<0.001). Grade 3 toxicities, in particular hematological, were
higher in the docetaxel plus S-1 group, but were considered
manageable. It is most likely that the use of S-1 plus docetaxel
will be implemented for stage III gastric cancer in the Asian
guidelines in the near future.
CHEMORADIOTHERAPY AS PART OF
MULTIMODALITY TREATMENT—
CURRENT KNOWLEDGE AND RESEARCH
AREAS

Several studies have established the added value of (neo-)
adjuvant chemoradiotherapy over surgery alone. The optimal
regimen for chemoradiotherapy, however, has not been
identified yet. In this paragraph we will discuss research areas
in both pre- and postoperative chemoradiotherapy and future
perspectives on personalization of the radiotherapy component.

Chemoradiotherapy in the Postoperative
Setting
In the Korean ARTIST trial (2004–2008) postoperative
chemotherapy was compared to postoperative chemotherapy in
combination with chemoradiotherapy in 458 patients who
underwent an R0 resection with D2 lymph node dissection (47,
48). Postoperative chemotherapy consisted of six cycles of cisplatin
and capecitabine, while postoperative chemoradiotherapy consisted
of two cycles of cisplatin and capecitabine followed by 45 Gy in 25
fractions of 1.8 Gy with concurrent capecitabine, again followed by
two cycles of cisplatin and capecitabine (48). Compliance rates were
75% for the chemotherapy arm compared to 82% of the
chemotherapy plus chemoradiotherapy combination arm. The
estimated 3-year RFS was 74% in the chemotherapy group
compared to 78% in the chemoradiotherapy group (p=0.862).
However, in planned multivariate analysis, the chemoradiotherapy
regimen showed prolonged RFS after adjustment for stage in the
lymph node positive group (3-year RFS 72% in the chemotherapy
arm compared to 76% in the chemoradiotherapy arm; p=0.04).
Based on this latter observation, the ARTIST-II trial was designed to
investigate the added value of chemoradiotherapy in nodal positive
patients, of which the final results are not published yet.

Similar to the ARTIST trial, the CRITICS trial focused on
postoperative chemoradiotherapy, although this trial had been
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designed from a European perspective. Integrating the regimens
from both the MAGIC and the SWOG-intergroup trial, the
CRITICS study aimed to combine optimal loco-regional and
systemic treatment (49). Patients from the Netherlands, Sweden
and Denmark with stage IB-IVA (M0) GEJ or gastric cancer were
upfront (before any treatment) randomized between perioperative
chemotherapy (comparable to MAGIC trial) and preoperative
chemotherapy plus postoperative chemoradiotherapy. Both
preoperative as postoperative chemotherapy consisted of three
cycles of 3-weekly epirubicin, cisplatin or oxaliplatin, and
capecitabine. The chemoradiotherapy schedule used in the
CRITICS trial consisted of 45 Gy in 25 fractions of 1.8 Gy,
combined with weekly cisplatin and daily capecitabine. Between
2007 and 2015, a total of 788 patients was included. Compliance
rates were 46% for the chemotherapy arm compared to 50% for the
chemoradiotherapy arm. After a median follow-up of 61 months,
there was no difference in median overall survival (HR 1.01, 95% CI
0.84–1.22, p=0.90), or the 5-year survival rate (42% vs. 40%,
chemotherapy and chemoradiotherapy group respectively).
Subgroup analyses are currently being performed in order to
identify subgroups of patients who might benefit from one of
these treatment options. The compliance rate in the CRITICS
trial was lower than in the ARTIST trial, probably mainly due to
the design of the study. Also, survival rates were different between
the studies. Patients in the ARTIST trial underwent surgery for less
advanced stage (60% had stage IB or II disease) compared to the
CRITICS trial, in which the majority of the patients had
advanced disease.

Chemoradiotherapy in the Preoperative
Setting
The added value of preoperative chemoradiotherapy has not yet
been derived from comparative trials. However, several trials are
underway in different parts of the world generating new results.

One of the ongoing randomized phase-III studies is the
TOPGEAR trial, which was designed in Australia but is also
recruiting patients from several countries in Europe and Canada
(50). Patients are randomized to either perioperative chemotherapy
or preoperative chemoradiotherapy plus perioperative
chemotherapy. In the perioperative chemotherapy arm, patients
receive three cycles of epirubicin, cisplatin, and capecitabine or 5-FU
(ECC/ECF) before and after surgery. In the preoperative
chemoradiotherapy plus perioperative chemotherapy arm,
patients are treated preoperatively with two cycles of ECC/ECF
followed by chemoradiotherapy, and postoperatively with three
cycles of ECC/ECF. Chemoradiotherapy consists of 45 Gy in 25
fractions, combined with daily 5-FU or capecitabine throughout the
entire radiotherapy period. Since the final publication of the
favorable results of the FLOT-AIO4 trial, the FLOT regimen is
allowed as replacement for ECC/ECF in this trial. The interim
toxicity data of the TOPGEAR trial have been published in 2017,
showing that preoperative chemoradiotherapy did not increase
preoperative toxicity compared to the standard arm. Preoperative
chemoradiotherapy is therefore considered safe and feasible. The
primary endpoint of the study is OS and the final results of the study
are awaited.
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Similar to the TOPGEAR trial, the CRITICS-II trial is
investigating the role of preoperative chemoradiotherapy (51).
This trial has been designed to identify an optimal preoperative
treatment regimen, without any postoperative treatment. One of
the major problems in patients undergoing perioperative
treatment is the postoperative treatment compliance, which is
only around 50% of the patients who have started preoperative
treatment. It is hypothesized that by intensifying the
preoperative part of the treatment, the postoperative treatment
part can be safely omitted. Patients with stage IB-IIIC gastric
cancer are randomized to one of three arms (1): preoperative
chemotherapy (2), preoperative chemotherapy plus
chemoradiotherapy, or (3) preoperative chemoradiotherapy.
Patients randomized to the chemotherapy arm receive four
cycles of docetaxel, oxaliplatin, and capecitabine (DOC);
patients randomized to chemotherapy plus chemoradiotherapy
receive two cycles of DOC, followed by chemoradiotherapy
consisting of 45 Gy in 25 fractions, in combination with
weekly paclitaxel and carboplatin; and patients randomized to
chemoradiotherapy receive only 45 Gy of radiation in 25
fractions, in combination with weekly paclitaxel and
carboplatin. The primary endpoint of the study is 1-year
event-free survival (EFS). To our knowledge, this is the first
and currently the only running comparative trial completely
focusing on the preoperative (neoadjuvant) treatment regimen.

One of the concerns of preoperative chemoradiotherapy is that it
might increase postoperative complications. Interim results of the
TOPGEAR trial did not show an increased incidence in
postoperative complications in the chemoradiotherapy group as
compared with the chemotherapy group (50). Preoperative
chemoradiotherapy is mentioned in the NCCN guidelines as
treatment option in patients with resectable gastric cancer (9).
Therefore, in the US there is more experience with
chemoradiotherapy for gastric cancer patients compared to
Europe or Asia. In 2017, a retrospective analysis of the MD
Anderson Cancer Center was published including 346 patients
with resectable gastric cancer, of whom 44% underwent
preoperative chemoradiotherapy. There was no association
between type of preoperative therapy and the risk of anastomotic
leakage (52). These results support the notion that neo-adjuvant
chemoradiotherapy does not increase the postoperative
complication rate.
Individualization of Radiotherapy
Treatment
Similar to the chemotherapy part of treatment, also in defining
radiation fields (Clinical Target Volume, CTV) a one-size-fits-all
strategy is used. The CTV is mainly based on the location of the
primary tumor, lymph node metastasis pattern and in the
postoperative setting on surgical anastomoses. To improve
inter-observer variations, especially in clinical trials, contouring
atlases have been created (53). Future elaborate studies on
recurrence patterns after radiotherapy are needed to
personalize CTV’s, based on patient characteristics, but
probably also on genomic parameters. It is hypothesized that
preoperative radiotherapy enables better delineation of the CTV
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because of the non-disturbed anatomy, but this has to be proven.
Above that, the daily variation in size and position of the CTV
can be large. Novel techniques like MRLinac based radiotherapy
and “library of plans” planning techniques can probably address
this (54).
PERSONALIZATION OF MULTIMODALITY
TREATMENT

In the following paragraphs we explore potential strategies for
personalization of multimodality treatment. Personalization of
therapy could be addressed from different perspectives: clinical
factors, tumor characteristics known before treatment, or tumor/
patient characteristics known after surgery.
PERSONALIZATION OF MULTIMODALITY
TREATMENT—CLINICAL FACTORS

Several clinical factors should be taken into consideration in the
multidisciplinary treatment of patients with resectable gastric
cancer. In this paragraph, we will discuss the impact of
(biological) age and gender.

Age
Older age has a significant impact on the management of patients
with gastric cancer. As investigated in a German population-
based study, around 60% of the total gastric cancer population
had an age of 70 years or higher at time of diagnosis and older
patients less frequently underwent surgery (55).

Older patients are generally less fit than younger patients due
to comorbidity, and are more likely to experience side-effects
during chemo(radio)therapy. The only study performed in the
curative setting, is a subgroup analysis of the CRITICS trial, in
which older patients were defined as those individuals aged 70
years or older at time of inclusion (56). In older patients, the
incidence of severe toxicity was higher during preoperative
chemotherapy (77% vs. 62%, p<0.001). Nevertheless, curative
surgery was performed in the same proportion of older patients
compared to younger patients. Postoperatively, there were no
significant differences in toxicity, although older patients started
postoperative chemotherapy with reduced dose. For patients
who started postoperative chemoradiotherapy, there were no
differences in completion of therapy. It is of note that patients
who started postoperative chemoradiotherapy form a highly
selected group. Therefore, it is uncertain if this conclusion can
be projected to the broader population. Although this subgroup
analysis suggests more toxicity, the results also indicate that fit
older patients should not be excluded a prior from a
multimodality treatment.

The North Central Cancer Treatment Group (NCCTG)
performed a pooled analysis of eight clinical trials including
367 patients with metastatic esophagogastric cancer (57). In this
study, older patients were defined as those individuals with an
age of 65 or higher. Not surprisingly, older patients had a
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reduced performance status (PS) compared to younger patients
(PS 2-3: 19% vs. 8%, p<0.001). Also, severe toxicity was more
common in patients with a higher age (73% vs. 66%, p=0.02).
The higher rate of severe toxicity in older patients was mainly
caused by the difference in neutropenia, fatigue, infection,
stomatitis, renal failure, and hypotension.

It could be hypothesized that it would be better to treat older
patients with reduced doses of chemotherapy. This should
preferable not be at the cost of a reduced survival benefit. To
our knowledge, only two studies investigated chemotherapy dose
reduction in older patients with advanced gastric cancer. One
study from the UK included 541 patients who were unable to
receive full doses of perioperative epirubicin, cisplatin, and
capecitabine because of age or frailty (58). Instead, they were
1:1:1 treated with level A dose (oxaliplatin 130 mg/m2 on day 1
and capecitabine 625 mg/m2 on days 1–21, every 21 days); level B
dose (80% of level A doses); or level C dose (60% of level A
doses). Preliminary data showed that patients who received the
lowest dose had the lowest incidence of severe toxicity.
Interestingly, the PFS in level C was non-inferior compared to
the PFS in levels A and B. The FLOT65+ trial, also from the UK,
investigated reduced dosing in older patients treated with the
FLOT regimen (59). Patients aged 65 years or older with
esophagogastric cancer in the palliative setting were eligible. In
total 143 patients were randomized to receive 5-FU, leucovorin
and oxaliplatin (FLO) with docetaxel (FLOT) or without
docetaxel (FLO). The primary endpoint of this study was
feasibility and tolerability. The incidence of severe toxicity was
higher in the FLOT group than in the FLO group (82% vs. 39%,
p<0.001). Although treatment duration was comparable in both
groups, the addition of docetaxel did not seem to give any PFS
benefit in patients older than 70 years (p=0.65).

Not only age should be considered as risk factor for higher
frequency of toxicity or worse outcome; also, comorbidity should
be taken into account. A Japanese study confirmed that
comorbidity is a risk factor for poor survival (60). To indicate
the severity of comorbidity, the Charlson Comorbidity Index
(CCI) was used, with a higher score indicating that patients had
more comorbidities. The HR for all-cause mortality per point
CCI increase was 1.12 (95% CI 1.02–1.23). The results of this
study indicate that also comorbidity (frailty/biological age)
should be taken into account when making treatment decisions.

In conclusion, if fit enough to undergo (neo-)adjuvant
treatment, patients should not be excluded from a
multimodality treatment solely based on age. Currently,
international guidelines for the management of patients with
gastric cancer do not provide recommendations for chemo
(radio)therapy dose based on (biological) age. It is unknown
whether older patients have the same needs compared to
younger patients, or that a modified combination or adapted
dose would be more appropriate. Based on the current evidence,
clinical practice should not be adapted based on age alone.
Future trials are needed for this group of patients.

Gender
Gender is not often considered as a potential factor to
individualize therapy. However, gender has been reported to
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influence treatment-related toxicity and impacts on outcome.
Men are more often diagnosed with gastric cancer compared to
women, and constitute two-thirds of the gastric cancer
population (1). Not only the incidence is different for men and
women, there are also gender differences in tumor subtypes. For
example, gastric cancer associated with MSI-high is more
common in female patients (OR 1.57, 95% CI 1.13–2.20;
p<0.001), as demonstrated in a systematic review including
18,612 patients (61). A pooled analysis among 70 studies with
16,952 cases showed that the incidence of EBV positivity was
twice as high in men compared to women (62). In the following
paragraphs, we will discuss individualization of therapy based on
tumor characteristics.

Besides differences in tumor types between men and women,
there also seems to be a variation in treatment related toxicity,
although not studied very widely. A pooled analysis of data from
four randomized trials in patients with advanced esophagogastric
cancer (non-curative setting) included a total of 1,654 patients, of
whom the majority was male (80%) (63). All patients in this
analysis were treated with first-line chemotherapy, included
studies incorporated at least one arm consisting of a platinum/
fluoropyrimidine/anthracycline triplet chemotherapy regimen.
The occurrence of at least one Serious Adverse Event (SAE)
was 45% in women compared to 36% in men (p=0.012).
Especially the risk of gastrointestinal toxicity (adjusted for
potential confounding factors) was enhanced (OR 1.50, 95% CI
1.07–2.12). Apart from gender-related variation in terms of
toxicity, there might be a trend towards better survival in
female patients. In the previously mentioned pooled study,
multivariate survival analysis showed a better OS for female
patients (HR 0.83, 95% CI 0.72–0.96), p=0.011). Another pooled
analysis among 3265 patients with gastric cancer in the curative
setting showed comparable results (64). Female patients
experienced more severe nausea (12 vs. 7%, p=0.006), vomiting
(10% vs. 5%), p<0.001), and diarrhea (9% vs. 4%, p=0.001), but
were also more likely to achieve a complete/near complete
response (p=0.002) with HR of both RFS and OS was 0.78
(p<0.001). The above results raises the question whether doses
should be reduced in female patients because of the enhanced
risk of severe toxicity, or the opposite: are men currently being
under-dosed? Little data is available on pharmacokinetics and
pharmacodynamics (PK-PD) differences between males and
females. In some studies, a lower clearance of fluorouracil has
been found in female patients (65, 66). More research is
necessary to investigate whether there are PK-PD differences
between men and women, and whether dose adaptation based on
gender is appropriate.
PERSONALIZATION OF MULTIMODALITY
TREATMENT—TUMOR
CHARACTERISTICS KNOWN BEFORE
TREATMENT

Several tumor related factors could be used to individualize
therapy in the future. In this paragraph we will discuss several
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factors known before surgery: Lauren classification, HER-2
overexpression, EBV associated-, and MSS/MSI-high tumors.

Lauren Classification
Gastric cancer can be subdivided according to the Lauren
classification (10). This is the oldest and in clinical practice the
most frequently used classification of gastric adenocarcinoma. It
divides gastric cancer into two subtypes: the intestinal type and
the diffuse type. Patients with the intestinal type of gastric cancer
are more frequently male and have an older age, while the diffuse
type of gastric cancer is more common in younger women (67,
68). Currently, no distinction according to Lauren classification
is being made in the recommendations of (neo-)adjuvant
treatment of patients with resectable gastric cancer, although it
is known that intestinal and diffuse type gastric cancer respond
differently on treatment. In general, patients with diffuse type
gastric cancer have a lower response rate after preoperative
treatment. A large study, which used data of the AGAMENON
registry (mainly Spanish centers), investigated the objective
response rate (radiologically) among the different subtypes of
gastric cancer in over 1,300 cases (mainly patients with
metastases) treated with doublet or triplet chemotherapy.
Patients with indeterminate tumors were excluded from this
analysis. The authors concluded that the diffuse type of gastric
cancer was associated with a lower response rate, compared to
the intestinal type (HR 0.719, 95% CI 0.525–0.987, p=0.039) (69).
One of the limitations was the lack of central pathological and
radiological revision. A side-study from the FLOT4-AIO study
has been performed, which also showed that intestinal type
gastric cancer achieved more frequently a pathologic complete
response (23%) compared to diffuse type (10%) on preoperative
treatment with FLOT (43). In addition, patients with diffuse type
gastric cancer have a poorer OS compared to patients with
intestinal type (69–71).

In the future, Lauren classificationmight be one of the important
characteristics to individualize treatment. To our knowledge, there is
currently no data available on response differences on
chemoradiotherapy between intestinal and diffuse type gastric
cancer. In esophageal cancer, which is often treated with
preoperative chemoradiotherapy, a pathological (near) complete
response was observed in 24% of the diffuse type cancers compared
to 60% in the intestinal type cancers (p=0.015) (72). Future research
is needed to identify the optimal treatment approach for gastric
cancer according to histological subtype.

Human Epidermal Growth Factor Receptor
2 (HER-2) Overexpression/Amplification
The mean reported percentage of gastric cancers with HER-2
overexpression lies around 18% (73) and has been associated with
intestinal type gastric cancer (74). HER-2 overexpression has a
negative impacton survival, as shown in twometa-analyses (74, 75).

HER-2 amplification/overexpression might also be a good
target for personalized treatment in the curative setting. HER-2
gives a strong proliferative signal and its overexpression on
tumor cells subsequently enhances this effect, and is therefore
an excellent candidate for targeted therapy (76). In the metastatic
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setting personalization based on HER-2 overexpression is
already standard of care based on a large worldwide phase III
study (TOGA trial). In this trial conducted in patients with EGJ
or gastric cancer (77), the primary objective was to assess the
clinical efficacy and safety of trastuzumab added to
chemotherapy as first-line treatment. A total of 594 patients
were randomized between chemotherapy (fluorouracil or
capecitabine in combination with cisplatin) with trastuzumab
or chemotherapy without trastuzumab. The OS was significantly
higher in patients receiving trastuzumab as compared to those
who did not receive trastuzumab, with an HR of 0.74 (95% CI
0.60–0.91, p=0.0046).

An example of a study in the curative setting is the
PERTRARCA study by the FLOT-AIO group, of which the
results were recently presented at the ASCO annual meeting
(78). Patients with resectable HER-2 positive esophagogastric
carcinoma were randomized between four perioperative cycles of
FLOT with or without trastuzumab, followed by nine cycles of
trastuzumab plus pertuzumab. A total of 81 patients were
randomized. Patients treated with FLOT plus trastuzumab/
pertuzumab had a significantly higher change of achieving a
complete pathological response (25% vs. 12%, p=0.02). In
addition, significantly more patients in the FLOT plus
trastuzumab/pertuzumab group had pathological tumor-
negative lymph nodes (68% versus 39%). The RFS slightly
increased in the FLOT plus trastuzumab/pertuzumab group
compared to the FLOT only group (HR 0.58, p=0.14). These
promising results, however, were at the price of higher rates of
diarrhea (41% vs. 5%) and leukopenia (23% vs. 13%).

Another study, which is ongoing, includes HER-2 positive
GEJ or gastric cancer patients and randomizes between
preoperative chemotherapy (three cycles of cisplatin and
capecitabine or 5-FU) versus preoperative chemotherapy plus
trastuzumab versus preoperative chemotherapy plus
trastuzumab and pertuzumab (INNOVATION trial, NCT
02205047). The results of this study are not yet available.

Especially nivolumab and trastuzumab are currently being
investigated in the curative setting. In addition, multiple new
HER-2 targeting agents are currently being studied. One of these
compounds is deruxtecan, an antibody drug conjugate which has
shown very promising results in patients with gastric cancer in
the metastatic setting (79).

In summary, treatment with targeted agents is a new
therapeutic approach in patients with gastric cancer in the
palliative setting and preliminary results are encouraging also
for the curative setting.

Epstein-Barr Virus (EBV) and
MSS/MSI-High
In 2014, as part of The Cancer Genome Atlas project, 295 gastric
adenocarcinomas were extensively molecularly characterized
resulting in four different subtypes: the chromosomal
instability (CIN), genomically stable (GS), microsatellite
instability (MSI), and Epstein-Barr virus (EBV) positive
subtype, of which the most common subtypes are CIN and
GS (11).
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Epstein-Barr Virus associated gastric cancer accounts for 7%–
8% of the total gastric cancer population, but the reported
incidence varies widely (80). There is no firm association
between presence of EBV and response to chemotherapy (81),
although it does seem associated with a better prognosis with
respect to OS (82). All EBV-associated tumors express viral
proteins, which contribute to malignant transformation (83).
EBV-associated tumors have robust programmed death-ligant-1
(PDL-1) expression, making them potentially targets for
immunotherapy (84). Immune checkpoint regulators are
expressed on the surface of immune cells; immune checkpoint
inhibitors bind to the PD-1 receptor and blocks the interaction
between the PD-1 receptor and PDL-1. This action inhibits T-
cell proliferation and secretion of cytokines, which enables anti-
tumor response (85, 86).

Small studies have been conducted using immunotherapy for
metastatic gastric cancer patients, showing very promising
results for EBV-positive tumors (stable disease or better
response in 90%–100%) (87, 88). This indicates that EBV
positivity may be an important predictive biomarker for
treatment with immunotherapy. Since the observation that
patients with advanced mismatch repair-deficient cancers
resulting in microsatellite instability (MSI), had a good
response on immune-checkpoint blockade regardless of tumor
type (89), this feature has also been extensively studied within
gastric cancer patients. In the metastatic setting, anti PDL-1
treatment with pembrolizumab resulted in increased OS
(exploratory analysis among 33 patients with MSI-high
tumors, 1-year OS 79% versus 47%, HR 0.29 (95% CI 0.11–
0.81) for treatment with pembrolizumab versus chemotherapy)
(phase III study) (90).

MSI-high tumor accounts for around 22% (rage 12%–34%) of
gastric cancer cases (45). Microsatellite instability is
characterized by the inability to repair microsatellite regions
from defects in the DNA mismatch repair system, which is
responsible for the surveillance and correction of DNA
replication (45).

In a subgroup analysis of the MAGIC trial (27), MSI results
were available for 303 out of 503 patients (91). The vast majority
of the patients had microsatellite stable (MSS) tumors (n=283
93%), while 20 (7%) patients had MSI-high tumors. A total of 19
patients were included in the OS analysis, of whom 10 were
treated with surgery only and nine patients with perioperative
chemotherapy. Interestingly, patients treated with surgery only
showed better OS compared to the patients who received
perioperative chemotherapy (HR 0.42, 95% CI 0.15–1.15,
p=0.09). Although the number of this subgroup analysis was
limited, the results of this analysis are potentially impactful and
warrant further investigation. Also the CLASSIC trial—in which
patients were treated with surgery alone or with postoperative
chemotherapy—performed a post-hoc analysis (92). Of the 592
patients, 40 patients had MSI-high tumors. There was no survival
benefit in the patients with MSI-high tumors with a 5-year RFS
of 84% versus 86% (p=0.931). Kohlruss et al. investigated the
predictive value of MSI-high tumors, showing that MSI-high
tumors were not associated with response (81). Notable is that
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the number of patients with MSI-high tumors who were treated
with preoperative chemotherapy and of whom response
assessment was available was only 15. Based on these studies,
patients with MSI-high gastric tumors might not benefit from
chemotherapy. One meta-analysis is available including data
from the MAGIC, CLASSIC, ARTIST and ITACA-S trials (93),
which concluded that gastric cancer patients with MSI-high
tumors do not benefit from chemotherapy (94).

The place of immunotherapy in patients with MSI-high
gastric cancer in the curative setting is currently unknown and
part of the research question of multiple ongoing clinical trials
both in the entire gastric cancer population as in a subset of
gastric cancer patients. An overview of all trials in different
phases in the curative setting of gastric cancer treatment,
including immunotherapy and targeted therapy, are displayed
in Supplementary Table 2.
PERSONALIZATION OF MULTIMODALITY
TREATMENT—TUMOR/PATIENT
CHARACTERISTICS KNOWN AFTER
SURGERY

Tumor Regression
Patients with significant residual disease after preoperative
therapy have a poorer prognosis compared to good responders
(95–97). There are several scoring systems to classify tumor
regression, of which the Mandard score (98) and the Becker score
(99) are the most widely used. Intuitively, it is unlikely that
patients with a poor tumor response on preoperative
chemotherapy would gain survival benefit from repeating the
same chemotherapy regimen postoperatively. Because a poor
response on preoperative therapy is also an prognostic
unfavorable factor (100), it is a methodological challenge to
retrospectively investigate whether those patients benefit from
identical postoperative chemotherapy. This challenging research
question has been investigated by a research group from the UK
(101). The study included patients with resectable gastric cancer
who were all intended to receive perioperative chemotherapy.
Survival was studied for patients who received the postoperative
part of treatment and those who did not (due to several reasons,
of which the most common was delay due to postoperative
complications). Although the groups were not completely
comparable (higher age, higher Clavien-Dindo (scoring system
for postoperative complications) and lower T-stage in patients
who did not receive postoperative treatment), administration of
postoperative chemotherapy did not lead to a survival benefit.
We do not know whether postoperative chemoradiotherapy is a
more appropriate postoperative regimen for poor responders.
The best treatment strategy towards these patients is unknown
and warrants further investigation.

Lymph Node Positive Disease
Patients with tumor-positive lymph nodes at time of resection form
another challenge. As earlier discussed, for patients with resectable
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gastric cancer who were included in the ARTIST trial, postoperative
chemoradiotherapy in addition to postoperative chemotherapy
seemed to have a beneficial effect only in the lymph node positive
patient group (48). In a subgroup analysis including patients
with lymph node positive disease, it was shown that patients with
a higher lymph node ratio had a worse RFS. Interestingly, the
beneficial effect of the addition of postoperative chemoradiotherapy
to postoperative chemotherapy was more pronounced in the
patients with a high lymph node ratio (>25%) compared to those
with a low lymph node ratio (102). In 2019, the (interim) results of
the ARTIST-II trial were presented at the ASCO annual meeting. A
total of 538 from the planned 900 patients with stage II/III, lymph
node positive gastric cancer were 1:1:1 randomized to receive S-1 for
1 year, S-1 plus oxaliplatin (SOX) for 6 months, or SOX plus
chemoradiotherapy. SOX plus chemoradiotherapy included two
cycles of SOX, followed by S-1 daily combined with 45 Gy in 5
weeks, followed by four cycles of SOX. The 3-year RFS rates were
65%, 78%, and 73% for S-1, SOX and SOX plus chemoradiotherapy,
respectively. No difference in RFS was documented between SOX
and SOX plus chemoradiotherapy (HR 0.910, p=0.667), leading to
the conclusion that both SOX and SOX plus chemoradiotherapy
were effective in prolonging RFS, compared to S-1 monotherapy
(103). Treatment was generally well tolerated in both arms. For
more details, the final publications is awaited. Thus, intensification
of treatment regimens for patients with lymph node positive disease
can lead to prolongation of RFS. The final results of the ARTIST-II
trial have to be awaited. There might, also in the perioperative
setting, be a role for chemoradiotherapy in patients with lymph
node positive disease with a high lymph node ratio.

Resection Margin
Most studies that explore the efficacy of postoperative treatment
exclusively include patients who underwent a radical resection
with D2 lymph node dissection. However, there is also a group of
patients in whom the resection is unintentionally not radical
(R1). The evidence for managing this patient group is scarce, but
a few studies have addressed this question. One of these is a
retrospective analysis including data from two phase I/II studies
using postoperative chemoradiotherapy, and from the D1D2
trial (104). A total of 785 patients were analyzed of whom 694
patients underwent surgery only. Of the 91 patients who were
treated with postoperative chemoradiotherapy, 22 patients
underwent an R1 resection; of the 694 patients in the surgery
only group, 61 patients underwent an R1 resection. A statistically
significant improved 2-year OS was observed in the
chemoradiotherapy group (66% vs. 29%. HR 2.91, p=0.002). In
another retrospective study, only patients with resectable gastric
cancer who were treated with postoperative chemoradiotherapy
were studied (105). Out of the 110 patients, 80 patients
underwent an R0 resection and 30 patients underwent an R1
resection. Recurrence-free survival and OS were not significantly
different between the two groups (p=0.34 and p=0.58
respectively). Although these groups were too small to draw
firm conclusions it suggests that patients who underwent R1
resection benefit from postoperative chemoradiotherapy.
Postoperative chemoradiotherapy is recommended in the
Frontiers in Oncology | www.frontiersin.org 11115
European guidelines for patients who undergo an R1 resection
(5). Preferably, the presumed benefit of postoperative
chemoradiotherapy should be addressed in a prospective
randomized trial. In the meanwhile, subgroup analysis from
large randomized trials could be performed, for example from
the CRITICS trial.
LIQUID BIOPSY

A relatively new topic in gastric cancer is the use of circulating
tumor DNA (ctDNA) as a prognostic factor. In order to identify
the fraction of ctDNA in cell-free DNA, cell-free DNA is
compared to non-malignant DNA from the same patient. In a
translational side-study of the CRITICS-trial, the role of ctDNA
was investigated among 50 patients by sequencing and analyzing
matched cell-free DNA and white blood cell DNA samples (106).
The presence of ctDNA at baseline (before start preoperative
therapy) was not prognostic for EFS. However, in combination
with ctDNA preoperatively, ctDNA was effective for predicting
pathological response. Seven responders were identified based on
baseline plus preoperative ctDNA, and all of them achieved
complete or major pathologic response. On the other hand, three
patients were ctDNA negative at baseline, but weeks later had
preoperatively detectable ctDNA. These three patients all
developed recurrent disease. Preoperative presence of ctDNA
was confirmed to be a prognostic factor. Especially the presence
of ctDNA at the postoperative time point seemed to be
prognostic for survival: after a median follow-up of 42 months,
all 11 patients without detectable ctDNA postoperatively were
alive and free of recurrence at time of last follow-up. On the other
hand, six out of nine patients with detectable ctDNA at the
postoperative time point developed disease recurrence.

Another study from China showed comparable results. For 38
patients targeted sequencing analysis of tissue and plasma DNA
was performed (107). ctDNA samples were obtained
postoperatively, 31 patients were negative for ctDNA, and
seven patients were positive for ctDNA. The presence of
ctDNA increased the risk for recurrence dramatically: 100% of
the patients recurred in the positive group versus 32% in the
negative group (p<0.001).

Based on the results of these two studies, it could be
concluded that especially the postoperative presence of ctDNA
is a very promising new tool to individualize postoperative
treatment approaches. Interesting new areas of research would
be to investigate whether intensifying treatment in patients with
ctDNA present postoperatively would improve survival for this
group of patients. It has been postulated that the combination of
ctDNA with serological tumor markers could further increase
the prognostic value. Classic serological tumor markers in
patients with gastric cancer are carcinoembryonic antigen
(CEA) and carbohydrate antigen (CA) 19-9. High values of
CEA and CA 19-9 have been shown to be negative prognostic
factors, as confirmed in large meta-analyses of Asian studies
(108, 109). So far, the association between classic serological
tumor markers and ctDNA has never been explored.
November 2020 | Volume 10 | Article 614907
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CONCLUSION AND FUTURE
PERSPECTIVES

Currently, most patients with resectable gastric cancer are treated
without taking biological variation at the patient and tumor level
into account. We believe that future studies should focus on how
to individualize treatment. Here, we have provided some
directions to consider in these explorations.

Several treatments are currently available, including
perioperative chemotherapy, postoperative chemotherapy and
pre- and postoperative chemoradiotherapy. It is well-known that
more than 50% of patients do not complete postoperative
treatment, due to e.g. disease progression, poor condition,
preoperative toxicities and postoperative complications (27, 29,
49, 50). In our opinion, future studies should include focus on
preoperative treatment. A shift towards (more intensified)
preoperative treatment has several advantages, e.g. there are no
anatomical distortions, nutritional condition is better, and
patients are not recovering from intensive surgery.

In the future, personalization of treatment will be
implemented based on patient- and tumor characteristics.
Gastric cancer patients form a very heterogeneous group and
should not be treated the same. Future trials should use
stratifications factors to balance histological and genetically
factors. Personalization of treatment will probably lead to
intensifying and de-intensifying treatment based on risk of
recurrence. Future research is necessary to select treatment
(chemotherapy, chemoradiotherapy) for subgroups of gastric
Frontiers in Oncology | www.frontiersin.org 12116
cancer patients. Also new therapies are being explored,
especially targeted therapy for HER-2 positive tumors and
immunotherapy for EBV or MSI-high tumors make a very
good chance to be implemented in clinical practice.

In conclusion, many factors affect the tolerability and
outcomes. Ideally, future studies would results in a decision
tool to identify the optimal treatment for the individual patients
taking patient- and tumor characteristics into consideration, as
well as prognostic factors known after surgery. Many current and
future studies will stimulate steps forward to personalization of
treatment in patients with resectable gastric cancer.
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Biliary tract cancers (BTC) are a disease entity comprising diverse epithelial tumors, which
are categorized according to their anatomical location as intrahepatic (iCCA), perihilar
(pCCA), distal (dCCA) cholangiocarcinomas, and gallbladder carcinomas (GBC), with
distinct epidemiology, biology, and prognosis. Complete surgical resection is the mainstay
in operable BTC as it is the only potentially curative treatment option. Nevertheless, even
after curative (R0) resection, the 5-year survival rate ranges between 20 and 40% and the
disease free survival rates (DFS) is approximately 48–65% after one year and 23–35%
after three years without adjuvant treatment. Improvements in adjuvant chemotherapy
have improved the DFS, but the role of adjuvant radiotherapy is unclear. On the other
hand, more than 50% of the patients present with unresectable disease at the time of
diagnosis, which limits the prognosis to a few months without treatment. Herein, we
review the role of radiotherapy in the treatment of cholangiocarcinoma in the curative and
palliative setting.

Keywords: cholangiocarcinoma, biliary tract cancer, stereotactic body radiotherapy, chemoradiation, brachytherapy
INTRODUCTION

Biliary tract cancers (BTCs) are the second most common hepatic malignancy after hepatocellular
carcinomas comprising < 1% of all human cancers (1). They are sub-classified as intrahepatic
cholangiocarcinomas (iCCA) originating from the biliary tree within the liver, and extrahepatic
cholangiocarcinomas (eCCA) originating from the biliary tree outside the liver, and gallbladder
carcinoma (GBC). eCCAs are further subdivided into perihilar (pCCA) and distal (dCCA)
cholangiocarcinoma. Their geographical distribution is extremely variable, depending on their
localisation, reflecting the difference in risk and genetic factors globally (2–8). BTCs are aggressive
tumors and most patients are diagnosed in an advanced stage. More than 50% present with
unresectable disease at the time of diagnosis, which limits the prognosis to a few months (9). For
patients with operable BTC at diagnosis, complete surgical resection is the mainstay as it is the only
potentially curative treatment option (1). Nevertheless, even after curative (R0) resection, the 5-year
survival rates range between 20 and 40% (10–12, 13–15). The disease free survival rates (DFS) range
between 48 and 65% after 1 year and 23 to 35% after 3 years, without adjuvant treatment (10–12,
13–15). Following surgical resection, both local recurrence and distant metastases occur frequently,
December 2020 | Volume 10 | Article 6043871120
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with a relapse rate ranging between 56.5 and 88.4% in several
prospective trials (16) (Figure 1). Several risk factors for disease
recurrence after resection, such as positive margins, positive
nodal status and/or vascular invasion, have been identified in
several studies (11, 12, 17–21). For muscle invasive gallbladder
carcinoma prognosis seems to be even worse than for
cholangiocarcinoma (13). Due to the high rates of disease local
recurrence and poor survival rates following radical surgery,
postoperative treatment modalities, such as chemotherapy,
radiotherapy, and chemoradiation, have been considered to
improve survival after resection (22). On the other hand,
patients with unresectable disease at the time of diagnosis are
offered palliative chemotherapy according to guidelines, but
radiotherapy could also play an important role. Herein, we
review the role of radiotherapy in the treatment of
cholangiocarcinoma in the curative and palliative setting
(Figure 2).
METHODS

We conducted a systematic search of the PubMed library database
published until June 2020 using the following search terms related
to cholangiocarcinoma or gallbladder carcinoma and radiotherapy:
(cholangiocarcinoma OR bile duct cancer OR Klatskin OR
gallbladder) AND (radiotherapy OR chemoradiation OR
radiochemotherapy OR chemoradiotherapy OR SBRT OR SABR
OR stereotactic body radiotherapy OR stereotactic ablative body
radiotherapy OR brachytherapy OR BT OR particle therapy OR
proton therapy OR PBT). Additionally, we performed a search for
ongoing unpublished trials in clinicaltrials.gov.

Curative Treatment of BTC
In patients with iCCA the DFS ranges between 12 and 36 months
in various studies with a 5 year overall survival (OS) between 21
and 40% and median OS as high as 80 months in one cohort after
R0 resection (12, 23–26) (Figure 1). Routine lymphadenectomy
Frontiers in Oncology | www.frontiersin.org 2121
at the level of the hepato-duodenal ligament is recommended
during surgery according to international guidelines (1, 27).
Some studies indicate that transplantation might be an effective
option in patients with early iCCA. The size of the tumor, the
grade, the presence of multiple lesions, vascular and/or
perineural invasion, and the lymph node involvement were
predictors of short DFS and should be reported by the
pathologist to guide decisions regarding adjuvant therapy,
although robust evidence for its use is lacking (1, 24).

In patients with pCCA the 5 year OS ranges between 7 and
37% in several studies (25, 26) (Figure 1). The resection often
involves lobectomy bile-duct resection, right hemi-hepatectomy,
regional lymphadenectomy, and Roux-en-Y hepaticojejunostomy
(28). Several surgical advances have facilitated the resection of
those tumors in the present years, while liver transplantation
offers very good outcomes in selected patients with early disease
(29). The presence of regional lymphadenopathy, although not an
absolute contraindication for resection, is associated with inferior
patient outcomes (28). Lymphadenectomy is at any case a
standard part of every curative resection. Liver transplantation
in unresectable cases has been explored in study following
neoadjuvant chemoradiation, showing a 5-year DFS of 65% (30).

The 5-year OS rates for dCCA rage between 23 and 50% (25,
26) (Figure 1). Patients with dCCA typically undergo partial
pancreaticoduodenectomy (Whipple procedure) with extended
bile duct resection up to the hilum and dissection of the draining
lymph nodes (1). In a large series, R0 resection was achieved
in 78%.

GBC has two typical presentations: either (a) incidentally
diagnosed in the histological workup of simple cholecystectomies
or (b) as a symptomatic right upper quadrant tumor at an
advanced stage (1). After R0 resection DFS ranges between 10
and 12 months and OS rates are about 55% after 1 year and about
30% after 3 years in patients with GBC following radical
cholecystectomy and partial hepatectomy (10, 13–15) (Figure
1). Over the last 5 years, there is an improvement of the median
5 years OS rate from 28% (between 1995 and 2000) to 42%
FIGURE 1 | The classification of biliary tract cancers, overall survival and patterns of recurrence.
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(between 2015 and 2020) (16). Patients with GBC tend to have
higher rates of distant failure compared to CCA (31).

Patterns of Recurrence and Prognostic
Factors for Recurrence After Resection
Despite aggressive resection, at least 50% of patients experience
recurrence of tumor with the mean time to recurrence ranging
from 10 to 20 months (32), while in the major prospective studies
evaluating chemotherapy vs. observation in the adjuvant setting,
the incidence of relapse in the adjuvant chemotherapy arms
ranged between 53.8 and 79.9% and in the observational arms
between 56.5 and 88.4% (16). Some studies report a higher
incidence of distant metastases in patients with GBC (31, 33),
while in CCA relapse patterns vary significantly between studies.
Recurrence most frequently involves intrahepatic metastasis,
followed by simultaneous intra- and extrahepatic disease, and
extrahepatic recurrence alone being the least common (31, 33,
34). Pathologic data suggest that high recurrence and low
survival rates are, in part, a result of frequent and early portal
vein, lymphatic, biliary and perineural invasion of tumor (35, 36)
supporting a strong role for aggressive multimodal therapy. In a
study by Jung et al. (37) relapses were the most frequent in the
choledochojejunostomy (17.7%); para-aortic area(16.1%) and
superior mesenteric artery area (16.1%); and portal vein area
(14.5%). In a further study (38) patients who did not receive
adjuvant RT developed loco-regional recurrences in 51%,
primarily at biliary anastomosis/liver surface, portal lymph
nodes, and retroperitoneal lymph nodes. Concerning the
patterns of recurrence after curative resection for GBC many
patients developed distant recurrences, although the most
common site of recurrence was the liver (n = 22, 34.4%)
followed by the peritoneum (n = 10, 15.6%) (39). In a study of
156 patients (80 with GBC and 76 with HCCA) Jarnagin et al.
(13) reported that 52 (68%) patients with hCCA and 53 (66%)
patients with GBC had disease recurrence at a median follow-up
Frontiers in Oncology | www.frontiersin.org 3122
of 24 months. The median time to disease recurrence was shorter
for patients with GBC compared with patients with hCCA (11.5
vs. 20.3 months; P = 0.007). Of those who developed disease
recurrence, isolated loco-regional disease as the first site of failure
occurred in 15% of patients with GBCA compared with 59% of
patients with hCCA (P < 0.001).

Factors associated with increased risk of relapse include the
presence of R1, high serum carbohydrate antigen (CA) 19–9 and
the presence of lymph node metastases (16, 23, 40, 41). In other
studies additional factors have been identified such as a tumor
size >5 cm, the number of lesions, vascular invasion, tumor
grading, obstructive jaundice, a neutrophil to lymphocyte ratio
(NLR) < 5, and lack of perineural invasion (12, 17–20, 25, 32, 34,
42–46). In a meta-anlysis by Ke et al. (47) the hazard ratio (HR)
was 0.60 (95% CI = 0.51–0.69) in the positive resection margin
group, and 0.67 (95% CI = 0.57–0.76) in lymph node metastasis
(LNM) group. The effect of adjuvant treatment (AT) on the
patients with LNM was evaluated in 4 included cohorts (48–51).
Using a random-effect model, the pooled HR for the OS in the
AT group was 0.67 (95% CI 0.57–0.76), compared with the non-
AT group.

Concerning the resection margins, DeOliveira et al. (24)
studied 564 consecutive patients treated between 1973 and
2004 (42% distal, 50% perihilar 8% intrahepatic). Whilst the
negative margin rate increased during the period studied, the
survival of patients with positive margins was worse and on
multivariate analysis patients with R0 and N0 had a statistically
significant better survival. Additionally Farges et al. reported that
surgical margins less that 1mm had a similar outcome compared
to R1 resections and margins greater than 5mm were associated
with improved survival (52). In a study by Tamandl et al. (11) the
distance between the tumor and resection margins correlated
with the median DFS ranging between 11.4 to 9.8 months, while
in case of R1 resection, the median disease free survival was 9.9
months. A retrospective study evaluating the results of surgical
FIGURE 2 | Flow chart illustrating the integration of radiotherapy in the treatment of biliary tract cancers.
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therapy for intrahepatic CCA showed that the most frequent site
of disease recurrence was the liver (53).

For patients diagnosed with eCCA, the presence of
postoperative CA19-9 (HR 2.26) and presence of lymph node
infiltration (HR 2.33) were associated with worse outcomes.
Patients with resected eCCA with high pre-and post-operative
CA19-9 were shown to have a higher distant metastasis rate and
shorter disease-free interval (40). Involvement of adjacent
structures, perineural invasion, and poorly-differentiated
histology has also been associated with poor outcomes for
resected eCCA (16, 23, 41, 54–56). Five-year survival of N+
versus N0 disease was 0 to 29% versus 32 to 67% in pCCA, and
16 to 21% versus 42 to 61% in dCCA (26).

For iCCA, factors associated with increased relapse rate and
poor prognosis include R1 resection, lymphatic invasion,
vascular invasion, and peri-ductal infiltrating disease (23, 42,
57–60). Prognostic nomograms have been designed for patients
with resected iCCA (61) including serum carcinoembryonic
antigen (CEA), CA199), tumor diameter and number, vascular
invasion, lymph node metastasis, direct invasion, and local extra-
hepatic metastasis, showing a superiority in prognostic
discrimination compared to five other staging systems for
iCCA (p < 0.001). Five-year survival of N+ versus N0 disease
was 0 to 9% versus 36 to 43% in iCCA (26).

For GBM, higher recurrence rates are associated with R1-
resection, depth of mural invasion, lymph node metastasis,
extramural extension, and perineural invasion (16, 1, 62).

Adjuvant Therapies
The high rates of recurrence following surgery justify the
consideration of an adjuvant treatment. In a meta-analysis by
Horgan et al. (63), including 6712 patients treated between 1960
and 2010 there was a trend for improved OS with adjuvant
treatment compared to resection alone (odds ratio (OR), 0.74;
P = 0.06). Chemotherapy regimens, either alone or in combination
with radiotherapy, showed a statistically greater impact on survival
than radiotherapy alone, especially for patients with lymph node
involvement (OR, 0.49; P = 0.004) and involved resection margins
(OR, 0.36; P = 0.002). Manterola et al (64). conducted a meta-
analysis including 3 systematic reviews and 24 observational studies
evaluating the role of adjuvant treatment in GBC concluding that
the results do not provide strong evidence that AT is effective in
patients who undergo resection for GBC. Subgroups with positive
lymph nodes and positive surgical margins may have a survival
Frontiers in Oncology | www.frontiersin.org 4123
advantage. Additionally, in the meta-analysis by Ke et al. (47),
subgroup analysis showed that the pooled HR for the OS rate in the
AT group compared with non-AT group were as follows:
chemotherapy group was 0.57 (95% CI = 0.44–0.70), TACE
group was 0.56 (95% CI 0.31–0.82), radiotherapy group was 0.71
(95% CI = 0.39–1.03), chemoradiation group was 0.73 (95% CI =
0.57–0.89), positive resection margin group was 0.60 (95% CI =
0.51–0.69), and lymph node metastasis (LNM) group was 0.67
(95% CI = 0.57–0.76). Thus, prospective trials are needed to
elaborate the role of adjuvant therapy.

Adjuvant Chemotherapy
Over the last decades, four randomized phase III clinical trials
have evaluated the role of adjuvant chemotherapy in resected
BTC (Table 1). In the BCAT study patients with eCCA were
randomized between observation alone vs. gemcitabine. Patients
with CCA and GBC were randomized between observation vs.
gemcitabine and oxaliplatin in the PRODIGE-12/ACCORD-18
trial, observation vs. capecitabine in BILCAP study and
observation vs. mitomycin C combined with 5 FU in the study
by Takada et al. (10).

In the prospective randomized trial by Takada there was a non-
significant benefit for patients with CCA with R0 resection
receiving adjuvant therapy, with a DFS at 5 years of 15.8 vs.
32.4% and an OS at 5 years of 28.3 vs. 41.0% (10). The PRODIGE-
12/ACCORD-18 trial showed a non-significant improvement in
the recurrence-free survival (RFS) for gemcitabine and oxaliplatin
compared to observation alone (30.4 vs. 22 months, HR 0.83, 95%
CI: 0.58–1.19, p = 0.31) in 196 patients (66), while the BCAT trial
has shown that adjuvant gemcitabine is not associated with
improved RFS or OS (65). the BILCAP study (68)showed a
benefit from adjuvant capecitabine in terms of OS (pre-planned
sensitivity analysis in the intention-to-treat population and in the
per-protocol analysis), with confirmed benefit in terms of RFS. The
treatment was well tolerated without unexpected adverse events or
a detriment in quality of life. Based on the BILCAP trial,
international guidelines recommend adjuvant capecitabine for a
period of 6 months following potentially curative resection of CCA
as the current standard of care for resected CCA and GBC (16).

Adjuvant Radiotherapy
Chemoradiation
Several studies have evaluated the role of adjuvant radiotherapy
or chemoradiation (CRT) in this setting. A systematic review and
TABLE 1 | Phase III trials exploring the role of adjuvant Chemotherapy.

Takeda (2) BCAT (65) Prodige-12/ACCORD-18 (66) BILCAP (67)

Study arms Mitomycin and 5 FU (MF) vs. S
alone

Gemcitabine (Gem) vs. S alone Gemcitabine and Oxaliplatin
(Gemox)vs. S alone

Capecitabine (Cap) vs. S alone

Sample size 508 226 196 447
BTC subtype GBC:139CCA:140 hCCA:102dCCA:123 CCA/GBC CCCA/GBC
Incidence of
recurrence

GCB: 80% (S+MF) 88% (S) 54% (S+Gem) vs. 57% (S) 62% (S+GemOX) vs. 68% (S) 60% (S+Cap)

Localisation of
recurrence

n.r. Liver, local, peritoneal, lymph nodes n.r.
December 20
S, surgery; n.r., not reported.
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meta-analysis on adjuvant radiotherapy in EHCC (69) including
10 studies, demonstrated an improvement in OS with adjuvant
radiation therapy or chemoradiation with 5 FU (57% of the
studies) (HR, hazards ratio 0.62, 95% CI: 0.48–0.78, p < 0.001)
with a low incidence of late radiation toxicity (2–9% of the
patients), mainly late obstruction or gastrointestinal bleeding. In
a further systematic review and meta-analysis including 20
studies (63, 70), patients receiving CT or CRT derived
statistically greater benefit than RT alone (OR, 0.39, 0.61, and
0.98, respectively; P = 0.02), especially patients with LN-positive
disease (OR, 0.49; P = 0.004) and R1 disease (OR, 0.36; P =
0.002). While in a further meta-analysis by Ren et al. (71)
including 21 studies, with 1465 EHCC and GBC patients, 5-
year overall survival (OS) rate was higher in the adjuvant RT
group than in the non-RT group (OR = 0.63; 95% CI = 0.50–0.81,
p = 0.0002). The 5-year OS rate was significantly higher for those
with positive lymph nodes (OR = 0.15; 95% CI = 0.07–0.35; p <
0.00001) and margin-positive resection (OR = 0.40; 95% CI =
0.19–0.85; p = 0.02) in the adjuvant RT group than in the non-
RT group. The local recurrence rate was significantly lower in the
adjuvant RT group than in the non-RT group (OR = 0.54; 95%
CI = 0.38–0.76, p = 0.0004).

Four national cancer database (NCD) analyses and four
Surveillance, Epidemiology and End Results (SEER) database
analyses have evaluated the role of adjuvant treatment, including
radiation. In an analysis from 1998–2013 (72), 2897 patients were
identified, R0 status was achieved in 1951 patients (67.3%) and RT
was delivered to 525 patients (R0 = 255, R1/R2 = 230, unknown =
43). Following propensity score matching, the OS for R0 versus R1/
R2 resection was 31.2 versus 19.5 months (p = .001), respectively.
RT was associated with a trend toward improved survival for R1/R2
lymph node negative patients (39.5 vs. 21.1 months; p = 0.052).
Patients with a positive resection margin had a higher risk of disease
recurrence (HR, 1.61; 95% CI, 1.15–2.27; p = .01) and a shorter
overall survival (HR 1.54; 95% CI, 1.12–2.11; p = 0,001). In an
additional NCD analysis, from 2004–2012 (73), evaluating the role
of surgery and adjuvant therapy in lymph node positive GBC and
iCCA, adjuvant treatment, including radiation, was associated with
a lower risk of death relative to surgery alone for patients with GBC
regardless of margin status (margin-negative resection: HR, 0.66;
95% CI, 0.52–0.84; margin-positive resection: HR, 0.54; 95% CI,
0.39–0.75), while adjuvant chemotherapy alone was not. For
patients with iCCA, no survival benefit was detected with
adjuvant chemotherapy or radiation for those who underwent
either margin-positive or margin-negative resection. In a further
NCDB analysis (74), evaluating the benefit of adjuvant therapy
following resection for intrahepatic cholangiocarcinoma after
adjusting for other prognostic variables, patients were found to
significantly benefit from AT if they had positive lymph nodes
(chemotherapy: HR, 0.54; p = 0.0365; chemoradiation: HR, 0.50,
p = 0.005) or positive margins (chemotherapy: HR, 0.44; p = 0.0016;
chemoradiation: HR, 0.57; p = 0.0039). Lastly, in a propensity score
matched analysis from a NCD (2004–2014) including extrahepatic
bile duct cancers adjuvant therapy was associated with improved
median OS for hilar tumors (40.0 vs. 30.6 months; p = 0.025) but
not distal tumors (33.0 vs. 30.3 months; p = 0.123), while
chemoradiation was associated with superior outcomes compared
Frontiers in Oncology | www.frontiersin.org 5124
with chemotherapy alone in the subset of margin-positive resection
(HR 0.63; 95% CI, 0.42–0.94) (75).

A SEER database comprising patients with EHCC (n = 1569)
treated between 1973 and 2005 suggest an early survival
advantage for adjuvant radiotherapy (25 vs. 21 months after
R1 resection with versus without adjuvant radiotherapy, p <
0.001) whereas survival was almost identical for patients after
R0-resection (26 vs. 25 months) (76). In another SEER analysis
by Shinohara including 4,758 patients palliative RT prolonged
survival, while the benefit associated with surgery and RT was
significant on univariate analysis but not after controlling for
potential confounders using the propensity score (77). A further
SEER database analysis (78) including 3839 patients with IHCC,
use of surgery, and adjuvant radiation therapy conferred the
greatest benefit on OS (HR = 0.40; 95% CI, 0.34– 0.47), followed
by surgery alone (hazard ratio [HR], 0.49; 95% CI, 0.44–0.54)
and radiation therapy alone (HR, 0.68; 95% CI, 0.59–0.77)
compared with no treatment on multivariate analysis. Finally,
in a SEER analysis from 1973–2003, including patients with
resected eCCA, adjuvant RT was not associated with an
improvement in long-term overall survival in patients with
resected extrahepatic bile duct cancer (79). Major limitations of
these four SEER database analyses are the lack of information
concerning patient and treatment related factors and subsequent
treatments. Furthermore, most of these patients were treated
without concurrent chemoradiation.

In several studies maintenance chemotherapy after adjuvant
concurrent CRT showed promising results (80–82). In a Phase II
study in pancreatic cancers and BTCs (83), evaluating the
combination of adjuvant chemotherapy with taxane and
gemcitabine followed by chemoradiation the treatment was
discontinued by 15% of the patients due to adverse events.
Grade 3 or greater non-hematological toxicities were observed
in 15% of patients. Recently the Phase II SWOG 0809 trial (84)
evaluated the role of adjuvant gemcitabine with capecitabine
followed by concurrent CRT with capecitabine in patients with
BTC mainly EHCC and GBC. The OS was 35 months, similar for
both R0 and R1 resected patients (R0, 34 months; R1, 35
months). The trial met the primary endpoint, the treatment
incurred toxicity grade 3 to 4 adverse effects such as neutropenia
(44%), hand-foot syndrome (11%), diarrhoea (8%), lymphopenia
(8%), and leukopenia (6%). This trial establishes the feasibility
of conducting national adjuvant trials in EHCC and GBCA
and provides baseline data for planning future phase III
trials (85).

In conclusion, non-randomized phase II trial and meta-
analyses support the efficacy chemoradiation in the adjuvant
setting. Selected prospective and retrospective studies with
subgroups of patients receiving adjuvant radiotherapy or
chemoradiation are summarized in Table 2.

Brachytherapy
The role of brachytherapy (BT) mostly as brachytherapy boost
after EBRT has been also evaluated in the adjuvant setting mostly
in singe-centre retrospective studies. Gerhards (94) et al.
reported that the addition of BT to external radiotherapy in
the adjuvant setting provided no significant benefit in hCCA,
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TABLE 2 | Selected results after adjuvant radio (chemo)therapy in cholangiocarcinoma.

Design Nr of Patients Total/RT) RTx CTx R0 OS(months)

Gonzales (86) R 55/23 Aprox. 42.7–55.6 Gy ± BT 5 FU (11) n.r. S: 8.25
S+RT: 19

Schoenthaler (87) R 129/67 RT 54 Gy
or CP

5 FU n.r. S:11 †

S+RT:21.5†
S+CP:61†

Pitt (88) P 50/23 46 (40–60) Gy
+ 13 (2–18)Gy BT

none R0:42% S: 20
S+RT: 20

Zlotecki (89) R 46/30 30–60 Gy ± BT none n.r. S:26.1
S+RT:43.4

Todoroki (90) R 63/28 43.6 Gy
21 Gy IORT

n.r. 25% S:10 †

S+RT:32†
Serafini (91) R 92/34 39.6–50.4 Gy yes n.r. S: 29

S+RT:42
Kim (92) R 84/84 40–45 Gy 5 FU R0:47

R1:25
R0:36%@5years
R1:35%@5years
R2:0

Nakeeb (93) R 140/55 n.r. 5 FU or gemcitabine n.r. S:27.8
Gerhards (94) R 91/71 46 Gy ± BT none n.r. S: 8

S+RT:24
Heron (95) R 118/23 46 (27–60)Gy +

25 (9–33) Gy BT
5 FU n.r. Proximal

S+RT:24
Distal
S:62.5

Lindel (96) R 20/10 EBRT ± IORT None n.r. S:20.2
S+RT:28.8

Itoh (97) R 37/16 52.3 Gy n.r. R0:8
R1:9
R2:4

eCCA:
S:16
S+R:17
GBC:
S:34
S+RT:13

Czito (98) R 22/22 45 Gy ± 5 FU n.r S+r:22.8
Sagawa (99) R 9/39 20–50 Gy

± BT
none R0:34

R1/2:35
S:33.3%@3years
S+RT:40.9%%@3years

Schoppmeyer (81) Ph I/II 18 49.6 Gy ± gemcitabine R0:5
R1:1
R0:12

R2:7.9months
R0/1:not reached
All:11months

Ben-David (100) R 81/81 58.4 Gy ± 5FU R0:12
R1:16
R2:51

R0:24.1
R1:n.r.
R2:13.1

Mahantshetty (101) R 60/40 50 Gy ± 5 FU, mitomycin R0:90% All: 25%@5 years
Dinant (102) R 99/99 55 Gy none R0/1:83

R2:16
S+R:27%@5years

Cheng (103) R 75/23 50Gy n.r. n.r. All:35.5
Oh (38) R 60/60 45–55Gy 5FU or gemcitabine R0:24

R1:23
R2:13

R0:53%@2years
R1:40.7%@2years

Hughes (80) R 34/34 50.4–54Gy ± 5 FU n.r. S+R: 36.9
35%@5years

Borghero (104) R 65/42 55 Gy
± BT
± IORT

± 5 FU or capecitabine n.r. S:31
S+RT:32

Shinohara (77) R 4,758 701 n.r. n.r. n.r. S:4
S+R:16

Shinohara (78) R 3839
/286

n.r. n.r. n.r S:3
S+R:11

Gold (105) R 73/25 50.4 5 FU n.r. S:50.4
S+R:57.6

Lim (82) R 120/120 40–54 Gy 5 FU R0:66% R1:34% S+R:30.8%@3years
S+R:62.6%@3years*

Nelson (106) R 45/33 50.4 Gy ± BT boost Mostly 5 FU R0:36
R1:6
R2:3

S+R:34 months

(Continued)
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while the incidence of toxicities was higher. In the case of R1
resection, a combination of adjuvant therapy with EBRT plus BT
led toa comparable survival as in patients with R0 resection in
hCCA with a median survival of 26 months in a small number of
selected patients (117). In Table 2, we summarize the results of
adjuvant RT with or without brachytherapy boost. In conclusion,
the additional advantage through a BT boost in the adjuvant
setting is unclear.

Neoadjuvant Chemoradiation
Neoadjuvant chemoradiation has been investigated either before
resection or prior to liver transplantation (118–120) as a
treatment option in primarily unresectable cholangiocarcinoma.
Frontiers in Oncology | www.frontiersin.org 7126
Chemoradiation prior to surgery was evaluated in four studies
(Table 3), leading to R0 resection rates between 71.4 and 100%.
Nelson et al. (106) compared retrospectively patients treated with
adjuvant vs. neoadjuvant chemoradiation showing that
neoadjuvant chemoradiation led to a prolonged OS (5-year
survival 53 vs. 23%, p = 0.16) and similar rates of Grade 2–3
surgical morbidity (16 vs. 33%, p = 0.24) compared with those
treated in the postoperative setting, although the latter presented
withmore advanced disease at diagnosis. A Phase I trial estimated
the maximum tolerated dose of gemcitabine at 600mgm−2 with
45 Gy in 1.8-Gy daily fraction for neoadjuvant CRT (124).

Neoadjuvant chemoradiation was also used in combination
with liver transplantation in patients with pCCA in small single
TABLE 2 | Continued

Design Nr of Patients Total/RT) RTx CTx R0 OS(months)

Jiang (48) R 90/24 50 Gy none n.r. S:9.5
S+RT:19.1

Vern-Gross (79) R 1491/473 n.r. n.r. n.r All: 20 months
Beltran (107) R 23/23 45–60 Gy 5 FU R0:13

R1:8
n.r:2

36%@5 years
(R0:61%@5years)

Kim (108) R 168/115 45 (45–55.8) Gy yes S:28.2%@5 years
S+R:36.5%@5 years

Cho (83) Ph II 48/30 45Gy 5 FU n.r. 23¥
Ben-Josef (84) Ph II 79/79 52.5–59.4 capecitabine R0:54

R1:25
R0:34
R1:35

Hayashi (109) R 187/187 50.4 Gy Gemcitabine or 5 FU R0:21%
R1:48%
R2:20%

S+R: 15

Sur (74) R 638/147 n.r. n.r. R0:504
R1:179

n.r.

Hammad (72) R 2897/525 n.r. yes R0:255
R1/2 = 230

S:21.1†
S+RT:39.5†

Dover (110) R 95/23 50.4–54 Gy 5 FU R0:67
R1:

S:26.3
S+RT:30.2

Im (111) R 336/78 50.4 Gy ± 5 FU or gemcitabine R0:251
R1:67
R2:18

S:43.2
S+RT:42.9
S+CRT: 47.6

Kim (112) R 132/132 50.4 Gy ± 5 FU or capecitabine R0:118
R1:14

S+R:48.1

Ecker (75)** R 1718/859 n.r. n.r S:29.6
S+CT ± RT:36

Tran (73) R 1210/358 n.r. n.r. n.r GBC
S:13.3
S+RT:24.7

Gu (113)** R 78/39 n.r. yes n.r. S:13
S+RT:27

Lee (114) R 84/32 47.4–54 Gy ± 5 FU ± cisplatin R0:52
R1:32

R0:S:61.5
R1:S+CRT:57.9
R1:S+RT:15.4

Zheng (115) R 70/26 50–60 Gy none R0:21
R1:49

R0:S:65%@3 years
R1:S:20%@3 years
R1:S+RT: 55%@3 years

Mukai (116) R 32/32 50Gy gemcitabine R0:0
R1:16
R2:16

S+R:40
D
ecember 2020 | Vol
Fx, Fraction; 5-FU, 5-fluorouracil; n.r., not reported; BT, Brachytherapy; IORT, intraoperative brachytherapy; CP, charged particles; S, surgery; S+ RT, radiation therapy; CTx,
chemotherapy; RTx, radiotherapy; CT, chemotherapy.
*in patients with concurrent chemoradiation followed by chemotherapy.
**Propensity score matching.
†for R1 resected.
¥biliary cancer.
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centre studies, either as brachytherapy (125), SBRT (126), or
concurrent CRT (127–130) (Table 4). In a multi-centre study by
Darwish Murad et al. (30) with pCCA treated with neoadjuvant
therapy followed up by liver transplantation at 12 US centers, the
recurrence-free survival after 5 year was 65% showing this
therapy is effective in selected patients. Both concepts should
be further evaluated in clinical trials in addition to ongoing trial
of Liver Resection versus Radio-chemotherapy-Transplantation
for Hilar Cholangiocarcinoma (TRANSPHIL NCT02232932).

Management of Locally Advanced Disease
Systemic Treatment
Systemic treatment is the treatment of choice for unresectable
BTC according to guidelines (1). Earlier randomized, controlled
studies have shown that chemotherapy improves survival in
patients with advanced BTC compared with best supportive
care (132–134). In a pooled analysis of 104 studies in advanced
BTC, gemcitabine combined with cisplatin or oxaliplatin resulted
to the best response rates, however, without significantly
improving survival (135). In the phase III UK ABC 02 study
Valle et al. (9) reported a median survival close to a year (11.7
months) for cisplatin/gemcitabine, compared with 8.1 months
for gemcitabine alone(95% CI: 0.53–0.79; P < 0.001) these results
were also confirmed in the BT22 study (136) and in a subsequent
meta-analysis (137). Therefore, the combination of cisplatin and
gemcitabine is currently regarded as standard of care in
metastatic or unresectable BTC. Other treatments tested in
randomized trials include the combination of gemcitabine,
cisplatin and nab-paclitaxel (138), modified folfirinox vs.
cisplatin gemcitabine (PRODIGE38-AMEBICA trial) (139), or
nal-IRI, 5 FU, leucovorin vs. cisplatin gemcitabine (NIFE
trial) (140).
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Concerning the role of targeted therapies, although initial
results from a single-arm study using cetuximab in combination
with GemOX were promising (141), there was no benefit observed
in a subsequent randomized phase II study (142). Similar negative
findings were observed with erlotinib or panitumumab, sorafenib,
or cedira-nib (an oral VEGFR-1, −2, and−3, PDGF, and c-Kit
tyrosine kinase inhibitor) and the cisplatin/gemcitabine
combination (1, 143, 144). In a phase II trial, regorafenib showed
a disease control rate of 56%, indicating that it might be useful in
refractory disease (145). Moreover, recently described gene fusions
and mutations are being investigated. Emerging therapies that hold
considerable promise include FGFR inhibitors such as pemigatinib
and IDH1 and/or IDH2 inhibitors (29, 146, 147), whereas the
inhibition of other molecular pathways, including the RAS/RAF/
MEK/ERK, the MET, the PI3K/AKT/mTOR and angiogenetic
pathways, is unclear (148). Certain tumor genetic aberrations
have been associated with a likelihood of response to immune-
checkpoint inhibitors, which might relate to the expression of
neoantigens capable of eliciting an antitumor T-cell response
(29). Several checkpoint inhibitors are currently being evaluated
in a large number of clinical trials either as monotherapy or dual
checkpoint inhibition but also in combination with chemotherapy
or molecular targeted therapies (29). In some studies, it was
indicated that tumors with DNA mismatch repair deficiency
(dMMR) are sensitive to PD-1 blockade, so that for tumors with
microsatellite instability (MSI-high) or dMMR tumors progressing
after prior treatment, pembrolizumab is a possible treatment
option (149–151).

Definitive Chemoradiation
For locally advanced inoperable cholangiocarcinoma definitive
chemoradiation in has been evaluated in several prospective and
TABLE 3 | Neoadjuvant chemoradiation of advanced cholangiocarcinoma.

Authors Study Nr of Patients EBRT BT Chemotherapy R0 Resection Median OS

McMasters
(121)

P hCCA:5
dCCA:4

45–50.4 Gy none 5-FU 100% n.r.

Nelson (106) R h+dCCA:12 50.4 Gy done 5-FU 91% 34 months
Jung (122) R hCCA:12 45–50.4 Gy none 5-FU/

Gemcitabine
83,3% 32.9 months

Sumiyoshi (123) R hCCA:15 50 Gy none S1 71.4%* 37 months*
Decembe
r 2020 | Volume 10 | A
EBRT, external beam radiotherapy; BT, Brachytherapy; bid, twice daily; LT, liver transplantation; SBRT, stereotactic body radiotherapy; 5-FU, 5-fluorouracil; OS, overall survival
*for the 11 patients who underwent surgery.
TABLE 4 | Neoadjuvant radiotherapy followed by liver transplantation.

Authors Patients EBRT BT Chemotherapy OS

De Vreede (127) 19 45 Gy/1.5Gy/bid ± 20–30 Gy 192Ir ± 5-FU n.r.
Heimbach (128) 46 45 Gy/1.5Gy/bid ± 20–30 Gy 192Ir ± 5-FU 82% @5 years after LT
Sudan (125) 11 none ± 60Gy 192Ir ± 5-FU 45% alive @7.5 years
Wu (131) 6 44 Gy in 22 frs ± 30 Gy 192Ir ± yes n.r.
Murad (30) 287 Dose n.r. ± BT ± yes 53% @5 years after LT
Welling (126) 17 SBRT 50–60 Gy/3–5 fractions none capecitabine 83% @1 year after LT
Mukewar (130) 40 45 Gy/1.5 Gy/bid ± 9.3–16 Gy in 1–4 Fx 5-FU or capecitabine n.r.
EBRT, external beam radiotherapy; BT, Brachytherapy; bid, twice daily; LT, liver transplantation; SBRT, stereotactic body radiotherapy; 5-FU, 5-fluorouracil; OS, overall survival; Fx,
fractions.
n.r., not reported; OS, overall survival.
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retrospective studies (Table 5). Radiotherapy improved cancer-
specific survival in inoperable patients (P <.0001) in a SEER
database analysis (174). The French FFCD trial (167) randomized
patients with hilar or extrahepatic non-metastatic BTC between
chemoradiation (50 Gy with concurrent cisplatin and 5-FU) or
chemotherapy with gemcitabine and oxaliplatin (GemOx). The
trial was closed before completion due to slow recruitment after 34
patients had been enrolled, showing that GemOx was at least as
efficient as chemoradiation. Most studies were conducted in
combination with 5 FU, gemcitabine, or cisplatin with a median
radiotherapy dose of ca 50 Gy, leading to an actuarial 2-year LC of
29.0% in one study and a PFS between 6.8 and 10.5 months
(median: 7.5 months) (163, 164, 166, 167, 169–171), while in other
studies, dose escalation led to higher LC rates and improvement of
OS (175). Tao et al. (175) reported a median survival of 30 months
for all patients (1-, 2-, and 3-year OS was 87, 61, and 44%,
Frontiers in Oncology | www.frontiersin.org 9128
respectively). Patients with a higher biological effective dose (BED)
of 80.5 Gy had an improved local control (LC: 78 vs. 45% after
3 years, p = 0.03) and overall survival (median OS: not reached vs.
27 months p = 0.02) compared to patients with lower doses.
Patients receiving a BT boost had a better LC compared to patients
with EBRT without BT (97 vs. 56% at 1 year) (165). OS ranged
between 9.6 and 13.5 months (median: 13 months, Table 5), with
acceptable toxicity mostly grade ≥ 3 acute hematological and/or
gastrointestinal toxicity (163, 164, 166, 167, 169–171), while in
some cases, the use of a BT boost resulted to better LC rates (2 year
LC 53 vs. 25%) (170).

In conclusion, BTCs might need higher doses in order to
achieve a better local control and maybe also a survival benefit.
Concepts for safer dose escalation include the use of stereotactic
body radiotherapy (SBRT), brachytherapy (BT), or proton beam
radiation therapy (PBRT).
TABLE 5 | Radiotherapy in inoperable cholangiocarcinoma.

Author Design Nr of patients Radiotherapy Chemotherapy OS (median) LC

Fields (152) R 17 50.4 (44–63) Gy
± BT

n.r. 10.5 months n.r.

Veeze-Kuijpers (153) R 31 40 Gy ± BT Boost 25 Gy n.r. 10 months n.r.
Buskirk (154) R 34 50–60 Gy

± BT
± IORT

5 FU 12 months n.r.

Alden (155) R 40 46 Gy
± BT 25 Gy

5 FU
Mitomicyn C

9 months n.r.

Fritz (156) R 30 30–45 Gy
+20–45 Gy BT

none 10 n.r.

Foo (157) R 24 50.4 Gy ± BT Boost 20 Gy 5 FU 12.8 months n.r.
Morganti (158) R 20 39.6–50.4 Gy

+ 30–50 Gy BT
5 FU 21 months 33 months*

Crane (159) R 52 30–85 Gy
± BT Boost 20 Gy or IORT 20 Gy

5 FU 10 months 10 months

Shin (160) R 31 50.4 Gy
+ 15 Gy BT

none 22% @ 2years 71% @ 2 years

Takamura (161) R 93 50 Gy ± BT Boost 39.2 Gy n.r. 12 months n.r.
Brunner (162) R 98 50.8 Gy 5 FU, gemcitabine 11.8 months n.r.
Ben-David (100) R 52 58.4

(23–88.2)Gy
5 FU, gemcitabine 13.1 n.r.

Shinohara (78) R 475 n.r. n.r. 9 months n.r.
Baisden (163) Ph II 10 50 Gy capecitabine 13 months n.r.
Fuller (76) R 146 n.r. n.r. 12.18 n.r.
Moureau-Zabotto (164) R 30 48.25 Gy

(30–78 Gy)
5 FU, cisplatin, capecitabine 12 months n.r.

Ghaafori (165) R 37 45 Gy
+ 25 Gy BT

none 59%@1 year
22%@2 years

90%@ 1 year

Yi (166) R 106 50.4 Gy 5 FU, gemcitabine 10.7 months n.r.
Phelip (167) Ph II 18 50 Gy 5 FU, cisplatin 13.5 months n.r.
Tao (168) R 79 58.05 (35–100) Gy n.r. 30 months 81%@1year

23 months
Chen (169) R 34 55.1 Gy ± 5 FU 13.5 months (cCRT)

6.7 (RT)
n.r.

Autorino (170) Ph II 27 50 Gy
+15 Gy BT

gemcitabine 27% 29%

Lee (171) Ph II 18 45 Gy gemcitabine 9.6 months n.r.
Elganaimy (172) R 80 30–75 Gy Capecitabine or 5 FU 18.7 77.4 median
Aghili (173) R 38 45–50.4 Gy

+ 20 Gy BT
capecitabine 15 n.r.
Decem
ber 2020 | Volume 10 |
R, retrospective; Ph, Phase; BT, Brachytherapy; cCRT, concurrent chemoradiation; RT, radiotherapy.
*time to local progression.
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Stereotactic Body Radiotherapy
There is emerging evidence concerning the efficacy of stereotactic
body radiotherapy (SBRT) in the treatment of inoperable BTC.
Several prospective and retrospective studies SBRT led to local
control rates ranging between 65 and 100% with a median OS of
11–35.5 years (median 15 months), in selected patients (176–
178). In a systematic review, including 10 studies and 231
patients, the pooled 1 year LC was 83.4% (95% CI: 76.5–
89.4%) (178). According to the anatomical location of CCA, 1
year OS was 57.1% (range: 45.0–58.0%), 81.5% (range: 80.0–
83.0%), and 58.7% (range: 45.0–73.0%) in studies including
iCCA, eCCA, and both sites, respectively (126, 178–187).

Furthermore, in several studies dose escalation correlated with
prolonged OS and LC (175, 177). In a study by Brunner et al. LC
rates at 12 and 24 months were 91% and 80% for BEDmax
Frontiers in Oncology | www.frontiersin.org 10129
>91 Gy10 vs. 66 and 39% for lower doses (p = 0.009) (177).
Additionally SBRT is a well-tolerated treatment with a low
incidence of toxicities <10% (178, 188), while in a meta-analysis
(178), only one case of fatal liver failure was reported in one patient
despite compliance with dose/volume constraints. Additionally,
SBRT has the advantage of being easily incorporated in systemic
treatments showing high rates of OS after 1 year (median: 73.0%;
range: 58.0–80.0%) (181, 185, 189) or even as neoadjuvant
treatment in combination with capecitabine followed by liver
transplantation leading to a 1 year OS of 83% as previously
reported (126) (Table 6). The addition of stereotactic body
radiotherapy to systemic chemotherapy in locally advanced
biliary tract cancers is being investigated in a randomized phase
II trial (ABC07(ISRCTN10639376) (https://doi.org/10.
1186/ISRCTN10639376).
TABLE 6 | SBRT in the treatment of cholangiocarcinoma.

Authors Study Nr of Lesions Nr. of Fractions Total Dose (Gy) LC@ 1year Median OS (months) Late Toxicity

Herfarth (190) P CCA:3 1 14–26 81%@18 months† n.r. No grade 3
Tse (191) P iCCA:10

eCCA:0
6 28–48 65% 15 1 biliary obstruction

1 bowel obstruction
Goodman (192) P iCCA:5

eCCA:0
1 18–30 77% 28.6 None

Goyal (193) R iCCA:3
eCCA:0

1–3 34 82%† n.r. none

Kopek (186) R iCCA:26
eCCA:1

3 45 85% 10.6 6 ulcerations
3 stenosis

Momm (194) R iCCA:0
eCCA:13

10–12 32–56 78% 33.5 1 Grade 3
5 cholangitis

Polistina (185) R iCCA:0
eCCA:10

3 30* 80%** 35.5 1 ulceration
2 stenosis

Dewas (195) R iCCA:6
eCCA:0

3 56 100% n.r. n.r.

Barney (189) R iCCA:6
eCCA:4

3–5 45–60 100% 15.5 1 Grade 3 biliary stenosis, 1 Grade 5
liver failure

Ibarra (183) R iCCA:11
eCCA:0

3 22–50 55.5% 11 3 Grad 3

Liu (196) R iCCA: 6 3–5 50–60 93%† n.r. 1 RILD
Jung (182) R iCCA:33

eCCA:25±
1–5 15–60 85% 10 6 Grade 3 (ulceration,

cholangitis, stenosis,
perforation)

Mahadevan (181) R iCCA:31
eCCA:11

3–5 24–45 88% 17 4 Grade 3 (ulceration,
cholangitis, abscess)

Weiner (197) P iCCA:12
eCCA:0

5 40–55 91%§ 13.2 1 hepatic failure§
1 biliary stricture

Sandler (180) R iCCA:6
eCCA:25

5 40 78% 15.7 5 Grade ≥ 3

Gkika (176) R iCCA:17
eCCA: 26

3–12 21–66 78% 14 3 Grade ≥ 3

Shen (198) R iCCA:28 3–5 36–45 89.3%*** 15 No grade 3
Brunner
(177)

R iCCA:45
eCCA:34
n.a.:7

3–17 67.2 **** 95% 15 No grade 3
Decembe
R, retrospective; P, prospective; IHCCC, intrahepatic cholangiocarcinoma; EHCCC, extrahepatic cholangiocarcinoma.
*concurrent Gemcitabine.
**local response ratio.
***disease control rate.
****biological effective radiation dose.
±5 patients treated with conventional fractionation with a stereotactic boost.
§In this study SBRT was performed also in patients with hepatocellular carcinoma. LC and toxicities are reported for the whole group of patients including hepatocellular and
cholangiocarcinoma.
†mixed collective, including hepatocellular carcinomas and metastases.
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Brachytherapy
Several retrospective studies have evaluated the role EBRT,
typically 30–40 Gy in 1.8–2 Gy with a brachytherapy boost.
For BT, the dose commonly used is 15–20 Gy prescribed to the
BT related PTV, generally over 2–3 treatments (HDR-BT) (130,
199). In a prospective phase I study by Mattiucci (200),
investigating three different dose levels (15, 20, and 25 Gy) for
HDR BT with 192Ir, recommended a dose of 25 Gy in five
fractions (maximum dose level), as no dose limiting toxicities
were reported up to this dose level. The median OS for these
patients was 12 months. In a propensity score, matched pair
analysis comparing patients receiving EBRT vs. EBRT and BT in
unresectable BTC the addition of BT to EBRT had no impact on
OS or disease specific survival but was associated with a better LC
after 2 years (201, 202). Furthermore, BT can be used in the
treatment of malignant obstructive jaundice (203). Intraluminal
brachytherapy might increase the risk of cholangitis, pain,
duodenopathy, and bleeding (130). Late complications such as
bile duct stenosis or stricture were also observed (130, 199).

Particle Therapy Including Proton Therapy
Another treatment option for dose escalation in unresectable
cholangiocarcinoma is the use of proton beam radiation (PBT)
therapy. Initial studies (204–206) including also patients treated
in palliative intent showed promising results (Table 7). In more
recent studies, Hung et al. (209) treated 30 patients with a
median radiation dose of 72.6 cobalt gray equivalents. The 1
year local control achieved was 88% similar to the SBRT series
with a median OS survival of 19.3 months. Three and two
patients had grade III-IV toxicities and radiation-induced liver
disease. There were no deaths caused by PBT or concurrent
chemotherapy. Patients who received concurrent chemotherapy
had a better median PFS (12.1 vs. 4.7 months). Furthermore, in a
multi-institutional phase II study patients with iCCA treated
with high dose hypo-fractionated PBT achieved a LC of 94.1% at
2 years and a 2 years OS of 46.5%, with limited toxicities (4.8%
grade 3 toxicity) (209). There were no grade-4 or grade-5
radiation-related toxicities (209). The Japan Carbon Ion
Radiation Oncology Study Group (J-CROS) investigated the
role of Carbon -ion therapy for 56 patients with intrahepatic
(27 patients) and perihilar (29 patients) cholangiocarcinoma
(208). Most patients were treated to a total dose of 76 GyE in
20 fractions, with a median survival of 23.8 months for
Frontiers in Oncology | www.frontiersin.org 11130
intrahepatic cholangiocarcinoma and 12.6 months in perihilar
disease. No patients underwent resection. There was one case of
death due to liver injury and one grade 3 bile duct stenosis.
Results are summarized in Table 7.
DISCUSSION AND FUTURE
PERSPECTIVES

High loco-regional disease recurrence rates after R1 resection
provide a rationale for using adjuvant radiotherapy with
chemotherapy. Evidence from the Phase II SWOG S0809 (85)
trial have demonstrated efficacy of gemcitabine and capecitabine
followed by concurrent capecitabine and radiotherapy. The
2-year OS of 65% (67% and 60% in R0 and R1, respectively)
and LR rates at 2 years of 11% (95% CI, 4 to18%) overall, 9%
(95% CI, 2 to 17%) for R0, and 16% (95% CI, 2 to 30%) for R1
were significantly higher than the rates expected based on
historical controls (84) with low toxicity rates. Currently there
are no published randomized data testing the efficacy of adjuvant
chemoradiation after R1 resection, as these trials are ongoing.
In the phase III ACTICCA-1 trial adjuvant chemotherapy
with gemcitabine and cisplatin compared to standard of care
after curative intent resection of cholangiocarcinoma and
muscle invasive gallbladder carcinoma has recently embedded
a radiotherapy sub-study (NCT02170090 randomizing
between adjuvant CRT vs. chemotherapy in EHCC and
GBC (NCT02798510).

In the locally advanced inoperable cholangiocarcinoma
neoadjuvant chemoradiation might confer a benefit in terms of
downsizing with consecutive assessment of resectability, but this
concept should be further evaluated within clinical trials. A
prospective registry study is evaluating induction gemcitabine
followed by 5-FU-based CCRT and maintenance capecitabine
prior to LT in unresectable CCA (NCT00301379). Another
randomized prospective multi -centre study is ongoing with an
aim to compare 5-year OS and 3-year RFS between resection vs.
CCRT followed by LT in hCCA (NCT02232932), while in a
further trial the role of neoadjuvant chemoradiotherapy with
concomitant oral capecitabine followed by gemcitabine in the
treatment of unresectable hCCA is being evaluated prior to
LT (NCT04378023).
TABLE 7 | Proton therapy in the treatment of cholangiocarcinoma.

Authors Study Nr of patients Dose Chemotherapy OS LC

Makita (204) R 28 68.2 Gy RBE 15 patients 49%@1 year 67.7%@1 year
Ohkawa (205) R 20 72.6 GyE 4 patients Median 27.5 months (curative group)

9.6 mnths (palliative group)
60%@2 years (curative group)

Hong (207) Ph II 37 58 GyE none 46.5%@2years 94.1@2years
Kasuya (208) R 56 76 Gy RBE none Median: 14.8 months 79.4%@1year

58.2%@2years
Shimizu (206) R 37 72.6 GyE 16 patients 60.3%@1year 71.5%@2years

(curative group)
Hung (209) R 30 72.6 GyE 77% 19.3 months (median) 88%@1 year
December 2020
GyE, Gray equivalents; RBE, relative biological effectiveness.
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In patients with inoperable disease, several studies have shown
that dose escalation might lead to a survival benefit (175, 177). A
Phase III trial from India is ongoing comparing intensity-
modulated radiation therapy with weekly gemcitabine and
systemic chemotherapy vs. systemic chemotherapy alone in
unresectable cholangiocarcinoma (NCT02773485). Forms of
safe dose escalation might include the use of a simultaneous
integrated boost (SIB) or the use of brachytherapy after external
radiotherapy or proton therapy with encouraging results. The use
of hypo-fractionation or SBRT leads to high rates of disease
control with reduced toxicity and is currently being prospectively
evaluated in several trials such as the STRONG trial
(NCT03307538) or the LAPIS trial (DRKS00011266). Due to
the short treatment time, hypo-fractionation including SBRT can
be easily incorporated into systemic treatments. Moreover,
ionizing radiation, beside cytotoxicity, has been shown to
additionally induce immune-modulatory effects, which trigger
anti-tumor immune responses (210–215). The potentiation of
anti-tumor immune responses can cause immunogenic cell death
of cancer cells, change the tumor immune microenvironment,
and alter antigen presentation of the tumor cells, thus enhancing
immunogenicity of the tumor (216, 217). SBRT, by applying a
high single dose with a few but more than one fractions, seems to
have the potential to lead to an activation of specific T-cell
response in the tumor (218–220). Thus, SBRT might be
particularly attractive for combinations with checkpoint
inhibitors. Furthermore, the short treatment interval seems to
be favourable for a T-cell response. The immunomodulatory
effects of SBRT are currently evaluated of LAPIS trial
(DRKS00011266). In a Phase I/II Study (NCT04068194)
patients with advanced/metastatic solid tumors and
hepatobiliary malignancies including cholangiocarcinomas are
Frontiers in Oncology | www.frontiersin.org 12131
treated with hypo-fractionated radiation in combination with
M3814 and avelumab another trial is investigating the
combination of hypo-fractionated RT with modified Immune
Cells (Autologous Dendritic Cells) and a Vaccine (Prevnar) in
patients with liver tumos (NCT03942328) including CCAs. The
combination of chemotherapy with normo-fractionated RT or
SBRT and the anti-PD-1 Antibody Camrelizumab is currently
investigated in another prospective trial (NCT03898895).
However, the mode of cell death and the systemic effects
induced by ionizing irradiation are not uniform, and it clearly
depends on the irradiation dose, the fractionation regimen, and
the genetic repertoire of the irradiated cells (221).

In the past decade, the genetic landscape of cholangiocarcinoma
subtypes has evolved and promising molecular targets for precision
medicine have been identified. As the molecular classification and
liquid biopsies are being gradually integrated in the treatment of
solid tumors, efforts should be focused in identifying biomarkers to
aid patients’ selection for radiotherapy or combined treatments
such as SBRT with checkpoint inhibitors.
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Background and Objective: To assess the dosimetric feasibility of a stereotactic body
radiotherapy (SBRT) dose escalated protocol, with a simultaneous integrated boost (SIB)
and a simultaneous integrated protection (SIP) approach, in patients with locally advanced
pancreatic cancer (LAPC).

Material and Methods: Twenty LAPC lesions, previously treated with SBRT at our
Institution, were re-planned. The original prescribed and administered dose was 50/30/25
Gy in five fractions to PTVsib (tumor-vessel interface [TVI])/PTVt (tumor volume)/PTVsip
(overlap area between PTVt and planning organs at risk volume [PRVoars]), respectively. At
re-planning, the prescribed dose was escalated up to 60/40/33 Gy in five fractions to
PTVsib/PTVt/PTVsip, respectively. All plans were performed using an inspiration breath
hold (IBH) technique and generated with volumetric modulated arc therapy (VMAT). Well-
established and accepted OAR dose constraints were used (D0.5cc < 33 Gy for luminal
OARs and D0.5cc < 38 Gy for corresponding PRVoars). The primary end-point was to
achieve a median dose equal to the prescription dose for the PTVsib with D98≥ 95% (95%
of prescription dose is the minimum dose), and a coverage for PTVt and PTVsip of
D95≥95%, with minor deviations in OAR dose constraints in < 10% of the plans.

Results: PTVsib median (± SD) dose/D95/conformity index (CI) were 60.54 (± 0.85) Gy/58.96
(± 0.86) Gy/0.99 (± 0.01), respectively; whilst PTVt median (± SD) dose/D95 were 44.51 (±
2.69) Gy/38.44 (± 0.82) Gy, and PTVsip median (± SD) dose/D95 were 35.18 (± 1.42) Gy/
33.01 (± 0.84) Gy, respectively. With regard to OARs, median (± SD) maximum dose (D0.5cc)
to duodenum/stomach/bowel was 29.31 (± 5.72) Gy/25.29 (± 6.90) Gy/27.03 (± 5.67) Gy,
respectively. A minor acceptable deviation was found for a single plan (bowel and duodenum
D0.5cc=34.8 Gy). V38 < 0.5 cc was achieved for all PRV luminal OARs.
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Conclusions: In LAPC patients SBRT, with a SIB/SIP dose escalation approach up to
60/40/33 Gy in five fractions to PTVsib/PTVt/PTVsip, respectively, is dosimetrically feasible
with adequate PTVs coverage and respect for OAR dose constraints.
Keywords: stereotactic body radiotherapy, pancreatic cancer, locally advanced, dose escalation, ablative dose
INTRODUCTION

The results of standard dose radiation therapy (RT) in
locally advanced, unresectable pancreatic cancer (LAPC) are
unsatisfactory. Conventional RT strategies (conventionally
fractionated radiation therapy [CFRT]) have a modest impact
on long-term tumor control and survival. Indeed, the randomized
LAP-07 Phase III trial failed to demonstrate improvement in
overall survival (OS) in LAPC patients by adding CFRT (54 Gy/
30 fractions with concurrent capecitabine) after neoadjuvant
chemotherapy versus continuation of chemotherapy alone (1).
However, RT was associated with a decrease in local progression
(32% vs 46%, p = 0.03) without increasing grade ≥ 3 toxicity. Four
other randomized trials have compared CFRT, concomitant with
chemotherapy, versus chemotherapy alone in LAPC, with
interlocutory results: two trials supported a chemo-radiation
approach (2, 3), while two did not (4, 5).

Although metastatic disease represents the main cause of
morbidity and mortality in LAPC, about one third of patients die
from complications related to local tumor progression (6).
Moreover, Crane et al. found that local tumor progression was
the dominant cause of death in patients alive at more than 15
months (7). Thus, further studies with more effective RT strategies
in LAPC are widely expected. In this context, stereotactic body
radiation therapy (SBRT) has emerged as an effective component
for the multimodal treatment of pancreatic cancer. According to
recent studies, SBRT after systemic therapy can increase survival in
LAPC compared to either chemotherapy alone or CFRT (8–10). At
present, the optimal SBRT schedule has yet to be determined, but
the administration of a higher biologically effective dose (BED) is
essential to achieve durable tumor control and impact on survival
(11). In addition, it can be postulated that SBRT, following
induction chemotherapy, may improve the likelihood of resection
also for LAPC, in the context of a total neoadjuvant therapy
approach (12–14). In particular, the administration of ablative
doses to the tumor-vessel interface (TVI), can sterilize the tumor
boundaries involvingperipancreatic vessels, and togetherwithmass
shrinkage, potentially allow surgery.

However, the administration of such high doses is challenging
when tumors are close to critical organs at risk (OARs) such as
the duodenum, stomach and bowel. A novel approach of SBRT
with simultaneous integrated boost (SIB) and simultaneous
integrated protection (SIP) has recently been described in an
observational study, showing a promising local control (LC) rate
of 75% in non-resected patients (versus 82.3% in resected
patients; p=0.46) (15). After induction chemotherapy, SBRT
was delivered in 5 consecutive daily fractions by administering
30 Gy to the planning target volume tumor (PTVt), while
simultaneously delivering a 50 Gy SIB to the tumor-vessel
2140
interface (PTVsib). The SIP volume (PTVsip) was created by
lowering the dose to 25 Gy on the overlap area between the PTVt

and the planning organs at risk volume (PRVoars). No acute or
late grade ≥ 3 adverse events related to SBRT were observed.
Moreover, 34.4% of locally advanced patients received surgical
resection. Nonetheless, the performed dosimetric evaluation
showed a predominant incidence of in-field failure, with a
progression median dose of 40.42 Gy. These data support the
need to further investigate the possibility of administering higher
doses of RT, using this SBRT approach, in order to improve
oncological outcomes in LAPC.

Based on this background, we aimed at performing a
dosimetric study to assess the feasibility of SBRT with a SIB/
SIP dose escalated protocol in LAPC, to administer higher doses
to the tumor, while preserving OAR dose constraints.
MATERIALS AND METHODS

Study Design
Twenty patients with LAPC, treated at our Institution with
SBRT in 5 consecutive daily fractions using a SIB/SIP approach
(50/30/25 Gy to PTVsib/PTVt/PTVsip, respectively) (15), were
re-planned for a dose escalation proposal. Patients were
randomly selected from a prospective collected database. The
final goal of this dosimetric evaluation study was to escalate the
dose up to 60/40/33 Gy in five fractions to PTVsib/PTVt/PTVsip,
respectively (Table 1). If the planning objectives were not met
at this dose level (level IV), the prescription dose would be
progressively reduced to the inferior levels (level III, II or I),
until the pre-established planning objectives were achieved.
The biologically effective dose (BED) was used to compare the
different dose levels among each other, and with other
recommended fractionations adopted in the clinical practice.
The BED was calculated using the linear quadratic formula:
BED = nd × [1 + d/(a/b)], where n is the total number of
fractions and d is the dose per fraction (Gy). Standard a/b ratio
for tumors (a/b =10) and normal tissues (a/b =3) was chosen.
Dose constraints to organs at risk (OARs) were selected
according to recently published guidelines (16). In particular,
a D0.5cc < 33 Gy for luminal OARs and a D0.5cc < 38 Gy for
corresponding PRVs were adopted.
SBRT Protocol and Planning
Patients were immobilized in a supine position with arms over
the head, on a custom-made Vac-Lok™ cushion to optimize set-
up reproducibility. Fiducial markers (3–4 gold seeds), using an
eco-endoscopic procedure (EUS), were placed prior to
December 2020 | Volume 10 | Article 600940
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simulation computed tomography (CT). To manage breathing-
induced tumor motion, an inspiration breath hold (IBH)
technique was used. Briefly, patients were trained to maintain
a regular respiratory cycle, using the real-time position
management® system (RPM) (Varian Medical Systems, Palo
Alto, CA) as visual guide. At a comfortable inspiration phase of
the respiratory cycle, patients were asked to hold their breath
(IBH) to allow CT scan acquisition. After a first unenhanced IBH
scan, a multi-phase contrast-enhanced simulation CT was
performed (Figure 1), including the acquisition of an
additional 3 to 4 contrast-enhanced IBH scans.
Frontiers in Oncology | www.frontiersin.org 3141
An integrated gross tumor volume (iGTV) was defined as the
envelope of the GTVs delineated on each CT scan. An iGTV-to-
PTV margin of 3 mm was applied to generate the PTV tumor
(PTVt). For critical OARs such as the duodenum, stomach and
bowel, a 3 mm expansion PRVoars was defined. The simultaneous
protection volume (PTVsip) was generated by the intersection of
the PTVt and the PRVoars. A PTV high dose (PTVsib) was
generated to encompass the tumor-vessel interface (TVI).
Critical vessels (e.g. superior mesenteric artery/vein, portal
vein, celiac artery) inside the iGTV were contoured for the
whole circumference and then expanded by 3 mm to generate
A B

DC

FIGURE 1 | (A, B) Axial pancreatic CT-simulation phase images show hypovascular body mass of pancreas, delineated as gross tumor volume (GTV, orange) with
encasement of celiac axis (CA, green), common hepatic artery (CHA, cyan), and superior mesenteric-portal venous confluence (SMPV, violet). (C) Arterial coronal
CT-simulation image shows lesion encasing CA. (D) Coronal CT-simulation image highlights the SMPV system occlusion and portal vein infiltration.
TABLE 1 | SBRT standard dose and levels of SBRT dose escalation proposal*.

Standard Dose (Gy/fr) Level I Level II Level III Level IV

PTVt 30 Gy (6 Gy)
BED10 48 Gy

32.5 Gy (6.5 Gy) 35 Gy (7 Gy) 37.5 Gy (7.5 Gy) 40 Gy (8 Gy)
BED10 72 Gy

PTVsib 50 Gy (10 Gy)
BED10 100 Gy

52.5 Gy (10.5 Gy) 55 Gy (11 Gy) 57.5 Gy (11.5 Gy) 60 Gy (12 Gy)
BED10 132 Gy

PTVsip 25 Gy (5 Gy)
BED10 37.5 Gy
BED3 66.67 Gy

27.5 Gy (5.5 Gy) 30 Gy (6 Gy) 32.5 Gy (6.5 Gy) 33 Gy (6.6 Gy)§

BED10 54.78 Gy
BED3 105.60 Gy
December 2020 | Volume 10
*An increase of 2.5 Gy for the 3 PTVs was planned for each dose level.
§The prescribed dose is not increased further in order not to conflict with OARs dose constraints.
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the PTVsib. If necessary, this PTVsib was contracted to respect a
minimal distance of 5 mm from the PTVsip (Figures 2A, B).

All SBRT plans were calculated for a TrueBeam® medical linac
(Varian Medical System, Palo Alto, CA) equipped with a high
definition multileaf collimator (HDMLC-120) and using a
Volumetric Modulated Arc Therapy (VMAT) technique (Figures
2C, D). A photon energy of 6MV, flattening filter free (FFF)
technique, dose rate 1400 MU/min, three arc configuration and
anisotropic analytic algorithm (AAA) were used for planning and
dose calculation in the Eclipse® treatment planning system (Varian
Medical Systems, Palo Alto, CA). All the plans have been calculated
using the standard inverse optimization process, based on Dose-
Volume Histogram (DVH) parameters.

All the plans were prepared to be managed, during the
delivery phase, using an IBH respiratory gating system (RPM®

Varian Medical Systems, Palo Alto, CA) with daily IBH cone-
beam CT (CBCT) image registration. IBH-CBCTs acquisition
allows high quality daily scans with minimized motion artefacts,
that, along with the presence of fiducial markers, improves the
day-to-day target position verification and reduces inter and
intra-fractions errors.
Frontiers in Oncology | www.frontiersin.org 4142
Study End-Points
The main objective of the study was to ensure adequate
coverage of the PTVsib, simultaneously respecting dose
constraints to OARs. In particular, coverage goals for the
targets were:

-median dose equal (± 2%) to the prescription dose for PTVsib

-D98≥95% (95% of prescription dose is the minimum dose) for
PTVsib

-maximum point dose of 107% inside PTVsib

-D95≥95% for PTVt and PTVsip

The goal for OARs was a minor deviation in dose constraints
in < 10% of the plans.

Dose volume histograms (DVHs) were generated for each plan,
and multiple dosimetric parameters for PTVs (PTVt, PTVsib, and
PTVsip) and OARs (duodenum, stomach, small and large bowel,
spinal cord, liver, kidneys, andPRVs)were evaluated.Theconformity
index (CI) was defined as the volume encompassed by the 95%
isodose divided by the PTV volume. CI was evaluated for PTVsib

alone, since this index is formulated based on the paradigm of
A B

DC

FIGURE 2 | (A, B) Target volumes delineation. The high-dose planning target volume (PTVsib, blue) encompasses the tumor-vessel interface (celiac axis [green],
common hepatic artery (cyan) and superior mesenteric-portal venous confluence [violet] + 3 mm expansion) inside the tumor planning target volume (PTVt, red).
Respect to organ at risk constraints is guaranteed by the simultaneous protection volume (PTVsip, dark green). The following Organ at Risk (OARs) are shown:
duodenum (black), and bowel (light green), as well as the fiducial markers (yellow). The Planning at Risk Volume (PRVoars) are generated by 3 mm expansion from
corresponding OARs (shown with same color on axial images). (C, D) Typical dose distribution (color wash) for SBRT plan with Simultaneous Integrated Boost (SIB)
and Simultaneous Integrated Protection (SIP). The prescription dose is 60/40/33 Gy in 5 daily fractions to PTVsib/PTVt/PTVsip, respectively. The sample plan
demonstrates excellent PTVs coverage with appropriate respect of OARs.
December 2020 | Volume 10 | Article 600940
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uniform dose prescription, which is not the case for this SBRT
treatment with SIB/SIP approach.
RESULTS

Study Population
Baseline characteristics of the 20 patients included in this study
are outlined in Table 2. All patients had locally advanced
pancreatic carcinoma (LAPC), and were considered
unresectable due to vascular involvement.

SBRT Planning and PTVs Coverage
All the SBRT plans met the predetermined target coverage
objectives. Table 3 describes the results of the treatment plan
Frontiers in Oncology | www.frontiersin.org 5143
analysis of the dose escalation proposal (60/40/33 Gy in five
fractions to PTVsib/PTVt/PTVsip, respectively). PTVsib median
dose, D95, and CI were 60.54 Gy (± SD 0.85), 58.96 Gy (± SD
0.85), and 0.99 (± SD 0.01), respectively. The median dose was
44.51 Gy (± SD 2.69) for PTVt, and 35.18 Gy (± SD 1.42) for
PTVsip. For PTVsib, a D100≥95% was reached in 18 (90%) plans,
while D98≥95% was obtained in all cases (100%). A maximum
dose of less than 107% for PTVsib was maintained in every plan.

OAR Constraints
With regard to OARs, mean maximum dose (D0.5cc) to
duodenum/stomach/bowel was 29.31 Gy (± SD 5.72)/25.29 Gy
(± SD 6.90)/27.03 Gy (± SD 5.67), respectively. Table 4 describes
treatment plans analysis for OARs. A minor acceptable deviation
was observed in a single plan, with bowel and duodenum D0.5cc =
34.8 Gy (Figure 3). V38 < 0.5 cc was achieved for all PRV
luminal OARs.
DISCUSSION

Stereotactic body radiation therapy (SBRT) has demonstrated
promising results in locally advanced, unresectable pancreatic
cancer (LAPC). However, durable local control (LC) remains
challenging, and higher biologically effective doses (BED10) are
suggested to achieve tumor ablation. Advances in radiation
delivery techniques, image-guidance (IGRT) and treatment
planning, may allow for dose escalation to levels not previously
achievable, potentially improving LC and survival. The results of
the present study demonstrate that for LAPC, a 5-fraction SBRT
with a SIB/SIP dose escalation protocol up to 60/40/33 Gy to
PTVsib/PTVt/PTVsip, respectively, is dosimetrically feasible with
adequate PTVs coverage and respect for OAR dose constraints.

The clinical rationale for this dosimetric study derives from
our current experience with SBRT in pancreatic cancer. In a
series of 59 patients treated with SBRT with SIB/SIP at our
Institution, we found no G3 toxicities, but a predominant
TABLE 3 | Treatment plan analysis for PTVs*.

Dosimetric parameters Objectives Results, Mean (± SD)

PTVsib Median volume§ 8.1 cc (5.3–41.2)
Dmedian 60 Gy (± 2%) 60.54 (± 0.85) Gy
Dmax <107% 103.7 (± 1.25) %
D98 ≥95% 97.5 (± 1.00) %
D95 ≥95% 100%
D2 - 61.20 (± 1.25) Gy
CI 1 0.99 (± 0.01)

PTVt Median volume§ 42.5 cc (21.3–118)
Dmedian - 44.51 (± 2.69) Gy
D95 ≥95% 96 (± 0.80) %
D2 - 59.39 (± 0.93) Gy

PTVsip Median volume§ 5.9 cc (2.2–80.9)
Dmedian - 35.18 (± 1.42) Gy
D95 ≥95% 100%
D2 - 39.81 (± 1.13) Gy
December 2020 | Volu
*60/40/33 Gy in five daily fractions to PTVsib/PTVt/PTVsip, respectively.
§Median volume (range).
TABLE 2 | Baseline characteristics of locally advanced pancreatic cancer
patients (n = 20).

Age, y, median (range) 65 (39–73)
Gender, male, n (%) 13 (65)
Tumor diameter (mm), (median, min-max) 31 (20–51)
Primary Site
Head, n (%) 13 (65)
Body, n (%) 7 (35)
Pre-SBRT chemotherapy
Gemcitabine + nab-Paclitaxel, n (%) 11 (55)
FOLFIRINOX, n (%) 9 (45)
Biliary Stent, yes, n (%) 7 (35)
Ca 19-9 values (U/ml)
At diagnosis, mean (SD) 601 (± 328)
Pre-SBRT, mean (SD) 54 (± 60)
Involved vessels
CA involvement, n (%) 9 (45)
CHA involvement, n (%) 7 (35)
SMA involvement, n (%) 11 (55)
PV/SMV involvement, n (%) 8 (40)
FOLFIRINOX, fluorouracil, leucovorin, oxaliplatin,
CA, celiac artery; CHA, common hepatic artery; SMA, superior mesenteric artery; PV,
portal vein; SMV, superior mesenteric vein.
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incidence of in-field failures (15). Based on these results, we
evaluated the opportunity and feasibility of a dose escalation
protocol, with the aim of improving the clinical outcomes of the
aforementioned SBRT approach. In this regard, a recent
MDACC study provided a remarkable roadmap to achieve a
dose escalation up to 60 Gy in SBRT for LAPC (17).

The currently recommended dose in pancreatic SBRT is 33–
40 Gy in five fractions (BED10 = 54.78–72 Gy) (18), instead
BED10 of not less than 100 Gy is generally advocated to maximize
the RT therapeutic effect and improve oncological outcomes
(19). These doses are presumably necessary if the goal of SBRT is
to achieve results comparable to surgery. However, when SBRT is
applied to pancreatic tumors, the prescription of such high doses
is challenging due to the proximity of critical OARs (e.g.
duodenum, stomach and bowel), and serious late toxicity, such
as perforation, stenosis, and ulcer with bleeding, could be
expected (14). In our experience, the use of the SIP in
pancreatic SBRT had presumably prevented serious damage to
OARs. Considering that less than 10% of patients with LAPC are
Frontiers in Oncology | www.frontiersin.org 6144
suitable for surgery after neoadjuvant therapy (20), the
administration of such high doses should be as safe as possible.
Thus, the use of this 3-dose level SBRT approach can certainly
allow to maximize the therapeutic window. Indeed, a clinically
acceptable plan was obtained for all patients, with an excellent
PTVsib coverage (D98≥95% reached in all plans) and adequate
respect for OAR dose constraints (a minor acceptable deviation
was observed in a single plan for bowel and duodenum D0.5cc =
34.8 Gy), even when the prescribed dose corresponds to 60 Gy
and 33 Gy to the TVI and SIP volume, respectively. Noteworthy,
the median dose of PTV tumor (PTVt) at level IV of the dose
escalation proposal was 44.51 (± 2.69) Gy, corresponding to a
BED10 of 84.13 (± 2.83) Gy. Therefore, as a consequence of the
high dose gradient within the tumor target, the PTVt absorbed
dose would be consistently higher than the one expected (40 Gy
for a BED10 of 72 Gy), potentially further increasing the final
local effect of the SBRT.

Organ motion control is crucial for a dose escalation
proposal. Our standard approach involves the use of the
A B

FIGURE 3 | (A) Dose distribution (color wash) and (B) dose-volume histogram (DVH) for the single SBRT plan showing a minor acceptable deviation for bowel and
duodenum (D0.5cc = 34.8 Gy). As shown in panel A, the anatomy for this lesion is rather unfavorable, with the simultaneous protection volume (PTVsip, dark green),
surrounded for almost two thirds of the circumference by the PRVs. The following structures are shown: tumor planning target volume (PTVt, red), high-dose
planning target volume (PTVsib, blue), duodenum (black), and bowel (light green). The Planning at Risk Volume (PRVoars) are shown with same color on axial image.
TABLE 4 | Treatment plans analysis for OARs*.

Organ Parameter Constraints Minor Variation Major Variation Results (mean ± SD)

Duodenum Dmax (0.5 cc)
V30Gy

<33 Gy
<5 cc

≤35 Gy
5–10 cc

>35 Gy
>10 cc

29.31 ± 5.72

Stomach Dmax (0.5 cc)
V30Gy

<33 Gy
<5 cc

≤35 Gy
5–10 cc

>35 Gy
> 10 cc

25.29 ± 6.90

Bowel° Dmax (0.5 cc)
V30Gy

<33 Gy
<5 cc

≤35 Gy
5–10 cc

>35 Gy
>10 cc

27.03 ± 5.67

PRV duodenum Dmax (0.5 cc) <38 Gy 38–40 Gy >40 Gy 33.68 ± 6.51
PRV stomach Dmax (0.5 cc) <38 Gy 38–40 Gy >40 Gy 29.51 ± 8.01
PRV bowel Dmax (0.5 cc) <38 Gy 38–40 Gy >40 Gy 32.31 ± 4.37
PRV spinal cord Dmax <20 Gy ≤25 Gy >25 Gy 12.83 ± 2.00
Liver V12Gy <40% ≤50% >50% 5.42 ± 5.3
Kidneys (combined) V12Gy <25% <25% >25% 5.34 ± 5.5
December 2020 | Volum
SD, standard deviation; cc, cube centimeter; Gy, gray; PRV, planning organ at risk volume.
*60/40/33 Gy in 5 daily fractions to PTVsib/PTVt/PTVsip, respectively.
°Small and large bowel.
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abdominal compressor (15). Indeed, in a study evaluating the
effect of abdominal compression in pancreatic cancer, it was
observed that with the use of this technique a cranio-caudal (CC)
margin of 5 mm was adequate to encompass the tumor target
motion in more than 90% of the patients (21). More recently,
Campbell et al. compared compression and gating for pancreatic
SBRT: the average motion in CC direction was 8.5 mm with
abdominal compression, and 5.5 mm with respiratory gating
(22). Similarly, the use of a breath hold technique can minimize
the required PTV expansion compared with treatment during
free breathing or with the use of abdominal compression (23). As
a whole, these results suggest that respiratory gating and breath
hold may be the best choice for organ motion management in
pancreatic SBRT, in particular if a dose escalated approach is
planned. Nevertheless, pancreatic region‐dependent variations in
respiratory induced organ motion, and their effects on motion
control approach, have been described (24). In particular,
motion mitigation techniques resulted less effective in the tail
region, with no difference between the use of abdominal
compression versus respiratory gating, probably due to the
larger positional error in the tail region based on the
abdominal wall surrogate. Taking this into consideration, in
the present study no tail lesions were included for the dose
escalated proposal, hence the results are not applicable to the
tumors of this pancreatic region. In the near future, the use of
Magnetic Resonance-guided Radiation Therapy (MRgRT) will
allow a daily online adaptation of the treatment plan,
immediately before each fraction delivery, to optimize the dose
distribution based on target and OAR anatomy, as well as a real-
time management of the organ motion (25).

Another point of discussion is SBRT target delineation.
Recent guidelines provide a clear definition for the primary
GTV and tumor-vessel interface (TVI), aiming to standardize
treatment volumes (16). Moreover, in our and other experiences
reported in the literature, a SIB technique was used for clinical
dose painting to deliver higher doses to a specific area of the
tumor (15, 26–31). Table 5 summarizes studies describing the
Frontiers in Oncology | www.frontiersin.org 7145
use of SBRT with a SIB approach in pancreatic cancer,
underlining the variability among authors in the definition of
the SIB volume. In the present study, the PTVsib was generated to
encompass the TVI, in order to simplify the comparison with the
plans evaluated and approved in our clinical practice.
Furthermore, the vascular encasement, represented by the TVI
is the main obstacle to plan and achieve a curative resection for
LAPC. Since the SBRT technique can be easily integrated into a
total neoadjuvant therapy (TNT), an ablative boost to the TVI
could maximize the possibility of a conversion to surgery. In this
regard, to better define TVI, the integration of MRI images with a
contrast-enhancement CT-simulation scan, could offer a higher
definition of tumor relationship with neighboring vessels and a
greater accuracy of target delineation (32).

This study has potential limitations. The sample size is
relatively small, and although a reasonable variety of locally
advanced diseases was included, not all possible tumor
characteristics and anatomical heterogeneity were represented.
Therefore, some patients who meet the inclusion criteria for this
dose escalated SBRT in the “dosimetric reality”, may not be
suitable for the same dose escalation in “real life”. Furthermore,
the dose constraints used are based on a commonly accepted
consensus for SBRT, however validation in the clinical practice is
necessary, thus the inclusion of patients in a clinical trial is
strongly recommended. Finally, not all LAPC patients are
candidates for SBRT. Exclusion criteria for SBRT are usually as
follows: tumor > 6 cm in greatest dimension, nodal spread that
cannot be included in the SBRT target volume, and tumors
infiltrating the stomach or duodenum. For these patients, an
alternative 15-fractions hypofractionated ablative radiation
therapy approach may be investigated (Supplementary Material).

In conclusion, this study demonstrates that a SBRT dose
escalation protocol with a SIB/SIP approach for LAPC up to 60/
40/33 Gy in five fractions to PTVsib/PTVt/PTVsip, respectively, is
feasible with adequate target coverage and without unacceptable
increased OAR exposure. Based on this dosimetric analysis, a
Phase II dose escalated trial is ongoing at our Institution.
TABLE 5 | Studies using SBRT with Simultaneous Integrated Boost (SIB) for pancreatic cancer.

Reference Fractions
(n)

PTV definition PTV
dose

SIB target SIB
dose

Chuong et al.
(26)

5 PTV = entire tumor + 3–5 mm 25 Gy TVI (region of vessel abutment/encasement) 35 Gy

Mellon et al.
(27)

5 PTV = GTV (plus motion) + 3–5 mm 30 Gy TVI (areas of vessel involvement by tumor) 40 Gy

Shaib et al.
(28)

3 PTV = GTV with at-risk area of microscopic
spread + 5 mm

36 Gy PM = volume between the posterior 1 cm of GTV and mesenteric
vessel/retroperitoneal soft tissue

45 Gy

Holyoake
et al. (29)

5 PTV = entire tumor + 5 mm 35 Gy TVI (margin-directed boost) 50 Gy

Kharofa
et al. (30)

5 PTV elective = PTV + customized nodal space
and mesenteric vessels

25 Gy PTV = GTV + TVI 33 Gy

Koay EJ
et al. (31)

5 PTV = (GTV + TVI) + 3 mm 33 Gy PTVhigh = PTV with PRV OARs subtracted 50 Gy

Simoni et al.
(12)

5 PTV = entire tumor + 5 mm 30 Gy TVI (region of vessel abutment/encasement) 50 Gy
December 2020 | Volume 10 | Article
n, number; PTV, planning target volume; SIB, simultaneous integrated boost; Gy, gray; TVI, tumor-vessel interface; GTV, gross tumor volume; PM, posterior margin; PRV OARs, planning
organs at risk volume.
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Background and purpose: To validate the feasibility and efficiency of a fully automatic
knowledge-based planning (KBP) method for nasopharyngeal carcinoma (NPC) cases, with
special attention to the possible way that the success rate of auto-planning can be improved.

Methods and materials: A knowledge-based dose volume histogram (DVH) prediction
model was developed based on 99 formerly treated NPC patients, by means of which the
optimization objectives and the corresponding priorities for intensity modulation radiation
therapy (IMRT) planning were automatically generated for each head and neck organ at
risk (OAR). The automatic KBP method was thus evaluated in 17 new NPC cases with
comparison to manual plans (MP) and expert plans (EXP) in terms of target dose
coverage, conformity index (CI), homogeneity index (HI), and normal tissue protection.
To quantify the plan quality, a metric was applied for plan evaluation. The variation in the
plan quality and time consumption among planners was also investigated.

Results: With comparable target dose distributions, the KBP method achieved a
significant dose reduction in critical organs such as the optic chiasm (p<0.001), optic
nerve (p=0.021), and temporal lobe (p<0.001), but failed to spare the spinal cord
(p<0.001) compared with MPs and EXPs. The overall plan quality evaluation gave mean
scores of 144.59±11.48, 142.71±15.18, and 144.82±15.17, respectively, for KBPs,
MPs, and EXPs (p=0.259). A total of 15 out of 17 KBPs (i.e., 88.24%) were approved by
our physician as clinically acceptable.

Conclusion: The automatic KBP method using the DVH prediction model provided a
possible way to generate clinically acceptable plans in a short time for NPC patients.

Keywords: knowledge-based planning, intensity modulated radiation therapy, nasopharyngeal carcinoma, plan
quality, dose volume histogram prediction model
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INTRODUCTION

Intensity modulation radiation therapy (IMRT) has become a
major treatment modality for nasopharyngeal carcinoma (NPC).
Compared with traditional two-dimensional radiotherapy and
three-dimensional conformal radiotherapy, IMRT uses inverse
planning algorithms to generate fields of varied beam intensity
which allows a higher radiation dose to be delivered to the tumor
while minimizing exposure to the surrounding healthy organs (1,
2). Recent reports have proven a better 5-year overall survival,
tumor local control, and fewer late toxicities for NPC patients
treated with IMRT (3, 4).

Although the clinical benefits of IMRT for NPC treatment have
been confirmed, a renewed concern has recently arisen on the
quality of IMRT planning. Currently, IMRT planning is still a trial-
and-error procedure, in which dosimetrists are required to
predetermine all the starting optimization objectives for tumor
targets and organs at risk (OARs), and manually adjust them
during the optimization process until the desired dose distribution
is achieved. This is a challenging process because the optimization
objectives are usually unknown before planning and geometrical
anatomy-based features vary among patients. It has already been
demonstrated that the plan quality relies heavily on the experience of
a dosimetrist and the time spent on a given plan (5). What is worse,
the recommended IMRT quality assurance protocols can only check
whether the planning parameters are correct or not, they can not
verifywhether theplanhas anoptimal dosedistribution.Therefore, it
is essential to explore new methods to guide planners of varied
skill levels to generate high quality plans in a more efficient way.

Many efforts have been made to offer a clearer directionality
during IMRT planning by utilizing both patient anatomical
information and past planning experience. Early exploration was
conducted byWu et al. (6, 7) who proposed an information retrieval
method which utilized an overlap volume histogram to find similar
plans of previous patients in a database as initial planning goals to
guide the new planning procedure. Moore et al. (8) formulized the
correlation between the principle OAR mean dose and the
percentage of that OAR overlapping the planning target volume
(PTV) to yield a simple dose prediction model, striving to provide a
quality control tool for clinical IMRT planning. Recently, more
sophisticated frameworks like machine learning were introduced to
create refined dose volume histogram (DVH) estimation algorithms
(9, 10) and preliminary results demonstrated that such knowledge-
based planning (KBP) methods helped improve plan quality and
planning efficiency by integrating the prior information into the
planning process (11, 12).
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While the KBP method has been found to be useful in many
treatment sites (12–14), a newly published work revealed that
less than half of fully automatic KBP plans for NPC cases can
satisfy the clinical acceptance criteria (15). This is mainly due to
the proximity of neighboring critical structures to the tumor
target so that any slight improvement in target dose coverage
may also result in those structures exceeding the primary
objective dose constraints. Thus the purpose of this study is to
validate the suitability and efficiency of the fully automatic KBP
for NPC cases, with special attention to the possible ways that the
success rate of auto-planning can be improved. To quantitatively
evaluate plan quality, a quality assessing tool with built-in
scoring criteria was introduced. The potential benefits of
combining this quality metric with estimated DVHs for quick
plan quality check were discussed.
METHODS AND MATERIALS

Prior Plan Selection
To generate the DVH prediction model, 99 prior IMRT plans for
NPC patients were retrospectively selected from our institutional
database. The TNM staging information is shown in Table 1. All
patients were immobilized in the supine position with head-
neck-shoulder thermoplastic masks. A 9 co-planar beam IMRT
plan with a collimator angle fixed at 0° was designed for each case
by a senior physicist using the Eclipse treatment planning system
(version 11.0, Varian Medical Systems, Palo Alto, CA). The dose
prescription was set to 70 Gy in 30 fractions to the planning
gross target volume (PGTV), 60 Gy in 30 fractions to
the planning target volume (PTV1), and 54 Gy in 30
fractions to the planning target volume (PTV2). For NPC,
the planning target volumes (PTV1 and PTV2) were
constructed automatically by expanding the corresponding
clinical target volumes (CTV1 and CTV2) in three dimensions
by 3 mm, allowing for setup uncertainties. Specifically, CTV1
includes the high-risk regions of microscopic infiltration
surrounding the primary gross target volume (GTV), which is
defined as GTV plus a 5-10 mm margin, including the entire
nasopharyngeal mucosa. CTV2 is defined as CTV1 plus a 5-10
mm margin to encompass the low-risk anatomic sites of
microscopic extension. Besides, the located neck levels of the
lymph nodes, and the elective neck irradiation levels are also
defined as CTV2. The planning goals for tumor targets and
dose constraints for the OARs were chosen according to
our department protocols and national and international
TABLE 1 | The 7th UICC/AJCC clinical stage information of 99 nasopharyngeal carcinoma patients.

T stage N stage Overall stage

T1 5 N0 7 Stage I 2
T2 35 N1 37 Stage II 14
T3 35 N2 32 Stage III 43
T4 24 N3 23 Stage IV 40
Total 99 99 99
J
anuary 2021 | Volume 10 | Article 5517
63

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hu et al. Knowledge-Based Planning for Nasopharyngeal Carcinoma
recommendations (16, 17). Recent follow-ups indicated that all
patients were proven to have favorable prognoses with neither
severe late toxicity nor treatment failure (local recurrence/
distant metastasis).

Generating a KBP Plan
In this study, a mathematical framework was performed to derive
DVHestimationmodels for head andneckOARs fromhigh quality
prior plans, similar to Zhu et al. (9). The model incorporated two
major groups of anatomical features including volumetric
information and spatial information, which were characterized by
the minimum distance from a voxel to the PTV surface (distance-
to-target histogram, DTH). The DTH and DVH curves were
parameterized using principal component analysis so that
noticeable anatomical and dosimetric features were quantified by
1 to 4 principal components with eigenvalue contributions over
97%. For each individualOAR,multivariate regression analysis was
carried out to select the variables with statistical significance and
thereafter a mathematical model was built using support vector
regression (SVR). It was reported that using SVR with a
ϵ-insensitive loss function can avoid overfitting and has fewer
fitting errors than using multivariable nonlinear regression (9).

As the quality of the plan database may determine the degree
of accuracy that a prediction model can offer, a refinement
process was performed for the primary model to improve its
predictive accuracy (18, 19). This was done by taking the primary
model as a self-checking tool and relatively suboptimal database
plans were thus identified by comparing the estimated DVHs
with the planned DVHs. Unlike previous studies, these
suboptimal plans were not excluded from the database, but
were rejoined to the training dataset after they were re-
optimized by a group of experts under the guidance of the
estimated DVHs to further spare the OARs.

The refined model was then used for automatic IMRT
planning, by means of which the achievable DVHs were
predicted with a 95% confidence interval for each OAR. It is
known that the commercial planning system RapidPlan takes the
lower bound of the DVH estimate range as the optimization
objectives with an attempt to maximize OAR sparing (20). Based
on our experience and the previous study (15), we selected the
predicted mean value instead of the lower limit of the DVH
estimation range as the starting optimization objectives for some
adjacent OARs such as the optical chiasm, optical nerve,
pituitary, and inner ear in advanced T3-T4 cases to better
balance the target dose coverage and normal tissue protection.

Clinical Evaluation
The clinical test was conducted in 17 new NPC cases of various
clinical stages (T1: 2 cases, T2: 1 case, T3: 10 cases, and T4: 4
cases). For each patient, three different IMRT plans were
generated: 1) a manual plan (MP): this plan was designed
independently by a dosimetrist in the traditional trial-and-
error way. 2) A knowledge-based plan (KBP): this plan was
automatically generated based on the estimated DVHs by only
one click of the ‘optimization’ button with no other human
intervention, which is different from the previous study (15).
Frontiers in Oncology | www.frontiersin.org 3150
3) An expert plan (EXP): the MP was adjusted repeatedly by an
expert panel with reference to the estimated DVHs until a
consensus on the dose distributions was reached. The EXP was
regarded as the reference standard in our plan comparison.

In addition, the plan quality variation among planners was
investigated by selecting 5 NPC cases of different difficulty (T2: 1
case, T3: 3 cases, and T4: 1 case). For each case, an MP plan was
generated independently by three planners with diverse working
ages (A: trainee, nearly one-year experience; B: young
dosimetrist, three-year experience; and C: senior dosimetrist,
more than five-year experience). The resulting plan quality and
time consumption were compared.

Dosimetric Analysis Indices
For a tumor target, a plan comparison was conducted in terms of
dose coverage, conformity index (CI), and homogeneity
index (HI).

The CI (21) was calculated using the following equation:

CI =
VTref

VT

� �
∗

VTref

Vref

 !

where VTref is the volume of the target covered by the reference
isodose, VT is the target volume, and Vref is the volume of the
reference isodose.

The HI (22) was defined as:

HI =
D2% − D98%

D50%

where Dx% is the absorbed dose received by x% of the
target volume.

In this study, 14 kinds of head and neck OARs for NPC
treatment were evaluated as shown in Table 2. The maximum
dose (Dmax or D1cc) and the mean dose (Dmean) were chosen for
the dosimetric evaluation of serial and parallel organs,
respectively. The D1% was specially applied for optic organs as
their volumes were too small. Other dosimetric indices used are
detailed in Table 2.

To quantify the plan quality, an assessing tool, namely plan
quality metric (PQM), was introduced (23). The scoring criteria
were established based on our institutional protocols and
referenced in the RTOG-0225 and RTOG-0615 guidelines (16,
17) and the work of Ng et al. (24). The total score was 200 points
and was divided into 4 levels, i.e., targets (100 points), critical
organs (60 points), sub-critical organs (25 points), and other
normal organs (15 points). The organ classification and scoring
details are listed in Table 2.

As for statistical analysis, a Kolmogorov-Smirnov test and
homogeneity of variance test were used to affirm the normality
and variance homogeneity of the data. For those fulfilling the
above two conditions, an F-test was performed or otherwise a
Friedman test was applied for a plan comparison. A Bonferroni
test was further selected for pair wise comparison in multiple
objectives. All statistical analyses were performed using the SPSS
software (version 22, SPSS Inc., Chicago, IL).
January 2021 | Volume 10 | Article 551763

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hu et al. Knowledge-Based Planning for Nasopharyngeal Carcinoma
RESULTS

Target Dose Comparison
Table 3 shows the target dose distribution for three kind of plans.
All three groups achieved a dose coverage of V98% higher than
99% for PGTV and PTV1. The hot spot was better controlled in
the EXPs (p=0.013), but all three kind of plans had a V110% of
lower than 3%. Compared with MPs and EXPs, KBPs acquired
increased conformity in PGTV (p<0.001) at the sacrifice of HI in
PGTV, PTV1, and PTV2 (p<0.001). It was observed that V98% in
PTV2 was significantly lower in KBPs than those in MPs and
EXPs (p=0.041).
Frontiers in Oncology | www.frontiersin.org 4151
OAR Dose Analysis
While the radiation doses to OARs were all managed within the
tolerance limits in the three kinds of plans, the KBPs had a slight
advantage in OAR sparing than MPs and even EXPs (Table 4).
Significant dose reduction was achieved in KBPs for critical
organs such as the optic chiasm (p<0.001), optic nerve
(p=0.021), and temporal lobe (p<0.001), but the KBPs failed to
spare the spinal cord compared with MPs and EXPs (p<0.001).
As for sub-critical and other normal organs, the KBPs also
provided comparable or better protection except for the
pituitary (p=0.002) compared with MPs and EXPs.

Overall Plan Quality Evaluation
The plan quality scores are given in Table 5. No statistically
significant difference was found among the three groups in terms
of tumor target (p=0.458), critical organs (p=0.486), sub-critical
organs (p=0.225), and other normal organs (p=0.142). The overall
plan quality evaluation gave mean scores of 144.59±11.48, 142.71
±15.18, and 144.82±15.17, respectively, for KBPs, MPs, and EXPs
(p=0.259). A total of 15 out of 17 KBPs (i.e., 88.24%) were
approved by our physician as clinically acceptable. In two failure
KBP cases, one T3N2 case had extremely low PTV2 coverage
(V98%=89.75%), and the other, a T4 case, had a very large primary
tumor and exhibited unacceptable hot spot areas.

The PQM scores varied with different T stages. For relatively
easy plans such as T1 and T2 cases, they achieved average scores
of 154.00+0.00, 151.33+3.06, and 154.67+2.31, respectively, for
KBPs, MPs, and EXPs, which were all the highest scores among
the three groups. As for T3 cases, the average PQM scores were
145.20+11.63, 143.60+15.19, and 146.10+14.56 for KBPs, MPs,
and EXPs, respectively. For relatively difficult T4 cases, the KBPs,
MPs, and EXPs obtained average scores of 141.00+3.61, 143.33+
2.31, and 143.33+3.06, respectively.

Plan Quality Variation Among Planners
The PQM scores of five tested cases were on average 136.60±
18.68, 141.40±18.99, and 143.80±20.35, respectively, for
dosimetrist A, B, and C (Table 6). It was noticed that the plan
quality improved with increased experience.

As shown in Figure 1, the average time required to achieve
clinically acceptable dose distributions decreased with the
increase of work experience. However, it was observed that
TABLE 3 | Dosimetric and statistical results of tumor targets for the three different plans.

KBP MP EXP P value P1 P2

PGTV V98% (%) 99.79 ± 0.28 99.70 ± 0.55 99.76 ± 0.32 0.890 – –

V110% (%) 2.16 ± 3.12 1.01 ± 2.62 0.51 ± 1.06 0.013 0.030 0.215
CI 0.53 ± 0.11 0.36 ± 0.15 0.39 ± 0.15 <0.001 <0.001 <0.001
HI 0.08 ± 0.01 0.07 ± 0.02 0.07 ± 0.02 <0.001 <0.001 0.030

PTV1 V98% (%) 99.05 ± 1.30 99.68 ± 0.56 99.56 ± 0.91 0.003 0.003 0.022
CI 0.31 ± 0.10 0.31 ± 0.09 0.32 ± 0.10 0.352 – –

HI 0.21 ± 0.01 0.19 ± 0.01 0.19 ± 0.01 <0.001 <0.001 <0.001
PTV2 V98% (%) 97.91 ± 2.62 99.28 ± 0.35 98.81 ± 1.39 0.041 0.040 0.283

CI 0.83 ± 0.02 0.81 ± 0.03 0.82 ± 0.03 0.051 – –

HI 0.34 ± 0.02 0.31 ± 0.02 0.32 ± 0.03 0.002 0.002 0.048
January 2021 |
 Volume 10 | Article
P1 represents KBP vs MP, P2 represents KBP vs EXP.
TABLE 2 | The quality metric for nasopharyngeal carcinoma cases including the
built-in dosimetric indices and the scoring points for tumor targets and organs at
risk.

Parameters (V:%/D:Gy) Score

PGTV① V98% >98/>95/<95 10/6/0
V110% <10%/<20%/>20% 10/6/0
CI >0.8/>0.6/<0.6 10/6/3
HI <0.05/<0.10/>0.10 10/6/3

PTV1① V98% >98/>95/<95 10/6/3
CI >0.8/>0.6/<0.6 10/6/3
HI <0.05/<0.10/>0.10 10/6/3

PTV2① V98% >98/>95/<95 10/6/3
CI >0.8/>0.6/<0.6 10/6/3
HI <0.05/<0.10/>0.10 10/6/3

Brainstem② D1cc <54/<60/>60 12/6/0
Spinal cord② D1cc <35/<45/<50/>50 12/6/3/0
Optical chiasm② D1% <54/<60/>60 12/6/0
Optical nerve② D1% <54/<60/>60 12/6/0
Temporal lobe② V60 <10/>10 4/2

Dmax <60/>60/>65 4/2/0
Dmean <36/>36 4/2

Mandible③ Dmax <70/<75/>75 5/3/1
TMJ③ Dmax <70/<75/>75 5/3/1
Parotid③ Dmean <26/>26 2/0

V50 <30/>30 3/1
Lens③ D1% <6/<10/>10 5/3/1
Pituitary③ D1% <60/<65/>65 5/3/1
Eye④ D1% <50/>50 1/0

Dmean <35/>35 2/1
Inner-ear④ Dmean <50/>50 4/2
Larynx④ Dmean <45/>45 4/2
Tongue④ Dmean <55/>55 4/2
①tumor targets; ②critical normal organs; ③sub-critical organs; ④other normal organs
551763

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hu et al. Knowledge-Based Planning for Nasopharyngeal Carcinoma
planner C also spent more time than usual in designing the T4
case (55 min). Auto-planning significantly reduced the planning
time to within 30 min.
DISCUSSION

Previously published studies have revealed that quite a few clinical
plans may have sub-optimal dose distributions, leading to excessive
irradiation to normal tissues (11, 25). KBP methods may provide a
possible solution by incorporating prior information into the
planning process. In this study, we validated the feasibility and
efficiency of a KBP method based on estimated DVHs with special
efforts to improve the success rate of auto-planning for NPC
treatment. As the database quality might have a direct impact on
the prediction results (26), only high quality prior plans with
definite curative effects were enrolled. Also, a refinement process
was applied here for the primary model to enhance its predictive
ability as recommended by several authors (18, 19, 27).
Frontiers in Oncology | www.frontiersin.org 5152
By introducing estimated DVHs, patient-specific
optimization objectives rather than general templates were
generated for each individual patient in the KBP method,
based on the patient anatomy and prior knowledge. This
helped offer a clearer directionality for the planner to refine the
optimization objectives and achieve a high quality plan, which
would be particularly useful for some complicated disease sites
such as cancer of the head and neck (28). Our results showed that
the EXP method provided the best trade-off between target dose
coverage and normal tissue protection, acquiring the highest
quality assessment scores among the three kinds of IMRT plans.
For T1-T2 and most T3 cases, the KBP method has shown its
capability in sparing normal tissues and thus the plan quality
score of a fully automatic KBP is better than that of MP, and is
close to or reaches the level of EXP. For advanced T4 cases, due
to the proximity of neighboring critical structures to the tumor
target, some minor improvements in OAR sparing may lead to
insufficient target dose coverage, giving the KBP a slightly lower
score than MP and EXP. However, no statistically significant
TABLE 5 | Plan quality metric scores of the three different plans for 17 nasopharyngeal carcinoma patients.

KBP MP EXP P value

Critical organs 47.41 ± 5.78 46.35 ± 10.89 47.29 ± 11.66 0.486
Tumor targets 66.24 ± 4.96 66.59 ± 2.55 66.47 ± 2.67 0.458
Sub-critical organs 17.71 ± 3.39 16.76 ± 3.53 17.47 ± 3.71 0.225
Other normal organs 13.24 ± 0.97 13.00 ± 1.22 13.59 ± 1.18 0.142
Total 144.59 ± 11.48 142.71 ± 15.18 144.82 ± 15.17 0.259
January 2021 | Volume 10 | Article
TABLE 6 | Plan quality metric scores for three different dosimetrists of varied skill levels, namely A, B, and C.

Dosimetrist A Dosimetrist B Dosimetrist C

Critical normal organsORorgans 42.40 ± 13.67 43.60 ± 14.31 44.80 ± 14.18
Tumor targets 65.80 ± 4.92 66.20 ± 4.49 67.00 ± 3.00
Sub-critical organs 15.40 ± 4.34 18.60 ± 3.29 18.20 ± 4.38
Other normal organs 13.00 ± 1.41 13.00 ± 0 13.80 ± 1.10
Total 136.60 ± 18.68 141.40 ± 18.99 143.80 ± 20.35
TABLE 4 | Dosimetric and statistical results of organs at risk for the three different plans.

KBP MP EXP P value P1 P2

Brainstem D1cc 50.45 ± 4.85 51.79 ± 4.57 51.07 ± 5.34 0.137 – –

Spinal cord D1cc 36.98 ± 0.67 35.38 ± 1.89 35.27 ± 1.21 <0.001 <0.001 <0.001
Optic chiasm D1% 42.78 ± 12.24 47.45 ± 15.54 46.26 ± 14.70 0.001 <0.001 0.018
Optic nerve D1% 36.17 ± 18.84 38.53 ± 20.67 37.44 ± 20.07 0.021 0.018 0.51
Temporal lobe V60 2.00 ± 2.65 3.38 ± 3.98 3.09 ± 3.22 <0.001 <0.001 0.005

Dmax 70.88 ± 6.49 71.15 ± 5.36 71.04 ± 6.25 <0.001 <0.001 <0.001
Dmean 17.34 ± 5.65 18.06 ± 5.41 17.90 ± 5.55 0.002 <0.001 0.019

Mandible Dmax 65.94 ± 7.27 70.68 ± 3.79 69.80 ± 4.17 <0.001 <0.001 <0.001
TMJ Dmax 61.61 ± 6.18 63.96 ± 7.06 62.82 ± 7.81 0.051 – –

Parotid Dmean 39.65 ± 2.12 40.26 ± 3.04 39.99 ± 2.38 0.310 – –

V50 33.92 ± 3.15 35.88 ± 5.83 35.43 ± 4.22 0.483 – –

Lens D1% 6.52 ± 3.13 6.85 ± 3.16 6.71 ± 3.09 0.005 <0.001 0.144
Eye D1% 22.18 ± 9.99 21.56 ± 9.32 21.96 ± 9.68 0.571 – –

Dmean 7.72 ± 3.95 8.21 ± 3.98 8.21 ± 4.32 0.047 0.049 0.044
Pituitary D1% 61.35 ± 9.30 58.77 ± 8.17 59.10 ± 8.00 0.002 <0.001 0.012
Inner-ear Dmean 46.62 ± 6.13 47.05 ± 7.84 46.69 ± 8.51 0.580 – –

Larynx Dmean 46.10 ± 2.61 46.22 ± 2.69 45.11 ± 2.56 0.013 1.000 0.044
Tongue Dmean 43.12 ± 3.73 44.43 ± 3.99 43.77 ± 4.22 <0.001 <0.001 0.046
P1represents KBP vs MP, P2 represents KBP vs EXP.
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difference was found among the three kinds of plans, indicating
that the KBP method can produce comparable or even better
plans than the traditional manual way. This observation was
consistent with previously published studies (15, 28, 29).

It should be noted that we herein applied predicted mean
DVH values as the starting optimization objectives for some
adjacent OARs such as the optical chiasm, optical nerve,
pituitary, and inner ear in advanced T3-T4 cases. This may be
the reason why we obtained a higher success rate in auto-
planning (about 88%) than the previous study (about 45%)
(15). Chang et al. (15) conducted their investigation using a
similar estimation module, but took into account the lower
bound of the DVH estimate range as the optimization
objectives with an attempt to maximize OAR sparing, though
the predicted mean usually represents the best estimate from a
statistical point of view. For early T1-T2 cases, there is enough
distance between tumor targets and the surrounding normal
tissues to allow for high dose fall-off, thus relatively “tighter”
objectives help achieve better results. However, for advanced T3-
T4 cases, applying the lower limit of the estimated DVH as the
objective seems too hard to realize for almost all the OARs,
especially for the optical chiasm, optical nerve, pituitary, and
inner ear which are adjacent to or overlap the target area. These
“hard” objectives cause suboptimal trade-off, resulting in
insufficient target coverage by the prescribed dose. In fact, even
if the predicted mean was selected as the objective, our results
demonstrated that the automatic KBP still spared the
surrounding critical organs well.

A previously published study applied a scoring system,
together with KBP models, to serve as a teaching aid for
training IMRT planning skills for lung cancer (30). However, it
has been pointed out that this scoring system will always have an
ad hoc nature as the preferences of physicians will vary, although
the plan scoring system can measure the overall quality of a plan
Frontiers in Oncology | www.frontiersin.org 6153
(30). In this study, a similar quality assessment tool was also
introduced to quantify the plan quality of NPC cases. The built-
in dosimetric indices were referenced in the relevant national and
international guidelines, while the scores were given based on
our clinical evaluation practice, ensuring that the derived score
was in good agreement with the clinical comments. It was shown
that for T1 and T2 cases, the high quality plan usually obtained a
score of above 150 points, but for T3 and T4 cases, the plan
acceptance criteria should be properly reduced to about 140
points. This suggests that if a plan quality score is below these
thresholds, for example, if a T2 case obtains an assessing score of
less than 150 points, then the planner should be cautious and a
systematic quality review would be required to keep the plan
standard high. It has been proven to our satisfaction that the
quality metric can be calculated within seconds, providing an
efficient tool for quick plan quality checks.

However, as shown by us and the previous study (15), the
KBP method failed to spare the spinal cord compared with MPs
and EXPs. This may be due to the fact that only the primary
lesion of the nasopharynx was involved in the DVH prediction
model, and the influence of a cervical positive lymph node target
was not considered. Recently, Zhang et al. (31) proposed an
improved model building method utilizing a so-called
generalized distance-to-target histogram to capture the
geometric relationships of an OAR with multiple PTVs. This
may provide a potential solution for generating a more accurate
DVH prediction model for NPC. More research is warranted.

Our results confirmed that traditional manual planning was
operator- and experience-dependent. Compared with the junior
planner, the experienced dosimetrist was able to produce a high
quality plan in a shorter period of time. The KBP method makes
full use of prior knowledge, which can generate a plan with
quality comparable to that of a senior dosimetrist. However, as
commented by Chang et al. (15), the KBP method cannot fully
FIGURE 1 | Comparison of the planning time for dosimetrist A, B, C, and auto-planning. The error bar represents 1 standard deviation.
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hu et al. Knowledge-Based Planning for Nasopharyngeal Carcinoma
replace the experienced planners, but works more as an aid to
guide planners of varied skill levels, especially for the junior
planners, to obtain a qualified plan in a more efficient way. By
using KBP, the plan quality variation among planners was
minimized, thus improving the overall plan quality in a
systematic way.
CONCLUSIONS

This study provided evidence that the automatic KBP method
can produce clinically acceptable IMRT plans with quality
comparable to manual plans for NPC cases. The quality metric
helped to quantify the plan quality for a more intuitive evaluation
of the planned dose distribution, providing a potential tool for
quick plan quality checks.
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Aim: To evaluate the clinical outcomes of metastatic colorectal cancer (mCRC) patients
with oligometastases, oligoprogression, or local control of dominant tumors after
stereotactic body radiotherapy (SBRT) and establish a nomogram model to predict the
prognosis for these patients.

Methods and Materials: A cohort of 94 patients with 162 mCRC metastases was
treated with SBRT at a single institution. Treatment indications were oligometastases,
oligoprogression, and local control of dominant tumors. End points of this study were the
outcome in terms of progression-free survival (PFS), overall survival (OS), local progression
(LP), and cumulative incidence of starting or changing systemic therapy (SCST). In
addition, univariate and multivariable analyses to assess variable associations were
performed. The predictive accuracy and discriminative ability of the nomogram were
determined by concordance index (C-index) and calibration curve.

Results: Median PFS were 12.6 months, 6.8 months, and 3.7 months for
oligometastases, oligoprogression, and local control of dominant tumors, respectively.
0-1 performance status, < 10 ug/L pre-SBRT CEA, and ≤ 2 metastases were significant
predictors of higher PFS on multivariate analysis. Median OS were 40.0 months, 26.1
months, and 6.5 months for oligometastases, oligoprogression, and local control of
dominant tumors, respectively. In the multivariate analysis of the cohort, the independent
factors for survival were indication, performance status, pre-SBRT CEA, and PTV, all of
which were selected into the nomogram. The calibration curve for probability of survival
showed the good agreement between prediction by nomogram and actual observation.
The C-index of the nomogram for predicting survival was 0.848.
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Conclusions: SBRT for metastases derived from colorectal cancer offered favorable
survival and symptom palliation without significant complications. The proposed
nomogram could provide individual prediction of OS for patients with mCRC after SBRT.
Keywords: colorectal cancer, stereotactic body radiotherapy, oligometastases, oligoprogression, cyberknife
INTRODUCTION

Colorectal cancer (CRC) is a major cause of cancer-related deaths,
with a 5-year survival rate of 64% (1). 21% of patients are diagnosed
with metastasis, and approximately 50% of patients with colorectal
cancer in due course of time will develop distant metastasis, and the
5-year survival rate is less than 14% (1, 2). The most common site of
CRC metastasis is the liver, followed by the lungs and bones (3–5).
Systemic therapy is the main treatment for patients with metastatic
colorectal cancer (mCRC). With the introduction of new
chemotherapy regimens, targeted therapies and immunotherapy,
the efficacy of systemic therapy has been improved. Local treatment
can be used to reduce the burden of tumors to better control the
disease, thereby improving the overall survival (OS).

Hellmann and Weichselbaum proposed an intermediate clinical
state between widespread metastases and locoregionally confined
malignancy in 1995, called oligometastases (6, 7). Oligometastatic
disease is manifested by the presence of limitedmetastases in limited
organs. For patients with oligometastases of colorectal cancer,
intensive treatment of metastases has improved OS (8, 9). In
surgically resected liver metastasis, the 5-year OS rate of CRC
patients was between 50 and 60% (10–12). However, in some
cases, many patients with metastases cannot be treated by surgery
due to larger tumor size and bad location. Thus, other local
treatment methods should be considered. Over the past two
decades, extensive clinical experience has proved that SBRT is a
non-invasive, high-precision technical method. It could deliver
ablative treatments for different metastatic sites (liver, lung, brain,
bone/spine, adrenal, lymphadenopathy, pancreas, etc.) (13–15) with
little impact on acute quality of life. Compared to surgery, SBRT has
advantages of lower morbidity, good immediate tolerance and no
need for general anesthesia. SBRT could not only serve as an
alternative to surgery, but also a complementary treatment. It can
shrink the lesion to achieve resectability of the tumor. In addition,
SBRT can eliminate residual lesions or positive margins after
surgical resection, reducing the risk of local recurrence. Many
non-random studies of oligometastases with SBRT have achieved
e dose; C-index, concordance index;
mputed tomography; CI, confidence
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FDG-PET/CT, 18-fluorodeoxyglucose
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a local control rate of 80%, and the progression-free survival (PFS)
of two to five years was about 20% (16).

In addition to oligometastases, the use of SBRT for
oligoprogression has attracted increasing attention. In this case,
one or several metastatic lesions are growing, and other lesions are
stable under systemic treatment strategies (17). Progressive tumors
treated with SBRT may delay the start or change need for systemic
therapy. This may have clinical benefits, including improved PFS,
OS and life quality of patients (18–20). Local control of dominant
tumors is another increasing indication for SBRT (21), a clinical
situation where the local tumor may cause severe morbidity,
obvious pain or obstruction symptoms. In this case, the main goal
of SBRT targeting dominant tumors is to alleviate symptoms.

Most studies included SBRT in patients with oligometastatic or
oligoprogressive cancers irrespective of histology (18, 22, 23), which
could not determine the specific benefits of SBRT for specific cancer
histology (24). In this study, we analyzed the clinical outcomes of
mCRC patients with oligometastases, oligoprogression, or local
control of dominant tumors after SBRT and established a
nomogram model to predict the prognosis for these patients.
METHODS AND MATERIALS

Patients
Ninety-four patients with histologically confirmed colorectal
adenocarcinoma underwent radical surgery regardless of
whether they received adjuvant chemotherapy, and were
diagnosed with metastatic or synchronous metastasis. They
underwent SBRT from January 2010 to December 2018 in
Jinling Hospital affiliated to Nanjing Medical University
(Nanjing, China). The retrospective study was approved by our
institutional Research Ethics Board. The criteria for patients
undergoing SBRT were as follows: (1) oligometastases, with the
maximum of 5 metastases (≤5 cm in size) diagnosed in the
maximum of 2 sites. (2) oligoprogression, only irradiating
the growing tumor (≤ 5 growing tumors), and all other lesions
are stable. (3) local control of dominant tumors, and clinically
hope to alleviate symptoms or prevent anticipated complications
of progression, even if other tumors were progressing. The last
indication refers to the situation where the local tumor may
cause severe morbidity, obvious pain or obstruction symptoms.
The main exclusion criteria included prior history of malignant
tumors in other areas and prior in-field radiotherapy.

Techniques of SBRT
In our study, SBRT was delivered using CyberKnife (Accuray
Incorporated, Sunnyvale, CA, USA). For metastatic lesions
located in internal moving organs (such as lung metastases,
January 2021 | Volume 10 | Article 595781
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liver metastases, and abdominal metastatic lymph nodes), gold
fiducial tumor markers were implanted under ultrasound or CT
guidance before SBRT. The gold fiducials need to be placed in or
near the lesion. For patients with poor physical conditions or the
location of tumors near large blood vessels, which are more at
risk of repeated punctures, 1–2 gold fiducials were embedded.
Other tolerable patients received 3–4 implants. The gold fiducial
is a 99% pure gold cylinder with a length of 5 mm and a diameter
of 0.8 mm. To ensure that the position of the gold labels relative
to the tissues are stable, the CT positioning scan was generally
conducted one week after the gold fiducials were embedded.
Different methods were used to track the lesions at different sites.
Intracranial tumors were tracked using six-dimensional skull
tracking, and spinal metastases were tracked using XSight spine
tracking approach. For thoracic and abdominal soft tissue
tumors, respiration synchronous tracking (Synchrony) was
used to track the movement of the fiducials instead of tumor
movements for simultaneous irradiation.

During the Body CT (Brilliace Big Bore 16CT Philips
Germany) simulation positioning, the patient was fixed with a
vacuum pad. Simultaneously, intravenous contrast was injected
to clearly show the tumors. The patient breathed normally before
the CT scan and held the breath at the end of the inhalation to
scan. The CT scan range is 15 cm above and below the lesion,
with a layer thickness of 1 mm. Patients with brain metastases
were fixed with a thermoplastic mask. The gross tumor volume
(GTV) was delineated on simulation CT imaging, and co-
registered with MRI scan or PET-CT scan (if available).
According to disease site and dimensions, a margin of 0-5 mm
was added to GTV to form the planning target volume (PTV).
When evaluating the CyberKnife treatment plans, the normal
tissue constraints and dose prescription points were as per
Radiation Therapy Oncology Group (RTOG)/NRG SBRT
protocols, and published dose-volume constraint tables for
hypofractionation (25, 26).

SBRT was usually executed one time a day and five days a
week. SBRT usually takes about one hour. Therefore, it is difficult
for patients with severe pain to maintain the same posture for a
long time. Therefore, 10 mg of morphine can be taken half an
hour before SBRT to relieve the patient’s pain and help
complete treatment.

Concurrent administration of systemic therapy and SBRT
was avoided. SBRT was delivered between chemotherapy cycles,
or systemic therapy was held temporarily during SBRT in
patients who were undergoing systemic therapy.

In this study, patients can simultaneously receive ≥ 1 planned
courses of SBRT to treat ≥ 1 tumors. If the disease had progressed
on follow-up surveillance imaging, and met one of the above
SBRT indications, the patient will continue to receive a second or
subsequent line of SBRT.

Outcomes and Follow Up
The first year after the SBRT was completed, follow-up was
conducted every three months. From the second year to the fifth
year, the assessment was conducted every six months, and the
follow-up is conducted annually after five years. Treatment
results and side effects based on clinical examination,
Frontiers in Oncology | www.frontiersin.org 3158
laboratory examination, and CT, MRI, bone scan, or PET-CT
were evaluated. The National Cancer Institute’s Common
Terminology Standards for Adverse Events (CTCAE) version
4.03 was used to assess toxicity. Acute toxicity is an event that
occurs within 90 days of SBRT. Late toxicity is defined as an
event that occurs more than 90 days after the start of SBRT.

OS is the time from the start of SBRT to the day of death or
the last follow-up, with those lost to follow-up being censored.
PFS is defined as any progression or death from the beginning of
SBRT, with those lost to follow-up being censored. Local
progression (LP) is defined as tumor progression within the
irradiated field from the start of SBRT, with those lost to follow-
up being censored. The death without LP is a competitive event.
The distant relapse is defined as relapse occurring outside the
irradiated volume from the start of SBRT. The definition of
starting or changing systemic therapy (SCST) is the start of any
systemic therapy after SBRT in patients who did not receive
systemic therapy or a switch to another systemic therapy after
SBRT in patients received systemic therapy. In addition, the
death without the event is a competing event. Polymetastatic
disease (PMD) was defined as the occurrence of >5 new
metastatic lesions from the start of SBRT in oligometastases
group. Death without PMD was a competitive event. The visual
analog scale (VAS) was used to score pain, and it was divided
into four groups according to the score: score 0 for the painless
group, score 1–3 for the mild pain group, score 4–6 for the
moderate pain group, score 7–10 is the severe pain group. Some
patients who progressed after the first-line SBRT received
second-line SBRT. PFS2 for these patients is calculated from
the start of second-line SBRT.

In patients using SBRT to treat more than one lesion at the
same time, PTV is the sum of all individual PTVs to better reflect
tumor burden. Assuming an alpha/beta ratio of 10, the average
biologically effective dose (BED) is the lowest individual average
PTV BED to reflect the lowest dose delivered to a specific tumor.

Statistical Analyses
We compared numerical variables with normal distribution by
t test. The nonparametric Wilcoxon test was used when non-
normal distribution was found. In order to compare the three
groups, ANOVA was used to compare numerical variables with
normal distribution and the Kruskal Wallis test when non-
normal distribution was found. The Chi-square test with
Fisher’s correction for categorical variables was used to
compare groups. Kaplan-Meier method and Cox proportional
hazard model were used for PFS and OS. Only variables with p <
0.05 from the univariate analyses were explored in the
multivariate analyses. According to the results of multiple Cox
regression analysis, we developed a nomogram (27, 28) by using
the rms software package. The discrimination performance was
measured by Concordance index (c-index) (29). We assessed
the calibration curves by plotting the observed rates against the
nomogram-predicted probabilities with 1,000 resamples via
the bootstrap method.

The accurate of the prognostic prediction were improved as
the C-index increased (30). Competitive risk analysis (Gray’s
test) (31, 32) can be used to estimate the cumulative incidence of
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LP for irradiated lesions, cumulative incidences of LP, distant
relapse and death occurring as the first event, cumulative
incidence of SCST, and cumulative incidence of PMD. All
statistical analyses were performed using SPSS 24.0 and R
version 3.6.3 (http://www.r-project.org/) for statistical analysis,
and p < 0.05 was considered statistically significant.
RESULTS

Patient Characteristics and SBRT Features
There were a total of 94 patients and 162 lesions treated with
SBRT in this paper. 42 patients were in oligometastases (OM)
group, 19 patients were in oligoprogression (OP) group, and 33
patients were in local control of dominant tumors (LCDT)
group. There were 63 (67.0%) male patients and 31 (33.0%)
female patients. The age of the patients in this study ranged from
30 to 85 years (mean age 61 years). The median time between
initial diagnosis of colorectal cancer and metastatic disease was
13.2 months (0–90.6 months). After completing the first line of
SBRT, the median follow-up time for all patients was 36.4
months. At the last follow-up, 38 patients were lost to follow-
up in the study. There were significant differences in the
performance status (PS) of Eastern Cooperative Oncology
Group among three groups (PS 2–3: OM vs OP vs LCDT, 21.4
vs 47.4 vs 90.9%, p = 0.000), as well as the number of metastases
(>2 lesions, OM vs OP vs LCDT, 23.8 vs 100 vs 100%, p = 0.000)
and organs (> 2 organs, OM vs OP vs LCDT s, 0 vs 73.7 vs 97%,
p = 0.000). The median target size in OM, OP and LCDT groups
were 3.0 cm, 4.4 cm and 4.5 cm, respectively (p = 0.000). The
main characteristics of all patients are summarized in Table 1.

Single internal organ was treated with SBRT in 88 (93.6%)
patients. Majority of patients (74/94, 78.7%) were treated on one
lesion. After the conversion of dose according to BED10, 53
lesions (42.4%) were treated with more than 100 Gy. The doses
and fractions that varied with metastatic site were summarized in
Supplementary Table 1. The median prescription isodose was
77%. The duration of treatment was 3–9 days. The median PTV
volumes for OM, OP and LCDT groups were 20.8 cm3 (in the
range of 4.0–74 cm3), 57.1 cm3 (in the range of 7.6–613.1 cm3),
and 43.3 cm3 (in the range of 12–1,233.4 cm3), respectively (p =
0.000). The median percentage of PTV coverages in OM, OP and
LCDT groups were 95.2% (in the range of 66.5–96.9%), 86.1% (in
the range of 58.4–95.9%) and 87.1% (in the range of 41.1–99.3%),
respectively(p = 0.001). Median BED10 was 109.1 Gy of OM,
105.6 Gy of OP and 68.4 Gy of LCDT, respectively (p = 0.000).
The SBRT features of all patients were summarized in Table 1.

Survival and Prognostic Factors
The median PFS was 7.0 months (95% CI, 4.87–9.13 months) for
all patients. The median PFS were 12.6 months (95% CI, 10.12–
15.14 months), 6.8 months (95% CI, 5.71–7.89 months) and 3.7
months (95% CI, 2.61–4.86 months) for OM, OP and LCDT
groups, respectively. The rates of PFS at 1 year were 52.4% (95%
CI, 39.26–69.9), 22.3% (95%CI, 9.4–52.9) and 7.3% (95%CI,
1.99–26.5) for OM, OP and LCDT groups, respectively. For
Frontiers in Oncology | www.frontiersin.org 4159
patients who received second-line SBRT at the time of
progression (18/94, 19.1%), the median PFS2 was 8.8 months
(95% CI, 2.9–14.7 months) for all patients. In univariate analysis,
indication (p = 0.000), performance status (p = 0.000), pre-SBRT
CEA (p = 0.000), number of metastases (p = 0.000), number of
organs involved (p = 0.000), time from metastases to SBRT (p =
0.000), number of metastases treated with SBRT same time (p =
0.042), PTV volume (p = 0.047), BED (p = 0.003) were significant
factors for PFS (Supplementary Table 2). In multivariable
analysis, performance status (0–1 vs 2–3, HR 1.86, 95%CI
1.10–3.12, p = 0.020), pre-SBRT CEA (< 10 ug/L vs > 100 ug/
L, HR 2.08, 95%CI 1.16–3.73, p = 0.013), number of metastases
(≤ 2 vs > 2, HR 2.76, 95%CI 1.56–4.89, p = 0.001) still were
significant factors for PFS (Table 2, Figure 1).

The median OS for all patients was 26.1 months (95% CI,
19.35–32.79 months). The median OS of OM, OP and LCDT
groups were 40.0months (95% CI, 21.48–58.52), 26.1months
(95% CI, 8.08–44.06), and 6.5months (95% CI, 5.50–7.44),
respectively. The OS rates for OM group at 1, 2, and 3 years
were 97.5% (95%CI, 92.78–100), 82.3% (95%CI, 70.37–96.3),
55.0% (95%CI, 39.02–77.5), respectively. The OS rates for OP
group at 1, 2, and 3 years were 75.3% (95%CI, 56.93–99.6), 62.7%
(95%CI, 43.04–91.5), 21.5% (95%CI, 6.63–69.8), respectively.
The OS rates for LCDT group at 1, 2, and 3 years were 29.1%
(95%CI, 16.5–51.3), 8.3% (95%CI, 2.26–30.5) and 4.2% (95%CI,
0.62–27.8), respectively. By univariate analysis, the following
factors were significant prognostic variables for OS: indication
(p = 0.000), performance status (p = 0.000), primary site (p =
0.033), number of lines of previous systemic therapy (p = 0.012),
pre-SBRT CEA (p = 0.000), number of metastases (p = 0.000),
number of organs involved (p = 0.000), time from metastases to
SBRT (p = 0.009), treated site (p = 0.000), number of metastases
treated with SBRT same time (p = 0.021), target size (p = 0.001),
PTV volume (p = 0.000), BED (p = 0.000) (Supplementary Table
2). By multivariable analysis, indication (OM vs LCDT, HR 7.22,
95%CI 2.99–17.46, p = 0.000), performance status (0–1 vs 2–3,
HR 3.51, 95%CI 1.68–7.33, p = 0.001), pre-SBRT CEA (< 10 ug/L
vs > 100 ug/L, HR 2.60, 95%CI 1.25–5.39, p = 0.011), PTV
(≤ 30cc vs > 30cc, HR 3.69, 95%CI 1.95–7.00, p = 0.000) were
independently significant factors for OS (Table 2, Figure 2).

Prognostic Nomogram for OS
All significant prognostic factors (Indication, performance
status, pre-SBRT CEA and PTV) of OS were identified and
integrated to develop a nomogram, as shown in Figure 3. The
nomogram illustrated indication as sharing the greatest
contribution to prognosis, followed by the PTV, pre-SBRT
CEA and performance status. Each subtype within these
variables was assigned a score on the point scale. A straight
line can be drawn to determine the estimated probability of
survival at each time point by adding up the total score and
locating it on the total point scale. The C-index for OS prediction
was 0.848 (95% CI, 0.81 to 0.89). The calibration plot for the
probability of survival at 1, 2 or 3 year after SBRT showed a
superb agreement between the prediction by nomogram and
actual observation (Figure 4).
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TABLE 1 | Patient Characteristics.

Variable Total (n = 94) Oligometastases
(n = 42)

Oligoprogression
(n = 19)

Local control of dominant tumors
(n = 33)

P
value

Gender
Female 31 (33.0%) 12 (28.6%) 6 (31.6%) 13 (39.4%) 0.606
Male 63 (67.0%) 30 (71.4%) 13 (68.4%) 20 (60.6%)

Age (years), mean (range) 61 (30-85) 64 (48-85) 59 (30-81) 60 (33-77) 0.157
Performance status
0 10 (10.6%) 9 (21.4%) 1 (5.3%) 0 (0.0%) 0.000
1 36 (38.3%) 24 (57.1%) 9 (47.4%) 3 (9.1%)
2 37 (39.4%) 9 (21.4%) 8 (42.1%) 20 (60.6%)
3 11 (11.7%) 0 (0.0%) 1 (5.3%) 10 (30.3%)

Primary site
Right Colon 24 (25.5%) 8 (19.0%) 2 (10.5%) 14 (42.4%) 0.065
Left Colon 26 (27.7%) 13 (31.0%) 5 (26.3%) 8 (24.2%)
Rectum 44 (46.8%) 21 (50.0%) 12 (63.2%) 11 (33.3%)

Time to metastases§(months), median (range) 13.2 (0-90.6) 17.7 (0-90.6) 12.3 (0-41.9) 8.7 (0-58.7) 0.095
Number of lines of previous systemic therapy 0.056
0-1 61 (64.9%) 33 (78.6%) 10 (52.6%) 18 (54.5%)
2 24 (25.5%) 8 (19.0%) 7 (36.8%) 9 (27.3%)
3-4 9 (9.6%) 1 (2.4%) 2 (10.5%) 6 (18.2%)

Pre-SBRT CEA (ug/L), median (range) 20.5 (2-1065) 12.6 (2-1001) 9.0 (2-410) 43 (2-1065) 0.014
Number of metastases
1 22 (23.4%) 22 (52.4%) 0 (0.0%) 0 (0.0%) 0.000
2 10 (10.6%) 10 (23.8%) 0 (0.0%) 0 (0.0%)
3 11 (11.7%) 7 (16.7%) 3 (15.8%) 1 (3.0%)
4 15 (16.0%) 3 (7.1%) 5 (26.3%) 7 (21.2%)
5 3 (3.2%) 0 (0.0%) 2 (10.5%) 1 (3.0%)
6 13 (13.8%) 0 (0.0%) 5 (26.3%) 8 (24.2%)
> 6 20 (21.3%) 0 (0.0%) 4 (21.1%) 16 (48.5%)

Number of organs involved
1 29 (30.9%) 29 (69.0%) 0 (0.0%) 0 (0.0%) 0.000
2 19 (20.2%) 13 (31.0%) 5 (26.3%) 1 (3.0%)
3 27 (28.7%) 0 (0.0%) 12 (63.2%) 15 (45.5%)
> 3 19 (20.2%) 0 (0.0%) 2 (10.5%) 17 (51.5%)

Brain metastases
Yes 13 (13.8%) 0 (0.0%) 0 (0.0%) 13 (39.4%) 0.000
No 81 (86.2%) 42 (100.0%) 19 (100.0%) 20 (60.6%)

Prior local therapy
No 71 (75.5%) 34 (81.0%) 13 (68.4%) 24 (72.7%) 0.497
Yes 23 (24.5%) 8 (19.0%) 6 (31.6%) 9 (27.3%)

Time from metastases to SBRT※ (months), median
(range)

8.1 (0.2-73.1) 2.8 (0.2-26.1) 12.5 (0.23-73.1) 11.7 (0.23-62.0) 0.000

Metastases in other organs not treated with SBRT
No 61 (64.9%) 9 (21.4%) 19 (100.0%) 33 (100.0%) 0.000
Yes 33 (35.1%) 33 (78.6%) 0 (0.0%) 0 (0.0%)

Treated site
Lung 27 (28.7%) 16 (38.1%) 9 (47.4%) 2 (6.1%) 0.000
Liver 22 (23.4%) 13 (31.0%) 6 (31.6%) 3 (9.1%)
Brain 12 (12.8%) 0 (0.0%) 0 (0.0%) 12 (36.4%)
Lymph node 24 (25.5%) 11 (26.2%) 4 (21.1%) 9 (27.3%)
Other 9 (9.6%) 2 (4.8%) 0 (0.0%) 1 (3.0%)

Number of metastases treated with SBRT same
time
1 73 (77.7%) 38 (90.4%) 13 (68.4%) 22 (66.7%) 0.069
2 13 (13.8%) 2 (4.8%) 4 (21.1%) 7 (21.2%)
3-5 8 (8.5%) 2 (4.8%) 2 (10.5%) 4 (12.1%)

Target size (cm), median (range) 3.6 (1.2-15.1) 3.0 (1.2-5.0) 4.4 (1.3-10.9) 4.5 (2.0-15.1) 0.000
PTV volume (cc), median (range) 30.0 (4-1233.4) 20.8 (4-74) 57.1 (7.6-613.1) 43.3 (12-1233.4) 0.000
PTV coverage (%), median (range) 92.7 (41.1-99.3) 95.2 (66.5-96.9) 86.1 (58.4-95.9) 87.1 (41.1-99.3) 0.001
BED(Gy), median (range) 100 (33.6-180) 109.1 (37.5-180) 105.6 (48-180) 68.4 (33.6-124.8) 0.000
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SBRT, stereotactic body radiotherapy; CEA, carcino-embryonic antigen; PTV, planning tumor volume; BED, biological effective dose; Gy, gray.
§The time between initial diagnosis of colorectal cancer and of metastatic disease.
※The time between initial diagnosis of metastatic disease and SBRT.
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Cumulative Incidence of LP and Relapse
LP was observed in 20 out of 125 metastases. The median time to
LP was 15.5 months in the entire cohort. The cumulative
incidences of LP for all patients were 5.9% (95%CI, 2.15–12.3),
16.4% (95%CI, 9.19–25.47) and 25.7% (95%CI, 16.21–36.3) at 1,
2, and 3 years, respectively (Figure 5A). The cumulative
incidences of LP for the OM, OP and LCDT groups were
21.8% (95%CI,10.05–36.4), 12.6% (95%CI, 1.81–34.19) and
11.4% (95%CI,1.1–20.9) at 2-year, respectively. Univariate
analysis revealed that age (p = 0.002), indication (p = 0.029),
number of lines of previous systemic therapy (p = 0.04) and
number of organs involved (p = 0.015) were correlated to LP
(Supplementary Table 3). By multivariate analysis, older
patients (≤65 years vs > 65 years, subdistribution HR=3.68,
95%CI 1.35–10.03, p = 0.011) were associated with higher rates
of LP (Figure 5B).

For the entire cohort, relapse was more likely to occur outside
the irradiated field than within it (Figure 5C). The rate of distant
relapse as a first event was higher than that of local relapse as a first
event. By univariate analysis, indication (p = 0.000), performance
status (p = 0.002), number of lines of previous systemic therapy
(p = 0.014), number of metastases (p = 0.000), number of organs
Frontiers in Oncology | www.frontiersin.org 6161
involved (p = 0.000), time from metastases to SBRT (p = 0.016),
target size (p = 0.03) were associated with the rate of distant relapse
as a first event (Supplementary Table 3). No significant
prognostic factor for the rate was found by multivariate analysis.

Cumulative Incidence of SCST
The median time to SCST for all patients was 7.4 months. In the
whole group, the cumulative incidences of SCST were 36.61%
(95%CI, 26.48–46.77), 51.51% (95%CI, 39.98–61.88) and 58.65%
(95%CI, 46.34–69.07) at 1, 2, and 3 years, respectively. The
cumulative incidences of SCST for the OM, OP and LCDT
groups were 28.3% (95%CI, 15.07–43.1), 50.5% (95%CI, 22.77–
72.92) and 40.9% (95%CI, 22.62–58.42) at 1 year, respectively.
No statistically significant variables affected the cumulative
incidence of SCST in univariate analysis. The cumulative
incidence curve of SCST showed the probability of each
competition event in the entire cohort (Figure 6A).

Cumulative Incidence of PMD in
OM Patients
The median time to PMD was 20.8 months in OM group. The
cumulative incidences of PMD were 9.7% (95%CI, 3.03–21.08),
TABLE 2 | Multivariable analysis of PFS and OS.

Co-variates Category PFS OS

HR (95% CI) p-value HR (95% CI) p-value

Indication 0.000
Oligometastases – – Ref.
Oligoprogression – – 1.07 (0.45-2.56) 0.871
Local control of dominant tumors – – 7.22 (2.99-17.46) 0.000

Performance status 0-1 Ref. Ref.
2-3 1.86 (1.10-3.12) 0.020 3.51 (1.68-7.33) 0.001

Pre-SBRT CEA, micrograms/L 0.025 0.019
< 10 Ref. Ref.
10-100 0.99 (.603-1.61) 0.952 0.95 (0.49-1.86) 0.885
> 100 2.08 (1.16-3.73) 0.013 2.60 (1.25-5.39) 0.011

Number of metastases ≤2 Ref. – –

> 2 2.76 (1.56-4.89) 0.001 – –

PTV volume (cc) ≤30 – – Ref.
> 30 – – 3.69 (1.95-7.00) 0.000
January
 2021 | Volume 10 | Article
PFS, progression-free survival; OS, overall survival; CEA, carcino-embryonic antigen; SBRT, stereotactic body radiotherapy; PTV, planning tumor volume.
A B C

FIGURE 1 | Kaplan-Meier curves for PFS stratified by independent prognostic factors. Panel (A) showed performance status; panel (B) showed CEA level before
SBRT; and panel (C) showed the number of metastases. PFS, progression-free survival; SBRT, stereotactic body radiotherapy; CEA, carcino-embryonic antigen.
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29.22% (95%CI, 15.52–44.37) and 51.06% (95%CI, 31.78–67.42)
at 1, 2, and 3 years, respectively (Figure 6B). Gender (p = 0.042),
PS (p = 0.000) and number of metastases (p = 0.003) were
correlated to PMD in univariate analysis. In multivariate
analysis, PS (0–1 vs 2–3, subdistribution HR=5.49, 95%CI 2.2–
13.7, p = 0.000, Figure 6C) and number of metastases (1–2 vs 3–
4, subdistribution HR=2.45, 95%CI 1.05–5.72, p = 0.038, Figure
6D) were significant factors in the cumulative incidence of PMD.
PMD after SBRT was significantly associated with shorter OS (2-
year OS rate, 94.1% versus 69.3%; p = 0.000).

Pain Relief of LCDT Patients
Prior to SBRT, 28 (84.9%) patients in the local control of the
dominant tumors group had pain in different parts of the body.
There were 14, 9, and 5 cases of mild pain, moderate pain, and
severe pain, respectively. After SBRT, 100% of patients
experienced various degrees of pain relief, including 26
patients with no or mild pain, and 2 patients with moderate
Frontiers in Oncology | www.frontiersin.org 7162
pain, within 2 weeks after SBRT. Before SBRT, the median VAS
score was 3.5, and after SBRT, the median VAS score droped
significantly to 1.0 (p = 0.000).

Toxicity
Overall, treatments were well tolerated with no case of therapy-
related death. In terms of acute toxicity, the most frequent side
effects were fatigue (16/94, grade 1/2 reactions), nausea (14/94,
grade 1), anorexia (11/94, all grade 1), which normalized within 3
months after SBRT. For overall hematological toxicity, cases of
grades 1, 2 and 3 account for 12.8% (12/94), 6.4% (6/94) and 1.1%
(1/94) of total cases, respectively. Transient chest pain and intestinal
obstruction that required medication were each observed in 1
patient. In addition, one patient treated with lung SBRT (45 Gy/2
fractions). After two months, he presented with grade 2 toxicity
caused by acute radiation pneumonitis. The symptoms were
resolved following conservative measures. There were no grade 4
or 5 toxicities. No late toxicity was observed.
A B C D

FIGURE 2 | Kaplan-Meier curves for OS stratified by independent prognostic factors. Panel (A) showed treatment indication; panel (B) showed performance status;
panel (C) showed CEA level before SBRT and panel (D) showed PTV volumes. OS, overall survival; SBRT, stereotactic body radiotherapy; LCDT, local control of
dominant tumors; CEA, carcino-embryonic antigen; PTV, planning tumor volume.
FIGURE 3 | mCRC survival nomogram. (To use the nomogram, the value of each patient was on each variable axis, and a line was drawn upward to determine the
number of points received for each variable value. The sum of these numbers was on the Total Points axis. A line was drawn downward to the survival axes to
determine the likelihood of 1, 2- or 3-year survival). mCRC, metastatic colorectal cancer; SBRT, stereotactic body radiotherapy; LCDT, local control of dominant
tumors; CEA, carcino-embryonic antigen; PTV, planning tumor volume.
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DISCUSSION

This study showed that SBRT offered favorable survival, disease
control and symptom palliation for mCRC patients, and the
proposed nomogram could provide individual prediction of OS
for these patients. Some studies have compared the efficacies of
SBRT among OM, OP, and LCDT (21, 33). The survival results of
our study were consistent with other reports that mCRC patients
with OM had the highest median OS and PFS after SBRT compared
with OP or LCDT. The comparison of three groups subject to an
inherent selection bias, because LCDT patients have many poorer
prognostic features, poorer performance status, a greater number of
metastases and more involved organs. Some large retrospective case
series of mCRC for SBRT have suggested prognostic variables for
survival. Favorable prognostic factors included good performance
status (18, 34), fewer metastases (18, 34), smaller tumors (5, 21, 34,
35), fewer number of lines of previous systemic therapy (5, 21),
lower CEA (21), and oligometastasis treatment indication (18, 21).
Our multivariate analysis demonstrates that treatment indication,
performance status, pre-SBRT CEA along with PTV were
significant independent variables for survival.
Frontiers in Oncology | www.frontiersin.org 8163
Previous studies have reported the role of nomogram to
predict survival specifically for mCRC (36, 37). Renfro et al.
(38) constructed a validated clinical nomogram to quantify the
risk of early death after initial treatment of mCRC. And the C-
index for 90-day mortality prediction was 0.77. Sjoquist et al.
(39) built prognostic nomograms for 1-year OS and 6-month
PFS in mCRC by using the ARCAD database. However, the
prognostic nomogram for long-term survival outcomes after
SBRT in mCRC were scarce. Hence, we combined the known
clinical variables to establish a nomogram for individual patients
during SBRT of mCRC. The developed nomogram herein
evaluated survival using indication, performance status, pre-
SBRT CEA and PTV. Our nomogram was quantitative with
good prognostic efficiency. It is convenient for clinicians and
patients to quantitate OS in the pretreatment setting. Risk
estimates by the model can guide clinical decision making and
patient counseling, especially in the discussion of less aggressive
treatment options or additional supportive care with patients at a
more advanced stage of their mCRC disease timeline. The
internal validation of our model showed agreement between
the calibration plots and satisfactory c-indices.
A B C

FIGURE 4 | The calibration curve for predicting patient survival at (A) 1 year and (B) 2 years and (C) 3 years. Nomogram-predicted probability of OS was plotted on
the x-axis; actual OS was plotted on the y-axis. OS, overall survival.
A B C

FIGURE 5 | Cumulative incidence curves showed the probability of LP and first events after SBRT. Panel (A) showed cumulative incidence of LP; panel (B) showed
cumulative incidence of LP according to age; panel (C) showed cumulative incidence of first events in the entire cohort. LP, local progression; SBRT, stereotactic
body radiotherapy.
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It is reasonable to evaluate the local control of CRC
metastases. In this paper, the cumulative incidence of LP was
only 5.9% at 1 year after SBRT for the entire cohort. In the
present analysis, there was no correlation between dose
according to BED10 and local control. However, most of
lesions (42.410) were treated with a BED10 value higher than
100 Gy. Regarding patterns of recurrence, the first relapse in the
entire cohort was more likely to occur outside the irradiated field
than within it. Those with OP/LCDT status were more likely to
relapse at distant sites, perhaps because these patients have
greater systemic involvement from the outset. Therefore, SBRT
in progressive treatment has different goals. The focus was
not on survival, but on relieving symptoms and delaying
systemic treatment.

Another interesting endpoint in this study is the cumulative
incidence of SCST which affects both physicians and patients. In
some cases, the next line of treatment may have significantly
toxic, or the options for systemic therapy may be limited.
Compared with other more invasive options, SBRT may be
cost effective with minimal adverse effect on life quality of
patients. Some retrospective studies reported that SBRT was
used to delay the change of systemic therapy in colorectal
cancer (21), non-small cell lung cancer (33, 40) and pulmonary
metastases (41). A randomized phase II study showed that the
local ablative therapy (surgery or SBRT) significantly delayed the
start of androgen deprivation therapy for patients with
oligorecurrent prostate cancer compared with surveillance
alone for oligorecurrent prostate cancer (42). In our study,
after 1 year of SBRT for the entire cohort, the cumulative
incidence of SCST was 36.61%. During this period, many
patients do not need to change the systemic therapy strategy.
Ultimately, we can delay the demand to change systemic therapy
by using SBRT. In addition, our study showed that the median
PFS2 of 8.8 months after the second SBRT was in line with the
median PFS1 of 7.2 months after the first SBRT. This suggests
that subsequent “lines” of repeated SBRT have cumulative
benefits for patients to delay further progression.

We also explored the role of SBRT in postponing the
conversion to PMD (43, 44), which is not ameanable anymore
of local treatment. Nicosia et al. (45) reported that the median
Frontiers in Oncology | www.frontiersin.org 9164
time to PMD was 25.8 months in CRC patients with lung
oligometastases after receiving SBRT. They confirmed that
SBRT can postpone the transition to PMD. In the present
study, the median time to PMD was 20.8 months in the OM
group. After SBRT, the 2-year OS rates were 94.1 and 69.3% for
patients remained OM and patients with PMD, respectively.
Thus, it is important to keep patients in an oligometastatic state
for as long as possible.

For mCRC, reducing symptoms such as pain was considered
to be the major goal of improving life quality of patients. Wang et
al. (46) reported significant pain reduction during the first 6
months after SBRT for managing spinal metastases. In another
study, 80 mCRC patients with symptomatic pelvic mass were
treated with palliative radiotherapy, and the pain palliation was
observed in 79% of the cases (47). Our study showed that 100%
of patients achieved pain relief after SBRT. For the 28 patients
who experienced pain before radiotherapy, the pain VAS score
was reduced after treatment. SBRT has a significant pain-
relieving effect, which can reduce or resolve pain or decrease
analgesia, thereby improving the life quality of patients.

This study is a single-arm retrospective study from a single-
center. The study is mainly limited by small sample size, broad
lesion size and radiation schedules. In addition, the data is
heterogeneous in metastatic sites, radiation sites and treatment
before SBRT. It is difficult to review all late toxicities, such as
radiation pneumonitis or bone fracture after SBRT for lung or for
bone, due to retrospective study. In the future, high quality
prospective trials are needed to determine the specific benefit
that SBRT offers in different subsets of patients, tumors and
clinical settings.
CONCLUSIONS

In conclusion, mCRC patients who are not suitable for
metastasectomy have good survival after SBRT, with reduced
symptoms and relatively low risk of toxicity. In addition, a novel
nomogram is established and validated for predicting survival of
patients with mCRC for SBRT, which may help to tailor
individualized treatment.
A B C D

FIGURE 6 | Cumulative incidence curves showed the probability of SCST and PMD. Panel (A) showed cumulative incidence of SCST, and (B) showed cumulative
incidence of PMD in the entire cohort; panel (C, D) showed cumulative incidence of PMD in oligometastases group according to performance status and number of
metastases. SCST, starting or changing systemic therapy; PMD, polymetastatic disease; SBRT, stereotactic body radiotherapy.
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Radiation Therapy and Immune
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Bulky Tumors: The Concept and a
Case Report
Liuqing Jiang1†, Xiaobo Li1,2,3†, Jianping Zhang1, Wenyao Li1, Fangfen Dong1,
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of Medical Imaging, School of Clinical Medicine, Fujian Medical University, Fuzhou, China, 4 Department of Radiation
Oncology, Thomas Jefferson Medical College, Philadelphia, PA, United States, 5 Department of Medical Physics, Executive
Medical Physics Associates, Miami, FL, United States

Although the combination of immune checkpoint blockades with high dose of radiation
has indicated the potential of co-stimulatory effects, consistent clinical outcome has been
yet to be demonstrated. Bulky tumors present challenges for radiation treatment to
achieve high rate of tumor control due to large tumor sizes and normal tissue toxicities. As
an alternative, spatially fractionated radiotherapy (SFRT) technique has been applied, in
the forms of GRID or LATTICE radiation therapy (LRT), to safely treat bulky tumors. When
used alone in a single or a few fractions, GRID or LRT can be best classified as palliative or
tumor de-bulking treatments. Since only a small fraction of the tumor volume receive high
dose in a SFRT treatment, even with the anticipated bystander effects, total tumor
eradications are rare. Backed by the evidence of immune activation of high dose
radiation, it is logical to postulate that the combination of High-Dose LATTICE radiation
therapy (HDLRT) with immune checkpoint blockade would be effective and could
subsequently lead to improved local tumor control without added toxicities, through
augmenting the effects of radiation in-situ vaccine and T-cell priming. We herein present a
case of non-small cell lung cancer (NSCLC) with multiple metastases. The patient received
various types of palliative radiation treatments with combined chemotherapies and
immunotherapies to multiple lesions. One of the metastatic lesions measuring 63.2 cc
was treated with HDLRT combined with anti-PD1 immunotherapy. The metastatic mass
regressed 77.84% over one month after the treatment, and had a complete local
response (CR) five months after the treatment. No treatment-related side effects were
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observed during the follow-up exams. None of the other lesions receiving palliative
treatments achieved CR. The dramatic differential outcome of this case lends support
to the aforementioned postulate and prompts for further systemic clinical studies.
Keywords: lattice radiotherapy, high-dose LATTICE radiation therapy, immunotherapy, non-small cell lung cancer,
bulky tumor, spatially fractionated radiotherapy
INTRODUCTION

Lung cancer is the most commonly diagnosed cancer (11.6% of
the total cases) and the leading cause of cancer death (18.4% of
the total cancer deaths) based on the latest global cancer statistics
(1). Non-small cell lung cancer (NSCLC) accounts for about 85%
of all lung cancers, with approximately 40% of newly diagnosed
NSCLC patients presented with stage IV disease (2, 3).
Radiotherapy plays an important role in the definitive,
preoperative and postoperative management of early stage and
in the palliative treatment of advanced staged NSCLC. The use of
radiation as a local ablative therapy is now recommended in the
European Society for Medical Oncology (ESMO) guidelines for
patients with stage IV disease who subsequently develop
oligometastatic progression (4).

High ablative doses of local radiation therapy (RT), often
referred to as stereotactic radiosurgery (SRS) or stereotactic body
radiotherapy (SBRT) is usually applied to tumors with limited
size (5). The application of SRS or SBRT in bulky tumors is often
considered challenging due to the difficulties in controlling
toxicities of the surrounding normal/critical organs. Spatially
fractionated radiotherapy (SFRT) with GRID, proposed in 1909
and further developed since early 1950s, has been safely utilized
for the treatment of bulky and advanced tumors with
impressively accumulated clinical data (6–8). In recent years,
the 2D GRID technique was extended to a 3D configuration,
known as LATTICE radiotherapy (LRT) (9, 10). The safety and
clinical efficacy of LRT has been reported in various voluminous
tumors (11–15).

Based on the results of radiobiological studies, the possible
mechanisms behind the effectiveness of SFRT have been
attributed to certain bystander effects and abscopal effects,
such as the radiation-mediated anti-tumor immunity (16–23)
or perfusion modulation (10, 24). The key characteristics of
SFRT in either GRID or LRT configurations is the Peak-Valley
dose distribution, where high dose of radiation is delivered to
the peaks or vertices, leaving relatively lower dose in the valleys
(between the peaks or vertices) (9–15). In the context of
immune modulation, as long as the peak dose is sufficiently
high, although only partial volume of the tumor receives that
high dose, the induced anti-tumor immunity can be expected
and would subsequently contribute to the enhanced tumor
control (25–30). As radiation-mediated immune activation
follows the pathway of T-cell priming through antigen
presentation, for immunogenic tumors, combining immune
checkpoint blockades with high dose of radiation is a logical
strategy and has been extensively studied with encouraging
2168
results (30–37). The recent studies also showed that
combined ablative dose with low dose of radiation could lead
to the reprograming of the immunosuppressive tumor
microenvironment (TME) to become more immunogenic
and synergistically augment the anti-tumor response (38).
This is an important insight as SFRT intrinsically combines
high and low dose in its Peak-Valley dose distribution.
All these have suggested that HDLRT, when combined with
checkpoint blockade immunotherapy could result in improved
tumor control.

In the following case report, a patient with multiple metastatic
lesions from a primary NSCLC received various regimens of
palliative treatments, including conformal radiotherapy (CRT),
intensity-modulated radiotherapy (IMRT), SBRT, LRT,
chemotherapy, and immunotherapy. Remarkably, only one
lesion treated with high-dose LRT (HDLRT) and anti-PD1
therapy achieved complete local response (CR).
CASE PRESENTATION

A 33-year-old female patient initially presented with a lung mass
in the right lower lobe, accompanied by cough for one month.
She underwent video-assisted thoracoscopic right lower
lobectomy and systemic mediastinal lymph node dissection as
curative intent resection on May 10, 2017. The surgical
histopathological report demonstrated diagnosis of invasive
adenocarcinoma in the lower lobe of the right lung. The lung
mass measured 7, 4.5, and 3.2 cm in the greatest dimensions.
Post-surgical staging was T3N2M0. Postoperatively, she received
two cycles of adjuvant chemotherapy of PP regimen (pemetrexed
disodium 0.8 g dl + cisplatin 0.4g dl) from June to August 2017.

In September 2017, the patient developed metastatic disease
in L2-3 spine diagnosed by magnetic resonance imaging scan.
Computed Tomography (CT) scan showed multiple metastases
of different sizes in both lungs, a metastatic nodule in thyroid,
and a mass in the posterior chest wall measuring 2.0 cc with
maximum dimensions 1.8x1.7x1.2 cm. Single-Photon Emission
Computed Tomography (SPECT) scan also showed multiple
metastases in right parietal bone, cervical vertebra, L2-3 spine,
left ilium, and right sacroiliac joint.

The patient was found to have EGFR exon 20 insertion
mutation, ALK and ROS-1 negative and over 70% expression
of PD-L1. The patient started the first cycle of checkpoint
inhibitor therapy using Pembrolizumab, an anti-PD-1
monoclonal antibody (100mg ivgtt d1 q3w) on September
30th, 2017. While the treatment was on going, the metastatic
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mass in the posterior chest wall grew rapidly from 2.0 cc to 63.2
cc with maximum dimensions 5.0 × 5.4 × 5.3 cm on October 10,
2017, in less than a month, (Figures 1A, D). The lesion was
ulcerated with slight local bleeding. New metastases in brain and
right sternoclavicular joint were subsequently observed on MRI
and CT images.

High-Dose LATTICE Radiation
Therapy (HDLRT)
The decision was to treat the fast-growing posterior chest wall
mass with HDLRT to combine with the on-going anti-PD-
1 treatment.

Treatment planning was performed on the MULTIPLAN
(Accuray, Incorporated, Sunnyvale, CA). A CyberKnife VSI
Robotic Radiosurgery System (Accuray, Incorporated,
Sunnyvale, CA) was used for delivering a single fraction of
LRT with 20 Gy prescribed to six high-dose vertices.

The HDLRT was configured with six spherical high dose
vertices with diameter of 1.0 cm distributed within the GTV and
with 2.0 cm of separation (center to center). The optimized plan
resulted in the doses covering 98%, 95%, 50%, and 5% of the
vertices volume (D98, D95, D50, and D5%) being 20.95, 21.40,
24.88, and 27.85 Gy, respectively; the maximal dose of the spinal
cord and rib being 2.67 and 7.45 Gy, respectively. The dose
distribution is shown in Figure 2. The dose-volume histograms
(DVHs) of the high-dose vertices, GTV, ribs, and spinal cord
were shown in Figure 3. The Peak-to-Valley dose profile (Figure
4) showed the valley dose between vertices to be about 25% of the
peak dose. Note that only 6.5% of the GTV received the
prescribed vertex dose of 20 Gy and higher, and that the DVH
Frontiers in Oncology | www.frontiersin.org 3169
of the GTV is closely similar to that of the published data
with GRID.

The HDLRT was given on October 18, 2017, 18 days after the
initiation of the first cycle of Pembrolizumab.

Other Treatments
Subsequent to the HDLRT, from October 30, 2017, to March 28,
2018, patient continued to receive another six cycles of
Pembrolizumab (100 mg ivgtt d1 q3w, for each cycle).

Additionally, the patient received SBRT with 10 Gy in two
fractions, 20 Gy in 1 fraction, and 15 Gy in 1 fraction for a
metastatic tumor at the L2-3 spine, a right lung metastasis near
anterior chest wall, and a tumor at the T10 spine, respectively;
CRT with 8 Gy in two fractions and 20 Gy in five fractions for a
spinal metastatic tumor at the C3-5 levels and the whole brain,
respectively; IMRT with 30 Gy in 10 fractions for a thyroid and a
posterior sternal metastasis, and 8 Gy in four fractions for the
metastatic abdominal lymph nodes, respectively; LRT with 12
and 10 Gy in 1 fraction for the spinal metastatic tumors at the L3
spine and psoas, and the metastatic abdominal lymph nodes,
respectively. From February 2018 to May 2018, the patient also
received four cycles of VEGF targeted therapies with
bevacizumab and three cycles of chemotherapy with
gemcitabine. The timeline and therapeutic interventions were
listed in Supplementary Table 1.

Clinical Outcome
While all metastatic lesions responded to various palliative
treatments, only the posterior chest wall metastatic tumor
achieved complete response. Under the background of anti-
A B C

D E F

FIGURE 1 | Tumor response to treatment. The metastatic mass in the posterior chest wall, before (A, D) and after (B, C, E, F) HDLRT on October 18th.
(Permission by Radiation Research to extract from Figure 3 in Wu X et al. (10). © 2021 Radiation Research Society).
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PD1 treatment, the tumor regressed 77.84% over one month
after the HDLRT and then continued to shrink. Two months
after the HDLRT, in addition to further shrinkage, all
symptoms were relieved with the bleeding/discharging totally
Frontiers in Oncology | www.frontiersin.org 4170
under control. This posterior chest wall tumor achieved
complete local response (based on visual and radiographic
exams) five months after the HDLRT without side effects
(Figures 1B, C, E, F).
A B

C D

FIGURE 2 | The LATTICE dose distribution in a 3D view (A); in an axial plane (B); in a sagittal plane (C); and in a coronal plane (D). The high-dose vertices (total of
six) received 20 Gy to the 69% isodose line. The doses between the dose-vertices (valley) were in the order of 25% of the maximum (peak) dose. (Permission by
Radiation Research to extract from Figure 3 in Wu X et al. (10). © 2021 Radiation Research Society).
FIGURE 3 | The dose-volume histograms (DVHs) of high dose-vertices, GTV, and normal tissue. D99.3% of the vertices was 20 Gy. The doses to the ribs and
spinal cord were effectively minimized.
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CT scans of the chest and abdomen on May 10, 2018 showed
progression of multiple metastases in both lungs, mediastinum,
retroperitoneum, right lower pleura, left upper middle abdominal
cavity, double ilium, uterus, and T10 spine. Metastases in the right
thyroid, pancreatic neck, bilateral adrenal glands, both kidneys, L3
spine and psoas, and C3-C5 spine were stable. Metastases in the
right sternoclavicular joint and right lung near anterior chest wall
shrank moderately. Due to the subsequent progression of
metastases in multiple sites with cancerous fever and abdominal
infection, the patient finally succumbed to the disease, seven
months after the HDLRT. The treatment site of the posterior
chest wall remained disease-free until patient’s death.
DISCUSSION

Radiation therapy when used for palliative management of
advanced cancers employs either conventional fractionation or
SBRT regimens with dose lower than that of definitive, curative
treatments, and would expectedly result in partial tumor
response. LRT when used as palliative treatment would also
lead to partial response in general. LRT as a safe boost to
conventionally fractionated radiotherapy had shown clinical
success in a variety of bulky tumors such as advanced
gynaecological tumors and voluminous lung tumors (11–15).
The first patient with locally advanced lung cancer treated with
LRT followed by conventionally fractionated radiotherapy,
combined with chemotherapy demonstrated excellent clinical
response after 6 years follow-up (13). Since 2010, over 150
patients have been treated with LRT and more reports of
clincal outcomes are anticipated (10). However, to this day,
LRT alone as induction of anti-tumor T-cell immunity, to
combine with immune checkpoint blockade treatment has not
been reported.

In the reported case, with the anti-PD1 treatment in parallel,
except for the posterior chest wall lesion that received HDLRT of
Frontiers in Oncology | www.frontiersin.org 5171
20 Gy, all other lesions achieved only partial response, including
the ones treated with SBRT of 20 Gy in a single fraction (full
tumor coverage), and LRTs with 10 Gy and 12 Gy of vertex
doses. This implies that not only a high dose (20 Gy or higher) is
essential; the spatial fractionation with Peak-Valley or High-Low
dose alternation within the tumor volume might also be critical
to mediate effective anti-tumor immune response. This is
consistent with a number of research works favoring high dose
for effective anti-tumor T-cell priming (20, 21, 25, 30), and that
when combined with low-dose treatment, radiation-induced
immune modulation might be augmented (38, 39).
Additionally, it has been postulated that the low dose regions
(valleys) might preserve the perfusion needed for circulating the
factors essential for anti-tumor immunity (10, 40–44).

It is worth noting that, with only 6.5% of the GTV receiving
the dose of 20 Gy and higher, the effective uniform dose (EUD)
of the GTV was calculated to be 1.2 Gy, using Niemierko’s
phenomenological model (45) with a=−10 (typically suggested
for tumors). Based on the traditionally understood mechanism of
radiobiology, the probability of achieving complete local control
with such a dose for a tumor of 63 cc would be nearly zero. Given
the fact that this tumor was not responsive to the initial anti-PD1
treatment and none of the other tumors showed significant
reduction throughout the curse of the treatments, the
synergetic effect of combining HDLRT with anti-PD1 becomes
a plausible speculation. To summarize the postulated
mechanism, in HDLRT the dose in the vertices are sufficiently
high (>20 Gy) to induce neo-antigen release and initiate the
cascade of APC (antigen presenting cell)-based T-cell priming;
the dose in between the vertices is low enough to preserve
internal tumor circulation/perfusion to potentially facilitate the
infiltration of APCs and the primed cytotoxic T-cells; the highly
heterogeneous dose configuration could reprogram the
immunosuppressive TME to become more immunogenic; and
when synergistically treated by checkpoint inhibitors, the primed
T cells could attack tumor cells without being exhausted.
A B

FIGURE 4 | (A) Dose distribution in a coronal plane. The peak-valley dose profile (B) along the green line marked in panel (A), showing the peak to valley dose ratio
of about 4. (Permission by Radiation Research to extract from Figure 3 in Wu X et al. (10). © 2021 Radiation Research Society).
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Mohiuddin et al. treated a pembrolizumab-refractory patient
with locally advanced melanoma who was dramatically re-
sensitised to the same drug by the administration of parallel
opposed, spatially fractionated GRID radiation therapy. Their
result suggested the similar synergistic effect of high-dose GRID
radiation therapy as a primer for immunological response (46).
Our finding echoes with their result. However, abscopal response
of other tumors with the appreciable magnitude was not
observed in this case study.
CONCLUSION

SFRT, with its long history of evolution is currently gaining new
momentum and much of the new potentials are awaited for
further exploration (47). LRT can safely deliver potentially
immunogenic high dose to partial volume of bulky tumors.
When combined with immune checkpoint blockades,
therapeutic effects greater than traditional palliation/de-
bulking, and even complete local tumor eradication are
possible. The reported case showed the dramatic difference in
tumor response between HDLRT and an array of palliative
radiation therapy regimens when combined with anti-PD1
immunotherapy in a same individual, suggesting such strategy
of combining HDLRT and immune checkpoint blockades might
present a universally applicable treatment option if the clinical
efficacy and safety can be systemically tested and proven.
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Background: This study aims to construct and validate a model based on convolutional
neural networks (CNNs), which can fulfil the automatic segmentation of clinical target
volumes (CTVs) of breast cancer for radiotherapy.

Methods: In this work, computed tomography (CT) scans of 110 patients who underwent
modified radical mastectomies were collected. The CTV contours were confirmed by two
experienced oncologists. A novel CNN was constructed to automatically delineate the
CTV. Quantitative evaluation metrics were calculated, and a clinical evaluation was
conducted to evaluate the performance of our model.

Results: The mean Dice similarity coefficient (DSC) of the proposed model was 0.90, and
the 95th percentile Hausdorff distance (95HD) was 5.65 mm. The evaluation results of the
two clinicians showed that 99.3% of the chest wall CTV slices could be accepted by
clinician A, and this number was 98.9% for clinician B. In addition, 9/10 of patients had all
slices accepted by clinician A, while 7/10 could be accepted by clinician B. The score
differences between the AI (artificial intelligence) group and the GT (ground truth) group
showed no statistically significant difference for either clinician. However, the score
differences in the AI group were significantly different between the two clinicians. The
Kappa consistency index was 0.259. It took 3.45 s to delineate the chest wall CTV using
the model.

Conclusion: Our model could automatically generate the CTVs for breast cancer. AI-
generated structures of the proposed model showed a trend that was comparable, or
was even better, than those of human-generated structures. Additional multicentre
evaluations should be performed for adequate validation before the model can be
completely applied in clinical practice.

Keywords: convolutional neural network, automatic segmentation, clinical target volume, breast cancer
radiotherapy, clinical evaluation
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INTRODUCTION

Breast cancer is one of the most common malignant tumours in
women. It was estimated that there were 2.1 million newly
diagnosed female breast cancer cases, and 0.6 million cancer
deaths in 2018 (1). Because radiotherapy and imaging quality
technologies have advanced over the past decades, radiotherapy
has become an effective treatment for breast cancer. A meta-
analysis has shown that radiotherapy for postmastectomy
patients can reduce locoregional recurrence, overall recurrence,
and mortality (2). The precise delineation of the clinical target
volume (CTV) is an essential step for accurate, individualized
treatment. However, this task is time consuming and largely
relies on the experience of oncologists. It is full of intra- and
interobserver variability (3), which may obviously influence the
efficacy of radiotherapy and the occurrence of complications (4).
In addition, with the development of adaptive radiotherapy in
recent years, clinicians are required to delineate the CTV
accurately in a short time. Facing these new challenges, the
application of artificial intelligence (AI) in radiotherapy may
provide a feasible solution.

AI has been widely used in radiotherapy, including
simulations (5), image segmentations (6, 7), treatment
planning (8, 9), and quality assurances (10). It can increase the
standardisation of working processes, lessen oncologists’ efforts
and improve homogeneity. The convolutional neural network
(CNN) has become the mainstream method for medical
semantic segmentation because it has better performance than
traditional atlas-based methods. It has been successfully applied
in contouring several cancers’ CTVs, such as nasopharyngeal
carcinomas (11), oropharyngeal carcinomas (12, 13), and rectal
cancer (14). Men (15) constructed a very deep dilated residual
network that could contour the CTVs automatically for patients
who underwent conservative breast surgery. However, there is
little research about CNNs being used for contouring the CTVs
of patients who underwent modified radical mastectomies.

The autodelineation of CTVs is more challenging than that of
organs at risk due to its low contrast visibility, potentially
undetectable tumour regions, and strong dependence on the
knowledge of clinicians. Specifically, the difficulties in contouring
CTVs for postmastectomy patients include unclear boundaries
and variability in the sizes and shapes of breasts. Since the
segmentation performance of atlas-based methods depends on
the accuracy of the image registration and the selected atlas (15),
the delineation results are not satisfactory. Deep learning-based
methods have the potential to obtain more accurate results. The
U-Net architecture (16), proposed for the biomedical imaging
community, has made significant contributions to the computer
vision field. The encoder-decoder paradigm has been proven to be
an effective way to conduct multilevel feature fusions. However,
the network is not deep enough to represent high-level features,
such as the structures that are of significant importance for breast
CTV recognition. We therefore employed deeper convolution
layers with the U-Net architecture as the backbone. To increase
the network depth and ease the training of the network parameters
simultaneously, the building blocks of the U-Net architecture were
replaced with residual blocks of convolutional layers (17). We
Frontiers in Oncology | www.frontiersin.org 2176
trained the U-Net and our proposed method under the same
settings, and compared the predicted delineation results with the
performance of the U-Net as the baseline.
MATERIALS AND METHODS

Data and Pre-Processing
The CT data of 110 postmastectomy female patients were
collected from March 2019 to July 2019 at Peking Union
Medical College Hospital, Beijing, China. This study was
approved by the Institutional Review Board of Peking Union
Medical College Hospital. All patients met the indications for
radiotherapy after modified radical mastectomies. 9130 CT slices
were collected from those patients. Among the 110 patients, 54
received left chest wall radiotherapy, and the remainder received
right side radiotherapy. All patients were scanned by a Philips
Brilliance Big Bore CT scanner. Each CT image had a matrix size
of 512 × 512 with 1.1543 mm × 1.1543 mm pixel spacing, and the
thickness of each layer was 5 mm. The private information of
patients was kept confidential during the data collection and
processing. The delineation region of the chest wall CTV was
defined according to the RTOG guidelines (18), which was from
the caudal border of the clavicle head to the loss of apparent
contralateral breast in a CT scan; the medial boundary was the
sternal-rib junction, the lateral boundary was the mid-axillary
line excluding the latissimus dorsi muscle, the anterior boundary
was the skin and the posterior boundary was the rib-pleural
interface. All the data were approved by two radiation
oncologists who had more than 10 years of experience in
breast cancer radiotherapy.

The intensity of the input images was clamped to −1024 HU
and 1024 HU. A zero-mean normalization was applied to so that
the different features had the same scale and to speed up the
convergence of the weight parameters. “Ground truth (GT)”
stands for the manually generated reference segmentation. The
data were randomly divided into 3 groups. Eighty-eight cases
were included in the training set, 11 cases were included in the
validation set, and 11 cases were included in the testing set. In
addition, we randomly selected 10 cases that had been applied in
the clinic for further clinical evaluation.

Network Architectures
We implemented a 2.5d fully CNN architecture to conduct the
CTVmask segmentation task. The detailed network architecture is
shown in Figure 1. A U-Net backbone architecture consisting of
an encoding path and a decoding path was used. To obtain the 3D
information of CT scans, and maintain contour continuity, the
network was designed to assign three adjacent slices to three
channels as the input. The building blocks were replaced with
residual blocks to achieve consistent training as the network depth
increased. Batch normalization (19), a linear transformation of the
features, was used to reduce the covariance shift and accelerate the
training procedure. The encoding path contained five
convolutional layers and five residual blocks to gradually extract
the features of the CTV region from low-level to high-level. In the
decoder part, the upscaling was performed by using a nearest
February 2021 | Volume 10 | Article 581347
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neighbors interpolation and was followed by a convolutional layer
and a residual block. The encoding path and decoding path were
combined together by a skip connection to concatenate the
multilevel features and to take advantage of both the low-level
and high-level information.

The original U-Net encodes relatively lower-level features
such as edges and intensity contrasts. By replacing the
convolutional layers with the residual blocks, our proposed
model captures both low-level features and high-level features
such as shapes, structures, and position relations to address the
challenges of CTV recognition. As an efficient end-to-end
training model, U-Net does not require a pretrained network
and could be trained from scratch to achieve accurate
segmentation results with very little labeled training data (16).
Our proposed model uses the residual blocks to increase the
network depth and eases the training of the network parameters
simultaneously, and could also be trained from scratch with the
amount of data we have.

A total of 99 patients’ CT scans were used for training and
validation. All the CT slices were used. We did not use any
pretrained models or transfer learning methods, and we trained
our model from scratch. A weighted sum of cross-entropy loss
and dice loss was used as the loss function. The output value of
the model was in the range of 0 to 1. Pixels with output values
larger than 0.5 were set as the foreground of the segmented mask.
A contour extraction was applied to the foreground afterwards.
The network was implemented using PyTorch 0.4.1 and Python
3.6 and trained on an NVIDIA GeForce GTX 1080 GPU with 8
GB memory. The entire network used the Adam optimizer with
an initial learning rate of 0.0001, and was decayed by an
exponential function with gamma 0.9 for every epoch. The
total epoch number was 100.

Quantitative Evaluation Metrics
The Dice similarity coefficient (DSC) (20) and Hausdorff
distance (HD) (21) are commonly used for evaluating image
segmentation performance. The DSC is defined as follows:
Frontiers in Oncology | www.frontiersin.org 3177
DSC (A, B) =
2 A ∩ Bj j
Aj j + Bj j

where A represents the predicted mask, and B is the GT mask.
|A∩B| stands for the intersection of A and B.

The 95 HD is defined as:

95HD (A, B) = percentile ½h(A,B) ∪  h(B, A), 95th�

h(A,  B) = max  
a∈A 

min
b∈B

 jja� bjj

h(B,  A) = max  
b∈B 

min
a∈A

 jjb� ajj

||. || stands for the Euclidean norm of points A and B. A= {a1,
a2,…, an1} and B= {b1, b2,…, bn2} represent two finite point sets.
95HD indicates the 95th percentile of mismatches between A and
B (22). Both the DSC and 95HD were calculated at the two-
dimensional level. Since our model was based on the U-Net
model, we used the same data to train U-Net and then compared
the DSC and 95HD with those of the proposed model.

Since the above evaluation does not completely reflect the
segmentation quality, it is not clear whether it is significant for
clinical practice. Therefore, it is also necessary for clinicians to
evaluate the model.

Clinical Evaluation
The evaluation was conducted by two other experienced
clinicians, A and B, in our centre, who did not participate in
the CTV contouring. Ten patients were selected randomly from
the clinical work. The manual reference contours were separated
into the GT group, while the corresponding contours generated
by the proposed model belonged to the AI group. Then, the AI
results and GT results of each case were randomly labeled 1 or 2.
If AI was labeled 1, then GT was 2. Two clinicians were asked to
score the 1 and 2 results, slice by slice, via a blind evaluation.
Table 1 shows the evaluation criteria. A score higher than 2
indicates that the contours were acceptable for clinical practice.
FIGURE 1 | Overview of our proposed network.
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Consistency Test
Ten slices from each CTV were randomly selected to mark the
contours of both AI and GT simultaneously, and these slices
constituted a dataset of 100 cases. Two clinicians blindly selected
one contour that was better for clinical application. If the AI
group was better, it was recorded as a positive result; otherwise, it
was recorded as a negative result.

Time Cost
The processing time was measured for AI, and pre- and post-AI
assistance, in the delineation of CTV for postmodified radical
mastectomy radiotherapy.

Statistical Analysis
For the DSC and 95HD, a Wilcoxon signed-rank test was
performed to verify whether the differences between our model
and U-Net were statistically significant. The same test was
performed to see if the differences in the scores given by the
two clinicians were statistically significantly different.
Furthermore, McNemar’s test and a consistency test were
performed to check the evaluation consistency of the
two clinicians.
RESULTS

Segmentation Performance
The mean DSC of our proposed model is 0.90 ± 0.02, while that
of U-Net is 0.88 ± 0.02 (P=0.007). The 95HD was 5.65 ± 1.29 mm
in our model and 6.33 ± 1.63 mm in U-Net (P=0.037). The
Frontiers in Oncology | www.frontiersin.org 4178
results of our model were not significantly different between the
right side (DSC 0.90 ± 0.02, 95HD 5.94 ± 1.56) and the left side
(DSC 0.90 ± 0.03, 95HD 5.31 ± 0.64, P=0.810 and 0.422,
respectively). A detailed result is given in the Supplementary
Material Table 1. The box plots are shown in Figure 2.

Clinical Evaluation
The DSC and 95HD values per patient are given in
Supplementary Material Table 2. The evaluation results from
the two clinicians are shown in Table 2, and the distribution of
the clinical evaluation scores is shown in Figures 2, 3. Figure 4
shows an example segmented slice that is produced by the
proposed model. If a score is higher than 2, this layer is
acceptable for clinical applications. Therefore, the results given
by clinician A show that 99.3% of the chest wall CTV slices from
the AI group, and all the chest wall CTV slices from the GT
group, can be accepted. The evaluation results from clinician B
show that 98.9% of the chest wall CTV slices from the AI group,
and all the chest wall CTV slices from the GT group, can be
accepted. In addition, 9/10 of patients had all slices accepted by
clinician A, while 7/10 could be accepted by clinician B. The
score differences between the AI group and the GT group showed
no statistically significant differences for either clinician (P=0.075
and P=0.444). The average scores given by clinician A were 2.97
(2.87–3.00) for the AI group, and 2.92 (2.82–3.00) for the GT
group, while the average scores from clinician B were 2.88 (2.83–
3.00) for the AI group, and 2.82 (2.21–3.00) for the GT group.
The score differences were statistically significant between the
two clinicians in the AI group (P=0.008) but there was no
statistically significant difference in the GT group (P=0.721).
The box plots of the mean scores are shown in Figure 5.

Consistency Evaluation
The evaluation results are shown in Table 3. Clinician A thinks
that 60% of the CTV slices delineated by AI are better than the
CTVs generated manually, while this number is 37% for clinician
B. McNemar’s test is statistically significant (P <0.001), which
means that the positive rates of the two clinicians are different.
The Kappa consistency index was 0.259 (P<0.05), which means
that the consistency between these two clinicians was poor. The
evaluation results are shown in Figure 6.
TABLE 1 | The grading form used for CTV evaluation.

Score Grade Criteria

3 No
revision

The segmentation is perfect and completely acceptable for
treatment.

2 Minor
revision

The segmentation needs a few minor edit but has no
significant clinical impact without correction.

1 Major
revision

The segmentation needs significant revision. Treatment
planning should not proceed without contour correction.

0 Rejection The segmentation is unacceptable and needs to be redrawn.
A B

FIGURE 2 | The box plot of the mean DSC (A) and the 95HD (B) results of proposed model and U-Net. *stands for P < 0.05, and **stands for P < 0.01.
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Timing Performance
The training time of the proposed model was 6 h using a GTX
1080 GPU. It takes more than 20 min for an oncologist to
delineate a chest wall CTV completely. However, our model only
Frontiers in Oncology | www.frontiersin.org 5179
needs 3.45 s to finish this task. With the assistance of AI, the
contouring time was reduced to 10 min for an oncologist. This
result indicates that this model can efficiently shorten the
contouring time for clinicians.
Clinician A Clinician B

FIGURE 3 | The distribution of the scores of the chest wall CTVs given by the two clinicians. The score is defined as 0, rejection; 1, major revision; 2, minor revision;
3, no revision.
TABLE 2 | The evaluation results from the two clinicians.

Score Clinician A Clinician B

AI group GT group AI group GT group

0 0 (0%) 0 (0%) 0 (0%) 0 (0%)
1 2 (0.7%) 0 (0%) 3 (1.1%) 0 (0%)
2 4 (1.4%) 23 (7.7%) 28 (9.8%) 54 (18.1%)
3 278 (97.9%) 276 (92.3%) 253 (89.1%) 245 (81.9%)
Total 284 299 284 299
P value 0.075 0.444
February 2021 | Volume 10 | Article 5
AI, artificial intelligence; GT, ground truth.
FIGURE 4 | An example of segmented slice. This slide was graded 1 score by both two clinicians. The red line showed AI contours in three views. While the green
line was GT contours.
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DISCUSSION

To improve the working efficiency and reduce intra- and
interobserver variability, we constructed a neural network
model that can automatically delineate a chest wall CTV for
Frontiers in Oncology | www.frontiersin.org 6180
breast cancer. We evaluated the segmentation performance and
used a blind method to compare the delineation results with
structures generated manually.

The delineation of the CTV is one of the most important steps in
radiotherapy, and the accuracy is closely related to tumour control.
Some studies have found that variations exist between different
observers and different institutions, despite following the same
contouring guidelines (3, 23). AI has been demonstrated to be an
effective method to improve contouring accuracy and reduce
variability (24). In regards to a postmastectomy CTV, the most
important challenge is that some boundaries are not clear. The
cranial and caudal planes of the contralateral breast are
heterogeneous in different women, which will then affect CTV
delineation. Since the lateral thoracic artery is destroyed after
surgery, it is difficult to determine the position of the mid-axillary
line without an anatomical reference mark. In addition, the RTOG
guidelines recommend the interface between the ribs and pleura as
the posterior boundary of the CTV. Most clinicians in our
institution still use the RTOG guidelines, so the guidelines are
also utilized in this study to ensure the proper implementation of
the blind method.

Currently, there are very few studies in the field of chest wall
CTV contouring with CNN models. The highest mean DSC was
0.84 when using atlas-based methods (25), while the mean DSC of
our model was 0.90, with the potential for even better performance.
However, the direct comparison of parameters is meaningless
because the performance of the segmentation model largely
depends on its ability to extract features, and in the consistency of
the training data. Before moving into the next step of training, our
data were strictly reviewed by experienced oncologists to minimize
the variation in our data for further comparison.

From Table 2, we found that 97.9% of the CTV slices
contoured by AI were accepted by clinician A and 89.1% by
clinician B. Compared with human-generated structures, AI-
generated structures are comparable or even better. Therefore,
FIGURE 5 | The box plots of the mean scores assigned by the two
clinicians. The score differences are statistically significantly different between
the two clinicians in the AI group. **stands for P < 0.01.
TABLE 3 | The results of the consistency evaluation.

Clinician B Clinician A Total

Positive Negative

Positive 29 8 37
Negative 31 32 63
Total 60 40 100
A B C D

FIGURE 6 | The results of the consistency test. The red lines represent the structures delineated by AI while the green lines stand for the structures contoured
manually. Column (A) indicates that both clinicians think that AI is better, columns (B, C) suggest that the two clinicians have opposite opinions, and column (D)
indicates that both clinicians think GT is better.
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. Auto-Segmentation of Post-Mastectomy CTV
our model can be applied in clinical practice, and it may alleviate
tedious workloads and reduce variations in the real world.
According to Figure 4, we noticed that most slices that
required minor or major corrections were located on cranial
and caudal planes. The possible reason is that the delineation
process needs to integrate information from multiple slices up
and down, while the available information near cranial and
caudal levels is limited, resulting in unsatisfactory contouring
results. In addition, there was a statistically significant difference
in scores between the two clinicians in the AI group, which
means that AI delineations cannot meet all personal preferences.

In the consistency evaluation, AI-generated contours were
directly compared with manual contours on the same slice. The
results show that 29%, or even a higher proportion of AI-
generated contouring were better, which suggests that the
quality of CTV delineations could be improved with the
assistance of AI. There are three possible reasons accounting
for the poor consistency. First, the two clinicians had different
understandings of the boundaries of the CTV, especially the
medial and lateral boundaries. Second, clinicians may identify
some implicit manual traces, and then choose the human-
generated CTV as the better one. In addition, similar contours
may lead to random selections.

There are three limitations in our study. First, the study was a
single-centre study with a small sample size, which created a
generalization problem. The results of our study can provide
a reference for CTV delineation in patients with breast cancer.
However, a multicentre evaluation with more cases should be
performed in the future for better validation. Second, the model
may not meet all clinicians’ preferences. Multiple institutions
could achieve a consensus on delineation guidelines and provide
a larger dataset, which will make the treatment in each centre
more standardized. Finally, the grading process is subjective.
Individual variations still need to be analysed in clinical practice.
CONCLUSIONS

In this study, a novel CNN model is generated to delineate CTVs
for postmastectomy patients automatically. The clinical
evaluation results show that AI-generated structures trended
towards being comparable, or even better, than human-
generated structures. Our study provides a reference for CTV
delineation in patients with breast cancer. We hope this work will
help relieve clinicians from tedious contouring work, and
Frontiers in Oncology | www.frontiersin.org 7181
minimize delineation variations from different centres.
However, additional multicentre evaluations with more cases
are needed before the model can be completely applied in
clinical practice.
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Purpose: To explore the feasibility and efficacy of a dose intensification with Intensity
Modulated Radiation Therapy and Simultaneous Integrated Boost (IMRT-SIB) in locally
advanced esophageal and gastroesophageal cancer (GEJ).

Methods and Materials: We retrospectively analyzed a series of 69 patients with
esophageal or GEJ cancer treated at our Institute, between 2016 and 2019, with
preoperative IMRT and SIB up to 52.5–54 Gy in 25 fractions in 5 weeks and
concurrent carboplatin (AUC2) and paclitaxel (50 mg/m2), as in the CROSS regimen.

Results: All patients completed the planned IMRT–SIB programwith a median of four (range
1–5) cycles of concurrent paclitaxel/carboplatin. Compliance to IMRT–SIB was 93%,
whereas 54% of patients received four to five cycles and 87% at least three cycles of
concurrent carboplatin/paclitaxel. Grade 3 toxicity was reported in 19%of patients. Complete
clinical response (cCR) was achieved in 48%, and 13% had disease progression after
chemoradiation (CRT). Overall, 49% of patients underwent surgery; reasons for non-
operation included cCR in cervical tumor location (10%) or cCR and patient decision
(13%). A pathologic complete response (pCR) was achieved in 44% of resected patients.
Postoperative complications and mortality rates were 21 and 6%, respectively. At a median
follow-up of 12 months (6–25), 2-year overall and progression-free (PFS) survival rates were
81 and 54%, respectively. No difference in PFS by histologic type in operated patients was
reported. Non-operated cCR patients had higher PFS, including cervical locations and
selected cCR patients who decided for non-operation (75 vs 30%, p < 0.01).
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Conclusion: The study reported favorable results in safety and feasibility of the IMRT–SIB
dose intensification in our preoperative CRT program. The toxicity was acceptable,
allowing a high compliance to intensified radiation doses with dose reduction of
concurrent paclitaxel/carboplatin in some patients. The high rate of cCR and pCR
suggested this intensified program is effective in the preoperative CRT and, for selected
responsive patients, in the non-operative approach to esophageal and GEJ cancer. The
2-year survival rates were promising. A prospective study is being planned to confirm
these observations.
Keywords: esophageal cancer, gastroesophageal junction cancer, intensity-modulated radiotherapy, simultaneous
integrated boost, dose intensification
INTRODUCTION

Ranked the eighth most common cancer in incidence and the
sixth leading cause of cancer-related death worldwide,
esophageal cancer remains a major global health problem (1,
2). Epidemiological changes have occurred in the last decades
with an increasing incidence of adenocarcinoma (AC) in
distal esophagus and gastro-esophageal junction (GEJ) in
Western Countries, whereas squamous cell carcinoma (SCC)
remains the most common histology in Eastern Europe
and Asia. Risk factors associated with AC include high rates
of gastroesophageal reflux disease, obesity, and Barrett
esophagus (3).

Combined modality treatment including preoperative
chemoradiation (CRT) followed by radical surgery has
become the standard of care for most patients with localized
clinical stage T2–T3, N0-1 resectable disease. The more recent
published results of the CROSS trial comparing preoperative
weekly paclitaxel/carboplatin concurrent with radiation
therapy of 41.4 Gy versus surgery alone (4) reported a
survival benefit, thus confirming the previous indications of
smaller phase III trials (5–7) and meta-analysis (8). Tolerance
to preoperative CRT in the CROSS trial was well acceptable,
and most patients completed the planned treatment.
Importantly, preoperative CRT did not significantly increase
the postoperative morbidity or mortality rate nor did it
negatively impact the postoperative health-related quality of
life compared to surgery alone.

The CROSS regimen increasingly became a reference
preoperative treatment for locally advanced esophageal and
GEJ cancer in the clinical practice; this regimen also promoted
an investigational interest in refining the treatment schedule, in
particular radiation dose and modality, to further improve
disease control and survival. Modified-CROSS regimens with a
radiation dose higher than 41.4 Gy have been investigated with
conflicting results (9, 10). At our Institute we explored a
modified-CROSS regimen including a moderate radiation dose
intensification with IMRT and simultaneous integrated boost
(SIB) in a cohort of patients with esophageal and GEJ cancer. We
report the analysis on feasibility and oncological outcomes of this
new treatment approach.
2184
MATERIAL AND METHODS

Patient Selection
A series of 69 patients with potentially resectable, cT2–T4 or N1–
2, M0, histologically confirmed SCC or AC of the esophagus or
GEJ (Siewert I–II) were selected for this preoperative CRT
program with intensified an IMRT–SIB approach at our
Institution and retrospectively reviewed. This study was
included in a clinical research program on gastric and
gastroesophageal cancer at our Institute and approved by the
Institutional Review Board (CRO-2008-26). All clinical cases
were discussed by the institutional multidisciplinary team
(MDT) and a signed written informed consent was obtained
from each patient.

Baseline evaluation included clinical history and physical
examination, hematologic and biochemical tests; pulmonary-
function tests, upper gastrointestinal endoscopy with biopsy
and endoscopic ultrasonography (EUS); computed tomography
of the neck, chest and upper abdomen. A bronchoscopy
examination was performed for middle esophagus locations
and positron emission tomography/computed tomography
(PET-CT) was also included in the staging procedures.

Treatment
All patients received preoperative concurrent CRT which was
followed by MDT re-evaluation for surgery. A non-operative
approach was also considered for surgically critical tumor
locations (i.e. cervical esophagus) and in carefully selected
complete responding patients who decided for non-operation.
As in the CROSS regimen, chemotherapy (CT) consisted of a
weekly administration of paclitaxel 50 mg/m2 and carboplatin
AUC2 given intravenously with a total infusion time of 2 h for 5
weeks on days 1, 8, 15, 22, and 29. whereas an intensified A
radiation dose of radiation of 45 Gy/25 fractions/5 weeks (1,8
Gy/fraction) was provided with sliding-window IMRT or VMAT
technique to the gross primary tumor, involved nodes, elective
regional nodes at risk, and a simultaneous integrated boost SIB
up to 52.5–54 Gy to the gross tumor volume (GTV) and involved
nodes only. Patients received computed tomography simulation
and treatment in supine position with knee support for the legs
and with the arms lifted above the head, using an arm-
February 2021 | Volume 11 | Article 626275
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immobilization system in mid-thoracic and lower localizations,
and a thermoplastic mask with shoulder immobilization for
cervical and upper thoracic localizations. Since respiratory
motion may be significant in lower localizations, 4D-CT
planning was used to define the internal target volume (ITV)
according to the observed motion. Patients were treated in free-
breathing and were instructed to avoid food intake 2 to 3 h before
simulation and treatment.

The GTV was contoured using PET–CT fusion scans. PET
positive lymph nodes where included in the GTV. SIB was
limited to GTV and dose was up to 50–52.5 Gy/25fractions/
5weeks (2–2.10 Gy/fraction) for thoracic and GEJ locations, and
up to 54 Gy/25 fractions (2.16 Gy/fraction) for cervical
esophageal cancer locations. The clinical target volume (CTV)
was defined by expanding the GTV by 3–5 cm superiorly and
inferiorly and 1 cm radially. The CTV was then manually refined
on the basis of the patient’s anatomy and tumor location. In
particular, for inferior esophagus and GEJ tumors, optimized
target volumes were delineated for each Siewert’s type
involvement including the supradiaphragmatic, and proximal
gastric with celiac lymph node stations (11), resulting in a
significant variation in target volumes contoured, volume
extension and organs at risk (OARs) involved. The planning
target volume (PTV) was created by a uniform expansion of
0.5 cm around the CTV, including the ITV for EGJ tumors as
defined above. OARs for treatment planning included lungs,
heart, uninvolved esophagus and stomach, liver, kidneys, and
spinal cord. Radiation dose was prescribed to the PTVs
according to the International Commission on Radiation Units
& Measurements (ICRU) criteria (12) and normal tissue dose
constraints were defined according to European Organisation for
Research and Treatment of Cancer- Radiation Oncology Group
(EORTC-ROG) (11) and NCCN (13) guidelines with priority to
maximum spinal cord dose and volumetric heart and lung dose
(14). An example of the dosimetric plan for EGJ adenocarcinoma
(Siewert 1) and normal tissue dose limits is reported in Figure 1;
further details in OAR dose constraints and DVH are reported in
Table S1 and Figure S1 (Supplementary documents) Image-
guided radiation therapy (IGRT) were used for treatment
delivery in all patients. Clinical and nutritional monitoring of
Frontiers in Oncology | www.frontiersin.org 3185
patients with hematologic–biochemical test were planned weekly
and CRT dose modifications were provided, when needed.

After CRT, a complete re-staging including upper
gastrointestinal endoscopy with biopsy, EUS, computed
tomography of the neck, chest, upper abdomen, and PET–CT
was planned at 6–7 weeks to assess treatment response and M0
status. After re-staging, the patients were evaluated for surgery by
the MDT. Surgery was usually planned 8 to 10 weeks after CRT.
Most patients had been referred to our Institute from the Surgical
Department dedicated to esophageal disease of the University
Hospital of Udine, where they were operated on, usually with a
minimally invasive approach. Other patients underwent surgery
at our Institute or at outside hospitals with the more traditional
open approach.

Data Collection
Medical records of all patients with SCC or AC of the esophagus or
GEJ treated with the modified-CROSS regimen from February
2016 to October 2019 were retrospectively reviewed. Patient
characteristics including age, gender, ECOG performance status,
pre- and post-CRT weight and comorbidities were recorded.
Initial tumor characteristics including histology, tumor location
with Siewert classification for EGJ AC, pre- and post-CRT clinical
stage based on computed tomography, EUS, PET–CT were
reviewed. Clinical response evaluation was made according to
Response evaluation criteria in solid tumors (RECIST) criteria (15)
and complete clinical response (cCR) was defined as complete
disappearance of tumor and nodal involvement at computed
tomography, EUS when technically feasible, and at gastroscopy
with negative biopsy. Parameters analyzed in PET–CT response
evaluation included pre- and post-therapy SUVmax, according to
Singh et al. (16). Treatment characteristics, including regimen and
number of neoadjuvant CT cycles, if administered, number of
concurrent CT and IMRT–SIB dose, toxicities, dose attenuation or
treatment interruption, as well as surgery performed, pathological
data including pathological response and Tumor Regression
Grade (TRG) according to Mandard et al. (17), postoperative
morbidity and mortality (<30 days) were recorded. Clinical
multidisciplinary follow-up data, with site and date of
recurrences were also registered.
FIGURE 1 | An example of the dosimetric plan with IMRT-SIB of 45–52.5 Gy for EGJ (Siewert 1) adenocarcinoma and normal tissue dose limits. This example
demonstrates the coverage of PTV 52.5 Gy (orange) including GTV and PTV 45 Gy (blue), and respect of OARs (Right Lung: green, Left Lung: blue; Hearth: brown,
Liver: purple, Spinal cord: light orange and Spinal cord prv: yellow).
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Statistical Analysis
Socio-demographic and clinical characteristics were described
using median values (with interquartile range) or percentages.
For each patient, the time at risk was calculated from the end of
CRT to the recurrence, death or end of follow-up, whichever
occurred first. The event of interest was death for overall survival
and death or recurrence of progression-free survival. The
survival probabilities were calculated according to the Kaplan–
Meier method and difference between strata were tested through
the log-rank test.
RESULTS

Patient and Tumor Characteristics
Overall, a cohort of 69 patients with histologically confirmed
esophageal or GEJ cancer, treated from February 2016 to
October 2019, with the modified-CROSS regimen including an
IMRT–SIB dose intensified program were considered in this
analysis. Patient and tumor characteristics are reported in
Table 1. The majority of patients were males (83%) with a
median age of 69 years. The GEJ was the most frequent subsite
location (35%), equally represented by Siewert type I (tumor
epicenter located between 1 and 5 cm above the GEJ) and type II
(epicenter 1 cm above and 2 cm below the GEJ). The middle
third esophagus was the second most common sub-site (30%)
Frontiers in Oncology | www.frontiersin.org 4186
followed by the proximal third (26%) including cervical
esophagus (8%). However, AC histology accounted for 45% of
cases; 10% of these cases were in the low or middle esophagus.
EUS was performed in 64% of patients and PET–CT in 90% of
cases. Most patients had stage T3 (80%) and N1 (68%) disease.

Preoperative Chemoradiation, Toxicity,
and Clinical Tumor Response
All patients completed the planned intensified IMRT and SIB
treatment with 45 Gy to PTV1 (GTV with involved nodes and
elective nodal stations) and a median dose of 52.5 Gy (range 50–
54Gy) to PTV2 (expanded GTV) and concurrent carboplatin and
paclitaxel with a median of four cycles (range 1–5). Five patients
had radiation therapy interruption, and a delay or interruption of
CT was required in nine (13%) patients after two cycles and in 23
(33%) after three cycles respectively because of grade 3 or persistent
grade 2 toxicity (NCI-CTAE criteria, version 4.0) (18). Overall, the
compliance to IMRT–SIB dose intensification was 93%, while the
compliance to concurrent CT with four or five cycles was 54%; 87%
of patients received at least three cycles of CT. Grade 2 toxicity,
mainly hematological, occurred in 36 patients (52%). Grade 3
toxicity was hematological in nine patients (13%) and
gastrointestinal in three (4%) with severe dysphagia and weight
loss >10% requiring enteral/parenteral support. No Grade 4
toxicity was reported.

A selected subset of 15 patients (22%) with more advanced
disease, stage T3–4 N1–2, received induction taxane-based (11
patients) or cisplatin-based CT (four patients) with a median of
three cycles (range 2–5). Induction CT in this subset of patients
was well tolerated with limited Grade 3 toxicity (21%), and the
tolerance to subsequent CRT was similar to patients not
receiving induction CT. Overall toxicity data and treatment
compliance are reported in Table 2.

Clinical response rate (cCR + cPR) after treatment was
achieved in 51 out of 69 patients (74%); 33 (48%) had a cCR
with negative biopsy and negative PET–CT. A cCR was achieved
in all patients with cervical esophageal cancer who received the
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TABLE 2 | Preoperative chemoradiation, toxicity, and treatment compliance.

No of Patients n = 69 %

Carboplatin/Paclitaxel
4–5 cycles 37 54
3 cycles 23 33
1–2 cycles 9 13
Median number of cycles: 4
IMRT-SIB dose
50 Gy 6 9
52.5 Gy 56 81
54 Gy 7 10
Interruption/Delayed IMRT 5 7
Induction Chemotherapy
2–4 cycles (median three cycles)

15 22

Acute toxicity
Grade 3 gastrointestinal 4 6
Grade 3 hematologic 9 13
Treatment Compliance
To radiotherapy 64 93
To concurrent chemotherapy (4–5 cycles) 37 54
TABLE 1 | Patient and tumor characteristics.

Characteristics N. of Patients n = 69 %

Age (yrs)
Median (range) 69 (38–85)
Gender
Male 57 83
Female 12 17
Performance Status ECOG
0 18 26
1 51 74
Tumor type
Squamous cell carcinoma 40 58
Adenocarcinoma 29 42
Tumor location
Proximal third 19 27
(cervical)* (7)* 10
Middle third 20 29
Distal third 6 9
Gastroesophageal junction 24 25
Siewert 1 14
Siewert 2 10
Siewert 3 –

Clinical tumor stage
T1 – –

T2 5 7
T3 55 80
T4 9 13
Clinical nodal stage
N0 9 13
N1 47 68
N2 11 16
NX 2 3
*In parentheses: subsites/overall population.
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IMRT–SIB dose of 54 Gy. Nine patients (13%) had disease
progression assessed at restaging; sites of disease progression
were local in one patient and distant metastasis in eight patients,
respectively. Disease progression was reported in two out of 15
patients (13%) who received also induction CT and in 10 out 54
(19%) who received CRT alone. Details of preoperative CRT
response are reported in Table 3.

Surgery, Pathological Assessment, and
Postoperative Complications
Overall, 34 out of 69 (49%) patients underwent surgery. The
reasons for non-operation were disease progression in 10 patients
(14%), poor general conditions in five (7%), no response to CRT in
four (6%), cervical tumor location in seven (10%); nine patients
(13%) in cCR decided for non-operation and were followed with
active surveillance. The median time between the end of
preoperative CRT and surgery was 10 weeks (68 days). Surgical
procedures consisted in minimally invasive esophagectomy via
thoracoscopic approach with patient in prone position (19).
Surgery was performed at the regional reference surgical
department for esophageal disease in 21 patients, whereas 13
patients underwent a more traditional open esophagectomy at
our Institution or other hospitals. Two patients (6%) were
evaluated as unresectable at surgery. A median of 20 lymph
nodes (4–41) were detected after lymphadenectomy.

An R0 resection was achieved in 30 of 32 resected patients
(94%); two patients had R1 resection. A pathologic complete
response (pCR-ypT0N0) was reported in 14 patients (44%).
TRG1 was reported in 15 patients (47%) including one patient
with pT0pN1 stage; in addition, six patients (18%) had
microscopic residual disease (TRG2). The pCR was achieved in
nine of 14 patients (64%) with SCC and in five out of 18 (28%)
with AC histology, respectively. Tumor downstaging was
reported in 72% of patients and nodal downstaging in 69%,
respectively. Surgery, pathological findings, and reasons for non-
operation are summarized in Table 4.

The median intensive-care unit stay was 2 days, and the
median postoperative hospital stay was 12 days (range 10–58).
Postoperative complications were reported in seven of 33 (21%)
operated patients. The 30-day postoperative mortality rate was 6%.
Two patients died during hospital stay because of ARDS (one
patient) and acute pulmonary embolism (one patient). Another
patient died postoperatively on day 58 because of sepsis. Details of
postoperative complications are reported in Table 5.

Survival
At a median follow-up of 12 months (range 6–25) the 2 year
overall survival (OS) and disease-free (DFS) rates were 81 and
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54%, respectively. At intention to treat analysis, the 34 patients
who received surgery after CRT demonstrated a favorable trend
in both OS and DFS compared to non-operated patients. Survival
curves are reported in Figures 2 and 3.

Analysis of survival according to histologic subtypes (AC and
SCC) in operated patients showed no significant difference in OS
(84 and 79%, respectively), although a trend in favor of SCC was
reported in DFS (Figure 4). Pattern of tumor recurrences after
surgery in this setting of operated patients demonstrated a local
recurrence rate, as a component of failure of six and 39% of
patients had metastatic disease progression alone. Causes of death
were disease related in 21 patients (10%) whereas two patients died
of other causes. Three patients were lost to follow-up.

An explorative analysis of survival has been performed also
for the 35 non-operated patients to evaluate the outcome of
potential different patient subsets. The 2-year DFS of the group
of cCR patients, including those with cervical esophageal cancer
and the selected cCR patients who decided for non-operation,
was 75% compared to 25% of the non-cCR non-operated
patients (p < 0.01) (Figure 5).
TABLE 3 | Clinical response to preoperative chemoradiation.

Clinical response N. of Patients n = 69 %

Complete response (cCR) 33 48
Partial response (cPR) 18 26
Stable disease (SD) 9 13
Progression disease (PD) 9 (1 local; 8 mets) 13
TABLE 4 | Surgery, pathological findings, and non-operation reasons.

Variables
Operated patients

N. of Patients 34 %
49 (SCC 30%; AC 70%)

Surgical procedure
Open Ivor–Lewis esophagectomy 13 35
Minimally invasive esophagectomy 21 59
Explorative only 2 6
Pathologic Response 32
Complete Response, pT0N0
(pCR)

14 44 *(SCC 64%; AC 28%)

TRG1 °15 47
TRG2 6 18
TRG3 8 25
TRG4-5 3 9

R0 Resection 30 (32) 94
Non-operated patients 35 51 (SCC 74%; AC

26%)
Reasons for non-operation
Disease progression 10 14
Non-responders to CRT 4 6
Poor general conditions 5 7
Tumor site (cervical) 7 10
Patient decision 9 13
February 2021 | Vo
*In parentheses pCR/operated patient subset histotype; °1 TRG1 patient with pT0N1.
SCC, squamous cell carcinoma; AC, adenocarcinoma; CRT, chemoradiation.
TABLE 5 | Postoperative complications.

N. of Patients %

Operated patients 34 49
Complications 7 21
Anastomotic leakage 3 9
Pneumonia 2 6
Chylothorax 1 3
Abscess 1 3
≤30-days postoperative mortality 2 6
>30-days postoperative mortality 1 3
lume 11 | Article 6262
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DISCUSSION

Our study investigated a new preoperative CRT program with a
moderately intensified radiotherapy regimen in locally advanced
esophageal and GEJ cancer patients. After the publication of the
results of the CROSS trial, confirming the benefit of preoperative
CRT over surgery alone, the CROSS regimen became a reference
neoadjuvant CRT program for locally advanced esophageal and GEJ
cancer in the clinical practice (13, 20). In our study, we intensified
the radiation dose of the original CROSS regimen because of the
reported persistent component of local failure reported in an
updated long-term results (21) of the moderate radiation dose
level provided in the CRT schedule (41.4 Gy), and the more
recent availability of advanced radiation therapy techniques, such
as IMRT–SIB with IGRT, which could allow a more safe dose
escalation in CRT for esophageal cancer both in terms of PTV
Frontiers in Oncology | www.frontiersin.org 6188
coverage and healthy tissue sparing, when compared to 3D-CRT.
Although no formal comparisons are available between sequential
boost vs SIB in CRT for esophageal cancer, both approaches up to
60 Gy or more, appeared to improve locoregional control and
survival when compared to the more standard dose of 50 Gy in the
definitive CRT for inoperable disease (22).

As in a previous phase III trial comparing a dose of 64.8 Gy vs
50.4 Gy using the traditional 2D technique combined with cisplatin
and 5-Fluorouracil (23), also the more recently reported results of a
phase III dose escalation study with IMRT-SIB up to 61.6 Gy
combined with carboplatin and paclitaxel, reported no significant
improvement in local control and survival over 50.4 Gy with an
increased toxicity and treatment-related deaths in the high dose arm
FIGURE 2 | Overall survival and progression-free survival in 69 patients with
esophageal-GEJ cancer.
FIGURE 3 | Overall progression-free survival by surgery.
FIGURE 4 | Progression-free survival in 34 operated patients (intention to
treat) by histologic type.
FIGURE 5 | Progression-free survival in 35 non-operated patients by clinical
response.
February 2021 | Volume 11 | Article 626275
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(24). Other clinical trials are ongoing and results are awaited to
further evaluate the efficacy of radiation dose intensification strategy
in CRT in esophageal cancer

In our modified-CROSS program the intensified radiation dose
was adapted on the basis of tumor location; we provided a dose of
50–52.5 Gy/25 fractions to EGJ and thoracic esophagus, while a
higher dose of 54 Gy/25 fractions, with definitive intent, to the
cervical esophagus. The CT component was the same as the original
CROSS trial. Overall, the treatment was well tolerated with an
incidence of Grade 3 toxicity (mainly esophagitis and leukopenia) in
19% of patients; no Grade 4 toxicity was reported. This acceptable
incidence in severe toxicity allowed a high compliance to dose
intensification with 93% of patients completing IMRT with SIB at
the planned doses and treatment time. However, a number of
patients required either interruption or dose modifications of
concomitant CT due to Grade 3 or persistent Grade 2 toxicities,
resulting in a less favorable compliance. As result, 54% of patients
received four or five cycles and 87% at least three cycles of
chemotherapy (Table 2). Compared to our results, the original
CROSS regimen appeared better tolerated with lower Grade 3
toxicity (7%); in addition, the CROSS study adherence to whole
treatment regimen of CT and radiotherapy was 91 and 92%,
respectively (4). On the other hand, we used not only a higher,
intensified dose of radiation, but also more extensive PTVs
including the abdominal celiac node stations in EGJ and lower
esophagus tumor locations, which were not usually included in the
CROSS trial. In addition, our patient population was overall older
(median age 69 vs 60 years) if compared to CROSS trial and no-
patient selection was planned in our cohort. Nevertheless, we didn’t
report any Grade 4 toxicity or treatment related death, as in CROSS
trial, thus confirming the feasibility of our modified-CROSS
regimen in an unselected patient population when a careful
clinical monitoring and dose adequacy of concurrent carboplatin
and paclitaxel are performed. To note, the induction with a median
of three cycles (range 2–4) of taxane-based CT (25, 26) in 11
patients and the traditional cisplatin-based (27) in four patients,
respectively, did not significantly affect the compliance to the
subsequent CRT for this subset of patients (data not reported).
This observation is of interest in the perspective of neoadjuvant
combined modality programs including induction CT, as those
currently ongoing for gastric cancer (28, 29), with the aim to reduce
the high metastatic risk of esophageal and GEJ tumors. Radiation-
induced acute lung toxicity and acute cardiac toxicity have not been
reported in our experience with the intensified radiation dose given
with IMRT and SIB. Nabavizadeh et al. (10), in their series of 24
patients treated with a modified-CROSS regimen with an IMRT
dose of 50.4 Gy, reported three cases of postoperative ARDS,
possibly related to the larger volume of lung irradiation with
IMRT compared with 3D-CRT technique. The risk of acute lung
injury must be an alert in esophageal irradiation, in particular when
intensified doses are given with IMRT and SIB modalities; therefore
a greater accuracy in the treatment planning, with individualized
dose constraints (V20, Mean Dose, V5) is recommended to
minimize this risk (30).

Our modified-CROSS regimen demonstrated effective; 48% of
patients reported a cCR and 26% had a cPR for an overall response
Frontiers in Oncology | www.frontiersin.org 7189
rate in 74% of patients. When correlated to histologic type, cCR
rates were similar in SCC (50%) and AC (45%). These data are
consistent with the available data on clinical response to CRT for
esophageal and EGJ cancers, with cCR rates ranging from 28 to 86%
(31). Moreover, our cCR rate of 48% is well comparable with the
more recent investigations of radiation dose escalation programs in
CRT for locally advanced, inoperable disease. Welsh et al. (32)
reported a cCR rate of 71% in a phase I–II trial of dose escalation
with IMRT–SIB up to doses of 58.8–63 Gy/28 fractions in 44
patients with inoperable disease, which is significantly higher
compared to 52.5–54 Gy/25 fractions in our intensified IMRT–
SIB program in more limited, resectable disease. Also in this study,
AC and SCC histologic types had similar cCR rates, suggesting a
clinical activity of intensified radiation doses in both histologic
types. These favorable outcomes of dose escalation in CRT were
confirmed by other Asian studies in advanced esophageal cancer,
although most patients in these series had SCC histology (33, 34).
However, the impact of clinical response, and in particular of the
cCR, in disease control and survival needs to be investigated further.
The available data on the association of cCR and pCR after CRT
and surgery suggested a limited correlation, with approximately
31% of cCR corresponding to pCR after surgery (31). Nevertheless
the evaluation of clinical response to CRT using computed
tomography, EUS, endoscopy with biopsy remains an essential
component in the clinical practice for subsequent treatment after
CRT in esophageal and EGJ cancer (13, 20). The evaluation of
clinical response is evolving with the support of PET–CT and the
ongoing investigations on its role in the staging and restaging of
disease before and after CRT should improve further the assessment
of clinical response (35, 36).

On this basis, 34 (49%) responsive of 69 treated patients were
selected for surgery at our MDT meetings after the modified-
CROSS program. All 34 patients received the IMRT–SIB with a
dose of 50 Gy (six patients) or 52.5 Gy (28 patients). Radical
esophagectomy with negativemargins (R0) was achieved in 30 of 32
(94%) operated patients (two patients were unresectable at surgery).
This data is well comparable to that reported in the CRT arm of the
original CROSS trial confirming the favorable impact of CRT on
tumor and lymph-node response and resectability. Our modified
CROSS regimen appeared effective in terms of pathologic response,
with an overall pCR rate of 48%, compared to 29% of the original
CROSS trial. A better pCR rate was also found in the subset of SCC
(64 vs 49%) and AC patients (28 vs 23%). This data was also
supported by the high rate of major pathologic response (TRG1 +
TRG2) reported in 65% of our patients. In addition, most
recurrences occurred at distant sites and only one patient had a
local recurrence. Although these data need to be regarded with
caution due to the small number of patients, they suggest the
efficacy of our modified CROSS regimen.

Our incidence of postoperative complications (21%) after
CRT is consistent with those reported in phase III trials (4, 7).
Most patients (59%) had a minimally invasive esophagectomy at
an experienced, high-volume surgical department for esophageal
cancer and our 30-days postoperative mortality rate of 6% (two
patients) was well comparable to that reported in the CROSS trial
(6%). However, we reported one more patient who died of
February 2021 | Volume 11 | Article 626275
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complications 58 days after surgery. These data underline the
necessity of a careful patient selection for surgery after this
intensive preoperative CRT program.

The analysis of survival was influenced by the limited follow-up
(median 12 months, range 6–25) and the small series of patients in
our study. However, the 2-year OS rate of 81% is of interest and is
well comparable to 2-year OS of 67% of the CRT arm in the CROSS
trial. Also, the 2-year PFS of 54% was similar to the DFS rate of
CROSS indicating a promising benefit of our moderately intensified
IMRT–SIB dose. Nevertheless, no difference in PFS was reported in
the subset of the 34 operated patients (intention to treat analysis)
when compared by histology; in spite of a higher pCR rate in SCC
(71%) compared to AC (28%), we did not observe a higher benefit
in survival for SCC as reported in CROSS trial. A similar benefit of
CRT for both histologic types was also reported byWelsh et al. (32)
in their IMRT dose escalation program; they suggested a possible
greater benefit with higher radiation doses for patients with AC.
This could be a significant data because of the prevalence of AC in
Western Countries and the emerging interest in radiation dose
escalation programs in CRT for esophageal and EGJ cancer.

Interestingly, there was no difference in the 2-year DFS for
patients who received surgery compared to those non-operated
after CRT. The major reasons for non-operation were cCR in
patients with cervical esophagus (10%) and patient decision,
shared with MDT, in case of cCR (14%) for the other tumor
locations.While the non-operation option in patients with cervical
tumors was expected because of the higher IMRT–SIB dose of 54
Gy with definitive intent, this option remains to be defined in cCR
patients with other locations receiving 50–52.5 Gy with
preoperative intent. The 2-year overall PFS in the subset of cCR
patients, including non-operated, was significantly better when
compared to non-complete responsive patients (75 vs 30%), and
this data is in line with the emerging interest in non-operative
approach for selected responsive patients (37–40). Our results in
terms of PFS also show that most part of the disease progression
occurred at distant sites. These data and the possible feasibility of
induction CT could support further investigations on integrated
programs which include a more effective systemic CT component
in preoperative CRT. Further dose escalation over 54 Gy with
definitive intent for cervical esophageal cancer remains
questionable because of the controversial available results in
oncological outcome, morbidity, and mortality even with the use
modern and more advanced radiation techniques (22, 24, 32–34),
and it should be further investigated.

Our study has some limitations. This is a retrospective study
including a limited number of evaluated patients. The intensified
dose levels that patients received as well as the addition of
induction CT were made on an individual basis shared by the
MDT. In addition to the limited number of patients, the short
follow-up time limits the subset analysis for outcome in operated
and non-operated patients beyond 2 years. Therefore a
prospective study is needed to confirm these data.

In conclusion, this retrospective study reported favorable
results in safety and feasibility of a preoperative CRT with
IMRT–SIB dose intensification. The toxicity was acceptable
allowing a high compliance to intensified radiation dose
Frontiers in Oncology | www.frontiersin.org 8190
although dose reduction or delay in carboplatin/paclitaxel CT
was needed in some patients. The high rate of cCR and pCR
suggested that this moderately intensified treatment program is
effective in the preoperative treatment and, in selected responsive
patients, in the non-operative approach of esophageal and GEJ
cancer. The 2-year survival rates were promising. While there is
an emerging interest in the integration of preoperative CRT with
a more effective systemic therapy component, our study is an
early attempt at exploring the effects of a modified-CROSS
regimen with IMRT and SIB dose intensification and its
possible integration with induction CT. A prospective
collaborative study is planned to confirm these observations.
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Background: Glioblastoma Multiforme (GBM) is the most common primary brain cancer
and one of the most lethal tumors. Theoretically, modern radiotherapy (RT) techniques
allow dose-escalation due to the reduced irradiation of healthy tissues. This study aimed
to define the adjuvant maximum tolerated dose (MTD) using volumetric modulated arc RT
with simultaneous integrated boost (VMAT-SIB) plus standard dose temozolomide (TMZ)
in GBM.

Methods: A Phase I clinical trial was performed in operated GBM patients using VMAT-
SIB technique with progressively increased total dose. RT was delivered in 25 fractions (5
weeks) to two planning target volumes (PTVs) defined by adding a 5-mm margin to the
clinical target volumes (CTVs). The CTV1 was the tumor bed plus the MRI enhancing
residual lesion with 10-mm margin. The CTV2 was the CTV1 plus 20-mm margin. Only
PTV1 dose was escalated (planned dose levels: 72.5, 75, 77.5, 80, 82.5, 85 Gy), while
PTV2 dose remained unchanged (45 Gy/1.8 Gy). Concurrent and sequential TMZ was
prescribed according to the EORTC/NCIC protocol. Dose-limiting toxicities (DLTs) were
defined as any G ≥ 3 non-hematological acute toxicity or any G ≥ 4 acute hematological
toxicities (RTOG scale) or any G ≥ 2 late toxicities (RTOG-EORTC scale).

Results: Thirty-seven patients (M/F: 21/16; median age: 59 years; median follow-up: 12
months) were enrolled and treated as follows: 6 patients (72.5 Gy), 10 patients (75 Gy), 10
patients (77.5 Gy), 9 patients (80 Gy), 2 patients (82.5 Gy), and 0 patients (85 Gy). Eleven
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patients (29.7%) had G1-2 acute neurological toxicity, while 3 patients (8.1%) showed G ≥

3 acute neurological toxicities at 77.5 Gy, 80 Gy, and 82.5 Gy levels, respectively. Since
two DLTs (G3 neurological: 1 patient and G5 hematological toxicity: 1 patient) were
observed at 82.5 Gy level, the trial was closed and the 80 Gy dose-level was defined as
the MTD. Two asymptomatic histologically proven radionecrosis were recorded.

Conclusions: According to the results of this Phase I trial, 80 Gy in 25 fractions
accelerated hypofractionated RT is the MTD using VMAT-SIB plus standard dose TMZ
in resected GBM.
Keywords: glioblastoma multiforme, volumetric modulated arc therapy, simultaneous integrated boost, adjuvant
treatment, temozolomide
INTRODUCTION

Glioblastoma Multiforme (GBM) is the most common primary
brain tumor in adults (1). The standard of care is surgical
resection followed by radiation therapy (RT) plus concurrent
and adjuvant Temozolomide (TMZ) (2). However, the GBM
prognosis remains poor being 5.6% the 5-year overall survival
(OS) rate and 10–15 months the median survival (3, 4).

Since the ‘70s, 60 Gy in 2 Gy per fraction has been the standard
postoperative RT dose, outside clinical trials (5, 6). Higher doses
could be more effective but also associated with an increased risk
of healthy tissues damage. However, significant technological
advances have been achieved in the past decades in brain
tumors RT planning and delivery. In fact, intensity modulated
RT (IMRT) and volumetric modulated arc therapy (VMAT) lead
to improved dose conformality to the target. Moreover, sparing of
the surrounding organs at risk (OARs) promoted the delivery of
an accelerated-hypofractionated simultaneous integrated boost
(SIB) (7, 8).

More generally, hypofractionated RT resulted feasible
in GBM patients with reduced overall treatment time and
higher biologically equivalent dose (9–12). Indeed, both
decreased tumor repopulation and increased cells death are
radiobiological advantages of accelerated-hypofractionated
regimens (13). Moreover, a shorter treatment duration may
improve patients’ comfort and reduce treatment-related costs.
Therefore, hypofractionated RT schedules were increasingly used
in dose-escalation studies to test the possibility of overcoming
the intrinsic GBM radiation-resistance (14–18).

Our group reported the feasibility of postoperative IMRT-SIB
up to 70 Gy in 25 fractions in GBM (15, 17). Based on this result
and on the growing experience in VMAT-SIB in other settings
(19, 20), we designed a phase I trial to define the maximum
tolerated dose (MTD) of adjuvant VMAT-SIB plus TMZ. Here
we report the results of this trial.
MATERIALS AND METHODS

Inclusion Criteria
The inclusion criteria were as follows: 1) histologically-proven
GBM (World Health Organization 2007); 2) age ≥ 18 and ≤ 85
2194
years; 3) Eastern Cooperative Oncology Group (ECOG)
performance status ≤ 3; 4) estimated survival ≥ 3 months; 5)
normal organ and bone marrow function (white blood cell count
> 3,000/mm3; hemoglobin > 9 g/dl; platelets > 100,000/mm3). All
patients underwent a first evaluation with clinical history and
physical examination. Patients with previous brain irradiation,
multifocal GBM, other malignancy (except cervical carcinoma in
situ and non-melanoma skin cancer), and pregnant or breast-
feeding were excluded.

Study Design and End Point
This prospective phase-I trial (ISIDE BT-2) was approved by the
Catholic University Institutional Review Board (#42/07-29-
2015) and patients signed a written informed consent. Patients
were enrolled in subsequent cohorts of three subjects with
progressively higher boost dose as reported in Table 1. The
primary end point was to define the MTD considered as the
dose-level below the one with dose limiting toxicity (DLT)
recorded in at least one third of patients. Any acute G ≥ 3
non-hematological adverse event or any acute G ≥ 4
hematological toxicity or any late G ≥ 2 toxicity was defined as
DLT (21). If no DLTs were recorded, patients were enrolled at
the next dose level provided that all patients in the cohort had
been followed for at least six months. If a DLT occurred in ≥ two
patients, the study was closed and the previous dose level was
considered as the MTD. If a DLT was recorded in one patient,
further enrollment up to a minimum of six patients (with ≥ 6
months follow-up) was required at the same dose-level. In this
case, the study continued as follows: a) if DLT occurred in one
patient, the subsequent patients were enrolled in the next
cohort; b) if DLT occurred in more than two patients, the
study was closed and the MTD was defined as the previous
dose level; c) if DLT occurred in two patients, the study was
closed with the MTD defined as the same dose level. A total SIB-
boost dose of 85 Gy in 25 fractions was considered as the highest
dose level in the study design.

Radiotherapy
Treatment Planning
Treatment simulation and OARs contouring were previously
described (15). An IMRT Reinforced Thermoplastics™ mask
February 2021 | Volume 10 | Article 626400
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was used for patient immobilization. The head was held
using a support (Uni-frame® Tilting Baseplate, CIVCO
Medical Solutions, IA, US) providing a tilt movement able to
misalign the brain from the eyes. CT-simulation scans (3 mm
thickness at 3 mm interval) were acquired from the vertex
up to the lower margin of the second cervical vertebra.
Patients underwent multiparametric (spectroscopy, diffusion,
and perfusion) gadolinium enhanced MRI four weeks after
surgery. MRI scans were co-registered with the planning CT-
simulation scans to optimize the delineation of target volumes
and OARs. The gross tumor volume (GTV) was defined as
the resection cavity, any residual disease, and contrast-
enhanced areas in T1-weighted MRI. The clinical target
volume 1 (CTV1) was defined as the GTV plus 10-mm margin
(only in the brain), including any microscopic tumor spread.
The CTV2 was defined by adding a 20-mm isotropic margin to
the CTV1. Subsequently, the CTV2 was manually edited to
exclude the extracerebral tissues and in particular the OARs.
For set-up uncertainties, an isotropic 5-mm margin was added
to CTV1 and CTV2 to define the planning target volumes
(PTV1 and PTV2, respectively). VMAT plans were calculated
using the “dual arc” feature, based on two partial coplanar arcs
(6-MV nominal photon energy). Treatment plans were
calculated with the OncentraMasterPlan® Treatment Planning
System v. 4.1 (Nucletron BV, Veenendaal, The Netherlands)
based on ICRU 83 recommendations. Dose/volume constraints
and quality assurance procedures have been previously detailed
(15, 17). All treatment plans were calculated by a senior physicist
(SaC) and reviewed for target coverage and dose/volume
constraints by a radiation oncologist expert in brain tumors
RT (MaF).

Treatment delivery
VMAT-SIB was delivered in 25 fractions using an Elekta Precise
linear accelerator (Elekta Ltd., Crawley, UK). Only PTV1 dose
was escalated (planned dose escalation: 72.5 Gy, 75.0 Gy, 77.5
Gy, 80.0 Gy, 82.5 Gy, and 85.0 Gy) while maintaining the same
dose to PTV2 (45.0 Gy in 1.8 Gy/fraction). The biologically
Frontiers in Oncology | www.frontiersin.org 3195
effective dose (BED) corresponding to the different dose levels is
shown in Table 1. The BED was calculated according to the
formula:

BED = nd 1 + d= a=bð Þ½ � − g T − Tkð Þ=a
where n = number of fraction, d = fractionation dose, T =
overall treatment time, Tk = time at which repopulation
begins after treatment, g = effective tumor-cell repopulation
rate: g = ln 2/Td, where Td = potential doubling time (22).
Based on Qi et al. estimation of radiobiological parameters
of brain tumor (23), we used the following values for
BED calculation: a = 0.04, a/b ratio = 5.6 Gy, potential
doubling time = 50 days, and kickoff time for accelerated
repopulation = 0 days.
Chemotherapy
Concurrent TMZ protocol was 75 mg/m²/day, 7 days per
week, for the entire RT duration (2). Four weeks after
chemoradiation, patients received up to 12 cycles of adjuvant
TMZ (150-200 mg/m²/day, 5 days every 28 days). TMZ was
discontinued in case of progressive disease or G ≥ 3 toxicity.
Dexamethasone (2.25 mg/day) was prescribed to all patients
during RT. This dosage was not reduced in patients taking
higher doses before treatment and it was increased in case
of neurotoxicity.
Toxicity Assessment
Toxicity was classified in terms of grade, type, and possible
relationship to the treatment. Acute toxicity was scored using
the Radiation Therapy Oncology Group (RTOG) criteria and
late toxicity was assessed based on the RTOG/European
Organization for Research and Treatment of Cancer (RTOG/
EORTC) scale (21). Acute toxicities were defined as those
occurring within three months from RT. Adverse events
recorded at least three months after the start of radiation
therapy were defined as late toxicities.
TABLE 1 | Dose cohorts and dose escalation levels.

Radiation total dose/fraction size

Planned patients Treated patients Dose level PTV2 dose/fractionation PTV1 dose/fractionation
(BEDa/b=5.6 Gy)

Concurrent temozolomide

3 6 I 45 Gy/1.8 Gy 72.5 Gy/2.9 Gy
(98.6 Gy)

75 mg/m2 daily

3 10 II 45 Gy/1.8 Gy 75.0 Gy/3.0 Gy
(103.7 Gy)

75 mg/m2 daily

3 10 III 45 Gy/1.8 Gy 77.5 Gy/3.1 Gy
(109.0 Gy)

75 mg/m2 daily

3 9 IV 45 Gy/1.8 Gy 80.0 Gy/3.2 Gy
(114.3 Gy)

75 mg/m2 daily

3 2 V 45 Gy/1.8 Gy 82.5 Gy/3.3 Gy
(119.7 Gy)

75 mg/m2 daily

3 0 VI 45 Gy/1.8 Gy 85.0 Gy/3.4 Gy
(125.2 Gy)

75 mg/m2 daily
February 2021 |
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Patients Follow-Up and Response Criteria
Patients were evaluated three weeks after treatment completion
and then every two months with clinical examination and
blood tests. A contrast-enhanced multiparametric brain MRI
was performed 45 days after RT completion and then every
two months. Clinical response was evaluated based on the
RECIST criteria in patients with macroscopic residual disease
after surgery (24). In case of suspected pseudoprogression,
a 6-[18F]-L-fluoro-L-3,4-dihydroxyphenylalanine-PET/CT
was performed. In case of progressive disease in the brain,
patients were considered for salvage treatment on a case-by-
case basis (re-operation, second-line chemotherapy or
re-irradiation).

Statistical Analysis
The Kaplan-Meier method (25) was used to calculate progression-
free survival (PFS) and OS curves. PFS was defined as the time
between surgical resection and disease progression while OS as the
time between surgery and death from any cause. Statistical analysis
was performed using SYSTAT, version 11.0 (SPSS, Chicago, IL).
RESULTS

Between January 2012 and November 2018, 37 patients were
enrolled in the trial. Molecular data were available only for a
minority of patients: 11 of 37 patiens had isocitrate
dehydrogenase 1 (IDH) wild-type while p53 was expressed in 9
of 11 patients.

Dose cohorts and patient characteristics are detailed in Tables
1 and 2, respectively. Median follow-up was 12 months (range: 2-
67 months).

Maximum Tolerated Dose
One patient treated at level I (72.5 Gy, 2.9 Gy/fraction) developed
G4 hematologic toxicity at the end of chemoradiation.
Therefore, three more patients were enrolled in the same
cohort and no other DLTs were recorded. At dose level II
(75.0 Gy, 3 Gy/fraction), one out of three patients showed G4
hematologic toxicity resulting in permanent discontinuation
of TMZ. Therefore, also this cohort was expanded to six
patients. Before reaching six months of observation of the
planned patients, four more subjects were treated at dose level
II (total: 10 patients). Since no other DLT were recorded, the
dose was escalated to level III (77.5 Gy, 3.1 Gy/fraction). One out
of the three patients in this cohort presented DLT (severe
neurological toxicity) and died due to toxicity worsening
before starting of adjuvant TMZ. This G5 adverse event
required the enrollment of three more subjects. For the same
reason as in the second cohort (the need for adequate follow-
up), a total of 10 patients were enrolled at this dose level without
other recorded DLT. Nine patients were enrolled at level IV
(80 Gy, 3.2 Gy/fraction) due to one case of G3 seizures and
need of adequate follow-up. Two patients were enrolled in the
subsequent cohort at level V (82.5 Gy, 3.3 Gy/fraction) and both
showed severe toxicity. The first patient developed severe
Frontiers in Oncology | www.frontiersin.org 4196
seizures requiring hospitalization one month after RT while
the second one discontinued chemoradiation due to severe
hematological toxicity. Before starting of adjuvant TMZ, the
latter patient died of myelosuppression worsening. Since two
DLTs were observed in two patients at level V the trial was closed
and level IV (80 Gy, 3.2 Gy/fraction) was considered as the
MTD (Table 3).

Treatment Compliance
All patients received concurrent TMZ, but in two patients (at
dose level II and V, respectively) chemoradiation was
permanently stopped (after 20 and 22 fractions, respectively)
due to hematological toxicity. For the same reason, these
patients did not receive adjuvant TMZ (Figure 1). In addition,
another patient interrupted chemoradiation for three days
due to hematological toxicity. Only 31 out of 35 patients
potentially amenable to adjuvant TMZ started chemotherapy.
TABLE 2 | Patient and tumor characteristics.

Patients N (%)

Total 37
Gender
Male 21 (56.8%)
Female 16 (43.2%)

Age (years)
Median 59
Range 36–82

ECOG performance status
0 15 (40.5%)
1 14 (37.9%)
2 4 (10.8%)
3 4 (10.8%)

Surgery
Gross total resection 10 (27.0%)
Partial resection 27 (73.0%)

RTOG-RPA class*
III 7 (18.9%)
IV 26 (70.3%)
V 4 (10.8%)

Planning target volume 1 (cc)
Median 175.8
Range 53.9–292.9

Planning target volume 2 (cc)
Median 451.9
Range 194.0–620.5

Tumor site
Frontal 11 (29.7%)
Parietal 11(29.7%)
Temporal 4(10.8%)
Frontoparietal 2 (5.5%)
Parietotemporal 9 (24.3%)

Side
Right 16 (43.2%)
Left 21 (56.8%)

MGMT promoter status
Not available 21 (56.7%)
Methylated 9 (24.3%)
Not methylated 7 (19.0%)
February 2021 | Volume 10 | A
ECOG, Eastern Cooperative Oncology Group; RPA, recursive partitioning analysis
(Curran 1993): RTOG, Radiation Therapy Oncology Group; MGMT, O6-methylguanin-
DNA-methyltransferase.
rticle 626400

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ferro et al. VMAT- SIB Dose Escalation in Glioblastoma
In fact, two patients refused chemotherapy and two patients
were unable to start TMZ due to severe neurological toxicity
(G ≥ 3) (Figure 1). Moreover, only four patients completed
the prescribed 12 cycles of adjuvant TMZ. In fact, 27 patients
Frontiers in Oncology | www.frontiersin.org 5197
discontinued adjuvant chemotherapy after 2-11 TMZ cycles
due to disease progression in 26 patients and early death not
related to treatment and disease in one patient (Figure 1).

Toxicity
DLTs were only represented by neurological and hematological
toxicities (Table 3). Grade ≥ 3 neurological toxicity occurred in
three patients (8.1%). One patient died after worsening of
neurological symptoms and two patients had multiple seizures
despite medical intervention. Grade ≥ 3 hematological toxicity
occurred in three patients (8.1%, two females and one male). One
patient died two months after chemoradiation due to prolonged
myelosuppression and worsened general conditions. Two
patients had G3-4 anemia, thrombocytopenia, and leucopenia
which prevented the start or caused the interruption of adjuvant
chemotherapy. Grade 1 or 2 neurological findings, mainly nausea
and headache, were recorded in seven (18.9%) and four (10.8%)
patients, respectively. No patient had G1-2 hematological
toxicity while all patients had G1-2 skin toxicity, mainly
epilation or mild erythema in the irradiated site. No patient
showed ocular toxicity despite the frontal or frontoparietal site of
the irradiated lesion in 13 subjects.

No patient reported or showed symptoms related to severe
late toxicity. Three patients (dose level II, III, and IV) reported
mild (G1) headache during the follow-up. However, two cases of
radionecrosis (5.4%) were histologically proven at 10 and 52
months after chemoradiation (dose level I and IV).

Outcomes
Thirty-three out of 37 patients (89.2%) underwent MRI six-
seven weeks after chemoradiation and all of them showed stable
disease compared to pre-RT evaluation. Four patients were not
evaluable for clinical response due to patient’s refusal (two) or
poor general conditions due to unresolved toxicity (two).
Thirty-two patients had local progressive disease in the high
dose region (central recurrence) while no out-of-field relapse
was recorded. Twenty patients were amenable for salvage
therapy: four and 10 patients underwent stereotactic RT or
salvage chemotherapy, respectively, while six patients were re-
operated. In the latter, two radio-necrosis and four local
recurrences were histologically proven. Median PFS and OS
were 10 and 17 months, respectively. Actuarial 1- and 2-year
PFS was 27% and 8%, respectively, while 1- and 2-year OS was
67 and 22%, respectively.
DISCUSSION

To the best of our knowledge, this study represents the first
phase I dose-escalation trial on postoperative VMAT-SIB
combined with TMZ in GMB patients. In our previous studies,
based on the IMRT-SIB technique (15, 17), we did not reach the
MTD up to the dose of 70 Gy in 25 fractions (2.8 Gy/fraction).
In the present study, the MTD of postoperative VMAT-SIB
plus standard TMZ in operated GMB resulted 80 Gy in 25
fractions (3.2 Gy/fraction). Unfortunately, it is a study reporting
TABLE 3 | Acute toxicity (RTOG scale).

Dose Levels*

Toxicity Grade I: 72.5
Gy

II: 75.0
Gy

III: 77.5
Gy

IV: 80.0
Gy

V: 82.5
Gy

Neurological 0
1-2
3-5

4
2
0

7
3
0

6
3
1

5
3
1

1
0
1

Eye 0
1-2
3-5

6
0
0

10
0
0

10
0
0

9
0
0

2
0
0

Skin 0
1-2
3-5

0
6
0

0
10
0

0
10
0

0
9
0

0
2
0

Hemoglobin 0
1-2
3-5

5
0
1

10
0
1

10
0
0

9
0
0

1
0
1#

WBC 0
1-2
3-5

5
0
1

10
0
1

10
0
0

9
0
0

1
0
1#

Neutrophils 0
1-2
3-5

5
0
1

9
0
1

10
0
0

9
0
0

1
0
1#

Platelets 0
1-2
3-5

5
0
1

9
0
1

10
0
0

9
0
0

1
0
1#
*Data relative to dose level of 85 Gy are not shown, due to lack of accrual. Numbers in bold
represent the G5 toxicities; #same patient.
FIGURE 1 | Overall treatment compliance.
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no improved outcome and a trend toward more hematologic and
neurologic toxicity.

Some limitations may be ascribed to the study. First of all, the
use of a classic dose-escalation design (3 + 3) can correctly assess
short-term but not long-term tolerability. For example, Tsien’s
et al., in their dose-escalation study, used the time-to-event
continual reassessment method, a Bayesian dose-finding design
to address the issue of long observation time and early patient
drop-out (26). We partially mitigated this limitation in our trial
by requiring the observation of the three patients included in a
cohort for at least six months. Also the small sample size of our
study does not provide adequate information on the risk of late
toxicity. For this reason, a phase I-II trial on a larger patient
population treated at the MTD defined in this study is ongoing.
Furthermore, the definition of DLT was based on rather obsolete
toxicity scales (RTOG and EORTC-RTOG). These choices
resulted from the intentional continuity of this study with our
previous trials (15, 17) which began in 2005. Moreover, the
study’s inclusion period was relatively long (6 years) due to the
small Italian region where we work that did not allow us a faster
accrual of GBM patients. Last, in the classification of tumor
relapses, we used only the in-field and out-of-field categories,
unlike other authors who also considered the “central” and
“marginal” categories.

Beyond these limitations, our study was able to define the
MTD of adjuvant RT in GBM, unlike other studies. In fact, in
several phase I trials, no DLT was registered and therefore the
MTD was not reached (11, 12, 16, 18, 27). Only the study of
Tsien et al. (26) defined 75 Gy (2.5 Gy/fraction) as the MTD, a
value lower compared to our trial (80 Gy, 3.2 Gy/fraction). This
discrepancy could result from the different design of the two
studies, as described above.

In our trial, G ≥ 3 neurological toxicity occurred in 8.1% of
patients. As expected, these figures are higher than those (0.7%)
reported by Stupp et al. in the EORTC/NCIC trial based on the
delivery of 60 Gy in 2 Gy/fraction (2). Moreover, our severe
neurological toxicity rate is similar to those reported in other
dose escalation trials (10.5% -19.0%) (16, 26, 27), despite the use
of higher dose/fractionation. The use of the VMAT technique
could be an explanation of this effect. However, it should be
noted that no cases of severe neurological toxicity were recorded
in some of the other dose-escalation studies (11, 12, 18). The
explanations may be different, such as the small GTV to PTV
margins (0.5 cm) in the study by Chen et al. (11), the use of a
standard dose (60 Gy) even if slightly hypofractionated (3 Gy/
fraction) in the study by Jastaniyah et al. (12), and finally the
small sample size (only 9 patients enrolled) in the study by Truc
et al. (18).

Someone could argue that the doses and the volumes
(margins) used in the study may be not optimal. It is complex
to be able to make comparisons with other studies like Stupp’s
one and extrapolate conclusions. The choice we pursued was to
reduce the prophylactic dose and greatly increase the CTV1 dose.
We started from the assumption that patterns of failure studies
have shown that 80–90% of recurrences occur within 2–3 cm of
the surgical cavity. Furthermore, multiple series showed that
Frontiers in Oncology | www.frontiersin.org 6198
patients who received a total brain dose of 60 Gy still failed
within the highest dose region. Moreover, we prudentially set the
margins trying to encompass any microscopic tumor spread.
One centimeter around the GTV in dose escalation volume may
have contributed to the increase in especially neurological
toxicity. However, a clear direction on this issue is still lacking
and the standard margins for patients with GBM are likely to
continue to evolve over time. The ability to utilize MRI
(perfusion) and PET data in target delineation, i.e. the next
generation imaging would probably have allowed us to define
narrower margins around CTV1, however, the present dose
escalation trial was conceived in 2005 when the novel imaging
modalities were not widely available. For the sake of continuity,
we followed the same modality of target delineation adopted in
our previous trials (15, 17).

Our results and those from other studies confirm the impact
of use and type of chemotherapy concurrent to dose-escalated
RT on hematological toxicity. Indeed, the rate of G ≥ 3 blood/
bone marrow complications recorded in our study (8.1%) was
similar to that observed by Jastaniyah et al. (12) (8.0%) who used
concurrent TMZ as in our trial. Instead, Tsien et al. (27), who
combined RT with carmustine, reported a 44.5% rate of severe
hematological complications. On the contrary, Monjazeb et al.
(16) treated their patients with RT alone without recording any
case of G ≥ 3 hematological toxicities.

The hematological toxicity recorded in our study was only
severe (G1-2: 0%; G3-5: 8.1%). This data would confirm the
hypothesis that this type of complication is not due to a simple
toxic effect on hematopoietic cells but is based on an
idiosyncratic mechanism linked to genetic factors. In any case,
this high risk of severe and even fatal complications, as reported
in our and Tsien’s et al. (26) experiences, suggests the need for
close monitoring of bone marrow function in order to promptly
prevent possible complications.

In terms of disease control, the results of our trial are rather
discouraging. Although the use of the VMAT-SIB technique
allowed the delivery of BED values higher compared to the
previously published studies, we recorded an in-field relapse rate
of 100% in evaluable patients.

This result confirms the widespread skepticism about the
potential role of dose escalation in GBM. Only a few studies
suggested an improvement in the outcome with higher than
standard doses (28, 29), while most evidence showed lack of
improved outcomes (30–33). This would explain the trend
toward a progressive reduction of higher than the standard
dose RT recorded in the USA (31).

However, considering our and the other phase I studies on
high dose RT combined with concurrent TMZ (11, 12, 18, 26), it
should be noted that they consistently reported a higher median
survival (15.7–22.4 months) compared to RT plus TMZ arm of
the EORTC/NCIC trial (14.6 months).

New treatment options for GBM have become available in
recent years including immunotherapy, targeted therapies,
radiosensitizers, novel irradiation modalities, and tumor-treating
fields (34). It can be hypothesized that the combination with some
of these innovative therapies may improve the results of standard
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chemoradiation. For example, the study by Stupp et al. recorded
an improved survival combining tumor-treating fields to
maintenance TMZ compared to the standard protocol (35).

Furthermore, it is possible that new combined modality
treatments can exploit the effect of higher than standard doses.
Studies to test this hypothesis could employ the recommended
doses defined in our and in the Tsien’s et al. trials (26).

In addition to studies on new treatments combinations,
further analyzes would be warranted to improve the dismal
results of GBM treatment. Concerning the new irradiation
modalities, Matsuda et al. recently reported overall survival
improvement in using proton beams with standard
fractionation or hypofractionation with concomitant boost
technique (36). Moreover, the use of RT dose escalation could
be of benefit in specific subgroups of patients, while, conversely,
other groups of patients may be more prone to treatment-
induced toxic effects. Therefore, the development of predictive
models could allow to identify patients in whom the delivery of
high doses is justified and of patients at high risk of toxicity
where treatment de-escalation could be preferable. Finally, future
studies on high dose RT should include the assessment of the
impact on quality of life. This topic deserves to be carefully
considered given the poor prognosis of these patients and
therefore the substantially palliative meaning of RT in
this setting.
Frontiers in Oncology | www.frontiersin.org 7199
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Breast cancer, the most frequent malignancy in women worldwide, is a heterogeneous
group of diseases, characterized by distinct molecular aberrations. In precision medicine,
radiation oncology for breast cancer aims at tailoring treatment according to tumor biology
and each patient’s clinical features and genetics. Although systemic therapies are
personalized according to molecular sub-type [i.e. endocrine therapy for receptor-
positive disease and anti-human epidermal growth factor receptor 2 (HER2) therapy for
HER2-positive disease] and multi-gene assays, personalized radiation therapy has yet to
be adopted in the clinical setting. Currently, attempts are being made to identify
prognostic and/or predictive factors, biomarkers, signatures that could lead to
personalized treatment in order to select appropriate patients who might, or might not,
benefit from radiation therapy or whose radiation therapy might be escalated or de-
escalated in dosages and volumes. This overview focuses on what has been achieved to
date in personalized post-operative radiation therapy and individual patient radiosensitivity
assessments by means of tumor sub-types and genetics.

Keywords: breast cancer, personalized medicine, precision medicine, radiation oncology, biomarkers, molecular
subtypes, gene profiles, genetic assay
INTRODUCTION

Breast cancer is the most frequent malignancy in women worldwide. On the basis of clinical level 1
evidence, current international guidelines recommend adjuvant systemic and radiation treatments,
as well as the radiation therapy (RT) volumes to be irradiated, dose delivery and fractionation
schedules after breast conserving surgery (BCS) and mastectomy. Personalized approaches are
needed as, rather than one disease with varying histological features and clinical behavior, breast
cancer is a heterogeneous group of diseases, characterized by distinct molecular aberrations (1).
Personalized medicine, which accurately assesses risk factors for tumor recurrence or progression at
all care stages from diagnosis to surgery, therapy and follow-up, already dictates choice of systemic
therapy for breast cancer patients. Endocrine therapy (ET) is prescribed for hormonal receptor-
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positive disease and anti-human epidermal growth factor
receptor 2 (HER2) therapy for HER2-positive disease. In early-
stage disease, multi-gene assays (i.e. Oncotype DX® Breast
Recurrence Score (RS) (Genomic Health Inc., Redwood City,
CA, USA), MammaPrint® (Agendia BV, Amsterdam,
Netherlands), Prosigna® (PAM50; NanoString Technologies
Inc, Seattle WA, USA), EndoPredict® (Myriad Genetics Inc,
Salt Lake City, UT, USA), Breast Cancer Index® (BCI)
(NeoGenomics Laboratories, Fort Myers, FL, USA) (2–4) may
be offered as prognostic tools to estimate the risk of distant
recurrence. Their results may lead to tailored adjuvant systemic
therapies i.e. prolonged ET, ET alone or chemotherapy before ET
(2, 4–7). Finally, studies are investigating the potentialities of
immunotherapy in the adjuvant setting in triple negative (TN)
disease (8).

Unlike systemic therapy, fully personalized RT has yet to be
adopted in the clinical setting (9) as standard clinical-
pathological parameters like patient’s age, tumor size, nodal
involvement, margin width, hormone receptor status, tumor
grade, lymphovascular invasion still drive adjuvant RT.
Current treatment planning includes contouring patient-
specific target volumes and organs at risk of toxicity while
beam angles, shapes, and energies are individually defined
so that personal dose-volume histograms are selected to ensure
an optimal treatment choice and delivery for each patient.
Advanced RT techniques such as IMRT, VMAT, or
tomotherapy result in better dose homogeneity within the
target volume and allow for a reduction of higher doses to the
organs at risk (e.g., heart, lungs) (10). Despite these advantages,
modulated RT techniques are still not considered standard
of care and, consequently, are reserved for selected cases,
such as when regional nodes need to be irradiated, breasts are
voluminous and when patients present an unfavorable anatomy.
Research is advancing into proton irradiation for selected
patients as these particles deliver the dose to a specified depth,
thus lowering the risk of cardiac and pulmonary toxicity (11–21).
Even though there has been a clear increase in proton facilities
in recent years, availability remains scarce, evidence supporting
its clinical use is limited, and costs are high (22, 23). Another
fast-growing research area in radiation oncology is radiomics
which uses data-characterization algorithms to extract features
from radiological images, detect patterns, and uncover cancer
characteristics as images contain much more information than
perceived by the imaging interpreter or the clinician. In the field
of breast cancer, interest in radiomics has grown significantly in
recent years, as clinicians attempt to elucidate intrinsic biological
factors and discover how they shape therapeutic responses.
Linking radiomics information to disease stratification,
prognosis, and therapeutic response could provide valuable
information for personalized therapy (24–26) but, unfortunately,
to date no study has linked radiomics information with
RT outcomes.

Since not all patients with breast cancer benefit from RT, and
its benefit is not equal across risk groups, a current challenge is to
identify suitable candidates as no specific biomarkers are
available to guide decision-making. In order to improve cure
Frontiers in Oncology | www.frontiersin.org 2202
and survival rates and/or reduce toxicity, attention is focused at
present on identifying prognostic and/or predictive factors,
biomarkers, signatures so as to aid decision-making in whether
or not to administer RT and escalate or de-escalate dosages and
volumes. Research is currently investigating protein or
phenotypic markers, molecular sub-types, new classifiers, and
genomic signatures in attempts to decipher the tumor’s genetic
fingerprint or surrogate sub-type and associated risk of local or
loco-regional relapse (LR, LLR) which may determine post-
operative RT. This overview hopes to throw some light on the
topic by reviewing studies on radiosensitivity as assessed by
tumor sub-types and genetics (Figure 1).
SOURCES OF INFORMATION

From May 2020 to September 2020, Pubmed and the Cochrane
library were searched for relevant literature.
BIOLOGY-DRIVEN PERSONALIZED
ADJUVANT RADIATION THERAPY

As outcomes vary greatly after BCS and mastectomy, clinical
studies have been conducted since the beginning of this century
to establish the impact of molecular sub-types on LR, LRR,
distant metastases (DM), and overall survival (OS) and their
links with well-known risk factors for relapse, type of surgery,
and RT.

Assessing Whether Tumor Molecular Sub-
Type Is Associated With Outcome
One of the earliest studies enrolled 482 patients (24% TN) treated
with BCS and RT from 1980 to 2003; 75% were node negative
and outcomes were analyzed at a median follow-up of 7.9 years.
Compared with all other molecular sub-types, TN did not
correlate with local control; TN patients had significantly
worse distant metastasis-free survival and cause-specific
survival (27). Another study of 1,601 patients [180 TN (11.2%)
vs all others] confirmed that no significant difference emerged in
local recurrence rates. TN was associated with a shorter median
time to local recurrence (2.8 vs 4.2 years) and was linked to a
significantly worse probability of being distant recurrence-free
and breast cancer specific survival free (28).

Other retrospective studies showed that sub-type was a
prognostic factor for outcome. In a series of 793 patients who
were treated with BCS followed by RT from 1998 to 2001, all
other sub-types were compared with Luminal A (595/793; 75%).
Multivariate analysis showed that the adjusted hazard ratio of LR
was 7.1 for basal type tumors and 9.2 for HER2-positive. In
univariate analysis the adjusted hazard ratio for distant
metastases was 3.9 for Luminal B, 4.6 for Basal Subtype and
5.3 for HER2-positive. However, after adjusting for tumor grade
and size, number of positive nodes and use of systemic therapy,
only Luminal B and the basal groups showed a significantly
greater risk of distant metastases (29).
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A meta-analysis of 22 studies with 15,312 patients who were
treated with BCS or mastectomy ± post-operative RT showed that
TN tumors were associated with a higher risk of LRR andDM than
all other sub-types pooled together. In separate analyses, TN was
linked to a higher risk of LRR and DM than the luminal subtypes
but to a lower risk than the HER2 sub-type even though OS was
the same (30). Another meta-analysis of 15 studies in which 21,645
patients had been treated with BCS (88.3% also received post-
operative RT), confirmed the TN sub-type had the highest
recurrence risk of all (31). Table 1 (32–42) reports results from
other studies that were not analyzed in these two meta-analyses.

In summary, even though TN and HER2-positive tumors
were reported to have the worst prognosis and Luminal A
tumors the best, while Luminal B tumors were variable,
intrinsic study limitations need to be kept in mind when
considering the links between tumor sub-type and prognosis as
several methodological flaws could have impacted on the results.
All studies were retrospective, subgroup definitions were not
always the same, negative estrogen receptor (ER) and
progesterone receptor (PR) status was not standardized (<10 or
<1%), no guidelines were available to test for HER2-positive
disease, HER2-positive status at immunohistochemistry was
considered negative when not investigated by fluorescence in
situ hybridization (FISH). Luminal B were usually ER-positive,
PR-positive, and HER2-positive, Ki-67 was rarely considered and
G3 was sometimes used as its surrogate. Finally, some studies
were conducted before trastuzumab was available for HER2-
positive disease. As many of these biases have now been
Frontiers in Oncology | www.frontiersin.org 3203
overcome and trastuzumab administration is standard for
HER2-positive tumors, future results are expected to illustrate
correlations between outcomes and molecular sub-types better.

Assessing Tumor Molecular Sub-Type,
Standard Risk Factors, and Outcome
One major issue was, and still is to a certain extent, whether
outcome was linked to tumor sub-type as well as to well-known
risk factors. When compared with histology, tumor size, and
margin status, biological sub-types did not emerge as significant
risk factors for LRR in a multivariate analysis of 1,994 patients
(45% of luminal HER2 and 53% of HER2-positive received
trastuzumab) (38). On the other hand, HER2 and TN subtypes
appeared to be risk factors for time to LR, together with older age
at diagnosis and RT dose to the whole breast in a multivariate
analysis of 1,434 patients treated with BCS andWBI (43). HER2-
positivity, TN and Luminal B sub-types, number of positive
lymph nodes, and younger age emerged as risk factors for LR in
2,233 patients (42). Multivariate analysis showed that hormonal
receptor-positive/HER2-positive, hormonal receptor-negative/
HER2-negative phenotypes, and number of positive nodes
were associated with shorter LRR-free survival in 819 patients
who did not receive post-mastectomy RT. Age over 50 years was
associated with longer LRR-free survival (36).

Despite apparent divergencies as studies did not analyze the
same risk factors, these results throw light on the difficulties in
achieving definitive evidence of the impact of molecular sub-type
upon outcomes.
FIGURE 1 | Flow chart of the present overview’s topics.
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TABLE 1 | Studies assessing whether tumor molecular sub-type is associated with outcome which were not included in the metanalyses.

Author N° patients Surgery/RT Follow-up Outcomes and Results

Billar et al. (32) 1,061 BCS/Mastectomy ± RT 31 months LRR
TN         5:7%

HER2+ 2:9%

ER +      1:0%
g (p = 0:001)

Panoff et al. (33) 582 Mastectomy + RT 44.7 months 5-y LRR
TN vs other combinations 11.8 vs 3.9% (p < 0.001)

van der Hage et al. (34) 549 <40 y
341 <40 y and N0

BCS/Mastectomy 11 years OS (549 pts)
Basal vs Luminal A HR 0.50 (95% CI 0.29–0.86)
Basal vs HER2 HR 0.42 (95% CI 0.17–1.04)
Basal vs Luminal B HR 0.92 (95% CI 0.56–1.48)
OS (341 pts)
Basal vs Luminal A HR 0.22 (95% CI 0.08–0.60)
Basal vs HER2 HR 0.25 (95% CI 0.03–1.85)
Basal vs Luminal B HR 0.87 (95% CI 0.48–1.59)

Wang et al. (35) 2,118 BCS/Mastectomy ± RT 67.9 months OS
Luminal A  94:2%

Luminal B 92:6%

HER2+ 88:7%

Basal − like 87:9%

g (p = 0:001)

RFS
Luminal A  87:3%

Luminal B 84:3%

HER2+ 80:9%

Basal − like  79:1%

g (p < 0:001)

Dominici et al. (36) 819 Mastectomy + RT 58 months 5-y LRR
Hormonal Receptor + =HER2 −     1%

Hormonal Receptor + =HER2 +  6:5%

Hormonal Receptor − =HER2 +     2%

Hormonal Receptor − =HER2 −  10:9%

g (p < 0:01)

Tseng et al. (37) 5,673 Mastectomy + RT 50.1 months 5-y cumulative LRR

Luminal A               0:99%

Luminal B          2:20%

HER2 without TR    3:60%

HER2 with TR    0:26%

TN             5:25%

g (p < 0:001)

Truong et al. (38) 1,994 Mastectomy 4.3 years 5-y LRR-free survival

Luminal A           1:8%

Luminal B           1:8%3:1%

Luminal HER2     1:7%

HER2+                1:9%

TN               1:9%

g (p = 0:81)

(Continued)
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Assessing Type of Surgery, Tumor
Molecular Sub-Type, Post-Operative RT,
and Outcome
Current evidence suggests type of surgery should not vary with
tumor molecular subtype in an attempt to improve outcomes. A
systematic review of 15 studies enrolled 12,592 patients. After
BCS and post-operative RT in 7,176 patients, luminal tumors
were linked to a lower risk of LRR than HER2-positive and TN
tumors; the risk was higher in HER2-positive than in TN tumors.
After mastectomy in 5,416 patients, followed by RT in 44%,
luminal tumors had a lower risk of LRR than HER2-positive and
TN tumors, both of which had similar risks. In five of these 15
studies with comparable data for patients who underwent
mastectomy or BCS followed by RT, LRR was independent of
surgery in TN tumors and was lower after mastectomy in
luminal and HER2-positive subtypes (44). In another meta-
analysis 8/22 studies compared recurrence rates after BCS and
mastectomy in patients with TN tumors, showing the LRR and
DM rates were significantly lower after BCS (30). Biases such as
retrospective studies, different disease stages and follow-up
times, old and/or unspecified schemes of adjuvant systemic
therapies, trastuzumab administration to very few patients, and
few events in some series, precluded drawing conclusions on the
best surgical approach according to sub-type.

Although the next challenge was to determine whether post-
operative RT impacted upon outcomes, reports of its benefits
Frontiers in Oncology | www.frontiersin.org 5205
were divergent because no study was designed to link post-
operative RT, outcomes, and different sub-types. In a
retrospective analysis of 2,118 primary operable breast cancer
with diverse subtypes, post-operative RT impacted significantly
on relapse-free survival only in the Luminal A sub-type (35).
BCS + RT were associated with a significantly lower risk of LRR
than mastectomy alone in T1-2N0 TN breast cancer patients but
post-mastectomy RT nullified this difference (45).

Other studies investigated whether tumor sub-type was
predictive of RT benefit after mastectomy. In trials 82 b and c,
the Danish Breast Cancer Cooperative Group (DBCG)
randomized 3,083 high-risk breast cancer patients to post-
mastectomy RT or not. Bio-pathological features were analyzed
in 1,000 by staining tissue microarray sections for ER, PR, and
HER2. At a median follow-up of 17 years for surviving patients,
post-mastectomy RT significantly reduced the probability of LRR
in receptor-positive and HER2-negative tumors, receptor-
negative and HER2-positive tumors and TN tumors but was
associated with significantly better OS only when tumors were
hormonal receptor positive and HER2-negative (46). In a merged
analysis of the British Columbia and DBCCG 82b trials on
premenopausal patients, post-mastectomy RT significantly
lowered LRR in Luminal A tumors and, to a lesser extent, in
basal-like tumors. The small cohort may account for the lack of
significance in the other sub-types (47). In a US national
comprehensive cancer network report, post-mastectomy RT
TABLE 1 | Continued

Author N° patients Surgery/RT Follow-up Outcomes and Results

5-y DR
Luminal A           1:8%

Luminal B           5:0%

Luminal HER2     2:4%

HER2+                1:1%

TN                       9:6%

g (p < 0:001)

Gangi et al. (39) 1,851 BCS ± RT 60 months 5-y LRR
TN vs luminal A HR 1.4 (95% CI, 0.6–3.3)
TN vs luminal B HR 1.6 (95% CI, 0.5–5.2)
TN vs HER2 HR 1.1 (95% CI, 0.2–5.2)

Liu et al. (40) 501 BCS ± RT 10 years 10-y IBR

Luminal A      25:2%

Luminal B     10:5%

other              21:3%

g (p < 0:001)

Bergen et al. (41) 571 ≥65 y NA 38 months DRR

HER2+ 36:1%

TN         25:4%

Luminal 14:5%
g (p < 0:001)

Braunstein et al. (42) 2,233 BCS ± RT 106 months LR
Luminal A vs Luminal-B (HR 2.64, p = 0.001)
Luminal A vs Luminal HER2 (HR 0.93, p = 0.90)
Luminal A vs HER2+ (HR 5.42, p < 0.001)
Luminal A vs TN (HR 4.33, p < 0.001)
BCS, breast conserving surgery; RT, radiotherapy; LRR, loco-regional relapse; TN, triple negative; OS, overall survival; RFS: relapse-free survival; TR, trastuzumab; IBR, ipsilateral breast
relapse; DRR, distant recurrence rate; LR, local relapse.
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was administered to 30% of 5,673 patients with stage I-III breast
carcinoma. Its effect on LRR was greater in Luminal A than B
while it had no significant effect on TN patients or in the HER2-
positive group who did not receive trastuzumab (37).

After BCS a 6- immunohistochemistry-marker subtyping
panel analyzed tissue samples from 501/769 node negative
patients. They were enrolled in the Toronto-British Columbia
randomized clinical trial to receive tamoxifen or tamoxifen plus
RT. RT significantly reduced the cumulative incidence of LRR in
high-risk sub-types but not in Luminal A and B tumors due to,
perhaps, the few relapses in these subgroups. Although patients
with luminal tumors benefitted less from RT than other sub-
types, the interaction between RT and sub-type was not
significant (40). Different results for 958 tumors emerged from
the Swedish Breast Cancer Group 9 Radiotherapy (SweBCG91-
RT) trial which used immunohistochemistry and in situ
hybridization of tissue microarrays. One thousand three
patients with node-negative, stage I and II breast cancer were
randomly assigned to BCS with or without RT; only 8% received
systemic adjuvant therapy. RT significantly reduced the
cumulative incidence of LR as a first event within 10 years for
Luminal A and B–like tumors. No significant effect was seen on
HER2-positive or TN tumors, the latter perhaps because very few
patients had this sub-type. Death from any cause was not
improved by RT in any sub-type but breast cancer-related
mortality was reduced in TN tumors (48).

Overall, RT significantly reduced the risk of LRR in
mastectomized Luminal A patients, but its impact was less
clearly defined after BCS (35, 40, 46–48). Disease stage may
account for these divergencies, as mastectomized patients had
high-risk lymph node positive disease (46, 47) while BCS patients
had T1-2N0 disease (40, 48). Differences in cohort size, number
of events, and administration of adjuvant systemic therapy may
also have played roles in BCS outcomes.
GENOMIC-DRIVEN PERSONALIZED IN
ADJUVANT RADIATION THERAPY

Genomic analysis appears to be a potentially powerful tool to
improve risk stratification and personalize approaches to RT, as
individual gene profiles may overcome the limitations of bio-
pathological markers of molecular sub-types and might succeed
where other approaches have not. Molecular signatures may,
however, be unable to account for the complexity of the radiation
response due to the heterogeneous biology of breast cancer.
Furthermore, translating laboratory-derived molecular signatures
into standardized, clinically available tests is a complex task.

Assessing Genomic Profiling/Classifiers,
Risk Stratification, and Radiosensitivity
DNA microarray analysis of the primary tumor was performed
in 94 patients who underwent mastectomy without RT, some of
whom developed LRR after a minimum 3-year follow-up. Two
distinct gene expression profiles with, respectively, 258 and 34
genes, emerged as significant predictors of LRR. Multivariate
Frontiers in Oncology | www.frontiersin.org 6206
analysis revealed that besides ER status, the genomic predictive
index was the only other independent prognostic factor of LRR
and might potentially be used to select patients for post-
mastectomy RT (49).

To identify genes which could predict whether post-
mastectomy RT would reduce LRR, frozen tumor tissue
specimens were analyzed from 191 high-risk mastectomized
patients who were randomized to RT or not. Gene-expression
analysis identified seven genes and a weighted gene-expression
index (DBCG-RT profile) was able to separate patients into high
and low LRR risk groups. It might identify patients who are most
likely to benefit from post-mastectomy RT as it impacted
significantly on the risk of LRR only in high-risk patients (50).

In gene expression profiling, the wound-response signature,
70-gene prognosis profile and a hypoxia-induced profile had
been shown to predict metastasis-free survival and OS. They
were investigated as LR predictors in 295 patients who received
BCS followed by whole breast irradiation (WBI). Only the 512
gene “wound” signature distinguished low- from high-risk
patients (51). Hierarchical cluster analysis found the two main
clusters were not linked to LR in 165 primary invasive breast
cancers who were treated with BCS followed by WBI, 56 of
whom (34%) were relapsing premenopausal patients with pT1 or
pT2 disease. Although molecular sub-types and chromosomal
instability signatures were associated with LR (52) they were not
validated in a larger, independent data set (53).

ther approaches aimed at correlating genomic predictors of
radiosensitivity with outcome. A radiosensitivity index (RSI) that
had been clinically validated in 3 independent datasets of
different tumors (54–56) was tested in 159 breast cancer
patients from the Karolinska University Hospital and 344 from
the Erasmus Medical Center. In both datasets the RSI correlated
with the risk of DM, suggesting it might serve as a predictive tool
for RT efficacy (57). When RSI was combined with molecular
sub-types, it distinguished two subgroups in TN patients. One
bore radioresistant tumors and was at increased risk of LR while
the other displayed similar radiosensitivity to luminal patients. In
multivariate analysis radiosensitivity combined with molecular
sub-type and age emerged as the most significant predictors
for LRR (58). In an attempt to develop radiosensitivity
signatures intrinsic radiosensitivity ranged from 17 to 77% in
16 breast cancer cell lines (5 luminal, 4 basal A, 4 basal B, 3
HER2/neu amplified) which were tested in radiation clonogenic
assays (RSS). They were associated with 147 genes (80
negatively; 67 positively) even though they did not correlate
significantly with tumor sub-types. A 51-gene RSS which was
elicited in a training cohort of patients who had been treated with
post-operative RT, was validated in an independent series of 228
cases, most of whom had received RT. At 10 years, the RSS
predicted the risk of LRR with sensitivity and negative predictive
values of 84 and 89%, respectively, outperforming clinical
factors (59).

To predict the benefit of RT, gene expression signatures were
developed on the basis of intrinsic radiosensitivity in 948 patients
and of anti-tumor immunity in 129. Since radiosensitivity was
significantly associated with loco-relapse free survival, the
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signature was validated in a cohort of 1,439 patients and a trend
towards benefit was observed in the radiation-sensitive vs the
non-radiation sensitive. RT did not impact on disease-specific
survival which, however, was significantly better in the immune-
effective group. Integrating the two signatures predicted RT
benefit better. Validation in a prospective randomized trial is,
however, needed before the radiosensitivity or anti-tumor
immunity signatures might eventually be adopted in clinical
practice (60).

Another approach to personalizing RT is the genomic-
adjusted radiation dose (GARD). Derived from combining the
gene-expression-based radiosensitivity index (54–56, 61) with
the linear quadratic model, GARD emerged as the only
independent predictor of DM-free survival in 263 patients with
clinical T1-T3N0 breast cancer who underwent BCS and WBI.
GARD was significantly associated with relapse-free survival in a
cohort of T1-T3, N0-N1 patients (61). Hypothesizing that
GARD could predict LR, it was tested in two independent
datasets of patients with TN tumors. The first enrolled 58
patients treated with BCS and post-operative RT to the breast
plus/minus draining nodes while the second included 55 patients
who received BCS or mastectomy, followed by post-operative
RT. Since GARD was significantly associated with local control
in both, a model was developed to tailor the RT dose to each
patient. It showed that doses up to 70 Gy may be needed for
some patients despite the increased risk of toxicity (62).

To tailor response to RT the Adjuvant Radiotherapy
Intensification Classifier (ARTIC) was developed from three
datasets of early-stage breast cancer patients who were treated
with RT. Comprising 27 genes and the patient’s age, data
included details of gene-expression and LR. In its validation
for LRR in 748 patients, ARTIC emerged as a highly prognostic
tool in patients treated with RT. When ARTIC scores were low,
RT significantly reduced the 10-year cumulative incidence of
LRR; high ARTIC scores were associated with less benefit from
RT. As 88% of LR occurred in the same quadrant as the primary
tumor in the high-risk group and 85% of regional relapses in the
axilla, some patients would have benefitted from intensified RT
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schedules such as tumor-bed boost and regional nodal RT (63).
ARTIC should be re-validated in patients treated with modern
systemic adjuvant strategies since the high relapse rate may have
been due to adjuvant systemic therapy being administered to a
low percentage of patients.

Even though some molecular signatures/classifiers have been
developed to predict DM, LRR rate, and/or tumor response to
radiation, none is, as yet, approved for clinical use mainly because
the gene profiles differed greatly and impacted outcomes
differently. Clinical validation of gene signatures is arduous due
to lack of standardization in RNA extraction and differences in
patient and treatment selection. Results were derived from
retrospective, often small, cohorts with diverse RT doses and
volumes and, when reported, systemic therapy schedules were
generally old. Furthermore, routine gene profiling for individual
patients is far too expensive for clinical practice (64, 65).

Table 2 (66–69) reports other studies on this topic.

Assessing Genomic Tests and Outcome
Following in the footsteps that guide clinicians in the choice of
adjuvant systemic therapy, studies attempted to stratify patients
by means of commercially available small gene sets. To identify
suitable breast cancer candidates for adjuvant RT, genomic tests
investigated risk subgroups and LRR and whether the
relationship varied with the type of local treatment.

The Oncotype DX 21-gene RS significantly associated RS with
LRR risk in node-negative, ER-positive patients from the
National Surgical Adjuvant Breast and Bowel Project (NSABP)
B-14 and B-20 trials, who had received BCS and WBI or
mastectomy, followed by tamoxifen (895 patients), placebo
(355), or chemotherapy plus tamoxifen (424). In multivariate
analysis, RS emerged as a significant independent predictor along
with age and type of initial treatment, suggesting it might
discriminate between candidates for post-operative RT (70).

RS was not associated with LRR in 110 ER-positive patients
who received BCS followed by RT. On the other hand, in 53
mastectomized patients it seemed helpful in selection for post-
mastectomy RT as, at a median follow-up of 68.2 months, an RS
TABLE 2 | Gene expression and outcomes in breast cancer patients.

Author Analysis Major Results

Niméus-Malmström et al. (66) Gene expression analysis on RNA in 143 patients LR
ER+ vs ER− ROC areas (0.91, p = 9 × 10−6 vs 0.74 p = 0.08)

Le Scodan et al. (67) A quantitative reverse transcriptase PCR-based
approach measured mRNA levels of 20 genes in
97 patients

RAD51 was the only gene associated with:
5-yr LRR-free survival
100% (low RAD51) vs 70% (high RAD51), p < 0.0001
5-yr OS
95% (low RAD51) vs 69% (high RAD51), p = 0.0002

Meng et al. (68) Gene expression microarrays analysis IDC DFS
Was related with MAMDC2, TSHZ2, and CLDN11, p < 0.001
OS
Was shorter with high CLDN11 expression, p = 0.012

Jang et al. (69) Transcriptional and mutational profile analysis by
scRNA-seq

RR cells in basal subtype were related to:
high PD-L1, p < 0.001
high TMB, p = 0.033
LR, local relapse; ROC areas, areas under the receiver operating curve; LRR, loco-regional relapse; OS, overall survival; IDC, invasive ductal carcinoma; DFS, disease-free survival; RR,
radioresistance; TMB, tumor mutation burden.
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> 24 predicted a higher LRR rate (71). Another series of 1,758
patients with stage I-II, ER-positive breast cancer (81% with RS ≥
25), who had been treated with mastectomy or BCS ± post-
operative RT, were retrieved from the US National Prospective
Breast Cancer-Collaborative Outcomes Research Database. At a
median follow-up of 29 months, risk of isolated LRR (iLRR) was
not significantly associated with an RS ≥ 25 in the entire cohort.
It was, however, significantly associated with an RS ≥ 25 in 74/
1,199 women who had received adjuvant ET but not
chemotherapy. Overall, in these 1,199 patients, higher RS was
associated with greater risk of iLRR (72).

RS might be combined with standard clinical-pathological
risk factors to improve LRR risk stratification and identify
suitable candidates for adjuvant RT after BCS. To test this
hypothesis, 388 patients were retrieved from the Eastern
Cooperative Oncology Group’s database of the E2197
prospective randomized clinical trial. All had one to three
positive lymph nodes or tumors >1.0 cm in size and negative
lymph nodes with about 44% being receptor-negative. Neither
biological subtype nor 21-gene RS was associated with LR or LRR
in univariate or multivariate analyses but when analyzed as a
continuous variable, the 21-gene RS emerged as a significant risk
factor for LRR (73).

Other studies confirmed these findings. In 1,065
node-positive, ER-positive patients who received adjuvant
chemotherapy and ET, no post-mastectomy RT was delivered
and only the breast was irradiated after BCS. RS emerged as a
significant predictor of LRR; multivariate analysis showed nodal
status and tumor size were also independent predictors of LRR
(74). In 2,326 node-negative, ER-positive/HER2-negative
patients univariate analysis showed that RS category, T stage
and lymphovascular invasion impacted on LRR risk. Even after
adjusting for lymphovascular invasion and T stage, RS remained
significantly associated with LRR. Compared with low RS, LRR
risk increased 3-fold in the intermediate risk category and over 4-
fold in the high-risk category (75).

RS was linked with randomized treatment, number of positive
nodes and surgical type in a cohort of 316 post-menopausal, ER/
PR-positive, node-positive patients who were retrospectively
extracted from the Southwest Oncology Group S8814 phase 3
trial. After BCS andWBI, patients were randomized to tamoxifen
alone, chemotherapy followed by tamoxifen, or concurrent
tamoxifen and chemotherapy. The 10-year cumulative
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incidence of LRR was significantly different in each RS
category (9.7% for a low RS, vs 16.5% for intermediate or high
RS). The same profile was observed after mastectomy without
RT. When patients had one to three involved nodes, a low RS was
associated a 1.5% LRR rate and an intermediate or high RS with
11.1% LRR. Multivariate analysis confirmed that a higher RS was
a predictor of LRR (76).

Over time, Oncotype DX has used different RS definitions for
systemic therapy. The original cut-offs were <18, 18–30, and ≥31
but more recently, the TAILORx trial set cut-offs at <11, 11–25,
and ≥26 in order to minimize the risk of systemic therapy under-
treatment in potentially high-risk patients (77). A discrepancy in
use of different cut-offs in the 21 gene RS is worth nothing.
Although all ongoing RT trials and most research selected the
original <18 cutoff to identify low-risk patients when aimed at
defining a role for post-operative RT, in clinical decision-making
for systemic therapy the <11 threshold is now used. An open
question is whether the same consensus on RS cut-offs is
advisable for systemic therapy and RT.

The EndoPredict test did not appear to be useful in tailoring
local therapy in patients at low-risk of LRR. In 1,324
postmenopausal patients who were selected from a cohort of
3,714 that had been randomized to receive tamoxifen or
tamoxifen followed by anastrozole, it classified 683 at high risk
and 641 at low risk of recurrence. At a median follow-up of 72.3
months, the risk of LR was significantly higher in high-risk than
in low-risk patients. LR rates were similar after BCS and
mastectomy. After BCS, RT significantly improved LR-free
survival in both low- and high-risk sub-groups (78). The
predictive role of PAM50 on LR was assessed in 1,308 HER2-
negative patients from the same trial. The risk of recurrence
(ROR) score was an independent predictor of LR-free survival
independently of nodal status, tumor size, and patient’s age. The
10-year LR-free survival was significantly lower in patients with a
ROR score of ≥57 (79).

The 70-gene signature (MammaPrint™) emerged as an
independent prognostic factor for LRR. The LR risk was
significantly lower in 561 low-signature T1-3N0-1 patients who
were treated with BCS and RT or mastectomy at the Netherlands
Cancer Institute, than in 492 with a high signature. The 70-gene
signature emerged as a prognostic factor for LRR in a competing
risk analysis which included clinical-pathological risk factors
such as age, tumor size, grade, hormone receptor status,
TABLE 3 | Studies assessing genomic tests and outcome.

Author N° patients Treatment Follow-up Results

Dong et al. (83) 13,246 BCS ± RT NA Postoperative RT: independent predictor of better BCSS only in intermediate risk (RS) group
(HR 0.630; 95% CI 0.416–0.955, p = 0.029)

Wu et al. (84) 18,456 BCS ± RT NA Postoperative RT: independent predictor of better BCSS only in intermediate risk (RS) group
(HR 0.467; 95% CI 0.283–0.772, p = 0.003)

Zhang et al. (85) 1,571 Mastectomy ± RT 30 months 5-y BCSS in the high risk group
No PMRT subgroup 100.0% vs PMRT subgroup 90.0%, (p = 0.046)
No significant difference in BCSS in the PMRT group vs the no PMRT group (p = 0.427)
BCS, breast conserving surgery; RT, radiotherapy; BCSS, breast cancer-specific survival; RS, recurrence score; PMRT, post-mastectomy radiotherapy.
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lymphovascular invasion, axillary lymph node involvement,
surgical treatment, ET, and chemotherapy (80).

Finally, studies investigated whether the Oncotype DX assay
and RT impacted upon OS. An observational cohort study
enrolled T1-2N1 ER-positive patients, some of whom received
post-mastectomy RT. The National Cancer Database (NCDB)
provided 7,332 patients and the Surveillance, Epidemiology, and
End Results (SEER) registry supplied the validation cohort of
3,087 patients. In both cohorts RS and post-mastectomy RT
interacted significantly with OS but post-mastectomy RT was
associated with longer OS only when RS was low. Thus caution
should be exercised when omitting post-mastectomy RT in
women with low RS (81). In a pooled analysis of 1,778 patients
from seven clinical trials, all had stage I, ER- and/or PR-positive,
HER2-negative disease, and an Oncotype RS no greater than 18.
After BCS ± post-operative RT they had received ET but not
chemotherapy. The 5-year relapse-free interval was significantly
lower in the post-operative RT group. RT omission significantly
increased the risk of LRR, but not of DM, breast cancer-specific
survival or OS. The RT effects varied across subgroups, with lower
relapse-free interval rates in older patients with RS under 11 (vs
11–18) and ER-positive/PR-positive status (vs other) (82). Other
studies on this topic are reported in Table 3 (83–85).

To help fill current gaps between adjuvant systemic therapy
and RT in clinical practice and individualize prediction of RT
outcomes, larger validation studies are warranted to define
genomic predictors and their values in improving health care.
DISCUSSION

Personalized medicine in radiation oncology for breast cancer
aims at improving survival outcomes and quality of life as well as
reducing treatment-related morbidity and National Health
Service costs. Reaching this goal is arduous because so many
factors impact upon outcomes. In order to throw some light on
the topic, the present overview explored the links between
adjuvant RT, type of surgery, and the response of each sub-
type to RT, finding study limitations precluded definitive
conclusions. The earliest studies investigated whether diverse
molecular sub-types impacted on LR and/or LRR, which is the
most common RT-related outcome and a well-established
predictor of DM, mortality and survival (86–88). Attention
also focused on whether sub-type and type of surgery (BCS or
mastectomy) were predictive of outcome but no firm evidence
emerged to support one type of surgery over another, so choice of
surgery remains dependent on standard criteria, such as breast
dimension and/or tumor extension and patient’s choice.

After finding Luminal A tumors were associated with a low
risk of LRR they emerged as highly radiosensitive. HER2-positive
tumors were associated a high risk of LRR and radioresistance
which was reversed by trastuzumab administration (37, 89–93).
Finally, drugs could not overcome the high risk of LRR and
radioresistance in the TN subtype as there were no effective
treatment targets. On the other hand, RT was reported to lower
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the risk (45, 46, 90, 91), even though the benefit was less evident
than in the luminal and hormone-receptor positive subtypes.
Post-operative RT also seemed to account for a lower relapse rate
after BCS than after mastectomy (92).

Gene expression profiling appeared to offer a pathway to
tailored RT and when small gene sets were evaluated as
predictors of LRR or OS risk, results appeared promising.
Despite some interesting results no signature has, however, as
yet been approved or validated for clinical use. To ensure that
tailored RT for breast cancer becomes a clinical reality, present
efforts, in our view, should be directed towards validation studies
that focus on the most promising biomarkers as they are crucial
in identifying appropriate patients for RT escalation or de-
escalation schedules. Nowadays, ongoing RT de-escalation
trials that are based on biomarkers and genomic profiling (77,
93–99) seek to better stratify the LR risk and identify patients
who can omit RT after BCS. Moreover, one ongoing trial was
designed to assess whether RT was needed after mastectomy and
whether treatment volumes should be adjusted in patients
with pT1-2N1a who are ER-positive, HER2-negative and
at low biological risk (21-gene RS < 18) (100, 101). The
results are expected to provide future recommendations for
personalized RT.

Predictive biomarkers may perhaps be validated by exploiting
information from large databases (102) which may combine the
anatomic extent of disease with biological factors like grading,
ER, PR, and HER2 status. These were in fact included in the 8th

Edition of the AJCC staging manual (103). Once suitable genetic
assays are validated for adjuvant RT, their use will be easily
incorporated into clinical practice as such kits are already used to
identify suitable patients for adjuvant chemotherapy and are
more accurate than clinical-pathological features.

The present overview has illustrated the potentialities of
molecular sub-types and genomic profiling but also uncertain
results and lack of definitive conclusions. To overcome today’s
lack of over-arching strategy, research groups are advised to
collaborate on a shared approach, bearing in mind that achieving
personalized radiation oncology in breast cancer will require
specific infra-structure, networking and investment (104).
Besides focusing on clinical biomarkers, molecular signatures,
tumor phenotypes, and genomics, research will also need to
incorporate RT technical aspects, imaging, radiomics as well as
patient-related factors like genetics and genetic predisposition,
comorbidities, lifestyle, and environmental features. Even data
on breast tissue composition and its microenvironment may
contribute to personalizing the approach to the patient.
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Kovács G, Schaefer A, Zhou W and
Pinkawa M (2021) Personalized

Image-Guided Therapies for Local
Malignencies: Interdisciplinary Options

for Interventional Radiology and
Interventional Radiotherapy.
Front. Oncol. 11:616058.

doi: 10.3389/fonc.2021.616058

METHODS
published: 01 April 2021

doi: 10.3389/fonc.2021.616058
Personalized Image-Guided
Therapies for Local Malignencies:
Interdisciplinary Options for
Interventional Radiology and
Interventional Radiotherapy
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Minimal-invasive interventions considerably extend the therapeutic spectrum in oncology
and open new dimensions in terms of survival, tolerability and patient-friendliness.
Through the influence of image-guided interventions, many interdisciplinary therapy
concepts have significantly evolved, and this process is by far not yet over. The rapid
progression of minimal-invasive technologies offers hope for new therapeutic concepts in
the short, medium and long term. Image-guided hybrid-technologies complement and
even replace in selected cases classic surgery. In this newly begun era of immune-
oncology, interdisciplinary collaboration and the focus on individualized and patient-
friendly therapies are crucial.

Keywords: interventional oncology (IO), radiation oncology (RO), cancer immunotherapy (CI), abscopal effect,
interstitial brachytherapy (ISBT), microwave ablation (MWA), electrochemotherapy (ECT), transarterial
chemoembolization (TACE)
INTRODUCTION

After eight years, four times more patients who receive a combination of minimally invasive and
systemic therapies survive compared to patients who receive systemic chemotherapy (SCT) alone.
This significantly improved overall survival has been demonstrated in the CLOCC-trial, a
randomized long-term study published in 2017, in patients with non-resectable colorectal cancer
(CRC) liver metastases (1). Interventional oncology is the fastest developing area of interventional
radiology. At the same time, minimally invasive, image-guided procedures (Minimal Invasive
Therapies, MIT) are playing an increasingly important role in multimodal cancer therapy (1–3). In
the last years, the concept of local tumor control has established itself as another pillar of modern
oncology, not instead of, but complementary to the classical disciplines of systemic chemotherapy
and surgery (1, 4). In addition to local tumor and symptom control, the proven immunomodulating
effect of MIT will play an important, perhaps even a more decisive role than we suspect today,
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especially in the newly dawning age of checkpoint inhibitor
therapy (2). The article “How ablation destroys cancer to
prolong lives” from Aug 08, 2018 in The Guardian rightly asks
the crucial question: “So why is it not more widely known?”
INTERVENTIONAL ONCOLOGY

The oligometastatic paradigm hypothesizes that patients with a
limited burden of metastases may achieve long-term disease
control, survival benefit, or even cure, if the sites of disease can
be removed. Although surgery was historically the primary
modality used to remove metastases, newer and less-invasive
modalities are now available, including stereotactic ablative
radiotherapy (SABR) and image-guided ablations (4). Therapies
are called minimally invasive if the success of the treatment is
achieved in a way that is particularly gentle on the patient. The
minimally invasive character of these interventions is often
reflected in a non penetrative, or less invasive access route, so
that many of these interventions can be performed on an
outpatient basis or with a significantly reduced hospital stay.
Instead of a large incision, at best punctures are required to target
and destroy the respective lesion. In cancer therapy, a large
number of interventions can already be carried out minimally
invasively - unfortunately, experience shows that image-guided
MIT are used far too rarely. The most common reason is that MIT
are still rarely offered in the oncological therapy routine. Possible
reasons for this may be due to the complexity of these therapies,
which requires a particular specialization of the interventionalists,
on the other hand also a close co-operation of the disciplines
involved. In addition to the obvious advantages for the patients,
these procedures present new challenges for the treating physician
- one can neither directly see nor touch the tumor focus to be
treated. Due to the limited exposure of the surgical site or the lack
of manual palpation, important information is missing, which
must be compensated by exact pretherapeutic planning.
Radiologists, radiation therapists and nuclear medicine
specialists are traditionally familiar with exactly this type of
image-based diagnostics and image-guided therapy, i.e. with the
creation of a “virtual” site. The core of this planning is an
extremely precise imaging with recording of the anatomical,
pathological and ideally also functional conditions - practically
the creation of a virtual environment that is true to the millimeter.
Modern imaging is required for therapy planning, as well as for
controlling the intervention itself, documenting the results
directly after treatment and, of course, for monitoring the
progress of the treatment. Crucial for the success of these
innovative therapies is the interaction of perfect imaging,
constantly improved technologies and a great deal of experience
of the therapist with so-called “keyhole procedures” – an
emerging, but unstoppable advancing field of modern medicine.
It is thus possible that ever more complex minimally invasive
interventions in many areas of medicine are increasingly
supplementing or even completely replacing classic surgical
procedures. It is therefore advisable to first decide on an
interdisciplinary basis and on the basis of imaging whether an
Frontiers in Oncology | www.frontiersin.org 2215
interventional, a surgical or a combined procedure is to be used
for the local tumor control. Hybrid interventions increasingly blur
the line between surgery and intervention.

In contrast to alternative treatment methods, which could not
achieve a survival benefit in the primary cancer therapy of
various malignancies (compared to the guideline therapy, lung,
colon and breast cancer showed a 2-fold, 4-fold and 5-fold
increased risk of death with alternative therapies), MIT have
fundamental advantages, which are particularly useful in cancer
therapy (5). The motivation to use MIT is to support and
complement it, to overcome the limitations of surgery and
SCT and to improve the quality of life of patients.

Perhaps the most important advantage of MIT is that in
combination with standard therapies it significantly increases
overall survival (OS) compared to SCT alone. Two randomized-
controlled trials (RCT) prove the evidence of OS advantage when
using local ablative techniques (LAT) in combination with SCT
versus SCT alone. According to the results of the CLOCC trial
mOS at 8 years was significantly improved in the combined LAT
and SCT-therapy arm versus the SCT-arm (36% versus 8%) (1).
Analogous the SABR-COMET trial analyzed the impact of SABR
in the treatment of different oligometastatic cancers (breast, lung,
colorectal and prostate) (4). The 5-year OS was 42.3% in the
combined therapy arm (SABR combined with standard-of-care
SOC treatment) versus 17.7% in the SOC treatment arm. On the
other hand, MIT have a good tolerability and without SCT-
typical side effects such as hair loss, hand and foot syndrome, etc.
SCT-associated chronic organ damages, like cardiomyopathy
and sinusoidal injury, to name only a few, are a well-known
limitation of systemic therapies (6, 7). Further restrictions are,
that SCT has only limited effectiveness in many malignancies,
e.g. renal cell carcinoma (NCC), cholangiocellular carcinoma
(CCC) and hepatocellular carcinoma (HCC) and even newer
drugs are only effective in defined subgroups – for example
immunotherapy has proven effectiveness in the subgroup of
pretreated mismatch-repair-deficient/microsatellite instable
(MSI) CRC in stage IV – this makes up just 3-20% of the CRC
patients (8, 9). Unresectable CRC liver metastases that are
refractory to SCT benefit from liver-directed transarterial
therapies (8, 10). Compared to classical surgery, the main
advantages of MIT are the lower invasiveness, the lack of
anesthesia, less pain and shorter hospital stays. In general, MIT
have less impact on the quality of life and allow patients to spend
more time in their family and professional environment while
feeling comfortable (11, 12).

In order to take a closer look at the significance of minimally
invasive procedures in cancer therapy, it is necessary to take an
analytical view of the basic treatment approaches in oncology.
For many solid cancers, surgical removal of the cancer is
considered the gold standard for curative therapies. However,
studies have shown that as long as the tumors are small enough,
i.e. in their early stages, thermal ablation achieves similar results
to surgery, but with the advantage that significantly less healthy
tissue has to be sacrificed and that patients recover faster (13).
This applies, for example, to liver cell cancer as well as to renal
cell cancer. However, if a tumor is too large for surgical removal,
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chemotherapy is first administered to shrink the tumor to an
operable size, so-called neoadjuvant therapy. Studies have
shown, e.g. for metastases of colon cancer, that Transarterial
Chemoembolization (TACE) achieves cytoreduction comparable
to systemic chemotherapy, but with fewer systemic side effects
(11, 14, 15). In case of multiorgan mestases it must be considered
that not all metastases in all organs are life-limiting. In most cases
it is the liver metastases that limit survival and should therefore be
prioritized in the therapy. In the so-called oligometastasized
situation, only a limited number of metastases are present in
one or more organs. In this situation, it is common practice to
treat metastases that are considered potentially dangerous in
isolation and locally. This is the basic principle of radiotherapy,
a generally accepted pillar of multimodal cancer therapy.
However, analogue to radiation therapy, in some tumor entities
and stages, at least comparable therapeutic results can also be
achieved by MIT. Basic advantages of MIT are, that they have
fewer systemic side effects compared to systemic chemotherapy
and are tissue-sparing compared to classical surgery. A further
advantage of MIT is its repeatability at one and the same
localization in the event of local recurrence - an aspect that is
limited for radiotherapy.

Studies have shown that especially in oligometastasized
situations and a less aggressive tumor biology, the use of
minimally invasive procedures can significantly extend overall
survival with a good quality of life - sometimes by years (1, 4).
MIT are taken into consideration by many oncologists only in
the salvage situation. Unfortunately, in advanced tumor stages,
even MIT has no positive effect on survival.
MINIMALLY INVASIVE TECHNIQUES

The primary goal of minimally invasive, loco-regional therapies is
to destroy primary and secondary malignancies efficiently,
simultaneously and gently using imaging techniques.
Interventional therapies are divided into percutaneous and
endovascular procedures. In percutaneous procedures, the tumor
is accessed through the skin. In most cases, a 1-2 millimeter small
puncture is sufficient to insert the instruments. Until today,
different methods have been established to destroy the tumor
locally, e.g. heat up to 170° or cold down to -100°. Depending on
the procedure, the heat is achieved with alternating current (radio
frequency ablation, RFA), or microwave (MWA), or by bundled
ultrasonic waves (HiFu). In the case of cold therapy (cryoablation)
by local icing. Depending on the technique, the probes work
independently in standalone mode, as in the long-established
radiofrequency ablation (RFA), which uses alternating current to
heat the tumor tissue. A disadvantage of RFA is the therapeutic
limitation to smaller target lesions up to 3.5 cm in diameter. Other
techniques can synchronize the delivered energy of several probes
with each other, so that the ablation zone can be enlarged, in the
case of microwave and cryoablation for example up to 5 cm tumor
diameter. A special form of local therapy is internal radiation
(interstitial brachytherapy), which uses neither heat nor cold, but
radiation with a very limited range (Figure 1). The size and
Frontiers in Oncology | www.frontiersin.org 3216
configuration of the target region as well as the radiation
sensitivity of the surrounding organs can be adjusted by several
applicators and a very precise “dose-painting”. All of these
therapies cannot be considered equivalent, because not all
therapies are equally successful for all types of cancer, lesion sizes
and localizations. Therefore, the specialist for interventional
procedures must decide individually for each patient, each type
of tumor and each localization - ultimately for each individual
target lesion, which therapy is the optimal one. In endovascular
procedures, the cancer-supplying arteries are precisely targeted by
a microcatheter. This gives the possibility to apply drugs directly
into the tumor (Figure 2). To ensure that the medication remains
in the tumor and is not flushed out, the drugs are bound to small
beads of a few micrometers in size (TACE = Transarterial
Chemoembolization). This has two advantages: on the one hand,
the blood supply to the tumor is reduced or completely cut off. This
alone causes the cancer cells to begin dying off and opens their cell
walls so that the drugs can penetrate more easily. The second
advantage is that the globules only release the drugs in the tumor,
so that they are not distributed throughout the entire body and
thus do not affect the entire body. In addition, embolics allow a
slower release of the drug, up to two weeks, so that step by step all
cancer cells are captured by the drug. Therefore, in most tumors,
regardless of whether percutaneously or endovascularly treated, a
complete destruction of the treated cancer cells can be detected
after only a few days.

Despite this diversity of thermo- and radioablative
techniques, these procedures are limited in certain situations.
These include target lesions whose size exceeds the safe ablation
zone of thermal procedures. Thermal procedures are also affected
by the “heat-sink” effect, i.e. the undesired cooling of heat probes
near vessels; this effect is particularly pronounced in RFA. The
development of thermal necrosis is decisively influenced by the
thermal resistance of the tissue. Radio ablation is again limited in
the vicinity of radiation-sensitive organs. In such cases
chemoablation is a welcome addition to the portfolio of local
therapies. Electrochemotherapy (ECT) is a combined tumor
therapy that enhances the local effect of a systemically
administered chemotherapeutic agent by reversible
electroporation. In contrast to the mostly thermal ablative
procedures, ECT is a cytotoxic local ablative therapy, which is
mediated by electrical impulses. The electrical impulses are used
to temporarily increase the permeability of the tumor cell
membrane and thus promote the entry of the cytotoxic agent
into the cell. This is essential for chemotherapeutic agents with
large and complex molecular structures, such as bleomycin,
which otherwise could not enter the tumor cells. Bleomycin as
a cytostatic drug is composed of two single compounds,
bleomycin A2 and B2, each with the molecular formula
C55H84N17O21S3+ and C55H84N20O21S2. Thus, bleomycin,
with a molar mass of around 3000 g/mol, is considered a
heavyweight compared to other standard oncological
therapeutics. ECT opens the cell membrane not only for
bleomycin, but also for other poorly permeable cytostatic
drugs. The resulting increase in efficacy varies depending on
the cytostatic drug and is a factor of up to 700 for bleomycin. A
April 2021 | Volume 11 | Article 616058
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Kovács et al. Personalized Image-Guided Therapies
major advantage of bleomycin is its toxicity independent of
histology, i.e. its efficacy is largely independent of the
underlying tumor entity. ECT has already been shown to be
effective in primary and secondary skin tumors. The procedure
has the advantage of a response rate of 70-80% and hardly
damages surrounding tissue. ECT seems to be particularly
effective in basal cell carcinoma, where the therapy led to a
complete remission in 91% of cases (16). ECT is also convincing
in the case of metastases in parenchymatous organs. One study
has shown an 85% complete response, or 15% partial response, of
liver metastases from mCRC one month after ECT, and 71% and
29% 5 months after ECT, respectively (17). The individual
metastases were up to 29mm in diameter and 48% were in the
immediate vicinity of large vessels. ECT is a non-thermal local
ablation technique with some advantageous features. Bleomycin
as an effective agent exhibits high toxicity against a variety of
tumor entities. Despite its therapeutic effectiveness, collagenous
structures such as vessels and bile ducts are spared. ECT is
repeatable and suitable as a local therapy intermittently between
chemotherapy cycles. ECT has the potential to close relevant
gaps in local ablative therapy: e.g. in lesions that are too large for
thermal ablation, in non-radiation-sensitive tumors or if the
Frontiers in Oncology | www.frontiersin.org 4217
target lesion is located in the immediate vicinity of radiation-
vulnerable organs. Patients experience ECT as a well-tolerated,
painless therapy with few side effects and no relevant pain,
nausea or systemic side effects.
EVIDENCE

In the oligometastasized situation, minimally invasive interventions
should be used as early as possible to achieve a significant survival
advantage, to preserve organ reserves and, last but not least, not to
impair the quality of life (18). MIT achieve comparable results as
surgery for tumors discovered early. For example thermal ablation
achieves in small renal cell carcinomas comparable oncological
results to partial nephrectomy, but is associated with less collateral
damage, such as limitation of the glomerular filtration rate, blood
loss and hospitalization (19). In general, minimally invasive
procedures better preserve the functional reserve of the treated
organs and are also health economically more advantageous
compared to surgical procedures. Last but not least, MIT are also
relevant in the context of demographic developments. On the one
hand, the patient clientele is getting older and older, on the other
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FIGURE 1 | (A) Renewed solitary CRC-metastasis after multiple surgical metastasectomies, sometimes with complicated postoperative course until sepsis.
(B) The difficultly located new metastasis between the hepatic veins in S VIII has been initially transartelically chemoembolized (TACE). (C) Post-interventional
contrast-enhanced MRI shows subtotal devascularisation of the target lesion. (D) Interstitial brachytherapy was performed sequentially. Lipiodol labelling from TACE
was used for navigation of the brachytherapy applicator. (E) The image shows the isodose distribution in the axial plane. (F) Isodose distribution in the coronary
plane. (G) contrast enhanced MRI reveals an excellent local tumor control after 3 months. (H) After 6 months the tumor cavity shrinks in time, there is still no
recurrence, only perifocal postradiogenic changes.
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hand, patients with malignant diseases survive longer and longer
due to early detection and improved therapies. Accompanying
diseases, which naturally increase in frequency with age, often
limit aggressive therapies. One advantage of minimally invasive
radiological procedures is that tumors can be destroyed without
affecting the entire organism and the surrounding healthy
structures. These procedures generally have few side effects and
are gentle on the organs, which is why they are also suitable for
elderly patients with concomitant diseases. In the palliative
situation, the best possible quality of life for the patient is just as
important an objective as the long-term control of the tumor. A
particularly important and frequently affected organ in the overall
context of oncological diseases is the liver, which must also be
prioritized accordingly. Besides primary liver malignancies, such as
hepatocellular carcinoma (HCC), secondary liver malignancies, i.e.
metastases, play an increasingly important role and are an
important treatment goal of local therapies. Liver metastases are
of prognostic relevance and should also be prioritized in the case of
synchronous extrahepatic tumor manifestation, since the latter are,
with a few exceptions, not life-limiting. The above also applies to the
liver, that not every method is equally suitable for all lesions. The
choice of therapy is determined by the number, size, configuration
and location or environment of the target lesion. Thus, the various
thermo-, radio- and chemoablative procedures do not compete with
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each other, but complement each other and are used as a
supplement in the hands of the experienced interventionalist. The
radiological-interventional expertise therefore implies not only the
experience of the therapist, but also that a broad spectrum of
procedures and technologies must be available, which can then be
used in an optimized way to meet individual requirements.

In discussing the available evidence, we focus on metastatic
colorectal carcinoma (mCRC) on the one hand because of its
high incidence, and on the other hand because of the
comparatively rapid new developments in recent years
compared to the majority of other tumor entities.

Colorectal cancer (CRC) is one of the most commonmalignant
diseases. In recent years, the clinical outcome of patients with
metastatic CRC has improved significantly. This is due to
improved surgical techniques, improved chemotherapeutic
agents, and an expansion in the use of ablative techniques. For
this purpose, the entire “toolbox” of local therapeutic procedures
must be known and available and must be discussed on an
interdisciplinary basis. Oligometastatic disease (OMD) is defined
as a stage between limited local tumor and extensive distant
metastasis. When a mCRC is to be considered “palliative” has
changed in all areas of oncology in the course of further
development in recent decades. The therapeutic strategy for
OMD is based on the possibility of a complete reduction of all
A D

G

H

E

F

B

C

FIGURE 2 | (A) Under third-line systemic chemotherapy, progressive solitary, surgically unresectable colorectal liver metastasis on the border between segment IVa
and VIII. (B) The lesion has been initially transarterially chemoembolized with DEB-IRI (Irinotecan-loaded drug-eluting beads). (C) contrast-enhanced MRI shows
subtotal devascularisation of the metastasis with a still vital tumour margin on the right lateral-apical side. (D) The marginal recurrences have been interstitially
brachytherapied in the interval. The topogram clearly shows the parallel positioning of the applicators. (E) Excellent local tumor control was observed after 3 months.
(F) timely shrinkage of the metastasis as well as further local tumor control without detection of recurrence after 6 months. (G) Local tumor control also confirmed
after 12 months by the absence of diffusion restriction in DWI. (H) The corresponding ADC-maps.
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tumor masses, that can improve the clinical outcome of patients.
OMD means a metastasis limited to a few organs (1,2,3) and
lesions (<5) in resected or resectable primary tumor. The aim of
the individual therapy sequence, which is decided upon within the
framework of an interdisciplinary tumor conference, is to assess
whether the disease is primarily resectable or non-resectable or,
after prior treatment, potentially resectable. The prerequisites for
an optimal decision are adequate imaging and the performance
status of the patient. Molecular aspects of the tumor provide
additional information on specific treatment prospects and
prognosis. The aim of all considerations is to identify patients
with a comparatively less aggressive tumor biology who will
benefit from a localized intervention, possibly in combination
with a systemic therapy. At presentation, 20-25% of patients will
have distant metastases, most to the liver. Another 20-25% will
later develop liver metastases. 49% will have a liver dominant
disease, and 83%will have some liver involvement. Disease specific
survival is also significantly shorter for those who die of liver
metastasis, compared to patients who die of other metastatic sites.
In CRC the liver is the most frequent site of metastases and
dominates the length of survival. For a patient with a resectable
solitary colorectal liver metastasis (CRC-LM), surgery offers a clear
and significant benefit in terms of long-term survival. Patients
with limited LM have a survival advantage even after multiple liver
resection procedures, and 5-year survival rates of more than 40%
are achieved in a multimodal approach. The fact that liver
resection is affecting outcome is also highlighted by the fact that
over 70% of the patients with unresectable liver metastases die of
their liver metastases. But also in patients treated by hepatectomy,
30% ultimately die of liver metastases. It should also be noted that
70% of the patients who receive neoadjuvant chemotherapy and
have so called “disappearing liver metastases” will have
microscopic residual foci in the liver, which is site of local
recurrence in 60% of these patients. Thus, addressing liver
metastases initially is the most clinically relevant, since this is
the most life limiting. As such, liver directed therapies shift the
cause of death to other sites at a later time point (20). Although the
individualization and personalization of oncological therapy for
CRC has not yet been included in guideline recommendations, an
individual risk profile should be established for each patient in the
future based on molecular markers and clinical tumor
characteristics and should be taken into account when deciding
for or against maximally invasive resection procedures (e.g.
associating liver partition and portal vein ligation for staged
hepatectomy) or other local ablative measures. It is difficult to
predict the long-term success of local therapy of oligo- metastases
based on clinical or molecular tumor characteristics. Therefore, in
case of suitable patients, the local therapy will always be the best
choice. On the available regional treatment approaches for CRC-
LM include

- surgical resection,

- thermal ablation,

- regional intraarterial chemotherapy of the liver,

- Chemoembolization,
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- Radioembolization and

- Radiotherapy (RT), including stereotactic RT (“stereotactic
body radiation therapy”, SBRT) and “interventional
brachytherapy”, IBT).

This armamentarium of local therapy procedures is also known
as so-called ESMO-Toolbox. It is the task of the treating surgeons,
oncologists, radiotherapists and interventional radiologists, together
in an individual approach to the individual patients´ best therapy
sequence (first systemic or first locally) and the best therapy
modality (systemic and/or local). This interdisciplinarity is
indispensable, because foreign disciplines cannot adequately judge
the potential of the individual local procedures in an expert manner
(21, 22). In a study for resectability assessment in easily resectable
disease as classified by specialized surgeons, among oncologists only
34% of the cases have been found to be resectable (23). Thus also
large differences in the frequency of referrals for liver resection was
found, whereby a 10-fold variation between the centers with the
highest and lowest transfer rate is reported (24). In Germany the
target value of >10% secondary LM resections even in the cancer
centers certified by the German Cancer Society intestinal centers are
only reached by two thirds. Amazingly enough even in patients with
a singular metastasis, only in 52% of cases a liver resection (25). In
summary despite significant improvement in the probability of
survival after local therapies are still too few patients in specialized
centers were presented. The timing of the local intervention after
neoadjuvant chemotherapy should also be well planned.
Neoadjuvant treatment strategies cause time-dependent liver e.g.
by sinusoidal obstruction syndrome after oxaliplatin-based
chemotherapy and steatohepatitis with higher rates of infectious
complications after irinotecan-based chemotherapy and lead to an
increased 90-day mortality liver failure after surgery (26).

Due to the size and localization of metastases or because of the
general condition, however, more than four-fifths of the patients has
an inoperable disease. Various non-surgical, ablative options are
available, which are just as resection techniques and the effectiveness
of systemic therapies constantly improving. It is common that the
choice of ablation technique often depends on the institution and
specialty. For the best individual result, however, it would be more
advantageous if all or at least several common techniques were
available in order to select the best possible alternative for the
respective case. This is certainly more expensive to maintain but
would have the advantage of broadening the range of treatments
and possibly reducing the local recurrence rate. Continuing this
train of thought, the same applies to the combination of several local
procedures, each of which is well tolerated but which can in sum
increase local tumor control. Patients with non-resectable colorectal
liver metastases are an important group of patients who benefit
significantly from local therapies. The CLOCC study, a randomized
long-term study published in 2017, showed a significantly improved
overall survival for patients receiving a combination therapy of local
ablation procedures and systemic chemotherapy compared to
chemotherapy alone (1). One of the key findings of the CLOCC
study is that 4 times more patients survived in the combined
therapy arm after 8 years than in the chemotherapy arm alone.
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Kovács et al. Personalized Image-Guided Therapies
Taking these impressive data into account, the European Society of
Medical Oncology (ESMO) has responded by including local
ablation procedures in the current consensus paper on the
treatment of metastatic colorectal cancer (mCRC) (27). The
ESMO guidelines even allow a high degree of flexibility in the
choice of thermal ablation methods: “A treatment goal of ablation is
a relatively new concept for patients with mCRC and involves an
attempt to eradicate all visible metastatic lesions using the best
instrument from the toolbox of LATs (abbreviated as Local Ablative
Therapies), in combination with systemic therapy”.

External beam radiation therapy (RT) plays only a limited
role in the treatment of LM due to the high rates of radiation-
induced liver disease (“radiation-induced liver disease”, RILD)
when a large percentage of the liver is exposed to the radiation
dose. With advances in treatment, image guidance and motion
control it is possible to administer ablative radiation doses while
sparing the rest of the liver. For patients with CRC-LM the SBRT
has proven to be effective. Low toxicity rates have been reported
and RILD are rarely described after SBRT in non-cirrhotic
patients (28, 29). The largest series of long-term follow-ups for
SBRT in CRC-LM reported 65 patients with 102 lesions (30). The
overall rate of local control was 71%, with patients with higher
biologically equivalent dose from ≥79 BED, a local control rate of
86%, 80% and 71% after 12, 18 and 24 months in the past. In
terms of toxicity, almost 20% of patients showed higher levels of
gastrointestinal toxicity or liver enzymes. Additionally, mature
monoinstitutional experiences with IRT demonstrated the
advantage of focal high-dose-rate interstitial radiotherapy in
effectivity and economics (31–35).

Endovascular therapies (EVT) should be used in cases of liver-
dominantmetastasis, and be considered, to be carried out when a first
or second line therapy is progressive or shows residualmetastasis after
systemic therapy. EVT are preferable to ablation and SBRT if in a liver
lobe several LM are present, which can be treated simultaneously. In
comparison, transarterial chemoembolization (TACE) of colorectal
liver metastases (DEBIRI) showed not only a survival benefit but also
better tolerability compared to intravenous systemic therapy
(FOLFIRI) (10, 11).

There is little evidence of perioperative or periinterventional
Chemotherapy for local therapy of OM. The expectation that
patients with a lower-risk oncological disease would benefit
significantly less from perioperative chemotherapy was
confirmed by a large retrospective study involving almost 1500
patients with solitary, resectable metastases of the CRC further
confirmed. The study compared patients who received at least 3
cycles of systemic therapy with those who underwent only surgery.
The rate of post-operative complications was in the chemotherapy
group significantly higher (37.2% vs. 24%, p= 0.006), without
overall survival improved (36). Probably have only patients with a
medium and high oncological risk benefits of systemic therapy.

In summary, it is important to evaluate any patient with
mCRC initially and then at regular intervals repeatedly in an
interdisciplinary tumor board for the most promising individual
therapy in particular the sequence between local therapy.

A limitation of the currently available evidence is that the
above-mentioned techniques have been investigated alone or in
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combination with established systemic and surgical therapies, on
the other hand, the combination of interventional-radiological
and radiotherapeutic procedures is limited to individual case
reports. Combined minimally invasive and radiotherapeutic
interventions are currently and in the near future will be
reserved for dedicated centers that have the expertise and
logistics to cooperate. The European CanCer Organisation
(ECCO) defines the essential requirements for quality cancer
care as “challenges, organization and actions that are necessary to
give high-quality care to patients who have a specific type of
cancer” (37). The shift in modern oncology towards personalized
medicine is an extremely welcome development. Although both
terms are often used synonymously, the distinction between
precision medicine, which is directed against individual gene
mutations, responsible for the development and growth of a
specific tumor, and personalized medicine, which stands for a
holistic view of the individual constellation and involves the
patient as an equal partner in the decision-making process, is
essential. The Delphi-study, published 2019, assessed the
relevance and the implementation of patient-centeredness (PC)
from the patient´s perspective in Germany (38). The results of the
study paint a worrying picture: many physicians make decisions
without openly discussing treatment alternatives with their
patients, even though the interests of their patients are actually
very important to them. All dimensions of PC (e.g. uniqueness of
each patient, consideration of personal circumstances, teamwork
of healthcare providers and collaboration as equal partners and
involvement in decision making, to name some of the 15 points)
considered by the patients to be relevant, were not well
implemented. The authors concluded that these findings should
not be neglected and further policy makers and other
stakeholders, interested in fostering PC healthcare should focus
on a wholesome perspective considering the patients´ rating. It is
no longer just a requirement of various guidelines, but also a
general practice that the treatment strategy for every cancer
patient must be determined and carried out by multidisciplinary
tumor boards (MDT) consisting of medical, surgical and radiation
oncologists, diagnostic and interventional radiologists, nuclear
medicine specialists and pathologists (39). Studies on decision-
making in multidisciplinary cancer teammeetings (MDTM) came
to a similar result. In general, MDTMs were not in line with the
principles of PC care (40). Studies that have investigated the
inclusion of patient perspectives in joint decision-making
confirm that MDTM do not exhibit shared decision-making
(SDM). Patient perspectives are in general absent and the entire
decision-making process do not follow the principles of SDM (41,
42). The authors conclude, if MDTM wish to become more
patient-centered they will have to modify their processes and
find a way to include patient preferences into the decision-making
process. Medicine has become more complex overall. Today there
are significantly more treatment options available than in the past.
Knowledge about the opportunities and risks of the various
therapies is constantly growing and poses the dilemma that it is
not always clear whether treatment X is better than treatment Y in
a specific case. In the future, doctors and patients will share the
challenge of finding the best solution in each case.
April 2021 | Volume 11 | Article 616058

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
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FUTURE PROSPECTS

Local-ablative procedures are able to achieve survival rates such
as resection, but the latter remain superior in terms of local
recurrence rate. Multidisciplinary treatment decision and
performance in dedicated expert centers offers the best possible
results (22).

Immunotherapies not only enrich the therapeutic spectrum in
drug oncology, but alsomake a permanent activation of the immune
system with the goal of a long, chemotherapy-free control of the
disease seem possible. However, immunotherapies are currently still
limited due to their tolerability and the accessibility of individual
tumors. The deciphering of tumor and immune system stimulating
or suppressingmechanismswill decisively determine oncology in the
near future. The success of cancer immunotherapy has generated a
tremendous interest in further developing and exploring strategies
in combination with other approaches such as radiotherapy and
local ablative therapies (43). The future perspectives of local
therapies indicate an exciting development beyond the mere local
tissue destruction and local tumor control. Research is currently
underway to make tumors accessible for immunotherapy – to
convert immunologic “cold” tumors into responsive “hot” tumors
– through interventional priming or to apply immunotherapeutics
locally (9). The already proven possibility to generate a kind of
cancer vaccination by physical tumor destruction, which in turn
enhances the therapy with checkpoint inhibitors and thus the
abscopal effect, is a completely new motivation for the use of local
ablative procedures (2, 44). Access to the tumor and its
microenvironment are key pillars of immunotherapy. MIT can
expose tumor debris for sensing immune response in nearby tissue
and lymphnodes, thusactivatingTcells tofight cancer. It seems that
even variousMIT are able to release a broad spectrum of polyvalent
tumor antigens from the entirety of heterogeneous tumor cell
populations - in the sense of an in-situ anti-cancer vaccination.
Our challenges are to build the evidence to integrate MIT into the
overall treatment of cancer in various therapeutic sequences –
induction, combination or adjuvant – with systemic therapies
(45). These findings as well as future developments could soon
lead toaparadigmshift inoncological therapy.Wecan look forward
with excitement to the developments in the coming years, where
local procedures will no longer be considered competitive to
standard surgical-oncological therapies, but will be used as
adjunct to immunotherapy.
CONCLUSION

The era of personalized medicine presents a great challenge and
opportunity for cancer imaging and therapy. Interventional
radiology and radiotherapy have a long history of innovation
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in minimally invasive image-guided procedures. Patient-specific
therapies are increasingly replacing standard histology and
organ-based algorithms (46). The early recognition of the
biology and spacial heterogeneity of tumors will aid
appropriate selection of therapy according to molecular profile.
Supported by strong basic and clinical research MIT significantly
expand the therapeutic spectrum in oncology, which
unfortunately remains hidden from most therapists who are
not in discussion with interventional therapists. MIT are rarely
considered in guidelines. This is more than regrettable and not
only detrimental to patients, but also to health economics.
Minimally invasive medicine opens up new therapeutic
dimensions and is to be regarded as one of the protagonists of
innovative modern medicine, perhaps even as a barometer of the
future viability of our health system. It is generally undisputed
that optimal therapeutic results in oncology can only be achieved
through interdisciplinary concepts that exploit all local,
locoregional and systemic therapeutic options beyond the
boundaries of individual disciplines. Many treatment concepts
have changed significantly under the influence of minimally
invasive procedures and this process is not yet complete. The
rapid development of minimally invasive therapies gives hope for
new therapeutic concepts in the short, medium and long term. In
times of hybrid technologies and immunoncology, a new culture
of interdisciplinary cooperation of therapists and the
concentration on individualized and patient-oriented therapies
is more than desirable. As today´s cancer cure requires a
multidisciplinary approach, treatment combination is thus a
far more pressing concern than treatment competition. Our
concrete recommendation for the here and now: we can only
encourage patients and therapists to get a second opinion in a
specialized clinic for MIT including interventional radiology
and radiotherapy.
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et al. Artificial intelligence (AI) and interventional radiotherapy
(brachytherapy): state of art and future perspectives. J Contemp Brachyther
(2020) 12:497–500. doi: 10.5114/jcb.2020.100384

35. Tagliaferri L, Vavassori A, Lancellotta V, De Sanctis V, Barbera F, Fusco V,
et al. Can brachytherapy be properly considered in the clinical practice?
Trilogy project: The vision of the AIRO (Italian Association of Radiotherapy
and Clinical Oncology) Interventional Radiotherapy study group. J Contemp
Brachyther (2020) 12:84–9. doi: 10.5114/jcb.2020.92765

36. Adam R, Bhangui P, Poston G, Mirza D, Nuzzo G, Barroso E, et al. Is
perioperative chemotherapy useful for solitary, metachronous, colorectal
liver metastases? Ann Surg (2010) 252:774–87. doi: 10.1097/SLA.0b013e3
181fcf3e3

37. Beets G, Sebag-Montefiore D, Andritsch E, Arnold D, Beison M, Crul M, et al.
ECCO Essential Requirements for Quality Cancer Care: Colorectal Cancer. A
critical review. Crit Rev Oncol Hematol (2017) 110:81–93. doi: 10.1016/
j.critrevonc.2016.12.001

38. Zeh S, Christalle E, Hahlweg P, Härter M, Scholl I. Assessing the relevance and
implementation of patient-centredness from the patients’ perspective in
Germany: results of a Delphi study. BMJ Open (2019) 9:e031741.
doi: 10.1136/bmjopen-2019-031741

39. Iezzi R, Kovacs A, Prenen H, Chevallier P, Pereira PL. Transarterial
chemoembolisation of colorectal liver metastases with irinotecan-loaded
beads: What every interventional radiologist should know. Eur J Radiol
Open (2020) 7:100236–6. doi: 10.1016/j.ejro.2020.100236
April 2021 | Volume 11 | Article 616058

https://doi.org/10.1186/s12885-020-06876-4
https://doi.org/10.1186/s12885-020-06876-4
https://doi.org/10.1001/jamaoncol.2018.2487
https://doi.org/10.1016/j.cardfail.2014.08.004
https://doi.org/10.1186/s12885-016-2998-2
https://doi.org/10.1007/s00270-019-02284-9
https://doi.org/10.1007/s00270-019-02284-9
https://doi.org/10.1007/s00270-019-02278-7
https://doi.org/10.2217/hep-2019-0010
https://doi.org/10.1007/s00270-019-02221-w
https://doi.org/10.1007/s11605-012-1892-8
https://doi.org/10.1111/j.1477-2574.2012.00607.x
https://doi.org/10.1016/j.ejca.2016.05.001
https://doi.org/10.1016/j.ejca.2016.05.001
https://doi.org/10.1186/1475-925X-14-S3-S5
https://doi.org/10.1186/1475-925X-14-S3-S5
https://doi.org/10.4254/wjh.v11.i2.150
https://doi.org/10.1097/MD.0000000000002255
https://doi.org/10.1067/j.cpsurg.2018.08.004
https://doi.org/10.1002/bjs.8835
https://doi.org/10.5114/jcb.2017.72603
https://doi.org/10.1245/s10434-015-4925-1
https://doi.org/10.1016/j.jss.2017.04.013
https://doi.org/10.1186/1471-2407-14-810
https://doi.org/10.1186/1471-2407-14-810
https://doi.org/10.1200/jco.2005.05.3074
https://doi.org/10.1093/annonc/mdw235
https://doi.org/10.1002/cncr.28515
https://doi.org/10.1016/j.ijrobp.2009.06.092
https://doi.org/10.1002/cncr.25997
https://doi.org/10.3892/ol.2018.8415
https://doi.org/10.3892/ol.2018.8415
https://doi.org/10.1186/s13014-016-0606-x
https://doi.org/10.5114/jcb.2019.90466
https://doi.org/10.5114/jcb.2020.100384
https://doi.org/10.5114/jcb.2020.92765
https://doi.org/10.1097/SLA.0b013e3181fcf3e3
https://doi.org/10.1097/SLA.0b013e3181fcf3e3
https://doi.org/10.1016/j.critrevonc.2016.12.001
https://doi.org/10.1016/j.critrevonc.2016.12.001
https://doi.org/10.1136/bmjopen-2019-031741
https://doi.org/10.1016/j.ejro.2020.100236
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
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This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
April 2021 | Volume 11 | Article 616058

https://doi.org/10.1186/s12885-017-3768-5
https://doi.org/10.1186/s12885-017-3768-5
https://doi.org/10.1136/bmjopen-2017-016360
https://doi.org/10.1186/s13012-018-0740-y
https://doi.org/10.1007/s00270-018-2074-1
https://doi.org/10.1186/s40880-017-0216-5
https://doi.org/10.1007/s00270-019-02283-w
https://doi.org/10.1016/j.jvir.2013.04.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Francesco Cellini,

Catholic University of the Sacred
Heart, Italy

Reviewed by:
Shisuo Du,

Fudan University, China
Yibao Zhang,

Peking University Cancer Hospital,
China

*Correspondence:
Weigang Hu

jackhuwg@gmail.com
Zhen Zhang

zhenzhang6@gmail.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Radiation Oncology,
a section of the journal
Frontiers in Oncology

Received: 18 January 2021
Accepted: 26 April 2021
Published: 31 May 2021

Citation:
Zhao J, Chen Z, Wang J, Xia F, Peng J,
Hu Y, Hu W and Zhang Z (2021) MV

CBCT-Based Synthetic CT Generation
Using a Deep Learning Method for

Rectal Cancer Adaptive Radiotherapy.
Front. Oncol. 11:655325.

doi: 10.3389/fonc.2021.655325

ORIGINAL RESEARCH
published: 31 May 2021

doi: 10.3389/fonc.2021.655325
MV CBCT-Based Synthetic
CT Generation Using a Deep
Learning Method for Rectal
Cancer Adaptive Radiotherapy
Jun Zhao1,2,3†, Zhi Chen4†, Jiazhou Wang1,2,3†, Fan Xia1,2,3, Jiayuan Peng1,2,3,
Yiwen Hu1,2,3, Weigang Hu1,2,3* and Zhen Zhang1,2,3*

1 Department of Radiation Oncology, Fudan University Shanghai Cancer Center, Shanghai, China, 2 Department of Oncology,
Shanghai Medical College, Fudan University, Shanghai, China, 3 Shanghai Key Laboratory of Radiation Oncology, Shanghai, China,
4 Department of Medical Physics, Shanghai Proton and Heavy Ion Center, Shanghai, China

Due to image quality limitations, online Megavoltage cone beam CT (MV CBCT), which
represents real online patient anatomy, cannot be used to perform adaptive radiotherapy
(ART). In this study, we used a deep learning method, the cycle-consistent adversarial
network (CycleGAN), to improve the MV CBCT image quality and Hounsfield-unit (HU)
accuracy for rectal cancer patients to make the generated synthetic CT (sCT) eligible for
ART. Forty rectal cancer patients treated with the intensity modulated radiotherapy (IMRT)
were involved in this study. The CT and MV CBCT images of 30 patients were used for
model training, and the images of the remaining 10 patients were used for evaluation.
Image quality, autosegmentation capability and dose calculation capability using the
autoplanning technique of the generated sCT were evaluated. The mean absolute error
(MAE) was reduced from 135.84 ± 41.59 HU for the CT and CBCT comparison to 52.99 ±
12.09 HU for the CT and sCT comparison. The structural similarity (SSIM) index for the CT
and sCT comparison was 0.81 ± 0.03, which is a great improvement over the 0.44 ± 0.07
for the CT and CBCT comparison. The autosegmentation model performance on sCT for
femoral heads was accurate and required almost no manual modification. For the CTV
and bladder, although modification was needed for autocontouring, the Dice similarity
coefficient (DSC) indices were high, at 0.93 and 0.94 for the CTV and bladder,
respectively. For dose evaluation, the sCT-based plan has a much smaller dose
deviation from the CT-based plan than that of the CBCT-based plan. The proposed
method solved a key problem for rectal cancer ART realization based on MV CBCT. The
generated sCT enables ART based on the actual patient anatomy at the
treatment position.
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INTRODUCTION

Neoadjuvant chemoradiotherapy, which can improve the local
control rates, is a standard of care for locally advanced rectal
cancer (1, 2). Using the high conformal radiation technique,
intensity modulated radiotherapy (IMRT) or volumetric
modulated radiotherapy (VMAT) can provide target high dose
distribution while better sparing surrounding normal tissues
than 3D conformal radiotherapy (3, 4). Most current treatment
strategies use one treatment plan based on the pretreatment CT
throughout the whole treatment period with or without image
guide radiotherapy (IGRT). However, due to the differences in
bladder and rectal filling status, the shape and position of the
rectum and mesorectum may change during radiation therapy
(5, 6). This could cause the target volume to be missed or a high
dose to be delivered to the surrounding normal tissues during
radiation therapy, resulting in loss of local control or serious side
effects. Zumre et al. conducted a study on rectal cancer patients
treated with neoadjuvant radiotherapy to evaluate mesorectum
movement and its effect on dose distribution. The study revealed
20 mm of mesorectum movement in the lateral and anterior-
posterior direction and 10 mm of movement in the superior-
inferior direction during radiotherapy, which caused a median of
~2% change in dosimetric parameters (7). A larger planning
target volume (PTV) margin can ensure that no target is missed
but will deliver a high dose to normal tissue. A smaller PTV
margin can better protect normal tissues but may result in a
prescription dose that misses the target volume. Adaptive
radiotherapy (ART), which takes into account the anatomy
changes of the patient during treatment, is the best way to
solve this problem. One study introduced plan selection
strategies to account for the anatomy changes during rectal
radiotherapy (8). They created three treatment plans according
to three different PTV margins regarding three different filling
states of the bladder (full, empty and intermediate state). Then,
the best plan for treatment was chosen according to online cone
beam CT (CBCT). Another study compared an online adaptive
radiotherapy strategy for planning the selection with respect to
the dose to the organ at risk for rectal cancer (9), and they found
that the adaptive treatment maintained target coverage and
reduced the doses to the organs at risk (OARs). Both of these
strategies are superior to using one plan throughout the whole
course, but they all have limitations in that the calculation of the
dose distribution was based on the planning CT rather than on
the online patient anatomy; rather, they simply take into account
the delineation on the online CBCT. To fulfill the ART process,
we should directly use the images with actual online anatomy for
dose calculation.

Online CBCT represents the actual patient anatomy at the
treatment positions that are mostly used for image-guided
radiotherapy. Due to its image quality limitation, CBCT cannot
be used for dose calculation directly. Several traditional methods
are used to improve CBCT image quality to make it suitable for
dose calculation, such as using the deformed CT as previously
described for scatter correction of the CBCT projection (10).
Some others use an anti-scatter grid or different scatter kernel
algorithms for deconvolving scatter from projections (11, 12). In
Frontiers in Oncology | www.frontiersin.org 2225
recent years, deep learning methods have been widely used for
medical image modality transformation to generate synthetic CT
(sCT) images (13–16). Cycle-consistent adversarial network
(CycleGAN) is one of the most commonly used methods for
image transformation, as it does not require paired information
of the training data (17). In a real clinical situation, it is almost
impossible to obtain paired images. Thus, CycleGAN is a perfect
tool for the CBCT to sCT transformation. Several groups have
successfully used this method for MR to CT transformation and
CBCT to CT transformation (18–24). It is proved that the
CycleGAN performed better than other supervised learning
methods, such as deep convolutional generative networks
(DCGAN), progressive growing of GANs (PGGAN) and U-
Net (18, 21). In these studies, most of them chose head and
neck tumor sites for research, which has a relatively stable
anatomy. Fewer studies have evaluated the usage of CycleGAN
in the abdominal and pelvic regions, where the organs usually
have larger positional deviation and shape changes. Moreover,
no studies have evaluated the image transformation from
Megavoltage (MV) CBCT to CT, and no studies have
evaluated the use of CycleGAN for rectum tumor sites.

In this study, we aim to use the CycleGAN model to transform
MV CBCT images into sCT images of rectal cancer patients and to
evaluate whether the synthetic image is sufficient for ART through
image quality evaluation, autosegmentation capacity and dose
calculation capacity evaluation.
MATERIALS AND METHODS

Image Acquisition and Processing
In this study, a newly designed CT-linac uRT-linac 506c was used
for CT and CBCT data acquisition. The CT-linac is a new product
of United Imaging Healthcare (UIH) Co., Ltd, which integrated a
diagnostic-quality 16–slice helical CT and a C-arm linac together.
The helical CT can be used for simulation or IGRT. The linac also
has an electronic portal imaging detector (EPID) system for 2D
portal image and 3D MV CBCT acquisition.

There were 40 rectal cancer patients involved in this study. The
patients’ age range from 38 to 70 with a median age of 58. For each
patient, the IMRT technique incorporated with image guidance was
used for treatment. Image guidance was performed every day in the
first 3 fractions and then once a week. In the image guide process,
FBCT was acquired for position correction, and then theMVCBCT
was acquired for position verification. Thus, we were able to acquire
online CT and CBCT image pairs with almost the same position
and the same anatomy. One hundred image pairs of 30 patients
were used for model training, and 10 image pairs of the remaining
10 patients were used for evaluation.

The CBCT and CT images were preprocessed before the
model training, which can eliminate the impact of the non-
anatomical structure. All the images were resampled to the same
resolution of 0.8789 mm by 0.8789 mm and a slice thickness of
3 mm, and all of them were cropped to the size of 512 * 512. Each
patient’s CBCT and CT images were aligned with each other, and
the image slices that existed in both CBCT and CT were selected
May 2021 | Volume 11 | Article 655325
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as training and validation data. Binary masks were generated
using an Otsu autothresholding method to separate the inside
and outside body regions, and for the outside body area, each
voxel value was assigned as -1000. To speed up the training
convergence, we scaled the CBCT and CT image values to the
range of (-1, 1) according to the formula Is = 2 ∗ (Iorig+1000)

4095 − 1,
where Iorig indicates the original CBCT and CT images, whose
value range is (-1000, 3095).

CycleGAN-Based CBCT to sCT Generation
The architecture of CycleGAN is shown in Figure 1. The main
structure of the CycleGAN contains 4 parts: 2 generators,
Gcbct!ct, which can convert a CBCT image into a synthesized
CT, and Gct!cbct, which can synthesize a CBCT image from a CT;
2 discriminators, Dcbct, which distinguishes synthesized CBCT
images from real CBCT images, and Dct, which identifies the
synthesized CT images from real CT images. The architectures of
the generator and discriminator are both borrowed from Kida’s
research (22) with a few changes. In the generator, we used U-net
structure instead of the encoder-decoder because the U-net can
better maintain the anatomy of the CBCT images according to
our experience. By using the encoder-decoder structure, some air
pockets near the femoral heads and caudal vertebra in the sCT
images would be generated that did not exist in the
CBCT images.

Both generators share the same U-net network, the details are
showed as Figure 2. CBCT (or CT) images are the inputs of the
model, and the synthetic CT (or synthetic CBCT) images are
outputs. The U-net network contains one convolution layer with
a 7 * 7 kernel with stride 1; three down convolution layers with a
3 * 3 kernel with stride 2 and channels 32, 64 and 128; 9 residual
blocks with a 3 * 3 kernel with stride 1; three up-sampling layers
each consisting of an unpooling with stride 2; a residual block
with a 3 * 3 kernel with stride 1 and a convolution layer with a 7 *
7 kernel with stride 1.
Frontiers in Oncology | www.frontiersin.org 3226
Both discriminators use the same architecture as shown in
Figure 3. CBCT (or CT) images are set as input data. The
discriminator includes 3 down convolution layers with a 4 * 4
kernel with stride 2 and channels 32, 64 and 128; a convolution
layer with a 4 * 4 kernel with stride 1 and channel 256; and a
convolution layer with a 4 * 4 kernel with stride 1 and channel 1.
The last layer will be compared with a same shape of array filled
with 0 or 1 to determine whether the input image is fake or real.

The loss functions were also adapted from Kida’s research
(22). There are two loss functions, LossD and LossG, for the
discriminator and generator models, respectively. LossD istrying
to distinguish the real CT and CBCT images from synthesized
ones, while LossG is trying to minimizing the error between the
synthesized image and the real image. LossG consists of several
items as follows:

LossG =   lcycleLosscycle + lidemLossidem + ladvLossadv

+ lgradLossgrad

Losscycle ensures that the synthesized cycle images is closed to
the original images. Lossidem makes sure the generator G and G2

are idempotent and helps to increase the stability during training.
Lossadv encourages the generator to generate a synthesized image
that is as close to a real image as possible. Lossgrad encourages
structural preservation before and after conversion by trying to
keep the edges in the image.

The Adam optimizer was used to train the model with a batch
size of 1. The hyperparameters lcycle, lidem, ladv and lgrad were
set to 20, 1, 1 and 1, respectively. For the training from scratch,
the learning rate was set as 10-4. All the implementations used
Python 3.6 with a chainer. All experiments were performed on a
Linux workstation with one NVIDIA GEFORCE RTX 2080TI.
The training required approximately 6 days for 100 epochs, and
the prediction (including preprocessing) required approximately
10 s for one set of CBCT images.
FIGURE 1 | Architecture of the CycleGAN network for image synthesis.
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One should pay attention to the overfitting problem caused by
small training data size in the model training. Usually, the
dropout method and data augmentation can be used to avoid
overfitting. In this study, although we have about 9000 images in
each training data set, we added noise to the input data during
training to avoid overfitting.

Synthetic CT Image Quality Evaluation
In this study, CBCT and CT images of 10 patients were used
for the model performance evaluation. For the generated
synthetic image quality evaluation, we used mean absolute
error (MAE), peak signal-to-noise ratio (PSNR), normalized
cross-correlation (NCC), and structural similarity (SSIM) as
evaluation indices (18).

MAE(I1, I2) =
1

ninjnk
oninjnk

x,y,z I1(x, y, z) − I2(x, y, z)j j (1)

PSNR(I1, I2) = 10

�   log10
MAX2

oninjnk
x,y,z I1(x, y, z) − I2(x, y, z)j j2=ninjnk

 !

(2)
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NCC(I1, I2) =
1

ninjnk
oninjnk

x,y,z
I1 x, y, zð Þ − mI1

� �
I2 x, y, zð Þ − mI2

� �

sI1sI2

(3)

SSIM(I1, I2) =
2mI1mI2 + c1
� �

2sI1,I2 + c2
� �

m2
I1
+ m2

I2
+ c1

� �
s 2
I1
+ s 2

I2
+ c2

� � (4)

I1 and I2 represent two different images. I (x, y, z) means the
HU value of pixels (x, y, z) in image I. ninjnk is the total number
of pixels in image I. MAX is the maximum HU value in the
selected image. μ and s represent the mean and the standard
deviation of the HU value in an image. Online fan beam CT was
the ground truth image for comparison. sCT and CBCT images
were compared with fan beam CT.

Autosegmentation and Dosimetric
Evaluation of Synthetic CT
Autosegmentation capability, which can improve the
segmentation efficiency, is crucial for the ART process. In our
clinical situation, the autosegmentation model trained using CT
images in UIH TPS was regularly for rectal cancer patients’ target
and organ delineation. To evaluate the performance of the
autosegmentation model on sCT can indirectly evaluate the
FIGURE 3 | Architecture of the discriminator.
FIGURE 2 | Architecture of the generator.
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similarity between CT and sCT and check whether this
autosegmentation model is suitable for sCT to improve the
efficiency of ART process. So the segmentation model was
used to delineate target and organ at risk on sCT. Then, the
contours were reviewed and modified by an experienced
physician on the sCT. The autocontours and manually
modified contours were compared using dice similarity
coefficients (DSC) to evaluate the autosegmentation accuracy
on sCT.

In order to evaluate the performance difference of the
autosegmentation model on sCT and CT. The segmentation
model was used to delineate target and organ at risk on CT. Then
these contours were transformed to the corresponding sCT. DSC
index was used to evaluate the similarity between the
autocontours from sCT and CT. The following formula was
used to calculate DSC, in which V1 and V2 represents the volume
of the two contours for comparison respectively.

DSC =  
2 V1   ∩ V2ð Þ

V1V2
(5)

Dose calculation capability is also very important of sCT for
the ART accuracy. So the autoplanning function in UIH
TPS was used to generate IMRT treatment plan on sCT to
check whether clinical acceptable plans can be generated.
The manually modified contours on sCT were used for
planning. Then the plan and contours were transferred to the
corresponding CT. The dose volume histogram was used to
evaluate the dose distribution difference between sCT and CT
based plans. V95%, V100% (volume of the target receiving at
least 95% and 100% of the prescribed dose), D99, D5, D95
(doses to 99%, 5% and 95% of the volume) and Dmean (mean
dose of the volume) were investigated for PTV (25). For OARs,
volumes receiving different dose levels were evaluated. The dose
volume statistics of V30, V40 and V50 for bladder and V30 and
V40 for femoral heads were investigated (Vx means the
percentage of volume receiving xGy dose). As comparison,
the plan and structure were also transferred to CBCT and
these dosimetric differences were also compared between
CBCT-based and CT-based plans.
RESULTS

Visual comparisons of CBCT and sCT with CT images are
shown in Figure 4. The HU difference between two image sets,
the HU histogram comparisons and one line profile comparisons
for CT, CBCT and sCT images are also shown in Figure 4. We
can see that the sCT image quality was greatly improved over
that of CBCT images and was very close to the quality of the CT
images. The sCT images reduced the scatter artifacts while
retaining the anatomical accuracy and sharpening the
boundaries of the soft tissue structures. The HU histogram and
the line profile of the three different image modalities shown in
Figure 4 reveal great improvement of the HU value from CBCT
to sCT. Additionally, the HU histogram of sCT is in good
agreement with that of CT.
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For image quality analysis, CBCT and sCT images were
compared with CT images using MAE, PSNR, NCC and SSIM.
The results are listed Table 1. From the results, we can see that
the image quality of sCT images generated by the CycleGAN
model was noticeably improved, and the images were more
similar to real CT images.

For the autosegmentation capability evaluation of sCT
images, the DSC index was used to compare the similarity
between contours. The results are shown in Table 2. From the
comparison between autocontours and manual-modified
contours on sCT, we can see that the auto-segmentation model
performance for femoral heads was very accurate and needed
almost no manual modification for the auto-contours. For the
CTV and bladder, we can see that although modification is
needed for the auto-contour, the DSC indices were high, at 0.93
and 0.94 for the CTV and bladder. These findings indicate that
the autosegmentation is accurate enough for clinical use to
improve segment efficiency while retaining accuracy on sCT.
From the comparison between autocontours on sCT and CT, it
can be seen that they have high DSC index. On the contrary, the
autosegmentation model is almost not capable of segmenting the
CTV and bladder on CBCT. Even the autosegmentation of
femoral head on CBCT has large error. An example of
autosegmentation on CT, CBCT and sCT and their difference
with manual-modified contour delineated on sCT is shown in
Figure 5. It visually revealed the capability of autosegmentation
on sCT and CT. And we can see that the CTV cannot be
delineated by autosegmentation and the bladder is delineated
totally wrong on CBCT. The delineation of the left femoral head
on CBCT is also with big error.

According to our experiment, the autoplanning function of
UIH TPS is capable of generating clinical acceptable plans for
rectal cancer radiotherapy on sCT. The results of the dose
calculation accuracy evaluation of sCT are shown in Figure 6.
The first row of Figure 6 shows the dose distribution of the same
plan on CBCT, CT and sCT for individual patient. The second
and third row of Figure 6 shows the difference of CBCT- and
sCT- based plan compared with CT-based plan in terms of dose
distribution and dose volume histogram (DVH) respectively.
From Figure 6, we can see that the DVH values of CT- and sCT-
based plans have small differences, and the DVH lines almost
overlap, while the DVH comparison reveals a larger dose
difference of the PTV and bladder between CT- and CBCT-
based plans. The second row shows the dose distribution
differences on one axial slice. The dose difference between CT-
and CBCT-based plans can be up to 4% in PTV, while the
difference between CT- and sCT-based plans was reduced to
within 1% in PTV. For both of these comparisons, we can see
larger dose differences at the boundary of the body. This is
caused by the image boundary difference between CT and CBCT,
which can also be seen in Figure 4 with a large HU difference at
the body boundary. The respiratory motion during the long
scanning time of CBCT resulted in anterior and lateral boundary
differences between CBCT and CT images. The posterior
boundary difference may caused by the outer boundary
delineation inaccuracy due to couch scattering on CBCT
during preprocessing.
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Except for the direct view of DVH and dose distribution
comparisons, we systematically compared some critical dose
Frontiers in Oncology | www.frontiersin.org 6229
statistical differences in sCT- and CBCT-based plans with CT-
based plans for PTV, bladder and the femoral head. The results
are shown in Figure 7. We can see that for PTV dose statistics,
the differences in Dmean, D99, D5 and D95 between the CT- and
sCT-based plans are mostly less than 50 cGy, which are smaller
than the differences between CT- and CBCT-based plans. The
dose difference between CT- and CBCT-based plans could be
high as 350 cGy. For the comparison of PTV volume receiving
95% and 100% of the prescribed dose, it is also obvious that the
differences between CT- and sCT-based plans are smaller than
those between CT- and CBCT-based plans. Especially for V95%,
there are almost no differences between CT- and sCT-based
TABLE 1 | Numerical comparisons of CBCT and sCT with CT images.

CBCT vs CT sCT vs CT

MAE (HU) 135.84 ± 41.59 52.99 ± 12.09
PSNR(dB) 21.76 ± 1.95 26.99 ± 1.48
NCC 0.96 ± 0.01 0.98 ± 0.01
SSIM 0.44 ± 0.07 0.81 ± 0.03
MAE, mean absolute error; PSNR, peak signal-to-noise ratio; NCC, normalized cross-
correlation; SSIM, structural similarity; sCT, synthetic CT.
FIGURE 4 | Visual comparison of CT, CBCT and sCT images of one patient. The HU difference between two image sets, HU histogram comparisons and line profile
comparisons for CT, CBCT and sCT images.
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plans. For bladder and femoral heads, although the statistical
differences between CT vs sCT and CT vs CBCT for dose are not
as large as that for PTV, we can see that the dosimetric
differences of sCT-based plans are smaller than those for
CBCT-based plans, when compared to CT-based plans.
DISCUSSION

This work used a CycleGAN method to convert MV CBCT to
sCT images for rectal cancer patients. The CT images at the
treatment position were used as ground truth to evaluate the
image quality, segmentation capacity and dose calculation
capacity of sCT generated from CBCT acquired at the same
position. Figure 4 and Table 1 revealed substantial image quality
improvements. In the sCT images, the scattering artifacts were
greatly diminished, and the organ boundaries were much clear
than in the original CBCT images. This will not only helpful in
the IGRT process for visual quality but also make contouring and
dose calculation possible. The MAE was reduced from 135.84 ±
Frontiers in Oncology | www.frontiersin.org 7230
41.59 HU for the CT and CBCT comparison to 52.99 ± 12.09 HU
for the CT and sCT comparison, which is a great improvement.
The results are comparable to Harms et al.’s study, Liu et al.’s
study and Lei et al.’s study for pelvic and abdominal regions (18,
20, 26). The MAEs for pelvic and abdominal regions were larger
than that for brain of approximately 25 HU in Harms et al’ study
and Lei’s study (20, 26). This is mainly because pelvic and
abdominal regions are easily affected by respiratory motion,
organ movement and organ filling status. In our study,
although the CT and CBCT were acquired sequentially within
a short time interval with the patient at the same position on the
treatment couch. When the couch moves from the CBCT
position to the CT position, the patient may move a small
amount. In addition, respiratory motion may result in organ
shape and position differences and differences in the patient’s
outer boundary. The outer boundary difference can be seen in
Figure 4. The SSIM index for CT and sCT comparison was 0.81 ±
0.03,which ismuch larger than the result of 0.71±0.03 inLiu et al.’s
study for abdominal images. The results indicate that our model
greatly preserved the anatomy when improving the image
intensity. Similar results can be found in Liang et al.’s study with
FIGURE 5 | Comparison of auto contour on different image set with the manual contour delineated on sCT. The manual contour was delineated on sCT and then
copied to CT and CBCT. Contour name with “_A” suffix represents auto contour. Contour name with “_M_sCT” suffix represents contour manually delineated on
sCT. L_FH and R_FH means left femoral head and right femoral head.
TABLE 2 | Comparison of the similarity between contours.

CTV bladder L_FH R_FH

DSC (auto vs manual) 0.93 ± 0.04 0.94 ± 0.08 0.99 ± 0.01 0.99 ± 0.02
DSC (sCT vs CT) 0.95 ± 0.03 0.89 ± 0.03 0.93 ± 0.04 0.95 ± 0.02
May 2021 | Volume 11 | Ar
DSC (auto vs manual), DSC index between autocontours and manual-modified contours on sCT; DSC (sCT vs CT), DSC index between autocontous on sCT and CT; L_FH, left femoral
head; R_FH, right femoral head.
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an SSIM index of 0.85 for head and neck patients’ images where
the structures are stable (21).

We are aiming to use sCT for online adaptive radiotherapy, in
which the auto-segmentation and dose calculation capabilities are
both important. In this study, we applied the autosegmentation
model trained by using CT images to the sCT images and used the
DSC index to evaluate the model performance on sCT images.
From the DSC index between auto and manual-modified contours
shown in Table 2, we can see that the autosegmentation model
performance for femoral heads was very accurate. Although small
modifications need to be made to the autosegmentation of the CTV
and bladder, it is accurate enough comparing to most of the model
performance. It is very helpful for improving contouring efficiency
in ART process. For the CTV, the modifications were mostly made
at the anterior boundary and boundary at foot direction. The scatter
artifact was much larger in the middle part of the body for MV
CBCT, which can affect the image quality of sCT generated based on
MV CBCT and the autosegmentation performance of models
trained on CT images. From the DSC index between
autocontours on sCT and CT shown in Table 2, we can also see
that the aotucontours between sCT and CT have some differences.
May be directly use sCT images as a training dataset can obtain a
better contouring model which worthy of further investigation.

To evaluate whether the sCT is capable of accurate dose
calculation, sCT-based plans were compared to corresponding
CT-based plans, and for comparison, CBCT-based plans were
Frontiers in Oncology | www.frontiersin.org 8231
also compared to CT-based plans. The results show that no large
dosimetric differences were found between sCT- and CT-based
plans, while large differences were found between CBCT- and
CT-based plans, especially for PTV. The dosimetric differences
between sCT- and CT-based plans may be caused by the body
size difference and larger motion artifacts of CBCT due to the
longer acquisition time. To minimize motion artifacts, a motion
management method can be used during CBCT acquisition, such
as the surface guide light system, which has no direct contact
with the patient’s body and will not make the patient
uncomfortable. This topic requires further investigation.

In this study, we used a CycleGAN method to generate sCT
based on CBCT to make sCT capable of adaptive radiotherapy.
The model was trained using rectal cancer patients’ images. So
the model can only be used for rectal cancer patients, which is an
limitation of the cycleGAN method. It strictly depends on the
training dataset. In order to improve the generalization of the
cycleGAN model, we should include more images of different
tumor sites in the training data. In Maspero et al.’s study, they
have realized image transformation from kV CBCT to CT for
HN, breast and lung cancer patients using a single model (27).
To train a universal model for MV CBCT to CT transformation
is our future research direction.

The generated sCT images were evaluated from three key
aspects: image quality, segmentation capability and dose
calculation capability based on autoplanning technique of UIH
FIGURE 6 | Dosimetric comparison of the same plan calculated on CBCT, sCT and CT. The first row shows the dose distribution on CBCT, CT and sCT. The
second row shows the dose distribution differences. The third row shows the DVH differences. L_FH and R_FH means left femoral head and right femoral head.
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TPS. All of the results show that the sCT images are comparable to
CT images, ensuring that the use of sCT for ART is possible. Using
MV CBCT-based sCT for ART has several advantages. First, it
represents the actual patient position and anatomy at the treatment
couch. Second, no deformable registration is needed during the
ART process, which ensures that no registration error is introduced.
Third, accurate autosegmentation can improve the efficiency of the
ART process. All of these advantages make the sCT-based ART
theoretically superior to the plan selection method and the method
based on deformable registration. Although for the CT-linac in our
department, we can directly use online CT for adaptive
radiotherapy. For other linacs with only MV CBCT, the method
introduced in this study can make ART a reality.

CONCLUSION

In this work, a CycleGANmethod was used to improve MV CBCT
image quality to make it eligible for ART. This method relies on
unpaired CT and CBCT images, making it easier to apply them in
clinical situations. The image quality, auto-segmentation capability
and dose calculation capability were evaluated. The results show
that the sCT images were comparable to CT images. The generated
high-quality sCT images can make IGRT easier and more accurate.
The accurate dose calculation capability of sCT can make DGRT
and ART possible based on the actual patient anatomy at the
treatment position. The proposedmethods solved a key problem for
rectal cancer ART realization based on MV CBCT.
Frontiers in Oncology | www.frontiersin.org 9232
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Milly Buwenge3,4, Nicola Dinapoli 5, Luca Indovina6, Lidia Strigari 7, Alessio G. Morganti 3,4,
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8 Istituto di Radiologia, Università Cattolica del Sacro Cuore, Rome, Italy

Background: In radiation oncology, automation of treatment planning has reported the
potential to improve plan quality and increase planning efficiency. We performed a
comprehensive dosimetric evaluation of the new Personalized algorithm implemented in
Pinnacle3 for full planning automation of VMAT prostate cancer treatments.

Material and Methods: Thirteen low-risk prostate (without lymph-nodes irradiation) and
13 high-risk prostate (with lymph-nodes irradiation) treatments were retrospectively taken
from our clinical database and re-optimized using two different automated engines
implemented in the Pinnacle treatment system. These two automated engines, the
currently used Autoplanning and the new Personalized are both template-based
algorithms that use a wish-list to formulate the planning goals and an iterative approach
able to mimic the planning procedure usually adopted by experienced planners. In
addition, the new Personalized module integrates a new engine, the Feasibility module,
able to generate an “a priori” DVH prediction of the achievability of planning goals.
Comparison between clinically accepted manually generated (MP) and automated plans
generated with both Autoplanning (AP) and Personalized engines (Pers) were performed
using dose-volume histogram metrics and conformity indexes. Three different normal
tissue complication probabilities (NTCPs) models were used for rectal toxicity evaluation.
The planning efficiency and the accuracy of dose delivery were assessed for all plans.

Results: For similar targets coverage, Pers plans reported a significant increase of dose
conformity and less irradiation of healthy tissue, with significant dose reduction for rectum,
bladder, and femurs. On average, Pers plans decreased rectal mean dose by 11.3 and
8.3 Gy for low-risk and high-risk cohorts, respectively. Similarly, the Pers plans decreased
the bladder mean doses by 7.3 and 7.6 Gy for low-risk and high-risk cohorts, respectively.
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The integral dose was reduced by 11–16% with respect to MP plans. Overall planning
times were dramatically reduced to about 7 and 15 min for Pers plans. Despite the
increased complexity, all plans passed the 3%/2 mm g-analysis for dose verification.

Conclusions: The Personalized engine provided an overall increase of plan quality, in
terms of dose conformity and sparing of normal tissues for prostate cancer patients. The
Feasibility “a priori” DVH prediction module provided OARs dose sparing well beyond the
clinical objectives. The new Pinnacle Personalized algorithms outperformed the currently
used Autoplanning ones as solution for treatment planning automation.
Keywords: automated planning, personalized, prostate cancer, VMAT (volumetric modulated arc therapy), pinnacle,
dosimetric analysis
INTRODUCTION

In radiation oncology, the quality of treatment planning has a
major impact on clinical outcomes as well demonstrated in
several clinical trials (1, 2). Despite the worldwide
implementation of the ICRU83 guidelines (3), local treatment
planning protocols still have a major impact on plan quality. A
recent multicentric study (4) reported that the adherence to
ICRU83 recommendations for dose prescription were relatively
poor, with statistically significant variability in target dose
coverage and dose homogeneity among institutions. The
relationship between the plan quality and the clinical outcomes
has been recently reported, proving that failures to adhere to
protocol guidelines are associated with reduced local control and
survival and potentially increased toxicity (5). In particular, in
prostate radiotherapy, the cost was found particularly high. An
analysis of frequency and clinical severity of quality deficiencies
in planning on the RTOG126 protocol demonstrated the critical
impact of suboptimal plans on rectal complications (6). Of the
219 enrolled patients, 42.9 and 9.1% had a ≥5% a ≥10% excess
risk rectal complications, and re-planning reported significant
NTCP reductions while maintaining optimal target coverage.
The observed toxicities were consistent with the current
radiobiological modeling.

With the advent of intensity-modulated techniques (IMRT),
also in the form of rotational volumetric modulated arc therapy
(VMAT), radiation treatment plans have become increasingly
complex. The conventional treatment planning for these
techniques requires many manual processes . Many
compromises must be uniquely negotiated for each patient
because the optimal dose distribution maximizing the
therapeutic ratio for a given patient is never known a priori
and the only chance to planners is to manage many competing
parameters in a trial-and-error process. The clinical and
dosimetric objective are then iteratively adjusted during several
optimization processes in order to generate clinically acceptable
treatment plans. This procedure is not only time-consuming but
could also influence the consistency and plan quality, inherently
dependent on the individual skill of the planner (7, 8).

In the last years, the applications of artificial intelligence in
radiation oncology translated in many technological
advancements, including patient outcomes modeling, organs
2235
auto-segmentation, dose prediction, and treatment plan
automation (9). Different approaches have been proposed so
far for the automation of treatment planning including
knowledge-based optimization, multi-criteria optimization, and
template-based strategies. Knowledge-based (10, 11) concepts
rely on predictive models built on statistical analysis of a large
number of previous plans, providing an estimate of the dose
distribution and dose-volume histograms (DVH) for any new
patient. This approach has been implemented in the RapidPlan
engine, commercially implemented in the Varian Eclipse
treatment planning system (TPS) (Varian Medical Systems,
Palo Alto, USA), reporting a general improvement in the inter-
consistency of treatment plans (12–15). The multi-criteria
optimization approach (16) is based on the generation of the
so-called “Pareto-optimal” treatment plans (i.e. plans for which
improving one criterion value is not possible unless some other
criterion value deteriorates), allowing the user to navigate
interactively through these solutions in order to obtain one
that yields the desired trade-off between different criteria. This
strategy has been implemented in the RayStation TPS
(Raysearch, Stockholm, Sweden) (17) and in the Erasmus-
Icycle algorithm developed at Erasmus MC-Cancer Institute in
Rotterdam (18–20). In particular, the Raystation TPS provides a
pool of output plans on the Pareto-optimal surface, leaving the
user to define the best final plan, while the Erasmus-iCycle
engine supplies the most Pareto-optimal plan according to a
clinical wish-list of dosimetric objectives. The template-based
approach has been implemented in the Pinnacle TPS (Philips
Medical Systems, Fitchburg, WI, USA) in the so-called
Autoplanning engine (21). In this strategy, the planning
optimization process uses a template to formulate all the
planning goals and an iterative approach able to mimic the
planning procedure usually adopted by experienced planners to
generated high-quality plans. This approach has been
investigated in several publications for prostate (21–23), head-
neck (24), and for extracranial stereotactic treatments (25, 26)
reporting an overall increase of plan quality together with a
substant ia l reduct ion of planning t ime and inter-
planner variations.

A new generation of advanced optimization algorithms for
inverse planning, called Personalized planning, is under current
investigation in the new Pinnacle Evolution TPS. Pinnacle
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Personalized is an advanced replacement of the optimizer used in
Autoplanning, aiming to further improve the overall plan quality
and the speed of IMRT and VMAT automated optimization. In
particular, this new engine presents an advanced technology
called Feasibility which allows an estimation of the best possible
sparing of the OARs in order to inform the planner “a priori”
about the achievability of treatment planning goals (27).
Assuming a complete target dose coverage and an ideal fall-off
from the prescription doses at the targets boundary, a feasibility
dose-volume histogram (fDVH) can be calculated in less than
1 min before the start of optimization process. This fDVH
divides the dose space into regions that are impossible,
difficult, challenging, or probable for each OAR. This a-priori
knowledge allows the planner to personalize the planning goals
for all OARs according to each patient geometry, in addition to
the initial objectives defined in the treatment template.

To the best of our knowledge, no previous studies have
investigated the potential of Pinnacle Personalized for
automation of planning process in prostate cases.

This study aimed to provide a comprehensive dosimetric
evaluation of Pinnacle Personalized potential for the
radiotherapy of prostate cancer in the two scenarios of low-risk
and high-risk prostate cancer. In the last case, the large irregular-
shaped targets volumes, the simultaneous multiple dose
prescriptions, and the several organs-at-risk (OARs) adjacent
to the targets represent a major challenge for the generation of
high-quality plans. In this paper, we then hypothesized the
potential of these new automated planning algorithms to
improve consistency and plan quality and we discussed how
the introduction of treatment planning automation affected the
workflow in the clinical practice.
MATERIAL AND METHODS

Patient Selection, Simulation, Volume
Definition, and Dose Prescriptions
This retrospective planning study included patients previously
treated at our institution for prostate cancer with VMAT
technique. Twenty-six patients were included, 13 consecutive
patients in each of the following two categories: a) low-risk
prostate and b) high-risk prostate.

All patients underwent a CT-simulation (3 mm slice
thickness) in a vacuum-lock device in a supine position, with
specific instructions to empty the bladder and rectum before the
simulation and each treatment fraction. The following structures
were contoured: prostate, regional lymph-nodes, the entire
bladder, the rectum (from ischium to sigmoid flexure), the
small bowel, and the femoral heads. All targets and normal
tissues were segmented and delineated by a radiation oncologist
and then reviewed by a senior radiation oncologist with more
than 10 years experience (FD).

Group (a): Low-risk prostate cases. The clinical target volume
(CTV65) included the entire prostate and the caudal 2 cm of the
seminal vesicles. The planning target volume (PTV65) was
defined by adding a margin of 6 mm in the posterior direction
Frontiers in Oncology | www.frontiersin.org 3236
and 8 mm in all other directions. Dose prescription for PTV65
was 65 Gy in 25 fractions.

Group (b): High-risk prostate cases. The clinical target
volume 1 (CTV65) was defined as the prostate plus the
seminal vesicles. The CTV45 included the obturator, internal
and external iliac, and presacral lymph nodes. The two planning
target volumes, PTV65 and the PTV45, were defined by adding
8-mm margins (6 mm posteriorly) to the CTV65 and 8-mm
margins to the CTV45, respectively. High-risk prostate cases
were planned using a simultaneous integrated boost (SIB)
scheme derived from the literature, calculated based on the
biologically equivalent dose (BED) for acute toxicity and tumor
response. The regimen consisted of 65 and 45 Gy simultaneously
delivered to the prostate and to the lymph-nodal volumes in
25 fractions.

In both scenarios, this fractionation translates to the
equivalent delivery of 76.1 Gy in a standard 2 Gy/fraction
(EQD2) (using ab = 1.5) to the prostate. For the OARs, this
scheme produced an EQD2 dose of 72.8 Gy (using ab = 3). The
fractionation scheme was designed to obtain a high biochemical
control while maintaining a low OAR toxicity profile.

Planning objectives for the targets and organs-at-risk are
reported in Table 1. The treatment goal was to deliver more
than 95% of the prescribed dose to more than 98% of each PTV
(D98% ≥ 95%) and less than 105% of prescribed doses to 2% of
PTVs (D2% ≤ 105%). D98% and D2% represent the doses to 2
and 98% of the PTVs and are defined as metrics for near-
minimum and near-maximum doses, respectively. Tolerance
doses to the rectum, bladder, femurs, and small bowel were
obtained from the Quantec guidelines (28). The Quantec doses
were converted to their radiobiological equivalents (using BED
and ab = 3 Gy) to determine the tolerances listed in Table 1.
TABLE 1 | Clinical objectives for treatment planning. For the OARs, the Quantec
doses were converted to their radiobiological equivalents (using BED and ab = 3
Gy) to determine the corresponding dose-volume objectives in the present
hypofractionated regimen.

Dose (cGy) Volume

Low-risk prostate cases
PTV6500 6,175 ≥98%

6,370 ≥95%
6,825 <2%

High-risk prostate cases
PTV6500 6,175 ≥98%

6,370 ≥95%
6,825 <2%

PTV4500 4,275 ≥98%
4,410 ≥95%
4,725 <2%

Dose (Quantec cGy) Dose (Eq cGy) Volume
Organs-at-risk
Rectum 5,000 5,000 <50%

6,000 5,690 <35%
6,500 6,010 <25%
7,000 6,330 <20%

Bladder 6,500 6,010 <50%
7,000 6,330 <35%

Small bowel 1,500 1,500 <120 cc
Femoral heads 4,500 4,500 <2%
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Treatment Planning
For each patient, the clinically manual VMAT plan, generated by
an experienced medical physicist according to local written
protocols, was used as the reference plan. Automated VMAT
plans were generated with both Pinnacle Autoplanning and
Pinnacle Personalized modules, and compared with the
clinically accepted ones. More details will be provided in the
next paragraph. All plans were generated for an Elekta VersaHD
linac (Elekta Ltd., Crawley, UK). Dose calculations were
performed using the collapsed cone convolution dose
calculation algorithm with a 2-mm grid resolution.

Manual VMAT Planning
Clinical manual VMAT plans (MP) were generated with one arc
for low-risk prostate cases and with the “dual-arc” feature for the
high-risk cases, using the inverse optimization process previously
described in more details (29) for coplanar 6 MV photon beams.
A full gantry rotation was described by a sequence of 90 control
points, i.e. one every 4°. Collimator was set at 10° to minimize the
tongue-and-groove cumulative effect. All plans were optimized
by a medical physicist with 10 years’ experience in VMAT
planning, with the aim to obtain the highest quality plans and
a reduction of inter-planner variability. MP plans were those
clinically used for patient treatment; no manual plan was
regenerated. All manual plans were optimized without time
pressure and limitations. In addition, MP plans underwent a
clinical judgment before their acceptability for delivery by two
radiation oncologists and a medical physicist, following strict in-
house implemented quality assurance procedures (30).

Automated VMAT Planning With Pinnacle
Autoplanning
AP plans were created using the Autoplanning module
implemented in the Pinnacle3 Version 16.0 (Philips Medical
Systems, Fitchburg, WI, USA), designed to automate the inverse
planning optimization process by utilizing a so-called
“Technique”, i.e. a template of parameters that can be
customized for each treatment protocol and tumor site. The
Autoplanning engine has been extensively described in a
previous study (21). Briefly, the Technique includes the
definition of all beam parameters, dose prescriptions, and
planning objectives for PTVs and OARs and was defined on
the same beam parameters, dose prescription, and clinical
objectives adopted for the MP plans. The objectives for the two
PTVs were only defined by numbers close to prescription doses
(in our experience we chose as target goals the prescription doses
plus 1 Gy, so as to avoid possible under dosage in PTVs
boundary). The OARs objectives included maximum dose,
mean dose, and dose-volume histogram points; they can have
three different priority levels (high, medium, and low) and can be
set compromised or uncompromised. Three parameters must be
set: (a) the tuning balance (i.e. the balance between target dose
conformity and OARs sparing), (b) the dose fall-off margin (i.e.
the distance across which the dose should decrease from 80 to
20% in an automatically generated tuning ring structure around
the PTVs), and (c) the Cold-Spot ROI (i.e. the identification of
Frontiers in Oncology | www.frontiersin.org 4237
cold regions inside the PTVs and the automatic creation of new
tuning volumes and relative dose objectives to increase dose in
the last optimization loops).

At the start of the optimization, the Autoplanning module
iteratively performs several optimization cycles in order to
achieve the dosimetric objectives defined in the Technique.
Specifically, the optimizer automatically generates various
support structures in order to increase the dose conformity
and to drive the OARs sparing as much as possible. These
structures include (a) rings around the PTVs to control the
dose fall-off, (b) residual target structures where overlaps
between non-compromised OARs are removed, (c) residual
OAR structures where overlaps between target are removed,
(d) body structure used to control the dose spillage, and (e)
internal target structures to control target dose homogeneity.
During the optimization loops, extra objectives are automatically
created for these new structures with the aim to continually spare
the OARs at constant target dose coverage. All objective dose and
weight parameters are tuned using proprietary algorithms.

Automated VMAT Planning With Pinnacle
Personalized
Pers plans (Pers) were optimized with the Personalized module
implemented in the version 16.4.1 of Pinnacle3 Evolution TPS
(Philips Medical Systems, Fitchburg, WI, USA). This module is
an evolution of the currently used “Autoplanning” module. It
combines new advanced Philips-proprietary optimization
algorithms with the Feasibility engine, a new algorithm able to
create personalized objectives for the OARs based on actual
patient anatomy (31). In particular, the Personalized module
features two powerful robust algorithms, the Limited memory
Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) for fluence map
optimization and the Layered Graph for aperture size and shape
optimization. The L-BFGS algorithm is used to reduce the dose
grid matrix—which contains over a million discrete voxels and
100,000 different parameters—to a more workable size. From a
matrix that contains ≥100 billion entries used to shape the dose
distribution, L-BFGS creates considerably smaller matrices that
yield roughly equivalent results as the larger matrix. This reduces
the time needed for optimization by reducing the memory needs
for computation and storage of entries. Then the Layered Graph
algorithm is used to generate a finite number of MLC shapes in
order to adhere to linac machine constraints for deliverability. As
for the Autoplanning engine, a Technique was defined using the
same beam parameters, dose prescription, and clinical objectives
adopted for MP and AP plans.

Before the start of optimization process, planners can also
create personalized objectives for the OARs based on actual
patient anatomy. This task is performed by the Feasibility
module, originally developed in the PlanIQ software (Sun
Nuclear Corporation, Melbourne, FL, USA) and now
integrated into the Pinnacle Personalized planning workflow.
This module is a model-based calculation engine that uses the
patient’s CT images, the prescription doses and the geometric
relationship between the target volumes and OAR to create the
so-called feasibility-DVH (fDVH) for each OAR. The
June 2021 | Volume 11 | Article 636529
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mathematical description of the Feasibility calculation module
has been thoroughly described by Ahmed et al. (27). Briefly,
based on the calculation on a benchmark grid dose using energy-
specific low-dose and high-dose kernels, the Feasibility module is
able to generate the DVH “space” for a given OAR by computing
a feasibility level (f) ranging between 0 (unachievable level) and 1
(easily achievable level). An iso-feasibility curve is then created
by joining the points in the DVH with the same value of f. The
DVH corresponding to f = 0 value is obtained assigning the full
coverage to the target volumes and the minimum dose that any
voxel outside targets could receive. This situation represents the
“ideal” dose distribution and the relative DVH the best possible
sparing curve (unachievable by design). Then, a feasibility level is
calculated for every point above the f = 0 curve, considering the
normalized distance of this point to the f = 0 curve; a closeness-
to-feasibility function is used to convert this distance to a
feasibility level (27). At the end of the calculation phase, a
fDVH “space” for each OAR is generated and presented to the
planner as a qualitatively picture divided in four main areas: a)
an “unachievable” region (presented in red color) if full targets
coverage is preserved, having the f = 0 curve as upper boundary,
b) a “difficult” to achieve region (presented in orange color),
which includes all DVH curves with f values ranging between 0
and 0.1, c) a “challenging” to achieve region (presented in yellow
color) with curves ranging between f = 0.1 and f = 0.5, and d) the
“easy” to achieve region from with curves ranging between f = 0.5
and f = 1.

An example of the Feasibility output window for a rectum
volume is shown in Figure 1. The planner may then set new
objectives for this OAR in terms of mean dose (the small circle)
and/or dose-volume objectives (the arrows) before starting the
optimization process.
Frontiers in Oncology | www.frontiersin.org 5238
In this study, the Pers plans were optimized using the a-priori
fDVH knowledge for the main OARs supplied by the Feasibility
module. In particular, the requested objectives for dose sparing
were set on the f = 0.1 curve of the DVH (or mean dose panel) for
each OAR (i.e. on the interface between the “challenging to
achieve” and the “difficult to achieve” regions). In our experience,
this choice provides provided the “optimal push” to the OAR
goals without compromising target coverage.

As example, the Technique adopted for the high-risk prostate
cancer patients was reported in Figure 2, showing (a) the
template for advanced options and (b) the dose objective
values used for optimization following the suggestions of the
Feasibility module.

In this study, all automated AP and Pers plans were obtained
in a single automated optimization round and had no manual
intervention after the optimization process.

At the beginning of the implementation of our automated
planning strategy, five patients for each anatomical site, not
included in the present series, were used to create and tweak the
initial Techniques in order to generate plans fulfilling the
clinical objectives.

Plan Evaluation
DVH analysis was used for plan comparison. The target volumes
coverage were compared in terms of mean doses, D98%, D95%,
and D2% (the doses to 98, 95, and 2% of target volumes). OARs
dose sparing was evaluated following the metrics reported in
Table 1.

For each PTV, a homogeneity index (HI) was calculated as:

HI =
(D2%−D98% )

Dp
FIGURE 1 | Feasibility dose-volume histogram for rectum in Personalized template for a representative patient. The green, yellow, orange, and red regions in FDVH
indicate that the goals are “achievable”, “challenging”, “difficult”, and “not achievable”, respectively. In this example, three dose-volume objectives were defined on
the f = 0.1 curve (the black arrows) and one objective was set for the mean dose (the white circle).
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where Dp is the prescription dose. Closer the HI is to 0, better
is the dose homogeneity.

The dose conformity (CN) was calculated for each target
volume as suggested by the Van’t Riet et al. (32).

CN =
TVRI

TV
·
TVRI

VRI

where TVRI was the target volume covered by the reference
isodose, TV was the target volume, and VRI was the volume of the
reference isodose. The first part of this equation defines the quality
of target coverage and the second part defines the volume of healthy
tissues receiving a dose greater than or equal to the prescribed dose.
Frontiers in Oncology | www.frontiersin.org 6239
CN ranges from 0 (complete PTV geographic miss) to the ideal
value 1 (perfect conformity of the reference isodose to the PTV).
Reference isodose was selected as 95% of the prescribed dose.

Last, the integral dose (ID) received by non-tumor tissues was
calculated as the product between mean dose and non-tumor
tissue volume (Gy ∙ cc).

Rectal NTCP Evaluation
The rectal normal tissue complication probabilities (NTCPs)
were calculated for all patients using the Lyman-Kutcher-
Burman (LKB) model (32). This model is based on a probit
function:
FIGURE 2 | (A) Advanced settings template and (B) dose objectives for PTVs and OARs for a high-risk case.
June 2021 | Volume 11 | Article 636529

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Cilla et al. Automated Planning for Prostate Cancer
NTCP =
1
ffiffiffiffiffiffi
2p

p
Z t(D,V)

−∞
exp

−u2

2

� �
du

where

t =
D − TD50(V)
m · TD50(V)

TD50(V) =
TD50(1)

Vn

where the parameters D, n, m, and TD50(1) determine the
EUD delivered to the OAR of interest, the volume dependence of
NTCP, the slope of NTCP vs. dose curve, and the tolerance dose
to the whole organ leading to a 50% complication
probability, respectively.

Specific complication endpoints for the rectum were selected
as rectal bleeding of grade 1, 2, and ≥2. The corresponding set of
parameters for TD50, n, and m are taken from literature (33–35)
and reported in Table 2.

Planning Efficiency
For each patient, the total number of monitor units (MUs), the
treatment delivery time, and the total planning time (human
inputs, optimization loops, and dose calculation times) were
analyzed in order to evaluate the cost effectiveness of the
automation procedure. All optimization processes were
performed on a centralized server architecture (Oracle
Pinnacle Professional X6-2, 22-core 2.20 GHz processor).

Dose Delivery Verification
All plans underwent a detailed dosimetric verification in order to
assess their deliverability accuracy. Delivered dose distributions
were measured using a 2D ion-chamber array, the PTW 1500
Octavius detector, together with the Octavius-4D phantom both
developed by PTW (PTW, Freiburg, Germany). This array
consists of a matrix of 1,405 vented plane-parallel ion
chambers of 4.4 mm × 4.4 mm × 3.0 mm in size, providing a
maximum field size of 27 cm × 27 cm. This array is then
inserted into the Octavius-4D motorized cylindrical
polystyrene phantom. This phantom is capable to rotate
synchronously with the gantry, in terms of angle and rotation
speed, so that the detector array is always perpendicular to the
beam then allowing the possibility of three-dimensional dose
reconstruction. The measured dose distributions were then
compared with the calculated ones using the gamma function
concept. Following the suggestions of the AAPM report No. 218
(36), we considered the dose verification as optimal if the gamma
index criteria exceeded 95% with 3%-2mm criteria for dose and
distance-to-agreement.
Frontiers in Oncology | www.frontiersin.org 7240
Statistical Analysis
A Kruskal-Wallis analysis of variance (ANOVA) was performed
for statistical comparisons of data. The Bonferroni-Dunn post-hoc
non-parametric test was run to correct for multiple comparisons,
with p-values at 0.05 indicating statistical significance.
RESULTS

All manual and automated generated plans fulfilled the criteria
for clinical acceptability in terms of OAR sparing and
target coverage.

Target Coverage
Table 3 reports the dosimetric data for the PTVs. The PTVs
coverage for MP, AP, and Pers plans is approximately equal for
all parameters with no significant statistical differences. In
particular, all plans in both risk groups achieved D95% ≥ 98%
and D98% ≥ 95% for both PTVs. Automated AP and Pers plans
resulted in a statistically significantly reduction of high-doses
(D2%) in both cohorts, although the difference is small in
absolute terms. The dose conformity was significantly better
with AP and Pers plans than with MP plans in both scenarios,
with Pers plans outperforming the AP plans and demonstrating a
higher capability to better conform the doses to target volumes,
especially to the complex concave lymph-nodal volumes. This
was evident in the significant increased value of CN indexes.

Figure 3 shows the isodose distributions for MP, AP, and Pers
plans for two representative patients with low-risk and high-risk
prostate cancer in axial, sagittal, and coronal planes.

OARs Sparing
Table 4 reports the dosimetric data for the OARs sparing.
Significantly lower rectal and bladder doses were observed in
automated AP and Pers plans with respect to MP plans, with Pers
plans reporting the lower values. For rectum, Pers plans yielded
an average mean dose lower by 32% (11.3 Gy) and 21% (8.3 Gy)
with respect to MP plans for low-risk and high-risk cohorts,
respectively. With respect to AP plans, Pers plans decreased the
rectal mean dose by 8% (2.0 Gy) and 9% (3.1 Gy) for low-risk
and high-risk cohorts, respectively. Similarly, the Pers plans
decreased the bladder mean doses by 24% (7.3 Gy) and 17%
(7.6 Gy) with respect to MP plans for low-risk and high-risk
cohorts, respectively. Although no statistical significance, Pers
plans reported also a decrease of 10% (4.1 Gy) with respect to AP
plans in the high-risk cohort. For both rectum and bladder, no
statistical differences were found in the dose range ≥60.1 Gy
(i.e. ≥65Gy, EQD2) with respect to MP plans.
TABLE 2 | Parameters used in calculation of normal tissue complication probability (NTCP) for rectal toxicity.

n m TD50 Endpoint Reference

NTCP1 0.14 0.26 59.2 Grade 1 rectal bleeding Gulliford (34)
NTCP2 0.12 0.14 68.2 Grade 2 rectal bleeding Gulliford (34)
NTCP3 1.00 0.16 55.9 ≥ Grade 2 rectal bleeding Tucker (35)
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Doses to the femoral heads were significantly lower in Pers
plans, with mean dose reductions of about 5 and 3 Gy with
respect to MP plans and 2 and 1 Gy with respect to AP plans for
low-risk and high-risk patients, respectively. In the high-risk
cohort, no significant dose differences were found for the small
bowel irradiation among the three planning techniques.

The integral dose was found significantly lower with the
automated plans, with a reduction of ID of about 11–16% for
the Pers plans and 7–15% for the AP plans, with respect to MP
plans. In general, larger volumes of normal tissues were exposed
to low doses in AP plans, particularly at doses ≤30 Gy, as
reported in Table 4. For example, the volume of the 30 Gy
isodose was decreased on average by 48 and 758 ml in the two
patient cohorts with Pers plans compared to MP plans, and by 20
and 257 ml compared to AP plans. This feature can also be seen
in the dose distributions shown in Figures 2A, B for two
representative patients of the two cohorts.

Figure 4 shows the box-plots of relative percentage
differences in dosimetric parameters for the main OARs of AP
(black) and Pers (red) plans with respect to MP plans for
all patients.

Figure 5 shows the average DVH curves of the plans for (a)
low-risk and (b) high-risk cancer cases.
Frontiers in Oncology | www.frontiersin.org 8241
Rectal NTCP Evaluation
The calculated rectal NTCPs for all patients are reported in Table
4. With respect to grade ≥2 rectal bleeding toxicity (NTCP3), AP
and Pers plans resulted in a significantly lower NTCP with
respect to MP plans. In this case, the n value corresponds to a
parallel tissue architecture, therefore the gains in rectal DVH
with automated plans are expected to be due to the major
decrease of the rectal mean dose. Interestingly, since the
parameter set NTCP1 and NTCP2 have an n value
corresponding to more serial tissue architecture, the decrease
of NTCP observed with automated plans corresponds to a dose
decrease in the high-dose region, although of lesser amount.

Planning Efficiency and Dose Verification
The average MU number, the total planning time, the delivery
time, and the results for dose delivery verification are given in
Table 5. Averaged over all patients, Pers plans required about 14
and 76% more MUs than AP and MP plans for low-risk prostate
and about 20 and 39% more MUs than AP and MP plans for
high-risk prostate cancer patients, respectively. Despite the large
differences in MUs, the total “beam-on” times for Pers plans were
only about 1 min longer than MP plans and similar to those of
AP plans.
TABLE 3 | Comparison of dosimetric metrics between manual and automated plans for target volumes.

Low-risk prostate High-risk prostate

MP AP Pers p p MP AP Pers p p

Kruskal-
Wallis

MP vs
AP

MP vs
Pers

AP vs
Pers

Kruskal-
Wallis

MP vs
AP

MP vs
Pers

AP vs
Pers

PTV65
D98% (Gy) 62.4 ±

0.8
62.9 ±
0.9

62.7 ±
0.8

0.144 0.058 0.158 0.631 63.0 ±
0.6

63.2 ±
0.4

63.2 ±
0.3

0.212 0.112 0.146 0.895

D95% (Gy) 63.0 ±
0.8

63.7 ±
0.9

63.7 ±
0.8

0.616 0.394 0.394 0.986 63.4 ±
0.7

63.6 ±
0.4

63.7 ±
0.2

0.127 0.094 0.067 0.877

D2% (Gy) 68.1 ±
1.1

67.0 ±
1.0

67.5 ±
0.9

0.029 0.017 0.026 0.877 68.3 ±
0.8

67.4 ±
0.3

67.3 ±
0.7

0.005 0.011 0.002 0.612

Dmean (Gy) 65.6 ±
0.7

65.4 ±
0.9

65.8 ±
0.8

0.282 0.419 0.434 0.111 66.2 ±
0.7

66.3 ±
0.3

66.0 ±
0.4

0.310 0.310 0.628 0.134

H I 8.7 ±
2.0

6.3 ±
1.2

6.8. ±
1.5

0.008 0.004 0.013 0.692 8.2 ±
0.6

6.4 ±
0.9

6.2 ±
1.1

<0.001 <0.001 <0.001 0.986

PTV45
D98% (Gy) – – – – – – – 42.6 ±

0.3
43.1 ±
0.4

43.4 ±
0.4

0.001 0.021 <0.001 0.112

D95% (Gy) – – – – – – – 43.5±
0.2

44.1 ±
0.4

44.3 ±
0.3

0.001 0.002 <0.001 0.300

D2% (Gy) – – – – – – – 61.1 ±
2.5

58.8 ±
2.4

56.0 ±
2.7

0.001 0.096 <0.001 0.054

Dmean (Gy) – – – – – – – 47.6 ±
1.6

45.9 ±
0.2

46.2 ±
0.4

0.001 <0.001 0.001 0.494

H I – – – – – – – 41.0 ±
5.9

34.9 ±
5.6

28.0 ±
5.5

0.001 0.094 0.001 0.027

Dose
conformity
CN1 0.81 ±

0.05
0.86 ±
0.05

0.87 ±
0.05

0.046 0.039 0.026 0.877 0.80 ±
0.03

0.82 ±
0.03

0.83 ±
0.03

0.061 0.105 0.021 0.491

CN2 – – – – – – – 0.60 ±
0.04

0.67 ±
0.04

0.69 ±
0.02

0.001 0.003 <0.001 0.117
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The average treatment planning time was found to decrease
dramatically in the transition from manual to automated
planning. Using a centralized server architecture, Pers plans
were generated with average times of about 7 and 15 min for
low-risk and high-risk patient cohorts, respectively. These
planning times were significantly lower also compared with AP
planning times, with an average decrease of about 9 and 45 min
for the low-risk and high-risk cohorts, respectively.

Pre-treatment verification was performed for all plans. With
criteria equal to 3% (global) −2 mm for g-index, the average pass-
rate was greater than 95% for all plans and all techniques.
DISCUSSION

The advancement in artificial intelligence is reshaping the field of
radiation oncology in all aspects. In particular, the continued
evolution of computerized solution for automated treatment
planning are advancing physicists’ ability to generate high-
quality treatment plans. With regard to low-risk prostate cases,
Heijmen et al. (36) presented a summary of previously published
studies between automated and manual generated plans. Most of
Frontiers in Oncology | www.frontiersin.org 9242
these studies were focused on the knowledge-based strategy (12–
15) reporting only small differences in dosimetric endpoints. On
the contrary, in their multi-center study (37), the Erasmus-
ICycle engine was used for MCO-based automation of prostate
cancer planning in four Centers, reporting an overall dosimetric
superiority of automated plans in terms of rectal dose reduction.
The same research group used the ICycle engine to explore the
patient-specific trade-offs between planning aims in prostate
cancer (38). The authors reported significant NTCP reductions
for rectal toxicity and underlined the role of automated approach
for personalization of patient care. Studies for high-risk prostate
cancer or for complex pelvis treatment are much rarer. In a
recent review focused on automated planning, Hussein et al. (39)
identified only one out of the 81 studies on whole pelvic prostate
radiotherapy. This study, performed by Buschmann et al. (19),
evaluated the Erasmus-ICycle planning automation solution as a
pre-optimizer for automated VMAT planning. Automated
VMAT plans exhibited strongly improved organ sparing and
higher conformity compared to manual plans, with mean doses
of bladder and rectum reduced by 10.7 and 4.5 Gy, respectively.
Recently, we evaluated the potential of Pinnacle Autoplanning
for head-neck, endometrial, and high-risk prostate cases,
FIGURE 3 | Representative dose distributions for manual plans (MP), Autoplanning (AP), and Personalized plans (Pers) for (upper) low-risk and (lower) a high-risk
prostate cancer patients.
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reporting a significant increase of dose conformity and a
reduction of plans variability and planning times (21). To the
authors’ knowledge only another study has been published in
this clinical setting. Wheeler et al. (40) evaluated a novel
automated planning solution whose Pareto navigation-based
methodology enabled clinical decision-making on trade-off
balancing to be incorporated within automated protocols. The
authors successfully applied their engine to prostate cancer
patients with and without elective nodal irradiation and
robustly generated high quality plans in an efficient manner.
Frontiers in Oncology | www.frontiersin.org 10243
Starting from this limited evidence base, our study provided
further data in support of automation for two prostate treatment
scenarios of different complexity. In particular, we evaluated for
the first time the potential of a new fully automated template-
based VMAT planning engine, called Pinnacle Personalized, in
low-risk and high-risk prostate cancer patients. In the last
scenario, treatment involves large concave-shaped targets and
multiple dose prescriptions, and therefore presents a major
challenge for the automated engines algorithms. In the present
study, no differences were observed for target coverage, but AP
TABLE 4 | Comparison of dosimetric metrics between manual and automated plans for OARs.

Low-risk prostate High-risk prostate

MP AP Pers p p MP AP Pers p p

Kruskal-
Wallis

MP vs
AP

MP vs
Pers

AP vs
Pers

Kruskal-
Wallis

MP vs
AP

MP vs
Pers

AP vs
Pers

Rectum
Dmean
(Gy)

35.1 ±
5.8

25.8 ±
5.5

23.8 ±
5.6

<0.001 0.002 <0.001 0.429 40.0 ±
2.4

34.8 ±
2.1

31.7 ±
2.5

<0.001 0.001 <0.001 0.032

V50 (%) 26.9 ±
9.6

18.6 ±
8.6

17.9 ±
8.5

0.026 0.030 0.014 0.770 30.9 ±
6.5

26.3 ±
6.5

23.7 ±
6.4

0.009 0.046 0.002 0.298

V60 (%) 17.8 ±
6.8

14.2 ±
6.7

13.4 ±
6.4

0.080 0.079 0.037 0.737 22.8 ±
5.5

19.4 ±
5.1

17.7 ±
5.5

0.010 0.048 0.003 0.318

V65 (%) 13.3 ±
6.2

11.8 ±
6.2

10.9 ±
5.6

0.484 0.439 0.235 0.681 17.0 ±
4.9

14.9 ±
4.1

14.4 ±
4.1

0.268 0.197 0.134 0.836

V70 (%) 6.8 ± 2.8 6.6 ± 3.0 6.7 ± 3.0 0.971 0.857 0.959 0.816 10.4 ±
3.3

9.9 ± 3.1 9.9 ± 3.2 0.837 0.594 0.618 0.973

NTCP1 (%) 31.5 ±
3.4

25.1 ±
6.4

24.7 ±
7.1

0.010 0.009 0.008 0.945 33.3 ±
4.2

31.2 ±
4.9

29.8 ±
5.2

0.018 0.078 0.005 0.286

NTCP2 (%) 6.0 ± 1.7 3.8 ± 2.3 3.7 ± 2.4 0.016 0.018 0.010 0.823 7.3 ± 1.7 6.3 ± 1.6 5.8 ± 1.5 0.011 0.043 0.003 0.362
NTCP3 (%) 1.9 ± 1.4 0.5 ± 1.4 0.2 ± 0.6 <0.001 <0.001 <0.001 0.925 3.3 ± 1.3 1.2 ± 0.5 0.5 ± 0.4 <0.001 0.001 <0.001 0.029
Bladder
Dmean
(Gy)

30.9 ±
9.9

23.7 ±
8.7

23.6 ±
8.7

0.054 0.042 0.032 0.904 44.2 ±
5.9

40.7 ±
6.4

36.6 ±
6.8

0.014 0.146 0.004 0.146

V65 (%) 16.7 ±
8.2

14.8 ±
8.2

15.9 ±
8.1

0.632 0.348 0.763 0.524 20.3 ±
12.6

19.7 ±
11.6

18.8 ±
12.3

0.798 0.817 0.508 0.667

V70 (%) 12.6 ±
5.5

12.0 ±
7.5

12.1 ±
7.0

0.616 0.380 0.409 0.959 16.0 ±
10.7

15.9 ±
9.9

15.9 ±
10.9

0.946 0.938 0.808 0.749

Femoral
head R
Dmean
(Gy)

14.5 ±
3.7

12.3 ±
4.5

9.3 ± 2.5 0.001 0.089 0.001 0.056 22.8 ±
4.5

20.9 ±
2.1

19.7 ±
2.4

0.041 0.204 0.011 0.204

V45 (%) 3.1 ± 5.3 0 ± 0.0 0 ± 0.0 <0.001 <0.001 <0.001 1.000 0.3 ± 0.4 0 ± 0.0 0 ± 0.0 <0.001 <0.001 <0.001 1.000
Femoral
head L
Dmean
(Gy)

14.2± 3.4 11.7± 4.4 9.5± 2.8 0.012 0.130 0.003 0.144 22.3 ±
2.4

20.6 ±
2.9

19.9 ±
2.2

0.049 0.148 0.015 0.322

V45 (%) 1.9 ± 3.2 0 ± 0.0 0 ± 0.0 <0.001 <0.001 <0.001 1.000 0.5 ± 0.8 0 ± 0.0 0 ± 0.0 <0.001 <0.001 <0.001 1.000
Small
Bowel
Dmean
(Gy)

– – – 12.9 ±
4.9

12.3± 4.3 11.9 ±
4.4

0.859 0.895 0.597 0.691

V15 (cc) – – – 115.1 ±
44.5

115.4 ±
47.8

113.1 ±
45.8

0.953 0.774 0.808 0.965

Healthy
tissues
ID
(Gy*cc*105)

1.38 ±
0.31

1.17 ±
0.29

1.16 ±
0.28

0.135 0.095 0.074 0.904 2.63 ±
0.36

2.44 ±
0.35

2.34 ±
0.33

0.139 0.291 0.057 0.354

V30 (cc) 707 ±
204

679 ±
232

659 ±
231

0.775 0.712 0.475 0.731 2,600 ±
282

2,099 ±
306

1,842 ±
272

<0.001 0.008 <0.001 0.107

V10 (cc) 4,363 ±
1,042

4,293 ±
1,032

4,140 ±
1,026

0.799 0.891 0.525 0.618 9,318 ±
1,379

9,232 ±
1,488

8,974 ±
1,386

0.759 0.877 0.481 0.581
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and Pers automated plans reported an overall improvement of
plan quality in terms of dose conformity and sparing of critical
structures, with Pers plans outperforming also the AP plans. In
addition to the availment of the templates that is common with
the Autoplanning optimization procedure, the driving force of
the new Personalized automated planning engine was found in
its integration with the Feasibility module. The use of the
Feasibility engine translated in a significant reduction of rectal
dose not only compared to manually generated plans but also
with respect to AP plans. The average mean dose to rectum was
Frontiers in Oncology | www.frontiersin.org 11244
decreased by 32.2 and 7.8% in the low-risk scenario and by 20.8
and 8.9% for the high-risk cases with respect to MP and AP
plans, respectively. Most of these dose reductions are in the low
and middle dose range. In other words, we reported that an “a
priori” knowledge of the theoretical dose-volume space available
for each OAR had a substantial impact on plan quality, able to
identify for each patient dosimetric outliers and planning cut-off
criteria. This feature is a major step forward not only with respect
to conventional manual planning but also with respect to
Autoplanning strategy. In conventional manual planning, due
A

B

FIGURE 5 | Population mean DVHs for PTV65, PTV45, rectum, and bladder for (A) low-risk and (B) high-risk prostate cancer patients (MP plans: black-solid line,
AP plans: red solid-line, and Pers plans: green solid-line).
FIGURE 4 | Boxplots of differences of the main dosimetric metrics of AP plans (red) and Pers plans (black) compared to MP plans for rectum, bladder, femurs, and
small bowel irradiation. PTVs. The central line marks the median, the edges of the box are the 25th and 75th percentiles, black circles represent the extreme values.
The crosses represent the mean values.
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to lack of knowledge of achievable dose sparing for a particular
anatomy, the planner does not exactly know when to adjust,
where to adjust, and even when to stop optimization. This means
that even an experienced planner does not know whether an
optimal plan has been achieved without clear knowledge on the
correlation between anatomy features and achievable DVH.
Then, based on its own experience and skills, a planner has to
rely on the additional adjustments till no further improvement
can be achieved. For example, in the present study, the evaluation
of manual generated plans showed that the doses to normal
structures were far below the institutional objective constraints,
then all MP plans were considered optimally generated and
cl inical ly acceptable and no further optimizations
were performed.

The price to pay for this quality improvement was an increase
in the plan complexity. Automated AP and Pers plans were
found associated with a large number of monitor units and small
and complex control points. The increase of MUs number may
lead to more head scatter and higher peripheral doses, potentially
contributing to an increase of total body radiation dose.
However, unlike expected, the increase of MUs number did
not increase the integral dose to the patients; mean ID was found
lower by 16 and 11% for the Pers plans with respect to MP plans,
theoretically reducing the risk of secondary malignancies (41). In
addition, this increased plan complexity might also lead to
challenges in radiation delivery, since higher plan complexity
has been associated to inaccurate dose delivery and worse quality
assurance outcomes (42). In order to better understand the
trade-off between plan complexity and the dosimetric accuracy
of the treatment delivery, we performed a “pre-treatment” dose
verification of all plans. Despite the higher complexity of
automated plans, the results of dosimetric verification
confirmed the deliverability of the AP and Pers plans and their
reliability for clinical applications. Another shortcoming of the
MUs increase is the prolongation of about 1 min of the beam-on
time for automated plans. If this extra-time may theoretically
have an impact on intra-fraction prostate motion, it has been
recently reported (43) that applied target margins as those used
in this study are adequate to mitigate intra-fraction motion of the
prostate for total treatment durations up to 8 min.
Frontiers in Oncology | www.frontiersin.org 12245
A major finding supplied by the new Personalized engine is
the impressive reduction of planning time. The mean overall
time, including human inputs, optimization loop processes, and
calculation times, was less than 7 min for low-risk prostate and
15 min for high-risk prostate cases, respectively. The dramatic
reduction of planning times can open up new possibilities for a
real-time adaptive radiotherapy. The precise targeting of the
prostate and the pelvic lymph nodes is challenging because both
targets move independently, with shift up to 15 mm day to day
(44). Then the intra- and inter-fraction motion of the prostate
may negate the advantages of highly conformal dose
distributions obtained by VMAT. In particular, since the
prostate is highly mobile (due to differences in bladder and
rectum filling) while the pelvic lymph nodes are less mobile (due
to their close proximity to vascular structures) a simple
correction of the isocenter position to compensate for prostate
motion may reduce the pelvic lymph nodes dose coverage,
particularly in highly modulated treatments. Therefore, daily
inter- and intra-fraction anatomical changes need to be
accounted for both targets at the same time. Adaptive
radiotherapy (ART) has been proposed to either reduce or
compensate for the effect of patient-specific treatment variation
measured during the course of radiotherapy using offline
adaptive re-planning (45) of pre-planned libraries (46).
Recently, the introduction of MR linacs offers new possibilities
for daily adaptive re-planning in prostate cancer, thanks to high
soft tissue contrast imaging (47). However, all these approaches
are hampered by the time-consuming re-planning process,
representing nowadays the major obstacle for large scale
implementation of ART strategy. The major improvement of
planning efficiency supplied by the Personalized engine has the
potential to make routine online adaptive radiotherapy a
possibility, allowing prostate cancer patients to be treated with
a plan adapted according to actual anatomy in a few minutes
after imaging. These new opportunities are in some way a
response to the alarms raised about the impact that AI may
have on the current organization of medical physics and
dosimetry departments; in particular, the question if AI
technology will marginalize medical physicists in the near
future has been recently debated (48). As fairly expressed by
TABLE 5 | Overview of planning efficiency and treatment delivery metrics.

Low-risk prostate High-risk prostate

MP AP Pers p p MP AP Pers p p

Kruskal-
Wallis

MP vs
AP

MP vs
Pers

AP vs
Pers

Kruskal-
Wallis

MP vs
AP

MP vs
Pers

AP vs
Pers

MUs 374 ±
51

578 ±
79

657 ±
81

<0.001 <0.001 <0.001 0.113 528 ± 58 613 ±
53

736 ±
63

<0.001 0.029 <0.001 0.014

Planning time
(min)

63.0 ±
15.5

15.8 ±
0.9

6.7 ±
0.2

<0.001 <0.001 <0.001 <0.001 138.5 ±
48.1

60.6 ±
4.1

15.0 ±
0.6

<0.001 <0.001 <0.001 <0.001

Beam-on time
(min)

1.2 ±
0.2

1.9 ±
0.3

2.1 ±
0.3

<0.001 <0.001 <0.001 0.185 2.0 ± 0.2 2.4 ±
0.2

2.7 ±
0.3

<0.001 0.009 <0.001 0.024

g pass-rate
(%)

98.7 ±
1.2

98.1 ±
1.4

98.0 ±
1.4

0.368 0.281 0.184 0.802 97.7 ±
1.2

97.2 ±
1.6

96.6 ±
1.7

0.238 0.403 0.147 0.252
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Moore et al. (49), if this new technology is able to increase our
ability to plan faster and more frequently as promised by the
adaptive radiotherapy concept, then the positions of dosimetrists
and medical physicists “may be used for dose aggregation,
analysis, individualized care, and many other activities which
were not possible with conventional clinical practices.” In other
words, in our opinion, the demand for clinical medical physicists
can only increase as technologies such as AI are becoming more
complex in healthcare. A current research is ongoing in our
Center to expand the Personalized engine planning in an
integrated workflow with online adaptation to be able to
generate new plans on demand.

A direct comparison between knowledge-based and template-
based algorithms was performed for head-neck tumors in order
to assess the strengths and/or weaknesses of the two automation
strategies, reporting comparable results (50). However,
compared to these alternative methods for automation of
treatment planning, the Autoplanning and Personalized
engines present a clear alternative. For knowledge-based
systems, a library of prior patients is required to build up the
corresponding mathematical model. This library must be filled
with a large number of high-quality plans for each protocol and
disease site, whose clinical implementation translated in a labor-
intensive process. Any changes in contouring protocol or dose
prescription or planning techniques could require the generation
of a new database. Moreover, the newly generated plan quality
inevitably depends on the quality of the plans building the
database, so that non-optimal plans entered in the database
may degrade results. On contrary, the Personalized (and
Autoplanning) plan solutions are therefore not influenced by
the quality or quantity of historical plans and new techniques can
be easily developed without time consuming. In our experience
only a small set of training patients for each anatomical site (five
patients) was necessary as starting point for the implementation
of the Techniques in both Autoplanning and Personalized
engines by an expert team of medical physicists and radiation
oncologists. Moreover, also the Feasibility module does not
require a database of prior plans but rather derives the lower
achievable boundary of the dose volume histograms for the
OARs from nearly first principles, only assuming that the
targets are uniformly covered with the prescription doses.
The Feasibility solutions should then be Pareto optimal, i.e.
one or more objectives (as OARs sparing) cannot be improved
without worsening at least one other (as target coverage).
However, this demonstration is a challenging mathematical
task and is beyond the scope of the present paper.

Furthermore, AP algorithms may provide easier access to
complex and high-quality radiotherapy treatments, improving
the consistency between treatments carried out in different
institutions. In fact, for each anatomical site, it is possible to
define a standardized model which can then be shared and
adapted to the local practice of many different centers.
Therefore the diffusion of AP model configurations represents
a solid strategy for the dissemination of optimized plans (22).

Lastly, some limits need to be recognized. First, the validation
of a model for clinical use requires important skills and huge
Frontiers in Oncology | www.frontiersin.org 13246
background knowledge of the medical physicists that has to
wisely balance the trade-offs between the sparing of OARs and
targets coverage. If the model would result in suboptimal
implementation this would bias all treatments for that
anatomic site. Secondly, the impact of quality of manually
generated plans has to be recognized, since the poorer the
manual plan, the better the AP plans. For this reason all
manual plans were optimized by a senior medical physicist
with long-lasting VMAT planning experience whose endpoint
was to achieve high-quality manual plans avoiding inter-planner
variability. Last, this is a single institution study, therefore
findings could be biased by local planning procedures and may
not automatically translate in other centers with different
equipment, procedures, protocols, and planning experience.
The present study highlighted the potential of Pinnacle
Personalized engine for prostate cancer treatments; currently,
we are planning a multi-center study aimed to validate this new
algorithm in other anatomical districts.

CONCLUSION

Automation in treatment planning is a rapidly developing field
and the new algorithms for plan optimization demonstrated the
potential to increase the plans overall quality. We evaluated the
Pinnacle Personalized engine to be a robust clinical tool,
reporting significant increase of dose conformity with respect
to manual planning and Autoplanning solutions in two
different prostate treatment scenarios. The use of Feasibility
module allows to push the limits of OAR sparing while
maintaining routine clinical target coverage goals. Moreover,
Personalized offers a dramatic reduction in planning times with
the potential to make routine online adaptive radiotherapy a
real possibility.
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Aims: Radiotherapy with concurrent 5-fluorouracil/mitomycin-C based chemotherapy
has been established as definitive standard therapy approach for anal cancer. Intensity
Modulated Radiotherapy (IMRT) leads to a precise treatment of the tumor, allowing dose
escalation on Gross Tumor Volume (GTV), with a surrounding healthy tissues sparing. Our
study assessed the impact of 18-Fluorodeoxyglucose positron emission tomography
(18FDG-PET/CT) on the radiotherapy contouring process and its contribution to lymphatic
spread detection, resulting to a personalization of Clinical Target Volume (CTV) and dose
prescription.

Methods: Thirty-seven patients, with histologically proven squamous cell carcinoma of
the anal canal (SCCAC) were analyzed. All patients were evaluated with history and
physical examination, trans-anal endoscopic ultrasound, pelvis magnetic resonance
imaging (MRI), computed tomography (CT) scans of the chest, abdomen and pelvis
and planning 18FDG-PET/CT. The GTV and CTV were drawn on CT, MRI and 18FDG-
PET/CT fused images.

Results: Thirty-four (91%) out of 37 patients presented lymph nodes involvement, in one or
more areas, detected on 18FDG-PET/CT and/or MRI. The 18FDG-PET/CT showed positive
lymph nodes not detected onMRI imaging (PET+, MRI−) in 14/37 patients (38%). In 14 cases,
18FDG-PET/CT allowed to a dose escalation in the involved nodes. The 18FDG-PET/CT
fused images led to change the stage in 5/37(14%) cases: four cases from N0 to N1 (inguinal
lymph nodes) and in one case from M0 to M1 (common iliac lymph nodes).

Conclusions: The 18FDG-PET/CT has a potentially relevant impact in staging and target
volume delineation/definition in patients affected by anal cancer. In our experience, clinical
stage variation occurred in 14% of cases. More investigations are needed to define the
role of 18FDG-PET/CT in the target volume delineation of anal cancer.

Keywords: anal cancer, 18FDG PET/CT, radiotherapy planning, dose escalation, target volume definition
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INTRODUCTION

Anal cancer is a rare disease accounting for 1–2% of digestive
tract tumor in Europe and it is strongly related to HPV infection
in as many as 90% of cases.

At diagnosis, 50% of anal cancer results confined to the
primary site, 30% presents regional lymph nodes (LN)
involvement while distant metastases are reelevated in less
than 10% of cases (1, 2).

In locally advanced stage, the standard of care is represented
by concurrent radio-chemotherapy with 5-fluorouracil and
mitomycin C. Surgical resection is an option for non-
responders or recurrent disease (3).

For locoregional staging, magnetic resonance imaging (MRI)
represents the gold standard in detecting tumor extension and
the involvement of adjacent structures such as muscles and soft
tissues. Thorax and abdomen computed tomography (CT) is
used to assess distant extent of spread, mainly metastasis in liver
and lungs. In recent years, 18-Fluorodeoxyglucose (18FDG)
positron emission tomography (PET/CT) is having an
increasing role in staging and treatment planning of anal
carcinoma, because of the high 18FDG-PET/CT avidity of this
tumor (4–6).

In a recent meta-analysis of 17 studies, 18FDG-PET/CT
showed a sensitivity of 99% in the detection of primary tumor
compared to 67% of contrast enhanced CT. Moreover, 18FDG-
PET/CT had an overall sensitivity of 93% and specificity of 76%
for inguinal LN identification (7).

Currently, 18FDG-PET/CT is not part of routine staging in
anal cancer and does not replace diagnostic CT. Nevertheless,
several studies have reported the usefulness of pre-treatment
18FDG-PET/CT to better identify the extension of disease as well
as to define the clinical volumes for radiation therapy (1–8).

The aim of the present study is to analyze the potential impact
of 18FDG-PET/CT in the staging and target volume delineation
of patients affected by anal cancer candidate to curative
radio-chemotherapy.
METHODS

We retrospectively analyzed 37 patients with histologically
proven squamous cell carcinoma of the anal canal (SCCAC),
treated in our Institute between May 2012 and September 2020.

Inclusion Criteria
From the total of anal cancer patients treated in our Institute, we
selected patients with SCCAC that performed, for clinical
staging, trans-anal endoscopic ultrasound, pelvis MRI, total
body CT scans with contrast enhancement and planning
18FDG/PET-CT. We included patients with stages I–IV disease.

External Beam Radiotherapy
For radiotherapy treatment, simulation was performed in supine
position with a head rest and knee fixation. A planning CT was
acquired from the diaphragm to the proximal diaphysis of
Frontiers in Oncology | www.frontiersin.org 2250
the femur, with a slice thickness of 2 mm and adequate
bladder filling.

The 18FDG-PET/CT Acquisition
Within one week from planning CT, all patients underwent
planning 18FDG-PET/CT in the Nuclear Medicine Department
in treatment position using a GE Discovery 690 PET/CT scanner
with a multi-detector-row CT component. Patients were fasted
for at least 6 h prior to scanning. Blood glucose was assessed
before starting the diagnostic investigation. The value of 200 mg/
dl was identified as the upper limit of glucose blood level allowed
to proceed with the scan. PET/CT images were acquired 60 ±
5 min after an intravenous injection of 18FDG. The dose was
administered based on patient’s weight (3.0 MBq/kg). The
PET-CT scan was performed in caudal-cranial direction with
3 min acquisition time per bed position from the base of skull to
the middle of the thigh. All images were evaluated by two
medical experts in nuclear medicine. PET images analysis was
conducted based on qualitative and semi-quantitative analysis.
Maximal standardized uptake value (SUVmax) was obtained
drawing a Volumes of Interest (VOI) on any suspected
pathological LN detected.

Moreover, the MRI imaging and the 18FDG-PET/CT were
reviewed by an expert radiologist and expert nuclear medicine
physician during multidisciplinary discussions.

Radiotherapy Volume Delineation
and Planning
Pelvis MRI, contrast enhanced CT and planning 18FDG-PET/CT
were fused with radiotherapy planning CT using automatic co-
registration and manually corrected when necessary.

The primary clinical target volume (CTV T) was delineated
including gross tumor volume (GTV T), the entire anal canal and
sphincter muscles as recommended by contouring atlas
guidelines (9–11). Ten millimeters were added to CTV T to
obtain the planning target volume (PTV T).

The nodal CTV (CTVN) included the mesorectum (delineated
separately and expanded of 10 mm to define the internal margin),
internal, external, presacral, obturator and inguinal LN areas and
ischiorectal fossa. Common iliac LN was included only when
involved. Seven millimeters margin were added to CTV N to
generate PTV N including mesorectal expansion.

The MRI and/or 18FDG-PET/CT positive LN were
delineated as GTV N and expanded of 5 mm to generate PTV.

External Beam Radiotherapy
A total dose of 45 Gy (1.8 Gy/die) was delivered to CTV N with a
simultaneous integrated boost (SIB) up to 54 Gy (2.16 Gy/die,
EQD2[a/b10] = 54.7Gy) to CTV T. When indicated, an
additional sequential boost on residual disease (GTV T) up to
59 Gy was prescribed. Moreover, on pathological LN (GTV N),
we prescribed a SIB with total dose of 50–54 Gy (2–2.16 Gy/die,
EQD2[a/b10] = 54.7Gy).

Intensity Modulated Radiotherapy (IMRT) treatment
planning was elaborated for all patients. According to our
Institute protocol, daily image guided radiotherapy (IGRT)
with cone-beam CT (CBCT) was performed before treatment.
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Chemotherapy
All patients received concomitant chemotherapy with 5-
fluorouracil (5FU)/mitomycin-C as recommended by Italian
Association of Radiation Oncology (AIRO) and European
guidelines: intravenous continuous infusion of 5-FU 1,000 mg/
m2/day, days 1–4 and 29–32; Mitomycin 10 mg/m2, bolus days 1
and 29 (1).
RESULTS

A total of 37 patients with SCCAC were included in the study, 28
(76%) female and nine (24%) male. Median age was 55 years
(range 40–88). Patients’ characteristics and clinical stage are
reported in Table 1.

The median follow-up was 19 months (range 2–62). At the
last follow-up, according to Response Evaluation Criteria In
Solid Tumors (RECIST), 33 (89%) patients had a disease
remission while three (8%) patients and one (3%) patient had
local and systemic progression of disease, respectively.

In 34/37 (91%) patients there was lymph nodal involvement
detected on 18FDG-PET/CT and/or MRI. The 18FDG-PET/CT
showed positive LN not detected on MRI imaging in 14/37 (38%)
patients: two cases in common iliac LN, two in the internal iliac LN
area, three in the external LN area, seven in the inguinal LN area, six
in the presacral area and two in the mesorectal space. In 5/37 (14%)
cases there was complete accordance between 18FDG-PET/CT and
MRI in detecting LN involvement (Table 2). A mapping of number
of patients with involved LN was carried out, mainly comparing
MRI and 18FDG-PET/CT results (Figure 1).
Frontiers in Oncology | www.frontiersin.org 3251
The 18FDG-PET/CT planning led to change the stage in five
(14%) cases when compared to MRI, particularly in four (11%)
cases the stage changed from N0 to N1 for positive inguinal LN
and in one (2.5%) case from M0 to M1 for common iliac LN
involvement. In 10/20 (50%) patients with positive mesorectal
LN, MRI outperformed 18FDG-PET/CT in detecting LN in this
area. The 18FDG-PET/CT helped us to target volume
delineation: in one case with PET-positive common iliac LN,
the CTV was extended cranially to include this area (Figure 2).
In 14/37 (38%) patients 18FDG-PET/CT led to a dose escalation
on PET-positive LN reaching 50–54 Gy.
DISCUSSION

In clinical staging of anal cancer, MRI represents the gold
standard to detect the tumor lesion, the involved adjacent
anatomical structures and the adjacent loco-regional lymphatic
spread. The abdominal and pelvic lymphadenopathies and
distant metastasis are usually assessed with contrast enhanced
CT. In the recent years the role of 18FDG-PET/CT in the staging
of SCCAC has been growing probably due to high FDG-avidity
of SCCAC as reported in the literature.

According to the NCCN guidelines, 18FDG-PET/CT may be
considered to verify anal canal cancer staging especially to
evaluate pelvic LN with normal size on CT imaging. Similarly,
in the ESMO guidelines 18FDG-PET/CT is considered optional
but is often recommended (1).

A recent meta-analysis of 17 studies compared the role of PET/
CT with conventional imaging in the staging, response evaluation
and follow up of patients with anal canal cancer. The authors
calculated the pooled sensitivity and specificity for detection of LN
involvement by 18FDG-PET/CT at 93 and 76%, respectively (7).
Moreover, several studies have shown that 18FDG-PET/CT led to
upstaging in about 20% of cases changing TNM stage in 21% and
altering treatment strategy in 3–5% of cases (1, 12–16).

The use of 18FDG-PET/CT may also impact on radiotherapy
planning as shown in three systematic reviews and meta-analyses
where treatment planning was modified from 12 to 59% of
patients based on PET/CT results (7, 17–19).

The present study, similarly to Krengli et al., aims to analyze
the potential impact of 18FDG-PET/CT on tumor staging and
treatment strategy in the management of SCCAC and
investigates how 18FDG-PET/CT changed volume delineation
in the radiotherapy treatment planning (20).

According to the literature, we found that MRI resulted more
sensitive in T staging and provided more details to local extension,
remaining the modality of choice for primary GTV contouring (21).
TABLE 1 | Patient and tumor characteristics.

Total number 37

Gender 28 F
9 M

Median age 55 (range 40–88)
Performance status 30 ECOG0

7 ECOG1
Histology 37 SCC
Clinical stage (NCCN 2020) 1 T1N0M0 I

1 T1N1M0 IIIA
6 T2N0M0 IIA
6 T2N1M0 IIIA
1 T3N0M0 IIB
10 T3N1M0 IIIC
10 T4N1M0 IIIC
1 T2N1M1 IV
1 T3N1M1 IV
TABLE 2 | Distribution of positive lymph-nodes in our sample of patients detected with 18FDG-PET/CT and/or MRI.

IMAGING LYMPH NODES (number of cases)

INGUINAL COMMON ILIAC INTERNAL ILIAC OBTURATOR EXTERNAL ILIAC PRESACRAL MESORECTAL

MRI− PET+ 6 3 2 0 3 6 2
MRI+ PET+ 13 2 0 0 1 3 8
MRI+ PET- 3 1 4 6 3 2 10
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On the other hand, in our study we observed that 18FDG-
PET/CT had a higher implication on nodal staging, particularly
on regard to inguinal LN, leading to upstaging in the 14% of
cases: in four (11%) from N0 to N1 for positive inguinal LN and
in one (3%) from M0 to M1 for common iliac LN involvement.

Similar results were obtained in a study by Zimmerman et al.
that evaluated 26 patients and reported about 13% of upstaging.
Analogous results are showed in a recent meta-analysis by Jones
and colleagues, with upstaging rate of 15%. Mahmud
systematically review the literature to investigate the utility of
18FDG-PET/CT in the clinical staging and found that PET/CT
identified distant metastatic sites not seen on conventional
imaging in 2.4 to 4.7% of cases in agreement with our data
(2.5%). No case of downstaging was reported in our series
contrary to the literature where the use of 18FDG-PET/CT led
to about 15% of downstaging (7, 21).

The influence of 18FDG-PET/CT findings on target volume
definition and treatment planning is quite variable. Bhuva et a
reported a series of 43 patients undergone 18FDG-PET/CT in
addition to routine CT and MRI (8). The 18FDG-PET/CT
imaging altered nodal stage in 32% of cases; however, despite
these findings, all treatment plannings were not modified. In the
study by de Winton and colleagues, 18FDG-PET/CT changed
the management in 16% (10/61) of cases. Particularly, the
addition of 18FDG-PET/CT to clinical staging had a
considerable impact on treatment intent in 3% of patients and
changed radiotherapy fields or technique, including or not nodal
Frontiers in Oncology | www.frontiersin.org 4252
disease, in 13% of cases (18). Nguyen et al. analyzed 50 patients
with SCCAC where pre-treatment 18FDG-PET/CT identified
additional involved nodal groups causing radiotherapy treatment
planning amendments in 19% (19).

In our sample, 18FDG-PET/CT allowed a dose escalation on
PET positive LN in 14 (38%) patients using SIB.

Krengli et al. reported that 18FDG-PET/CT changed GTV
and CTV contours in 55 and 37% of cases, respectively, with high
rate of local control and low rate of late toxicity (20). Drapper
et al. carried out a retrospective study of thirty-seven patients and
compared three different contouring guidelines for pelvic LN.
They showed how 18FDG-PET/CT imaging changed the
contouring of LN areas and that LN “misses” generally
appeared cranially (common iliac or para-aortic) or caudally
(inguinal) to the recommended CTVs (22).

A recent study by Fiorentino et al., analyzed the role of
18FDG-PET/CT for the radiotherapy planning definition of
the biological target volume in several pathologies including
anal cancer. They considered 18FDG-PET/CT for anal cancer
a useful supplement in target definition for delineating smaller
volume compared to CT alone and similar GTVs in comparison
of MRI (23).

In our study, similarly to Drapped et al., 18FDG-PET/CT led
to modify target volume of CTV N, particularly inguinal,
external iliac and common iliac LN contours to include all
PET-positive LN (9–11). No changes have been made to GTV
T and CTV T delineation.
FIGURE 1 | Mapping of cases with PET-positive (orange) and MRI-positive (light-blue) lymph nodes.
July 2021 | Volume 11 | Article 655322

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Di Carlo et al. 18FDG-PET/CT in Anal Cancer
CONCLUSION

In conclusions, 18FDG-PET/CT plays an important role in the
detection of LN in patients affected by anal cancer. This could
lead to a precise definition of radiotherapy target volume and
Frontiers in Oncology | www.frontiersin.org 5253
dose-escalation improving tumor control. The results of our
studies are in accordance with other series reported in Literature
showing the usefulness of 18FDG-PET/CT in the initial staging
of patients. More investigations are needed to define the role of
18FDG-PET/CT in the target volume delineation of anal cancer.
FIGURE 2 | (A) Case of mesorectal PET−/MRI+ LN (red arrow), included as mesorectal GTV N (yellow line) in 54 Gy high-dose volume (light blue line). (B) Case of
disease upstage and dose escalation on MRI− (red arrows)/PET+ (yellow line) inguinal LN. (C) Case of disease upstage with a dose escalation on MRI−/PET+
common iliac LN (red line) and inclusion of common iliac LN level to 45 Gy low-dose volume (green line).
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