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Predictive Model and Precaution for
Oral Mucositis During Chemo-
Radiotherapy in Nasopharyngeal
Carcinoma Patients
Pei-Jing Li1, Kai-Xin Li2, Ting Jin1, Hua-Ming Lin3, Jia-Ben Fang1, Shuang-Yan Yang4,
Wei Shen5, Jia Chen5, Jiang Zhang1, Xiao-Zhong Chen1, Ming Chen1*
and Yuan-Yuan Chen1*

1 Department of Radiation Oncology, Cancer Hospital of University of Chinese Academy of Sciences (Zhejiang Cancer
Hospital), Institute of Cancer and Basic Medicine (IBMC), Chinese Academy of Sciences, Zhejiang Key Laboratory of
Radiation Oncology, Hangzhou, China, 2 Department of Radiation Oncology, Quanzhou First Hospital Affiliated to Fujian
Medical University, Quanzhou, China, 3 First Tumor Department, People’s Hospital of Maoming, Maoming, China, 4 Radiation
Center, Shanghai Pulmonary Hospital, Shanghai, China, 5 AI Research Institute, Hangzhou YITU Healthcare Technology Co.
Ltd., Hangzhou, China

Purpose: To explore risk factors for severe acute oral mucositis of nasopharyngeal
carcinoma (NPC) patients receiving chemo-radiotherapy, build predictive models and
determine preventive measures.

Methods and Materials: Two hundred and seventy NPC patients receiving radical
chemo-radiotherapy were included. Oral mucosa structure was contoured by oral cavity
contour (OCC) and mucosa surface contour (MSC) methods. Oral mucositis during
treatment was prospectively evaluated and divided into severe mucositis group (grade
≥ 3) and non-severe mucositis group (grade < 3) according to RTOG Acute Reaction
Scoring System. Nineteen clinical features and nineteen dosimetric parameters were
included in analysis, least absolute shrinkage and selection operator (LASSO) logistic
regression model was used to construct a risk score (RS) system.

Results: Two predictive models were built based on the two delineation methods. MSC
based model is more simplified one, it includes body mass index (BMI) classification
before radiation, retropharyngeal lymph node (RLN) area irradiation status and MSC
V55%, RS = −1.480 + (0.021 × BMI classification before RT) + (0.126 × RLN irradiation) +
(0.052 × MSC V55%). The cut-off of MSC based RS is −1.011, with an area under curve
(AUC) of 0.737 (95%CI: 0.672-0.801), a specificity of 0.595 and a sensitivity of 0.786.
OCC based model involved more variables, RS= −4.805+ (0.152 × BMI classification
before RT) + (0.080 × RT Technique) + (0.097 × Concurrent Nimotuzumab) + (0.163 ×
RLN irradiation) + (0.028 × OCC V15%) + (0.120 × OCC V60%). The cut-off of OCC based
RS is −0.950, with an AUC of 0.767 (95%CI: 0.702–0.831), a specificity of 0.602 and a
sensitivity of 0.819. Analysis in testing set shown higher AUC of MSC based model than
that of OCC based model (AUC: 0.782 vs 0.553). Analysis in entire set shown AUC in
these two method-based models were close (AUC: 0.744 vs 0.717).
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Conclusion: We constructed two risk score predictive models for severe oral mucositis
based on clinical features and dosimetric parameters of nasopharyngeal carcinoma
patients receiving chemo-radiotherapy. These models might help to discriminate high
risk population in clinical practice that susceptible to severe oral mucositis and
individualize treatment plan to prevent it.
Keywords: nasopharyngeal carcinoma, radiotherapy, radiation-induced oral mucositis, dosimetric parameter,
preventive measures
INTRODUCTION

Nasopharyngeal carcinoma (NPC) has an extremely uneven
endemic distribution within Southern China and Southeast Asia
(1). The mainstay treatment for this disease is chemo-radiotherapy.
Both traditional intensity-modulated radiation therapy (IMRT)
including volumetric-modulated arc therapy and fixed-field
intensity-modulated radiotherapy and advanced IMRT technique
like helical tomography radiotherapy (TOMO) are commonly used
in the treatment of NPC. Almost all NPC patients receiving
chemo-radiotherapy will develop into a certain degree of acute
oral mucositis during treatment. Morbidity of severely acute oral
mucositis is 20%–40% (2–4). Severe oral mucositis causes pain,
reduces oral intake, impairs quality of life, affects treatment
compliance, gives raise to secondary infection, all of which lead
to increase treatment cost and might impact prognosis of the
disease (5–9). Moreover, studies reported a correlation between
severity of acute and late reaction, severe acute reactions implicated
in the subsequent development of late radiation toxicity (10–12).
Currently, available medicine for prevention and treatment of oral
mucositis are not effective enough according to MASCC/ISOO
clinical practice guidelines (13).

Dose-dependent is one of the most important features for the
morbidity of severe oral mucositis in NPC patients receiving
radiotherapy (14–17). Previous studies evaluated predictive effect
for severe oral mucositis of dosimetric parameters by using two
oral mucosa structure contour methods (oral cavity contour,
OCC and mucosa surface contour, MSC) and identified OCC
V30% and MSC V50% as predictive factors in NPC patients
receiving traditional IMRT (2, 18). However, other clinical
features were not taken into account in these two studies.
Considering heterogeneity among patients, we assumed that
incidence and severity of oral mucositis were influenced by
factors such as individual sensitivity, disease severity and
treatment scheme as well as irradiation dose. Therefore, it’s
important to identify susceptible factors of severe oral
mucositis and to intervene them in advance. Whereas, there is
a scarcity of effective models to predict risk of severe oral
mucositis in NPC patients receiving chemo-radiotherapy. This
lack of knowledge limits the ability to identify patients at risk of
severe oral mucositis and explore effective prevention measures.
In this study, we explore risk factors for severely acute oral
mucositis in NPC patients receiving chemo-radiotherapy, build
predictive models and determine potential measures, by which
clinicians can find a good way to prevent severe oral mucositis
and to easily communicate with patients.
28
METHODS AND MATERIALS

Patient Eligibility and Data Collection
A total of 270 newly diagnosed NPC patients treated from
November 2016 to June 2019 were included in this study.
Clinic data such as age, gender, comorbidity, smoking/drinking
status, treatment information, severity of mucositis etc. were
collected. Absolute cumulative dose-volume of interesting
structures as dosimetric parameter (volume, mean dose
(Dmean), maximum dose (Dmax), median dose (Dmed),
minimum dose (Dmin) and V5%–V70% in 5Gy interval) were
exported from RayStation V3.0 system. Vx% means volume
percentage of structure receiving dose ≥ x Gy.

Treatment
Chemotherapy and Target Treatment
All patients received 0–4 cycle(s) of platinum-based induction
chemotherapy followed by radical radiotherapy plus 0–3 cycle(s)
of concurrent chemotherapy (All patients had received at least
one cycle of chemotherapy). Concurrent chemotherapy was
prescribed as: (i) cisplatin 80–100 mg/m2 on day 1, every 3
weeks; (ii) nedaplatin 80–100/mg/m2 on day 1, every 3 weeks;
and (iii) carboplatin was dosed to the target area under the
concentration-time curve of 5 on day 1, every 3 weeks; (iv) orally
capecitabine, tegafur or S1 was used during radiotherapy when
the mentioned three agents were unsuitable in a small part of
patients (17, 6.3%). Concurrent nimotuzumab, a humanized
anti-EGFR IgG1 monoclonal antibody, was given to a part of
patients according to their intention, 200mg intravenously every
week during radiation (19).

Radiotherapy
All patients in this study conducted radical radiation, 168
patients conducted TOMO radiotherapy and 102 patients
received traditional IMRT. Mask fabrication, fixation of
position and radiation plan has been reported in a previous
study (2). Oral mucosa structure was contoured using both OCC
and MSC methods. Two clinical oncologists performed and
reviewed structure contouring. OCC method included region
as recommended in a previous study (20): above to hard palate,
underneath to floor of mouth, anterior to the buccal mucosa
around the teeth, posterior to tongue surface and uvula. While
MSC method defined the oral mucosa as a 3 mm thick wall of
tissue based on research by Ueno et al. (21). It includes mucosa
surface of buccal mucosa, buccal gingiva, gingiva proper, lingual
gingiva, lingual frenulum, alveolar mucosa, labial mucosa, labial
November 2020 | Volume 10 | Article 596822
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gingiva, labial frenulum, mucosal surface of the floor of the
mouth, mucosal surface of tongue anterior to the terminal sulcus,
mucosal surface of the hard palate, and the inferior mucosal
surface of the soft palate.

Basic Oral Care
All patients in this study visited the dentist before radiation and
dealt with the potential problem like decayed tooth etc. All of
them received oral care education at the time of admission and
performed basic oral care during radiotherapy, including routine
checkup and cleaning (e.g. brushing teeth and rinsing mouth).
Administration, such as amifostine (22) and recombinant
human interleukin-11 oxygen atomization (23), was carried
out in some patients from the beginning of radiation.

Toxicity Assessment
Toxicity was consistently scored for all patients according to
EORTC/RTOG criteria of acute effects for mucous membrane.
Grade 0: no change over baseline, Grade 1: injection/may
experience mild pain not requiring analgesia, Grade 2: patchy
mucositis which may produce an inflammatory serosanguinitis
discharge/may experience moderate pain requiring analgesia,
Grade 3: confluent fibrinous mucositis/may include severe pain
requiring narcotic, Grade 4: ulceration, hemorrhage or necrosis.
Toxicities were prospectively and weekly recorded for patients
prior to the start of radiation during radiation by oncologists
trained in the use of the scoring systems. The toxicity endpoint of
interest chosen for analysis was the maximum reported
mucositis grade, dichotomized into severe oral mucositis group
(maximum toxicity scored ≥ 3) and non-severe oral mucositis
group (maximum toxicity score < 3). No patient was found with
baseline toxicity of oral mucosa.

Statistical Analysis
The mean value comparisons of continuous variables were
performed by t-test. Chi-square test was performed in
comparison of categorical variables. Nineteen clinic factors
including age, gender, smoking, drinking, diabetes,
hypertension, BMI before radiation, RT technique, total
radiation time, T stage, N stage, clinic stage, concurrent
chemotherapy, concurrent nimotuzumab, glycididazole sodium
(GSI) during radiation, amifostine, interleukin-11 (IL-11)
oxygen atomization, retropharyngeal lymph node (RLN) area
irradiation, Ib area irradiation and nineteen dosimetric objectives
including volume of structure, mean dose, median dose,
maximum dose, minimum dose and V5%-V70% in an interval
of 5Gy were involved in analysis. Two multivariate prediction
models were independently trained from two sets of predictors
(OCC based and MSC based). All patients split into training set
and testing set by using cross-validation-based regularization
factor selection. LASSO logistic regression was chosen to
construct a risk score (RS) model. Receiver operating
characteristic (ROC) curve analysis was conducted to evaluate
the performance of predictive models, then determine optimal
RS cut-off and dose restriction standard separating high and low
risk for severe oral mucositis. All analyses were performed using
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R software (R version 4.0.2; Tableone, glmnet package, caret
package, lattice package, pROC package, plyr package, ggplot2
package, foreach package and Matrix package).
RESULTS

Clinic characteristics were shown in Table 1. The median age
was 50 years (range, 16–77 years). The male-female ratio was
3.3:1. Eighty-eight (32.6%) patients underwent grade 1 mucositis,
102 (37.8%) patients underwent grade 2 mucositis and 80
(29.6%) patients underwent grade 3 mucositis.

Relationship Between Dosimetric
Objectives and Severe Oral Mucositis
The distribution of each dose-volume objectives from severe oral
mucositis group (grade ≥ 3) and non-severe oral mucositis group
(grade < 3) patients were compared as shown in Figure 1A.
Distinctively smaller values of non-severe oral mucositis group
patients can be directly observed for mean dose, maximum dose,
minimum dose, V10%–V65% from plots. Most dosimetric
parameters were significantly correlated with the occurrence of
severe oral mucositis (P < 0.05). Then, we performed univariate
ROC analysis for all dosimetric objectives. The predictive power
was quantified as area under curve (AUC) which acquired from
the ROC curve for each objective as shown in Figure 1B. Better
performance can be observed in objectives under MSC method
in general in terms of predicting severe oral mucositis and the
highest AUC was seen in MSC V55%.

RS Model for Severe Oral Mucositis
Age and all dosimetric parameters were analyzed as continuous
variables, other clinic features were included as categorical
variables. BMI before RT was divided into 7 levels according
to WHO BMI cut-offs in Asian population (24): BMI <16.5 kg/
m2 was severely underweight, BMI ≥16.5 kg/m2 and <18.5 kg/
m2 was underweight, BMI≥18.5 kg/m2 and <23.0 kg/m2 was
normal weight, BMI ≥23.0 kg/m2 and <25.0 kg/m2 was
overweight, BMI ≥25.0 kg/m2 and <30.0 kg/m2 was obesity
class I, BMI ≥30.0 kg/m2 and <40.0 kg/m2 was obesity class II
and ≥40.0 kg/m2 was obesity class III. No severely underweight
and obesity class III patients was found in this study. Irradiation
status of RLN area and Ib lymph node area was divided into 3
levels: none irradiation, unilateral irradiation and bilateral
irradiation. T stage, N stage and clinic stage were divided into
4 levels. Other variables were divided into two levels as shown in
Table 1.

To construct MSC based and OCC based predictive models, we
chose penalized LASSO regression model to calculate a RS by
using above 38 features. LASSO coefficient profiles of 19 clinical
features and 19 dosimetric objectives in eachmodel were shown in
Figures 2A, F. Ten-fold cross-validation was used to select an
optimal model. We chose lambda.1se for model filtering, as is
shown in Figures 2B, G. Finally, two predictive models were
generated by training set. MSC based model involves less variables
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(2 clinical features and 1 dosimetric objective), the function is
RS= −1.480 + (0.021 × BMI classification before RT) + (0.126 ×
RLN irradiation) + (0.052 × MSC V55%). The cut-off of MSC
based RS is -1.011, with an area under curve (AUC) of 0.737 (95%
CI: 0.672-0.801), a specificity of 0.595 and a sensitivity of 0.786.
Function of OCC based model is RS= −4.805 + (0.152 × BMI
classification before RT) + (0.080 × RT Technique) + (0.097 ×
Concurrent nimotuzumab) + (0.163 × RLN irradiation) + (0.028 ×
OCC V15%) + (0.120 × OCC V60%). The cut-off of OCC based
RS is -0.950, with an AUC of 0.767 (95%CI: 0.702-0.831), a
specificity of 0.602 and a sensitivity of 0.819. Analysis in testing
set shown higher AUC of MSC based model than that of OCC
based model (AUC: 0.782 vs 0.553). Analysis in entire set shown
AUC in these two method-based models were close (AUC: 0.744
vs 0.717). As is shown in Figures 2C–E, H–J. Assignment of
involved variables are as follows: BMI classification before RT
(underweight = 1, normal weight= 2, overweight = 3, obesity class
I = 4, obesity class II = 5), RLN (none = 0, unilateral = 1, bilateral =
2), RT technique (traditional IMRT = 1, TOMO = 2), concurrent
nimotuzumab (no = 0, yes = 1), Vx% = volume percentage of OCC
or MSC receiving dose ≥ x Gy.
Dose Limitation for Vx% Involved in Models
MSC is a more accurate contouring method when compared
with OCC. MSC based model involves only one dosimetric
objective, V55%. Then, OCC based model involves two
dosimetric objectives, V15% and V60% and these two
objectives have to be limited at the same time. To make it
easy for physicians to give a dose restriction in radiation plan,
we performed ROC analysis for the mentioned dosimetric
objectives. The cut-off of MSC V55% is 2.565%, with an AUC
of 0.708, a sensitivity of 0.838 and a specificity of 0.484. The
cut-off of OCC V15% is 99.523%, with an AUC of 0.582, a
sensitivity of 0.762 and a specificity of 0.463. The cut-off of
OCC V60% is 3.270%, with an AUC of 0.652, a sensitivity of
0.475 and a specificity of 0.816. ROC curves are shown in
supplement data: Figures S1–S3 (Supplementary Data).
Effects of Chemotherapy Agent and
Nimotuzumab on Radiation Mucositis
There was not significant correlation between the development
of severe oral mucositis and chemotherapy in the regression
equation. Considering radiation combined with concurrent
chemotherapy is the standard treatment at present, chi-square
test was run in chemotherapy subgroup to determine whether
chemotherapy agent had impact on incidence of severe oral
mucositis. As shown in Table S1 (Supplementary Data),
incidence of severe oral mucositis in patients receiving non-
platinum chemotherapy (Capecitabine, Xeloda and S1) was
significantly higher than that in patients receiving platinum
concurrent chemotherapy (52.9% vs 27.9%, p=0.029).

Concurrent nimotuzumab was a small weighted risk factor in
OCC based model. Subgroup analyses in patients with and
without concurrent chemotherapy were conducted. There were
236 patients received concurrent chemotherapy in this study, of
TABLE 1 | Clinic characteristics of 270 nasopharyngeal carcinoma patients.

Characteristics Mucositis

Grade 0-2
(N=190)

Grade 3
(N=80)

P
value

Age (year) Mean (SD) 51.32 (11.06) 49.68 (10.98) 0.266
Gender (n, %) Male 147(77.4) 60(75.0) 0.793

Female 43(22.6) 20(25.0)
Diabetes (n, %) No 178(93.7) 73(91.2) 0.650

Yes 12(6.3) 7(8.8)
Hypertension (n, %) No 137(72.1) 58(72.5) 1.000

Yes 53(27.9) 22(27.5)
Smoking (n, %) No 111(58.4) 39(48.8) 0.185

Yes 79(41.6) 41(51.2)
Drinking (n, %) No 131(68.9) 53(66.3) 0.771

Yes 59(31.1) 27(33.7)
BMI before RT (n, %) underweight 3(1.5) 2(2.5) 0.022

normal
weight

90(47.4) 21(26.3)

overweight 49(25.8) 26(32.5)
obesity class

I
43(22.6) 26(32.5)

obesity class
II

5(2.6) 5(6.3)

T stage (n, %) T1 14 (7.4) 8 (10.0) 0.453
T2 27 (14.2) 11 (13.8)
T3 92 (48.4) 31 (38.8)
T4 57 (30.0) 30 (37.5)

N stage (n, %) N0 9 (4.7) 2 (2.5) 0.290
N1 74 (38.9) 24 (30.0)
N2 85 (44.7) 40 (50.0)
N3 22 (11.6) 14 (17.5)

Clinic stage (n, %) I 2 (1.1) 0 (0.0) 0.206
II 18 (9.5) 5 (6.2)
III 97 (51.1) 34 (42.5)
IV 73 (38.4) 41 (51.2)

C-Chemotherapy (n,
%)

No 24(12.6) 10(12.5) 1.000

Yes 166(87.4) 70(87.5)
C-Nimotuzumab (n,
%)

No 89(46.8) 27(33.8) 0.064

Yes 101(53.2) 53(66.2)
GSI (n, %) No 41(21.6) 23(28.8) 0.268

Yes 149(78.4) 57(71.2)
Amifostine (n, %) No 91(47.9) 36(45.0) 0.763

Yes 99(52.1) 44(55.0)
IL-11 (n, %) No 87(45.8) 31(38.8) 0.352

Yes 103(54.2) 49(61.2)
RT technique (n, %) Traditional

IMRT
80(42.1) 22(27.5) 0.034

TOMO 110(57.9) 58(72.5)
RTT Mean (Q25, Q75) 45(44-47) 45(44-47) 0.748
RLN (n, %) None 27(14.2) 3(3.8) 0.011

Unilateral 55(28.9) 18(22.5)
Bilateral 108(56.8) 59(73.8)

I b (n, %) None 134(70.5) 51(63.8) 0.351
Unilateral 46(24.2) 26(32.5)
Bilateral 10(5.3) 3(3.8)
RT, radiation; BMI, body mass index; underweight = BMI before RT ≥16.5 kg/m2,<18.5kg/
m2; normal weight = BMI before RT ≥18.5 kg/m2,<23.0kg/m2; overweight = BMI before
RT≥23.0 kg/m2,<25.0kg/m2; obesity class I = BMI before RT≥25.0 kg/m2,<30.0kg/m2;
obesity class II = BMI before RT≥30.0 kg/m2,<40.0kg/m2; C-Chemotherapy, concurrent
chemotherapy; C-Nimotuzumab, concurrent nimotuzumab; GSI, glycididazole sodium for
injection; IL-11, recombinant human interleukin-11; IMRT, intensity-modulated
radiotherapy; TOMO, helical tomography radiotherapy; RTT, radiation total time; RLN,
retropharyngeal lymph node region irradiation; I b, I b region irradiation; SD, standard
deviation; M, median; Q, quartile.
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which 46 in 129 patients (35.7%) with concurrent nimotuzumab
and 24 in 107 patients (22.4%) without concurrent nimotuzumab
suffered ≥ grade 3 oral mucositis (p=0.027). While no significant
correlation between concurrent nimotuzumab and incidence of
severe oral mucositis was found in 34 patients without
concurrent chemotherapy (p =0.763, as shown in Table S2,
Supplementary Data).
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Effects of Radiation Techniques on
Radiation Mucositis
This study indicated that TOMO was a risk factor for severe oral
mucositis in OCC based model. A Mann-Whitney U test was run
to determine if there were differences in dose-volume percentage
between patients receiving traditional IMRT and TOMO.
Figures 3A–D directly shown more patients had high level of
A

B

FIGURE 1 | (A) Box plots of dose-volume objectives distributions. Mean values are indicated by the horizontal lines within boxes and median values are represented
by the diamonds. Severe oral mucositis group (grade ≥ 3) and non-severe oral mucositis group (grade = 1, 2) data were drawn as red forward diagonal and blue
backward diagonal boxes respectively. Note: *Statistically significant at p=0.05 level. (B) Area under curve (AUC) of all the dose-volume objectives under both oral
cavity contour (OCC) (red solid line) and mucosa surface contour (MSC) (blue dashed line) methods. Each AUC is acquired from the ROC curve of each objective.
Most dose-volume objectives under MSC method show better performance (higher AUC) than OCC method in terms of predicting severe oral mucositis.
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FIGURE 2 | (A, F) LASSO coefficient profiles of 19 clinical features and 19 MSC and OCC based dosimetric parameters; (B, G) Ten-fold cross-validation for tuning
parameter selection in MSC and OCC based LASSO model. (C–E, H–J) ROC curve for MSC and OCC based model: (C, H) Training group, (D, I) Testing group,
(E, J) Entire group. The point on the curve is cutoff value for RS and the following bracket contains specificity and sensitivity. Abbreviation: RS, risk score; OCC, oral
cavity contouring; MSC, mucosa surface contouring; AUC, area under curve; CI, confidence interval.
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V10%-V15% in TOMO group than in traditional IMRT group.
Median value of V10%-V15% under OCC and MSC in TOMO
was significantly higher than those in traditional IMRT, as shown
in Table S3 (Supplementary Data).
DISCUSSION

Clinically, patients received the same dose of radiotherapy and same
intensity of chemotherapy sometimes undergo different degrees of
oral mucositis. It might due to heterogeneity among individuals,
disease features, treatment relevant factors. In the present study, we
found the dose-volume percentage were strongly associated with
occurrence of severe oral mucositis, other important factors include
BMI classification before radiation, RT technique, RLN area
irradiation status and application of concurrent nimotuzumab.
Based on these factors, two risk score models were built.

OCC based model includes more variables than MSC based
model, they are concurrent nimotuzumab and RT technique. OCC
encompasses the whole oral cavity, which is a rougher way to
evaluate dose distribution in oral cavity rather than oral mucosa.
Thus, when applied in oral mucositis, it would be influenced by
more factors. Nimotuzumab is an IgG1 humanized monoclonal
antibody directed against the extracellular domain of the EGFR
blocking the binding to its ligands. Several studies demonstrated
that nimotuzumab combined with neo-adjuvant chemotherapy or
Frontiers in Oncology | www.frontiersin.org 713
concurrent chemotherapy brought overall survival benefit (25–27).
OCC based model in this study shows that nimotuzumab will
enhance the incidence of severe oral mucositis when it is along with
concurrent chemotherapy. Nevertheless, the weight of this factor is
relatively small in the function. The use of nimotuzumab is not
opposed when radiation dose is strictly limited. However, the
patient must be fully informed and emphasized with the
importance of oral care during treatment. Recently, a randomized
phase III non-inferiority study of radiotherapy plus concurrent
nimotuzumab versus cisplatin in stage II-III NPC patients (NCT
03837808) and we are looking forward the results.

For RT technique, it seems a little bit conflicted that the more
advanced radiation technique increases the risk of severe oral
mucositis. Further analysis reveals that median value of low dose-
volume percentage in patients receiving TOMO is significantly
higher than those in traditional IMRT. This is consistent with the
characteristics of a wide range of low dose in tomography helical
radiotherapy. Musha et al. reported that not only the high-dose
anatomical region, but also the extensive low-dose region was
associated with the development of mucositis (28). Hence,
reduction of the low-dose volume is as important as high-dose
volume in preventing oral mucositis. As this is a prospective
observational study, dose limitation of OCC and MSC was not
applied. According to opinion from physicist in our hospital, V10%-
V20% could be lower in TOMO treatment plan if a certain dose
restriction is applied. In OCC based model, it’s necessary to limit
A

B D

C

FIGURE 3 | Patients distribution of V10% and V15% by using TOMO and IMRT. (A) MSC V10%, (B) MSC V15%, (C) OCC V10%, (D) OCC V15%. Abbreviations:
OCC, oral cavity contouring; MSC, mucosa surface contouring.
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two parameters, a low dose-volume and a high dose volume, at the
same time to achieve better control of severe oral mucositis during
radiation. This is because the power of OCC V15% and OCCV60%
alone are not effective enough to discriminate high risk of severe oral
mucositis (AUC is 0.582 and 0.625 respectively). While, for MSC
based model, only one dose parameter, MSC V55%, is needed to be
limited. This further reflects that MSC is a more accurate
delineation for oral mucosa. Figure 4 shows the diffidence
between MSC method and OCC method in computed
tomography scan of a nasopharyngeal carcinoma patients in two
transverse slices. Then, for the use of TOMO, if dosimetry indicates
that it can increase treatment ratio in terms of organs at risk, we still
recommend it. But strict dose limitation should be imposed on
OCC andMSC.Whether RT technique is still a risk factor for severe
oral mucositis after rigorously dose limitation warrants further
study in the future.

Then, an interesting finding in this study is that overweight
before radiation according to BMI classification is a risk factor for
severe oral mucositis. Previous studies presented patients with
weight loss exceed 5% during radiation were more likely to
developed severe oral mucositis (9, 18). However, we are not sure
whether malnutrition increases the risk of oral mucositis, or oral
mucositis causes malnutrition, or they are just a vicious circle. In
this study, we found overweight patients weremore likely to develop
Frontiers in Oncology | www.frontiersin.org 814
into severe oral mucositis. This might be the characteristic of
patients receiving head and neck radiation. Obese patients with a
large body mass at the beginning of radiation are prone to lose
weight during treatment. From this point of view, it is consistent
with results of previous researches. Centripetal retraction due to
weight loss results in the displacement of the target area, more
normal tissue including oral mucosa is covered within the target
area. In a study by Lee et al. (29), evaluation at the time of pre-
radiation and mid-radiation shows tumor volume significantly
reduces in 42% (67/159) NPC patients during radiotherapy. In
another retrospective study byWu (30), 33 patients with stage II–IV
NPC was performed re-planning due to tumor/metastatic neck
lymph node shrinkage or weight loss or both, then they were
compared with 66 matched patients treated with a single IMRT
plan. There was significant mean volume reduction in the gross
tumor volume (GTV) of lymph nodes and primary tumor at the
second per-treatment scans. Three-year local relapse-free survival
was significantly higher in patients with T3 disease treated with re-
planned radiation versus non-re-planned (P = 0.03), and there was
improvement in the rates of mucosal toxicity (P =0.05) and
xerostomia (P = 0.04) in IMRT re-planning group. Thus, re-
planning radiotherapy in obese patients with significant weight
loss might be of great value in reducing risk of severe oral mucositis
and other toxicities. Moreover, researchers believed that obesity had
FIGURE 4 | Computed tomography (CT) scan of a nasopharyngeal carcinoma patient with mucosal surface contours (MSC) (up, area filled with blue) and oral cavity
contours (OCC) (down, area filled with brown). MSC involves the mucosal surface while OCC encompass more solid tissue, like tongue, maxillary bone, etc. The
green line and pink line are isodose curve of 50Gy and 55Gy respectively. Abbreviations: OCC, oral cavity contouring; MSC, mucosa surface contouring.
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a significant correlation with chronic low-grade inflammation.
Inflammatory program is activated early in adipose expansion
and during chronic obesity, permanently skew the immune
system to a proinflammatory phenotype (31). Thus, overweight
might be a heterogeneous factor, making it easy to irritate or
aggravate by radiation, chemotherapy, etc. The underlying
mechanism is still unknown.

RLN area irradiation is an important risk factor by using both
contouring methods. In general, prophylactic coverage of the
retropharyngeal lymph nodes in clinical target volume 2 (CTV2)
extends from the base of skull to the caudal border of the hyoid bone
or caudal border of the third cervical vertebra (C3) as the lower
limit, which contains part of the posterior pharyngeal wall and
adjoins the soft palate (32). The prescribed dose of planning target
volume2 (PTV2 = 3mm expansion from CTV2) is from 54Gy to
58Gy as a rule, which almost always covers the posterior part of
hard palate (Figure 4 shows area covered with dose of 55Gy using
pink line). This will inevitably increase the V55% and V60%. Studies
demonstrated that approximately 75% of metastatic RLNs were
located at the body of C1, 18% at C2 and probably less than 5% at
the level of the body of C3 (33–35). Thus, in the era of precision
medicine, whether CTV2 should extend to the level of hyoid bone in
every patient deserves further discussion. Early division of CTV2
into two part for reducing the high dose coverage of the posterior
pharyngeal wall, the soft palate and posterior part of hard palate
might decrease the incidence of severe oral mucositis. However, it
needs to be determined a balance between normal tissue protect and
tumor control in further study.

In term of concurrent chemotherapy, a previous study deemed
that a reduced accelerated repopulation was observed when it was
delivered along with radiotherapy, which was significantly correlated
with observed improvement in local control in head and neck cancer
(36). Theoretically, such phenomenon exists in the regeneration and
repair of mucosa during chemo-radiotherapy as well. However, the
present study shows no increase of severe oral mucositis when
concurrent chemotherapy was applied. Further subgroup analysis
in patients underwent chemotherapy shows patients using cisplatin,
nedaplatin and carboplatin have lower incidence of severe oral
mucositis when it is compared with xeloda, tegafur and S1. It is in
accordance with the main side effect observed in clinical practice,
nausea and vomiting is often seen in platinum-based chemotherapy
while mucositis is often seen in fluorouracil-based chemotherapy. In
that way, it’s better to choose platinum-based concurrent
chemotherapy if there is no contraindication.

The above two models could predict the incidence of severe oral
mucositis. However, MSC basedmodel is a briefer andmore accurate
method. BMI before radiation, RLN irradiation and high dose-
volume percentage are features that can’t be neglected in predict
severe oral mucositis. Furthermore, the present study has several
limitations. Firstly, a study from the M.D. Anderson Cancer Center
(37) found severe oral mucositis, even rare, could be observed after
completion of radiotherapy. However, we missed the information
after treatment completion since patients typically returned for
follow-up examination 4 to 8 weeks after completion of treatment.
Secondly, the range of dose distributions was not wide enough as the
primary tumor location of included patients is NPC only. Therefore,
Frontiers in Oncology | www.frontiersin.org 915
it should be caution when applied this model to other kind of head
and neck cancer patients receiving RT. Thirdly, external validation of
these two models should be performed in the future.
CONCLUSION

We developed two risk score models for predicting severe oral
mucositis in nasopharyngeal carcinoma patients receiving
chemo-radiotherapy. These models might help to discriminate
high risk population in clinical practice that susceptible to severe
oral mucositis and individualize treatment plan to prevent it.
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Mucositis in Patients With
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Zekai Shu1,2,3†, Ziyi Zeng4,5†, Bingqi Yu6, Shuang Huang1,2, Yonghong Hua1,2, Ting Jin1,2,
Changjuan Tao1,2, Lei Wang1,2, Caineng Cao1,2, Zumin Xu7, Qifeng Jin1,2, Feng Jiang1,2,
Xinglai Feng1,2, Yongfeng Piao1,2, Jing Huang8, Jia Chen9, Wei Shen9,
Xiaozhong Chen1,2, Hui Wu10, Xiushen Wang10, Rongliang Qiu10, Lixia Lu4,5*
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3 The Second Clinical Medical College, Zhejiang Chinese Medical University, Hangzhou, China, 4 State Key Laboratory of
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Oncology, The Affiliated Huaian No.1 People’s Hospital of Nanjing Medical University, Huaian, China, 9 Hangzhou YITU
Healthcare Technology Co., Ltd, Hangzhou, China, 10 Department of Radiation Oncology, Affiliated Cancer Hospital of
Zhengzhou University, Zhengzhou, China, 11 Chinese Society of Nutritional Oncology, CSNO, Tianjin, China

Background and Aims: Malnutrition is a concern in patients with nasopharyngeal
carcinoma (NPC) during chemoradiotherapy (CRT)/radiotherapy (RT), which is
considered to be related with radiation–induced oral mucositis (ROM). The study aimed
to evaluate the nutritional status of NPC patients during RT and investigate its association
with ROM.

Methods: A prospective study was conducted in NPC patients. Patients were divided
into three subgroups (mild, moderate, and severe groups) based on the duration of severe
ROM (≥ grade 3). Body weight, body mass index (BMI), albumin, prealbumin, NRS2002,
and ROM grade were assessed on a weekly basis before and during CRT/RT. The
statistical analysis was performed in the overall group and between three subgroups.

Results: A total of 176 patients were included. In the overall group, body weight and BMI
kept decreasing since week 1 of RT, and NRS2002 score and ROM grade increased (p <
0.001). NRS2002 score and prealbumin levels were significantly different between each
subgroup (p ≤ 0.046). Significant differences were observed in the proportion of patients
receiving enteral nutrition, duration of parenteral nutrition, and total calories provided by
nutritional support among three subgroups (p = 0.045–0.001).
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Conclusions: Malnutrition occurred early in NPC patients and worsened continuously
during RT. ROMwas strongly associated with nutritional status. Nutritional support should
be provided at the start of RT, especially in patients at high-risk of severe ROM.
Keywords: radiation–induced oral mucositis, radiotherapy, nutritional status, nasopharyngeal carcinoma (NPC),
head and neck cancer
INTRODUCTION

Nasopharyngeal carcinoma (NPC), an epithelial cell cancer in the
nasopharynx, is a rare malignancy (1, 2). Even though the annual
global incidence is 1.2 per 100,000 individuals, NPC represents a
health burden in Southern China, Southeastern Asia, and Southern
Africa with more than 70% of new cases distributed in these areas
(1). According to the guidelines established by the National
Comprehensive Cancer Network (NCCN), the standard
treatment consists of CRT with/without neoadjuvant
chemotherapy, which is dependent on the cancer stage and
physical condition of the patient (2, 3). With novel RT
technology, intensity-modulated radiotherapy (IMRT), and
helical tomotherapy (TOMO), CRT treatment provides 80% of 5–
year survival rate and 90%of 3–year locoregional control rate (4, 5).

Although the prognosis of NPC is good, certain acute side
effects of RT may affect the course of treatment, including
xerostomia, skin reactions, hearing loss, pharyngitis, vomiting,
and radiation-induced oral mucositis (ROM) (5–7). ROM, which
may lead to serious consequences (8, 9), occurs in over 90% of
patients with head and neck cancer (HNC) and almost all NPC
patients, 34% to 66% of whom develop severe ROM (≥ grade 3)
(8, 10, 11). In severe ROM, patients experience ulceration,
necrosis, severe oral pain, and malnutrition due to difficulties
in food intake (10, 12, 13). In mild ROM (≤ grade 2), 38% of
patients still experience difficulties with food intake (8).

The nutritional status of patients will deteriorate, which can
lead to severe weight loss, poor physical condition, and treatment
interruption (14–16). However, there is no direct evidence on the
extent of ROM’s impact on nutritional status. This prospective
study investigated the nutritional status of NPC patients during
RT and its association with ROM. We assessed body weight, BMI,
serum albumin, prealbumin, NRS2002 score, and ROM grade on a
weekly basis according CTCAE 4.0 (Grade 1-5, Supplemental
Table 1) (17). Data of this study were acquired from a multi–
centric randomized controlled trial (RCT; NCT03720340).
MATERIAL AND METHODS

Study Population
This study was conducted in five medical centers. The inclusion
criteria: 1) NPC patients with confirmed pathogenesis; 2) cancer
stages I–IVB according to the 8th version of the American Joint
Committee on Cancer; 3) patients between the ages of 18 and 75
years; 4) performance status of 0 or 1 based on the Eastern
Cooperative Oncology Group; 5) no bone marrow, renal,
hepatic disorders; 6) patients willing to participate in the study
219
and sign an informed consent. The exclusion criteria were the
following, 1) treatment with palliative intent; 2) patients with
previous malignancy; 3) pregnancy or lactation; 4) patients who
underwent radiotherapy, chemotherapy, or surgery (except biopsy
operation) for primary tumors or nodes; 5) patients of oral
mucositis or senile dry stomatitis before treatment; or 6)
presence of severe comorbidities. 7) chemotherapy with
fluorouracil drugs; allergies to recombinant human interleukin-11.

Treatment Plan
IMRT or TOMO plan was implemented before RT as previously
reported (18, 19). Radiation was delivered five times a week from
Monday through Friday for six to seven weeks (an average of six
and a half weeks). Platinum-based drugs were used in
neoadjuvant and concurrent chemotherapy. The most
commonly used regimen was 3 cycles of neoadjuvant
chemotherapy and 0 to 2 cycles of concurrent chemotherapy.
Some patients received 3 to 8 cycles of concurrent nimotuzumab
(200 mg/week; 7 cycles for most patients).

Nutrition Supplement
As data of this study were acquired from an RCT, there were no
standard guidelines or procedures for nutritional support.
Nutritional support (commercial products) was provided based
on the nutritional status of the patient and consisted of an enteral
nutrition supplement (oral nutrition administered and enteral
tube feeding) and a parenteral nutrition supplement.

Data Collection
Clinical data were collected before (T0) and at the end of each
week during RT (T1–T6). Clinical data included patient
characteristics (age, sex, Barthel index score, tumor stage,
smoking history, alcohol consumption history, and treatment
plan, etc), nutritional factors (body weight, BMI, serum albumin,
and prealbumin), nutritional support (number of patients
receiving enteral and parenteral nutrition, duration of
parenteral nutrition, and total calories of enteral and parenteral
nutrition supplements).

A trained clinical research coordinator (CRC) evaluated the
nutrition status of every patient according to NRS2002 before and
during RT (20). Additionally, ROM grade was assessed according
to CTCAE 4.0 (Grade 1-5, Supplemental Table 1) (17).

Statistical Analysis
We calculated mean and standard division (SD) for continuous
variables and frequency for categorical variables. We used paired
Student’s t-test to compare differences between T0 and T1–T6 in
NRS2002 score, ROM grade, body weight ratio (BWR, ratio of
November 2020 | Volume 10 | Article 594687
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body weight at T1-T6 to T0), BMI, serum albumin, and
prealbumin. Variance analysis (ANOVA) was used to assess
differences in NRS2002 score, ROM grade, BWR, BMI, serum
albumin, prealbumin, duration of parenteral nutrition supplement,
starting time of enteral and parenteral nutrition supplement, and
total calories of enteral and parenteral nutrition. Chi-square test
was used in the analysis of the proportion of patients receiving
general nutrition support, enteral nutrition, and parenteral
nutrition. Statistically significance was set at p < 0.05. SPSS
software version 24.0 (IBM Corp., Armonk, NY, USA) was used
for all statistical analyses.
RESULTS

Patient Characteristics
The RCT involved 272 patients up to Jan 2020. In this study, 176
patients with comprehensive data were included. The basic
clinical characteristics are presented in Table 1. There were
122 (69.3%) males and 54 (30.7%) female patients with a
median age of 51 years. Body weight and BMI before RT were
65.99 ± 11.00 kg and 23.98 ± 3.23, respectively. A total of 167
(94.9%) patients received neoadjuvant chemotherapy, 157
(89.2%) patients received concurrent chemotherapy, and 118
(67.0%) received nimotuzumab. The most common radiation
technology was IMRT (69.9%), followed by TOMO (30.1%).

Nutritional Status and Oral Condition in
the Overall Group During RT
In the overall group, BWR and BMI decreased since the beginning
of RT (Figures 1A, B) and the differences remained significant
since T1 (p < 0.001; Table 2). NRS2002 score increased from the
start of treatment (Figure 1C), and the differences in the scores
Frontiers in Oncology | www.frontiersin.org 320
were statistically significant fromT1 (p < 0.001;Table 2). A similar
trend was obtained in ROM grade, which reached its maximum
value at T3 and plateaued thereafter (Figure 1D; Table 2).

In general, the change trend of albumin level was downward,
but there was a rise at T2 and T3 (Figure 1E). And the differences
were significant since T4 (p < 0.001; Table 2). Prealbumin levels
were higher at T1 than at T0 (p < 0.001; Table 2 and Figure 1F)
and subsequently decreased with a slight increase at T5.
Prealbumin level became significant lower since T3 compared
with T0 (p < 0.001, Table 2).
Association Between Nutritional Status
and ROM
To evaluate a possible association between ROM and nutritional
status, patients were divided into three subgroups based on the
duration of severe ROM (≥ grade 3). Patients without severe ROM
were classified as the mild group, and those with severe ROM for
1–2 or ≥ 3 weeks were classified as moderate and severe groups,
respectively. Therewere 67 (38.1%)patientswere in themild group,
75 (42.6%) were in the moderate group, and 34 (19.3%) were in the
severe group. Table 3 and Figure 2D showed that ROM grade
diverged since T2 between each subgroup (p ≤ 0.020).

BWR and BMI decreased, while albumin levels increased at
certain time points in the three subgroups (Figures 2A, B, E).
There were no significant differences in BWR, BMI, or albumin
between the subgroups at each time point (p > 0.05), except for
albumin levels between the mild and moderate groups at T6 (p =
0.035; Tables 4 and 5).

NRS2002 scores increased as treatment continued (Figure
2C), and differences became significant between the mild and
moderate groups since T3 (p ≤ 0.001; Table 3), and between
moderate and severe groups since T2 (p = 0.005–0.046).
Differences were significant at each time point between the
mild and severe groups (p ≤ 0.041).

Figure 2F showed that the three subgroups had nearly the
same prealbumin levels before RT (T0). However, in the mild
group, prealbumin levels increased at T1 and declined
subsequently with a slight rise at T5, while it decreased in the
severe group since the start of treatment. In the moderate group,
prealbumin levels were similar to those of the mild group and
decreased at T3-T4, then increased to an intermediate level since
T5. There were significant differences in prealbumin levels
between the mild and severe groups since T1 (p = 0.002–0.02;
Table 5), between the mild and moderate groups at T4 (p =
0.040), and between the moderate and severe groups at T1-T3
(p = 0.009–0.039).

Since NRS2002 score and prealbumin levels were significantly
different between each subgroup with One Way ANOVA, we
further used Repeated Measures ANOVA to verify it, which
showed that the differences remained significant (p < 0.001, p =
0.041; Supplemental Tables 2, 3).

Benefits of Nutritional Support
Among three subgroups, there were no significant differences in
the proportion of patients receiving general nutritional support
and parenteral nutrition (p = 0.055, p = 0.085; Table 6). The
TABLE 1 | Patient characteristics.

Characteristics

Age, median (range) years 51 (18–73)
Sex ratio, mean ± SD M/F 122/54
Body weight, mean ± SD kg 65.99 ± 11.00
BMI, mean ± SD 23.98 ± 3.23
Barthel index, median (range) 90 (85-100)
Smoking history, n (%) Yes 76 (43.2)

No 100 (56.8)
Drinking history, n (%) Yes 50 (28.4)

No 126 (71.6)
T stage, n (%) T1-2 35 (19.9)

T3-4 141 (80.1)
N stage, n (%) N0-2 140 (79.5)

N3 36 (20.5)
Neo-chemotherapy, n (%) Yes 167 (94.9)

No 9 (5.1)
Concurrent chemotherapy, n (%) Yes 157 (89.2)

No 19 (10.8)
Radiation technology, n (%) IMRT 123 (69.9)

TOMO 53 (30.1)
Nimotuzumab, n (%) Yes 118 (67.0)

No 58 (33.0)
BMI, body mass index.
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difference in the proportion of patients receiving enteral
nutrition was significant (p = 0.045).

The starting time of enteral nutrition was approximately week
3 in the three subgroups (p = 0.400). Although not statistically
different, the starting time of parenteral nutrition was week 4 in
the mild andmoderate groups, and week 3 in the severe group (p =
0.055). The duration of parenteral nutrition was the longest in the
severe group, and the total calories provided by nutritional support
increased as ROM severity worsened (p = 0.025; p = 0.001).
Frontiers in Oncology | www.frontiersin.org 421
DISCUSSION

Malnutrition is a common problem in NPC patients during RT
as a result of gastrointestinal reactions to concurrent
chemotherapy, xerostomia, psychological distress, and ROM
(21–24). Severe weight loss and poor physical condition due to
malnutrition may lead to CRT interruptions, poor treatment
tolerance, and abandonment of concurrent chemotherapy, which
eventually impact prognosis (25, 26). Numerous trials have
A B

D

E F

C

FIGURE 1 | Changes in clinical factors, BWR (A), BMI (B), NRS2002 score (C), ROM grade (D), albumin (E), and prealbumin (F), of all patients during CRT/RT treatment.
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reported that certain nutritional factors are correlated with
disease survival outcomes and distant metastasis in various
malignancies including NPC, which highlight the significance
of adequate nutritional status in NPC patients during treatment
(27–33).

Previous studies have reported the deteriorating nutritional
status of NPC patients during RT (15, 16, 34–39). However, most
studies only reported the weight loss after treatment, and
nutritional status was evaluated only before and at the end of
RT, as opposed to during treatment. In a prospective study, the
median weight loss during RT was 6.9 kg (2.1–12.6 kg),
representing 3.5% to 16.4% weight loss (36). Jager-Wittenaar
reported the average weight loss was 3.6 kg, which was 4.7% of
pre-treatment body weight (38). In the Nourissat’s study, even
though the average weight loss decreased to 2.2 kg with only 25%
of HNC patients reporting severe weight loss (≥ 5%), researchers
concluded that the rate was likely underestimated (40). In our
Frontiers in Oncology | www.frontiersin.org 522
study, mean weight loss was 6% of pre-treatment body weight at
the end of RT, and we further found body weight and BMI
significantly decreased since T1 and continued decreasing
throughout the entire RT process, and the percentage of
average weight loss was already 5% at T5. Actually, weight loss
had already started prior to RT (36, 41, 42), revealing the
presence of malnutrition before RT was initiated. The reason
may be attributed to metabolic and endocrine changes and
hypercatabol i sm caused by the respons iveness to
chemotherapy, which make malnutrition cannot be fully
reversed by conventional nutritional support (43). In addition,
body weight is not a sensitive nutrition parameter over a short
period of time (44, 45). Like body weight and BMI, the change of
NRS2002 score also revealed the deteriorating nutritional status
of patients, which further supported the conclusion that it was
quite necessary to provide nutritional support and education at
the start of RT.
TABLE 2 | Changes in clinical factors of all patients during chemoradiotherapy (CRT)/radiotherapy (RT) treatment and comparison between T0 and T1–T6 in NRS2002
score, ROM grade, BWR, BMI, albumin, and prealbumin.

Items, mean ± SD T0 T1 T2 T3 T4 T5 T6

NRS2002 score 1.18 ± 0.58 1.46 ± 0.79 1.69 ± 0.92 2.22 ± 1.09 2.50 ± 1.14 2.61 ± 1.11 2.83 ± 1.09
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ROM Grade 1.00 ± 0.00 1.09 ± 0.29 1.54 ± 0.64 2.09 ± 0.75 1.98 ± 0.76 2.01 ± 0.80 2.01 ± 0.81
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
BWR 1.00 ± 0.00 0.994 ± 0.017 0.984 ± 0.021 0.972 ± 0.026 0.959 ± 0.028 0.950 ± 0.033 0.940 ± 0.036
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
BMI 23.98 ± 3.23 23.82 ± 3.23 23.60 ± 3.20 23.29 ± 3.16 22.97 ± 3.06 22.75 ± 3.05 22.51 ± 3.03
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Albumin (g/L) 42.10 ± 3.72 41.61 ± 3.68 41.82 ± 3.89 41.96 ± 3.62 40.83 ± 4.63 40.63 ± 4.21 40.37 ± 4.99
p-value 0.053 0.347 0.467 <0.001 <0.001 <0.001
Prealbumin (mg/L) 272.22 ± 48.99 282.53 ± 59.15 279.01 ± 61.66 258.19 ± 60.04 246.35 ± 63.04 250.91 ± 66.77 245.33 ± 61.08
p-value .001 0.069 <0.001 <0.001 <0.001 <0.001
Novembe
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NRS2002, nutrition risk screening 2002; ROM, radiation-induced oral mucositis; BWR, body weight ratio (ratio of body weight at T1-T6 to T0); BMI, body mass index. Paired Student’s t-
test was conducted between T0 and T1–T6.
Bold values means the p value is less than 0.05.
TABLE 3 | Comparison between mild, moderate, and severe groups in NRS2002 score and ROM grade at T0–T6 during chemoradiotherapy (CRT)/radiotherapy
(RT) treatment.

Items, mean ± SD Mild group Moderate group Severe group p (mild vs moderate) p (mild vs severe) p (moderate vs severe)

NRS2002 score
T0 1.10 ± 0.50 1.17 ± 0.53 1.35 ± 0.77 0.476 0.041 0.131
T1 1.31 ± 0.70 1.49 ± 0.81 1.68 ± 0.88 0.175 0.029 0.261
T2 1.45 ± 0.80 1.68 ± 0.92 2.21 ± 0.98 0.122 <0.001 0.005
T3 1.76 ± 1.00 2.35 ± 1.06 2.85 ± 0.96 0.001 <0.001 0.017
T4 2.03 ± 1.08 2.64 ± 1.09 3.09 ± 1.03 0.001 <0.001 0.045
T5 2.12 ± 1.08 2.77 ± 1.06 3.21 ± 0.88 <0.001 <0.001 0.045
T6 2.30 ± 1.14 3.03 ± 0.96 3.44 ± 0.75 <0.001 <0.001 0.046
ROM grade
T0 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 – – –

T1 1.04 ± 0.21 1.13 ± 0.34 1.09 ± 0.29 0.068 0.473 0.449
T2 1.30 ± 0.46 1.59 ± 0.64 1.88 ± 0.77 0.006 <0.001 0.020
T3 1.61 ± 0.49 2.24 ± 0.75 2.71 ± 0.58 <0.001 <0.001 <0.001
T4 1.52 ± 0.50 2.05 ± 0.71 2.74 ± 0.62 <0.001 <0.001 <0.001
T5 1.52 ± 0.50 2.03 ± 0.80 2.91 ± 0.29 <0.001 <0.001 <0.001
T6 1.45 ± 0.50 2.13 ± 0.79 2.85 ± 0.36 <0.001 <0.001 <0.001
NRS2002, nutrition risk screening 2002; ROM, radiation-induced oral mucositis. Variance analysis was conducted between each group.
Bold values means the p value is less than 0.05.
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Albumin is commonly used as a nutritional marker of
protein-energy in clinical practice, however, we found
prealbumin that responded quickly to nutritional interventions
was more sensitive and suitable for NPC patients (46–48).
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Although a significant decrease in prealbumin levels was
observed after RT compared with baseline like previous studies
(15, 39), we found an increase at T1 and T5. Since all patients
received nutrition education before treatment and the nutritional
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C

FIGURE 2 | Changes in clinical factors, BWR (A), BMI (B), NRS2002 score (C), ROM grade (D), albumin (E), and prealbumin (F), in mild, moderate, and severe
groups during CRT/RT treatment.
TABLE 4 | Comparison between mild, moderate, and severe groups in BWR and BMI at T0–T6 during CRT/RT treatment.

Items, mean ± SD Mild group Moderate group Severe group p (mild vs moderate) p (mild vs severe) p (moderate vs severe)

BWR
T0 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 – – –

T1 0.994 ± 0.020 0.993 ± 0.016 0.993 ± 0.015 0.834 0.803 0.934
T2 0.986 ± 0.025 0.982 ± 0.018 0.985 ± 0.021 0.260 0.708 0.592
T3 0.973 ± 0.028 0.969 ± 0.023 0.973 ± 0.030 0.355 0.984 0.464
T4 0.960 ± 0.028 0.957 ± 0.026 0.959 ± 0.032 0.582 0.922 0.728
T5 0.950 ± 0.033 0.949 ± 0.032 0.950 ± 0.034 0.906 0.958 0.881
T6 0.943 ± 0.036 0.937 ± 0.037 0.938 ± 0.034 0.384 0.580 0.884
BMI
T0 24.08 ± 3.55 23.94 ± 2.95 23.86 ± 3.26 0.804 0.748 0.900
T1 23.93 ± 3.54 23.79 ± 2.96 23.69 ± 3.22 0.799 0.727 0.883
T2 23.74 ± 3.51 23.52 ± 2.96 23.48 ± 3.14 0.689 0.697 0.943
T3 23.44 ± 3.54 23.30 ± 2.88 23.19 ± 3.07 0.659 0.714 0.988
T4 23.11 ± 3.47 22.89 ± 2.78 22.84 ± 2.87 0.668 0.679 0.942
T5 22.87 ± 3.48 22.69 ± 2.71 22.63 ± 2.93 0.721 0.705 0.925
T6 22.71 ± 3.53 22.42 ± 2.70 22.33 ± 2.70 0.578 0.560 0.888
November 2020 | Vo
BWR, body weight ratio (ratio of body weight at T1-T6 to T0); BMI, body mass index. Variance analysis was conducted between each group.
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support had become more frequently in our cancer center, we
speculated that prealbumin levels increased at T1 due to early
nutrition education and at T5 due to nutritional support and re-
education, which again proved the importance of early
nutritional support.

The association between nutritional status and ROM was
investigated. To our knowledge, this is the first prospective
observational study that specifically worked on this. We
innovatively divided patients into three subgroups: mild,
moderate and severe groups. The results of NRS2002 scores
and prealbumin levels showed that there was a strong association
between nutritional status and ROM, indicating that
malnutrition was largely caused by ROM. What beyond our
expectation is that we found malnutrition was not only the
consequence of ROM. As presented in Table 3, the difference
between mild and severe group in NRS2002 score at T0 was
significant, which indicating that malnutrition was very likely to
be a risk factor to ROM. Although not significant, the
prealbumin level of mild and moderate groups was higher than
severe group at T0 as well. Our previous study also found that
body weight loss ≥ 5% was a related risk factor to severe ROM
(19). Two other studies conducted in oral cavity cancer patients
Frontiers in Oncology | www.frontiersin.org 724
found that lower BMI was significantly related with severe ROM
(49, 50). The underlying mechanism might be that malnutrition
could interfere with mucosal regeneration due to decreased
cellular migration and renewal resulting from poor nutrition
status (51). In conclusion, nutritional support should be more
frequent and earlier not only to reverse malnutrition due to
ROM but also reduce the risk of developing severe ROM.

We further compared nutritional support among the three
subgroups, and found significant differences in the proportion of
patients receiving enteral nutrition, duration of parenteral
nutrition, and total calories provided by nutritional support.
However, the severe group still had the worst nutritional status,
which meant that nutritional support should be provided earlier
than usual.

The study had several limitations. Although the sample size
was not small, we excluded 96 patients mainly due to lack of
comprehensive data (prealbumin and albumin test, data on
nutritional support, etc), which might cause bias. As
mentioned above, there were no standard guidelines or
procedures for nutritional support, the conclusion of
differences in nutritional support among three subgroups was
not that reliable.
TABLE 5 | Comparison between mild, moderate, and severe groups in albumin and prealbumin levels at T0–T6 during chemoradiotherapy (CRT)/radiotherapy (RT)
treatment.

Items, mean ± SD Mild group Moderate group Severe group p (mild vs moderate) p (mild vs severe) p (moderate vs severe)

Albumin (g/L)
T0 42.40 ± 3.30 42.09 ± 4.23 41.55 ± 3.20 0.626 0.298 0.500
T1 41.87 ± 3.40 41.75 ± 3.93 40.69 ± 3.47 0.836 0.135 0.174
T2 41.88 ± 3.19 41.67 ± 4.42 41.76 ± 3.82 0.748 0.884 0.911
T3 42.46 ± 3.11 41.69 ± 3.96 41.11 ± 3.71 0.207 0.078 0.444
T4 41.54 ± 3.62 40.19 ± 5.60 40.43 ± 3.51 0.084 0.252 0.799
T5 41.16 ± 4.00 40.43 ± 4.40 39.86 ± 3.83 0.303 0.141 0.506
T6 41.52 ± 3.79 39.72 ± 5.98 39.75 ± 3.71 0.035 0.098 0.978
Prealbumin (mg/L)
T0 274.79 ± 50.26 273.80 ± 48.70 261.47 ± 56.76 0.910 0.222 0.243
T1 292.37 ± 59.30 284.77 ± 50.34 259.71 ± 69.72 0.443 0.009 0.039
T2 283.39 ± 61.60 286.49 ± 58.80 253.21 ± 62.84 0.767 0.020 0.009
T3 270.79 ± 54.71 258.76 ± 54.35 232.38 ± 72.25 0.237 0.002 0.032
T4 264.13 ± 64.29 241.83 ± 57.52 226.12 ± 65.88 0.040 0.005 0.223
T5 266.52 ± 62.20 251.33 ± 63.29 226.47 ± 76.63 0.185 0.005 0.071
T6 262.30 ± 58.93 245.49 ± 61.15 222.72 ± 66.02 0.129 0.004 0.084
November 2020 | V
Variance analysis was conducted between each group.
Bold values means the p value is less than 0.05.
TABLE 6 | Comparison between mild, moderate, and severe groups in general nutritional support, enteral nutrition, parenteral nutrition, duration of parenteral nutrition,
starting time of enteral and parenteral nutrition, and total calories provided by nutritional support at T0–T6 during chemoradiotherapy (CRT)/radiotherapy (RT) treatment.

Items Mild group Moderate group Severe group p-value

General nutrition support, n/N (%) 42/67 (62.7) 58/75 (77.3) 28/34 (77.3) 0.055
Enteral nutrition, n/N (%) 32/67 (47.8) 44/75 (58.7) 25/34 (73.5) 0.045
Parenteral nutrition, n/N (%) 23/67 (34.3) 38/75 (50.7) 18/34 (52.9) 0.085
Duration of parenteral nutrition, mean ± SD (days) 3.06 ± 5.90 5.28 ± 7.38 7.24 ± 10.16 0.025
Starting time of enteral nutrition, mean ± SD (week) 2.58 ± 1.67 3.07 ± 1.54 2.92 ± 1.34 0.400
Starting time of parenteral nutrition, mean ± SD (week) 4.34 ± 1.48 3.74 ± 1.33 3.22 ± 1.68 0.055
Total calories provided by nutritional support, mean ± SD (kcal) 7121.91 ± 8471.15 9064.01 ± 9380.13 14860.71 ± 13551.62 0.001
olume 10 | Article
Chi-square test and variance analysis were conducted.
Bold values means the p value is less than 0.05.
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CONCLUSION

Malnutrition is very common inNPCpatients andoccurs earlier than
usually expected during RT. ROM is strongly associated with
nutritional status, which might be bidirectional. Therefore, adequate
nutritional support should be provided to all NPCpatients at the start
of RT, especially those at high-risk of severe ROM. Thus, further
studies areneeded to explore approaches to identifyhigh-riskpatients.
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Background: The purpose was to develop and validate a nomogram for prediction on
radiation-induced temporal lobe injury (TLI) in patients with nasopharyngeal carcinoma (NPC).

Methods: The prediction model was developed based on a primary cohort that consisted
of 194 patients. The data was gathered from January 2008 to December 2010. Clinical
factors associated with TLI and dose–volume histograms for 388 evaluable temporal
lobes were analyzed. Multivariable logistic regression analysis was used to develop the
predicting model, which was conducted by R software. The performance of the
nomogram was assessed with calibration and discrimination. An external validation
cohort contained 197 patients from January 2011 to December 2013.

Results: Among the 391 patients, 77 patients had TLI. Prognostic factors contained in
the nomogram were Dmax (the maximum point dose) of temporal lobe, D1cc (the
maximum dose delivered to a volume of 1 ml), T stage, and neutrophil-to-lymphocyte
ratios (NLRs). The Internal validation showed good discrimination, with a C-index of 0.847
[95%CI 0.800 to 0.893], and good calibration. Application of the nomogram in the external
validation cohort still obtained good discrimination (C-index, 0.811 [95% CI, 0.751 to
0.870]) and acceptable calibration.

Conclusions: This study developed and validated a nomogram, which may be
conveniently applied for the individualized prediction of TLI.

Keywords: nasopharyngeal carcinoma, chemoradiotherapy, temporal lobe injury, neutrophil-to-lymphocyte
ratio, nomogram
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INTRODUCTION

NPC is characterized by unique geographic distribution and is
particularly prevalent in East and Southeast Asia. Epidemiological
trends over the past decade show that its morbidity has gradually
decreased, and mortality has been greatly reduced (1). Concurrent
chemoradiotherapy is the standard treatment for advanced NPC.
Because the temporal lobe is adjacent to the nasopharynx
anatomically, radiation-induced TLI is one of the most serious
late complications after definitive chemoradiotherapy of NPC
patients. In an era of Intensity Modulated Radiation Therapy
(IMRT) radiotherapy, the reported rate of TLI ranges from 4.33
to 12.5% (2–5). Patients who developed temporal lobe necrosis after
radiotherapy suffer damages in memory, language, mobility, and
executive functions, yet their general intelligence remained relatively
intact (6).

In recent years, some studies focused on identifying the risk
factors leading to TLI (7–13). The accumulated dosage of
radiation was generally considered with an important risk
factor for TLI. Sun et al. reported that D0.5 cc was predicted
for TLI in NPC patients (7). Zeng et al. and Kong et al.
established NTCP for TLI including D1cc and Dmax (14, 15),
but clinical utility is limited. Few studies have attempted to
develop easily acceptable prognostic model, though some risk
factors for TLI have been reported.

Generating user-friendly graphical interface is helpful to
make clinical decisions by using nomograms during the clinic
(16). So far, it has been published in many studies that
nomograms were used to predict outcome (17–19). The main
purpose of this study was to analyze the risk factors of TLI,
develop a prognostic model, and validate it in an external cohort.
To our knowledge, this is the first study to develop a TLI
related nomogram.
MATERIALS AND METHODS

Patients
The patients of this study were from January 2008 to December
2013 via tracking the institutional database for medical records.
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Included patients with histologically confirmed NPC underwent
definitive concurrent chemoradiotherapy. The primary cohort
was gathered from January 2008 to December 2010. A validation
cohort contained patients who were from January 2011 to
December 2013. The exclusion criteria of this study were as
follows: 1) Recurrence patients; 2) The MR image of follow-up or
radiotherapy plans were not retrievable from archived database;
3) Brain invasion. All patients relied on enhanced MRI to stage
by using American Joint Committee on Cancer Staging Manual
(8th Edition) staging criteria. Demographic, clinical, and
treatment plan of the 391 eligible patients was collected.

Treatment
The patients were fixed in a supine position with a thermoplastic
mask. Treatment plan CT was finished after intravenous contrast,
obtaining 3 mm slices from the head to the level 3 cm below the
sternoclavicular joint. The primary nasopharyngeal lesions
(GTVnx) and metastatic neck lymph nodes (GTVnd) were
delineated based on the criterion of the International Commission
on Radiation Units and Measurements (ICRU) 50 and 62 (20, 21).
The clinical target volume 1 (CTV1) was defined as the GTVnx with
5 mm margins to cover the high-risk subclinical area. CTV2 was
defined by addition of 3–5mmmargins for the CTV1 to encompass
areas of the low-risk subclinical area. CTVln was defined as
lymphatic drainage regions. The planning target volume (PTV)
was defined by addition of 3 mm margins for the GTV and CTVs.
The prescribed dose was defined as: 68–76 Gy for PTV of GTVnx,
66–70 Gy for PTV of GTVnd, 60–66 Gy for PTV of CTV1, 54–60
Gy for PTV of CTV2, and 50–54 Gy for PTV of CTVln. Total
fractions were 30–33 times. The patients were irradiated once a day
over 5 days per week. The dose–volume limitations for normal
organs were based on the Radiation Therapy Oncology Group
protocol 0225 (RTOG0225) (22). Concurrent chemotherapy
included cisplatin-based chemotherapy every 3 weeks for 2 to
3 cycles.

Diagnosis and Temporal Lobe Contour
The endpoint of this study was the development of TLI which
was identified by enhanced MRI (Figure 1) after definitive
concurrent chemoradiotherapy. The diagnostic methods were
FIGURE 1 | Typical MR images of radiation-induced temporal lobe injury (TLI).
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as follows: (a) white matter lesions, indicated finger-like
pathological changes on T2-MRI with increased signal
intensity; (b) contrast-enhanced lesions, defined as T1
enhancement scans showed abnormally spotted, circular, or
irregularly enhanced lesions, with or without edema around
the enhanced lesions; (c) cysts, extremely high signal strength
on a T2-weighted image with round or oval shapes (23). All MR
images were judged independently by two neuroradiology
experts. As the temporal lobes had been delineated
inconsistent during original radiotherapy planning, we re-
contour the temporal lobes using a recommended atlas (24).
This allows us to accurately collect data for the following dose–
volume parameters: Dmax, Dmean, D1cc, D3cc, D5cc, D10cc,
D15cc, and D20cc.

Follow-up
The time of follow-up was computed from the completion of
radiotherapy to either the day of last examination or the day of
death. All patients who finished the radiotherapy were followed
up every 3 months within 2 years and every 6 months within 5
years, then once a year thereafter. A detailed physical
examination was done at each follow-up. Besides, MRI of the
nasopharynx and neck, chest radiography, abdominal US were
performed on every examination. The duration of TLI was
calculated from the completion of radiotherapy to the day of
contrast-enhanced MRI diagnosis.

Development and Validation of a
Nomogram
For patients with unilateral TLI, the uninjured temporal lobes
were regarded as the normal temporal lobes for analysis. The
statistical analysis of this study was based on 782 evaluable
temporal lobes, which were divided into the injured temporal
lobes and normal temporal lobes. The nomogram was developed
based on parameter estimates of the multivariate logistic
regression in the primary cohort. The equation was shown as
below: b means the regression coefficient, X1, X2…Xm stand for
different parameters.

Probability of TLI  =
e(b0+b1X1+b2X2+⋯ +bmXm)

1 + e−(b0+b1X1+b2X2+⋯ +bmXm)

For internal validation, the discriminative power of the
nomogram was assessed by C-index, and the calibration was
evaluated by the calibration plot. Bootstrap resampling (1,000
resamples) was used to calculate a relatively corrected C-index.
For external validation, each patient was assessed and calculated
by the nomogram in the validation cohort, and each patient’s
total score was used by an independent factor of Logistic
regression analysis. Then the discrimination and calibration for
the nomogram were performed by the C-index and the
calibration curve again.

Statistical Analysis
The TLI and non-TLI groups were assessed by t test. The
associations between clinical characteristics and the risk of TLI
were evaluated using univariate logistic analysis. Multivariable
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analysis was performed using the logistic regression with forward
stepwise selection, including all variables with P <0.05 on
univariable analyses. Nomogram prediction model was
developed by R soft. The Hosmer–Lemeshow test was used to
evaluate the calibration curve.

All statistical analyses were carried out with SPSS version 25.0 or
with R software (version 3.5.2; http://www.r-project.org). All tests
were two-sided, P <0.05 was considered statistically significant.
RESULTS

Clinical Characteristics
The median of the follow-up time was 42 months. 77 out of 391
patients developed TLI after definitive chemoradiotherapy. 665
normal temporal and lobes 117 injured temporal lobes were
included in the statistical analysis. The median of the time period
after the completion of radiation for the patients diagnosed with
TLI was 36.5 months. Of the 77 patients with TLI, 37 patients
were unilateral TLI, and the other 40 patients were bilateral TLI.
There were 80 injured temporal lobes for bilateral TLI which
were enrolled in this study. 782 evaluable temporal lobes’
characteristics in the primary and validation cohorts were
given in Table 1. There was no significant difference between
the two cohorts in TLI (P = 0.164). There were 39.4% more men
than women. Most patients were diagnosed with advanced T
stage (58.8%) and N stage (80%).

Factors Associated With TLI
In the primary cohort, there were 65 injured temporal lobes,
whose Dmax of temporal lobe were between 74.55 and 83.21 Gy,
and D1cc was between 64.37 and 73.73 Gy. The other dose–
volume parameters were shown in Table 2. The Dmax was the
best dose–volume predictor with an AUC of 0.766. The dose of
temporal lobe (Dmax, D1cc) in the TLI group was significantly
higher than that of the non-TLI group (P < 0.05). For the clinical
characteristics of primary cohorts, T stage, diabetes, and NLR
were predictive factors with statistical difference (P < 0.05)
(Table 3). However, only T stage (P <0.001) and Alcoholism
(P = 0.031) were associated with TLI in the validation cohort.

For the multivariate logistic regression analysis, only T stage,
NLR, Dmax, D1cc were independent prognostic factors for TLI
(Table 4). Among dose–volume parameter and clinical factors,
Dmax(P = 0.033), D1cc (P < 0.001), advanced T stage (P <
0.001), and higher NLR (P = 0.012) were found to correlate with
a higher incidence of TLI in primary cohort.

The Development of the Nomogram Model
for TLI Prediction
The nomogram for TLI was developed by R (Figure 2). The
model’s parameters were from the results of the multivariate
logistic regression analysis. The different states of each factor
correspond to specific scores on the score scale. The individual’s
calculated total score that takes into account all factors of the
model can easily predict TLI risk by positioning it on the total
score scale.
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The Discrimination and Calibration Ability
of the Nomogram
Internal Validation
The C-index was used to assess the discrimination of nomogram
model (Figure 3A). The nomogram showed good discrimination
power for predicting TLI with a C-index 0.847(95%CI, 0.800–
0.893), which was subjected to be 0.841 via bootstrapping
resampling. In Figure 3B, the nomogram demonstrated good
calibration according to the Hosmer–Leme show test (P = 0.24).
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The x-axis represents the predicted probabilities from the
nomogram, and the y-axis means the observed TLI
probabilities. The calibration curve also indicated satisfactory
consistency between the probability of prediction and
observation in the primary cohort.

External Validation
For external validation, the nomogram was also evaluated by the
calibration plot and the C-index in an independent validation
TABLE 1 | Clinical characteristics of 782 temporal lobes.

Characteristics All Primary Cohort Validation Cohort P
No. (%) No. (%) No. (%)

Total 782 388 394
Sex 0.071
Male 545(69.7%) 282(72.7%) 263(66.8%)
Female 237(30.3%) 106(27.3%) 131(33.2%)

Age(years) 0.005
≤60 688(88.0%) 354(91.2%) 334(84.8%)
>60 94(12.0%) 34(8.8%) 60(15.2%)

T stage (AJCC8th) 0.247
T1 36(4.6%) 18(4.6%) 18(4.65)
T2 286(36.6%) 149(38.4%) 137(34.8%)
T3 216(27.6%) 113(29.1%) 103(26.1%)
T4 244(31.2%) 108(27.8%) 136(34.5%)

N stage (AJCC8th) 0
N0 36(4.6%) 28(7.2%) 8(2%)
N1 120(15.3%) 70(18%) 50(12.7%)
N2 521(66.6%) 252(64.9%) 269(68.3%)
N3 105(13.4%) 38(9.8%) 67(17%)

Hypertension 0.256
Yes 48(6.1%) 20(5.2%) 28(7.1%)
No 734(93.9%) 368(94.8%) 366(92.9%)

Diabetes 0.742
Yes 31(4.0%) 15(3.8%) 16(4.1%)
No 751(96.0%) 373(96.2%) 378(95.9%)

Smoking 0.905
Yes 308(39.4%) 152(39.2%) 156(39.6%)
No 474(60.6%) 236(60.8%) 238(60.4%)

Alcoholism 0.007
Yes 216(27.6%) 124(32.0%) 92(23.4%)
No 566(72.4%) 264(68.0%) 302(76.6%)

Cholesterol 0.206
≤5.2 mmol/L 576(73.7%) 278(71.6%) 298(75.6%)
>5.2 mmol/L 206(26.3%) 110(28.4%) 96(24.4%)

Triglycerides 0.544
≤1.7 mmol/L 532(68.0%) 260(67.0%) 272(69.0%)
>1.7 mmol/L 250(32.0%) 128(33.0%) 122(31.0%)

NLR 0
≤2.82 456(58.3%) 202(52.1%) 254(64.5%)
>2.82 326(41.7%) 186(47.9%) 140(35.5%)

PLR 0.027
≤117.53 422(54.0%) 194(50%) 228(57.9%)
>117.53 360(46%) 194(50%) 166(42.1%)

Target therapy 0.774
Yes 134(17.1%) 68(17.5%) 66(16.8%)
No 648(82.9%) 320(82.5%) 328(83.2%)

ART 0.465
Yes 284(36.3%) 136(35.1%) 148(37.6%)
No 498(63.7%) 252(64.9%) 246(62.4%)

TLI 0.164
Yes 117(15%) 65(16.8%) 52(13.2%)
No 665(85%) 323(83.2%) 342(86.8%)
December 2020 | Volume 10 | Article 5
NLR, neutrophil-to-lymphocyte ratios; PLR, platelets-to-lymphocyte ratios; ART, adaptive radiation therapy; TLI, temporal lobe injury.
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TABLE 2 | Dose–volume parameters of radiation temporal lobe injury in primary cohort.

Dose–volume parameters TLI (mean ± SD Gy) Non-TLI (mea ± SD Gy) P AUC

Dmax 78.88 ± 4.33 74.17 ± 4.77 0.000 0.766
Dmean 18.05 ± 7.14 16.15 ± 7.18 0.064 0.573
D1cc 69.05 ± 4.68 63.79 ± 8.53 0.000 0.691
D3cc 57.02 ± 7.57 54.68 ± 12.26 0.140 0.542
D5cc 49.46 ± 9.07 48.14 ± 13.68 0.456 0.516
D10cc 40.31 ± 10.93 37.18 ± 14.16 0.094 0.573
D15cc 33.03 ± 11.64 29.79 ± 13.54 0.074 0.578
D20cc 26.90 ± 11.34 24.41 ± 11.34 0.127 0.567
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AUC, area under curve; SD, Standard Deviation.
TABLE 3 | Univariate analysis of temporal lobes in primary and validation cohorts.

Characteristics Primary cohort P Validation cohort P

TLI (+) TLI (−) TLI (+) TLI (−)

Sex 0.252 0.469
Male 51(78.5%) 231(71.5%) 37(71.2%) 226(66.1%)
Female 14(21.5%) 92(28.5%) 15(28.8%) 116(33.9%)

Age(years) 0.195 0.104
≤60 62(95.4%) 292(90.4%) 48(92.3%) 28(83.6%)
>60 3(4.6%) 31(9.6%) 4(7.7%) 56(16.4%)

T stage (AJCC8th) <0.001 <0.001
T1 0(0%) 17(5.3%) 0(0%) 18(5.3%)
T2 3(4.6%) 134(41.5%) 6(11.5%) 131(38.3%)
T3 27(41.5%) 97(30%) 16(30.8%) 87(25.4%)
T4 35(53.8%) 75(23.2%) 30(57.7%) 106(31%)

N stage (AJCC8th) 0.175 0.092
N0 4(6.2%) 24(7.4%) 1(1.9%) 7(2%)
N1 18(27.7%) 52(16.1%) 11(21.2%) 39(11.4%)
N2 37(56.9%) 215(66.6%) 36(69.2%) 233(68.1%)
N3 6(9.2%) 32(9.9%) 4(7.7%) 63(18.4%)

Hypertension 0.69 0.118
Yes 4(6.2%) 16(5.0%) 1(1.9%) 27(7.9%)
No 61(93.8%) 307(95.0%) 51(98.1%) 315(92.1%)

Diabetes 0.035 0.402
Yes 6(9.2%) 9(2.8%) 1(1.9%) 15(4.4%)
No 59(90.8%) 314(97.2%) 51(98.1%) 32(95.6%)

Smoking 0.206 0.089
Yes 30(46.2%) 122(37.8%) 15(28.8%) 141(41.2%)
No 35(53.8%) 201(62.2%) 37(71.2%) 201(58.8%)

Alcoholism 0.947 0.031
Yes 21(32.3%) 103(31.9%) 6(11.5%) 86(25.1%)
No 44(67.7%) 220(68.1%) 46(88.5%) 256(74.9%)

Cholesterol 0.168 0.563
≤5.2 mmol/L 42(64.6%) 236(73.1%) 41(78.8%) 25(75.1%)
>5.2 mmol/L 23(35.4%) 87(26.9%) 11(21.2%) 85(24.9%)

Triglycerides 0.304 0.974
≤1.7 mmol/L 40(61.5%) 220(68.1%) 36(69.2%) 236(69%)
>1.7 mmol/L 25(38.5%) 103(31.9%) 16(30.8%) 106(31%)

NLR 0.003 0.273
≤2.82 23(35.4%) 179(55.4%) 30(57.7%) 22(65.5%)
>2.82 42(64.6%) 144(44.6%) 22(42.3%) 118(34.55)

PLR 0.892 0.565
≤117.53 32(49.2%) 16(50.2%) 32(61.5%) 196(57.3%)
>117.53 33(50.8%) 16(49.8%) 20(38.5%) 146(42.7%)

Target therapy 0.099 0.495
Yes 16(24.6%) 52(16.15) 7(13.5%) 59(17.3%)
No 49(75.4%) 271(83.9%) 45(86.5%) 28(82.7%)

ART 0.951 0.886
Yes 23(35.4%) 113(35.0%) 20(38.5%) 12(37.4%)
No 42(64.6%) 210(65.0%) 32(61.5%) 21(62.6%)
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cohort. The C-index of the nomogram for the prediction of TLI
risk was 0.811(95%CI, 0.751–0.870) in the external validation
(Figure 3C), which showed that the model has a good
discrimination. The calibration plot indicated that the
prediction model was well calibrated, and the TLI risk
demonstrated an acceptable agreement between the actual
observation and prediction results of the nomogram (P =
0.053) (Figure 3D).
DISCUSSION

TLI is a severe adverse event associated with definitive
concurrent chemoradiotherapy of NPC that presents a slow
progressive course. According to MRI, the white matter lesions
(WMLs), contrast-enhanced lesions and cysts were continuous
process. The WML was observed in all radiation-induced brain
injury, while incidence of cysts was less than one-fifth of cases.
Enhanced lesions and cysts always occurred with WML (23).
Wang J et al. (25) carried out a similar study that the prediction
model consisted of the dose of temporal lobe (D0.5 cc and d10
cc), the parameter selection of the model and developing came
from LASSO regression. The differences in parameter selection
and statistical methods may result in slightly different results. To
our knowledge, this is the first study to develop a TLI related
nomogram based on the clinical and dose–volume parameters. It
can provide a visible predictive model that was easily understood
Frontiers in Oncology | www.frontiersin.org 632
by physicians and patients. When clinician reviewed the
radiotherapy plan, they may individually adjust the radiation
dose based on the nomogram for TLI. For example, local
radiotherapy boost of nasopharyngeal carcinoma should be
warned for including all risk factors. The nomogram was
developed by R software. Internal validation showed that the
subjected C-index was 0.841 according to Bootstrap resampling
(1,000 resamples). The calibration curve also showed satisfactory
consistency between the probability of prediction and
observation. Applying the model to the external validation, the
C-index of the nomogram for the prediction of TLI risk
was 0.811.

The temporal lobe is located in the middle cranial fossa
adjacent to the cavernous sinus and rupture hole. NPC can
invade structures such as ruptured holes and cavernous sinuses
through the anatomic space of the skull base and may even
invade the temporal lobe. When irradiating tumors and
subclinical lesions, radiation could be given a higher dose in
the target area. The temporal lobe is inevitably exposed to higher
doses of radiation during treatment. So advanced T stage may
easily develop to TLI. Huang et al. reported the cumulative
incidence of TLI at 5years was 13.2% among T4 NPC patients
(3), Su et al. also showed TLI is not observed in T1–2 patients; the
incidences are 3.1 and 13.4% in T3 and T4 patients respectively
(8). For our study, the incidence of TLI seemed higher than
previously reported in related research. Firstly, in order to ensure
the integrity and reliability of the data, we have strict exclusion
criteria, such as the MR images of follow-up or radiotherapy
plans were not retrievable from archived database. Secondly,
most patients presented with T3–4 stage (58.8%). However, it
would not affect the performance of the model. James CH Chow
et al. (26) evaluated radiation-induced hypoglossal nerve palsy in
nasopharyngeal carcinoma. 797 patients were included after
further excluding patients whose treatment plans were not
retrievable from archived database; dose–volume data from
165 eligible patients were analyzed to develop a model for
predicting radiation hypoglossal nerve injury.
FIGURE 2 | Nomogram for TLI risk after definitive concurrent chemoradiotherapy in nasopharyngeal carcinoma patients, including T stage, NLR, Dmax, and D1cc.
TABLE 4 | Multivariate logistic regression analysis of TLI in primary cohort.

Variable TLI

OR 95%CI P

T stage (T3–4 VS T1–2) 14.69 4.41–48.86 <0.01
NLR (>2.82 VS ≤2.82) 2.22 1.19–4.16 0.012
Dmax (>75 Gy VS ≤75 Gy) 2.29 1.07–4.91 0.033
D1cc (>67 Gy VS ≤67 Gy) 4.25 1.90–9.54 <0.01
Diabetes (Yes VS No) 3.25 0.89–11.80 0.072
CI, confidence interval; OR, odd ratio.
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The precise mechanism that leads to TLI remains unknown; it
may be related to vascular damage (27). TLI was likely to be
related with the volume and dose of temporal lobe irradiated.
Zeng et al. found Dmax to the temporal lobe was a significant
factor affecting TLI (11). Su et al. reported NPC patients who
received definitive concurrent chemoradiotherapy were relatively
safe with Dmax <68 Gy or D1cc < 58 Gy in temporal lobe (8). In
this study, we noticed that Dmax and D1cc were independent
prognostic factors for TLI in multivariate logistic regression. So
Dmax and D1cc were associated with developing TLI and
incorporated into the nomogram model.

Many studies have shown that the ratio of neutrophils to
lymphocytes in the blood can be used to predict the outcome of
various cancers and inflammatory diseases (28, 29). Wu et al.
found the associations of blood circulating neutrophil-to-
lymphocyte ratios (NLR) with TLN occurrence in T4 NPC
patients (30). Similarly, we got the same result that NLR was
an independent prognostic factor to result in TLI. It suggested
that inflammatory factors played roles in the late brain damage
caused by concurrent chemoradiotherapy.

A study limitation was that data is retrospective firstly. But
the included patients’ data was complete and has detailed follow-
up records; the quality of the data was relatively reliable.
Secondly, the MRI diagnosis of TLI was not fully established,
Frontiers in Oncology | www.frontiersin.org 733
but we have assigned two neuroradiologists to examine each
MRI independently.
CONCLUSIONS

We have developed and validated a nomogram for TLI in an
independent cohort. Additional research is needed to evaluate
whether this nomogram can be applied to other populations.
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Introduction:We aimed to analyze the relationship between the changed status of vocal
cord mobility and survival outcomes.

Methods: Seventy-eight patients with dysfunctional vocal cords and hypopharyngeal
carcinomas accepted non-surgical treatment as the initial therapy between May 2009 and
December 2016. Vocal cord mobility was assessed before and after the initial non-surgical
treatment. The cord mobility status was classified as normal, impaired, and fixed. Patients
with improved mobility (IM) (n =56) were retrospectively analyzed for disease-free survival
(DFS), recurrence-free survival (RFS), and overall survival (OS) and compared with 22
patients with non-improved mobility (non-IM).

Results: Fifty-six (71.8%) patients had improved cord mobility after the initial non-surgical
treatment. The non-improved cord mobility was significantly associated with shortened
DFS (P=0.005), RFS (P=0.002), and OS (P<0.001). If non-improved cord mobility was
regarded as an indicator for local-regional recurrence within 1 year, the sensitivity and the
specificity were 60.9%, 87.5% respectively. The multivariate analysis showed that
improved cord mobility (P=0.006) and salvage surgery (P=0.015) were both
independent protective factors for OS.

Conclusion: Changes in cord mobility are a key marker for predicting prognosis. Non-
improved cord mobility may indicate a high possibility of a residual tumor, therefore,
patients whose cord mobility remains dysfunctional or worsens after non-surgical
treatment might need an aggressive salvage strategy.

Keywords: salvage therapy, radiotherapy, hypopharyngeal neoplasms, prognosis, vocal fold paralysis
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INTRODUCTION

Although the prognosis of hypopharyngeal squamous cell
carcinoma (HPSCC) has improved in the last decade, HPSCC
is still associated with the worst survival outcomes among all
head and neck cancers. The 5-year survival rate of patients with
advanced disease (stages III–IV) ranges from 30 to 54% (1, 2).
Pretreatment vocal cord fixation is a significantly poor
prognostic factor in HPSCC. According to the 8th American
Joint Committee Cancer (AJCC) staging atlas (3), hemilarynx
fixation is one of the indicators used to upgrade T1–2 to T3–4
regardless of the size of the primary tumor. The mobility of the
vocal cord might affect the choice of conservative surgery.

Although advanced HPSCC has no standard treatment
strategy, it is no doubt that advanced HPSCC should be
treated with combined therapy by a multidisciplinary team.
Traditional open surgery is always followed by unacceptable
functional loss. Therefore, the treatment strategy is gradually
shifting from surgery-based treatment to radiotherapy-based
treatment for organ preservation. However, salvage surgery still
plays an important role in the treatment of advanced HPSCC
and relapse, but the proper time for surgical invention and how
to select candidates who would benefit from the sacrifice of
function for survival purposes remain questionable.

In clinical practice, we have observed that the cord mobility
status might change after non-surgical treatment in patients with
laryngeal and hypopharyngeal cancers. A few studies have analyzed
this phenomenon in patients with laryngeal cancers, but the authors
did not agree on whether remobility of the vocal cord could predict
a good prognosis (3, 4). No literature has focused on the value of
improved cord mobility after non-surgical therapy in HPSCC. It is
unclear whether improved cord mobility could be a prognostic
signal or a predictive factor of therapeutic efficacy. In other words,
we wonder whether non-improved cord mobility indicates a
residual tumor after non-surgical therapy and the need for salvage
surgery. To the best of our knowledge, this is the first study to
evaluate the prognostic value of a changed vocal cordmobility status
after non-surgical therapy in HPSCC. We also evaluated the role of
salvage surgery in survival outcomes.
MATERIALS AND METHODS

Patients
This retrospective study focused on patients with dysfunctional
vocal cords and HPSCC. All patients accepted non-surgical
treatment as the initial therapy at the National Cancer Center
(China) between May 2009 and December 2016. The study was
approved by the institutional review board of the National Cancer
Hospital of the Chinese Academy of Medical Sciences, Beijing,
China. All patients wrote informed consent before treatment. Each
therapeutic strategy was discussed by a multidisciplinary team
before treatment. Non-surgical treatment included a radiotherapy-
based strategy with or without systemic therapy. Systemic therapy
included concurrent or neoadjuvant. Patients who could not tolerate
a total dose of 66–70 Gy and who had distant metastasis at the initial
Frontiers in Oncology | www.frontiersin.org 237
diagnosis were excluded. There were no toxicity-mandated breaks
or delays during radiotherapy. Salvage surgery included at least one
of the following: neck dissection, partial pharyngectomy, and total
pharyngolaryngectomy. Tumor (T) classification and lymph node
(N) classification were defined through imaging examinations and
fiberoptic laryngoscopy according to the criteria of the AJCC 7th

edition staging system (5).

Vocal Cord Mobility
We reviewed the results of fiberoptic laryngoscopy in all enrolled
patients. All classifications of the status of vocal cord mobility were
carried out by one experienced endoscopist (who performed
fiberoptic laryngoscopy over 3 years). Vocal cord mobility was
assessed at least twice, including before and within 3 months after
the initial non-surgical treatment. The cord mobility status was
classified as normal or dysfunctional mobility. Dysfunctional cord
mobility included impaired and fixed cord mobility. The impaired
cordmobilitywas defined as themobility of vocal cordweaken than
that of the healthy side. Improved mobility (IM) consisted of
complete response (CR) and partial response (PR). CR was
defined as cord mobility that changed from impaired/fixed to
normal after non-surgical treatment, and PR was defined as cord
mobility that changed from fixed to impaired mobile after non-
surgical treatment. If the mobility status of the patient remained
fixed/impaired after non-surgical treatment, it was defined as stable
dysfunction (SD). If themobility status of the patient changed from
impaired to fixed after non-surgical treatment, it was defined as
progressive dysfunction (PD). PD and SD were both regarded as
non-improved mobility (non-IM).

Survival Outcomes
Outcomes consisted of recurrence-free survival (RFS), disease-
free survival (DFS), and overall survival (OS). OS was calculated
from the date of the completion of initial non-surgical treatment
and was censored at the date of all-cause death or the last follow-
up. Local-regional recurrence, new distant metastasis, and
persistent disease were censored as recurrence. New secondary
primary cancers and recurrence were end events of DFS and were
diagnosed by an imaging examination or biopsy. If patients did
not accept salvage surgery, RFS and DFS were calculated from
the date of the completion of initial non-surgical treatment; If
patients accepted salvage surgery, RFS and DFS were calculated
from the date of salvage surgery. Imaging examinations have
done on all individuals every 3 months for the first 2 years,
followed by every 6 months for the next 3 years, and annually
thereafter. Based on the results, salvage surgeries have performed
to the patients who were confirmed stable disease, incomplete
response or relapse after radiotherapy. All salvage surgery should
be performed within 6 months after non-surgical treatment.
Salvage surgery beyond 6 months and with positive pathological
results was regarded as local-regional recurrence.

Statistical Analysis
All categorical variables were estimated using two-sided Fisher’s
exact tests, and all continuous variables were estimated using the
Wilcoxon rank-sum test. Overall, recurrence-free and disease-
free survival curves were obtained utilizing Kaplan-Meier.
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Associations between prognostic factors and survival outcomes
were tested on univariate and multivariate Cox models. In
multivariate analysis, cox-proportional hazard regression
analyses were performed in variables with P values <0.15 on
univariate analyses. P-value less than 0.05 indicates statistical
significance. All statistical analyses were performed on SPSS 26.0
software (IBM, Armonk, NY).
RESULTS

Risk Factors Associated With the
Recovery of Cord Mobility
A total of 78 patients with HPSCC were included in this study.
There were 75 males and 3 females, with a mean age of 57.5 years
Frontiers in Oncology | www.frontiersin.org 338
(range 36–80 years). Before the initial treatment, 56 (71.8%)
patients had fixed vocal cords, and 22 (28.2%) patients had
impaired vocal cords. Fifty-six (71.8%) patients had improved
cord mobility after non-surgical treatment. The rates of SD,
PD, PR, and CR were 24.4% (19/78), 3.8% (3/78), 12.8% (10/78),
and 59.0% (46/78), respectively. Details of demographic
characteristics between the IM and non-IM groups are
summarized in Table 1. Patients who had no clinical evidence
of lymph node metastasis (cN0) (P=0.016) and who did not
undergo pretreatment tracheotomy (P <0.001) were more likely
to have IM after non-surgical treatment than patients with
clinical evidence of lymph node metastasis and those who
underwent pretreatment tracheotomy. Patients with postcricoid
region cancers had a tendency of having IM, but the difference
did not reach statistical significance (P=0.080).
TABLE 1 | Demographic characteristics between the improved mobility (IM) and non-IM groups.

Total n Improved group n (%) Non-Improved group n (%) P value

Numbers 78 56 (71.8) 22 (28.2)
Age (mean ± standard deviation) 57.47 ± 10.266 56.91 ± 10.001 58.91 ± 11.023 0.465
Gender 1.000

Female 3 2 (3.6) 1 (4.5)
Male 75 54 (96.4) 21 (95.5)

Primary site 0.080
Pyriform sinus 63 45 (80.4) 18 (81.8)

Posterior wall 9 5 (8.9) 4 (18.2)

Postcricoid region 6 6 (10.7) 0

Cord mobility status before treatment
Fixed 56 40 (71.4) 16 (72.7) 1.000
Impaired 22 16 (28.6) 6 (27.3)

Ipsilateral 75 55 (98.2) 20 (90.9) 0.190
Bilateral 3 1 (1.8) 2 (9.1)

T classification 0.316
T2 6 3 (5.4) 3 (13.6)

T3 29 23 (41.1) 6 (27.3)

T4 43 30 (53.6) 13 (59.1)

N classification 0.028*
N0 12 12 (21.4) 0

N1 6 4 (7.1) 2 (9.1)

N2 53 36 (64.3) 17 (77.3)

N3 7 4 (7.1) 3 (13.6)

Pretreatment tracheotomy <0.001*
Yes 12 3 (5.4) 9 (40.9)

No 66 53 (94.6) 13 (59.1)

Salvage surgery 0.243
Yes 19 16(28.6) 3(13.6)

Partial pharyngectomy 5 5 (8.9) 0

Total pharyngolaryngectomy 7 5 (8.9) 2 (9.1)

Neck dissection alone 7 6 (10.7) 1 (4.5)

No 59 40(71.4) 19(86.4)

Systemic therapy
Concurrent chemoradiation 39 32 (57.1) 7 (31.8) 0.07
Neoadjuvant chemotherapy 22 15 (26.8) 7 (31.8) 0.781
Targeted therapy 22 16 (28.6) 6 (27.3) 1.000
January 2021 | Volume 10 | Article
*P < 0.05.
All p value below 0.05 were highlighted in bold values.
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Outcomes Between Two Groups
Six patients were lost to follow-up after non-surgical treatment:
two in the non-IM group and four in the IM group. Eight
patients occurred heterochronic secondary primary cancers after
initial treatment, seven patients had esophageal carcinomas
and one patient had soft palate carcinoma. Twenty-three
patients (44.2%) had recurrence in IM group comparing to 16
patients (76.2%) in non-IM group (Table 2). Non-improved
cord mobility was significantly associated with recurrence
(P=0.019), especially local-regional recurrence (P=0.001). In
patients who did not accept salvage surgery, if non-improved
Frontiers in Oncology | www.frontiersin.org 439
cord mobility was regarded as an indicator for local-regional
recurrence within 1 year, the sensitivity, the specificity, positive
predictive value, and negative predictive value were 60.9, 87.5,
77.8, 75.7% respectively.

With a median follow-up of 33.5 months (range 1–130 months),
the total 5-yearOS rateswere 52.4%, respectively. Thenon-improved
cord mobility was significantly associated with shortened DFS
(P=0.005), RFS (P=0.002), and OS (P<0.001) (Figures 1–3). The 1-
year DFS rate of the non-IM group was 27.2%. The 5-year RFS and
OS rates of the non-IM group (compared to the IM group) were
21.8% (vs. 53.2%) and 30.0% (vs. 61.5%), respectively.
TABLE 2 | Outcomes between improved mobility (IM) and non-IM groups.

IM group Non-IM group P value

Secondary primary cancer 7 1 0.425
Recurrence 23 16 0.019*

Local-regional recurrence 14 15 0.001*
Distant metastasis 12 4 1.000

Local-regional recurrence within 1 year# <0.001*
Yes 9 14
No 28 4

Overall patients (%)
5-year RFS 53.2 21.8 0.002*
5-year DFS 48.0 21.8 0.005*
5-year OS 61.5 30.0 <0.001*

With salvage surgery (%)
5-year RFS 64.3 33.3 0.301
5-year DFS 57.1 33.3 0.378
5-year OS 76.2 66.7 0.611

Without salvage surgery (%)
5-year RFS 48.3 20.0 0.005*
5-year DFS 43.9 20.0 0.010*
5-year OS 56.1 23.5 0.001*
January 2021 | Volume 10 | Article
#Patients, who did not accept salvage surgery, occurred local-regional recurrence or not. *P < 0.05; All p value below 0.05 were highlighted in bold values.
OS, overall survival; RFS, recurrence-free survival; DFS, disease-free survival; IM, improved cord mobility; non-IM, non-improved cord mobility.
FIGURE 1 | Disease-free survival curve of improved mobility (IM) group and non-IM group.
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Multivariate Analysis of Recurrence-Free
Survival, Disease-Free Survival, and
Overall Survival
The univariate analysis revealed that a high N classification
(P=0.016), without salvage surgery (P=0.010), non-improved
cord mobility (P<0.001), pretreatment tracheotomy (P=0.046)
were associated with poor OS. Furthermore, the multivariate
analysis revealed that all of these variables except for pretreatment
tracheotomywere independent risk factors (Table 3). ThemeanOS
time was 78 months in the IM group vs. 34 months in the non-IM
group (HR 2.734, 95% CI=1.340 −5.578). The multivariate analysis
also revealed that IM was an independent protective factor for
Frontiers in Oncology | www.frontiersin.org 540
prolonged DFS (P=0.043) and RFS (P=0.030). The median DFS
time was 36 months in the IM group vs. 5 months in the non-IM
group (HR 1.925, 95% CI=1.020–3.636).

Salvage Surgery as a Protective Factor for
Overall Survival
The multivariate analysis revealed that patients who underwent
salvage surgery had higher OS (HR 0.262, 95% CI=0.089–0.772,
P=0.015) than patients who did not undergo salvage surgery. IM
group had obviously higher 5-year RFS, DFS, and OS not only in
overall cohort but also in cohort without salvage surgery
(Table 2). However, in cohort with salvage surgery, there were
FIGURE 2 | Recurrence-free survival curve of improved mobility (IM) group and non-IM group.
FIGURE 3 | Overall survival curve of improved mobility (IM) group and non-IM group.
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no significant difference in all kinds of survival between
two groups.

Patients were divided into four groups according to the
change in cord mobility and the choice of salvage surgery. The
mean OS times of these four groups were as follows (from high to
low): IM with salvage surgery (105 months), non-IM with
salvage surgery (71 months), IM without salvage surgery (67
months), and non-IM without salvage surgery (28 months)
(P<0.001). Figure 4 showed the overall survival curve in
four groups.
DISCUSSION

Although HPSCC is rare (incidence of 5%), it has the worst
prognosis of all head and neck squamous cell carcinomas (1, 2, 6).
Frontiers in Oncology | www.frontiersin.org 641
Pretreatment cord dysfunction is regarded as an indicator of an
unfavorable prognosis (7, 8). However, the cord mobility status
might change after non-surgical treatment. Vocal cord
dysfunction might be due to tumor invasion of laryngeal
structures, such as the cricoarytenoid joint, thyroarytenoid
muscle, and posterior cricoarytenoid muscles, and tumor
invasion of recurrent nerves. However, the most common
cause of vocal cord immobility can be explained by the weight
effect (i.e., the occupancy of the tumor mass). Katilmis et al. (9)
found that 50% of vocal cord dysfunction cases were caused by
the weight effect because none of the laryngeal structures were
involved in these cases based on the histopathological evaluation
of total laryngectomy specimens. Therefore, when the tumor
mass was eliminated through non-surgical treatment, patients
who experienced vocal cord dysfunction caused by the weight
effect had a high possibility of experiencing normal mobility. We
TABLE 3 | Univariate and multivariate analysis about disease-free survival (DFS), recurrence-free survival (RFS), and overall survival (OS).

Univariate analysis Multivariate analysis

DFS RFS OS DFS RFS OS

P value P value P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

N classification <0.001* <0.001* 0.016* 1.803 (1.033–3.145) 0.038* 2.016 (1.066–3.813) 0.031* 2.611 (1.354–5.036) 0.004*
Pretreatment tracheotomy 0.362 0.285 0.046* / / / / / 0.228
Primary site 0.820 0.629 0.712 / / / / / /
IM/non-IM 0.005* 0.002* <0.001* 1.925 (1.020–3.636) 0.043* 2.074 (1.075–4.002) 0.030* 2.734 (1.340–5.578) 0.006*
Salvage surgery 0.225 0.138 0.010* / / / 0.262 0.262 (0.089–0.772) 0.015*
Concurrent chemoradiation 0.352 0.303 0.677 / / / / / /
January 202
1 | Volume 10 | Article
OS, overall survival; RFS, recurrence-free survival; DFS, disease-free survival; IM, improved cord mobility; non-IM, non-improved cord mobility.
HR, hazard ratio; CI, confidence interval; *P < 0.05. All p value below 0.05 were highlighted in bold values.
A B

DC

FIGURE 4 | (A) Overall survival (OS) curve in IM group with or without salvage surgery (S); (B) OS curve in non-IM group with or without S; (C) OS curve in IM
group with S and non-IM group with S; (D) OS curve in IM group without S and non-IM group without S.
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speculate that the weight effect might partly explain why the rate
of improved cord mobility was as high as 71.8% after non-
surgical treatment in our study.

Although few studies have evaluated the relationship between
changes in the cord mobility status and prognosis in HPSCC,
some studies that focused on patients with laryngeal carcinoma
and improved cord mobility might provide some insights.
Solares et al. (4) analyzed the 5-year local control rate of 23
patients with advanced laryngeal carcinoma who had initial vocal
cord fixation and then accepted concurrent chemoradiotherapy.
Fifteen patients with improved cord mobility had a 100% 5-year
OS rate, whereas those with persistent fixed cord mobility after
treatment had a 25% 5-year OS rate (P<0.001). However, not all
evidence suggests that IM is a predictive factor of good local
control. Lee et al. (10) performed a retrospective study on 69
patients with dysfunctional vocal cords and laryngeal cancers.
They did not find a significant difference in the 2-year local
control rate between patients with IM (53/69) and those without
IM (16/69) (70% vs. 77%, P=0.81). Different from the studies
mentioned above, our target population was patients with
HPSCC. According to our results, non-improved cord mobility
was a strong risk factor for RFS, DFS, and OS. The improved
mobility group had a mean OS time of 78 months, which was
twice as long as that of the non-IM group. Furthermore, the IM
group had a median DFS time seven times longer than that of the
non-IM group (36 months vs. 5 months). In contrast, non-
improved cord mobility might be an indicator for a high
possibility of a residual tumor. If non-improved cord mobility
was used to predict local-regional recurrence after non-surgical
treatment within 1 year, it had a high specificity (87.5%),
although the sensitivity was 60.9%. Therefore, we hypothesized
that non-improved cord mobility might be a key indicator that
should be evaluated to assess the response to non-surgical
treatment in addition to imaging examinations, such as
contrasted computed tomography (CT), magnetic resonance
imaging (MRI), and fluorodeoxyglucose positron emission
tomography (FDG-PET). Patients whose cord mobility
remained dysfunctional or worsened after non-surgical
treatment might need a more aggressive salvage strategy for
survival benefits and local control.

The trend in the management of HPSCC is toward a
preference for organ preservation without sacrificing survival.
However, salvage surgery still has an obvious advantage in the
survival of advanced HPSCC patients, especially in those who
experience recurrence (11). Al−Mamgani et al. (12) revealed that
the total laryngectomy-based strategy resulted in better 5-year
local control for T4 laryngeal and hypopharyngeal cancers than
organ-preservation chemoradiation (64% vs. 87%, P=0.030);
however, there was no improvement in OS. In the current
study, salvage surgery had an independently positive impact on
OS in HPSCC patients with pretreatment dysfunctional cord
mobility. In the non-IM group, salvage surgery increased the 5-
year OS rate from 23.5 to 66.7%. Non-IM group had obviously
shorter 5-year RFS, DFS, and OS not only in overall cohort but
also in cohort without salvage surgery. However, in cohort with
salvage surgery, there were no significant difference between two
Frontiers in Oncology | www.frontiersin.org 742
groups in all kinds of survival outcomes and the 5-year OS of
non-IM group became closed to IM group (66.7% vs. 76.2%,
P=0.611). We speculate that patients with non-IMmight obtain a
survival benefit from salvage surgery, but we cannot draw a
conclusion because of the small sample size.

When predicting the prognosis of HPSCC, several risk
factors, such as T classification, N classification, pretreatment
cord fixation, and pretreatment tracheotomy dependence, should
be considered (13). Ho et al. (14) retrospectively analyzed the
survival rate of 8,351 patients with hypopharyngeal and laryngeal
cancers. Their univariate and multivariable models suggested
that metastatic lymph node burden and extranodal extension
were two crucial risk factors for mortality. In accordance with the
previous study, our results demonstrated that N classification
was an independent risk factor for OS, RFS, and DFS. In a multi-
institutional study containing 226 patients with advanced
laryngeal cancers, 31.4% (71/226) underwent pretreatment
tracheotomy. Moreover, their results showed that patients who
underwent pretreatment tracheotomy had a statistically
significant decrease in both OS (HR 1.55, 95% CI=1.03−2.34,
P=0.03) and DFS (HR 1.54, 95% CI = 2.07−2.22, P=0.02) (15).
Some studies have also revealed that pretreatment tracheotomy
was a strong predictor for long-term tracheostomy after organ-
preservation strategy in laryngeal and hypopharyngeal cancers
(16, 17). In our study, which focused on HPSCC patients with
pretreatment cord dysfunction, pretreatment tracheotomy was
associated with OS only in the univariate analysis, but the
difference was not statistically significant in the multivariate
analysis. Interestingly, we found that N classification and
pretreatment tracheotomy were two pretreatment predictors
associated with the possibility of improved cord mobility.
Patients with N0 classification and who did not undergo
pretreatment tracheotomy were likely to experience improved
cord mobility after non-surgical treatment.

This study had certain limitations. First, since our target
population was HPSCC patients with pretreatment dysfunctional
cord mobility, the results cannot be extensively applied to all
patients with HPSCC. Additionally, there were few females in
the study. Hypopharyngeal cancers are more common in the male
gender. The prevalence of hypopharyngeal cancer in male gender
was shownmuch higher based on our findings, consistent with that
in other literatures from Asian (18–20). Our conclusion may be
more applicable for the male patients due to the unbalanced
gender distribution. Second, due to the small sample size, we
could not perform further analyses to ensure that salvage surgery
had a certain survival benefit for patients without improved cord
mobility. Last but not least, limited by the retrospective nature and
the long inclusion time, this study could not avoid bias from the
preference of patients and doctors. Moreover, because of the
retrospective nature of the study, we were unable to evaluate the
functional outcomes. Additional evidence from randomized
controlled trials is required to evaluate the prognostic value of
salvage surgery for HPSCC patients without improved cord
mobility. The further study that focused on the relationship
between improved cord mobility and functional outcomes
should also be considered.
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CONCLUSION

The change in cord mobility should be evaluated after non-
surgical treatment because non-improved cord mobility is a key
indicator to predict poor prognosis. In total, 71.8% of patients
with fixed/impaired vocal cords pretreatment improved after
non-surgical treatment. Improved cord mobility and salvage
surgery both had an independently positive impact on OS in
HPSCC patients with pretreatment dysfunctional cord mobility.
Non-improved cord mobility may indicate a high possibility of a
residual tumor, therefore, patients whose cord mobility remains
dysfunctional or worsens after non-surgical treatment might
need an aggressive salvage strategy.
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Purpose: To investigate dosimetry of submandibular glands on xerostomia after intensity-
modulated radiotherapy for nasopharyngeal carcinoma (NPC).

Methods: From September 2015 to March 2016, 195 NPC patients were investigated.
Xerostomia was evaluated at 12 months after treatment via the RTOG/EORTC system.
The least absolute shrinkage and selection operator regression model was used to
optimize feature selection for grades 2–3 xerostomia. Multivariable logistic regression
analysis was applied to build a predicting model incorporating the feature selected in the
least absolute shrinkage and selection operator regression model. Discrimination,
calibration, and clinical usefulness of the predicting model were assessed using the C-
index, calibration plot, and decision curve analysis.

Results: The V30 of the parotid glands was selected based on the least absolute
shrinkage and selection operator regression. The nomogram displayed good
discrimination with a C-index of 0.698 (95% confidence interval [CI]: 0.626–0.771) and
good calibration (model 1). Addition of the dosimetric parameters including the mean dose
to the submandibular glands, V50 of the submandibular glands, and volume of the
submandibular glands to the model 1 failed to show incremental prognostic value (model
2). The model 2 showed a C-index of 0.704 (95% CI: 0.632–0.776). Decision curve
analysis demonstrated that the model 1 was clinically useful when intervention was
decided at the possibility threshold of > 20%. Within this range, net benefit was
comparable between the model 1 and model 2.

Conclusion: PGv30 was a major predictive factor of grades 2–3 xerostomia for NPC. In
contrast, the mean dose to the submandibular glands, V50 of the submandibular glands,
and volume of the submandibular glands were not independent predictive factors.
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INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a radiosensitive cancer,
which is high incidence in Southern China (1, 2). Radiation-
induced xerostomia is a common complication after intensity-
modulated radiotherapy (IMRT) (3). Up to 30% patients suffer
from clinically significant xerostomia, which degrades patients’
quality of life (4, 5). Parotid glands produce 60%–65% of salivary
output, while submandibular glands contribute 20%–30% of the
salivary output (6, 7). Previous studies reported that mean dose
to the parotid glands was a major predictor of xerostomia (8–13).
However, dosimetry of submandibular glands on xerostomia for
NPC was not well investigated. This study was conducted to
identify dosimetric parameters of submandibular glands on
xerostomia in NPC patients receiving IMRT.
MATERIALS AND METHODS

Patients
This longitudinal study included newly pathologic confirmed
NPC treated at Guangxi Medical University Cancer Hospital
from September 2015 to March 2016. The inclusion criteria
included the following: 1) World Health Organization type II or
III; 2) stage I-IVb according to the 7th edition of the American
Joint Committee on Cancer; and 3) patients received IMRT.
Exclusion criteria were as follows: 1) patients with heart failure,
uncontrolled diabetes, severe hepatitis, or renal dysfunction; 2)
patients did not complete radiotherapy; 3) patients with a follow-
up time < 1-year; 4) patients with diseases that affected the
secretion of salivary glands. This study was approved by Guangxi
Medical University Cancer Hospital Ethics Committee.

Radiotherapy
All patients received radical IMRT. Patients in the supine
position were fixed with the head-neck-shoulder thermoplastic
mask. The computed tomography simulation (CT-sim) scanned
from the skull base to the sternal angle with a thickness of
2.5 mm. The gross tumour volume of the nasopharynx (GTVnx)
and gross tumour volume of the cervical lymph nodes (GTVnd)
were quantified by using computed tomography and magnetic
resonance imaging scans. The high-risk clinical target volume
(CTV1) included the GTVnx plus a 5–10 mm margin. The low-
risk clinical target volume (CTV2) included the GTVnd, the
lymphatic regions, and the CTV1 with 5–10 mm margins. The
planning target volume (PTV) was defined by adding a 3 mm
margin to the GTV or CTV.

The radiotherapy prescription dose was PGTVnx 70.06–72.32
Gy/31~32 f, PGTVnd 66.00–72.32 Gy/30~32 f, PCTV1 60.00–
62.00 Gy/30~31 f, and PCTV2 54.00–55.80 Gy/30~31 f,
respectively. The maximum dose of the brain stem, optic
nerves, and chiasma were 54 Gy. The maximum dose of spinal
and lens were 45 Gy and 7 Gy, respectively. V30 of the parotid
glands was constrained to less than 50%. No dose constraint was
given for the submandibular glands during optimization of all
IMRT plans. All plans were step-and-shoot IMRT of nine fields.
Frontiers in Oncology | www.frontiersin.org 246
Chemotherapy
Cisplatin (100 mg/m2) every 3 weeks was used for concurrent
chemotherapy during radiotherapy. Induction chemotherapy
included three cycles of docetaxel (60 mg/m²) on day 1,
cisplatin (60 mg/m2) on day 1 and 5-fluorouracil (600 mg/m2)
daily for 5 consecutive days every 3 weeks. Of the 195 patients,
20 patients received radiotherapy alone, 175 patients
received concurrent chemoradiotherapy with or without
induction chemotherapy.

Dosimetric Parameters
All the parotid glands and submandibular glands were contoured
based on the CT-Sim. No margin was added during treatment
planning for the parotid glands and submandibular glands. The
dosimetric parameters were calculated from the dose-volume
histograms in the radiotherapy planning system of Pinnacle³ 9.8
(Philips Co., Eindhoven, Netherlands). The dosimetric parameters
included the mean dose to the submandibular glands
(SMGmean), V50 of the submandibular glands (SMGv50),
volume of the submandibular glands (SMGvolume), mean dose
to the parotid glands (PGmean), V30 of the parotid glands
(PGv30), V50 of the parotid glands (PGv50), and volume of the
parotid glands (PGvolume).

Xerostomia Evaluation
Xerostomia were assessed at 12 months after radiotherapy.
Xerostomia was evaluated according to the Radiation Therapy
Oncology Group/European Organization for Research and
Treatment of Cancer (RTOG/EORTC) system (14).

Statistical Analysis
SMGmean, SMGv50, SMGvolume, PGmean, PGv30, PGv50,
PGvolume, and weight loss rate were expressed as the mean ±
standard deviation. Differences of SMGmean, SMGv50,
SMGvolume, PGmean, PGv30, PGv50, PGvolume, and weight
loss rate between grades 0–1 and grades 2–3 xerostomia were
compared using Student’s t-test or Mann-Whitney U test.

The least absolute shrinkage and selection operator (LASSO)
method was used to select the optimal predictive factors
predicting grade 2-3 xerostomia (15). The variables including
SMGmean, SMGv50, SMGvolume, PGmean, PGv30, PGv50,
PGvolume, and weight loss rate were included in the LASSO
method. Features with nonzero coefficients in the LASSO
regression model were selected (16).

Multivariable logistic regression analysis was used to build a
predicting model (model 1) by incorporating the features
selected in the LASSO regression model. Another model
(model 2) was conducted with the addition of SMGmean,
SMGv50, and SMGvolume to the model 1. The incremental
value of SMGmean, SMGv50, and SMGvolume as additional
candidate predictors was calculated. C-index and calibration
curve were derived. The net reclassification improvement
(NRI) and the integrated discrimination improvement (IDI)
were calculated (17, 18).

Backward step-wise selection was applied by using the
likelihood ratio test with Akaike’s information criterion as the
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stopping rule (19). Calibration curves were plotted to assess the
calibration of the nonadherence nomograms. A significant test
statistic implies that the model does not calibrate perfectly
(20). To quantify the discrimination performance of the
nonadherence nomogram, Harrell’s C-index was measured.
The nonadherence nomogram was subjected to bootstrapping
validation (1,000 bootstrap resamples) to calculate a relatively
corrected C-index (21).

Decision curve analysis was conducted to determine the
clinical usefulness of the model 1 by quantifying the net
benefits at different threshold probabilities (22). The decision
curve was also plotted for the model 2 after the addition of
SMGmean, SMGv50, and SMGvolume.

Statistical analyses were performed using SPSS Statistics
Version 26.0 software (IBM Co., Armonk, NY, USA) and R
software (version 3.6.2). Two-tailed P values < 0.05 were
considered statistically significant.
RESULTS

Patient Characteristics
A total of 195 patients were included. The patient characteristics
are showed in Table 1. Differences of SMGmean, SMGv50,
SMGvolume, PGmean, PGv30, PGv50, PGvolume, and weight
loss rate between grades 0–1 and grades 2–3 xerostomia are listed
in Table 2.
Frontiers in Oncology | www.frontiersin.org 347
Predictors for Grades 2–3 Xerostomia
Of the 13 features, one potential predictor (PGv30) was selected
(Figures 1A, B), and were features with nonzero coefficients in
the LASSO logistic regression model.

Development of an Individualized
Prediction Model
The model 1 that incorporated the feature selected in the LASSO
regression model was developed and presented as the
nomogram. The model 1 for grades 2–3 xerostomia at 12
months is showed in Figure 2.

Apparent Performance of the Prediction
Model
The calibration curve of the model 1 for the probability of grades
2–3 xerostomia demonstrated good agreement between
prediction and observation (Figure 3). The C-index for the
model 1 was 0.698 (95% confidence interval [CI]: 0.626–0.771).

Incremental Predictive Value of Addition of
the SMGmean, SMGv50, and SMGvolume
The model 2 that added the SMGmean, SMGv50, and
SMGvolume to the model 1 was performed and presented as
the nomogram. The model 2 for grades 2–3 xerostomia at 12
months is showed in Figure 4. The calibration curve of the
model 2 for the probability of grades 2–3 xerostomia is showed in
Figure 5. The C-index for the model 2 was 0.704 (95% CI:
0.632–0.776).

Although a slightly higher C-index was observed for the
model 2, integration of the SMGmean, SMGv50, and
SMGvolume into the model 1 did not show significantly
improved prediction performance. NRI was 0.136 (95% CI:
-0.144-0.416; P = 0.342). IDI was 0.008 (95% CI: -0.004–0.021;
P = 0.168).

Clinical Use
The decision curves analysis for model 1 and model 2 are
presented in Figure 6. The decision curves showed that if the
threshold probability of a patient or doctor is > 20%, using the
model 1 to predict grades 2–3 xerostomia at 12 months after
treatment adds more benefit than either the treat-all-patients
scheme or the treat-none scheme. Within this range, net benefit
was comparable between the model 1 and model 2.
DISCUSSION

This retrospective study indicated that PGv30 was an
independent predictive factor of grades 2–3 xerostomia for
NPC patients receiving IMRT. In contrast, the dosimetric
parameters of submandibular glands including SMGmean,
SMGv50, and SMGvolume were not independent predictive
factors. Adding SMGmean, SMGv50, and SMGvolume to
PGv30 did not provide a significantly improved predicted
probability for grades 2–3 xerostomia.
TABLE 1 | Patient characteristics.

variable n

Age (years)
Median 47
Range 15-74
Gender
Male 144 (73.8%)
Female 51 (26.2%)
Pathology
WHO II 24 (12.3%)
WHO III 171 (87.7%)
T stage
T1 12 (6.2%)
T2 62 (31.8%)
T3 44 (22.6%)
T4 77 (39.4%)
N stage
N0 11 (5.6%)
N1 80 (41.0%)
N2 79 (40.5%)
N3 25 (12.9%)
AJCC stage
I 4 (2.0%)
II 38 (19.5%)
III 60 (30.8%)
IVa-b 93 (47.7%)
Chemotherapy
No 20(10.3%)
Yes 175(89.7%)
WHO, World Health Organization; AJCC, the American Joint Committee on Cancer.
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A B

FIGURE 1 | Texture feature selection using the least absolute shrinkage and selection operator (LASSO) binary logistic regression model. (A) Tuning parameter (l)
selection in the LASSO model used 10-fold cross-validation via minimum criteria. The area under the receiver operating characteristic (AUC) curve was plotted versus
log (l). Dotted vertical lines were drawn at the optimal values by using the minimum criteria and the 1 standard error of the minimum criteria (the 1-SE criteria).
(B) LASSO coefficient profiles of the 13 texture features. A coefficient profile plot was produced against the log(lambda) sequence. Vertical line was drawn at the
value selected using 10-fold cross-validation, where optimal lambda resulted in 1 nonzero coefficient.
FIGURE 2 | Nomogram of grades 2–3 xerostomia at 12 months after treatment (model 1). The nomogram was developed based on the result of the least absolute
shrinkage and selection operator (LASSO) binary logistic regression model.
TABLE 2 | Dosimetry parameters of submandibular glands and parotid glands on xerostomia at 12 months after treatment.

Grade 0–1 Grade 2–3 P

SMGmean (Gy) 58.23 ± 6.26 59.13 ± 4.74 0.263
SMGv50 (%) 81.31 ± 18.80 83.85 ± 13.23 0.282
SMGvolume (cm3) 15.85 ± 4.76 14.92 ± 4.47 0.162
PGmean (Gy) 36.32 ± 2.63 38.81 ± 4.63 <0.001
PGV30 (%) 53.34 ± 6.21 58.77 ± 8.36 <0.001
PGv50 (%) 25.64 ± 5.64 29.72 ± 10.06 0.001
PGvolume (cm3) 59.62 ± 16.44 53.98 ± 15.68 0.015
Weight loss rate (%) 7.23 ± 4.56 8.24 ± 5.11 0.144
Frontiers in Oncology | www.frontiersin.org
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SMGmean, mean dose to the submandibular glands; SMGv50, V50 of the submandibular glands; SMGvolume, volume of the submandibular glands; PGmean, mean dose to the parotid
glands; PGv30, V30 of the parotid glands; PGv50, V50 of the parotid glands; PGvolume, volume of the parotid glands.
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Submandibular glands salivary flow rates depend on
SMGmean. However, results on this issue were contradictory.
It was reported that the submandibular glands salivary output
recovered over time if SMGmean < 39 Gy in head and neck
cancers (23). Grade of xerostomia would improve if SMGmean
Frontiers in Oncology | www.frontiersin.org 549
was reduced to below 39 Gy (24, 25). In contrast, several studies
suggested that SMGmean was not correlated with patient’s self-
reported xerostomia (26, 27). The differences between these
studies arise possibly from the different study designs,
including how salivary output was measured and small sample
FIGURE 3 | The Calibration curve of the nomogram for predicting grade 2–3 xerostomia at 12 months after treatment (model 1). The y-axis represents the actual
grades 2–3 xerostomia rate. The x-axis represents the predicted grades 2–3 xerostomia risk. The diagonal line represents a perfect prediction by an ideal model.
The red solid line represents the performance of the nomogram, of which a closer fit to the diagonal line represents a better prediction.
FIGURE 4 | Nomogram of grades 2–3 xerostomia at 12 months after treatment (model 2). The nomogram was conducted with the addition of SMGmean, SMGv50,
and SMGvolume to the model 1.
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Pan et al. Submandibular Glands on Xerostomia for NPC
FIGURE 5 | The Calibration curve of the nomogram for predicting grades 2–3 xerostomia at 12 months after treatment (model 2). The y-axis represents the actual
grades 2–3 xerostomia rate. The x-axis represents the predicted grades 2–3 xerostomia risk. The diagonal line represents a perfect prediction by an ideal model.
The red solid line represents the performance of the nomogram, of which a closer fit to the diagonal line represents a better prediction.
FIGURE 6 | Decision curve analysis for the model 1 and the model 2. The y-axis measures the net benefit. The black dotted line represents the model 1. The red
dotted line represents the model 2. The grey line represents the assumption that all patients have grades 2–3 xerostomia. Thin black solid line represents the
assumption that no patients have grades 2–3 xerostomia. The net benefit was calculated by subtracting the proportion of all patients who are false positive from the
proportion who are true positive, weighting by the relative harm of forgoing treatment compared with the negative consequences of an unnecessary treatment. The
decision curve showed that if the threshold probability of a patient or doctor is > 20%, using the model 1 in the current study to predict grades 2–3 xerostomia adds
more benefit than the treat-all-patients scheme or the treat-none scheme. Within this range, net benefit was comparable between the model 1 and model 2.
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sizes. For NPC patients, Sommat et al. (28) reported that
SMGmean was not associated with grade 2 and over salivary
gland toxicity via physician-rated and patient-rated xerostomia.
The present study observed a similar result that grades 2–3
xerostomia assessed according to RTOG/EORTC was not
correlated with SMGmean of SMGv50.

Submandibular glands sparing was not performed in this
study. Dose constraint of submandibular glands was not
prescribed in IMRT plan. As a result, the median value of
SMGmean was 58.96 Gy. Similarly, Wang et al. (25) reported a
dose of 57.4 Gy in the non-submandibular glands sparing
group. According to the dose-response relationships of the
submandibular glands came from Tsujii et al. (29) salivary
gland function improved as the dose increased from 10 to 30
Gy, followed by a steep decline after 50 Gy. Thus, the salivary
output of submandibular glands was limited in this study. This
might be a major reason for the negative result of the
present study.

The main reason for non-submandibular glands sparing was
that reduction of the radiation dose to the submandibular glands
might be dangerous owing to its proximity to level II lymph
nodes. However, Gensheimer et al. (24) reported that selected
locally advanced oropharyngeal cancer with no definite
contralateral neck disease were treated with submandibular
glands-sparing IMRT. Submandibular glands-sparing IMRT
did not increase marginal failures. Similarly, Wang et al. (25)
revealed that no differences of overall survival (P < 0.05), local-
regional-free survival (P < 0.05), and distant metastases-free
survival (P < 0.05) were observed between submandibular
glands sparing and non-submandibular glands sparing groups.
Until now, evidence regarding the efficacy and safety of
submandibular glands sparing in NPC is limited. Thus, when
trying to preserve the function of the submandibular glands in
NPC patients, physicians must consider the potential risk of
reducing local regional tumour control.

All salivary glands should be assessed for xerostomia.
Hawkins et al. (26) reported that combining doses to parotid
glands, submandibular glands, and oral cavity yielded the highest
marginal R2 for xerostomia by comparison to models that
included any one or combinations of any two structures. In
our study, the oral cavity was not delineated as an organ at risk. It
was not given dose constraint in designing the IMRT plan.
However, our result indicated that adding SMGmean,
SMGv50, and SMGvolume to PGv30 did not improve
predicted probability. As a result, combination of PGv30,
SMGmean and mean dose to oral cavity might not provide
Frontiers in Oncology | www.frontiersin.org 751
additional benefits. Possible reason for this hypothesis could be
that minor salivary glands dispersed throughout the oral cavity
only produce about 5% of salivary output (6, 7).

This study had a major limitation. Xerostomia was assessed
according to the RTOG/EORTC system in this study (14).
Patient’s self-reported xerostomia was not investigated. Because
xerostomia is mainly an issue of quality of life. Patient’s subjective
scores might be more reasonable endpoints in evaluating
xerostomia (30). Comparing to the patient self-reported scores,
the subjective assessment of the RTOG/EORTC system may
underestimate the severity of xerostomia (28, 31). Thus, further
studies are needed to verify the results of our study based on
patient’s self-reported xerostomia.

In conclusion, this study suggested that SMGmean, SMGv50,
and SMGvolume were not predictive factors of xerostomia in
NPC patients receiving IMRT. Further studies of sparing
submandibular glands are needed to verify the results of our
study. Moreover, whether sparing submandibular glands is
associated with increased risk of regional failure should be
further investigated.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS

X-BP, YL, and X-DZ contributed to the conception of the study
and performed the data analyses. S-TH, SP, and K-HC
contributed to manuscript preparation. SQ and LL helped to
perform the analysis with constructive discussions. All authors
contributed to the article and approved the submitted version.
FUNDING

This study was supported by the grant of Department of
Education of Guangxi Zhuang Autonomous Region (no.
KY2016LX029), the grant of Guangxi Medical University (no.
GXMUYSF201521), the grant of Guangxi Health Committee
(no. ZZ20200510), and the Research and Development Project of
Guangxi (no. 1598012-22 and no. AB18221007).
REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin (2018)
68:7–30.

2. Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, et al. Cancer statistics
in China, 2015. CA Cancer J Clin (2016) 66:115–32.

3. Zheng Y, Han F, Xiao W, Xiang Y, Lu L, Deng X, et al. Analysis of late toxicity
in nasopharyngeal carcinoma patients treated with intensity modulated
radiation therapy. Radiat Oncol (2015) 10:17.
4. Lin A, Kim HM, Terrell JE, Dawson LA, Ship JA, Eisbruch A. Quality of life
after parotid-sparing IMRT for head-and-neck cancer: a prospective
longitudinal study. Int J Radiat Oncol Biol Phys (2003) 57:61–70.

5. Wang X, Eisbruch A. IMRT for head and neck cancer: reducing xerostomia
and dysphagia. J Radiat Res (2016) 57(Suppl 1):i69–75.

6. Jellema AP, Doornaert P, Slotman BJ, Leemans CR, Langendijk JA. Does
radiation dose to the salivary glands and oral cavity predict patient-rated
xerostomia and sticky saliva in head and neck cancer patients treated with
curative radiotherapy? Radiother Oncol (2005) 77:164–71.
January 2021 | Volume 10 | Article 601403

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


Pan et al. Submandibular Glands on Xerostomia for NPC
7. Eisbruch A, Rhodus N, Rosenthal D, Murphy B, Rasch C, Sonis S, et al. How
should we measure and report radiotherapy-induced xerostomia? Semin
Radiat Oncol (2003) 13:226–34.

8. Chen WC, Lai CH, Lee TF, Hung CH, Liu KC, Tsai MF, et al. Scintigraphic
assessment of salivary function after intensity-modulated radiotherapy for
head and neck cancer: correlations with parotid dose and quality of life. Oral
Oncol (2013) 49:42–8.

9. Maes A, Weltens C, Flamen P, Lambin P, Bogaerts R, Liu X, et al. Preservation
of parotid function with uncomplicated conformal radiotherapy. Radiother
Oncol J Eur Soc Ther Radiol Oncol (2002) 63:203–11.

10. Blanco AI, Chao KS, El Naqa I, Franklin GE, Zakarian K, Vicic M, et al. Dose-
volume modeling of salivary function in patients with head-and-neck cancer
receiving radiotherapy. Int J Radiat Oncol Biol Phys (2005) 62:1055–69.

11. Deasy JO, Moiseenko V, Marks L, Chao KS, Nam J, Eisbruch A. Radiotherapy
dose-volume effects on salivary gland function. Int J Radiat Oncol Biol Phys
(2010) 76:S58–63.

12. Eisbruch A, Kim HM, Terrell JE, Marsh LH, Dawson LA, Ship JA. Xerostomia
and its predictors following parotid-sparing irradiation of head-and-neck
cancer. Int J Radiat Oncol Biol Phys (2001) 50:695–704.

13. Li Y, Taylor JM, Ten Haken RK, Eisbruch A. The impact of dose on parotid
salivary recovery in head and neck cancer patients treated with radiation
therapy. Int J Radiat Oncol Biol Phys (2007) 67:660–9.

14. Cox JD, Stetz J, Pajak TF. Toxicity criteria of the Radiation Therapy Oncology
Group (RTOG) and the European Organization for Research and Treatment
of Cancer (EORTC). Int J Radiat Oncol Biol Phys (1995) 31:1341–6.

15. Sauerbrei W, Royston P, Binder H. Selection of important variables and
determination of functional form for continuous predictors in multivariable
model building. Stat Med (2007) 26:5512–28.

16. Kidd AC, McGettrick M, Tsim S, Halligan DL, Bylesjo M, Blyth KG. Survival
prediction in mesothelioma using a scalable Lasso regression model:
instructions for use and initial performance using clinical predictors. BMJ
Open Respir Res (2018) 5:e000240.

17. Pencina MJ, D’Agostino RB Sr, Steyerberg EW. Extensions of net
reclassification improvement calculations to measure usefulness of new
biomarkers. Stat Med (2011) 30:11–21.

18. Uno H, Tian L, Cai T, Kohane IS, Wei LJ. A unified inference procedure for a
class of measures to assess improvement in risk prediction systems with
survival data. Stat Med (2013) 32:2430–42.

19. Collins GS, Reitsma JB, Altman DG, Moons KG. Transparent reporting of a
multivariable prediction model for individual prognosis or diagnosis
(TRIPOD): the TRIPOD statement. BMJ (2015) 350:g7594.

20. Kramer AA, Zimmerman JE. Assessing the calibration of mortality
benchmarks in critical care: The Hosmer-Lemeshow test revisited. Crit
Care Med (2007) 35:2052–6.

21. Pencina MJ, D’Agostino RB. Overall C as a measure of discrimination in
survival analysis: model specific population value and confidence interval
estimation. Stat Med (2004) 23:2109–23.
Frontiers in Oncology | www.frontiersin.org 852
22. Vickers AJ, Cronin AM, Elkin EB, Gonen M. Extensions to decision curve
analysis, a novel method for evaluating diagnostic tests, prediction models and
molecular markers. BMC Med Inform Decis Mak (2008) 8:53.

23. Murdoch-Kinch CA, KimHM, Vineberg KA, Ship JA, Eisbruch A. Dose-effect
relationships for the submandibular salivary glands and implications for their
sparing by intensity modulated radiotherapy. Int J Radiat Oncol Biol Phys
(2008) 72:373–82.

24. Gensheimer MF, Liao JJ, Garden AS, Laramore GE, Parvathaneni U.
Submandibular gland-sparing radiation therapy for locally advanced
oropharyngeal squamous cell carcinoma: patterns of failure and xerostomia
outcomes. Radiat Oncol (2014) 9:255.

25. Wang ZH, Yan C, Zhang ZY, Zhang CP, Hu HS, Tu WY, et al. Impact of
salivary gland dosimetry on post-IMRT recovery of saliva output and
xerostomia grade for head-and-neck cancer patients treated with or without
contralateral submandibular gland sparing: a longitudinal study. Int J Radiat
Oncol Biol Phys (2011) 81:1479–87.

26. Hawkins PG, Lee JY, Mao Y, Li P, Green M, Worden FP, et al. Sparing all
salivary glands with IMRT for head and neck cancer: Longitudinal study of
patient-reported xerostomia and head-and-neck quality of life. Radiother
Oncol (2018) 126:68–74.

27. Little M, SchipperM, Feng FY, Vineberg K, Cornwall C, Murdoch-Kinch CA, et al.
Reducing xerostomia after chemo-IMRT for head-and-neck cancer: beyond
sparing the parotid glands. Int J Radiat Oncol Biol Phys (2012) 83:1007–14.

28. Sommat K, Hussain A, Ong WS, Yit NLF, Khoo JBK, Soong YL, et al. Clinical
and dosimetric predictors of physician and patient reported xerostomia
following intensity modulated radiotherapy for nasopharyngeal cancer - A
prospective cohort analysis. Radiother Oncol (2019) 138:149–57.

29. Tsujii H. Quantitative dose-response analysis of salivary function following
radiotherapy using sequential RI-sialography. Int J Radiat Oncol Biol Phys
(1985) 11:1603–12.

30. Ringash J. Survivorship and Quality of Life in Head and Neck Cancer. J Clin
Oncol (2015) 33:3322–7.

31. Meirovitz A, Murdoch-Kinch CA, Schipper M, Pan C, Eisbruch A. Grading
xerostomia by physicians or by patients after intensity-modulated
radiotherapy of head-and-neck cancer. Int J Radiat Oncol Biol Phys (2006)
66:445–53.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Pan, Liu, Huang, Pei, Chen, Qu, Li and Zhu. 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.
January 2021 | Volume 10 | Article 601403

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:
Jun-Lin Yi,

Chinese Academy of Medical
Sciences and Peking Union Medical

College, China

Reviewed by:
Kathryn Huber,

Tufts University School of Medicine,
United States

Ying Sun,
Sun Yat-sen University Cancer Center

(SYSUCC), China

*Correspondence:
Xiaoshen Wang

ruijin702@163.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: 10 August 2020
Accepted: 03 December 2020
Published: 21 January 2021

Citation:
Zhou X, Liu P and Wang X (2021)

Temporal Lobe Necrosis
Following Radiotherapy in

Nasopharyngeal Carcinoma: New
Insight Into the Management.

Front. Oncol. 10:593487.
doi: 10.3389/fonc.2020.593487

REVIEW
published: 21 January 2021

doi: 10.3389/fonc.2020.593487
Temporal Lobe Necrosis Following
Radiotherapy in Nasopharyngeal
Carcinoma: New Insight Into the
Management
Xin Zhou1,2†, Peiyao Liu1,2† and Xiaoshen Wang3*

1 Department of Radiation Oncology, Fudan University Shanghai Cancer Center, Shanghai, China, 2 Department of Oncology,
Shanghai Medical College, Fudan University, Shanghai, China, 3 Department of Radiation Oncology, Eye and ENT Hospital,
Fudan University, Shanghai, China

Cerebral radiation necrosis (CRN) is one of the most prominent sequelae following
radiation therapy for nasopharyngeal carcinoma (NPC), which might have devastating
effects on patients’ quality of life (QOL). Advances in histopathology and neuro-radiology
have shed light on the management of CRN more comprehensively, yet effective
therapeutic interventions are still lacking. CRN was once regarded as progressive and
irreversible, however, in the past 20 years, with the application of intensity-modulated
radiation therapy (IMRT), both the incidence and severity of CRN have declined. In
addition, newly developed medical agents including bevacizumab-a humanized
monoclonal antibody against vascular endothelial growth factor (VEGF), nerve growth
factor (NGF), monosialotetrahexosylganglioside (GM1), etc., have shown great potency in
successfully reversing radiation-induced CRN. As temporal lobes are most frequently
compromised in NPC patients, this review will summarize the state-of-the-art progress
regarding the incidence, pathophysiology, prevention, treatment, and prognosis of
temporal lobe necrosis (TLN) after IMRT in NPC.

Keywords: cerebral radiation necrosis, pathophysiology, bevacizumab, monosialotetrahexosylganglioside, nerve
growth factor
INTRODUCTION

Nasopharyngeal carcinoma (NPC) constitutes the largest proportion of head and neck malignancies in
China and Southeast-Asia, and radiation therapy (RT) is the mainstay treatment for non-metastatic
cases. In the past decade, advances in intensity-modulated radiation therapy (IMRT) have allowed for
improved spatial dose distribution, hence better preserving organs at risk (OARs). However, due to the
anatomical proximity between nasopharynx and cerebrum, cerebral radiation necrosis (CRN) remains
conspicuous as a late complication following IMRT. Particularly, for those with skull-base or intracranial
invasion, overlap with radiation target volumes tends to generate dosimetric “hot spots” in temporal
lobes (TLs) even with IMRT (1), making temporal lobe necrosis (TLN) a relatively common form of
CRN in NPC. As is frequently accompanied with symptomatic abnormalities such as lethargy, dizziness,
debilitation, emotional disorders, cognitive dysfunction, and even epileptic attacks, TLN may
January 2021 | Volume 10 | Article 593487153
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significantly impair survivors’ quality of life (QOL) (2).
Accumulating evidence have suggested the etiology and
pathogenesis of CRN, nevertheless, many questions remain
unanswered regarding its management. This review, with
emphasis on therapeutic perspective, will focus on CRN,
especially TLN after radiotherapy for NPC.
INCIDENCE AND RISK FACTORS OF
TEMPORAL LOBE NECROSIS

TLN is a joint effect of genetic, clinical, and RT-related factors
(Table 1) (3–10). Radiation techniques and RT parameters
constitute the most critical part of RT-related factors. RT
parameters, including dose fractionation, total radiation dose,
irradiated volume, etc., were thought to most profoundly affect
the development of TLN. Generally, increased total RT dose or
larger dose per fraction is associated with escalating risk of TLN
and shortened latency (11). The evolution in RT technique have
also led to a fundamental change in CRN incidence. Back in the
era of two-dimensional conventional radiotherapy (2D-CRT),
with different fractionation strategy, the incidence of TLN varied
from 1.6 to 22% at an interval of 9 months to 16 years after
treatment (12, 13). Lee et al. reported that a total dose of 64 Gy in
32 fractions would lead to 5% necrotic rate in 10 years (9).
However, with IMRT widely used in NPC, the rate of TLN
tended to decline in long-term survivors. Zhou et al.
retrospectively reviewed 1,276 NPC patients and found that
IMRT yielded a significantly decreased 5-year actuarial
incidence of TLN (16.0 vs. 34.9%, P < 0.001) (4). Another
study, through prospectively randomization, also found that
NPC patients receiving IMRT had lower rate of TLN (13.1 vs.
Frontiers in Oncology | www.frontiersin.org 254
21%) (10). Meanwhile, in comparison to the commonly seen
bilateral TLN lesions in 2D-CRT era, IMRT-induced TLN
mostly occurred ipsilaterally with reduced size (14). These
improvements, to a large extent, might be attributed to the
dosimetric advantage of IMRT in sparing temporal lobes by
reducing regions with high-dose irradiation (15).

Non-RT factors, such as genetic susceptibility, chemotherapy,
and targeted therapy, might exacerbate the occurrence of TLN.
According to Wang et al., centrosome protein CEP128 links to
the maintenance of cell radioresistance, downregulation of
CEP128 by genetic variants could remarkably add to the
radiation damage of glial cells, and further increase the risk of
CRN (3). Ruben et al. reported that post-RT chemotherapy
enhanced the hazard of CRN by approximately fivefold in
patients with glioma (16). In NPC, chemotherapy was also
reported to be an independent risk factor that promoted the 5-
year incidence of TLN from 1.9%to 10.1% (5). The impact of
targeted agents on TLN is yet uncertain, but some studies have
suggested that cetuximab, a monoclonal antibody to epidermal
growth factor receptor (EGFR), might confer relatively high risk
of TLN when used concurrently with RT in both treatment-naïve
and recurrent NPC patients (6, 7). Future work is warranted to
specifically illustrate the role of anti-EGFR agents in TLN
development as well as the potential biological mechanisms.
PATHOPHYSIOLOGY OF RADIATION
INDUCED NECROSIS TO THE BRAIN

RT induced brain injury includes early-phase changes such as
acute edema or subacute demyelination, and late changes
featured by delayed CRN. While acute edema could be
TABLE 1 | Risk factors of radiation-induced temporal lobe injury in nasopharyngeal carcinoma.

Risk factors Authors Study type Enrolled patients RT technique Results

Genetic
susceptibility

Wang et al. (3) Prospective,
observational

Discovery stage: 1,082; Validation
stage I: 1,119; Validation stage II:
741

2D-RT; IMRT Minor alleles at rs162171 or rs17111237 are related to
higher risk of TLI (per allele HR, 1.46 and 1.45).

Tumor stage Zhou et al. (4) Retrospective 1,276, firstly diagnosed NPC 2D-RT; IMRT T classification is an independent predictor of TLI (T3-4 vs.
T1-2 HR, 2.777).

Chemotherapy Zeng et al. (5) Retrospective 789, firstly diagnosed NPC IMRT Chemoradiation vs. RT: 5-year actuarial incidence of TLN,
10.1 vs. 1.9% (HR, 2.58, P = 0.030).

Targeted
therapy

Niu et al. (6) Retrospective 33, firstly diagnosed NPC IMRT Concurrent cetuximab plus IMRT with/out chemotherapy:
unexpectedly high TLN rate, 21.2%.

Ng et al. (7) Prospective,
single-arm,
phase II

33, recurrent T3-4 NPC IMRT Concurrent bio-chemoradiation with cetuximab: high TLN
rate, 30.8%.

Fractional
dose

Teo et al. (8) Retrospective 159, firstly diagnosed NPC 2D-RT Late course HART (1.6 Gy, twice daily) vs. conventional
fractionation (2.5 Gy daily): TLN rate, 40.2 vs. 19.5%.

Lee et al. (9) Retrospective 1,008, firstly diagnosed NPC 2D-RT Hypofractionation (4.2 Gy daily) vs. conventional
fractionation (2.5 Gy daily): 10-year actuarial incidence of
TLN, 18.6 vs. 4.6%.

RT technique Peng et al. (10) Prospective,
randomized,
phase III

616, firstly diagnosed NPC 2D-RT; IMRT 2D-CRT vs. IMRT: TLN rate, 21.0 vs. 13.1%.
NPC, nasopharyngeal carcinoma; 2D-RT, two-dimensional radiotherapy; HART, hyperfractionated accelerated radiotherapy; IMRT, intensity-modulated radiotherapy; TLI, temporal lobe
injury; TLN, temporal lobe necrosis; HR, hazard ratio.
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reversed with timely intervention, CRN usually presents with an
unpredictable pattern of evolution, bringing more difficulty to
the recognition of its pathogenesis and management. Up to now,
the mechanisms of CRN development have not been completely
understood. The typical pathological presentation of CRN was first
described by Lowenberg-Scharenberg et al. as amyloid degeneration
in 1950 (17). Subsequent investigations found that CRN was
histologically featured by coagulation necrosis in the white matter,
presenting fibrinoid necrosis and hyalinization of vessel walls,
telangiectasis, dystrophic calcification as well as surrounding
inflammation and gliosis (18). Immunohistochemistry further
showed expression of hypoxia-inducible factor-1a (HIF-1a),
vascular endothelial growth factor (VEGF) and inflammatory
cytokines like Interleukin-6 and tumor necrosis factor (TNF)-a in
glial cells near necrotic area (19). Based on published literatures,
RT-induced cerebral tissue injury is a highly complex process that
involves multiple tissue elements (20–22). Three models have been
postulated to eventually contribute to the occurrence of CRN: (a)
vascular endothelial injury: radiation injury to endothelial cells
and following apoptosis provokes massive release of oxygen free
radicals, hence inducing upregulation of HIF-1a and VEGF,
causing blood-brain-barrier (BBB) disruption, vasogenic edema,
platelet and fibrin thrombi formation, vessel occlusion, and
ischemic changes. (b) injury to glial/progenitor cells: radiation can
directly damage astrocytes, oligodendrocytes, and their progenitors,
correspondingly causing hypocellular architectural changes such as
BBB breakdown with worsened edema and hypoxia, astrogliosis,
and demyelination. The production of VEGF and delayed release of
TNF-a by microglia and astrocytes in perinecrotic zone further
aggravates this process, eventually forming a vicious cycle. (c)
immuno-inflammation induced injury: under radiation stress,
lymphocytes and macrophages infiltrate in perivascular and
parenchymal spaces, actively secreting inflammatory cytokines;
microglia cells are also stimulated and contribute to the
inflammatory response, exacerbating BBB permeability defect and
hypoxia-induced necrosis (18–22). In general, vascular injury-
induced white matter edema occurs as an acute toxicity, followed
by glial cell-related subacute demyelination, and eventually evolutes
into a delayed phase of brain necrosis (23–25).
PREVENTION OF CEREBRAL RADIATION
NECROSIS

Despite the multiple pharmacological efforts to treat CRN, the most
pragmatic and cost-effective approach to manage remains
prevention. As more dose-volume-histogram (DVH) data being
published, consensus has been established that CRN is actually a
function of both irradiation dose and volume. For temporal lobes,
currently the most widely accepted dose constraint is the
recommendation from Radiation Therapy Oncology Group
(RTOG) 0225, which confined the maximum dose (Dmax) to
lower than 60 Gy and 1% of the temporal lobe volume not
exceeding 65 Gy (26). This constraint, however, might be too
stringent sometimes, especially in those with locally advanced
NPC that locate adjacently or even overlapped with temporal
Frontiers in Oncology | www.frontiersin.org 355
lobes. According to Su et al., no temporal lobe with Dmax <64
Gy had necrosis, but the incidence increases by 2.6% per Gy
increment of Dmax once exceeding 64 Gy. They further
recommended Dmax <68 Gy as a safe constraint for IMRT plans
(27). Zeng et al. reported an escalating 5-year TLN rate from 0.8% in
TLs with Dmax <65.77 Gy to 27.1% in those with greater dose (5).
Another analysis by Zeng et al. plotted the dose-response curves and
estimated the tolerance dose (TD) for the 5% probability of TLI at
62.83 Gy equivalents (28). Kong et al. estimated TD5/5 of TLN was
Dmax at 69.0 ± 1.6 Gy and D1cc (maximum dose delivered to a
volume of 1 ml) at 62.8 ± 2.2 Gy (29). Wang et al. determined
through LASSO (least absolute shrinkage and selection operator)
regressions that D0.5cc and D10 were reliable dosimetric predictors
of TLN (30). These studies suggested that the maximum dose to TLs
might be safely loosened under specific circumstances. Therefore,
the 2019 international guideline of RT planning for NPC
recommended a stepwise dose constraint for temporal lobes:
D0.03cc ≤ 65 Gy for early stage and ≤70 Gy for advanced stage.
In the difficulty of balancing TL protection and tumor control, even
D0.03cc ≤ 72 Gy could be accepted (31). In another aspect, new
concerns were raised regarding the role of volumetric factors in
TLN development. Su et al. found that aV40 (absolute volume
receiving dose over 40 Gy) and rV40 (the percentage of V40 in total
TL volume) in TLs as independent risk factors for TLN, and further
proposed new dose constraints of rV40<10% or aV40<5 cc to TLs
(32). Zhou et al. further investigated the relationship between
volumetric factors and the extent of TLN, and drew a conclusion
that V45 >15.1cc tended to induce larger lesion when TLN
happened (33). Therefore, inverse IMRT plans should maximally
avoid not only focal “hot spot” dose, but also moderate dose
delivered to a large area in TLs. Details of dose constraint
recommendation are listed in Table 2 (1, 27–30, 32–37).

Another plausible way to reduce the probability of CRN is based
on stem cells. It has been previously demonstrated that radiation
would weaken the reproductive capacity of O-2A progenitor cells
(38–40) and eventually lead to CNS demyelination (41, 42).
Accordingly, retransplantation of purified O-2A cells could
remyelinate these lesions (43). Totipotent embryonic stem (ES) cells
were also introduced as an unlimited donor for transplantation, given
their self-renewing and multiple differentiation capacity. Brustle et al.
found that transplantation of ES cells-derived precursors for
oligodendrocytes and astrocytes could efficiently myelinated axons
in CNS in a rat model with human myelin disease (44). Ijichi et al.,
through another in vivo study, suggested that the implantation of
platelet derived growth factor (PDGF)-expressing cells increased O-
2A progenitors in adult rat spinal cord without compromising their
proliferation or differentiation potential (45). However, none of these
strategies have ever been tested in patients with radiation necrosis,
and future investigations are warranted.
CONVENTIONAL MANAGEMENT AND
OUTCOMES

It was once acknowledged that CRN represents a frequently
irreversible and even progressive complication of radiotherapy (46),
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where conventional therapeutic approaches usually showed
limited effectiveness. For decades, treatment strategy for CRN
tended to be less aggressive, patients with asymptomatic CRN
might be recommended to “wait and see,” while interventions
were adopted mostly for those with typical symptoms or signs,
including corticosteroids, anticoagulants, hyperbaric oxygen and
surgery, etc. (Table 3) (47–54).
Management With Corticosteroids
A common practice for the treatment of CRN is using
corticosteroids for necrosis-related edema. Dexamethasone
usually produces prompt symptomatic relief in patients with
focal RT necrosis and concomitant edema. Radiological
improvement can also be found in certain cases receiving
corticosteroids. However, this improvement is usually transient
and steroid-dependent, leading to a rapid relapse once
corticosteroids are stopped (47). Another concern was the
potential risk of myriad debilitating chronic adverse effects with
long-term use of corticosteroids, such as myopathy, endocrine
and metabolic disorders, cardiovascular malfunctions, etc. In
general, pulsed corticosteroid treatment would confer favorable
response in terms of space occupying edema-related symptoms,
but prolonged course and high-dose of corticosteroids should be
given with special caution. Zhuo et al. reported that high-dose
intravenous methylprednisolone is no superior to low-dose agent
in treating CRN, thus recommending the use of corticosteroids as
1 mg/kg/day methylprednisolone for 5 days, then 40 mg for
another 5 days, then oral prednisone for 30 mg/day initially,
Frontiers in Oncology | www.frontiersin.org 456
followed by gradual tapering by 5 mg/week to 10 mg/day. The
maintenance period shouldn’t exceed 3 months (60).

Management With Surgery
Surgical debulking of the necrotic brain tissue can provide helpful
palliative effect for patients who fail to show adequate response to
conservative treatments. Case series have shown that proper surgical
intervention might rapidly ameliorate life-threatening intracranial
hypertension and terminate inflammatory cascade reaction in brain
tissue (53, 54). However, ample evidence also suggested that surgical
intervention is not always necessary, for instance, symptoms will
partially resolve with corticosteroid therapy alone in some cases,
some necrotic lesions are inaccessible to surgery, and several focal
necrosis would continue to deteriorate even after surgical debulking
due to progressive necrosis near the original site (61, 62). In
addition, gross total resection of necrotic debris has been
demonstrated with no significant survival benefit when compared
to conservative management (16).

Management With Anticoagulants
Therapeutic anticoagulation has also been adopted to halt the
progression of CRN based on a thought that CRN derives mainly
from vascular damage-associated ischemia. Glantz et al. reported
hopeful functional recovery in patients with CRN using heparin
and warfarin anticoagulation (49). However, another case series
found only modest efficacy of anticoagulation therapy on post-
radiation neurotoxicity (48). Since these are only small size
studies, solid conclusions can barely be drawn towards
anticoagulation. Moreover, when using anticoagulants for
TABLE 2 | Dose constraints to prevent TLN in IMRT planning for nasopharyngeal carcinoma.

Authors Study type Study objects Variables Results Proposed dose
constraints

Sun et al. (1) Case-
controlled

20 patients, 20 pairs of necrotic
and normal TLs

D0.5cc AUC for D0.5cc in predicting TLN = 0.843. D0.5cc<69 Gy

Su et al. (27) Cohort,
retrospective

251 patients, 43 necrotic and
431 normal TLs

Dmax,
D1cc

TLN incidence augmented by 2.6 and 2.5% per Gy for Dmax
>64 Gy and D1cc >52 Gy, respectively.

Dmax<68 Gy;
D1cc<58 Gy

Zeng et al. (5) Cohort,
retrospective

230 patients, 48 necrotic and
412 normal TLs

Dmax 5-year TLN incidence for TLN:
Dmax ≥65.77 Gy, 0.8%
Dmax <65.77 Gy, 27.1%

Dmax<65.77 Gy

Zeng et al. (28) Cohort,
retrospective

278 patients, 35 necrotic and
517 normal TLs

D1cc TD5/5 for D1cc = 62.8 Gy;
TD50/5 for D1cc = 77.6 Gy.

D1cc<62.8 Gy

Kong et al. (29) Cohort,
retrospective

132 patients, 42 necrotic and
222 normal TLs

Dmax,
D1cc

TD5/5 for Dmax = 69.0 ± 1.6, TD50/5 for Dmax = 82.1 ± 2.4 Gy;
TD5/5 for D1cc = 62.8 ± 2.2, TD50/5 for D1cc = 80.9 ± 3.4 Gy.

Dmax<69.0 Gy;
D1cc<62.8 Gy

Wang et al. (30) Cohort,
retrospective

749 patients, 79 necrotic and
1419 TLs

D0.5cc,
D10

LASSO prediction model with D0.5cc and D10: C-index, 0.685. NA

Su et al. (32) Cohort,
retrospective

259 patients, 47 necrotic
and 454 normal TLs

aV40,
rV40

5-year TLN incidence:
aV40<5cc or rV40<10%, less than 5%;
aV40≥10cc or rV40>15%, more than 20%.

rV40<10%;
aV40<5 cc

Zhou et al. (33) Case-
controlled

86 patients, 53 necrotic and 119
normal TLs

V45 ORs increased with Dvs and Vds;
V45 is predictive of TLN volume.

V45<15.1 cc

Feng et al. (34) Cohort,
retrospective

436 patients, 81 necrotic and
780 normal TLs

D2cc TD5/5 for D2cc = 60.3 Gy;
TD50/5 for D2cc = 76.9 Gy.

D2cc<60.3 Gy

Lu et al. (35) Cohort,
retrospective

188 patients, 94 necrotic and
282 normal TLs

V70 AUC for V70 in predicting TLN = 0.75. V70<1.13 cc

Huang et al. (36) Case-
controlled

126 T4 patients, 83 necrotic and
169 normal TLs

D1cc,
V20

D1cc >71.1 Gy vs. ≤71.1 Gy: OR for TLN, 7.92;
V20 > 42.2 cc vs ≤42.2 cc: OR for TLN, 3.12.

D1cc<71.14 Gy;
V20<42.2 cc

Gou et al. (37) Cohort,
retrospective

166 T3-4 patients, 22 necrotic
and 310 normal TLs

Dmax AUC for Dmax in predicting TLN = 0.861. Dmax<78 Gy
January 2021 | Volume 1
TLN, temporal lobe necrosis; IMRT, intensity-modulated radiotherapy; AUC, area under receiver operating characteristic curve; LASSO, least absolute shrinkage and selection operator;
TD, tolerance dose; TL, temporal lobe; OR, odd ratio; NA, not available.
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CRN, one should take special caution that they might potentially
cause bleeding, and the pros and cons should be weighed.

Alternative Conventional Management
Modalities
Hyperbaric oxygen therapy and high-dose vitamins were once
proposed for symptomatic CRN (50–52). Up to date, however,
these approaches have barely shown any potency in reversing
cerebral necrosis, and no cases of complete resolution on both
symptom and MRI abnormality have ever been reported.
NEW TREATMENT APPROACHES FOR
CRN

In recent years, with more understanding of the pathophysiology
of CRN and the development of new drugs, some new
management approaches using bevacizumab, nerve growth
factor, gangliosides, and free radical scavengers have also
found some striking results. A brief comparison of these agents
is shown in Table 3 (55–59).

Treatment With Bevacizumab
Bevacizumab (Avastin), a humanized murine monoclonal
antibody against the VEGF, has shown therapeutic effect in
several solid tumors when used either alone or in combination
with other cytotoxic drugs. Similar to tumor development in the
vascular mechanism, CRN has been observed to response to
Frontiers in Oncology | www.frontiersin.org 557
Bevacizumab as well. Gonzalez first demonstrated that
bevacizumab alone or combinatively could improve CRN-
related edema with an underlying mechanism of normalizing
the blood-brain barrier and reducing capillary leakage (55). As
was widely accepted, VEGF overexpression is closely associated
with radiation necrosis and subsequent brain edema (63),
possibly by acting as a “vascular permeability factor” (64–66)
that potently interrupts blood-brain barrier function and
promotes vascular permeability. Therefore, blocking VEGF
from approaching vascular targets could theoretically hinder
fluid leak through capillary endothelium to the intercellular
compartment, thus offering a plausible strategy for treating CRN.

Two retrospective studies have reported the experience of treating
CRN with bevacizumab, one including six cases with histologically
proven radionecrosis (67) and the other involving eight patients with
MRI-based proof of CRN (55). Clinical stabilization or improvement
and radiologic partial response and were observed in all cases. In a
case report, a nearly complete response of the enhancement on MRI
was observed after the use of bevacizumab (68), indicating that the
process of CRN might be reversed. The first randomized placebo-
controlled double-blind study that highlighted the role of
bevacizumab in CRN was conducted in a small group of 14
patients by Levin et al. (69). After four doses of bevacizumab with
3-week interval, all patients in the treatment group showed
improvement in neurologic symptoms or signs, compared to none
in the control cases. Radiological evaluation on MRI scans showed
that all patients treated with bevacizumab had a decrease in both the
necrosis volume and the endothelial transfer constant. Tang et al.
designed a larger-scaled randomized open-label study, in which 112
TABLE 3 | Comparisons of conventional and novel treatment approaches for CRN.

Treatment Medications Evidence Therapeutic effects Adverse effects

Edema Necrosis Clinical symptoms

Conventional
treatment

Corticosteroids
(47)

Methylprednisolone,
prednisolone,
dexamethasone

Cohort Rapid, strong;
Non-durable

Irreversible Rapid remission of hypertension; weak
effect on localized symptoms

Infection; osteoporosis; peptic
ulcer; central obesity;
hyperglucomia

Anticoagulants
(48, 49)

Heparin, warfarin Case
series

Partial response Irreversible Minor-mild improvement on cerebral
function

Bleeding

Hyperbaric
oxygen (50–52)

NA Case
series

Partial response Irreversible Minor-mild improvement on cerebral
function

Ear barotrauma, dyspnea

Surgery (53,
54),

NA Case
series

Instant, radical;
Possibly relapse

Instant, radical;
Possibly relapse

Instant remission of localized symptoms
such as epilepsy; restoration of
deteriorating cerebral function

Infection, bleeding, permanent
neurological deficits, life-
threatening in high-risk cases

Novel
treatment
anti-VEGF (55,
56),

Bevacizumab RCT Rapid, strong;
Non-durable

Partly reversible Rapid remission of hypertension and
significant improvement on cerebral
function

Bleeding, venous thrombosis,
hypertension, aspiration
pneumonia

Free radical
scavengers (57)

Edaravone RCT Partial response No additional
improvement
besides steroids

Significant improvement on neurologic
symptoms and signs with LENT/SOMA
scale

Insomnia, hyperglucomia, liver
dysfunction

Gangliosides
(58)

GM1 Preclinical NA NA Neuroprotective effect on learning and
memory impairment in rats with CRN

NA

NGF (59) NGF RCT Rapid remission
(with steroids)

High response
rate, reversible

Durable remission of both hypertension
and localized symptoms

Pain at the injection site
January 20
CRN, cerebral radiation necrosis; RCT, randomized clinical trial; LENT/SOMA, late effects normal tissue/subjective objective management analytic; NGF, nerve growth factor; GM1,
monosialotetrahexosylganglioside; NA, not applicable.
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NPC patients with radiation brain necrosis were randomly assigned
to receive bevacizumab or corticosteroid (56). This trial demonstrated
a remarkable superiority of bevacizumab in not only improving
edema and enhancement on MRI, but also neurological symptoms
and cognitive function. However, the 6-month recurrence rate of
CRN was similar between two groups, suggesting that bevacizumab
might have limited efficacy in maintaining long-term response.
Moreover, it should be noticed that bevacizumab is associated with
certain toxicities. In Levin’s report, 6 of 11 patients receiving
bevacizumab experienced adverse events, which included three
serious cases with aspiration pneumonia, deep vein thrombosis-
induced pulmonary embolism, and intracranial thrombosis. Tang
reported an overall adverse events rate of 70.7%, in which most
frequently seen was hypertension.

Treatment With Nerve Growth Factor
Nerve growth factor (NGF) is one of the most prominent bioactive
neurotrophic factors so far. NGF confers an important protective
effect on central and peripheral nervous systems by preventing
neural degeneration and promoting functional recovery of injured
neurons (70). Given the evidence that radiation damage to
oligodendrocytes and neurons is associated with late cerebral
necrosis, we therefore postulated that NGF might be effective in
treating cerebral radiation necrosis. The first case was treated with
mouse NGF (mNGF) at 18 mg/injection per day for 2 months. Three
months later, a cognitive improvement was observed with an
increase from 25 to 30 in Folstein and Folstein Mini-Mental State
Examination score, which persisted till the time of last follow-up 9
months later (71). mNGF also achieve a surprisingly complete
response on MRI in this patient, featured by the disappearance of
the Swiss cheese-like presentations in bilateral temporal lobes. To our
knowledge, this was the first report indicating a therapeutic potency
of NGF in CRN. Following this case, a prospective phase II clinical
trial was conducted to test the efficacy of mNGF for symptomatic
TLN. Fourteen patients were enrolled in this study. All patients had
radiologically proven TLN following definitive RT for
nasopharyngeal carcinoma and progressive neurologic symptoms
or signs. mNGF combined with pulsed corticosteroids were
prescribed for 2 months. Eight months later, contrast-enhanced
MRI scans showed that five and seven patients respectively had
complete response and partial response in the necrotic volume, only
two patients didn’t respond to mNGF. Eight and five patients
respectively showed complete and partial recovery in neurologic
symptoms, while only one patient had no improvement. Adverse
events were observed in three patients, all limited to mild injection
site pain. This exploratory trial further demonstrated mNGF as a
promising treatment option for TLN with minimal side effects (59).

Treatment With
Monosialotetrahexosylganglioside (GM1)
Gangliosides exist with large concentration in the central nervous
system (CNS). As acidic glycolipids that constitute the major
component of cell membranes, gangliosides play an important
role in several neuronal events, such as augmenting neurite
outgrowth, inducing neuron regeneration, and restoring
impaired neural function (72). Exogenous administration of
Frontiers in Oncology | www.frontiersin.org 658
monosialotetrahexosylganglioside (GM1), a ganglioside also
known as Sygen, showed that GM1 had an obvious effect on the
nervous system by accelerating functional recovery of cholinergic
and dopaminergic activities after injury, and by protecting neurons
against retrograde degeneration (73, 74), thus indicating its potential
effect in treating CNS diseases. These encouraging results have
facilitated clinical trials in stroke and spinal cord injury. A placebo-
controlled, double-blind randomized trial in 37 patients with spinal
cord injuries showed that GM1 led to a significant improvement in
American Spinal Injury Association (ASIA) motor score within 1-
year follow-up (75). Another double-blind trial using GM1 in stroke
also proved that gangliosides brought an improvement in
neurologic scores that was more pronounced, more quickly and
more persistent (76). Findings from another study show that GM1
ganglioside could powerfully ameliorate the cerebral edema in rats
with mechanical lesion (77). Moreover, the function of GM1 in
preventing retrograde degeneration and reducing the severity of
behavioral effects after entorhinal lesions has also been reported
(78). For CRN, in vivo experiments have also found a significant
neuroprotective effect of GM1 on recovering learning and memory
function in rats with radiation-induced brain injury (58). Although
lack of clinical reports, GM1 has been applied in CRN across China
for several years, with encouraging effect in ameliorating CRN-
related symptoms. The common prescription is intravenous use of
GM1 at 60 mg per day for 14 days, followed by 20 mg per day for at
least 14 days. A few necrotic masses have been shown to almost
completely resolve on MRI scans 3 months after the application of
GM1(unpublished data). However, despite single-institutional
experience, detailed data regarding the specific effect of GM1 in
CRN remain scarce, thus calling for large, placebo controlled
randomized studies for further investigation.

Treatment With Free Radical Scavengers
As CRN is closely linked to intracranial oxidative stress, free radical
scavengers such as Vitamin E and superoxide dismutase might
theoretically benefit patients with CRN by eradicating oxygen-
derived free radicals. Edaravone, a novel free radical scavenger,
has been demonstrated in vitro to protect neurogenesis after RT by
restoring human neural stem cells’ differentiation ability (79). In a
prospective randomized clinical trial, edaravone provided
significant improvement on MRI-detected edema as well as
neurologic symptoms and signs (57). It would worth more trials
to further elucidate the role of edaravone and other free radical
scavengers in CRN.
CONCLUSIONS

With a declining incidence owing to new radiotherapy technologies,
TLN remains a remarkable complication in locally advanced NPC
patients. Dosimetric prevention is the most important approach to
manage TLN. Based on the accumulating knowledge in dose-
volume effect, it has been proposed that both unnecessary “hot
spot” and excessive radiation volume in TLs should be avoided. As
for existing TLN lesions, traditional treatment modalities like
steroids, anti-coagulants, and surgery have been unsatisfactory in
January 2021 | Volume 10 | Article 59348
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either efficacy or safety. In comparison, newly applied medications,
including bevacizumab, GM1, and nerve growth factor, etc, have
shown potency in mitigating TLN both radiologically and
symptomatically, and even completely reversing TLN lesions
without serious side effects. More clinical trials should be
encouraged in future to better explore these agents.
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Radiation-induced oral mucositis (RIOM) is a common side effect after radiotherapy (RT) in
head and neck cancer (HNC) patients. RIOM patients with severe pain have difficulty in
eating, which increases the incidence of malnutrition and affects patients’ quality of life and
the process of RT. The mechanism of RIOM is not fully understood, and inflammatory
response and oxidative stress appear to be important for RIOM occurrence and
development. The nutritional status of patients is very important for their RT tolerance
and recovery. Malnutrition, which can lead to anemia, low protein, decreased immunity
and other problems, is an important clinical factor affecting tumor progression and
treatment. Recent studies have shown that early nutritional intervention can ameliorate
oral mucositis and nutritional status of patients with HNC. However, in clinical practice,
early nutritional intervention for patients with HNC is not a conventional intervention
strategy. Therefore, this review summarized the possible pathogenesis of RIOM,
commonly used assessment tools for malnutrition in patients, and recent studies on the
effects of early nutritional interventions on RIOM and nutritional status of patients with
HNC. We hope to provide the basis and reference for the clinical application of early
nutritional intervention models.

Keywords: early nutritional intervention, head and neck cancer, radiotherapy, oral mucositis, malnutrition
Abbreviations: ADA, American Dietitian Association; BMI, Body Mass Index; ESPEN, European Society for Parenteral
Nutrition; IL, interleukin; KGF, keratinocyte growth factor; LLLT, low-level laser therapy; MASCC/ISOO, the Multinational
Association of Support Care in Cancer/International Society of Oral Oncology; MMPs, matrix metalloproteinases; MNA, mini
nutrition assessment; MUST, malnutrition universal screening tool; NF-kB, nuclear factor-kappaB; NRS2002, nutritional risk
screening 2002; PBMT, photobiomodulation therapy; PEG, percutaneous endoscopic gastrostomy; PG-SGA, patient-
generated subjective globe assessment; PPAR, peroxisome proliferator-activated receptor; PT, photodynamic therapy;
RIOM, radiation-induced oral mucositis; ROS, reactive oxygen species; RT, radiotherapy; RTOG, Radiation Therapy
Oncology Group; TGF-b, transforming growth factor; TNF-a, tumor necrosis factor alpha.

February 2021 | Volume 10 | Article 595632162

https://www.frontiersin.org/articles/10.3389/fonc.2020.595632/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.595632/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.595632/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.595632/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.595632/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:xiny@jlu.edu.cn
mailto:jiangx@jlu.edu.cn
https://doi.org/10.3389/fonc.2020.595632
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.595632
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.595632&domain=pdf&date_stamp=2021-02-01


Zheng et al. Early Nutritional Intervention and Oral Mucositis
INTRODUCTION

Head and neck cancer (HNC) is the sixth most common cancer
worldwide with more than half a million new cases diagnosed
each year (1, 2). Because of the limitations imposed by the
complicated anatomical structure of the head and neck to the
operation, radiotherapy (RT) has become the main treatment
method for HNC. However, damage to the normal tissue
surrounding the tumor is inevitable. The most common
manifestations of injury caused by RT are mucositis,
dysphagia, pharyngeal pain, taste disorders, mouth dryness,
nausea, vomiting, and anorexia, which may adversely affect the
nutritional status of patients and lead to a decline in their quality
of life (3–6).

Radiation-induced oral mucositis (RIOM) is a common side
effect of RT for HNC. Studies have shown that patients with
HNC have oral mucositis at various degrees, when the radiation
dose reaches a certain level, and the incidence of ≥ Grade 3
mucositis is as high as 56% (7, 8). RIOM, which usually starts at
around the 5th to 10th RT fraction, occurs in > 80% of patients
during RT. Hyperemia, erythema, and erosion may occur in
patients’ mucosa until severe ulcers and fibrosis appear (9).
Severe pain makes it difficult for patients to eat and leads to
malnutrition, which affects patients’ quality of life and the course
of RT (10, 11).

Malnutrition, which is caused by failure of food intake to
provide the required energy, is an important clinical factor in the
progression and treatment of cancer (12). RIOM is one of the key
barriers to food intake. Most HNC patients experience weight
loss after RT, and many suffer from moderate to severe
malnutrition, which affects patients’ quality of life and
treatment process (13, 14). Weight loss in patients leads to
changes in body shape, decreases immobilization of head and
neck masks, and affects RT accuracy. Malnutrition can also lead
to anemia, low protein, decreased immunity, and increased
complications during RT.

Nutritional intervention is important for maintaining the
nutritional status of patients with HNC. International
guidelines recommend strengthening nutritional consultation
and oral nutritional supplement as nutritional interventions for
patients with HNC undergoing chemoradiotherapy (15, 16).
Nutritional interventions that emphasize protein targets during
RT may reduce severity of oral mucositis. Studies have shown
that oral mucositis is less severe when patients with HNC achieve
the corresponding protein and calorie intake targets during RT
(17–19). However, in clinical practice, nutritional intervention
usually begins when patients develop oral mucositis or severe
gastrointestinal reactions that result in restricted feeding. The
effect is limited, and it is difficult to effectively improve the
nutritional status of patients. Therefore, early nutritional
intervention may become an important treatment to prevent
malnutrition. However, currently, early nutritional intervention
for patients with HNC is not a conventional nutritional
intervention strategy.

The purpose of this review was to analyze the effects of
nutritional intervention on radiation-induced oral mucositis
and malnutrition in patients in different periods, hence to
Frontiers in Oncology | www.frontiersin.org 263
provide a basis and reference for the application of early
nutritional intervention strategies in clinical practice.
Therefore, we summarized and compared recent literature on
the effects of traditional nutritional intervention and early
nutritional intervention on the therapeutic outcome, oral
mucosal complications, quality of life, and nutritional status of
patients with HNC.
ORAL MUCOSITIS AND MALNUTRITION
IN HNC PATIENTS WITH RT

Radiation-Induced Oral Mucositis
RIOM is one of the most important toxic reactions of normal
tissue during RT for in HNC patients (8, 20). RIOM is classified
into five grades according to Radiation Therapy Oncology Group
standards (21): No changes were observed in Grade 0 mucositis.
Grade 1 includes mucositis that causes mild pain or congestion
that does not require analgesics. Grade 2 includes the
development of patchy mucositis, the requirement for
analgesics, or the production of serosanguineous discharge.
Grade 3 includes the development of confluent mucositis or
severe pain requiring narcotic analgesics, and Grade 4 involves
the development of ulcer, necrosis, and bleeding from the area.
Severe RIOM can cause severe pain, especially ulcers near the
pharynx, which can cause severe pain when swallowed and loss
of appetite. In addition, injury to the parotid gland and taste buds
leads to decreased saliva and loss of taste, which also seriously
affects the patient’s appetite. When fibrosis occurs, the patient
has difficulty opening his or her mouth, which can also affect
food intake.

The development of RIOM is divided into five stages
comprising initiation, signaling, amplification, ulceration, and
healing. At the initial stage of injury, radiation deposits energy on
biological macromolecules including protein molecules.
Furthermore, the epithelium, blood vessels, and mesenchymal
cells of the mucosa at the site of injury release reactive oxygen
species (ROS) causing damage to DNA. Signal is transduced
through matrix metalloproteinases (MMPs), nuclear factor
kappa-B (NF-kB), and ceramide pathways in macrophages.
The signal amplification stage is mediated by pro-
inflammatory cytokines including tumor necrosis factor alpha
(TNF-a), interleukin 1b (IL-1b), and IL-6. Subsequently, mucosa
desquamation of the epithelium occurs, and the basement
membrane is damaged. The oral mucosa loses its protective
barrier and eventually ulcerates. At the beginning of the healing
phase, basal epithelial cells migrate, proliferate, and differentiate.
The ulcer eventually heals. Changes in late stage ulcer are
associated with a variety of factors, which may lead to
secondary gram-negative bacterial infection. Infection may lead
to blocked blood flow and ischemic necrosis, which cause more
severe inflammatory changes that eventually heal in the form of
fibrosis (20, 22, 23). Patients eat less because of severe oral pain,
thereby becoming malnourished. In turn, malnutrition affects the
severity and healing time of mucositis and ulcers. In addition,
although RT combined with chemotherapy increases local tumor
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control, it also increases the incidence of ulcerative mucositis and
results in interruption of RT (24).

A number of risk factors have been associated with the
development of RIOM. These mainly include combined
chemotherapy, oral hygiene, low nutrition, early non-use of
antibiotics, and smoking (25). Dose is the most important
factor affecting RIOM and the dose of oral mucosa is not
recommended to exceed 45Gy. With the accumulation of dose,
severe RIOM occurred more frequently in weeks 5 and 6 of RT
(26). Hyperfractionation is associated with more severe acute
oral toxicities, primarily mucositis. One animal experiment
showed that at day 10 after RT, the oral size % of mice was 2,
5, 27, and 31 percent for 15, 18, 20, and 25 Gy RT (27). RIOM
membrane inflammation and ulcer play a very important role in
tissue injury caused by IL-1, TNF-a, and other inflammatory
cytokines released from epithelial cells, blood vessels, and
connective tissue; these can increase the wall permeability of
capillaries and the numbers of inflammatory cells, such as
myeloperoxidase-positive leukocytes and macrophages and
neutrophil infiltration (28). Production of ROS is a key link in
the aggravation of inflammatory injury. Sonis et al. (29, 30)
showed that signal amplification is the core link in the
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development of RIOM into ulcer. Amplification of ROS and
inflammatory cytokines occurs mainly through the following
three steps: (1) activating the NF-kB pro-inflammatory pathway,
stimulating target gene expression, and producing a large
number of inflammatory cytokines, such as TNF-a, IL-1, and
IL-6, which activate the ceramide pathway, thereby producing
large amounts of sphingomyelinase and ceramide synthase and
eventually causing more tissue damage and cell apoptosis; (2)
fibronectin breakdown, which stimulates macrophages leading to
activation of MMPs; (3) impaired mitochondria produce more
ROS, which activates the NOD-like receptor pyrin domain-
containing protein 3 (NLRP3) inflammasome pathway. NLRP3
activates caspase-1, which produces IL-1b and leads to apoptosis
(31). In addition, the loss of a protective barrier in the basement
membrane at the ulcer site increases the likelihood that gram-
negative and yeast bacteria will develop secondary infections,
which perpetuates inflammation and complicates existing
inflammation (Figure 1).

Good oral hygiene can significantly reduce the risk of RIOM
and is one of the most effective prevention methods, with only a
few alternative effective treatments. Currently, symptomatic
treatment is mostly adopted in clinical practice mainly
FIGURE 1 | Pathogenic mechanisms of radiation-induced oral mucositis (RIOM). Amplification of reactive oxygen species (ROS) and inflammatory cytokines occurs
mainly through the following three steps: (1) activating the nuclear factor kappa-B (NF-kB) pro-inflammatory pathway, stimulating target gene expression, and
producing a large number of inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a), interleukin 1 (IL-1), and IL-6, which activate the ceramide
pathway, thereby producing large amounts of sphingomyelinase and ceramide synthase and eventually causing more tissue damage and cell apoptosis; (2)
fibronectin breakdown, which stimulates macrophages leading to activation of matrix metalloproteinases (MMPs); (3) impaired mitochondria produce more ROS,
which activates NOD-like receptor pyrin domain-containing protein 3 (NLRP3) inflammasome pathway. NLRP3 activates caspase-1, which produces IL-1b and
leads to apoptosis.
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including nutritional intervention, pain control, prevention and/
or treatment of secondary infection (32–35). Many studies have
proved that nutritional intervention improves acute radiation-
induced oral mucosal response of HNC patients. Nutritional
intervention can effectively maintain the nutritional status of
patients with HNC treated with RT and promotes recovery from
acute RIOM. It has also been pointed out that the protein level in
the body during RT also affects the severity of oral mucositis, and
low protein levels have negative effects on RIOM healing (17).
Therefore, a growing number of physicians focus on the effects of
early nutritional intervention on RIOM and on the nutritional
status of patients with HNC.

Malnutrition
The nutritional status of many HNC patients is at high risk of
cachexia. RT or chemoradiotherapy also increases the risk of
malnutrition. There is evidence that because of the location and
treatment of the primary tumor, > 90% of patients have
dysphagia, dry mouth, taste change, and oral mucositis,
thereby affecting mouth opening and eating and resulting in
symptoms of malnutrition (24, 36–38). Both acute and chronic
malnutrition can lead to a decline in patients’ quality of life (39).
Malnutrition and cachexia, which affect the course of RT
treatment of patients and increase the risk of early death of
patients, are considered as poor prognostic factors for HNC
patients undergoing RT. Undoubtedly, the side effects caused by
RT to the head and neck are key factors for malnutrition in
patients. However, many other factors are important for the
occurrence of malnutrition, such as smoking and drinking, and
even psychological stress (40). A recent study suggested that the
polymorphism SELP-2028 C/T of the P-selectin adhesion
molecule gene in HNC patients undergoing RT could be used
as a risk factor marker for malnutrition. P-selectin adhesion
molecule plays an important role in activating leukocyte
recruitment, promoting tumor invasion, and cancer cachexia at
the site of inflammatory injury. CC homozygotes are four times
more likely to be diagnosed with severe malnutrition and have a
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higher risk of early death than other genotype carriers (41).
These results may provide the basis for early intervention in
HNC patients undergoing RT.

Malnutrition has a huge effect on RT in patients with HNC.
Therefore, it is necessary to assess the nutritional status during
RT. Currently, the commonly used nutrition assessment tools
include nutritional risk screening 2002 (NRS2002), malnutrition
universal screening tool (MUST), mini nutrition assessment
(MNA), and patient-generated subjective globe assessment
(PG-SGA) (Table 1).

NRS2002 is a screening tool recommended by the European
Society for Parenteral Nutrition (ESPEN) in 2002. It includes a
disease severity score, an impaired nutritional status score, and
an age score. If the three scores add up to > 3, the patient is at
nutritional risk. With high reliability, NRS2002 can truly and
objectively reflect the nutritional risk of tumor patients and is
suitable for clinical use. It is a primary screening tool that has
passed the evidence analysis standards of the American
Association of Dietitians. The United States recommend
NRS2002 for hospitalized patients with nutritional risk
screening (42). NRS2002 is good for screening the nutritional
status of elderly inpatients or cancer inpatients, especially for
tumors affecting the digestive tract such as the oropharynx and
esophagus (43). It has been reported that NRS2002 score is a
simple and useful indicator for predicting long-term prognosis in
patients with esophageal cancer after chemoradiotherapy (44).
Peng et al. (45) screened 3,232 qualified patients to determine the
application value of NRS2002 in patients with nasopharyngeal
cancer. By analyzing the survival rate and quality of life of
patients, they adjusted the NRS2002 screening tool and
obtained a simpler and more clinically practical nutritional risk
screening tool for nasopharyngeal cancer.

MUST was developed by the multidisciplinary malnutrition
advisory group of the British association for parenteral nutrition
and consisted of three assessments of body mass index (BMI),
degree of body mass loss, and reduced dietary intake. A score > 2
indicates high nutritional risk. MUST is a simple and effective
TABLE 1 | The commonly used nutrition assessment tools.

Composition Assessment criteria

NRS2002 Disease score
Nutritional status
Age score

0~2: low nutritional risk
>3:high nutritional risk, need nutrition intervention

MUST BMI
Weight loss
Eating state

0: low nutritional risk
1: moderate nutritional risk
2: high nutritional risk, need nutrition intervention

MNA Anthropometric assessment
Global evaluation
Dietetic evaluation
Subjective assessment

≥24: normal
17–24: nutritional risk
<17: malnutrition

PG-SGA Weight loss
Disease score
Metabolic stress
Physical examination
Global assessment grading

A: normal
B: nutritional risk
C: severe malnutrition
NRS2002, nutritional risk screening 2002; MUST, malnutrition universal screening tool; MNA, mini nutrition assessment; PG-SGA, patient-generated subjective globe assessment; BMI,
body mass index.
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tool for nutritional risk assessment of cancer patients and has
been widely accepted and effectively used by health professionals
(46). In hospitalized cancer patients, MUST has the highest
coincidence rate with NRS2002 and is a good identifier of
patients at risk of prolonged hospitalization (47).

Developed according to subjective globe assessment, PG-SGA
is a nutritional status assessment method specially designed for
tumor patients and recommended by the American Dietitian
Association. PG-SGA includes both patient self-assessment and
medical personnel assessment. It is divided into three grades
according to the obtained score: A, B, and C. Grades B or C
indicate moderate or severe malnutrition, respectively. The
incidence of malnutrition was high in patients with oral cancer
before RT. Nutritional intervention for nasopharyngeal
carcinoma patients undergoing concurrent chemoradiotherapy
according to PG-SGA scores showed that the intervention
significantly reduced acute radiation toxicity and improved
patient nutritional status, quality of life, and treatment
compliance (48). The use of PG-SGA to assess nutritional
status before RT can be used as a prediction factor for RT
response. PG-SGA nutritional score < 9 was associated with
better local control and acute toxicity in patients undergoing
radical head and neck cancer treatment (49). PG-SGA can also
assess the nutritional status of patients with enteral nutrition and
head and neck cancer treated with gastrostomy, especially in
patients with impaired language skills (50).

MNA is a new evaluation method of human nutritional status
established and developed by Vellas et al. (51–54) in the 1990s. It
includes anthropometric measurements, overall evaluation, a
dietary questionnaire, and subjective evaluation. The method is
simple and shows good linear correlation with the human body
composition evaluation method.

PG-SGA is more focused on the evaluation of chronic
nutritional changes than NRS2002. MUST is specifically used
to assess the risk of protein-calorie malnutrition with high
accuracy and reliability. PG-SGA was significantly consistent
with MNA, however, consistency between PG-SGA and NRS-
2002 was moderate (55).
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CLINICAL INTERVENTION FOR RIOM
AND MALNUTRITION IN HNC PATIENTS

Medication
There is still no specific treatment for RIOM. To promote healing
from RIOM, the treatment has been focused on relieving the pain
and inhibiting oxidative stress and the inflammatory response in
patients (Table 2). Anesthetics and analgesics are often
administered to relieve the pain caused by RIOM. According
to the evidence-based clinical practice guidelines on mucositis
published by the mucositis research group of the Multinational
Association of support Care in Cancer/International Society of
Oral Oncology (MASCC/ISOO), morphine mouthwash and
doxepin mouthwash are recommended for HNC patients
undergoing RT (33, 56, 57). Studies have also shown that
introduction of low-dose controlled-release oxycodone in the
early stage of moderate pain in patients with RT and
chemotherapy for nasopharyngeal cancer can help to reduce
total dose, provide better pain control, reduce weight loss, and
improve quality of life (58–60). Anti-inflammatory therapy is
also a common clinical treatment. The MASCC/ISOO mucositis
guidelines have recommended the use of benzydamine
mouthwash to prevent oral mucositis in HNC patients (61). A
number of recent studies have also reported that some other
drugs have been effective in reducing oxidative stress and
inflammatory responses to RIOM. Rosiglitazone, a peroxisome
proliferator activated-receptor (PPAR) gamma agonist stimulation
drug, has anti-inflammatory and anti-fibrosis effects. It inhibits the
growth of irradiation-induced transforming growth factor beta
(TGF-b) and NF-kB p65 subunit proteins and enhances the
expression of catalase to protect the oral mucosa without affecting
the efficacy of RT (62). Thalidomide, an NF-kB inhibitor,
significantly improved mucosal tissue in irradiated mice, although
the underlying mechanism still requires further study (63). Other
drugs, such as amiforstine and gliclazide, reduce oxidative stress and
inflammation (64, 65). Growth factors and cytokines are also used
to treat radiationmucositis. RT can induce apoptosis of proliferating
basal cells, and growth factors such as epidermal growth factor and
TABLE 2 | Drugs commonly used to treat RIOM.

Drugs category Drugs Mechanism Treatment effect Reference

Analgesic drugs Morphine and Doxepin
mouthwash

Anesthesia and analgesia Reduce the pain caused RIOM
Increase eating

(33, 56, 57)

Oxycodone (58–60)
Anti-inflammatory
drugs

Benzydamine mouthwash Local anti-inflammatory Prevent RIOM (61)
Rosiglitazone PPAR-g agonists, Inhibition of TGF-b and NF-kB

p65 expression
Protect normal oral mucosa and antitumor (62)

Thalidomide Inhibition of NF-kB Reduce inflammatory response (63)
amiforstine and gliclazide Reduce oxidative stress and inflammation caused

by 5-fluorouracil
Accelerate the recovery oral mucositis caused by
5-fluorouracil

(64, 65)

Cytogenetic drugs epidermal growth factor
and
keratinocyte growth factor

promote the regeneration of oral mucosal cells promote the healing of RIOM (66, 67)

Others Tat-smad7 Reduce TGF-b and NF-kB signaling pathways Reduce inflammatory response and promote the
healing of RIOM

(68)

multivitamin B + Gene
Time(R)

Promote the synthesis of DNA, RNA and
hydroxyproline

Shorten the healing time of ulcer (69)
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keratinocyte growth factor (KGF) accelerate the conversion rate of
epithelial cells and contribute to the regeneration of oral mucosal
cells (66, 67). In addition, some drugs have been reported to
promote healing of RIOM. Luo et al. (68) fused Smad7,
multifunctional protein, with a cell-penetrating Tat tag (Tat-
smad7), which was applied to the oral mucosa of RT mice at the
onset of oral mucositis. The results suggested that short-term
application of Tat-Smad7 promoted oral mucositis healing
without affecting the cytotoxic effect of RT on cancer cells. Both
multivitamin B and GeneTime (R) have been used in the treatment
of oral inflammation. There is evidence that the combination of
multivitamin B and GeneTime (R) is more effective for the
treatment of RIOM and can reduce the healing time of ulcer (69).

Oral Health and Photobiomodulation
Therapy (PBMT)
Although RIOM is not caused by pathogens, destruction of the
mucosal barrier facilitates invasion of pathogens. Infection
complicates the damage of mucositis. The abundance of a variety
of gram-negative bacteria (Fusobacterium, Haemophilus,
Tannerella, Porphyromonas, and Eikenella) in the oral mucosa
may influence susceptibility of patients to RIOM (70). Therefore,
oral health intervention is necessary. As a common superficial oral
infection in cancer patients, Candida colonization in the oral
mucosa may delay RIOM healing. Miconazole, an antifungal
drug, is expected to reduce the length of hospital stay for RIOM
and the use of morphine in patients (71). In addition, probiotics
such as Bacteroidetes and Bifidobacteria can significantly increase
the number and activity of immune cells and are beneficial for
RIOM. Studies have shown that a combination of probiotics can
significantly enhance the immune response of patients and reduces
the severity of RIOM by changing the intestinal microbiota (72–74).

PBMT, which is recommended by MASCC/ISOO for tumor
support therapy, can also be used to prevent and treat RIOM
(75). PBMT can improve the quality of life, effectively control
RIOM, and reduce the incidence and associated costs of RIOM
(76, 77). Currently, the best studied PBMT includes low-level
laser therapy (LLLT) and photodynamic therapy (PT). One study
evaluated the efficacy of LLLT in the prevention and treatment of
oral and oropharyngeal mucositis in patients with oral squamous
cell carcinoma because of chemoradiotherapy. After 5 weeks of
treatment, 72.7% of the mucosa in the laser group was normal
(Grade 0), 20.0% of the control group was Grade 0, and 40.0% of
the control group was Grade 2. The effect of LLLT in reducing
the incidence and severity of mucositis is significant (78). Both
LLLT and PT stimulate the expression of basic fibroblast growth
factor, TGF-b, and platelet-derived growth factor. The increase
in basic fibroblast growth factor and platelet-derived growth
factor levels because of PT is more obvious than that because of
LLLT, and the effect of PT appears to be more significant than
that of LLLT (79).

Nutrition Intervention
HNC, especially head and neck squamous cell carcinoma, is
usually found in advanced stages. The nutritional status of
patients at the time of admission are affected to varying
Frontiers in Oncology | www.frontiersin.org 667
degrees by chemoradiotherapy, which can also cause or
aggravate malnutrition in patients. RIOM over Grade 3 can
aggravate the degree of malnutrition in patients with locally
advanced nasopharyngeal carcinoma during RT (80). Many
studies have shown that nutritional intervention can not only
reduces the risk and severity of RIOM and improve the
nutritional status of patients with HNC, but also improve
patients’ tolerance to RT and quality of life and enhance
treatment efficacy (81–83). The best application for nutritional
intervention is through oral intake. Oral nutrition is the first
choice in patients who can eat. However, because of
complications such as oral mucositis caused by the tumor itself
or chemoradiotherapy, a patient’s swallowing function is greatly
affected. Currently, the main nutritional interventions are enteral
nutrition and parenteral venous nutrition. There are many
complications of intravenous nutrition, and enteral nutrition
including nasogastric tube feeding and gastrostomy feeding is
highly recommended in the clinic. Corry et al. (84) studied the
effects of gastrostomy and nasogastric tube feeding in HNC
patients treated with RT or chemoradiotherapy. The authors
found that patients who underwent percutaneous endoscopic
gastrostomy gained significantly more weight than those fed
through a nasogastric tube. However, after 6 months of
treatment, there was no difference in weight gain between the
two groups, and the associated costs were 10 times higher in
the gastrostomy group than in the nasogastric tube group. The
duration of enteral nutrition in the gastrostomy group was
significantly longer than that in the nasogastric tube group
although there was no significant difference in pulmonary
infection rate between the two groups. Current nutritional
interventions are mostly initiated when patients’ food intake is
affected, although the nutritional status cannot be significantly
reversed during RT (80). Therefore, early nutritional
intervention is attracting more attention. A study of the
effectiveness of preventive percutaneous endoscopic
gastrostomy (PEG) demonstrated that only 22% of patients
lost > 10% of their initial body weight. The most common
complication was a minor perioral infection associated with
the use of proton pump inhibitors before PEG placement.

Early Nutritional Intervention
There are different views on the timing of nutritional
intervention in clinical practice. Nutritional intervention
usually begins when patients with RIOM or severe
gastrointestinal reactions have restricted feeding. However, the
nutritional status of patients is difficult to improve significantly.
Some prospective studies have demonstrated the significant
effects of early nutritional intervention on RIOM and
nutritional status in HNC patients undergoing RT (85, 86).
Early nutritional interventions can lead to higher serum
albumin and hemoglobin levels in HNC patients (87). Plasma
albumin, which reflects the level of human protein, is an
important nutrient for human body. The amino acid produced
by the breakdown of plasma albumin can be used for synthesis of
tissue proteins, energy supply, or conversion to other
nitrogenous substances. And the decrease in hemoglobin
reflects deficiencies in many nutrients, such as iron and
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vitamins (especially B12). Early nutritional intervention by a
multidisciplinary nutritional support team improved body
weight loss rate, mucositis, albumin level, and hospital length
of stay, which might lead to better clinical outcomes (88).
Therefore, early nutritional intervention may contribute to
improve malnutrition of patients. Meng et al. (89) divided 78
cases of nasopharyngeal cancer patients into early nutritional
intervention group and late nutritional intervention group
respectively. Early nutritional intervention began at the
beginning of chemoradiotherapy, while late nutritional
intervention began when the side effects of RT were evident.
Bo th g roups had reduced we i gh t a t th e end o f
chemoradiotherapy and 3 months later. However, 3 months
after finishing chemoradiotherapy, the early group began to
regain weight, while the late group continued to lose weight.
The weight, BMI, albumin, and prealbumin levels in the early
group were lower than those in the late group during and after
radiation therapy. Early nutritional intervention can reduce the
incidence and level of severe oral mucositis (90).

Systematic organization of early nutritional therapy in HNC
patients is absolutely essential. Early nutritional intervention can
not only prevent and treat RIOM, but also effectively improve the
nutritional status of patients and improve their tolerance to
chemoradiotherapy and overall survival rates (91). According to
the PG-SGA score, the number of patients with good nutrition
was higher in the early stage of treatment than in the late stage. In
addition, many patients had to stop the course of RT because of
RIOM and malnutrition. The benefits of early nutritional
intervention for RIOM and malnutrition are also reflected in
the lower incidence of RT interruption, which ensures smooth
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treatment (85). There was a linear correlation between the
percentage of weight loss in HNC patients and the days
delayed in RT process from before the end of radiotherapy
(92). Early nutritional interventions, including oral feeding,
nasogastric tube, and gastrostomy, can significantly improve
weight loss and the interruption/delay of radiotherapy process
and reduce the probability of accidental hospitalization (87, 93–
97). In patients with enteral nutrition contraindications, even
early 7-day supplemental parenteral nutrition improved their
body composition at nutritional risk in the absence of any
relevant clinical complications (98). A prospective study by
Wei et al. (86) divided 54 HNC patients into an early
nutritional group and an advanced nutritional intervention
group. The results showed that the incidence of oral mucositis
was significantly lower in the early group than in the late group.
The nutritional status of these patients was assessed at week 4
and week 7, and the weight and BMI declines were more
pronounced in the late group than in the early group. Plasma
albumin, hemoglobin, and prealbumin levels, and total
lymphocyte counts were significantly lower in both groups
after week 7 of RT.

These prospective studies show that early nutritional
intervention improves oral mucositis and nutritional status of
patients with head and neck malignant tumors who undergo
chemoradiotherapy (Table 3). In addition, it prevents
malnutrition-related complications in tumor patients, avoids
the interruption of RT, and improves the long-term quality of
life of patients, which has broad implications. Further research is
required to support the use of early nutritional support in
patients undergoing RT for HNC.
TABLE 3 | Influence of early nutritional intervention on patients with head and neck radiotherapy.

Author Year Patients Treatment Result p

ENG CG

Meng et al. (89) 2019 46 32 CRT CT/CRT break:10.9% VS. 25.0% 0.017
days of CRT delayed for toxicity: 2.2 ± 1.8 VS. 3.1 ± 3.2 0.033
rate of patients with unplanned hospitalizations:13.0% VS. 31.3% 0.009
advanced oral mucositis (3, 4):13.0% VS. 21.9% 0.028

Paccagnella et al. (92) 2010 33 33 CRT weight loss: −2.4 ± 8.2% VS. −9.6 ± 8.1% 0.0077
CT/CRT break:30.3% VS. 63.6% 0.007
days of CRT delayed for toxicity: 4.4 ± 5.2 VS. 7.6 ± 6.5 0.038
rate of patients with unplanned hospitalizations: 16.1% VS. 41.4% 0.030

Piquet et al. (96) 2002 45 45 RT weight loss: 3.5 ± 0.7% VS. 6.1 ± 0.7% <0.01
hospital admission for dehydration: 0% VS. 18.0% <0.01

Wang et al. (87) 2012 35 23 CCRT weight loss:−1.68 ± 6.33% VS. −6.55 ± 7.28% <0.01
CT/CRT break: 28.6% VS. 73.9% 0.010
albumin level change: −15.05 ± 10.41% VS. −27.38 ± 11.41% 0.002

Wei et al. (86) 2020 28 26 CT/CRT weight loss: −5.64 ± 2.54kg VS. −8.77 ± 1.61kg <0.001
albumin level change: −4.79 ± 3.69g/L VS. −7.09 ± 3.39g/L <0.001
hemoglobin loss: −12.96 ± 19.83 g/L VS. -14.81 ± 24.47 g/L <0.001
advanced oral mucositis (3, 4):17.9% VS. 50.0% 0.012

Isenring et al. (99) 2004 29 31 RT weight loss: −0.4kg VS. −4.7kg <0.001
NI are beneficial to global QoL 0.009

González-Rodrıǵuez et al. (97) 2020 135 39 RT malnutrition: 31.9% VS. 69.5% 0.0001
emergency visits 0. 75 VS. 1.1 episodes per patient 0.021
hospitalizations: 29% VS. 59% 0.044

Kono et al. (88) 2020 32 61 CCRT Grade III mucositis: 25.0% VS. 70.0% 0.006
February 2021 | Volume 10 | Article
ENG, early nutritional intervention group; CG, control group; RT, radiotherapy; CRT, chemoradiotherapy; CCRT, concurrent chemoradiotherapy; NI, nutrition intervention; QoL, quality of
life. Values of p < 0.05 were considered significant.
595632

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


Zheng et al. Early Nutritional Intervention and Oral Mucositis
CONCLUSION

In conclusion, radiation-induced oral mucositis and
malnutrition have a significant effect on the course and
recovery in HNC patients treated with RT. Many studies have
shown that early nutritional intervention improves oral
mucositis and nutritional status of patients. Although a
number of prospective randomized trials have been conducted
worldwide to assess the effects of early nutritional interventions
on quality of life in cancer patients, comparison and evaluation
of the effects of different nutritional intervention timings on the
nutritional status of HNC patients undergoing RT have not been
reported. More in-depth research is still required.
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Objective: Whether the original dosimetric constraints of neuro-optic structures (NOS)
are appropriate for patients with nasopharyngeal carcinoma (NPC) undergoing intensity-
modulated radiotherapy (IMRT) remains controversial. The present study compared the
survival rates and radiation-induced optic neuropathy (RION) occurrence between T4
NPC patients whose NOS were irradiated with a near maximum dose received by 2% of
the volume (D2%) >55 Gy and ≤55 Gy. Moreover, the NOS dosimetric parameters and
their correlation with RION occurrence were also evaluated.

Methods: In this retrospective study, 256 T4 NPC patients treated with IMRT between
May 2009 and December 2013 were included. Patient characteristics, survival rates,
dosimetric parameters, and RION incidence were compared between the D2% ≤55 Gy
and D2% >55 Gy groups.

Results: The median follow-up durations were 87 and 83 months for patients in the D2%
>55 Gy and D2% ≤55 Gy groups, respectively. The 5-year local recurrence-free survival
rates were 92.0 and 84.0% in the D2% >55 Gy and D2% ≤55 Gy groups (P = 0.043),
respectively. There was no significant difference in the 5-year overall survival (OS) between
both groups (D2% >55 Gy, 81.6%; D2% ≤55 Gy, 79.4%; P = 0.586). No patients
developed severe RION (Grades 3–5), and there was no significant difference (P = 0.958)
in the incidence of RION between the two groups. The maximum dose of NOS
significantly affected the RION incidence, with a cutoff point of 70.77 Gy.
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Conclusion: Appropriately loosening NOS dosimetric constraints in order to ensure a
more sufficient dose to the target volume can provide a better 5-year local recurrence-
free survival and acceptable neuro-optic toxicity in T4 NPC patients undergoing IMRT.
Keywords: neuro-optic structures, dosimetric constraints, radiation-induced optic neuropathy, nasopharyngeal
carcinoma, intensity-modulated radiotherapy
INTRODUCTION

Nasopharyngeal carcinoma (NPC) differs from other head and
neck carcinomas in that it has a specific geographic distribution,
with a peak incidence of 50 cases per 100,000 people in Southeast
Asia and Southern China (1). Radiotherapy is the main
treatment for non-metastatic NPC because of its anatomical
location and sensitivity to radiation (2). Remarkably, the first
diagnosis of NPC usually occurs at an advanced stage because the
clinical symptoms are atypical and hardly detected (3).
Locoregionally advanced NPCs often infiltrate important areas,
including the skull base, the cavernous sinus, the orbit, and the
neuro-optic structures (optic nerve and optic chiasm; NOS) (4).
Dose restriction of planning target volumes (PTVs) is a clinically
common solution to protect organs at risk (OARs) undergoing
radiotherapy (5). However, an insufficient dose to the target
volume can lead to local recurrence, which is one of the most
important causes of radiotherapy failure in NPC treatment (6).
Thus, reducing dose to the target volume in order to protect
OARs may not be a good choice for NPC treatment.

On the other hand, a satisfactory target volume dose coverage
inevitably causes several early or late complications in T4 NPC
patients. Radiation-induced optic neuropathy (RION) is one of the
most serious complications caused by radiation damage to the
NOS. RION causes rapid and painless visual loss in one or both
eyes within months to years and adversely affects patients’ quality
of life (7). Hence, in the dose constraint criterion of the Radiation
Therapy Oncology Group 0225 protocol, the maximum dose to
the NOS should not exceed 54 Gy (8). Another study conducted
by Parsons et al. reported that a maximum dose (Dmax) <55 Gy
resulted in a RION incidence <3%, for a Dmax in the range 55–60
Gy, the observed RION occurrence was in the range 3–7%, while a
Dmax >60 Gy resulted in a RION incidence of 7–20% (9). In
addition, Mayo et al. proposed an increase in TD5/5 to 55 Gy in a
quantitative study of clinical normal tissue effects (10). Hoppe
et al. also confirmed that when the dose of the NOS is <55 Gy, the
incidence of RION is very low (11). However, it is not known
whether this dosimetric constraint is suitable for T4 NPC patients
treated with intensity-modulated radiotherapy (IMRT).

As proposed in the International Committee of Radiation
Units (ICRU) Report 83, D2% was recommended instead of
Dmax (12). In this study, the T4 NPC patients undergoing IMRT
were divided into the D2% >55 Gy and D2% ≤55 Gy groups to
explore whether the dosimetric constraint (D2% ≤ 55 Gy) of
NOS is suitable. We compared survival outcomes and RION
occurrence between these two groups and investigated the
dosimetric predictors of RION in T4 NPC patients after IMRT
treatment. Considering the Dmax is still an important evaluation
274
index for tandem organs in clinical practice (13, 14), it was also
included in the analysis.
MATERIALS AND METHODS

Study Design and Participants
This study included 256 T4 NPC patients who underwent IMRT
treatment between May 2009 and December 2013 at three general
hospitals in the Guangxi Zhuang Autonomous Region (the First
Affiliated Hospital of Guangxi Medical University, Liuzhou
Worker Hospital, and Affiliated Hospital of Guilin Medical
University). The inclusion criteria were as follows: histological
confirmation of NPC without distant metastasis; no history of
radiotherapy, chemotherapy, or surgery; an Eastern Cooperative
Oncology Group performance status between 0 and 2; and
complete clinical data. All patients had been recently diagnosed
by nasopharyngeal biopsy and were staged as T4 (except those only
with tumor invasion to the hypopharynx and/or the infratemporal
fossa/masticator space) according to the seventh edition of the
International Union against Cancer/American Joint Committee on
Cancer staging system. None of the patients had visual impairment
due to NOS injury, distant metastasis, previous malignancy, or
other concomitant malignancies. All the patients were divided into
two groups: 125 patients had their NOS irradiated with a D2%
greater than 55 Gy (D2% >55 Gy group), and 131 patients had
their NOS irradiated with a D2% lower than 55 Gy (D2% ≤55 Gy
group). All patients were followed up for >12 months.

Radiotherapy
Patients were immobilized in the supine position with a head,
neck, and shoulder thermoplastic mask. All patients were
scanned using computed tomography (CT) with 3-mm serial
slices from the cranial roof to the sternoclavicular junction. CT
and magnetic resonance imaging (MRI) data were imported into
the treatment planning system. The IMRT plans were inversely
planned with nine fields of 6-MV photon beams using the
Eclipse system. A sliding-window technique using Varian
linear accelerators with a Millennium multileaf collimator
(Varian Medical Systems, Palo Alto, CA) and analytical
anisotropic algorithm dose calculation were used.

Based on the CT and MRI fusion images, the target volumes
were designed according to our institutional treatment protocol
and reports 50, 62, and 83 of the International Commission on
Radiation Units and Measurements (15, 16). The OARs were
delineated according to the Radiation Therapy Oncology Group
consensus guidelines. The planning target volumes (primary
nasopharyngeal tumor: PTVnx; involved lymph nodes: PTVnd:
February 2021 | Volume 11 | Article 598320
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target volume 1: PTV1; target volume 2: PTV2) were generated
taking into the account organ movement and the daily treatment
configuration by adding 3-mm margins to the gross tumor
volume, which included the primary nasopharyngeal tumor
(GTVnx), gross tumor volume involving lymph nodes, clinical
target volume 1, and clinical target volume 2. A 3-mm margin
was added around the OARs to define the planning OAR
volume. The prescribed doses delivered to PTVnx, PTVnd,
PTV1, and PTV2 were 70–72, 66–70, 60–64, and 52–56 Gy,
respectively, in 31–33 fractions. The lower neck region was
irradiated separately by a total dose of 50–54 Gy at 2.0 Gy per
fraction, using an under-neck tangent beam. An example of a
NOS is shown in Figure 1. On-board kilovoltage cone beam CT
was performed once a week to ensure the accurate position and
dosage of the target volumes.

The following NOS dose–volume histogram-based dosimetric
parameters were collected: Dmax, D2%, the volume percentage
receiving at least 55, 60, 65, and 70 Gy (V55, V60, V65, and
V70%, respectively). The endpoints of overall survival and
local recurrence-free survival (LRFS) were death and local
recurrence, respectively.

Chemotherapy
Chemoradiotherapy has been recommended for T4 NPC
patients. In total, cisplatin-based chemotherapy (80 mg/m2

cisplatin every 3 weeks for 2–4 cycles) was administered to 248
(96.7%) of the 256 patients. In the D2% >55 Gy and D2% ≤55 Gy
groups, five and three patients refused chemotherapy,
respectively. Other patients received concurrent chemotherapy
(CCT), neoadjuvant chemotherapy (NACT), NACT + CCT, and
CCT + adjuvant chemotherapy according to their condition.

Outcomes assessment and diagnostic
criteria for RION
RION diagnosis was suggested by the clinical setting of a patient
with NPC who had received radiotherapy after an appropriate
time period since treatment. The RION diagnostic criterion was
Frontiers in Oncology | www.frontiersin.org 375
the observation of an irreversible optic neuropathy or chiasmal
dysfunction (impaired visual function with loss of visual acuity
and/or visual field defect) without other apparent causes. The
Common Terminology Criteria for Adverse Events version 3.0 for
visual impairment grading were used (17). Grade 1 was defined as
a symptomatic vision change without compromising visual
function. Grade 2 was defined as a symptomatic vision change
with slight impairment of visual function, but without interfering
with activities of daily living (ADLs). Grade 3 was defined as a
symptomatic vision change that interfered with ADLs. Grade 4
was defined as blindness (20/200 or worse). Grade 5 was defined as
death. Patients with grades 1–2 were defined as having a mild
RION, in which they had a good quality of life. Patients with
grades 3–5 were defined as having severe RION, corresponding to
a significant negative impact on their ADLs.

Follow-up
Upon IMRT completion, patients were subsequently followed up
every 3 months for the first 2 years, every 6 months for the next 3
years, and then once annually. At each follow-up visit, MRI and
ophthalmic examinations were performed. RION latency was
measured from the first day of irradiation until the day when it
was first observed.

Statistical Analyses
Continuous variables were compared using an independent
samples t-test, and categorical variables were compared using
the chi-square or Fisher’s exact test. The Kaplan–Meier method
was used to estimate survival rates and evaluate the differences in
OS and LRFS between groups. Uni- and multivariate Cox
regression models were created to determine the dosimetric
factors associated with the incidence of RION. The association
between dosimetric data and RION occurrence was tested using
a logistic regression model. Receiver operator characteristic
(ROC) curve analysis was performed and cut-off values on the
ROC curve were determined by Youden’s index. All confidence
intervals were reported at 95% confidence level. Positive
FIGURE 1 | An example of neuro-optic structures (A, B).
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predictive ability curves were generated. Statistical analyses were
performed using IBM SPSS Statistics for Windows, Version 25.0
(Armonk, NY: IBM Corp). P values <0.05 were considered
statistically significant.
Frontiers in Oncology | www.frontiersin.org 476
RESULTS

Treatment Outcomes
The patients’ baseline characteristics, including age, sex, history
of smoking and alcohol consumption, comorbidities, pathology
findings, staging, and chemotherapy use, were similar between
the two groups (Table 1, P > 0.05). Until December 2018, the
median follow-up duration was 87 and 83 months in the D2%
>55 Gy and D2% ≤55 Gy groups, respectively, with a range from
13 to 115 months. The 5-year OS rates were 81.6 and 79.4% (c2 =
0.297, P = 0.586) (Figure 2), while the 5-year LRFS rates were
92.0% and 84.0% (c2 = 4.099, P = 0.043) (Figure 3) for patients
in the D2% >55 Gy and D2% ≤55 Gy groups, respectively. In the
D2% >55 Gy group, during the 5-year follow-up period, 23
(18.4%) patients died and 10 (8.0%) patients developed local
failure. In this group, the median time to death and local
recurrence was 37 months (range: 13–60) and 41 months
(range: 12–59), respectively. In the D2% ≤55 Gy group, 27
(20.6%) patients died and 21 (16.0%) patients developed local
failure; the median time to death and local recurrence was 27
months (range: 13–52) and 36 months (range: 5–60),
respectively. Local recurrence was observed in the PTV.

Dosimetric Data for the Neuro-Optic
Structures and the RION Incidence
In the D2% >55 Gy group, the median Dmax was 63.56 Gy
(range: 59.95–78.14) and the median D2% was 60.37 Gy (range:
55.05–70.39), while in the D2% ≤55 Gy group, the median Dmax
was 57.01 Gy (range: 54.73–63.85) and the median D2% was
53.54 Gy (range: 50.11–54.98). In the D2% >55 Gy group, 16
patients (12.8%) had mild RION, and the median time of NOS
toxicity development was 38 months, with a range of 11–86
months. On the other hand, 13 patients (9.9%) had mild optic
nerve disorder in the D2% ≤55 Gy group. In this group, the
median time interval for NOS toxicity development was 43
months (range: 12–104). There was no significant difference
between the two groups (Table 2). No patient was diagnosed
TABLE 1 | The baseline characteristics of patients.

Characteristics D2% > 55Gy
(n = 125)

D2% ≤ 55Gy
(n = 131)

P

Median age (range) 45.7 (17–78) 45.2 (13–74) 0.897
Gender 0.755
Male 90 (72.0%) 92 (70.2%)
Female 35 (28.0%) 39 (29.8%)
History of smoking 0.771
Smoker 33 (26.4%) 32 (24.4%)
Nonsmoker 92 (73.6%) 99 (75.6%)
History of alcohol consumption 0.611
Drinker 19 (15.2%) 23 (17.6%)
Nondrinker 106 (84.8%) 108 (82.4%)
Comorbidity 0.925
Hypertension 20 (16.0%) 23 (17.6%)
Diabetes mellitus 7 (5.6%) 8 (6.1%)
Histology 0.85
WHO I 3 (2.4%) 2 (1.5%)
WHO II 12 (9.6%) 14 (10.7%)
WHO III 110 (88.0%) 115 (87.8%)
N stage 0.857
N0 10 (8.0%) 15 (11.5%)
N1 23 (18.4%) 26 (19.8%)
N2 81 (64.8%) 88 (67.2%)
N3 1(0.8%) 2 (1.5%)
Clinical stage 0.589
IVa 124 (99.2%) 129 (98.5%)
IVb 1 (0.8%) 2 (1.5%)
Chemotherapy 0.814
CCT 53 (42.4%) 58 (44.3%)
NACT+CCT 45 (36.0%) 42 (32.0%)
CCT+AC 19 (15.2%) 23 (17.6%)
NACT 3 (2.4%) 5 (3.8%)
None 5 (4%) 3 (2.3%)
WHO, World Health Organization; CCT, concurrent chemotherapy; NACT, neoadjuvant
chemotherapy; AC, adjuvant chemotherapy; D2%, near maximum dose received by 2% of
the volume.
FIGURE 2 | The 5-year overall survival outcomes of D2% >55Gy and D2% ≤55Gy groups treated with intensity-modulated radiotherapy. P < 0.05 was considered
statistically significant.
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with severe RION (grades 3–5). In addition, one of the irradiated
patients presented with blindness secondary to cataracts. After
surgery, the visual acuity was normal. The MRIs of all patients
did not show relevant abnormalities, such as enhancement and
swelling of the optic nerves or chiasm.

Dosimetric Factors Associated With RION
Occurrence
The univariate analysis showed that all dosimetric parameters
selected, including V55(%), V60(%), V65(%), V70(%), Dmax,
and D2%, were associated with the occurrence of RION (P <
Frontiers in Oncology | www.frontiersin.org 577
0.05; Table 3). However, multivariate Cox regression model
revealed that only Dmax was statistically significant and could
be identified as an independent predictor of RION (Table 3).
According to the logistic analysis of the association between
dosimetric factors and RION incidence, the odds ratio (OR)
attributed to Dmax for RION development was 1.014 (95%
confidence interval [CI], 1.002–1.027; P = 0.021). The receiver
operating characteristic analysis was used to evaluate the Dmax
cutoff point, which was 70.17 Gy (sensitivity 95.4%, specificity
100.0%, Youden’s index 95.4%; AUC = 0.982, P < 0.001, Figure
4) for the RION occurrence. The predictive ability graphs
showed a linear relationship between Dmax and the risk of
FIGURE 3 | The 5-year local recurrence-free survival outcomes of D2% >55Gy and D2% ≤55 Gy groups treated with intensity-modulated radiotherapy. P < 0.05
was considered statistically significant.
TABLE 2 | The incidence of RION.

Grade D2% > 55Gy D2% ≤ 55Gy

Slight 1 10 8 c2 = 0.003
P = 0.9582 6 5

Serious 3 0 0
4 0 0
5 0 0
RION, radiation-induced optic neuropathy; D2%, near maximum dose received by 2% of
the volume.
TABLE 3 | Estimated subdistribution hazard ratios for RION using univariate and
multivariate cox regression models.

Variables Univariate analyses Multivariate analyses

Exp (B) (95% CI) P sHRa (95% CI) P

V55(%) 1.063 (1.031–1.096) <0.001
V60(%) 1.058(1.032–1.084) <0.001
V65(%) 1.075(1.038–1.112) <0.001
V70(%) 1.19(1.026–1.38) 0.021
Dmax 1.015(1.006–1.024) 0.001 1.014(1.002–1.027) 0.021
D2% 1.009(1.004–1.014) 0.001
RION, radiation-induced optic neuropathy; V55(%), volume percentage receiving at least
55Gy; V60(%), volume percentage receiving at least 60Gy; V65(%), volume percentage
receiving at least 65Gy; V70(%), volume percentage receiving at least 70Gy; Dmax, the
maximum dose; D2%, near maximum dose received by 2% of the volume.
FIGURE 4 | Receiver operating characteristic curve of maximum dose
applied to the neuro-optic structures.
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developing RION, indicating a tendency for increased RION
incidence with increasing Dmax (Figure 5).
DISCUSSION

Different studies have reported improved survival and lower
incidence of radiation-induced toxicity when using IMRT
compared to conventional radiotherapy (18–20). IMRT is
widely used for NPC treatment due to achieving local control
rates and OS greater than 90 and 80%, respectively (21, 22).
Nevertheless, the LRFS rate of T4 NPC patients is much lower
than that of patients with NPC in other T stages due to the high
tumor load and the tumor proximity to OARs (23). Pan et al.
indicated that the 5-year local failure-free survival rate for T4
NPC patients was significantly lower than that for patients with
stage T1, T2, and T3 NPC treated with IMRT (P < 0.05) (24). The
choice between adequate tumor coverage and reducing the dose
delivered to OARs is a challenge for clinicians. The conservative
treatment selection may prevent some T4 NPC patients from
having a longer LRFS. On the other hand, adequate tumor
coverage can lead to good local control. A study carried out by
Sun et al. found that high-dose IMRT combined with
chemotherapy in locally advanced NPC can improve survival
time with low brainstem toxicity (25). A trial by Kwong et al.
showed that an increased dose in the target volume showed good
local tumor control and increased survival in T3–T4
nasopharyngeal carcinoma (26). In the present study, the 5-
year OS was similar between the D2% >55 Gy and ≤55 Gy groups
(81.6 vs. 79.4%, P = 0.586), but the LRFS rate of the D2% >55 Gy
group was significantly higher than that of the D2% ≤55 Gy
group (92.0% vs. 84.0%, P = 0.043). Therefore, this study
indicates that maintaining a high dose to the target volume
results in good local tumor control in T4 NPC patients.
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Previous studies have suggested that 55 Gy is the tolerance
dose for the NOS. As they are close to the nasopharynx, there is a
high probability of injury during radiotherapy (6). The dose
constraints of NOS should be established in the IMRT treatment,
and the oncologist must carefully balance the likelihood of RION
and optimal tumor control. In the present study, even though the
NOS dosimetric constraint was loosened in the D2% >55Gy
group, the occurrence of RION was relatively uncommon; 16
(12.8%) patients had mild RION, and none developed severe
RION. This finding is consistent with those of several previous
studies. It was reported that 84 patients with sinonasal cancer
treated with IMRT using a D2% to the ipsilateral optic nerve,
contralateral optic nerve, and optic chiasm of 58.4 ± 5.9 Gy,
51.3 ± 8.6 Gy, and 47.4 ± 10.4 Gy, respectively. However, none of
these patients had IMRT-related blindness (Grade 4 ocular
toxicity), and only six patients had Grade 3 visual impairment
(27). In another dosimetry study, none of the 327 patients with
sinonasal cancer who had NOS irradiated with 60 Gy developed
RION (28). A study by Dirix showed that in the IMRT treatment
mode, the Dmax for the optic chiasm, ipsilateral optic nerve and
contralateral optic nerve were 53.3 ± 12.3, 59.6 ± 5.3, and 34.9 ±
14.5 Gy, respectively, and no visual toxicity was reported (29).
Daly et al. reported that no patients developed decreased vision
when the Dmax for the optic chiasm, ipsilateral optic nerve, and
contralateral optic nerve were 52.3 ± 5.1, 59.1 ± 7.7, and 45.2 ±
6.1 Gy, respectively (30). Moreover, Brecht et al. stratified
patients into four dose level groups (<50, 50–55, 55–58, and
≥58 Gy) and found no significant differences in the RION
incidence between groups (P = 0.494) (31). Therefore, the
dosimetric constraint of 55 Gy for the NOS appears to be
conservative, and may lead to insufficient target coverage in T4
NPC patients. Despite this promising possibility of exposing
NOS to higher doses, maintaining the exposure of the vast
majority of nerves and chiasm segments to lower doses may be
safe. In this context, it is noteworthy that, unlike conventional
radiotherapy, in which a high dose is delivered to NOS targets by
bilateral opposed fields, IMRT can deliver a higher radiation dose
to the target region while sparing the adjacent optic nerves/
chiasm by using multiple fields (32). Thus, only portions of the
nerves, rather than the entire nerve, were subjected to the
prescription dose at the targeted nerve level.

The fact that a high target dose resulted in a low RION
incidence may be partly due to the volume effect in the NOS. A
previous study indicated that the incidence of severe ocular
toxicity is low in patients receiving a V60% <5% of NOS
volume (33). Some trials have indicated that delivering 50–60
Gy to less than 5–30% of the optic nerve volume may reduce the
incidence of radiotherapy complications (11, 34). In the report
by Martel et al., no cases of RION were found in patients who
received average and maximum doses of 53.7 Gy (range: 28–70)
and 56.8 Gy (range: 0–80.5), respectively, to the optic chiasm and
nerve. However, patients had moderate to severe complications
after a Dmax >64 Gy, with 25% of the volume receiving >60 Gy
(35). A high single-fraction irradiation dose for a small volume of
the anterior visual pathway can be safe and associated with a
favorable local tumor control rate located close to the anterior
FIGURE 5 | Predictive probability graph of radiation-induced optic
neuropathy incidence with increasing maximum doses applied to the neuro-
optic structures.
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visual pathway structures (36). Another reason for the low RION
incidence observed despite the high targeted dose delivered may
be that the actual IMRT single-fraction dose to the NOS is
usually lower than that of conventional radiotherapy. The OAR
tolerance should be reconsidered when the fractionated dose or
fractionation times of OARs are significantly reduced, which is
different from the recommendations of the ICRU-83 report (37).
Reduction of the single-fraction dose can be beneficial for NOS
repair (38). The partial volume effect and single-fraction
irradiation dose to the NOS have been considered vital
determinants of RION development (39).

The radiation tolerance of several other vital intracranial
organs has also been investigated by radiation oncologists.
Currently, the recommended Dmax for the temporal lobe and
brainstem is 60 and 54 Gy, respectively. However, recent studies
and clinical experience suggest that the dose tolerance of OARs
may be greater than previously reported. A recent study showed
that T4 NPC patients treated with IMRT who had a temporal
lobe irradiated with a Dmax of 71.14 Gy presented an incidence
rate of temporal lobe injury of 12.5% (range: 7.5–28%), which
was similar to previous studies (40). Huang et al. showed that
patients submitted to a brainstem Dmax <67.4 Gy had a
significantly lower risk of developing brainstem injury than
those with a Dmax ≥67.4 Gy (OR = 25.29, 95% CI: 8.63–74.14;
P < 0.001) (41); indicating that a brainstem Dmax <67.4 Gy can
be safe and effective for patients with NPC receiving IMRT
treatment. Taken together, these data suggest that the radiation
tolerance of these intracranial structures should be reassessed for
IMRT treatment planning.

To our knowledge, this is the first study to compare the
efficacy and toxicity of a D2% higher and lower than 55 Gy to the
NOS of patients with locally advanced NPC. However, there are
some limitations to this study that should be noted. This was a
retrospective study with data from three hospitals, and potential
bias may have occurred. Moreover, in the early era of this
century, the target volume dose coverage, conformability,
homogeneity, and OARs protection of the IMRT plan for NPC
patients were not yet perfect. In addition, the sample size was
relatively small, and the conclusions obtained here need to be
verified by large-sample prospective studies. Despite these
limitations, the results of this study provide evidence that,
considering the risk of some invasive head and neck tumor
recurrence, the increase in equivalent point doses for the NOS
can supply good local tumor control.

In conclusion, appropriately loosening NOS dosimetric
constraints in order to ensure a more sufficient dose to the
target volume can provide a better 5-year local recurrence-
free survival and acceptable neuro-optic toxicity in T4 NPC
Frontiers in Oncology | www.frontiersin.org 779
patients undergoing IMRT. The results presented here suggest
that restricting the Dmax to <70.77 Gy during IMRT
optimization can significantly reduce the occurrence of RION
in T4 NPC patients without compromising tumor dose coverage.
To confirm these conclusions, prospective studies based on dose-
volume constraints should be performed in the future.
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Background: Episil® is a bioadhesive barrier-forming oral liquid gel that can relieve oral
mucositis (OM) caused by radiotherapy (RT) and hence relieves pain effectively. In this
study, we observed the effects of Episil® on the OM and nutritional status of patients with
head and neck cancers (HNCs) undergoing RT.

Methods: A total of 50 HNC patients were divided into the Episil® (25 patients) and control
(25 patients) groups. Patients in the Episil® group were sprayed with Episil®. In the control
group, the kangfuxin solution or Kangsu™ oral gargle was used. Medical staff assessed
the OM extent and timing as well as the nutritional status during treatment and recorded
adverse reactions other than OM. The nutritional status assessment included the following
indicators: Patient Generated-Subjective Global Assessment (PG-SGA) score, body mass
index (BMI), body weight, albumin levels, and other hematological indicators.

Results: The incidence of high-level OM (III–IV) after RT was lower in the Episil® group than
in the control group (P < 0.05). Nutritional status assessments showed that the Episil®

group had a lower percentage of weight loss than the control group at weeks 4 and 7 after
RT. Similar results were also obtained for BMI and albumin levels (P < 0.05). Moreover,
according to PG-SGA scores, fewer patients in the Episil® group were malnourished and
more patients were well-nourished (P < 0.05) compared with the control group.

Conclusion: Episil® effectively improved OM and malnutrition in HNC patients who
received RT and has a good clinical application value.

Keywords: Episil®, head and neck cancer, nutritional status, oral mucositis, radiotherapy
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INTRODUCTION

Head and neck cancers (HNCs) are common tumor types whose
main treatment option is radiotherapy (RT) (1–3). However, oral
mucositis (OM) is a serious and common adverse reaction after
RT. Since the RT target in HNCs includes the primary tumor site
and the cervical metastatic lymph nodes, the oral mucosa
becomes inevitably exposed to a certain dose of radiation,
causing OM (4). The clinical symptoms of OM usually appear
after the cumulative dose of approximately 15 Gy and reach a
relatively severe degree at 30 Gy, lasting for several weeks or
months (5). Moreover, OM can cause patients to have a dry
mouth, difficulty in opening the mouth, and pain when
swallowing, as well as other symptoms, resulting in reduced
food intake and malnutrition, thus affecting the quality of life and
the course of RT. A small number of patients even stop RT owing
to severe OM symptoms, resulting in the delay of treatment time,
which in turn affects overall treatment efficacy and patient
survival (6, 7).

Malnutrition is very common during RT in patients with
cancer. The treatment toxicity can lead to inadequate
nutritional intake, which increases malnutrition risk (8, 9). In
fact, the prevalence of malnutrition among HNC patients is
estimated to be between 50% and 70% (10). In addition to pain
when swallowing and dysphagia caused by a primary tumor,
HNC radiation-induced OM may be the main cause. Severe
radiation-induced OM can even make it difficult for patients to
swallow a drop of water because of the pain (11). To date,
however, there is still a lack of medication and treatment
methods to relieve radiation-induced OM (12). In the face of
such malnutrition in clinical practice, tube feeding, parenteral
nutrition, and even gastrostomy are usually considered to
prevent patients from having more serious consequences.
However, these methods inevitably lead to increased
hospitalization costs, increased complications, and worse (13,
14). Therefore, we hope to find appropriate medication and
methods to alleviate the symptoms of OM and improve
malnutrition among patients.

Episil® is a bioadhesive barrier-forming oral liquid gel that
can relieve the symptoms of OM caused by RT by effectively
reducing pain (15, 16). Oral liquid gels are made up of lipids and
preservative-free liquids and are kept in multi-dose containers.
Upon contact with the oral mucosa, the fluid adheres and, within
5 min, forms a protective membrane that acts as a mechanical
barrier to relieve pain. Episil® contains soybean lecithin and
diolein. Oil accumulates on the surface of the saliva and
spontaneously forms a ball of shape. The spheres are
connected to each other and quickly arranged into a thin gel
skeleton, forming the physical barrier. The physical barrier has a
strong biological adhesion. It sticks closely to the oral mucosa
and spreads out to cover the oral mucosa to provide protection.
A study showed that an average of 67.5% of the oral mucosa
could be covered 3 h after administration (17). At present, this
oral liquid gel has been clinically registered and approved as a
medical device in the United States, the United Arab Emirates,
Israel, and the European Union (18).
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The main purpose of this clinical study was to evaluate the
impact of Episil® on RT-induced OM and the nutritional status
of HNC patients. The results of this study may provide a better
method for the treatment of OM caused by RT and the related
malnutrition among patients.
METHODS

Study Population
Data from 50 HNC patients treated in our center from 2018 to
2020 were retrospectively analyzed. Patients enrolled in the study
were required to meet the following criteria: (1) the patient was
diagnosed through histopathology as having HNC; (2) the patient
was aged ≥18 years and could be either male or female; (3) the
patient did not have serious endocrine and metabolic diseases; (4)
the patient developed OM during RT; and (5) the patient had an
Eastern Cooperative Oncology Group (ECOG) score ≤3 points.
The exclusion criteria of this study were as follows: (1) Combined
with severe chronic diseases; (2) Patients with mental illness and
severe cognitive impairment; (3) Patients who refuse follow-up. A
total of 50 HNC patients were segmented into the Episil® group
(25 patients) and the control group (25 patients).

Study Treatment
All of the patients included in the study received RT. The RT
technique involved volumetric arc intensity-modulated RT or
intensity-modulated RT. The overall therapeutic irradiation dose
was between 60 Gy and 74 Gy, and the RT was performed once a
day, 5 times a week for 6-7 weeks. In addition, some of the
patients in both groups received concurrent chemotherapy. The
specific chemotherapy regimens included tegafur-gimeracil-
oteracil-potassium (80 mg/m2/3 w) or cisplatin (30 mg/m2/w).

Intervention for OM
All of the study participants underwent an oral examination by
an oral surgeon prior to RT to determine if there were any
abnormalities. OM was found in both groups after RT. Patients
in the Episil® group were administered with 1–3 sprays of the
liquid at a frequency of 2–3 times per day to form a thin
protective film that may act as a mechanical barrier in the oral
cavity. In the control group, 10 ml kangfuxin solution or
Kangsu™ oral gargle was gargled, 10 min at a time, 3 times
per day. The therapeutic intervention time in the two groups was
recorded from the beginning of RT to the disappearance of OM
after RT. In addition, the patients from both groups had gargled
with warm water before drug intervention to keep their oral
cavity clean. During the occurrence of severe OM, hormones
were used for a short period of time. At the same time, antibiotics
or antifungal agents were also considered based on the patient’s
sensitivity during the pharyngeal swab culture.

Observed Indicators
OM
During the treatment, the patients’ OM was monitored daily.
The time and degree of OM were recorded and evaluated
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according to the Radiation Therapy Oncology Group (RTOG)
standard. The RTOG scoring criteria for radiation-induced OM
were as follows: Level 0 – no change; Level I – hyperemia/mild
pain, no painkillers needed; Level II – flaky mucositis or
inflammatory serum and blood secretions or moderate pain,
requiring pain medication; Level III – fused fibrous mucositis/
severe pain, requiring anesthetics; Level IV – ulcer, hemorrhage,
or necrosis (4). High-level (III/IV) OM served as an important
indicator for our observations.

Pain Relief
We assessed pain relief after initial drug intervention in the
Episil® and control groups. To minimize the impact of
confounding factors, we discontinued all pain medications
including opioids 24 h before evaluating pain relief indicators.
All patients were rated for oral mucosa pain at various time
points (30 min, 1 h, 2 h, 4 h, and 6 h) as baseline and within 6 h of
initial drug intervention. Pain in the oral mucosa was assessed
using a numerical score (0–10 in the Likert scale).

Nutritional Status
Measures of nutritional status included weight, body mass index
(BMI), hemoglobin, total lymphocyte count, albumin,
prealbumin, and Patient Generated–Subjective Global
Assessment (PG-SGA) score (19). The body weight of the
patients during hospitalization was measured using a height
and weight instrument (TCS-200-RT, China). The patients
wore hospital gowns and were measured on empty stomachs
after defecation. Blood indexes were evaluated using regular
blood routine and biochemical tests. PG-SGA is a subjective
assessment of the patient’s overall nutritional status (20–22). It
was regularly evaluated by the medical staff at our center through
a specific questionnaire. Each patient was divided into three
levels based on the PG-SGA score, including severe malnutrition
(PG-SGA C), moderate malnutrition (PG-SGA B), and good
nourishment (PG-SGA A).

Other Adverse Reactions
Other adverse reactions, except for RT-induced OM, including
xerostomia, nausea, vomiting, thrombocytopenia, neutropenia,
neurotoxicity, and nephrotoxicity, were also recorded during
the treatment.

Ethics Approval and Consent to
Participate
This study was approved by the Ethics Committee of the First
Hospital of Jilin University. Informed consent was obtained from
all patients who participated in the study. All studies were
conducted in accordance with the relevant regulations
and guidelines.

Statistical Analyses
IBM SPSS version 24.0 was used for all statistical analyses. The
chi-square test was used for count data. The measurement data
were expressed as the mean ± standard deviation (SD) and were
analyzed using the t-test. P < 0.05 indicated a statistically
significant difference.
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RESULTS

Subject Characteristics
The baseline characteristics of the patients are shown in Table 1.
Both groups of patients completed all of their treatments, and
none discontinued treatment owing to exceptional
circumstances. There were no significant differences observed
in terms of age, weight, BMI, albumin, tumor type, or treatment
between the two groups (P > 0.05).

OM
The relief of OM in patients within the Episil® group is shown in
Figure 1. A patient with a nasal tumor in the Episil® group
developed multiple 2-cm ulcers at the surface of the oral mucosa
after 20 RT sessions. After 25 RT sessions, the small ulcers
gradually fused into large ulcers. From then on, Episil®

continuously provided relief from OM. The ulcer surface
gradually shrunk after 29 RT sessions, and the ulcer became
close to remission after 33 RT sessions.

The OM results in the Episil® and control groups are shown
in Table 2. After RT, 5 and 12 patients in the Episil® and control
groups, respectively, developed high-level OM (III/IV). And the
incidence of high-level OM (III–IV) after RT was lower in the
Episil® group than in the control group (P < 0.05).

Pain Relief
The oral mucosal pain in the Episil® group and the control group at
various time points and within 6 h of the first use of the drug is
shown in Figure 2. The decrease in the intensity of oral mucosal
pain at 2 and 4 h after using Episil® compared to baseline was better
than that of the control group (P < 0.05). There was no statistically
significant difference between the Episil® and the control groups in
terms of the intensity of oral mucosal pain reduction 30 min, 1 h,
and 6 h after the initial medication (P > 0.05). However, within 6 h
of drug use the oral mucosal pain scores were significantly lower
than the baseline in both groups. This indicates that Episil® can
significantly reduce oral mucosal pain after a single use, with the
decrease in the oral mucosal pain intensity within 2–4 h being
better than the baseline in the control group.
TABLE 1 | Baseline characteristics of Episil® group and control group.

Characteristics Episil® group
(n = 25)

Control group
(n = 25)

p value

Age (years) 55.0 ± 12.8 54.8 ± 9.7 0.941
Sex ratio (M/F) 21/4 21/4 1.000
Weight (kg) 65.2 ± 10.7 66.8 ± 7.8 0.532
Body mass index (kg/m2) 22.5 ± 3.1 23.0 ± 2.2 0.532
Albumin (g/L) 38.2 ± 5.4 39.9 ± 2.7 0.173
Cancer type
Nasopharyngeal carcinoma (%) 10 (40.0) 15 (60.0)
Laryngeal cancer (%) 6 (24.0) 6 (24.0) 0.231
Oropharyngeal cancer (%) 9 (36.0) 4 (16.0)

Therapy
Radiotherapy (%) 12 (48.0) 10 (40.0) 0.569
Radiotherapy + chemotherapy (%) 13 (52.0) 15 (60.0)
Fe
bruary 2021 | Vo
lume 11 | Article
Continuous variables presented as mean ± SD. Categorical variables are presented as
counts (%).
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Nutritional Status
The nutritional status assessment results for the Episil® and
control groups are shown in Figure 3 and Table 3. At 4 and 7
weeks after RT, the weight and BMI loss in the Episil® group
were more significant than those in the control group (P < 0.05).
The reduction of albumin was more obvious in the control group
than in the Episil® group at 7 weeks after RT (P < 0.05), but at 4
Frontiers in Oncology | www.frontiersin.org 485
weeks after RT, there was no statistical difference between the
two groups (P > 0.05). At 4 and 7 weeks after RT, the pre-
albumin level, hemoglobin, and total lymphocyte count index of
the Episil® and control groups decreased, but the difference was
not statistically significant (P > 0.05).

The assessment results of the PG-SGA scores of the two
groups are shown in Table 4. At 4 and 7 weeks after RT, more
patients were assessed as well-nourished and fewer as
malnourished in the Episil® group than in the control group.
However, only the difference in results at week 7 was statistically
significant (P < 0.05).

Other Adverse Reactions
The results of the adverse reaction assessment are shown in
Table 5. There was no significant difference between the Episil®

group and the control group in terms of xerostomia, nausea,
vomiting, thrombocytopenia, neutropenia, neurotoxicity,
nephrotoxicity, and other adverse reactions (P > 0.05).
FIGURE 1 | Relief of oral mucositis (OM) in patients with Episil® group. (A) The OM after 20 times of radiotherapy; (B) The OM after 25 times of radiotherapy;
(C) The OM after 29 times of radiotherapy; (D) The OM after 33 times of radiotherapy. Yellow arrows represent the surface of OM.
TABLE 2 | Result of oral mucositis in Episil® group and control group.

Low level oral
mucositis (0、I、II)

High-level oral
mucositis (III、IV)

c2 P
value

Episil®

group
(n = 25)

20 5

Control
group
(n = 25)

13 12
4.367 0.037*
*Statistical significance is reported at p < 0.05.
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DISCUSSION

The prevalence of malnutrition in patients receiving RT for
HNCs is relatively high, with OM caused by RT probably
being the main cause (23, 24). Patients with severe OM often
Frontiers in Oncology | www.frontiersin.org 586
have difficulty maintaining a normal diet and nutrition owing to
the pain when swallowing (25). In this study, we found that
Episil® could relieve the OM caused by RT as well as the
associated mucosal pain. In addition, the patients treated with
Episil® had a satisfactory nutritional status. These findings may
have resulted from the relief of the patients’ oral mucosal pain,
enabling them to receive good oral nutritional support during
the treatment.

The prevention and treatment of radiation-induced OM has
always been given attention (26, 27). Although there are many
drugs and treatments, including growth factors and cytokines
(28), anti-inflammatory medications (29), antimicrobial
medication (30), natural medication (31), and cryotherapy
FIGURE 2 | Pain score of oral mucosa at each time point after the initial drug
intervention. Patients in both groups were rated for oral mucosa pain at each
time point (30 min, 1 h, 2 h, 4 h, and 6 h) at baseline and within 6 h of initial
drug intervention. Blue arrows represent the control group and orange arrows
represent the Episil® group. Data were expressed as the mean ± S.D (*P <
0.05 vs. CON).
A B C

D E F

FIGURE 3 | Nutritional Status of Episil® group and control group. (A) The weight loss at week 4 and week 7; (B) The loss of body mass index at week 4 and week
7; (C) The loss of albumin at week 4 and week 7; (D) The loss of pre-albumin at week 4 and week 7; (E) The loss of hemoglobin at week 4 and week 7; (F) The loss
of total lymphocyte count at week 4 and week 7. Data were expressed as the mean ± SD (*P < 0.05 vs. CON).
TABLE 3 | Nutritional Status of Episil® group and control group.

Outcome Episil® group
Mean ± SD

Control group.
Mean ± SD

P value

Weight loss (kg) Week4
Week7

1.80 ± 1.39
4.14 ± 2.01

4.52 ± 1.01
8.80 ± 1.63

0.000*
0.000*

Loss of body mass
index (kg/m2)

Week4
Week7

0.64 ± 0.56
1.45 ± 0.82

1.56 ± 0.34
3.05 ± 0.64

0.000*
0.000*

Loss of albumin
(g/L)

Week4
Week7

0.56 ± 4.20
2.82 ± 3.81

2.60 ± 6.03
6.80 ± 4.51

0.171
0.002*

Loss of pre-albumin
(g/L)

Week4
Week7

0.03 ± 0.07
0.03 ± 0.06

0.05 ± 0.05
0.06 ± 0.08

0.371
0.067

Loss of hemoglobin
(g/L)

Week4
Week7

13.2 ± 12.9
16.60 ± 20.10

10.50 ± 13.20
23.96 ± 29.86

0.458
0.312

Loss of total
lymphocyte count

Week4
Week7

0.86 ± 0.77
1.04 ± 0.81

1.20 ± 0.46
0.77 ± 0.72

0.064
0.233
February 2021 |
 Volume 11 | Article
*Statistical significance is reported at p < 0.05.
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(32), that can target OM clinically, their effects remain
inconsistent. Moreover, most of these treatments lack evidence
from controlled clinical trials, and their therapeutic effects are
not obvious, indicating that OM is not yet completely solved
(26). Wong et al. (33) studied the therapeutic and preventive
effects of antibacterial rinsing using the Caphosol® mouthwash
on radiation-induced OM. The results showed that Caphosol®

users were less likely to develop grade IV OM, but these results
were not statistically significant. By contrast, our study results
showed that the incidence of high-level OM (III-IV) was lower in
the Episil® group than in the control group after RT (P < 0.05).
After treatment with Episil®, the damaged mucosa was better
protected and repaired, and the oral cavity improved; hence, the
mucositis reaction became less severe.

OMmay lead to severe oral mucosal pain in patients receiving
RT for HNCs, requiring more enteral or parenteral nutrition,
supportive care, opioid analgesics, and hospitalization (34).
Moreover, patients who received large doses of opioid
analgesics still experienced severe pain and difficulty in
drinking and eating (35). However, Cheng et al. (18)
conducted a multi-center randomized study showing that
Episil® displayed effective local analgesia for cancer patients
with OM after chemotherapy and/or RT. Hadjieva et al. (15)
have also shown that Episil® is effective in alleviating pain in
patients with OM associated with RT for HNC. Pain relief is
immediate and noticeable and lasts up to 8 h. In our study, we
found that oral mucosal pain in patients became significantly
reduced after a single use of Episil® and that the oral mucosal
pain score within 6 h was lower than that at baseline. Moreover,
the decrease in oral mucosal pain intensity at 2–4 h was
Frontiers in Oncology | www.frontiersin.org 687
significantly better than that in the control group (P < 0.05).
Episil® rapidly forms a protective membrane in the oral cavity
that acts as a mechanical barrier, which may have been the key to
oral mucosal pain relief.

When HNC patients receiving RT suffer from malnutrition
due to limited food intake owing to OM, maintaining a good
nutritional status through the use of conventional nutritional
therapy, including enteral nutrition and parenteral nutrition, can
be difficult (36, 37) because these treatments cannot entirely
replace oral nutrition. Our results showed that nutritional status
indicators among patients in the Episil® group, including body
weight, BMI, and albumin, were maintained better than those in
the control group at 4 and 7 weeks after RT. Although there was
no statistical difference in terms of the decrease of prealbumin,
hemoglobin, total lymphocyte count, and other nutritional
indicators between the two groups, these indicators
demonstrated slightly better results in the Episil® group than
in the control group. In addition, PG-SGA score results showed
that at weeks 4 and 7 after RT, fewer patients in the Episil® group
were assessed as malnourished and more as well-nourished
compared with the control group. These findings indicate that
the nutritional status of patients improved after treatment with
the oral mucosa protectant Episil®. Therefore, relieving OM and
oral mucosal pain may be key factors in improving the eating and
nutritional status of HNC patients receiving RT.

The limitation of our study is its retrospective nature and
small sample size. Future clinical studies should accumulate
more data, and prospective analyses should be conducted.

In conclusion, Episil® as a bioadhesive barrier-forming oral
liquid gel can effectively improve OM and malnutrition in
patients with HNCs undergoing RT and therefore has a good
clinical application value.
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Effective radiation treatment (RT) for recurrent nasopharyngeal cancers (NPC), featuring an
intrinsic hypoxic sub-volume, remains a clinical challenge. Lack of disease‐specific in-vitro
models of NPC, together with difficulties in establishing patient derived xenograft (PDX)
models, have further hindered development of personalized therapeutic options. Herein,
we established two NPC organoid lines from recurrent NPC PDX models and further
characterized and compared these models with original patient tumors using RNA
sequencing analysis. Organoids were cultured in hypoxic conditions to examine the
effects of hypoxia and radioresistance. These models were then utilized to determine the
radiobiological parameters, such as a/b ratio and oxygen enhancement ratio (OER),
characteristic to radiosensitive normoxic and radioresistant hypoxic NPC, using simple
dose-survival data analytic tools. The results were further validated in-vitro and in-vivo, to
determine the optimal boost dose and fractionation regimen required to achieve effective
NPC tumor regression. Despite the differences in tumor microenvironment due to the lack
of human stroma, RNA sequencing analysis revealed good correlation of NPC PDX and
organoid models with patient tumors. Additionally, the established models also mimicked
inter-tumoral heterogeneity. Hypoxic NPC organoids were highly radioresistant and had
high a/b ratio compared to its normoxic counterparts. In-vitro and in-vivo fractionation
studies showed that hypoxic NPC was less sensitive to RT fractionation scheme and
required a large bolus dose or 1.4 times of the fractionated dose that was effective against
normoxic cells in order to compensate for oxygen deficiency. This study is the first direct
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experimental evidence to predict optimal RT boost dose required to cause sufficient
damage to recurrent hypoxic NPC tumor cells, which can be further used to develop
dose-painting algorithms in clinical practice.
Keywords: recurrent NPC, organoids model, radioresistance, oxygen enhancement ratio, hypoxia, linear quadratic
model, patient-derived xenografts, radiotherapy
INTRODUCTION

Nasopharyngeal carcinoma (NPC) is endemic in the east and
southeast Asia, where 95% of the cases are invariably associated
with Epstein-Barr virus (EBV) infection (1). Radiotherapy (RT)
has been the mainstay treatment for early-stage NPC. However
>50% of the patients present with locally advanced and distant
metastasis during initial diagnosis, reducing the 5-year survival
rates to 50–70% (2). Local recurrences are observed in ≈10% of
the patients following initial RT, representing a substantial
challenge to oncologists (3, 4). Re-treatment with RT (dose
≥60 Gy) is employed in 70–80% of inoperable advanced
recurrent cases (5), often resulting in late complications (6–8),
further reducing the 5-year survival to ≤50% (9–11). Hence,
there is an urgent need for optimized treatment combination and
personalized RT planning to achieve local tumor control without
significant late morbidities in advanced recurrent NPC.

With significant advancements in diagnostic technology,
suboptimal doses and marginal misses may not be the
principal cause for local failure. In fact, most locoregional
recurrences occurred in the high dose region of the gross
tumor volume (GTV) (12), suggesting a strong biological
relationship between clonal selection and proliferation of
radioresistant cells at the primary site (13). This could be
linked to the intrinsic radioresistant hypoxic environment of
recurrent NPC, which in turn compromises radiation induced
cellular damage and apoptosis; resulting in angiogenesis, tumor
progression, and radioresistance (14).

Prevention of recurrence due to hypoxic cell survival may
require a higher radiation dose to hypoxic sub-volumes to
compensate for oxygen insufficiency. Nevertheless, it remains
unclear how much boost dose is required to eliminate hypoxic
NPC cells and whether they are sensitive to dose fractionation.
Although, the a/b ratio of NPC tissue is generally assumed to be
10 Gy (15), there is no experimental evidence determining the
radiobiological parameters specific to NPC tissues or the optimal
dose escalation required to eliminate radioresistant cells in the
hypoxic sub-volume.

Here in, we established in-vitro hypoxic organoids models,
mimicking the hypoxic radioresistant sub-volumes of recurrent
NPC. We then employed simple and straightforward radiation
dose-survival data analytic techniques that yields quantitative
readouts defining the inherent radiobiological parameters, such
as a/b ratio and oxygen enhancement ratio (OER) of
radiosensitive normoxic and radioresistant hypoxic NPC. We
then validated the effectiveness of the experimentally calculated
RT boost dose in controlling the growth of in-vitro and in-vivo
patient derived NPC tumor models to determine an optimal
291
boost dose and fractionation regimen to obliterate the
radioresistant hypoxic cells.
MATERIALS AND METHODS

NPC Patient Participants and Samples
Eighteen NPC tissue samples were obtained from patients who
underwent biopsy or surgical resection at the National University
Hospital Singapore between March 2015 and April 2019.
Specimen collection and experimental use were approved by the
Institutional Review Board of National Healthcare Group (DSRB
Reference: 2015/00098-SRF0004). One part of the tissue collected
from patients were immediately transferred to RPMI-1460 media
with HEPES and L-Glutamine and 5X antibiotic/antimycotic and
5 μg/ml Metronidazole at 4°C. Other part was fixed in 10% neutral
buffered formalin (10% NBF) for routine Hematoxylin and Eosin
(H&E) staining and remaining tissues were snap frozen in liquid
nitrogen for DNA and RNA extraction.

NPC PDX Implantation
NPC patient sample was cut into 4–5 mm pieces and immersed in
1:1 Geltrex : HBSS (Gibco). For subcutaneous implantation, 2–3
mm nick was made on the skin of an anaesthetized NSG mice to
insert the explanted tissue. For renal capsular implantation, an
incision was made in the mouse kidney to insert the tumor tissue
in the subcapsular space. All animal care and experimental
procedures were approved by the Institutional Animal Care and
Use Committee, A*Star Research Entities, Singapore.

Establishment of Organoid Cultures
A modified cancer tissue-originated spheroid (CTOS) method
was adopted for establishment of NPC organoids from xenograft
tumors (Figure 1A) (16). Briefly, PDX tissues were manually
minced into 1–2 mm3 pieces and subjected to enzymatic
digestion using 0.28 U/ml Liberase DH (Roche) in RPMI-1460
containing 5% Penicillin-Streptomycin, 20 mM HEPES, 5 U/ml
DNase1, and 30 μM Y-27632 (Stemcell Technologies) for 1.5 h at
37°C. The tissue digest was then resuspended in ice-cold HBSS
with 5 U/ml DNase1 and 30 μM Y-27632. To remove large
undigested pieces, the cell suspension was filtered through 100
μm cell strainer, followed by isolation of the 70–100 μm and 30–
70 μm fractions using 70 μm and 30 μm MACS Smart Strainer
(Miltenyi Biotech) respectively. Organoids were first counted
and then gently mixed with Geltrex (Gibco) at 1.2% (w/v). Fifty
microliters of the organoid suspension was seeded in 96-well
ultra-low attachment plates (Corning). The gel matrix was then
overlaid with 200 μl of complete PneumaCult™-ALI (P-ALI)
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media (Stemcell Technologies) supplemented with niche factors
(NF): 4 μg/ml Heparin, 125 ng/ml Hydrocortisone, 50 ng/ml
EGF, 50 ng/ml bFGF, 20 ng/ml FGF-10, 10 μM SB 202190, 500
nM A83-01, 10 μM Y-27632, and 2 mM Glutamax.

C666-1 Cell Monolayer and
Spheroids Culture
C666-1 cells (RRID : CVCL_7949) were authenticated using STR
(Short tandem repeat) profiling and were free of mycoplasma
contamination. The cells were cultured in RPMI‐1640 medium
supplemented with 10% FBS at 37°C in a humidified incubator
under 5% CO2. Confluent cells (70–80%) were sub-passaged by
incubation with 0.05% trypsin for 5 min at 37°C and a splitting
Frontiers in Oncology | www.frontiersin.org 392
ratio of 1:3 was used. For monolayer cultures of C666-1 in 96-
well high binding flat bottom plates, cells were seeded at a
concentration of 5,000 cells/well. For spheroid cultures, cells
were seeded in 96-well flat bottomed ultra-low attachment plates
at a concentration of 8,000 cells/well.

RNA Sequencing and Analysis
Approximately 1 mg RNA per sample (patient biopsy, PDX
tumors, organoids, and cell-line) was used to construct the
complementary (cDNA) library. Briefly, for all the patient
samples, total RNA samples extracted from tissues, except for
one patient RNA sample (250T) RNA was extracted from
formalin fixed paraffin embedded (FFPE) tissue. Ribosomal
A B

C

D E

FIGURE 1 | Organoid establishment and characterization. (A) Schematic of organoid culture and establishment. (B) Organoid growth pattern and morphology;
magnification 200×, scale bar 100 µm. (C) Representative images of H&E staining and corresponding EBER RNA ISH of 296T and 250T patient tumors and
corresponding PDXs as well as organoids; magnification 400×, scale bar 100 µm. (D) Expression of latent EBV genes in different NPC samples quantified by qPCR,
fold changes are relative to healthy human control samples and normalized by changes in beta-actin values, n = 3. (E) Representative confocal microscopy images
of organoids following immunofluorescent staining with anti-integrin (magenta), anti-EpCAM (green), and anti-Pan cytokeratin (PanCK) (red) antibodies. Lower panel is
the merged image with nuclear staining using Hoechst 33342 (blue); magnification 600×, scale bar 100 µm.
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RNA (rRNA) was removed from total RNA using Ribo-zero™

rRNA Removal Kit (Epicentre, Madison, WI, USA). For the
other RNA samples from PDX tissues, organoid, and cells, rRNA
depletion was not carried out. Strand-specific RNA-seq libraries
were prepared using the NEBNext® Ultra™ Directional RNA
Library Prep Kit for Illumina® (NEB, UK), as per manufacturer’s
instructions. Sequencing was performed on an Illumina® with
NovaSeq 6000 (Illumina, USA) to generate 150 bp paired-end
reads. For patient samples, coding and long non-coding RNA
was sequenced, whereas only the coding mRNA was sequenced
for all other samples.

Raw.fastq sequencing results are separated into human and
mouse reads using Xenome with hg19 human genome and
GRCm38 p6 mouse genome. Reads mapped exclusively to
human are aligned to Gencode hg19 transcriptome using
STAR and quantified by RSEM to obtain FPKM (Fragments
Per Kilobase per Million mapped reads) and raw counts per gene
for downstream analyses. Only the protein coding genes (n =
20,330) were considered.

Differential Gene Expression and
Functional Enrichment
Gene ontology (GO) analysis was performed with Gene Set
Enrichment Analysis (GSEA) when inferring from the whole
protein-coding transcriptome, or with g:Profiler when inferring
from a subset of labeled genes. We separately performed GO
analysis using the GSEAHallmark gene set, Kyoto Encyclopedia of
Genes and Genomes (KEGG) annotations, ontology of biological
processes (GO : BP), and cellular components (GO : CC).

For GSEA, the input matrix was the read counts per gene
calculated from RSEM, which was then normalized by size factor
estimation from DESeq2 on a per-sample basis. Due to the
limited number of available samples, false-discovery rate was
controlled by permuting the gene sets instead of phenotypes.
Ontologies with a family-wise error rate (FWER) <0.05 were
deemed significantly different between phenotypes.

Principal component analysis (PCA) was used in discerning
the inter-sample differences. Principal components were
calculated from the top 1,000 most dispersed protein-coding
genes, measured by the log mean-variance ratio (logVMR) of the
log-FPKM expression values from RSEM. The ontology of genes
contributing to the top principal components (PC) are further
considered using g:Profiler. The analysis was separated by the
positive and negative contributions to the PC, and ontology were
deemed significantly different with adjusted p-value <0.05.

In-Vitro Single Dose RT
All irradiation was performed using Gammacell with 137Cs
source (Nordion, Canada) at a dose rate of 1 Gy/min with
±15% error. To determine the radiobiological parameters of
NPC, C666-1 monolayer and spheroids cultures as well as
organoids, were irradiated once at doses ranging from 0.2 to
30 Gy on Day 5. Cell viability was measured on days 14 and 21
using the RealTime-Glo™ MT Cell Viability Assay and
percentage of viable cells were expressed relative to that in the
untreated well.
Frontiers in Oncology | www.frontiersin.org 493
Cell Viability Assays
C666-1 cell, C666-1 spheroid, and NPC organoid viability was
determined by RealTime-Glo™ MT Cell Viability Assay
(Promega) following manufacturer’s protocol. Briefly, old
culture media was replaced with 200 μl of respective culture
media containing MT Cell Viability Substrate and NanoLuc®

Enzyme at 1X concentration. For monolayer culture, the
luminescence measurements could be taken from 1 h following
the addition of the reagents but for 3D cultures a minimum of 6 h
incubation was required. Luminescence values of the treated
group were normalized to respective control non-irradiated
organoids grown in normoxic and hypoxic conditions. This
ATP independent cell-viability assay was employed to
determine the dose-response survival following irradiation of
the cells/organoids. A complementary CellTiter-Glo® 3D cell
viability assay was used as an end-point assay for 3D cultures
following manufacturer’s protocol with some modification.
Briefly, 50 μl of 5 U/ml Dispase (Stemcell Technologies) was
added to each well to digest the gel and the plate was incubated at
37°C for 45 min. One hundred microliters of Cell-Titre glo 3D
reagent was added and incubated for another 1 h at 37°C before
measuring the luminescence using a plate reader.

A Live/dead cell imaging assay was also done to qualitatively
determine the number of live and dead cells using Live/Dead®

viability/cytotoxicity kit (Molecular Probes) following
manufacturer’s protocol. Briefly, 2 mM calcein AM and 4 mM
Ethidium Homodimer-1 in sterile, tissue culture grade D-PBS
were added to the well directly and incubated for 1 h before
imaging using a fluorescent microscope with standard FITC and
TRITC filters. Samples were washed two more times with HBSS
before mounting on eight-well chambered cover glass slide (μ-
Slide 8 Well, ibidi®).

In-Vivo RT
Fifty NOD Scid Gamma (NSG) mice (5–6 weeks old, 22 ± 2 g)
were subcutaneously implanted with NPC PDX tissues at the left
flank. When the tumors reached an average size of about 200
mm3, the mice were randomly assigned to six groups (seven mice
per group) (i) Control (20% v/v DMSO in saline); (ii)
Chemotherapy (CT) alone—5 mg/kg Cisplatin (Cis) and 100
mg/kg 5-Fluorouracil (5-FU) dissolved in DMSO and diluted
20% v/v in saline—i.p. administration on days 1 and 7; (iii) eight
doses of 2 Gy; (iv) eight doses of 2 Gy + CT on days 1 and 7; (v)
two doses of 8 Gy; and (vi) two doses of 8 Gy + CT on days 1 and
7. Tumor volume was measured every other day, at least 3 days a
week, using the formula:

Tumor volume = length� width2
� �

=2 (1)

Statistical Analysis
Statistical analyses were performed by two-way ANOVA with
Tukey’s multiple comparisons test using GraphPad Prism
(Version 8, USA). Curve fitting of the linear quadratic (LQ)
model were performed using SPSS (IBM, Version 25, USA).
Values of a and b were derived from the best fit to the survival
curves of normoxic and hypoxic condition, from which the
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oxygen enhancement ratio (OER) was then calculated using the
formula (17):

OER =
a
b   (hypoxia)

a
b   (normoxia)

(2)

Detailed experimental information is available in the
Supplementary Materials and Methods.
RESULTS

Establishment and Characterization of
NPC PDXs
Of 18 NPC patient samples (10 newly diagnosed and 8 recurrent)
implanted in NSG mice [mostly subcutaneous (SC) at the flank
or both sub-renal (SR) and SC], only five proceeded to passage 1
(P1), showing modest transplantable success rate of 27.8%. Two
were lost due to bacterial infections at P2 and P4, and the third
could not be maintained beyond P2. The remaining two PDX
lines [296T (SC) and 250T (SR)] took about 2.5 and 4 months
respectively to be passaged from P0 to P1. While 296T xenografts
were propagated every 2 months after P6 and 250T had an
average time to propagation of ≈4 months. In an effort to
maintain these lines, we revived the slow frozen samples at P3-
P5 and achieved stable PDX growth following SC implantation
with ≈60% success rate. The detailed clinical information of all
18 donors are listed in Table 1.

Establishment and Characterization of
NPC Organoids From PDXs
Representative images of organoid growth and morphology are
shown in Figure 1B. Organoids were grown in various
commercially available media to fine tune the optimal growth and
Frontiers in Oncology | www.frontiersin.org 594
viability (Figures S1A, B). P-ALI media with optimized NF
supported organoid viability for up to 45 days (Figures S1C, D).
Organoids could also be cultured from single cell fraction (SCF) that
self-assembled to form spheroids (Figures S1E, F), which were then
encapsulated in Geltrex (Figure S1G) or re-implanted in animals to
establish xenograft tumors (Figure S1H) with similar
histopathological features and EBV expression as that of the
respective PDX (Figure S1I, J). Histologically, patient tumors,
corresponding PDXs, and organoids featured atypical cells with
high nuclear/cytoplasmic ratio (Figure 1C). Presence of EBV was
confirmed by RNA in-situ hybridization (ISH) for Epstein–Barr
virus-encoded small RNA (EBER) (Figure 1C). QPCR further
confirmed that organoids expressed latent EBV genes (Figure
1D), as well as displayed distinct cell borders [integrin and
epithelial cell-adhesion molecule (EpCAM) staining] and
cytoplasmic keratinization (pan-cytokeratin staining), which are
histologic characteristics of squamous cell carcinoma (Figure 1E).
Organoids were also positive for multifunctional stem cell marker
and cell-adhesion glycoprotein CD44 (Figures S2A, B), however
they did not exhibit expression of other cancer stem cell markers
such as OCT4, NANOG, SOX2, or ALDH1. qPCR analysis of
immediate early (BZLF-1 and BRLF-1) and late (BLLF-1) lytic genes
revealed significantly higher expression of BZLF-1 genes in the early
passages of PDX and early phase of organoid growth (Figure S2C),
as reported previously (18).

Transcriptomic Fidelity of PDX and
Organoids
RNA-seq analysis of both PDX and organoids revealed a high
percentage of reads uniquely mapped to human reference
genome (average 82 and 87.1%, Figures 2A–C). Comparison
between early (≤P2), intermediate (P3-P10), and late passages
(P10-P18) using GSEA showed significantly up-regulated
expression of chemokines and inflammatory pathways in
TABLE 1 | Clinical data of donor NPC patients.

Tissue Source Recurrent or newly
diagnosed

Clinical stage Pathology
diagnosis

EBV positive Treatment details PDX RNA- seq

1 Primary (250T) Recurrent T4N0M1 NPC Yes Palliative CT Yes Yes
2 Lymph node

(296T)
Recurrent T0N1M0 NPC Yes Surgery Yes Yes

3 Primary New T4N0M0 NPC Yes ChemoRT
4 Primary New T2N1M0 NPC Yes ChemoRT
5 Primary New T3N2M0 NPC Yes ChemoRT
6 Primary New T4N0M0 NPC Yes Induction CT + ChemoRT Up to P4
7 Primary New T4N1M0 NPC Yes Induction Chemo +

ChemoRT
Up to P2

9 Lymph node Recurrent T0N1M0 NPC Yes Surgery and CT
9 Primary New T2N2M1 NPC Yes Palliative CT Yes
10 Primary New T2N1M1 NPC Yes Palliative CT
11 Primary New T3N0M1 NPC Yes Palliative CT Yes
12 Primary Recurrent T1N2M1 NPC Yes Palliative CT
13 Primary Recurrent T4N2M0 NPC Yes ChemoRT
14 Primary New T1N0M0 NPC Yes RT
15 Primary Recurrent T4N0M0 NPC Yes Re-RT Up to P1 Yes
16 Lymph node New T0N2M0 NPC Yes ChemoRT Yes
17 Primary Recurrent T1N2M1 NPC Yes Palliative CT Yes
18 Primary Recurrent T1N0M0 NPC Yes Surgery
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earlier passages of the PDX compared to the intermediate and
late passages (Figure 2D). PCA (Figures 2E, F) showed the
existence of inter-tumoral differences between the various
biopsies and PDX/organoid derivatives along PC2, where the
patient tumors were most dispersed. However, the established
models (250T and 296T) were well-clustered within the same
Frontiers in Oncology | www.frontiersin.org 695
patient group, while being far apart from each other. The top 100
contributing genes on PC2 suggested the relative differences lied
in the extracellular space, keratinization, and epithelial cell
differentiation based on g:Profiler analysis (Figure 2G). On
comparing the gene expression of the biopsies with the PDX/
organoids derivatives using GSEA, we observed significant up-
A

D

E G

F H

B C

FIGURE 2 | RNA-seq analysis of primary human tumors, and corresponding PDX and organoid models. Xenome output mapping of (A) 250T patient tumor and
corresponding PDX tissue at different passages ranging from P0-P10, (B) 296T patient tumor and corresponding PDX tissue at different passages ranging from P1-
P18, and (C) different samples including patient tumor biopsies, C666-1 cell line (monolayer and spheroids), PDXs, and organoids. (D) Top gene ontologies based
on gene expressions between the different passages of the PDX. E, Early passages (≤P2); I, intermediate passages (P3-P10); and L, late passages (>P10, only
applicable to 296T). (E, F) PCA showing the clustering of primary tumors (biopsies), PDXs, organoids, and c666-1 cell line samples. PC1 corresponds to
heterogeneity between the primary tumors, PDXs, as well as organoids; PC2 corresponds to the inter-tumoral differences; PC3 corresponds to the differences
between C666-1 cell-lines and primary tumors and its derivatives (PDX and organoids). (G) Top different gene ontologies inferred from the top genes contributing to
PC2. (H) Top different gene ontologies based on gene expressions between the original tumor and PDX/organoids.
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regulation in metabolism, together with extracellular matrix
(ECM) organization and epithelial-mesenchymal transition
(EMT) in biopsies, while there was a significant down-
regulation of genes related to ribosomal proteins, MYC targets,
and oxidative phosphorylation in the derivatives (Figure 2H).

Establishment of Hypoxic Radioresistant
NPC Organoids
Organoids were cultured in 1% hypoxic incubator to establish in-
vitro hypoxic NPC model. Staining with Green Hypoxia Reagent
(GHR) revealed significant hypoxic areas in hypoxic organoids
beyond 200 μm in diameter as early as day 4 (Figures 3A and
S3A–B). Irradiation of normoxic organoids with a dose of 12 Gy
on 3 consecutive days (Figure 3B) led to about 85% reduction in
cell viability by 1 week (Figure 3C). In sharp contrast, hypoxic
organoids revealed radioresistance and had no significant
reduction in end-point cell viability. Staining the organoids with
anti-Ki-67 following RT revealed active ≈2-fold proliferation of
the cells in the peripheral region of the hypoxic organoids, but not
in the normoxic organoids (Figures 3D and S3C). QPCR analysis
Frontiers in Oncology | www.frontiersin.org 796
indicated twice the expression of hypoxia inducible factor-1a
(HIF-1a) in non-irradiated hypoxic organoids compared to
normoxic counterparts, and further ≈2 folds increase following
RT (Figure 3E). Furthermore, there was a significant g-H2AX
phosphorylation, corresponding to DNA double-strand breaks in
normoxic organoids following RT (Figure S3D).

Organoid Models as a Platform to
Establish Radiobiological Parameters
for NPC
The differences in the radiobiological characteristics and treatment
outcomes of normoxic and hypoxic organoids suggested that they
have distinct radiobiological parameters. While re-RT could control
the proliferation of normoxic areas within recurrent NPC, effective
control of radioresistant hypoxic areasmight require a larger RT dose.
In order to determine the boost in RT dose required by the hypoxic
sub-volume, we irradiated organoids, C666-1 spheroids as well as
monolayer cultures just once, at doses ranging from 0.5 to 30 Gy
(Figure 4A). Changes in cell survival as a function of the dose at day
21 are illustrated (Figure 4B), to determine radiobiological
B

C

A

ED

FIGURE 3 | Establishment and characterization of radioresistant hypoxic organoids. (A) Representative confocal microscopic images of normoxic (21% oxygen) and
hypoxic (1% oxygen) organoids of various sizes stained by Green Hypoxia Reagent (GHR), top panel shows nuclear staining by DAPI (blue), hypoxia staining by GHR
(green), and bright field imaging (gray scale); magnification 400×, Scale bar 100 µm. (B) Schematic of high-dose radiation regimen to establish radioresistant
organoids. (C) Relative cell viability of normoxic and hypoxic organoids relative to respective control untreated organoids at day 14 (D14), n = 3, ns, not significant,
****p < 0.0001. (D) Representative confocal microscopic images of normoxic and hypoxic organoids without and with radiation (5Gy) showing proliferation of cells
(anti-Ki67 staining-red) in the periphery; magnification 400×, hypoxia staining by GHR (green), BF, Bright field image, Scale bar 100 µm. (E) Expression of HIF-1a in
different NPC samples quantified by RT-PCR, fold-changes are relative to normoxic control organoids and normalized to changes in the GAPDH gene expression, n = 3.
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parameters a, b (Table 2) and a/b ratio (Figure 4C). Hypoxic NPC
organoids displayed a higher a/b ratio than that of normoxic ones.
The OER, which is the boost in RT dose required to achieve similar
biological effect in hypoxic cells as compared to normoxic cells, was
found to be about 1.4 for organoids Normoxic and hypoxic C666-1
monolayer had similara/b ratio. However, hypoxic C666-1 spheroids
showed ≈3 times higher a/b ratio compared to normoxic
spheroids. Owing to their self-assembly in low-attachment surfaces,
spheroids had a larger and non-uniform size compared to organoids,
perhaps resulting in a larger hypoxic core when cultured at hypoxic
conditions, and thus a higher OER (Figure 4C).
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Hypoxic Organoids Are Less Sensitive to
Hyperfractionated RT
On comparing the effect of RT without and with fractionation
(Figure 4D), we found that a single large dose caused significant
reduction in cell viability compared to smaller fractionated doses
in hypoxic organoids (Figures 4E, F). OER correction further
improved the cell killing efficiency of the fractionated dose and
resulted in the same amount of cell death in hypoxic organoids as
in the normoxic organoids. Hence, hypoxic cells require a large
bolus radiation dose, or 1.4 times of the fractionated dose that is
effective against normoxic cells.
A B

C

D

E F

FIGURE 4 | Establishment of radiobiological parameters of NPC. (A) Schematic of RT regimen for establishment of a/b ratio, dark blue box represents days on
which data was used to plot the LQ curve. (B) Representative radiation dose-survival (LQ) curves of organoids in normoxic and hypoxic conditions at D21.
(C) Tabulated summary of the average size of the organoids/spheroids at Day 14, experimentally calculated a/b ratio of various NPC models and their OER values.
(D) Schematic of in-vitro RT regimen to validate experimentally established OER. Viability of 296T (E) and 250T organoids (F) following single bolus and fractionated
RT regimen without and with OER correction, n = 5. ns, not significant, *p = 0.05, **p = 0.005, ***p < 0.001, ****p < 0.0001. OER, oxygen enhancement ratio.
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Hypofractionated RT Results in
Substantial Tumor Growth Delay In-Vivo
As NSG mice are extremely sensitive to RT due the PRKDC gene
mutation (19), the maximum tolerable whole body irradiation
dose is 4 Gy. Targeted irradiation using a custom-made lead shield
to irradiate the tumor-site alone, allowed escalation of the dose up
to 8 Gy/week. Before irradiation, extend of hypoxia within
different sized tumors were analyzed. Even a 200–300 mm3 PDX
tumor had considerably large hypoxic areas (Figure 5A). In-vivo
treatment (Figure 5B) results revealed that RT with two 8 Gy
doses led to significant tumor growth control with 100% survival
(Figures 5C–E). While, the addition of CT to this group did not
further improve tumor control, it resulted in 50% drop in survival
rate by day 29. Addition of CT alongside fractionated RT (2Gy ×
8), on the other hand, displayed significant tumor growth control
compared to RT alone. However, there was still no survival benefit
due to the severe toxicity associated with CT. Besides toxicity, the
animals in this group also suffered from paralysis of the left-hind
leg, which was the site of irradiation. Staining of the harvested
tumors with proliferation marker Ki67, revealed far lesser number
of proliferative tumor cells following radiation with 8 Gy × 2
compared to 2 Gy × 8 dose (Figures 5F, G).

Single vs Combined Treatment Modalities
Standard biologically effective dose (BED) model states that
biological effect of a dose (d) per fraction (f) given to a tissue
in n fractions is given by:

BED = nd ½1 + d=ða=bÞ� (3)

where BED is expressed in Gya/b (20). The standard RT dose
scheme has been prescribed as a total given dose of 60 Gy in 2 Gy/
f, resulting in total BED of 72 Gy10. Conventionally, the prescribed
dose for hyper- and hypo-fractionated RT is 1.8 and 4 Gy
respectively (17). Taking into account the experimentally
determined OER value of 1.4, we propose 2.52 Gy/f for
hyperfractionated RT and 5.6 Gy/f for hypofractionated RT.
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Table 3 summarizes different RT schemes and their calculated
number of fractions for each scheme based on their corresponding
BEDa/b being close to the standard dose scheme of 72 Gy10.
DISCUSSION

Locoregional recurrences in NPC patients may potentially arise
from “in-field” radioresistant hypoxic cancer cells that survived the
previous course of treatment (21). Hence, more aggressive RT may
be required to eliminate these cells, which is practically impossible
due to the adverse side effects of re-treatment and the inability to
precisely target the GTV while sparing the surrounding critical
structures. Lack of accurate models to optimize and personalize re-
treatment regimens due to the difficulty in establishing in-vitro and
in-vivo patient derived NPC models (22), is another obstacle
impeding research progress in the field. For decades, attempts to
establish in vitro EBV-positive NPC cell lines have been
disappointing, either with the disappearance of all epithelial cells
due to the outgrowth of fibroblasts or the emergence of an EBV-
negative epithelial cell line after long-term cultures (23). In fact, this
lack of EBV was not just due to the loss of the EBV episome, but
there is evidence of widespread HeLa contamination in several NPC
cell lines such as CNE1, CNE2, AdAH, NPC-KT, and HONE1 (24,
25). Traditionally, NPC cells were cultured by passaging the tumors
as xenografts in immunocompromised mice, such as the widely
studied C15 tumor, which retains EBV (26). The only NPC cell-line
consistently harboring EBV is C666-1 cells, derived from Xeno-666
(NPC xenograft derived from an undifferentiated patient tumor)
(22) and is currently the gold standard used in NPC research.
Recently, two more NPC cell-line models carrying EBV were
established, which definitely are invaluable tools in NPC research
(18, 22).

In the present study, we established two PDX lines and further
utilized them to establish in-vitro 3D models of hypoxic
radioresistant NPC for the first time. Unlike other cancer types,
TABLE 2 | Radiobiological parameters of normoxic (21% oxygen concentration) and hypoxic (1% oxygen concentration) organoids, C666-1 spheroids, and monolayer,
derived from fitting survival data Days 14 and 21 in LQ model.

NORMOXIA (21%)

Day Cell type a (Gy−1) Standard error of a b (Gy−2) Standard error of b a/b (Gy) Goodness of fit

D14 Organoids 0.0131 0.0057 0.0014 0.0002 9.3494 0.9869
C666-1 spheroids 0.0206 0.0095 0.0033 0.0008 6.1500 0.9820
C666-1 monolayer 0.0552 0.0258 0.0064 0.0020 8.6202 0.9886

D21 Organoids 0.0873 0.0105 0.0054 0.0012 16.2259 0.9991
C666-1 spheroids 0.0368 0.0093 0.0061 0.0007 6.0730 0.9960
C666-1 monolayer 0.0956 0.0349 0.0087 0.0041 10.9675 0.9850

HYPOXIA (1%)

Day Cell type a (Gy−1) Standard error of a b (Gy−2) Standard error of b a/b (Gy) Goodness of fit

D14 Organoids 0.0460 0.0090 0.0029 0.0010 15.6889 0.9974
C666-1 spheroids 0.0349 0.0201 0.0030 0.0016 11.7556 0.9681
C666-1 monolayer 0.0216 0.0098 0.0017 0.0004 12.5394 0.9791

D21 Organoids 0.0254 0.0097 0.0013 0.0004 19.6918 0.9740
C666-1 spheroids 0.0615 0.0190 0.0021 0.0011 29.3534 0.9880
C666-1 monolayer 0.0323 0.0184 0.0042 0.0015 7.7581 0.9725
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NPC biopsy specimens are tiny and insufficient for direct organoid
establishment. RNA-seq analysis revealed good correlation between
biopsies and corresponding PDXs and organoids, suggesting the
suitability of PDX tissues as a sustainable source for organoid
establishment. As reported previously (18, 22, 27), take rate of
PDX-engraftment was very modest and the two successful lines
were both obtained from recurrent NPC patients. Lin et al. reported
the possibility of reactivation of lytic EBV during the transplantation
Frontiers in Oncology | www.frontiersin.org 1099
of human tissues into immune-suppressed mice (18). Early lytic
genes have been detected in a small fraction of NPC patient tumors
(28), but a significant upregulation of BZLF-1 in our early PDX and
organoids suggests a clonal selection of a sub-population of cells
with an abortive lytic reactivation of EBV in early phases of the
cultures (29). This may have also resulted in the observed
upregulation of host immune and inflammatory reactions,
perhaps resulting in tumor cell death and reduced take rate in
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FIGURE 5 | Effect of in-vivo RT. (A) Representative images of immunohistochemical staining of hypoxic regions using Hypoxyprobe and corresponding H&E staining
of tumor tissue; magnification 200×, scale bar 200 µm. (B) Schematic of RT regimen with and without CT. (C) Representative images of mice showing the size of
PDX (296T) tumors at Day 20 from the start of the treatment. (D) Tumor growth volume measurements from day 0 to 28, n = 7, ns, not significant, *p = 0.0065,
**p = 0.0001, ***p < 0.0001. Blue asterisk denotes p values of treatment group vs. untreated control at day 25. (E) Survival curve following the treatment of the animals
up to day 30, n = 7. Statistical analysis was performed using the log-rank test, *p < 0.05. (F) Representative images of immunohistochemical staining of Ki67 in the
harvested tumor tissue following different treatment, magnification 200×, scale bar 250 µm. (G) Percent area of Ki-67 positive nuclear staining in harvested tumor tissues,
n = 3, *p < 0.05, **p < 0.01, ***p < 0.0001. Blue asterisk denotes p values of treatment group vs. untreated control.
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mice. On the other hand, establishment of organoids from PDXwas
100% successful. Biologically, the major difference between the
patient samples and PDX/organoids may lie in the tumor
microenvironment. Strict ECM regulation may be lost during
engraftment of the tumor tissue in murine host, and further
replacement of human stroma with murine derived ECM may
have contributed to the downregulation of pathways associated with
ECM, EMT, and metabolic processes in PDX and organoids. NPC
being a lymphoepithelial tumor, there is a strong dependency of
immune-cell and stroma-rich tumor microenvironment on its
growth and proliferation (22). Hence, the lack of human stroma
is the major drawback of our model as RT also affects the tumor
microenvironment, besides the cancer cells. Yet, 3D culture systems
closely mimic cell-cell interactions, cellular heterogeneity induced
by variations in diffusion of oxygen, growth factors and nutrients
from the outer layer to the core, and hence represent realistic
proliferation rates compared to 2D cultures.

Here, we developed hypoxic NPC organoid model to study
the radioresistance of the hypoxic sub-volumes in recurrent
radioresistant NPC. We chose 1% oxygen concentration or
physiological hypoxia (30) for in-vitro experiments as it is
widely used in the literature. Secondly HIF-1a, a major
regulator of transcriptional responses to hypoxia, stabilizes at
that concentration (31). Standard colony forming assays used to
evaluate 2D cell proliferation and survival, however was not
applicable for organoid cultures as there was no significant
change in the organoid size following treatment, despite a
significant cell death especially within the first 10–14 days.
Previously, ATP-based end-point luminescence assays was
determined to be the best available option to evaluate viability
of 3D cultures (32). ATP-assay quantifies mitochondrial activity
and indirectly reflect the viable cell numbers. However, radiation
induced mitochondrial biogenesis and hyperactivation of
mitochondria, may result in inaccurate estimation of viable
cells (33). The method we used in this study, measures the
reducing potential of viable cells, hence is an ATP-independent
method and has the added advantage of continuously
monitoring viability.
Frontiers in Oncology | www.frontiersin.org 11100
Irradiation of NPC organoids revealed that the hypoxic
organoids that mimicked the radioresistant hypoxic sub-volume,
required multiple high RT dose before responding to therapy, while
the normoxic counterpart seemed to be susceptible to RT. The
observed radioresistance was due to the activation of HIF-1a that
could trigger multiple downstream signaling pathways leading to
proliferation and survival of hypoxic NPC cells (34). The observed
differences in radiobiological characteristics and treatment
outcomes between normoxic and hypoxic organoids suggest that
they have distinct radiobiological parameters. It is interesting to note
that hypoxic organoids had higher a/b ratio, indicating that they
might be less sensitive to fractionation (35). Whereas, C666-1
monolayer displayed a/b ratio close to the assumed value of 10
Gy. Our in-vitro data comparing fractionated dose with bolus
radiation dose, revealed that a modest boost of 40% of the
original dose to the normoxic fraction is sufficient to cause
significant cell damage to the hypoxic sub-volumes, and these
cells were less sensitive to fractionation. As the PDXs were
established from patients who failed initial chemoRT with
Cisplatin and Gemcitabine, we added another combination of CT
drugs to evaluate its efficacy in-vivo. Although there was some
benefit in the addition of CT to the fractionated regimen, the side
effects of CT significantly affected the quality of life and survival of
the animals. Hence, further studies with a range of fractionated does
with OER correction and equivalent BED on in-vivomodels as well
as fine-tuning of the chemoRT regimen might be necessary to
ascertain the exact dose for translating this to the clinics. Although
previous studies have found hypofractionation schemes for re-RT in
NPC patients to be generally safe, effective and timesaving (36–38),
the number of patients treated with this technique is too small make
any definite conclusions.

Intensity modulated radiotherapy therapy (IMRT), together with
non-invasive 18F-fluoromisonidazole (18F-MISO) hypoxia imaging,
has made dose escalation to hypoxic sub-volumes technically
possible. However, achieving this with precision, without affecting
the organs at risk remains challenging (39, 40). This has sparked
interest in proton therapy that could target high therapeutic radiation
dose to the tumor with minimal exit dose (41, 42). Many institutions
currently perform IMRT in combination with intensity modulated
proton therapy (IMPT) for NPC (43–46), with promising local
tumor control and reduction in side effects. Development of dose
painting algorithm for dose escalation to hypoxic sub-volumes using
combination IMRT and IMPT, could benefit from highly conformal
and precise treatment delivery, potentially making this approach a
paradigm shift in the re-treatment of recurrent NPC patients.

Taken together, this work highlights the development and
characterization of patient derived 3D models of NPC that
closely mimics cell-cell interactions, cellular heterogeneity,
hypoxia, and radio-resistance. Hence, these models represent a
straightforward, yet attractive technology that could complement
in-vivo studies for better understanding of the underlying
mechanism involved in tissue damage/repair, regeneration and
response to therapy. However, the absence of human tumor
microenvironment in these models is an inevitable drawback,
which to an extend can be overcome by co-culture of the
organoids with human immune cells and cancer associated
TABLE 3 | Tabulation of the proposed photon dose scheme and its calculated
BEDa/b based on experimental values of a/b ratios and of oxygen enhancement
ratio (OER) [Eqn. (3)].

Dose schemes Hypoxic condition

Physical dose Number of BEDa/b

per fraction (Gy) fractions (Gy)

1. Conventional photon 2 30 72
2. Hyperfractionated photon 2.52 25 72
3. Hypofractionated photon 5.6 10 74
Values of a/b = 10 Gy and OER = 1 were used in the conventional photon dose scheme
(1), while a/b = 17.7 Gy and OER = 1.4 were applied to hyperfractionated (2) and
hypofractionated (3) dose scheme. BED10 = 72 Gy is referred as the standard
conventional radiotherapy dose scheme in the current study. Physical dose per fraction
in hyperfractionated scheme of 1.8 Gy*1.4 = 2.52 Gy and in hypofractionated scheme of 4
Gy*1.4 = 5.6 Gy with a/b = 17.7 Gy were used to calculate the number of fractions with
their corresponding BEDa/b close to 72 Gy to match the dose scheme with the standard
reference dose scheme.
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fibroblasts. We further utilized the 3D models together with
simple dose-survival data analytic techniques to yield
quantitative readouts that defines the inherent radiobiological
characteristic of radiosensitive normoxic and radioresistant
hypoxic NPC. With combined experimental data, we conclude
that hypoxic NPC require a large bolus dose or 1.4 times of the
fractionated dose that is effective against normoxic cells in order
to compensate for oxygen shortage. Further clinical results
should be obtained in order to confirm its usefulness and
translational value. In conclusion, this study could be a game
changer in the way such models are utilized for optimization of
radiation dose and our findings may have profound implications
on how radiation treatments are planned in future, especially for
re-irradiation of recurrent NPC.
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Background: The survival rate of patients with laryngeal squamous cell carcinoma
(LSCC) is correlated with several factors. However, the independent prognostic factors
of patients with LSCC remain unclear. Thus, we sought to identify prognostic factors
affecting LSCC outcomes in the Chinese population.

Methods: The survival and potential prognostic factors of 211 patients with LSCC
between April 2011 and July 2019 were retrospectively analyzed. Overall survival (OS)
and progression free survival (PFS) were estimated by the Kaplan Meier method, and a
log-rank test was used to compare the possible prognostic factors between different
groups. The Cox proportional hazard model was used to perform multivariable analysis of
significant covariants.

Results: A total of 211 LSCC patients were included, of which 164 (77.7%) were male
and 47 (22.3%) were female. Mean age was 62.19 ± 8.328 years. A univariate analysis
showed that seven factors including pathological differentiation, clinical stage, tobacco
consumption, alcohol consumption, T stage, N stage, and concurrent chemoradiotherapy
were correlated with survival (P<0.05). Cox proportional hazards regression analyses
revealed that clinic stage (hazard ratio=3.100, p=0.048), pathological differentiation
(hazard ratio = 2.538, p=0.015), alcohol consumption (hazard ratio = 8.456, p =0.004)
were associated with OS in LSCC. Pathological differentiation (hazard ratio =5.677,
p=0.000), alcohol consumption (hazard ratio =6.766, p=0.000) were associated with
PFS in LSCC.

Conclusions: Pathological differentiation, alcohol consumption, are independent
prognostic factors and predictors of recurrence in LSCC. These factors could help
inform guidelines for clinical treatment and prognosis.

Keywords: laryngeal squamous cell carcinoma, prognostic factors, overall survival, progression-free survival,
Chinese population
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INTRODUCTION

Laryngeal squamous cell carcinoma (LSCC) is the second most
common primary malignant tumor of the respiratory tract after
lung cancer. It is, also the second most common primary
epithelial malignant tumor of the head and neck. The age of
onset of LSCC is mostly between 50 and 70 years. With a sex
ratio of approximately 4:1, most LSCC patients are male (1).
According to estimates by the American Cancer Society, in the
United States, approximately 12,370 patients will be diagnosed
with LSCC and 3750 of them will die from the disease in 2020
(2). Etiology has confirmed that smoking and drinking are
related to the occurrence and development of LSCC, and the
survival rate of smokers and drinkers is lower than that of non-
smokers and non-drinkers (1, 3). Due to the increase in tobacco
and alcohol consumption and occupational exposure to toxic
substances like polycyclic aromatic hydrocarbons (PAH), the
prevalence rate of LSCC has increased in recent years (4, 5).

The factors affecting the prognosis and survival of patients
with LSCC can be classified into host, tumor, and treatment
factors. The 5-year survival rate for patients with early LSCC is
70 to 90%; while for patients with advanced LSCC, it is only
about 30%. Some published studies have stated that younger
patients have better survival rates and prognosis than older
patients (6, 7), but other studies observed that younger patients
have higher risk of recurrence than older patients (8). Sex is
another factor related to LSCC prognosis, with females appearing
to have better prognosis than males (9). However, this trend may
be due to other factors such as the uneven distribution of
smoking habits between males and females. Malnutrition has
also been identified as an independent prognostic factor of LSCC
(10). Further, general condition of the patients, such as the
existence of complications, can affect prognosis and survival.
For example, pre-treatment hemoglobin levels were also found to
be another factor affecting prognosis (11, 12). Regarding the
immunological response, immunosuppressed patients seem to
have a poor prognosis (13). The site of the primary tumor can
also affect prognosis. According to the anatomical position,
LSCC can be divided into supraglottic, glottic, and subglottic.
In recent years, classification of LSCC as para-glottic LSCC has
become controversial and has not been confirmed by the Union
for International Cancer Control. Para-glottic LSCC originates in
the laryngeal chamber and crosses the supraglottic region and
glottic area. Supraglottic cancers have worse prognosis than
glottic and subglottic cancers. This could be attributed to the
fact that supraglottic cancers have a higher risk of lymph node
metastasis (14). Clinical stage is another obvious prognostic
factor (9). Increasing T and N stages could lead to higher risk
of recurrence and poor prognosis (15). Distant metastases are
also associated with poor survival (16). Patients with cervical
lymph node metastasis had a worse prognosis than those without
lymph node metastasis. Further, compared with highly
differentiated LSCC, poorly differentiated LSCC usually has a
Abbreviations: EGFR, Epidermal growth factor receptor; HPV, Human papilloma
virus; LSCC, Laryngeal squamous cell carcinoma; OS, Overall survival (OS); PFS,
Progression free survival.
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higher risk of metastases (17). Finally, there are also several
biomarkers, such as EGFR (18), WRAP53b, p16INK4a (19),
estrogen receptor (ER-b)progesterone receptor (PR) (20), p53
(21, 22), and Bcl-2 (23) which have been linked with poor
prognosis and lower survival rate.

The main treatments for LSCC are surgery, radiotherapy, and
chemotherapy. Partial laryngectomy or total laryngectomy is
feasible in early cases, and new laryngeal reconstruction is
feasible in total or subtotal laryngectomy. Management of
LSCC is particularly challenging due to the substantial
functional morbidity and psychosocial impact of laryngectomy.
Therefore, there is a need to find a balance between optimal
tumor control and preserving organ function. While the efficacy
of radiotherapy alone for early LSCC is similar to surgical
treatment, the physiological function of the larynx can be
preserved better by radiotherapy alone. When radiotherapy
fails, salvage surgery is feasible. For middle and advanced
LSCC, comprehensive treatments such as surgery, radiotherapy,
and chemotherapy are the main treatments. Preoperative or
postoperative radiotherapy can improve survival rate. The
overall survival (OS) and progression free survival (PFS) of
patients with negative margins have been shown to be better
than those of patients with positive margins (24). The curative
effect of surgical treatment has been reported to be better than that
of radiotherapy alone (25).

Other factors such as HPV infection can also be pathogenic
for LSCC (26). However, whether factors such as sex or age are
involved in the prognosis of LSCC remain unclear and require
further study (27). We performed a retrospective analysis to
investigate the possible prognostic factors of LSCC, including
sex, age, tumor location, clinical stage, pathological differentiation,
tobacco consumption, and alcohol consumption. Our study could
help inform clinical strategies for treatment and improve the
survival rate and quality of life of patients.
METHODS

This study included patients with LSCC treated in our hospital
from April 2011 to July 2019. The research was approved by the
Ethics Committee of the First Bethune Hospital of Jilin University,
and all participants provided informed consent. Inclusion criteria
were as follows: 1) LSCC was confirmed by pathological diagnosis;
2) complete clinical history and informed consent was provided;
3) complete follow-up data were available; 4) In the early stage
of LSCC, radical radiotherapy is performed, and postoperative
radiotherapy or concurrent chemoradiotherapy is required.
Exclusion criteria: 1) Patients with distant metastasis before
treatment; 2) Patients whose histopathological type is not
squamous cell carcinoma; 3) Patients who have not completed
the treatment plan; 4) Patients without survival data. Patients were
staged according to the American Joint Committee on Cancer
(AJCC) cancer staging manual, 7th edition (28). We collected
information on the following prognostic factors of selected
patients: age, sex, smoking, drinking, stage, classification, and
pathological differentiation.
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Follow-up data which contained survival status, disease
progression, recurrence, and death, were collected every 3
months. OS was defined as the time from the date of diagnosis
to the date of death. PFS was defined as the time from diagnosis
to disease progression or death (if no progression was reported
before death) or the date of last follow-up. Recurrence is
classified as local, regional, and distant metastasis.

Statistical analysis was performed using SPSS 26.0 (SPSS Inc.,
Chicago IL, USA). Quantitative data were presented as mean ±
SD while qualitative data were presented by rate. The overall
survival rate (OS) and progression-free survival rate (PFS) were
estimated by Kaplan-Meier curve. Kaplan-Meier curves were
compared according to age, sex, smoking, drinking, staging,
classification, pathological differentiation and simultaneous
radiotherapy and chemotherapy. The independent factors
affecting mortality and progression (recurrence and metastasis)
without metastasis were evaluated by Cox proportional hazard
ratio model. The significant factors observed in the univariate
Cox proportional hazard ratio model were gradually incorporated
into the multivariate Cox proportional hazard ratio model, except
that T period and N period were excluded because of multiple
collinearity, the other factors gradually entered the multivariate
Cox proportional risk ratio model. All statistical tests were
two-sided. Differences were considered statistically significant at
P values < 0.05.Results.
Baseline Characteristics
For the duration of the study, we included patients admitted to
our hospital from April 2011 to July 2019 and according to the
exclusion criteria. Patient characteristics are shown in Table 1.
Patients included 164 males (77.7%) and 47 females (22.3%), and
mean age was 62.19 years (range 41–87). There were 167 patients
(79.1%) with a history of tobacco consumption, while 141 of the
patients (66.8%) had a history of alcohol consumption. Types of
LSCC included supra-glottic (50.2%), glottic (43.6%), sub-glottic
(2.4%), and para-glottic (3.8%). Most patients were stage T2 + T1
(71.1%), 28.9% were T3 + T4. More than a half of the patients
(59.7%) were in N0 stage, 11.8% were in N1, 27.5% in N2, and
0.9% in N3. Nearly 30% of patients were at clinical stage I
(26.1%), and more than 30% were at clinical stage IV (35.1%).
Meanwhile, 20.9% and 79.1% of patients had low or high
pathological differentiation, respectively. Most patients (63.5%)
were treated with surgery and radiation 67 patients (31.8%) were
accepted radiotherapy and surgery plus chemotherapy, while
patients treated with radiotherapy only and radiotherapy plus
chemotherapy were 2.4% and 2.4%, respectively.
Overall Survival and Prognosis Factors
of LSCC
The median follow-up period was 48 months. The 1, 3, and 5-
year OS rates were 95.2%, 85.9%, and 83.5%, respectively. The
univariate analysis demonstrated that seven factors, including
pathological differentiation, clinical stage, tobacco consumption,
alcohol consumption, T stage, N stage, and concurrent
Frontiers in Oncology | www.frontiersin.org 3105
chemoradiotherapy were significantly associated with survival
(P<0.05) (Table 2, Figure 1). The Kaplan Meier survival curves
showed that patients with high pathological differentiation had a
more favorable prognosis than those with lower pathological
differentiation. The 1, 3, and 5-year OS rates of low and high
pathological differentiation were88.4%, 69.2%, and 65.3% and
97%, 90.3%, and 88.4%, respectively. For patients with clinical
stage I, the 1, 3, and 5-year OS rates were 100%, 93.5%, and
93.5% respectively, which were better than those with stage II, III
and IV. We combined the groups with stage T1 and T2 in order
to compare survival status with a group containing patients with
T3 and T4 stages. For the T1 and T2 group, the 1, 3, and 5-year
OS rates were 96.0%, 88.7%, and 88.7%, respectively, while for the
T3 and T4 group they were 93.4%, 79.5%, and 71.9%, respectively.

We also merged stages N2, and N3 and compared them with
stage N0, N1. The 1, 3, and 5-year survival rates of the N2 and N3
group were 84.9%, 71.1%, and 68.0%, respectively and that of N0
and N1 were 99.3%, 91.6%, and 89.5%, respectively. The 1, 3, and
5-year OS rates of concurrent chemoradiotherapy and radiotherapy
only were 94.4%, 78.8%, and 70.9% and 95.6%, 89.5%, and 89.5%,
respectively. The 1, 3, and 5-year OS rates of smokers were 94.0%,
TABLE 1 | Summary of baseline characteristics.

Frequency Percent/Mean ± SD

Sex
Male 164 (77.7%)
Female 47 (22.3%)

Age
Mean ± SD 62.19 ± 8.328

Tobacco
Yes 167 (79.1%)
No 44 (20.9%)

Alcohol
Yes 141 (66.8%)
No 70 (33.2%)

Type
supra-glottic 106 (50.2%)
glottis 92 (43.6%)
sub-glottis 5 (2.4%)
para-glottic 8 (3.8%)

Clinic stage
I 55 (26.1%)
II 48 (22.7%)
III 34 (16.1%)
IV 74 (35.1%)

T stage
T1+ T2 150 (71.1%)

T3+ T4 61 (28.9%)

N stage
N0+ N1 151 (71.6%)

N2+ N3 60 (28.4%)

pathological differentiation
High 167 (79.1%)
Low 44 (20.9%)

concurrent chemoradiotherapy
Yes 72 (34.1%)
No 139 (65.9%)
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82.8%, and 79.9%, respectively. Surprisingly, all patients who did
not smoke survived. Regarding alcohol consumption, the 1, 3, and
5-year survival rates of patients with a history of alcohol
consumption were 93.6%, 80.6%, and 77.1%, respectively, while
those of patients without a history of alcohol consumption were
98.6%, 97.0%, and 97.0%, respectively.

T stage and N stage were excluded from the multivariable
analyses due to multicollinearity. At the same time, radiotherapy
and chemotherapy were excluded because they did not accord with
the clinical practice. The remaining four variables were gradually
introduced into the multivariate Cox proportional hazard model
through the forward LR method. Results from the Cox regression
analysis showed that clinic stage, pathological differentiation and
alcohol consumption are independent prognostic factors of LSCC
(Table 3). Patients with low pathological differentiation had a
higher risk than those with high pathological differentiation
(hazard ratios of 2.538 p=0.015). As for patients with clinic stage
IV had a higher risk than those with clinic stage I (hazard ratios of
3.100, p=0.048). Further, compared with non-alcohol consumers,
patients with a history of alcohol consumption were also at higher
risk, with a hazard ratio of 8.456, p=0.004.
Frontiers in Oncology | www.frontiersin.org 4106
Factors Influencing PFS
From the 211 patients, seven patients were excluded because they
died within a short period of time after admission, and therefore,
PFS was not analyzed for them. Thus, we investigated the factors
influencing PFS for the remaining 204 patients. The 1, 3, and 5-
year PFS rate were 96.5%, 84.0%, 73.6%, respectively. The
univariate analysis of PFS rendered similar results to those of
OS. Seven factors, including pathological differentiation, clinical
stage, tobacco consumption, alcohol consumption, T stage, and
N stage, and concurrent chemoradiotherapy were significantly
correlated with recurrence (P<0.05) (Figure 2). The Kaplan
Meier survival analysis showed that patients with high
pathological differentiation are more likely to have recurrence
than patients with low pathological differentiation (P<0.05).

For patients with clinical stage I, the 1, 3, 5-year recurrence
rates were 1.8%, 5.5%, 9.1%, respectively, which were better than
those of patients with stage II, III and IV (P=0.000). For T1/2
group, the 1, 3, and 5-year PFS rates were 97.9%, 88.2%, and
78.1%, respectively, while for the T3/4 group the rates were
93.2%, 73.5%, and 62.0%, respectively.

The 1, 3, and 5-year PFS rates of the tobacco consumption
group were 96.2%, 80.8%, and 69.1%, respectively, which were
higher than the rates of the non-smoking group (P=0.008).
Similar to the tobacco consumption group, the alcohol
consumption group also had higher risk of recurrence than the
non-drinking group (P=0.000). Thus, the 1, 3, and 5-year PFS
rates were 96.9%, 78.1%, and 63.1% in the alcohol consumption
group, respectively, and 95.7%, 95.7%, and 93.1% in non-
drinking group, respectively.

It is generally believed that the N2/3 group is more likely to
relapse than the N0/1 group, an idea which was confirmed by our
data (P=0.000). The 1, 3, and 5-year PFS rates of the N0/1 group
were 97.9%, 88.2%, and 80.9%, respectively, while those of the N2
and N3 group were 92.4%, 70.8%, and 51.6%, respectively.

The 1-, 3-, and 5-year survival rates of patients undergoing
concurrent chemoradiotherapy and radiotherapy alone were
92.8%, 72.4%, 59.8%, and 98.5%, 89.9%, 80.4%, respectively
(Table 4). We then performed a subtype analysis of concurrent
chemoradiotherapy based on clinical stage in order to investigate
whether the treatment decisions based on clinical staging affect
recurrence. The results showed that, although there are no
significant differences between all subtypes, the Kaplan Meier
survival curve for patients with clinical stage IV showed that
concurrent chemoradiotherapy led to a higher tendency of
recurrence than radiotherapy only.

Next, we performed a Cox regression analysis to analyze the
factors which reached statistical significance in the univariate
analysis. Because of multicollinearity, T and N stages were
excluded, and concurrent chemoradiotherapy was also
excluded because it is not in line with real clinical practices.
Smoking, drinking, clinical stages, and differentiation were
gradually introduced into the multivariate Cox proportional
hazard model through the forward LR method. The Cox
regression analysis showed that pathological differentiation,
alcohol consumption are independent disease progression
factors of LSCC (Table 5). Those with low pathological
TABLE 2 | Survival rates and univariable analysis of Kaplan-Meier.

Survival rate (%) Log Rank
(c2)

P value

1 year 3 year 5 year

Sex 0.773 0.379
Male 95.1 85.2 82.2
Female 95.6 88.0 88.0

Age 5.371 0.068
~59 94.2 82.1 76.8
60–74 96.1 89.6 88.3
75~ 91.7 66.7 66.7

Tobacco 7.773 0.005
Yes 94.0 82.8 79.9
No 100 100 100

Alcohol 11.197 0.001
Yes 93.6 80.6 77.1
No 98.6 97.0 97.0

Type 1.715 0.634
supra-glottic 93.3 83.1 81.5
glottis 96.7 88.8 85.2
sub-glottis 100 75.0 75.0
para-glottic 100 100 100

Clinic stage 16.507 0.001
I 100 93.5 93.5
II 100 95.0 95.0
III 100 90.2 82.6
IV 86.4 72.5 70.2

T stage 5.677 0.017
T1/T2 96.0 88.7 88.7
T3/T4 93.4 79.5 71.9

N stage 12.025 0.001
N0/N1 99.3 91.6 89.5
N2/N3 84.9 71.1 68.0

Pathological differentiation 13.943 0.000
Low 88.4 69.2 65.3
High 97.0 90.3 88.4

Concurrent chemoradiotherapy 7.505 0.006
Yes 94.4 78.8 70.9
No 95.6 89.5 89.5
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differentiation had higher risk than those with high pathological
differentiation (hazard ratios of 5.677, p=0.000). Compared with
non-alcohol users, alcohol consumers had a higher risk, with a
hazard ratio of 6.766, p=0.000.
DISCUSSION

The prognosis of LSCC can be predicted by multiple factors,
which can be divided into host, tumor, and treatment factors. In
this study we assessed the influence of the above risk factors for
the prognosis and recurrence of patients with LSCC. We report a
5-year OS and PFS of 83.5% and 73.6%, respectively, which are
better than those reported in the literature (24). This could be
due to improved diagnostic methods and better treatment.
Otherwise, given that most of our patients had early stage
LSCC, this could be attributed to an improvement in patients’
health awareness and the application of multiple examination
methods (fiber laryngoscope, electronic laryngoscope, etc.)

Many factors have been reported to affect the prognosis of
LSCC patients, such as age, race, smoking and so on. Sex has also
been reported to be a prognostic factor for LSCC patients, and
the prognosis of female patients is significantly better than that of
male patients (9). But the conclusions from different studies are
controversial. The univariate analysis results of this study
showed that there was no statistical difference in the effect of
gender on OS and PFS of LSCC patients. This is consistent with
the findings of Walasek et al. (29). This may be related to the
decreasing smoking rate among male patients and the increasing
number of female smokers. In addition, age is also a prognostic
factor affecting the survival. In the past, most scholars believed
that younger patients had better survival than older patients (6,
8). This may be related to the better physical condition of the
younger patients. However, it has also been found that younger
patients have less differentiated tumors, usually poorly or
undifferentiated, with higher rates of recurrence and metastasis,
which may lead to lower survival rates. In this study, patients were
divided into three groups according to their age groups, and the
differences in OS and PFS of patients in different age groups were
observed. The results did not show the differences in survival of
LSCC patients in different age groups. In this study, most of the
patients were middle-aged and elderly patients, with an average
Frontiers in Oncology | www.frontiersin.org 6108
age of 62.19 years old. The age gap between the patients was
relatively small, which may be the reason for this result.

Notably, unhealthy living habits also affect the occurrence,
progression, and prognosis of LSCC. There is evidence that
greater cigarette and alcohol consumption have an impact on
the incidence and prognosis of LSCC (30, 31). However, other
studies have shown different results. For example, Zhang et al.
(24) showed that smoking and drinking have no effect on OS and
PFS of LSCC. In our study, 167 (79.1%) patients had a history of
tobacco consumption and 141 patients (66.8%) had a history of
alcohol consumption. The univariate analysis showed that
tobacco and alcohol are linked with recurrence and survival,
and alcohol is an independent risk factor for OS and PFS. These
results are consistent with the existing literature (3, 32). This
suggests that smoking and drinking are important reasons for the
poor prognosis of LSCC patients after radiotherapy, and lifestyle
changes may become an important way to prevent the
occurrence of LSCC and improve the prognosis. According to
the SEER data, the 5-year survival rate of patients with LSCC
varies according to the location of the primary tumor. For
example, the 5-year survival rate of glottic cancer is higher
than that of supraglottic cancer (6). Patients with supraglottic
carcinoma have a higher recurrence rate, which may be related to
their susceptibility to lymph node metastasis (8). Although the
data showed that supraglottic carcinoma did not cause poor
prognosis, the effect of anatomical location on LSCC should not
be ignored. Consistently, no differences in survival rates were
found among patients with tumors at different anatomic sites in
the center. However, we observed that patients with glottic
cancer had a more favorable clinical stage than patients with
supraglottic cancer. As recommended by the guidelines, we have
adopted a more aggressive treatment strategy for patients with
supraglottic cancer. Better tumor control associated with
intensive treatment may account for a similar prognosis in
patients with glottic cancer. According to a multi-center study
within the International Head and Neck Cancer Epidemiology
(INHANCE) consortium, tumor stage is a positive predictor of
cancer recurrence in HNC patients (33). Patients with advanced
LSCC have an unfavorable prognosis (34). Most of our patients
were stage IV (35.1%), and their 5-yearOS and PFS were 70.2%
and 52.1%, respectively. Although the univariate analysis showed
that both OS and PFS of patients at stage IV were much lower
than those of patients at other stages, after excluding T and N
stages, the multivariate Cox regression analysis showed that
clinical stage was an independent risk factor for survival while
it was not an independent risk factor for recurrence of LSCC.
Extensive evidence shows that tumor size and lymph node
metastasis are important factors affecting the survival and
recurrence rates of patients with LSCC (35). In a Danish study
of 5001 people, Nina et al. (15) found that increased T stage was a
risk factor for recurrence of glottic cancer. Johansen et al. (9)
obtained a similar result, and showed that T stage and N stage
have a significant effect on the prognosis of LSCC. In our study, T
stage was an prognostic factor in the univariate analyses. We
combined T1 and T2 groups and compared them with T3 and T4
groups. Univariate analysis showed that group T1/2 have a better
TABLE 3 | Multivariable Cox proportional hazard models of mortality.

Covariate HR (95%Cl) P value

Alcohol LR
Yes 8.456 (2.013,35.512) 0.004
No –

Clinic stage
I –

II 0.541 (0.099,2.965) 0.479
III 1.759 (0.468,6.606) 0.403
IV 3.100 (1.009,9.528) 0.048

differentiation
Low 2.538 (1.197,5.381) 0.015
High –
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prognosis than group T3/4, with 5 years OS and PFS of 88.7%
and 78.1%, respectively. Regarding N stage, we merged the N0
stage and N1 stage into one group in order to compare the
survival and recurrence with that of group N2 and N3. We
observed that N stage has the same effect as T stage on OS and
PFS. T and N stages seem to have become a recognized factor
affecting prognosis (36). The results of this study were basically
similar to the previous mainstream theories, which reflected the
consistency of the influence for tumor stage on prognosis in
different countries and regions. Though it is generally accepted
that distant metastasis could cause unfavorable prognosis (16),
the effect of M stage on prognosis could not be elucidated in this
study because all patients were in stage M0.

The degree of tumor differentiation is linked with the survival
and recurrence rate of patients with LSCC, with poorly
differentiated cancers usually having a higher rate of metastatic
disease compared with well-differentiated cancers (17). In this study,
we merged the moderate- and well- differentiated cases of LSCC
Frontiers in Oncology | www.frontiersin.org 8110
into one group and compared it with the group of poorly
differentiated LSCC. Results showed that those with poorly
differentiated LSCC had an unfavorable prognosis and higher
recurrence rate in the univariate analysis. Moreover, the
multivariate analysis demonstrated that differentiation is also an
independent risk factor for survival and recurrence rate. Our results
are consistent with the conclusion of Zhu et al. (37). However, the
limitation of this study is that we were unable to assess the impact of
moderate differentiation on the prognosis and recurrence of LSCC.
In view of the effect of tumor differentiation on patient prognosis,
the use of tumor stage alone as a criterion for treatment selection
seems to be limited. The toxicity of more intensive treatment to
highly differentiated tumors should be concerned. Our study
provides a reference for the treatment of patients with highly
differentiated tumors, suggesting that the degree of tumor
differentiation should also be a reference factor for treatment
selection. In order to avoid unnecessary injury caused by
overtreatment, it may be possible to treat highly differentiated
tumors by downgraded treatment. In addition, the choice of
treatment may also be one of the reasons that affect the prognosis
of patients. In a randomized controlled trial of 547 patients,
Forastiere et al. (25) found no difference in survival between the
radiotherapy alone group and the concurrent chemoradiotherapy
group. Most of our patients (95.3%) accepted surgery either with
concurrent chemoradiotherapy or without it, which might be the
reason behind the high survival rate reported in our study. The
univariate analysis showed that patients with concurrent
chemoradiotherapy have more unfavorable prognosis and shorter
PFS, which seems to contradict logic and is also in disagreement
with the existing literature. However, according to the guidelines,
concurrent chemoradiotherapy is recommended only for patients
with advanced tumors. Therefore, the difference in baseline of
patients in different treatment groups may be the reason for the
different prognosis. Of course, the high adverse reactions of
concurrent chemoradiotherapy should not be ignored, and it is
urgent to develop drugs with less side effects.

Due to the retrospective design and small sample size of this
study, our data did not include surgical margins, occupational
exposure, or HPV infection. Therefore, we could not measure the
impact of these factors on the incidence and prognosis of LSCC.
However, we did analyze other factors that may affect the
survival and recurrence rate of patients with LSCC, including
patient, clinical and treatment factors. In this study we identified
alcohol consumption and pathological differentiation as
independent predictors of os for LSCC. Alcohol consumption,
pathological differentiation and clinic stage were identified as
independent predictors for os. Patients with a history of alcohol
TABLE 4 | Progression free survival rates and univariable analysis of
Kaplan-Meier.

Survival rate (%) Log Rank
(c2)

P value

1 year 3 year 5 year

Sex 1.092 0.296
Male 97.4 82.5 71.2
Female 93.5 88.8 81.2

Age 4.389 0.111
~59 95.4 78.5 67.0
60–74 98.4 88.3 76.9
75~ 84.4 67.5 67.5

Tobacco 6.968 0.008
Yes 96.2 80.8 69.1
No 97.7 97.7 93.1

Alcohol 14.229 0.000
Yes 96.9 78.1 63.1
No 95.7 95.7 93.1

Type 6.616 0.085
supra-glottic 95.0 79.0 64.7
glottis 97.7 89.0 82.1
sub-glottis 100 80.0 80.0
para-glottic 100 100 100

Clinic stage 18.619 0.000
I 98.1 94.2 86.6
II 100 92.8 84.5
III 100 84.1 80.3
IV 91.0 68.9 52.1

T stage 5.131 0.024
T1+T2 97.9 88.2 78.1
T3+T4 93.2 73.5 62.0

N stage 12.157 0.000
N0+ N1 97.9 88.2 80.9
N2+N3 92.4 70.8 51.6

Pathological differentiation 32.941 0.000
Low 87.9 62.9 42.3
High 98.7 89.4 82.2

Concurrent chemoradiotherapy 10.895 0.001
Yes 92.8 72.4 59.8
No 98.5 89.9 80.4
*Due to the limitation of our retrospective analysis, the 5 years survival rate of female, 75~,
No tobacco history, Low pathological differentiation, stage Ⅱ and Ⅲ cannot be reached.
**The survival rate of group sub-glottis, para-glottic cannot be reached for limited sample size.
TABLE 5 | Multivariable Cox proportional hazard models of recurrence.

Covariate HR (95%Cl) P value

Alcohol
Yes 6.766(2.403, 19.051) 0.000
No –

differentiation
Low 5.677(3.085, 10.444) 0.000
High –
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consumption and poor differentiation had a lower survival rate
and were more prone to recurrence. There was no significant
difference in OS and PFS between patients with concurrent
radiotherapy and patients with radiotherapy alone, suggesting
the importance of downgrading therapy in LSCC patients. In
order to improve the survival rates of patients with LSCC, the
importance of pathological differentiation, alcohol consumption
and clinic stage on prognosis must be emphasized in the context
of diagnosis and treatment.
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Purpose: To explore the feasibility of contralateral lower neck sparing radiotherapy for
patients with stage N1 nasopharyngeal carcinoma (NPC) by analyzing long-term survival
outcomes and late toxicities.

Methods: Data of patients with stage N1 NPC who were treated with contralateral lower
neck sparing radiotherapy between January 2013 and December 2015 were analyzed.
These patients were all staged by magnetic resonance imaging (MRI), and all received
irradiation to the upper neck (levels II, III, and Va) bilaterally along with ipsilateral levels IV
and Vb, without irradiation of the contralateral lower neck. Treatment outcomes, regional
failure patterns, and late toxicities were examined.

Results: A total of 275 eligible patients with stage N1 NPC were included in the present
study. The median follow-up period was 62 months (range, 3–93 months). The 5-year
overall survival (OS), distant metastasis-free survival (DMFS), local recurrence-free survival
(LRFS), regional recurrence-free survival (RRFS), locoregional recurrence-free survival
(LRRFS), and progression-free survival (PFS) rates were 90.5, 91.3, 94.7, 95.3, 91.2, and
81.7%, respectively. A total of 13 patients (4.7%) developed regional recurrence, all of
which occurred in the field and not out of the field. Among 254 patients with available data
on late toxicities, the most common late toxicity was xerostomia. No late injuries occurred
in the carotid arteries, brachial plexus, or spinal cord. In addition to one case (0.4%) of
neck fibrosis and three cases (1.2%) of hearing loss, there were no other grade 3–4 late
toxicities observed.
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Conclusions: Contralateral lower neck sparing radiotherapy would be safe and
feasible for patients with stage N1 NPC, with the potential to improve the long-term
quality of life of patients.
Keywords: nasopharyngeal carcinoma, stage N1, contralateral lower neck sparing radiotherapy, late toxicities,
long-term quality of life
INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a type of epithelial head
and neck tumor with definite geographical distribution
characteristics and is especially prevalent in East and Southeast
Asia (1). For newly diagnosed non-metastatic NPC, radiotherapy
is the standard treatment because of its high radiosensitivity.
Given the relatively high incidence of cervical lymph node
metastasis in NPC (2, 3), in many research protocols, irradiation
of the entire bilateral cervical lymphatic drainage area is thought to
be warranted irrespective of the lymph node status (4–7).
However, extensive neck irradiation may lead to severe late
toxicities such as neck subcutaneous fibrosis, hypothyroidism,
and carotid stenosis, thus adversely influencing the quality of life
of long-term survivors (8–12). Therefore, it is essential to
investigate whether omitting the irradiation of certain neck areas
would be feasible.

Many studies (13–17) have focused on the efficacy of
prophylactic upper neck radiotherapy in patients with stage N0
NPC or with only retropharyngeal lymph node metastasis.
However, studies on whether contralateral lower neck sparing
radiotherapy would be safe for patients with stage N1 NPC are
still scarce. Our team previously reported a study in which we
found that only 1.4% of patients with stage N0–1 NPC
experienced out-of-field lymph node recurrence when levels IV
and Vb was excluded from the irradiation of node-negative necks
(18). Although this study provided some evidence to support the
radiotherapy approach of sparing the lower neck, it also had
some limitations. First, all patients included were diagnosed and
staged using computed tomography (CT). Second, the lower
necks (levels IV and Vb) were all treated with conventional
radiotherapy rather than intensity-modulated radiotherapy
(IMRT). Finally, late toxicities associated with neck irradiation
received inadequate attention.

Accordingly, we conducted the present study in which we
analyzed the therapeutic outcomes and late sequelae of patients
with stage N1 NPC who received IMRT but omitted elective neck
irradiation to the contralateral lower neck, in a continuing effort
to provide further evidence for the practicability of contralateral
lower neck sparing radiotherapy in stage N1 NPC in the
IMRT era.
MATERIALS AND METHODS

Patients
All patients included in this study were treated at Sun Yat-sen
University Cancer Center between January 2013 and December
2114
2015. Inclusion criteria were as follows: (1) newly diagnosed and
pathologically proven NPC; (2) undergoing magnetic resonance
imaging (MRI) scans of the nasopharynx and neck at diagnosis;
(3) T1–4N1M0 disease according to the 8th edition of the
American Joint Committee on Cancer (AJCC) Staging Manual;
(4) no other concomitant malignant tumors; (5) receiving
contralateral lower neck sparing radiotherapy with IMRT
technique, that is, bilateral upper neck (levels II, III, and Va)
along with levels IV and Vb on the side with cervical lymph node
involvement were irradiated, while the contralateral lower neck
was not irradiated; (6) data of the target delineation were
available. Exclusion criteria were as follows: (1) stage N1
patients with retropharyngeal lymph node metastasis only; (2)
receiving excisional nodal biopsy or neck dissection before
radiotherapy. This study was approved by the Clinical Research
Ethics Committee of Sun Yat-sen University Cancer Center.
Pretreatment Evaluations
Pretreatment evaluations were performed for all patients, and they
underwent a complete physical examination, routine blood test,
biochemical examination, as well as nasopharyngoscopy, MRI scan
of the nasopharynx and neck, X-rays or CT scan of the chest, and
abdominal ultrasound. Positron emission tomography/computed
tomography (PET/CT) was also used when there were clinical
indications. All enrolled patients were reclassified under the 8th
edition of the AJCC Staging Manual.

The diagnostic criteria for metastatic cervical lymph nodes
were as follows: (1) the minimal axial diameter of lymph nodes
was ≥11 mm in the jugulodigastric region or ≥10 mm in other
neck regions; (2) there was a cluster of three or more borderline
lymph nodes; and (3) there was imaging proof of necrosis or
extracapsular spread regardless of node size (19). The lateral
retropharyngeal lymph nodes were deemed positive only when
their minimal axial diameter was ≥5 mm. Any visible median
retropharyngeal lymph nodes were considered malignant (20).
The classification of neck node levels proposed by the Radiation
Therapy Oncology Group (RTOG) was adopted (21).
Radiotherapy
All patients were treated with IMRT once a day for five days a
week. The delineation of the target volume was consistent with
the International Commission on Radiation Units and
Measurements (ICRU) reports 50 and 62 (22). The gross
tumor volume (GTV) was determined on the basis of clinical
and imaging results, comprising the primary nasopharyngeal
tumor (GTVnx) and the lymph nodes involved (GTVnd). The
enlarged retropharyngeal lymph node was also included in the
February 2021 | Volume 11 | Article 628919
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GTVnx. The clinical target volume (CTV) included the high-risk
clinical target volume (CTV1) and the low-risk clinical target
volume (CTV2). CTV1 contained the GTVnx and an added 5–10
mm margin to cover microscopically extended high-risk areas
and the entire nasopharynx. CTV2 contained CTV1 as well as an
added 5–10 mm margin to cover microscopically extended low-
risk areas. In addition, relevant cervical lymph node drainage
areas were delineated in CTV2. Of note, for stage N1 patients in
this study, bilateral upper neck and ipsilateral levels IV and Vb
were included in CTV2, omitting the contralateral lower neck
(Figure 1).

The prescribed doses were: 68–70 Gy in 30–33 fractions to the
planning target volume (PTV) of GTVnx, 64–70 Gy in 30–33
fractions to the PTV of GTVnd, 60 Gy in 30–33 fractions to the
PTV of CTV1, and 54 Gy in 30–33 fractions to the PTV of CTV2.

Chemotherapy
The modes of chemotherapy used were based on the clinical
stage of the tumor. Patients with stage II NPC received
concurrent chemotherapy. Patients with stages III and IV NPC
received induction chemotherapy plus concurrent chemotherapy
or concurrent chemotherapy alone.

Induction chemotherapy was administered before radiotherapy,
which included the regimens of docetaxel plus cisplatin and
fluorouracil (TPF), docetaxel plus cisplatin (TP), cisplatin plus
fluorouracil (PF), and gemcitabine plus cisplatin (GP). The
regimens of induction chemotherapy were repeated every 3 weeks
Frontiers in Oncology | www.frontiersin.org 3115
for a total of 2 or 3 cycles. During radiotherapy, the regimens of
concurrent chemotherapy were performed, including single-agent
cisplatin (80–100 mg/m2 every 3 weeks) and single-agent cisplatin
(30–40 mg/m2 weekly).
Follow-up
After treatment, patients were followed up every 3 months for
the first 2 years, then every 6 months for the next 3–5 years and
annually thereafter. Regular follow-up examinations consisted of
physical examination, routine blood test, biochemical examination,
nasopharyngoscopy, MRI scan of the nasopharynx and neck, X-
rays or CT scan of the chest, and abdominal ultrasound.

At each follow-up, late toxicities were assessed based on the
toxicity criteria of RTOG (23) and the Common Terminology
Criteria for Adverse Events v4.0.

Statistical Analysis
The endpoints of this study were as follows: overall survival (OS),
distant metastasis-free survival (DMFS), local recurrence-free
survival (LRFS), regional recurrence-free survival (RRFS),
locoregional recurrence-free survival (LRRFS), and progression-
free survival (PFS). All endpoints were counted from the first day
of treatment. OS was defined as the interval from the first day of
treatment to the last follow-up or death for any cause; DMFS, to
the first occurrence of distant metastasis; LRFS, to the first
occurrence of local recurrence; RRFS, to the first occurrence of
FIGURE 1 | An illustration of contralateral lower neck sparing radiotherapy for a patient with stage N1 nasopharyngeal carcinoma. The blue area indicates the extent
of elective neck irradiation, including the bilateral upper neck as well as the ipsilateral lower neck, excluding the lower neck on the contralateral side.
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regional recurrence; LRRFS, to the first occurrence of local or
regional recurrence; and PFS, to the first disease progression or
death for any reason.

Statistical analysis was conducted using IBM SPSS Statistics
version 25.0 (IBM Corp, Armonk, NY). The actuarial rates of the
endpoints above were calculated using the Kaplan–Meier
method and differences between survival rates were compared
using the log-rank test. P values <0.05 were considered as
statistically significant.
RESULTS

Patient Clinical Characteristics
In total, 275 eligible patients with stage N1 disease were included
in this study (Figure 2). Of the total patients, 182 were male and
93 were female. The median age was 45 years, ranging from 13 to
Frontiers in Oncology | www.frontiersin.org 4116
76 years. Besides, a total of 189 patients (68.7%) in this study
exhibited retropharyngeal lymph node metastasis at diagnosis,
including 60 patients (21.8%) with contralateral retropharyngeal
lymph node metastasis. The detailed clinical characteristics of
these patients are summarized in Table 1.

Of the patients included in this study, 246 patients (89.5%)
received chemotherapy, including 17 patients (6.2%) receiving
induction chemotherapy alone, 135 patients (49.1%) receiving
concurrent chemotherapy alone, and 94 patients (34.2%)
receiving induction chemotherapy plus concurrent chemotherapy.
Among patients with stage II NPC, 80.5% (62/77) received
chemotherapy. Among patients with stage III or IV NPC, 92.9%
(184/198) received chemotherapy.

Treatment Outcomes
The mean follow-up time was 62 months (range, 3–93 months).
Overall, 23 patients (8.4%) developed distant metastases, which
was the most common failure pattern. Moreover, 15 cases (5.5%)
FIGURE 2 | Flowchart of the patients included in the study.
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of local recurrence and 13 cases (4.7%) of regional recurrence
were recorded. Table 2 lists the detailed failure modes. By the last
follow-up, a total of 28 patients (10.2%) died, with the majority
(23/28, 82.1%) ascribed to NPC.

The 5-year OS, DMFS, LRFS, RRFS, LRRFS, and PFS rates
were 90.5, 91.3, 94.7, 95.3, 91.2, and 81.7%, respectively. In
addition, there were no significant differences between patients
without contralateral retropharyngeal lymph node metastasis
and those with contralateral retropharyngeal lymph node
metastasis in the 5-year RRFS (94.6 vs. 98.2%, P = 0.25).
Patterns of Regional Recurrence
Overall, 13 patients (4.7%) experienced regional recurrence. All
cases were in-field regional failure, and none of them had out-of-
field regional failure. Table 3 summarizes the patterns of regional
recurrence in detail. The sites of regional recurrence were
concentrated in levels II and III. No patients experienced
regional recurrence in levels IV or V. The median time to
regional recurrence was 22 months (range, 14–72 months).
Late Toxicities
In total, data on late toxicities of 254 patients (92.4%) were
available. Most late toxicities were assessed as grade 0 or grade 1,
and the most common late toxicity was xerostomia. No late
injuries were observed in the carotid arteries, brachial plexus, or
spinal cord. Grade 3–4 late toxicities were recorded in one case
(1/254, 0.4%) of neck fibrosis and three cases (3/254, 1.2%) of
hearing loss. In addition, 70 patients were evaluated for serum
Frontiers in Oncology | www.frontiersin.org 5117
thyroid function after IMRT. Of these 70 patients, five cases (5/
70, 7.1%) of overt hypothyroidism and 22 cases (22/70, 31.4%) of
subclinical hypothyroidism were found.
DISCUSSION

The entire bilateral neck area has long been recommended for
irradiation in patients with NPC regardless of the status of nodal
metastasis to achieve adequate regional control (4–7). However,
it should be noted that this recommendation is based on clinical
experience and the results of a few retrospective studies in the era
of conventional radiotherapy (24, 25). Moreover, the lymph
nodes of most patients were diagnosed by clinical palpation
and traditional CT scan in the past, which might lead to missed
diagnosis. Currently, modern imaging techniques such as MRI
and PET/CT have been essential in the diagnosis and staging of
NPC and they have improved the understanding of lymph node
diffusion patterns. A study based on 3,100 patients with NPC
who underwent MRI showed that NPC follows an orderly
lymphatic spread pattern from higher levels to lower levels.
The most frequent sites of lymph node metastases were level II
(87.4%) and the retropharyngeal area (75.1%), followed by level
III (44.2%), level V (37.1%), and level IV (14.1%) (26). In
addition, the meta-analysis of Ho et al. (27) demonstrated that
skip metastasis of lymph nodes is relatively rare, with an
incidence ranging from 0.2 to 7.9%. More importantly, wide-
range irradiation of the whole neck could result in dysfunction in
surrounding critical organs and tissues and affect the patient’s
long-term quality of life (8–12). Therefore, it is logical to
question whether radiotherapy covering the entire neck
is necessary.

Recently, an increasing number of studies have focused on
how to minimize the irradiation range of the neck and improve
the quality of life of long-term patients. Some studies have shown
that elective irradiation of the bilateral upper neck alone is
feasible for patients with stage N0 NPC (13–15) or with only
retropharyngeal lymph node metastasis (16, 17). Furthermore, in
one of our previous studies (18), the impact of omitting
irradiation to levels IV and Vb in node-negative necks was
evaluated. In addition to 128 N0 patients, the study included
TABLE 1 | Characteristics of the 275 patients with stage N1 nasopharyngeal
carcinoma treated by contralateral lower neck sparing radiotherapy.

Characteristic No. %

Sex
Male 182 66.2
Female 93 33.8

Age(y)
Median 45
Range 13–76

Pathological type
Nonkeratinizing squamous cell carcinoma 274 99.6
Basaloid squamous cell carcinoma 1 0.4

T stage
T1 21 7.6
T2 56 20.4
T3 135 49.1
T4 63 22.9

Chemotherapy
No 29 10.5
Yes 246 89.5
IC alone 17 6.2
CCT alone 135 49.1
IC+CCT 94 34.2

Anti-EGFR targeted therapy*
No 267 97.1
Yes 8 2.9
y, years; IC, induction chemotherapy; CCT, concurrent chemotherapy; EGFR, Epidermal
growth factor receptor.
*The agents of anti-EGFR targeted therapy comprised cetuximab and nimotuzumab.
TABLE 2 | Failure patterns of treatment in the 275 patients with stage N1
nasopharyngeal carcinoma treated by contralateral lower neck sparing
radiotherapy.

Patterns of failure No. %

Local and/or regional recurrence 24 8.7
Local recurrence only 11 4.0
Regional recurrence only 9 3.3
Local and regional recurrence 4 1.5

Distant metastasis 23 8.4
Distant metastasis only 20 7.3
Distant metastasis + Local recurrence 1 0.4
Distant metastasis + Regional recurrence 0 0.0
Distant metastasis + Local recurrence +Regional recurrence 2 0.7
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84 patients with N1 NPC staged by CT. At a median follow-up
time of 59 months, only 0.5% of patients experienced lymph
node recurrence at the omitted level Vb, and none had lymph
node failure at level IV. Hu et al. (28) investigated the treatment
efficacy of 52 patients with stage N1 disease who received
irradiation of bilateral upper neck and ipsilateral levels IV and
Vb but omitted the contralateral lower neck. With a median
follow-up time of 29 months, only one patient had regional
failure in the irradiated area (level II), whereas no patient
developed out-of-field nodal failure. The reported 3-year OS,
LRFS, RRFS, and DMFS rates were 92.2, 94.3, 98, and 94.1%,
respectively. Although important evidence for the practicability
of sparing radiotherapy of the contralateral lower neck was
provided by the two studies above, there are also limitations of
the relatively small number of patients enrolled and the short
follow-up time.

In this study, the data of 275 patients with stage N1 NPC who
received contralateral lower neck sparing radiotherapy were
analyzed. The 5-year OS, DMFS, LRFS, RRFS, LRRFS, and PFS
rates were 90.5, 91.3, 94.7, 95.3, 91.2 and 81.7%, respectively. Of
particular note, only 13 cases (4.7%) of cervical lymph node
recurrence occurred in the irradiated field and none developed
out-of-field nodal recurrence. Compared with the results of other
studies (29, 30), our radiotherapy approach did not have a
negative effect on regional control nor declined the long-term
survival rates of patients. In addition, we found that the presence
of contralateral retropharyngeal lymph node metastasis would
not impair the regional control of patients who were treated with
contralateral lower neck sparing radiotherapy, since there were
no significant differences in the 5-year RRFS rates between
patients with contralateral retropharyngeal lymph node
metastasis and those without contralateral retropharyngeal
lymph node metastasis.

Notedly, the incidence of severe late toxicities associated with
neck irradiation, including neck fibrosis, hypothyroidism in
patients in this study was relatively low when compared with
the data of late toxicities in previous studies using bilateral whole
neck irradiation (10, 31–34). For example, the incidence of grade
Frontiers in Oncology | www.frontiersin.org 6118
3 neck fibrosis for patients receiving bilateral whole neck
irradiation by IMRT was reported to be 4.7% in the study by
McDowell et al. (10) and 3.0% in the study by Huang et al. (31),
respectively. By contrast, only one patient (0.4%) developed
grade 3 neck fibrosis as of the last follow-up in our study.
Also, Sommat et al. reported that the 2-year incidence rate of
hypothyroidism for patients receiving bilateral whole neck
irradiation was 44.5% (32) whereas 38.6% of patients developed
hypothyroidism as of the last follow-up in our study. This might
be attributed to the fact that omitting the irradiation of the
contralateral lower neck could decrease the exposure dose to the
neighboring normal organs and tissues, including cervical
subcutaneous tissues and thyroids. Although we lacked a
control group of whole neck irradiation, our data showed that
contralateral lower neck sparing radiotherapy might have the
potential to improve the long-term quality of life of patients.

Therefore, based on these findings, it can be considered that
omitting elective neck irradiation to the contralateral lower neck
for patients with stage N1 NPC was safe and feasible.

There are several limitations of this study that need to be
noted. First, since the present study was retrospective, the results
might have been affected by bias in the data collection. Second,
we lacked a control group in which patients received whole neck
irradiation. Third, the chemotherapy regimens used were not
completely identical. We expect that large-scale randomized
controlled clinical trials will be conducted in the near future to
address these issues.
CONCLUSION

According to our study, the incidence of out-of-field lymph node
recurrence was rare when elective neck irradiation of the
contralateral lower neck was omitted in patients with stage N1
NPC. Contralateral lower neck sparing radiotherapy would be
safe and feasible for patients with stage N1 NPC, with the
potential to improve the long-term quality of life of patients.
TABLE 3 | Patterns of regional recurrence of the 275 patients with stage N1 nasopharyngeal carcinoma treated by contralateral lower neck sparing radiotherapy (n = 13).

No. Sex Age (y) T stage Initial level involved Regional recurrence site Failure pattern Time to regional recurrence (m)

1 Female 51 T4 Right II Right II In-filed 20
2 Female 42 T4 Right II Bilateral II, Right III In-filed 18
3 Male 41 T4 Bilateral RLN, Left II Left II In-filed 22
4 Male 63 T3 Left RLN, II, III Left II In-filed 14
5 Male 41 T3 Left RLN, II, III Left II In-filed 14
6 Male 43 T3 Left II, III Left III In-filed 49
7 Male 49 T4 Left RLN, II Left II In-filed 49
8 Male 44 T1 Right II Right II In-filed 21
9 Female 47 T2 Left II Left II In-filed 72
10 Female 45 T2 Left RLN, II, III Left II In-filed 33
11 Male 53 T4 Left II Left II In-filed 22
12 Male 38 T2 Left II, III Left II In-filed 14
13 Female 53 T2 Right II Right II In-filed 30
February 2
y, years; m, months; RLN, retropharyngeal lymph node.
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Objective: This study aimed to develop a least absolute shrinkage and selection operator
(LASSO)-based multivariable normal tissue complication probability (NTCP) model to
predict radiation-induced xerostomia in patients with nasopharyngeal carcinoma (NPC)
treated with comprehensive salivary gland–sparing helical tomotherapy technique.

Methods and Materials: LASSO with the extended bootstrapping technique was used
to build multivariable NTCP models to predict factors of patient-reported xerostomia
relieved by 50% and 80% compared with the level at the end of radiation therapy within 1
year and 2 years, R50-1year and R80-2years, in 203 patients with NPC. The model
assessment was based on 10-fold cross-validation and the area under the receiver
operating characteristic curve (AUC).

Results: The prediction model by LASSO with 10-fold cross-validation showed that
radiation-induced xerostomia recovery could be predicted by prognostic factors of R50-
1year (age, gender, T stage, UICC/AJCC stage, parotid Dmean, oral cavity Dmean, and
treatment options) and R80-2years (age, gender, T stage, UICC/AJCC stage, oral cavity
Dmean, N stage, and treatment options). These prediction models also demonstrated a
good performance by the AUC.
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Conclusion: The prediction models of R50-1year and R80-2years by LASSO with 10-
fold cross-validation were recommended to validate the NTCP model before
comprehensive salivary gland–sparing radiation therapy in patients with NPC.
Keywords: xerostomia, nasopharyngeal carcinoma, prediction model, LASSO, helical tomotherapy technique
INTRODUCTION

At present, intensity-modulated radiation therapy (IMRT)
combined with chemotherapy is the main treatment model in
patients with nasopharyngeal carcinoma (NPC) (1). Radiation-
induced xerostomia, as a common and serious adverse effect of
radiation therapy (RT), significantly reduces patients’ quality of
life, causing difficulties in chewing, swallowing, speaking, and
even sleeping patterns (2–4). In recent decades, multiple studies
have shown that IMRT could decrease radiation-related
xerostomia by sparing parotid glands or submandibular glands
(5–7). Nowadays, IMRT technique, especially helical
tomotherapy (HT), provides homogeneous dose distribution in
target volumes with a low dose to salivary glands. A previous
study reported that comprehensive protection of salivary glands,
including parotid glands (PGs), submandibular glands (SMGs),
and accessory salivary glands in the oral cavity (OC), minimized
xerostomia in patients with head and neck cancer (HNC) treated
with HT technique, without increasing early locoregional
recurrence risk (8).

Xerostomia prediction could assist clinicians to prejudge the
probability and severity of this side effect and to design a more
suitable treatment plan, if possible, in advance. In recent years,
correlations between the probability and severity of xerostomia
with irradiation volume and dose to salivary glands were
established (9–11). The Quantitative Analyses of Normal
Tissue Effects in the Clinic (QUANTEC) guidelines
recommended a mean dose (Dmean) below 20 or 25 Gy to
one or two PGs (12). During the period of two-dimensional RT
and three-dimensional conformal RT (3DCRT), prediction of
radiation-induced xerostomia has been frequently studied based
on normal tissue complication probability (NTCP) models
depending on the dose–volume relationship with the
probability of side effects, using either a univariate or a
multivariate logistic regression model (10, 13, 14). However,
not only dose–volume parameters but also other clinical
prognostic factors could affect radiation-induced xerostomia. A
multivariable logistic regression model needs to be developed to
take a wide variety of influencing factors into consideration. The
least absolute shrinkage and selection operator (LASSO) is a
relatively refined model that constructs a penalty function so that
some regression coefficients are compressed. That is, the sum of
absolute values of the mandatory coefficients is less than a fixed
value; meanwhile, some regression coefficients are set to zero.
Therefore, it retains the advantage of subset contraction and is a
biased estimate for processing data with complex collinearity
(15). Xu et al. (16) introduced LASSO to build NTCP models of
xerostomia in patients with HNC treated using 3DCRT. Lee et al.
(17) reported that using a multivariate regression model with
2122
LASSO could predict the incidence of xerostomia after IMRT in
patients with HNC. However, the major weakness of these
studies is the lack of assessment of radiation dose to other
salivary glands, including SMG and OC.

This study aimed to develop a LASSO-based multivariable
NTCPmodel to predict radiation-induced xerostomia in patients
with NPC treated using comprehensive salivary gland–sparing
HT technique and to identify clinical and dosimetric factors
associated with xerostomia. This study is novel in studying the
probability and severity of xerostomia in a large consecutive
clinical sample of patients with NPC treated with comprehensive
salivary gland–sparing HT technique.
METHODS AND MATERIALS

Participants and Data Collection
Data from 220 consecutive patients with histologically-
confirmed NPC treated with comprehensive salivary gland–
sparing HT technique from February 2016 to August 2018
were collected from the Department of Radiotherapy in the
First Medical Center of the General Hospital of the Chinese
People’s Liberation Army (PLA). Seventeen patients died from
progression of the disease or other complications within the first
two years after RT. The clinical characteristics of the remaining
203 patients are shown in Table 1. All eligible patients
participated in the saliva flow rate measurement and the
xerostomia questionnaire (XQ) evaluation. Data on the risk
factors of xerostomia, such as age, gender, PG Dmean (total),
SMG Dmean (total), OC Dmean, treatment options, T stage and
N stage, saliva flow rates, and XQ score, were collected for each
patient. All patients provided written informed consent. This
prospective study was registered with the number ChiCTR-
ONN-17010597 in the Chinese Clinical Trial Registry and was
conducted at our study center and approved by the ethics
committee of the Chinese PLA General Hospital (approved no.
S2016-122-01).

Treatment and Xerostomia Evaluation
All patients were treated with comprehensive salivary gland–
sparing HT technique. The prescription dose to the primary
tumor and metastatic lymph nodes was 67.5 Gy, accompanied
with 60 Gy to high-risk areas and 54 Gy to low-risk areas, in 30
fractions. The mean doses were constrained to be as low as
possible for PG, SMG, and OC, while the dose to target areas
was not compromised with the relevant salivary gland protection.
Target volumes were delineated, as shown in Figure 1. IMRT was
performed using 6-MV x-ray obtained using a TomoTherapy
System (Accuray, USA). The main treatment model was induction
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chemotherapy, followed by concurrent chemoradiotherapy. On
this basis, weekly Nituzumab was added to concurrent
chemoradiotherapy in some patients. Xerostomia was evaluated
by a questionnaire and saliva flow rate measurement before RT
and at 0, 1, 3, 6, 12, 18, and 24 months after the end of RT. The
xerostomia-specific questionnaire was tested and validated (8, 18).
Saliva flow rates, including unstimulated and stimulated saliva
flow rates, were measured as reported in a previous study (8).

Statistical Analyses
Descriptive statistics were presented in the baseline characteristics
table. As bilateral glands were exposed to different doses in
patients with different clinical stages, the average of the Dmean
of both PGs and SMGs was calculated for the convenience of
analysis. Potential prediction variables, including age, gender, PG
Dmean, SMG Dmean, OC Dmean, treatment options, T stage, N
Frontiers in Oncology | www.frontiersin.org 3123
stage, UICC/AJCC stage, saliva flow rates, and XQ score, were
analyzed by multivariate linear regression. Treatment, T stage, N
stage, and AJCC stage are categorical variables. In the prediction
model, one of the variables is selected as the reference point to
analyze its correlation with the other variables. The Mann
−Kendall trend test was used to verify the consistency of the XQ
score and saliva flow rates. Statistical comparisons of continuous
variables were performed using the independent-samples t test or
Mann–Whitney U test for the two groups. Categorical variables
were expressed as percentages, and statistical comparisons were
performed using the X2 test or Fisher’s exact test. All statistical
tests were performed using R (version 4.0.2) statistical software,
and a two-sided P <0.05 was deemed to be statistically significant.

Prediction Model
As the dependent variable was one (change) or zero (unchange)
for the predictive factors affecting xerostomia at 1-year or 2-year
postradiotherapy, logistic regression with an extended
bootstrapping technique was used, which was defined as follows:

P =
1

1 + e−A

Here, P represents the alleviation probability of the radiation-
induced xerostomia.A= b0 + b1X11 + b2X22 +···+bpXpp, where b0 is the
intercept term, p is the number of variables, X11,X22,···,Xpp represent
different variables, and b1,b2,···,bp represent the corresponding
regression coefficient. Maximum likelihood estimation was adopted
in the parameter estimation process. Two models were constructed
according to the patient-reported XQ score, which were relieved by
50% and 80% compared with the level at the end of RTwithin 1 and 2
years, respectively. In this study, R50 and R80 were used to represent
patient-reported XQ scores relieved by 50% and 80%, respectively,
compared with the level at the end of RT. The dependent variables
were R50 or R80 within 1 and 2 years, and independent variables were
gender, age, PG Dmean, SMG Dmean, OC Dmean, T stage, N stage,
UICC/AJCC stage, and treatment options. For each NPC patient, nine
candidate prognostic factors were initially evaluated in the variable
selection procedure. The LASSO-based multivariable NTCP model
was used to predict radiation-induced xerostomia in patients with
NPC treated with comprehensive salivary gland–sparing HT
technique. First, the LASSO was used to rank the correlations of
different potential prognostic factors, and a bootstrapping method was
used to reduce the number of factors. After selecting the prognostic
factors, odds ratios and 95% confidence intervals (95% CIs) were
calculated for these factors (16).

Double cross-validation was carried out using training data
and validation data to develop the NTCP model and test its
prediction power. A model could be developed and optimized by
a training set and a validation set, while the prediction power of
this model was tested by a test set (17, 19). In practice, a 10-fold
approach is used more often, and the prediction likelihood of 10-
fold cross-validation is relatively stable, as reported by Xu et al.
(17). Therefore, in this study, 10-fold cross-validation was used
to obtain the best predictive factor subsets. The area under the
receiver operating characteristic curve (AUC) was also used as
another criterion to check the performance of the model (20).
TABLE 1 | Patients’ characteristics.

Characteristics No. of patients %

Age (year)
Mean 48
Median 51
Range 10 - 83

Gender
Male 138 67.98
Female 65 32.02

Treatment
-1 (Induction chemotherapy+
concurrent chemoradiotherapy+
molecular targeted therapy)

95 46.80

-2 (Induction chemotherapy+
concurrent chemoradiotherapy)

100 49.26

-3 (Concurrent chemoradiotherapy) 3 1.48
-4 (Radiation therapy alone) 5 2.46

PG dose (Gy)
Mean 30.15
Median 30.05
Range 11.19 - 43.19

SMG dose (Gy)
Mean 41.74
Median 42.13
Range 10.29 - 66.63

OC dose (Gy)
Mean 32.01
Median 31.91
Range 13.55 – 52.48

T-stage
T1 19 9.36
T2 99 48.77
T3 50 24.63
T4 35 17.24

N-stage
N0 13 6.40
N1 44 21.67
N2 101 49.75
N3 45 22.17

UICC/AJCC stage
I 2 0.99
II 33 16.26
III 94 46.31
IVa 74 36.45
PG, parotid gland; SMG, submandibular gland; OC, accessory salivary glands in the oral
cavity.
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RESULTS

Patients
A total of 203 patients were enrolled in this study (Table 1).
Patients were predominantly male (67.98%), with a median age
of 51 years (10–83 years). Patients, with stage II (16.26%), III
(46.31%), and IVa (36.45%), received induction chemotherapy
combined with concurrent chemoradiotherapy (49.26%), and
induction chemotherapy combined with concurrent
chemoradiotherapy and Nituzumab (46.80%). The doses were
constrained to be as low as possible following IMRT by helical
tomotherapy technique for bilateral PG (PG-T, with the average
doses of both glands), contralateral SMG (cSMG), and OC, with
an average of the mean dose of these glands of 30.15Gy (range
from 11.19 to 43.19Gy), 41.74Gy (range from 10.29 to 66.63Gy),
and 32.01Gy (range from 13.55 to 52.88Gy), respectively. The
median time from therapy to the last follow-up was 44 months
(25–54 months).

Consistency Between XQ Evaluation and
Saliva Flow Rate Measurement
A strong consistency between the XQ score and saliva flow rates
was detected by the Mann−Kendall trend with P <0.05 in 159
cases, accounting for 78.33% of the cases with unstimulated
saliva flow rate measurement, while with P <0.05 in 161
cases, accounting for 79.31% of the cases with stimulated
saliva flow rate measurement (Supplementary Table 1).
Therefore, the XQ score was used to evaluate xerostomia in
the subsequent analyses.

Correlation of Different Predictive Factors
As shown in Figure 2A, SMG Dmean changed significantly with
different T stages, which had no significant effect on the PG
Dmean or OC Dmean. However, different N stages had a
significant effect on the SMG Dmean, which was about 1.5
times higher in patients with N2–3 stages than in those with
N0–1 stage (Figure 2B).
Frontiers in Oncology | www.frontiersin.org 4124
Predictors of R50 or R80 at 1-Year and
2-Year Postradiotherapy
The factors that correlated with the patient-reported XQ score, at
12- and 24-month postradiotherapy, detected by univariate and
multivariate analyses are summarized in Table 2. At 1-year
postradiotherapy, age, gender, and SMG Dmean each
significantly correlated with R50 in the multivariate model,
while no factors correlated with R50 at 2-year postradiotherapy.
Furthermore, at 1-year postradiotherapy, just age and OC Dmean
correlated with R80, whereas age, gender, SMG Dmean, and OC
Dmean correlated with R80 at 2-year postradiotherapy.
Supplementary Figure 1 shows that the recovery probability of
xerostomia represented by R50 and R80 increased with a
prolonged follow-up. The R50/R80 returned to 69.95%/6.40% at
12 months and to 95.57%/66.01% at 24 months, respectively. That
is to say, at 1-year postradiotherapy, very few patients reached the
R80 level. However, almost all the patients reached the R50 level at
2-year postradiotherapy. Therefore, the probability of R50 at 1-
year postradiotherapy (R50-1year) and the probability of R80 at 2-
year postradiotherapy (R80-2years) were finally chosen to
establish the NTCP model for radiation-induced xerostomia.

Prediction Model With R50-1year and
R80-2years
LASSO with bootstrap technique ranked the predictive factors of
R50-1year and R80-2years in descending order, as shown in
Supplementary Table 2. The 10-fold cross-validation was used to
test the prediction performance of NTCP models. The LASSO
coefficient profiles of the R50-1year and R80-2years with nonzero
coefficients determined by the optimal lambda (l) are shown in
Figures 3A, B. l is the regularization parameter in LASSO, and the
optimal value could be obtained from the 10-fold cross-validation.
When log (l) = −4.7, seven predictive factors of R50-1year were
selected: age, gender, T stage, UICC/AJCC stage, PG Dmean, OC
Dmean, and treatment options. When log(l) = −3.8, six prognostic
factors of R80-2years were selected: age, gender, T stage, UICC/
AJCC stage, OCDmean, and N stage. All corresponding coefficients
A B

FIGURE 1 | Delineation of target volume Red line: pGTVnx; brown line: pGTVnd; pink line: PTV1; dark green line: oral cavity; blue line: parotid gland; green line:
submandibular gland.
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A

B

FIGURE 2 | Comparison of the mean dose (Dmean) of PG, SMG, and OC with different T (A) and N (B) stages.
TABLE 2 | Predictors of R50/R80 at 1 year and 2 years of post-radiotherapy.

Variable 1-year Multivariate model 2-years Multivariate model

R50 R80 R50 R80

Age -2.52* (1.03) -6.93** (2.20) -3.23 (3.72) -7.06***(1.51)
Gender 1.34***(0.40) 0.86 (2.20) 3.27 (1.53) 2.96***(0.61)
OC Dmean -0.06 (0.06) 0.17* (0.12) -0.14 (0.15) -0.18*(0.09)
PG Dmean 0.30 (2.52) 2.61 (5.30) -5.72 (9.63) 0.60 (3.17)
SMG Dmean -0.11***(0.02) -0.09 (0.04) -0.43 (0.26) -0.22***(0.04)
Treatment
Treatment-1
Treatment-2 0.20 (0.42) 1.43 (0.87) -0.39 (1.46) -0.30 (0.56)
Treatment-3 14.78 (1172.40) -16.94 (11500) 13.78 (22160) 14.15 (3355.10)
Treatment-4 -0.70 (1.40) -10.16 (3920) -6.37 (4.44) 2.20 (1.88)

T stage
T1
T2 -0.51 (0.72) 16.70 (2090) -13.66 (8462) 1.03 (0.87)
T3 -0.41 (0.83) 16.22 (2090) -12.41 (8462) 1.48 (1.05)
T4 -0.88 (1.40) 13.49 (2090) -30.89 (9647) 0.53 (1.40)

N stage
N0
N1 0.19 (1.06) 17.30 (2930) -11.67 (11357) -15.43 (1576.11)
N2 1.17 (1.15) 15.04 (2930) -4.68 (11357) -16.64 (1576.11)
N3 2.54 (1.66) 15.30 (2930) 7.64 (12218) -16.82 (1576.11)

UICC/AJCC stage
I
II -14.73 (1392.27) -15.49 (13800) 23.99 (33030) 0.78 (4244.68)
III -15.20 (1392.27) -13.63 (13800) 4.74 (32452) 2.76 (4244.68)
IV -16.62 (1392.27) -12.08 (13800) 26.02 (32781) 2.97 (4244.68)

(Constant) 22.53 (1392.27) -23.25 (137000) 50.52 (29198) 30.70 (3941.22)
Frontiers in Oncology | www.frontiersin.
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R50/R80, patient-reported xerostomia scores relieved by 50%/80% compared to the level at the end of radiation therapy. *p = 0.05; **p = 0.01; ***p = 0.001.
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B

FIGURE 3 | LASSO coefficient profiles of the eleven R50-1year (A) and sixteen R80-2years (B) related events with non-zero coefficients determined by the optimal
lambda.
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of the multivariate logistic regression models are shown in Tables 3
and 4. The probability of xerostomia recovery in each patient could
be calculated using the following formula:

P =
1

1 + e−A

In the R50-1yearmodel,A= 3.52− (age × 1.45) + (gender × 1.13) +
(treatment × corresponding coefficient) + (T stage × corresponding
coefficient) − (PG Dmean × 1.36) − (OC Dmean × 3.14) + (UICC/
AJCC stage × corresponding coefficient). In the R80-2yearsmodel,A =
2.87 − (age × 2.25) + (gender × 1.38) + (treatment × corresponding
coefficient) − (OC Dmean × 3.36) + (UICC/AJCC stage ×
corresponding coefficient) + (N stage × corresponding coefficient).
Frontiers in Oncology | www.frontiersin.org 7127
The AUC of the forward selection model was achieved
through 200 randomized LASSO tests; the average was 0.72
(95% CI = 0.56–0.87) for the R50-1year model, while 0.82 (95%
CI = 0.70–0.95) for the R80-2years model.
DISCUSSION

Xerostomia is one of the most common RT-induced toxicities in
patients with NPC (10, 19). Identifying the relevant factors and
establishing a prediction model is crucial to alleviate this side
effect. At present, a LASSO-based multivariable NTCP model has
been used to develop the prediction model for xerostomia (16, 21).
Compared with other NTCP prediction models, this model is
more suitable for multiple complex variable factors using the
regularization method. A bias term was added to the regression
optimization function to reduce the collinearity effect, thus
reducing the model variance. Radiation-induced xerostomia
usually takes a longer time to recover. However, most current
models set the end point at the 12th month after RT. In addition,
most of the xerostomia risk prediction models are based on the
dose–volume threshold of the PG (11, 22). Although the dose and
volume of the PG could be effectively reduced by IMRT technique
(4, 23, 24), other salivary glands were also involved in saliva
production. At present, comprehensive protection of salivary
glands, including PG, SMG, and OC, has been demonstrated to
significantly alleviate xerostomia in patients with HNC treated
with HT, without increasing the locoregional recurrence risk (8).
Other clinical prognostic factors could affect radiation-induced
xerostomia. Therefore, LASSO-based multivariable NTCP models
were developed to predict radiation-induced xerostomia among
patients with NPC treated with comprehensive salivary gland–
sparing HT technique at 1-year and 2-year postradiotherapy.

In this study, multivariate analysis showed that age, gender, and
SMGDmean were predictors of R50-1year, while age, gender, SMG
Dmean, and OC Dmean were predictors of R80-2years. Therefore,
not only SMG Dmean, but also age, gender, and OC Dmean were
the principal predictive factors of xerostomia. This result was
consistent with clinical observations and was similar to a previous
study (16). The female patients had a higher probability of
xerostomia than male patients, along with older patients who had
a higher probability of xerostomia than younger patients. Onjukka
et al. (25) recently reported that age was one of the significant
variables for severe xerostomia in patients with HNC after RT. The
reason might be that younger patients recover more quickly from
radiation-induced gland damage. However, why women are more
prone to radiation-induced xerostomia is not clear. Jellema et al.
(26) reported that two-dimensional radiation-induced xerostomia
had a larger impact on the overall quality of life in women than in
men, and this may be because women experienced more insomnia
than men (27). Further research is needed to clarify if the endocrine
system and psychological factors are also involved. Saarilahti et al.
(28) demonstrated that sparing of contralateral SMG resulted in a
reduction of xerostomia compared with patients with only PG
spared. SMG-sparing IMRT realized with HT technique had been
an effective method to reduce the risk of xerostomia in patients with
TABLE 3 | Multivariate logistic regression in the R50-1year model for optimal
prediction factors selection.

Prognostic factor (p= 7) b p Odds ratio 95% CI

Age -1.45 0.111 0.23 0.04 - 1.35
Gender 1.13 0.001 3.10 1.57 - 6.23
Treatment
Treatment-1 0 <0.001
Treatment-2 -0.27 0.431 0.76 0.38 - 1.50
Treatment-3 15.36 0.989 4665963
Treatment-4 -1.28 0.321 0.28 0.02 - 3.64

T stage
T1 0 <0.001
T2 -0.86 0.183 0.42 0.10 - 1.40
T3 -0.10 0.889 0.90 0.20-3.71
T4 -0.88 0.499 2.42 0.23 - 59.06

OC Dmean -0.08 0.081 0.92 0.84 - 1.01
PG Dmean -0.04 0.487 0.96 0.85 - 1.08
UICC/AJCC stage
I 0 <0.001
II -14.35 0.991 0.00
III -15.62 0.991 0.00
IV -16.98 0.990 0.00

(Constant) 21.28 0.987
TABLE 4 | Multivariate logistic regression in the R80-2years model for optimal
prediction factors selection.

Prognostic factor (p= 6) b p Odds ratio 95% CI

Age -3.45 0.001 0.03 0 - 0.21
Gender 1.92 0.000 6.79 3.20 - 15.27
Treatment
Treatment-1 0 <0.001
Treatment-2 -1.00 0.007 0.37 0.17 - 0.75
Treatment-3 15.23 0.994 4123962
Treatment-4 0.19 0.900 1.22 0.04-37.83

OC Dmean -0.14 0.006 0.87 0.78 - 0.95
UICC/AJCC stage
I 0 <0.001
II 0.95 1.000 2.58
III 0.84 1.000 2.32 0.33 - 14.43
IV 0.98 1.000 2.67 0.22 - 76.48

N stage
N0 0 <0.001
N1 -16.20 0.988 0
N2 -17.27 0.987 0
N3 -18.17 0.987 0

(Constant) 22.51 0.992 5975743863
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NPC. Although OCDmean is a non-negligible variable, the amount
of saliva secreted by the OC is relatively small, and oral discomfort is
mainly caused by the mucosal injury. Eisbruch et al. (29) found that
restricting the threshold of OC Dmean to 41.6 Gy in 84 patients
with HNC could protect OC and reduce xerostomia symptoms.
However, large sample studies are still needed to determine the
relationship between oral dosimetry and xerostomia. From the
multivariate analysis, not only dose–volume parameters, such as
SMG Dmean, but also varieties of clinical factors were detected as
risk factors for xerostomia. A LASSO-based multivariable NTCP
model was built so as to take a wide variety of influencing factors
into consideration. The aim of this study was to investigate the
probability and severity of radiation-induced xerostomia in a large
consecutive clinical sample of patients with NPC treated with
comprehensive salivary gland–sparing HT technique first.
Furthermore, a LASSO-based multivariable NTCP model showed
superior prediction performance (improving efficiency and fitness)
under the conditions of variables in the data set with high
dimensions and multicollinearity. Finally, the end point of follow-
up in this study was extended to 24 months.

The prediction model of R50-1year and R80-2years was achieved
by LASSO using the bootstrapping method. The difference between
the two models was detected because in addition to the five common
predictive factors, the T stage and PG Dmean were prediction
variables of R50-1year, while the N stage was the prediction
variable of R80-2years. This suggested that the N stage was one of
the predictive factors of xerostomia with a long follow-up. One
possible explanation was that dose distribution in the neck varied
with different N stages, affecting PGs and SMGs, leading to their
injury in patients with advanced N stage. However, SMGDmean was
not detected as a predictive factor in the two models, probably
because SMG Dmean was closely related to the N stage, and both of
them might be multicollinear. The explanatory variables, such as
SMG Dmean and N stage, in the regression model were distorted or
difficult to estimate due to the precise correlation or high correlation.
As a result, the N stage was a highly significant variable, causing SMG
Dmean to change from significant to insignificant in the outcome
variable in the prediction model, in which the primary goal was to
improve the prediction accuracy, and multicollinearity was allowed.

In this study, 10-fold cross-validation was used to test the
prediction performance of the NTCP models. After validation, the
AUC index for the prediction model of R50-1year and R80-2years
was 0.72 and 0.82, respectively, demonstrating a good performance
of the models. The 10-fold cross-validation, more stable than 2-fold
or 5-fold cross-validation, divided the data set into 10 parts and took
9 parts as the training data and 1 part as the test data, in turn, to
conduct the test. The average value of the correct rate (or error rate)
of the results of 10 times was used as the estimation of the accuracy
of the algorithm. This study showed that 10-fold cross-validation
was an appropriate choice for obtaining the best error estimate and
was used as an optimization model.

This study constructed R50-1year and R80-2years by LASSO
using the bootstrapping method as predictionmodels of radiation-
induced xerostomia in patients with NPC treated with
comprehensive salivary gland–sparing HT technique. However,
this study was a single-institution study. As only two patients had
Frontiers in Oncology | www.frontiersin.org 8128
UJCC stage 1, the sample size should be further expanded in future
studies. Therefore, the prediction models might not be suitable for
other centers. Furthermore, the clinical correlation variables might
be insufficient, and more characteristics of patients, such as eating
habits, smoking and drinking habits, place of origin, and degree of
education, might be necessary to be incorporated into the
construction of the prediction model.
CONCLUSIONS

The prediction model by LASSO with 10-fold cross-validation
showed that radiation-induced xerostomia could be predicted by
prognostic factors of R50-1year (age, gender, T stage, UICC/
AJCC stage, PG Dmean, OC Dmean, and treatment options) and
R80-2year (age, gender, UICC/AJCC stage, OC Dmean, N stage,
and treatment options) with a good performance by the AUC.
Therefore, these two models are recommended to validate the
NTCP models before comprehensive salivary gland–sparing RT
in patients with NPC.
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11. Gabryś HS, Buettner F, Sterzing F, Hauswald H, Bangert M. Parotid gland
mean dose as a xerostomia predictor in low-dose domains. Acta Oncol
(Stockholm Sweden) (2017) 56:1197–203. doi: 10.1080/0284186X.2017.
1324209

12. Moiseenko V, Wu J, Hovan A, Saleh Z, Apte A, Deasy JO, et al. Treatment
planning constraints to avoid xerostomia in head-and-neck radiotherapy: an
independent test of QUANTEC criteria using a prospectively collected
dataset. Int J Radiat Oncol Biol Phys (2012) 82:1108–14. doi: 10.1016/
j.ijrobp.2011.04.020

13. Beetz I, Schilstra C, van der Schaaf A, van den Heuvel ER, Doornaert P,
van Luijk P, et al. NTCP models for patient-rated xerostomia and sticky saliva
after treatment with intensity modulated radiotherapy for head and neck
cancer: The role of dosimetric and clinical factors. Radiother Oncol (2012)
105:101–6. doi: 10.1016/j.radonc.2012.03.004

14. Beetz I, Schilstra C, van Luijk P, Christianen MEMC, Doornaert P, Bijl HP,
et al. External validation of three dimensional conformal radiotherapy based
NTCP models for patient-rated xerostomia and sticky saliva among patients
treated with intensity modulated radiotherapy. Radiother Oncol (2012)
105:94–100. doi: 10.1016/j.radonc.2011.11.006

15. Osborne MR, Presnell B, Turlach BA. On the LASSO and its dual. J Comput
Graph Statist (2000) 9:319–37. doi: 10.2307/1390657

16. Xu CJ, van der Schaaf A, Van’t Veld AA, Langendijk JA, Schilstra C. Statistical
validation of normal tissue complication probability models. Int J Radiat
Oncol Biol Phys (2012) 84:123–9. doi: 10.1016/j.ijrobp.2012.02.022
Frontiers in Oncology | www.frontiersin.org 9129
17. Lee TF, Chao PJ, Ting HM, Chang LY, Huang YJ, Wu JM, et al. Using
multivariate regression model withleast absolute shrinkage and selection
operator (LASSO) to predict the incidence of xerostomia after intensity-
modulated radiotherapy for head and neck cancer. PloS One (2014) 9:1–11.
doi: 10.1371/journal.pone.0089700

18. Amosson CM, Teh BS, Van TJ, Uy N, Huang E, Mai WY, et al. Dosimetric
predictors of xerostomia for head-and-neck cancer patients treated with the
smart (simultaneous modulated accelerated radiation therapy) boost
technique. Int J Radiat Oncol Biol Phys (2003) 56–7. doi: 10.1016/s0360-
3016(03)00093-2

19. El Naqa I, Bradley J, Blanco AI, Lindsay PE, Vicic M, Hope A, et al.
Multivariable modeling of radiotherapy outcomes, including dose-volume
and clinical factors more option. Int J Radiat Oncol Biol Phys (2006) 64:1275–
86. doi: 10.1016/j.ijrobp.2005.11.022

20. Lee TF, Fang FM. Quantitative analysis of normal tissue effects in the clinic
(QUANTEC) guideline validation using quality of life questionnaire datasets
for parotid gland constraints to avoid causing xerostomia during head and-
neck radiotherapy. Radiother Oncol (2013) 106:352–8. doi: 10.1016/
j.radonc.2012.11.013

21. Lee TF, Liou MH, Huang YJ, Chao PJ, Ting HM, Lee HY, et al. LASSO NTCP
predictors for the incidence of xerostomia in patients with head and neck
squamous cell carcinoma and nasopharyngeal carcinoma. Sci Rep (2014)
4:6217. doi: 10.1038/srep06217

22. Millunchick CH, Zhen H, Redler G, Liao YX, Turian JV. A model for
predicting the dose to the parotid glands based on their relative overlapping
with planning target volumes during helical radiotherapy. J Appl Clin Med
Phys (2017) 19:48–53. doi: 10.1002/acm2.12203

23. Kwong DLW, Pow EHN, Sham JST, McMillan AS, Leung HT, Leung WK,
et al. Intensity-modulated radiotherapy for early-stage naso-pharyngeal
carcinoma: A prospective study on disease control and preservation of
salivary function. Cancer (2004) 101:1584–93. doi: 10.1002/cncr.20552

24. Pacholke HD, Amdur RJ, Morris CG, Li JG, Dempsey JF, Hinerman RW, et al.
Late xerostomia after intensity-modulated radiation therapy versus
conventional radiotherapy. Am J Clin Oncol (2005) 28:351–8. doi: 10.1097/
01.coc.0000158826.88179.75

25. Onjukka E, Mercke C, Björgvinsson E, Embring A, Berglund A, Alexandersson
von Döbeln G, et al. Modeling of xerostomia after radiotherapy for head and
neck cancer: A registry study. Front Oncol (2020) 10:1647. doi: 10.3389/fonc.
2020.01647

26. Jellema AP, Slotman BJ, Doornaert P, Leemans CR, Langendijk JA. Impact of
radiation-induced xerostomia on quality of life after primary radiotherapy
among patients with head and neck cancer. Int J Radiat Oncol Biol Phys (2007)
69:751–60. doi: 10.1016/j.ijrobp.2007.04.021

27. Zhang B, Wing YK. Sex differences in insomnia: a meta-analysis. Sleep (2006)
29:85–93. doi: 10.1093/sleep/29.1.85

28. Saarilahti K, Kouri M, Collan J, Kangasmäki A, Atula T, Joensuu H, et al.
Sparing of the submandibular glands by intensity modulated radiotherapy in
the treatment of head and neck cancer. Radiother Oncol (2006) 78:270–5. doi:
10.1016/j.radonc.2006.02.017

29. Eisbruch A, Kim HM, Terrell JE, Marsh LH, Dawson LA, Ship JA, et al.
Xerostomia and its predictors following parotid-sparing irradiation of head-
and-neck cancer. Int J Radiat Oncol Biol Phys (2001) 50:695–704. doi:
10.1016/S0360-3016(01)01512-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Teng, Fan, Luo, Xu, Gong, Ge, Zhang, Wang and Ma. 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.
February 2021 | Volume 11 | Article 633556

https://doi.org/10.1259/bjr.20190209
https://doi.org/10.1007/s00066-012-0257-2
https://doi.org/10.1007/s00066-012-0257-2
https://doi.org/10.1016/0360-3016(94)90104-x
https://doi.org/10.1016/0360-3016(94)90104-x
https://doi.org/10.1016/s0360-3016(03)00361-4
https://doi.org/10.1038/srep13165
https://doi.org/10.1186/s13014-014-0318-z
https://doi.org/10.1186/s13014-014-0318-z
https://doi.org/10.1016/S1053-4296(03)00033-X
https://doi.org/10.1155/2019/2401743
https://doi.org/10.1016/j.ijrobp.2009.06.090
https://doi.org/10.1016/j.radonc.2011.05.010
https://doi.org/10.1080/0284186X.2017.1324209
https://doi.org/10.1080/0284186X.2017.1324209
https://doi.org/10.1016/j.ijrobp.2011.04.020
https://doi.org/10.1016/j.ijrobp.2011.04.020
https://doi.org/10.1016/j.radonc.2012.03.004
https://doi.org/10.1016/j.radonc.2011.11.006
https://doi.org/10.2307/1390657
https://doi.org/10.1016/j.ijrobp.2012.02.022
https://doi.org/10.1371/journal.pone.0089700
https://doi.org/10.1016/s0360-3016(03)00093-2
https://doi.org/10.1016/s0360-3016(03)00093-2
https://doi.org/10.1016/j.ijrobp.2005.11.022
https://doi.org/10.1016/j.radonc.2012.11.013
https://doi.org/10.1016/j.radonc.2012.11.013
https://doi.org/10.1038/srep06217
https://doi.org/10.1002/acm2.12203
https://doi.org/10.1002/cncr.20552
https://doi.org/10.1097/01.coc.0000158826.88179.75
https://doi.org/10.1097/01.coc.0000158826.88179.75
https://doi.org/10.3389/fonc.2020.01647
https://doi.org/10.3389/fonc.2020.01647
https://doi.org/10.1016/j.ijrobp.2007.04.021
https://doi.org/10.1093/sleep/29.1.85
https://doi.org/10.1016/j.radonc.2006.02.017
https://doi.org/10.1016/S0360-3016(01)01512-7
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:
Min Yao,

University Hospitals Cleveland Medical
Center, United States

Reviewed by:
Kathryn Huber,

Tufts University School of Medicine,
United States

Alexandros Papachristofilou,
University Hospital of Basel,

Switzerland

*Correspondence:
Imran Petkar

imran.petkar@gstt.nhs.uk

†Present address:
Imran Petkar,

Head and Neck Unit, Guy's and St
Thomas' NHS Foundation Trust,

London, United Kingdom

Specialty section:
This article was submitted to

Radiation Oncology,
a section of the journal
Frontiers in Oncology

Received: 21 December 2020
Accepted: 26 January 2021
Published: 09 March 2021

Citation:
Petkar I, McQuaid D, Dunlop A, Tyler J,

Hall E and Nutting C (2021) Inter-
Observer Variation in Delineating the

Pharyngeal Constrictor Muscle as
Organ at Risk in Radiotherapy for Head

and Neck Cancer.
Front. Oncol. 11:644767.

doi: 10.3389/fonc.2021.644767

ORIGINAL RESEARCH
published: 09 March 2021

doi: 10.3389/fonc.2021.644767
Inter-Observer Variation in
Delineating the Pharyngeal
Constrictor Muscle as Organ
at Risk in Radiotherapy for Head
and Neck Cancer
Imran Petkar1,2*†, Dualta McQuaid3, Alex Dunlop3, Justine Tyler4, Emma Hall5

and Chris Nutting1,2

1 Head and Neck Unit, Royal Marsden NHS Foundation Trust, London, United Kingdom, 2 Division of Radiotherapy and
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Background and Purpose: To evaluate the inter-observer variation (IOV) in pharyngeal
constrictor muscle (PCM) contouring, and resultant impact on dosimetry and estimated
toxicity, as part of the pre-trial radiotherapy trial quality assurance (RTQA) within DARS, a
multicenter phase III randomized controlled trial investigating the functional benefits of
dysphagia-optimized intensity-modulated radiotherapy (Do-IMRT) in pharyngeal cancers.

Methods and Materials: Outlining accuracy of 15 clinicians’ superior and middle PCM
(SMPCM) and inferior PCM (IPCM) were retrospectively assessed against gold standards
(GS) using volume, location, and conformity indices (CIs) on a pre-trial benchmark case of
oropharyngeal cancer. The influence of delineation variability on dose delivered to the
constrictor muscles with Do-IMRT and resultant normal tissue complication probability
(NTCP) for physician-scored radiation-associated dysphagia at 6 months was evaluated.

Results: For GS, SMPCM, and IPCM volumes were 13.51 and 1.67 cm3; corresponding
clinicianmean volumeswere 12.18 cm3 (SD 3.0) and 2.40 cm3 (SD 0.9) respectively. High IOV
in SMPCM and IPCM delineation was observed by the low DICE similarity coefficient value,
along with high geographical miss index and discordance index values. Delineation variability
did not significantly affect the mean dose delivered to the constrictors, relative to the GS plan.
Mean clinician NTCP was 24.6% (SD 0.6), compared to the GS-NTCP of 24.7%.

Conclusions: Results from this benchmark case demonstrate that inaccurate PCM
delineation existed, even with protocol guidelines. This did not impact on delivered dose to
this structure with Do-IMRT, or on estimated swallowing toxicity, in this single benchmark
case.

Keywords: head and neck cancer, pharyngeal constrictor muscles, dysphagia, dysphagia-optimized IMRT, normal
tissue complication probability, inter-observer variation, oropharyngeal cancer, DARS
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INTRODUCTION

Irradiation of the pharyngeal constrictor muscle (PCM) is
implicated with post-radiotherapy (RT) dysphagia in head and
neck cancer (HNC), resulting in increased risks of aspiration,
prolonged feeding tube dependency, and worsened health-related
quality of life (1, 2). Sparing RT dose to this critical dysphagia/
aspiration at risk structure (DARS) is paramount to improve long-
term swallowing function. The successful implementation of
swallow-sparing RT techniques in HNC is therefore reliant on
contouring accuracy of this critical swallowing organ at risk (SW-
OAR) to facilitate optimal avoidance during RT planning. DARS
(CRUK/14/014) is a phase III randomized controlled trial in the
UK that is currently investigating the functional benefits of
reducing dose to the constrictors with dysphagia-optimized
intensity-modulated RT (Do-IMRT), relative to standard IMRT,
in cancers of the oropharynx and hypopharynx (3). Heterogeneity
in PCM definition among clinicians within the study may lead to
erroneous interpretation of RT-related morbidity, and
consequently affect the assessment and interpretation of the
primary endpoint of the study. In addition, variable contouring
may lead to inaccurate correlation between PCM dose-volume
parameters and radiation-associated morbidity, and any
subsequent parameters generated for predicting swallowing
toxicity may be misleading (4, 5).

As part of the RT quality assurance (RTQA) program for
DARS, clinicians were expected to successfully complete a pre-trial
contouring case before enrolling patients in the study at their
centers. Our aims in this study were to analyze the differences in
PCM delineation between head and neck oncologists within the
context of this pre-trial contouring program, evaluate the
dosimetric impact of inter-observer variability (IOV) with Do-
IMRT, and lastly, to determine the clinical impact of outlining
variability on estimated swallowing toxicity.
MATERIALS AND METHODS

DARS Pre-Trial Contouring RTQA Program
The pre-trial quality exercise included a contouring test case with
T2N2c base of tongue tumor (AJCC 7th edition), in which
clinicians from 15 centers were required to delineate the
clinical target volumes (CTV) and OARs, including superior
and middle PCM (SMPCM) as one structure and inferior PCM
(IPCM) as a separate structure. Do-IMRT planning was not
required on the pre-trial contouring test case; a separate pre-trial
planning test case with pre-outlined CTVs and OARs was
supplied to participating centers, who were expected to submit
a protocol-compliant Do-IMRT plan. The DARS trial RT
protocol document described in detail the RTQA process for
outlining and planning to facilitate the delivery of high-quality
RT within the study. In particular, there was a comprehensive
section on PCM delineation, which was based on the guidelines
by Christianen et al. (6), and the slice-by-slice contouring atlas
produced by the PATHOS RTQA team (7). Centers downloaded
the planning computed tomography (CT) scan dataset, with
gross tumor volume pre-outlined, in digital imaging and
Frontiers in Oncology | www.frontiersin.org 2131
communications in medicine—RT from the RTQA website. All
completed cases were reviewed by the DARS RTQA team. Each
submission was visually evaluated by the chief investigator to
determine whether it conformed to the requirements of the trial
protocol, and were classified as “per protocol,” “acceptable
variation with comments for future cases,” or “unacceptable
variation.” Individualized feedback, as per the “Global
Harmonization Group” guidelines (8), was subsequently
provided to each clinician along with either an approval or a
request for resubmission of contours. Participating centers were
only permitted to recruit patients after successful completion of
the pre-trial QA exercises.

Contour Analysis
This study was a retrospective quantitative and qualitative
analysis of variation in PCM delineation from the initial
submission of 15 clinicians, relative to a gold standard (GS)
PCM contour, in order to evaluate the IOV that would have
existed for this novel structure if a pre-trial quality assurance
program did not exist. Re-submitted contours were not evaluated
in this study and will form part of another study. The GS in this
study was created by a senior radiation oncologist who was part
of the panel of international experts that developed and
published the consensus guidelines for CT-based delineation of
OARs, including the PCM, in HNC. The completed test case
outlines were exported to the research version of RayStation
treatment planning system (version 5.9.9, RaySearch Medical
Laboratories, AB Stockholm, Sweden) for analysis within this
study. IOV was assessed using whole volume assessment,
surface-based mean and maximum distance to agreement
(DTA) (9), and volume-based conformity indices (CIs). These
metrics were written in python programming language and
implemented in RayStation as a script that could be executed
for each study dataset. The following CIs were retrospectively
evaluated to determine the concordance between clinician and
GS contours (Supplementary Figure 1):

• Dice similarity coefficient (DSC): reflects the overall
agreement between the volumes of two contours. An ideal
score is 1, indicating perfect overlap with the GS contour (10)
(9). A score of > 0.7 is considered to represent good
agreement between two contours (11–13).

• Geographical miss index (GMI): indicates the amount of GS
contour not included in the clinician contour. An ideal score
is 0, implying no “under-contouring” (14).

• Discordance Index (DI): indicates the amount of clinician
outlining not included in the GS contour. An ideal score is 0,
indicating no “over-contouring” (15).

Contouring variation for the brainstem and parotid glands, 2
routinely delineated OARs in HNC, were also determined to
serve as a useful comparator for the constrictors.

In addition to whole-volume conformity analysis described
above, a slice-by-slice CIs evaluation of clinician PCM (slice DSC
(s-DSC), s-GMI etc.) was additionally carried out (Supplementary
Figure 2) to identify volume variation on a slice-by-slice basis of the
constrictor muscle delineation (14), using the equation described in
March 2021 | Volume 11 | Article 644767
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Supplementary Figure 1. Positional variation on each slice was
additionally established by evaluating the maximum distance from
the surface of GS delineation to the clinician contour in the anterior,
posterior, right lateral, and left lateral direction on each slice.

These metrics were not used as tools to provide feedback for
submissions within the real-time pre-trial RTQA and were solely
used for the purpose of this study.

Dosimetric Analysis
Centers were not expected to generate Do-IMRT plans for the pre-
trial contouring test case. A three-step methodology was therefore
adopted to quantify the dosimetric impact of IOV in PCM
contouring for the test case, as shown in Figure 1. In step 1, GS
mean dose to the constrictors was determined by generating a GS
Do-IMRT plan using GS target volumes and OARs including
SMPCM and IPCM. This was the reference plan against which
clinician plans were compared. In step 2, 15 clinician Do-IMRT
plans based on individual clinician’s delineation of the constrictor
muscle were created in order to determine corresponding mean
doses. For these plans, GS target volumes and non-swallowing
OARs were used for RT optimization, rather than clinician volume
delineation. This step facilitated the evaluation of possible
dosimetric impact that could be attributed only due to
differences in PCM definition by the 15 oncologists. In step 3,
GS-SMPCM and GS-IPCM structure sets were superimposed on
clinician RT plans constructed in step 2, and the mean dose
delivered to the GS contours on these plans was derived. This step
allows the evaluation of whether the dose to the PCM on RT plans
created using clinicians’ definition of the constrictor muscle
represents what the GS delineation receives. Measuring this
outcome is relevant to study, as it is possible that the reported
dose to this critical swallowing OARmay not be a true reflection of
dose received in the presence of contouring errors, and therefore
subsequently reported toxicity outcomes may be inaccurate.

The Do-IMRT planning technique of DARS for oropharyngeal
tumors has been previously described elsewhere (3). In brief, the
technique aims to spare dose to the constrictors by setting a
mandatory mean dose of < 50 Gy to the volume of SMPCM
(PlanSMPCM), together with an optimal constraint of < 20 Gy to
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the volume of IPCM (PlanIPCM) lying outside the high dose
clinical target volume. A dose of 65.1 Gy in 30 fractions over 6
weeks was to be delivered to the therapeutic planning target
volume (PTV1), and 54 Gy in as many fractions to the
prophylactic PTV2.

The GS and clinician RT plans were generated with
volumetric-arc therapy, consisting of two 360°arcs with
mirrored collimator angles of 30° and 330° respectively, and
optimized using the collapse cone v3.4 algorithm in RayStation.
The planning objectives and optimization process used for each
clinician plan was similar to that used for the reference GS plan.

Predicted Swallowing Toxicity Analysis
The normal tissue complication probability (NTCP) for physician-
scored RTOG > grade 2 radiation-associated dysphagia at 6
months with Do-IMRT was determined by applying the
predictive model of Christianen et al. (16–18), in which mean
dose to the superior PCM and supraglottic larynx were predictors
of toxicity. Following on from the methodology used to determine
the dosimetric impact of IOV in contouring, three swallowing
toxicity models were accordingly calculated—GS-NTCP, based on
GSDo-IMRT plan; clinician NTCP based on their plans; and lastly
the estimated risk of dysphagia when the reference GS contours
were superimposed on the investigator RT plans.

Statistical Analysis
Analysis was performed using Statistical Package for the Social
Sciences (SPSS) version 25. Variables with normal distribution
were reported as mean and 95% confidence interval (95% CI),
while those not normally distributed were reported as median
and interquartile range (IQR). One sample t-tests were calculated
for GS dosimetry and estimated toxicity to assess for
clinician variation.
RESULTS

GS-SMPCM and GS-IPCM volumes were 13.5 and 1.7 cm3

respectively. Clinicians’ mean SMPCM and IPCM volumes
March 2021 | Volume 11 | Article 644767
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FIGURE 1 | Example of evaluation of dose delivered to pharyngeal constrictor muscle (PCM) based on clinician contours on an axial CT slice. (A) The GS Do-IMRT
plan based upon the gold standard (GS) superior and middle PCM (SMPCM) (orange) and GS IPCM contour was created to record the dose-volume histogram
(DVH) for this SW-OAR; (B) shows a clinician Do-IMRT plan that was generated using the clinician’s SMPCM (yellow) and IPCM delineation to derive the relevant
dose metrics; (C) GS SMPCM and GS IPCM contour was superimposed on the clinician’s Do-IMRT plan in (B) to allow their DVHs to be derived. This was then
compared to the original DVH obtained in (A). The presence of variation between the GS and clinician contour, as in this slice, would highlight differences in dose
delivered. In this example, it can be seen that there was less sparing of GS SMPCM laterally on clinician Do-IMRT plan compared to GS plan.

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


Petkar et al. Pharyngeal Constrictor Muscle Delineation Variability
were 12.2 cm3 (95% CI 10.5–13.8, standard deviation (SD) 3.0,
range 8.5 to 13.2) and 2.4 cm3 (95% CI 1.9–2.9, SD 0.9, range 1.3
to 4.4) respectively. Mean volumes for clinicians’ ipsilateral
parotid, contralateral parotid, and brainstem were 32.5 cm3

(95% CI 30.7–34.4, SD 2.2; GS 35.2 cm3), 37.1 cm3 (95% CI
35.4–38.9, SD 2.3; GS 37.1 cm3), and 22.6 cm3 (95% CI 19.9–25.3,
SD 3.5; GS 25.7 cm3) respectively.
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Low DSC, high GMI, and DI values were observed for
clinicians’ SMPCM and IPCM contours (Table 1). 2 of the 15
clinicians achieved a DSC > 0.70 for their IPCM delineation
(Supplementary Figure 3), and none for SMPCM contouring
(Figure 2). The GMI values indicated that a mean of 6.3 cm3

(range 3.2–8.0 cm3) and 0.5 cm3 (range 0.2–0.9 cm3) of the GS–
SMPCM and –IPCM contours were outside the clinicians’
outlining respectively. In other words, on average 46.6 and
30.0% of GS–SMPCM and –IPCM volumes were not included
in the clinicians’ delineation. The DI values, particularly for
IPCM, imply substantial over-contouring. For 11 (73%) SMPCM
and 3 (20%) IPCM contours, the maximum DTA was > 1 cm
relative to the corresponding GS contour. In comparison, there
was good agreement for the non-swallowing OARs, with DSC of
> 0.80 for both parotids and BS (Table 2).

For clinicians’ SMPCM, the median s-DSC was 0.57 (IQR
0.51–0.65); s-GMI, 0.46 (IQR 0.33–0.55); and s-DI 0.39 (IQR
0.33–0.46) (Figure 3). Corresponding values for IPCM were 0.70
(IQR 0.50–0.76); 0.22 (IQR 0.16–0.46); and 0.34 (IQR 0.23–0.59)
respectively (Supplementary Figure 4). There was considerable
variation in defining the superior-inferior extents of both
SMPCM and IPCM relative to GS, with perfect concordance
observed in only one IPCM and three SMPCM delineations
respectively. Apart from the caudal-most slice, the highest
agreement with the GS-SMPCM contours was observed
inferiorly for slices 21–25, with median s-DSC > 0.7 and low
values of s-GMI (0.25) and s-DI (0.23) respectively. Positional
analysis for SMPCM showed that the largest variation was noted
mid-way between the superior and inferior slices in the lateral
directions predominantly.

GS and all clinician Do-IMRT plans achieved the mandatory
target volume and OAR dose constraints. GS doses to the PTV1
(median), PTV2 (median), brainstem (maximum dose),
contralateral parotid (mean dose), ipsilateral parotid, and
spinal cord (maximum dose) were 65.3 Gy, 54.4 Gy, 40.7 Gy,
31.5 Gy, 32.8 Gy, and 37.2 Gy respectively. Corresponding means
of the clinician doses on clinician Do-IMRT plans were 65.4 Gy,
54.5 Gy, 41.1 Gy (95% CI 39.9–42.2), 31.3 Gy (95% CI 31.1–
31.4), 33.1 Gy (95% CI 32.9–33.3), and 40.0 (95% CI 39.1–
40.9) respectively.

GS PlanSMPCM dose was 49.5 Gy. There was no difference
between this reference dose and average of the mean dose to
clinician PlanSMPCM on clinician Do-IMRT plans (49.5 Gy,
TABLE 1 | Values for different conformity indices for superior and middle pharyngeal constrictor muscle (SMPCM) and inferior pharyngeal constrictor muscle (IPCM).

Structure SMPCM IPCM

DSC DI GMI Mean DTA (mm) Max DTA (mm) DSC DI GMI Mean DTA (mm) Max DTA (mm)

Range 0.48–0.65 0.23–0.48 0.23–0.59 1.5–2.8 7.8–23.8 0.31–0.72 0.31–0.78 0.14–0.54 0.9–5.0 3.6–15.8
Median – – – 1.8 – – – – 1.4 5.3
IQR – – – 1.7–2.2 – – – – 1.2–2.6 4.5–9.8
Mean 0.56 0.40 0.46 – 14.2 0.57 0.49 0.33 – –

95% CI 0.53–0.59 0.36–0.43 0.40–0.52 – 11.5–16.8 0.51–0.63 0.41–0.56 0.26–0.40 – –

SD 0.05 0.06 0.10 0.04 0.47 0.11 0.13 0.13 0.11 0.37
March
 2021 | Volume 11
DI, discordance index; DSC, DICE similarity co-efficient; DTA, distance to agreement; IQR, interquartile range; GMI, geographical miss index; SD, standard deviation; 95% CI, 95%
confidence interval.
A

B

FIGURE 2 | Conformity indices (A) and distance to agreement (DTA)
(B) results for clinicians’ superior and middle pharyngeal constrictor muscle
(SMPCM) contours DI, discordance index; DSC, DICE similarity co-efficient;
GMI, geographical miss index.
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95% CI 49.4–49.6, SD 0.1; p = 0.7). The mean dose to the GS
PlanSMPCM when the GS constrictor contours were
superimposed on clinician plans was, on average, 0.1 Gy lower
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than the GS dosimetry and not statistically significant (49.4 Gy,
95% CI 49.0–49.8, SD 0.7; p = 0.5). For 3 clinician PlanSMPCM
contours, the dose delivered to GS delineation on clinician Do-
IMRT plans was found to be greater than the mandatory Do-
IMRT dose constraint of < 50 Gy (Figure 4). The mean of the
clinician mean PlanIPCM dose was 20.6 Gy (95% CI 20.1–21.0,
SD 0.8), and was not statistically inferior to the GS dose of 20.2
Gy (p = 0.1); corresponding value for GS contour superimposed
on clinician plan was 19.4 Gy (95% CI 18.0–20.8, SD 2.4; p = 0.2).

The estimated risk of dysphagia is shown in Figure 5. GS-
NTCP was 24.7%. The difference between GS and clinician mean
NTCP was 0.1% (95% CI 24.3–25.0, SD 0.6; p= 0.7);
corresponding difference between the GS-NTCP and when the
GS contour was superimposed on clinician plans was 0.3% (95%
CI 23.7–25.0, SD 1.1; p= 0.3).
DISCUSSION

To our knowledge, this is the first study to explore variation in
PCM delineation, and its impact on predicted swallowing
toxicity, in the UK. We have shown that clinicians’ conformity
to the GS volume for both SMPCM and IPCM was poor with the
first submission, as evidenced by the variable whole volumes
where there was 1.5-fold and 3.4 fold-difference between
clinicians’ volumes respectively, low DSC and high DI and
GMI scores. Whole-volume CIs, however, do not provide
sufficient information about differences in size, shape, or
location that may exist between 2 volumes. Similar CIs values
for different contours, therefore, do not necessarily indicate that
the contours are identical. For instance, one clinician achieved a
DSC of 0.65 (ranked 1st of 15), GMI of 0.23 (ranked 1st of 15), but
a DI of 0.43 (ranked 11th of 15) for SMPCM delineation. Visual
assessment of the contours, however, showed that the delineation
did not extend laterally to encompass the pterygoid muscle as
specified in the trial protocol. On the other hand, no protocol
violation was identified for another clinician who scored a DSC
of 0.62 (2nd of 15), GMI of 0.34 (3rd of 15), and DI of 0.43 (10th of
TABLE 2 | Values for different conformity indices for ipsilateral and contralateral parotid gland, and brainstem.

Structure Ipsilateral parotid gland Contralateral parotid gland

DSC DI GMI Mean DTA (mm) Max DTA (mm) DSC DI GMI Mean DTA (mm) Max DTA (mm)

Range 0.85–0.89 0.05–0.15 0.12–0.2 1.3–2.1 7.2–15.5 0.82–0.90 0.08–0.17 0.08–0.20 1.1–1.6 6.0–12.2
Median 0.87 – – – – – – 0.10 – –

IQR 0.87–0.87 – – – – – – 0.10-0.13 – –

Mean – 0.09 0.16 1.6 1.18 0.87 0.11 – 1.4 9.3

95% CI – 0.07–0.12 0.14–0.19 1.4–1.8 9.1–14.5 0.85–0.89 0.09–0.14 – 1.2–1.6 7.8–11.1
SD 0.01 0.03 0.03 0.02 0.33 0.02 0.03 0.04 0.02 0.2

Structure Brainstem

DSC DI GMI Mean DTA (mm) Max DTA (mm)

Range 0.74–0.88 0.05–0.25 0.15–0.38 1.2–3.3 4.1–11.9
Mean 0.82 0.12 0.23 2.0 0.73
95% CI 0.78–0.86 0.06–0.17 0.17–0.29 1.5–2.6 5.5–9.1
SD 0.05 0.07 0.08 0.07 0.23
March
 2021 | Volume 11
DI, discordance index; DSC, DICE similarity co-efficient; DTA, distance to agreement; IQR, interquartile range; GMI, geographical miss index; SD, standard deviation; 95%CI, 95% confidence interval.
A

B

FIGURE 3 | Slice-by-slice conformity (A) and positional (B) analysis of clinicians’
superior and middle constrictor muscle (PI-SMPCM) contours DI, discordance index;
DSC, DICE similarity co-efficient; GMI, geographical miss index.
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15) for SMPCM delineation. Outlining errors for the constrictor
muscles may therefore be missed if whole-volume CIs alone were
used to establish levels of agreement between contours. The
addition of slice CIs provides a quantitative, and more objective,
evaluation by facilitating the identification of slices of disparity
between clinician and gold standard, which might lead to more
robust analysis. The s-CIs values for clinician IPCM delineation
observed in this study imply that the relatively poor corresponding
whole volume CIs values were largely due to uncertainty in defining
the superior and inferior extent of this structure.

Our study also showed that systematic delineation errors
occurred despite the presence of a detailed contouring protocol
and delineation atlas. For instance, three clinicians wrongly assumed
the caudal edge of cricoid cartilage as the inferior border of the
IPCM. Spatial assessment for SMPCM delineation additionally
demonstrated that concordance with the GS contour was poor in
the middle section of this structure, where the lower s-GMI and s-
DSC compared to the mean overall GMI and DSC suggested under-
Frontiers in Oncology | www.frontiersin.org 6135
outlining as the contouring error. Visual assessment of the
discordant slices identified that under-outlining was often due to
failure to extend the delineation of SMPCM laterally to encompass
the pterygoid muscle.

Certain factors may have influenced the poor PCM CIs
values, relative to GS. In contrast to the brainstem and
parotids where CT provides sufficient soft tissue contrast for
delineation, the PCM is not readily visualized on CT and its
contouring is therefore reliant on accurate interpretation of
guidelines based on different anatomical landmarks, which is
likely to have contributed to the higher degree of variation
observed in this study. For instance, the cranial and caudal
extent of PCM was subject to substantial IOV implying
uncertainty in identifying the tip of the pterygoid plates and
the lower edge of the arytenoid cartilages, which may be due to
unfamiliarity with identifying these on CT. It is also pertinent to
consider the relatively smaller volume of the constrictors relative
to the standard OARs when interpreting the differential CIs
values. CIs are more sensitive to the smaller volumes, as a few
missing or extra voxels on one contour is sufficient to skew their
values. On the other hand, they are more forgiving for larger
volumes such as the parotids where a relatively larger variation is
required to demonstrate a comparable CIs result.

There are only a few studies that have investigated PCM
contouring variability. Feng et al. found significant IOV among
three clinicians in fractional overlap (intersection volume
divided by union volume) for PCM (mean 0.5), when the
muscle was delineated on three separate occasions (19). Alterio
et al. additionally showed that there was increased intra- and
inter-observer variability in delineation of the superior
pharyngeal constrictor muscle, along with lower adherence
compared to the corresponding MRI-contoured muscle, among
34 HN oncologists (20); the study group did not assess the
dosimetric impact of IOV. It is difficult to make comparisons
A

B

FIGURE 4 | Mean dose delivered to plan superior and middle pharyngeal
constrictor muscle (PlanSMPCM, A) and inferior PCM (PlanIPCM, B) with
clinician dysphagia-optimized intensity modulated therapy (Do-IMRT) plans,
and the gold standard (GS) contour superimposed on the clinicians’ Do-IMRT
plan The horizontal line represents the mean dose delivered to the structures
on the GS plan, based on GS contours.
FIGURE 5 | Normal tissue complication probability (NTCP) values for
physician-scored radiation-associated dysphagia at 6 months based on
clinicians’ dysphagia-optimized intensity-modulated radiotherapy (Do-IMRT)
plans. The horizontal line represents the NTCP value for the gold standard
(GS) Do-IMRT plan, based on GS pharyngeal constrictor muscle contours.
March 2021 | Volume 11 | Article 644767
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with the above studies, due to differences in the respective
methodologies and delineation guidelines. Our work has not
only identified that IOV for contouring of PCM existed, similar
to the published literature, but also established the areas of
maximum variation from the reference contour within the
study population. The described measurements of IOV in this
study were not used during the DARS pre-trial RTQA, where
feedback to the clinicians was based on visual evaluation of their
submissions by the quality assurance team. Implementing such
measurements in addition may lead to targeted analysis of areas
of high discordance, and facilitate the introduction of semi-
automated assessment measures (15).

The PCM often falls in the region of high dose and steep dose
gradients. Inaccuracy in the contouring of this swallowing OAR
could potentially under-report the mean dose received if the
voxels are erroneously placed outside of the high dose region, or
have the converse effect if extra voxels are incorrectly placed in
the high-dose regions. We therefore studied two surrogate
clinical outcome measures, namely differences in dosimetry
and estimated risk of swallowing toxicity at 6 months, to
determine the impact of any contouring variation in the
constrictor muscle on subsequent toxicity burden, relative to
the reference contour. Despite establishing volumetric, overlap,
and spatial variability in contouring of the PCM, we found that
there was minimal impact on the mean dose delivered to this
structure with Do-IMRT and risk of persistent swallowing
dysfunction compared to GS. Such an outcome would suggest
that variability in the delineation of this swallowing OAR does
not impact on the dose delivered with Do-IMRT, which would be
consistent with results of Feng et al. and that pre-trial contouring
QA for this structure may not be necessary (21). Before drawing
firm conclusions to that effect, it is pertinent to consider certain
limitations in this study. This analysis was conducted on a single
benchmark case with minimal target volume-PCM overlap, and
it is possible that the clinical outcomes with PCM contouring
variability could differ with increasing number of cases and/or
greater overlap. Furthermore, the ball diameter used to contour
the PCM with certain clinicians was wider than the 3 mm used
for the GS contour; at the time of DARS pre-trial exercise, there
was no agreed consensus about the width of this muscle for the
purpose of delineation. Consequently, there was a larger dose
gradient on their plans relative to the GS plan, explaining why
the mean doses to the GS on some plans was smaller. Variability in
supraglottic larynx delineation was not assessed in this study and it
remains possible that outlining uncertainties for this structure may
lead to different toxicity outcomes than the one presented in this
study. Finally, the NTCP model applied in this study was not
validated for the RT treatment technique used here.

In this study, an “expert-defined” gold standard was used as the
benchmark contour, against which all contours were compared.
Therefore, there may be an element of bias introduced into our
results. Currently, there remains no consensus regarding
definition of a gold standard volume within the context of pre-
trial quality assessment, with published studies choosing between
GS contour such as in this study, or a mathematically derived
consensus contour. Similarly, there could be a debate about the
Frontiers in Oncology | www.frontiersin.org 7136
reproducibility of our GSDo-IMRT plan; however the same would
hold true for the clinician Do-IMRT plans too. The intent of this
study was to examine the IOV and subsequent dosimetric and
clinical impact, and we feel the possibility of OAR and plan
variability would always remain irrespective of the chosen
reference structure and plan. We did not analyze the differences
in dose delivered to the constrictors with standard IMRT and Do-
IMRT for each clinician outlining. This was not the aim of this
study, and therefore the potential impact of delineation variability
on dose delivered to the two arms of DARS trial, and consequent
implications on trial results, cannot be determined.

In conclusion, qualitative and quantitative assessments
demonstrated considerable IOV in the delineation of the PCM
on a single pre-trial benchmark case, due to a combination of
inaccurate interpretation of the contouring protocol and
unfamiliarity with radiological landmarks. The inconsistent
definition of PCM did not have a detrimental impact on
dosimetry or estimated toxicity, but it is premature to make
such a conclusive assumption on a single test case alone. Future
work would involve analysis of contouring from standard and
Do-IMRT plans of treated trial patients and associations with
clinical toxicity outcomes.
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Background: To evaluate the toxicities and long-term outcomes of induction

chemotherapy (ICT) plus simultaneous modulated accelerated radiation therapy

(SMART) in non-operative hypopharyngeal and supraglottic laryngeal squamous cell

carcinoma (SCCH/L).

Materials and Methods: This was a prospective phase 2 study. Patients diagnosed

with SCCH/L, aged from 18 to 75, staged from III to IVB in accordance with the

AJCC 2010 criteria, and refusing surgery were eligible. The patients were treated with

2–3 cycles of docetaxel-cisplatin-based ICT and SMART combined with 2–3 cycles of

cisplatin-based concurrent chemotherapy. The prescription dose to the primary tumor

and metastatic nodes was 69Gy in 30 fractions. Acute and late toxicities were assessed

according to the established Radiation Therapy Oncology Group/European Organization

for Research and Treatment of Cancer (RTOG/EORTC) criteria, and long-term outcomes

were analyzed.

Results: Between February 2013 and June 2015, 55 newly diagnosed SCCH/L patients

were enrolled. No grade 2 or worse acute xerostomia was noted. The incidences of grade

3 acute dermatitis, oral mucositis, and pharyngoesophagitis were 12.7, 3.6, and 12.7%,

respectively. The median follow-up time was 48 months (range 5.5–74 months). The

main late toxicity was hoarseness or sore throat, with an incidence of 32.7%. The 5-year

functional larynx-preservation survival was 51.5%. The 3- and 5-year locoregional control

and overall survival were 58.2, 51.5, 63.6, and 54.1%, respectively.

Conclusions: The ICT plus SMART with a regimen of 69 Gy/30 F for the treatment of

SCCH/L demonstrated acceptable severe toxicity, satisfactory long-term outcomes, and

laryngeal function preservation.

Keywords: hypopharynx, laryngeal neoplasms, squamous cell carcinoma, intensity-modulated radiotherapy,

chemoradiotherapy
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BACKGROUND

The complicated anatomical structures of locally advanced
squamous cell carcinoma of the hypopharynx and supraglottic
larynx (LA-SCCH/L) and the goal of laryngeal function retention
dictate that radiation therapy and chemotherapy are the primary
conservative treatments for LA-SCCH/L, ensuring the efficacy
while retaining the deglutition and phonation functions (1).
Compared with chemotherapy or radiation therapy alone,
concurrent chemoradiotherapy (CCRT) is more effective in
terms of local control and distant metastasis reduction and
improves survival (2, 3); thus, it has become the main
treatment for the non-operable LA-SCCH/L (4, 5). The common
modality is the cisplatin-based CCRT with or without induction
chemotherapy (ICT) (6, 7).

For LA-SCCH/L, the treatment efficacy, toxicities, and
laryngeal function preservation are related to the irradiation
dose (8, 9). The intensity-modulated radiation therapy (IMRT)
can deliver a highly conformed dose to targets while effectively
sparing critical organs. It has the potential to improve the
local control rate and reduce radiation-related toxicities, and its
unique technique allows for variable doses to be delivered to
different targets simultaneously (10). The local control rate could
be improved by increasing the fractional dose to the tumor bed,
and the overall treatment time could be shortened to reduce the
postprocedure-accelerated repopulation of tumor cells. However,
the best regimen in terms of efficacy, organ preservation, and
acceptable toxicity remains to be determined (11, 12).

In our previous study, simultaneous modulated accelerated
radiation therapy (SMART) showed minor acute severe toxicities
and led to satisfactory short-term outcomes in patients with non-
operative LA-SCCH/L (13). In this paper, the long-term outcome
will be evaluated.

MATERIALS AND METHODS

Patients and Trial Design
This study was a single-center, prospective phase 2 study,
which is registered with ChiCTR-ONRC-14004240, and began
enrolling patients in February 2013. Patients newly diagnosed
with LA-SCCH/L, aged from 18 to 75, with III to IVA
stage tumors and who refused surgery, or stage IVB tumors
were eligible. The clinical stage was determined according to
the American Joint Committee on Cancer 2010 criteria. The
included patients had normal routine blood tests and hepatorenal
function and did not have any severe and/or uncontrolled
medical conditions, including severe cardiovascular disease,
uncontrolled diabetes and hypertension, active infection, and
liver and kidney disorders. Patients who received any surgical
operation or radiotherapy or documented hypersensitivity
reaction to paclitaxel or docetaxel were excluded. Patients were
fully evaluated with PET-CT or MRI of the head and neck,
chest CT, barium esophagography or panendoscopy, abdominal
ultrasound, and bone scans to be identified without a second
primary tumor. The Karnofsky scores were from 80 to 100.
As reviewed by the Ethics Committee of the Chinese People’s
Liberation Army (PLA) General Hospital, patients who started

treatment in our center after the enrollment were recommended
to participate in this single-arm prospective study.

Radiation Therapy
The gross target volume (GTV) of the primary tumor and
metastatic lymph nodes were both defined as grossly visible
primary tumor and metastatic lymphadenopathy on CT or MRI
images. The planning target volume of the primary tumor and
metastatic lymph node (pGTV) was obtained by expanding
the corresponding GTV with a margin of 3mm. The clinical
target volume (CTV) included high-risk (CTV1) and low-risk
volumes (CTV2). Each CTV was automatically expanded to
generate the corresponding planning target volume (PTV) with
an isotropic 3-mm margin and at least 3mm from the skin
surface. The organs at risk (OARs), including the parotid glands,
oral cavity, spinal cord, and esophagus–trachea (E–T, ranging
from annular cartilage to 1 cm below to PTV2), were also
delineated. The prescription doses to pGTV, PTV1, and PTV2
were 69, 60, and 54Gy, respectively, in 30 fractions. With an
α/β value of the tumor defined as 10Gy, the biologically effective
dose (BED) of pGTV was 84.70Gy. The dose–volume planning
constraints for OARs in our center (14): spinal cord maximum
dose (Dmax) < 45Gy, oral cavity V40 < 30%, parotid mean dose
(Dmean) < 28Gy, and E–T V40 < 30%.

Induction Chemotherapy and CCRT
Patients were treated with two–three cycles of docetaxel–cisplatin
(TP)-based ICT followed by cisplatin-based CCRT (14). The TP
regimen included docetaxel 70 mg/m2 on day 1 and cisplatin
40 mg/m2 on days 1 and 2 every 3 weeks. Cisplatin at a dose
of 80 mg/m2 was delivered on days 1 and 22 of radiotherapy.
Every patient was treated with at least one cycle of concurrent
chemotherapy, and the third cycle was delivered on day 43 of
radiotherapy if possible.

Clinical Evaluation and Follow-Up
Acute and late toxicities were defined and graded according to
the established Radiation Therapy Oncology Group/European
Organization for Research and Treatment of Cancer
(RTOG/EORTC) criteria (15). Acute toxicities were evaluated
weekly, and peak toxicities were recorded. The treatment
response was primarily evaluated 1 month after radiation
therapy with the Response Evaluation Criteria in Solid Tumors
(RECIST) Version 1.1 (RECIST Working Group, 2009) based on
MRI. Follow-up examinations were conducted every 3 months
for years 1 and 2, every 6 months for years 3–5, and then
annually thereafter.

Statistical Analysis
All data analyses were performed using SPSS 19.0 software
package (IBM Inc., United States). The Pearson’s chi-square test
was used for the bivariate analysis, and the Mann–Whitney test
or Kruskal–Wallis rank test was used for determining continuous
variables. The laryngeal function preservation was defined as no
tracheotomy or gastric tube diet along with no local recurrence of
the primary tumor. The 3- and 5-year locoregional control (LRC)
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TABLE 1 | Patient characteristics (n = 55).

Characteristics Value (%)

Age (years) Median (range) 57.64 (42–73)

Sex Male 54 (98.2)

Female 1 (1.8)

Tumor site Hypopharyngeal 42 (76.4)

Supraglottic 13 (23.6)

Tumor classification T1-2 15 (27.2)

T3 16 (29.1)

T4a 14 (25.5)

T4b 10 (18.2)

Lymph node status N0-1 11 (20.0)

N2b 20 (36.4)

N2c 24 (43.6)

Clinical stage III 9 (16.4)

IVA 36 (65.5)

IVB 10 (18.2)

Tumor burden T2-T3N0-N1 (non-T4, low nodal burden group) 8 (14.5)

T1-T3N2 (non-T4, high nodal burden group) 23 (41.8)

T4aN-any (T4, high tumor burden group) 14 (25.5)

T4bN-any (very advanced group) 10 (18.2)

ICT cycles 2 50 (90.9)

3 5 (9.1)

CCRT cycles 1 2 (3.6)

2 44 (80.0)

3 9 (16.4)

ICT, induction chemotherapy; CCRT, concurrent chemoradiotherapy.

and overall survival (OS) were estimated using the Kaplan–
Meier method. The Cox regression analysis was adopted for the
multiple-factor analysis of survival. Values of p < 0.05 were
considered statistically significant.

Because our previous study did not find an effect of tumor
burden on survival (13), the secondary subgroup survival
analysis was carried out on the following four staging cohorts
[based on National Comprehensive Cancer Network treatment
recommendations and drawn on the study of Patel et al. (16)]: (1)
T2–T3N0–N1 (non-T4, low nodal burden group), (2) T2–T3N2
(non-T4, high nodal burden group), (3) T4aN-any (T4, high
tumor burden group), and (4) T4bN-any (very advanced group).

RESULTS

Between February 2013 and June 2015, 55 patients with newly
diagnosed locally advanced squamous cell carcinoma of the
hypopharynx (n = 42) and supraglottic larynx (n = 13) were
enrolled. The patients ranged in age from 42 to 73 years, with
a mean age of 57.64 years. Patient characteristics have been
previously described and are summarized in Table 1.

Three IMRT techniques were applied in this study. Three
patients were treated with helical tomotherapy (HT), 48
with volumetric modulated arc therapy (VMAT) via the

FIGURE 1 | Acute toxicities (n = 55).

RapidArc unit (RA), and 4 with step-and-shoot IMRT (SaS-
IMRT). The treatment planning systems were as follows: Hi
Art TomoTherapy 2.2.4.1 (Accuray, United States) for the
TomoTherapy unit (HT), Varian Eclipse 10.0 for the RA, and
Philips Pinnacle 8.0m for the Elekta Precise Unit (SaS-IMRT,
Elekta, Sweden).

Acute Toxicities and Short-Term Efficacy
The incidences of acute dermatitis, xerostomia, oral mucositis,
and pharyngoesophagitis are shown in Figure 1. No grade
2 or worse acute xerostomia was noted. Only two patients
(T4aN2cM0 and T3N2cM0) developed grade 3 oral mucositis.
No grade 4 pharyngoesophagitis was noted. The incidences of
grade 3 acute dermatitis, oral mucositis, and pharyngoesophagitis
were 12.7% (7/55), 3.6% (2/55), and 12.7% (7/55), respectively.
Five patients underwent tracheotomy before CCRT, and two
patients underwent tracheotomy due to severe laryngeal toxicity
after 29 fractions of radiation therapy and 1 month immediately
after radiation therapy, respectively. However, the tracheotomy
tube was subsequently removed in these two patients who
survived to the end of follow-up.

Evaluation of primary lesions showed complete responses
(CR) in 13 (23.6%), partial responses (PR) in 39 (70.9%), and
stable diseases (SD) in 3 (5.5%) patients.

Follow-Up Time
The median follow-up time was 48.0 months (range 5.5–74
months) for all the patients and 65months (range 41–74months)
for survivors.

Treatment Outcomes and Functional
Larynx Preservation
One patient developed late dysphagia and had a nasogastric
tube feeding. Except for two patients who had undergone
tracheotomy due to acute laryngeal edema, no patients developed
late laryngeal stenosis. The main late toxicity was hoarseness or
sore throat, with an incidence of 32.7% (18/55). Three patients
developed biopsy-confirmed radiation-related damage, two of
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FIGURE 2 | Survival analysis: (A) locoregional control, (B) overall survival, and (C) functional larynx preservation.

whom had local tumor recurrence and died of hemorrhage; the
remaining patient was still alive at follow-up. All three patients
had hypopharyngeal tumors (stages T3N2bN0, T4aN2cM0, and
T2N2bM0). Themain cause of failure was local recurrence, which
developed in 24 cases (43.6%). The regional recurrence developed
was observed in three cases, and one of whom had both local and
regional relapse. The lung metastasis occurred in four cases, and
the bonemetastasis occurred in one case. Two patients developed
esophageal cancer during the follow-up.

The LRC and OS were 58.2 and 51.5% for 3 years and
63.6 and 54.1% for 5 years (Figure 2). The 1-, 3-, and 5-
year functional larynx-preservation survival were 80.5, 60.9, and
51.5%; respectively (Figure 2). Patients with hypopharyngeal
carcinoma had a shorter survival time than those with
supraglottic carcinoma, with 5-year OS of 49.6 and 69.2%,
respectively, but this difference was not statistical (p = 0.297). A
log-rank two-sided test showed that there was no independent
factor for either LRC or OS. The prognosis of patients with
late T stage of tumors was poor, but the statistical evidence
was not sufficient. For patients with T3, T4a, and T4b tumors,
the 5-year OS was 62.5, 47.6, and 30.0%, respectively (p =

0.233). The survival analysis was further evaluated within each
staging subgroup based on tumor burden (Table 2). The low

nodal burden group had the best 5-year OS, and the very
advanced group had the worst (Figure 3). For patients with T4b
tumors, the median survival was 19 months, and only three
patients were still alive (30%), but the survival of these three
patients was longer than 70 months. Patients with severe acute
pharyngoesophagitis had a poor prognosis (13), but the statistical
evidence was not sufficient after long-term follow-up (p= 0.066).
The 3-year OS was only 28.6% in patients with grade 3 acute
pharyngoesophagitis, compared with 90.9 and 60.2% in those
with grade 1 and 2, respectively.

DISCUSSION

Dermatitis, xerostomia, mucositis, and pharyngoesophagitis are
the most common radiation-related acute toxicities in patients
with LA-SCCH/L and correspond well with the dose delivered to
OARs. Late toxicities were also associated with hypopharyngeal
dose in locally advanced head-and-neck cancer in an RTOG
analysis (8).Many clinical studies have shown that acute toxicities
are common in the standard fractionation regimen of CCRT
but are usually tolerable. Huang et al. (17) reported that the
rates of treatment-related mucositis (≥grade 2) and pharyngitis
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TABLE 2 | Survival analysis by tumor and node classification.

No. Median

survival,

month

OS, % P

3-year 5-year

0.247

T2-T3N0-N1 (non-T4, low nodal

burden group)

8 60.5 75.0 75.0

T2-T3N2 (non-T4, high nodal

burden group)

23 51 69.6 60.9

T4aN-any (T4, high tumor burden

group)

14 52 64.3 47.6

T4bN-any (very advanced group) 10 19 40.0 30.0

FIGURE 3 | Overall survival by tumor burden.

(≥grade 3) were higher in the CCRT group. Loimu et al. (11)
showed that the fractionation regimen of 2 Gy/F had the most
common radiation-related side effects of grade 1–2 dermatitis
and mucositis, and medication was needed to control mucosal
pain in 64% of patients. The conventional fractionated irradiation
was also used in the research by Pala et al. (18), and grade
3/4 acute mucositis was the main radiotherapy-related toxicity
and was reported in 32% of patients. Another study in which
the fractionation regimen was 2.12 Gy/F showed that grade
2 or worse mucositis occurred in 48% of patients who also
experienced grade 2 or worse pharyngitis during treatment
(19). A large sample size study with 123 patients, showed
that patients could tolerate IMRT by fractionated doses up
to 2.11–2.20Gy, with 2-year LRC, OS, and functional larynx-
preservation survival rates of 77, 83, and 74%, respectively
(20). Ghi et al. (21) compared ICT followed by CCRT and
CCRT alone, with conventional fractionated radiotherapy (2
Gy/F), and the rates of grade 3–4 mucositis and dermatitis
were 34.5 and 14%, respectively, with no significant difference
observed in the acute toxicity during CCRT between ICT
and non-ICT use. Dragan et al. (22) retrospectively analyzed
simultaneous integrated boost IMRT in patients with head-
and-neck squamous cell carcinoma, with a high-risk PTV

dose of 2–2.2 Gy/F for the postoperatively group and 2 Gy/F
for the definitive irradiated group. Acute grade 3 toxicities
were dysphagia (44%), oral and/or oropharyngeal mucositis
(40%), and dermatitis (21%), which were higher than those
in our study.

The most severe late postradiotherapy complications in
LA-SCCH/L were laryngeal necrosis and necrotizing fasciitis
(17). Two dose levels were compared in a sequential cohort
Phase I/II study by Miah et al. (12), the incidence of grade
3 toxicities was higher in patients with 67.2 Gy/28 F (2.4
Gy/F) than with 63 Gy/28 F (2.25 Gy/F), 87 and 59% patients
confronted acute dysphagia with grade 3, respectively. Five-
year follow-up data showed that only two patients in the 2.4
Gy/F group and one patient in 2.25 Gy/F group developed
grade 3–4 benign pharyngeal strictures (23). In our study, three
patients with hypopharyngeal carcinoma developed laryngeal
necrosis or necrotizing fasciitis. The dosimetric analysis showed
no local high dose, with GTV Dmax of 72.77Gy vs. pGTV
Dmax of 72.97Gy, which indicates that laryngeal necrotizing
fasciitis might occur occasionally and cannot be predicted
by the planning dose parameters. In the previous analysis,
we found that patients with severe pharyngoesophagitis had
a poor prognosis, and it was an independent factor of 2-
year OS (13). After prolonged follow-up, no survival-related
factors were detected, and some clinical indicators had certain
differences in therapeutic effects that did not reach statistical
significance. Objectively, this may be due to an insufficient
number of cases. Unlike in the previous studies, the patients in
our present study refused laryngectomy at the beginning, and
salvage surgical intervention had an impact on the OS analysis
(see Table 3 for details).

We have focused on the fractionation regimen of CRT in
non-operative patients in the previous discussion, but for some
patients, CRT does not show an absolute clinical advantage. Su
et al. (24) reported long-term survival outcomes in patients with
SCCH/L, and there was no significant difference in the 5-year
OS in patients who received CRT compared with patients treated
with laryngectomy; with respect to T stage, a better 5-year OS
in T2 stage (52 vs. 31%, p = 0.026) but similar in T4 stage (53
vs. 58%, p = 0.534) was observed in the CRT group compared
with the surgery group in the univariate analysis. Patel et al.
(16) evaluated 8,703 patients with stage III/IV (excluding T1
tumors) laryngeal squamous cell carcinoma from the National
Cancer Data Base. For T4N0–N3 tumors, total laryngectomy
compared with CRT was associated with improved OS, and the
median survival and 5-year OS were 57.5 and 37.8 months,
respectively (p < 0.0001). Among patients with non-T4, low
nodal burden disease, no survival differences were observed
between CRT and laryngectomy. Patients with non-T4, high
nodal burden disease may benefit from definitive CRT in their
opinion. We performed a similar grouping with Patel et al.,
and the median survival (5-year OS) of patients with non-
T4, high nodal burden disease and T4N0, high tumor burden
disease was 51.0 and 52.0 months, respectively. The results
were similar to laryngectomy reported previously. However,
the 5-year functional larynx-preservation survival in our study
reached 51.5%.
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TABLE 3 | Selected literature review on fractionation regimens.

Reference Fractionation

dose of GTV

Total dose

of GTV

Years n Tumor sites Stage ICT CCRT Salvage

surgery

Acute toxicities Survival

Huang et al.

(17)

2 Gy/F 70Gy 2003–2007 33 Hypopharynx II–IVA No Yes Yes Mucositis (≥grade 2)

39.4%

Pharyngitis (≥grade

2) 78.8%

year LRPFS

53%

5-year

OS 44%

Loimu et al.

(11)

2 Gy/F 66–72Gy 2001–2007 83 Oropharynx,

hypopharynx,

and larynx

(87%)

III–IVB No Yes Yes Mucositis (grade 3) 24% 2-year LRC

84%

2-year

OS 82%

Ghi et al.

(21)

2 Gy/F 70Gy 2003–2006 60 Oropharynx,

oral cavity,

and

hypopharynx

III–IV No Yes Yes Mucositis (≥grade 3) 41%

Dermatitis (≥grade 3) 15%

3-year OS

46.5%

61 Yes Yes Mucositis (≥grade 3)

34.5%

Dermatitis (≥grade 3) 14%

3-year OS

57.5%

Dragan

et al. (22)

2 Gy/F 70Gy 2012–2014 76 Oropharynx,

hypopharynx,

and larynx

III–IV (79%) 5% 56% Unknown Mucositis (≥grade 3) 40%

Dysphagia(≥grade 3) 44%

Dermatitis (grade 3) 22%

3-year LRC

64%

3-year

OS 52%

Miah et al.

(12) & Gujral

et al. (23)

2.25 Gy/F 63Gy 2002–2008 29 Hypopharynx

and larynx

III–IVB

(79.3%)

Yes Yes Yes Dysphagia(grade 3) 59%

Mucositis (grade 3) 45%

Dermatitis (grade 3) 24%

Xerostomia(grade 3) 26%

5-year LRPFS

54%

5-year

OS 61.9%

2.4 Gy/F 67.2Gy 31 III–IVA 94% Yes Yes Dysphagia(grade 3) 87%

Mucositis (grade 3) 45%

Dermatitis (grade 3) 23%

Xerostomia(grade 3) 10%

5-year LRPFS

62.6%

5-year

OS 67.6%

Present

study

2.3 Gy/F 69Gy 2013–2015 55 Hypopharynx

and

supraglottic

larynx

III–IVB Yes Yes No Mucositis (≥grade 2)

38.2%

Mucositis (grade 3) 3.6%

Pharyngitis (grade 3)

12.7%

Dermatitis (grade 3)

12.7%

Xerostomia(grade 3) none

3-year LRC

58.2%

5-year LRC

51.5%

3-year OS

63.6%

5-year

OS 54.1%

Years, years of enrollment; n, numbers of patients; ICT, induction chemotherapy; CCRT, concurrent chemoradiotherapy; LRC, locoregional control; OS, overall survival; LRPFS,

locoregional progression free survival; GTV, gross target volume.

The use of ICT followed by CCRT remains controversial.
ICT followed by radiotherapy showed no advantage in the LRC
and larynx preservation compared with CCRT according to the
10-year results of the RTOG 91–11 study (25). Su et al. (24)
reported similar results from a comparison between CCRT and
ICT followed by CCRT in a larynx-preservation subgroup, but
the patients who received a better response after ICT achieved
significantly longer PFS and OS. In recent years, with the
advancement of IMRT and further clinical analysis, ICT followed
by CCRT is a suitable choice for selected patients with LA-
SCCH/L who have a high risk for locoregional relapse and
distant metastases, with the potential advantage of improving the
locoregional and distant control (7, 26), as it has shown better
long-term prognosis and has been the primary option for the
larynx-preservation treatment in many centers. Ghi et al. (21)
reported that ICT followed by CCRT improved the outcome
of patients with locally advanced head-and-neck cancer, with

higher median OS and 3-year OS than CCRT (54.7 vs. 31.7
months and 57.5 vs. 46.5%, respectively), with similar grade
3–4 non-hematological toxicities and complications. The results
of Gujral et al. (23) were quite excellent, with 5-year LRC,
OS, and laryngeal-preservation rates were all higher than 60%.
Franzese et al. (27) reported the results of ICT plus CCRT
with the OS at 3 and 5 years of 83 and 73%, respectively.
However, 47% (48/102) of patients had oropharyngeal cancer,
and only 10% (10/102) had stage T4 disease in this study;
thus, the results may be controversial. ICT has been preferred
for locally advanced hypopharyngeal carcinoma in our center
since 2011, though ICT plus CCRT and CCRT did not
show a significant difference in our preliminary study using
conventional fractionated radiotherapy (14). In the present study,
ICT was selected to ensure the efficacy and compliance of
patients with LA-SCCH/L when treated with SMART since
2013. Even if 76.4% (42/55) of patients had hypopharyngeal
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carcinoma, and 43.7% (24/55) had a high tumor burden,
our study using the ICT plus CCRT showed similarly higher
survival rates.

CONCLUSIONS

In conclusion, our preliminary results showed satisfactory
survival, acceptable severe toxicities, and a high functional
larynx-preservation rate by ICT combined with SMART. Thirty
percent (3/10) of patients with T4b tumors had a long-term
survival (70–71 months), which affected the data statistics.
Because the number of cases was not insufficient, we focus on
choosing the appropriate non-operative population in the future.
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Radiation-induced oral mucositis (RIOM) is one of the most frequent complications in

head and neck cancer (HNC) patients undergoing radiotherapy (RT). It is a type of

mucosal injury associated with severe pain, dysphagia, and other symptoms, which

leads to the interruption of RT and other treatments. Factors affecting RIOM include

individual characteristics of HNC patients, concurrent chemoradiation therapy, and RT

regimen, among others. The pathogenesis of RIOM is not yet fully understood; however,

the release of inflammatory transmitters plays an important role in the occurrence and

development of RIOM. The five biological stages, including initiation, primary damage

response, signal amplification, ulceration, and healing, are widely used to describe the

pathophysiology of RIOM. Moreover, RIOM has a dismal outcome with limited treatment

options. This review will discuss the epidemiology, pathogenesis, clinical appearance,

symptomatic treatments, and preventive measures related to this disease. We hope to

provide a reference for the clinical treatment and prevention of RIOM in HNC patients

after RT.

Keywords: radiotherapy, oral mucositis, epidemiology, pathogenesis, treatment, prevention

INTRODUCTION

Head and neck cancer (HNC) is a common type of neoplasm, including neck tumors,
otolaryngology tumors, and oral-maxillofacial tumors, such as nasopharyngeal, oropharyngeal,
hypopharyngeal, and laryngeal cancers. In recent years, radiotherapy (RT) has become increasingly
popular as a treatment for HNC patients. RT techniques include intensity-modulated radiotherapy
(IMRT), stereotactic body radiation therapy, particle therapy, and high-dose-rate brachytherapy
(1). The typical radiation regimen for HNC patients comprises a dose of 2Gy per day for 5–7
continuous weeks, with a total cumulative dose of 60–70Gy (2). Due to the relationship between
the primary site of HNC and the occurrence of cervical lymph node metastasis, the oral mucosa
inevitably accounts for a part or all of the target area in HNC patients undergoing RT; thus, it
is exposed to a certain dose of irradiation. Radiation-induced oral mucositis (RIOM) represents
a major complication in HNC patients undergoing RT, occurring in almost all patients treated for
cancers of the mouth, oropharynx, and nasopharynx. RIOM is an inflammatory or ulcerative lesion
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caused by radiation-induced damage to basal cells rather than
direct damage to superficial cells (3). In this review, we will
discuss some recent topics dealing with the epidemiology,
mechanisms, and clinical manifestations of RIOM and various
approaches for the prevention and treatment of mucositis related
to RT.

RIOM EPIDEMIOLOGY

Influence Factor of RIOM
RIOM is found in virtually all HNC patients who undergo
RT, with the incidence exceeding 90% in patients treated with
standard regimens (4). A study has shown that HNC patients
with nasopharyngeal or oropharyngeal tumors and those who
receive cumulative radiation doses >5000 cGy or concurrent
chemoradiation therapy (CCRT) are more likely to develop
RIOM (5).

Self-Related Factors in HNC Patients
Several patient-related factors, such as age, weight, sex,
nutritional status, oral microbiota, and oral health status, have
been identified as risk factors associated with RIOMdevelopment
(6, 7). Poor oral health habits, smoking, and malnutrition all
result in an increased incidence of RIOM (5).

Chemotherapy
The incidence of RIOM increases with the use of concurrent
chemotherapy. HNC patients with CCRT present improved local
tumor control at the expense of increased risk of RIOM. Chen
et al. (8) explored the changes in the prevalence of severe RIOM
and RIOM-related symptoms over an 8-week period. Their
findings showed that HNC patients had a higher prevalence of
RIOM when treated with combined RT and chemotherapy than
when treated with RT alone. Elting et al. (4) reported that RIOM
wasmore common in patients receiving chemotherapy combined
with IMRT (OR = 7.8) than in patients receiving IMRT alone. A
phase 3 multicenter randomized controlled trial (NCT00677118)
evaluated the efficacy of adjuvant chemotherapy. In this study,
during CCRT, 31% of patients in the CCRT plus adjuvant
chemotherapy group developed RIOM. Noticeably, 21% of
patients developed RIOM during the adjuvant chemotherapy
period (9). In summary, these studies showed that chemotherapy
increased the incidence of RIOM.

Abbreviations: SCCRT, concurrent chemoradiation therapy; CTCAE, Common

Terminology Criteria for Adverse Events; GM-CSF, granulocyte macrophage-

colony stimulating factor; HNC, head and neck cancer; IL-1β, Interleukin-1β;

IL-6, Interleukin-6; IMRT, intensity-modulated RT; LEL, low-energy helium-

neon laser; L-GLN, L-glutamine; LLLT, low-level laser therapy; MASCC/ISOO,

Multinational Association of Supportive Care in Cancer and International Society

of Oral Oncology; MMP, matrix metalloproteinase; NCI-CTC, National Cancer

institute Common Toxicity Criteria; PBRT, proton beam radiation therapy; PEG,

percutaneous endoscopic gastrostomy; RIOM, Radiation-induced oral mucositis;

RT, radiotherapy; RTOG, Radiation Therapy Oncology Group; SBRT, stereotactic

body radiation therapy; TNF-α, tumor necrosis factor-α; VMAT, volumetric

modulated arc therapy; WCCNR, Western Consortium for Cancer Nursing

Research; WHO, World Health Organization.

Radiotherapy Regimen
Changes in the dose fractionation protocol and difference in
RT techniques result in different incidences of RIOM. Trotti
et al. (10) reported a trend for high incidence of Grade III or
higher mucositis. In a study of HNC patients treated with altered
fractionation RT (1.25–2.00 Gy/f) found that 56% of patients
experienced RIOM (Grade III–IV) compared to 34% of patients
who received conventional RT. Hsiung et al. (11) evaluated the
radiation dose supplied to the oral mucosa during IMRT for
HNC and reported that IMRT can reduce the severity of RIOM
compared to conventional RT. Romesser et al. (12) randomly
assigned 23 HNC patients to be treated with IMRT and 18
HNC patients to be treated with proton beam radiation therapy
(PBRT). This study demonstrated that the incidence of RIOM
after PBRT was significantly lower than that after IMRT (16.7
vs. 52.2%).

The dose of RT is another factor that affects RIOM. Radiation
causes necrosis of the epithelium, leading to desquamation
and ulceration. And with the increasing irradiation dose, the
more severe of the degree of RIOM. A cumulative radiation
dose ≥50Gy is found to increase the risk of RIOM; when the
cumulative radiation dose is ≥65Gy, the risk of RIOM in HNC
patients is the highest (5). Narayan et al. (13) conducted a clinical
trial to correlate oral cavity dose with RIOM. And they found
that the cumulative point doses < 32Gy occurred mild severity
(Grade </= 1) and short duration (</= 1 week) of mucositis.
They also concluded that a dose > 39Gy was associated with
longer duration of mucositis. In a conclusion, limiting dose to
< 39Gy or an average oral mucosa dose< 32Gy resulted in mild
severity and only a short duration of RIOM for HNC patients.
Based on this conclusion, Wang et al. (14) made a prospective
and comparative trial to observe the incidence of RIOM for HNC
patients (n= 24) received < 32Gy. And they found that just 25%
of HNC patients suffered Grade III RIOM, and they rarely use
analgesics and intravenous antibiotics.

Cetuximab
Comprehensive treatment other than chemotherapy combined
with RT may affect RIOM. In the current study, a high incidence
of Grade III–IV RIOM was observed in HNC patients receiving
RT combined with cetuximab (15). In another study, compared
to CCRT alone, adding cetuximab resulted in a reduction in
Grade III–IV RIOM incidence (51.6 vs. 23.4%; P < 0.001)
(16). But some researches detected that cetuximab combinded
with RT does not have a significant impact on the incidence
of high-grade (≥grade 3) mucositis in comparison to RT alone
(17, 18). Bonner et al. (19) had made a phase III randomized
trial, HNC patients were randomly assigned to receive RT with
or without cetuximab. Five-year overall survival was 45.6% in the
cetuximab-plus-RT group and 36.4% in the RT group. However,
the incidence of RIOM (93.3 vs. 93.9%) was similar in both
groups. In another research, Tejwani et al. (20) found that,
when the combination of RT plus cetuximab was compared with
radiation alone, the risk ratio for mucositis it was 1.76 (95%
CI, 1.5–2.0; P < 0.001), suggesting that there was an increased
risk of dermatologic toxicities with the combined regimen. Mei
et al. (21) searched relevant articles to compare the efficacy of
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concurrent cetuximab with RT(ExRT) vs. cetuximab combined
with RT and chemotherapy (ChRT) in treating HNC patients.
And they deduced that cetuximab was an effective radiosensitizer,
while ChRT achieved better survival outcomes than ExRT.
Additionally, cetuximab combined with RT presented increasing
occurrence of mucositis (RR: 1.17, p < 0.005) in comparison to
ChRT group.

PATHOGENESIS

The pathogenesis of RIOM includes both direct and indirect
mechanisms. The direct effect is due to DNA strand breakage
and apoptosis caused by radiation, resulting in a reduction
in the renewal of the basal epithelium (22). The indirect
effect is due to factors such as the release of inflammatory
transmitters, secretion of salivary glands, and neutropenia,
causing the destruction of the oral mucosa (23). At present,
the five biological stages proposed by Sonis are widely used to
describe the occurrence and development of RIOM (24). The
five stages comprise initiation, primary damage response, signal
amplification, ulceration, and healing.

Initiation
The initiation stage of oral mucosal injury occurs rapidly
after the administration of radiation and involves DNA and
non-DNA damage and the production of reactive oxygen
species (ROS). RT directly damages the DNA, resulting in
double-strand breaks and apoptosis of basal epithelial cells and
submucosal cells. ROS are crucial mediators of downstream
biological agents that are released from the epithelium and tissue
macrophages. ROS generated by intracellular water ionization
cause a series of damages to cells, leading to organelle damage.
Mitochondria release additional ROS, which in turn damage
cell membranes and connective tissue, stimulate macrophages,
and activate molecules of the immunoinflammatory response.
The inflammatory substances and pathways released include
intracellular proinflammatory chemoradiation associated
molecular patterns; intracellular enzymes (lysosomial), which
activate extracellular proinflammatory damage associated
molecular patterns; altered redox state of the injured tissue;
presynthesised interleukins (IL-1α, IL-33); released intracellular
hidden antigens which activate complement via antibodies
(25). In addition, oxidative stress and ROS production can
directly damage cells, tissues, and blood vessels and stimulate the
production of a large number of transcription factors, such as
NF-κB (26).

Primary Damage Response
Radiation leads to double-strand DNA breaks and activates
many downstream signal transduction pathways. Song et al.
(27) summarized fourteen pathways as being most relevant
to the development of RIOM, including nitrogen metabolism;
Toll-like receptor signaling; NF-κB signaling; B Cell receptor
signaling; P13K/AKT signaling; Cell Cycle: G2/M DNA Damage
checkpoint receptor; P38 MAPK signaling; Wnt/B-catenin
signaling; Glutamate receptor signaling; Integrin signaling;
VEGF signaling; IL-6 signaling; Death receptor signaling;

SAPK/JNK signaling. A variety of transcription factors are
activated, such as p53 and NF-κB. Among them, NF-κB has
been suggested to be the most significant transcription factor,
and it is related to both toxicity and resistance of tumors
to therapy (28). The activation of NF-κB in the nucleus
promotes the proliferation of proinflammatory factors, such as
interleukin (IL)-1β, IL-6, and tumor necrosis factor-α (TNF-
α). These compounds induce cell damage, leading to apoptosis
(29). In addition, fibronectin breakdown occurs at this stage.
Importantly, all of these changes occur in all cells and tissues that
form the mucosa and not just those that form the epithelium.

Signal Amplification
Some of these proinflammatory cytokines not only damage tissue,
but also provide a positive feedback loop to amplify the primary
damage response induced by radiation. TNF-α is an efficient
activator of NF-κB and sphingomyelinase. TNF-α activates NF-
κB and sphingomyelinase activity in the mucosa, leading to more
cell death. TNF-α amplify the original signal or activate NF-κB,
leading to the initiation of MAPK and COX-2 transcription. The
MAPK pathway ultimately results in the activation of caspase
3 and cell death (30). The increased level of sphingomyelinase
in the tissue amplifies pro-apoptotic signals that are mediated
by the ceramide pathway, promoting the cell death. Both TNF-
α and IL-1β induce matrix metalloproteinase (MMP)-1 and
MMP-3 activation, and COX-2 initiates and transmits signals
that activate MMP-1 and MMP-3, leading to disruption of oral
mucosal integrity (31). Many proteins produced during the
primary injury response accumulate and target mucosal tissues
acting both intracellularly and intercellularly, triggering feedback
mechanisms via neuronal and blood flow networks, causing an
increasing serum levels of NF-κB, TNF-α, IL-1, and IL-6, which
generated abscopal effects and toxicity (32). Abscopal effects and
toxicity include sepsis causing systemic inflammatory responses,
alterations in body temperature and metabolism, fatigue, and
others (33).

Ulceration
During this period, the oral mucosa usually presents with a
pseudomembrane or ulceration. This is due to damage to the
mucosa. Nerve endings are exposed to the surface, resulting in
pain and other symptoms. Microbial colonies appear on the
mucosal surface, and cell wall products from the colonizing
bacteria are likely to penetrate the submucosa, destroying any
new tissue and increasing the release of inflammatory mediators
frommonocytes (34). This chain of events probably promotes the
expression of pro-apoptotic genes and potentiates tissue injury.
The pathogenetic characteristics of RIOM in HNC patients are
depicted in Figure 1.

Healing
At this stage, epithelial cell proliferation and histiocyte
differentiation can be seen, thereby restoring tissue integrity.
Factors affecting the speed of mucosal repair include the rate of
epithelial cell migration, rate of proliferation, differentiation of
healing tissue, agents selected, and dose and timing of therapy.
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FIGURE 1 | The summary of radiation-induced oral mucositis pathogenesis. Radiotherapy results in direct and lethal DNA damage and releases reactive oxygen

species (ROS) from epithelial and tissue macrophages in initiation phase. In primary damage phase, the DNA damage and ROS lead to three major steps: (1)

fibronectin breakdown (2) P53 activation (3) nuclear factor-κB (NF-κB) activation that stimulates to release pro-inflammatory cytokines, such as: TNF-α, interleukin

(IL)-1β, and IL-6. In the signal amplification phase, NF-κB stimulates the transcription of MAPK, COX-2, etc. The pathway of MAPK actives caspase3, and the other

cytokines transmit signals that activate MMP1 and MMP3. Then the pseudomembrane or ulceration appear after around two weeks undergoing with symptomatic

treatment of RIOM, and secondary infection adds more pro-inflammatory reactions. ROS, Reactive Oxygen Species; NF-κB, Nuclear factor kappa-B; IL-6,

Interleukin-6; TNFα, Tumor Necrosis Factor alpha; IL-1β, Interleukin-1β; MMP 1, Matrix metalloproteinases 1; MMP 3, Matrix metalloproteinases 3; COX-2,

Cyclooxegenase-2.

CLINICAL APPEARANCE

RIOMusually appears 2.5 weeks after RT initiation and continues
for 2–3 weeks after treatment completion. Clinically, RIOM is
characterized by pain in the oropharynx, dysphagia, language
disorders, and nutritional deterioration. Currently, the Radiation
Therapy Oncology Group (RTOG) grading is widely used to
evaluate the severity of RIOM: Grade I: erythema and mild
painful mucositis requiring no analgesics; Grade II: patchy
mucositis requiring analgesics; Grade III: confluent mucositis
and severe pain requiring narcotic analgesics; and Grade IV:
deep ulcerations and/or necrosis (and sometimes bleeding), with
extreme pain, and patients cannot eat anymore. Specific examples
of different grades of mucositis are shown in Figure 2. A 10–
20Gy dose provokes hyperkeratosis of the oral mucosa, an initial
clinical sign accompanied by pain and functional impairment
by the 2nd week of treatment (35). At this point, the first signs
of erythema are seen. Subsequently, in the third week, once
HNC patients have received a dose of more than 20Gy, they
present with a mild and unnoticeable focal area of desquamation
(36). In the 4th week, when HNC patients have received
more than 30Gy, diffuse mucosal ulceration appears. Ulcerative
lesions are often covered by a pseudomembrane composed of
fibrinous exudates and dead cells (37). Many scales can be
used to evaluate the severity of mucositis, such as the RTOG
scale, World Health Organization oral toxicity scale, Common

Terminology Criteria for Adverse Events scale, National Cancer
Institute Common Toxicity Criteria (NCI-CTC), and Western
Consortium for Cancer Nursing Research stomatitis staging
system (Table 1) (38–40).

SYMPTOMATIC TREATMENT OF RIOM

The treatment of RIOM is essentially symptomatic, with
treatment of complicated infections, and promotion of wound
healing of the oral mucosa. If the patient develops severe
RIOM, the suspension of RT may be required. The Multinational
Association of Supportive Care in Cancer and International
Society of Oral Oncology (MASCC/ISOO) Clinical Practice
Guidelines are commonly used in the treatment of RIOM (41).

Pain Management
Pain is the most common symptom among patients with RIOM.
Evaluating oral pain is necessary for every patient, and the
treatment regime is determined by the level of pain reported
by the patients. When RIOM is accompanied by mild pain,
acetaminophen and lidocaine can be applied. Acetaminophen
with codeine suspension can be used for moderate pain and
strong opioids such as morphine or fentanyl need to be used
when mucositis progresses to cause severe pain (42). A morphine
mouthwash (0.2%) may be effective in treating pain due to RIOM
to reduce the need for systemic morphine (39).
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Medications
Cytokines and Growth Factors
The destruction of the integrity of oral epithelial cells and the
decline in the ability of mucosal repair are major features of
RIOM. Many growth factors and cytokines are used clinically to
promote mucosal repair and healing in RIOM.

Kannan et al. (43) administered granulocyte macrophage-
colony stimulating factor (GM-CSF) to 10 HNC patients. GM-
CSF was administered subcutaneously at a dose of 1 µg/kg daily,
after a dose of 20Gy and until the completion of RT. They
observed that GM-CSF was able to protect the oral mucosa
during RT.

FIGURE 2 | The Radiation Therapy Oncology Group (RTOG) scoring criteria

for radiation-induced oral mucositis. (a) Grade I: Erythema; (b) Grade II:

Patchy reaction (<1.5 cm, non-contiguous); (c) Grade III: Confluent mucositis

(>1.5 cm, contiguous); (d) Grade IV: Ulceration, necrosis, bleeding.

Republished with the permission of patients.

Keratinocyte growth factor (KGF) is a type of human
embryonic lung fibroblast growth factor that enhances the
regenerative capacity of epithelial tissues and protects them from
various toxic agents. Palifermin is an N-terminal, truncated
version of KGF. Henke et al. (44) conducted a multicenter,
placebo-controlled trial to observe the effect on palifermin in
HNC patients suffering RIOM. Patients were randomly assigned
to receive weekly palifermin 120 µg/kg or placebo from 3
days before and continuing throughout radiochemotherapy. And
they demonstrated that palifermin decreased the duration of
RIOM (median, 4.5 vs. 22.0 days) and prolonged the time
to develop (median, 45 vs. 32 days) severe RIOM. Le et al.
(45) reported a similar trial; HNC patients received palifermin
(180 µg/kg) or placebo before starting chemoradiotherapy,
once weekly for 7 weeks. The incidence of severe RIOM was
significantly lower in the palifermin group than in the placebo
group (54 vs. 69%; P = 0.041).

Maria et al. (46) conducted a study in an animal model of
RIOM, which implanted 5 doses of 2.5 million freshly cultured
syngenic aMSCs intraperitoneally, to investigate the ability of
mesenchymal stromal cells (MSCs) to repair RIOM. They found
that MSCs reduced ulcer duration to 1.6 ± 0.3 days (95% CI
0.0233–3.1 days, a 72% reduction in RIOM ulcer duration). This
research initially confirmed the efficacy of MSCs in repairing
RIOM, providing a novel treatment regime for RIOM.

Epidermal growth factor (EGF) enhances mucosal wound
healing and tissue generation by regulating epithelial cell
proliferation, growth, and migration. A placebo-controlled
prospective clinical trial assigned HNC patients to a placebo
group or to 1 of 3 EGF-treatment groups (10, 50, or 100
microg/mL doses, delivered in a spray, twice daily). This research
mainly observed the incidence of severe oral mucositis. Then it
revealed that EGF significantly reduced the incidence of severe
oral mucositis: 50µg/mL EGF displayed a 64 response vs. 37%
response in the control group (P = 0.0246). Therefore, EGF has
potential benefits in the treatment of RIOM (47).

In summary, different cytokines or growth factors (KGF, GM-
CSF, EGF, and MSCs) affect different cell lines (keratinocytes,

TABLE 1 | Grading criteria.

Grade 1 2 3 4

RTOG Erythema Patchy reaction (<1.5 cm,

non-contiguous)

Confluent mucositis (>1.5 cm,

contiguous)

Ulceration, necrosis, bleeding

WHO Sore throat ± erythema, able to eat

solid food

Ulcers ± erythema, able to eat solid

food

Ulcers with extensive erythema,

requires liquid diet

alimentation not possible

CTCAE v5.0 Asymptomatic or mild symptoms;

intervention not indicated

Moderate pain; not interfering with

oral intake; modified diet indicated

Severe pain; interfering with oral

intake

Life-threatening consequences;

urgent intervention indicated

NCI-CTC Erythema of the mucosa Patchy pseudomembranous

reaction (patches generally ≤1.5 cm

in diameter and non-contiguous)

Confluent pseudomembranous

reaction (contiguous patches

generally >1.5 cm in diameter)

Necrosis or deep ulceration; may

include bleeding not induced by

minor trauma or abrasion

WCCNR Lesions: none

Color: pink

Bleeding: none

Lesions: 1–4

Color: slight red

Bleeding: none

Lesions: more than 4

Color: moderately red

Bleeding: with eating and hygiene

Lesions: coalescing

Color: very red

Bleeding: spontaneous

RTOG, Radiation Therapy Oncology Group; WHO, World Health Organization; CTCAE, Common Terminology Criteria for Adverse Events; NCI-CTC, National Cancer institute Common

Toxicity Criteria; WCCNR, Western Consortium for Cancer Nursing Research.
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macrophages, and fibroblasts), and thus, they promote the
healing of the oral mucosa.

Anti-inflammatory Agents
RIOM represents an interaction of oral mucosal cells and
tissues, proinflammatory cytokines (IL-11, IL-1, and IL-6),
and local factors. Benzydamine is a non-steroidal drug that
has shown topical anti-inflammatory, analgesic, anesthetic, and
antimicrobial activities and can be used to treat RIOM in
patients with HNC. Epstein et al. (48) and Sheibani et al. (49)
evaluated the efficacy of benzydamine in the treatment of RIOM.
Subjects were rinsed with 15ml benzydamine or placebo daily for
2min, 4–8 times, before and during radiotherapy and 2 weeks
after radiotherapy. Epstein et al. found that phenethylamine
significantly (P = 0.006) reduced erythema and ulcers by about
30% compared with placebo. Sheibani et al. found that RIOM
over grade 3 occurred later in the benzydamine group than in
the placebo group.

A multicenter, randomized clinical trial revealed that, when
RIOM appeared, 0.1% steroid ointment softens with olive oil
was applied to the oral mucosa four times per day, after meals
and before bedtime, which can decrease the incidence of grade
III RIOM (50). Topically administered corticosteroids have been
widely used in the treatment of RIOM, as they can reduce edema,
inhibit inflammation, and alleviate symptoms of patients, but
the long-term administration of topical steroids may promote
candidiasis (51).

Rebamipide is an agent that inhibits the production of
inflammatory cytokines, such as IL-1, IL-8, and TNF-α, and may
even have anti-ROS effects (52). Yasuda et al. (53) assessed the
efficacy and safety of rebamipide in treating RIOM. This gargle
solution, at 300mL per bottle for 1 day, was used in 6 divided
doses. The number of patients with severe mucositis (≥ grade 3
RIOM) was higher in the placebo group than in the rebamipide
group (83.3 vs. 33.3%, P = 0.036), which clearly indicates
the contribution of rebamipide in decreasing the severity of
oral mucositis.

In addition, honey also has anti-inflammatory effects and
can promote wound healing. Khanal et al. (54) conducted a
single-blinded, randomized, controlled clinical trial to compare
the mucositis-limiting qualities of honey with lignocaine. Each
patient would receive an intervention, including 20ml of either
honey or lignocaine gel that would have to be swished about
the oral cavity for 2min and expectorated, for 15min prior to
radiation, 15min after radiation and once before going to bed.
Only 1 of 20 patients in the honey group developed ≥grade III
RIOM compared with the lignocaine group, which is 15 of 20
patients. They indicated that honey had a strong protective effect
against the development of mucositis.

Antimicrobial Agent
RIOM may become infected and require antibiotic therapy. Oral
mucosal swabs should be sent for bacterial and fungal culture
and drug susceptibility tests to guide the use of antimicrobial
agents before treatment (55). Chlorhexidine gluconate is widely
recognized as an antimicrobial agent that helps avoid plaque
development and control early periodontal infections (56).

Stokman et al. (57) observed that the colonization index of
Candida and gram-negative bacilli decreased in patients who
received active 1 g lozenges containing polymyxin E (2mg),
tobramycin (1.8mg), and amphotericin B (10mg) at four times
daily during the full course of RT. Therefore, this is an effective
way to prevent and treat infections in RIOM.

Oral Mucosal Protectant
Misoprostol is a synthetic analog of prostaglandin E1 with anti-
inflammatory and mucosa-protecting properties. Veness et al.
(58) designed a randomized, double-blind, placebo-controlled
trial of misoprostol in patients, but this study was not able to
identify a reduction in RIOM in patients receiving misoprostol.

Amifostine has the potential to enable intensified treatment
by ameliorating mucosal destruction, but it does not reduce
antitumor efficacy. Bourhis et al. (59) conducted a clinical trial,
the HNC patients were randomized to receive or not 150 mg/m
(2) amifostine, 15–30min prior to each radiation session. And
they found that only 1 patient treated with amifostine developed
Grade IV mucositis, compared to 8 patients treated without
amifostine. They also suggested that amifostine can reduce the
severity and duration of RIOM. Similarly, Veerasarn et al. (60)
observed the efficacy of amifostine in the treatment of RIOM and
found that amifostine significantly reduced the incidence of grade
≥2 mucositis from 75 to 36%. However, another phase III trial
concluded that injecting amifostine every daymay result in a high
rate of serious adverse effects, leading to the discontinuation of
amifostine treatment and sometimes a delay in RT (61).

Receiving oral L-glutamine (L-Gln) is another treatment
option for RIOM. A trend toward a beneficial effect on the
severity of RIOM was suggested by Huang et al. (62). In a
study of 17 HNC patients treated for RIOM with glutamine
suspension (16 g glutamine in 240ml normal saline) or normal
saline, all of them received half-mouth irradiation at least. Then,
they evaluated the grade of RIOM until 45 Gy/25 fractions, and
found that the duration of RIOM ≥ Grade 1 (p= 0.0097), Grade
2 (p = 0.0232), and Grade 3 (p = 0.0168) was shorter in the
glutamine arm. they concluded that oral glutamine may shorten
the duration and severity of grade III mucositis.

Low-Level Laser Therapy (LLLT)
LLLT is one of the most recent and promising treatment
approaches for RION.MASCC/ISOO recommends LLLT for oral
mucositis in HNC patients receiving RT (41). LLLT promotes
the proliferation of multiple cells, mainly through the activation
of the mitochondrial respiratory chain and initiation of cellular
signaling. In addition, it increases the gene expression and
protein synthesis of TNF-α, IL-6, and IL-8 to treat RIOM (63).
In a study of 39 patients treated for HNC with different protocols
of laser phototherapy, the results showed that using a low-power
laser alone or in association with a high-power laser when applied
three times a week not only maintained RIOM at grades I or II,
but also prevented an increase in the nociceptive reaction (64).
Maiya et al. (65) treated RIOM patients using a low-level He-
Ne laser (wavelength 632.8 nm and output of 10 mW) and found
that the mean pain level and mucositis grade were significantly
lower in the study group than in the control group (P < 0.001).
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TABLE 2 | Clinical trials of various treatments in RIOM.

No. Reference Sample

size

Treatment method Evaluation criteria Design Result

1 Sahebjamee et al.

(67)

26 Aloe vera mouthwash vs.

benzydamine mouthwash

≥Grade I RIOM development

time

RCT, observational Similar RIOM severity.

2 Sayed et al. (68) 60 Pentoxifylline and vitamin E ≥Grade III RIOM incidence Prospective, observational Decreased the duration of

RIOM.

3 Bonfili et al. (69) 80 Platelet gel supernatant ≥Grade III RIOM incidence RCT, observational Decreased the incidence of

WHO grade 3/4 RIOM: 13%

4 Soares et al. (70) 42 LLLT (660 and 808-nm

wavelengths vs. only 660-nm

wavelength)

≥Grade I RIOM incidence Parallel, single-blind, two-arm

controlled, observational

Group 1 reduced RIOM grade

in comparison to Group 2.

5 Huang et al. (71) 71 Oral glutamine vs. placebo RIOM incidence and severity Randomized double-blind;

Phase III trial

Glutamine had no effect on

the severity of RIOM. (P =

0.169)

6 Ueno et al. (72) 97 Placebo vs. rebamipide 2%

vs. rebamipide 4%

≥Grade III RIOM incidence Multicenter, randomized,

double-blind,

placebo-controlled,

dose-ranging, phase II trial

The incidences of severe

RIOM: 39 vs. 29 vs. 25%.

7 Santos Filho et al.

(73)

20 FITOPROT (curcuminoids plus

Bidens pilosa Linn)

Adverse reactions

development

Phase I trail FITOPROT was safe and

tolerable for RIOM patients.

8 Kawashita et al. (74) 124 Pilocarpine hydrochloride,

topical dexamethasone

ointment

≥Grade III RIOM incidence Multicenter, phase II,

randomized controlled

Decreased incidence of

severe RIOM (P = 0.046).

9 Ribeiro da Silva et al.

(75)

29 PDT vs. LLLT The number of clinical cures

of RIOM

Open, controlled, and blind,

randomized; observational

Satisfactory results in

reducing pain.

10 Hadjieva et al. (76) 38 CAM2028-benzydamine Pain intensity Observational, Crossover;

double-blind; controlled;

single-dose; randomized

Relieve pain effectively.

11 Giralt et al. (77) 183 Clonidine vs. placebo ≥Grade III RIOM development

time

Phase II, randomized RIOM developed in 45 vs.

60% (P = 0.06)

12 Anderson et al. (78) 223 GC4419 (a superoxide

dismutase mimetic)

≥Grade III RIOM development

duration

Phase IIb, Randomized,

Double-Blind

90mg produced a reduction

of RIOM duration, incidence,

and severity.

13 Legouté et al. (79) 97 LLLT ≥Grade III RIOM incidence

and time

Phase III 95% of patients exhibited a

very good tolerance of LLLT.

14 Sio et al. (80) 275 diphenhydramine-lidocaine-

antacid

mouthwash

RIOM pain reduction during

the 4 h

Phase III, randomized Deduced pain during the first

4 h after administration.

15 Hua et al. (81) 56 CRO Total dose of CRO Observational, prospective Early introduction of CRO may

reduce the total dose of CRO.

16 Jiang et al. (82) 99 Probiotic combination ≥Grade III RIOM incidence Randomized, double-blind,

placebo-controlled

The incidences of grade 3

RIOM was 15.52%.

17 Wu et al. (83) 156 Actovegin Grade III RIOM incidence and

onset time

Multi-center prospective,

randomized, multi-center

A low progression rate from

grade 2 to 3 (39.2%).

18 Marín-Conde et al.

(84)

26 LLLT RIOM incidence and severity Prospective randomized

controlled

72.7% of the LLLT group

showed normal mucosa.

19 Onseng et al. (85) 39 Melatonin vs. placebo Incidence and time to grade III Randomized, double-blind,

double dummy,

placebo-controlled

Incidence of grade 3 RIOM:

42%.

20 Gautam et al. (2) 46 LLLT (λ = 632.8 nm) RIOM incidence and duration Double blinded, randomized,

lacebo controlled

Reduce the incidence and

duration of severe RIOM.

RIOM, radiation-induced oral mucositis; LLLT, low-level laser therapy; PDT, photodynamic therapy; CRO, controlled-release oxycodone.

Bensadoun et al. (66) reported a similar study and found that
Grade III mucositis occurred in 35.2% of those treated without
a low-energy He-Ne laser and 7.6% of those treated with an LEL-
60 mW, wavelength 632.8 nm (P < 0.01). These HNC patients
received He-Ne laser applications daily for 5 consecutive days

(Monday to Friday) each week during the 7 weeks of RT, before
the radiation sessions. Moreover, pain relief was significantly
better throughout the treatment period (weeks 2–7). In summary,
nearly all studies showed good results with reductions in both the
incidence and severity of RIOMwith no adverse effects, and LLLT
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can reduce the duration of RIOM to relieve pain. This article
summarizes the results of some clinical trials for the treatment
of RIOM in Table 2. Most of these studies are comparative
experiments and consider the time and incidence of RIOM as the
primary endpoint, to judge the efficacy of one or more drugs.

PREVENTIVE MEASURES

Oral Care
Oral care is an important integrated prevention strategy for
RIOM. The salivary glands do not produce saliva because of
radiation damage. The oral cavity gradually becomes acidic,
which in turn causes a large number of fungi to multiply.
Proper oral care makes the mouth alkaline, reducing the
incidence of RIOM. Oral care includes mechanical cleaning
(tooth brushing and flossing) and the use of mouthwashes to
reduce bacterial aggregation, as well as hydration and lubrication
of the oral mucosal surface. It is important to maintain a
clean oral cavity through regular brushing, flossing, rinsing, and
moisturizing, which can reduce the possibility of oral infection
and minimize mucosal tissue injury. Alkalinizing mouthwash
is the most frequently used mouthwash for preventing RIOM.
The occurrence of RIOM is delayed in HNC patients who
undertake continuous oral rinsing for more than 1 month (86).
Dodd et al. (87) revealed no significant difference between
the efficacy of micronized sucralfate mouthwash and salt and
soda mouthwash (86). Alkalinizing mouthwash is the most
frequently usedmouthwash for preventing RIOM. A randomized
controlled trial was conducted to compare the efficacy of an
aloe vera mouthwash with that of a benzydamine mouthwash.
This revealed that there was no difference between the two
groups; thus, an aloe vera mouthwash could be an alternative
agent in the prevention of RIOM (67). Kazemian et al. (88) had
made a randomized trial that subjects were to rinse with 15mL
benzydamine or placebo for 2min, 4 times a day from the 1st
day of RT to the end, and found that in the benzydamine group,
the incidence rate of RIOM grade ≥3 in HNC patients was
43.6%, in contrast to a rate of 78.6% in the placebo group (P =

0.001). This trial demonstrated positive effects of benzydamine
oral rinse in prevention of RIOM. Saarilahti et al. (89) compared
GM-CSF mouthwashes consisting 37.5 microg GM-CSF with
sucralfate mouthwashes consisting 1.0 g of sucralfate distilled in
water in the prevention of RIOM. This research reported that oral
mucositis tended to be less severe in the GM-CSF group (p =

0.072), and deduced that the use of GM-CSF mouthwashes may
lead to less frequent RT course interruptions from mucositis.

Nutritional Support
Malnutrition is a common problem among patients with HNC,
and 3–52% of HNC patients develop malnutrition without RT
(90). During RT, 44% of HNC patients develop malnutrition
(91). In addition, 88% of HNC patients develop malnutrition
during CCRT (92). Application of local anesthetics before food
consumption and using preferably liquid/semisolid foods with
high calorie and protein content may be possible approaches
(55). Experts have suggested that patients with RIOM should
avoid smoking, alcohol, and certain foods, such as tomatoes,

citrus fruits, and spicy foods (39). Acidic foods and hot dishes
can aggravate RIOM, thus avoiding spicy food can limit any
injury to the oral mucosa (39). Positive nutritional support will
enhance oral mucosal resistance, reduce the chance of infection,
and promote the repair of RIOM. Goda et al. (93) evaluated the
efficacy of percutaneous endoscopic gastrostomy (PEG). They
suggested that therapeutic PEG is useful for preventing the
interruption of RT in HNC patients and should be performed
before the radiation therapy dose reaches 30Gy to avoid severe
mucositis. Yamazaki et al. (94) conducted a study and found that
the incidence of Grade III or IV oral mucositis was lower in
patients receiving PEG than in those who did not receive PEG.
In a word, early prophylactic PEG can reduce the occurrence
of severe adverse reactions (mucositis and weight loss) and
avoid RT interruption. In addition, the timing of nutritional
intervention will also affect the incidence and severity of RIOM.
A lot of literatures reported that early nutritional intervention
would be beneficial to the treatment of HNC patients and
reduce the occurrence of adverse reactions. Meng et al. (95)
randomly divided a cohort of 78 HNC patients into early (n =

46) and late (n = 32) nutrition intervention groups. The early
group of patients received nutritional support at the beginning
of CRT, whereas the late group received such a support until
development of the side effects. And they found that the early
group showed a lower rate of advanced RIOM (p < 0.05).
Similarly, Wei et al. (96) made a trial to compare early (n
= 28) and late (n = 26) nutrition intervention groups. The
early group received enteral nutrition at the beginning of RT,
while the late group received enteral nutrition after restricted
feeding. And they clarified that the incidence of high-grade
RIOM was significantly lower in the early group than that in
the late group (P < 0.05). In a word, HNC patients suffer
malnutrition early and worsened continuously during RT, so
it is important for patients to receive early nutritional support
at the beginning of RT, especially in patients at high grade of
RIOM (97).

Radiation Regimen
The severity of RIOM varies with the RT regimen. In recent
years, RT technology has become increasingly more advanced
for HNC patients with the aim of protecting the oral mucosa,
leading to the development of approaches such as IMRT
and volumetric modulated arc therapy. Bjarnason et al. (98)
compared two groups: morning RT vs. afternoon RT. They
revealed a significant reduction in Grade III or greater mucositis
in themorning RT group (44.6 vs. 67.3%, P= 0.022); morning RT
also prolonged the interval until RIOM development (median,
>7.9 vs. 5.6 weeks, P = 0.033). Dean et al. (99) generated
predictive models of severe acute mucositis using RT dose
and clinical data. They concluded that receiving intermediate
and high doses of oral volume may increase the incidence
of mucositis.

Oral Cryotherapy
Oral cryotherapy offers a convenient and non-invasive
prophylactic option for preventing oral mucositis (OM).
Riley et al. (100) concluded that oral cryotherapy is effective
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TABLE 3 | Clinical trials of various preventions in RIOM.

No. References Sample

size

Prevention Evaluation criteria Design Result

1 Chaitanya et al.

(103)

60 Rebamipide gargle vs.

placevo

RIOM severity Double blind, randomized Onset of RIOM: 14.63 d vs.

11.17 d

2 Mantovani et al.

(104)

68 GM-CSF ≥Grade III RIOM incidence

and duration

Phase II, non-randomized 50% of patients developed

RIOM

3 Diaz-Sanchez et al.

(105)

7 Bioadhesive chlorhexidine gel

0.2%

Gradation and pain of RIOM Double-blind, randomized No clinical improvement

4 Demir Doǧan et al.

(106)

80 Black mulberry molasses Incidence and severity of

RIOM

Randomized Controlled An independent and

significant factor. [HR 0.63]

5 Genot-Klastersky

et al. (107)

62 LEL The therapeutic success rate Prospective The success rate:81% (95%

CI = 61–93%)

6 Elyasi et al. (108) 27 Silymarin (420 mg/d) Severity of RIOM Randomized, double-blinded,

placebo-controlled

Delayed serious RIOM

occurrence.

7 Zanin et al. (109) 72 LLLT (λ = 660 nm) Grade I-III RIOM incidence

and pain

Observational,

placebo-controlled

Patients treated with LLLT

usually did not present with

RIOM or pain.

8 Etiz et al. (110) 44 Oral suspensions of sucralfate Oral mucosal pain and

dysphagia

Prospective, randomized,

double-blind,

placebo-controlled

Reduced oral pain scores.

9 Gouvêa de Lima

et al. (111)

75 LLLT vs. placebo RIOM severity and the

number of RT interruptions

Phase III; randomized;

double-blind

Grade 3 or 4 RIOM patients: 4

vs. 5 (Week 2, p = 1.0), 4 vs.

12 (Week 4, p = 0.08), and 8

vs. 9 (Week 6, p = 1.0),

respectively.

10 Hamstra et al. (112) 60 Placebo vs. D-met ≥Grade II RIOM incidence Double-blind

placebo-controlled

multicenter phase II

Grades 3 to 4 mucositis: 48

vs. 24% (P = 0.058)

11 Elkerm and Tawashi

(113)

20 DPP OMAS Placebo-controlled;

observational

Mean oral pain level:

0.7(Day1); 0.07 (Day15); 0

(Day 29)

12 Cheng et al. (114) 42 Oral care RIOM incidence and pain Prospective; observational A 38% reduction in the

incidence of ulcerative

mucositis.

13 Watanabe et al.

(115)

31 Polaprezinc ≤Grade III RIOM incidence

and pain

Randomized; observational Complete plus partial

response rate: 88%

14 Giacomelli et al.

(116)

40 Orasol Plus (Lapacho-based

medication)

≤Grade III RIOM incidence Phase II Grade 3: 4 (10%) patients;

Grade 4:0

15 Trotti et al. (117) 545 Iseganan HCl (a synthetic

peptide)

≥Grade II RIOM incidence Phase III; multinational,

randomized, double-blind,

controlled

9% of the patients did not

develop ulcerative OM

(Grades 2, 3, 4) (p = 0.998)

16 Zhu et al. (118) 20 Epigallocatechin-3-gallate

(EGCG)

Safety of EGCG Phase I; prospective,

non-randomized,

No patients experienced

≥Grade III RIOM; the

recommended dose of EGCG

is 1,760 µmol/L.

RIOM, radiation-induced oral mucositis; GM-CSF, granulocyte-macrophage colony stimulating factor; HR, hazard ratio; CI, confidence interval; CCRT, concurrent chemoradiation therapy;

LLLT, low-level laser therapy; Low-energy laser, LEL; D-met; D-methionine; DPP, date palm pollen; OMAS, Oral Mucositis Assessment Scale.

for the prevention of OM in patients receiving fluorouracil-
based chemotherapy. Redding (101) inferred that putting ice
chips in the mouth 5min before administering a 5-FU bolus
injection and continuing to do so for 30min would cool the
oral cavity and lead to vasoconstriction. This hypothesis had
been certified in a research published in 1991 (102). Patients
was randomized divided into two groups, one group received
oral cryotherapy during chemotherapy, and the other group
served as control group. And they found that OM was reduced

by ∼50% in the group receiving oral cryotherapy, compared
to the control group. Oral cryotherapy is frequently applied
in chemotherapy-induced OM, and it has a good preventive
effect. But it has not been reported and applied in RIOM. The
results of some clinical trials for the prevention of RIOM are
summarized in Table 3, excluding retrospective experiments.
Most of them consider the incidence and severity of RIOM
as the observation standard to judge the effect of different
prevention schemes.
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DISCUSSION

RIOM is a common complication in patients with HNC after
RT. The main clinical symptoms are oral pain, mucosal ulcers,
and dysphagia. Currently, there are numerous prevention and
treatment strategies for RIOM. Good oral health, adequate
nutritional support, and advanced RT approaches can prevent
RIOM. In addition, RIOM treatment focuses on reducing
symptoms and complications. The treatment regimens include
analgesic and anti-inflammatory drugs, medications and LLLT.
For grade I and II RIOM, the treatments are mainly concerned
with oral care, especially postprandial oral cleaning, mouthwash
with saline and nutritional support. Apart from those, patients
can also use mucosal protective agents. For grade III-IV RIOM,
in addition to the treatment measures of grade I-II, patients can
also add anti-inflammatory drugs and hormones. And we need
to pay attention to the management of pain, adding different
analgesics according to the level of pain. In addition, LLLT can
also be considered to use for patients. However, at present, for the
prevention and treatment of radiation-induced mucosal injury,
the medical community has not yet formed any standardized
medical nutrition treatment program, and the mechanism of
mucosal injury remains to be thoroughly studied.
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Recurrent Head and Neck Cancer:
A Prospective Pilot Study
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Purpose/Objectives: To establish the feasibility and safety of intraoperative placement of
cesium-131 (Cs-131) seeds for re-irradiation in recurrent head and neck cancer (HNC).

Methods: Patients with resectable recurrent HNC who were deemed to have a high risk
of second recurrence were eligible. Immediately after tumor extirpation, seeds were
implanted in the surgical bed based on the preoperative treatment plan with intraoperative
adjustment. The surgical bed and the seeds were covered with a regional flap or
microvascular free flap. A CT of the neck was obtained on postoperative day 1 for
evaluation of the postoperative dose distribution. Patients were followed 1 and 3 months
after surgery, then every 3 months in the first 2 years.

Results: From November 2016 to September 2018, 15 patients were recruited and 12
patients received treatment per protocol. For the patients who had implants, the sites of
initial recurrence included 10 neck alone, 1 neck and larynx, and 1 neck/peristomal. The
median follow-up was 21.4 months. After surgery, patients remained hospitalized for a
median of 6 days. There were no high-grade toxicities except two patients with wound
complications requiring wound care. Eight patients had recurrences, three locoregional
alone, three distant alone, and two with both locoregional and distant recurrences. Only
one patient had an in-field failure. Five patients died, with 1- and 2-year overall survival of
75 and 58%.

Conclusions: Cs-131 implant after surgical resection in recurrent HNC is feasible and safe.
There were no unexpected severe toxicities. Most failures were out-of-field or distant.

Clinical Trial Registration: ClinicalTrials.gov, identifier NCT02794675.

Keywords: brachytherapy, cesium 131, recurrence, head and neck, re-irradiation
March 2021 | Volume 11 | Article 6394801160

https://www.frontiersin.org/articles/10.3389/fonc.2021.639480/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.639480/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.639480/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.639480/full
https://ClinicalTrials.gov
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Min.Yao@UHHospitals.org
https://doi.org/10.3389/fonc.2021.639480
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.639480
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.639480&domain=pdf&date_stamp=2021-03-18


Kharouta et al. Cesium Brachytherapy for HNC Re-Irradiation
INTRODUCTION
Head and neck cancers (HNC) represented an estimated 53,260
new diagnoses of malignancy in the United States in 2020, with
10,750 estimated deaths (1). Most patients present with loco-
regionally advanced disease. Radiation is a principal treatment
modality in HNC, either as definitive therapy or after surgery,
and often administered with concurrent platinum-based
chemotherapy. With modern multimodality therapy, overall
survival for these patients continues to improve and typically
exceeds 40–70% in modern series (2–4). Locoregional recurrence
rates remain high and are the common mode of failure, with
tumors of oropharyngeal origin and HPV-related having a
relatively better prognosis (2, 5).

Locoregional recurrence in HNC can be particularly morbid,
and survival rates at 1 and 2 years following recurrence are poor
(5). The primary treatment for recurrence of HNC is surgical
resection if possible, often followed by adjuvant radiotherapy to the
resection bed, especially for patients with high-risk features (3, 4).
Both of these treatments can be complicated by prior radiotherapy.
Adjuvant radiotherapy after resection for recurrence can be
challenging, as many organs at risk (OAR) near the primary site
received significant dose from the primary course of radiation.
Severe late toxicity is not uncommon even with the use of intensity-
modulated radiation therapy (IMRT) (6). Depending on the site of
recurrence, these toxicities may be prohibitive to re-irradiation
with external beam radiotherapy (EBRT) techniques, particularly
when considered in conjunction with the increased risk of surgical
complications such as wound dehiscence, tissue necrosis, or carotid
blowout (6–8). In a meta-analysis of re-irradiation for recurrent or
second primary HNC, 28% of over 3,700 patients across 39 studies
underwent postoperative re-irradiation. Their rates of grade 3+
acute and late toxicities were 32 and 29% respectively, with
radionecrosis, dysphagia, and trismus among the most common
grade 3–4 late toxicities (7).

Several recently reported attempts to explore newer modes of
re-irradiation have focused on highly conformal external beam
treatments, including stereotactic body radiation therapy (SBRT)
and proton therapy, with some SBRT series showing local control
and toxicity comparable to IMRT and other conventional
conformal techniques (9). However, brachytherapy is a
particularly intriguing modality for this purpose as it attempts
to theoretically deliver maximal dose conformality to spare
unwanted dose to nearby normal tissues, and allows a
sufficiently high re-irradiation dose to the post-operative bed for
control of microscopic disease. Brachytherapy can be performed at
the time of surgery following primary resection, which eliminates
treatment delay for the patient.

The use of Cesium-131 (Cs-131) implants is shown to be
feasible in the postoperative setting for recurrent HNC in several
small series (8, 9). The relative dosimetric properties of Cs-131
Abbreviations: HNC, head and neck cancer; EBRT, external beam radiation
therapy; Cs, cesium; IMRT , intensity-modulated radiation therapy; SBRT,
stereotactic body radiation therapy; OAR, organ at risk; CT, computed
tomography; PET, positron emission tomography; HDR, high dose-rate; LDR,
low dose-rate; NRC, Nuclear Regulatory Commission; IRB, institutional
review board.
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compared to iridium-192 or Iodine-125 isotopes, which include a
lower mean energy and short half-life at 9.7 days, have made it an
excellent candidate for treatment not only in recurrent HNC, but
in the treatment of recurrent brain tumors, inoperable non-small
cell lung cancer, and recurrent pelvic malignancies (10–13). Due
to the favorable properties of both brachytherapy and Cs-131, we
sought to explore the feasibility of Cs-131 implants in recurrent
HNC after surgery at our institution. We report our preliminary
experience using Cs-131 seed implantation as adjuvant treatment
for patients with recurrence of their HNC who undergo
salvage surgery.
MATERIALS AND METHODS

This is a prospective clinical trial approved by our institutional
Internal Review Board (IRB) and is partly supported by IsoRay™

(Richland, WA). The aims of this study were to assess the
feasibility and safety associated with Cs-131 brachytherapy in
patients with recurrent head and neck cancer undergoing salvage
surgery to ensure that any morbidity does not overshadow any
measurable oncologic cure.

Eligibility Criteria and Patient Selection
Eligible patients were age 18–90 years with Karnofsky
performance status >60, with resectable, recurrent HNC
after previous radiotherapy. All patients were reviewed in
multidisciplinary tumor board and deemed to be at high-risk
for second failure due to recurrent disease adjacent to critical
structures such as the carotid artery, skull base, deep cervical
musculature, or other areas that would limit the possibility of en-
bloc resection, and were thus deemed candidates for post-
operative radiotherapy regardless of primary site. Patients with
active pharyngocutaneous fistula, exposed carotid artery
preoperatively requiring sacrifice or bypass intra-operatively, or
distant metastasis (except for a single lung nodule/2nd lung
primary) or HIV-positivity were not eligible. All patients
signed IRB-approved informed consent.

Seed Description and Pre-Planning
Procedures
Cs-131 seeds were provided by IsoRay™ (Richland, WA). Seeds
were supplied in a mesh or strand configuration. The seeds are
encased in a 0.05 mm titanium shell, and contain radioactive Cs-
131 isotope surrounding a 4 mm gold marker. The strength and
number of the Cs-131 seeds were estimated based on a
preoperative treatment plan using diagnostic computed
tomography (CT) images, as well as positron emission
tomography (PET) imaging. The geometry and size of the
resection cavity was estimated by the radiation oncologist and
head and neck surgeon, and a target volume was delineated on the
CT images (Figure 1A). Using MIM Symphony LDR™ treatment
planning software, version 6.5 (Cleveland, OH, USA), the seeds
were placed in a single, optimal plane with 1 cm seed-to-seed
spacing to cover the estimated resection cavity. The seed air kerma
strength was iteratively adjusted in the planning software, such
that a dose of 60–70 Gy was delivered to a prescription point
March 2021 | Volume 11 | Article 639480
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located 5 mm perpendicular to the center of the implant plane.
The treatment plan was reviewed by the medical physicist,
radiation oncologist, and head and neck surgeon. The
prescription dose was adjusted based on the previous radiation
dose received and the dose to the spinal cord. The composite dose
(dose previously received plus the implant dose) was kept ≤ 140
Gy. Therefore, for patients with recurrence after definitive
Frontiers in Oncology | www.frontiersin.org 3162
radiation, the implant dose was between 60 and 65 Gy. For
patients recurred after postoperative radiation, the implant dose
was between 65 and 70 Gy. The composite dose to the spinal cord
was limited to ≤ 50 Gy. A custom mesh and/or set of strands with
pre-specified seed spacing was then ordered. In most cases,
especially those with larger uncertainty in the size or geometry
of the estimated resection cavity, an extra strand of seeds was
A

B

FIGURE 1 | (A) Pre-operative plan showing Cs-131 strand implant location along predicted tumor bed. (B) Post-operative plan showing implanted Cs-131 seeds
on diagnostic CT, pre-operative tumor contour in purple.
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ordered and used as needed. An identical set of dummy seed
mesh/strands was ordered for facilitation of intraoperative
adjustment to avoid unnecessary radiation exposure.

In cases where the seeds would be in proximity to critical
vascular structures or the mucosal/cutaneous surface a
vascularized pedicle flap, free tissue transfer was planned. A
thin adipofacial anterolateral thigh free flap (2–3mm thick) was
used most frequently for vascular coverage and additional fat/
muscle could be harvested and contoured to prevent seed
extrusion through mucosal or cutaneous interfaces. Additional
soft tissue overlying the seeds lowered radiation exposure and
Frontiers in Oncology | www.frontiersin.org 4163
helped to achieve a dose rate limit that was acceptable (< 6 mR/h
at 1 meter distance) for patient discharge.

Intraoperative Planning and Postoperative
Dose Verification
Immediately after tumor extirpation, the seeds were implanted in
the surgical bed based on the preoperative treatment plan with
intraoperative adjustment. The mesh containing seeds was
secured by suture. The surgical bed and seeds were covered
with a regional flap or microvascular free flap (Figure 2).
Radiation exposure was measured immediately post-surgery,
A

B

FIGURE 2 | (A) Cs-131 strands being removed from sterile packaging for implant. Each strand contained a custom number of seeds spaced at 1 cm apart.
(B) Exposed resection cavity with several Cs-131 strands implanted per the pre-operative plan.
March 2021 | Volume 11 | Article 639480
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on day 1 post-surgery, and on 5–8 days post-surgery. A CT scan
of the neck was obtained on postoperative day 1 for
postoperative treatment planning to confirm the dose
distribution of the implant (Figure 1B).

Follow-Up and Statistical Analysis
Patients were seen for follow-up at 1 and 3 months after surgery,
then every 3 months in the first 2 years and every 6 months
thereafter. Toxicities and disease status were recorded
prospectively at every follow-up. A CT of the neck was
obtained 1–2 months after surgery and a PET/CT was
obtained about 3 months after surgery.

Survival estimates were performed using the Kaplan-Meier
method. Overall survival was determined from the date of
brachytherapy implant to patient death or last follow-up.
Progression-free survival was determined from the date of
brachytherapy to any progression of disease (either by imaging
or pathologic diagnosis) or death. Locoregional failure-free survival
was determined from the date of brachytherapy to any progression
of disease at the primary site or regional lymphatics. An in-field
recurrence was defined as recurrent gross tumor in contact with
regions receiving 100% or greater of the implant prescription dose.
Distant metastatic failure-free survival was determined from the
date of brachytherapy to any occurrence of metastatic disease.
RESULTS

Patient Characteristics and Treatment
From November 2016 to September 2018, 15 patients were
recruited, and 12 patients received seed implantation. Of the
patients who did not receive protocol treatment, one had disease
progression before surgery and went to hospice, and two were
determined to be low-risk intraoperatively after tumor resection.

Patient characteristics and treatment parameters for the
12 patients who had seed implants are summarized in
Table 1. There were 11 male and 1 female, with a median
Frontiers in Oncology | www.frontiersin.org 5164
age of 75 (52-86) years. Primary sites at initial diagnosis
included five oropharynx, three larynx, three skin, and one
oral cavity. Recurrent sites of disease included 10 neck alone,
1 both neck and larynx, and 1 neck/peristomal. The interval
between recurrence and previous radiation ranged from 3.7
to 103.8 months, with a median of 21.9 months. The interval
between previous radiation and Cesium implantation was
4.2–105.1 months, with a median of 22.7 months.

The median radiation dose from the initial course of radiation
treatment was 70 Gy (range 50–74 Gy). Cs-131 implant dose
ranged from 60 to 70 Gy (median 65 Gy) depending on the
previous dose the patient had received and the dose to the critical
structures, mainly the spinal cord. The median total cumulative
dose was 130.1 Gy (range 120–140 Gy). Total implanted seeds
ranged from 11 to 68 (median 35). The median seed activity was
2.8 mCi (range 2.5–3.5 mCi) and total seed activity ranged from
38.8–182.2 mCi (median 101.2 mCi).

Radiation Safety
Radiation exposure rate was measured using a Victoreen 451B
Fluke ion chamber survey meter at 1 meter from the implanted site
immediately post-procedure, on day 1 post-procedure, and on 5–8
days post-procedure before patient discharge. Forty two
measurements were taken from 12 patients ranging from 2.0 to
6.6 mR/h immediately post-procedure, 1.1–4.7 mR/h on post-
operative day 1, and 0.7–2.7 mR/h on post-operative day 5–8. Per
NRC regulations using an occupancy factor of 0.25, the calculated
dose rate limit for patient release was < 6.0 mR/hr. All patients were
below this threshold on 1 day post-procedure and the exposure rate
for all patient was < 2mR/h at discharge from hospital.

Post-Implant Quality Assurance
In order to examine the post-implant movement of the seeds and
effect on the dose distribution, CT images obtained at follow-up
visits, including the CT as part of the PET/CT, were rigidly
registered to the postoperative day 1 CT for the initial seven
patients using MIM treatment planning software. The DICOM
coordinates of each seed were obtained to determine their
movement. The average observed seed movement was found to
consistently increase with every subsequent CT acquired. By 60
days after implantation when the implanted Cs-131 seeds
deposited 99% of the prescribed dose, the average deviation was
4.3 mm and mean bulk displacement of the entire mesh implant
was 2.5 mm. Kaplan-Meier plots obtained for the probability of a
seed not having been observed to move a given distance revealed
that after 60 days, 98.8% of the studied seeds had moved <10 mm,
65.8% by <5mm, and 21.7% by <2.5 mm. The maximum resulting
change in volume of the prescription isodose line was <3%.

Adverse Events
There were no severe acute radiation-related toxicities, with the
exception of two patients who developed wound breakdown
requiring local wound care. Of these two patients, one had
delayed wound healing and developed contralateral neck and
distant recurrence and died of disease afterward; the other
developed cellulitis on the implanted neck 11 months after
implantation and required surgical drainage. The second patient
TABLE 1 | Patient characteristics and treatment.

Median age (years) 75 (52–86)
Gender
Male 11
Female 1

Site of initial diagnosis
Oropharynx 5
Larynx 3
Skin 3
Oral cavity 1

Site of recurrence
Neck alone 10
Neck and larynx 1
Neck/peristoma 1

Time from RT To recurrence (months) 21.9 (3.7–103.8)
Time from RT To implant (months) 22.7 (4.2–105.1)
Previous RT dose (Gy) 70 (50–74)
Dose implanted (Gy) 65 (60–70)
Total cumulative dose (Gy) 130 (120–140)
Total seed implanted 35 (11–68)
Total seed activity (mCi) 101.2 (38.8–182.2)
March 2021 | Volume 11 | Article 639480
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remained free from disease at last follow up, approximately
2 years after Cs-131 implant. Overall grade 1–2 acute
toxicities attributable to radiotherapy were observed in 4 (33%)
patients. Grade 3 acute toxicities were observed in 2 (16.7%)
patients. The most common acute toxicities attributable to
radiotherapy were wound infection and laryngeal edema.
After surgery, patients remained hospitalized for a median of 6
(3–9) days.

Disease Recurrence and Survival Outcomes
The median follow-up was 21.4 (6.1–40.8) months after
implantation for all patients and 29.3 (19.8–40.8) months for
patients who remain alive. The 1- and 2-year overall survival was
75 and 58%, respectively. Progression-free survival was 33%, local
failure-free survival 44%, and distant failure-free survival 42% at
both one and 2 years (Figure 3). At last follow up, eight (67%)
patients had recurrences; three (25%) patients recurred local-
regionally alone, three (25%) distant alone, and two (17%) with
both -loco-regional and distant recurrences. Of the 5 (42%) with
loco-regional recurrences, only 1 (8%) patient failed in-field. One
Frontiers in Oncology | www.frontiersin.org 6165
patient failed at the field edge, one in the contralateral neck, one in
the ipsilateral neck distant from the implant, and 1 patient who
had implant in the neck for nodal recurrence of oropharyngeal
cancer had a new primary laryngeal cancer. Five patients (42%)
died. Four died with recurrence of their disease, and one died of
other causes with no evidence of recurrence prior to death.
DISCUSSION

A growing body of evidence suggests that adjuvant re-irradiation
in recurrent HNC improves local control, and may improve
survival in selected cases (14–17). However, re-irradiation is
often complicated by prior full dose irradiation, during which
adjacent critical structures may receive their maximum tolerable
dose with chronic alterations to their function. Several studies
have reported rates of acute grade 3 and 4 toxicity after IMRT-
based re-irradiation as high as 20–50% (8, 15, 17, 18). Rates of
carotid blowout and mucocutaneous fistula, among the most
serious complications, were reported between 2 and 5% in large
A B

DC

FIGURE 3 | Kaplan-Meier survival curves following Cs-131 implantation. (A) Overall survival. (B) Disease-free survival. (C) Local failure free survival. (D) Distant failure
free survival.
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series using IMRT (9). The use of more highly conformal
techniques are attractive for re-irradiation in recurrent HNC in
order to deliver sufficient high dose radiation while spare
previously irradiated normal tissues.

Brachytherapy provides the possibility of optimal dose
conformity, with sharp dose fall-off and no entrance/exit dose
or low-dose bath to nearby normal tissues, leading to fewer side
effects compared to EBRT (19). Brachytherapy performed at the
time of surgery is convenient for patients, who would otherwise
require 4–6 weeks of wound healing and 6–7 weeks of daily
treatment with EBRT. Reported brachytherapy approaches largely
utilize catheter-based high-dose rate (HDR) brachytherapy with
an iridium-192 (Ir-192) isotope, as well as permanent implant
low-dose rate (LDR) with iodine-125 and Cs-131 seeds. Several
retrospective and prospective studies have reported feasibility of
brachytherapy in postoperative re-irradiation in recurrent HNC
(20–26), with comparable rates of survival and radiation-induced
toxicity to our experience reported here.

HDR catheter-based brachytherapy allows for the precise
tailoring of the dose distribution during pre-planning, with
optimization of dwell times and positions, and image-guided
catheter placement for each fraction. While these features allow
for a theoretically superior dose-distribution compared to LDR
brachytherapy, placement of the catheters can be challenging,
especially in the surgically manipulated tissue. HDR techniques
often require multi-fraction treatments which can be difficult for
patients to endure. Despite these challenges, multiple reports on
the use of HDR brachytherapy in the post-operative setting
and as definitive therapy for unresectable recurrent HNC
have been published, with local control rates at 2 years at
approximately 60–70%, and rates of severe (grade 3 or higher)
acute toxicities widely variable at approximately 10–50% (20–27).
Irradiation of the flap and surgically manipulated tissues were
generally well tolerated, with rates of grade 3 or higher wound
complications typically 10% or less in reported series.

LDR brachytherapy following surgery in recurrent HNC has
been used successfully for several decades. Permanent seed implant
can be performed at the time of surgery and provides convenience
and ease of use compared to HDR brachytherapy. Seeds typically
come in strands, mesh, or can be individually placed, and can be
customized to a particular patient’s surgical bed and at risk tissues,
which may be distorted from their normal planes after surgical
manipulation. Cs-131 is a relatively newer isotope with a
higher energy at 30.4 kEV and shorter half-life at 9.7 days
compared to iodine-125 and paladium-103 seeds, allowing
for a higher biological effective dose (BED) and minimizing
changes in the dose distribution due to seed migration or
changes in the surrounding tissue. These features may
increase the safety and quality of dose delivery and may also
reduce toxicity.

Our institutional experience is consistent with previous
reports using similar techniques. Pham et al. reported 18
patients with recurrent HNC treated with surgery and
intraoperative placement of Cs-131 plaque to treat the tumor
bed with an additional 5 mm margin to 80 Gy (28). Rates of
grade 3 toxicity were similar to our experience regarding wound
Frontiers in Oncology | www.frontiersin.org 7166
complication, with no grade 4 or 5 toxicities reported. There
were no other severe acute or late radiation-related toxicities.
They reported overall and progression-free survival at 18 months
were 45 and 37% respectively, similar to our report at 58 and
33% respectively at 24 months. Bar-ad et al. reported 15
patients treated with Cs-131 brachytherapy for re-irradiation
after surgical resection (29). The mean implant dose was
56.1 Gy, with similar treatment implementation to our
approach, though no toxicity or tumor control endpoints
were reported.

The overall local recurrence rate of 44% in our cohort is
comparable to other series utilizing post-operative LDR
brachytherapy with other isotopes (24, 30). The overall survival
and recurrence free survival in our cohort is also comparable to a
recently reported multi-institutional trial by Awan et al. of re-
irradiation using IMRT to 60–66 Gy and concurrent cisplatin
and cetuximab (14). They reported that the 1 year overall
survival and recurrence free survival were 60.4 and 34.1%,
respectively. However, there were significantly higher rates of
grade 3 and 4 toxicity as would be expected with the use of
concurrent systemic therapy. Of note, our patient population was
high-risk, with a high median age of 74.5 years, medical
comorbidities, and intensive prior therapy, all being strong
competing risks for overall survival. Brachytherapy with Cs-
131 did not prolong the hospital stay and the whole treatment
period, which is an important consideration given the poor
prognosis of this group of patients.

There are some limitations to consider for our study. Our
cohort size is small with only 15 patients recruited from a single
institution, and our study design is non-randomized, making
generalizable conclusions difficult to formulate from our data
alone. A larger study is needed to fully assess the toxicity and
efficacy associated with brachytherapy in this setting. Our
patients had considerable heterogeneity in the site of their
primary cancer, with sites including the base of tongue, larynx,
oral tongue, oropharynx, and skin, which carries some
implications regarding tumor biology and risks from the initial
therapy that cannot be fully known. The strengths of our study
include the prospective collection of toxicity data, the
consistency of implantation technique and evaluation, and
concordance with other reported series employing similar
techniques with regard to radiation safety parameters, toxicity,
and outcomes.

Out of twelve patients in our study, only one had an in-field
recurrence in the high dose region of the implant, indicating the
feasibility of brachytherapy in achieving local control in the
tumor bed in a presumably radioresistant recurrence. The
majority of failures in our series occurred outside the treatment
field; five patients recurred at distant sites, and two of three
patients with local recurrences alone had out-of-field
recurrences. This indicates the need for systemic treatment in
combination with brachytherapy that not only addresses
radioresistance in recurrent tumors, but the propensity for
distant metastasis. Immunotherapy has been shown to have
significant activity in the metastatic and recurrent HNC. The
KEYNOTE-048 trial showed significantly improved overall and
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progression-free survival in patients with metastatic and
recurrent HNC with either single agent pembrolizumab or
combination of pembrolizumab and chemotherapy (31). The
tolerability and efficacy of pembrolizumab in this setting make it
an attractive candidate for therapeutic escalation in combination
with brachytherapy. A new multi-center phase 1b/II trial
combining PD1 inhibition using pembrolizumab and cesium-
131 brachytherapy with salvage surgery to enhance
immunogenicity and improve local control in head and neck
cancer (ClinicalTrials.gov Identifier: NCT04340258) has been
developed and will be activated with the hope of improving both
local and distant disease control in recurrent head and
neck cancer.
CONCLUSIONS

It appears that Cs-131 implant after surgical resection in
recurrent HNC is feasible and safe. There were no unexpected
severe acute or late toxicities following the procedure. Most
failures were out-of-field or distant failures; only one patient
recurred in-field. Exploration of combination of immunotherapy
and Cs-131 implant is warranted.
Frontiers in Oncology | www.frontiersin.org 8167
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Background: Radiotherapy for head and neck cancer may cause various oral sequelae,
such as radiation-induced mucositis. To protect healthy tissue from irradiation, intraoral
devices can be used. Current tissue retraction devices (TRDs) have to be either individually
manufactured at considerable cost and time expenditure or they are limited in their
variability. In this context, a 3D-printed, tooth-borne TRD might further facilitate clinical use.

Methods: A novel approach for the manufacturing of TRDs is described and its clinical
application is analysed retrospectively. The devices were virtually designed for fabrication
by 3D-printing technology, enabling—in only a single printing design—caudal or bi-lateral
tongue displacement, as well as stabilization of a tongue-out position. For a total of 10
patients undergoing radiotherapy of head and neck tumors, the devices were individually
adapted after pre-fabrication. Technical and clinical feasibility was assessed along with
patient adherence. Tissue spacing was calculated by volumetric analysis of tongue
retraction. In one exemplary case, radiotherapy treatment plans before and after tissue
displacement were generated and compared. The reproducibility of maxillomandibular
relation at device re-positioning was quantified by repeated intraoral optical scanning in a
voluntary participant.

Results: 3D-printing was useful for the simplification of TRD manufacture, resulting in a
total patient treatment time of less than 30 min. The devices were tolerated well by all
tested patients over the entire radiation treatment period. No technical complications
occurred with the devices. The TRDs caused an effective spacing of the healthy adjacent
tissue, e.g., the tongue. Position changes of maxillomandibular relation were limited to a
mean value of 98.1 µm ± 29.4 µm root mean square deviation between initial reference
and follow-up positions.
March 2021 | Volume 11 | Article 6287431169

https://www.frontiersin.org/articles/10.3389/fonc.2021.628743/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.628743/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.628743/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Sebastian.adeberg@med.uni-heidelberg.de
mailto:Sebastian.adeberg@med.uni-heidelberg.de
https://doi.org/10.3389/fonc.2021.628743
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.628743
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.628743&domain=pdf&date_stamp=2021-03-23


Abbreviations: CAD, Computer aided
manufacturing; TRD, Tissue retraction dev

Herpel et al. Individualized 3D-Printed Tissue Retraction Devices

Frontiers in Oncology | www.frontiersin.org
Conclusions: The presented method allows a resource-efficient fabrication of
individualized, tooth-bourne TRDs. A high reproducibility of maxillomandibular relation
was found and the first clinical experiences underline the high potential of such devices for
radiotherapy in the head and neck area.
Keywords: HNSCC, advances in management, 3D printing, tissue retraction, radiation therapy, oral stents, tongue
displacement, intraoral splints
INTRODUCTION

Radiotherapy plays a key role in the treatment of head and neck
tumors (1). During and after radiation treatment, intraoral
sequelae, e.g. radiation-induced oral mucositis (RIOM), can
occur. Higher-grade RIOM occurs in up to 60% of the patients
receiving head/neck radiotherapy (2). It can lead to pain, ageusia,
superinfection, dysphagia, and weight loss (3).

Tissue retraction devices (TRD) increase the distance between
tumor and healthy tissue, with potential consequences on the
prevalence and severity of RIOM (4, 5). Even small geometric
changes can lead to significantly less irradiation of healthy tissue
and can, thereby, significantly reduce side effects (6–8). The
manufacture of TRDs is, however, complex. Traditionally, dental
impressions are taken, and stone models are poured. Then TRDs
are sculpted from wax and transferred into acrylic resin (9).

Novel computer-assisted design and manufacturing (CAD/
CAM) techniques might help to increase TRD quality, simplify
the workflow, and reduce manufacturing costs. Even though the
evidence on CAD/CAM-based TRDs is still limited, first results
are promising. A significant decrease in radiation dose to the
tongue was demonstrated using 3D-printed devices (10).
Kitamori et al. suggested advantages of 3D-printed TRDs in
terms of dose distribution with reduction of the integral dose to
the surrounding normal tissue (11). Additionally, scattered
radiation by dental restorative metals might be effectively
absorbed by 3D-printing resin (11).

Apart from increasing the distance between tumor and
healthy tissue in order to reduce RIOM, TRDs might also be
advantageous for accurate re-positioning of the patient. Ensuring
positional consistency between treatment days is an important
goal in head and neck radiotherapy (12). Given an adequate
design, 3D-printed TRDs might support the accurate
interfractional patient setup by using the remaining dentition
for a rigid inter-jaw fixation, thus providing a defined position of
the lower jaw in relation to the upper jaw. This might reduce
longitudinal deviations in maxillomandibular relation (11).

The clinical application of novel CAD/CAM-based TRDs was
assessed in an individual approach in 10 patients undergoing
radiotherapy of head and neck tumors. These devices are not
limited to either tongue depression (11, 13) or tongue
lateralization (10), but they allow—in only a single printing
design—caudal or bi-lateral tongue displacement, and
stabilization of a tongue-out position. In this study, tongue
designing; CAM, Computer aided
ice.
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retraction was quantified using volumetric analysis of the
irradiation plans. The reproducibility of maxillomandibular
relation was quantified by repeated intraoral optical scanning.
MATERIALS AND EQUIPMENT

A new design of CAD/CAM-based TRDs for head and neck
radiotherapy was virtually designed (Rhinoceros 3D) for
fabrication with 3D-printing technology (Figure 1).

Key design characteristics are described in Table 1. Using 3D-
printing, the TRDs are pre-fabricated in three sizes (small,medium,
large in accordance with the commondental impression tray sizes),
andcanbe stocked inadvance.The3D-printedTRDsare adapted to
the individual patient as soon as the type of tissue displacement has
been specified. The TRDs consist of a fixation part (FP, marked
green in Figure 1) and a tongue retraction part (TP, marked red in
Figure 1).Thefixationpart encloses the remaining teeth similar to a
dental impression tray. The tongue retraction part controls tissue
displacement and can be removed in part or completely, depending
on the irradiation plan. For a caudal displacement, the framework is
kept in its complete integrity. For tongue lateralization to the right
side, the right part of the tongue retraction part is removed and vice
versa for left side. To achieve a tongue-out position (6), the entire
tongue retraction part is removed. At themost anterior point of the
TRD, a connection bar bridges upper and lower fixation parts
(marked yellow in Figure 1) To stabilize the tongue-out position,
thepatient is instructed tokeep the tipof the tongue indirect contact
with this bar during the entire radiation session. As this position is
not over-extended, it should be viable for the patient to maintain
without considerable discomfort. To produce a stock of TRDs, a
3D-printer (Pro2, Asiga) was used in combination with dental
splint resin (Freeprint splint 2.0, Detax). 3D-printing was
performed after nesting the CAD files in a 45° building angle, in
layers of 100 µm. Then, printing supports were removed and the
devices were cleaned in an ultrasonic bath with 70% alcohol.
Subsequently, the devices were light-cured in a xenon-flashlight
curing machine.
METHODS

Customization Procedure
For adaption to the patient’s dentition, the 3D-printed TRDs are
customized. The customization procedure is a three-step process,
which requires a total time of less than 30 min. First, the
appropriate TRD size is selected. Selection is based on the
patient’s dental arch width, similarly as for the choice of
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dental impression trays. Second, certain TRD resin parts are
removed along defined breaking points within the design
(Figure 2). Thereby, one of the following four different tongue
displacements can be realized: caudal, bi-lateral (left or right), or
ventral. Third, the fixation part is filled with a dental silicone
impression material (Flexitime Putty, Kulzer), to provide a fit to
the individual’s dentition. Before the silicone is set, the device is
adapted to the patient’s maxilla. Then, the patient is instructed to
close the mouth in a slightly protruded position, thus biting with
the mandibular teeth into the silicone. After the silicone is set, the
TRD, to which the silicone has adhered, is removed from the
mouth and any excess silicone is cut off with a scalpel, making
sure that all teeth up to cervical level are embedded in it. A layer
of sealing silicone is applied to refine the silicone surfaces and
Frontiers in Oncology | www.frontiersin.org 3171
ensure durability (Mucopren Silicone sealant, Kettenbach)
(Figure 2C). The patients are instructed in how to insert and
remove the device.

Clinical Application
Ten patients were retrospectively reviewed. Selection criteria were
radiation treatment for head and neck tumors and utilization of the
novel CAD/CAM-based TRDs based on an individual curative
decision by the treating radiation oncologist. In these 10 patients,
tumors of the nasal or paranasal sinuses, oropharynx, lip and oral
cavity were to be irradiated. Therefore, the main goal of the TRDs
was to displace the tongue out of the high-dose radiation field. The
usual thermoplastic immobilization mask for head neck radiation
was adjusted with TRDs placed intraorally. Contrast-enhanced
FIGURE 2 | View of a pre-fabricated TRD. After size selection, different tongue displacements can be realized by removal of tongue retraction parts (TPs). (A) If no
parts are removed, caudal tongue displacement can be achieved. (B) The left part of the TP was removed along defined breaking points enabling tongue
displacement to the left side. (C) TRD (top view) after removal of TP for tongue-out position, after customization with silicone material.
TABLE 1 | Key design characteristics of the TRD.

TRD characteristics Aims

CAD/CAM-based production by 3D-printing Cost-efficient manufacture, favorable dose distribution and dose-volume histogram
Fixation at the remaining teeth Accurate patient re-positioning
Complete covering of teeth Prevention of scattered radiation
Tongue displacement in various directions: caudal, ventral, left lateral, right lateral

Variable tissue retraction to reduce radiation dose to healthy structuresMouth opening and mandibular protrusion
Lip- and cheek-spacing
Customization of pre-fabricated TRDs with silicone material, retained by perforations Time-efficient adaptation (< 30 min)
FIGURE 1 | Design file of the tissue retraction device; the fixation part (FP) is shown in green and the tongue retraction part (TP) in red. The connection bar (yellow)
bridges upper and lower parts of the TRD. (A) front view, (B) lateral view, (C) top view.
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computed tomography (CT) imaging (3-mm slice thickness) was
performed for irradiation planning, with incorporated TRD and
immobilization mask. Contrast-enhanced T1-weighted magnetic
resonance imaging (MRI) was used for image registration.
Treatment planning was conducted using TomoTherapy®

(Accuray, Sunnyvale, U.S.A.), Syngo PT Planning version 13
(Siemens, Erlangen, Germany) or RayStation® (Raysearch
Laboratories, Stockholm, Sweden). Treatment was performed with
intensity-modulated radiation therapy (IMRT) or particle therapy,
according to the standards at our clinic. The integrity of the TRDand
its correct positioning was checked before each radiation treatment.
Prevalence and severity of oral mucositis was assessed at the last day
of the radiotherapy cycle according to the Common Terminology
Criteria for Adverse Events 4.03.

Volumetric Analysis of Tongue Retraction
To analyze the effect of TRDs for the caudal displacement of the
tongue, CT imaging data of the 10 patients were exported as
DICOM files. The CTs were routinely performed for irradiation
planning. The DICOM files were imported into segmentation
software (DICOM to PRINT, 3D Systems, Rock Hill, U.S.A.).
The air volume filling the oral cavity with the TRD placed
intraorally was segmented and exported as STL file. The air
volume was calculated using reverse-engineering software
(Geomagic Design X, 3D Systems, Rock Hill, United States).

Reproducibility of Maxillo-Mandibular Relation
The reproducibility of maxillomandibular relation was quantified
for a fully dentate voluntary participant. TRD customization was
performed as described before. Immediately after silicone curing,
i.e. without having removed the device, an optical, three-
dimensional, intraoral scan (reference scan) was acquired
(Omnicam, Dentsply Sirona). This optical scan at baseline
included the positions of the anterior teeth in maxilla and
mandible, the surrounding gingiva, as well as the TRD. Then,
the device was removed from the mouth. Over a period of several
days, the device was repeatedly inserted and new intraoral scans
were performed (in total n=10). The scans were exported as STL
files, and aligned using best-fit algorithms (Geomagic Design X,
3D-Systems, Rock Hill, U.S.A.). In pair-wise comparison between
reference and each follow-up scan, position changes of maxillary
and mandibular soft and hard tissues were measured. Thus,
accuracy of reproducing a specific maxillomandibular relation
was analyzed by calculating root mean square (RMS) differences
between initial (reference) and follow-up scans. Differences were
statistically analyzed using Student’s t tests at a significance level of
0.05 (SPSS v 25, IBM, Armonk, United States).
RESULTS

Applicability and Clinical Results
Table 2 summarizes clinical characteristics and acute toxicity of
the 10 patients treated with the novel TRD design. In all patients,
a pre-fabricated device in correct size was available and
customization was possible. All patients were able to insert and
remove the device on their own during the entire radiation
Frontiers in Oncology | www.frontiersin.org 4172
period. All TRDs remained undamaged until the end of
radiotherapy. Acute treatment related toxicities were assessed
regularly during and after radiation treatment. None of the
patients developed a severe form of mucositis (grade III or IV).

Volumetric Analysis of Tongue Retraction
An effective tissue retraction and tongue displacement was
achieved. With the TRD placed intraorally, substantially less
healthy tissue and risk structures were present within the
radiation field compared with diagnostic MRI. Usually, the
tongue is in direct vicinity to the palate (Figure 3A). As a
result of TRD use, a volume of air inside the oral cavity was
measured averaging in 37.5 cm3 ± 23.6 cm3, indicating a
substantial spacing effect (Figures 3B, C).

Reproducibility of Maxillomandibular
Relation
Mean geometric deviation between reference and follow-up scans
was 98.1 µm ± 29.4 µm RMS (max: 205.4 µm, min: 84.3 µm).
Significant differences between the follow-up scans were found
(p < 0.001), indicating statistically relevant deviations between
the ten repetitions (Figure 4). However, after 10 repetitions, no
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ABLE 2 | Patient and treatment characteristics and acute treatment-related
xicity (n = 10 patients).

arameter Count (%) or median
(range)

atient characteristics
ge 54 (22–79)
ender
Female 4 (40)
Male 6 (60)
astern Cooperative Oncology Group (ECOG) status
0 4 (40)
1 6 (60)
umor site
Lip and oral cavity 4 (40)
Oropharynx 2 (20)
Nasal and paranasal sinus 4 (40)
umor stage
T1 1 (10)
T2 1 (10)
T3 2 (20)
T4 6 (60)

reatment characteristics
.1.1.1 Total dose of irradiation [EQD2] 70 (48–80)
.1.1.2 Intensity-modulated radiation therapy
MRT)

6 (60)

roton therapy 2 (20)
RT + C12-boost 2 (20)

cute toxicity
adiation dermatitis °I 5 (50)
ral mucositis °II 4 (40)
ral mucositis °I 3 (30)
adiation dermatitis °II 2 (20)
erostomia °I 2 (20)
ysphagia °I 2 (20)
ysphagia °II 1 (10)
ysgeusia °1 1 (10)
erostomia °II 1 (10)

Xerophthalmia 1 (10)
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material wear was recognized. Consequently, no apparent trend
regarding a longitudinal decrease in accuracy was detected.
DISCUSSION

The 3D-printed TRDs tested in this study can be recommended
for further scientific and clinical application. CAD/CAM
technology proved useful for simplification of the traditional
workflows. The devices were tolerated well by all tested patients
over the entire irradiation period. No technical complications
occurred. TRDs displaced the tongue by 37.5 cm3 ± 23.6 cm3.
This has been shown to be beneficial regarding dose distribution
and toxicity (14). Additionally, the TRDs limited daily inter-jaw
position changes to a mean value of approximately 100 µm RMS.

For the TRD design presented here, the concept of
customizing pre-fabricated structures was selected over
producing fully individual appliances for each patient. This
decision was based on a study which compared fabrication
time and accuracy of fit of two fully individual TRD types
based on i) segmented CT scans and ii) optical stone models
Frontiers in Oncology | www.frontiersin.org 5173
scans (13). Regarding fabrication time, CT segmentation alone
required, on average, 40 min, while optical scanning and model
registration required a minimum of approximately 20 min. It has
to be taken into consideration, that in both workflows the TRDs
still need to be designed—on an individual basis. When adding
the time for device design and for on-demand fabrication, fully
individual TRDs seem inferior from the aspect of cost-efficiency.

Regarding accuracy of fit, it is generally possible to
accommodate fully individual TRDs to the patients’ teeth (13).
The optical scan method was significantly superior to the CT
segmentation method. This result is not surprising: Optical scans
of stone models are the gold standard for tooth surface
digitalization in restorative dentistry. Reconstruction of tooth
surfaces using three-dimensional imaging is substantially less
accurate. In a previous study, geometric accuracy of tooth
surfaces segmented from three-dimensional imaging (cone-
beam computed tomography and MRI) was compared with
optical scans. Deviations of between 102 to 261 µm RMS
between imaging-based segmentations and optical scans were
found (“segmentation errors”) (15). Additional errors will
inevitably occur due to inaccuracies of the 3D-printing process.
However, for the design presented here, neither segmentation
errors nor manufacturing inaccuracies will affect fit.
Segmentation is not necessary and 3D-printing inaccuracy
were compensated by the customizing procedure using silicone
impression material.

When adequately designed, TRDs can provide rigid inter-jaw
fixation, which is a prerequisite for effective tongue displacement.
Mean geometric deviation between reference and follow-up
scans was approximately 100 µm RMS. For contextualization,
the habitual intercuspation of fully dentate patients can be
located with an accuracy of around 40 µm (16). In
consequence, a full natural dentition is still 2.5 times more
accurate in reproducing the maxillomandibular relation than
the TRDs tested here.

This higher accuracy is probably caused by the use of rather
flexible silicone material for adaption, in comparison to the hard
tooth enamel. Nevertheless, for irradiation purposes, TRDs
might represent a substantial improvement especially when
FIGURE 3 | Patient with pleomorphic sarcoma of the nasal sinus: (A) diagnostic MR imaging without TRD, (B) baseline planning CT with incorporated TRD: the
tongue is displaced to a caudal position, (C) irradiation plan without involvement of mandibular soft or hard tissues.
FIGURE 4 | RMS differences between initial reference and follow-up scans.
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adding the immobilization mask. No apparent trend regarding a
longitudinal decrease in accuracy was detected. However, clearly,
there will be an effect of dental status: The fewer teeth are
available for TRD stabilization, the lower the accuracy in
reproducing the maxillomandibular relation. In this study, only
one fully dentate patient was evaluated. However, in the anterior
mandible and maxilla, stabilizing silicone needed to be reduced
to allow for intraoral scanning. Effectively, the TRD was
supported by premolars and molars only, which resembles a
partially edentulous patient.

Our TRD design allows for bi-lateral tongue displacement
[e.g. for unilateral tonsil or tongue base carcinoma (17, 18)],
caudal tongue displacement [e.g. for nasopharyngeal and palate
tumors (13, 17, 19), or tongue carcinomas (20, 21)] and lip- and
cheek-spacing [e.g. tumors of the buccal mucosa (13)]. One
additional function is the possibility of ventral displacement of
the tongue (i.e. tongue-out position). Radiation therapy in the
head and neck area can cause swallowing difficulties depending
on the radiation dose (22). Kil et al. described that a tongue-out
position can reduce the radiation dose to the swallowing organs
and thus possibly reduce side effects like dysphagia (6). However,
ventral tongue displacement is limited by the connection bar
(Figure 1, yellow structure). Potentially, a greater tongue
displacement would be advantageous. However, it is unclear
whether patients can sustain a more extended (more tiring),
tongue-out position over the entire irradiation time. In this
context, it is important to instruct the patient during
customization to protrude the mandible, which supports the
anterior displacement of the tongue base (6).

Tissue retraction may also reduce xerostomia if salivary
glands are spared from radiation (e.g. with tongue carcinoma)
(23). Xerostomia results from an impaired function of the major
and minor salivary glands (24) with a relevant prevalence
between 30% and 60% despite conformal IMRT (25, 26). It is a
main cause of radiation caries (27) and therefore of tooth loss—
with subsequent consequences, such as impaired chewing
performance, speech ability, and quality of life (28). Apart
from the major salivary glands, minor salivary glands are
found in the entire oral cavity (25). Although they contribute
to only about 10% of the total saliva flow (29), their mucous
secretions are of great importance for the lubrication and
protection of oral tissue (30). Increasing the distance of healthy
tissue from the irradiation site can only be beneficial to
reduce xerostomia.

Several important limitations of the TRD-design need to be
addressed. Our semi-customization approach requires manual
skills for TRD selection and adaptation. Since the TRDs cover the
complete dentition and are made of one piece, a sufficient mouth
opening of at least 20 mm is necessary. We have, nevertheless,
decided in favor of the presented design as mouth opening
increases the upper airway space (31). Therefore, breathing is
facilitated during radiotherapy. Three sizes (small, medium,
large) were sufficient to accommodate all patients. Extending
the TRD size range is an option for the future. Gag reflex was
another crucial limitation during the design process. Tongue
depression would be more effective if the TP part was extended
Frontiers in Oncology | www.frontiersin.org 6174
even further in posterior direction—at the cost of increasing
patients` discomfort.

Therefore, the TP design was a compromise between effective
displacement and patient tolerance. In addition, the TRD is
customized prior to treatment planning. This process should
therefore be organized in close cooperation of dentists and
radiation oncologists with expertise in head and neck cancer.

In the current analysis, acute RIOM of grade I or II occurred
in seven of 10 patients (70%) but none of the patients developed a
severe form of acute RIOM (grade III or IV). This circumstance
could indicate that tissue retraction had a beneficial effect on
acute toxicity. However, these data must be interpreted with care
due to the low number of patients. Prospective randomized
clinical trials over longer follow-up time are merited. Here, the
effects on acute and long-term toxicity, overall patient survival,
quality of life, taste impairment, salivary flow rate, radiation
caries and other parameters must be further investigated.
CONCLUSION

The present results underline the high potential of a novel
method for 3D-printed TRDs for radiotherapy in the head and
neck area. TRDs were tolerated well by all tested patients.
Reproducibility of maxillomandibular relation was high using a
tooth-borne design. To further evaluate the potential clinical
benefits of the developed TRDs, a randomized prospective phase
II trial was initiated and registered under ClinicalTrials.gov,
NCT04454697, on July 1st 2020.
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Purpose: To evaluate the accuracy of individualized 3D-printing template-assisted I125

radioactive seed implantation (3D-PT assisted I125 RSI) for recurrent/metastatic head and
neck cancer.

Materials and Methods: From February 2017 to January 2020, clinical data of 41
patients (mean age, 58.5 ± 16.1 years; 28 males) with recurrent (48.8%)/metastatic
(51.2%) head and neck cancer underwent individualized 3D-PT assisted I125 RSI under
CT guidance in a single institute were retrospectively reviewed. Total 430 seed needles
[mean, 10.5 (range 3–17) per patient] were inserted.

Results: All seed needles were inserted manually in a single attempt with the technical
success rate of 100% without major perioperative complications. The mean needle’s
entrance deviation was 0.090 cm (95% Confidence Interval, 0.081–0.098). The mean
intraoperative depth and angle of the needle were consistent with that of planned (6.23 ±
0.24 vs. 6.21 ± 0.24 cm, p = 0.903; 83.14 ± 3.64 vs. 83.09 ± 3.66 degrees, p = 0.985,
respectively). The mean deviation between the needle’s planned and intraoperative depth
and angle was 0.168 ± 0.024 cm and 1.56 ± 0.14 degrees, respectively. The
postoperative dosimetry parameters, including D90, D100, V100, V150, V200,
conformity index, external index, and homogeneity index, were all well-coordinated with
planned dosimetry without significant difference (p = 0.515, 0.662, 0.958, 0.865, 0.872,
0.278, 0.456, and 0.989, respectively).

Conclusions: Within the limitation of this study, individualized 3D-PT assisted I125 RSI
may be accurate in obtaining favorable postoperative dosimetry for patients with
recurrent/metastatic head and neck cancer.

Clinical Trial Registration: [website], identifier [registration number].

Keywords: 3D-printing, radioactive seed implantation, head and neck cancer, brachytherapy, dosimetry
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INTRODUCTION

Brachytherapy (BT) is a specific form of radiotherapy (RT)
consisting of the precise placement of radioactive sources
directly into or next to the tumor, which has the advantage of
a rapid dose falling-off (1, 2). It is an optimal tool for delivering
very high doses to the tumor focally while minimizing the
probability of normal tissue complications (e.g., avoiding
xerostomia), long-term functional and cosmetic outcomes
usually are excellent (1, 2). Thus, both The Head and Neck
Working Group of the European Brachytherapy Group and the
American Brachytherapy Society recommended BT as one of the
treatments for head and neck cancers (3, 4). As the mainstay of
BT, I125 radioactive seed implantation (RSI) was reported to be
safe and effective for recurrent/metastatic head and neck cancer
as salvage therapy (5–8).

Owing to the dense critical organs and tissues (e.g., eyes,
major vessels, and nerve) in the head and neck region, the
accuracy of needle puncture and seed distribution during I125

RSI and postoperative dosimetry was extremely critical. The
needle’s deviation (i.e., entrance point, angle, and depth
deviation) between planned and intraoperative puncture may
occur even under image guidance, which leads to mis-
implantation of the I125 seeds and unnecessary radiation and
damage to surrounding critical organs or tissues.

Using 3D-PT assistance for small nodules’ localization showed
satisfied efficacy and safety and significantly simplified the
localization procedure comparing with manual manipulation
(9). Recently, an individualized 3D-printing template (3D-PT)
was developed to facilitate I125 RSI to improve the accuracy and
optimize postoperative dosimetry (5–8, 10–13). A 3D-PT-assisted
technique significantly simplifies the procedure, improves the
accuracy of implantation with higher dose in target volume
margin, fewer needles and complications, and shortens the
procedure duration (9, 14, 15). Furthermore, the postoperative
dosimetry of 3D-PT assisted CT-guided I125 RSI may completely
meet the requirements of preoperative plan as the seeds was
precisely implanted (14, 16). While the accuracy of 3D-PT-
assisted I125 RSI was not published for recurrent/metastatic
head and neck cancer (11, 17). Here, the study aims to evaluate
the accuracy of needle puncture and postoperative dosimetry of
individualized 3D-PT-assisted I125 RSI for patients with
recurrent/metastatic head and neck cancer in a single institute.
MATERIALS AND METHODS

Study Design
The retrospective study was approved by our institutional review
board (IRB) and the requirement to obtain written informed
consent was waived. The electronic database of a single institute
Abbreviations: BT, brachytherapy; CT, Computerized tomography; CI,
conformity index; EBRT, external beam radiotherapy; EI, external index; GTV,
gross tumor volume; HI, homogeneity index; RT, radiotherapy; RSI, radioactive
seed implantation; MRI, Magnetic resonance imaging; OARs, organs at risk; TPS,
Treatment planning system; 3D-PT, 3D-printing templates.
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was searched and reviewed to identify eligible patients. Forty-one
patients who underwent 3D-PT-assisted I125 RSI under CT
guidance for the treatment of recurrent/metastatic head and
neck cancer between February 2017 and January 2020 were
included. The indications for I125 RSI were recurrent/
metastatic head and neck cancer after surgery/external beam
radiotherapy (EBRT)/first-line system therapy in patients who
are not eligible for salvage surgery/EBRT (metastatic head and
neck cancer refer to a secondary cancer that occurred in the head
and neck region regardless of the primary site). The
contraindications were as follows: (i) Active infection; (ii) The
diameter of largest tumor > 7 cm or any active concomitant
distant cancer; (iii) Karnofsky Performance Score < 70 or
predicted life span < 3 months; (iv) Approach of I125 RSI
deemed not available on preoperative CT/MRI; (v)
International normalized ratio > 2, and (vi) Pregnancy/mental
disorder or any somatic comorbidities of clinical concern.

The planned and intraoperative needle’s entrance deviation,
angle, and depth were extracted from the BT Treatment Planning
System (BT-TPS) after fusing the planned and intraoperative CT
images on the same coordinate axis. The mean needle’s entrance
deviation was calculated as the superficial distance between the
planned needle’s entrance point and the actual intraoperative
needle’s entrance point on CT images. The needle’s depth was
calculated as the depth from the tip of the needle to the template
surface when the needle is deemed in place before the seed
implantation. The needle’s angle was calculated as the angle
between the needle and the horizontal axis. The flow chart of
the study and measurement of the deviation between planned
and intraoperative needle puncture (i.e., entrance point, angle,
and depth deviation) is shown in Figure 1. The technical success
rate, planned and postoperative number of needles and seeds,
and dosimetry parameters, including the prescription dose, gross
tumor volume (GTV), D90, D100, V100, V150, V200,
conformity index (CI), external index (EI), and homogeneity
index (HI) were also recorded and compared. Subgroups analysis
by cancer type (recurrent/metastatic) and implantation site
(head/neck, bounded by the connecting line of the lower
margin of the jaw, the mandibular angle, the tip of the mastoid
process, superior nuchal line, and the external occipital carina)
were conducted.

Definitions
The planned data refers to data of preoperative planning or only
intraoperative re-plan data (if available). Technical success is
defined as successful needle insertion and implantation of I125

seed in the targeted volume per that of planned. D90 and D100
refer to the dose delivered to the 90% or 100% of GTV,
respectively. V100, V150, and V200 refer to the percentage
of GTV receiving 100% or 150% or 200% of the prescription
dose, respectively. CI, EI, and HI were defined according to the
International Commission on Radiation Units and Measurements
(ICRU) Report 62 (18). Complications were defined as a minor
(grade 1-2) and major (≥ grade 3) according to Common
Terminology Criteria for Adverse Events v 4.0. Local-
progression free survival was defined as the duration from RSI
until local implantation site disease progression or death from any
March 2021 | Volume 11 | Article 664996
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cause. Overall survival was defined as the interval between RSI
and death from any cause.

Study Population
Total 41 patients (mean age, 58.5 ± 16.1; range, 10–87 years) with
recurrent/metastatic head and neck cancer were included.
Majority of the patients were males (n = 28, 68.3%). Over half
of the cancers were located in the neck region (n=22, 53.7%).
Recurrent head and neck cancer (n=20, 48.8%) included oral
carcinoma (n=6, 14.6%), oropharyngeal cancer (n=2, 4.9%),
laryngeal cancer (n=2, 4.9%), thyroid cancer (n=2, 4.9%), orbital
rhabdomyosarcoma (n=2, 4.9%), and other cancers (n= 6, 14.6%).
Metastatic head and neck cancer (n=21, 51.2%) included
lymphatic metastasis (n=19, 46.3%) [derived from lung cancer
(n = 4, 9.8%), esophageal cancer (n=3, 7.3%), nasopharynx
cancer (n=3, 7.3%), oral carcinoma (n=3, 7.3%), laryngo-
carcinoma (n=1, 2.4%), thymic carcinoma (n=1, 2.4%), breast
cancer (n=1, 2.4%), cervical cancer (n=1, 2.4%), and lymphatic
metastasis of unknown (n=2, 4.9%)] and brain metastasis (n=2,
4.9%) derived from lung cancer. All the patients received previous
treatments. The mean deep of the tumor was 8.1 ± 2.8 cm, which
was calculated as the maximum vertical distance from the deepest
point of the tumor to the skin. The mean gross volume before RSI
was 20.5 ± 16.6 cm3, as described in Table 1.

Preoperative Planning
All patients underwent contrast-enhanced CT with 2.5-mm or 5-
mm (rarely, for large tumors only) resolution within 2–3 days
before RSI. All patients were fixed with a bow cap/vacuum pad at
suitable point according to the lesion location and facilitation for
Frontiers in Oncology | www.frontiersin.org 3179
RSI and then marked with surface positioning line. Then the CT
images were transferred into the BT-TPS (Beijing Feitian Industries
Inc and Beijing University of Aeronautics and Astronautics,
FIGURE 1 | The flow chart of the study and measurement of the deviation between planned needle (black) and intraoperative needle (red) after fusing the planned
and intraoperative CT images into the same coordinate axis on brachytherapy treatment planning system (BT-TPS): entrance point deviation (short arrow), depth
deviation (arrowhead), and angle deviation (long arrow).
TABLE 1 | Clinical characteristics of the patients.

Item n (%)

Age (Years) 58.5 ± 16.1
Sex
Male 28 (68.3)
Female 13 (31.7)

Recurrent cancer 20 (48.8)
Oral carcinoma 6 (14.6)
Oropharyngeal cancer 2 (4.9)
Laryngo-carcinoma 2 (4.9)
Thyroid cancer 2 (4.9)
Orbital rhabdomyosarcoma 2 (4.9)
Others 6 (14.6)

Secondary cancer 21 (51.2)
Lymphatic metastasis 19 (46.3)
Cerebral metastasis 2 (4.9)

Previous treatment
Chemoradiotherapy 14 (34.1)
Surgery 7 (17.1)
Radiotherapy 6 (14.6)
Chemotherapy 5 (12.2)
Surgery + Chemoradiotherapy 5 (12.2)
Surgery + Radiotherapy 4 (9.8)

Implanted site
Head region 19 (46.3)
Neck region 22 (53.7)

Deep of the tumor (cm) 8.1 ± 2.8
Gross volume of the tumor (cm3) 20.5 ± 16.6
March 2021 | Volume 11 | Ar
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Beijing, China). The preoperative planning was then established by
defining GTV and adjacent organs at risk (OARs) and determining
prescription dose according to an expert consensus on I125 RSI (19),
commonly between 110-160Gy. The radioactivity of the I125 seeds
is usually 0.4–0.7 mCi. The distribution of the seeds and the
needles’ pathway were determined after verifying the dose
calculations of the GTV and OARs.

The individualized preoperative planning data in the BT-TPS
was then transferred into 3D imaging and reverse engineering
software for digital modeling of individualized 3D-PT.
Subsequently, the modeling data was optimized using Magics
19.01 software (Materialise Company, Belgium), and the
individualized 3D-PT was finally produced using 3D light-
cured rapid-forming printer RS6000 (Shanghai Liantai 3D
Technology Company, Shanghai, China). The 3D-PT with
3 mm thickness contained individualized information such as
body-surface characteristics of the target region, localization
markers, and entrance aisle for 18-gauge needle (14) (the
entrance aisle and the needle were perfectly matched, therefore,
the needle’s angle was ensured) (Figure 2).

I125 RSI Procedure
Three experienced doctors (all>5 years’ experience) performed
all I125 RSI procedures under local anesthesia with CT guidance.
Frontiers in Oncology | www.frontiersin.org 4180
After skin preparation and sterilization, the 3D-PT was aligned
to the target region according to the body-surface characteristics,
reference line on the 3D-PT, surface positioning line, and
positioning laser (Figure 3A, B). Then CT scan was
performed. Identified malposition of the 3D-PT between the
preoperative planning and the current CT image was adjusted
and then 2–3 locking needles (18-gauge) followed by the seed
implantation needles (18-gauge) were percutaneously inserted
via the preoperative planning aisle on the 3D-PT (i.e., each
needle’s depth), (Figure 3C, D). After all the needles were
deemed in place, the I125 seeds were implanted and delivered
using the Mick applicator. Seeds were implanted during the
needle retreating with a 0.5/1.0 cm interval according to the
preoperative planning or intraoperative re-plan (Figure 4). All
RSI procedures were performed following relevant guidelines
and regulations, as also described in the previously published
study (5, 6).

Postoperative Verification
Total 428 [mean, 10.4 (range 3–18) per patient] seed needles
were planned while 430 [mean, 10.5 (range 3–17)] seed needles
were inserted during RSI. Eight patients (19.5%) underwent
intraoperative re-plan and adjusted the number of inserted
needles, these patients’ intraoperative re-plan dosimetry data
FIGURE 2 | (A, B and D, E) Digital modeling of the individualized 3D-printing template (3D-PT) for head and neck; (C, F) The 3D-PT (3 mm thickness) with entrance
aisle for an 18-gauge needle (the entrance aisle and the needle was perfectly matched; therefore, the needle’s angle was ensured).
March 2021 | Volume 11 | Article 664996
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were analyzed together with the remaining patients’ preoperative
planning dosimetry data as planned dosimetry. All patients were
re-evaluated immediately with a CT scan after I125 RSI to validate
the postoperative distribution of the I125 seeds and rule out
potential perioperative complications. Then, the CT images were
transferred to BT-TPS to verify postoperative dosimetry (Figure
5). Dosimetry parameters including D90, D100, V100, V150,
V200, CI, EI, and HI were evaluated.

Follow-Up
Clinical outcomes were routinely followed, the evaluation of
tumor response was conducted based on the CT/MRI images
obtained 2-3 month after RSI according to the Response
Evaluation Criteria in Solid Tumors (RECIST) v1.1 (20). Then
follow-up at a 3–6-month interval was executed after RSI.

Statistical Analysis
Continuous variables were compared using a paired t-test
between pre-planning data and intraoperative data/post
verification data. As 84.2% of cancer in the head were
Frontiers in Oncology | www.frontiersin.org 5181
recurrent cancer and 81.8% of cancer in the neck were
metastatic cancer, subgroups analysis only by cancer type and
implantation site were further conducted in multivariate analysis
using a linear regression model. A 2-sided p-value < 0.05 was
considered as statistically significant difference. Statistical
analyses were performed using SPSS software (version 26.0;
SPSS, Chicago, IL, USA).
RESULTS

Procedure Details
All seed needles were inserted manually in a single attempt, the
technical success rate was 100%. The mean planned and
implanted seeds per patient were 42.6 (range, 11–85) and 44.4
(range, 12–85), respectively. The prescription dose was 90–170
(mean, 136.1 ± 7.7) Gy and intraoperative GTV was 1.2–85.2
(mean, 20.5 ± 5.1) cm³. Pain (26.8%) and a small amount of
bleeding (78%) at the puncture site was seen in some of the
FIGURE 3 | I125 radioactive seed implantation. (A, B) Patients were fixed; (C, D) Individualized 3D-printing template (3D-PT) was aligned.
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patients and all were self-healing after RSI. No major
perioperative complications (e.g., mis-implantation of radiative
seeds, adjacent main arteriovenous, or other critical organ
damage) were observed.

Accuracy of Needle Puncture and
Postoperative Dosimetry
Of the 430 inserted needles, the mean needle’s entrance deviation
was 0.090 cm (95% Confidence Interval, 0.081–0.098; range, 0–
0.350 cm). The mean needle’s intraoperative depth and angle
were consistent with that of planned (6.23 ± 0.24 vs. 6.21 ±
0.24 cm, p = 0.903; 83.14 ± 3.64 vs. 83.09 ± 3.66 degrees, p=0.985,
respectively). The mean needle’s depth and angle deviation
between planned and intraoperative data were 0.168 ± 0.024
(range, 0–0.400) cm and 1.56 ± 0.14 (range, 0–7.20) degrees,
respectively. The planned D90 and D100 were well coordinate
with that of postoperative (160.0 ± 6.2 and 156.3 ± 9.1Gy, p =
0.515; 83.6 ± 7.1 and 80.8 ± 10.0Gy, p = 0.662, respectively).
Along with other dosimetry data, the planned and postoperative
V100, V150, and V200 were 19.4 ± 4.8 and 19.2 ± 4.9 (p = 0.958),
Frontiers in Oncology | www.frontiersin.org 6182
15.1 ± 3.8 and 14.6 ± 3.7 (p = 0.865), and 9.9 ± 2.8 and 9.5 ± 2.8
(p = 0.872), respectively, and no significant difference was
observed. The planned and postoperative CI, EI, and HI were
0.52 ± 0.04 and 0.49 ± 0.04 (p = 0.278), 0.91 ± 0.20 and 1.04 ±
0.25 (p = 0.456), and 0.31 ± 0.14 and 0.31 ± 0.15 (p = 0.989),
respectively, with no significant difference (Table 2).

Subgroup Analysis
In the univariate analysis, the needle’s entrance deviation in
patients with recurrent cancer was significantly larger than
patients with metastatic cancer (0.107 ± 0.012 vs. 0.072 ±
0.012 cm, p < 0.001) and was comparable in patients with
implantation in the region of the head and that of the neck
(0.089 ± 0.011 vs. 0.090 ± 0.013 cm, p = 0.938). The mean
deviation of needle’ depth had no significant difference between
patients with recurrent and metastatic cancers (0.169 ± 0.041 vs.
0.167 ± 0.026 cm, p = 0.951) or between patients with
implantation in the region of the head and that of the neck
(0.152 ± 0.043 vs. 0.182 ± 0.025 cm, p = 0.224). In contrast, the
mean deviation of the needle’ angle was smaller in patients with
FIGURE 4 | (A, B) Intraoperative plan and the additional needle was added; (C, D) I125 seeds were implanted.
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recurrent cancers than with metastatic cancers (1.18 ± 0.19 vs.
1.94 ± 0.19 degrees, p < 0.001) and smaller in patients with
implantation in the region of the head than that of the neck (1.25 ±
0.19 vs. 1.84 ± 0.19 degrees, p < 0.001) (Table 3).

In the multivariate analysis using a linear regression model
including both cancer type and implantation site, the variance
test of linear regression for needle’s entrance deviation had
statistical significance (p < 0.001). The needle’s entrance
deviation was significantly different between patients with
recurrent cancers and patients with metastatic cancers (p <
0.001) and was significantly different between patients with
implantation in the region of the head and that of the neck
(p < 0.001). However, variance test of the linear regression for
Frontiers in Oncology | www.frontiersin.org 7183
deviation of needle’s depth and angle both had no statistical
significance (p = 0.065 and p = 0.092, respectively).

Long-Term Safety
Until January 2021, 2 major and 3 minor complications occurred
during a median follow-up duration of 19 months. The 2 major
complications were mucosal ulcer and skin ulcer. The mucosal
ulcer was observed in a patient with nasopharynx cancer who
previously received EBRT and died 2 months after RSI owing to
massive hemorrhage of the ulcer. The skin ulcer was observed in
the left mandibular of a previously irradiated patient with oral
carcinoma and finally formed fistula, and the patients died 5
months after RSI owing to tumor progression. The 3 minor
FIGURE 5 | Patients were re-evaluated immediately with a CT scan after I125 radioactive seed implantation. (A, B) Validation of postoperative distribution of the I125

seeds; (C) The dose-volume histogram of preoperative planning, intraoperative re-plan, and postoperative validation.
March 2021 | Volume 11 | Article 664996

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


Qiu et al. Template-Assisted I125 Radioactive Seed Implantation
complications were radiodermatitis (n=2) and skin pigmentation
(n=1) and all improved without additional treatment.

Clinical Efficacy
The clinical efficacy of patients with recurrent head and neck
cancer was analyzed, 19 (94.7%) patients were available and 1
(5.3%) patient lost to follow-up. Among the 19 patients, 1 (5.3%)
complete remission (CR), 11 (57.9%) partial remission (PR), 5
(26.3%) stable disease (SD), and 2 (10.5%) progressive disease
(PD) were observed. The local control rate (CR+PR) was 63.2%.
Until January 2021, 6 patients were still alive. The estimated
median local-progression free survival was 7 months
[interquartile range (IQR), 6– - months] and the estimated
median overall survival was 12 months (IQR, 6–24 months).
DISCUSSION

The present study indicated that the accuracy of needle puncture
and postoperative dosimetry was satisfied for individualized 3D-
PT-assisted I125 RSI in patients with recurrent/metastatic head and
neck cancers. Since the introduction of 3D-PT in clinical practice,
few studies investigated the accuracy of needle puncture during
3D-PT-assistedneedle-related interventions (9, 17). As revealed by
a non-inferiority randomized clinical trial that enrolled 200
patients for localizing small pulmonary nodules (9), localizer
deviation did not significantly differ between the 3D-PT-assisted
group and CT-guided group (mean, 8.7 vs. 9.6 mm; p = 0.36). The
mean procedural durations were 7.4 minutes for the 3D-PT-
assisted group and 9.5 minutes for the CT-guided group
Frontiers in Oncology | www.frontiersin.org 8184
(P < 0.001). The mean CT-related radiation dose was 229
mGy × cm in the 3D-PT-assisted group and 313 mGy × cm in
the CT-guided group (p < .001) (9), indicating that the use of the
3D-PT for placement of pulmonary localizer showed efficacy and
safety that were not substantially worse than those with the CT-
guided alone, while significantly simplifying the procedure and
decreasing patient CT-related radiation exposure.

For patients with head and neck cancers, the relatively stable
craniocerebral structure may fascinate the usage of individualized
3D-PT, and the deviation of needle puncture during RSI may be
prone to be smaller than that of localizing pulmonary nodules.
Ming-Wei Huang et al. (17) reported 25 patients with head and
neck tumors implanted with I125 radioactive seeds under the
assistance of 3D-PT. The mean entrance deviation for all inserted
needles was 1.18 ± 0.81 mm varying from 0.857 ± 0.545 to 1.930 ±
0.843 mm at different sites and was significantly smaller in the
parotid and maxillary regions (belong to head region) that are
significantly smaller than those of localizing pulmonary nodules
mentioned above and similar to those reported here (0.81–0.98
mm). In the present study, the needle’s entrance deviation was also
significantly different in patients with implantation in the head and
neck region and patients with recurrent cancer and metastatic
cancer in the multivariate analysis but was only larger in patients
with recurrent cancer in univariate analysis. Meanwhile, in the
study byMing-WeiHuang et al. (17), themean angle deviationwas
2.08±1.07degrees varying from1.85±0.93 to2.73±1.18degrees at
different sites and was significantly larger (indicating less accurate
placement) in the sub-mandibular and upper neck area (neck
region), than in the other regions (head region), which also seems
similar to that reported here (1.56 ± 0.14 degrees). In the current
study, the needle’s angle deviation was larger in patients with
metastatic cancer than recurrent cancers in univariate analysis.
However, inmultivariate analysis, both planned and intraoperative
deviation of needles’ angle and depth had no statistical significance
in both cancer types. Therefore, further high-quality study is
needed before drawing the conclusion on the accuracy of 3D-PT-
assisted RSI by cancer type or implantation site.

As for dosimetry profile, in the above study of Ming-Wei
Huang et al. (17), the D90 was larger than that of planned and
ranged from 122Gy to 198Gy (mean 163.8 ± 22.6Gy), which
seems higher than that reported here (range, 90–170; mean,
136.1 ± 7.7 Gy). The V100 was larger than 95% and the V150 was
less than 50% in all patients and other planned and postoperative
dosimetry data (e.g., V150, V200, CI, EI, and HI) were not
reported in their study. In a study by Ji Z et al. (14), comparison
between the dose distributions of postoperative data with
planned data for 3D-PT-assisted RSI yielded enrollment of
TABLE 2 | Analysis of pre-planning and intraoperative/post-plan parameters.

Parameter Planned Intraoperative Post-plan p value

Depth of needle 6.21 ± 0.24 6.23 ± 0.24 0.903
Angular of needle 83.09 ± 3.66 83.14 ± 3.64 0.985
D90 160.0 ± 6.2 156.3 ± 9.1 0.515
D100 83.6 ± 7.1 80.8 ± 10.0 0.662
V100 19.4 ± 4.8 19.2 ± 4.9 0.958
V150 15.1 ± 3.8 14.6 ± 3.7 0.865
V200 9.9 ± 2.8 9.5 ± 2.8 0.872
CI 0.52 ± 0.04 0.49 ± 0.04 0.278
EI 0.91 ± 0.20 1.04 ± 0.25 0.456
HI 0.31 ± 0.14 0.31 ± 0.15 0.989
Plus-minus data = mean ± 1.96 standard error; D90 and D100 refer to the dose delivered
to the 90% or 100% of gross tumor volume and V100, V150, and V 200 refer to the
percentage of gross tumor volume receiving 100% or 150% or 200% of prescription dose,
respectively; CI, Conformity index; EI, External index; HI, Homogeneity index.
TABLE 3 | Subgroup analysis of pre-plan and intraoperative parameter deviation (univariate analysis).

Parameter Cancer type p value Implantation site p value

Recurrent Secondary Head Neck

Entrance deviation 0.107 ± 0.012 cm 0.072 ± 0.012 cm <0.001 0.089 ± 0.011 cm 0.090 ± 0.013 cm 0.938
Depth deviation 0.169 ± 0.041 cm 0.167 ± 0.026 cm 0.951 0.152 ± 0.043 cm 0.182 ± 0.025 cm 0.224
Angular deviation 1.18 ± 0.19 degrees 1.94 ± 0.19 degrees <0.001 1.25 ± 0.19 degrees 1.84 ± 0.19 degrees <0.001
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14 patients with malignant tumors (majority located in the pelvic
cavity). The average postoperative D90, V100, and V150 were
smaller than the planned ones, and average postoperative V200
and the minimum peripheral dose of GTV were larger than the
planned ones. However, there was no statistical difference in any
of these parameters between the two groups except for V100
(p=0.027). Sun et al. (16) compared the dosimetry data between
preoperative planning and postoperative verification in 3D-PT-
assisted CT-guided RSI for thoracic tumors. All of the included
dosimetry parameters coordinated slightly, while the difference
was also not statistically significant (all p > 0.05). Liang et al. (13)
reported the dosimetry accuracy of 3D-PT-assisted I125 RSI for
the treatment of cervical lymph node metastasis in 15 patients.
There was also no significant difference for all the parameters
(D90, V90, V100, and V150) between preoperative planning and
postoperative verification (all p > 0.05). Similarly, as also revealed
in the current study, the postoperative dosimetry has completely
met the planned requirements for 3D-PT-assisted RSI without
significant difference.

Ji et al. (5) reported 101 patients with recurrent head and neck
cancer after EBRT who received CT-guided I125 RSI. The local
control rate was 60.7%, which is similar to that reported here
(63.2%). The median survival was 15 months, which seems
inferior to that reported here (24 months). Furthermore, major
and minor skin or mucosal complications occurred in 10 patients
(9.9%) and 16 patients (15.8%), respectively, during a median
follow-up of 12.2 months, which may be inferior to that reported
here. In our study, 2 major and 3 minor complications occurred
during a median follow-up of 19 months. The major
complication was all observed in previously irradiated patients.
Skin or mucosal toxicity was also reported in patients with
ultrasound-guided I125 RSI for head and neck cancers with a
rate of 2.5% for major and 17% for minor complications (21).
Therefore, I125 RSI may be used with caution in patients with
superficial tumors who had previously received EBRT.

The present study has several limitations. First, this was a
retrospective study and therefore prone to potential selection
bias. Second, the absence of a control group limits evaluation of
the superiority of 3D-PT-assisted CT-guided RSI over
barehanded CT- guided RSI. Third, the needle’s depth and
angle were calculated after fusing the planned and
intraoperative CT images into the same coordinate axis on BT-
Frontiers in Oncology | www.frontiersin.org 9185
TPS, which suffered from potential fusion error. However, this is
the only way to compare planned data with intraoperative data.
Finally, in the subgroup analysis for implantation site, further
refined sub-region classification, e.g., the parotid and masseter
region, maxillary and paranasal region, the retromandibular
region, and submandibular and upper neck region, was not
applied in the present study, limited by the power of statistics
in such small group of patients. In conclusion, within the
limitation of this study, individualized 3D-PT-assisted I125 RSI
may be accurate in obtaining favorable postoperative dosimetry
for patients with recurrent/metastatic head and neck cancer.
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Purpose: To investigate the role of half-brain delineation in the prediction of radiation-
induced temporal lobe injury (TLI) in nasopharyngeal carcinoma (NPC) receiving intensity-
modulated radiotherapy (IMRT).

Methods and Materials: A total of 220 NPC cases treated with IMRT and concurrent
platinum-based chemotherapy were retrospectively analyzed. Dosimetric parameters of
temporal lobes, half-brains, and brains included maximum dose (Dmax), doses covering
certain volume (DV) from 0.03 to 20 cc and absolute volumes receiving specific dose (VD)
from 40 to 80 Gy. Inter-structure variability was assessed by coefficients of variation (CV)
and paired samples t-tests. Receiver operating characteristic curve (ROC) and Youden
index were used for screening dosimetric parameters to predict TLI. Dose/volume
response curve was calculated using the logistic dose/volume response model.

Results: CVs of brains, left/right half-brains, and left/right temporal lobes were 9.72%,
9.96%, 9.77%, 27.85%, and 28.34%, respectively. Each DV in temporal lobe was
significantly smaller than that in half-brain (P < 0.001), and the reduction ranged from
3.10% to 45.98%. The area under the curve (AUC) of DV and VD showed an “increase-
maximum-decline” behavior with a peak as the volume or dose increased. The maximal
AUCs of DVs in brain, half-brain and temporal lobe were 0.808 (D2cc), 0.828 (D1.2cc) and
0.806 (D0.6cc), respectively, and the maximal AUCs of VDs were 0.818 (D75Gy), 0.834
(V72Gy) and 0.814 (V70Gy), respectively. The cutoffs of V70Gy (0.86 cc), V71Gy (0.72 cc),
V72Gy (0.60 cc), and V73Gy (0.45 cc) in half-brain had better Youden index. TD5/5 and
TD50/5 of D1.2cc were 58.7 and 80.0 Gy, respectively. The probability of TLI was higher
than >13% when V72Gy>0 cc, and equal to 50% when V72Gy = 7.66 cc.

Conclusion:Half-brain delineation is a convenient and stable method which could reduce
contouring variation and could be used in NPC patients. D1.2cc and V72Gy of half-brain are
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feasible for TLI prediction model. The dose below 70 Gy may be relatively safe for half-
brain. The cutoff points of V70–73Gy could be considered when the high dose is inevitable.
Keywords: temporal lobe injury, half-brain, delineation, nasopharyngeal carcinoma, prediction
INTRODUCTION

Radiation-induced temporal lobe injury (TLI) is a serious
complication for nasopharyngeal carcinoma (NPC), which has
profound effects on quality of life (1). Understanding the
probability of developing temporal lobe injury is an important
requirement of radiotherapy for NPC patients. The quantitative
analysis of normal tissue effects in the clinic (QUANTEC) review
showed that for conventional fractionation with doses ≤2 Gy, a
5% risk of symptomatic radiation brain necrosis is predicted at
an equivalent dose of 72 Gy (2). In 2019, an international
guideline on dose prioritization and acceptance criteria for
NPC was deve loped (3) . The final tempora l lobe
recommendation of the panel was to aim for a D0.03cc planning
risk volume (PRV) dose ≤ 65 Gy for T1–2 tumors and ≤ 70 Gy
for T3–4 tumors. However, the optimal dose/volume predictors
for TLI still vary in different studies. A study by Sun et al. (4)
reported that a D0.5cc of 69 Gy might be the dose tolerance of the
temporal lobe. Other studies suggested different dose equivalents
of 58 Gy (D1cc) (5), 60.3 Gy (D2cc) (6), 62.8 Gy (D1cc) (7), and 69
Gy (Dmax at 2 Gy per fraction) (8) for a 5% probability of
developing temporal lobe injury at 5 years. Considering the long
incubation period and few cases of radiation temporal lobe
injury, more practical data are needed to support the accurate
dose limit.

Accurate delineation of temporal lobe is another important
requirement. Significant inter-observer variation in delineation
of target volumes or normal organs has been demonstrated (9–
11), which might also occur in delineation of temporal lobe (12,
13). In order to collect accurate data for TLI prediction, temporal
lobes were re-contoured in some studies (6, 8, 14). Sun et al. (15)
provided a contouring recommendation for temporal lobe,
which reduced the delineation divergence. Temporal lobe
contour ing can be s tandardized through effect ive
implementation of a temporal lobe contouring protocol and
atlas, but it requires continuous and extensive training for
beginners (13). On the other hand, magnetic resonance
imaging (MRI) fusion, which makes the temporal lobe clearer,
is not performed for every case.

Brain is a structure clearly defined by international guidelines
(16). Surrounded by a clear skull bone, the brain could be easily
delineated with little disagreement, and the automatic
segmentation of brain is more feasible. However, brain is rarely
contoured in NPC patients. Half-brain (left and right half-brain,
corresponding to left and right temporal lobe) might be a simple
substitute for temporal lobe considering that: 1) only a small
high-dose volume of temporal lobe is used for TLI prediction;
2) the high-dose volume is always concentrated in temporal pole.
Therefore, the small high-dose volume is present simultaneously
in half-brain. Even the whole brain might predict TLI
2188
independently. In order to confirm the role of half-brain
delineation in TLI prediction, this study compared the
dosimetric parameters of temporal lobe and half-brain, and
assessed the predictive ability of brain, half-brain and temporal
lobe for TLI.
MATERIALS AND METHODS

Patient Selection
From January 2009 to May 2015, 220 NPC patients treated with
IMRT and concurrent platinum-based chemotherapy at the First
Affiliated Hospital of Guangxi Medical University were
retrospectively reviewed (Table 1). Patients were followed
every 3 months in the first 2 years and every 6 months during
the next 3 years, and then annually thereafter. The median
follow-up time of was 69.3 months (range, 61.1–120.8
months). The incidence of TLI was 34.5%, and the median
latency was 39.3 months (range, 1.4–78.7 months).
TABLE 1 | Basic characteristics for 220 patients.

Items No. Injury Non-injury P

Gender 0.829
Male 166 58 (76.3%) 108 (75.0%)
Female 54 18 (23.7%) 36 (25.0%)

Age 0.559
>50 50 19 (25.0%) 31(21.5%)
≤50 170 57 (75.0%) 113 (78.5%)

Diabetes 0.938
Yes 9 3 (3.9%) 6 (4.2%)
No 215 73 (96.1%) 138 (95.8%)

Hypertension 0.896
Yes 11 4 (5.3%) 7 (4.9%)
No 215 72 (94.7%) 137 (95.1%)

T stage* <0.001
T1 0 0 (0%) 0 (0%)
T2 25 2 (2.6%) 23 (16.0%)
T3 86 15 (19.7%) 71 (49.3%)
T4 109 59 (77.6%) 50 (34.7%)

TLI 76
Left 26
Right 30
Both 20

Fraction
30 62
31 103
32 24
33 31
April 2021 |
 Volume 11 | Article
P value was derived from the univariable association analyses between each of the clinical
variables and injury status. For binary variables, a chi-square test was used.
*When T stage and the following dosimetric parameters were analyzed together in
multivariate analysis, T stage was removed (P > 0.05).
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Radiation Therapy and Structure
Delineation
A neck and shoulder thermoplastic mask was used to fix the
patients. Radiation planning was designed and optimized using
inverse treatment planning system (software version: Pinnacle 9.8
and Varian Eclipse 9.8), at least 5 isocentric fields being set up. The
prescribed dose was 68 to 72 Gy to the planning target volume
(PTV) of gross tumor volume (GTV), 60 to 64 Gy to the PTV of
high-risk clinical target volume (CTV), and 50 to 54 Gy to the
PTV of low-risk CTV. The doses for each critical organ were
limited, as described in the Radiation Therapy Oncology Group
02-25 protocol (eg, point, 65 Gy and 1% volume, 60 Gy for
temporal lobes) (7). When doses exceeded limits inevitably, they
were accepted by consensus and adequate communication with
patients. All patients received full-course IMRT in 30 to 33
fractions, one fraction daily over 5 days per week. The brain was
contoured primarily by automatic segmentation (errors were
corrected by manual contouring) in all cases as only the pure
brain parenchyma was considered, excluding the cavernous
sinuses, the brainstem, optic chiasm, optical tract, pituitary
gland, mammillary bodies, and Meckel’s caves (16, 17). For the
Frontiers in Oncology | www.frontiersin.org 3189
purpose of this study, the brain was divided into left half-brain and
right half-brain according to the brain midline on coronal image
(Figure 1). The temporal lobes contoured (similar to the method 1
in Sun’s study (15) but the basal ganglia and insula were excluded)
by the radiotherapists previously were directly adopted.

Toxicity Endpoints
The MRI images were reviewed by two radiologists and a
radiation oncologist, and disagreements were resolved by
consensus. Diagnostic criteria for TLI were as follows (6): (a)
white matter lesions, defined as areas of finger-like lesions of
increased signal intensity on T2-weighted images; (b) contrast-
enhanced lesions, defined as lesions with or without necrosis on
post-contrast T1-weighted images with heterogeneous signal
abnormalities on T2-weighted images; (c) cysts, round or oval
well defined lesions of very high signal intensity on T2-weighted
images with a thin or imperceptible wall as previously reported.

Dosimetric Parameters
The dose-volume histograms (DVH) were exported from the
treatment planning system. Dosimetric parameters included
FIGURE 1 | Example of half-brain delineation: automatic segmentation was limited to one half of the brain according to the brain midline on coronal image, and
errors were corrected by manual contouring.
April 2021 | Volume 11 | Article 599942
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maximum dose (Dmax), doses covering certain volume (DV) from
0.03 to 20 cc and absolute volumes receiving specific dose (VD)
from 40 Gy to 80 Gy. Equivalent dose in 2 Gy (EQD2)
was calculated by linear quadratic model (EQD2=Dx(dx+a∕b)/
(2+a∕b)) (18) with an a∕b ratio of 3 Gy (17).

Statistical Analysis
SPSS 19.0 was used for statistical analysis. The variations in
delineation of temporal lobe, half-brain, and brain were assessed
by Coefficients of variation (CV). DVs in half-brain and temporal
lobe were compared using paired samples t-tests. Receiver
operating characteristic curve (ROC) was used for screening
dosimetric parameters to predict TLI. The prediction ability was
assessed by the area under the curve (AUC) and Youden index.
Dose and volume response curves were calculated with the
nonlinear regression model using the logistic dose/volume
response model (19) as P(X) =1/(1+exp (-b0-b1X)), where X is
the value of DV or VD.
RESULTS

Descriptive Statistics of Volumes,
DV and VD
Mean volumes of brains, left half-brains, right half-brains, left
temporal lobes, and right temporal lobes were 1303.84 ± 126.78
cc, 640.35 ± 63.81 cc, 659.61 ± 64.47 cc, 66.50 ± 18.52 cc, and
70.39 ± 19.95 cc, respectively. CVs of them were 9.72%, 9.96%,
9.77%, 27.85%, and 28.34%, respectively. Paired samples t-tests
showed that each DV in temporal lobe was significantly smaller
than that in half-brain (P < 0.001), and the reduction ranged
from 3.10% to 45.98% (Table 2). Pearson correlation analysis
showed that all the DVs in each structure were associated with
each other significantly, as well as VDs (P < 0.001).
Frontiers in Oncology | www.frontiersin.org 4190
Variations of ROC in Different Structures
The AUCs of DVs and VDs showed an “increase -maximum-
decline” behavior with a peak as the volume or dose increased
(Figure 2). The maximal AUCs of DVs in brain, half-brain, and
temporal lobe were 0.808 (D2.0cc), 0.828 (D1.2cc) and 0.806
(D0.6cc), respectively. The maximal AUCs of VDs in brain, half-
brain, and temporal lobe were 0.818 (D75Gy), 0.834 (V72Gy), and
0.814 (V70Gy), respectively. The cutoff of V72Gy (0.60 cc) in half-
brain showed the largest Youden index (0.568). Further analysis
of all the dose/volume points showed that the cutoffs of V70Gy

(0.86 cc), V71Gy (0.72 cc), and V73Gy (0.45 cc) in half-brain also
had the same or better Youden index (Table 3).

Dose/Volume Response Model
Because of significant collinearity of dosimetric parameters,
multivariate analysis was not considered. D1.2cc and V72Gy in
half-brain were enrolled for dose/volume response model due to
better AUC. Independent logistic regression analysis was performed
with each dosimetric factor (Table 4). Two dose/volume response
curves were generated and demonstrated an increasing effect
probability with increasing dose/volume (Figure 3). TD5/5 and
TD50/5 of D1.2cc were 58.7 Gy (95% CI: 53.6–63.8) and 80.0 Gy
(95% CI: 74.9–85.2), respectively. The probability of TLI was higher
than 13% when V72Gy>0 cc (95% CI: 0–2.87), and equal to 50%
when V72Gy = 7.66 cc (95% CI: 4.79–10.52).
DISCUSSION

The dosimetric parameters are the major variables that influence the
development of radiation-induced TLI. Other suggested risk factors
include chemotherapy use, radiation technique, and T stage (5–7,
20). However, T stage is correlated with dose and prescription.
When T stage and dose are analyzed together, T stage would be
TABLE 2 | Comparison of DVs in half-brain and temporal lobe.

Variable Mean (Gy) Difference (Gy) Reduction (%) P

half-brain temporal lobe

Dmax 78.37 ± 8.86 75.94 ± 8.78 2.43 ± 4.85 3.10 ± 6.19 <0.001
D0.03cc 76.30 ± 9.18 73.72 ± 9.01 2.58 ± 4.88 3.38 ± 6.40 <0.001
D0.5cc 70.72 ± 10.03 67.51 ± 10.19 3.20 ± 5.05 4.53 ± 7.14 <0.001
D0.6cc 70.02 ± 10.16 66.73 ± 10.34 3.29 ± 5.06 4.70 ± 7.23 <0.001
D0.7cc 69.37 ± 10.28 66.01 ± 10.48 3.36 ± 5.05 4.84 ± 7.28 <0.001
D0.8cc 68.77 ± 10.39 65.34 ± 10.61 3.43 ± 5.03 4.99 ± 7.31 <0.001
D0.9cc 68.20 ± 10.49 64.70 ± 10.73 3.49 ± 5.03 5.12 ± 7.38 <0.001
D1cc 67.66 ± 10.58 64.10 ± 10.84 3.56 ± 5.03 5.30 ± 7.49 <0.001
D1.1cc 67.15 ± 10.67 63.52 ± 10.93 3.63 ± 5.03 5.37 ± 7.43 <0.001
D1.2cc 66.92 ± 10.71 62.97 ± 11.03 3.95 ± 5.08 5.90 ± 7.59 <0.001
D1.3cc 66.21 ± 10.83 62.44 ± 11.12 3.77 ± 5.07 5.69 ± 7.66 <0.001
D1.4cc 65.77 ± 10.91 61.93 ± 11.19 3.84 ± 5.08 5.84 ± 7.72 <0.001
D1.5cc 65.34 ± 10.97 61.43 ± 11.27 3.91 ± 5.10 5.98 ± 7.81 <0.001
D2cc 63.40 ± 11.22 59.13 ± 11.57 4.27 ± 5.18 6.73 ± 8.17 <0.001
D3cc 60.28 ± 11.53 55.24 ± 12.06 5.04 ± 5.40 8.36 ± 8.96 <0.001
D4cc 57.82 ± 11.69 51.94 ± 12.46 5.88 ± 5.64 10.17 ± 9.76 <0.001
D5cc 55.78 ± 11.76 49.02 ± 12.77 6.76 ± 5.78 12.12 ± 10.36 <0.001
D10cc 48.78 ± 11.67 37.48 ± 13.84 11.3 ± 6.38 23.16 ± 13.08 <0.001
D20cc 40.93 ± 11.19 22.11 ± 13.27 18.82 ± 7.05 45.98 ± 17.22 <0.001
April 2021 | Volume 11 | Article
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removed by analysis model (21). In order to reduce the influence of
chemotherapy use and radiotherapy technique, only the patients
who treated with IMRT and concurrent platinum-based
chemotherapy were included. In this study, when T stage and the
following dosimetric parameters were analyzed together in
multivariate analysis, T stage was removed. Therefore, the only
independent risk factor was dosimetric parameters in this study.

Because of the long latency period (6, 20, 22, 23), the
incidence of radiation-induced TLI may be underestimated if
the follow-up is insufficient. Studies have shown an incidence
between 0% and 40.3% in NPC patients (6, 20, 24–26). In this
study, the higher incidence of TLI may be related to follow-up
bias and advanced T-stage (symptomatic patients were more
Frontiers in Oncology | www.frontiersin.org 5191
likely to complete follow-up). However, incidence should be
estimated based on dosimetric parameters. Predictive models
attempt to provide a versatile and objective estimate of a patient’s
probability of developing treatment related complications (17).
Marks et al. considered that the information provided by
QUANTEC is generally not ideal for most of organs, and care
must be taken to apply it correctly in the clinic (27). The ideal
information might require substantial, more comparable and
reliable supporting data. To ensure the accuracy of prediction,
target volumes should be highly consistent and repeatable.

Whether the parahippocampal, hippocampus, basal ganglia,
and insula were included in temporal lobe was debatable before
Sun’s recommendation (15). There is little disagreement regarding
TABLE 3 | The best AUCs and cutoffs in temporal lobe, half-brain, and brain.

AUC 95% CI Cutoff

Lower Upper Value Sensitivity Specificity Youden index

Temporal lobe
D0.6cc 0.806 0.757 0.854 68.99 Gy 0.854 0.695 0.549
V70Gy 0.814 0.769 0.860 0.45 cc 0.865 0.686 0.551

Half-brain
D1.2cc 0.828 0.783 0.872 67.49 Gy 0.885 0.651 0.536
V72Gy 0.834 0.790 0.877 0.60 cc 0.896 0.672 0.568
V70Gy 0.832 0.788 0.875 0.86 cc 0.896 0.672 0.568
V71Gy 0.833 0.790 0.876 0.72 cc 0.896 0.672 0.568
V73Gy 0.832 0.788 0.876 0.48 cc 0.896 0.677 0.573

brain
D2cc 0.808 0.748 0.868 75.67 Gy 0.684 0.833 0.517
V75Gy 0.818 0.760 0.876 2.22 cc 0.684 0.833 0.517
A
pril 2021 | Volume 11 |
TABLE 4 | Logistic regression analysis results of D1.2cc and V72Gy in half-brain.

B SE Wald Sig Exp (B)

D1.2cc 0.138 0.016 73.640 <0.001 1.148
Constant −11.045 1.192 85.786 <0.001 0.000

V72Gy 0.247 0.040 38.126 <0.001 1.281
Constant −1.891 0.156 147.320 <0.001 0.151
Article
A B

FIGURE 2 | (A) The AUCs of DVs in temporal lobe, half-brain, and brain. (B) The AUCs of VDs in temporal lobe, half-brain, and brain.
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image segmentation of the entire brain, and little movement occurs
(2). Brain could be easily contoured by rapidly evolving automatic
and robust segmentation technology (28–30). Large volume of
temporal lobe is contoured in NPC patients, but only a small hot
spot volume about 1 cc is used for prediction in most of the studies
(3). The high-dose regions are mainly distributed in bilateral
temporal pole in NPC patients, and the intermediate structure,
such as brainstem, optic chiasm, optical tract, pituitary gland, and
mammillary bodies are excluded from brain delineation (16). Thus
the half-brain delineation might replace the temporal lobe
delineation in NPC patients, considering that the high-dose
regions of two half-brains rarely overlap. In this study, CVs of
both brains and half-brains were less than 10%, but the CVs of
temporal lobes by manual contouring without rigidly standardized
training were close to 30%, indicating that brain and half-brain are
more stable structures with less contouring variation.

Compared to DVs in half-brain, DVs in temporal lobe reduced
by less than 5% when the volume was less than 0.8 cc, indicating
that the hot spot, which is the common predictor, is likely
included in both half-brain and temporal lobe although the CV
of temporal lobes is large. Therefore, half-brain might be a simple
substitute for the temporal lobe. In this study, the maximal AUC
in half-brain was better than that in temporal lobe. In addition to
the difference in temporal lobe delineation, the possible reason is
that parahippocampal and hippocampus were not included in
temporal lobe in this study. Therefore, some volumes with high/
sub-high dose were excluded, which might affect the prediction
ability. To avoid this, parahippocampal and hippocampus should
be included in temporal lobe, which is also suggested in Sun’s
recommendation (15). While in extreme cases, the highest dose
of 1 cc may present outside the temporal lobe, it is not a bad
thing that it could predict other brain injury.

Considering that brain structure is defined by international
guidelines (16), the predictive ability of brain was also assessed in
this study. The results showed that the AUC in brain was lower
than that in half-brain. That is probably because the brain
Frontiers in Oncology | www.frontiersin.org 6192
including more dispersed hot spots (bilateral dose deposition)
could not predict TLI accurately. In this study, the optimal
dosimetric parameters and limits of three structures were
different, which indicated that target volume should have a
high consistency to ensure the reliability of the prediction model.

The AUCs of DVs/VDs in each structure showed an “increase-
maximum-decline” behavior with a peak as the volume or dose
increased, indicating that the dose of extremely small hot spot
volume, such as Dmax and D0.03cc, might not be a reasonable
parameter of TLI prediction model. The possible reason is that the
small volume of the hot spot is easily influenced by contouring, and
easily manipulated by the treatment planner, or by the
optimization software. Nevertheless, Dmax or D0.03cc might be
used as a dose monitoring point of tolerated dose. Zhou et al.
found that VD at a dose of ≥70 Gy was found with the highest odds
ratio (23). In this study, the VD points of V73Gy = 0.45 cc, V72Gy =
0.60 cc, V71Gy = 0.72 cc, and V70Gy = 0.86 cc had better Youden
index, indicating that 70 Gy may be a sensitive and specific cutoff
dose. Therefore, Dmax/D0.03cc < 70 Gy might be relatively safe,
which is also suggested by international guideline (3).

However, the best cutoff does not mean the best probability
prediction parameter. Stable and representative volumes are
important to overall predictive capacity. In this study, D1.2cc and
V72Gy in half-brain were enrolled for dose/volume response model
due to better AUCs. TD5/5 and TD50/5 of D1.2cc were 58.7 and 80.0
Gy, respectively. The probability of TLI was higher than 13% when
V72Gy>0 cc, and equal to 50% when V72Gy=7.66 cc. Considering the
difference of reference volume, the AUC, TD5/5 and TD50/5 are
roughly similar to previous studies (4, 6, 8), indicating that half-
brain delineation is feasible for TLI prediction model.

There are several limitations in this study. Firstly, the temporal
lobe may have better predictive power after standardized training
toward observers, which was not involved in this study. Second, the
fraction is not uniform, which may influence the predictive ability.
Thirdly, the half-brain delineation method is limited to NPC
patients, and new errors may be introduced comparing with only
A B

FIGURE 3 | Prediction models for radiation-induced TLI: (A) dose response analysis of D1.2cc in half-brain; (B) volume response analysis of V72Gy in half-brain.
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delineating temporal lobe. Finally, the application of half-brain
delineation needs to be confirmed in more studies, especially in
multi-center studies.
CONCLUSION

Half-brain delineation is a convenient and stable method which
could reduce contouring variation and could be used in TLI
prediction model in NPC patients. D1.2cc and V72Gy of half-brain
are feasible for TLI prediction model. TD5/5 and TD50/5 of
D1.2cc are 58.7 Gy and 80.0 Gy, respectively. The probability of
TLI is higher than 13% when V72Gy>0 cc, and equal to 50% when
V72Gy=7.66 cc. The dose below 70 Gy may be relatively safe for
half-brain. The cutoff points of V73Gy=0.45 cc, V72Gy=0.60 cc,
V71Gy=0.72 cc, and V70Gy=0.86 cc could be considered when the
high dose of half-brain is inevitable.
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1 ColIege of Otolaryngology Head and Neck Surgery, Chinese PLA General Hospital, National Clinical Research Center for
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Background: To investigate the efficacy of induction chemotherapy followed by
concurrent chemotherapy and helical tomotherapy in adult patients with locally
advanced small-round-cell malignancy of the nasal cavity and paranasal sinus in regard
to orbital organ preservation and quality of life.

Methods: The clinical data of 49 patients with orbital involvement of locally advanced
small-round-cell malignancy of the nasal cavity and paranasal sinus who received
multimodal treatment for orbital organ preservation between December 2009 and
January 2019 were retrospectively analyzed. Treatment efficacy and side effects were
assessed. The study included three different pathological types. All patients were treated
with induction chemotherapy followed by concurrent chemoradiotherapy. Helical
tomotherapy was applied as radiotherapy. Adverse reactions to the chemotherapy
were assessed according to Common Terminology Criteria for Adverse Events, Version
3. The overall survival (OS) rate, progression-free survival (PFS) rate, and orbital
preservation rate were calculated using the Kaplan-Meier method.

Results: After multimodal treatment, the 3- and 5-year OS rates of the 49 patients were
63.8% and 54.5%, respectively, and the 3- and 5-year total PFS rates were 66.8% and
63.1%, respectively.

Conclusions:Multimodal treatment can preserve the orbital organs of adult patients with
small-round-cell malignancy of the nasal cavity and paranasal sinus, achieve relatively
ideal organ protection and survival rates, and improve quality of life, thus providing a new
treatment option for these patients.

Keywords: multimodal treatment, rhabdomyosarcoma, olfactory neuroblastoma, neuroendocrine carcinoma,
helical tomotherapy, small-round-cell, orbital preservation
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INTRODUCTION

Among malignancies of the nasal cavity and paranasal sinuses,
apart from the most common, squamous cell carcinoma, other
types of malignancies are complex in pathological type and
overlap in histological morphology. The biological behaviors of
and clinical treatment strategies for these types are significantly
different from those of nasal cavity and paranasal sinus
squamous cell carcinoma. A considerable proportion of these
lesions are small-round-cell malignancies or small-round-blue-
cell malignancies based on cell morphology. Small-round-cell
malignancies of the nasal cavity and paranasal sinuses include
rhabdomyosarcoma (RMS), small-cell neuroendocrine
carcinoma (NEC), olfactory neuroblastoma (ONB), mucosal
malignant melanoma, Ewing’s sarcoma/peripheral primitive
neuroectodermal tumor, lymphoid and hematopoietic
malignancies, nasal undifferentiated carcinoma, and NUT
carcinoma. Due to the low incidence and very small number of
clinical cases, clarification of the pathological diagnosis of such
malignancies and selection of the optimal clinical treatment are
considerable challenges for pathologists and clinicians.

At most patients’ first visit, most lesions have invaded the
orbit, intraocular muscles, and even intracranial structures.
Although complete surgical removal of tumor tissue is the
preferred radical approach (1), completely removing the tumor
or obtaining a safe surgical margin is difficult because the
anatomical structure of the nasal cavity and paranasal sinuses
is sophisticated, and many important tissues and organs are
clustered in this area (2). For stage T4 small-round-cell
malignancies of the nasal cavity and paranasal sinuses that
have invaded the eyes, to achieve complete resection of the
malignancy, eyeball removal or even enlarged craniofacial
resection is required, which seriously reduces patients’
life quality.

For patients with advanced small-round-cell malignancies of
the nasal cavity and paranasal sinuses, maximally preserving eye
function without affecting overall survival (OS) is a clinical
problem urgently requiring resolution. Due to the low
incidence of small-round-cell malignancies of the nasal cavity
and paranasal sinuses, large-scale prospective randomized
controlled multicenter clinical studies on the optimal treatment
for the disease are currently lacking. Retrospective clinical studies
have shown that patients receiving comprehensive treatment
have a significantly better prognosis than patients receiving
single-modality treatment (3). The National Comprehensive
Cancer Network guidelines for sarcoma provide some
treatment options for patients with stage IV cancer who are
eligible for local treatment, such as stereotactic radiotherapy
combined with chemotherapy, although the optimal treatment
method requires further clinical research.

This study focused on three types of small-round-cell
malignancies of the nasal cavity and paranasal sinuses: RMS,
ONB, and small-cell NEC. The VID protocol, namely, vincristine
(V), ifosfamide (I), and doxorubicin (D) chemotherapy, was
combined with helical tomotherapy (HT) as a comprehensive
treatment to protect the eyes in stage T4 adult patients with
small-round-cell malignancies of the nasal cavity and paranasal
Frontiers in Oncology | www.frontiersin.org 2196
sinuses invading the eyes. The 3-year OS rate, progression-free
survival (PFS) rate, orbital preservation rate (OPR), and visual
function preservation rate (FPR) and treatment-related side
effects of all patients were retrospectively analyzed, and a
stratified analysis according to pathological type was performed.
MATERIALS AND METHODS

Ethical Approval
The study was conducted in accordance with the Declaration of
Helsinki and was approved by the Ethics Committee of the PLA
General Hospital. Individual informed consent was waived
owing to the retrospective design.

Study Design
Patient Information
A total of 49 patients with small-round-cell malignancies of the
nasal cavity and paranasal sinuses who received full treatment in
the Department of Otolaryngology Head and Neck Surgery of
the PLA General Hospital from December 2009 to January 2019
were retrospectively analyzed in the study (patient information is
listed in Table 1). All patients were above the age of 16.
Seventeen patients underwent surgery under video endoscopy,
all patients underwent partial resection, and residual
malignancies were identified in the orbit apex, behind the
eyeball, or in the cranial cavity (five patients experienced
relapse rapidly within 1 month after surgery, and the sizes of
the recurrent malignancies were larger than those of the primary
malignancies at the time of admission). All three pathological
types of malignancies were staged according to the eighth edition
of the AJCC system. All patients were at stage T4, and the
malignancies mainly invaded the orbit, intraocular muscles, skull
base/dura mater, or intracranial structures. All patients expressed
a strong desire to preserve their eyes and refused enucleation
surgery. Prior to treatment, all patients were systemically
assessed, including electrocardiogram, enhanced magnetic
April 2021 | Volume 11 | Article 650385
TABLE 1 | Characteristics of the 49 evaluable patients.

Characteristics No. of patients

Age, year, mean (range) 34.7 (16-65)
Sex, male:female 32:17
Follow-up, months, mean (range) 41.9 (7-107)
Loss to follow-up 2
Symptoms at diagnosis
Nasal obstruction 35
Diplopia 31
Impaired vision/blindness 9/3
Headache 10
Epiphora 22
Proptosis 28
Epistaxis 29

T classification

T4a 38
T4b 11

N classification

N0 34
N1 15
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resonance imaging (MRI) of the nasal cavity and paranasal sinuses,
nasal endoscopy, chest computed tomography (CT), ultrasound of
cervical lymph nodes, abdominal ultrasound, and whole-body
emission CT bone scans. Some patients underwent whole-body
positron emission tomography–CT scans. Complete blood counts
and biochemical profiles (liver and kidney function) before
treatment were normal in all patients.

Treatment Programs
Patients underwent multidisciplinary consultations with head
and neck surgeons, oncologists, imaging doctors, and radiation
therapists before treatment. The treatment plan was determined
after comprehensive consideration of the patient’s sex, age, and
general condition, tumor location, tumor size, the extent of
involvement, regional lymph node metastasis. At the same
time, all patients consulted with an ophthalmologist, and the
patients’ eye function was evaluated through ophthalmological
examination, enhanced MRI of the nasal cavity and paranasal
sinuses, and vision and visual field examinations. All patients
signed a chemotherapy consent form before treatment and were
informed about and agreed to the treatment.

Chemotherapy
All patients received two or three cycles of induction chemotherapy
inaccordancewith theVIDprotocol (i.e.,V at 1mg/m2onday1, I at
2.5 g/m2 on days 1-3, andD at 25mg/m2 on days 1-2, with 21 days/
cycle). The efficacy of induction chemotherapy was evaluated by
enhanced MRI of the nasal cavity and paranasal sinuses. If a partial
response (PR) or complete response (CR) was achieved, concurrent
chemoradiotherapy was administered. During concurrent
chemoradiotherapy, the VD protocol was used for chemotherapy:
V at 1mg/m2 on day 1 andD at 25mg/m2 on days 1-2, with 21 days/
cycle, for a total of three cycles. If a patient developed severe bone
marrow suppression (≥ grade 3) during treatment, the
chemotherapy doses were adjusted according to the lowest
white blood cell (WBC) count after chemotherapy (Table 2).

Radiotherapy
Radiotherapy was performed with HT (Hi-Art Tomotherapy;
Accuray Inc., Sunnyvale, CA) for all patients. Patients underwent
plain and enhanced CT scanning with 3-mm slice thickness and a
thermoplastic mask for immobilization at first. CT images were
then transmitted to a Pinnacle 3.8.0 treatment workstation (Philips
Medical Systems, Fitchburg, WI, USA) and fused for target
delineation. Gross target volumes of the primary tumor (GTVnx)
and metastatic lymph node (GTVnd) were defined by the grossly
visible tumor andmetastatic lymphadenopathy on enhancedCTor
MRI images. The planning GTVnx (pGTVnx) and planning
Frontiers in Oncology | www.frontiersin.org 3197
GTVnd (pGTVnd) were obtained by expanding the
corresponding GTVnx or GTVnd by 3 mm, which was limited by
the brainstem, spinal cord, lenses, eyeballs, and optic nerve. The
clinical target volume (CTV) included the nasal cavity, ethmoid
sinus, frontal sinus, or maxillary sinus depending on the extent of
tumor invasion and neck lymphatic drainage areas depending on
the location of metastatic lymphadenopathy. Each CTV was
automatically expanded to generate the corresponding planning
target volume (PTV) with an isotropic 3-mm margin and at least
3 mm from the skin surface. Organs at risk (OARs) including the
brainstem, spinal cord, bilateral lenses, eyeballs, optic nerve, inner
ear, temporomandibular joint, and parotid glands aswell as the oral
cavity were also delineated. The margins of the CTV and PTV
adjacent to critical OARs were modified accordingly.

CT images with contoured structures were transferred to an
HT treatment planning workstation (Hi-Art Tomotherapy
2.2.4.1) for optimization. The total prescribed doses within the
pGTVnx and pGTVnd were 66 to 70 Gy, while the dose within
the PTV was 60 Gy, which were administered in 30-33 fractions.
No more than 5% of the PTV volume received > 110% of the
prescribed dose. The dose-volume planning constraints for
OARs were as follows: (1) brainstem Dmax (maximum dose) <
54 Gy; (2) spinal cord Dmax < 45 Gy; (3) lens Dmax ≤ 8 Gy; (4)
eye Dmax ≤ 50 Gy, Dmean (mean dose) < 35 Gy; (5) optic nerve
Dmax ≤ 60 Gy; (7) temporomandibular joint Dmax ≤ 60 Gy; (8)
parotid gland Dmean < 28 Gy; and (9) oral cavity V40 (the target
volume receiving 40 Gy) < 30%. Radiation doses to orbit organs
were kept as low as possible while ensuring that the target
volume dose was met (Table 3).

Before each fraction of HT therapy, patients underwent
megavoltage CT (MVCT) imaging to verify the patient setup.
HT was delivered once daily to achieve five fractions per week
and a total 30-33 fractions for 6-7 weeks.

Management of Major Adverse Events
Nasal endoscopy was performed before the first radiotherapy
session and at the midterm assessment. Nasal irrigation,
compound fish liver oil nasal drops, and antibiotic cream were
used to prevent and treat grade 2 and 3 nasal mucosal membrane
adhesion. If nasal mucosal membrane adhesion was identified,
the adhesion region was separated in a timely manner.
Radiation-induced oropharyngeal mucositis of grade 3 or
higher was treated using a unique method employed in our
department, that is, quinolone antibiotics + compound Sophora
flavescens injection (4). All patients were closely monitored for
complete blood counts, liver and kidney function, ions, albumin,
and other conditions and were treated symptomatically.

Statistical Analysis
Patient data were analyzed statistically using SPSS 25.0. OS and
PFS curves and tumor local control survival curves were plotted
with the Kaplan-Meier method.

Evaluation of Efficacy and Adverse
Responses
Efficacy was evaluated by a multidisciplinary collaboration group
according to enhanced MRI of the nasal cavity and paranasal
TABLE 2 | Chemotherapy dose adjustment.

Grade Absolute neutrophil
count

White blood cell
count

Dose adjustment

1 >1.5 >3.0 Initial dose: Dx mg/m2

2 1.0-1.5 2.0-3.0 80%×Dx mg/m2

3 <1.0 1.0-2.0 70%×Dx mg/m2

4 <1.0 <1.0 50%-60%×Dx mg/m2
April 2021 | Volume 11 | Article 650385
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sinuses and the Response Evaluation Criteria in Solid Tumors
(RECIST). Adverse responses to radiochemotherapy were
assessed according to the third edition of the Common
Terminology Criteria for Adverse Events (CTCAE). The OPR
was defined as the proportion of patients who did not undergo
enucleation surgery among patients who had survived for more
than 3/5 years. The FPR was defined as the proportion of patients
whose visual function did not decrease further from before
treatment among patients who survived for more than 3/5 years.

Follow-up
Follow-up information was collected from outpatient visits or
telephone follow-ups. The first follow-up time was 1 month after
the end of radiotherapy, and then the patients were followed up
every 3 months within the first year, every 4 months within the
second and third years, every 6 months within the fourth and
fifth years, and once a year after 5 years. The last follow-up time
was October 2019, and the total follow-up time was 7-107
months (mean 41.9 months, median 31 months). Two patients
were lost to follow-up (after follow-ups of 33 and 45 months,
respectively; each patient was free of disease at that time). The
survival time of the patients was from the beginning of treatment
to the last follow-up time or death.
RESULTS

Efficacy Evaluation
Forty-five patients (45/49, 91.8%) completed the entire treatment
cycle, and four patients (4/49, 8.2%) completed only two
chemotherapy sessions during radiotherapy. A total of 13
patients developed grade 3 or higher bone marrow
suppression/radiation-induced oral mucositis during
radiotherapy, which resulted in an interrupted radiotherapy
process with an average interruption time of 7.23 days (range:
2-13 days). During treatment, enhanced MRI of the nasal cavity
and paranasal sinuses was used to evaluate changes in the lesions.
Tumors significantly shrank after induction chemotherapy such
that the malignancies recessed from the orbital apex, retrobulbar
tissue, and craniocerebral tissue (Figure 1). Four patients (8.2%)
achieved a CR, and 42 patients (85.7%) achieved a PR (smaller
than the primary tumor by > 80%) and underwent concurrent
chemoradiotherapy as scheduled. Three patients (6.1%) had a
tumor size reduction greater than 50% but less than 80%, and the
tumors did not detach from the orbital apex, retrobulbar tissue,
and craniocerebral tissue. These patients received one more cycle
of induction chemotherapy. After achieving a PR, these patients
Frontiers in Oncology | www.frontiersin.org 4198
underwent concurrent chemoradiotherapy. The patients were
examined 1 month after treatment was completed, and the giant
tumors of the nasal cavity and paranasal sinuses of all 49 patients
were found to reach a CR, yielding a treatment efficacy rate of
100%. Figures 1 and 2 compare the MRI results before and after
treatment of one patient with RMS and one patient with
NEC, respectively.

OS, PFS, the OPR, and the FPR
The 3- and 5-year OS rates of the 49 patients were 63.8% and
54.5%, respectively, and the 3- and 5-year total PFS rates were
66.8% and 63.1%, respectively. The 3- and 5-year OS rates of the
23 patients with RMS of the nasal cavity and paranasal sinuses
were 52.7% and 30.1%, respectively, their 3- and 5-year PFS rates
were 49.2% and 39.3%, respectively, and their 3-year OPR was
100%. The 5-year OS rate of the 20 patients with ONB was 70%,
their 5-year PFS rate was 79%, and their 3-year OPR and FPR
were 100% and 85% (11/13), respectively (including one patient
with blindness in the right eye 48 months after treatment, one
patient with binocular blindness 44 months after treatment, one
patient with a follow-up less than 3 years, and six patients who
survived less than 3 years). The 5-year OS rate of the six patients
with NEC of the nasal cavity and paranasal sinuses was 83.3%,
their 5-year PFS rate was 83.3% (see Figure 3), and the longest
follow-up was 107 months free of disease; one patient showed
vision loss after treatment, one patient died of meningeal
metastasis at 16 months of follow-up, and the rest of the
patients survived without disease recurrence. The total 3-year
OPR was 100% (including one patient with embryonal RMS who
had local recurrence 20 months after treatment and died without
surgery). No patient developed eyeball atrophy after treatment.
The total 3-year FPR was 89.8% (one patient had blindness in the
right eye 48 months after treatment, one patient had binocular
blindness 44 months after treatment, two patients had vision loss
after treatment, and one patient developed diplopia 4 months
after radiotherapy; the conditions of the above patients did not
progress). By the end of the follow-up, 20 patients had died.
Fifteen of these deaths were tumor-related deaths: two patients
died of local recurrence (one patient with RMS did not undergo
surgical treatment after recurrence and died 1 month after
recurrence; one patient had lymph node metastasis in the
parotid gland and received surgery and chemotherapy), and 13
patients died of distant metastases (including five cases of brain
metastasis, two cases of pancreas, liver, and abdominal lymph
node metastasis, one case of prostate metastasis, three cases of
lung metastasis, and two cases of bone metastasis). Among the
patients with distant metastases, one patient with RMS who died
TABLE 3 | Dose-volume parameters of organs at risk (OARs) (mean ± SD).

OARs Dmax(Gy) Dmin(Gy) Dmean(Gy) Volume(cm3)

Lens Left 7.01 ± 1.19 5.03 ± 0.81 5.73 ± 0.88 0.20 ± 0.06
Right 6.95 ± 1.28 4.96 ± 0.88 5.66 ± 0.99 0.21 ± 0.08

Eye Left 52.78 ± 7.39 4.97 ± 0.91 21.75 ± 4.81 9.23 ± 1.66
Right 52.08 ± 8.77 4.92 ± 1.10 21.31 ± 5.44 9.13 ± 1.83

Optic nerve Left 66.44 ± 5.76 43.43 ± 9.51 58.78 ± 7.30 0.65 ± 0.27
Right 65.04 ± 7.09 42.38 ± 9.46 57.40 ± 7.81 0.67 ± 0.30
April 2021 | Volume 11 |
 Article 650385
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of lung metastasis was found to have local recurrence on the left
side at 14 months and underwent palliative surgery. Recurrence
was found again at 21 months after treatment, and the patient
underwent surgical treatment. Lung metastasis appeared at 34
months. This patient discontinued treatment and died at 37
months of follow-up. Of the other 12 patients who were found to
have distant metastases, 10 patients received salvage
chemotherapy, and two declined further treatment. One death
was treatment-related, resulting from bone marrow suppression
after treatment, with a survival time of 7 months. Four other
patients died of unknown causes.

Major Toxicities and Side Effects During
Treatment
Adverse responses to radiotherapy and chemotherapy were
evaluated using the third edition of the CTCAE. Adverse
responses during treatment included vision-related adverse
responses (Table 4) and non-vision-related adverse responses
(Table 5). Among them, vision-related adverse responses below
grade 2 mainly included xeroma (32.6%) and conjunctivitis
(14.3%), while vision-related adverse responses above grade 3
Frontiers in Oncology | www.frontiersin.org 5199
included optic neuropathy (one case) and extraocular muscle
paralysis (one case). Non-vision-related adverse responses of
grades 2 and 3 mainly included nonhematological adverse
responses and hematological adverse responses. The
nonhematological adverse responses mainly included radiation-
induced oropharyngeal mucositis (89.8%), radiation dermatitis
(77.6%), weight loss (63.3%), and nasal obstruction (67.4%). Due
to severe side effects during concurrent chemoradiotherapy,
radiotherapy was interrupted in 13 patients. The main causes of
nasal obstruction were crusting and adhesion of the mucous
membrane and dryness of the nasal cavity. Nasal mucous
membrane adhesion was significant in two patients, and timely
separation of adhesion was performed; thus, ventilation function
was not affected. Non-vision-related adverse responses during
induction chemotherapy included grade 2 alopecia, grade 1-2
emesis, etc., with mild symptoms; more serious hematological
adverse responses included grade 3-4 WBC count reductions,
including grade 3 leukopenia in 23 cases (46.9%) and grade 4
leukopenia in two cases (4.1%). Throughout the full course of
treatment, grade 3-4 hematological adverse responses mainly
included bone marrow suppression, including grade 3 leukopenia
FIGURE 1 | Comparison of MRI before and after treatment of one patient with rhabdomyosarcoma. The lesion size was significantly reduced after ICT; 1 month
after treatment, the tumor had completely subsided. The patient was followed up for 52 months and remained free of disease.
April 2021 | Volume 11 | Article 650385
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in 32 cases (65.3%), grade 4 leukopenia in nine cases (18.4%), grade
3 neutropenia in 37 patients (75.5%), grade 4 neutropenia in six
patients (12.2%), and grade 4 thrombocytopenia in three patients
(6.1%). One patient died due to bone marrow suppression without
timely treatment after radiochemotherapy.
DISCUSSION

Locally advanced malignancies of the nasal cavity and paranasal
sinuses can invade the orbits via the surrounding thin bone
plates to cause eyeball protrusion, vision loss, eye movement
disorders, and even blindness. Preserving the visual function of
such patients and avoiding destructive surgery while ensuring
survival constitute the goal and research direction that we have
always pursued. Squamous cell carcinoma is the most common
pathological type of malignancy of the nasal cavity and paranasal
sinuses. We have published the results of a single-center study on
the clinical treatment of patients with locally advanced squamous
cell carcinoma of the nasal cavity and paranasal sinuses that had
invaded the eyes and have achieved satisfactory results from eye-
preserving treatment for patients with locally advanced
squamous cell carcinoma while ensuring survival (5).
Frontiers in Oncology | www.frontiersin.org 6200
For the large category of small-round-cell malignancies of the
nasal cavity and paranasal sinuses, the treatment methods and
prognoses differ depending on the pathological type, and
describing them uniformly is difficult. Preliminary results in
this study showed that for adult patients with locally advanced
small-round-cell malignancies, this treatment method resulted in
a high response rate and good protection of OARs, such as the
lens and optic nerves, and yielded a high OPR and FPR.

Rhabdomyosarcoma
The largest-scale analyses of adult RMS of the nasal cavity and
paranasal sinuses have been conducted by Stepan et al. (6) and
Unsal et al. (7), who retrospectively analyzed the data of 186
cases of adult RMS of the nasal cavity and paranasal sinuses from
2004 to 2013 in the National Cancer Database of the United
States, resulting in a 5-year OS rate of 28.4%. Unsal et al. (7)
analyzed 286 patients of all ages with RMS of the nasal cavity and
paranasal sinuses from 1973 to 2013 in the Surveillance,
Epidemiology, and End Results (SEER) Database and reported
an overall 5-year survival rate of 35.1% (including 172 adult
patients; the 5-year OS rate ranged from 17.8% to 24.6% in
different age groups). In their study, the 3- and 5-year OS rates of
23 adult patients with stage T4 (six patients in stage T4b) RMS of
FIGURE 2 | Comparison of MRI results before and after treatment of one patient with neuroendocrine carcinoma. One month after the treatment, the tumor had
completely subsided. The patient was followed up for 54 months and remained free of disease.
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the nasal cavity and paranasal sinuses were 52.7% and 30.1%,
respectively, and the OPR was 100% (Table 6). However, the
follow-up times of the 23 patients were mostly less than 5 years;
thus, the 5-year OS rate might be skewed. Under the premise of
ensuring survival, this treatment method enables patients to have
a higher quality of life and lowers the incidence of vision-related
side effects.

Olfactory Neuroblastoma
For advanced patients with Kadish stage C or above or
Dulguerov TNM stage T3 or above, comprehensive treatment
can benefit patients significantly more than single-modality
therapy. At present, except for Kadish stage A patients who
can be treated with surgery alone, routine treatment strategies for
patients at other stages usually include radical surgery +
postoperative radiotherapy (12). However, research on the
Frontiers in Oncology | www.frontiersin.org 7201
optimal comprehensive treatment plan has never stopped.
Bartel et al. (8) conducted a retrospective study of nine
patients with ONB of the nasal cavity and paranasal sinuses
(six patients at Kadish stage C) and concluded that induction
chemotherapy played an important role in reducing tumor size,
obtaining safe resection margins, and minimizing complications.
The MD Anderson Cancer Center treated 15 patients with ONB
of the nasal cavity and paranasal sinuses (including 12 patients at
stage T4) with induction chemotherapy followed by radical
treatment (radical radiotherapy, surgery, and concurrent
chemoradiotherapy) and achieved 5-year total DFS and total
OS rates of 71% and 78%, respectively. The results suggest that
ONB is sensitive to chemotherapy and that induction
chemotherapy for locally advanced patients is an acceptable
treatment (9). In this study, 20 patients with ONB (five at
stage T4b) showed a 5-year OS rate of 70%, a 5-year PFS rate
A B

DC

FIGURE 3 | Overall survival curves of patients and comparison curves of different pathological types. (A) Overall survival curve; (B) progression-free survival curve;
(C) comparison of the OS curves of the three pathological types; (D) comparison of the PFS curves of the three pathological types.
TABLE 4 | Incidence of vision-related adverse responses.

Adverse response Number of cases (%)

Grade 1 Grade 2 Grade 3 Grade 4

Acute adverse responses
Conjunctivitis 5 (10.2) 2 (4.1) 0 0
Keratitis 2 (4.1) 1 (2) 0 0
Epiphora 6 (12.2) 0 0 0

Delayed adverse responses
Xeroma 13 (26.5) 3 (6.1) 0 0
Optic neuropathy 0 1 (2) 1 (2) 0
Extraocular muscle paralysis 0 0 1 (2) 0
April 2021 | Volume 11 | Articl
e 650385

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


Chen et al. Treatment for SRC Malignancy
of 79%, and a FPR of 85%, indicating that eye function was
effectively preserved on the basis of ensuring survival.

Neuroendocrine Carcinoma
NEC, similar to ONB, is a malignancy of the nasal cavity and
paranasal sinuses with neuroendocrine differentiation, accounting
for approximately 5% of malignancies of the nasal cavity and
paranasal sinuses. Rosenthal et al. (10) performed induction
chemotherapy on eight of 18 patients with NEC and achieved a
5-year survival rate of 64.2%. They believed that NECwas sensitive
to chemotherapy and prone to distant metastasis; therefore,
induction chemotherapy + concurrent chemoradiotherapy or
surgery + postoperative radiotherapy was the treatment of choice.
Mitchell et al. (11) analyzed 28 patientswithNECof the nasal cavity
and paranasal sinuses treated in the MD Anderson Cancer Center
from1990 to 2004, and their 5-yearOS ratewas 65%. SinceNEC is a
small-round-cell malignancy, these authors selected the VID
protocol for chemotherapy of NEC, and the 5-year OS rate was
Frontiers in Oncology | www.frontiersin.org 8202
83.3%, with only one patient who experienced slight vision loss,
demonstrating satisfactory efficacy.

Under the premise of ensuring survival, we obtained high
OPRs and FPRs, which were related to the choice of treatment
regimen. Because the maximum tolerated doses of involved
organs (brain stem < 54 Gy, spine < 45 Gy, lens ≤ 8 Gy,
eyeball < 35 Gy (mean), and optic nerves ≤ 60 Gy) are
substantially lower than the dose for radical irradiation of the
tumor target (66-70 Gy), radiotherapy cannot be directly used. In
this study, the VID protocol was used for induction
chemotherapy, and the tumors significantly shrank after
induction chemotherapy, causing them to detach from the
orbital apex and the retrobulbar region, which provided a
greater safety margin around the target area. This strategy not
only reduced radical radiotherapy-induced damage to the eyeball and
optic nerves and protected the eyes but also significantly increased
sensitivity to radiotherapy through induction chemotherapy. Second,
for stage T4b patients with intracranial tumor invasion, induction
TABLE 5 | Incidence of non-vision-related adverse responses.

Adverse response Number of cases (%)

Grade 1 Grade 2 Grade 3 Grade 4

Nonhematological adverse responses
Oral mucositis 5 (10.2) 13 (26.5) 31(63.3) 0
Paranasal sinus disease 3 (6.1) 7 (14.2) 0 0
Radiation dermatitis 11 (22.4) 29 (59.2) 9 (18.4) 0
Nose obstruction 16 (32.7) 19 (38.8) 14 (28.6) 0
Tinnitus 13 (26.5) 3 (6.1) 0 0
Hearing impairment 7 (14.2) 5 (10.2) 2 (4.1) 0
Weight loss 8 (16.3) 18 (36.7) 7 (14.3) 0
Alopecia 11 (22.4) 38(77.5) 0 0
Emesis 39 (79.6) 8 (16.3) 2 (4.1) 0

Hematological adverse responses
Leukopenia 0 8 (16.3) 32 (65.3) 9 (18.4)
Neutropenia 0 6 (12.2) 37 (75.5) 6 (12.2)
Febrile neutropenia 0 0 13 (26.5) 0
Thrombocytopenia 6 (12.2) 21 (42.9) 19 (38.8) 3 (6.1)
April 2021 | Volume 11 | Articl
TABLE 6 | Comparison of OS and OPRs with different regimens for sinonasal malignancies.

Study Histological type (Number of cases) Treatment regimen (Number of cases) OS OPRs

Stepan et al. (6) RMS (186 adults) Chemo+RT (90)
Surgery+Chemo+RT (47)
Chemo Only (31)
Other (14)

28.4% (5-year)
22.6% (5-year)*

–

Unsal et al. (7) RMS (23 T4 adults) Surgery alone (−)
Surgery+ RT (−)

52.7% (3-year)
30.1% (5-year)

100%

Bartel et al. (8) ONB (6 Kadish C) IC+ Surgery+RT (4)
Radical surgery (2)

88.9% (5-year) 66.6%

Su SY et al. (9) ONB (12 stage T4) IC+ RT/+Surgery/+CCRT 78% (5-year) –

Rosenthal et al. (10) NEC (18 T2-T4) Surgery+ RT (8)
IC+ Surgery or RT (8)

64.2% (5-year) –

Mitchell et al. (11) NEC (21 stage IV) Surgery+ RT (5)
Surgery (6)
Chemoradiation (10)

56.8% (5-year) –

The present study RMS (23 T4)
ONB (20 T4)
NEC (6 T4)

IC+CCRT 30.1% (5-year)
70% (5-year)
83.3% (5-year)

100%
e 6
*With intracranial extension, CCRT, concurrent chemoradiotherapy; Chemo, chemotherapy; RT, radiotherapy; IC, induction chemotherapy.
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chemotherapy can shrink the intracranial tumor, causing it to recede
from the brain tissue and skull base (stage T4b NEC shown in Figure
2), which provides an opportunity for radical radiotherapy of the tumor
and thus changes palliative treatment to radical treatment. More
importantly, this study employed a treatment method of induction
chemotherapy + concurrent chemoradiotherapy, which improved the
local control survival rate and reduced the local recurrence rate,
demonstrating an important role in ensuring survival and improving
the OPR. At the same time, to minimize damage to important
surrounding organs and structures by radiotherapy, HT technology
was applied to all patients in this study to protect the eyes of the stage
T4 patients. HT technology not only ensures that the target area
receives a higher conformal radiotherapy dose but also sharply reduces
the radiation dose to the normal tissue surrounding the target area (13,
14), thereby controlling the radiation dose to involved organs (optic
nerves, lens, etc.) within a tolerable range while ensuring a full total
radiotherapy dose and thus protecting the visual pathway and reducing
the incidence of visual adverse responses, such as severe xeroma and
blindness caused by radiotherapy. Compared with regular two-
dimensional (2D) radiotherapy and conventional conformal
radiotherapy, HT radiotherapy technology has obvious advantages
(15, 16), which is one of the reasons for the high OPR in this group
of patients (Table 6).

Radiotherapy plays an important in the treatment of cancers
of the paranasal sinus and nasal cavity, especially for patients
with unresectable lesions. With advances from conventional 2D
radiotherapy to three-dimensional (3D) conformal radiotherapy
and further to intensity-modulated radiation therapy (IMRT),
improvements in clinical outcomes have paralleled the
technological gains that have been achieved. The proportion of
patients with cancers of the paranasal sinus and nasal cavity who
survived for 5 years (regardless of the type of radiotherapy)
increased from 28% in the 1960s to 51% in the 1990s (17).
Meanwhile, the rates of grade 3 or greater visual toxicity
apparently decreased from 53% in the 1960s to 16% in the
2000s (18). However, the survival benefits and the incidence of
late toxicity for patients with cancers of the paranasal sinus and
nasal cavity receiving IMRT are not satisfactory.

In the last two decades, more advanced radiotherapy techniques
such asHT and charged particle therapy with protons, helium ions,
carbon ions, or neon ions have been increasingly applied in the
treatment of head and neck cancers. HT relies on inverse planning
but uses a rotational gantry system rather than a fixed number of
beam angles, as in traditional segmental multileaf collimator-based
IMRT, for radiation delivery. Compared to IMRT, HT provides
better conformity and dose homogeneity, which may achieve
substantial dose reductions to OARs without compromising dose
delivery to the tumor target (19, 20). However, studies of HT in
cancers of theparanasal sinus andnasal cavityare scarce.Our center
previously conducteda retrospective study to investigate the efficacy
of multimodal treatment including HT in patients with locally
advanced squamous cell carcinoma of the nasal cavity and
paranasal sinus in regard to orbital organ preservation and
quality of life, and the results showed a 3-year OS rate of 59.2%, a
local control rateof 80.2%, anda rateof effective orbital preservation
of 77.8% (5). In this study focusing on locally advanced small-
Frontiers in Oncology | www.frontiersin.org 9203
round-cell malignancies of the nasal cavity and paranasal sinus,
radiationdoses to the lens, eyes, andoptic nerveswere slightly lower
than those in our previous study, and only two of 49 patients
developed grade 3 visual toxicity. Moreover, the 3- and 5-year OS
rates were 63.8% and 54.5%, and the 3- and 5-year total PFS rates
were 66.8% and 63.1%, respectively. Although the results of our
study showed improved advantages of HT, prospective studies of
HT versus IMRT in the treatment of cancers of the nasal cavity and
paranasal sinus are still needed.

Charged particle therapy has a theoretical advantage of a
rapid dose fall-off beyond the Bragg peak (sharp accumulation of
the dose at a specific depth in tissue), which allows more
conformal treatment with better targeted dose coverage of the
tumor (21). This improvement further allows dose escalation to
the tumor and apparent dose reductions to adjacent organs.
Some studies have investigated charged particle therapy
(especially proton therapy) for the treatment of cancers of the
nasal cavity and paranasal sinus. Patel et al. (22) performed a
systematic review and meta-analysis to compare the clinical
outcomes of patients with cancers of the paranasal sinuses and
nasal cavity (including all malignant histological types except for
lymphomas) treated with charged particle therapy (including
particle therapy with protons, helium ions, carbon ions, or neon
ions) with those of individuals receiving photon therapy
including 2D, 3D, or IMRT techniques. The use of photon
therapy resulted in a 5-year OS rate of 48% and a DFS rate of
41%, while the use of charged particle therapy resulted in higher
5-year OS (72%) and DFS rates (80%) with significance
differences (P < 0.003 for both). However, charged particle
therapy yielded no improvements of toxicity to the eyes, ears,
nasal membranes, and miscellaneous structures and showed even
higher neurological toxicity than photon therapy. In a subgroup
analysis of proton therapy versus IMRT, a benefit of proton beam
therapy with respect to 5-year OS (66% vs 48%, P = 0.057) and
DFS (72% vs 50%, P = 0.045) was observed. This remarkable
result suggests that the theoretical advantage of proton therapy
may be real for the treatment of cancers of the nasal cavity and
paranasal sinuses. However, prospective studies comparing
proton therapy and IMRT or proton therapy and HT are
lacking. Our future studies will explore these issues.
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Background: Despite Adenoid cystic carcinoma (ACC) with cribriform or tubular
components being recognized as a potentially indolent malignancy, ACC displaying
solid or, more rarely, high-grade transformation (HGT) components is considered a
more aggressive variant of the disease. As it is difficult to measure the proportion of the
solid component objectively, and the role of HGT in the current grading system remains
unclear, the prognostic influence of tumor grading remains controversial. In addition,
postoperative radiotherapy (PORT) has been proven to be effective in local control of ACC
of the head and neck (ACCHN) with a high rate of nerve invasion and close surgical
margin. However it remains to be explored that whether PORT could improve the survival
of patients with ACC, particularly those with HGT.

Methods: A series of 73 surgically treated primary ACCHN cases were retrospectively
accessed. Immunohistochemical staining was performed to observe the biphasic ductal-
myoepithelial differentiation and to identify the HGT components of ACC for tumor
grading. The correlation between tumor grading and clinicopathological characteristics
was analyzed. Univariate and multivariate prognostic analysis were performed for
progression-free survival (PFS) and overall survival (OS).

Results: Of the 73 included cases, 47 were grade I-II ACC and 26 were grade III ACC.
Among the grade III cases, 14 with loss of biphasic ductal-myoepithelial differentiation
identified by immunostaining were classified as HGT, and could be distinguished from
conventional grade III cases. These HGT cases were correlated with a high propensity of
lymph node metastases and more advanced stage. Univariate analysis demonstrated that
tumor grading, perineural invasion, T stage, stage groups, and PORT were predictors for
PFS, whereas tumor grading, margin status, and PORT were predictors for OS. However,
only tumor grading and PORT were independent predictors for PFS and OS. The patients
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with HGT had significantly worse prognosis than those with conventional ACC. Moreover,
disease progression tended to occur more frequently in younger patients. Among the
patients with HGT, those who received PORT had a longer median survival time than
those who did not.

Conclusion: HGT ACC identified by loss of biphasic differentiation should be considered
in tumor grading. Tumor grading and PORT were independent predictors for disease
progression and OS in surgically treated ACCHN patients.
Keywords: adenoid cystic carcinoma, head and neck, high-grade transformation, tumor grading, postoperative
radiotherapy, prognosis
INTRODUCTION

Adenoid cystic carcinoma (ACC) is one of the most common
minor salivary gland malignancies originated from the oral
cavity, and is characterized by extensive invasion, frequent
local recurrence, and delayed distant metastases (1). The
overall 5-, 10-, and 15-year survival rates for patients with
ACC of the head and neck (ACCHN) were 90.3, 79.9, and
69.2%, respectively, and radical surgery of the primary tumor
has been shown to be beneficial for survival (2). Histologically,
ACC is comprised of luminal ductal cells and abluminal basal/
myoepithelial cells. The three major architectures of ACC are
tubular, cribriform, and solid patterns. Although it is generally
considered that ACC is potentially indolent, half a century ago,
researchers noticed that some ACC cases presented as high grade
malignancies with predominant solid morphology and rapidly
worsening behavior (3–5). At present, several tumor grading
systems based on histological patterns can be applied for ACC
prognostic prediction (6–8). However, it is difficult to measure
the proportion of solid components and to distinguish the solid
and mixed components objectively. Since the concept of ACC
with high-grade transformation (HGT) was formally proposed in
1999 (9), it has been debated whether HGT ACC should be
regarded separately as rare cases or whether they should be
integrated into the tumor grading system as a whole to evaluate
their biological behavior. This study explored which method of
classification would be more helpful for prognostic prediction
and clinical practice. In addition, in patients with ACCHN, the
surgical field involves vital organs and structures, which makes it
difficult to achieve the optimal safe margin. As a result, latent
residual lesions may increase the tendency of disease recurrence
and decrease long-term survival. Postoperative radiotherapy
(PORT) has been shown to be an effective auxiliary
postoperative treatment to delay local recurrence of ACC (10).
Here we further explore the effect of PORT on the survival of
patients with ACC, especially those with HGT ACC.
MATERIALS AND METHODS

Patients and Treatments
Our study comprised 73 patients with primary ACCHN who
underwent surgery at National Cancer Center/National Clinical
2206
Research Center for Cancer/Cancer Hospital, Chinese Academy of
Medical Sciences and Peking UnionMedical College, between July
2010 andApril 2018. Of the included patients, 33 weremale and 40
were female. The age of the patients ranged from 21 to 76 (median,
50) years old. The ACCHN cases originated from major salivary
glands (n = 17), nasal cavity and paranasal sinuses (n = 15), lip and
oral cavity (n = 15), trachea (n = 9), pharynx (n = 7), external
auditory canal (n = 5), larynx (n = 3), and lacrimal gland (n = 2).
Twenty-nine patients received surgery alone, and 39 patients
received surgery with PORT. Of these 39 patients, 28 were treated
in our hospital and two patients were administrated with
concurrent nimotuzumab. The most common prescription dose
for tumorbedof theprimary sitewas 60–66Gy; thehigh-risk areaof
the clinical tumor volume was 60 Gy, and the low risk area of the
clinical tumor volume was 51 Gy. The dose was increased to 70 Gy
when a positive margin or gross residual disease was present. The
detailed techniques and doses used for the remaining 11 patients
from other hospitals were unknown. Information regarding
postoperative therapy was unavailable in five patients who were
lost of follow-up after surgery.

Histopathological Reevaluation
All of the slides were reviewed by three experienced pathologists
(Zhu YL, Hu CF, and Lu HZ). If there was any disagreement on
diagnosis, a consensus was reached by simultaneous review using a
multi-headed microscope. The tumors were categorized using
the Perzin/Szanto grading system as follows (7, 11): grade I–II,
with <30% solid components; and grade III, with >30% solid
components. The major histopathological criteria of HGT was
recommended by Seethala et al. as follows (12): 1) At least two to
three times the size of grade I–II ACC nuclei; 2) fibrocellular
desmoplastic stroma; 3) solid confluent nests to sheets, often
filling a 40× high power field (hpf); 4) unique features, such as
micropapillae or squamoid areas; 5) an incomplete abluminal cell
layer and at least focally absent by immunohistochemistry; and
6) overexpression of p53. All of the tumors were staged according to
AJCC 8th edition (13), except the tumors of external auditory canal
and trachea were staged according to the original literatures (14, 15).

Immunohistochemical Staining
Immunohistochemical staining was performed with an
immunoperoxidase technique using the automated Leica
BOND-MAX machine. Positive and negative controls were
April 2021 | Volume 11 | Article 647172
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included in the staining reaction, and information on the
prediluted antibodies is shown in Table 1. The expression of
biomarkers was estimated semi-quantitatively. For the
biomarkers of luminal ductal cells and abluminal basal/
myoepithelial cells, positive expression was defined when the
proportion of positive cells was greater than 10%, and negative or
focal positive expression was defined when the proportion was
less than 10%. Loss of biphasic differentiation was defined in the
absence of either luminal ductal cells or abluminal basal/
myoepithelial cells, identified by negative or focal positive
expression of corresponding biomarkers. For p53, aberrant
expression was defined when the proportion of strong nuclear
positive cells was greater than 60% or if the staining was
completely negative. Scattered expression of p53 was defined
when the intensity of staining was inconsistent (16, 17).

Follow-Up
The duration of progression-free survival (PFS) was measured
from the day of surgery to the day of disease progression, death,
or last contact (October, 2020). The duration of overall survival
(OS) was measured from the day of surgery to the day of death or
last contact (October, 2020). The follow-up information was
collected from clinical records or via telephone interview. The
median follow-up time was 35.25 (3–109) months and 53 (4.5–
119) months for PFS and OS, respectively. Five patients were lost
to follow-up after surgery.

Statistical Analysis
All statistical analyses were performed using SPSS software (IBM
SPSS Statistics, version 19). Correlations between tumor grading
and clinicopathological characteristics were calculated using the
c2 test. The differences in immunophenotypes between
conventional grade III cases and HGT cases were calculated by
Fisher exact test. The survival curves and median survival time
were generated from the Kaplan–Meier method and log rank test.
Multivariate analyses were performed by forward stepwise Cox
regression. P-values <0.05 were considered statistically significant.
RESULT

Clinicopathological Characteristics
Forty-seven cases were classified as grade I–II, and 26 cases were
classified as grade III. PNI and close margin (<1mm) status were
Frontiers in Oncology | www.frontiersin.org
 3207
observed microscopically in 83.6% (n = 61) of cases and 84.9%
(n = 62) of cases, respectively. Twenty patients had T1 or T2
disease, 34 patients had T3 disease, and 19 patients had T4
disease. Nine patients had lymph node metastases (LNM), and
25 patients did not. The remaining 39 patients did not receive
lymph node dissection. Nineteen patients had stage I or II
disease, 31 patients had stage III disease, and 23 patients had
stage IV disease. The data are shown in Table 2.

Difference in Histopathological Features
and Immunophenotypes Between
Conventional Grade III ACC and HGT ACC
Immunohistochemical staining was performed in 26 grade III
cases (Table 3). All of the 14 HGT cases were grade III, and, with
the exception of one case, all lacked basal/myoepithelial cells, as
defined by negative or focal expression of p63. As the exception,
one case had weak staining of p63 in the squamoid area of the
HGT components. Seven of the HGT cases exhibited classic
HGT features, including severe nuclear atypia, desmoplastic
TABLE 2 | Clinicopathological characteristics.

Characteristics n

Gender
Male 33 (45.2)
Female 40 (54.8)

Age groups
≤50y 37 (50.7)
>50y 36 (49.3)

Primary sites
Major salivary 17 (23.3)
Nasal cavity and paranasal sinuses 15 (20.5)
lip and oral cavity 15 (20.5)
Trachea 9 (12.3)
Pharynx 7 (9.6)
External auditory canal 5 (6.8)
Larynx 3 (4.1)
Lacrimal gland 2 (2.7)

Tumor grading
Grade I–II 47 (64.4)
Grade III 26 (35.6)

PNI
Negative 12 (16.4)
Positive 61 (83.6)

Margin status
≥1 mm 11 (15.1)
<1 mm 62 (84.9)

T stage
1–2 20 (27.4)
3 34 (46.6)
4 19 (26)

LNM (n = 34)
Negative 25 (73.5)
Positive 9 (26.5)

Stage groups
I–II 19 (26)
III 31 (42.5)
IV 23 (31.5)

PORT (n = 68)
Yes 39 (57.4)
No 29 (42.6)
April 2021 | Volume 11 | Articl
PNI, perineural invasion; LNM, lymph node metastases; PORT, postoperative radiotherapy.
TABLE 1 | Antibodies for immunohistochemical staining.

Antibodies Clone Source Components marked

Calponin EP63 ZhongShan-GoldenBridge,
Beijing, China

Myoepithelial cells

p63 4A4 Roche Diagnostics,
Shanghai, China

Myoepithelial cells

CK7 OV-
TL12/30

Maxim, Fuzhou, China Ductal cells

CK5/6 MX040 Maxim, Fuzhou, China Ductal/Myoepithelial cells
S100 4C4.9 Maxim, Fuzhou, China Ductal/Myoepithelial cells
p53 MX008 Maxim, Fuzhou, China p53 protein
Ki-67 GM001 GeneTech, Shanghai, China Proliferative antigens
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stroma, expanded solid nests, and loss of p63 staining for
abluminal basal/myoepithelial cells (Figures 1A, B). The
remaining seven HGT cases exhibited moderate nuclear atypia,
myxoid/hyaline matrix, small solid nests, and loss of p63 staining
for abluminal basal/myoepithelial cells (Figures 1C, D).
Aberrant expression of p53 existed in four of the 14 HGT case.
Ki-67 index was greater than 20% in 9 (64.3%) of the total HGT
cases. The remaining 12 conventional grade III cases still showed
obvious cribriform components mixed with solid areas, basaloid
cells lacking cytoplasm, and the presence of a p63 stained basal/
myoepithelial cell layer (Figures 1E, F). All of the conventional
grade III cases had scattered expression of p53. The Ki-67 index
was greater than 20% in only 1 (8.3%) of these cases. Positive
CK7 expression was detected in all of the 26 cases, and there was
no significant difference in the expression of CK5/6 and S100
between conventional grade III cases and HGT cases. The
summarized histopathological features and immunophenotypes
are shown in Supplementary Material 1.

Correlation Between Tumor Grading and
Clinicopathological Characteristics
Tumor grading was correlated with LNM (P = 0.009) and stage
groups (P = 0.039), but was not correlated with sex, age groups,
primary sites, PNI, margin status, T stage, or PORT (Table 4).
TABLE 3 | Differences in immunophenotypes between conventional grade III and
HGT ACC.

Antibodies n Conventional
grade III

HGT P-
value

Calponin 0.008
Neg/f Pos 12 (46.2) 2 (16.7) 10 (71.4)
Pos 14 (53.8) 10 (83.3) 4 (28.6)

p63 <0.001
Neg/f Pos 13 (50) 0 (0) 13 (92.9)
Pos 13 (50) 12 (100) 1 (7.1)

CK7 –

Neg/f Pos 0 (0) 0 (0) 0 (0)
Pos 26 (100) 12 (100) 14 (100)

CK5/6 0.483
Neg/f Pos 2 (7.7) 0 (0) 2 (14.3)
Pos 24 (92.3) 12 (100) 12 (85.7)

S100 0.683
Neg/f Pos 9 (34.6) 5 (41.7) 4 (28.6)
Pos 17 (65.4) 7 (58.3) 10 (71.4)

p53 0.100
Scattered 22 (84.6) 12 (100) 10 (71.4)
Aberrant 4 (5.4) 0 (0) 4 (28.6)

Ki-67 0.005
≤20% 16 (61.5) 11 (91.7) 5 (35.7)
>20% 10 (38.5) 1 (8.3) 9 (64.3)
HGT, high-grade transformation; ACC, adenoid cystic carcinoma; Neg, negative; f, focal;
Pos, positive.
A

B D

E

F

C

FIGURE 1 | (A) Classic high-grade transformation (HGT) features, including severe nuclear atypia, desmoplastic stroma, and irregular solid nests (100×).
(B) Absence of p63 staining in HGT components compared with positive staining in a few cribriform-tubular structures within the same microscope field (100×).
(C) Non-classical HGT features include moderate nuclear atypia, myxoid/hyaline matrix, and more regular solid nests (100×). (D) Obvious incomplete p63 staining in
a non-classic HGT case (100×). (E) Conventional grade III ACC usually presents as mixed cribriform and solid patterns (100×). (F) The p63 stained basal/
myoepithelial cell layer was still within the mixed architecture of conventional grade III ACC (100×).
April 2021 | Volume 11 | Article 647172
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Among the 34 patients with lymph node dissection, 13% (3/23)
of patients with grade I–II had LNM, 25% (1/4) of patients with
conventional grade III had LNM, and 71.4% (5/7) of patients
with HGT had LNM. Among all cases, 70.2% (33/47) of patients
with grade I–II, 66.6% (8/12) of patients with conventional grade
III, and 92.9% (13/14) of patients with HGT had stage III–
IV disease.

Survival Analysis
Local recurrence occurred in 11 patients, two of whom also had
sternum metastasis and LNM, and three also had lung
metastases. Distant metastasis was the only progressive event
in 19 patients. The most common metastatic site was the lung,
and other sites included the parietal bone, dura meter, liver, chest
wall, and cervical subcutaneous tissue. Univariate analysis of PFS
demonstrated that tumor grading (P < 0.001; Figure 2A), PNI
(P = 0.004; Figure 2B), T stage (P = 0.004; Figure 2C), stage
groups (P = 0.015; Figure 2D), and PORT (P = 0.013; Figure 2E)
were significant factors. Death occurred in 13 patients. Univariate
analysis of OS demonstrated that tumor grading (P < 0.001;
Figure 3A), margin status (P = 0.049; Figure 3B), and PORT
(P = 0.028; Figure 3C) were significant factors. Patients with more
Frontiers in Oncology | www.frontiersin.org 5209
advanced stage had worse outcomes, although this result was not
significant (P = 0.07; Figure 3D). The comparison of the median
survival time among different variables for PFS and OS is shown in
Table 5. All of the 11 patients with a distance greater than 1 mm
from the surgical margin were alive at the end of follow-up,
whereas 13 of the 53 patients with distance less than 1 mm
from the surgical margin were dead at the end of follow-up. As a
result, the median OS time of the margin status could not
be calculated.

Multivariate analysis of PFS demonstrated that tumor
grading, age groups, and PORT were independent factors.
With regard to grade I–II cases, the hazard ratio (HR) of
conventional grade III cases was 5.035 (95% confidence
interval [CI] = 1.979–12.814, P = 0.001), while that of HGT
cases was 9.616 (95% CI = 3.222–28.697, P < 0.001). With regard
to patients aged ≤50 years, the HR of patients >50 years old was
0.321 (95% CI = 0.138–0.747, P = 0.008). With regard to patients
who received PORT, the HR of patients who did not was 3.895
(95% CI = 1.636–9.273, P = 0.002). Multivariate analysis of OS
demonstrated that only tumor grading and PORT were
independent factors. With regard to grade I–II cases, the HR
of conventional grade III cases was 1.77 (95% CI = 0.318–9.849,
TABLE 4 | Correlation between tumor grading and clinicopathological characteristics.

Characteristics n Grade I–II Conventional grade III HGT P-value

Gender 0.15
Male 33 (45.2) 21 (44.7) 8 (66.7) 4 (28.6)
Female 40 (54.8) 26 (55.3) 4 (33.3) 10 (71.4)

Age groups 0.566
≤50y 37 (50.7) 26 (55.3) 5 (41.7) 6 (42.9)
>50y 36 (49.3) 21 (44.7) 7 (58.3) 8 (57.1)

Primary sites 0.641
Major salivary 17 (23.3) 7 (14.9) 4 (33.3) 6 (42.9)
Nasal cavity and paranasal sinuses 15 (20.5) 10 (21.3) 2 (16.7) 3 (21.4)
lip and oral cavity 15 (20.5) 10 (21.3) 2 (16.7) 3 (21.4)
Trachea 9 (12.3) 7 (14.9) 2 (16.7) 0 (0)
Pharynx 7 (9.6) 6 (12.8) 1 (8.3) 0 (0)
External auditory canal 5 (6.8) 3 (6.4) 1 (8.3) 1 (7.1)
Larynx 3 (4.1) 3 (6.4) 0 (0) 0 (0)
Lacrimal gland 2 (2.7) 1 (2.1) 0 (0) 1 (7.1)

PNI 0.169
Negative 12 (16.4) 10 (21.3) 2 (16.7) 0 (0)
Positive 61 (83.6) 37 (78.7) 10 (83.3) 14 (100)

Margin status 0.422
≥1 mm 11 (15.1) 9 (19.1) 1 (8.3) 1 (7.1)
<1 mm 62 (84.9) 38 (80.9) 11 (91.7) 13 (92.9)

T stage 0.127
1–2 20 (27.4) 14 (29.8) 4 (33.3) 2 (14.3)
3 34 (46.6) 25 (53.2) 4 (33.3) 5 (35.7)
4 19 (26) 8 (17) 4 (33.3) 7 (50)

LNM (n = 34) 0.009
Negative 25 (73.5) 20 (87) 3 (75) 2 (28.6)
Positive 9 (26.5) 3 (13) 1 (25) 5 (71.4)

Stage groups 0.039
I–II 19 (26) 14 (29.8) 4 (33.3) 1 (7.1)
III 31 (42.5) 23 (48.9) 4 (33.3) 4 (28.6)
IV 23 (31.5) 10 (21.3) 4 (33.3) 9 (64.3)

PORT (n = 68) 0.664
Yes 39 (57.4) 27 (61.4) 6 (50) 6 (50)
No 29 (42.6) 17 (38.6) 6 (50) 6 (50)
April 202
1 | Volume 11 | Article
HGT, high-grade transformation; PNI, perineural invasion; LNM, lymph node metastasis; PORT, postoperative radiotherapy.
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P = 0.514), while that of HGT cases was 10.728 (95% CI = 2.998–
38.393, P < 0.001). With regard to patients who received PORT,
the HR of patients who did not was 4.336 (95% CI = 1.214–
15.489, P = 0.024). The data of multivariate analysis is shown in
Table 6.

In addition, for the six HGT patients who received PORT, the
median PFS was 39.5 months, whereas the median OS was not
reached. For the six HGT patients who did not receive PORT, the
median PFS was 7 months, whereas the median OS was 18
months (Table 7).
DISCUSSION

ACC is a biphasic ductal-myoepithelial differentiated malignant
tumor which usually appears in a mixed form. The major
histological structures include tubular, cribriform, and solid
patterns. Spiro et al. (6) graded ACC histologically according
to whether the solid area of the tumor was greater than 50%.
Their subsequent study revealed that staging had a greater
impact on prognosis than histological grading (18). Another
more widely used grading system was based on whether the solid
components of ACC were greater than 30% (7, 11). A later study
demonstrated the prognostic significance of tumor grading was
Frontiers in Oncology | www.frontiersin.org 6210
independent of staging (19). However, some scholars believe that
the grading method based on the proportion of solid
components is arbitrary (20). Moreover, in clinical practice, the
histological features of ACC usually present as complex
architectures with more than one pattern. In this situation,
whether solid components that coexist with tubular or
cribriform patterns indicate a worse prognosis need to be
further explored (21). Weert et al. (8) found that the existence
of any solid component in ACC was an adverse prognostic
factor. Later studies also found that compared with solid
components greater than 30%, the presence of solid
components was an independent prognostic factor of
recurrence-free-survival and OS (22, 23). In our opinion,
neither the presence nor the proportion of solid components
reflected the lethality of the most aggressive components of the
tumor on patient survival. Although most ACC cases are
indolent and have delayed mortality, if patients with highly
aggressive components could be distinguished from those with
indolent tumor at an early stage, more attention and appropriate
treatment strategies could be given. This may have significant
implications in the prognosis of these patients.

The most aggressive components of ACC are generally
considered to be the HGT components, as a synonym of
anaplasia or dedifferentiation, which was first formally
A B

D E

C

FIGURE 2 | Survival curves for progression-free survival (PFS) (A) Tumor grading, (B) Perineural invasion (PNI), (C) T stage, (D) Stage groups, and (E) Postoperative
radiotherapy (PORT).
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described in ACC by Cheuk et al. (9). Later, Seethala et al. (12)
summarized the histopathological characteristics from 11 HGT
cases in detail. However, in view of the complexity of diagnostic
criteria emphasized by the subjective descriptive features, very
few cases are likely to satisfy the diagnosis of HGT. Indeed, most
previous studies have been case reports or small series (24). In a
large series with 135 cases of salivary glandACC, there were only 16
cases with HGT (22). Even in this study, no statistical difference in
LNM and prognosis of HGT ACC could be obtained due to the
small number of cases. Since ACC is generally considered to
originate from intercalated duct, the histological origin
determines biphasic ductal-myoepithelial differentiated
Frontiers in Oncology | www.frontiersin.org 7211
characteristic of ACC. We believe that the diagnostic essentials of
HGT should be focused on the loss of biphasic differentiation of
ACC. Both Cheuk et al. (9) and Seethala et al. (12) emphasized the
absence of a basal/myoepithelial cell layer in HGT diagnosis. This
may be attributed to the belief that overgrowth of ductal
components rather than myoepithelial components leads to lethal
events. In this series, there were 26 cases of grade III, 14 of which
were recognized by loss of biphasic differentiation, represented by
the absence of basal/myoepithelial cell immunostaining. Although
one of the cases had weak p63 staining in the squamoid area of the
tumor, this expression of p63 was not abluminal-staining pattern.
Besides squamoid area is regarded as one kind of unique features of
A B

DC

FIGURE 3 | Survival curves for overall survival (OS) (A) Tumor grading, (B) Margin status, (C) Postoperative radiotherapy (PORT) and (D) Stage groups.
April 2021 | Volume 11 | Article 647172
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HGT components according to the HGT criteria. Therefore the
expression of p63 in this case did not affect the diagnosis of basal/
myoepithelial cell absence.

Seethala et al. (12) recommended that HGT be diagnosed as the
presence of at least three of themajor criteria. Of the 14 cases, seven
met the rigorous criteria, whereas the remaining sevenmet less than
three of the major criteria. Although these seven cases do not
Frontiers in Oncology | www.frontiersin.org 8212
completely fulfill the major criteria for HGT, we still insist that all
the 14 cases should be classified as HGT ACC. First of all, previous
studies have outlined that transformed components exist in HGT
ACC cases (9, 12, 25). This morphological transition may be
evidence that gradual loss of basal/myoepithelial cell
differentiation occurs during the HGT process. This histological
transition could also be observed in our cases (Figure 1).
Furthermore, the LNM rate of the HGT group was significantly
higher than that of the other groups (P = 0.009). Besides, the Ki-67
index of the HGT cases was higher than that of the conventional
grade III cases (P= 0.005), indicating that theHGTcases hadhigher
proliferative activity. More importantly, although there was no
significant prognostic difference between HGT cases and
conventional grade III cases with regard to PFS, there was in
terms of OS. Indeed, only two of the 12 conventional grade III
patients died during the 80–99months after surgery, whereas seven
of the 14HGTpatients died during the 7.5–61months after surgery
(SupplementaryMaterial 2). For patients with conventional grade
III and HGT, the median OS was 99 months and 50 months,
respectively. The OS curve showed a significant difference between
theHGTgroupand theconventional grade III group.Thedata from
Cox stratification analysis of OS also showed that there was no
significant difference between patients with conventional grade III
and those with grade I–II, whereas the risk of death in patients with
HGTwas much higher than in those with grade I–II (HR = 10.728,
P < 0.001). These results support our point of view that loss of
TABLE 5 | Comparison of the median survival time among prognostic predictors
on univariate analyses.

Characteristics PFS OS

Median for
survival time

P-
value

Median for
survival time

P-
value

Tumor grading <0.001 <0.001
Grade I–II 86.5 Not reached
Conventional

grade III
26 96

HGT 10 50
PNI 0.004 –

Negative Not reached –

Positive 52 –

Margin status – 0.049
≥1 mm – cannot be

calculated*
<1 mm – cannot be

calculated*
T stage 0.004 –

1–2 86.5 –

3 75.5 –

4 26 –

Stage groups 0.015 0.07
I–II 86.5 Not reached
III 66 Not reached
IV 36 80

PORT 0.013 0.028
Yes 86.5 Not reached
No 36 77
PFS, progression-free survival; OS, overall survival; HGT, high-grade transformation; PNI,
perineural invasion; PORT, postoperative radiotherapy. *All of the patients with a surgical
margin ≥1 mm survived, and all of the deaths occurred in patients with a surgical margin
<1 mm; thus, the median overall survival time cannot be calculated.
TABLE 6 | Multivariate Cox regression analysis.

Characteristics PFS OS

HR 95% CI P-value HR 95% CI P-value

Age groups 0.008 –

≤50y (reference) 1 – –

>50y 0.321 0.138–0.747 – –

PNI 0.066 –

Negative (reference) 1 – –

Positive 6.698 0.88–51.002 – –

Tumor grading <0.001 0.001
Grade I–II (reference) 1 1
Conventional Grade III 5.035 1.979–12.814 0.001 1.77 0.318–9.849 0.514
HGT 9.616 3.222–28.697 <0.001 10.728 2.998–38.393 <0.001

PORT 0.002 0.024
Yes (reference) 1 1
No 3.895 1.636–9.273 4.336 1.214–15.489
Apr
il 2021 | Volume 11 | Article
PFS, progression-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval; HGT, high-grade transformation; PORT, postoperative radiotherapy.
TABLE 7 | Comparison of the median survival time between patients with HGT
and PORT and patients with HGT and no PORT.

Characteristics PFS OS

Median for
survival time

P-
value

Median for
survival time

P-
value

PORT 0.037 0.094
Yes 39.5 Not reached
No 7 18
6

HGT, high-grade transformation; PORT, postoperative radiotherapy; PFS, progression-
free survival; OS, overall survival.
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basal/myoepithelial cell differentiation is the most important
criterion of HGT. The absence of the myoepithelial cell layer in
ACC probably indicates ductal cell overgrowth of the tumor
accompanied by more aggressive behavior. As a result, patients
with HGT tumors in our series account for 19% of the primary
ACCHN cases. Interestingly, a previous study from Fordice et al.
(26) considered solid features as fulfilling two criteria: >10%of solid
components, and the presence of an anaplastic areawithin the solid
architecture. Their study confirmed the adverse impact of solid
features in univariate prognostic analysis. Indeed, the anaplasia of
ACC is equivalent to the HGT components. In view of the finding
from a previous meta-analysis that a higher LNM rate correlates
with solid or higher gradeACC (27), itmay be that the unidentified
HGT ACC tumors also play a crucial role. Our study used basal/
myoepithelial cell biomarkers to identify whether the solid area
possess biphasic differentiation or not, and further confirmed the
predictive role of tumor grading independent of staging under the
premise of HGT ACC identification.

In our study, although age groups were not statistically
significant in univariate analysis, younger patients had worse
prognosis in terms of PFS in multivariate analysis. Among the 14
patients with HGT ACC, six were ≤50 years old and eight were
>50 years old. Given that the age groups were not correlated with
tumor grading in our study, the finding that HGT components
are more likely to occur in the elderly as described in previous
literatures (9, 12) may not hold true for all cases. In our study, T4
or stage IV disease was slightly more common in younger
patients than older patients (Supplementary Material 2). Both
T stage and stage groups were significant on PFS univariate
analysis. This more advanced stage might lead to the worse
prognosis of the younger patients, despite no independent
prognostic significance on the staging factors themselves.
Besides, our study revealed no correlation between primary
sites and tumor grading. We found that HGT ACC could
originate from superficial sites such as the submandibular
gland, and was associated with LNM and poor outcome.
Although the surgical margin was significant on OS univariate
analysis, it was not an independent factor. In our study, the rates
of close margin status and PNI were 84.9 and 83.6%, respectively.
We agree with the previously held opinion that a sufficient safe
margin of ACCHN is difficult to achieve due to the infiltrative
and perineural characteristics of this disease (10, 22).

Radical surgery and PORT are the standard treatments for
patients with high-risk factors such as advanced stage, nerve
invasion, or residual tumor (28). Safina et al. indicated that the
10-year local recurrence survival rate of patients with PORT and
no PORT was 90.1 and 41.6%, respectively (29). A multi-center
retrospective study in Japan confirmed that sufficient radiation
therapy (≥60 Gy) was beneficial for OS and was effective for local
control (30). Moreover, Stefano et al. (31) revealed that the
prognosis of patients with salivary ACC with lung metastases
was better than that of patients with metastases to the liver, bone,
and other sites. Although PORT could not prevent distant
metastases, for patients with subclinical distant metastases, Chen
et al. believed that better local control will be important to delay
disease progression and maintain quality of life (32). Given that
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the ACCHN patients in this retrospective study had higher rates of
PNI and close margin status, it was expected that PORT should be
employed in more patients. However, only 57.4% patients received
PORT, which might be due to the low acceptance of PORT from
some patients in this series. Our study confirmed that patients who
received PORT obtained significant benefits, both in terms of
disease progression and OS, compared with patients who did not.
However, there remains further work to be done to improve
patients’ acceptance of PORT. Recent studies revealed that carbon
ion radiotherapy assisted by treatment planning software such as a
raster-scanning system could decrease the complication rate and
elevate treatment efficiency (28, 33), which shows promise for
future treatment strategies. Although patients with HGT had
worse prognosis in our study, those who received PORT had a
longer median survival time than those who did not (Table 7).
Moreover, among the six patients with HGT who did not receive
PORT, one suffered from tumor recurrence 3 months after
surgery. This patient received PORT after removal of the
recurrent lesion and survived a total of 61 months after the
initial operation. Another patient with HGT received
chemotherapy at the local hospital as a result of sternal
metastasis that occurred 7 months after surgery; and survived a
total of 50 months after surgery. Deaths occurred within 2 years of
surgery in the remaining four patients with HGT who did not
receive any adjuvant therapy. Several HGT ACC case reports also
showed that patients who received PORT or combined chemo-
radiotherapy had no evidence of disease during a follow-up
ranging from 5 to 36 months (34–37). Thus, it seems that active
postoperative therapy may bring hope to patients who are believed
to have poor outcomes. It is though that the loss of basal/
myoepithelial differentiation might bring the biological
characteristics of ACC closer to those of some high grade
carcinomas such as salivary ductal carcinoma, which may be
more sensitive to adjuvant therapy. Therefore, research on
precise therapy should be explored in patients with ACC with
different histopathological grades for long-term survival benefits.
CONCLUSION

Loss of biphasic differentiation as identified by the absence of
basal/myoepithelial cells is the most important diagnostic
criterion of HGT ACC. PORT, and tumor grading system
including HGT had significant implications on prognosis of
surgically treated patients with primary ACCHN. As this is a
retrospective study from a single center, further studies should be
performed on appropriate therapeutic strategies for patients with
different tumor grades.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
April 2021 | Volume 11 | Article 647172

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


Zhu et al. HGT and PORT in ACCHN
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by National GCP Center for Anticancer Drugs, The
Independent Ethics Committee. Written informed consent for
participation was not required for this study in accordance with
the national legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS

HL and YLZ designed this study. XZ, YLZ, and CH enrolled
the patients and collected the clinical data. YLZ, CH, and HL
reviewed the pathological sections. YLZ, XX, and WL conducted
the statistical analyses. The manuscript was drafted by YLZ
and XZ. All authors participated in interpretation of the
results. All authors contributed to the article and approved the
submitted version.
Frontiers in Oncology | www.frontiersin.org 10214
FUNDING

This study was supported by Beijing Hope Run Special Fund of
Cancer Foundation of China, No. LC2018A19.
ACKNOWLEDGMENTS

We thank Xiuyun Liu for immunochemical staining, Haifeng
Zhang and Xin Li for pathological information retrieval, and Lu
Yu for data presentation advices.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
647172/full#supplementary-material
REFERENCES

1. Jaso J, Malhotra R. Adenoid cystic carcinoma. Arch Pathol Lab Med (2011)
135(4):511–5. doi: 10.1043/2009-0527-RS.1

2. Ellington CL, Goodman M, Kono SA, Grist W, Wadsworth T, Chen AY, et al.
Adenoid cystic carcinoma of the head and neck: Incidence and survival trends
based on 1973-2007 Surveillance, Epidemiology, and End Results data. Cancer
(2012) 118(18):4444–51. doi: 10.1002/cncr.27408

3. Patey DH, Thackray AC. The treatment of parotid tumours in the light of a
pathological study of parotidectomy material. Br J Surg (1958) 45(193):477–
87. doi: 10.1002/bjs.18004519314

4. Stewart J. Carcinoma of salivary glands showing the cylindroma pattern. Br J
Surg (1961) 49:241–5. doi: 10.1002/bjs.18004921502

5. Eby LS, Johnson DS, Baker HW. Adenoid cystic carcinoma of the head and
neck. Cancer (1972) 29(5):1160–8. doi: 10.1002/1097-0142(197205)
29:5<1160::aid-cncr2820290506>3.0.co;2-1

6. Spiro RH, Huvos AG, Strong EW. Adenoid cystic carcinoma of salivary
origin. A clinicopathologic study of 242 cases. Am J Surg (1974) 128(4):512–
20. doi: 10.1016/0002-9610(74)90265-7

7. Szanto PA, Luna MA, Tortoledo ME, White RA. Histologic grading of adenoid
cystic carcinoma of the salivary glands. Cancer (1984) 54(6):1062–9.
doi: 10.1002/1097-0142(19840915)54:6<1062::aid-cncr2820540622>3.0.co;2-e

8. Van Weert S, Van Der Waal I, Witte BI, Leemans CR, Bloemena E.
Histopathological grading of adenoid cystic carcinoma of the head and
neck: analysis of currently used grading systems and proposal for a
simplified grading scheme. Oral Oncol (2015) 51(1):71–6. doi: 10.1016/
j.oraloncology.2014.10.007

9. Cheuk W, Chan JK, Ngan RK. Dedifferentiation in adenoid cystic carcinoma
of salivary gland: an uncommon complication associated with an accelerated
clinical course. Am J Surg Pathol (1999) 23(4):465–72. doi: 10.1097/00000478-
199904000-00012

10. Coca-Pelaz A, Rodrigo JP, Bradley PJ, Vander Poorten V, Triantafyllou A,
Hunt JL, et al. Adenoid cystic carcinoma of the head and neck–An update.
Oral Oncol (2015) 51(7):652–61. doi: 10.1016/j.oraloncology.2015.04.005

11. Perzin KH, Gullane P, Clairmont AC. Adenoid cystic carcinomas arising in
salivary glands: a correlation of histologic features and clinical course. Cancer
(1978) 42(1):265–82. doi: 10.1002/1097-0142(197807)42:1<265::aid-
cncr2820420141>3.0.co;2-z

12. Seethala RR, Hunt JL, Baloch ZW, Livolsi VA, Leon Barnes E. Adenoid cystic
carcinoma with high-grade transformation: a report of 11 cases and a review
of the literature. Am J Surg Pathol (2007) 31(11):1683–94. doi: 10.1097/
PAS.0b013e3180dc928c

13. Ei-Naggar AK, Chan JKC, Grandis JR, Takata T, Slootweg PJ. WHO
Classification of Head and Neck Tumors. Lyon: IARC (2017).
14. Morita S, Mizumachi T, Nakamaru Y, Sakashita T, Kano S, Hoshino K, et al.
Comparison of the University of Pittsburgh staging system and the eighth
edition of the American Joint Committee on Cancer TNM classification for
the prognostic evaluation of external auditory canal cancer. Int J Clin Oncol
(2018) 23(6):1029–37. doi: 10.1007/s10147-018-1314-3

15. Hogerle BA, Lasitschka F, Muley T, Bougatf N, Herfarth K, Adeberg S, et al.
Primary adenoid cystic carcinoma of the trachea: clinical outcome of 38
patients after interdisciplinary treatment in a single institution. Radiat Oncol
(2019) 14(1):117. doi: 10.1186/s13014-019-1323-z

16. Yemelyanova A, Vang R, Kshirsagar M, Lu D, Marks MA, Shih Ie M, et al.
Immunohistochemical staining patterns of p53 can serve as a surrogate
marker for TP53 mutations in ovarian carcinoma: an immunohistochemical
and nucleotide sequencing analysis. Mod Pathol (2011) 24(9):1248–53.
doi: 10.1038/modpathol.2011.85

17. Ando K, Oki E, Saeki H, Yan Z, Tsuda Y, Hidaka G, et al. Discrimination of
p53 immunohistochemistry-positive tumors by its staining pattern in gastric
cancer. Cancer Med (2015) 4(1):75–83. doi: 10.1002/cam4.346

18. Spiro RH,Huvos AG. Stagemeansmore than grade in adenoid cystic carcinoma.
Am J Surg (1992) 164(6):623–8. doi: 10.1016/s0002-9610(05)80721-4

19. Zhang CY, Xia RH, Han J, Wang BS, Tian WD, Zhong LP, et al. Adenoid
cystic carcinoma of the head and neck: clinicopathologic analysis of 218 cases
in a Chinese population. Oral Surg Oral Med Oral Pathol Oral Radiol (2013)
115(3):368–75. doi: 10.1016/j.oooo.2012.11.018

20. Seethala RR. Histologic grading and prognostic biomarkers in salivary gland
carcinomas. Adv Anat Pathol (2011) 18(1):29–45. doi: 10.1097/
PAP.0b013e318202645a

21. Batsakis JG, Luna MA, El-Naggar A. Histopathologic grading of salivary gland
neoplasms: III. Adenoid cystic carcinomas. Ann Otol Rhinol Laryngol (1990)
99(12):1007–9. doi: 10.1177/000348949009901215

22. Xu B, Drill E, Ho A, Ho A, Dunn L, Prieto-Granada CN, et al. Predictors of
Outcome in Adenoid Cystic Carcinoma of Salivary Glands: A
Clinicopathologic Study With Correlation Between MYB Fusion and
Protein Expression. Am J Surg Pathol (2017) 41(10):1422–32. doi: 10.1097/
PAS.0000000000000918

23. Mays AC, Hanna EY, Ferrarotto R, Phan J, Bell D, Silver N, et al. Prognostic
factors and survival in adenoid cystic carcinoma of the sinonasal cavity. Head
Neck (2018) 40(12):2596–605. doi: 10.1002/hed.25335

24. Dutta A, Arun P, Arun I. Adenoid Cystic Carcinoma with Transformation to
High Grade Carcinomatous and Sarcomatoid Components: A Rare Case
Report with Review of Literature. Head Neck Pathol (2020) 14(4):1094–104.
doi: 10.1007/s12105-019-01120-3

25. Nagao T, Gaffey TA, Serizawa H, Sugano I, Ishida Y, Yamazaki K, et al.
Dedifferentiated adenoid cystic carcinoma: a clinicopathologic study of 6 cases.
Mod Pathol (2003) 16(12):1265–72. doi: 10.1097/01.MP.0000097366.88165.08
April 2021 | Volume 11 | Article 647172

https://www.frontiersin.org/articles/10.3389/fonc.2021.647172/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.647172/full#supplementary-material
https://doi.org/10.1043/2009-0527-RS.1
https://doi.org/10.1002/cncr.27408
https://doi.org/10.1002/bjs.18004519314
https://doi.org/10.1002/bjs.18004921502
https://doi.org/10.1002/1097-0142(197205)29:53.0.co;2-1
https://doi.org/10.1002/1097-0142(197205)29:53.0.co;2-1
https://doi.org/10.1016/0002-9610(74)90265-7
https://doi.org/10.1002/1097-0142(19840915)54:63.0.co;2-e
https://doi.org/10.1016/j.oraloncology.2014.10.007
https://doi.org/10.1016/j.oraloncology.2014.10.007
https://doi.org/10.1097/00000478-199904000-00012
https://doi.org/10.1097/00000478-199904000-00012
https://doi.org/10.1016/j.oraloncology.2015.04.005
https://doi.org/10.1002/1097-0142(197807)42:13.0.co;2-z
https://doi.org/10.1002/1097-0142(197807)42:13.0.co;2-z
https://doi.org/10.1097/PAS.0b013e3180dc928c
https://doi.org/10.1097/PAS.0b013e3180dc928c
https://doi.org/10.1007/s10147-018-1314-3
https://doi.org/10.1186/s13014-019-1323-z
https://doi.org/10.1038/modpathol.2011.85
https://doi.org/10.1002/cam4.346
https://doi.org/10.1016/s0002-9610(05)80721-4
https://doi.org/10.1016/j.oooo.2012.11.018
https://doi.org/10.1097/PAP.0b013e318202645a
https://doi.org/10.1097/PAP.0b013e318202645a
https://doi.org/10.1177/000348949009901215
https://doi.org/10.1097/PAS.0000000000000918
https://doi.org/10.1097/PAS.0000000000000918
https://doi.org/10.1002/hed.25335
https://doi.org/10.1007/s12105-019-01120-3
https://doi.org/10.1097/01.MP.0000097366.88165.08
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhu et al. HGT and PORT in ACCHN
26. Fordice J, Kershaw C, El-Naggar A, Goepfert H. Adenoid cystic carcinoma of
the head and neck: predictors of morbidity and mortality. Arch Otolaryngol
Head Neck Surg (1999) 125(2):149–52. doi: 10.1001/archotol.125.2.149

27. Martins-Andrade B, Dos Santos Costa SF, Sant’ana MSP, Altemani A, Vargas
PA, Fregnani ER, et al. Prognostic importance of the lymphovascular invasion
in head and neck adenoid cystic carcinoma: A systematic review and meta-
analysis. Oral Oncol (2019) 93:52–8. doi: 10.1016/j.oraloncology.2019.04.014

28. Jensen AD, Poulakis M, Nikoghosyan AV, Welzel T, Uhl M, Federspil PA,
et al. High-LET radiotherapy for adenoid cystic carcinoma of the head and
neck: 15 years’ experience with raster-scanned carbon ion therapy. Radiother
Oncol (2016) 118(2):272–80. doi: 10.1016/j.radonc.2015.05.010

29. Ali S, Palmer FL, Katabi N, Lee N, Shah JP, Patel SG, et al. Long-term local
control rates of patients with adenoid cystic carcinoma of the head and neck
managed by surgery and postoperative radiation. Laryngoscope (2017) 127
(10):2265–9. doi: 10.1002/lary.26565

30. Takebayashi S, Shinohara S, Tamaki H, Tateya I, Kitamura M, Mizuta M, et al.
Adenoid cystic carcinoma of the head and neck: a retrospective multicenter study.
Acta Otolaryngol (2018) 138(1):73–9. doi: 10.1080/00016489.2017.1371329

31. Cavalieri S, Mariani L, Vander Poorten V, Van Breda L, Cau MC, Lo Vullo S,
et al. Prognostic nomogram in patients with metastatic adenoid cystic
carcinoma of the salivary glands. Eur J Cancer (2020) 136:35–42.
doi: 10.1016/j.ejca.2020.05.013

32. Chen AM, Bucci MK, Weinberg V, Garcia J, Quivey JM, Schechter NR, et al.
Adenoid cystic carcinoma of the head and neck treated by surgery with or
without postoperative radiation therapy: prognostic features of recurrence. Int
J Radiat Oncol Biol Phys (2006) 66(1):152–9. doi: 10.1016/j.ijrobp.2006.04.014

33. Sulaiman NS, Demizu Y, Koto M, Saitoh JI, Suefuji H, Tsuji H, et al.
Multicenter Study of Carbon-Ion Radiation Therapy for Adenoid Cystic
Frontiers in Oncology | www.frontiersin.org 11215
Carcinoma of the Head and Neck: Subanalysis of the Japan Carbon-Ion
Radiation Oncology Study Group (J-CROS) Study (1402 HN). Int J Radiat
Oncol Biol Phys (2018) 100(3):639–46. doi: 10.1016/j.ijrobp.2017.11.010

34. Malhotra KP, Agrawal V, Pandey R. High grade transformation in adenoid
cystic carcinoma of the parotid: report of a case with cytologic, histologic and
immunohistochemical study. Head Neck Pathol (2009) 3(4):310–4.
doi: 10.1007/s12105-009-0122-5

35. Ly CK, Cheng HM, Vermeulen T. High grade transformation in a case of
adenoid cystic carcinoma associated with Epstein-Barr virus expression.
Pathology (2013) 45(7):693–5. doi: 10.1097/PAT.0000000000000012

36. Sayar H, Sarioglu S, Bakaris S, Yildirim I, Oztarakci H. High-grade
transformation of adenoid cystic carcinoma delineated with a fibrous rim: a
case report . Balkan Med J (2013) 30(3):333–6. doi : 10.5152/
balkanmedj.2013.7220

37. Boon IS, Warfield AT, Ahmed SK, Boon CS, Hartley A. Dedifferentiated
adenoid cystic carcinoma of the nasopharynx: a rare entity of head and neck
cancer. BMJ Case Rep (2016) 2016. doi: 10.1136/bcr-2016-215889

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhu, Zhu, Xue, Zhang, Hu, Liu and Lu. 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 647172

https://doi.org/10.1001/archotol.125.2.149
https://doi.org/10.1016/j.oraloncology.2019.04.014
https://doi.org/10.1016/j.radonc.2015.05.010
https://doi.org/10.1002/lary.26565
https://doi.org/10.1080/00016489.2017.1371329
https://doi.org/10.1016/j.ejca.2020.05.013
https://doi.org/10.1016/j.ijrobp.2006.04.014
https://doi.org/10.1016/j.ijrobp.2017.11.010
https://doi.org/10.1007/s12105-009-0122-5
https://doi.org/10.1097/PAT.0000000000000012
https://doi.org/10.5152/balkanmedj.2013.7220
https://doi.org/10.5152/balkanmedj.2013.7220
https://doi.org/10.1136/bcr-2016-215889
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:
Min Yao,

University Hospitals Cleveland
Medical Center, United States

Reviewed by:
Bilgin Kadri Aribas,

Bülent Ecevit University, Turkey
Heming Lu,

People’s Hospital of Guangxi Zhuang
Autonomous Region, China

*Correspondence:
Jinyi Lang

langjy610@163.com

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to

Radiation Oncology,
a section of the journal
Frontiers in Oncology

Received: 10 January 2021
Accepted: 24 March 2021
Published: 13 April 2021

Citation:
Feng M, Yin Q, Ren J, Wu F, Lan M,
Wang H, Wang M, Li L, Chen X and

Lang J (2021) Dynamic Three-
Dimensional ADC Changes of Parotid
Glands During Radiotherapy Predict

the Salivary Secretary Function in
Patients With Head and Neck

Squamous Carcinoma.
Front. Oncol. 11:651537.

doi: 10.3389/fonc.2021.651537

ORIGINAL RESEARCH
published: 13 April 2021

doi: 10.3389/fonc.2021.651537
Dynamic Three-Dimensional ADC
Changes of Parotid Glands During
Radiotherapy Predict the Salivary
Secretary Function in Patients With
Head and Neck Squamous
Carcinoma
Mei Feng1,2†, Qingping Yin1,3†, Jing Ren4, Fei Wu5, Mei Lan1, He Wang1, Min Wang4,
Lu Li1, Xiaojian Chen6 and Jinyi Lang1*

1 Department of Radiation Oncology, Sichuan Cancer Hospital and Institute, Sichuan Cancer Center, School of Medicine,
University of Electronic Science and Technology of China, Chengdu, China, 2 Department of Medical Oncology, Sichuan The
Third People’s Hospital, Chengdu, China, 3 Department of Radiation Oncology, School of Clinical Medicine, North Sichuan
Medical College, Nanchong, China, 4 Department of Radiology, Sichuan Cancer Hospital and Institute, Sichuan Cancer
Center, School of Medicine, University of Electronic Science and Technology of China, Chengdu, China, 5 Department of
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Objective: To investigate the changes of three-dimensional apparent diffusion coefficient
(3D-ADC) of bilateral parotid glands during radiotherapy for head and neck squamous cell
carcinoma (HNSCC) patients and explore the correlations with the radiation dose, volume
reduction of parotid gland and the salivary secretary function.

Materials and Methods: 60 HNSCC were retrospectively collected in Sichuan cancer
hospital. The patients were all received diffusion-weighted imaging (DWI) scan at pre-
radiation, the 15th radiation, the 25th radiation and completion of radiation. Dynamic 3D-
ADC were measured in different lobes of parotid glands (P1: deep lobe of ipsilateral; P2:
superficial lobe of ipsilateral; P3: deep lobe of contralateral; P4: superficial lobe of
contralateral), and the 3D-ADC of spinal cord were also recorded. Chewing stimulates
test, radionuclide scan and RTOG criteria were recorded to evaluate the salivary secretary
function. Pearson analysis was used to assess the correlation between 3D-ADC value,
radiation dose, volume change, and salivary secretary function.

Results: The mean 3D-ADC of parotid glands increased. It began to change at the 15th

radiation and the mostly increased in P1. However, there was no change for the maximum
and minimum 3D-ADC. The 3D-ADC values of spinal cord changes were almost invisible
(ratio ≤ 0.03 ± 0.01). The mean 3D-ADC was negatively correlated with the salivary
secretary function (r=-0.72) and volume reduction of different lobes of parotid glands (r1=-
0.64; r2=-0.61; r3=-0.57; r4=-0.49), but it was positively correlated with the delivered
dose (r1 = 0.73; r2 = 0.69; r3 = 0.65; r4 = 0.78).
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Conclusion: Dynamic 3D-ADC changes might be a new and early indicator to predict
and evaluate the secretary function of parotid glands during radiotherapy.
Keywords: diffusion-weighted imaging, radiotherapy, salivary secretary function, head and neck squamous
carcinoma, parotid glands
INTRODUCTION

Approximate 500,000 new head and neck cancer (HNC) patients
occur worldwide annually. Radiation therapy (RT), as the main
non-surgical treatment, is used for over 70% patients with
squamous cell carcinoma of the head and neck (HNSCC).
With the development of advanced RT technology such as
intensity-modulated RT (IMRT), overall survival of HNSCC
patients has been improved (80% for stage I and II, 60-70% for
stage III and IV) with better quality of life. However, radiation-
induced xerostomia remains a common side effect and severely
affects patients’ quality of life (1). Although IMRT may reduce
radiation dose to the parotid glands to some extent, radiation-
induced xerostomia cannot be avoided. Kam et al. (2) reported
that the incidence of xerostomia was 39.3% with IMRT. A recent
study reported the severe xerostomia was observed at week 7 and
8 after starting RT, and 79% of patients had grade 2 xerostomia.
The percentage of patients with xerostomia dropped to 58% at
follow-up month 3, 44% at month 7, 25% at month 13 and 26%
at month 25 (3). Another study reported severe xerostomia was
observed in patients at one month after radiation therapy and
had difficulty in collecting enough amount of saliva for analysis
(4). Therefore, it is important to predict the secretary function of
parotid glands during radiotherapy, and it might reduce
xerostomia by adjusting RT plan and/or use some particular
drug in an early stage.

Several objective and subjective examinations have already
been used to detect the changes in parotid function, such as
salivary flowing rate, sialography, scintigraphy and salivary
gland X-ray radiography (5). However, most of these tools are
invasive and cannot sensitively detect the injury of parotid
gland at an early stage. The increasing availability of images
acquired during the delivery of RT can provide the anatomic
and biological information of the patients. It was reported that
radiation could induce changes of computed tomography (CT)
numbers of the parotid glands based on the CTs acquired
during RT for HNC (6). Very recently, researchers reported
that the changes of quantitative CT textures of the parotid
glands during RT delivery were correlated with xerostomia (7,
8). Magnetic resonance imaging (MRI) can provide much more
details compared with CT. Functional MRI, such as diffusion
weighted imaging (DWI) can reveal insight of the tissue
microstructure by depicting molecular diffusion. Some
studies found DWI could help to distinguish the benign
tumor from malignancy tumor and there were obvious
changes of DWI in primary tumor after radiation (9–11).
DWI might be useful to detect early changes in the salivary
glands during RT. This study was designed to acquire
longitudinal MRIs during IMRT for HNSCC and to analyze
2217
the changes of spatial quantitative MRI data of parotid glands
in relation to radiation dose, volume reduction and parotid
function reduction.
MATERIALS AND METHODS

Patient Selection
A total of 60 pathological confirmed head and neck squamous
carcinoma patients were retrospectively enrolled from
December 2016 to December 2018 in Sichuan cancer
hospital. The study was approved by the ethics committee of
our institution. All patients had a local disease or locoregional
disease (stage I-IVa+b) according to the Union for
International Cancer Control (UICC) 7th TNM staging
system. The patients with the salivary gland disease and
salivary cancer were excluded. Use of any medication known
to affect salivary gland function was not allowed. The basic
patient characteristics are listed in Table 1.
TABLE 1 | Patient characteristics.

Items Number %

Age (y)
<50 21 35
≥50 39 65
Sex
Male 37 61.7
Female 23 38.3
Primary site
Nasopharyngeal 51 85
Laryngeal 5 8.3
Oropharyngeal 4 6.7
T stage
T1 2 3.3
T2 26 43.3
T3 19 31.7
T4 13 21.7
N stage
N0 5 8.3
N1 20 33.3
N2 28 46.7
N3 7 11.7
M stage
M0 56 93.3
M1 4 6.7
Clinical stage
I 2 3.3
II 3 5
III 9 15
IV 46 76.7
A
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Radiotherapy Protocol
All the patients were treated with definitive image-guided IMRT
(IGRT). The target volumes were outlined according to the
Internat ional Commission on Radiation Units and
Measurements (ICRU) 50 and 62. The prescribed doses were
as follows: 70Gy to gross tumor volumes (GTVnx), 66-70Gy to
positive neck lymph nodes (GTVln-R/L), 60-66Gy to high-risk
clinical target volume (CTV1), 54-60Gy to low-risk clinical target
volume (CTV2) and 50-54Gy to lymphatic drainage regions
(CTVln). All patients were treated with 5 fractions per week in
30-33 fractions. Treatment plans were created using an inverse
treatment planning system (CORVUS 3.4-4.2). The dose limits
of normal organ were according to the Radiation Therapy
Oncology Group protocol 0225 (RTOG0225).

Chemotherapy
Of the 60 patients, 5 patients received radiotherapy alone, while
55 received CCRT with cisplatin 80 mg/m2 every 3 weeks for 2 to
3 cycles. Among them, 23 patients received 2 to 3 cycles of
neoadjuvant chemotherapy, and 10 patients received 1 to 2 cycles
of adjuvant chemotherapy. The neoadjuvant chemotherapy
regimen was TPF, and the adjuvant chemotherapy regimen
was cisplatin.

MR Imaging Protocol
Anatomic MRI (T1 and T2) and DWI were acquired for each
patient prior to RT, at the 15th and 25th fractions, and at the
completion of RT, using a 3.0T MRI scanner (Skyra, Siemens)
with 20 channels of a head-and-neck combined coil. All scans
extended from overhead to 2cm below the clavicle. The T1 and
T2-weighted fast spin-echo images in the axial, coronal and
sagittal planes were obtained before injection of contrast
material. DWI sequence was performed prior to contrast
injection consisted of a matrix of 160 X 160, TR 4900ms, TE1
64ms, TE2 103ms, b-values of 0, 500 and 800 s/mm2, number of
excitation 1. Readout-segmented echo-planar imaging was used
for DWI in our center. For both anatomical and functional
imaging, transverse sequences were acquired using identical
geometry to allow lesion identification and comparison at the
separate time points, with a 4-mm slice thickness, 30% slice
thickness as intersection gap and a field of view of 230mm X
230mm. The T1 images after intravenous injection of
gadopentetate dimeglumine (0.1mmol/kg body weight Gd-
DTPA, Magnevist; Bayer-Schering, Berlin, Germany) were
acquired. The total acquisition time of DWI was 3 minute
42 seconds.

Measurement of Volume and ADC Map of
Parotid Gland
The parotid gland was carefully delineated by two radiation
oncologists independently slice by slice. The deep and superficial
lobes of both parotid glands for each patient were contoured in
each MRI image. The deep and superficial lobe of parotid glands,
delineated separately according to the retromandibular vein and
facial nerve, were named P1: deep lobe of ipsilateral parotid
gland, P2: superficial lobe of ipsilateral parotid gland, P3: deep
Frontiers in Oncology | www.frontiersin.org 3218
lobe of contralateral parotid gland, and P4: superficial lobe of
contralateral parotid gland. DWI data were analyzed using the
Syngo MMWP (VE40D) station (Siemens Healthineers,
Germany) by a radiologist and a radiation oncologist in
consensus blinded to clinical and imaging characteristics.
Regions of interest (ROIs, i.e., P1 to P4) were defined on the
images acquired using the b-value of 0 s/mm2, which were
automatically populated onto other b-value images by the
software. ADC map was generated by using a pixel-by-pixel
calculation using the equation: ADC = [ln (SI1/SI2)]/(b2– b1),
where b1and b2 were gradient factors of sequences S1 and S2,
and SI1 and SI2 were signal intensities by the sequences S1 and
S2, respectively. The volumes of parotid glands and the
maximum, mean and minimum of ADC in P1, P2, P3 and P4
were extracted automatically using the MIM software (MIM
Software Inc, US). In addition, the radiation dose to each ROI
was calculated from the dosimetry plan respectively.

Measurement of Parotid Function
The Chewing Stimulating Test
The Saxon test is a simple, reproducible and low-cost technique
to measure saliva production (12), and it was used to evaluate the
saliva production at pre-RT, the 15th and 25th fractions and the
completion of RT. The saliva production was measured by
weighing a folded sterile gauze pad before and 2 minutes after
chewing without swallowing. First, the sterile gauze pad and the
disposable tube were weighed (S0). After 1 hour of prohibition
and fasting, the sterile gauze pad was put into the patient’s mouth
and the patient was instructed to bite the pad for 2 minutes.
Then, the sterile gauze pad was removed from the patient mouth
and was weighted (S1) in the test tube. The patient’s saliva (S)
was calculated by formula (S=S1-S0).

Scintigraphy of Parotid Gland
Scintigraphy was acquired to evaluate the secretary function
before and after RT using the Dual-head SPECT/CT g cameras
with low-energy high-resolution collimators (Siemens,
Germany). At first, the patient was positioned in supine and
the anterior portion of the head was imaged dynamically using a
scintillation camera after a bolus intravenous injection of 370-
555MBq (10 -15mCi) 99mTc-pertechnetate at 1 frame per 30 s
for 30 min. Then, taking the Vitamin C, and the second scan was
performed at 10 minutes after taking Vitamin C. The activity
curves of both parotid glands were acquired based on the region
of interest. Two parameters of the secretary function, uptake
index and excretion fraction, were collected and recorded.

Measurement of Xerostomia
Xerostomia grade was evaluated at pre-RT, the 15th, 25th and the
completion of RT from Grade 0 to Grade 4 by the attending
physician based on patient reporting using RTOG criteria as
follows: G0, no change over baseline; G1, mild mouth dryness/
slightly thickened saliva/may have slightly altered taste such as
metallic taste; G2, moderate to complete dryness/thick, sticky
saliva/markedly altered taste (i.e. copious water or other
lubricants); G3, severe dry mouth, no stimulation, often need
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to wake up at night to drink water, and G4, acute salivary
gland necrosis.

Statistical Analysis
SPSS 20.0 was used for statistical analysis. Paired t test was used
to compare the ADC values of different parotid lobes. Pearson
analysis was performed on the correlation between the ADC
values, delivered radiation dose, volume reduction, and secret
function of the parotid glands.
RESULTS

Evaluation of Salivary Gland Function
Both chewing stimulating test and parotid gland scintigraphy
showed the decreased secretion function of parotid glands after
radiation for all the patients. The chewing stimulating test
indicated that the mean salivary production decreased
gradually at pre-RT, 15th fraction, 25th fraction, and the
completion of RT (Figure 1). Similarly, the parotid gland
Frontiers in Oncology | www.frontiersin.org 4219
scintigraphy showed the mean excretion fraction for ipsilateral
and contralateral parotid glands reduced monotonically from
0.60 to 0.19 and 0.55 to 0.22 respectively at pre-RT and
completion of RT. For the xerostomia grade, it was 10.0% for
G1, 63.3% for G2, 18.3% for G3, and no G4 occurred at the
completion of radiation on RTOG criteria.

The Dynamic 3D-ADC Changes
of Parotid Glands
Typical DWI image for parotid glands during radiotherapy
(Figure 2). All the mean 3D-ADC increases in parotid glands
during RT delivery, from (1115.5 ± 109.1) x 10-3 mm2/s to
(1442.0 ± 148.7) x 10-3 mm2/s, with average increased ratios of
24.8%. However, there was no obvious changes for the maximum
and minimum 3D-ADC value (P>0.05). For the different
anatomical location of parotid glands, the mean 3D-ADC
value was 1163.4 ± 108.2, 1098.0 ± 151.2, 1138.1 ± 156.7 and
1062.4 ± 198.3 x 10-3 mm2/s for P1, P2, P3 and P4 respectively at
pre-radiation. The mean 3D-ADC value increased dramatically
with the average increased ratios of 36.7% (P1), 28.0% (P2),
FIGURE 1 | Mean salivary production during radiotherapy of chewing stimulating test.
A B DC

FIGURE 2 | Typical DWI image for parotid glands (red circles) during radiotherapy. (A) at pre-radiation, (B) at 15th radiation, (C) at 25th radiation and (D) at
completion of radiation.
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28.9% (P3) and 22.8% (P4). At 15th fraction, the increased mean
3D-ADC value changed most (r=0.83). The changes of mean 3D-
ADC value in spinal cord were almost invisible (≤3%)
(Figure 3A).

The Radiation Dose and Volume
Reduction of Parotid Gland
The delivered radiation dose of the different anatomical location in
parotid gland increased gradually during radiotherapy. The mean
total delivered radiation dose of the parotid glands were 43.3 ±
Frontiers in Oncology | www.frontiersin.org 5220
2.9Gy (P1), 28.2 ± 1.5Gy (P2), 38.6 ± 1.9Gy (P3) and 26.2 ± 2.1Gy
(P4). The mean delivered radiation dose of P1 and P3 were higher
than P2 and P4 (Table 2). Meanwhile, the volumes of parotid
glands were decreased, and the mean volume reduction was 47.3%
after the completion of radiation. Themean volume reductions ratio
of P1 and P3 were also larger than P2 and P4 (P1:54.5%, P2:42.6%,
P3:47.4%, P4:44.6%) from pre-radiation to the completion of
radiation (Figure 3B).
Correlation Analysis
The increased mean 3D-ADC values during RT were positively
correlated with the reduction of salivary production (r=-0.72)
(Figure 4) and increased xerostomia grade (r=0.583) (Figure
5). Sub-analysis found the increased mean 3D-ADC values was
positively correlated with the increased delivered radiation dose
of P1, P2, P3 and P4 respectively (r1 = 0.73; r2 = 0.69; r3 =
0.65; r4 = 0.78) during RT delivery (Figure 6A), and it also had
a significantly negative correlation with the volume reduction
(r1=-0.64; r2=-0.61; r3=-0.57; r4=-0.49) (Figure 6B).
A B

FIGURE 3 | (A) Mean 3D-ADC changes for different lobes of parotid glands during radiotherapy. (B) Mean volume changes for different lobes of parotid glands
during radiotherapy. P1, deep lobe of ipsilateral; P2, superficial lobe of ipsilateral; P3, deep lobe of contralateral; P4, superficial lobe of contralateral.
TABLE 2 | Mean radiation dose for different lobes of parotid glands.

Location Pre-radiation
(Gy)

15th (Gy) 25th (Gy) Completion of
radiation (Gy)

P1 0 19.7 ± 1.3 32.8 ± 2.2 43.3 ± 2.9
P2 0 12.8 ± 0.7 21.4 ± 1.1 28.2 ± 1.5
P3 0 17.5 ± 0.8 29.2 ± 1.4 38.6 ± 1.9
P4 0 11.9 ± 1.0 19.9 ± 1.6 26.2 ± 2.1
P1, deep lobe of ipsilateral; P2, superficial lobe of ipsilateral; P3, deep lobe of contralateral;
P4, superficial lobe of contralateral.
FIGURE 4 | Correlation between mean 3D-ADC value for the saliva production.
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DISCUSSION

Radiotherapy is a potentially curative treatment for head and
neck squamous cell carcinoma. Modern radiotherapy techniques
such as IMRT could generate conformal dose distributions which
allow the high radiation dose to the target volume and spare the
organ at risks. One of the common and severe side effects of
radiotherapy in head and neck cancer patients is the reduced
saliva production, xerostomia. This complication would severely
affect the quality of life for a long time. Salivary dysfunction may
lead to additional effects, such as sensation of a dry mouth,
altered taste, swallowing problems and speech problems which
have a significant impact on the general dimensions of health-
related quality of life (13).

Parotid glands are the major salivary glands that are
responsible for approximately 60–65% of total saliva
production (12). Sparing the parotid gland during radiotherapy
could reduce the incidence and severity of xerostomia. Parotid
glands would manifest both the anatomic and functional
changes. For the anatomic changes, many studies had reported
that the volume of parotid glands was decreased dramatically
with the increased radiation dose during radiotherapy. Castadot
et al. (14) showed that the volume of ipsilateral and contralateral
parotid glands had a mean decrease of 0.9% and 1.0% per
treatment day, respectively. Robar and colleagues (15)
demonstrated that in patients subjected to IMRT, the lateral
aspects of both parotid glands showed a medial translation of
0.85 mm/week, and the glands shrank by 4.9%/week. In our
study, we also found that volume reduction occurred in all the
lobes of parotid glands. The deep lobe received a higher dose
than the superficial lobe with IMRT, therefore, the mean volume
reduction of deep lobe was obviously larger than the superficial
lobe from pre-RT to the completion of RT. Buettner et al. (16)
found the beneficial dose-pattern analysis would minimize the
dose to the lateral and cranial component of the parotid gland,
and alleviated xerostomia.

With the increased delivered dose, the volume and salivary
production were also decreased gradually. The volume
reduction of parotid glands may have substantial correlation
Frontiers in Oncology | www.frontiersin.org 6221
with the parotid gland function. Teshima et al. (12) found that
the ratio of volume reduction was inversely correlated with the
saliva-reduction amount in head and neck cancer patients
undergoing RT. The parotid deformation may result in
complex structural and functional changes in the glands
leading to xerostomia during radiotherapy. In addition to age
and fatty ration of parotid gland that may affect salivary
production (13, 17), it was suggested radiomics would be a
new biomarker to reflect the changes of irradiated tissues even
in the early stage during radiotherapy (18). Our previous study
found the CT numbers in parotid glands were reduced for a
subset of patients and correlated with the doses received, but
the correlation between CT numbers and volume reduction are
weak (6). MRI quantitative analysis showed the intensity ratio
of the main duct lumen to background was significantly
decreased after RT when a relatively small dose was delivered
to the gland. DWI is based on intravoxel incoherent motion
imaging that allows visualization of molecular diffusion and
microcirculation of the blood in the capillary network of
biologic tissues (19). Dirix et al. (20) reported the baseline
ADC value at rest was significantly higher after RT than before
RT in the non-spared salivary glands but not in the spared
parotid glands. Fan reported that ADC1m-post-RT for parotid
gland initially increased and changed little to ADC3m-post-
RT. Then, ADC6m-post-RT, ADC9m-post-RT, and ADC12m-
post-RT gradually declined over time (21). There few studies
reported the ADC changes of parotid glands during
radiotherapy. Zhang et al. (22) reported ADC increase at 2
weeks after the beginning of RT and the amount of increase
compared to baseline, and the increase rate was associated with
the degree of xerostomia at 6 months after RT. However, they
only observed one time point during radiotherapy and just
used three adjacent sections of parotid gland to estimate the
ADC, not the 3D-ADC for whole parotid gland, which may not
be accurate enough for analysis. Marzi et al. (23) showed the
changes of ADC at 10th fraction were correlated to the volume
change at the same time for the parotid glands. However, they
both did not explore the correlation between xerostomia
severity and ADC. These two studies were both limited to
reveal the potential correlation between ADC and xerostomia
in early stage of radiotherapy. In this study, we found the mean
3D-ADC value of parotid glands during radiotherapy
increased with average ratios of 24.8%, and the mean 3D-
ADC for deep lobe of ipsilateral parotid gland changed mostly
among all the lobes. The dramatically changeable time for the
mean 3D-ADC value of parotid glands was the 15th fraction
radiation. We also showed the increased mean 3D-ADC value
was positively correlated with the delivered dose, and
negatively with the volume reduction.

Till now, the mechanism of parotid gland damage and saliva
reduction due to radiation is largely unknown. Wu et al. (8)
revealed a higher radiation dose to the parotid gland would cause
greater loss and atrophy of acinar cells, which subsequently leads
to shrinkage in the gland. The atrophy of the acinar cells was also
believed to be the main cause of impaired salivary secretion
leading to xerostomia (24). From our study, we found that DWI
FIGURE 5 | Correlation between mean 3D-ADC values for the xerostomia grade.
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changes during RT have a correlation with volume reduction and
secretary function of parotid gland. This might be a new way to
explore the potential mechanism.

Xerostomia is the common side effect for the HNSCC patients
treated with radiotherapy. It seriously affects the quality of life for
these patients. Nishi reported that a two-step IMRT with re-
planning might be effective for preventing xerostomia (25).
However, the timing for re-planning is controversial. One
study reported that re-planning at 30Gy is essential to keep a
satisfactory dose to the target volumes and avoid overdosing the
organ and risks (26). Olteanu et al. (27) reported adaptive
radiotherapy (ART) reduced the mean dose to parotid glands
and swallowing structures by 4.6–7.1% and 3% respectively for
Frontiers in Oncology | www.frontiersin.org 7222
three-phase adaptive IMRT (10th and 20th fractions). Image-
based scoring of toxicity may offer objective instruments for
“measuring” the radiation-induced damage with a strong
potential in predicting individual reactions and possibility in
adapting the treatment in order to reduce toxicity (28). Though
we could not decide the exact re-plan timing for ART, DWI
might be helpful in detecting the functional changes of parotid
glands in early stage treatment, which may help to guide the
optimal time for re-planning or use other medical interventions
to relieve xerostomia.

In conclusion, our study indicates that the mean 3D-ADC of
parotid glands increased greatly in patients with HNSCC during
radiotherapy. This correlated closely with the volume reduction,
A

B

FIGURE 6 | (A) Correlation between mean 3D-ADC changes of different parotid lobes and delivered radiation dose. (B) Correlation between mean 3D-ADC changes
of different parotid lobes and volume reduction. P1, deep lobe of ipsilateral; P2, superficial lobe of ipsilateral; P3, deep lobe of contralateral; P4, superficial lobe of
contralateral.
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salivary function and radiation dose to the parotid glands. Deep
lobe of ipsilateral parotid gland might be the most damageable
region for radiation. Dynamic 3D- ADC changes might be a new
and early indicator to predict and evaluate the function of parotid
glands, which would be help determine the timing of ART in the
future. More researches are needed to explore the substantial
mechanism for the image changes during radiotherapy.
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Objectives: Radiat ion- induced soft-t issue injur ies (STIs) in mandibular
osteoradionecrosis (ORN) are not well studied regarding their correlations with nearby
bone lesions. The aim of this study is to investigate the severity of radiation-induced STIs in
advanced mandibular ORN and its relationship with hard-tissue damage and
postoperative outcomes.

Methods: A retrospective study was performed in our institution from January 2017 to
December 2019. Aside from demographic factors, the associations between the triad
ORN variables (irradiation doses, ORN stages, ORN sizes) and radiation-related STI
factors, vascular characteristics, and postoperative functional recovery were assessed. In
addition, the severity of STI was also compared with treatment outcomes. Such
correlations were established via both univariate and multivariable analyses.

Results: A total number of 47 patients were included. The median follow-up reached 27
months. Nasopharyngeal cancer was the histology type among most patients (n = 21,
44.7%). The median irradiation doses reached 62 Gy (range, 40–110 Gy). For STI, the
symptom scoring equaled an average of 5.4 (range from 1 to 12), indicative of the severity
of STI problems. During preoperative MRI examinations, signs of hypertrophy or edema
(n = 41, 87.2%) were frequently discerned. Most patients (n = 23, 48.9%) also had
extensive muscular fibrosis and infection, which required further debridement and scar
release. Surprisingly, most STI factors, except cervical fibrosis (p = 0.02), were not in
parallel with the ORN levels. Even the intraoperative soft-tissue defect changes could not
be extrapolated by the extent of ORN damage (p = 0.096). Regarding the outcomes, a low
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recurrence rate (n = 3, 6.9%) was reported. In terms of soft tissue-related factors, we
found a strong correlation (p = 0.004) between symptom scores and recurrence. In
addition, when taking trismus into consideration, both improvements in mouth-opening
distance (p < 0.001) and facial contour changes (p = 0.004) were adversely affected.
Correlations were also observed between the intraoperative soft-tissue defect changes
and complications (p = 0.024), indicative of the importance of STI evaluation
and management.

Conclusions: The coexistence of hard- and soft-tissue damage in radiation-induced
advanced mandibular ORN patients reminds surgeons of the significance in assessing
both aspects. It is necessary to take the same active measures to evaluate and repair both
severe STIs and ORN bone lesions.
Keywords: osteoradionecrosis, soft tissue injury, toxicity, fibrosis, evaluation, management, correlation, risk
INTRODUCTION

Treatment of advanced head and neck malignancies primarily
involves radiotherapy and chemotherapy with the goal of
improved survival outcomes (1, 2). While highly effective
in some cases, especially those with nasopharyngeal or
oropharyngeal cancers, radiation therapy can cause a multitude
of chronic complications, among which osteoradionecrosis
(ORN) is one of the most devastating (3). ORN of the jaw has
long been characterized by necrotic bone exposure (4, 5). Despite
the recent change in the definition for additional soft tissue
considerations, most studies regarding ORN evaluations still
focus on the simple elements of osseous injuries (5, 6). Based
on the classic theory of pathogenesis, radio-induced fibrosis can
also occur in soft tissues due to “hypoxia, hypovascularization,
and hypocellularity” in the surrounding cellular matrix (7). As
proof of such theory, radiation-induced symptoms, such as
swelling, dysphagia and trismus, were also frequently observed
in advanced ORN cases (8). Nevertheless, most recent studies
have focused solely on necrotic bone management (5, 9).
Therefore, reports regarding the incidence and severity of such
soft tissue problems, let alone management, are scarce. In view of
the status quo, we intended to investigate the severity of soft-tissue
injuries (STIs) in patients diagnosed with advanced mandibular
ORN, which has been largely overlooked in the literature. The
focus of our study was on triad dimensions regarding STI
evaluation and bone injury relations, STI management, and
prognosis and predictions after STI debridement.
MATERIALS AND METHODS

Study Population and Inclusion Criteria
With ethical approval from the Institutional Ethics Committee, we
retrospectively reviewed and collected anonymized clinical
information regarding patients with advanced mandibular
osteoradionecrosis who had received surgical treatment in our
institution from January 2017 to December 2019. The definition
of “advanced osteoradionecrosis” was based on the Bone-Soft (BS)
2226
tissue staging system (10) (Supplementary Tables 1 and 2).
According to the focus of the study, the inclusion criteria were as
follows: 1) patients diagnosed with BS stage II-III diseases who
received surgical debridement and segmental mandibulectomy;
2) patients without synchronous locoregional recurrences of
malignancies or second primary or radio-induced malignancies;
3) those with complete records of preoperative computed
tomography (CT), magnetic resonance imaging (MRI) and
panoramic X-ray examinations; 4) patients with follow-up and
functional information; and 5) patients who also gave written
consent for the study.

Demographic Information and
Medical Histories
The demographic information was directly collected from the
hospital chart database. Clinical data, specifically, medical
(surgical) treatment histories, comorbidities, prior radiation
dosages, adjuvant therapies, prior conservative hyperbaric
oxygen (HBO) treatment, current ORN stages, and affected
mandibular subsites were also reviewed and compared.

Hard- and Soft-Tissue Evaluations
Detailed characteristics regarding bone and soft tissue
involvement were obtained by analyzing the clinical and
radiographic records. First, to clearly delineate radio-induced
hard tissue injuries, necrotic bone information was presented by
the subsites of mandibular ORN (ipsilateral or bilateral; body or
ramus) with areas of radiolucency with sclerotic changes in CT
scans. Furthermore, types of intraoperative bone defects,
according to Brown’s classification (11), were also recorded by
reviewing surgical charts. In addition, the severity of STI was
assessed by dichotomized (subjective and objective) methods.
Within the subjective soft-tissue evaluations, a symptom-based
scoring system was tentatively developed to simplify the
multitude and scale of discomfort reported in the presurgical
consultation records. Stiffness of masseter or cervical muscles as 1;
difficulty in mouth-opening as 2; swelling and skin discolor as 3;
intraoral mucosal defect as 4; extraoral or oro-cutaneous fistula
as 5; fistula with persistent suppuration as 6 (Figure 1). The final
April 2021 | Volume 11 | Article 641061
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score of this symptom-based system was the addition of these
scores. In addition, another subjective evaluation of STI was
determined by the intraoperative debridement of ORN-involved
local structures: involving only mucosal and submucosal tissues as
1; involving both cutaneous and mucosal tissues as 2; involving
masseter muscle as 3; and involving other muscles as 4. Cervical
fibrosis was also analyzed with intraoperative descriptions for
indirect reflection of the radio-induced STIs: 1 as slight
subcutaneous fibrosis without external jugular vein stenosis; 2
as intermediate muscular fibrosis [sternocleidomastoid muscle
(SCM)] with external jugular vein stenosis; 3 as severe fibrosis
with both SCM and superficial artery (facial artery) stenosis; and 4
as frozen neck with inseparable fibrotic internal jugular vein or
cervical sheath (Figure 2). The objective assessment of local STIs
was mainly based on radiographic evidence. First, different
extents of osseous changes, such as osteolytic cortical erosion
involving a single buccal or lingual surface, cortical erosion
involving bicortical surfaces, bone fragmentation or sequestrum,
or even bone fracture, were detected on CT, while neighboring
STI changes, such as hypertrophy, atrophy, and edema were also
found on MRI. The specific features for these STI changes were
defined according toMarieke’s criteria (12). Specifically, muscular
hypertrophy or atrophy was evaluated on both T2- and T1-
weighted MRI images. Loss of muscle volume and fatty changes
within the muscle were regarded as signs of atrophy, whereas an
increased volume of muscle represented hypertrophy. Edema of
the masticatory muscles (attached to mandible) was basically
evaluated on T2-weighted MRI images (Figure 3). Soft tissues
evaluated by MRI in the current study included masseter,
Frontiers in Oncology | www.frontiersin.org 3227
temporal, digastric, pterygoid, and mylohyoid muscles for
various affected ORN sites. For the sake of comparisons, the
masseter and temporal muscles were considered the superficial
muscle group, while the latter three were considered the deep
muscle group. Preoperative trismus was classified according to
Sakai’s criteria (13), with a mouth opening distance <10 mm as
severe. Due to the varied ORN and fistula conditions, dual
mastication and swallowing functions were reflected by
preoperative food scale questionnaires. After obtaining these
numbers, the multidimensions of STIs for mandibular ORN
were preliminarily assessed.

Cervical Vessel Assessment and
Reconstructions
The cervical vessels were also evaluated by preoperative
ultrasonic examination and intraoperative findings. Color
duplex sonography (CDS), which provided data for vessel
caliber, peak flow velocity (PV), and resistance index (RI),
were used for analyses of the three branches of the external
carotid artery, i.e., facial artery (FA), superior thyroid artery
(STA), and lingual artery (LA).

In addition, the reconstructive approaches were summarized
for both bone and soft tissue coverages. The soft-tissue defect
sizes pre- or intraoperatively were measured and compared as
indirect reflections of the fibrosis severity.

Follow-Up and Functional Recovery
After debridement, the mouth-opening distances were regularly
evaluated at the 6-month follow-up. Radiologically speaking, the
FIGURE 1 | The symptom-based scoring system for STI evaluations. (A) Stiffness of masseter or cervical muscles; (B) Difficulty in mouth-opening (trismus);
(C) Swelling and skin discolor; (D) Intraoral mucosal fistula; (E) Extraoral cutaneous fistula; (F) Large oro-cutaneous fistula with persistent suppuration.
April 2021 | Volume 11 | Article 641061

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


Ma et al. STIs in Advanced Mandibular ORN
reconstructed/resected mandibles were evaluated in a closed-
mouth panoramic X-ray for both midline alignment and
temporomandibular joint locations. Specifically, midline
alignment was determined as the midpoint between the middle
upper incisors. Improvement of mouth opening was defined as
an increase in distance > 10 mm. In addition, the
temporomandibular joint (TMJ) positions on the affected sides
were also appraised. Facial contour was judged by comparing
pre- and postoperative changes by the patients themselves: 0: no
change; 1: slightly better, 2: much better, and 3: perfect.
Mastication and swallowing functions were also assessed by the
same food-scale questionnaire recorded preoperatively and at six
months of follow-up by the Nutrition Rehabilitation
Department. Speech intelligibility was measured by patients as
“poor,” “good,” or “excellent” both pre- and postoperatively
(at six months of follow-up). In addition, the quality of speech
Frontiers in Oncology | www.frontiersin.org 4228
was also measured by using the classic conversational
understandability test for objective evaluations (14). An audio
recording of a 5-min conversation via telephone was evaluated
by a group of three untrained normal student volunteers for
conversational understandability using a 5-point scale: 5, all
speech is understood; 4, sometimes not understood; 3, can be
understood when conversational content is already known;
2, sometimes understood; and 1, nothing is understood. The
STI factors were compared for their correlations with the
multidimensional outcomes of ORN treatment (i.e., complications,
recurrences, improvement of mouth opening/speech/mastication,
midline alignment, facial contour changes).

Statistical Analysis
Statistical analysis was performed using SPSS version 23.0
software (IBM Corp., Armonk, NY). Categorical or continuous
FIGURE 2 | Different levels of cervical fibrosis found intraoperatively for the reflection of radiation-induced STIs. Blue star: external jugular vein (EJV); Grey arrow:
sternocleidomastoid (SCM) muscle fibrosis and EJV stenosis; Orange arrow: stenosis of facial artery; Yellow arrow: frozen neck with inseparable fibrotic cervical sheath.
(A) Slight subcutaneous fibrosis without external jugular vein stenosis; (B) Intermediate muscular fibrosis [sternocleidomastoid muscle (SCM)] with external jugular vein
stenosis; (C) Severe fibrosis with both SCM and superficial artery (facial artery) stenosis; (D) Frozen neck with inseparable fibrotic internal jugular vein or cervical sheath.
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ma et al. STIs in Advanced Mandibular ORN
FIGURE 3 | MRI evidence for muscular STI in ORN patients. Blue arrow: ORN lesions; Orange arrow: muscular hypertrophy; Red arrow: muscular edema; Green
arrow: muscular atrophy. (A) The axial enhanced CT (bone window) showed the ORN lesion in the ramus. (B) The axial enhanced CT (soft-tissue window) revealed
both the ORN and soft tissue content. (C) The axial T2-weighted MRI showed hypertrophy in the pterygoid muscles due to STI. (D) The axial enhanced CT (bone
window) showed the ORN lesion in the body and ramus (the second patient). (E) The axial enhanced CT (soft-tissue window) revealed both the ORN and soft tissue
content (the second patient). (F) The axial T2-weighted MRI showed edema in the ipsilateral masseter muscles due to STI (the second patient). (G) The axial
enhanced CT (bone window) showed the ORN lesion in the ramus (the third patient). (H) The axial enhanced CT (soft-tissue window) revealed both the ORN and soft
tissue content (the third patient). (I) The axial T2-weighted MRI showed atrophy in both the pterygoid and masseter muscles due to STI (the third patient).
Frontiers in Oncology | www.frontiersin.org April 2021 | Volume 11 | Article 6410615229
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variables were compared for the correlation between three ORN
factors (predictors), i.e., ORN stages, radiation doses, sizes of
ORN bones, and using logistic and linear regression, where
appropriate. All the STI predictors were also compared with
the parameters during postoperative follow-up. To decrease the
confounding error (suppressor effect) caused by covariance and
small sample size, multivariate correlation analysis was also
performed, including the variables for which the p values of
the univariate analysis were < 0.1. However, the final significance
level for both univariate and multivariate analyses was still 0.05.
RESULTS

Clinical and Demographic Information
A total of 47 patients with advanced mandibular ORN were
included in the study. The median follow-up time was 27 months
(range, 12 to 46 months). The patients’ general characteristics are
shown in Supplementary Table 3. The median age at diagnosis
was 56 years (range, 28–71 years), while 61.7% were male.
Nasopharyngeal cancer was the histology type (from medical
history) among most patients (n = 21, 44.7%), while those with
oropharyngeal or oral cavity cancer comprised 14.9% (n = 7) and
27.7% (n = 13), respectively. Regarding prior treatment histories,
a small number (n = 14, 29.8%) of patients received sequential or
concurrent chemoradiation, while histories of local ablative
surgeries were found in 48.9% (n = 23). The median
irradiation doses reached 62 Gy (range, 40–110 Gy), with 12
patients (25.5%) receiving higher doses over 70 Gy. Conservative
treatment, mostly HBO therapy, was administered to 10 patients
(21.3%) before our surgical debridement, but in vain.

The dual radiation-induced effects of both hard- and soft-
tissue damage were quite evident in these cases with advanced
mandibular ORN. According to our BS staging system, the entire
study population was subcategorized into patients with stage II
disease (n = 16, 34.0%) and those with stage III disease (n = 31,
66.0%). Radiologically, most (n = 44, 93.5%) of the ORN lesions
were found in the ipsilateral mandibular body and/or ramus.
Detailed information on hard-tissue toxicity was also presented
with the ORN mandibular bone sizes (average length: 7.9 cm).
Most of the defects (n = 26, 55.3%) after segmental
mandibulectomy and debridement were classified as type II
according to Brown’s classification, within whom six (12.8%)
had condylar removal as type IIc. After multivariate analysis, a
positive correlation (p = 0.040) between dose and histology type
was established. Due to the statistical significance (p = 0.007)
revealed in Supplementary Table 3, the affected mandibular
subsite was correlated with ORN stages. In addition, the ORN
bone sizes were related to both histology types (p = 0.003) and
Brown’s classification (p < 0.001).

STI Assessment
As revealed in Supplementary Table 4, the symptom scoring
found an average of 5.4 (range 1 to 12) in our series, indicative of
the severity of the STI problems. Within these symptoms,
specific attention was also given to a relatively high number of
Frontiers in Oncology | www.frontiersin.org 6230
cases with severe trismus (n = 19, 40.4%) and intra- or extraoral
fistulas (n = 26, 55.3%), reflecting aggravated soft-tissue fibrosis
or infections around mandibular ORN lesions. Similarly, soft-
tissue toxicity caused by irradiation was also found in most
preoperative MRI examinations, as signals of hypertrophy or
edema (n = 41, 87.2%) were frequently discerned in those with
serious bone destruction, implying corresponding clinical
discomfort in advanced ORN patients. The intraoperative
findings of soft-tissue debridement revealed that the real STIs
surrounding advanced ORN far exceeded the expected local
mucosal involvement, as most patients (n = 23, 48.9%) had
extensive muscular fibrosis and infection, which required further
debridement, extensive scar release, or even coronoidectomy (in
addition to local mandibulectomy), with the aim of fully
resolving the complicated trismus caused by ORN. Another
angle of investigation was also obtained, as such severe fibrosis
(trismus) was also related to the amount of irradiation doses
received by patients (p = 0.013). Surprisingly, although the
current ORN stages were correlated with the ORN sizes found
in CT scans (p = 0.045), the staging system did not reflect the
STIs in these patients, as no significance was found in the
multivariate statistical analyses. On the other hand, as shown
in our statistics, most STI factors, except cervical fibrosis (p =
0.02), did not have a parallel tendency with the bone destruction
levels of ORN. Contrary to our original belief of STI and ORN
relations, even the intraoperative soft-tissue defect changes could
not be indirectly extrapolated by the extent of ORN bone damage
(p = 0.096).

STI-Related Vessel Characteristics
and Reconstructions
In consideration of the debridement and reconstruction designs,
the relations between ORN-related factors were also compared
with multidimensional data reflecting radiation-induced cervical
vessel damage. Cervical vessel impairment, as another aspect of
STIs, was measured for all three index arteries (FA, STA, and LA)
for various degrees of angiostenosis or hemodynamic
compromises (Supplementary Table 5). Judging from the CDS
results, the ipsilateral superficial arteries (FA) were more prone
to be adversely affected by irradiation due to the increased rate of
narrower calibers (caliber<1 mm or not found, n = 22, 46.8%) or
slower blood flows (PV< 40 cm/s, n = 39, 83.0%). STA showed
similar radiation-induced hemodynamic effects (PV<40 cm/s,
n = 40, 85.2%), while the caliber was less affected due to a
relatively smaller portion of sizes lower than 1 mm (n = 14,
28.9%). Accordingly, for easier intraoperative anastomosis,
deeper vessels with better vascular qualities, such as STA (n =
22, 46.8%) and LA (n = 5, 10.6%), either on the ipsilateral or
contralateral sides, were used in most circumstances. Fibular
flaps (n = 33, 70.2%) were most frequently used in this study for
functional mandibular repair, while pedicled pectoralis
myocutaneous flaps (PMMFs) were also used for cases (n = 9,
19.1%) with severe fibrosis and unavailable vessels. All flaps
survived despite two cases with successful postoperative
management of venous crises. Within all the reconstructive
factors, the relation between ORN stage and reconstruction
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was established after multivariate analysis. However, the extent
of cervical vessel damage was not related to ORN factors, as none
of the vascular measurement data could be speculated after
simple observation of ORN lesions.

Postoperative Follow-Up and
Functional Evaluations
The major complications after surgical debridement (with/
without reconstructions) were lung infection (n = 4, 8.5%),
wound dehiscence (n = 4, 8.5%) and fistula (n = 2, 4.3%), with
representative cases shown in Figure 4. For the short-term
outcomes of our surgical treatment, a relatively low recurrence
rate (n = 3, 6.9%) was reported during the follow-up. Apart from
recurrences, other dimensions of surgical debridement revealed
that trismus symptoms were ameliorated in 19 patients (40.4%),
while a moderate number (n = 30, 53.8%) of patients had
relatively favorable (≤10 mm) midline alignment after
debridement. However, for the other cases in this cohort the
symptom relief improvement was not evident. A similar trend
was also observed from the subjective review of the facial contour
changes (aesthetics) by the patients. On the other hand, the
outcomes of functional recovery were mediocre due to the
dichotomized evaluations of both mastication/swallowing and
conversation, as great improvement was only found in 19
(35.2%) and 8 (17.0%) respectively (Supplementary Table 6).

The statistical analyses showed a possible correlation (p =
0.016) between ORN hard-tissue injuries and postoperative
midline alignment. In addition, a pronounced difference (p =
0.041) was also discerned between radiation dose and
postoperative facial changes in the univariate analysis,
Frontiers in Oncology | www.frontiersin.org 7231
notwithstanding the negative (p = 0.054) multivariate result. In
other outcome analyses, the correlations between ORN factors
and functional (aesthetic) or symptom relief outcomes were
mostly not significant (Supplementary Table 6).

STI Factors and Their Relations With
Treatment Outcomes
On the other hand, for the STI-related factors, we found a strong
correlation (p = 0.004) between the STI symptom score and
recurrence (Supplementary Table 7, representative cases in
Figure 4). The detailed analyses of the STI factors revealed a
general trend towards ORN recurrences in those with more
severe STIs, such as trismus, soft-tissue debridement, MRI
evaluations of edema and cervical fibrosis with vessel stenosis,
although most p values did not reach significance due to the
small sample size of recurrences. In addition, when taking
trismus into consideration, both the improvement in mouth-
opening distance (p<0.001) and facial contour change (p = 0.004)
were adversely affected, as corroborated in our statistics,
indicative of refractory fibrosis unchanged by simple bone
debridement or limited STI management. In addition, the
improvement in mouth-opening distance was also influenced
by signals of muscle group involvement in the MRI scans (p =
0.028), which implied the status of preoperative soft-tissue
fibrosis and the difficulty of management for both hard- and
soft-tissue problems in some late-staged ORN cases. In addition,
a correlation was observed as well between intraoperative soft-
tissue defect changes and development of postoperative
complications (p = 0.024), despite the low complication rate in
this cohort. A significant relationship (p = 0.012) was also found
FIGURE 4 | Representative cases with recurrences and complications possibly due to STI mismanagement. (A) Insufficient scar release and soft tissue debridement
causing anterior bone exposure and oro-cutaneous fistula 2 months after ORN treatment. (B) Insufficient soft-tissue component for tissue coverage in the anterior
mandibular region after ORN and STI debridement implying inconsiderate reconstructive design. (C) Insufficient soft-tissue coverage causing plate exposure in the
mandibular angle region. (D) The same patient of A with postoperative unrelieved trismus despite ORN mandibulectomy. (E) Postoperative trismus and recurrence of
ORN due to both insufficient bone and soft-tissue management. (F) Undesirable facial contour change and midline misalignment in the left-sided concaved lower
face, due to erroneous scar release and insufficient soft tissue flap coverage.
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between facial contour change and intraoperative soft-tissue
defect changes, highlighting the considerations of potential
long-lasting detrimental effects of radio-induced STIs.

Assessment of STIs and Proposed
Algorithm for Soft-Tissue Considerations
and Management in ORN Cases
Under the aforementioned confirmation of STI influences on
treatment outcomes, the comprehensive assessment of
preoperative STI in mandibular ORN cases is presented in
Frontiers in Oncology | www.frontiersin.org 8232
Figure 5. The risk stratification of multifactorial STIs and their
possible specific relations with outcomes were also included, with
red arrows indicating increased likelihood and green for
decreased one.

In addition, based on these results, we tentatively proposed an
algorithm combining evaluations, presurgical STI evaluation,
presurgical preparation, surgical designs, and postoperative
functional predictions for STIs in advanced mandibular ORN
(Figure 6). The experiences of ORN and STI treatment were
shared for key measures during the whole process of design,
FIGURE 5 | STI assessment with seven related factors, risk stratifications and outcome prediction. Red arrow: Higher/increased probability of outcomes; Green
arrow, Lower/decreased probability of outcomes; *, Observed tendency despite insignificant p-value.
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preparation and operations. Preliminary considerations were
also summarized in this algorithm as well.
DISCUSSION

Although irradiation of bone is a prerequisite for the
development of ORN, STIs, unlike bone lesions, STI have not
been given sufficient attention (15, 16). The STIs surrounding
ORN lesions always manifest themselves as late (long-term)
toxicities of radiation, resulting in “radiation fibrosis
syndrome” with progressive functional losses (17). Although
the prevalence of common radiation-induced STIs, such as
trismus, dysphagia, and xerostomia, varies from 21% to 75%
depending on specific anatomic subsites, tumor histology, and
treatment regimens, the conditions of soft tissues in ORN
patients remain largely unknown (18–20). Such negligence of
soft-tissue toxicity has caused wide confusion during the
Frontiers in Oncology | www.frontiersin.org 9233
presurgical evaluation process, thereby resulting in various
ORN treatment outcomes (21–23). Despite a general trend
towards aggressive surgical approaches for mandibular ORN,
surrounding STIs were treated conservatively with inclinations of
limited debridement or simple fistula repairs in the literature
(23–25). Moreover, key soft tissue debridement points were not
mentioned in some articles. Clinically speaking, sequestrum
removal or mandibular resection in ORN patients is relatively
simple (26), while the challenge of surgical management, as we
perceive, rests mostly on the long-term detrimental changes
caused by irradiation-induced STIs. First, the profound and
irreversible consequences caused by irradiation will, in theory,
result in substantial dermal, epidermal, or even muscular
induration, scarring, and retractions (27). The anatomic plane
would be greatly blurred, subsequently causing difficulty in
surgical assessment. In addition, unlike bone, soft-tissue
margins were harder to find in ORN cases for severe fibroses
and infections (23, 28, 29). In addition, sufficient well-
FIGURE 6 | The treatment algorithm for hard and soft tissue injuries in the advanced mandibular ORN patients. Red rectangular frame: The key measures taken in
our institution for both bone and STI management.
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vascularized soft-tissue flaps were sometimes mandatory for the
coverage of such defects; otherwise, unfavorable wound healing
would ensue (23), as revealed in our cases. Another undesirable
outcome in the treatment of ORN patients was unrelieved
trismus, which was also not mentioned in many studies. In
addition to hard tissue-oriented factors, such as osteolysis or
fracture, trismus in ORN patients was partially generated due to
an underestimation of muscular or ligament fibrosis, which
would also constrain TMJ movement (30, 31). Apart from
these, from a surgical perspective, the severity of radiation-
induced vascular damage would sway the decisions for post-
ablative ORN reconstructions (32). The relations between the
availability, or more precisely the quality, of the existing vessels
and the extent of ORN were not well established. We found that
the ORN bone severity and vascular parameters were mostly
irrelevant, as no significance was found between these variables
in our study. Cervical vessel damage, as far as we are concerned,
is more or less affected by triplex factors including cervical
radiation doses, prior treatment history and infectious severity.
Firstly, the discrepancies between the doses on mandible and
neck varied in different patients concerning various disease
pathologies and clinical stages. Second, some of our patients in
this study received prior head and neck operations, which might
also aggravate the fibrosis and STI damages to the cervical
vessels. On the other hand, due to different infectious status of
patients (evaluated at admission), locoregional vessels might be
partially influenced due to the long-term tissue swelling and
accompanying infection-related fibrosis. Thus, due to irrelevance
between ORN bone severity and cervical vessel damages, the
evaluation of cervical vessels entails further examinations, such
as CDS or CTA (33), which was also frequently used in our cases.

Based on our statistics, we advocate that along with nonviable
sequestrum removal, the successful debridement of local ORN
lesions also entails a full grasp of the information regarding scar
release, infection control, vessel confirmation, and fibrotic
muscle resections. Such considerations or measures, though
occasionally mentioned in some ORN staging systems, have
not been clearly summarized (34–36). Based on Marx’s 3-stage
system, advanced ORN cases were categorized only for the
patients’ responsiveness to HBO treatment (34). From a
surgical standpoint, Notani first introduced a classification of
mandibular ORN on the severity of osteolysis. However, such
classification was solely based on the depths of hard-tissue
involvement (alveolar, above or beyond alveolar canal
invasions), with a lack of STI evaluations (35). Although our
previous BS staging system was refined to incorporate
evaluations of both radiological and clinical manifestations, the
only and rough assessment of soft-tissue fistula is still not
comprehensive (10). The inherent loopholes in the BS system
were quite obvious, as most soft-tissue problems mentioned in
this study, such as trismus, muscular breakdown, and vascular
stenoses, were largely undetermined. Thus, according to our new
treatment algorithm against STIs in advanced ORN,
comprehensive soft-tissue assessment procedures were
introduced, while STI factors in ORN patients were also
demonstrated for the first time. The management centered
Frontiers in Oncology | www.frontiersin.org 10234
around the STIs, as an amendment, was updated to our BS
staging system, with concerns for better functional outcomes.

Most surgeons were often bewildered at the conundrums of
whether ORN and STI had reciprocal relations and how these
relations were influenced by different variables. Unfortunately,
despite the extensive current studies on radio-induced bone
damage, the ORN and STI associations, specifically soft-tissue
evaluations, especially in advanced ORN cases, have not been
elucidated, either on an etiological or therapeutic level (37, 38).
As in our studies, dose, consistent with other STI studies, was
also correlated with the severity of trismus in advanced ORN
patients (18, 30). However, most STIs, except cervical fibrosis,
were not in parallel with the bone destruction levels of ORN.
This finding pointed out the relatively independent role of STI
evaluations in ORN patients while alarming the necessity of
enhanced efforts for STI management. Within all the STI
variables, scarring symptoms, such as trismus and cervical
fibrosis, were both associated with the surgical outcomes.
Intraoperative soft-tissue defect changes could also, to some
extent, influence the restoration of facial esthetic and speech
functions. In addition, there exists moderate evidence that the
lasting superimposition of trismus, fibrosis, or other soft-tissue
toxicities will contribute to an increased deterioration of overall
functions and esthetics of head and neck cancer survivors (5, 8,
39, 40). Such a phenomenon was also observed in our cases, as
the severity of multifactorial STIs would adversely affect the
incidence of surgical complications, the improvement of trismus,
or even mastication and swallowing functions. In this sense,
despite vigorous attempts at more precise mandibular
reconstructions (continuity, midline alignment, and TMJ
positions), the significance of resolving soft tissue concerns
should never be underrated. Thus, we came up with the first
risk stratifications of these STI-related factors in mandibular
ORN patients. Detailed assessment information was presented in
Figure 5 for possible outcome prediction.

Within our management algorithm for STI evaluations, a
complete workup or consultation should be first applied to
patients with advanced ORN. All hard tissue-related factors,
such as prior treatment history and irradiation dose, should be
clearly recorded for ORN hard-tissue management. During the
medical consultation, a regular interview highlighting the STI-
related soft tissue burdens should also be recorded (41). First of
all, the STI-related symptoms should be recorded for risk
stratification of ORN recurrence, as proved in our study.
Trismus severity, as a core element of STIs, should be
measured with clinical examinations in ORN patients, which is
consistent with other radiation-induced toxicity reports (3, 13).
Other symptoms, such as stiffness of local muscles, should be
preliminarily assessed by facial or cervical tightness during
mastication or head rotation for a preoperative impression of
the extent of ORN-oriented fibrosis (42). In addition,
precautions of vessel insufficiency or large skin defects, as
revealed in our analysis, could be guarded in those with such
symptoms. Radiographically speaking, for further well-round
STI assessment, along with CT scans, MRI and CDS are
mandatory for the assessment of surrounding muscles and
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vessels (43). MRI examinations could reveal the types of soft-
tissue involvement in ORN cases, implying additional muscle
resections or scar release when signals of “hypertrophy” and
“edema” were shown in surrounding muscles (12). The CDS
should always been used out of a reconstructive concern for
finding the most suitable vessels during the preoperative
assessment, since cervical vessel status was not related to
radiation dose or ORN bone severity according to our study.
For patients with severe fibrosis and trismus, preoperative
conservative measures, such as antibiotic, hyperbaric oxygen
(HBO) and anti-fibrotic drugs [pentoxifylline-tocopherol-
clodronate (PENTOC)] can, in our opinion, be applied in
selected patients for ameliorating the STI related damages. We
figure that the first priority during the debridement operation
should be given to finding viable anastomosis vessels, releasing
soft-tissue fibrosis for exposure, and always prepared for
coronoidectomy due to trismus relief concern. Due to the
possible correlation established in the present study between
intraoperative defect size changes and postoperative functional
recovery, we also advocated designs of oversized and well-
vascularized soft-tissue skin paddles or components for
sufficient wound coverage after STI debridement in advanced
ORN cases (44, 45). Sometimes, it is not wise to attain osseous
mandibular reconstructions in the first attempt when STIs
accompanying ORN are severe. The occlusion can be safely
maintained with removable gap-keeping protheses for a
possible secondary osseous bone reconstruction. In addition,
when it comes to soft tissue debridement, we are always
inclined to err on the safe side for being a bit more aggressive
in treating the STIs in advanced ORN cases. The fibrotic tissues,
surrounding ORN bone lesions, should be checked for both
vascularity and elasticity. Some soft tissues, especially those with
radioinduced or infectious stiffness texture tend to cause serious
wound dehiscence even when a large bulky flap was utilized. The
causes of such complications, as far as we are concerned, are due
to the postoperative tissue retraction and insufficient
subcutaneous scar release, both leading to local deficiency of
subdermal circulations. Besides, postoperative reinforcement
measures, such as HBO or PENTOC, are also advocated for
increasing local tissue viability (Figure 6).

Lastly, this work has limitations due to the retrospective
design, and the data were from a single institution only. In
addition, the number of patients with advanced ORN was
relatively small. Some of the evaluations were also subjective
owing to the varied histories and conditions of ORN patients.
Admittedly, our findings need to be viewed with caution pending
a larger multi-institutional study, but the data can help to guide
decisions and prognoses about the treatment of individual ORN
patients with severe STI burdens.
CONCLUSIONS

The coexistence of various hard- and soft-tissue damages in
advanced mandibular ORN patients reminds surgeons of
significance in comprehensive assessment of the dual aspects.
Frontiers in Oncology | www.frontiersin.org 11235
It is necessary to take the same active measures to repair severe
STIs as those for ORN bone lesions. For better functional
outcomes, STI factors should always be considered during the
ORN treatment process.
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Purpose: To investigate the impact of genetic variants of DNA repair and pro-fibrotic
pathway genes on the severity of radiation-induced subcutaneous fibrosis in patients of
oropharyngeal carcinoma treated with radical radiotherapy.

Materials and Methods: Patients of newly diagnosed squamous cell carcinoma of
oropharynx being treated with two-dimensional radical radiotherapy were enrolled in the
study. Patients who had undergone surgery or were receiving concurrent chemotherapy were
excluded. Patients were followed up at 6 weeks post completion of radiotherapy and every 3
months thereafter for a median of 16 months. Subcutaneous fibrosis was graded according
to the Radiation Therapy Oncology Group (RTOG) and the European Organization for
Research and Treatment of Cancer (EORTC) grading system and the maximum grade was
recorded over the length of the patient’s follow-up. Patients with severe fibrosis (≥G3), were
compared to patients with minor (≤G2) fibrotic reactions. Eight single nucleotide
polymorphisms of 7 DNA repair genes and 2 polymorphisms of a single pro-fibrotic
pathway gene were analyzed by Polymerase Chain Reaction and Restriction Fragment
Length Polymorphism and were correlated with the severity of subcutaneous fibrosis.

Results: 179 patients were included in the analysis. Subcutaneous fibrosis was seen in
168 (93.9%) patients. 36 (20.1%) patients had severe (grade 3) fibrosis. On multivariate
logistic regression analysis, Homozygous CC genotype of XRCC3 (722C>T, rs861539)
(p=0.013*, OR 2.350, 95% CI 1.089-5.382), Homozygous AA genotype of ERCC4 Ex8
(1244G>A, rs1800067) (p=0.001**, OR 11.626, 95% CI 2.490-275.901) and
Homozygous TT genotype of XRCC5 (1401G>T, rs828907) (p=0.020*, OR 2.188, 95%
CI 1.652-7.334) were found to be predictive of severe subcutaneous fibrosis. On
haplotype analysis, the cumulative risk of developing severe fibrosis was observed in
patients carrying both haplotypes of variant Homozygous AA genotype of ERCC4 Ex8
(1244G>A, rs1800067) and Homozygous TT genotype of XRCC5 (1401 G>T, rs828907)
(p=0.010*, OR 26.340, 95% CI 4.014-76.568).
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Conclusion: We demonstrated significant associations between single nucleotide
polymorphisms of DNA repair genes and radiation-induced subcutaneous fibrosis in
patients of oropharyngeal carcinoma treated with radiotherapy. We propose to
incorporate these genetic markers into predictive models for identifying patients
genetically predisposed to the development of radiation-induced fibrosis, thus guiding
personalized treatment protocols.
Keywords: single nucleotide polymorphisms (SNPs), subcutaneous fibrosis, radiation-induced toxicity, DNA repair
genes, oropharyngeal carcinoma
INTRODUCTION

India has the highest incidence rate of oropharyngeal carcinoma
(OPC) in the world, with majority (68.6%) of the patients
presenting in locoregionally advanced stages of the disease (1).
Radiotherapywithconcurrent chemotherapyhasbeen the standard
non-surgical treatment for locally advanced OPC (2). However the
toxicity of intensive treatment regimens also contributes to a
substantial increase in patient morbidity and mortality, especially
indeveloping countries like India,withpatientprofiles distinct from
the western world. Most patients present with poor performance
andnutritional status and inadequate support systems. This leads to
poor compliance and treatment tolerability and hence, poor disease
outcomes. Hence, majority of our patients receive definitive
radiotherapy alone with conventional or altered fractionation
schedules in order to achieve acceptable outcomes with minimum
morbidity. Moreover, the enormous patient load in high volume
referral centers imparts greater logistic difficulties in devoting the
time and infrastructure to execute conformal treatment planning
for every patient (3–5). Therefore, 2-dimensional conventional
radiotherapy continues to be used for a significant proportion of
our patients (6, 7).

The treatment fields used in conventional radiotherapy for OPC
include large volumes of the oral cavity, pharynx and the neck
resulting in high predisposition to radiation induced normal tissue
toxicity (8). While acute radiotoxicities interrupt the routine
treatment schedule and limit the radiation dose, long-term
radiotoxicities significantly impair the quality of life of these
patients (5). The most frequently encountered acute radiotoxicities
in OPC are oral mucositis, dermatitis and dysphagia; while delayed
toxicities include late-onset xerostomia, fibrosis and rarely,
osteoradionecrosis of the mandible (9, 10).

Radiation-induced subcutaneous fibrosis, a late radiotoxicity
response, results from dysregulation of inflammation and
regeneration. It is one of the most common long-term toxicities
of head and neck cancer (HNC) therapy and has been reported in
more than 70% of the patients at some point after HNC treatment,
causing cosmetic and functional impairment that significantly
impacts quality of life (11–13). A number of factors increase the
risk of radiation-induced fibrosis. These factors are treatment
related (total dose, dose per fraction, volume irradiated,
irradiation site and dose inhomogeneity, additional treatment like
use of concomitant chemotherapy or surgery) or patient-specific
(age, smoking, alcoholand tobaccousageandco-morbid conditions
such as diabetes, vascular and connective tissue disorders) (11, 12).
2239
However even with uniform treatment protocols, not all patients
develop subcutaneous fibrosis and other radiotoxicities of the same
severity. Apart from patient-specific factors, almost 80% of this
inter-individual variability has been attributed to genetic differences
amongst individuals (14, 15). The genetic pathways involved in
radiation response(s) encompass a multitude of genes involved in
processes such as DNA double-strand break (DSB) repair, DNA
damage response, cell-cycle control, apoptosis, cellular antioxidant
defenses and fibrosis (14–16).

Single nucleotide polymorphisms (SNPs) are DNA sequence
variations that arise when a single nucleotide within a gene is
altered. SNPs constitute more than 99% of all genetic variations that
can affect mRNA stability, rates of transcription, protein translation
and/or regulation of gene methylation resulting in dysregulated
function and varying degrees of clinical radiosensitivity (14, 17).
After a thorough literature search for identifying candidate genetic
polymorphisms, we selected 7 genes related to DNA repair and one
from the pro-fibrotic pathway for their presumed or demonstrated
role in radiosensitivity. We hypothesize that SNPs in one or more
genes involved in the above radiation response pathways can
interfere with their function and trigger the development of
radiotherapy induced normal tissue toxicity (16).

A multitude of DNA repair pathways are activated in response
to radiation induced DNA damage. DNA double strand break
(DSB) repair pathways include Homologous Recombination (HR)
and Non-Homologous End Joining (NHEJ) repair. These are of
critical importance in the repair of DNA damage that occurs in
normal tissue adjoining the tumour as a result of radiation therapy.
Single-stranded breaks (SSB) are repaired by Base Excision Repair
(BER), Nucleotide excision repair (NER) and Mismatch repair
(MMR) pathways. SNPs in DNA repair genes may alter the
ability of these cells to repair radiation induced DNA damage
ultimately resulting in more severe toxicity (18–20).

XRCC1 i.e. X-Ray repair cross complimenting 1 protein
participates in BER pathway of SSB caused by ionizing radiation.
XRCC1 (rs25487) polymorphism is a G to A transition at codon 399
that results inchange fromArg toGlnwithin theXRCC1protein.The
resultant protein has altered fidelity and DNA repair efficiency.
Besides, carriers of XRCC1 AA genotypes have higher levels of
chromosomal breaks per cell when compared with other
genotypes. Genetic variants of this gene have previously been
linked to worse treatment outcomes as well as increased acute and
late radiotoxicity (7, 21–23).

XRCC3 gene, a member of Rad-51-related genes, is an
indispensable component of the HR pathway of DNA DSB
May 2021 | Volume 11 | Article 652049
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repair and inter-strand cross-links, which plays an essential role
in maintaining genomic stability. Variants of XRCC3 have been
shown to be positively associated with late radiation-induced
toxicity and elevated cancer risk (23–25).

The ERCC4 i.e. excision repair cross-complimentary group 4
gene forms a complex with ERCC1 to encode the two subunits of
the ERCC1-XPF (xeroderma pigmentosum complementation
group F) nuclease. This enzyme plays a central role in NER,
DNA cross-link repair and is also involved in the incision step of
NHEJ repair pathway (26). ERCC4 variants have been tested for
their role in influencing radiation toxicities in HNCs (27).

XRCC5 is another important component playing a crucial
role in NHEJ pathway of DNA DSB repair. SNPs in XRCC5
result in major structural changes in XRCC5 protein, rendering it
unavailable for the NHEJ pathway. Polymorphisms in this gene
have been shown to influence cancer risk and chromosomal
radiosensitivity (28, 29).

Rad51 (RecA homolog, Escherichia coli) protein is a
component of the HR repair pathway of DNA DSBs and inter-
strand cross-links. Genetic variants of Rad51 influence mRNA
stability and translational efficiency and have been linked to
carcinogenesis and radiosensitivity (30–32).

TGFb1 ie. transforming growth factor b1 encodes for the
versatile cytokine TGFb1 assumed to be involved in response to
tissue injuries and has been suggested to play a role in radiation
response. Polymorphic variations in TGFb1 gene can alter
protein expression contributing to the initiation, development,
and persistence of radiation-induced fibrosis (33, 34).

The association of genetic polymorphisms with late
radiotoxicities has been well explored in patients of breast and
prostate cancer. However, few studies have explored the correlation
between genetic polymorphisms and late radiotherapy toxicity in
patients with HNCs (33, 35–38). Moreover, no such studies have
beenconductedon the Indianpopulation,whichharbors the largest
number of HNC patients in the world, contributing to significant
cancer-related morbidity (1).

Therefore, we conducted a prospective study on a carefully
selected homogeneous cohort of OPC receiving definitive radical
radiotherapy by two-dimensional conventional technique to evaluate
the impact of SNPs of DNA repair and pro-fibrotic pathway genes on
the severity of radiation-induced subcutaneous fibrosis.

Through this radiogenomic study, we aim to identify genetic
biomarkers which can be incorporated into predictive models of
radiation-induced subcutaneous fibrosis. This could aid in
formulation of tailored treatment regimens by identifying ‘at-
risk’ patient groups and assigning them to treatment by more
conformal radiotherapy techniques like 3-dimensional
conformal (3DCRT) or Intensity Modulated Radiation Therapy
(IMRT). This personalization would also allow judicious
allocation of the limited available resources and help achieve
better outcome with minimum morbidity.
MATERIALS AND METHODS

This prospective study was conducted at a tertiary care referral
center in North India with approval from the Institutional Ethics
Frontiers in Oncology | www.frontiersin.org 3240
Committee (INT/IEC/2016/2124). Patients of newly diagnosed
early inoperable and locoregionally advanced squamous cell
carcinoma of the oropharynx (AJCC 7th edition) being treated
with two-dimensional radical radiotherapy were enrolled for a
total period of two years and seven months. Patients who had
undergone surgery or were receiving concurrent chemotherapy
were excluded from our study. Those suffering from
comorbidities such as diabetes mellitus, collagen vascular or
immunosuppressive disorders were also excluded. Written
informed consent was obtained from all study participants.

Genotyping Analysis
5ml blood samples were drawn in Ethylenediaminetetraacetic acid
(EDTA) vials from all recruited patients on the day of start of
therapy and stored at -20 °C. For polymorphism analysis, DNA
isolation was done using the Macherey Nagel DNA isolation kit™

(GmBH, Germany) according to manufacturer’s instructions.
Eight SNPs of seven DNA repair genes namely, XRCC1 (1196

G>A, rs25487), XRCC3 (722 C>T, rs861539), XRCC4 (-1394
T>G, rs689366), XRCC5 (-1401 G>T, rs828907), XRCC6 (-1310
C>G, rs22677437), ERCC4Ex11 (2505 T>C, rs1799801),
ERCC4Ex8 (1244 G>A, rs1800067), Rad51 (172 G>T,
rs1801321) and two SNPs of the pro-fibrotic pathway gene i.e.
TGFb1 (869 T>C, rs1982073) and TGFb1 (-509 C>T, rs1800469)
were analyzed by PCR (Polymerase Chain Reaction) RFLP
(Restriction Fragment Length Polymorphism) (Supplementary
Data, Table 1 for PCR conditions and primer list).

Treatment and Evaluation During Radiotherapy
All patients underwent pre-treatment simulation in a
fluoroscopy simulator with an immobilizing thermoplastic cast
and were treated by 2-dimensional conventional planning in a
telecobalt unit or low energy Linear Accelerator as per
established protocols at our center. Elective nodal irradiation
was performed in all patients. Bilateral parallel-opposed lateral
fields were used without any tissue compensators. An additional
lower anterior field was used in selected patients.

A dose of 40Gy in 20 fractions was delivered to the primary and
draining lymphnodesover4weeks (phase I),whichwas followedby
a dose of 20 Gy in 10 fractions after sparing the spinal cord (phase
II). An additional 6Gy in 3 fractions (phase III)was delivered to the
gross tumour with 2 cm margins to a total dose of 66 Gy in 33
fractions. Dose schedule of 45Gy in 25 fractions over 5 weeks along
with a concomitant boost of 22.5 Gy in 15 fractions to the gross
primary and nodal disease with 1.5 to 2 cm margin over the last 3
weeks of treatmentwas used in selected patients. During treatment,
patients were evaluated twice a week for acute radiation toxicities
like oral mucositis, dysphagia and dermatitis.

Follow-up and Toxicity Assessment
The patients were followed up at 6 weeks post completion of
radiotherapy for assessment of response and toxicity evaluation,
and every 3 months thereafter. The median follow up was 16
months (range 13-48 months). Patients with a follow-up of less
than 12 months were excluded. The time of development of
subcutaneous fibrosis was documented. The grade of
subcutaneous fibrosis was jointly evaluated by two participating
May 2021 | Volume 11 | Article 652049
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physicians according to the Radiation Therapy Oncology Group
(RTOG) and European Organization for Research and Treatment
of Cancer (EORTC) grading system (39). The maximum grade of
fibrosis recorded over the length of the patients’ follow-up has been
reported. For comparison, patients with severe fibrosis (≥G3),
referred to as the radiosensitive group (cases), were compared to
the patients with minor (≤G2) fibrotic reactions (controls).
Patient-Specific Factors
In addition, patient-specific clinical characteristics such as age,
smoking habits and history of tobacco chewing and alcohol
consumption etc. were also documented and analyzed in
relation to the severity of subcutaneous fibrosis.

Statistical Analysis
The distribution of SNP genotypes and clinical characteristics within
the radiosensitive group and the control groupwas analyzed by using
Pearson’s Chi-square test or Fisher’s exact test. Binary logistic
regression analysis was performed to evaluate the association of the
significant variables with the risk of developing severe radiation-
induced subcutaneous fibrosis. The genotypic frequencies were
examined by estimating the Odd’s Ratio (OR) and 95% confidence
interval (CI) of the wild, heterozygous and homozygous variant
genotypes using the other two genotypes as the reference.

A multivariate logistic regression analysis was carried out to
measure the independent predictive value of each SNP on the
risk of severe subcutaneous fibrosis. A p value of <0.05 was
considered statistically significant.

To explore the association of the combined effect of these
variants with increased risk of severe fibrosis, a haplotype
association analysis was performed for two polymorphisms;
ERCC4Ex8 (1244 G>A, rs1800067) and XRCC5 (-1401 G>T,
rs828907). Patients were subdivided into three risk categories.
Group 1 was considered as the reference category and included
patients with wild type homozygous and heterozygous genotypes
of both polymorphisms. Group 2 included those patients who had
haplotypes containing the variant homozygous genotype of any
one of the polymorphisms indicating an intermediate risk
category. Group 3 included those patients who had haplotypes
containing the variant homozygous genotypes of both
polymorphisms indicating a high-risk category. Binary logistic
regression analysis was carried out to evaluate the risk associated
with the latter two groups while keeping the first group as
the reference.

All the above analyses were carried out with Statistical
package for Social Sciences (SPSS) version 23.
RESULTS

Study Patients
195 patients ofOPCwere enrolled in the study.Of these, 16 patients
were excluded due to incomplete treatment and lack of follow-up.
The remaining 179 patientswere included for final analysis. Patient
and disease characteristics have been listed in Table 1.
Frontiers in Oncology | www.frontiersin.org 4241
Toxicity Analysis and Association With
Genotypic and Clinical Factors
The genotypic frequencies of all SNPs and their association with
radiation-induced subcutaneous fibrosis are shown in Table 2.

Subcutaneous Fibrosis
Subcutaneous fibrosis was seen in 168 (93.9%) patients, and was
more evident in the neck than the face. Thirty-six (20.1%)
patients developed grade 3 fibrosis. Grade 2 fibrosis was
observed in 47 (26.3%) patients. Grade 1 fibrosis was the most
common and was seen in 85 (47.5%) patients. Grade 4 fibrosis
was not seen in any patient.

Chi-square analysis revealed significant association between the
genotypic frequencies of XRCC3 (722 C>T, rs861539) (p=0.012*),
ERCC4Ex8 (1244 G>A, rs1800067) (p=0.003**), XRCC5 (1401
G>T, rs828907) (p=0.046*) and TGFb1 (869 T>C, rs1982073)
(p=0.045*) polymorphisms and severe subcutaneous fibrosis.
Amongst clinical factors, history of alcohol intake showed a
significant correlation (p=0.017*) with fibrosis.

On univariate logistic regression analysis, following SNPs
were found to be significantly associated with the risk of severe
subcutaneous fibrosis; Homozygous CC genotype of XRCC3
(722 C>T, rs861539) (p=0.015*, OR 2.227, 95% CI 1.741-
6.696), Homozygous AA genotype of ERCC4Ex8 (1244 G>A,
rs1800067) (p=0.012**, OR 23.143, 95% CI 1.974-271.362),
Homozygous TT genotype of XRCC5 (1401 G>T, rs828907)
(p=0.038*, OR 3.064, 95% CI 1.063-8.835) and Heterozygous TC
genotype of TGFb1 (869 T>C, rs1982073) (p=0.020*, OR 4.606,
95% CI 1.272-16.674) along with history of alcohol intake
(p=0.023*, OR 3.584, 95% CI 1.189-10.803).

On multivariate logistic regression analysis, only the first three
polymorphisms remained statistically significant and were
independent predictors of the risk of severe subcutaneous fibrosis;
Homozygous CC genotype of XRCC3 (722 C>T, rs861539)
(p=0.013*, OR 2.350, 95% CI 1.089-5.382), Homozygous AA
genotype of ERCC4Ex8 (1244 G>A, rs1800067) (p=0.001**, OR
TABLE 1 | Patient and disease characteristics.

Mean age (years) 58.9 ± 8.6

N (%)

Gender
Male
Female

163 (89.4%)
16 (8.9%)

Subsite
Base of tongue
Soft palate
Tonsil
Vallecula

77 (42.5%)
59 (32.6%)
32 (17.7%)
13 (7.2%)

Stage (WHO 7th edition)
I
II
III
IVA
IVB

2 (1.1%)
21 (11.6%)
59 (32.6%)
95 (52.5%)
2 (1.1%)

Smoking 160 (89.4%)
Tobacco chewing 28 (17.2%)
Alcohol intake 104 (58.1%)
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11.626, 95% CI 2.490-275.901) and Homozygous TT genotype of
XRCC5 (1401 G>T, rs828907) (p=0.020*, OR 2.188, 95% CI 1.652-
7.334) (Table 3).

Haplotype Analysis
Presence of either of the haplotypes ie. variant Homozygous AA
genotype of ERCC4Ex8 (1244 G>A, rs1800067) or Homozygous
TT genotype of XRCC5 (1401 G>T, rs828907) was associated
with a significantly increased risk of severe fibrosis (p=0.050*,
OR 2.837, 95% CI 1.317-5.212) when compared to carriers of the
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wild type or heterozygous variants. A cumulative increased risk
of developing severe fibrosis was observed in the presence of both
haplotypes (p=0.010*, OR 26.340, 95% CI 4.014-76.568).
DISCUSSION

This study was conducted to investigate the impact of genetic
variants of DNA repair and pro-fibrotic pathway genes on the
development of severe radiation-induced subcutaneous fibrosis
in patients of OPC.

SNPs of three DNA repair genes; XRCC3 (722 C>T,
rs861539), ERCC4Ex8 (1244 G>A, rs1800067) and XRCC5
(1401 G>T, rs828907) were shown to significantly increase the
risk of developing severe radiation-induced subcutaneous
fibrosis. In addition, haplotypes of ERCC4Ex8 (1244 G>A,
rs1800067) and XRCC5 (1401 G>T, rs828907) polymorphisms
had a highly significant combined predictive effect on the risk of
severe fibrosis.

XRCC3 polymorphisms have been extensively tested for their
association with radiotoxicities in a variety of cancers. De Ruyck
et al. analyzed XRCC3 polymorphisms in cervical cancer samples
and concluded that SNPs of XRCC3 are associated with an
increased risk of late toxic effects after radiation (34).
Andreassen et al. reported that Thr/Thr genotype in XRCC3
codon 241 correlated with an increased risk of subcutaneous
fibrosis as well as telangiectasia in breast cancer (33). Another
study by Damaraju et al. found significant univariate associations
between late rectal or bladder toxicity and XRCC3 SNPs (38).
XRCC3 722 C>T allele has also been associated with an increased
risk of radiation-induced late xerostomia in nasopharyngeal
cancer patients (25). The association of this polymorphism
with radiation-induced subcutaneous fibrosis in HNCs has not
been demonstrated till date.

XRCC5 rs1051677 (T>C) C allele has been shown to be
associated with severe subcutaneous fibrosis in patients of
nasopharyngeal carcinoma in a study by Alsbeih et al, though
the authors could not replicate these findings in their
multivariate analysis (29). In a study by Yin et al, women with
AG/AA genotypes of XRCC5 rs3835 (G>A) were at increased
risk of severe radiation pneumonitis (40).
TABLE 2 | SNP distribution and toxicity status.

SNP distribution Fibrosis N (%)

XRCC1 (rs25487) ≤Grade 2 Grade 3
Homozygous GG
Heterozygous GA
Homozygous AA

53 (73.6%)
65 (83.3%)
25 (86.2%)

19 (26.4%)
13 (16.7%)
4 (13.8%)

p value (Chi-square) 0.112
XRCC3 (rs861539) ≤Grade 2 Grade 3
Homozygous CC
Heterozygous CT
Homozygous TT

75 (76.5%)
51 (82.3%)
2 (10.5%)

23 (23.5%)
11 (17.7%)
17 (89.5%)

p value 0.012*
XRCC4 (rs6869366) ≤Grade 2 Grade 3
Homozygous TT
Heterozygous TG
Homozygous GG

105 (82.7%)
32 (71.1%)
3 (85.7%)

22 (17.3%)
13 (28.9%)
1 (14.3%)

p value 0.570
XRCC5 (rs828907) ≤Grade 2 Grade 3
Homozygous GG
Heterozygous GT
Homozygous TT

42 (79.2%)
71 (82.6%)
10 (25%)

11 (20.8%)
15 (17.4%)
30 (75%)

p value 0.046*
XRCC6 (rs2267437) ≤Grade 2 Grade 3
Homozygous CC
Heterozygous CG
Homozygous GG

69 (79.3%)
57 (81.4%)
17 (77.3%)

18 (20.7%)
13 (18.6%)
5 (22.7%)

p value 0.885
ERCC4 (rs1799801) ≤Grade 2 Grade 3
Homozygous TT
Heterozygous TC
Homozygous CC

34 (75.6%)
59 (79.7%)
50 (83.3%)

11 (24.4%)
15 (20.3%)
10 (16.7)

p value 0.133
ERCC4 (rs1800067) ≤Grade 2 Grade 3
Homozygous GG
Heterozygous GA
Homozygous AA

127 (81.4%)
16 (80%)
0 (0%)

29 (18.6%)
4 (20%)
3 (100%)

p value 0.003**
RAD51 (rs1801321) ≤Grade 2 Grade 3
Homozygous GG
Heterozygous GT
Homozygous TT

55 (83.3%)
43 (78.2%)
45 (77.6%)

11 (16.7%)
12 (21.8%)
13 (22.4%)

p value 0.747
TgFb1 (rs1982073) ≤Grade 2 Grade 3
Homozygous TT
Heterozygous TC
Homozygous CC

134 (81.7%)
6 (40%)
0 (0%)

30 (18.3%)
9 (60%)
0 (0%)

p value 0.045*
TgFb1 (rs1800469) ≤Grade 2 Grade 3
Homozygous GG
Heterozygous GT
Homozygous TT

128 (80%)
11 (73.3%)
4 (100%)

32 (20%)
4 (26.7%)
0 (0%)

p value 0.246
Bold values indicate the statistically significant p values on Chi-square/Fischer exact test;
*p values ≤ 0.05, **p values < 0.01.
TABLE 3 | Multivariate analysis of genotypic variables and clinical characteristics
with risk of subcutaneous fibrosis.

Genotypic/Clinical Variable Multivariate Odds Ratio
(95% CI)

p
Value

Homozygous AA genotype of ERCC4 Ex8
1244G>A
Homozygous CC genotype of XRCC3
722C>T
Homozygous TT genotype of XRCC5
1401G>T
Heterozygous CC genotype of TGFb1 (869
T>C, rs1982073)
Alcohol intake

2.350 (1.089-5.382)

11.626(2.490-275.901)

2.188 (1.652-7.334)

4.368 (0.976-19.540)

3.209 (0.966-10.668)

0.001**

0.013*

0.020*

0.054

0.057
May
 2021 | Volume 11 | Article
Bold values indicate the statistically significant p values on multivariate analysis;
*p values ≤ 0.05, **p values < 0.01.
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The association of SNPs of ERCC4 with the risk of radiation-
induced fibrosis has not been reported previously. Although,
studies have investigated its correlation with other radiotoxicity
end-points such as dysphagia and feeding tube dependence in
patients of HNC. In a study of 130 patients of OPC treated with
radiotherapy, Kornguth et al. studied the association of two SNPs
in XPF/ERCC4 and long-term use of percutaneous feeding tube.
The Homozygous AA genotype of ERCC4 Ex8 1244G>A was
associated with a reduced need for feeding tube, but this association
was not statistically significant. Although the wild Homozygous TT
genotype of the second SNP ERCC4 Ex11 2505T>C showed a
protective effect and was significantly associated with decreased
long-term gastrostomy tube dependence (27). In our study the
variant allele of ERCC4 Exon 8 was associated with an increased
risk of severe subcutaneous fibrosis.

The heterozygous TC genotype of TGFb1 (869 T>C,
rs1982073) correlated with severe subcutaneous fibrosis on
univariate analysis. However, no significant association could
be seen on multivariate analysis. In a study by Alsbeih et al. on
patients of nasopharyngeal carcinoma, it was seen that the wild-
type allele of TGFb 869 T>C contributed to the severity of
radiation-induced subcutaneous fibrosis (29). In sites other than
head and neck, TGFb 869 T>C polymorphism has shown
significant associations with the risk of radiation-induced
fibrosis in patients of breast cancer after breast conserving
surgery (41). Other published studies suggested that the variant
C allele was the risk factor (33, 42).

Of all patient specific clinical factors that were analyzed,
history of alcohol intake was significantly associated with the
risk of developing severe subcutaneous fibrosis. However, it
failed to show significance in multivariate analysis. Although
there is convincing evidence that acetaldehyde, the first
metabolite produced during alcohol degradation, is responsible
for the carcinogenic effect of ethanol owing to its multiple
mutagenic effects on DNA (43), no association with risk of
radiation related toxicities has been demonstrated till date.

Our findings showed significant association between SNPs of
DNA repair genes and risk of severe subcutaneous fibrosis in
patients of OPC treated with radiotherapy. These are encouraging
results and suggest that genetic variations contribute to the severity of
normal tissue toxicities after radiotherapy.More importantly, we also
performed a haplotype association analysis of two polymorphisms
for predicting the combined risk of severe subcutaneous fibrosis.
Haplotype-based analysis may offer better genetic information and
help improve the detection of causal genetic variants when compared
with single SNP-based analysis (44).

OPC is a heterogeneous population with varying natural
history and disease course. To ensure homogeneity in radiation
portals and eliminate any confounding related to previous surgical
resection or administration of concurrent chemotherapy, we
included only those patients of OPC who were being treated
with definitive radiotherapy. Most patients had advanced disease
at presentation or bulky midline tumours involving the base of
tongue and soft palate. Hence, bilateral neck irradiation was given
in all cases, removing any confounding due to differences in field
size (45, 46).
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Though tumor HPV status is a strong and independent
prognostic factor for survival among patients with OPC (47), it
was not analyzed in our study. This was due to lack of adequate
infrastructure along with lower HPV prevalence amidst the high
tobacco burden in the country (48, 49). Likewise, approximately
90% of patients in our study population were smokers.

It is acknowledged that conformal techniques were not used
in this study owing to the enormous patient load in a limited
resource setting (3, 4). The number of patients with OPC treated
at our center in the previous five years (2015–2019) ranged from
300-350 per year, as per the Hospital Based Cancer Registry data.

A candidate gene approach was used and only a limited
number of SNPs were selected for study. SNPs represent a
majority of heritable genetic variations, are often inherited
together and multiple such variations may affect radiation
response. Thus, the selection of candidate genes is a critical step
in determining the genetic basis of normal tissue radiosensitivity.
In this study, we have opted to give a high priority to SNPs that
have been demonstrated to significantly influence biological
processes such as DNA repair, which continue to be the most
studied pathways for HNC outcomes (50).

The major limitation of a candidate gene approach is that it
requires a prior knowledge of the gene function and previously
unknown genetic variants involved in the phenotype are missed.
Moreover, candidate gene studies are usually underpowered to
detect the small effect sizes that are attributed to SNPs. It is
critical to employ a genome-wide approach to overcome this
limitation. Genome Wide Association Studies (GWAS) allow us
to map the entire genome for the presence of genetic variants
that could possibly have a significant impact on normal tissue
radiosensivity. GWAS offer the advantage of studying all SNPs,
including those in regulatory regions whose function is not fully
understood. However, these studies require large sample sizes to
be considered reliable and may detect many false positive SNPs
that are unimportant in relevant biological processes. Replication
studies should be carried out to distinguish the true positive
SNPs that may have a role in influencing radiosensitivity (17).
Also, other pathways that could be hypothetically involved in
normal tissue radiosensitivity, such as oxidative stress response,
activation of cell cycle checkpoints, inflammation and apoptosis
are yet to be thoroughly investigated (29).

The results from this study, upon further validation would
enable us to identify patients who are genetically predisposed to
the development of severe radiation-induced subcutaneous
fibrosis. We propose to incorporate these genetic markers into
predictive models of normal tissue toxicity in combination with
patient and clinical factors. Such a profile could divide patients
into subgroups with different probabilities of developing toxicity,
to permit irradiation up to the normal tissue tolerance for each
subgroup. These ‘at risk’ patient groups could then be offered
treatment with individualized protocols and with more conformal
radiotherapy techniques like Intensity Modulated Radiation
Therapy (IMRT). This is expected to aid in judicious allocation
of the limited available resources in developing countries and also
allow improved compliance with standard treatment schedules
leading to better outcome with least morbidity.
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CONCLUSION

The ultimate goal of radiogenomics research is to tailor radiation
therapy protocols based on a combination of genetic, clinical and
treatment related factors, in order to optimize tumour control
while causing minimal normal tissue damage. In the present study,
we demonstrated significant associations between SNPs of DNA
repair genes and severe radiation-induced subcutaneous fibrosis in
oropharyngeal carcinoma. A multivariate predictive model was
developed and combination of haplotypes were identified to
characterize patients at high risk of severe subcutaneous fibrosis.
The identified predictors of radiosensitivity are aimed to
ultimately contribute to an algorithm for guiding therapy
tailored to the patient’s risk and benefit profile.
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The Value of MR-DWI and T1
Mapping in Indicating Radiation-
Induced Soft Tissue Injury
Zeng Wang1,2,3†, Bowen Xiong4,5†, Nannan Kang6, Xiaoxian Pan7, Caihong Wang7,
Li Su2,3,7, Zhen Xing2,8* and Jinsheng Hong2,7*

1 Central Laboratory, Cancer Center, The First Affiliated Hospital of Fujian Medical University, Fuzhou, China, 2 Key
Laboratory of Radiation Biology of Fujian Higher Education Institutions, The First Affiliated Hospital, Fujian Medical University,
Fuzhou, China, 3 Fujian Provincial Key Laboratory of Precision Medicine for Cancer, The First Affiliated Hospital of Fujian
Medical University, Fuzhou, China, 4 National Health Commission Key Laboratory of Personalized Diagnosis and Treatment of
Nasopharyngeal Carcinoma, Jiangxi Cancer Hospital of Nanchang University, Nanchang, China, 5 Department of Radiation
Oncology, Jiangxi Cancer Hospital of Nanchang University, Nanchang, China, 6 Department of Radiology, Zhongshan
Hospital Affiliated to Xiamen University, Xiamen, China, 7 Department of Radiotherapy, Cancer Center, The First Affiliated
Hospital of Fujian Medical University, Fuzhou, China, 8 Department of Radiology, The First Affiliated Hospital of Fujian Medical
University, Fuzhou, China

Objective: To explore the value of MR-DWI and T1 mapping in predicting radiation-
induced soft tissue fibrosis and its correlation with radiation inflammation.

Methods: ① a total of 30 C57BL/6 mice were randomly divided into a control group (Nor
group), irradiation group (IR group) and irradiation plus glycyrrhetinic acid group (GA
group). The IR group and GA group were treated with 6MV X-rays to irradiate the right
hind limbs of mice for 30 Gy in a single shot. MRI examinations were performed before and
on the 7th day after irradiation to measure the apparent diffusion coefficient (ADC) value
and the longitudinal relaxation time (T1) value of the hind limb muscles of the mice. On the
90th day after irradiation, the hind limb contracture was measured, and the right hind limb
muscle was taken for HE staining, masson staining, immunohistochemical staining and
Western blot analysis to detect the expression of a-SMA and Fibronectin. ② The other 30
mice were grouped randomly as above. On the 7th day after irradiation, the right hind
limbs of the mice were examined by MRI to measure the ADC value and T1 value of the
thigh muscles, and then the right hind thigh muscles were immediately sacrificed to detect
IL-1b, IL-6, TNF-a and TGF-b1 expression with ELISA.

Results: On the 7th day after irradiation, the ADC values of right hind thigh muscles of
mice in Nor group, IR group and GA group were (1.35 ± 0.11)*10-3mm2/s, (1.48 ±
0.07) *10-3mm2/s and (1.36 ± 0.13)*10-3mm2/s, respectively, by which the differences
between the IR group and Nor group (P=0.008) and that between IR group and GA group
(P=0.013) were statistically significant; T1 values were (1369.7 ± 62.7)ms, (1483.7 ±
127.7)ms and (1304.1 ± 82.3)ms, respectively, with which the differences in the T1 value
between the IR group and Nor group (P=0.012) and between IR group and GA group
(P<0.001) were also statistically significant. On the 90th day after irradiation, the
contracture lengths of the right hind limbs of the three groups of mice were (0.00 ±
0.07)cm, (2.08 ± 0.32)cm, and (1.49 ± 0.70) cm, respectively. There were statistically
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significant differences in the IR group compared with the Nor group (P<0.001) and the GA
group (P=0.030). The ADC value (r=0.379, P=0.039) and T1 value (r=0.377, P=0.040) of
the mice’s hindlimbs on Day 7 after irradiation were correlated with the degree of
contracture on Day 90 after irradiation; the ADC value (r=0.496, P=0.036) and T1 value
(r=0.52, P=0.027) were positively correlated with the Masson staining results and with the
expression of a-SMA and Fibronectin. While the ADC value was positively correlated with
IL-6 (r=0.553, P=0.002), there was no obvious correlation with IL-1b, TNF-a and TGF-b1;
the T1 value was positively correlated with IL-1b (r=0.419, P=0.021), IL-6 (r=0.535,
P=0.002) and TNF-a (r=0.540, P=0.002) but not significantly related to TGF-b1 (r=0.155,
P=0.413).

Conclusion: The MR-DWI and T1 mapping values on the 7th day after irradiation can
reflect the early condition of tissue inflammation after the soft tissue is irradiated, and the
values have a certain correlation with the degree of radiofibrosis of the soft tissue in the
later period and may be used as an index to predict radiofibrosis.
Keywords: magnetic resonance diffusion imaging, quantification of longitudinal relaxation time, radiation injury,
soft tissue fibrosis, radiofibrosis
INTRODUCTION

Cancer treatments mainly involve surgery, radiotherapy and
chemotherapy. Nearly 70% of the patients with malignant tumors
need to receive radiotherapy.While radiotherapykills tumor cells, it
also induces soft tissue damage. In the early stage of the injury, it is
manifested as reversible acute dermatitis. Acute dermatitis after
radiotherapy is the result of a combination of direct tissue damage
and local inflammation. The rays cause increased vascular
permeability and persistent leukocyte infiltration, leading to
epidermal degeneration and dermal edema. At the same time, a
largenumber of inflammatory factors (such as IL1, IL6 andTNF-a)
are released, promoting the development of dermatitis (1). In severe
cases, soft tissue ulcers or necrosismay occur, which can lead to the
interruption of radiotherapy and affect the local control rate of the
tumor and the survival rate of the patient.While in the late stage, as
the skin continues to repair, a large number of cytokines such as
TGF-b will be secreted, which will promote the activation of
fibroblasts into myofibroblasts, accumulate matrix, promote scar
formation, tissue contracture and eventually lead to irreversible soft
tissuefibrosis. If there is amethod that can predict the occurrence of
fibrosis after irradiation in the early stage (i.e., the inflammation
stage), timely intervention canbemade in the inflammation stage to
alleviate the irreversible fibrosis in the later stage (2, 3).

In recent years, with better technology developed, imaging
parameters from CT and MRI have been reported to be
effectively used in diagnosis, monitoring treatment response, and
differential diagnosis of tumor recurrence or radiation injury (4).
Magnetic resonance diffusion-weighted imaging (MR-DWI)
provides quantitative parameters—an apparent diffusion
coefficient (ADC) that can quantitatively reflect changes in the
microstructure and function of tissues and organs. Studies have
shown that the change of ADC value may be a sensitive indicator to
predict the early response of breast cancer liver metastasis
chemotherapy (5) and predict the local recurrence of rectal cancer
2247
(6). The study of the feasibility of the ADC-based radioimmunology
model for predicting pelvic lymph node metastasis in patients with
stage IB-IIA cervical squamous cell carcinoma shows that the
radioimmunology model is a non-invasive preoperative prediction
tool, which may have a higher predictive effect than clinical and
radiological factors (7). Our previous studies have found that the
ADC value changes after early tumor irradiation on the animal
model of nasopharyngeal carcinoma xenograft tumor in nude mice
are related to the tumor growth delay time. At the same time, the
ADC value change of the early tumor radiotherapy and
chemotherapy has been found to be related to short-term
treatment efficacy in patients with nasopharyngeal carcinoma (8).
T1 mapping is a new magnetic resonance technique. Studies have
shown that T1 mapping can detect the severity of acute kidney
damage in mice and predict the outcome. T1 value can reflect the
water content of inflammatory tissue in the acute phase of kidney
disease and the tissue fibrosis degree in its chronic phase (9). We
speculate that the changes inMR-DWI and T1mapping parameters
after early irradiation can reflect the early inflammatory changes
after soft tissue receiving irradiation, and may have a certain
correlation with later fibrosis, and it may thus be an effective
method to predict irradiation-induced soft tissue fibrosis. There
are no reports on the application of MR-DWI and T1 mapping in
the early prediction of irradiation-induced soft tissue fibrosis. This
study intends to explore a non-invasive method to predict
irradiation-induced soft tissue fibrosis based on MR-DWI and T1
mapping, so as to provide new ideas for the early prediction and
prevention of irradiation-induced soft tissue fibrosis.
METHODS AND MATERIALS

Mice Grouping and Data Collection
Thirty C57BL/6 SPF male mice aged 8 weeks were divided into
three groups by the random number table method: the normal
May 2021 | Volume 11 | Article 651637
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group (Nor group), the irradiation group (IR group) and the
glycyrrhetinic acid (in previous studies (10), we found that
glycyrrhetinic acid can inhibit radiofibrosis) group (GA group),
each consisting of 10 mice. Numbers are marked by the punched
holes in the ears of the mice. Both the IR group and the GA group
were given a single 30Gy irradiation to the right hind limb. In
addition, the GA group was given 30mg/Kg glycyrrhetinic acid
with the following dosage regimen: on the day before irradiation,
the day irradiation given, and the 5 days in succession after
irradiation, a dose was given once a day, seven times/7 days, and
then a dose was given every other day, seven times/14 days.
While the Nor group and IR group were given the same dose of
sterile water. MRI examination was performed before irradiation
and on the 7th day after irradiation to measure ADC value and
T1 value. The hind limb dermatitis of mice was observed in the
early stage after irradiation (10 to 45 days after irradiation), and
scores were given, at least seven times. During the late period (on
the 90th day after irradiation), the right hind limb contracture
was measured, and the mice were sacrificed to obtain the right
hind limb thigh muscle for further related examination.

Another 30mice were grouped and processed in the samemanner
as above, and MRI was performed on the 7th day after irradiation.
After the inspection, the mice were sacrificed and the right hind limb
muscles were taken. ELISA was employed to detect the expression of
IL-1b, IL-6, TNF-a and TGF-b1. The dosage regimen, anesthesia,
irradiationmethod for the first 7 days of this experiment and theMRI
Frontiers in Oncology | www.frontiersin.org 3248
examination method, coil model, parameter, detection index and
method on the 7th day after irradiation of GA group and IR group
were the same as the above experiment.

Irradiation Method
(1) Fixation method: After all mice were anesthetized, they were
fixed in a supine position on a tissue compensation material
(plexiglass) with a thickness of 1.0 cm. The mice were placed in
a row so that the right groin lines of the mice were kept in a line,
with the right hind limbs positioned toward the inside and the rest
of the bodies on the other side of the line. The limbs and tails were
fixed on the glass plate with tape. The contralateral mice were
positioned with the same fixing method, and thus the right hind
limbs of the mice on both sides of the central line were opposite
(see Figure 1A), and eight mice can be irradiated at a time.

(2) Irradiation field size and positioning method: the field
angle was 180°, the source skin distance (SSD) was 1m, and the
irradiation site was on the right hind limb. The field size was
38cm×6cm (see Figure 1B). When set up, the bed surface was
parallel to the laser light, and the control group was given the
same anesthesia and fixed with the same position, and false
irradiation was given on the irradiation bed.

(3) Determination of irradiation dose: a linear accelerator
(Clinac600C/D) was used to irradiate the right hind limbs of
mice for a single irradiation of 30Gy with 6MV-X rays at a dose
rate of 200cGy/min.
FIGURE 1 | Diagram of mice fixation and the irradiation field displayed. (A) The mice were fixed on the glass plate two rows paralleled and opposite; (B) The right
hind limbs of the mice were exposed to the irradiation field.
May 2021 | Volume 11 | Article 651637
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MRI Examination Method
MRI examination method: After the mice were anesthetized,
two mice were placed in a prone position in parallel and in the
same direction in a self-made container, with the tails at the
bottom of the container, and then an appropriate amount of
dental alginate printing film material (from Beijing Hong ye
Dental Medical Equipment Factory) with water added and
stirred into cream already was filled into the gap between the
abdomens and hind limbs of the mice until it was flat at the
highest point of the back of the mice. The alginate would
solidify in 2–3 minutes. Then the other two mice could be
placed in a prone position in turn on the back of the first two
mice with the cream alginate material processed and filled in
the same way as before. A total of five or six mice can be stacked
(see Figure 2).

MRI inspection coil model and parameters: a joint surface coil
was adopted, and the parameters were set as follows. Diffusion
weighted imaging (DWI) series: Diffusion gradient factor (b) =
(0,400) s/mm2, echo time (TE) = 47 ms, repetition time (TR) =
4490 ms, number of excitations (Nex) = 1, Matrix 116×116,
scanning field of view (FOV)=134mm×134mm; Longitudinal
relaxation time quantitative (T1-Mapping) sequence: echo time
(TE)=2.4ms, repetition time (TR)=6.64ms, The number of
excitations (Nex)=1, the matrix (Matrix) is 26×32, and the
scanning field of view (FOV)=80mm×80mm.
Frontiers in Oncology | www.frontiersin.org 4249
MRI Detection Index and Measurement Method
The apparent diffusion coefficient (ADC) value and
longitudinal relaxation time (T1) value of the upper segment
of the thigh muscles on both sides of the hind limbs were
measured three times, and the average value was taken (see
Figure 3).

Radiation-Induced Mouse Dermatitis Score
In the acute phase of radiation dermatitis after irradiation on
mice, the hair loss and skin inflammation of the right hind limbs
of the mice were observed and scored.

Score Criteria for Mouse Skin Condition
1 point for normal skin.

1.5 points for Mild edema.
2 points for Obvious edema accompanied by hair loss, hair

loss area ≤25%.
2.5 points for Depilation area>25%, but ≤75%, or

accompanied by dry peeling.
3 points for Dry peeling, depilation area>75%.
3.5 points for Moist peeling, depilation area ≤25%.
4 points for Moist peeling, depilation area> 25%, but ≤ 50%.
4.5 points for Moist peeling, depilation area>50%, with a

small amount of necrosis.
FIGURE 2 | Diagram of mice being fixed and prepared for MRI examination. (A) shows two mice placed in a self-made container; (B) shows six mice stacked in a
self-made container, and the gap between the hind limbs and the abdomen is filled with dental alginate printing film material.
May 2021 | Volume 11 | Article 651637
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5 points for Large areas of skin necrosis, visible
subcutaneous tissue.

Measurement Method of Hind Limb Contracture
in the Late Stage of Irradiation
The observation index of mouse soft tissue fibrosis (the degree of
right hind limb contracture) is the difference between the length
of the irradiated right hind limb and the normal left hind limb.
The mouse was fixed on a specially designed quantitative
standard ruler and kept parallel to the ruler. With the mouse’s
ankle joint position as the positioning center, the ankles of both
legs were held and gently pulled down at the same time. When
the corresponding resistance increases greatly, stretching
stopped and the distance between the heel extension point of
Frontiers in Oncology | www.frontiersin.org 5250
the right hind limb ankle joint and the heel position of the left
hind limb ankle joint was measured and defined as the difference
between the irradiated right hind limb and the normal left hind
limb (see Figure 4).

HE Staining and Masson Staining
After the muscle tissue was taken out, it was fixed with 4%
paraformaldehyde for 24 h, and the sections were embedded in
conventional paraffin and dehydrated. The paraffin-embedded
specimens were sliced continuously at a thickness of 4 mm and dried
at 60°C. These slices were dewaxed twice with the xylene solution, for
30 minutes each time, and then immersed in ethanol of different
concentrations before being placed in distilled water. HE andMasson
staining were carried out following the kit instructions. In Masson
FIGURE 4 | Measuring the degree of contracture of the right hind limb of irradiated mice.
FIGURE 3 | MRI images of mice in the irradiation group. The arrow in the figure shows the region of interest (ROI) of the right hind limb thigh muscle in which ADC
value and T1 value were measured respectively.
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staining, collagen fiber intensity bundles shown in blue were analyzed
by Image J Program (11).

Measurement of Cytokines With ELISA
Tissue samples frommice were homogenized in lysis buffer (50mM
Tris-HCl buffer pH 8.0 with 120mM NaCl, 1mM EDTA, 6mM
EGTA, 1% NP-40 and 1mM dithiothreitol) supplemented with
phosphatase inhibitors and protease inhibitor (Sangon Biotech,
China). The lysis product was centrifuged at 12000g for 3 min, and
the supernatantwas taken for protein quantification according to the
manufacturer’s instructions of the BCA quantification kit (Thermo
Fisher Scientific, USA), and all the sample protein concentrations
were adjusted to 2mg/mlwith lysis buffer.Mouse IL-1b, IL-6, TNF-a
and TGF-b1 levels in the extracts were measured according to the
manufacturer’s instructions, using specific ELISAkits (MultiSciences
Biotech,China) respectively.Three replicatewellswere setup for each
sample and the results were expressed in pg/mg.

Immunohistochemistry
Tissue sections with a thickness of 4mm were deparaffinized,
rehydrated, and immersed in sodium citrate buffer to restore the
antigen. Then, 3% H2O2 was used to block endogenous peroxidase
for 10 minutes, followed by blocking with 5% bovine serum
albumin (BSA) for 30 minutes. The sections were incubated with
anti-a-SMA (1:500; 19245, CST Germany) and anti-Fibronectin
(1:800; ab2413, Abcam USA) antibodies at 4°C overnight. The
sections were washed with PBS buffer three times and placed with
the secondary antibody coupled with horseradish peroxidase for 1 h
at room temperature. DAB was then used to develop color. Finally,
hematoxylin was employed for counterstaining. After dehydration
and transparency, they were observed and picture taken under a
microscope. Three random fields of view were taken for each
sample, and the average optical density was calculated by Image
J Program.

Western Blot
The total protein was extracted with RIPA buffer, and the protein
concentration was determined by using a BCA kit. After the protein
samples were subjected to polyacrylamide gel electrophoresis, they
were transferred to a polyvinylidene fluoride membrane, sealed with
5% skimmed milk powder at room temperature for 1 h, and then
the primary antibody (1:1 000) was added separately, incubated
overnight at 4°C. Then, the membrane was washed with TBST
before secondary antibody (1: 2 000) was added and incubated at
room temperature for 90 min, again washed with TBST, and
developed with ECL luminescent solution. The imaging system
was used to examine and the gray value of each histone band could
be determined by Image J software. The relative protein expression
level = target band Gray value/b-actin band gray value. There are
three replicates for each protein sample.
STATISTICAL ANALYSIS

Data were analyzed with SPSS 19.0 statistical software, and the
normality test was further confirmed by the K-S method and
double-checked by the Q-Q graphic method. The homogeneity
Frontiers in Oncology | www.frontiersin.org 6251
of variance test was performed by the F test. When the samples
were normally distributed and the variances were uniform, the
three groups were compared by analysis of variance, and the two
independent sample means were compared with t test. When the
samples did not meet the above conditions, the three groups were
compared with the Kruskal-Wallis nonparametric test, and the
two groups were compared with t test or Mann-Whitney U rank
sum test. Image-Pro Plus and Image J were used for analysis and
statistics of IHC image and Western blot bands, and Graphpad
Prism 6 software was used for drawing. P<0.05 means the
difference is statistically significant.
RESULT

Radiation-Induced Dermatitis in Mice
Radiation dermatitis was observed in both the IR group and the
GA group after irradiation, and the state of the IR group was
significantly worse than that of the GA group (see Figure 5). On
the 19th day after irradiation, the dermatitis scores of the Nor
group, IR group, and GA group were (1.00 ± 0.00), (2.70 ± 0.26),
(2.20 ± 0.35) points respectively. The Kruskal-Wallis
nonparametric test was used, and the result was as follows:
H=24.468, P<0.0001, where the differences between the IR
group and Nor group (P<0.0001) and the IR group and GA
group (P=0.005) were statistically significant.

Irradiation Caused an Increase
of Inflammatory Factors
ELISA was used to detect the expression of IL-1b, IL-6, TNF-a
and TGF-b1 in the right hind limb muscles of mice on the 7th
day after irradiation. The expressions of IL-1b in Nor group, IR
group and GA group were as follows: (422.1 ± 66.5)pg/mg,
(766.1 ± 150.2)pg/mg and (569.7 ± 97.6)pg/mg, respectively;
those of IL-6 were (153.8 ± 39.1)pg/mg, (261.9 ± 45.8)pg/mg and
(147.0 ± 39.8)pg/mg, respectively; and those of TNF-a were
(145.8 ± 35.6)pg/mg, (192.8 ± 45.5)pg/mg and (113.6 ± 25.7)
pg/mg, respectively. In the IR group compared with Nor group
and GA group, the expressions of all the inflammatory factors
were significantly increased. However, the expressions of TGF-
b1 in the Nor group, IR group and GA group were (1804.6 ±
496.0) pg/mg, (2176.0 ± 617.8) pg/mg and (1965.0 ± 541.9) pg,
respectively, and there were no significant differences between
the IR group and Nor group (P=0.146) or between IR group and
GA group (P=0.402) (see Figure 6).

Irradiation Induced Hindlimb Contracture
After 1.5 months of irradiation, it was observed that the right
hind limbs of some mice in the IR group and the GA group
began to develop contractures, but the state of the GA group was
less serious than that of the IR group. The contractures were
measured on the 90th day after irradiation (see Figure 7). The
contracture lengths of the right hind limbs of the mice in the Nor
group, IR group and GA group were (0.00 ± 0.07) cm, (2.08 ±
0.32) cm and (1.49 ± 0.70) cm, respectively. The differences
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between IR group and Nor group (P<0.0001) and between IR
group and GA group (P=0.030) were statistically significant.
Irradiation Caused Muscle Fibrosis
On the 90th day after irradiation, HE staining of the right hind
limbs of the IR group and GA group showed that the muscle
fibers of the mice in these two groups were more disorderly than
those of mice in the Nor group, and the collagen fibers stained in
Frontiers in Oncology | www.frontiersin.org 7252
dark red were seen, which was more obvious in the IR group than
in the GA group. Masson staining showed that the collagen fibers
dyed in green were deposited in the muscle fiber gaps in the IR
group and the GA group. The average optical density values of
Masson staining in the Nor group, IR group and GA group were
0.003 ± 0.002, 0.071 ± 0.056 and 0.010 ± 0.008, respectively.
There were statistically significant differences between the IR
group and Nor group (P=0.031) and between the IR group and
GA group (P=0.046) (see Figure 8).
FIGURE 5 | The dermatitis state and scores of the right hind limbs of mice on the 19th day after irradiation. (A, B) The dermatitis state of the IR group No. 6 mouse
and the GA group No. 7 mouse, respectively. (C) The comparison between the dermatitis scores of each group. * means P<0.05, **** means P<0.0001, Nor refers
to normal group, IR simple irradiation group, GA GA group.
A B

B D

FIGURE 6 | The expressions of IL-1b, IL-6, TNF-a and TGF-b1 in the muscles of the right hind limbs of the mice were detected by ELISA on the 7th day after
irradiation. (A–D) are the expression graphs of IL-1b, IL-6, TNF-a and TGF-b1, respectively; ns means P>0.05, * means P<0.05, ** means P<0.01, *** means
P<0.001, **** means P<0.0001.
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The immunohistochemical wax sections were observed under
the microscope, the expression of a-SMA and fibronectin in the
right hind thigh muscles of the mice in the IR group were higher
than those of the mice in the Nor group on the 90th day after
irradiation, while the expression levels in the GA group was lower
when compared with the IR group. When a-SMA was concerned,
the average optical density values of a-SMA in Nor group, IR
group and GA group were 0.003 ± 0.001, 0.013 ± 0.006 and 0.007 ±
0.002, respectively. Compared with the Nor group (P<0.001) and
with the GA group (P=0.009), the differences in the IR group were
statistically significant. When fibronectin was concerned, the
average optical density values of fribronectin in the Nor group,
IR group and GA group are 0.001 ± 0.000, 0.013 ± 0.007 and
0.004 ± 0.003, respectively. The differences between the IR group
and Nor group (P=0.011) and between the IR group and GA
group (P=0.027) were statistically significant (see Figure 8).

Western blot method was also used to detect the expression
quantity ofa-SMA and fibronectin in the thighmuscles of the right
hind limbs of the three groups of mice. The expression of a-SMA
and fibronectin in theNor group was very low. Both the IR andGA
groups showed different levels of expression, but the level of theGA
group was significantly lower than that of the IR group. When a-
SMA is concerned, the average optical density values of the ratio of
a-SMA gray value of the Nor group, IR group andGA group to the
gray value of respective internal referenceb-actin (a-SMA/b-actin)
were 0.537 ± 0.095, 1.271 ± 0.236 and 0.666 ± 0.157, respectively.
The IR group was significantly different from the Nor group
(P<0.001) and from the GA group (P=0.001). When fibronectin is
concerned, the average optical density values of the ratio of the
fibronectin gray value of the Nor group, IR group and GA group
were 0.078 ± 0.013, 1.521 ± 0.376 and 0.269 ± 0.226, respectively.
There were statistically significant differences between the IR group
and the Nor group (P<0.0001) and between the IR group and the
GA group (P=0.0001).
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Irradiation Caused an Increase in ADC
Value and T1 Value
The ADC values of the right hind thigh muscles of the three
groups of mice before irradiation were (1.31 ± 0.07)×10-3mm2/s,
(1.32 ± 0.08)×10-3mm2/s and (1.32 ± 0.07)×10-3mm2/s, and the
T1 values were (1381.7 ± 41.4) ms, (1388.9 ± 69.2) ms and
(1386.0 ± 65.7) ms, respectively. There was no statistically
significant difference among the three groups. On the 7th day
after irradiation, the ADC values of the right hind limb muscles
of the three groups of mice were (1.35 ± 0.11)×10-3mm2/s,
(1.48 ± 0.07)×10-3mm2/s and (1.36 ± 0.13)×10-3mm2/s, with
the ADC value of the IR group higher than that of the Nor group
(P=0.008) and the GA group (P=0.013); and the T1 values of the
right hind thigh muscles of the mice in the Nor group, IR group
and GA group were (1369.7 ± 62.7)ms, (1483.7 ± 127.7)ms and
(1304.1 ± 82.3)ms, respectively, with a higher T1 value in the IR
group, compared with that of Nor group (P=0.012) and with that
of GA group (P<0.001).
Correlation Between ADC, T1 Value
and Inflammation After Irradiation
On the 7th day after irradiation, the ADC value of the right hind
limb muscles of the mice was positively correlated with IL-6
(r=0.553, P=0.002), but there were no significant correlations
between ADC and IL-1b and between ADC and TNF-a. And T1
value is positively correlated with IL-1b (r=0.419, P=0.021), IL-6
(r=0.535, P=0.002) and TNF-a (r=0.540, P=0.002).

Correlation between ADC, T1 value and fibrosis in the late
period after irradiation.

The ADC value (correlation coefficient r=0.379, P=0.039) and
T1 value (correlation coefficient r=0.377, P=0.040) of the
hindlimbs of the mice on the 7th day after irradiation were
positively correlated with the degree of contracture on the 90th
FIGURE 7 | Contracture of the right hind limbs of the mice in the three groups on the 90th day after irradiation. (A, B) are mice in the IR group and GA group
respectively, and (C) is the statistics of contracture length in each group. * means P<0.05, **** means P<0.0001.
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day after irradiation. The ADC value (r=0.496, P=0.036) and T1
value (r=0.52, P=0.027) were positively correlated with the
Masson staining results. The was also a positive correlation
between the ADC value (r=0.516, P=0.028; r=0.559, p=0.016),
T1 value (r=0.655, p=0.003; r=0.551, p=0.018) and the
immunohistochemical detected a-SMA and fibronectin
expressions. The results of Western blot detection also showed
that the ADC value (r=0.582, p=0.047; r=0.574, p=0.051), T1
value (r=0.773, p=0.003; r=0.792, p=0.002) and a- SMA and
fibronectin protein expressions were positively correlated.
DISCUSSION

The results of this study found that the changes in ADC and T1
values detected in the early stage of irradiation in mice were
correlated with soft tissue fibrosis in the later stage of irradiation,
and the expression levels of inflammatory factors in the early
stage of soft tissue irradiation were also correlated with later soft
tissue fibrosis. This study verified this correlation from several
aspects, such as leg contracture length, pathological changes and
Frontiers in Oncology | www.frontiersin.org 9254
molecules. Studies have shown that ADC and T1 values can not
only reflect inflammation but also the degree of soft tissue
fibrosis induced by radiotherapy.

In recent years, the imaging parameters of MRI are often used
to diagnose and differentiate tumors. By using advanced imaging
techniques, such as magnetic resonance imaging (MRI),
computed tomography (CT), SPECT and PET radioisotope
research, tumor-related facts, such as blood vessel contour,
water content, degree of apoptosis, necrosis or metabolism, can
be measured. Magnetic resonance diffusion-weighted imaging
(MR-DWI) provides a quantitative parameter—an apparent
diffusion coefficient (ADC) which size depends on the viscosity
of the molecule, the permeability of the cell membrane, the
direction of the tissue and the cell structure that hinders the
movement of water molecules (12, 13). DWI imaging technology
indirectly reflects the changes in tissue microstructure and cell
function by detecting changes in the motion state of water
molecules in biological tissues. Studies have shown that ADC
and histological measurements of cell density in liver metastases
of colorectal cancer are negatively correlated (14). A study of 32
patients with locally advanced gastroesophageal cancer showed
that there is a correlation between the changes in ADC estimates
FIGURE 8 | Masson staining and IHC detection of the expressions of a-SMA, fibronectin in the right hind thigh muscles on the paraffin sections (200×) and statistics
of the average optical density of each group on the 90th day after irradiation. * means P<0.05, ** means P<0.01, *** means P<0.001.
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after neoadjuvant therapy and the degree of tumor regression
determined by histology (15).

Compared with ADC value, T1 mapping is a new magnetic
resonance technique, a cardiac magnetic resonance (CMR)
imaging technique, which can directly measure tissue T1
relaxation value (referred to as T1 value), reflecting the edema
of myocardial cells and the degree offibrosis of interstitium, so as
to evaluate local and diffuse myocardial lesions. Prolonged
myocardial T1 values occur in most pathological conditions,
including edema, as well as some chronic cardiac insufficiency
and systemic diseases (16). There are also studies that apply T1
mapping to the evaluation of liver fibrosis and liver function, and
they found that it had an important value (17, 18). Existing
studies have shown that ADC changes are related to the degree of
tumor regression and are capable of predicting the aggressiveness
and recurrence of some tumors. The T1 value can reflect the
acute injury of some organs and predict the outcome. In this
study, we used ADC value and T1 value to detect the severity of
radiographic inflammation in the early stages of injury, and since
there is a correlation between inflammation and fibrosis, we also
verified the correlation between early measured ADC/T1 value
and fibrosis. There are not many studies on the application of
MRI to the early damage after radiotherapy. In a study on the
value of using magnetic resonance (MR) to quantitatively
evaluate the early radiation damage of the salivary glands of
patients with nasopharyngeal carcinoma (IMRT), the ADC value
of the salivary glands at the early stage after radiotherapy for
nasopharyngeal carcinoma is significantly higher than that
before radiotherapy. It is believed that MRI can quantitatively
evaluate the early changes of the salivary glands after IMRT
radiotherapy for nasopharyngeal carcinoma and has a high
potential for clinical application (19). The increase in ADC of
the parotid glands after radiotherapy may be due to the loss of
acinar that resulted in wider inter-cellular space, or it may be due
to edema during inflammation, which is still unclear (20). The
application of T1 value to early radiation damage is rarely
reported. T1 mapping is currently one of the most popular
means of quantitative assessment, with the advantages of high
resolution, short imaging time and insensitivity to artifacts
compared to ADC maps. T1 mapping reflects the change in
the longitudinal relaxation time of the tissue, which is mainly
influenced by the proportion of water in the tissue. Whereas
ADC mainly responds to the density of cells in the region. In this
study, both the ADC value and T1 value of the thigh muscles
increased significantly when measured on the 7th day after the
hindlimb of the mice were irradiated and the treatment group
decreased. At the beginning of radiation-induced inflammation
(e.g., day 7), animals begin to show relatively obvious acute
radiation skin damage, with the main changes being tissue fluid
exudation, congestion, edema, and inflammatory cell infiltration.
These changes will significantly affect the tissue water content
while changing the cell density very little, so we can find that on
the 7th day after irradiation, the ADC value was positively
correlated with IL-6, but there were no significant correlations
between ADC and IL-1b and between ADC and TNF-a, the
corresponding T1 values, however, showed a positive correlation
Frontiers in Oncology | www.frontiersin.org 10255
with all three inflammatory factors. In radiation injury, TGF-b1
plays a role in promoting damage repair, and its production is
later than the inflammatory response at the beginning of the
injury, so we observed that the T1 value detected at day 7 is not
significantly correlated with it.

The results of this study found that functional MRI may be
used as a noninvasive assessment of radiotherapy-induced soft
tissue injury, but it needs to be verified in further clinical studies.
We plan to apply the MR-DWI and T1 mapping sequence to
patients with nasopharyngeal carcinoma to observe the
relationship between the changes in the ADC value and T1
value of the neck soft tissue after irradiation and the degree of
soft tissue fibrosis in the later stage in the hope of getting wider
ground for applying the ADC value and T1 value to predict soft
tissue fibrosis after radiotherapy.
CONCLUSION

We found through a mouse model that ADC and T1 values are
related to radiation dermatitis and also related to radiation
fibrosis, which can be used as a non-invasive means to predict
the severity of radiation-induced soft tissue fibrosis in the early
stage of radiation therapy.
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Background: Inflammation-related gene polymorphisms are some of the most important
determinants for cancer susceptibility, clinical phenotype diversity, and the response to
radiotherapy and chemotherapy. However, the relationship between these
polymorphisms and head and neck squamous cell carcinoma (HNSCC) remains
unclear. The aim of this study was to investigate the role of inflammation-related gene
polymorphisms in the developmental risk and radiotherapy sensitivity of HNSCC.

Methods: The Matrix-Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF)
genotyping system was used to genotype 612 individuals from a Chinese population for
28 inflammation-related gene polymorphisms.

Results: The protein kinase B (AKT1) rs1130233 TT, dominance model (CT+TT vs. CC),
recessive model (TT vs. CT+CC), and rs2494732 CC genotypes were associated with
reduced risk of HNSCC (P=0.014; P=0.041; P=0.043). The polymeric immunoglobulin
receptor (PIGR) rs291097 GA, dominance model (GA+AA vs. GG), and rs291102
dominance model (GA+AA vs. GG) were associated with increased risk of HNSCC
(P=0.025; P=0.025; P=0.040). The interleukin-4 receptor-a (IL-4RA) rs1801275 AA
genotype was significantly correlated with increased radiotherapy sensitivity of HNSCC
patients (P=0.030). In addition, age ≤ 60 years, non-smoker status, and normal levels of
squamous cell carcinoma antigen (SCC) were found to be associated with increased
radiotherapy sensitivity of HNSCC patients (P=0.033; P=0.033; P=0.030).

Conclusion: The AKT1 rs1130233, AKT1 rs2494732, PIGR rs291097, and PIGR
rs291102 polymorphisms were significantly related to the risk of HNSCC. The IL-4RA
rs1801275 polymorphism, age ≤ 60 years, non-smoker status, and normal levels of SCC
were significantly associated with increased radiotherapy sensitivity of HNSCC.

Keywords: inflammation-related gene, SNP, HNSCC, risk, radiotherapy sensitivity
June 2021 | Volume 11 | Article 6516321257

https://www.frontiersin.org/articles/10.3389/fonc.2021.651632/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.651632/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.651632/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.651632/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.651632/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.651632/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:liying86101@163.com
mailto:lixiadoctor@163.com
https://doi.org/10.3389/fonc.2021.651632
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.651632
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.651632&domain=pdf&date_stamp=2021-06-04


Li et al. HNSCC Risk and Radiotherapy Sensitivity
INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is a general
term for a set of different tumors located in the lips, oral cavity,
pharynx (nasopharynx, oropharynx and hypopharynx), as well
as the larynx, salivary glands, and thyroid glands (1). HNSCC is
sixth in the world in overall incidence, and is also a major cancer
type that leads to death (1). The initiation and development of
HNSCC is a multistep process influenced by various genetic and
environmental factors. Tobacco and alcohol consumption are the
most classical risk factors associated with its development. At
least 75% of HNSCC cases are attributable to the combination of
both tobacco and alcohol use (2). However, the role of genetic
factors in head and neck squamous cell carcinogenesis is
largely unknown.

Single nucleotide polymorphisms (SNPs) are a class of genetic
factors that have been implicated in HNSCC susceptibility and
determine inter-individual variations in HNSCC risk. Genetic
polymorphisms can weaken intrinsic protective mechanisms and
increase the damage caused by environmental carcinogens (3).
Carriers of susceptible genotypes are at a greater risk of
developing cancer than those with resistant genotypes under
similar conditions (3). Therefore, genetic factors may play a
crucial role in HNSCC risk and clinical outcome.

Inflammation is an important cellular process that can be
activated in response to tissue damage, infections, and other
cellular stress factors6. There is a relationship between
inflammation and the development of many cancers where
tumorigenesis was initiated at the site of inflammation (4, 5).
Interleukin-1 (IL-1) is a pleiotropic cytokine involved in the
initiation of immune and inflammatory responses. The IL-1 gene
family has been reported to play a crucial role in the pathogenesis of
various cancers (6–9). The interleukin-1 receptor antagonist (IL-
1RN) polymorphism is associated with cervical cancer (10).
Additionally, there is a pro-inflammatory cytokine haplotype (IL-
6 CC, IL-10 GG, TNF-a AA) that is associated with adverse
prognosis that may act through an inflammatory-mediated
mechanism (11). Furthermore, protein kinase B (AKT1) is an
important downstream effector of the gene of phosphate and
tension homology deleted on chromosome ten/phosphoinositide
3-kinase/protein kinase B (PTEN/PI3K/AKT) signal transduction
pathway. Aberrant expression and genetic variation of the AKT1
gene are suggested to be involved in several types of human cancers,
including oral squamous cell carcinoma (OSCC) (12). The AKT1
rs1130214 and rs3803300 polymorphisms were related to OSCC
susceptibility in a Chinese Han population (12). The polymeric
immunoglobulin receptor (PIGR) 1739C>T is a missense mutation
that results in an alanine residue being changed to valine near an
endoproteolytic cleavage site. This variant can alter the efficiency of
PIGR to release the Epstein–Barr virus immunoglobulin A (IgA-
EBV) complex and consequently increase the susceptibility of
populations in endemic areas to develop NPC (13). PIGR
8880C>T is also related to NPC susceptibility (14). Additionally,
the cyclooxygenase-2 (COX-2) gene (PTGS2) rs5275 variant
contributes to NPC risk in a Chinese population (15).

Chronic inflammation promotes genetic and epigenetic
aberrations that result in various pathogeneses. These changes
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may be useful biomarkers in liquid biopsies for early detection
and prevention of various cancers (16). To achieve our aim,
analysis of candidate genes in a Chinese population was
performed to study 28 SNPs in inflammation-related genes that
could possibly be associated with the risk of developing HNSCC.
MATERIALS AND METHODS

Research Design and Study Population
The study design was approved by the Human Ethics Committee
of Liaoning Cancer Hospital (Shenyang, China). Each individual
provided written informed consent during an epidemiological
investigation. Patients were from Liaoning Cancer Hospital and
received surgical resection or needle biopsy diagnosis/treatment
between 2018 and 2019. The control participants were recruited
from health check center in Liaoning Province hospital between
2018 and 2019. The HNSCC patient group and the control group
were matched at a 1:2 ratio. All diagnoses of HNSCC patients
were based on histopathological examinations. Information
regarding smoking habits, alcohol consumption, and family
history in cases were acquired by a “face-to-face” questionnaire
survey. We collected fasting venous blood from each one and
stored the samples at −20°C as serum and clotted cells.

To further evaluate the relationship of polymorphisms with
clinicopathological parameters of HNSCC, histology or clinical
data were assessed according to World Health Organization
criteria. Additionally, tumor-node-metastasis (TNM) staging
was performed according to the 8th edition of the
International Union Against Cancer (UICC)/American Joint
Committee on Cancer (AJCC) (2017) criteria (17).

SNP Selection
A compilation of genes involved in the inflammatory response
was conducted on the basis of a published panel of
inflammation-associated genes (6, 9, 13–15, 18–44) and the
NCBI-Gene website analysis (https://www.ncbi.nlm.nih.gov/
gene/). In this study, we selected 16 genes and 28 SNPs for
analysis. They are as follows: AKT1 rs130233 and rs2494732;
complement C3d receptor 2 (CR2) rs3813946; IL10 rs1800871,
rs1800872, and rs1800896; IL1A rs17561; IL1B rs1143627,
rs16944, and rs1143634; IL1RN rs419598; IL21R rs2189521;
IL4 rs2243250 and rs2227284; IL4RA rs1801275; IL6
rs1800796; PIGR rs291097 and rs291102; tumor necrosis factor
(TNF) rs1799964, rs1800629, rs361525, rs1800630 and
rs1799724; TNFRSF1A rs4149570; TNFSF7 rs7259857; COX-2
rs5275 and rs20417; B-cell lymphoma-2 (BCL2) rs2279115.

SNP Genotyping
Genomic DNA was extracted from peripheral blood samples
obtained from the study participants using the phenol-cholesterol
method according to a standard procedure (45). The Matrix-
Assisted Laser Desorption Ionization Time of Flight (MALDI-
TOF) genotyping systemwas used to genotype 612 individuals for
28 inflammation-related gene polymorphisms. MALDI-TOF is a
medium-to-high-throughput technology platform that takes both
sensitivity and specific into account and used mass spectrometry
June 2021 | Volume 11 | Article 651632
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for direct detection (46). Amplification and extension primers
were designed by BGI. The charged analytes were detected and
measured using time of flight analyzers. During MALDI-TOF
analysis, the m/z ratio of an ion was measured by determining the
time required for the ion to travel the length of the flight tube (47,
48). Primers sequences are listed in Supplementary Table 1.

Radiosensitivity Analysis
Radiosensitivity analysis was done according to the new response
evaluation criteria for solid tumors: Revised response evaluation
criteria in solid tumors (RECIST) guideline (version 1.1) (49).
Patients who were sensitive to radiation therapy were categorized
as either complete response (CR) or partial response (PR).
Patients who were not sensitive to radiation therapy were
categorized as either progressive disease (PD) or stable disease
(SD). Radiosensitivity was assessed one month after
radiotherapy, and the results were compared with the MRI
image before radiotherapy. The criteria for classification are
as follows:

CR: patients had a disappearance of all target lesions and any
pathological lymph nodes (whether target or non-target) were
required to have a short axis reduction to <10 mm.

PR: patients were required to have at least a 30% decrease in the
sum of the diameters of target lesions, using the baseline sum
diameters as a reference.

PD: patients were required to have at least a 20% increase in the
sum of the diameters of target lesions, using the smallest sum
of the study as a reference. In addition to the relative increase
of 20%, the sum was also required to demonstrate an absolute
increase of at least 5 mm. Patients that had an appearance of
one or more new lesions were also categorized as PD.

SD: patients were required to have neither a sufficient level of
shrinkage to qualify for PR nor a sufficient amount of increase
to qualify for PD. The smallest sum diameters were used as
references.
Statistical Analysis
Statistical analysis was performed using SPSS (version 22.0).
Adjusted odds ratios (ORs) and 95% confidence intervals (CIs)
for the relationships between both SNPs and disease risk were
calculated by multivariable logistic regression, with adjustments
for gender and age. If stratified by sex, then the age was adjusted;
if stratified by age, then the sex was adjusted. Chi-squared tests
were used to assess the correlation between different genotypes
and the clinicopathological parameters and radiosensitivity of
HNSCC patients.
RESULTS

Baseline Patient Characteristics
To analyze the risk of HNSCC, the study subjects included 211
patients with HNSCC and 401 age- and sex-matched control
Frontiers in Oncology | www.frontiersin.org 3259
subjects. The comparisons of baseline characteristics between
cases and controls are shown in Table 1. There was a significant
difference in both age and sex distribution between the HNSCC
group and the control group. The overall mean age and mean age
of menarche differed significantly between cases and controls
(both P<0.001). In cases, the mean menopausal age was 58.00
years and only a small proportion of cases had a family history of
cancer (15.2%). In cases with invasion depth, 55.2% and 44.8% of
cases were in T1-2 and T3-4, respectively. Tumor stages I-II
(23.7%) and III-IV (76.3%) accounted for the majority of
HNSCC cases, whereas 69.6% of cases had positive lymph
nodes and 5.9% of cases had metastasis (Table 1).

Association of 28 Inflammation-
Associated Gene SNPs With HNSCC Risk
Multivariable logistic regression was used to investigate the
association of 28 inflammation-associated gene SNPs with
HNSCC risk. The results indicated that the AKT1 rs1130233
and rs2494732 SNPs, as well as the PIGR rs291097 and rs291102
SNPs, had a significant association with HNSCC risk progression
(Table 2). We also found that the carriers of the AKT1 rs1130233
TT genotype, dominance model (CT+TT vs. CC), recessive
model (TT vs. CT+CC), or the AKT1 rs2494732 CC genotype
had reduced risk of HNSCC (P<0.05), whereas those with the
PIGR rs291097 GA genotype, dominance model (GA+ AA vs.
GG), or PIGR rs291102 dominance model (GA+ AA vs. GG) had
an increased risk of HNSCC (P<0.05). However, we found no
significant differences with the other 24 SNPs in HNSCC risk
progression (Table 2).

Stratified Analysis of the Association of 28
Inflammation-Associated Gene SNPs With
HNSCC Risk
In stratified analyses, we found that the IL-1RN rs419598 TT
genotype and dominance model (CT+TT vs. CC) conferred a
0.12-fold and 0.16-fold reduction in HNSCC progression,
respectively, in individuals older than age 60. However, in
those age 60 or younger, the AKT1 rs1130233 TT genotype
and dominance model (CT+TT vs. CC), IL-21R rs2189521 CT
genotype and dominance model (CT+ CC vs. TT), and BCL2
rs2279115 recessive model (TT vs. GT+GG) conferred a 0.48-
fold, 0.57-fold, 0.61-fold, 0.60-fold, and 0.49-fold reduction in
HNSCC progression, respectively. In addition, in men, the AKT1
rs1130233 TT genotype and dominance model (CT+TT vs. CC)
and the BCL2 rs2279115 TT genotype and recessive model (TT
vs. GT+GG) conferred a 0.37-fold, 0.43-fold, 0.37-fold, and 0.41-
fold reduction in HNSCC progression, respectively. In women,
the IL-21R rs2189521 CT genotype and dominance model
(CT+TT vs. TT) conferred a 0.39-fold and 0.43-fold reduction
in HNSCC progression, respectively. However, the PIGR
rs291097 GA genotype and dominance model (GA+AA vs.
GG) and the TNF rs1800630 AA genotype conferred a 3.43-
fold, 3.43-fold, and 9.42-fold increase in HNSCC progression,
respectively. All these stratified analysis results are shown in
Table 3.
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Association of 28 Inflammation-
Associated Gene SNPs With Radiotherapy
Sensitivity of HNSCC Patients
We further analyzed the correlation between 28 SNPs and
radiotherapy sensitivity of HNSCC individuals. We found that,
compared with those with other genotypes, HNSCC patients
carrying the IL-4RA rs1801275 AA wild-type genotype (40.9%)
were more sensitive to radiotherapy (Table 4). There were no
significant differences observed in the correlation analysis
between the other 27 SNPs and radiotherapy sensitivity in
HNSCC patients.

Association of Clinicopathological
Parameters With Radiotherapy Sensitivity
of HNSCC Patients
We further analyzed the potential correlations between
clinicopathological parameters and radiotherapy sensitivity of
HNSCC patients. We found that age ≤ 60 years, non-smoker
status, and normal levels of SCC were associated with increased
radiotherapy sensitivity of HNSCC patients (P=0.033; P=0.033;
P=0.030, respectively) (Table 5). There were no significant
differences observed in the correlation analysis between other
Frontiers in Oncology | www.frontiersin.org 4260
clinicopathological parameters and radiotherapy sensitivity in
HNSCC patients.

Association of 28 Inflammation-
Associated Gene SNPs With
Clinicopathological Parameters of
HNSCC Patients
Among the SNPs related to the risk of HNSCC, the heterozygous
and dominant model of AKT1 rs1130233 were significantly related
to lymph node metastasis and non-distant metastasis. The recessive
model of AKT1 rs2494732 was significantly related to male sex,
stage III-IV disease, and normal carcinoembryonic antigen (CEA)
levels. The IL-1RN rs419598 wild-type genotype was significantly
related to stage III-IV disease, the PIGR rs291102 wild-type
genotype was significantly related to normal levels of cytokeratin
fragment 19 (CYFRA), and the BCL2 rs2279115 wild-type genotype
was significantly related to lymph node metastasis. In addition, we
found that the IL-1B rs1143627 recessive model was significantly
related to normal levels of SCC, the IL-4 rs2243250 mutant,
dominant model, and recessive model were significantly related to
lymph node metastasis, and the IL-4 rs2227284 dominant model
was significantly related to lymph nodemetastasis. Furthermore, the
TABLE 1 | The baseline characteristics of the objects.

Characteristics Cases Controls P value

Sample size 211 401
Age <0.001

Mean±SD 56.83±0.75 36.25±0.63
Mmenarche 58 32
Range 14-90 17-73

Gender Female 49(23.2%) 175(43.6%) <0.001
Male 162(76.8%) 226(56.4%)

T stage 1-2 96(55.2%)
3-4 78(44.8%)

N stage Negative 55(30.4%)
Positive 126(69.6%)

M stage Negative 177(94.1%)
Positive 11(5.9%)

Clinical stage I-II 44(23.7%)
III-IV 142(76.3%)

Smoking No 102(48.3%)
Yes 109(51.7%)

Drinking No 106(50.2%)
Yes 105(49.8%)

Family history of cancer No 179(84.8%)
Yes 32(15.2%)

SCC Normal 80(79.2%)
Increased 21(20.8%)

CEA Normal 60(93.8%)
Increased 4(6.3%)

CYFRA Normal 16(48.5%)
Increased 17(51.5%)

EBV Negative 30(83.3%)
Positive 6(16.7%)

Blood type A 40(33.6%)
B 32(26.9%)
AB 14(11.8%)

　 O 33(27.7%) 　 　
June 2021 | Volume 11 | Article
There was a significant difference in both age and sex distribution between the HNSCC group and the control group (both P<0.001). The case group is significantly older than the control
group. Men are significantly more than women, especially in the case group.
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TABLE 2 | Association of 28 inflammation-associated gene SNPs with HNSCC risk.

Genetype SNP Cases Controls P value P value OR (95%CI)

AKT1 rs1130233 N=208 N=400 0.020
CC 58(27.9%) 77(19.3%) / 1(Ref)
CT 98(47.1%) 189(47.3%) 0.149 0.65(0.36,1.17)
TT 52(25.0%) 134(33.5%) 0.014 0.45(0.24,0.85)
CT+TT vs. CC / / 0.041 0.57(0.33,0.98)
TT vs.CT+CC / / 0.046 0.60(0.36,0.99)

AKT1 rs2494732 N=209 N=395 0.678
TT 18(8.6%) 27(6.8%) / 1(Ref)
CT 97(46.4%) 158(40.0%) 0.220 0.56(0.22,1.41)
CC 94(45.0%) 210(53.2%) 0.043 0.38(0.15,0.97)
CT+CC vs. TT / / 0.089 0.46(0.19,1.13)
CC vs.CT+TT / / 0.073 0.66(0.42,1.04)

CR2 rs3813946 N=209 N=396 0.309
TT 154(73.7%) 313(79.0%) / 1(Ref)
CT 53(25.4%) 79(19.9%) 0.825 0.94(0.55,1.62)
CC 2(1.0%) 4(1.0%) 0.166 0.24(0.03,1.81)
CT+CC vs. TT / / 0.612 0.87(0.51,1.49)
CC vs.CT+TT / / 0.148 0.22(0.03,1.70)

IL10 rs1800871 N=208 N=400 0.861
AA 90(43.3%) 164(41.0%) / 1(Ref)
GA 98(47.1%) 197(49.3%) 0.395 0.82(0.51,1.31)
GG 20(9.6%) 39(9.8%) 0.572 1.27(0.55,2.91)
GA+GG vs. AA / / 0.535 0.86(0.55,1.37)
GG vs. GA+AA / / 0.390 1.40(0.65,3.04)

IL10 rs1800872 N=208 N=400 0.861
TT 90(43.3%) 164(41.0%) / 1(Ref)
GT 98(47.1%) 197(49.3%) 0.395 0.82(0.51,1.31)
GG 20(9.6%) 39(9.8%) 0.572 1.27(0.55,2.91)
GT+GG vs.TT / / 0.535 0.86(0.55,1.37)
GG vs.GT+TT / / 0.390 1.40(0.65,3.04)

IL10 rs1800896 N=209 N=400 0.297
TT 174(83.3%) 322(80.5%) / 1(Ref)
CT 33(15.8%) 77(19.3%) 0.552 0.84(0.46,1.51)
CC 2(1.0%) 1(0.3%) 0.656 1.89(0.12,30.68)
CT+CC vs. TT / / 0.610 0.86(0.48,1.54)
CC vs.CT+TT / / 0.648 1.90(0.12,30.24)

IL1A rs17561 N=208 N=400 0.833
CC 166(79.8%) 327(81.8%) / 1(Ref)
CA 40(19.2%) 69(17.3%) 0.754 1.10(0.60,2.01)
AA 2(1.0%) 4(1.0%) 0.869 1.21(0.13,11.72)
CA+AA vs. CC / / 0.738 1.11(0.61,1.99)
AA vs.CA+CC / / 0.882 1.19(0.12,11.72)

IL1B rs1143627 N=208 N=394 0.588
AA 51(24.5%) 111(28.2%) / 1(Ref)
AG 107(51.4%) 188(47.7%) 0.949 0.98(0.58,1.67)
GG 50(24.0%) 95(24.1%) 0.403 0.76(0.40,1.45)
AG+GG vs. AA / / 0.649 0.90(0.54,1.51)
GG vs. AG+AA / / 0.388 0.79(0.46,1.35)

IL1B rs16944 N=209 N=397 0.710
GG 52(24.9%) 111(28.0%) / 1(Ref)
GA 106(50.7%) 191(48.1%) 0.881 0.96(0.56,1.63)
AA 51(24.4%) 95(23.9%) 0.469 0.79(0.42,1.50)
GA+AA vs. GG / / 0.686 0.90(0.54,1.51)
AA vs.GA+GG / / 0.493 0.83(0.48,1.42)

IL1B rs1143634 N=209 N=400 0.761
GG 199(95.2%) 381(95.3%) / 1(Ref)
GA 10(4.8%) 18(4.5%) 0.861 1.10(0.38,3.17)
AA 0(0.0%) 1(0.3%) NA 5.06×10-7(5.06×10-7,5.06×10-7)
GA+AA vs. GG / / 0.864 1.10(0.38,3.16)
AA vs.GA+GG / / NA 4.59×10-7(4.59×10-7,4.59×10-7)

IL1RN rs419598 N=143 N=393 0.292
TT 128(89.5%) 336(85.5%) / 1(Ref)
CT 13(9.1%) 54(13.7%) 0.122 0.52(0.22,1.19)

(Continued)
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TABLE 2 | Continued

Genetype SNP Cases Controls P value P value OR (95%CI)

CC 2(1.4%) 3(0.8%) 0.713 1.49(0.18,12.33)
CT+CC vs. TT / / 0.178 0.58(0.26,1.28)
CC vs.CT+TT / / 0.666 1.57(0.20,12.39)

IL21R rs2189521 N=208 N=395 0.050
TT 131(63.0%) 208(52.7%) / 1(Ref)
CT 67(32.2%) 160(40.5%) 0.280 0.77(0.47,1.24)
CC 10(4.8%) 27(6.8%) 0.613 0.78(0.30,2.05)
CT+CC vs. TT / / 0.267 0.77(0.48,1.22)
CC vs.CT+TT / / 0.778 0.87(0.32,2.34)

IL4 rs2243250 N=209 N=395 0.427
CC 9(4.3%) 13(3.3%) / 1(Ref)
CT 76(36.4%) 127(32.2%) 0.652 0.76(0.23,2.54)
TT 124(59.3%) 255(64.6%) 0.384 0.55(0.14,2.12)
CT+TT vs. CC / / 0.468 0.63(0.18,2.20)
TT vs.CT+CC / / 0.251 0.76(0.48,1.21)

IL4 rs2227284 N=209 N=395 0.344
TT 144(68.9%) 294(74.4%) / 1(Ref)
GT 60(28.7%) 94(23.8%) 0.409 1.24(0.74,2.09)
GG 5(2.4%) 7(1.8%) 0.336 2.54(0.38,16.88)
GT+GG vs.TT / / 0.317 1.30(0.78,2.16)
GG vs.GT+TT / / 0.370 2.24(0.38,13.07)

IL4RA rs1801275 N=207 N=400 0.116
AA 152(73.4%) 272(68.0%) / 1(Ref)
GA 53(25.6%) 114(28.5%) 0.995 1.00(0.60,1.67)
GG 2(1.0%) 14(3.5%) 0.200 0.31(0.05,1.85)
GA+GG vs. AA / / 0.756 0.92(0.56,1.52)
GG vs. GA+AA / / 0.200 0.31(0.05,1.87)

IL6 rs1800796 N=209 N=395 0.942
GG 26(12.4%) 47(11.9%) / 1(Ref)
CG 87(41.6%) 170(43.0%) 0.852 1.08(0.49,2.38)
CC 96(45.9%) 178(45.1%) 0.487 1.32(0.61,2.84)
CG+CC vs.GG / / 0.646 1.19(0.57,2.50)
CC vs.CG+GG / / 0.386 1.23(0.77,1.94)

PIGR rs291097 N=209 N=400 0.125
GG 188(90.0%) 372(93.0%) / 1(Ref)
GA 21(10.0%) 28(7.0%) 0.025 2.49(1.12,5.53)
AA 0(0%) 0(0.0%) NA NA
GA+AA vs. GG / / 0.025 2.49(1.12,5.53)
AA vs.GA+GG / / NA NA

PIGR rs291102 N=208 N=396 0.794
GG 165(79.3%) 323(81.6%) / 1(Ref)
GA 41(19.7%) 70(17.7%) 0.054 1.82(0.99,3.35)
AA 2(1.0%) 3(0.8%) 0.291 3.76(0.32,43.88)
GA+AA vs. GG / / 0.040 1.86(1.03,3.38)
AA vs.GA+GG / / 0.349 3.17(0.28,35.45)

TNF rs1799964 N=209 N=395 0.732
TT 124(59.3%) 246(62.3%) / 1(Ref)
CT 74(35.4%) 132(33.4%) 0.388 1.24(0.76,2.01)
CC 11(5.3%) 17(4.3%) 0.280 2.03(0.56,7.29)
CT+CC vs. TT / / 0.290 1.29(0.81,2.05)
CC vs.CT+TT / / 0.346 1.79(0.53,5.99)

TNF rs1800629 N=209 N=396 0.725
GG 0(0%) 347(87.6%) / 1(Ref)
GA 208(99.5%) 47(11.9%) NA NA
AA 1(0.5%) 2(0.5%) NA NA
GA+AA vs. GG / / NA NA
AA vs.GA+GG / / 0.470 0.36(0.02,5.74)

TNFRSF1A rs4149570 N=205 N=395 0.370
CC 43(21.0%) 101(25.6%) / 1(Ref)
CA 102(49.8%) 194(49.1%) 0.439 1.27(0.69,2.34)
AA 60(29.3%) 100(25.3%) 0.305 1.39(0.74,2.61)
CA+AA vs. CC / / 0.326 1.33(0.75,2.34)
AA vs.CA+CC / / 0.451 1.22(0.73,2.03)
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IL-6 rs1800796 heterozygous genotype and the absence of distant
metastases were significantly related, whereas the mutant and
recessive model were significantly related to lymph node
metastasis. The IL-6 rs1800796 mutant were related to no family
history of cancer and the recessive model were significantly related
to stage III-IV disease. The TNFRSF1A rs414570 dominant model
and recessive model were significantly related to the absence of
distant metastases. The TNF rs361525 wild-type genotype was
significantly related to stage III-IV disease and the COX-2
rs20417 wild-type genotype was significantly related to lymph
node metastasis. The other SNPs showed no significant
correlations with clinicopathological parameters. The results of
association of significant inflammation-associated gene SNPs with
Frontiers in Oncology | www.frontiersin.org 7263
clinicopathological parameters of HNSCC patients are shown in
Table 6, and all results are shown in Supplementary Table 2.
DISCUSSION

In this study, we report for the first time an association of 28
polymorphisms with HNSCC risk and radiotherapy sensitivity in
a population of individuals from the Liaoning Province of China.
We found that carriers of the AKT1 rs1130233 TT genotype,
dominance model (CT+TT vs. CC), recessive model (TT vs.
CT+CC), and the AKT1 rs2494732 CC genotype had a reduced
risk of HNSCC (P<0.05), whereas those with the PIGR rs291097
TABLE 2 | Continued

Genetype SNP Cases Controls P value P value OR (95%CI)

TNFSF7 rs7259857 N=209 N=396 0.804
TT 166(79.4%) 322(81.3%) / 1(Ref)
CT 40(19.1%) 70(17.7%) 0.998 1.00(0.54,1.85)
CC 3(1.4%) 4(1.0%) 0.241 2.86(0.49,16.59)
CT+CC vs. TT / / 0.757 1.10(0.61,1.98)
CC vs.CT+TT / / 0.239 2.87(0.50,16.60)

TNF rs361525 N=209 N=396 0.467
GG 191(91.4%) 364(91.9%) / 1(Ref)
GA 18(8.6%) 32(8.1%) 0.640 1.21(0.54,2.73)
AA 0(0%) 0(0%) NA NA
GA+AA vs. GG / / 0.640 1.21(0.54,2.73)
AA vs.GA+GG / / NA NA

TNF rs1800630 N=207 N=395 0.899
CC 141(68.1%) 274(69.4%) / 1(Ref)
CA 59(28.5%) 110(27.8%) 0.740 1.09(0.65,1.82)
AA 7(3.4%) 11(2.8%) 0.277 2.30(0.51,10.35)
CA+AA vs. CC / / 0.591 1.15(0.70,1.88)
AA vs.CA+CC / / 0.327 2.06(0.49,8.75)

TNF rs1799724 N=205 N=398 0.893
CC 153(74.6%) 302(75.9%) / 1(Ref)
CT 48(23.4%) 90(22.6%) 0.984 1.01(0.59,1.73)
TT 4(2.0%) 6(1.5%) 0.500 2.17(0.23,20.75)
CT+TT vs. CC / / 0.888 1.04(0.61,1.77)
TT vs.CT+CC / / 0.495 2.22(0.23,21.93)

COX-2 rs5275 N=209 N=396 0.848
AA 139(66.5%) 270(68.2%) / 1(Ref)
GA 65(31.1%) 115(29.0%) 0.755 1.08(0.66,1.78)
GG 5(2.4%) 11(2.8%) 0.945 0.94(0.16,5.48)
GA+GG vs. AA / / 0.775 1.07(0.66,1.75)
GG vs. GA+AA / / 0.927 0.92(0.16,5.22)

COX-2 rs20417 N=208 N=393 0.881
CC 188(90.4%) 358(91.1%) / 1(Ref)
CG 19(9.1%) 34(8.7%) 0.755 0.87(0.37,2.05)
GG 1(0.5%) 1(0.3%) 0.867 2.34(0.00,47610.96)
CG+GG vs.CC / / 0.767 0.88(0.38,2.06)
GG vs.CG+CC / / 0.860 2.30(0.00,28090.30)

BCL2 rs2279115 N=209 N=395 0.470
GG 96(45.9%) 166(42.0%) / 1(Ref)
GT 88(42.1%) 169(42.8%) 0.944 1.02(0.63,1.64)
TT 25(12.0%) 60(15.2%) 0.218 0.61(0.28,1.34)
GT+TT vs.GG / / 0.728 0.92(0.58,1.46)
TT vs.GT+GG / / 0.210 0.64(0.32,1.28)
June 202
In the case group and the control group, there were significantly more people carrying the AKT1 rs1130233 heterozygous CT genotype than those carrying the wild type and the mutant
type(P=0.020). The carriers of the AKT1 rs1130233 TT genotype, dominance model (CT+TT vs. CC), recessive model (TT vs. CT+CC), or the AKT1 rs2494732 CC genotype had reduced
risk of HNSCC (P=0.014, P=0.041, P=0.046, P=0.043), whereas those with the PIGR rs291097 GA genotype, dominance model (GA+ AA vs. GG), or PIGR rs291102 dominance model
(GA+ AA vs. GG) had an increased risk of HNSCC (P=0.025, P=0.025, P=0.040).
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TABLE 3 | Stratified analysis of the association of 28 inflammation-associated gene SNPs with HNSCC risk.

Genetype SNP Cases Controls P value P value OR (95%CI)

Age>60
AKT1 rs1130233 N=84 N=17 0.332

CC 21(25.0%) 2(11.8%) / 1(Ref)
CT 41(48.8%) 8(47.1%) 0.610 0.64(0.124,3.52)
TT 22(26.2%) 7(41.2%) 0.150 0.29(0.05,1.57)
CT+TT vs. CC / / 0.302 0.44(0.09,2.10)
TT vs.CT+CC / / 0.165 0.45(0.15,1.38)

AKT1 rs2494732 N=85 N=17 0.460
TT 7(8.2%) 0(0%) / 1(Ref)
CT 39(45.9%) 9(52.9%) NA 3.55×10-8(3.55×10-8,3.55×10-8)
CC 39(45.9%) 8(47.1%) NA 2.74×10-8(2.74×10-8,2.74×10-8)

CT+CC vs. TT / / NA 8.80×10-8(8.80×10-8,8.80×10-8)

CC vs.CT+TT / / 0.851 0.90(0.31,2.60)
CR2 rs3813946 N=85 N=17 0.684

TT 62(72.9%) 14(82.4%) / 1(Ref)
CT 22(25.9%) 3(17.6%) 0.442 1.70(0.44,6.57)
CC 1(1.2%) 0(0%) NA NA
CT+CC vs. TT / / 0.411 1.76(0.46,6.79)
CC vs.CT+TT / / NA NA

IL10 rs1800871 N=83 N=17 0.186
AA 37(44.6%) 5(29.4%) / 1(Ref)
GA 40(48.2%) 12(70.6%) 0.176 0.45(1.14,1.43)
GG 6(7.2%) 0(0%) NA NA
GA+GG vs. AA / / 0.258 0.52(0.17,1.62)
GG vs. GA+AA 0.1 / NA NA

IL10 rs1800872 N=83 N=17 0.186
TT 37(44.6%) 5(29.4%) / 1(Ref)
GT 40(48.2%) 12(70.6%) 0.176 0.45(0.14,1.43)
GG 6(7.2%) 0(0%) NA NA
GT+GG vs.TT / / 0.258 0.52(0.17,1.62)
GG vs.GT+TT / / NA NA

IL10 rs1800896 N=84 N=17 0.806
TT 72(85.7%) 14(82.4%) / 1(Ref)
CT 11(13.1%) 3(17.6%) 0.648 0.72(0.17,2.96)
CC 1(1.2%) 0(0%) NA NA
CT+CC vs. TT / / 0.719 0.77(0.19,3.15)
CC vs.CT+TT / / NA NA

IL1A rs17561 N=84 N=17 0.764
CC 63(75.0%) 14(82.4%) / 1(Ref)
CA 20(23.8%) 3(17.6%) 0.733 1.27(0.32,5.02)
AA 1(1.2%) 0(0%) NA NA
CA+AA vs. CC / / 0.631 1.40(0.36,5.44)
AA vs.CA+CC / / NA NA

IL1B rs1143627 N=85 N=17 0.979
AA 19(22.4%) 4(23.5%) / 1(Ref)
AG 44(51.8%) 9(52.9%) 0.896 0.92(0.24,3.46)
GG 22(25.9%) 4(23.5%) 1.000 1.00(0.21,4.79)
AG+GG vs. AA / / 0.962 0.97(0.28,3.40)
GG vs. AG+AA / / 0.890 1.09(0.32,3.75)

IL1B rs16944 N=84 N=17 0.974
GG 19(22.6%) 4(23.5%) / 1(Ref)
GA 43(51.2%) 9(52.9%) 0.960 0.97(0.26,3.62)
AA 22(26.2%) 4(23.5%) 0.956 1.05(0.22,5.00)
GA+AA vs. GG / / 0.988 1.01(0.29,3.51)
AA vs.GA+GG / / 0.873 1.11(0.32,3.80)

IL1B rs1143634 N=84 N=17 0.610
GG 80(95.2%) 16(94.1%) / 1(Ref)
GA 4(4.8%) 1(5.9%) 0.927 0.90(0.09,8.89)
AA 0(0%) 0(0%) NA NA
GA+AA vs. GG / / 0.927 0.90(0.09,8.89)
AA vs.GA+GG / / NA NA

IL1RN rs419598 N=63 N=16 0.007
TT 59(93.7%) 11(68.8%) / 1(Ref)
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TABLE 3 | Continued

Genetype SNP Cases Controls P value P value OR (95%CI)

CT 3(4.8%) 5(31.3%) 0.013 0.12(0.02,0.64)
CC 1(1.6%) 0(0%) NA NA
CT+CC vs. TT / / 0.022 0.16(0.03,0.77)
CC vs.CT+TT / / NA NA

IL21R rs2189521 N=85 N=17 0.404
TT 52(61.2%) 13(76.5%) / 1(Ref)
CT 29(34.1%) 4(23.5%) 0.288 1.95(0.57,6.66)
CC 4(4.7%) 0(0%) NA NA
CT+CC vs. TT / / 0.203 2.21(0.65,7.50)
CC vs.CT+TT / / NA NA

IL4 rs2243250 N=85 N=17 0.446
CC 4(4.7%) 0(0%) / 1(Ref)
CT 29(34.1%) 8(47.1%) NA NA
TT 52(61.2%) 9(52.9%) NA NA
CT+TT vs. CC / / NA NA
TT vs.CT+CC / / 0.530 1.40(0.49,4.05)

IL4 rs2227284 N=85 N=17 0.293
TT 60(70.6%) 9(52.9%) / 1(Ref)
GT 24(28.2%) 8(47.1%) 0.126 0.43(0.15,1.27)
GG 1(1.2%) 0(0%) NA NA
GT+GG vs.TT / / 0.141 0.44(0.15,1.31)
GG vs.GT+TT / / NA NA

IL4RA rs1801275 N=83 N=17 0.901
AA 63(75.9%) 13(76.5%) / 1(Ref)
GA 19(22.9%) 4(23.5%) 0.832 0.87(0.25,3.07)
GG 1(1.2%) 0(0%) NA NA
GA+GG vs. AA / / 0.885 0.91(0.26,3.20)
GG vs. GA+AA / / NA NA

IL6 rs1800796 N=85 N=17 0.809
GG 17(20.0%) 4(23.5%) / 1(Ref)
CG 32(37.6%) 5(29.4%) 0.261 2.57(0.50,13.38)
CC 36(42.4%) 8(47.1%) 0.894 1.10(0.29,4.19)
CG+CC vs.GG / / 0.571 1.45(0.40,5.18)
CC vs.CG+GG / / 0.634 0.77(0.27,2.24)

PIGR rs291097 N=84 N=17 0.321
GG 78(92.9%) 17(100%) / 1(Ref)
GA 6(7.1%) 0(0.0%) NA NA
AA 0(0%) 0(0.0%) NA NA
GA+AA vs. GG / / NA NA
AA vs.GA+GG / / NA NA

PIGR rs291102 N=85 N=17 0.383
GG 69(81.2%) 15(88.2%) / 1(Ref)
GA 16(18.8%) 2(11.8%) 0.630 1.48(0.30,7.34)
AA 0(0%) 0(0%) NA NA
GA+AA vs. GG / / 0.630 1.48(0.30,7.34)
AA vs.GA+GG / / NA NA

TNF rs1799964 N=85 N=17 0.996
TT 51(60.0%) 10(58.8%) / 1(Ref)
CT 29(34.1%) 5(35.3%) 0.934 1.05(0.34,3.27)
CC 5(5.9%) 1(5.9%) 0.925 0.89(0.09,9.22)
CT+CC vs. TT / / 0.899 1.07(0.36,3.18)
CC vs.CT+TT / / 0.931 0.91(0.10,8.49)

TNF rs1800629 N=85 N=17 0.833
GG 0(0%) 0(0%) / 1(Ref)
GA 84(98.8%) 17(100%) NA NA
AA 1(1.2%) 0(0%) NA NA
GA+AA vs. GG / / NA NA
AA vs.GA+GG / / NA NA

TNFRSF1A rs4149570 N=82 N=17 0.513
CC 21(25.6%) 6(35.3%) / 1(Ref)
CA 36(43.9%) 8(47.1%) 0.569 1.42(0.42,4.81)
AA 25(30.5%) 3(17.6%) 0.258 2.40(0.53,10.90)
CA+AA vs. CC / / 0.360 1.70(0.55,5.27)
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TABLE 3 | Continued

Genetype SNP Cases Controls P value P value OR (95%CI)

AA vs.CA+CC / / 0.330 1.95(0.51,7.48)
TNFSF7 rs7259857 N=85 N=17 0.175

TT 63(74.1%) 15(88.2%) / 1(Ref)
CT 22(25.9%) 2(11.8%) 0.253 2.49(0.52,11.90)
CC 0(0%) 0(0%) NA NA
CT+CC vs. TT / / 0.253 2.49(0.52,11.90)
CC vs.CT+TT / / NA NA

TNF rs361525 N=85 N=17 0.267
GG 77(90.6%) 14(82.4%) / 1(Ref)
GA 8(9.4%) 3(17.6%) 0.452 0.57(0.13,2.49)
AA 0(0%) 0(0%) NA NA
GA+AA vs. GG / / 0.452 0.57(0.13,2.49)
AA vs.GA+GG / / NA NA

TNF rs1800630 N=85 N=17 0.731
CC 57(67.1%) 12(70.6%) / 1(Ref)
CA 25(29.4%) 5(29.4%) 0.829 1.14(0.36,3.64)
AA 3(3.5%) 0(0%) NA NA
CA+AA vs. CC / / 0.706 1.25(0.39,3.96)
AA vs.CA+CC / / 0.327 2.06(0.49,8.75)

TNF rs1799724 N=82 N=17 0.806
CC 62(75.6%) 13(76.5%) / 1(Ref)
CT 18(22.0%) 4(23.5%) 0.970 0.98(0.28,3.44)
TT 2(2.4%) 0(0%) NA NA
CT+TT vs. CC / / 0.872 1.11(0.32,3.86)
TT vs.CT+CC / / NA NA

COX-2 rs5275 N=85 N=16 0.210
AA 61(71.8%) 8(50.0%) / 1(Ref)
GA 22(25.9%) 7(43.8%) 0.096 0.37(1.12,1.19)
GG 2(2.4%) 1(6.3%) 0.135 0.13(0.01,1.88)
GA+GG vs. AA / / 0.066 0.35(0.11,1.07)
GG vs. GA+AA / / 0.285 0.25(0.02,3.13)

COX-2 rs20417 N=85 N=17 0.557
CC 76(89.4%) 14(82.4%) / 1(Ref)
CG 8(9.4%) 3(17.6%) 0.217 0.39(0.09,1.74)
GG 1(1.2%) 0(0%) NA NA
CG+GG vs.CC / / 0.269 0.43(0.10,1.91)
GG vs.CG+CC / / NA NA

BCL2 rs2279115 N=85 N=17 0.355
GG 38(44.7%) 5(29.4%) / 1(Ref)
GT 34(40.0%) 10(58.8%) 0.149 0.41(0.12,1.38)
TT 13(15.3%) 2(11.8%) 0.851 0.84(0.14,4.96)
GT+TT vs.GG / / 0.228 0.50(0.16,1.55)
TT vs.GT+GG / / 0.703 1.37(0.27,6.80)

Age≤60
AKT1 rs1130233 N=124 N=383 0.031

CC 37(29.8%) 75(19.6%) / 1(Ref)
CT 57(46.0%) 181(47.3%) 0.007 0.64(0.39,1.05)
TT 30(24.2%) 127(33.2%) 0.014 0.48(0.27,0.86)
CT+TT vs. CC / / 0.021 0.57(0.36,0.92)
TT vs.CT+CC / / 0.080 0.66(0.41,1.05)

AKT1 rs2494732 N=124 N=378 0.212
TT 11(8.9%) 27(7.1%) / 1(Ref)
CT 58(46.8%) 149(39.4%) 0.765 0.89(0.41,1.93)
CC 55(44.4%) 202(53.4%) 0.191 0.59(0.27,1.30)
CT+CC vs. TT / / 0.379 0.71(0.34,1.51)
CC vs.CT+TT / / 0.085 0.69(0.46,1.05)

CR2 rs3813946 N=124 N=379 0.497
TT 92(74.2%) 299(78.9%) / 1(Ref)
CT 31(25.0%) 76(20.1%) 0.333 1.27(0.78,2.07)
CC 1(0.8%) 4(1.1%) 0.749 0.70(0.08,6.40)
CT+CC vs. TT / / 0.382 1.24(0.77,2.00)
CC vs.CT+TT / / 0.694 0.64(0.70,5.90)

IL10 rs1800871 N=125 N=383 0.913
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TABLE 3 | Continued

Genetype SNP Cases Controls P value P value OR (95%CI)

AA 53(42.4%) 159(41.5%) / 1(Ref)
GA 58(46.4%) 185(48.3%) 0.801 0.95(0.61,1.46)
GG 14(11.2%) 39(10.2%) 0.996 1.00(0.50,2.00)
GA+GG vs. AA / / 0.825 0.95(0.63,1.45)
GG vs. GA+AA / / 0.943 1.02(0.53,1.98)

IL10 rs1800872 N=125 N=383 0.913
TT 53(42.4%) 159(41.5%) / 1(Ref)
GT 58(46.4%) 185(48.3%) 0.801 0.95(0.61,1.46)
GG 14(11.2%) 39(10.2%) 0.996 1.00(0.50,2.00)
GT+GG vs.TT / / 0.825 0.95(0.63,1.45)
GG vs.GT+TT / / 0.943 1.02(0.53,1.98)

IL10 rs1800896 N=125 N=383 0.651
TT 102(81.6%) 308(80.4%) / 1(Ref)
CT 22(17.6%) 74(19.3%) 0.504 0.83(0.49,1.42)
CC 1(0.8%) 1(0.3%) 0.382 3.62(0.20,64.97)
CT+CC vs. TT / / 0.582 0.86(0.51,1.46)
CC vs.CT+TT / / 0.374 0.67(0.21,64.70)

IL1A rs17561 N=124 N=383 0.932
CC 103(83.1%) 313(81.7%) / 1(Ref)
CA 20(16.1%) 66(17.2%) 0.785 0.93(0.53,1.62)
AA 1(0.8%) 4(1.0%) 0.679 0.63(0.07,5.79)
CA+AA vs. CC / / 0.725 0.91(0.53,1.56)
AA vs.CA+CC / / 0.703 0.65(0.07,5.98)

IL1B rs1143627 N=123 N=377 0.768
AA 32(26.0%) 107(28.4%) / 1(Ref)
AG 63(51.2%) 179(47.5%) 0.550 1.16(0.71,1.91)
GG 28(22.8%) 91(24.1%) 0.950 1.02(0.57,1.83)
AG+GG vs. AA / / 0.654 1.11(0.70,1.78)
GG vs. AG+AA / / 0.739 0.92(0.56,1.50)

IL1B rs16944 N=125 N=380 0.883
GG 33(26.4%) 107(28.2%) / 1(Ref)
GA 63(50.4%) 182(47.9%) 0.678 1.11(0.68,1.82)
AA 29(23.2%) 91(23.9%) 0.953 1.02(0.57,1.81)
GA+AA vs. GG / / 0.755 1.08(0.68,1.71)
AA vs.GA+GG / / 0.819 0.95(0.58,1.54)

IL1B rs1143634 N=125 N=383 0.838
GG 119(95.2%) 365(95.3%) / 1(Ref)
GA 6(4.8%) 17(4.4%) 0.858 1.09(0.41,2.89)
AA 0(0%) 1(0.3%) NA NA
GA+AA vs. GG / / 0.913 1.06(0.40,2.77)
AA vs.GA+GG / / NA NA

IL1RN rs419598 N=80 N=377 0.919
TT 69(86.3%) 325(86.2%) / 1(Ref)
CT 10(12.5%) 49(13.0%) 0.870 1.06(0.51,2.23)
CC 1(1.3%) 3(0.8%) 0.764 1.42(0.14,14.18)
CT+CC vs. TT / / 0.815 1.09(0.53,2.22)
CC vs.CT+TT / / 0.776 1.40(0.14,13.97)

IL21R rs2189521 N=123 N=378 0.049
TT 79(64.2%) 195(51.6%) / 1(Ref)
CT 38(30.9%) 156(41.3%) 0.031 0.61(0.39,0.96)
CC 6(4.9%) 27(7.1%) 0.208 0.55(0.22,1.39)
CT+CC vs. TT / / 0.019 0.60(0.39,0.92)
CC vs.CT+TT / / 0.381 0.66(0.26,1.67)

IL4 rs2243250 N=124 N=378 0.371
CC 5(4.0%) 13(3.4%) / 1(Ref)
CT 47(37.9%) 119(31.5%) 0.922 0.95(0.31,2.88)
TT 72(58.1%) 246(65.1%) 0.558 0.72(0.25,2.14)
CT+TT vs. CC / / 0.676 0.80(0.27,2.33)
TT vs.CT+CC / / 0.189 0.75(0.49,1.15)

IL4 rs2227284 N=124 N=378 0.216
TT 84(67.7%) 285(75.4%) / 1(Ref)
GT 36(29.0%) 86(22.8%) 0.323 1.27(0.79,2.02)
GG 4(3.2%) 7(1.9%) 0.266 2.08(0.57,7.59)
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TABLE 3 | Continued

Genetype SNP Cases Controls P value P value OR (95%CI)

GT+GG vs.TT / / 0.231 1.32(0.84,2.07)
GG vs.GT+TT / / 0.310 1.94(0.54,6.99)

IL4RA rs1801275 N=124 N=383 0.239
AA 89(71.8%) 259(67.6%) / 1(Ref)
GA 34(27.4%) 110(28.7%) 0.870 0.96(0.61,1.53)
GG 1(0.8%) 14(3.7%) 0.165 0.23(0.03,1.82)
GA+GG vs. AA / / 0.597 0.88(0.56,1.40)
GG vs. GA+AA / / 0.170 0.24(0.03,1.85)

IL6 rs1800796 N=124 N=378 0.411
GG 9(7.3%) 43(11.4%) / 1(Ref)
CG 55(44.4%) 165(43.7%) 0.444 1.37(0.61,3.07)
CC 60(48.4%) 170(45.0%) 0.281 1.54(0.70,3.38)
CG+CC vs.GG / / 0.338 1.45(0.68,3.11)
CC vs.CG+GG / / 0.616 1.11(0.74,1.68)

PIGR rs291097 N=125 N=383 0.077
GG 110(88.0%) 355(92.7%) / 1(Ref)
GA 15(12.0%) 28(7.3%) 0.108 1.74(0.86,3.44)
AA 0(0.0%) 0(0.0%) NA NA
GA+AA vs. GG / / 0.108 1.74(0.86,3.44)
AA vs.GA+GG / / NA NA

PIGR rs291102 N=123 N=379 0.591
GG 96(78.0%) 308(81.3%) / 1(Ref)
GA 25(20.3%) 68(17.9%) 0.376 1.27(0.75,2.14)
AA 2(1.6%) 3(0.8%) NA NA
GA / / 0.284 1.32(0.79,2.21)
AA vs.GA+GG / / NA NA

TNF rs1799964 N=124 N=378 0.775
TT 73(58.9%) 236(62.4%) / 1(Ref)
CT 45(36.3%) 126(33.3%) 0.537 1.15(0.74,1.78)
CC 6(4.8%) 16(4.2%) 0.666 1.25(0.46,3.38)
CT+CC vs. TT / / 0.493 1.16(0.76,1.77)
CC vs.CT+TT / / 0.740 1.18(0.44,3.15)

TNF rs1800629 N=124 N=379 0.567
GG 0(0%) 0(0%) / 1(Ref)
GA 124(100%) 377(99.5%) NA NA
AA 0(0%) 2(0.5%) NA NA
GA+AA vs. GG / / NA NA
AA vs.GA+GG / / NA NA

TNFRSF1A rs4149570 N=123 N=378 0.256
CC 22(17.9%) 95(25.1%) / 1(Ref)
CA 66(53.7%) 186(49.2%) 0.204 1.43(0.82,2.50)
AA 35(28.5%) 97(25.7%) 0.157 1.55(0.85,2.84)
CA+AA vs. CC / / 0.142 1.48(0.88,2.50)
AA vs.CA+CC / / 0.468 1.19(0.75,1.89)

TNFSF7 rs7259857 N=124 N=379 0.379
TT 103(83.1%) 307(81.0%) / 1(Ref)
CT 18(14.5%) 68(17.9%) 0.347 0.76(0.43,1.35)
CC 3(2.4%) 4(1.1%) NA NA
CT+CC vs. TT / / 0.539 0.84(0.49,1.45)
CC vs.CT+TT / / NA NA

TNF rs361525 N=124 N=379 0.506
GG 114(91.9%) 350(92.3%) / 1(Ref)
GA 10(8.1%) 29(7.7%) 0.957 0.98(0.46,2.10)
AA 0(0%) 0(0%) NA NA
GA+AA vs. GG / / 0.957 0.98(0.46,2.10)
AA vs.GA+GG / / NA NA

TNF rs1800630 N=122 N=378 0.978
CC 84(68.9%) 262(69.3%) / 1(Ref)
CA 34(27.9%) 105(27.8%) 0.824 1.06(0.66,1.69)
AA 4(3.3%) 11(2.9%) 0.795 1.17(0.35,3.90)
CA+AA vs. CC / / 0.797 1.06(0.68,1.66)
AA vs.CA+CC / / 0.327 2.06(0.49,8.75)

TNF rs1799724 N=123 N=381 0.915
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CC 91(74.0%) 289(75.9%) / 1(Ref)
CT 30(24.4%) 86(22.6%) 0.737 1.09(0.67,1.77)
TT 2(1.6%) 6(1.5%) 0.930 0.93(0.18,4.79)
CT+TT vs. CC / / 0.764 1.08(0.67,1.73)
CT+TT vs. CC / / 0.908 0.91(1.18,4.67)

COX-2 rs5275 N=124 N=380 0.418
AA 78(62.9%) 262(68.9%) / 1(Ref)
GA 43(34.7%) 108(28.4%) 0.310 1.26(0.81,1.96)
GG 3(2.4%) 10(2.6%) 0.978 0.98(0.26,3.75)
GA+GG vs. AA / / 0.343 1.23(0.80,1.90)
GG vs. GA+AA / / 0.893 0.91(0.24,3.45)

COX-2 rs20417 N=123 N=376 0.826
CC 112(91.1%) 344(91.5%) / 1(Ref)
CG 11(8.9%) 31(8.2%) 0.968 0.99(0.47,2.05)
GG 0(0.0%) 1(0.3%) NA NA
CG+GG vs.CC / / 0.929 0.97(0.47,2.01)
GG vs.CG+CC / / NA NA

BCL2 rs2279115 N=124 N=378 0.276
GG 58(46.8%) 161(42.6%) / 1(Ref)
GT 54(43.5%) 159(42.1%) 0.920 1.02(0.66,1.59)
TT 12(9.7%) 58(15.3%) 0.057 0.51(0.25,1.02)
GT+TT vs.GG / / 0.462 0.86(0.57,1.30)
TT vs.GT+GG / / 0.037 0.49(0.25,0.96)

Male
AKT1 rs1130233 N=160 N=225 0.028

CC 48(30.0%) 42(18.7%) / 1(Ref)
CT 71(44.4%) 109(48.4%) 0.088 0.49(0.21,1.11)
TT 41(25.6%) 74(32.9%) 0.014 0.37(0.17,0.82)
CT+TT vs. CC / / 0.025 0.43(0.21,0.90)
TT vs.CT+CC / / 0.062 0.53(0.28,1.03)

AKT1 rs2494732 N=161 N=222 0.516
TT 13(8.1%) 13(5.9%) / 1(Ref)
CT 72(44.7%) 93(41.9%) 0.249 0.44(0.11,1.79)
CC 76(47.2%) 116(52.3%) 0.143 0.37(0.10,1.40)
CT+CC vs. TT / / 0.175 0.40(0.11,1.50)
CC vs.CT+TT / / 0.292 0.73(0.40,1.32)

CR2 rs3813946 N=161 N=222 0.226
TT 115(71.4%) 175(78.8%) / 1(Ref)
CT 44(27.3%) 44(19.8%) 0.915 1.04(0.52,2.07)
CC 2(1.2%) 3(1.4%) 0.152 0.21(0.02,1.78)
CT+CC vs. TT / / 0.829 0.93(0.47,1.82)
CC vs.CT+TT / / 0.130 0.19(0.02,1.64)

IL10 rs1800871 N=160 N=225 0.876
AA 68(42.5%) 92(40.9%) / 1(Ref)
GA 76(47.5%) 107(47.6%) 0.561 0.83(0.45,1.54)
GG 16(10.0%) 26(11.6%) 0.481 1.49(0.49,4.48)
GA+GG vs. AA / / 0.741 0.90(0.50,1.65)
GG vs. GA+AA / / 0.355 1.63(0.58,4.55)

IL10 rs1800872 N=160 N=225 0.876
TT 68(42.5%) 92(40.9%) / 1(Ref)
GT 76(47.5%) 107(47.6%) 0.561 0.83(0.45,1.54)
GG 16(10.0%) 26(11.6%) 0.481 1.49(0.49,4.48)
GT+GG vs.TT / / 0.741 0.90(0.50,1.65)
GG vs.GT+TT / / 0.355 1.63(0.58,4.55)

IL10 rs1800896 N=161 N=225 0.070
TT 134(83.2%) 175(77.8%) / 1(Ref)
CT 25(15.5%) 50(22.2%) 0.227 0.63(0.30,1.33)
CC 2(1.2%) 0(0%) NA NA
CT+CC vs. TT / / 0.305 0.68(0.32,1.42)
CC vs.CT+TT / / NA NA

IL1A rs17561 N=160 N=225 0.237
CC 130(81.3%) 179(79.6%) / 1(Ref)
CA 30(18.8%) 42(18.7%) 0.860 0.93(0.42,2.09)
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AA 0(0%) 4(1.8%) NA NA
CA+AA vs. CC / / 0.692 0.85(0.39,1.88)
AA vs.CA+CC / / NA NA

IL1B rs1143627 N=160 N=220 0.281
AA 35(21.9%) 63(28.6%) / 1(Ref)
AG 86(53.8%) 103(46.8%) 0.280 1.47(0.73,2.95)
GG 39(24.4%) 54(24.5%) 0.807 1.12(0.46,2.75)
AG+GG vs. AA / / 0.360 1.36(0.70,2.65)
GG vs. AG+AA / / 0.789 0.91(0.44,1.86)

IL1B rs16944 N=161 N=223 0.475
GG 37(23.0%) 63(28.3%) / 1(Ref)
GA 84(52.2%) 105(47.1%) 0.345 1.40(0.70,2.79)
AA 40(24.8%) 55(24.7%) 0.724 1.17(0.48,2.86)
GA+AA vs. GG / / 0.395 1.33(0.69,2.57)
AA vs.GA+GG / / 0.933 0.97(0.48,1.97)

IL1B rs1143634 N=161 N=225 0.388
GG 155(96.3%) 214(95.1%) / 1(Ref)
GA 6(3.7%) 11(4.9%) 0.979 0.98(0.23,4.11)
AA 0(0.0%) 0(0.0%) NA NA
GA+AA vs. GG / / 0.979 0.98(0.23,4.11)
AA vs.GA+GG / / NA NA

IL1RN rs419598 N=109 N=220 0.972
TT 98(89.9%) 196(89.1%) / 1(Ref)
CT 10(9.2%) 22(10.0%) 0.878 0.92(0.29,2.87)
CC 1(0.9%) 2(0.9%) 0.638 1.88(0.14,26.09)
CT+CC vs. TT / / 0.994 1.00(0.34,2.95)
CC vs.CT+TT / / 0.659 1.80(0.13,24.45)

IL21R rs2189521 N=160 N=222 0.364
TT 98(61.3%) 123(55.4%) / 1(Ref)
CT 55(34.4%) 83(37.4%) 0.631 1.17(0.62,2.21)
CC 7(4.4%) 16(7.2%) 0.703 0.78(0.22,2.79)
CT+CC vs. TT / / 0.748 1.11(0.60,2.03)
CC vs.CT+TT / / 0.636 0.74(0.21,2.60)

IL4 rs2243250 N=161 N=222 0.736
CC 6(3.7%) 7(3.2%) / 1(Ref)
CT 59(36.6%) 74(33.3%) 0.855 0.86(0.17,4.35)
TT 96(59.6%) 141(63.5%) 0.740 0.72(0.10,5.13)
CT+TT vs. CC / / 0.770 0.77(0.13,4.42)
TT vs.CT+CC / / 0.550 0.83(0.45,1.53)

IL4 rs2227284 N=161 N=222 0.715
TT 110(68.3%) 154(69.4%) / 1(Ref)
GT 47(29.2%) 65(29.3%) 0.988 1.00(0.52,1.91)
GG 4(2.5%) 3(1.4%) 0.372 3.91(0.20,78.06)
GT+GG vs.TT / / 0.872 1.05(0.55,2.01)
GG vs.GT+TT / / 0.366 3.36(0.24,46.79)

IL4RA rs1801275 N=159 N=225 0.609
AA 114(71.7%) 162(72.0%) / 1(Ref)
GA 43(27.0%) 57(25.3%) 0.745 1.17(1.13,1.20)
GG 2(1.3%) 6(2.7%) 0.638 0.59(0.06,5.44)
GA+GG vs. AA / / 0.831 1.07(0.56,2.07)
GG vs. GA+AA / / 0.605 0.54(0.05,5.50)

IL6 rs1800796 N=161 N=222 0.566
GG 21(13.0%) 22(9.9%) / 1(Ref)
CG 68(42.2%) 92(41.4%) 0.665 1.26(0.44,3.63)
CC 72(44.7%) 108(48.6%) 0.856 1.10(0.39,3.08)
CG+CC vs.GG / / 0.740 1.18(0.44,3.20)
CC vs.CG+GG / / 0.804 0.93(0.51,1.68)

PIGR rs291097 N=161 N=225 0.331
GG 146(90.7%) 208(92.4%) / 1(Ref)
GA 15(9.3%) 17(7.6%) 0.245 1.89(0.65,5.49)
AA 0(0.0%) 0(0.0%) NA NA
GA+AA vs. GG / / 0.245 1.89(0.65,5.49)
AA vs.GA+GG / / NA NA
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PIGR rs291102 N=160 N=222 0.613
GG 127(79.4%) 185(83.3%) / 1(Ref)
GA 32(20.0%) 36(16.2%) 0.304 1.51(0.69,3.31)
AA 1(0.6%) 1(0.5%) 0.889 1.33(0.02,74.43)
GA+AA vs. GG / / 0.301 1.51(0.69,3.27)
AA vs.GA+GG / / 0.920 1.22(0.02,62.17)

TNF rs1799964 N=161 N=221 0.904
TT 101(62.7%) 135(61.1%) / 1(Ref)
CT 52(32.3%) 76(34.4%) 0.693 1.14(0.61,2.13)
CC 8(5.0%) 10(4.5%) 0.728 1.38(0.22,8.52)
CT+CC vs. TT / / 0.646 1.16(0.63,2.13)
CC vs.CT+TT / / 0.758 1.31(0.23,7.37)

TNF rs1800629 N=161 N=221 0.413
GG 101(62.7%) 135(61.1%) / 1(Ref)
GA 0(0%) 0(0%) NA NA
AA 60(37.3%) 86(38.9%) NA NA
GA+AA vs. GG / / NA NA
AA vs.GA+GG / / 0.541 0.38(0.02,8.39)

TNFRSF1A rs4149570 N=158 N=225 0.422
CC 31(19.6%) 57(25.3%) / 1(Ref)
CA 84(53.2%) 110(48.9%) 0.065 2.14(0.96,4.81)
AA 43(27.2%) 58(25.8%) 0.300 1.62(0.65,4.01)
CA+AA vs. CC / / 0.090 1.92(0.90,4.10)
AA vs.CA+CC / / 0.817 0.92(0.47,1.82)

TNFSF7 rs7259857 N=161 N=222 0.832
TT 126(78.3%) 179(80.6%) / 1(Ref)
CT 33(20.5%) 41(18.5%) 0.905 1.05(0.48,2.31)
CC 2(1.2%) 2(0.9%) 0.283 3.86(0.33,45.27)
CT+CC vs. TT / / 0.695 1.16(0.55,2.48)
CC vs.CT+TT / / 0.276 3.95(0.33,46.85)

TNF rs361525 N=161 N=222 0.406
GG 146(90.7%) 204(91.9%) / 1(Ref)
GA 15(9.3%) 18(8.1%) 0.053 3.05(0.99,9.42)
AA 0(0%) 0(0%) NA NA
GA+AA vs. GG / / 0.053 3.05(0.98,9.42)
AA vs.GA+GG / / NA NA

TNF rs1800630 N=159 N=222 0.708
CC 115(72.3%) 153(68.9%) / 1(Ref)
CA 40(25.2%) 61(27.5%) 0.462 0.78(0.40,1.52)
AA 4(2.5%) 8(3.6%) 0.478 0.46(0.05,3.95)
CA+AA vs. CC / / 0.392 0.75(0.39,1.45)
AA vs.CA+CC / / 0.520 0.50(0.06,4.18)

TNF rs1799724 N=160 N=223 0.997
CC 120(75.0%) 167(74.9%) / 1(Ref)
CT 37(23.1%) 52(23.3%) 0.777 1.11(0.55,2.23)
TT 3(1.9%) 4(1.8%) 0.703 1.97(0.06,63.57)
CT+TT vs. CC / / 0.733 1.13(0.56,2.26)
TT vs.CT+CC / / 0.714 1.90(0.06,58.99)

COX-2 rs5275 N=161 N=222 0.965
AA 105(65.2%) 144(64.9%) / 1(Ref)
GA 51(31.7%) 72(32.4%) 0.902 1.04(0.54,1.99)
GG 5(3.1%) 6(2.7%) 0.800 1.37(0.12,15.44)
GA+GG vs. AA / / 0.867 1.06(0.56,1.99)
GG vs. GA+AA / / 0.808 1.32(0.14,12.27)

COX-2 rs20417 N=160 N=219 0.503
CC 142(88.8%) 196(89.5%) / 1(Ref)
CG 17(10.6%) 23(10.5%) 0.607 0.77(0.28,2.12)
GG 1(0.6%) 0(0%) NA NA
CG+GG vs.CC / / 0.618 0.77(0.28,2.13)
GG vs.CG+CC / / NA NA

BCL2 rs2279115 N=161 N=222 0.036
GG 75(46.6%) 93(41.9%) / 1(Ref)
GT 68(42.2%) 82(36.9%) 0.824 0.93(0.49,1.75)
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TT 18(11.2%) 47(21.2%) 0.044 0.37(0.14,0.97)
GT+TT vs.GG / / 0.349 0.75(0.41,1.37)
TT vs.GT+GG / / 0.044 0.41(0.17,0.98)

Female
AKT1 rs1130233 N=48 N=175 0.299

CC 10(20.8%) 35(20.0%) / 1(Ref)
CT 27(56.3%) 80(45.7%) 0.914 1.05(0.42,2.66)
TT 11(22.9%) 60(34.3%) 0.457 0.66(0.22,2.00)
CT+TT vs. CC / / 0.792 0.89(0.36,2.17)
TT vs.CT+CC / / 0.288 0.64(0.28,1.46)

AKT1 rs2494732 N=48 N=173 0.118
TT 5(10.4%) 14(8.1%) / 1(Ref)
CT 25(52.1%) 65(37.6%) 0.716 0.79(0.22,2.81)
CC 18(37.5%) 94(54.3%) 0.183 0.40(0.10,1.54)
CT+CC vs. TT / / 0.370 0.57(0.16,1.96)
CC vs.CT+TT / / 0.098 0.54(0.26,1.12)

CR2 rs3813946 N=48 N=174 0.848
TT 39(81.3%) 138(79.3%) / 1(Ref)
CT 9(18.8%) 35(20.1%) 0.560 0.75(0.29,1.95)
CC 0(0%) 1(0.6%) NA NA
CT+CC vs. TT / / 0.504 0.73(0.28,1.86)
CC vs.CT+TT / / NA NA

IL10 rs1800871 N=48 N=175 0.790
AA 22(45.8%) 72(41.1%) / 1(Ref)
GA 22(45.8%) 90(51.4%) 0.472 0.76(0.36,1.61)
GG 4(8.3%) 13(7.4%) 0.963 1.03(0.27,4.00)
GA+GG vs. AA / / 0.525 0.79(0.38,1.64)
GG vs. GA+AA / / 0.786 1.19(0.33,4.28)

IL10 rs1800872 N=48 N=175 0.790
TT 22(45.8%) 72(41.1%) / 1(Ref)
GT 22(45.8%) 90(51.4%) 0.472 0.76(0.36,1.61)
GG 4(8.3%) 13(7.4%) 0.963 1.03(0.27,4.00)
GT+GG vs.TT / / 0.525 0.79(0.38,1.64)
GG vs.GT+TT / / 0.783 1.19(0.33,4.28)

IL10 rs1800896 N=48 N=175 0.855
TT 40(83.3%) 147(84.0%) / 1(Ref)
CT 8(16.7%) 27(15.4%) 0.583 1.31(0.50,3.47)
CC 0(0%) 1(0.6%) NA NA
CT+CC vs. TT / / 0.668 1.24(0.47,3.24)
CC vs.CT+TT / / NA NA

IL1A rs17561 N=48 N=175 0.015
CC 36(75.0%) 148(84.6%) / 1(Ref)
CA 10(20.8%) 27(15.4%) 0.440 1.44(0.57,3.61)
AA 2(4.2%) 0(0%) NA NA
CA+AA vs. CC / / 0.264 1.66(0.68,4.02)
AA vs.CA+CC / / NA NA

IL1B rs1143627 N=48 N=174 0.725
AA 16(33.3%) 48(27.6%) / 1(Ref)
AG 21(43.8%) 85(48.9%) 0.126 0.52(0.22,1.20)
GG 11(22.9%) 41(23.6%) 0.112 0.44(0.16,1.21)
AG+GG vs. AA / / 0.060 0.46(0.20,1.03)
GG vs. AG+AA / / 0.322 0.64(0.27,1.54)

IL1B rs16944 N=48 N=174 0.870
GG 15(31.3%) 48(27.6%) / 1(Ref)
GA 22(45.8%) 86(49.4%) 0.157 0.54(0.23,1.27)
AA 11(22.9%) 40(23.0%) 0.148 0.47(0.17,1.31)
GA+AA vs. GG / / 0.079 0.48(0.21,1.09)
AA vs.GA+GG / / 0.359 0.66(0.28,1.59)

IL1B rs1143634 N=48 N=175 0.414
GG 44(91.7%) 167(95.4%) / 1(Ref)
GA 4(8.3%) 7(4.0%) 0.545 1.61(0.34,7.62)
AA 0(0.0%) 1(0.6%) NA NA
GA+AA vs. GG / / 0.563 1.57(0.34,7.32)
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AA vs.GA+GG / / NA NA
IL1RN rs419598 N=34 N=173 0.183

TT 30(88.2%) 140(80.9%) / 1(Ref)
CT 3(8.8%) 32(18.5%) 0.060 0.25(0.06,1.06)
CC 1(2.9%) 1(0.6%) 0.787 1.56(0.06,39.87)
CT+CC vs. TT / / 0.083 0.32(0.09,1.16)
CC vs.CT+TT / / 0.663 2.01(0.09,46.98)

IL21R rs2189521 N=48 N=173 0.044
TT 33(68.8%) 85(49.1%) / 1(Ref)
CT 12(25.0%) 77(44.5%) 0.022 0.39(0.17,0.87)
CC 3(6.3%) 11(6.4%) 0.760 0.79(0.17,3.59)
CT+CC vs. TT / / 0.030 0.43(0.20,0.92)
CC vs.CT+TT / / 0.860 1.15(0.24,5.56)

IL4 rs2243250 N=48 N=173 0.517
CC 3(6.3%) 6(3.5%) / 1(Ref)
CT 17(35.4%) 53(30.6%) 0.609 0.63(0.11,3.73)
TT 28(58.3%) 114(65.9%) 0.360 0.43(0.07,2.65)
CT+TT vs. CC / / 0.432 0.50(0.09,2.85)
TT vs.CT+CC / / 0.281 0.66(0.32,1.40)

IL4 rs2227284 N=48 N=173 0.272
TT 34(70.8%) 140(80.9%) / 1(Ref)
GT 13(27.1%) 29(16.8%) 0.113 2.03(0.85,4.85)
GG 1(2.1%) 4(2.3%) 0.697 1.69(0.12,23.95)
GT+GG vs.TT / / 0.111 2.00(0.85,4.67)
GG vs.GT+TT / / 0.798 1.40(0.11,18.01)

IL4RA rs1801275 N=48 N=175 0.066
AA 38(79.2%) 110(62.9%) / 1(Ref)
GA 10(20.8%) 57(32.6%) 0.450 0.72(0.31,1.68)
GG 0(0%) 8(4.6%) NA NA
GA+GG vs. AA / / 0.265 0.62(0.27,1.43)
GG vs. GA+AA / / NA NA

IL6 rs1800796 N=48 N=173 0.469
GG 5(10.4%) 25(14.5%) / 1(Ref)
CG 19(39.6%) 78(45.1%) 0.996 1.00(0.29,3.40)
CC 24(50.0%) 70(40.5%) 0.330 1.85(0.54,6.37)
CG+CC vs.GG / / 0.613 1.35(0.42,4.33)
CC vs.CG+GG / / 0.102 1.86(0.89,3.90)

PIGR rs291097 N=48 N=175 0.131
GG 42(87.5%) 164(93.7%) / 1(Ref)
GA 6(12.5%) 11(6.3%) 0.042 3.43(1.05,11.23)
AA 0(0.0%) 0(0.0%) NA NA
GA+AA vs.GG / / 0.042 3.43(1.05,11.23)
AA vs.GA+GG / / NA NA

PIGR rs291102 N=48 N=174 0.880
GG 38(79.2%) 138(79.3%) / 1(Ref)
GA 9(18.8%) 34(19.5%) 0.123 2.15(0.81,5.67)
AA 1(2.1%) 2(1.1%) 0.253 5.18(0.31,87.06)
GA+AA vs. GG / / 0.094 2.22(0.87,5.63)
AA vs.GA+GG / / 0.302 4.27(0.27,67.58)

TNF rs1799964 N=48 N=174 0.137
TT 23(47.9%) 111(63.8%) / 1(Ref)
CT 22(45.8%) 56(32.2%) 0.261 1.55(0.72,3.33)
CC 3(6.3%) 7(4.0%) 0.215 3.00(0.53,17.02)
CT+CC vs. TT / / 0.175 1.66(0.80,3.45)
CC vs.CT+TT / / 0.296 2.43(0.46,12.89)

TNF rs1800629 N=48 N=174 0.035
GG 23(47.9%) 111(63.8%) / 1(Ref)
GA 0(0%) 0(0%) NA NA
AA 25(52.1%) 63(36.2%) NA NA
GA+AA vs. GG / / NA NA
AA vs.GA+GG / / NA NA

TNFRSF1A rs4149570 N=47 N=170 0.253
CC 12(25.5%) 44(25.9%) / 1(Ref)

(Continued)
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GA genotype, dominance model (GA+ AA vs. GG), and PIGR
rs291102 dominance model (GA+ AA vs. GG) showed increased
risk of HNSCC (P<0.05). In addition, we found that the IL-1RN
rs419598, IL-21R rs2189521, and BCL2 rs2279115 genotypes were
associated with reduced HNSCC risk, while the TNF rs1800630
Frontiers in Oncology | www.frontiersin.org 18274
genotype was associated with increased HNSCC risk. These findings
provide experimental evidence to support these genes or SNPs as
potential biomarkers of specific types of HNSCC.

It is estimated that infectious diseases and chronic
inflammation account for approximately 25% of cancer-
TABLE 3 | Continued

Genetype SNP Cases Controls P value P value OR (95%CI)

CA 18(38.3%) 84(49.4%) 0.344 0.63(0.24,1.63)
AA 17(36.2%) 42(24.7%) 0.556 1.32(0.53,3.31)
CA+AA vs. CC / / 0.728 0.86(0.37,2.01)
AA vs.CA+CC / / 0.163 1.74(0.80,3.80)

TNFSF7 rs7259857 N=48 N=174 0.840
TT 40(83.3%) 143(82.2%) / 1(Ref)
CT 7(14.6%) 29(16.7%) 0.832 0.89(0.31,2.54)
CC 1(2.1%) 2(1.1%) 0.578 2.07(0.16,27.08)
CT+CC vs. TT / / 0.969 0.98(0.36,2.63)
CC vs.CT+TT / / 0.578 2.06(0.16,26.36)

TNF rs361525 N=48 N=174 0.478
GG 45(93.8%) 160(92.0%) / 1(Ref)
GA 3(6.3%) 4(8.0%) 0.227 0.41(0.10,1.74)
AA 0(0%) 0(0%) NA NA
GA+AA vs. GG / / 0.227 0.41(0.10,1.74)
AA vs.GA+GG / / NA NA

TNF rs1800630 N=48 N=173 0.056
CC 26(54.2%) 121(69.9%) / 1(Ref)
CA 19(39.6%) 49(28.3%) 0.141 1.81(0.82,3.97)
AA 3(6.3%) 3(1.7%) 0.036 9.42(1.16,76.25)
CA+AA vs. CC / / 0.059 2.075(0.97,4.40)
AA vs.CA+CC / / 0.056 6.71(0.95,47.39)

TNF rs1799724 N=45 N=175 0.781
CC 33(73.3%) 135(77.1%) / 1(Ref)
CT 11(24.4%) 38(21.7%) 0.872 0.93(0.39,2.25)
TT 1(2.2%) 2(1.1%) 0.524 2.59(0.14,48.43)
CT+TT vs. CC / / 0.971 0.98(0.42,2.33)
TT vs.CT+CC / / 0.513 2.75(0.13,57.01)

COX-2 rs5275 N=48 N=174 0.431
AA 34(70.8%) 126(72.4%) / 1(Ref)
GA 14(29.2%) 43(24.7%) 0.643 1.22(0.54,2.72)
GG 0(0%) 5(2.9%) NA NA
GA+GG vs. AA / / 0.745 1.14(0.51,2.53)
GG vs. GA+AA / / NA NA

COX-2 rs20417 N=48 N=174 0.739
CC 46(95.8%) 162(93.1%) / 1(Ref)
CG 2(4.2%) 11(6.3%) 0.912 1.10(0.20,6.24)
GG 0(0.0%) 1(0.6%) NA NA
CG+GG vs.CC / / 0.932 1.08(0.19,6.05)
GG vs.CG+CC / / NA NA

BCL2 rs2279115 N=48 N=173 0.263
GG 21(43.8%) 73(42.2%) / 1(Ref)
GT 20(41.7%) 87(50.3%) 0.899 1.05(0.49,2.25)
TT 7(14.6%) 13(7.5%) 0.354 1.89(0.49,7.26)
GT+TT vs.GG / / 0.616 1.21(0.58,2.52)
TT vs.GT+GG / / 　 0.314 1.83(0.56,5.98)
June 202
In the group older than 60 years, the IL1RN rs419598 TT genotype was the most in the case group and the control group (P=0.007). In the subgroup younger than 60 years old, AKT1
rs1130233 CT genotype and IL21R rs2189521 TT wild-type was the most in the case group and the control group (P=0.031, P=0.049). Among men, AKT1 rs1130233 CT heterozygosity
(P=0.028) and BCL2 rs2279115 GG genotype were the most (P=0.036) in the case group and the control group. Among women, IL1A rs17561 CC genotype and IL-21R rs2189521 TT
genotype were the most among the case group and the control group (P=0.015, P=0.044). However, normal people with TNF rs1800629 GG genotype was the most in control group, and
AA gene was the most in cases (P=0.044).In the same time, in stratified analyses, we found that the IL-1RN rs419598 TT genotype and dominance model (CT+TT vs. CC) conferred a
0.12-fold and 0.16-fold reduction in HNSCC progression, respectively, in individuals older than age 60(P=0.013, P=0.022). However, in those age 60 or younger, the AKT1 rs1130233 TT
genotype and dominance model (CT+TT vs. CC) (P=0.014, P=0.021) , IL-21R rs2189521 CT genotype and dominance model (CT+ CC vs. TT) (P=0.031, P=0.019), and BCL2 rs2279115
recessive model (TT vs. GT+GG) (P=0.037) conferred a 0.48-fold, 0.57-fold, 0.61-fold, 0.60-fold, and 0.49-fold reduction in HNSCC progression, respectively. In addition, in men, the
AKT1 rs1130233 TT genotype and dominance model (CT+TT vs. CC) (P=0.014, P=0.025)and the BCL2 rs2279115 TT genotype and recessive model (TT vs. GT+GG) (P=0.044,
P=0.044)conferred a 0.37-fold, 0.43-fold, 0.37-fold, and 0.41-fold reduction in HNSCC progression, respectively. In women, the IL-21R rs2189521 CT genotype and dominance model
(CT+TT vs. TT) conferred a 0.39-fold and 0.43-fold reduction in HNSCC progression(P=0.022, P=0.030), respectively. However, the PIGR rs291097 GA genotype and dominance model
(GA+AA vs. GG) (P=0.042, P=0.042) and the TNF rs1800630 AA genotype (P=0.036) conferred a 3.43-fold, 3.43-fold, and 9.42-fold increase in HNSCC progression, respectively.
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TABLE 4 | Association of 28 inflammation-associated gene SNPs with radiotherapy sensitivity of HNSCC patients.

Genetype Non-sensitivity Sensitivity P value

AKT1 rs1130233 N=17 N=28 0.363
CC 7(15.6%) 7(15.6%)
CT 5(11.1%) 14(31.1%)
TT 5(11.1%) 7(15.6%)

AKT1 rs2494732 N=17 N=28 0.560
TT 2(4.4%) 16(35.6%)
CT 8(17.8%) 9(20.0%)
CC 7(15.6%) 3(6.7%)

CR2 rs3813946 N=17 N=28 0.645
TT 13(28.9%) 23(51.1%)
CT 4(8.9%) 5(11.1%)
CC 0(0%) 0(0%)

IL10 rs1800871 N=16 N=28 0.809
AA 9(20.5%) 14(31.8%)
GA 6(13.6%) 13(29.5%)
GG 1(2.3%) 1(2.3%)

IL10 rs1800872 N=16 N=28 0.809
TT 9(20.5%) 14(31.8%)
GT 6(13.6%) 13(29.5%)
GG 1(2.3%) 1(2.3%)

IL10 rs1800896 N=17 N=28 0.814
TT 15(33.3%) 24(53.3%)
CT 1(2.2%) 3(6.7%)
CC 1(2.2%) 1(2.2%)

IL1A rs17561 N=17 N=28 0.342
CC 11(24.4%) 21(46.7%)
CA 6(13.3%) 7(15.6%)
AA 0(0%) 0(0%)

IL1B rs1143627 N=17 N=28 0.115
AA 1(2.2%) 9(20.0%)
AG 11(24.4%) 14(31.1%)
GG 5(11.1%) 5(11.1%)

IL1B rs16944 N=17 N=28 0.274
GG 2(4.4%) 9(20.0%)
GA 10(22.2%) 14(31.1%)
AA 5(11.1%) 5(11.1%)

IL1B rs1143634 N=17 N=28 0.316
GG 15(33.3%) 27(60.0%)
GA 2(4.4%) 1(2.2%)
AA 0(0%) 0(0%)

IL1RN rs419598 N=14 N=24 0.731
TT 13(34.2%) 21(55.3%)
CT 1(2.6%) 2(5.3%)
CC 0(0%) 1(2.6%)

IL21R rs2189521 N=17 N=28 0.505
TT 11(24.4%) 18(40.0%)
CT 6(13.3%) 8(17.8%)
CC 0(0%) 2(4.4%)

IL4 rs2243250 N=17 N=28 0.108
CC 2(4.4%) 1(2.2%)
CT 10(22.2%) 10(22.2%)
TT 5(11.1%) 17(37.8%)

IL4 rs2227284 N=17 N=28 0.057
TT 6(13.3%) 20(44.4%)
GT 10(22.2%) 7(15.6%)
GG 1(2.2%) 1(2.2%)

IL4RA rs1801275 N=16 N=28 0.030
AA 15(34.1%) 18(40.9%)
GA 1(2.3%) 10(22.7%)
GG 0(0%) 0(0%)

IL6 rs1800796 N=17 N=28 0.814
GG 2(4.4%) 5(11.1%)
CG 7(15.6%) 12(26.7%)

(Continued)
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causing factors (16). Inflammation may act at multiple stages of
disease development to disrupt tissue homeostasis, induce
aberrant proliferative responses, modulate the tumor
microenvironment, and compromise immune surveillance (50–
52). Inflammatory cells and related signaling molecules can also
be used by tumors to facilitate progression and metastasis by
generating a favorable microenvironment, as well as promoting
genetic instability and angiogenesis (53). Inflammatory
physiological changes, such as oxidative stress, exert
downstream genotoxic effects (54). When sustained over
extended periods, these changes promote the emergence of
Frontiers in Oncology | www.frontiersin.org 20276
cancer-initiating mutations (55). Genetic variations in
inflammation-related genes potentially complement prediction
of HNSCC risk. Gene polymorphisms are a common genetic
variant. The most common polymorphic form is a base
difference, termed a single nucleotide polymorphism (3).

AKT, the v-AKT murine thymoma viral oncogene homolog,
maps to human chromosome 14q32.32 and encodes a 56-kDa
protein, comprising 480 amino acids (56). AKT is an important
effector of the PI3K/AKT/MTOR signaling pathway, and genetic
mutations or abnormal protein expression can alter a variety of
cellular processes including migration, proliferation, growth, and
TABLE 4 | Continued

Genetype Non-sensitivity Sensitivity P value

CC 8(17.8%) 11(24.4%)
PIGR rs291097 N=17 N=28 0.462

GG 13(28.9%) 23(51.1%)
GA 4(8.9%) 5(11.1%)
AA 0(0%) 0(0%)

PIGR rs291102 N=17 N=28 0.605
GG 12(26.7%) 20(44.4%)
GA 5(11.1%) 8(17.8%)
AA 0(0%) 0(0%)

TNF rs1799964 N=17 N=28 0.571
TT 7(15.6%) 16(35.6%)
CT 8(17.8%) 10(22.2%)
CC 2(4.4%) 2(4.4%)

TNF rs1800629 N=17 N=28 NA
GG 0(0%) 0(0%)
GA 17(37.8%) 28(62.2%)
AA 0(0%) 0(0%)

TNFRSF1A rs4149570 N=16 N=27 0.347
CC 2(4.7%) 8(18.6%)
CA 8(18.6%) 13(30.2%)
AA 6(14.0%) 6(14.0%)

TNFSF7 rs7259857 N=17 N=28 0.462
TT 15(33.3%) 23(51.1%)
CT 2(4.4%) 5(11.1%)
CC 0(0%) 0(0%)

TNF rs361525 N=17 N=28 0.407
GG 14(31.1%) 25(55.6%)
GA 3(6.7%) 3(6.7%)
AA 0(0%) 0(0%)

TNF rs1800630 N=17 N=28 0.761
CC 10(22.2%) 19(42.2%)
CA 6(13.3%) 7(15.6%)
AA 1(2.2%) 2(4.4%)

TNF rs1799724 N=17 N=28 0.498
CC 15(33.3%) 21(46.7%)
CT 1(2.2%) 5(11.1%)
TT 1(2.2%) 2(4.4%)

COX-2 rs5275 N=17 N=28 0.496
AA 13(28.9%) 20(44.4%)
GA 4(8.9%) 8(17.8%)
GG 0(0%) 0(0%)

COX-2 rs20417 N=17 N=28 0.378
CC 16(35.6%) 28(62.2%)
CG 1(2.2%) 0(0%)
GG 0(0%) 0(0%)

BCL2 rs2279115 N=17 N=28 0.333
GG 8(17.8%) 19(42.2%)
GT 7(15.6%) 6(13.3%)
TT 2(4.4%) 37(6.7%)
June 2021 | Volume 11 | Article
Compared with those with other genotypes, HNSCC patients carrying the IL-4RA rs1801275 AA wild-type genotype (40.9%) were more sensitive to radiotherapy (P=0.030).
651632

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


Li et al. HNSCC Risk and Radiotherapy Sensitivity
survival (57). AKT SNPs are reported to be associated with
susceptibility to various cancer types, such as nasopharyngeal
carcinoma (NPC), OSCC, non-small cell lung cancer, pancreatic
ductal adenocarcinoma, and GC via effects on protein expression
and transcriptional activity (12, 36, 56, 58–60). Zhang et al.
reported that the AKT1 rs1130233 and rs2494732 AA genotypes
were associated with a significantly increased susceptibility to
NPC risk in a Chinese population (36). Another study also
reported an association between the AKT1 polymorphism and
cancer metastasis (58). Collectively, these observations indicate
that our findings of associations existing between AKT1 SNPs
and the risk of HNSCC are biologically relevant.
Frontiers in Oncology | www.frontiersin.org 21277
PIGR is a member of the immunoglobulin superfamily and
transports immunoglobulin A (IgA) onto mucosal surfaces (61).
PIGR has been described as a putative cancer biomarker in a few
studies on various cancers, the majority of which indicate an
association between low PIGR expression and more aggressive
disease (61). Individuals carrying the PIGR rs291097 T allele
have a higher risk of NPC in Guangdong Province, China (14).
The PIGR rs291102 genotype is a missense mutation changing
alanine to valine near an endoproteolytic cleavage site. This
variant could alter the efficiency of PIGR to release the IgA-EBV
complex and consequently increase the susceptibility of
populations in endemic areas to develop NPC (13). Chen et al.
reported that the risk of HNSCC may be associated with SNPs in
the BCL2 promoter region (43). Some scholars consider that
TNF-a SNPs (rs1800629, rs1799724, rs1800630, and rs1799964)
may individually or, more likely, jointly affect individual
susceptibility to HPV16-associated OSCC, particularly
squamous cell carcinoma of the oropharynx (SCCOP) in never
smokers (38). Our results are similar to the abovementioned
findings, which suggests that inflammatory-related gene SNPs
are closely related to the risk of HNSCC in different populations
and different cases.

Following stratified analyses, we found that the IL-1RN rs419598
TT genotype and dominance model (CT+ CC vs. TT) were
associated with reduced HNSCC risk in individuals older than 60
years of age. However, in those age 60 and younger, the AKT1
rs1130233 TT genotype and dominance model (CT+TT vs. CC),
the IL-21R rs2189521 CT genotype and dominance model (CT+
CC vs. TT), and the BCL2 rs2279115 recessive model (TT vs. GT
+GG) were associated with reduced HNSCC risk. In addition, in
men, the AKT1 rs1130233 TT genotype and dominance model (CT
+TT vs. CC) and the BCL2 rs2279115 TT genotype and recessive
model (TT vs. GT+GG) were associated with reduced HNSCC risk.
In women, however, the IL-21R rs2189521 CT genotype and
dominance model (CT+ CC vs. TT) were associated with reduced
HNSCC risk. Additionally, the PIGR rs291097 GA genotype and
dominance model (GA+AA vs. GG) and the TNF rs1800630 AA
genotype were associated with increased HNSCC risk in women.
These genes are all inflammatory-related genes, and these results
suggest that inflammatory-related gene SNPs are closely related to
the risk of HNSCC patients.

From our research data, the correlation between various
genotypes and the risk of HNSCC may be related to the
differences in the distribution of different clinicopathological
parameters. We also compared the genotype distribution of these
polymorphisms in HNSCC patients with different
clinicopathological parameters. We found that the heterozygous
and dominant models of the AKT1 rs1130233 polymorphism were
significantly related to non-distant metastasis. This phenomenon
may indicate that the carrier of AKT1 rs1130233 dominance model
has a low risk of cancer and is not prone to distant metastasis, which
may indicate they have a long survival time. The IL-1RN rs419598
wild-type genotype was significantly related to stage III-IV disease,
the PIGR rs291102 wild-type genotype was significantly related to
normal levels of CYFRA, and the BCL2 rs2279115 wild-type
genotype was significantly related to lymph node metastasis.
TABLE 5 | Association of clinicopathological parameters with radiotherapy
sensitivity of HNSCC patients.

Characteristics Non-sensitivity Sensitivity P value

Age 0.033
Age≤60 6 19
Age>60 11 9

Gender 0.277
Female 4 11
Male 13 17

T stage 0.440
1-2 8 12
3-4 6 15

N stage 0.646
Negative 1 1
Positive 14 27

M stage 0.265
Negative 15 25
Positive 0 3

Clinical stage 0.552
I–II 2 2
III–IV 14 26

Smoking 0.033
No 6 19
Yes 11 9

Drinking 0.384
No 10 20
Yes 7 8

Family history of cancer 0.869
No 13 22
Yes 4 6

SCC 0.030
Normal 9 17
Increased 5 1

CEA 0.474
Normal 8 10
Increased 1 0

CYFRA 0.197
Normal 1 3
Increased 4 2

EBV 0.800
Negative 3 11
Positive 0 1

Blood type 0.900
A 3 6
B 3 3
AB 1 1

　 O 2 2 　
We found that age ≤ 60 years, non-smoker status, and normal levels of SCC were
associated with increased radiotherapy sensitivity of HNSCC patients (P=0.033; P=0.033;
P=0.030, respectively).
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TABLE 6 | Association of significant inflammation-associated gene SNPs with clinicopathological parameters of HNSCC patients.

PIGR rs291097 PIGR rs291102

ecessive Wild Heterozygous P

value

Mutation P

value

Pdominance Precessive Wild Heterozygous P

value

Mutation P

value

Pdominance Precessive

.724 0.117 NA 0.117 NA 0.752 0.238 0.604 0.242

125 20 0 111 30 2

89 7 0 78 19 0

.041 0.584 NA 0.584 NA 0.896 0.428 0.989 0.123

53 8 0 48 12 1

161 19 0 141 37 1

.518 0.993 NA 0.993 NA 0.706 0.282 0.820 0.274

89 13 0 77 24 0

75 11 0 66 18 1

.292 0.478 NA 0.478 NA 0.973 0.498 0.956 0.497

55 6 0 47 14 0

116 18 0 102 30 1

.171 0.342 NA 0.342 NA 0.671 0.784 0.700 0.777

167 22 0 146 41 1

12 3 0 11 4 0

.031 0.439 NA 0.439 NA 0.734 0.556 0.795 0.550

51 5 0 42 13 0

136 20 0 121 33 1

.815 0.618 NA 0.618 NA 0.317 0.136 0.215 0.149

106 12 0 89 27 2

108 15 0 100 22 0

.651 0.497 NA 0.497 NA 0.119 0.166 0.077 0.188

112 16 0 96 31 2

102 11 0 93 18 0

.061 0.486 NA 0.486 NA 0.786 0.508 0.701 0.513

178 21 0 155 41 2

36 6 0 34 8 0

.861 0.073 NA 0.073 NA 0.128 0.643 0.156 0.605

74 10 0 65 17 1

16 6 0 14 8 0

.036 0.897 NA 0.897 NA 0.662 0.652 0.585 0.668

58 10 0 49 16 2

5 1 0 5 1 0

.824 0.082 NA 0.082 NA 0.041 NA 0.041 NA

14 2 0 14 2 0

11 7 0 10 8 0

.000 0.635 NA 0.635 NA 1.000 NA 1.000 NA

27 3 0 25 5 0

5 1 0 5 1 0

.549 0.183 NA 0.183 NA 0.533 0.707 0.665 0.669

35 8 0 31 12 0

34 1 0 29 5 1

14 2 0 10 4 0

　 35 4 　 0 　 　 　 29 10 　 1 　 　 　

related to lymph node metastasis and non-distant metastasis (P=0.034, P=0.046). The recessive model of AKT1
041, P=0.031, P=0.036). The IL-1RN rs419598 wild-type genotype was significantly related to stage III-IV disease,
ent 19 (CYFRA) (P=0.041).
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Characteristics AKT1 rs1130233 AKT1 rs2494732

Wild Heterozygous P

value

Mutation P

value

Pdominance Precessive Wild Heterozygous P

value

Mutation P

value

Pdominance P

Age 0.675 0.661 0.634 0.806 0.649 0.862 0.740

Age≤60 40 70 34 13 69 62

Age>60 24 48 24 40 43 44

Gender 0.111 0.852 0.273 0.195 0.613 0.093 0.272

Female 13 37 11 8 33 20

Male 51 81 47 15 79 86

T stage 0.410 0.601 0.706 0.261 0.672 0.476 0.556

1-2 28 53 20 11 49 42

3-4 26 37 23 7 39 39

N stage 0.034 0.327 0.055 0.821 0.393 0.902 0.589

Negative 12 35 13 5 34 23

Positive 45 58 31 14 58 60

M stage 0.046 0.104 0.051 0.737 0.333 0.145 0.197

Negative 57 88 43 19 91 79

Positive 1 10 4 0 6 9

Clinical stage 0.065 0.625 0.126 0.510 0.879 0.170 0.458

I-II 11 33 11 7 31 18

III-IV 48 70 38 14 67 74

Smoking 0.486 0.208 0.311 0.293 0.849 0.980 0.909

No 28 58 32 11 56 51

Yes 36 60 26 12 56 55

Drinking 0.381 1.000 0.533 0.559 0.522 0.434 0.458

No 32 67 29 14 60 55

Yes 32 51 29 9 52 51

Family history of

cancer

0.797 0.191 0.759 1.000 0.279 0.918 0.560

No 52 94 52 20 86 93

Yes 12 24 6 3 26 13

SCC 0.909 0.731 0.819 0.737 0.455 0.466 0.448

Normal 25 39 20 8 39 36

Increased 6 10 6 1 11 10

CEA 0.379 0.125 0.155 0.147 0.978 0.189 0.539

Normal 16 34 18 6 31 30

Increased 3 3 0 1 5 0

CYFRA 0.901 0.782 0.849 0.803 0.200 0.393 0.233

Normal 4 9 3 3 8 5

Increased 4 10 4 1 12 5

EBV 0.539 0.400 0.877 0.183 0.814 0.862 0.829

Negative 11 12 7 4 11 15

Positive 2 1 3 1 2 3

Blood type 0.334 0.612 0.307 0.844 0.269 0.654 0.416

A 10 23 10 4 18 21

B 9 19 7 6 12 17

AB 7 5 3 3 6 6

　 O 9 19 　 11 　 　 　 3 23 　 14 　 　

Among the SNPs related to the risk of HNSCC, the heterozygous and dominant model of AKT1 rs1130233 were significantly
rs2494732 was significantly related to male sex, stage III-IV disease, and normal carcinoembryonic antigen (CEA) levels (P=0.
the PIGR rs291102 wild-type genotype and dominance model were significantly related to normal levels of cytokeratin frag
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These results suggest that individuals with the IL-1RN rs419598, or
BCL2 rs2279115 polymorphisms showed a significant reduction in
HNSCC risk progression, whereas those with the PIGR rs291102
dominance model had increased HNSCC risk. In addition, we
found that different genotypes of some SNPs are significantly
correlated with different clinicopathological parameters, such as
IL-1B rs1143627, IL-4 rs2243250, and IL-4 rs2227284, IL-6
rs1800796, TNFRSF1A rs414570, TNF rs361525, COX-2 rs20417,
whereas other SNPs showed no significant correlations with
clinicopathological parameters in our data.

Recently, studies on the relationships between genetic
polymorphisms and radiotherapy sensitivity have been reported.
For example, gene polymorphisms of Wnt/beta-catenin may be
novel prognostic factors for NPC patients treated with RT (62). The
authors observed that the catenin beta 1 gene (CTNNB1) rs1880481
and rs3864004 polymorphisms, as well as the glycogen synthase
kinase 3 beta gene (GSK3beta) rs3755557 polymorphism, were
significantly associated with a poorer efficacy of RT in NPC patients
(63). However, the relationship between SNPs in inflammation-
related genes and the risk of HNSCC has not been reported. In this
study, we found that HNSCC patients carrying the IL-4RA
rs1801275 AA wild-type genotype were more sensitive to
radiotherapy compared with other patients. We also analyzed the
relationships between clinicopathological parameters and
radiotherapy sensitivity. Age ≤ 60 years, non-smoker status, and
normal levels of SCC were found to be associated with increased
radiotherapy sensitivity of HNSCC patients. We expect that these
results may help guide radiotherapy and concurrent radiotherapy
and chemotherapy treatment plans. However, this was only a
correlation study, and the support of basic science experiments
is necessary.

In our study, the 28 inflammation-related gene polymorphisms
we screened were previously reported in various cancers, and
several SNPs have been reported in HNSCC (6, 13, 31, 34–36, 39,
42, 64, 65). Drobin et al reported the correlation and possible
mechanism of VEGFA rs69947 with breast cancer and HNSCC
radiotherapy sensitivity. The authors proposed that this SNP may
affect protein expression, which would impact biological processes
such as blood vessel growth, inflammatory cell infiltration, the
immune response, DNA repair, oxidative stress and hypoxia (66).
These changes may underlie the differences in correlation and
sensitivity among patients. TNF-a is a cytokine that is secreted
during the inflammatory process accompanying RTH and during
cancer development. An SNP in the TNF-a promoter region can
potentially affect the function or expression of this cytokine and
thus modulate the risk of occurrence and intensity of OM and
shortening of overall survival (30). To explore these possibilities,
further studies are required using a larger sample size and
additional in vitro and in vivo experimental analyses.

The present study has some limitations. First, the sample size was
relatively small, especially for the HNSCC case group. Our results
need further confirmation in larger populations. Second, only
HNSCC risk was analyzed in this study. Analysis of prognostic
parameters, such as overall survival and progression-free survival, is
also warranted. Last, functional experiments are required to elucidate
the underlying disease mechanism responsible for our observations.
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In summary, we found that the AKT1 rs1130233 TT and
dominance model (CT+TT vs. CC) genotypes, as well as the
rs2494732 CC genotype, were associated with reduced risk of
HNSCC. The PIGR rs291097 GA and dominance model (GA
+AA vs. GG) genotypes, as well as the rs291102 dominance
model (GA+AA vs. GG), were associated with increased risk of
HNSCC. We also found that the IL-4RA rs1801275 AA genotype
was significantly correlated with increased radiotherapy sensitivity
of HNSCC patients. In addition, age ≤ 60 years, non-smoker status,
and normal levels of SCC were found to be associated with
increased radiotherapy sensitivity of HNSCC patients. We expect
that future data from a larger population sample will support our
results and be used to guide the comprehensive treatment and
prognosis of HNSCC patients. Further investigation is needed to
elucidate the molecular mechanisms governing our findings.
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Determining Clinical Patient
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Neck Adaptive Radiation Therapy
Using Random Forest Modelling and
a Novel Simplification Heuristic
Sarah Weppler1,2*, Harvey Quon3,4, Colleen Schinkel2,4, James Ddamba3,4,
Nabhya Harjai 5, Clarisse Vigal1, Craig A. Beers5, Lukas Van Dyke2 and Wendy Smith1,2,4

1 Department of Physics and Astronomy, University of Calgary, Calgary, AB, Canada, 2 Department of Medical Physics, Tom
Baker Cancer Centre, Calgary, AB, Canada, 3 Department of Radiation Oncology, Tom Baker Cancer Centre, Calgary,
AB, Canada, 4 Department of Oncology, University of Calgary, Calgary, AB, Canada, 5 Cumming School of Medicine,
University of Calgary, Calgary, AB, Canada

Purpose: To determine which head and neck adaptive radiotherapy (ART) correction
objectives are feasible and to derive efficient ART patient selection guidelines.

Methods: We considered various head and neck ART objectives including independent
consideration of dose-sparing of the brainstem/spinal cord, parotid glands, and
pharyngeal constrictor, as well as prediction of patient weight loss. Two-hundred head
and neck cancer patients were used for model development and an additional 50 for
model validation. Patient chart data, pre-treatment images, treatment plans, on-unit
patient measurements, and combinations thereof were assessed as potential
predictors of each objective. A stepwise approach identified combinations of predictors
maximizing the Youden index of random forest (RF) models. A heuristic translated RF
results into simple patient selection guidelines which were further refined to balance
predictive capability and practical resource costs. Generalizability of the RF models and
simplified guidelines to new data was tested using the validation set.

Results: Top performing RF models used various categories of predictors, however, final
simplified patient selection guidelines only required pre-treatment information for ART
predictions, indicating the potential for significant ART process streamlining. The simplified
guidelines for each objective predicted which patients would experience increases in dose
to: brainstem/spinal cord with sensitivity = 1.0, specificity = 0.66; parotid glands with
sensitivity = 0.82, specificity = 0.70; and pharyngeal constrictor with sensitivity = 0.84,
specificity = 0.68. Weight loss could be predicted with sensitivity = 0.60 and specificity =
0.55. Furthermore, depending on the ART objective, 28%-58% of patients required replan
assessment, less than for previous studies, indicating a step towards more effective
patient selection.
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Conclusions: The above ART objectives appear to be practically achievable, with
patients selected for ART according to simple clinical patient selection guidelines.
Explicit ART guidelines are rare in the literature, and our guidelines may aid in balancing
the potential clinical gains of ART with high associated resource costs, formalizing ART
trials, and ensuring the reproducibility of clinical successes.
Keywords: adaptive radiation therapy, head and neck cancer, patient selection guidelines, random
forests, heuristics
INTRODUCTION

The spatial accuracy of IMRT and VMAT for head and neck
radiotherapy can degrade over the course of treatment as tumor
volumes and patient anatomy change. Previous studies in the
literature indicate median decreases in gross tumor volume of
70% (1), and average weight loss of 8% (2) over the course of
radical (chemo)radiotherapy. These anatomical changes may
cause doses to organs-at-risk (OAR), such as the parotid
glands, to increase in by >10 Gy (3), and target coverage to
degrade by >5% (4) in select patients. Adaptive radiation therapy
(ART) replans patient treatments in response to anatomical
changes, with single-institution clinical trials showing that
ART may improve 2-year local regional control by 9% (5),
reduce xerostomia and dysphagia by an estimated 11% (6) and
significantly improve post-treatment quality of life (7).

Treatment replanning is simple in concept, yet routine ART is
hampered by practical constraints. Replanning all head and neck
cancer patients can place a significant burden on dosimetry,
medical physics, and other departments (8). In addition, only
about 20% of patients are expected to benefit from replanning
(3), however, criteria to effectively identify these patients have
not yet been established in the literature. Current patient
selection for treatment replanning is often subjective,
according to clinician discretion, making it challenging to
reproduce the above ART trial results and successes. Simple
ART patient selection approaches, such as monitoring changes in
a patient’s external contour, may be no better than randomly
selecting patients for replanning (9). Existing ART models for
patient selection show promise but still suffer from limited
performance (10, 11).

In this study, we develop simple guidelines to select patients
for ART (including physician/physicist review of delivered doses,
re-CT, refitting of immobilization, and/or treatment replanning),
with the objective of decreasing the likelihood of toxicity, poor
post-treatment quality of life, and/or tumor recurrence. We use
random forest (RF) models to examine which ART objectives are
practically achievable (i.e., predictable with reasonable resource
use, according to RF capabilities), and further simplify model
results using a novel heuristic to develop clinical patient selection
guidelines. While full RF models capture the complexity of
predictor-response associations, heuristic-based guidelines are
more transparent and of a format that is familiar and intuitive for
clinical staff. Our hope is that this step towards explicit ART
patient selection guidelines will fill an important gap in the ART
literature, allow for the formalization of ART trials and improve
2283
the reproducibility of clinical ART studies. Furthermore, such a
modelling-simplification paradigm as presented in this study is
generalizable to a variety of clinical settings that strive to balance
the insight gained from complex analyses with the clarity
required for clinical implementation.
MATERIALS AND METHODS

Patient Inclusion Criteria
The study cohort consisted of 250 head and neck cancer patients
treated at a single center with radical VMAT (chemo)
radiotherapy (70 Gy/33 fractions) between November 2015
and September 2018. The VMAT technique used 2 arcs of 6
MV photons. Radiotherapy treatment planning objectives for
planning target volumes (PTVs) and OAR are provided in
Table 1. Patient radiotherapy treatments were planned using
the Eclipse Treatment Planning System, Versions 11 and 13
(Varian Medical Systems, Palo Alta, CA). Institutional image-
guided radiation therapy protocols used daily kV-orthogonal
imaging and weekly kV-cone beam CT (CBCT) imaging. This
study was approved by our institutional research ethics board
(HREBA.CC-18-0093).

Potential Predictors
Table 2 lists potential predictors identified based on clinical
experience and according to measures broadly suggested in the
literature. These have been collected from the patients’ electronic
medical record (EMR), contoured planning CT (pCT), treatment
plan (RTx), and rigid alignments of planning CT and last-
acquired on-unit CBCT images (Obs). Some measurements,
such as changes in brainstem and spinal cord volume, were
TABLE 1 | Radiotherapy treatment planning objectives.

Structure Type Planning Objective

Target High-dose PTV D95% ≥ 70 Gy
High-dose PTV D2% ≤ 77 Gy
Low-dose PTV D95% ≥ 59.4 Gy
Low-dose PTV D20% ≤ 65.3 Gy

Organs-at-Risk Brainstem D0.03cc ≤ 54 Gy
Spinal cord D0.03cc ≤ 48 Gy
Pharyngeal constrictor Dmean ≤ 50 Gy
Ipsilateral and contralateral parotid gland Dmean ≤ 26 Gy
Ipsilateral and contralateral submandibular gland Dmean ≤ 39 Gy
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included to identify errors in deformable image registration
(DIR) image processing, as volumetric changes in these
structures with progression through treatment is not expected.
Supplementary Material – Part 1 provides further details of CT-
CBCT measurements.

Adaptive Radiation Therapy Objectives
We independently considered nine ART objectives of interest,
where initial RF models were developed to predict which patients
would experience:

1. Increases in brainstem/spinal cord Dmax (whichever
structure was planned closer to or farther exceeded the
planning objective) - potentially increasing the risk of
brainstem necrosis or myelopathy;

2. Increases in parotid gland Dmean for the gland planned with
the lowest mean dose - potentially increasing the risk of
xerostomia;

3. Increases in pharyngeal constrictor Dmean – potentially
increasing the risk of dysphagia;

4. Increases in submandibular gland Dmean for the gland
planned with the lowest mean dose – potentially increasing
the risk of xerostomia;

5. Decreases in high-dose CTV D95% target coverage –
potentially increasing the risk of tumor recurrence;

6. Increases in high-dose CTV D2% target hotspot – potentially
increasing the risk of tissue necrosis;

7. Increases in volume of high-dose CTV - potentially
indicating poor treatment response;

8. Decreases in body mass index (BMI) – potentially
prognosticating poorer overall survival and disease-specific
survival;

9. Increases in on-unit patient setup time from the first kV-
orthogonal image to beam-on, including CBCT-based
adjustments – indicating greater staffing and resource costs.

Although objectives are expected to be correlated, each RF
model was developed to predict a specific objective in an attempt
Frontiers in Oncology | www.frontiersin.org 3284
to clarify predictor-objective associations. Further detail on the
clinical implications of select objectives is provided in Table 3.

An inter-fractional anatomic or dosimetric change potentially
increasing the risk of an adverse effects is defined as a “violation”
warranting an ART replan assessment. All other changes were
considered “normal” (e.g., resulting from minor anatomical
changes or variations in patient setup).
Dosimetric ART Objectives
Deformable Image Registration Workflow
Quality Assurance
Delivered dose was estimated by deformably registering the
planning CT and last-acquired CBCT images (Velocity™ Version
3.2.0, Varian Medical Systems) (24, 25), copying the original
treatment plan to the resulting contoured “synthetic CT”, and
recalculating dose (26). Therefore, synthetic CTs combined the
clinician contours, field of view, and HU calibration curve of the
planning CT with changes in anatomy captured by the last-acquired
on-unit CBCT. Quality assurance of the workflow compared DIR
output with the consensus contours of two radiation oncologists
specializing in head and neck cancer, on a subset of representative
images (27–29). Full details on the quality assurance analysis
approach is provided in Supplementary Material – Part 2.

Patient Data Labels: Normal vs. Violation
To formalize normal vs. violation labels for each patient, according
to each objective, we established tolerances to distinguish random
variations (i.e., resulting from daily setup changes or workflow
error) from systematic dose degradations. For this, we additionally
analyzed the weekly CBCTs for 10 patients randomly selected
from the cohort (65 synthetic CTs), performed a linear fit to each
patient’s weekly trend data (given the noise in trend data), and
calculated the difference between the linear trend and actual
objective estimate based on the last-acquired CBCT. Twice the
standard deviation of these differences across all patients provided
a random error deviation tolerance; violations in objective values
exceeding the deviation tolerance were more likely to result from
systematic effects.
TABLE 2 | Input data and categories used for RF model development.

Patient and Tumor Data from
Electronic Medical Record (EMR)

Planning CT Data (pCT) Treatment Plan Data (RTx) Patient Monitoring and
CBCT-Based Measurements (Obs)*

Age Structure volumes at planning: Planned dose parameter values: DFace diameter
Gender * High-dose CTV * High-dose CTV D95%, D2% DNeck diameter
Cancer Site * Low-dose CTV * Low-dose CTV D95%, D20% DNeck/shoulder contour
TNM Stage * Brainstem * Brainstem D0.03cc Head rotation
Chemotherapy agent * Spinal cord * Spinal cord D0.03cc Chin tilt
ECOG performance status * Pharyngeal constrictor * Pharyngeal constrictor Dmean DShoulder position
Charlson comorbidity index * Ips./cont. parotid gland * Ips./cont. parotid gland Dmean DBMI
HPV status * Ips./cont. submandibular gland * Ips./cont. submandibular gland Dmean Percutaneous endoscopic gastrostomy

or nasogastric tube placementSmoking history
Drinking history
Initial BMI
Disease laterality
Bolus
J

Ips., ipsilateral; Cont., contralateral; D, change relative to value at planning.
*See Supplementary Material – Part 1 for measurement details.
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Given the deviation tolerance, we first determined normal vs.
violation labels according to “planning criteria violations”. For
patients with planned doses meeting planning criteria, violations
were present if:

delivered dose ≥ planning criteria + deviation tolerance (1)

For patients with planned doses exceeding planning criteria,
violations were present if:

delivered dose ≥ planned dose + deviation tolerance (2)

Secondly, we considered an “as low as reasonably achievable”
(ALARA) screening paradigm that applied equation (2) to all
patients, correcting, for example, any dose increases above
planned values, including consideration of the deviation tolerance.

For comparison, for each of the planning criteria violations
and ALARA approaches, we identified the quartile of patients
with the worst planning criteria and ALARA violations without
consideration of these random/systematic tolerances. Therefore,
for each endpoint, we considered four normal/violation formats
(planning criteria violations + deviation tolerance; ALARA +
deviation tolerance; planning criteria violations + poorest
quartile; ALARA + poorest quartile). Additional details and
examples of the planning criteria and ALARA violation
definitions may be found in Supplementary Material – Part 3.
Clinical and Volumetric ART Objectives
Changes in the volume of the high-dose CTV were calculated
from planning and synthetic CTs. Clinical and volumetric
objectives had no planning objectives or pre-defined tolerances.
Instead, we calculated the deviation tolerance of linearly
projected trend values vs. calculated values to give a sense of
the relative contribution of random noise in the data. For RF
model development, we identified the quartile of patients with
the most unfavorable relative changes in objective values
(ALARA + poorest quartile formatting).
Frontiers in Oncology | www.frontiersin.org 4285
Analysis
Training and Validation Datasets
We developed RFmodels using the first 200 chronological patients
(treated November 2015 – January 2018). The subsequent
50 patients (treated January 2018 – September 2018) were
reserved for model validation. Cohort characteristics are
summarized in Table 4.

Random Forest Modelling
Random forest models were selected for their predictive
capability and versatility (30), as well as analogy to clinical
decision-making paradigms. Conceptually, these algorithms
look at the majority vote of a set of decision trees, similar to
an assessment by multiple clinicians.

The RF models used all predictor categories (EMR, pCT, RTx
and Obs in Table 2) and combinations of categories to predict the
magnitude of a violation for each objective except for #8: decreases
in BMI. RF models for the latter excluded the Obs predictor
category (already containing DBMI) and used only pre-treatment
data (EMR, pCT, RTx). As RF model initialization is stochastic in
nature, we used five different random initializations for each model.
Receiver operating characteristic (ROC) curves were produced for
each model and initialization by incrementally varying the value
(“threshold”) required to convert a five-fold cross validated
numerical violation estimate (regression) to categorial normal/
violation output. A schematic for the prediction of violations
using a trained RF model and a sample “toy” input is shown in
Figure 1. The point on the ROC curve maximizing the sum of
sensitivity and specificity (i.e., maximum Youden index) served as
the primary metric for assessing model performance for a given
ART objective. Area under the curve (AUC) provided additional
information on model performance.

To identify which objectives were most predictable given all
combinations of potential predictor sets (EMR, pCT, RTx, Obs)
and reference normal/violation paradigms (planning criteria and
ALARA violations, with deviation tolerances or poorest quartile),
TABLE 3 | Objectives, normal/violation deviation tolerances, and potential clinical implications of violations.

ART
Objective

Definition Tolerance on planning criteria
violation or ALARA deviation

from planned value*
(% patients with violation)

Implications of Objective Violations on Toxicity and Clinical Outcomes

Trend Analysis Quartile

Brainstem/
spinal cord

Brainstem D0.03cc ≥ 54
Gy OR spinal cord D0.03cc
≥ 45 Gy)

1.1 Gy (20%) 0.8 Gy Increased risk of severe or permanent neurological effects (12); >0.03% risk of
myelopathy increasing to 0.2% at 50 Gy (13); V45 Gy > 14.15 cc for Lhermitte sign (14);
increase in total MFI-20 acute patient fatigue scores of 0.3 over baseline per 1 Gy (15);

Parotid
glands

Ips. AND cont. parotid
gland Dmean ≥ 26 Gy

2.2 Gy (27%) 0.9 Gy Little or no recovery of stimulated salivary flow (16); increase in the risk of grade 2 or
worse xerostomia by 20% for each 1 Gy over 26 Gy (17); decrease in long-term salivary
function to <25% for doses >25 Gy (18);

Pharyngeal
constrictor

Pharyngeal constrictor
Dmean ≥ 50 Gy

0.8 Gy (47%) 1.5 Gy >20% risk of dysphagia (19, 20); increase in the risk of dysphagia by 19% per 10 Gy
after 55 Gy (19); decreased QoL scores in speech and social function (21)

Weight loss During-treatment decrease
in BMI (quartile of patients
with greatest weight loss)

1.83 kg/m2

(68%) (or
average weight
loss ≥ 6.8%)

3.4 kg/m2 (or
average
weight loss
≥12.8%)

Decreases in five-year overall survival of 8% and decreases in disease-specific survival of
7% for >10% weight loss (22); >10% weight loss had a significant impact on quality of
life (23)
MFI-20, Multidimensional Fatigue Inventory; *Based on equations (1) and (2) for dosimetric objectives.
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we used a greedy stepwise approach (31) and Kruskal-Wallis
rank-sum tests. Such an approach identified top performing RF
models to be heuristically refined to produce simple patient
selection guidelines. For each objective, parameters that most
clearly differentiated models with strong vs. poor predictive
capability according to Youden index were selected first; this
parameter was then fixed and the process repeated. When
multiple combinations of predictors produced ROC curves
with a similar Youden index, we identified the model with the
largest set of input parameters (most complete) and the
Frontiers in Oncology | www.frontiersin.org 5286
model with the smallest set of input parameters (most
parsimonious) for further testing. Of these two, the model
obtaining a higher specificity for sensitivity values ranging
from 0.60-0.80 was selected. Further details of RF model
development and selection is included in Supplementary
Material – Part 4.

While our sample size is relatively large for ART predictive model
development, it is fairly small in the field of machine learning. To
consider how sample size may have affected model performance, we
further developed models using the first 100, 125, 150 and 175
TABLE 4 | Cohort demographic and clinical characteristics.

Parameter Full Cohort (n = 250) Cohort for Model Development (n = 200) Cohort for Validation (n = 50)

Age in years, mean (±SD) 58.7 (10.1) 58.6 (10.3) 58.9 (9.4)
Gender, number (%)
Male 221 (88.4%) 174 (87.0%) 47 (94.0%)
Female 29 (11.6%) 26 (13.0%) 3 (6.0%)

Initial BMI, mean (±SD) 27.6 (5.8) 27.6 (5.8) 27.7 (5.6)
ECOG, median (range) 1 (0-3) 0 (0-3) 1 (0-3)
Charlson Comorbidity Index, median (range) 4 (1-9) 4 (1-7) 4 (2-9)
Alcohol use, number (%)
Never 55 (22.0%) 45 (22.5%) 10 (20.0%)
Former 18 (7.2%) 14 (7.0%) 4 (8.0%)
Current – Light (males 0-15 drinks/week, females 0-10
drinks/week)

127 (50.8%) 103 (51.5%) 24 (48.0%)

Current – Heavy (males >15 drinks/week, females >10
drinks/week)

50 (20.0%) 38 (19.0%) 12 (24.0%)

Tobacco use, number (%)
Never 93 (37.2%) 73 (36.5%) 20 (40.0%)
Cumulative – Light (0-20 pack-years) 71 (28.4%) 60 (30.0%) 11 (22.0%)
Cumulative – Heavy (>20 pack-years) 86 (34.4%) 67 (33.5%) 19 (38.0%)

Primary tumor location, number (%)
Larynx 22 (8.8%) 14 (7.0%) 8 (16.0%)
Hypopharynx 9 (3.6%) 7 (3.5%) 2 (4.0%)
Oral Cavity 20 (8.0%) 17 (8.5%) 3 (6.0%)
Oropharynx 145 (58.0%) 117 (58.5%) 28 (56.0%)
Nasal Cavity 7 (2.8%) 7 (3.5%) 0 (0.0%)
Nasopharynx 36 (14.4%) 28 (14.0%) 8 (16.0%)
Unknown 11 (4.4%) 10 (5.0%) 1 (2.0%)

T stage, number (%)
T0 – T2 119 (47.6%) 96 (48.0%) 23 (46.0%)
T3 – T4 110 (44.0%) 85 (42.5%) 25 (50.0%)
Tis 1 (0.4%) 1 (0.5%) 0 (0.0%)
Tx 20 (8.0%) 18 (9.0%) 2 (4.0%)

N stage, number (%)
N0 34 (13.6%) 27 (13.5%) 7 (14.0%)
N1 30 (12.0%) 14 (7.0%) 16 (32.0%)
N2 164 (65.6%) 146 (73.0%) 18 (36.0%)
N3 19 (7.6%) 10 (5.0%) 9 (18.0%)
NX 3 (1.2%) 3 (1.5%) 0 (0.0%)

p16 status, number (%)
Negative 49 (19.6%) 31 (15.5%) 18 (36.0%)
Positive 153 (61.2%) 126 (63.0%) 27 (54.0%)
Unknown 48 (19.2%) 43 (21.5%) 5 (10.0%)

Radiotherapy treatment, number (%)
Unilateral 20 (8.0%) 16 (8.0%) 4 (8.0%)
Bilateral 230 (92.0%) 184 (92.0%) 46 (92.0%)

Chemotherapy agent, number (%)
Capecitabine (Xeloda) 5 (2.0%) 5 (2.5%) 0 (0.0%)
Carboplatin 20 (8.0%) 18 (9.0%) 2 (4.0%)
Cetuximab 38 (15.2%) 36 (18.0%) 2 (4.0%)
Cisplatin (Cisplatinum) 176 (70.4%) 135 (67.5%) 41 (82.0%)
None 11 (4.4%) 6 (3.0%) 5 (10.0%)
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consecutive patients from the training cohort and assessed five-fold
cross validated estimates of sensitivity and specificity.
Heuristic to Derive Simplified Patient Selection
Guidelines for ART
To derive simple patient selection guidelines from the RF
models, we modified an existing heuristic approach (26).
Details of the present heuristic process are provided in Figure 2.
Conceptually, RFmodels are simplified by determining the values of
high-importance predictors (according to mean squared error on
out-of-bag samples) at the boundary of normal vs. violation
predictions. Combinations of predictor values producing
boundary results provided “cutoff” guidelines for patient selection.
An explicit example of this heuristic process for the ART parotid
gland sparing objective is presented in Supplementary Material –
Part 5.

Figure 3 summarizes the study design with respect to data
collection, guideline development, and guideline validation. All
analyses were performed in R (R Version 3.5.1, The R
Foundation for Statistical Computing, Vienna, Austria) using
the base and randomForest libraries.
Frontiers in Oncology | www.frontiersin.org 6287
RESULTS

Figure 4 provides a representative example of the geometric and
dosimetric changes in patient anatomy occurring between the
planning CT and synthetic CT.

Dosimetric ART Objectives
Deformable Image Registration Quality Assurance
DIR and physician contours were geometrically (27) and
dosimetrically (28) consistent for all except two anatomical
structure types (Supplementary Material – Part 2), validating the
DIR workflow used. Exceptions were submandibular glands and
high-dose CTV target coverage; as a result, RF models were not
developed for the corresponding ART objectives.

Patient Data Labels: Normal vs. Violation
Deviation and quartile tolerances from the trend analysis are
included in Table 3 for select ART objectives. Omitted from
Table 3 is patient setup time, which did not show systematic
trends with progression through treatment. In addition, only 6 of
250 patients had increases in high-dose CTV D2% exceeding
planning criteria, creating a dataset with low prevalence. Both
FIGURE 1 | Schematic of how the tree-based RF models predict an ART objective violation for a given patient with “toy” values for illustration purposes. Each tree
within the model is developed using a random subset of patients in the training dataset. Additional specifications are placed on how each tree is grown (only a
random subset of predictors is available to split upon at each tree node). To predict an objective violation for a new patient, patient data is input into the model. An
average violation estimate from all trees indicates whether the patient may require a replan assessment.
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FIGURE 2 | Summary of the heuristic process used to convert RF model results into simple ART patient selection guidelines.
FIGURE 3 | Summary of the study design: data collection, auxiliary analyses, guideline development, and guideline validation.
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setup time, and CTV D2% objectives were omitted from RF
model development. Further details on deviation and quartile
tolerances are provided in Supplementary Material – Part 3.
Frontiers in Oncology | www.frontiersin.org 8289
Random Forest Modelling
Table 5 summarizes the achievability and predictor sets required
for each of the ART objectives. Of these, for RF models achieving
FIGURE 4 | Example of the changes in patient geometry and dosimetry between the planning CT (A: left column) and synthetic CT (B: right column), here assessed
at fraction 31 of 33. The patient shown was identified as having changes representative of approximately 12% of the training cohort, according to data clustering
performed for deformable image registration quality assurance. Axial slices correspond to: 1) the centers of mass of the parotid glands; 2) centre of mass of the high-
dose PTV; 3) centre of mass of the pharyngeal constrictor, assessed for the planning CT and rigid alignment of the synthetic CT. A dose color wash indicates doses
ranging from 95% of the maximum allowable spinal cord dose, to 105% of the high-dose prescription. Anatomical structure contours are overlaid. Notably, the
patient experienced weight loss, loss of parotid gland volume, and a general increase in doses to healthy tissues.
June 2021 | Volume 11 | Article 650335

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


Weppler et al. H&N ART Patient Selection Guidelines

Frontiers in Oncology | www.frontiersin.org June 2021 | Volume 11 | Article 6503359290
TABLE 5 | Simplified patient selection guidelines for ART based on the most predictive RF models.

Objective (1) Can the objective
be predicted?*

(2) Which data are required for
model predictions?

(3) Can RF models be simplified and
patient selection streamlined?

Simple Patient Selection
Criteria†

1) Increase in brainstem/
spinal cord Dmax

Yes. AUC = 0.90 RTx, Obs Yes If Planned brainstem D0.03cc ≥ 16 Gy
(Sensitivity = 1.0,
Specificity = 0.77)

AND Planned cont. parotid gland
Dmean ≥ 20 Gy
AND Planned cont. submand. gland
Dmean ≥ 34 Gy
AND Planned ips. parotid gland
Dmean ≥ 25 Gy
AND Planned pharyngeal constrictor
Dmean ≥ 45 Gy
AND Planned spinal cord D0.03cc ≥

43 Gy
then violation likely.
(Sensitivity = 1.0, Specificity = 0.66)

2) Increase in parotid
gland Dmean

Yes. AUC = 0.79 RTx Yes If Planned brainstem D0.03cc ≥ 16 Gy
(Sensitivity = 0.91,
Specificity = 0.69)

AND Planned cont. parotid gland
Dmean ≥ 24 Gy
AND Planned cont. submand. gland
Dmean ≥ 33 Gy
AND Planned ips. parotid gland
Dmean ≥ 24 Gy
AND Planned ips. submand. gland
Dmean ≥ 61 Gy
AND Planned low-dose CTV D20% ≥

64 Gy
AND Planned pharyngeal constrictor
Dmean ≥ 45 Gy
AND Planned spinal cord D0.03cc ≥

41 Gy
then violation likely.
(Sensitivity = 0.82, Specificity = 0.70)

3) Increase in pharyngeal
constrictor Dmean

Yes. AUC = 0.78 EMR, pCT, RTx, Obs Yes If Planned brainstem D0.03cc ≥ 16 Gy
(Sensitivity = 0.64,
Specificity = 0.87)

AND Planned cont. parotid gland
Dmean ≥ 19 Gy
AND Planned cont. submand. gland
Dmean ≥ 34 Gy
AND Planned ips. parotid gland
Dmean ≥ 21 Gy
AND Planned pharyngeal constrictor
Dmean ≥ 49 Gy
AND Planned spinal cord D0.03cc ≥

40 Gy
AND Initial low-dose CTV volume ≥

197cc
then violation likely.
(Sensitivity = 0.84, Specificity = 0.68)

4) Increase in
submandibular gland
Dmean

No (excess geometric error arising from DIR workflow) –

5) Decrease in high-dose
CTV D95%

No (excess dosimetric error arising from DIR workflow) –

6) Increase in high-dose
CTV D2%

No (too few patients with violation to produce a predictive model) –

7) Increase in volume of
high-dose CTV

Weakly.‡ Obs No (model performance not
strong enough)

–

AUC = 0.63
(Sensitivity = 0.75,
Specificity = 0.47)

8) Decrease in patient
BMI (weight loss)

Yes. AUC = 0.78 EMR, pCT, RTx Yes If Initial BMI ≥ 27 kg/m2

(Sensitivity = 0.50,
Specificity = 0.70)

then violation likely.
(Sensitivity = 0.60, Specificity = 0.55)

9) Increase in on-unit
patient setup time

No (random interfractional changes dominate systematic effects) –
Sensitivity and specificity correspond to values obtained on the validation dataset. *Model performance based on the training point maximizing Youden index, averaged over the five
random model initializations. †Predictive performance of simple guidelines on the validation dataset. ‡Attributed to borderline geometric acceptability of DIR output.
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AUC≥0.75, Figure 5 shows ROC curves averaged over the five
random initializations.

In general, factors most affecting model performance
included: predictor set combinations (EMR, pCT, RTx, and/or
Obs), followed by normal/violation formatting (planning criteria
vs. ALARA violation; deviation tolerance vs. poorest quartile).
Models based on planning criteria violations outperformed those
based on the ALARA paradigm. Furthermore, for dosimetric
objectives, models developed using deviation tolerances
outperformed those identifying the quartile of patients with the
largest violations.

Youden index decreased for the validation dataset, as
expected, with an average decrease across all objectives of 0.12.
This behavior generally occurs due to slight model overfitting on
training data (10).

Constraints on training cohort size did not appear to limit RF
model results. Average AUC only increased by 1% when
doubling the size of the training dataset from 100 to 200
patients. However, the standard deviation of AUC for the five
random initializations of each model decreased by an average
of 44%.

Heuristically Simplified Patient
Selection Guidelines
Table 5 gives the simple patient selection guidelines and
performance on the validation dataset for the achievable ART
objectives. The percentages of patients indicated for replan
assessment were: 28% for brainstem/spinal cord; 33% for
parotid glands; 58% for pharyngeal constrictor; and 49% for
weight loss. For the simplified criteria, Youden index on the
validation dataset increased by an average of 0.15 compared to
the training dataset.

Although some of the top performing models included
elements from the EMR and Obs input categories, these could
be removed from the simplified criteria with only minor losses in
sensitivity and specificity. For the brainstem/spinal cord Dmax
objective, DNeck diameter ≥5mm was originally included in the
patient selection criteria. For the pharyngeal constrictor Dmean
objective, the heuristic retained DFace diameter ≥6mm and
bilateral treatment. For the latter, all patients planned with a
contralateral parotid gland Dmean exceeding 19 Gy received
bilateral treatment, and the redundant EMR parameter was
removed. Furthermore, removing the on-unit measurements
(DNeck diameter, DFace diameter) reduced specificity by 0.06
for both brainstem/spinal cord and pharyngeal constrictor
objectives. The moderate reduction in performance may have
significant gains in overall ART workflow streamlining as further
examined below.
DISCUSSION

This study shows that RF modelling may be used to examine
complex data associations, where results may be heuristically
simplified to produce clinical guidelines for clinicians that are
familiar and intuitive. Previous studies have aimed to predict
Frontiers in Oncology | www.frontiersin.org 10291
various ART objectives (10, 11, 32, 33). While a comparable
model in the literature predicting parotid gland dose increases
achieved specificity of 0.25 for sensitivity of 0.80 on a validation
dataset (10), our models and simplified guidelines have achieved
promising specificity of approximately 0.70 (sensitivity ≥0.80). In
addition, our ART patient selection targets a smaller number of
patients for replan assessment (28-58%) compared to 58% to
77% for parotid gland objectives previously published (10, 32).
Combining patient selection criteria from our study for
brainstem/spinal cord, parotid gland, and pharyngeal
constrictor objectives corresponds to ART referral for 65% of
patients. While replanning 65% of patients may currently be too
resource costly for rollout in busy clinics, the cost-benefit tradeoff
for brainstem/spinal cord or parotid gland sparing may be more
feasible. It may be possible to further refine pharyngeal
constrictor and weight loss models by evaluating modified
objective criteria (e.g., besides Dmean ≥50 Gy), although this
falls outside of the scope of the present work and QUANTEC-
motivated constraints.

By removing on-unit measurements in the simplified patient
selection criteria, ARTworkflow streamliningmay be considerably
improved. The brainstem/spinal cord Dmax objectives indicate the
most conservative gains from workflow streamlining where
removing on-unit measurements resulted in 13 more false
positive replan indications for the full study cohort over 35
months. However, on-unit image registration and measurements
for the cohort are estimated to take 275 person-hours total
(approximately 2 minutes/patient), significantly longer than re-
CT and dose recalculation for the 13 false positive cases.

The simplified criteria for dosimetric objectives contain
anatomically unrelated OARs, indicating correlations with plan
quality, where the proximity of target volumes to OAR may have
increased OAR doses. In keeping with general treatment
planning principles, healthy tissues doses likely were
distributed among multiple OAR in an attempt to meet
treatment planning criteria. For example, patients appear to be
at risk of increased parotid gland dose given high initial parotid
gland doses as well as high planned brainstem and spinal cord
doses. The “AND” format of the simple patient selection
guidelines is well-suited to capture these complex effects and
reflects the underlying nature of RF algorithms.

In practice, we expect that the simple patient selection
guidelines will be most efficiently implemented using basic
treatment planning system scripting capabilities, and ultimately,
that patient data may be continuously incorporated into RF model
development via an auxiliary workflow. However, the simple
guidelines are amenable to be pinned to a dosimetrist or booking
clerk’s wall for reference. The RF models and simplified guidelines
were developed specifically for our institution’s cohort and
treatment practices; application to other practices must be
carefully reviewed. For example, our center’s radical (chemo)
radiotherapy approach for these patients used two dose levels
(high-dose CTV = 70 Gy, low-dose CTV = 59.4 Gy). Although
this is a common practice, some centers may treat primary disease,
high-risk and low-risk lymphaticswith three dose levels, potentially
affecting the incidence of OAR dose violations. While not
June 2021 | Volume 11 | Article 650335
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FIGURE 5 | ROC curves for each objective based on the best performing RF models according to maximum Youden index, produced using input parameters
indicated in the Table 5. Upper: ROC curves estimate tradeoffs in model sensitivity and specificity using five-fold cross validation on the training dataset. Dark lines
denote average model performance across five random model initializations; average AUC is included in the legend. Corresponding ranges in model sensitivity and
specificity are indicated by light colored bands. Lower: Performance of final full RF models on the training (Full/Train) and external validation datasets (Full/Val.) is
compared with simplified criteria performance (Simple/Train, Simple/Val.) for i. brainstem/spinal cord Dmax, ii. parotid gland Dmean, iii. pharyngeal constrictor
Dmean, and iv. decrease in BMI (weight loss) objectives.
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statistically significant, slight improvements of the simplified
criteria over full RF models may result from the simpler nature
of the criteria (i.e., lower variance), and/or possible improvements
in our institutions patient planning, immobilization, and on-unit
image guidance. Although we strived to produce a comprehensive
set of ART objectives, it is not exhaustive and some objectives, such
as losses in CTV coverage, could not be modelled due to DIR
workflow errors specific to delineation of this anatomical structure.

A further limitation of this study is the use of last-acquired
CBCT images for each patient to characterize during-treatment
anatomical changes. This approach was motivated by the high
resource costs associated with aggregating data for the study
cohort, mainly arising from the manual inputs required for
image DIR between planning CT and CBCT images. Assuming
that patient anatomy was like the last-acquired CBCT for all
images overestimates the clinical benefit of ART. However, as
our focus is patient selection for ART, the greater “signal” of
these images has been used to increase the ability of models to
detect anatomical/dosimetric changes. In addition, this approach
allowed us to produce a larger and more diverse patient cohort
with the aim of developing robust ART models, as compared to
processing multiple images per patient.

The timing of ART replanning is generally recommended
during the first three weeks of treatment (3), however, timing
may vary by objective. Although replan timing falls beyond the
scope of the present study, is the focus of ongoing work.

The study design presented may be used to develop ART
patient selection criteria for other sites, such as lung, cervix, and
anal canal patients. Selection of patients for ART assessment are
expected to vary depending on the number and proximity of
OARs, and nature of acute toxicities and random vs. systematic
interfractional anatomical changes.
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Background: Heavy ion radiotherapy (HIRT) has great advantages as tumor
radiotherapy.

Methods: Based on 1,558 literatures from core collections of Web of Science from 1980
to 2020, this study visually analyzes the evolution of HIRT research, and sorts out the
hotspots and trends of HIRT research using CiteSpace software.

Results: Research on HIRT has received more extensive attention over the last 40 years.
The development of HIRT is not only closely related to radiation and oncology, but also
closely related to the development of human society. In terms of citation frequency,
“International Journal of Radiation Oncology*Biology*Physics” was the top journal. In
terms of influence, “Radiotherapy and Oncology” was the top journal. “Radiation therapy”
and “carbon ion radiotherapy” were the two most frequently used keywords in this field.

Conclusion: The evolution of the HIRT research has occurred in approximately three
stages, including technological exploration, safety and effectiveness research and
technological breakthroughs. Finally, some suggestions for future research are put
forward.

Keywords: heavy ion radiotherapy, Citespace, visualization research, cancer, radiation
INTRODUCTION

With the rapid world population growth and aging, cancer as the leading cause of death in the
increasingly prominent position (1). According to statistics from the International Agency for
Research on Cancer (IARC), the global cancer incidence and mortality rates are increasing rapidly
(2). It is estimated that 22 million new cancer cases and 13 million cancer-related deaths occurring
annually by 2030 (3). The main treatment methods for malignant tumors include surgical therapy,
chemotherapy, and radiation therapy (4). Among them, heavy ion radiotherapy (HIRT) is one of
the important methods of radiotherapy for malignant tumors.

Heavy ions generally refer to the particles with atomic number greater than 2 that are ionized (5).
After accelerating, the charged particles deposit energy at the end of the range and form a Bragg peak,
July 2021 | Volume 11 | Article 6349131295
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with a high linear energy transfer (LET) (6). It provides a new
therapeutic method for intractable cancers and radioresistant
tumors (7). In the 1970s, Lawrence Berkeley National Laboratory
(LBNL) was the first to apply HIRT in clinical trials. However,
helium and neon ions were still the mainstream of heavy ion line
research in the United States at that time (8). In 1994, Japan’s
National Institute of Radiological Science (NIRS) built the world’s
first heavy ion medical accelerator in Chiba (HIMAC), which is
dedicated to heavy ion cancer treatment and research of radiation
medicine (9). In June 1994, the first group of patients received heavy
ion beam therapy with HIMAC at NIRS (10). The patients treated
included head and neck tumors, brain tumors, lung cancer, liver
cancer, prostate cancer and cervical cancer. Since that time, over
20,000 patients have been treated with carbon ion radiation therapy
(CIRT) (11). In 1997, Helmholtz Centre of Heavy Ion Research
(GSI) in Darmstadt, Germany, achieved the heavy ion beam
conformal radiotherapy and real-time on-line monitoring of beam
current (6, 12). In 2005, the Institute of Modern Physics (IMP),
Chinese Academy of Sciences, based on the heavy ion research
facility in Lanzhou (HIRFL), built the heavy ion treatment terminal
for superficial tumors, which also made China the fourth country in
the world to conduct heavy ion clinical trials.

In recent years, HIRT has become a cutting-edge technology
in tumor radiotherapy, and its potential advantages have been
continuously explored, and the efficacy of tumor treatment has
been further affirmed (13). As a result, the number of
publications on HIRT for tumors has increased rapidly.
However, the performance, productivity, and impact of these
studies are still unknown.

At present, bibliometrics has been recognized as the most
active sub-discipline in the international library and information
field, and has become the mainstream of information science
research, reflecting the trend of quantification of contemporary
disciplines (14). Compared with other analysis methods,
scientometric analysis is a quantitative analysis method that
combines mathematics and statistical methods (15), and is a
good choice for evaluating the trend of research activities (16). In
addition, scientometric analysis focuses on the measurement
characteristics of research literature in a certain field, which
helps researchers grasp the development characteristics of this
field and guide follow-up work (17). This study systematically
evaluated the research on HIRT that was included in theWOSCC
from database built to the end of August 2020. This review was
conducted to address the following research questions:

Q1: What are the overall Scientometric data extracted from
HIRT research literature?

Q2: What are the recent and emergent trends and issues in
HIRT research?

Q3: What promising future research directions are suggested
based on the recent empirical findings in HIRT learning?
MATERIAL AND METHODS

Source of Data
The literature data used in this study was downloaded from the
Science Citation Index Extension (SCIE) and Social Science
Frontiers in Oncology | www.frontiersin.org 2296
Citation Index (SSCI) databases of Web of Science. SCIE and
SSCI are the most frequently used databases in bibliometric
analysis. These two databases cover more scientific and
authoritative publications than other databases. In addition,
SCIE and SSCI provide literature citation information,
keywords and reference information. The search time is set to
“all year”, and the search formula was set to TS = “carbon beam
therap*” OR “carbon ion beam radiation therap*” OR “carbon
ion beam radiotherapy*” OR “carbon ion beam therap*” OR
“carbon ion radiation therap*” OR “carbon ion radiotherap*”
OR “carbon ion therap*”OR “carbon ion treatment*”OR “heavy
ion radiation therap*” OR “heavy ion radiotherap*” OR “heavy
ion therap*” OR “heavy ion treatment*”.

Inclusion Criteria
We included articles and reviews published in different academic
journals. Letters, editorial materials, Meeting abstracts,
conference presentations, book reviews, news items, and
corrections were excluded. The language was limited to
English, without specifying species restrictions.

Research Methods
Co-citation is an important part of citation analysis. If two
papers are cited by one or more subsequent papers at the same
time, the two papers are considered to have the co-citation
relationship (18). Because the co-citation analysis method is
scientific and objective, its analysis objects have been extended
from papers to authors, disciplines and journals. These three
types of co-citation are all based on the co-citation of the paper.
Journal co-citation means that the documents of two journals are
cited by the documents of other journals at the same time (19).
The number of documents of other journals that meet the
conditions is the co-citation strength of the journal. Journal
co-citation organically links many journals that seem to have no
external connections, thus revealing the interdependence and
cross-over relationship between journals (20). Using journal co-
citation relationships can determine the professional limits and
content coverage of certain journals, reveal the development
status, structure and interrelationships between journals, and
confirm the core journals of the subject.

Keywords are the core summary of a paper. Analysis of
keywords in the paper can give a glimpse of the topic of the
article. The idea of keyword co-occurrence analysis comes from
the concept of citation coupling and co-citation in bibliometrics
(21). That is, when two keywords that can express the research
theme or research direction of a certain subject field appear in the
same document, it indicates that there is a certain internal
relationship between the two words. And the more times it
appears, the closer the relationship and the closer the distance.
Counting the frequency of the two pairs of subject words in the
same document can form a common word network composed of
these word pairs. Using factor analysis, cluster analysis and
multidimensional scale analysis and other multivariate
statistical methods, the research hotspots, structure and
paradigm of the subject can be summarized (22).

CiteSpace is designed as a progressive knowledge domain
visualization tool (23). In this article, we used CiteSpace to
July 2021 | Volume 11 | Article 634913
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analyze the evolution, knowledge structure, hot issues and
development trends of the heavy ion research field from 1980
to the end of August 2020, carried out multi-dimensional
network analysis and draw the corresponding knowledge map.
In this study, CiteSpace was used (1) for journal distribution
analysis (2), for keyword co-occurrence analysis, and (3) for
reference and keyword burst analysis.
RESULTS

Annual Publishing Trends
A total of 1,558 related articles were included for visual analysis.
The overall trend of publications increased from one publication
in 1983 to 153 publications in 2019 (Figure 1). At 1980s,
research on HIRT was still in its infancy, with a small amount
of related publications; by 1996, the annual publication amount
was less than five. Subsequently, Japan and Germany successively
used carbon ions as the beam for tumor treatment to conduct
clinical trial research. Therefore, from 1997 to 2008, the research
on HIRT increased steadily, and the number of peer-reviewed
papers increased from 5 to 50. Since 2009, the number of
literatures on heavy ion radiotherapy has increased rapidly,
which has received more attention than before. It may be due
to the remarkable curative effect of HIRT in Japan HIMAC,
especially twice cure rate for liver cancer and lung cancer (24,
25), which has conquered the medical community of
all countries.

Distribution of Journals
CiteSpace has a dual-map analysis module, which can display
citation trajectories, knowledge flow and the distribution of
papers in other information fields through dual-map overlay
analysis of journals, and uses Blondl algorithm to form journal
clusters (26). On the dual-map overlay analysis result of the
journal, the left side shows the journal distribution of the citing
literature and the cited literatures is on the right. The curve is the
Frontiers in Oncology | www.frontiersin.org 3297
citation line, which shows the whole sequence of citations. The
size of the ellipse shows the number of papers and authors
published in the journal. The more papers published in the
journal, the longer the vertical axis of the ellipse; the more
authors, the longer the horizontal axis of the ellipse.

There were four citation paths. The first orange path, papers
published in molecular/biology/immunology journals mostly cited
journals in molecular/biology/genetics area; the next orange path,
papers published in molecular/biology/immunology journals
partially cited journals in health/nursing/medicine area; the first
green path, papers published in medicine/medical/clinical journals
partially cited journals in molecular/biology/genetics area, the
bottom green path, papers published in medicine/medical/clinical
journals partially cited journals in health/nursing/medicine area.

In the field of HIRT, the research mainly cited two disciplines
as the research foundation (the right side of Figure 2): health/
nursing/medicine and molecular/biology/genetics. The most
frequently published journals in these two disciplines are
“International Journal of Radiation Oncology*Biology*Physics”
and “Clinical Cancer Research”. Their related research results
have been applied to medicine/medical/clinical and molecular/
biology/immunology (the left side of Figure 2). “Physics in
Medicine & Biology” and “Journal of radiation research” are
the most published journals in these two disciplines. In addition,
some journals in the fields of psychology, pedagogy, economics,
politics, society, history, philosophy, sports, etc. are also cited. It
shows that the development of HIRT is not only closely related to
radiation and oncology, but also closely related to the
development of human society.

Co-Citation Analysis of Journals
Citespace was used to analyze the co-citation of journals
(Figure 3). The co-citation of journal analysis shows the
distribution of important knowledge sources in a field (27).
Because the academic influence of a journal mainly depends
on the frequency of its citation. In Citespace, we selected the
node type as “Cited Journal,” extracted the “Top20” with the
FIGURE 1 | Publication of HIRT related papers (as of the end of August 2020).
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Jin et al. Visualized Analysis of HIRT
highest frequency in each time slice. Finally, we obtained a co-
citation network consisting of 86 nodes and 320 connections
(Figure 3). As we have noticed, the larger the node, the higher
the citation frequency. At the same time, through the co citation
frequency analysis of core journals, we can effectively reveal the
publication quality level of a certain journal. “International
Journal of Radiation Oncology*Biology*Physics” have been
cited 1,186 times, ranking first, followed by “Radiotherapy and
Oncology” (913), “Physics in Medicine & Biology” (794),
“Medical Physics” (629).

Centrality is used to indicate the importance of nodes. It is
usually shownasapurple ring in thefigure.The thickness of the ring
reflects the importance of intermediateness. The greater the
Frontiers in Oncology | www.frontiersin.org 4298
thickness, the higher the centrality of the node, and the higher the
importance of the node. In Figure 3, the purple ring of
“Radiotherapy and Oncology” is the thickest, followed by
“Radiation and Environmental Biophysics” and “Review of
Scientific Instruments”. The centrality values are 0.97, 0.94, and
0.58, respectively. Except for “Radiotherapy and Oncology”, we
found that the frequency of citations is not proportional to
centrality. Even if the frequency of citations is higher, it does not
necessarily mean that the journal has greater influence.

Keywords Co-Occurrence Analysis
Keywords can directly and accurately reflect the theme of the
article (28). Co-occurrence analysis of keywords through CiteSpace
FIGURE 3 | Co-cited analysis of journals related to HIRT literature.
FIGURE 2 | Dual-map overlay of HIRT literature.
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can intuitively understand the research hotspots in this field.
Figure 4 shows the keyword co-occurrence map in HIRT
domain. The larger the node, the more times the keyword
appears, and the stronger the relevance with the topic of the
paper. In this part, we described the distribution of a keyword
network consisting of 225 nodes and 929 connections. The top
keywords are “radiation therapy” (676), “carbon ion radiotherapy”
(664), followed by “irradiation” (262), “proton therapy” (250), and
“heavy ion radiotherapy” (220). Under this theme, it is not
surprising that other high-frequency keywords appear, except for
“proton therapy”. Proton and heavy ion beam therapy is the most
advanced radiotherapy technology recognized by the international
community. Both protons and heavy ions are charged particles
(29). Unlike conventional rays such as X-rays, gamma rays, and
electron rays, protons and heavy ions with a certain energy have a
Bragg peak that concentrates the deposited energy after entering
human tissues. In the treatment of tumors, the energy of protons
(or heavy ions) can be adjusted and the Spread Out Bragg Peak
(SOBP) can be used to make the rays act on tumors of different
depths and sizes (30). In this way, high-dose multi-field irradiation
of the tumor target area can be achieved, and at the same time, the
normal tissues around the tumor can be exposed to as little
radiation damage as possible. The structural composition
principle of the medical heavy ion accelerator system and the
medical proton accelerator system is basically the same (31). At
present, some compact medical proton/heavy ion accelerators that
have been built or are under construction in the world have the
functions of both proton and heavy ion radiotherapy. Therefore, it
is not surprising that “proton therapy” appears frequently as a
keyword in this field.
Frontiers in Oncology | www.frontiersin.org 5299
The distribution of keywords shows a diversified trend, and
the research topics are divided into the following categories:
HIRT technology, such as Monte Carlo simulation, dose
escalation, treatment planning, pencil beam scanning, relative
biological effectiveness, etc.; various tumors, such as advanced
adenoid cystic carcinoma, small-lung cancer, hepatocellular
carcinoma, prostate cancer, squamous cell carcinoma, soft
tissue sarcoma, etc.; outcome indicators such as toxicity,
complications, survival, mortality, efficiency.
RESEARCH FRONTIERS
AND CHALLENGES

Burst terms are regarded as indicators of the frontiers of research
within a period of time, which appear due to trends and sudden
changes in a certain period of time (32). The burst terms have
two key aspects: burst strength and duration. The former
represents the burst intensity, and the latter includes the
beginning and end of the burst time, as shown by the red line
in Figures 5 and 6.

The first stage (1993–2002): In this stage, the frontier of HIRT
mainly focused on the research of technology exploration.
Electron linear accelerator is the core component of HIRT
technology (33). In terms of structure and principle, medical
heavy ion accelerator system and medical proton accelerator
system are basically the same. It mainly includes accelerator
system, beam transmission system, treatment terminal system
and treatment planning system (TPS). The accelerator system is
the core part of medical accelerators (34). At present, there are
FIGURE 4 | Co-ocurrence analysis of keywords related to HIRT literature.
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basically three types of accelerators used in medical heavy ion
accelerator treatment centers in the world: linear accelerator,
cyclotron and synchrotron (35). The main accelerators of the
existing or under construction medical heavy ion accelerator
treatment centers all use adjustable-energy synchrotrons, and the
injectors use linear accelerators or cyclotrons. For example,
HIMAC and GSI both use linear accelerators. However, the
injector of the medical heavy ion accelerator built by HIRFL,
Chinese Academy of Sciences, uses cyclotron with reliable
operation and smaller footprint.

In the treatment planning system, the accuracy of dose
calculation is particularly important. The main drawback of
general radiotherapy is that the normal tissues surrounding the
tumor will also be exposed to high doses. Radiation injury to the
normal tissues can cause serious complications. In order to
reduce complications, it is necessary to reduce the radiation
dose, which results in insufficient tumor dose and limits the
improvement of therapeutic efficacy.
Frontiers in Oncology | www.frontiersin.org 6300
The energy change of the “Bragg peak” produced by heavy ions
is generally only a few millimeters wide. Many tumors that can be
treated clinically are larger than a few millimeters in diameter.
Only by superimposing multiple “Bragg Peaks” can the tumor be
covered (36). With the help of pencil beam scanning technology,
the energy can be changed and multiple Bragg peaks can be
superimposed to achieve more accurate and accurate treatment.
Pencil beam scanning technology is the key technology of proton
and heavy ion therapy (37). The tumor is simulated layered by
electronic computer, and then the rays are controlled to scan point
by point and layer by layer, so as to improve the accuracy of
radiation exposure and the treatment effect.

While heavy ion treatment of tumors has significant
advantages, it will also encounter technical difficulties. Lung
cancer, liver cancer, pancreatic cancer, these tumors will be
slightly displaced with breathing exercise. In order to confirm
that the tumor in motion enters the “window” of irradiation, and
the scanning can complete the whole dose coverage in a short
FIGURE 5 | Burst keywords of HIRT-related research.
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time, the authoritative experts of particle therapy used the
respiratory gating technology to solve the problem. Respiratory
gating technology uses advanced respiratory motion
baroreceptors to transmit the signal to the computer, and the
computer outputs the signal to the synchrotron to control the
synchrotron to turn on and off the rays (38). Respiratory gating
technology effectively reduces the radiation volume of radiation
on normal organs, and the curative effect is more accurate.

In summary, the biological basis of radiotherapy such as
protons and photons is the “4R theory” commonly used in
radiobiology: repair, reoxygenation, redistribution, repopulation
(39). The “4R theory” is the basic biological theory of traditional
radiotherapy, which determines that proton, photon and other
radiotherapy need to increase the number of fractional
irradiations to reduce side effects and enhance curative effects.
The biological effects of carbon ion rays go beyond the above
categories. Its ability to kill tumor cells has little to do with the
oxygen concentration and periodic distribution of tumor cells.
Using CIRT, the number of divisions is less (even one time can be
completed), and the damage to normal tissues is small, but the
killing effect on cancer cells is greatly improved (40).

The second stage (2003–2014): Research on the effectiveness
and safety of HIRT has become a hot topic in the field of tumor
radiotherapy. Carbon ion is the most used heavy ion for treatment.
According to the data particle therapy co-operative group
(PTCOG), as of the end of 2019, 12 particle therapy centers
around the world can implement CIRT. By the end of 2019, a total
of 34,138 patients have been treated, including more than 29,000
cancer patients by NIRS and more than 4,000 patients by GSI.
Frontiers in Oncology | www.frontiersin.org 7301
In 2015, NIRS published a study in Lancet Oncology to
introduce the experience in the past 20 years on CIRT for
cancer treatment (41). It has been proved that carbon ions are
effective in the treatment of radiation resistant head and neck
tumors. For example, the 5-year overall survival (OS),
progression free survival (PFS) and local control (LC) were 74,
44 and 68%, respectively. The 5-year local control rate and
survival rate can reach 88 and 86% in patients with inoperable
sacral chordoma treated with carbon ion. However, it should be
noted that there are 15/95 patients with sciatic nerve injury. The
survival rate of patients with stage I peripheral non-small cell
lung cancer treated with carbon ion is similar to the best survival
result of photon stereotactic body radiation therapy (SBRT).

Compared with photon, proton and other radiotherapies,
HIRT shows obvious clinical advantages.

Victor et al. (42) conducted a systematic review of nine
studies on CIRT of 632 cases of skull base chordoma and
chondrosarcoma. The results showed that in the chordoma-
only study, the estimated 1-year, 5-year, and 10-year LC were
99, 80, and 56%, respectively, and in the chondrosarcoma-only
study, 99, 89, and 88%, respectively. In the chordoma-only study,
the 1-year, 5-year, and 10-year OS were 100, 94, and 78%,
respectively. In the chondrosarcoma study alone, the 1-year, 5-
year, and 10-year overall survival probabilities were 99, 95, and
79%, respectively. The incidence of early and late toxicity (grade
2/3) in all study groups ranged from 0 to 4%. CIRT treatment of
skull base chordoma and chondrosarcoma has promise in terms
of tumor control, overall survival rate and early and late toxicity
risk. Zhang et al. (43) compared the effectiveness of CIRT, proton
FIGURE 6 | Burst articles of HIRT-related research.
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radiotherapy (PRT), and photon-based intensity modulated
radiotherapy (IMRT) in the treatment of malignant sinus
tumors. Through cross-group analysis, OS (75.1%) after CIRT
was significantly higher than PRT (66.2%) or IMRT (63.8%).
After CIRT, LC (80.2%) was significantly higher than PRT
(72.9%) or IMRT (67.8%). However, for OS and LC, there is
no significant difference between PRT and IMRT. CIRT provides
better OS and LC for patients with malignant tumors of the nasal
cavity and paranasal sinuses. Kong et al. (44) compared the
recent adverse effects of CIRT and intensity-modulated X-ray
therapy (IMXT) in the treatment of recurrent nasopharyngeal
carcinoma. The prescribed dose of CIRT was 50–60 Gy E (2.0–
2.5 Gy E each time), and the prescribed dose of IMXT was 56–66
Gy E (2.0–2.1 Gy E each time). The results showed that the recent
adverse reactions of CIRT are far less than IMXT.

Concurrent radiotherapy and chemotherapy is currently the
main treatment for inoperable locally advanced non-small-cell
lung cancer (NSCLC), but many patients cannot tolerate it.
Janneke et al. (45) conducted a systematic review of qualified
studies of CRT, SBRT, simultaneous radiotherapy (CCR), PRT
and CIRT for NSCLC. The results showed that the 2-year OS of
stage 1 inoperable NSCLC ranged from 53% for CRT to 74% for
CIRT. The 5-year OS of CRT (20%) is significantly lower than
that of SBRT (42%), PRT (40%) and CIRT (42%). It is concluded
that the survival rate of particle therapy is higher than that
of CRT.

A phase I/II dose gradient escalation clinical trial by Yamada
et al. (46) studied the efficacy of CIRT in the treatment of 186
patients with locally recurring rectal cancer, with a total dose of
67.2–73.6 GyE/16 times/4 weeks. The results of the second phase
trial showed that the 5-year LC and OS of patients with a total
dose of 73.6 GyE were 88 and 59%, respectively, and no >3 grade
adverse reactions were found. NIRS conducted a phase I/II
clinical trial of preoperative carbon ion radiotherapy for
resectable esophageal cancer from 2004 to 2008 (47). In
addition to one patient with acute respiratory distress syndrome
and the therapeutic relationship uncertain, the other patients
were not uncontrollable adverse reactions. After follow-up
observation, 11 of the 31 patients relapsed. The cause of the
recurrence was considered to be related to lymph node metastasis.

Although the clinical application of CIRT is still in
exploration, more and more clinical trials are reported to
support its remarkable curative effect, especially in refractory
tumors, radiation-resistant tumors and complex tumors, and it is
expected to significantly shorten the treatment time.

The third stage (2015–2020): In this stage, the research focus
of HIRT was technological breakthrough. High RBE is the most
significant feature of heavy ion in biology. It requires much less
dose than conventional radiation to achieve the same killing
effect on tumor cells. RBE of proton and photon is about 1–1.1
(48). According to the different doses and the observed biological
effect endpoints, the RBE of carbon ions is generally between 1.5
and 4.5 (49). HIRT can place the tumor in the Bragg peak with
high dose and high biological effect. The normal tissue in front of
the target is in the range of low dose and low LET, and the
damage is minimal. The normal tissues behind the target are
Frontiers in Oncology | www.frontiersin.org 8302
irradiated with low dose. DNA is the most important target of
radiation on cells. Through direct ionization, the carbon ion beam
causes multiple lethal damage to the DNA duplex and kills cancer
cells completely (50). The proton and photon rays generally play a
role through indirect ionization to produce free radical injury,
which leads to sublethal damage to DNA single-strand breaks,
which can easily cause tumor recurrence (51).

Furthermore, heavy ions also have a strong killing effect on
hypoxic cancer cells that are not sensitive to conventional
radiation. When exposed to low LET rays, the radiation
sensitivity of hypoxic cells decreases significantly (52). But
when the LET of heavy ions exceeds 200 keV/mm, there is
almost no oxygen effect. The lethal effect of heavy ions on cells
is hardly affected by the cell cycle. In different cell cycle, the
radiosensitivity of low LET is different, but for heavy ion beam,
the radiosensitivity of high LET has little fluctuation (53).

In the past 20 years, based on the clinical dose system defined
by radiobiology, tens of thousands of patients have received
CIRT for various tumors in NIRS. Through clinical experience,
including extensive dose escalation studies, an optimal dose
division plan has been established for each tumor, which can
be regarded as the standard for CIRT.

At present, there are two methods to calculate the dose
distribution of human tissue. One is the analytical dose
calculation algorithm, which mainly includes the pencil beam
algorithm and the wide beam algorithm. The other is Monte
Carlo (MC) dose algorithm, which uses particle transport
software to simulate actual heavy ion beam treatment
conditions and calculate the radiation dose of human tissue
(54). Due to its high accuracy and simple simulation process, the
MC dose algorithm has become an algorithm under
development in the current TPS.

The MC dose algorithm can accurately model the complex
problems (complex geometry, complex physical processes, complex
radioactive source arrangements, etc.) involved in radiotherapy,
while using less approximation (55).With the substantial increase in
computer processing speed, the continuous reduction in
computational cost and the introduction of variance reduction
techniques, a variety of MC software has been developed and
applied in the field of medical physics (56).

In 2011, NIRS began to use pencil beam scanning (a new beam
delivery method) for clinical treatment, and used this opportunity
to update the clinical dose system. The requirement of the updated
system is to correct the oversimplification in the original system
and coordinate with the original system to maintain the
established dose fractionation plan. In the updated system, the
radiation quality of the therapeutic carbon ion beam was obtained
through MC simulation, and its biological effectiveness was
predicted through the theoretical model. Both systems provide a
uniform clinical dose distribution within the target range
consistent with the prescription. Under all test conditions, the
average physical dose provided by the updated system to the target
is consistent with the dose provided by the original system within
±1.5%. The updated system reflects the physical and biological
characteristics of the therapeutic carbon ion beammore accurately
than the original system. At the same time, it is allowed to
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continue to use the dose fractionation scheme established by the
original system on the near-infrared spectrometer (57).

In summary, heavy ions have more advantages in biological
effects. It is beneficial to treat tumors that are not sensitive to
photon rays; and the heavy ion treatment tumor dose
distribution is better, which is beneficial to increase tumor
dose and reduce normal tissue damage. How to accelerate the
calculation speed while maintaining the high-precision
characteristics is the main subject of the MC dose calculation
method. The development of faster and more accurate dose
calculation methods is a hot research topic in the future.

The main obstacle to the current development of HIRT:
Although HIRT has achieved encouraging clinical effects, the
current development of HIRT for tumors is relatively slow. In
addition to capital, insurance and other market factors, we should
also see the constraints of technological development:① The better
choices for beam types are uncertain. At present, the beam
currents used in the treatment of cancer with heavy ion beam is
carbon ion beam. Whether carbon ion beam is the best beam
current for clinical use is still worthy of discussion. In particular, it
is very important to carry out research on the biological effects of
nitrogen, oxygen, and fluorine for selecting the best beam for the
next generation of heavy ion beams for cancer treatment. ② The
safety research of HIRT is still insufficient. Some studies have
found that heavy ions have a carcinogenic risk. At the same time,
heavy ion treatment of tumors will have some long-term health
risks. At present, researches on improving the safety of HIRT for
tumors and ensuring the quality of life of patients after
rehabilitation are crucial. ③ The further promotion of this
emerging technology of HIRT is still facing many problems.
First of all, with the construction and development of heavy ion
treatment centers, the number of patients receiving heavy ions is
increasing, so the demand for professionals is particularly tense. At
the same time, the complexity of the heavy ion therapy accelerator
device limits its promotion. Finally, high construction, operation
and maintenance costs have also greatly restricted related research
and development.

Future development:As a frontier hotspot of medical research,
CIRT for malignant tumors has incomparable advantages over
traditional radiotherapy, including precise dose distribution,
powerful tumor cell lethality and the monitorability of carbon
ion beams. Making full use of the above-mentioned physical and
biological advantages of carbon ions in the treatment of
malignant tumors can produce a series of clinical advantages
such as good therapeutic effects, light adverse reactions, and
accurate positioning. However, for different treatment goals,
there may be better choices for beam types. From the
perspective of technology promotion, helium ion beam therapy
may be more promising. The cell experiment results showed that
the RBE of helium ions is higher than that of carbon ions and
neon ions, but OER is smaller than that of carbon ions and neon
ions. In terms of accelerator technical requirements and return
on investment, helium ions have a smaller mass than carbon and
oxygen, and require less beam energy to reach the same depth in
the body. Therefore, the requirements for accelerators are low
and the investment cost is low. Helium ion accelerators are easy
Frontiers in Oncology | www.frontiersin.org 9303
to achieve miniaturization. At present, research institutions and
companies have begun to pay attention to helium ion cancer
treatment technology. Besides, oxygen ion beam is not only the
basic element of human body like carbon ion beam, but also can
be used for feedback tracking with PET. Compared with carbon
ion beam, oxygen ion beam has less nuclear fragment yield and
smaller lateral scattering. More importantly, theoretically, it is
speculated that oxygen ion beam is likely to have smaller OER,
stronger lethal effect on cancer stem cells and better clinical effect
than carbon ion beam, which is likely to be the best beam current
for cancer treatment by heavy ion beam. Therefore, we need to
strengthen the study of the biological effects of oxygen ion beams
on tumor cells (especially cancer stem cells).

Achieving more miniaturization of medical accelerator systems
and reducing treatment costs will be the focus of future equipment
research. Since the medical heavy-ion accelerator system and the
medical proton accelerator system are basically the same in
structure and composition principle, the functions of proton
beam and heavy-ion beam radiotherapy are integrated into the
same medical accelerator system, so as to achieve the purpose of
compound treatment, comprehensive utilization and cost
reduction. At present, some compact medical proton/heavy ion
accelerators that have been built or are under construction in the
world have both proton and heavy ion radiotherapy functions,
such as the Japan Hyogo Ion Beam Medical Center (HIBMC),
Heidelberger Ionenstrahl-Therapiezentrum (HIT), the Italian
National Centre for Oncological Hadrontherapy (CNAO), and
Shanghai Proton and Heavy Ion Hospital in China (58). Although
the use of advanced technologies such as superconductivity in
recent years has mademedical proton/heavy ion accelerators more
compact, there is still a large distance compared with the more
miniaturized equipment that people expect. The demand for high
therapeutic gain, miniaturization and low cost promotes the
continuous advancement of medical proton accelerator and
medical heavy ion accelerator technology (59).

When promoting any new treatment method, ensuring safety
is the top priority, especially for expensive and extremely
complex heavy ion facilities. The theories of 4R in photon
fractionation therapy are not fully applicable to HIRT (39). It
needs to be improved based on the experience of photon
radiotherapy. Heavy ion-induced NDA cluster damage is
difficult to repair, and the repair rate is low. It is the main
cause of death, aberration and even carcinogenesis. Animal
experiments show that the risk of lung cancer (60), liver cancer
(61) induced by low-dose heavy ions is much higher than that of
photon, and there are health risks such as secondary cancer (62).
It is of great significance to establish a reasonable experimental
model and carry out in-depth biological research to improve the
safety of heavy ion therapy for tumor and ensure the quality of
life of patients after rehabilitation (63).
CONCLUSIONS

This study provides historical insights into the trends of HIRT
research. The number of published papers significantly increased
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over the last 40 years, and the overall trend of publications
increased from one publication in 1980 to 153 publications in
2019. The trends and focus of applied HIRT research were
highlighted. In addition to the molecular, biology,
immunology, medicine, that HIRT research has traditionally
belonged to, in recent years, some journals have published
HIRT-related research in the fields of psychology, pedagogy,
economics, politics and so on. In terms of citation frequency,
“International Journal of Radiation Oncology*Biology*Physics”
was the top journal. In terms of influence, “Radiotherapy and
Oncology” was the top journal. “radiation therapy” and “carbon
ion radiotherapy” were the two most frequently used keywords
in this field. Technological breakthrough in HIRT field was the
latest frontier.

Although this is the first bibliometric study in HIRT research,
several limitations should be addressed. The electronic database
is limited to Web of Science, and other electronic databases are
not searched and analyzed, for example, PubMed, Embase,
Cochrane Library. Furthermore, the non-English papers were
excluded. In addition, we selected several keywords and tried to
expand the search using topic patterns (64). In fact, no search
criteria are 100% perfect, and a few publications may not be
included in our search. In addition, the parameter settings of the
CiteSpace software are very complicated, and different time slices
or different threshold settings will also affect the research results
to a certain extent. Nevertheless, the bibliometric method and
Cite Space visual analysis provide a reliable perspective for us to
study the research hotspots and frontier issues in a certain field
(32). However, the software has certain limitations. The data
sources that can be analyzed by CiteSpace mainly come from the
Web of Science database, and the analysis capabilities for
documents from other database sources are limited (65).
Furthermore, due to the limitation of the Web of Science
database, the results of this study may be biased. And the
Frontiers in Oncology | www.frontiersin.org 10304
hotspot analysis only analyzes the emerging literatures, which
cannot fully reflect the situation of the research hotspots
it represents.

In the future, ① For different therapeutic targets, the best
beam should be selected. ② Achieving more miniaturization of
medical accelerator systems and reducing treatment costs will be
the focus of future equipment research. ③ Establishing a
reasonable experimental model and carrying out in-depth
biological research are of great significance to the safety
research of HIRT.
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1 Department of Radiotherapy, Yunnan Cancer Hospital, the Third Affiliated Hospital of Kunming Medical University, Kunming, China,
2 Cancer Hospital Shenzhen Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Shenzhen, China

Introduction: Although intensity-modulated radiotherapy (IMRT), volumetric-modulated
arc therapy (VMAT) and tomotherapy (TOMO) are broadly applied for nasopharyngeal
carcinoma (NPC), the best technique remains unclear. Therefore, this study was
conducted to address this issue.

Methods: The priority-classified plan optimization model was applied to IMRT, VMAT and
TOMO plans in forty NPC patients according to the latest international guidelines. And the
dosimetric parameters of planning target volumes (PTVs) and organs at risk (OARs) were
compared among these three techniques. The Friedman M test in SPSS software was
applied to assess significant differences.

Results: The median PGTVnx coverage of IMRT was the lowest (93.5%, P < 0.001) for all
T categories. VMAT was comparable to TOMO in OARs clarified as priority I and II, and
both satisfied the prescribed requirement. IMRT resulted in a relatively high dose for V25
and V30. Interestingly, subgroup analysis showed that the median PTV coverage of the
three techniques was no less than 95% in the early T stage. The heterogeneity index (HI) of
PGTVnx in VMAT was better than that in IMRT (P = 0.028). Compared to TOMO, VMAT
showed a strong ability to protect eyesight and decrease low-dose radiation volumes. In
the advanced T stage subgroup, TOMO numerically achieved the highest median PGTVnx
coverage volume compared with VMAT and IMRT (93.61%, 91% and 90%, respectively).
The best CI and HI of PCTV-1 were observed in TOMO. Furthermore, TOMO was better
than VMAT for sparing the brain stem, spinal cord and temporal lobes (all P < 0.05).
However, the median V5, V10, V15, V20 and V25 were significantly higher with TOMO
than with VMAT (all P < 0.05).

Conclusion: In the early T stage, VMAT provides a similar dose coverage and protection
of OARs to IMRT, and there are no obvious advantages to choosing TOMO for NPC
patients in the early T stage. TOMO may be recommended for patients in the advanced T
stage due as it provides the largest dose coverage of PGTVnx and the best protection of
September 2021 | Volume 11 | Article 6465841307
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the brain stem, spinal cord and temporal lobes. Additionally, more randomized clinical
trials are needed for further clarification.
Keywords: nasopharyngeal carcinoma, intensity-modulated radiotherapy, volumetric-modulated arc therapy,
tomotherapy, dosimetry
INTRODUCTION

Nasopharyngeal carcinoma (NPC), one of the most common
head and neck cancers, is commonly diagnosed in north Africa,
southeast Asia and southern China (1, 2). According to global
statistics published in 2018, approximately 129 thousand new
cases occurred in 185 countries worldwide (3). NPC arises in a
deep anatomical location, adjacent to many important organs,
and tumor cells are extremely sensitive to radiotherapy.
Accordingly, radiotherapy is an important means of anticancer
therapy for NPC. Recent studies have shown that the 5-year
survival rate of NPC patients ranges from 77.2% to 89.7%, with
radiotherapy as the cornerstone of comprehensive treatment (4–
6). However, because many important organs at risk (OARs) are
adjacent to the nasopharynx, it is difficult to further improve
local control of the tumor by increasing the radiation dose.
Compared with the two-dimensional radiotherapy (2D-RT)
technique, three-dimensional radiotherapy (3D-RT) technique
has resulted in better survival rates, lower levels of damage to
normal structures and better conformity of tumor targets in
patients diagnosed with NPC (7, 8).

The three advanced radiation techniques commonly applied for
NPC are intensity-modulated radiotherapy (IMRT), volumetric-
modulated arc therapy (VMAT) and tomotherapy (TOMO).
Although clinical practice has indicated that these three radiation
techniques can meet the prescription dose requirement for NPC,
the results of studies comparing the dosimetry of different radiation
techniques in NPC are inconsistent. For example, He et al. (9)
demonstrated that the VMAT plan was superior to the IMRT plan
with regard to the dose distribution of targets and OAR protection.
In contrast, another study concluded that the VMAT plan was the
same as the IMRT plan in terms of sparing OARs (10), whereas
other studies have shown that the TOMO plan shows dosimetric
advantages over the IMRT plan (11, 12). Sun et al. (13) showed that
VMAT was inferior to IMRT regarding the protection of OARs.

Nevertheless, few studies have focused on the comparison of
IMRT, VMAT and TOMO plans for NPC. A study conducted by
Lu et al. (14) showed that compared to the IMRT and VMAT
plans, the TOMO plan achieved the best dosimetric parameters in
the conformity index (CI), heterogeneity index (HI) and sparing of
critical structures for NPC patients. In contrast, the maximum dose
to the optic nerves, eyes and lens and the mean dose to the parotid
glands and larynx were higher in TOMO than in VMAT. It is not
clear which treatment would benefits NPC patients the most.

The biggest problem with most published studies is that they
do not emphasize the priority of protecting OARs classified as
priority I (brain stem, spinal cord, optic nerves and optic
chiasma). In these studies, the coverage of planning targets was
considered first when optimizing plans, which is contrary to the
latest guidelines published in 2019 (15). Thus, the dose coverage
2308
of targets was more than 95%, but the dose of OARs classified as
priority I (such as the spinal cord and brain stem) in some
patients exceeded the guidelines. This is why the pass rate of the
brain stem was as low as 28.8% (15/52) in Sun’s study (13) (the
pass rate is defined as the percentage of patients meeting a
prescribed dose limit). Hence, we designed this study to further
illustrate the advantages and disadvantages of IMRT, VMAT and
TOMO plans in patients diagnosed with NPC, based on the
newest guidelines in which the priority of the dose coverage of
the planning targets was lower than that of OARs classified as
priority I. Additionally, because tumors in patients with
advanced NPC are more adjacent to vital OARs, different
radiotherapy techniques may have different dose distributions.
Therefore, we used subgroup analysis to explore the best
radiotherapy technique for patients in different clinical stages.
METHODS

Patient Selection
Forty patients were randomly enrolled at the Radiation Department
of Yunnan Cancer Hospital between January 2019 and March 2019
who were pathologically diagnosed with NPC and had received
radiotherapy for the first time were included in this study. The
treatment objective for all patients was to eradicate the tumor.
According to the American Joint Committee on Cancer (AJCC) 8th
edition system, the numbers of patients diagnosed with T1, T2, T3
and T4 stages were 8 (20.0%), 11 (27.5%), 12 (30%) and 9 (22.5%),
respectively. There were 26 (65.0%) males and 14 (35.0%) females
among the 40 included patients, with a median age of 50 years,
ranging from 27 to 69 years.

All of the patients underwent magnetic resonance imaging (MRI)
of the nasopharyngeal region and neck to guide the delineation of the
target. Positron emission tomography-computed tomography (PET-
CT) was applied when possible, considering the economic situation
of the patients. In addition, detailed CT, nasopharyngoscopy and
ultrasonography data for cervical lymph nodes were collected to
interpret the location and extent of the tumor.

Our study was a retrospective analysis; patient details are not
disclosed, and the patients were free to choose one of the three
treatment plans (IMRT, VMAT and TOMO plans) for their
treatment. Our study was reviewed and approved by the Ethics
Committee of Yunnan Cancer Hospital. All the participants
signed informed consent forms to participate in this study.

Postural Immobilization and
Treatment-Planning CT
The patients were immobilized with a head neck and shoulder
thermoplastic mask in the supine position. Then, an enhanced
September 2021 | Volume 11 | Article 646584
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computed tomography (CT) simulation scan was performed from
the skull vertex to 2 centimeters below the sternoclavicular joint.
The CT images transferred to the treatment planning system
(TPS) were reconstructed with a 3-millimeter slice thickness. Each
treatment plan was replanned for IMRT, VMAT and TOMO
based on the same set of CT images.

Delineation of Target Volumes
and Organs at Risk
For all patients, target volumes were delineated by a senior radiation
oncologist to avoid differences resulting from the approach of
different clinicians. Standard delineation of the target volume
referred to International Commission on Radiation Units and
Measurements reports (ICRU) 50, 62 and 83. When the three
recommendations were inconsistent, we adopted the latest one.
MRI, CT, nasopharyngoscopy and PET-CTwere employed to guide
delineation of the gross tumor volume (GTV). GTVnx was defined
as the primary tumor location and posterior pharyngeal lymph
nodes. GTVnd was defined as neck lymph nodes distinguished by
imaging while regardless of whether they were positive or negative.

The clinical target volumes (CTVs) included CTV-1 and
CTV-2. Notably, the delineation of CTVs in different
radiotherapy centers varies, and in our study, we followed the
recommendation of Lee et al. (16). CTV-1, defined as high-risk
areas, was formed by three-dimensional space expansion of 5
mm based on GTVnx. CTV-2, defined as medium- and low-risk
areas, was formed by three-dimensional space expansion of 5
mm based on CTV-1. Additionally, both CTV-1 and CTV-2
were manually modified to cover the area of potential invasion
which may including the vascular sheath, natural channel of the
skull base and other vulnerable substructures.

The positioning error at our center is set as 3 mm; thus, various
planning target volumes (PTVs) were defined by uniformly
expanding 3 mm in 6 axes on the basis of the respective target
volumes and thenmanually modifying the PTVs to avoid covering
vital OARs, corresponding to PGTVnx, PGTVnd, PCTV-1 and
PCTV-2. To avoid acute dermal toxicity, all PTVs were reduced to
3 mm below the skin surface.

The relevant OARs were classified into 4 priority levels
according to the latest guidelines (15), as follows: (a) priority I
OARs, defined as critical normal structures, including the brain
stem, spinal cord, optic chiasma and optic nerve; (b) priority II
OARs including the temporal lobes; (c) priority III OARs
including the eye, lens and pituitary gland; and (d) priority IV
OARs including the parotid gland, mandible, temporal-
mandibular joint (TMJ), thyroid, inner ear and oral cavity.

To better protect critical OARs, all priority I OARs, including
the temporal lobes but excluding the spinal cord, were extended
to 3-mm margins via 3D expansion to form the planning risk
volume (PRV)-brain stem, PRV-optic chiasma and PRV-optic
nerves. The PRV-spinal cord was defined from the spinal cord
extending to 5-mm margins with 3D expansion.
Prescription Dose
The prescription dose for PTVs was designed as three levels in 33
fractions with simultaneous integrated boosts (SIBs). PGTVnx,
Frontiers in Oncology | www.frontiersin.org 3309
PGTVnd, PCTV-1 and PCTV-2 received 69.96 Gy, 69.96 Gy,
59.4 Gy and 54 Gy, respectively.

Dose Restriction on Organs at Risk
The dosimetric restriction of OARs was based on the latest
international guidelines for NPC in which the OARs are
divided into four priority levels (15); details are shown in
Table 1. The desirable approximate maximum dose (D0.03cc) of
the PRV-brain stem, PRV-optic chiasma and PRV-optic nerves
was no more than 54 Gy. If the tumor is particularly close to
these OARs, which may lead to a serious dose loss in the PTV,
the maximum acceptance criteria (MAC) of the actual volume of
the OARs can be relaxed to no more than 60 Gy. In addition, the
desirable maximum dose of PRV-spinal cord was no more than
45 Gy, while the MAC of the spinal cord was no more than
50 Gy.

Of note, desirable approximate maximum dose limits of the
PRV-temporal lobes were associated with tumor T staging; thus,
the dose limitation of T1-2 was no more than 65 Gy and that of
T3-4 was no more than 70 Gy. For the T3-4 stage, the MAC of the
temporal lobes was no more than 72 Gy.

Principles of Priority-Classified
Plan Optimization
All plans adhered to the international guidelines on dose
prioritization and acceptance criteria published in 2019, which
states that PTV coverage should consider critical OARs to avoid
highly morbid sequelae or potentially lethal damage. Hence, all
plans in our study first conformed to the limitations of OARs
classified as priority I (brain stem, optic nerves, optic chiasma
and spinal cord). Then the items classified as priority II were
considered, including temporal lobes. The dose coverage of the
PTVs were also classified as priority II, which means PTVs must
give ways to OARs classified as priority I. Finally, dose limitations
TABLE 1 | Dose restriction on organs at risk.

OARs Priority level Desirable dose MAC

Brain stem 1 D0.03ccPRV ≤ 54 Gy ≤60 Gy
Optic chiasma 1 D0.03ccPRV ≤ 54 Gy ≤60 Gy
Optic nerves 1 D0.03ccPRV ≤ 54 Gy ≤60 Gy
Spinal cord 1 D0.03ccPRV ≤ 45 Gy ≤50 Gy
Temporal lobes 2 T1-2: D0.03ccPRV ≤ 65 Gy /

T3-4: D0.03ccPRV ≤ 70 Gy ≤72 Gy
Lenses 3 D0.03cc ≤ 6 Gy D0.03cc ≤ 15 Gy
Eyes 3 Dmean ≤ 35 Gy D0.03cc ≤ 50 Gy
Pituitary gland 3 D0.03cc ≤ 60 Gy D0.03cc ≤ 65 Gy
Parotid glands 4 Dmean ≤ 26 Gy V30<50%

(at least one side)
Mandible 4 D2 ≤ 70 Gy ≤75 Gy
TMJs 4 D2 ≤ 70 Gy ≤75 Gy
Inner ears 4 Dmean ≤ 45 Gy ≤55 Gy
Oral cavity 4 Dmean ≤ 40 Gy ≤50 Gy
Thyroid gland 4 V50 ≤ 60% V60 ≤ 10cm3
S
eptember 2021 | Volume 11
OARs, organs at risk; MAC, maximum acceptance criteria; TMJs, temporal-mandibular
joints, PRV, planning target volume; D0.03cc, an approximate maximum dose for the
organs at risk; Dmean, the mean dose of the organs at risk; D50, dose received by 50% of
the volume; D2, dose received by 2% of the volume; V50, the volume of which received 50
Gy; V60, the volume of which received 60 Gy.
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for OARs classified as priority III and IV were considered in order
of priority as much as possible.

Principles of PTVs’ Dose Coverage
The dose coverage requirements of PGTVnx and PGTVnd were
normalized as follows: (a) the volume of 95% PTVs received 100%
of the prescription dose, (b) no more than 20% of PTVs received
more than 110% of the prescription dose, (c) no more than 5% of
PTVs received more than 115% of the prescription dose and (d) no
more than 1% of PTVs received less than 93% of the prescription
dose. Moreover, PCTV-1 and PCTV-2 require both (a) and (d).

Planning Objectives and Techniques
The IMRT, VMAT and TOMO plans for each included patient
were completed by the same medical physicist. One senior
medical physicist was responsible for all of the plans, which
were delivered using a 6-MV X-ray beam. Additionally, the PTV
and OAR doses were optimized to the same level based on the
principles referred to above.

The IMRT and VMAT plans were generated using the pinnacle
(version 9.1, Philips, Inc., USA) treatment planning system (TPS).
The IMRT plan was generated using step and shoot techniques
with coplanar 9 field IMRT (Elekta-VersaHD) based on 160
multileaf collimators (MLCs). The dose grid, maximum segment
number, minimum segment area and monitor units (MUs) were
set to 0.3 cm, 120, 4 cm2 and 4 MU, respectively. The VMAT plan
was generated using two arcs (one clockwise from +180° to -180°
and one counterclockwise from -180° to +180°) with a total of 182
control points based on Elekta-VersaHD. For the IMRT plan, the
optimization algorithm was direct machine parameter
optimization (DMPO), the calculation algorithm for the
intermediate dose during the optimization process was TPB, and
the calculation algorithm for the final dose was collapsed cone
convolution superposition (CCCS); for the VMAT plan, the
optimization algorithm was SmartArc, the calculation algorithm
for the intermediate dose during the optimization process was
singular value decomposition (SVD), and the final dose calculation
algorithm was CCCS. Furthermore, the optimization process was
as consistent as possible. The iterations of all plans were optimized
for 160 with artificial intervention point after every 40 iterations.

In addition, TOMO used X-rays in 6MV FFF mode and the
tomotherapy planning station (Hi-Art Version 3.2.3.2, Madison,
WI) was used for the TOMO plan, and the three major parameters
were as follows: field width, 2.512 cm; pitch, 0.2; and modulation
factor, 3.5.

Planning Comparison
The dosimetric parameters applied to evaluate the PTVs included
V69.96 (the volume of the PGTVnx covered by the 69.96 Gy
isodose), V59.4 (the volume of the PCTV-1 covered by the 59.4
Gy isodose), V54 (the volume of the PCTV-2 covered by the 54 Gy
isodose), D2 (D2 is defined as the approximate maximum dose),
D50, D95 and D98 (D98 is defined as the approximate minimum
dose), CI and the heterogeneity index (HI). D50 and D95 were
defined as the doses covering 50% and 95% of the PTVs, respectively.
CI was calculated as CI=TVPIV/TV × TVPIV/PIV (TVPIV: the target
volume covered by the prescription isodose; TV: the target volume;
Frontiers in Oncology | www.frontiersin.org 4310
PIV: the volume of the reference isodose) according to research
conducted by Paddick (17). The CI values closer to 1 indicated that
the plan is more conformable. HI was calculated as HI=(D2-D98)/
D50, in accordance with the method published by Sun et al. (13).
The closer HI is to 0, the better the homogeneity is.

The MAC dose was one of the indicators for which all OARs
needed to be evaluated. In addition, different OARs were
evaluated with different dosimetric parameters. D0.03ccPRV was
used to analyze the brain stem, spinal cord, optic chiasma,
temporal lobe and optic nerve. The mean doses to the eye,
parotid glands, inner ear and oral cavity were analyzed. The
doses covering a 2% volume (D2) of the mandible and TMJ, the
relative volume of the parotid gland receiving more than 30 Gy
and the relative volume of the thyroid gland receiving more than
60 Gy were also examined.

We also focused on the low-dose radiation volume of the
body, as calculated as the volume of the body receiving more
than 5 Gy, 10 Gy, 15 Gy, 20 Gy, 25 Gy and 30 Gy (V5, V10, V15,
V20, V25 and V30).

Statistical Analysis
SPSS 24.0 software (SPSS Inc., Chicago, IL) was employed to
perform the statistical analysis. Differences among IMRT,
VMAT and TOMO were compared through the Friedman M
test. If there were significant differences among the three plans,
the Friedman M test was used again to compare any two of the
three plans. A two-tailed P value less than 0.05 was considered a
significant difference.
RESULTS

Dosimetric Parameters of PTVs
As indicated in Table 2, the overall results showed that the
median V69.96 (the volume of the PGTVnx covered by the 69.96
Gy isodose) of the VMAT plan and TOMO plan was similar,
with neither lower than 95% (95% vs. 95.24%, P = 0.656). The
median value for the V69.96 in the IMRT plan was significantly
the lowest, and reached as low as 93.5%.

Additionally, the D50, D95 and D98 were significantly
different among the three plans for PGTVnx (P = 0.023, P <
0.001, P < 0.001, respectively). The D2, D95, D98 and HI of the
three PTVs were similar among IMRT, VMAT and TOMO.
Interestingly, the CIs of the PGTVnx, PCTV-1 and PCTV-2
showed significant differences. The CIs of PGTVnx, PCTV-1 and
PCTV-2 in the IMRT were the worst among the three plans.
Dosimetric Parameters of OARs
Table 3 and Supplementary Table 1 show the results of
OARs sparing.

For most of the OARs, such as brain stem, optic chiasma,
spinal cord, temporal lobe, lens, TMJ, oral cavity and thyroid
gland, there were no significant differences between IMRT and
VMAT. TOMO was superior for sparing of the temporal lobe,
spinal cord, brain stem and oral cavity. However, TOMO
resulted in significantly the highest dose delivered to optic
September 2021 | Volume 11 | Article 646584
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chiasma, optic nerve and pituitary gland. Regarding the D0.03cc of
the pituitary gland, TOMO delivered the highest dose and
VMAT delivered the lowest dose. Concerning the ability to
protected the parotid gland, the TOMO plan was comparable
to the VMAT plan.

Comparison of Low Dose Radiation
Volume in the Body
Table 4 shows the low dose radiation volumes of the body for the
three plans.

The low-dose volume of healthy tissue was significantly the
highest in the TOMO plan regarding V10, V15 and V20 (all P <
0.01, Vx defined as the volume of body that received more than
Frontiers in Oncology | www.frontiersin.org 5311
xGy), while these parameters were comparable in the IMRT plan
and the VMAT plan. In addition, the values of V25 and V30 with
the IMRT plan were significantly higher than those with the
VMAT plan (all P < 0.05). In conclusion, the TOMO plan had no
obvious advantages among the three plans.

Subgroup Analysis: Comparison of the
Three Plans for T1-2-Stage Patients
Figure 1 depicts the isodose distributions and dose-volume
histograms (DVHs) for a representative T1-stage NPC patient
planned by IMRT, VMAT and TOMO. Table 5 shows the
dosimetric parameters of PTVs and Table 6 and Supplementary
Table 2 show the results of OARs sparing in T1-2-stage patients.
TABLE 2 | Dosimetric comparison of IMRT, VMAT and TOMO for PTVs in 40 NPC patients.

Median (IQR) P-valueTarget Index

IMRT VMAT TOMO P I vs. V I vs. T V vs. T

PGTVnx V69.96 (%) 93.50 (90.00-95.00) 95.00 (90.25-97.00) 95.24 (93.59-97.54) <0.001 0.004 <0.001 0.656
D2 (Gy) 75.77 (74.45-76.36) 74.37 (73.60-77.36) 75.38 (74.66-76.23) 0.273 _ _ _
D50 (Gy) 72.64 (72.03-73.02) 72.21 (71.83-73.15) 73.30 (72.53-73.73) 0.023 0.438 0.596 0.018
D95 (Gy) 69.56 (68.21-70.03) 69.90 (67.25-70.34) 70.02 (69.46-70.48) <0.001 0.016 <0.001 0.221
D98 (Gy) 67.81 (63.86-69.11) 67.73 (62.19-69.63) 68.80 (66.32-69.74) <0.001 0.281 <0.001 0.057
CI 0.435 (0.323-0.498) 0.445 (0.355-0.500) 0.474 (0.332-0.525) 0.026 0.221 0.03 1
HI 0.110 (0.080-0.160) 0.125 (0.060-0.205) 0.087 (0.078-0.140) 0.074 _ _ _

PCTV-1 V59.4 (%) 99.00 (98.00-99.00) 98.50 (97.00-99.00) 98.96 (98.27-99.62) 0.581 _ _ _
D2 (Gy) 75.47 (74.24-76.09) 74.20 (73.38-76.92) 75.16 (74.57-76.07) 0.103 _ _ _
D50 (Gy) 71.38 (70.54-72.10) 71.26 (70.70-72.08) 71.75 (70.57-72.92) 0.139 _ _ _
D95 (Gy) 62.36 (61.55-63.70) 62.79 (61.51-63.81) 62.75 (61.06-63.74) 0.622 _ _ _
D98 (Gy) 60.03 (59.11-61.30) 60.66 (58.03-61.89) 60.77 (59.63-61.65) 0.22 _ _ _
CI 0.325 (0.250-0.378) 0.350 (0.253-0.398) 0.385 (0.333-0.460) <0.001 0.008 <0.001 0.036

PCTV-2 V54 (%) 98.00 (96.00-98.00) 97.50 (97.00-99.00) 98.09 (96.46-98.87) 0.135 _ _ _
D2 (Gy) 74.63 (73.47-75.37) 73.56 (73.00-75.86) 74.52 (74.21-75.52) 0.098 _ _ _
D50 (Gy) 64.12 (61.90-65.64) 64.37 (61.88-66.09) 62.27 (60.16-64.39) <0.001 1 <0.001 <0.001
D95 (Gy) 55.13 (54.96-55.47) 55.05 (54.64-55.42) 55.31 (54.70-55.87) 0.265 _ _ _
D98 (Gy) 55.53 (52.62-54.10) 53.66 (52.43-54.33) 54.14 (52.56-54.90) 0.153 _ _
CI 0.690 (0.670-0.748) 0.760 (0.733-0.803) 0.730 (0.690-0.770) <0.001 <0.001 0.005 0.009
Septembe
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IMRT/I, intensity modulated radiation therapy; VMAT/V, volumetric modulated arc therapy; TOMO/T, tomotherapy; Gy, gray; IQR, inter-quartile range; DV, the absorbed dose in v% of the
volume; CI, conformity index; HI, homogeneity index; Vx, the volume of organ receiving more or equal to x Gy.
TABLE 3 | Dosimetric comparison of IMRT, VMAT and TOMO for organs at risk (priority level I and II) in 40 NPC patients.

Median (IQR) P-valueOAR Objective

IMRT VMAT TOMO P I vs. V I vs. T V vs. T

Brain stem Dmax (Gy) 53.13 (49.23-55.29) 53.74 (49.24-57.16) 51.74 (44.74-54.34) <0.001 0.791 0.016 <0.001
Brain stem_PRV D0.03cc (Gy) 56.50 (52.31-60.34) 58.18 (52.78-62.96) 58.67 (54.19-63.31) 0.407 _ _ _
Optic chiasm Dmax (Gy) 27.51 (10.24-45.85) 27.88 (10.03-44.05) 31.86 (20.90-45.82) 0.004 1 0.03 0.005
Optic chiasma_PRV D0.03cc (Gy) 36.77 (18.73-53.54) 41.40 (18.39-51.75) 41.67 (28.14-54.36) <0.001 0.353 0.03 <0.001
Optic nerve_L Dmax (Gy) 16.25 (7.87-38.55) 19.41 (7.72-37.70) 29.17 (18.35-42.68) <0.001 1 <0.001 <0.001
Optic nerve_L PRV D0.03cc (Gy) 26.87 (12.27-46.83) 30.73 (13.24-50.25) 35.87 (25.45-52.81) <0.001 0.943 0.001 <0.001
Optic nerve_R Dmax (Gy) 17.08 (8.07-40.61) 19.46 (7.83-39.03) 32.86 (18.12-44.37) <0.001 1 0.002 0.001
Optic nerve_R PRV D0.03cc (Gy) 31.22 (13.11-48.98) 30.32 (13.07-50.97) 41.74 (26.82-53.22) <0.001 0.353 0.03 <0.001
Spinal cord Dmax (Gy) 39.12 (37.99-40.36) 40.29 (38.20-41.98) 35.57 (32.48-38.20) <0.001 0.101 <0.001 <0.001
Spinal cord_PRV D0.03cc (Gy) 44.12 (42.13-47.48) 44.46 (43.00-48.08) 43.31 (40.16-49.35) 0.163 _ _ _
Temporal lobe_L Dmax (Gy) 73.73 (64.63-77.21) 73.16 (66.83-78.16) 72.10 (64.34-75.94) <0.001 1 <0.001 <0.001
Temporal lobe_L PRV D0.03cc (Gy) 75.25 (71.47-77.00) 74.77 (71.69-78.34) 73.63 (69.29-75.95) <0.001 1 <0.001 <0.001
Temporal lobe_R Dmax (Gy) 75.74 (67.58-77.54) 74.30 (68.85-77.92) 73.27 (64.84-75.84) <0.001 1 <0.001 <0.001
Temporal lobe_R PRV D0.03cc (Gy) 76.34 (72.47-77.60) 75.06 (72.20-79.19) 74.34 (71.68-75.64) 0.001 1 0.002 0.009
IMRT/I, intensity modulated radiation therapy; VMAT/V, volumetric modulated arc therapy; TOMO/T, tomotherapy; OAR, organ at risk; IQR, inter-quartile range; Gy, gray; PRV, planning
risk volume; L, left; R, right; Dmax, the maximum dose; D0.03cc, an approximate maximum dose for the organs at risk.
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Subgroup analysis in cases at T1-2-stage demonstrated that the
IMRT, VMAT and TOMO plans resulted in no less than 95%
volume of the prescription dose coverage for all PTVs. The median
V69.96 was significantly lower for the IMRT plan than for the
VMAT or TOMO plan (P = 0.004 and P < 0.001, respectively)
(Table 5). However, the median V59.4 and V54 were similar
among the IMRT, VMAT and TOMO plans (P > 0.05).
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In patients with the T1-2-stage cancer, there were no
significant differences among the three radiation techniques in
D2 and CI of the PGTVnx (all P > 0.05). TOMO achieved the
highest dose in the D50, D95 and D98 of the PGTVnx.
Furthermore, the HI of the PGTVnx in the VMAT plan was
significantly superior to that in the IMRT plan. TOMO resulted
in the best CI of PCTV-1. In the PCTV-2, the three plans showed
no significant difference in D2, D95 and D98.

The dose delivered to the optic chiasma, optic nerve, pituitary
gland and the D0.03cc of the eye in the TOMO plan were the
highest. In contrast, the TOMO plan significantly showed the
best ability to protect the brain stem, spinal cord and temporal
lobes. Regarding the lens, parotid gland, mandible, TMJ, inner
ear, oral cavity and thyroid gland, no significant difference was
observed among the three plans.

As was shown in the Table 7, the low-dose volume of healthy
tissue was significantly the highest in the TOMO plan regarding
V5, V10, V15 and V20 (all P < 0.05). The V5, V10 and V15 of
IMRT were comparable to those of the VMAT plan. In addition
V30 was the highest in the IMRT plan.

Subgroup Analysis: Comparison of the
Three Plans for T3-4-Stage Patients
The isodose distributions and dose-volume histograms (DVHs)
for a representative T4-stage NPC patient planned by IMRT,
VMAT and TOMO are illustrated in Figure 2. Table 8 shows the
dosimetric parameters of PTVs and Table 9 and Supplementary
Table 3 show the results of OARs sparing.

Subgroup analysis in patients with stage T3-4 disease showed
that the median V69.96 for the IMRT, VMAT and TOMO plans
was 90%, 91% and 93.61%, respectively. Although none of the
plans achieved 95%, the TOMO plan was the highest, and a
significant difference was observed only between the TOMO and
IMRT plans (P = 0.033). In addition, the median V59.4 for
IMRT, VMAT and TOMO was more than 98%, with the TOMO
plan being the highest (P = 0.011).

In patients with stage T3-4 disease, the HI, CI, D2, D50 and
D98 of PGTVnx among the three plans were not significantly
different, except for the D95 of the PGTVnx which was the
higher in the TOMO plan than in the IMRT plan. Additionally,
the relative volumes of V59.4 and V54 in the TOMO plan were
the highest. TOMO performed significantly the best regarding CI
of PCTV-1. The D2, D50 and D95 of PCTV-1 were similar
among the three plans.
TABLE 4 | Low-dose radiation volume of IMRT, VMAT and TOMO in 40 NPC patients.

Median (IQR) P-valueOAR Objective

IMRT (cm3) VMAT (cm3) TOMO (cm3) P I vs. V I vs. T V vs. T

Body V5 6231 (5313–7253) 6371 (5398-7248) 6348 (5113-7183) 0.592 _ _ _
V10 5110 (4454-6166) 5181 (4426-6067) 5490 (4600-6302) <0.001 0.791 <0.001 <0.001
V15 4522 (3865-5436) 4499 (3825-5419) 4691 (3945-5649) <0.001 0.281 <0.001 <0.001
V20 3949 (3391-4772) 3957 (3316-4847) 4114 (3370-5086) <0.001 0.656 <0.001 <0.001
V25 3519 (2952-4369) 3485 (2889-4300) 3471 (2796-4514) 0.001 0.004 1 0.002
V30 3075 (2523-3970) 2980 (2468-3807) 2909 (2279-3921) <0.001 <0.001 0.011 0.353
Septemb
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me 11 | Article
IMRT/I, intensity modulated radiation therapy; VMAT/V, volumetric modulated arc therapy; TOMO/T, tomotherapy; OAR, organ at risk; IQR, inter-quartile range; Vx, the volume of organ
receiving more or equal to x Gy.
FIGURE 1 | Isodose distributions and dose-volume histograms (DVHs) for a
representative T1-stage NPC patient with IMRT (left), VMAT (middle) and
TOMO (right) planning. Maroon, forest, lavender, yellow-green, light-blue, red,
green and blue lines in three DVH are optic nerve in left, optic nerve in right,
optic chiasma, brain stem, spinal cord, PGTVnx, PCTV-1 and PCTV-2,
respectively. For IMRT and VMAT planning, color-wash areas: PGTVnx (red),
PGTVnd-left (purple), PGTVnd-right (yellow), PCTV-1 (green), PCTV-2 (blue);
and the red, purple and sky-blue lines are isodose curves of 69.96Gy, 59.4Gy
and 54Gy. For TOMO planning, isodose curves of 69.96Gy, 59.4Gy and
54Gy are shaded in the red, purple and sky-blue, respectively; targets are
represented by lines: PGTVnx (red), PGTVnd-left (purple), PGTVnd-right
(yellow), CTV-1 (green), PCTV-2 (blue).
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TABLE 5 | Comparison of targets in T1-2 NPC patients.

Median (IQR) P-valueTarget Index

IMRT VMAT TOMO P I vs. V I vs. T V vs. T

PGTVnx V69.96 (%) 95.00 (95.00-96.00) 97.00 (96.00-98.00) 97.42 (96.22-98.05) <0.001 0.004 <0.001 1
D2 (Gy) 74.54 (74.00-75.45) 73.71 (73.16-74.43) 75.13 (74.55-75.75) 0.076 _ _ _
D50 (Gy) 72.24 (71.99-72.95) 71.85 (71.61-72.29) 73.28 (72.28-73.56) 0.002 0.045 0.991 0.002
D95 (Gy) 69.97 (69.81-70.15) 70.35 (70.03-70.47) 70.47 (70.16-70.66) <0.001 0.006 0.001 1
D98 (Gy) 69.11 (68.27-69.34) 69.68 (69.36-69.89) 69.79 (69.29-69.97) <0.001 0.011 <0.001 0.991
CI 0.330 (0.270-0.420) 0.370 (0.240-0.430) 0.325 (0.274-0.473) 0.128 _ _ _
HI 0.080 (0.070-0.100) 0.060 (0.050-0.080) 0.078 (0.062-0.086) 0.032 0.028 0.875 0.37

PCTV-1 V59.4 (%) 99.00 (98.00-99.00) 99.00 (98.00-100.00) 99.21 (97.93-99.80) 0.22 _ _ _
D2 (Gy) 74.18 (73.45-75.10) 73.51 (72.89-74.03) 74.88 (74.42-75.41) 0.003 0.017 1 0.006
D50 (Gy) 70.52 (69.97-70.96) 70.69 (70.24-71.09) 70.53 (69.90-71.00) 0.532 _ _ _
D95 (Gy) 62.62 (61.49-64.29) 63.41 (62.03-64.07) 61.71 (60.55-62.27) 0.014 0.433 0.433 0.011
D98 (Gy) 60.63 (59.90-61.96) 61.52 (60.68-62.29) 60.29 (59.30-61.41) 0.076 _ _ _
CI 0.250 (0.230-0.300) 0.270 (0.240-0.350) 0.330 (0.210-0.360) 0.002 0.036 0.003 1

PCTV-2 V54 (%) 98.00 (97.00-98.00) 98.00 (97.00-99.00) 97.83 (96.53-98.82) 0.336 _ _ _
D2 (Gy) 73.46 (72.83-74.41) 73.12 (72.63-73.54) 74.32 (73.77-75.15) 0.05 _ _ _
D50 (Gy) 62.57 (61.39-64.19) 62.49 (60.61-64.26) 60.90 (58.39-63.15) 0.004 0.768 0.004 0.105
D95 (Gy) 55.19 (55.01-55.49) 55.10 (54.63-55.40) 55.10 (54.68-55.86) 0.692 _ _ _
D98 (Gy) 53.75 (53.45-54.25) 54.05 (53.24-54.54) 54.08 (52.86-54.60) 0.504 _ _ _
CI 0.700 (0.680-0.750) 0.760 (0.750-0.810) 0.730 (0.670-0.780) <0.001 <0.001 0.875 0.004
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IMRT/I, intensity modulated radiation therapy; VMAT/V, volumetric modulated arc therapy; TOMO/T, tomotherapy; Gy, gray; IQR, inter-quartile range; DV, the absorbed dose in v% of the
volume; CI, conformity index; HI, homogeneity index; Vx, the volume of organ receiving more or equal to x Gy.
TABLE 6 | Comparison of organs at risk (priority level I and II) in T1-2 NPC patients.

Median (IQR) P-valueOAR Objective

IMRT VMAT TOMO P I vs. V I vs. T V vs. T

Brain stem Dmax (Gy) 49.63 (47.56-54.50) 50.92 (48.46-55.73) 48.60 (41.52-53.40) 0.04 0.871 0.035 0.023
Brain stem_PRV D0.03cc (Gy) 52.87 (51.49-57.46) 53.43 (51.97-58.76) 56.67 (51.70-59.55) 0.809 _ _ _
Optic chiasm Dmax (Gy) 10.00 (8.52-15.32) 9.58 (8.14-12.47) 20.88 (15.30-30.29) <0.001 0.433 0.011 <0.001
Optic chiasma_PRV D0.03cc (Gy) 18.56 (12.59-25.25) 18.31 (12.03-23.44) 28.75 (23.77-40.12) <0.001 0.433 0.002 <0.001
Optic nerves_L Dmax (Gy) 7.76 (5.89-10.51) 7.69 (5.81-9.38) 18.02 (13.90-21.37) <0.001 1 <0.001 <0.001
Optic nerves_L PRV D0.03cc (Gy) 11.80 (9.22-17.65) 13.08 (8.86-16.17) 24.80 (20.87-29.45) 0.001 1 0.017 0.001
Optic nerves_R Dmax (Gy) 7.84 (6.57-10.78) 7.61 (6.78-11.29) 17.05 (13.04-24.58) <0.001 1 0.002 0.002
Optic nerves_R PRV D0.03cc (Gy) 13.10 (9.76-20.09) 12.11 (10.63-21.35) 26.59 (20.93-31.58) <0.001 0.991 0.011 <0.001
Spinal cord Dmax (Gy) 38.75 (37.77-40.18) 39.66 (38.10-41.28) 34.01 (32.42-37.72) <0.001 1 0.001 <0.001
Spinal cord_PRV D0.03cc (Gy) 43.20 (42.35-44.90) 43.16 (42.49-44.74) 42.06 (39.82-44.09) 0.018 1 0.069 0.028
Temporal lobe_L Dmax (Gy) 64.87 (62.92-71.83) 66.44 (61.54-70.85) 64.21 (58.37-67.55) 0.001 1 0.004 0.006
Temporal lobe_L PRV D0.03cc (Gy) 71.21 (69.42-73.77) 71.49 (67.84-73.06) 68.95 (64.28-72.10) 0.001 1 0.001 0.017
Temporal lobe_R Dmax (Gy) 67.31 (62. 72-72.40) 68.56 (61.94-71.97) 64.80 (58.73-70.46) 0.018 1 0.028 0.069
Temporal lobe_R PRV D0.03cc (Gy) 72.31 (68.95-74.14) 72.01 (67.95-73.21) 71.60 (67.18-73.09) 0.065 _ _ _
IMRT/I, intensity modulated radiation therapy; VMAT/V, volumetric modulated arc therapy; TOMO/T, tomotherapy; OAR, organ at risk; IQR, inter-quartile range; Gy, gray; PRV, planning
risk volume; L, left; R, right; Dmax, the maximum dose; D0.03cc, an approximate maximum dose for the organs at risk.
TABLE 7 | Low-dose radiation volume of IMRT, VMAT and TOMO in T1-2 NPC patients.

Median (IQR) P-valueOAR Objective

IMRT (cm3) VMAT (cm3) TOMO (cm3) P I vs. V I vs. T V vs. T

Body V5 5726 (4576-6701) 5659 (4548-6905) 5769 (4706-7105) <0.001 0.433 <0.001 0.045
V10 4642 (3794-5479) 4531 (3782-5501) 4896 (3796-5825) 0.001 1 0.006 0.004
V15 4014 (3363-4654) 3944 (3277-4577) 4207 (3325-4900) <0.001 0.314 0.028 <0.001
V20 3404 (2946-3960) 3469 (2900-3978) 3638 (2894-4173) 0.002 0.991 0.045 0.002
V25 2973 (2572-3510) 2987 (2509-3476) 2932 (2445-3440) 0.065 _ _ _
V30 2566 (22219-3017) 2524 (2073-2933) 2321 (1950-2806) 0.001 0.006 0.004 1
IMRT/I, intensity modulated radiation therapy; VMAT/V, volumetric modulated arc therapy; TOMO/T, tomotherapy; OAR, organ at risk; IQR, inter-quartile range; Vx, the volume of organ
receiving more or equal to x Gy.
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Regarding Dmax of brain stem, Dmax of the spinal cord and the
temporal lobe, the values with the TOMO plan were significantly
lower than those with the VMAT plan. IMRT and VMAT were
equally capable of sparing of most OARs, such as the brain stem,
optic nerve, optic chiasma, spinal cord, temporal lobe, eye, pituitary
glands, parotid gland, mandible and oral cavity. Compared to the
VMAT plan, the TOMO plan appeared to be better for the sparing
of the brain stem, spinal cord and temporal lobe.

As was shown in the Table 10, the low-dose volume of
healthy tissue was significantly the lowest in the TOMO plan
regarding V5. When comparing the median V10, V15, V20 and
V25 values among the three plans, the TOMO plan values were
significantly higher than the IMRT and VMAT values.
DISCUSSION

With improvements in radiation techniques, local control of NPC
has been greatly enhanced through the wide application of IMRT,
VMAT and TOMO. Nevertheless, it remains unclear which kind
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of radiation technique is best for NPC. Therefore, we aimed to
explore which technique benefits PTVs the most and resulted in
the lowest absorbed dose in the OARs. More importantly, when
we optimized all the plans according to the latest recommended
guidelines (15) recommended, the PTV coverage was set as
priority II, lower than the critical OARs classified as priority I.

Our research demonstrated that the IMRT plan showed the
worst PTVs coverage and failed to meet the prescribed
requirement. The dose coverage of the PGTVnx with the three
radiation techniques in patients with advanced T stages NPC was
unsatisfactory because the priority of the target dose coverage
was lower than that of critical OARs (the brain stem, spinal cord,
optic chiasma and optic nerves). The results from another small
sample study were somewhat similar to ours, indicating that the
target coverage volume of the TOMO plan is higher than that of
the IMRT plan (97% vs. 94.3%, P < 0.05) (12).

However, the research conducted by Sun et al. (13) showed
that both the IMRT and VMAT plans achieved 96.2% of the PTV
covered by 7000 cGy of the prescription dose at the expense of
the brain stem, optic chiasma, optic nerves and spinal cord. The
maximum acceptable prescription dose of the brain stem was 54
Gy, but the pass rates of both the IMRT and VMAT plans were
28.8% (15/52) and 32.7% (17/52), respectively. In addition, the
highest pass rates of the optic nerve, optic chiasma and spinal
cord were only 65.4%, 53.8% and 80.8%, respectively.

The factors contributing to these contradictory results may be
the different priorities of the target dose. Sun’s study was designed
to protect critical OARs as much as possible on the basis of
meeting the prescribed dose of PTVs, thus causing a lower pass
rate of critical OARs and a higher coverage volume of prescribed
dose for PTVs. Radiotherapy is a double-edged sword that can
both kill tumor cells and damage normal tissues. Only by properly
balancing the dose of the tumor target can radiotherapy achieve
the maximum effect. Hence, the newest guidelines published in
2019 (15) recommends that the safety of the treatment for patients
should be taken into consideration first, whichmeans that the dose
limitation of OARs classified as priority I (such as the brain stem,
spinal cord, optic chiasma and optic nerves) should be considered
first and the dose coverage of PTVs should be considered second.

Our research showed that the VMAT plan was comparable to
the IMRT plan in terms of the CI and HI of the PGTVnx. The
results were inconsistent with those observed in another study
comparing the VMAT plan with the IMRT plan, which showed
similar conformity and dose homogeneity for high-dose targets
(18). Noticeably, the small sample size of patients in this similar
study may have created considerable selection bias.

Our results showed that the D2 of the PTVs were the same
among the three plans. The results are in contrast with those
observed in the latest study conducted by He et al. (9), which
showed that compared to the VMAT plan, the IMRT plan
significantly increases the D2 of the PTVs (PGTVnx: 78.07 Gy vs.
76.86 Gy, P < 0.01; PCTV-1: 77.54 Gy vs. 76.68 Gy, P < 0.01; PCTV-
2: 76.46 Gy vs. 75.49 Gy, P < 0.01). Another study indicated that the
IMRT plan significantly increased the D2 of the PTVs which was
only observed in patients with early-stage tumors (7564 cGy ± 92
cGy vs. 7494 cGy ± 109 cGy, P = 0.016) (19). The possible for this
may be that IMRT increases the dose of the PTVs as much as
FIGURE 2 | Isodose distributions and dose-volume histograms (DVHs) for a
representative T4-stage NPC patient with IMRT (left), VMAT (middle) and
TOMO (right) planning. Maroon, forest, lavender, yellow-green, light-blue, red,
green and blue lines in three DVH are optic nerve in left, optic nerve in right,
optic chiasma, brain stem, spinal cord, PGTVnx, PCTV-1 and PCTV-2,
respectively. For IMRT and VMAT planning, color-wash areas: PGTVnx (red),
PGTVnd-left (purple), PGTVnd-right (yellow), PCTV-1 (green), PCTV-2 (blue);
and the red, purple and sky-blue lines are isodose curves of 69.96Gy, 59.4Gy
and 54Gy. For TOMO planning, isodose curves of 69.96Gy, 59.4Gy and
54Gy are shaded in the red, purple and sky-blue, respectively; targets are
represented by lines: PGTVnx (red), PGTVnd-left (purple), PGTVnd-right
(yellow), PCTV-1 (green), PCTV-2 (blue).
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TABLE 9 | Comparison of organs at risk (priority level I and II) in T3-4 NPC patients.

Median (IQR) P-valueOAR Objective

IMRT VMAT TOMO P I vs. V I vs. T V vs. T

Brain stem Dmax (Gy) 54.26 (51.68-56.47) 55.50 (51.27-58.72) 52.50 (48.36-55.46) 0.005 0.495 0.192 0.004
Brain stem_PRV D0.03cc (Gy) 56.99 (54.26-63.71) 62.13 (54.95-64.87) 60.21 (55.83-64.81) 0.867 _ _ _
Optic chiasm Dmax (Gy) 44.79 (37.66-48.40) 41.65 (31.82-49.91) 45.82 (34.86-48.35) 0.717 _ _ _
Optic chiasma_PRV D0.03cc (Gy) 53.12 (45.23-55.99) 50.96 (47.05-57.14) 54.13 (46.59-56.64) 0.538 _ _ _
Optic nerves_L Dmax (Gy) 38.28 (27.50-45.20) 37.43 (27.82-45.55) 42.61 (37.29-44.40) 0.06 _ _ _
Optic nerves_L PRV D0.03cc (Gy) 46.24 (33.09-52.49) 45.42 (35.24-56.66) 51.90 (46.09-54.34) 0.005 1 0.041 0.006
Optic nerves_R Dmax (Gy) 40.45 (25.32-50.77) 39.24 (27.17-49.94) 43.89 (35.92-50.30) 0.156 _ _ _
Optic nerves_R PRV D0.03cc (Gy) 47.91 (35.70-57.67) 49.90 (39.98-56.14) 53.11 (45.32-54.95) 0.129 _ _ _
Spinal cord Dmax (Gy) 39.34 (38.42-40.50) 41.84 (39.15-43.69) 37.00 (32.38-40.78) 0.001 0.092 0.269 <0.001
Spinal cord_PRV D0.03cc (Gy) 45.38 (41.93-49.18) 46.66 (43.71-51.37) 44.76 (41.06-52.05) 0.467 _ _ _
Temporal lobe_L Dmax (Gy) 77.01 (76.41-78.28) 78.06 (75.01-80.22) 75.54 (73.77-76.74) 0.002 1 0.016 0.004
Temporal lobe_L PRV D0.03cc (Gy) 76.95 (76.26-77.96) 78.27 (75.73-80.28) 75.73 (74.91-77.05) 0.003 0.84 0.076 0.003
Temporal lobe_R Dmax (Gy) 77.46 (77.06-79.48) 77.75 (75.42-80.80) 75.40 (74.56-77.26) 0.001 1 0.004 0.004
Temporal lobe_R PRV D0.03cc (Gy) 77.55 (77.02-78.91) 79.02 (75.82-80.54) 75.48 (74.58-77.19) 0.013 1 0.033 0.033
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IMRT/I, intensity modulated radiation therapy; VMAT/V, volumetric modulated arc therapy; TOMO/T, tomotherapy; OAR, organ at risk; IQR, inter-quartile range; Gy, gray; PRV, planning
risk volume; L, left; R, right; Dmax, the maximum dose; D0.03cc, an approximate maximum dose for the organs at risk.
TABLE 10 | Low-dose radiation volume of IMRT, VMAT and TOMO in T3-4 NPC patients.

Median (IQR) P-valueOAR Objective

IMRT (cm3) VMAT (cm3) TOMO (cm3) P I vs. V I vs. T V vs. T

Body V5 7006 (5660-7460) 7094 (5634-7440) 6578 (5586-7217) 0.006 1 0.016 0.016
V10 5899 (4937-6415) 5959 (4944-6436) 6037 (5087-6669) <0.001 0.495 0.016 <0.001
V15 5316 (4419-5778) 5337 (4405-5788) 5386 (4370-6134) <0.001 1 0.001 <0.001
V20 4764 (3904-5193) 4771 (3929-5204) 4950 (3849-5532) <0.001 1 0.006 <0.001
V25 4351 (3519-4734) 4254 (3557-4665) 4472 (3539-5048) <0.001 0.062 0.192 <0.001
V30 3920 (3141-4290) 3768 (3147-4098) 3856 (3102-4409) 0.004 0.004 1 0.062
IMRT/I, intensity modulated radiation therapy; VMAT/V, volumetric modulated arc therapy; TOMO/T, tomotherapy; OAR, organ at risk; IQR, inter-quartile range; Vx, the volume of organ
receiving more or equal to x Gy.
TABLE 8 | Comparison of targets in T3-4 NPC patients.

Median (IQR) P-valueTarget Index

IMRT VMAT TOMO P I vs. V I vs. T V vs. T

PGTVnx V69.96 (%) 90.00 (87.50-93.00) 91.00 (90.00-95.00) 93.61 (91.90-94.83) 0.037 0.495 0.033 0.741
D2 (Gy) 76.08 (75.82-76.78) 76.66 (74.29-78.58) 75.75 (74.79-76.93) 0.651 _ _ _
D50 (Gy) 72.81 (72.20-73.26) 72.90 (72.04-74.02) 73.35 (72.51-73.95) 0.688 _ _ _
D95 (Gy) 68.24 (66.43-69.07) 67.79 (64.98-69.71) 69.49 (68.35-69.90) 0.018 1 0.016 0.192
D98 (Gy) 63.92 (60.43-67.14) 63.53 (58.69-66.58) 66.89 (61.43-68.12) 0.06 _ _ _
CI 0.490 (0.440-0.540) 0.500 (0.445-0.540) 0.507 (0.468-0.574) 0.165 _ _ _
HI 0.160 (0.115-0.225) 0.190 (0.130-0.245) 0.135 (0.101-0.197) 0.091 _ _ _

PCTV-1 V59.4 (%) 98.00 (97.00-99.00) 98.00 (96.50-99.00) 98.85 (98.40-99.56) 0.011 1 0.192 0.016
D2 (Gy) 75.82 (75.57-76.32) 76.26 (74.37-78.37) 75.69 (74.62-76.60) 0.867 _ _ _
D50 (Gy) 72.05 (71.83-72.32) 72.06 (71.49-72.89) 72.59 (70.09-73.73) 0.097 _ _ _
D95 (Gy) 62.35 (61.888-63.05) 62.42 (60.52-63.45) 63.02 (62.41-64.26) 0.172 _ _ _
D98 (Gy) 59.34 (58.09-60.33) 58.58 (56.84-60.44) 60.97 (60.28-62.33) 0.002 1 0.021 0.003
CI 0.360 (0.330-0.405) 0.380 (0.340-0.445) 0.430 (0.385-0.480) <0.001 0.228 <0.001 0.021

PCTV-2 V54 (%) 97.00 (95.50-98.00) 97.00 (96.00-98.00) 98.27 (96.42-98.98) 0.003 1 0.005 0.05
D2 (Gy) 75.23 (74.87-75.62) 75.06 (73.45-77.32) 75.03 (74.23-76.17) 0.717 _ _ _
D50 (Gy) 65.15 (63.92-66.81) 65.72 (64.37-67.17) 64.24 (62.18-65.63) 0.002 1 0.026 0.002
D95 (Gy) 55.11 (54.73-55.42) 54.92 (54.63-55.50) 55.65 (55.03-56.18) 0.044 1 0.228 0.017
D98 (Gy) 52.97 (51.74-54.01) 52.86 (51.83-54.06) 54.45 (52.77-55.05) 0.007 0.84 0.135 0.006
CI 0.690 (0.655-0.735) 0.760 (0.730-0.780) 0.730 (0.710-0.770) <0.001 <0.001 0.003 0.948
IMRT/I, intensity modulated radiation therapy; VMAT/V, volumetric modulated arc therapy; TOMO/T, tomotherapy; Gy, gray; IQR, inter-quartile range; DV, the absorbed dose in v% of the
volume; CI, conformity index; HI, homogeneity index; Vx, the volume of organ receiving more or equal to x Gy.
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possible by increasing the dose of hot spots after achieving the dose
limitation of critical OARs such as the brain stem, optic chiasma
and spinal cord. However, a study published in 2013 demonstrated
the opposite result, showing that the D2 of PTVs was higher with
the VMAT plan than with the IMRT plan (13).

The greatest difficulty with radiotherapy for NPC is that the
primary tumor is adjacent to many critical OARs, which limits
the radiation dose delivered. A study conducted by He et al. (9)
revealed that late toxicities of radiotherapy were related to the
dose absorbed by the corresponding OARs. Thus, a desirable
plan balances the delivery of a high dose to the PTVs and a low
dose to the OARs as much as possible.

Another highlight of our research is that the dose acceptance
criteria of OARs in radiation therapy planning for NPC obeyed the
newest international guidelines (15). We noticed that the limitation
criteria of OARs in nearly all published studies focusing on the
comparison of different radiation technologies in patients with NPC
were based on RTOG0615, published in 2011. The dose limitation
summarized in RTOG0615 was derived from two-dimensional
radiotherapy approaches ten years ago and is not fully applicable
to the currently used intensity-modulated radiation therapies. The
newest OARs limitation guidelines indicated that the MACs for
the brain stem, optic nerves and optic chiasma are 60 Gy; those in
the RTOG0615 were 54 Gy, 50 Gy and 50 Gy. The increase in the
safety limitation dose of these critical OARs ranges from 6 Gy to
10 Gy, which plays an important role in improving the local control
of NPC with advanced radiation techniques.

Our research indicates that each of the three advanced radiation
techniques has advantages and disadvantages regarding the
protection of OARs.

Two previous studies demonstrated that the TOMO plan was
significantly superior to the IMRT plan regarding the brain stem,
spinal cord and optic nerves (P <0.05) (11, 12). Another study has
shown that the VMAT plan leads to a higher absorbed dose than
the IMRT plan in the brain stem and spinal cord, especially in
patients with early-stage disease (19). Nonetheless, comparable
results regarding protection of the brain stem and spinal cord
between the VMAT and IMRT plans were reported by Johnston
et al. (20) and Fung et al. (10).

In patients with early T-stage disease, the advantages of the
TOMO plan were not obvious, and the TOMO plan was even
inferior to the VMAT or IMRT plan in sparing the optic
chiasma, optic nerves and pituitary gland. Moreover, the low-
dose radiation volume of the TOMO plan was the highest among
three plans, especially for V5, V10, V15 and V20. The TOMO
plan also achieved a lower dose than the VMAT plan regarding
the brain stem, spinal cord and temporal lobes. The results of
another study that enrolled patients with early T-stage NPC were
strikingly similar to ours (21). In addition, the coast of TOMO
for patients is higher than that of VMAT in clinical practice.

In patients with advanced T-stage disease, the dose coverage of
V69.96 in the TOMO plan was the highest, and reached 93.61%.We
also found that no significant difference was observer among the
IMRT, VMAT and TOMO plans with regard to sparing the optic
chiasma and optic nerves. However, another study showed that
VMAT was inferior to IMRT for protecting critical structures, which
was completely contrary to our conclusion (13). One possible reason
Frontiers in Oncology | www.frontiersin.org 10316
may be that the dose constraint of OARs classified as priority I (such
as the optic chiasma and optic nerves) was satisfied first in our study.
Additionally, our study demonstrated that TOMO achieved the best
sparing of the brain stem, spinal cord and temporal lobes when
compared to that achieved with IMRT and VMAT in advanced-T-
stage patients. Regardless, published studies focusing on patients
with advanced T-stage NPC are rare. Hence, our results need to be
validated with large randomized controlled trials.
CONCLUSION

In the early T stage, the IMRT, VMAT, and TOMOplans achieved
ideal dose coverage of the targets. The TOMO plan, with a higher
volume of low-dose radiation, had no significant advantages in
most of the OARs protection. Thus, there were no obvious
advantages to choosing the TOMO plan for patients with early
T stage NPC. In addition, the VMAT plan provides similar dose
coverage and OARs protection compared to those achieved with
the IMRT plan. The heterogeneity index (HI) of the PGTVnx with
the VMAT plan was better than that with the IMRT plan.

For patients with advanced T stage NPC, neither the IMRT
plan nor the VMAT or TOMO plan reached a 100% prescription
dose covering more than 95% of the PGTVnx, however, the
TOMO plan achieved the largest dose coverage of the PGTVnx.
Additionally, the TOMO plan could better protect the brain
stem, spinal cord and temporal lobe. Therefore, the TOMO plan
may be recommended for patients with advanced T stage NPC.
LIMITATIONS

The limitation of our research should be noted. This was designed
as a retrospective analysis. Hence, further investigation is needed
to determine whether our results can be translated into
clinical advantages.
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