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Abstract

:

Simple Summary


Head and neck non-squamous cell carcinomas are predominantly located in the sinonasal cavities. Loss of the teeth located adjacent to the sinonasal cavities is one adverse event experienced due to post-carbon ion radiotherapy (CIRT) for head and neck tumors. Tooth loss reduces quality of life (QOL) by causing masticatory dysfunction, swallowing dysfunction, and changes in appearance. The aim of our study was to elucidate the incidence of tooth loss post-CIRT and to identify risk-predictive dosimetric parameters. The median time of tooth loss was 38.6 months. The volume of irradiated teeth was significantly greater for lost teeth than for remaining teeth throughout the dose range. The risk-predictive parameters found in this study could be used (i) to spare teeth and thereby maintain patient QOL or (ii) to predict which tooth will be lost after CIRT and extract them before CIRT since this can prevent the development of sequestrum-associated chronic pain.




Abstract


Background: Tooth loss reduces quality of life; however, little is known about tooth loss caused by carbon ion radiotherapy (CIRT). Here, we aimed to elucidate the incidence of tooth loss post-CIRT for head and neck tumors and to identify risk-predictive dosimetric parameters. Methods: This study enrolled 14 patients (i.e., 171 teeth in total) with head and neck non-squamous cell carcinoma. All patients received CIRT comprised of 57.6 or 64.0 Gy (relative biological effectiveness, RBE) in 16 fractions. Dose–volume analysis of the teeth was performed using receiver operating characteristic (ROC) curve analysis with VX (i.e., the volume irradiated with X Gy (RBE)). Results: The median follow-up period was 69.1 months. The median time of tooth loss was 38.6 months. The 5 year cumulative incidence of tooth loss was 13.3%. The volume of irradiated teeth was significantly greater for the lost teeth than for the remaining teeth throughout the dose range. Using the cut-offs calculated from ROC curve analysis, V30–V60 showed high accuracy (i.e., >94%) for predicting tooth loss, with V50 being the most accurate (cut-off, 58.1%; accuracy, 0.95). Conclusions: This is the first report to examine the incidence of tooth loss post-CIRT and to identify risk-predictive dosimetric parameters.
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1. Introduction


Radiotherapy, which is a standard treatment for cancer, is often performed using photons. Although photon radiotherapy has developed significantly over the past decade, some tumors are photon-resistant and some patients suffer severe adverse events [1,2]. Carbon ion radiotherapy (CIRT) has several advantages over photon radiotherapy, including a greater cell killing effect and superior dose distribution [3,4]. Taking advantage of these features, CIRT is used to treat various cancers such as lung cancer, head and neck cancer, sarcoma, prostate cancer, and pancreatic cancer. The therapeutic outcome of CIRT for these cancers is favorable and safe [5,6,7,8,9]. In particular, CIRT is used to treat tumors arising in the head and neck regions, mainly non-squamous cell carcinoma (NSCC) [10,11,12,13]. Most head and neck tumors treated with photon radiotherapy consist of squamous cell carcinoma (SCC) [14,15]. One of the standard therapies of SCC is photon radiotherapy with or without chemotherapy. NSCC is a relatively rare cancer in this region. There is no established standard of care for NSCC, which has characteristics different from those of NSCC. For example, NSCC is located predominantly in the sinonasal cavities [16]. By contrast, head and neck SCCs are located predominantly in the oral cavity, larynx, and pharynx [6]. This difference in primary tumor site according to histological subtype contributes to differences in adverse events (AEs) caused by CIRT and photon radiotherapy. For example, previous studies report maxillary osteonecrosis, vision loss, brain necrosis, and nasolacrimal duct obstruction after CIRT for head and neck NSCCs associated with the sinonasal cavities [17,18,19,20]; these AEs are rare after the application of photon radiotherapy.



Loss of the teeth located adjacent to the sinonasal cavities is one post-CIRT AE experienced by patients with head and neck tumors. Tooth loss reduces quality of life (QOL) by causing masticatory dysfunction, swallowing dysfunction, and changes in appearance. However, the incidence of tooth loss post-CIRT for head and neck tumors, as well as the dosimetric parameters that predict this AE remain unidentified. In order to address this issue, we performed a prospective dose–volume analysis of individual teeth in patients with head and neck NSCC treated with CIRT.




2. Materials and Methods


2.1. Patients


The present study is a predesigned subgroup analysis of a prospective cohort of patients undergoing CIRT for head and neck NSCC. The design and inclusion criteria for the original study were reported previously [16]. The inclusion criteria specific for the present study were as follows: (i) at least one tooth received CIRT; and (ii) the patient was followed-up by computed tomography (CT), magnetic resonance imaging (MRI), or panoramic radiography for at least 3 years. Of the 35 patients registered in this prospective study, 21 were excluded from this analysis (11 patients did not receive irradiation for a tooth and 10 had an insufficient follow-up period); therefore, 14 were included in total. This study was approved by the Institutional Review Board of Gunma University Hospital as an Opt-Out consent model (Number: HS2019-191).




2.2. CIRT


CIRT was performed as described previously. Briefly, patients were positioned in customized cradles (Moldcare; Alcare, Tokyo, Japan) and immobilized using thermoplastic shells (Shellfitter; Kuraray, Osaka, Japan). A mouthpiece was created to maintain the lower jaw in the correct position. CT images (2 mm slice thickness) were acquired and used to plan treatment. The voxel dimensions of all CT images were approximately 0.88 × 0.88 × 2.0 mm. Contrast-enhanced MRI was performed and then the images were used to assist target delineation. Two clinical target volumes (CTV1 and CTV2) were delineated; CTV1 encompassed the whole anatomical site of the tumor origin (e.g., nasal cavity or maxillary sinus) whereas CTV2 encompassed the tumor. Two planning target volumes (PTV1 and PTV2) were created, with 2 mm margins around CTV1 and CTV2, respectively.



The carbon ion dose was prescribed in terms of the unit Gy (relative biological effectiveness, RBE), which was calculated by multiplying the physical dose (Gy) by the RBE value for carbon ions (RBE values for carbon ions were obtained using the biological NIRS-model, which is based on a linear-quadratic model) [21]. In principle, each patient received 64.0 Gy (RBE) in 16 fractions; 57.6 Gy (RBE) in 16 fractions was used in cases where the tumor was adjacent to the skin or mucosa. In all cases, PTV1 received 36 Gy (RBE) and PTV2 received the remaining dose.




2.3. Assessment of Tooth Loss


Before CIRT, a dentist performed a base-line examination and the number of teeth was recorded. Patients received post-CIRT follow-up every month for the first 6 months and then every 3 months thereafter. MRI and CT scans were obtained alternately every 3 months and 18-fluorodeoxyglucose positron emission tomography was performed every year. Panoramic radiographs were obtained from dentists. The number of teeth was obtained primarily from CT (supported by MRI and panoramic radiographs). The follow-up period was calculated from the first day of irradiation to the day of imaging that revealed tooth loss.




2.4. Dose–Volume Analysis of the Teeth


Teeth in the treatment planning CT images were delineated and analyzed as individual objects. In this case, the definition of a tooth included the root part but not the crown part. Maxillary teeth but not mandibular teeth were analyzed. Dose–volume analysis was performed using MIM Maestro (version 6.8.7.; MIM Software, Inc., Cleveland, OH, USA), with the dose–volume parameter VX, i.e., the volume of the teeth irradiated with X Gy (RBE).




2.5. Statistical Analysis


The cumulative incidence of tooth loss was evaluated using the Kaplan–Meier method and differences were assessed using a log-rank test. Cut-off values for VX to predict post-CIRT tooth loss were determined using receiver operating characteristic (ROC) curve analysis. The Smirnov–Grubbs’ test was used to evaluate outlier values. Differences in numerical variables were examined using the Mann–Whitney test. A p-value < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS (version 25; SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Patient Characteristics


The present study enrolled 14 patients (Table 1) and 171 teeth identified on pre-CIRT examination were analyzed. Primary tumor sites were located mainly in the nasal cavity and maxillary sinus, which are adjacent to the maxillary teeth. Adenoid cystic carcinoma was the most common histological type. Most patients received a dose of 64.0 Gy (RBE), delivered in 16 fractions. The median follow-up period was 69.1 months (range, 38.6–96.5 months). During follow-up, loss of 25 teeth was observed. One of the 25 lost teeth was excluded for the analysis because the p-value assessed by the Smirnov–Grubbs’ test was below <0.05 for V10, V20, V30, V40, V50, and V60, suggesting that the loss of this tooth was unrelated to CIRT (Supplementary Figure S1). Figure 1 shows a representative case of tooth loss; at 5 years post-CIRT, a part of the alveolar bone of the maxilla, which received high-dose carbon ions, disappeared and resulted in the loss of four teeth.




3.2. Incidence of Tooth Loss Post-CIRT


Kaplan–Meier analysis revealed that the cumulative incidence of tooth loss showed a linear increase up to 5 years post-CIRT and then plateaued thereafter (Figure 2). The median time for occurrence of tooth loss post-CIRT was 38.6 months (range, 12.4–63.0 months). The 5 year cumulative incidence of tooth loss was 13.3%. The number of tooth lost per period was 0 (0%) at 0–12 months, five (21%) at 12–24 months, four (17%) at 24–36 months, seven (29%) at 36–48 months, six (25%) at 48–60 months, two (8%) at 60–72 months, and 0 (0%) at 72 months. In this study, most tooth loss occurred within the period of 12 to 60 months post-CIRT.




3.3. Dose–Volume Analysis of Tooth Loss Post-CIRT


The median volume of the 171 analyzed teeth was 0.28 mL (range, 0.08–1.00 mL). The volumes of the lost teeth irradiated with carbon ions were significantly greater than those of the remaining teeth throughout the dose range (p < 0.001 for V10, V20, V30, V40, V50, and V60) (Figure 3). The maximum doses delivered to the lost teeth were significantly greater than those delivered to the remaining teeth (64.7 ± 0.5 Gy (RBE) vs. 24.1 ± 20.7 Gy (RBE), p < 0.001). The mean dose delivered to the lost teeth was also significantly greater than that delivered to the remaining teeth (62.3 ± 3.6 Gy (RBE) vs. 17.0 ± 16.1 Gy (RBE), p < 0.001).



Having shown clearly that carbon ion irradiation contributes to tooth loss, we sought to determine the dosimetric parameters that predict tooth loss post-CIRT. To this end, we performed ROC curve analysis using the dose–volume data for the teeth (Table 2). Among the dose–volume parameters analyzed (i.e., V10, V20, V30, V40, V50, and V60), V50 showed the highest accuracy (i.e., 0.95; cut-off, 58.1%) for predicting tooth loss post-CIRT. The 5 year cumulative incidence of tooth loss using the cutoff values were 0% versus 30.2% for V10, 0% versus 49.8% for V20, 0% versus 63.1% for V30, 0% versus 63.1% for V40, 0% versus 66.9% for V50, 0% versus 64.9% for V60, and 0% versus 63.1% for V60. More than half of the teeth that exceeded the V30-60 cutoff values fell out within 5 years (Figure 4).





4. Discussion


Here, we demonstrate the incidence of tooth loss in a prospective cohort of patients with head and neck tumors treated with CIRT. We also showed that the volume of the irradiated tooth predicts tooth loss post-CIRT throughout the dose range and that V50 is the best dose–volume parameter for this purpose. To the best of our knowledge, this study is the first to report the incidence of tooth loss post-CIRT and to identify risk-predictive dosimetric parameters. These data will aid clinical management of patients with head and neck tumors treated with CIRT.



Tooth loss post-radiotherapy has not been fully investigated [22,23,24]. Indeed, few studies report tooth loss post-radiotherapy. Beesley et al. compared the incidence of tooth loss in patients after intensity-modulated radiotherapy or conventional three-dimensional conformal radiotherapy [25]. In that study, the incidence of tooth loss was comparable between the two radiation modalities. They also found that the incidence of tooth loss was higher in the second year than in first year post-treatment. They concluded that extending the follow-up period to 3–5 years is required to obtain a complete picture of tooth loss post-radiotherapy. From this perspective, our data indicate that tooth loss occurs at a median of approximately 3 years post-CIRT and that most events occur within 5 years (Figure 2). We found that the 5 year cumulative incidence was 13.3%, but the figure of 13.3% is not relevant because we only enrolled cases in which teeth were irradiated (i.e., 10 patients were excluded because they did not receive irradiation to the tooth). Importantly, the median time of tooth loss was 38.6 months, indicating that long-term follow-up is necessary. We recommend long-term dental visits in cases where teeth have been irradiated. Walker et al. analyzed the association between photon dose and damage to teeth in 93 patients with head and neck tumors; they found that damage to the teeth was significantly higher at a dose of 30 Gy or more [26]. These results are consistent with our own data showing that the accuracy for the ROC curve analysis-based prediction of tooth loss post-CIRT reached approximately 95% at V30, V40, V50, and V60, whereas the accuracy was below 90% at V10 and V20 (Table 2). Lieshout et al. reported that the first signs of deterioration of hard teeth tissue are visible within 3 months after radiotherapy in the head and neck region. The most common damage to teeth manifested as widespread areas of porosity in the enamel, crater formation (with exposure of subsurface enamel), loss of large parts of the surface enamel, and loss of full enamel coverage exposing the underlying dentine [27]. Although the mechanism of tooth loss after CIRT is unknown, the first symptoms are often tooth agitation and pain. During photon radiotherapy for head and neck SCC, the salivary glands are irradiated because the lymph node areas are irradiated. As a result, tooth decay due to salivary gland depletion is common [26,28]. During CIRT for head and neck NSCC, the lymph node area is usually not irradiated as mentioned in the Materials and Methods Section. There was very little damage to the salivary glands and xerostomia rarely occurred in CIRT. Differences in salivary gland damage are not due to differences in radiation quality between photon radiotherapy and CIRT, but rather due to the differences in the primary tumor site and histology between head and neck NSCC and SCC.



The strength of this study is that we, for the first time, have analyzed the dose–volume relationship in individual teeth. Previous dose–volume studies delineated the whole maxillary bone as the object of analysis and used osteonecrosis or sequestrum as the endpoint. For example, Sasahara et al. reported risk factors for maxillary osteoradionecrosis post-CIRT [17]. In that study, they found that V50 was an independent risk factor for maxillary osteonecrosis. Using such dose–volume data to estimate the site and number of teeth lost is difficult. Since CIRT has a steep dose distribution, detailed dose–volume data for each individual tooth will help clinical management prior to initiation of treatment. From a practical perspective, practitioners can use the risk-predictive parameters demonstrated in this study to (i) spare specific teeth that are important for the patient’s QOL (i.e., a dose of 50 Gy (RBE) should not cover more than half of the circumference of the root of the tooth); or (ii), before CIRT is started, to extract the tooth predicted to be lost as this can prevent chronic pain induced by sequestrum. During photon radiotherapy, tooth extraction increases the risk for osteonecrosis. Therefore, tooth extraction prior to radiation therapy is considered [29]. We believe that tooth extraction is also a risk for osteonecrosis after CIRT. From this point of view, it is desirable to extract the necessary teeth before treatment. However, it should be noted that extracting the tooth before CIRT can delay the start of treatment.



In addition to radiation, causes of tooth loss include caries and periodontal disease [30,31,32]. Furthermore, tumor invasion into the maxilla may be a factor that affects tooth loss after treatment. This study did not examine these factors. However, none of the patients lost teeth due to extractions caused by tooth decay in this study. In order to clarify the relationship between the irradiated dose and tooth loss, we excluded patients who did not have irradiated teeth. Of the 25 teeth lost, one was excluded from the analysis because it was clearly an outlier in terms of the irradiated dose; therefore, we assumed that loss of this tooth was caused by factors other than radiation. Regarding loss of the other 24 teeth, we noted that the maxillary bone that supported these teeth disappeared. These changes occurred in line with the distribution of high-dose irradiation in CIRT (Figure 1B) and were uncommon with photon radiotherapy. Clinically, we believe that tooth loss is related to the loss of maxillary bone and evaluated the dose of only the root part and not the crown part in this study. The dosimetric parameters for the root part predicted tooth loss with high accuracy. If factors other than irradiation, such as caries and periodontal disease, had a greater influence, the relationship between dosimetric parameters and tooth loss would not be so clear. Taken together, we consider that factors other than irradiation had a small effect on the loss of the teeth analyzed herein. If these cutoffs can be adhered to, then tooth loss can be prevented in most cases.



The study has several limitations: first, the number of patients was small. Validation with a larger cohort is warranted. Second, confounding factors such as caries, periodontal disease, and tumor invasion were not analyzed. However, it is useful to predict with high accuracy which teeth will disappear after treatment from a clinical perspective. Third, only the maxillary teeth were included and not the mandibular teeth. This is because more than half of tumors are located in the maxilla sinus and nasal cavity and there were few cases in which the mandible was irradiated.




5. Conclusions


We report for the first time the incidence of tooth loss in patients with head and neck tumors treated with CIRT and identify risk-predictive dosimetric parameters. The data will be useful for the clinical management of patients with head and neck tumors treated with CIRT.
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Figure 1. A representative patient with mucoepimoid carcinoma (yellow arrow) of the hard palate who experienced tooth loss after carbon ion radiotherapy (CIRT) with 64 Gy (relative biological effectiveness) delivered in 16 fractions. (A) Treatment planning computed tomography (CT) images showing isodose lines and the contours of the teeth (the three left-most images are axial sections and the right-most image is a coronal secton). (B) CT images taken 5 years post-CIRT. 
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Figure 2. Cumulative incidence of tooth loss after carbon ion radiotherapy in patients with head and neck non-squamous cell carcinoma. 
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Figure 3. Cumulative dose–volume histograms for the teeth of patients with head and neck non-squamous cell carcinoma treated with carbon ion radiotherapy. Red and blue lines indicate lost teeth (n = 24) and remaining teeth (n = 146), respectively. Diamonds show the cut-off values used to distinguish the two groups at every 10 Gy (relative biological effectiveness), which was calculated using receiver operating characteristic analysis. 
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Figure 4. Cumulative incidence of tooth loss after carbon ion radiotherapy, which was stratified according to cut-off values calculated from receiver operating characteristic analysis. The cutoff values were 99.9%, 99.1%, 97.8%, 78.1%, 58.1%, and 7.67% for V10-60, respectively. (A) V10. (B) V20. (C) V30. (D) V40. (E) V50. (F) V60. 
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Table 1. Patient characteristics.






Table 1. Patient characteristics.





	
Characteristics

	
All (n = 14)






	
Age

	

	




	

	
Median (range)

	

	
59 (32–77)




	
Gender

	

	




	

	
Male

	

	
5




	

	
Female

	

	
9




	
Performance status

	

	




	

	
0

	

	
6




	

	
1

	

	
8




	
Histology

	

	




	

	
Adenoid cystic carcinoma

	
10




	

	
Mucoepidermoid carcinoma

	
2




	

	
Olfactory neuroblastoma

	
1




	

	
Basal cell adenocarcinoma

	
1




	
Primary tumor site

	




	

	
Nasal cavity

	

	
7




	

	
Maxillary sinus

	

	
3




	

	
Oral cavity

	

	
2




	

	
Pharynx

	

	
1




	

	
Parotid gland

	
1




	
Operability

	

	




	

	
Operable

	

	
8




	

	
Inoperable

	

	
6




	
Primary or recurrence

	

	




	

	
Primary tumor

	

	
12




	

	
Postoperative recurrence

	
2




	
T stage

	

	




	

	
T2

	

	
2




	

	
T3

	

	
6




	

	
T4

	

	
6




	
N stage

	

	




	

	
N0

	

	
14




	
Carbon-ion dose

	

	




	

	
64.0 Gy (RBE)/16 fractions

	
13




	

	
57.6 Gy (RBE)/16 fractions

	
1








RBE, relative biological effectiveness.
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Table 2. Receiver operating characteristic curve analysis to predict tooth loss after carbon ion radiotherapy.
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	Parameter
	V10
	V20
	V30
	V40
	V50
	V60





	Cut-off value
	99.9%
	99.1%
	97.8%
	78.1%
	58.1%
	7.67%



	Sensitivity
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00



	Specificity
	0.66
	0.86
	0.92
	0.92
	0.94
	0.93



	Accuracy
	0.71
	0.88
	0.94
	0.94
	0.95
	0.94
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