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Abstract

:

The main aim of the study was to compare the temperature response of the body to the dose received during breast cancer radiotherapy. The control group consisted of 50 healthy volunteers. They underwent one thermographic examination and compared the temperatures between the left and right breasts. The research group consisted of 50 patients. Based on the treatment plan, the area PTV and isodose was marked on the thermograms. Five thermographs were performed in each patient (before radiotherapy and in each week of treatment). A qualitatively similar increase in mean temperature during treatment was observed in both subgroups in the analyzed areas. The highest increase in temperature was obtained in the third week of treatment. Compared with the value before treatment, the increase in the mean temperature in PTV in patients after partial surgery was 0.78 °C, these values are statistically significant p = 0.000055. In the case of post-mastectomy patients, 0.8 °C was obtained, these values are statistically significant p = 0.00369. In addition, strong correlation was calculated between isodoses read from treatment plans and isotherms obtained from the analysis of thermal images. In post-mastectomy patients for PTV r = 0.77, 30 Gy r = 0.94, 20 Gy r = 0.96, and 10 Gy r = 0.75. For patients after partial surgery for PTV r = 0.74, 30 Gy r = 0.89, 20 Gy r = 0.83, and 10 Gy r = 0.89. Infrared thermography seems to be a useful method of assessing the thermal response of the body to the dose received during radiotherapy of breast cancer and may be a clinically useful method of assessing the early skin response to radiation.
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1. Introduction


The method choice for treating patients with breast cancer depends on the established clinical stage. The final therapeutic decisions also consider the general condition, the assessed hormonal sensitivity of the tumor, comorbidities, and the patient’s age. Combined techniques, including hormone therapy, immunotherapy, chemotherapy, and radiotherapy, are the standard [1]. Breast cancer radiotherapy is usually performed based on a two-dimensional planning system (2D), using a 5-field technique, in which the chest wall area is irradiated from two tangent fields. The supraclavicular lymph nodes and three levels of the armpit are then irradiated from two fields: the anterior axillary and posterior axillary area, including the third level of the armpit. Field 5, including the parasternal lymph nodes, is rarely used. Currently, radiotherapy is planned in a three-dimensional system based on the CT examination performed [2,3].



This improves control of the irradiated area and protects healthy organs surrounding the target. The planned target volume of Planning Target Volume (PTV) to be irradiated may contain the following:




	
A scarred breast or chest wall (depending on the initially performed treatment);



	
Armpit and supraclavicular lymph nodes;



	
Parasternal lymph nodes on the irradiated side.








After the irradiation area is introduced into the planning system, the medical physicist draws up a treatment plan using the Treatment Planning System. The goal of medical physicist’s work is to create a plan in which the PTV area receives the desired dose while critical organs are the most protected, according to accurate reports. In the case of breast radiotherapy, critical organs are the lungs, heart, liver, spinal canal, and the head of the humerus. Modern irradiation techniques allow the distribution of isodoses to be adapted to the shape of the PTV determined by the doctor. Only after checking and approving the plan can the patient start irradiating the therapeutic apparatus [2,3,4,5,6].



Radiotherapy must be recognized as the administration of energy to the tissue. That is why temperature changes are expected. However, among the side effects seen after radiotherapy as general weakness, decreased activity, vomiting, and changes in the blood (mainly a reduction in the number of white blood cells and platelets), there might also be seen temperature side effects. In the case of breast radiotherapy, skin lesions are the most common. The skin exposed to radiation may turn slightly pink and peel off due to acute radiation dermatitis and ulceration. Acute radiation exposure may lead to a physician’s decision to terminate radiotherapy early, which may have a negative therapeutic effect. Fortunately, such situations are very rare [7,8,9,10,11,12,13,14,15,16]. It is yet to be known whether the commonly used criteria for the assessment of skin irradiation adequately correlate with the symptoms reported by the patient. They contain evaluation criteria that can be used by the Radiation Therapy Oncology Group (RTOG), Common Terminology Criteria for Adverse Events (CTCAEs), and World Health Organization (WHO) practitioners. They consider changes in skin biophysical parameters such as skin blood supply, pigmentation, hydration, pH, and symptoms reported by the patient, i.e., pain, itching, local heat, and pressure in patients with breast cancer undergoing radiotherapy. The examined patients are assessed according to the Common Terminology Criteria for Adverse Events [9]. This scale assesses the toxicity of treatment. It was created to try to standardize the reporting of adverse reactions in clinical trials and clinical practice. In the case of radiotherapy, it allows the assessment of the radiation reaction. Similarly assigned values are defined: 0: no changes; I: mild redness or dry exfoliation; II: moderate redness, limited wet exfoliation, moderate swelling; III: wet exfoliation in areas other than skin folds, bleeding after minor trauma; IV: necrosis and/or ulcerations with thinning of the skin, spontaneous bleeding; V: death. The same classification applies to patients who have undergone conserving surgery and those who have undergone mastectomy [11,12,13]. This method requires the experience of the attending physician. Additionally, it is impossible to observe the irradiation site in time and simultaneously document its change.



The energy dose accepted by tissue as well as other tissue, expected and non-expected skin reactions, usually results in temperature changes [10,11,12,13].



Currently, no methods available in clinical practice allow an objective assessment of the radiation reaction. Additionally, the problem is to define the area in which the irradiation dose is assessed and analyzed during radiotherapy. In the available literature, no studies evaluate thermography’s usefulness in assessing radiation reactions using thermography correlations between isodoses and the treatment area.



On the other hand, thermal imaging aims to obtain accurate thermal maps of the body. In medicine, it is successfully used as a non-invasive imaging of inflammatory diseases, breast cancer diagnostics [17,18,19,20,21,22,23,24,25,26,27], rheumatology, and various other applications, as well as to detect skin temperature changes [28,29,30,31,32,33]. Additionally, due to the fact that it is a non-invasive method, we can repeat it without harm to the patient. In addition, it provides us with additional information on whether the temperature changes during irradiation and in what areas. That is why thermal imaging seems to be a very convenient imaging technique to study temperature changes in the irradiated area, which indirectly brings information about energy absorbed or/and released in the tissue [34].



The main aim of the study was to compare the temperature response of the body to the dose received during breast cancer radiotherapy in patients after mastectomy and breast-conserving surgery. In addition, we want to check the correlation between isodoses read from treatment plans and isotherms obtained from the analysis of thermal images in two subgroups.




2. Materials and Methods


2.1. Consent of the Bioethics Committee


The work is part of the long-term project “Application of thermal imaging in cancer radiotherapy”, which was approved by the Bioethical Committee of the Oncology Center—Maria Skłodowska-Curie Institute (current name is the Maria Skłodowska-Curie National Research Institute (NIO-PIB) in Warsaw on October 6 2016 (No. 38/2016).




2.2. Control and Research Group


Two groups of patients were examined. The control group comprised 50 healthy patients (mean age 50 ± 12 years). The research group included 50 patients who were qualified for radiotherapy by the decision of a medical council. It consisted of two subgroups: 27 patients after conserving surgery (mean age 52 ± 11 years), and 23 patients after mastectomy (mean age 57 ± 13 years).



The power of the sample was checked for two research subgroups. For post-mastectomy patients the power of the test was 0.84. For a high power of 0.9, the number of patients in this group would have to be 29. For patients after partial surgery, the power of the test was 0.66. To obtain a high test power of 0.9, the number of patients in this group would have to be 50.




2.3. Measuring Device


All studies were performed with a thermal imaging camera FLIR System E60 model with a detector resolution of 320 × 240 pixels and a thermal sensitivity of 0.05 K. The conducted studies were free of charge, and volunteers could apply.




2.4. Patient Eligibility Criteria


Only healthy patients could qualify for the control group. The criteria for exclusion from the study were: consumption of alcohol, stimulants, and smoking for at least two hours before the study, intense exercise on the day of the study, infection with a body temperature above 37.5 °C, use of drugs that reduce body temperature, sunbathing on the day of the study, tests physiotherapy treatments performed, skin covered with ointments, creams, makeup or dirt, dermatological changes, and tattoos in the area covered by the examination [35,36,37].




2.5. The Method of Conducting the Test


The study was carried out at the Maria Skłodowska-Curie National Research Institute of Oncology Gliwice Branch in a special room designated for this purpose, which was not sunny and was closed for the duration of the examination to ensure the patient’s comfort. During each test, the staff monitored whether the temperature and humidity in the room remained constant, assuming the temperature values were 22 ± 1 °C and the humidity ranged from 40% to 45%.



Each person had to provide written consent to participate in the study. The staff provided detailed information about the survey and answered all questions. Each participant received a “Patient Information Form” describing all the study information. The last part before the examination was to complete a detailed patient questionnaire. The questionnaire of patients was extended to include the disease history (time of tumor detection, course of treatment, date of surgery). As thermography is non-invasive, it was decided that thermal imaging pictures would be taken each week of treatment. The meeting was always held in the same room, and the patients were reminded to prepare on the examination day. Each time they acclimatized to the ambient temperature twenty minutes before the test without upper garments. Meeting with the patients was held at a fixed time on a designated day of each week. The patients were always imaged before the administration of the fractional dose. Each week, the patients’ well-being was checked, the skin condition in the irradiated area was assessed, and possible side effects were noted. During thermal imaging, patients were always in the same position (standing with raised arms). According to standards, three straight projections were made from the left and right sides [35,36,37,38].




2.6. Analysis of Thermograms


In healthy patients who qualified for the study, the mean values of temperatures in the right and left breast were analyzed after the measurements were performed. It must be emphasized that the painted areas of the breast were adapted to the anatomy and structure of each patient.



In the research group, all patients underwent standard procedures to prepare for radiotherapy. A thermoplastic mask and computed tomography were made and calculated for the spatial distribution of the dose. The studied patients were treated five days a week with a fractional dose of 2.25 Gy, with a two-day weekend break for four weeks up to a total dose of 45 Gy. The area of PTV painted by the doctor is the area where the dose was provided. Then, isodoses were analyzed, i.e., lines connecting points with the same dose values. For the PTV area and the values of 30 Gy, 20 Gy, and 10 Gy, they were also marked on thermograms, and their changes were analyzed in each week of treatment. The diagram of the method of drawing isodose in patients treated with radiotherapy and the analysis of the temperature difference between the breasts in healthy women is shown in Figure 1.



The areas drawn by doctors differ depending on the surgical procedure performed. Patients, after conserving surgery, cover the area of the breast with a margin, and in the case of mastectomy, they also cover the lymph nodes. This confirms that the PTV area painting system proposed by us from the treatment plan is the most accurate. Especially in the case of mastectomy patients where determining the area after breast excision appears to be problematic and would not include areas outside the breast that also receive radiation doses. Therefore, individual preparation of isotherms in correlation with isodoses seems to guarantee repeatability and proper preparation of the analyzed area.




2.7. Statistical Analysis


Statistical analyses were performed using the STATISTICA 10 program, which contains a complete set of statistical tools and methods for comprehensive development and graphical presentation of the results of clinical trials. For each analysis, the Shapiro–Wilk test was performed to check the type of distribution of measurable features, and it was checked whether the distribution of the variables was normal and the homogeneity of variances. Based on those positive results, it was decided to perform parametric tests (including the student’s t-test for dependent groups in the case of, for example, the analysis of temperature changes over time or independently examining the differences in temperature between the groups of healthy and treated patients). The level of significance was p < 0.05. The confidence interval was 0.95. The results were presented using graph boxes. Pearson’s correlation was performed, which allows to determine whether two quantitative variables are related to each other by a linear relationship.





3. Results


Pictures from Figure 2. present thermal images of an exemplary patient after conserving surgery and after mastectomy taken before radiotherapy (A) and in each subsequent week of treatment (B–E). The analyzed temperature range was set to 27–38 °C. One can see that the temperature in the irradiated area rises during radiotherapy. The highest temperature in the irradiated area was observed in both groups of patients in the third week of treatment.



Five measurements were performed for each patient in the research group. The target area was marked on the thermograms, PTV, then the isodoses of 30 Gy, 20 Gy, and 10 Gy. It can be easily seen that during the course of treatment, the temperature of the analyzed areas increases. The most significant irradiated tissue temperature increase is observed in the third week of treatment. As expected, a higher increase in mean temperatures occurs in the area where the highest dose is administered. One thermovision examination was performed for the control group, which consisted of healthy volunteers. For the analysis of the mean value of temperatures, the area of the right breast 33.14 ± 1.05 °C and the left breast 33.35 ± 0.99 °C were defined. The mean value of the differences between the breasts was 0.21 ± 0.05 °C and there was no statistically significant temperature difference between breasts.



For deeper insight into performed analysis, the correlation between dose and mean adequate temperature areas was performed, and the plots are presented in Figure 3 and Figure 4.



It should be noticed that the lowest values of analyzed areas’ average temperature are observed before the start of radiotherapy. The mean temperature values increase after the first and second treatment weeks. However, the highest temperature was observed in the third treatment week. Additionally, in both groups there was an increase in temperature not only in the target area but also in the analyzed isodoses. The observed temperature increase was smaller for lower doses of energy delivered to the tissue. The obtained results showed a strong correlation between the mean temperature and the duration of radiotherapy in marked isodoses (so the dose of energy delivered) in patients after mastectomy and surgery, as shown in Figure 3 and Figure 4.



Table 1 Shows the temperature changes in the PTV and differences between the third week of treatment and the pre-radiotherapy temperature values for 20 exemplary patients, 10 exemplary patients in each of the studied groups.



Figure 5 shows the mean temperatures for the two groups in the third week of treatment in the treatment area (PTV). This week, both groups had the highest temperature measured during the weekly control of radiation therapy. There was no statistically significant temperature difference between the groups p = 0.471733.



Shown in Figure 6 bar graphs show the values of mean temperatures in the PTV area and isodoses before radiation therapy and in each treatment week. We can see that the average temperature values increase with each week, reaching the highest values in the third week of treatment. Temperatures increase not only for the target area that received the highest temperature, but also for the isodoses that received the lower cumulative dose. Comparing the two groups of patients, we can see that in the analyzed areas we have a similar increase in average temperature values. This confirms that the use of thermovision to monitor patients during radiotherapy treatment can be used both after mastectomy and partial surgery.



Compared with the pre-radiotherapy thermograms, the average temperature increase observed in patients after mastectomy was 0.8 ± 0.04 °C in the third week of treatment. The mean value for the examined patients before the start of radiotherapy was 33.81 ± 0.56 °C, and it increased up to 34.61 ± 0.43 °C. This statistically significant value p = 0.00369 confirms that the temperature increase observed during treatment results from ionizing radiation delivered to the tissue. With each week of treatment, the total dose delivered to the tissue is more remarkable, which is manifested by a higher temperature difference than before treatment. In the third week of treatment, when the recorded temperature was the highest in patients after conserving surgery, the average temperature increased by 0.78 ± 0.07 °C. The mean value before the start of treatment was 33.65 ± 1.03 °C, and it increased up to 34.43 ± 0.76 °C, these differences are statistically significant and amount to p = 0.000055. After removal of the tumor and the entire breast, the thermal response of the examined patients to the radiation dose was similar.



Additionally, the average temperature values obtained in the PTV area and other selected isodoses in the third week of treatment were compared. Such analysis showed similar dependencies in both groups. As the dose taken by the patient decreases, the increase in temperature is less. Statistically significant differences between the PTV values and each of the isodoses at the third week of treatment are presented in Table 2. Comparing these values between patients after conserving surgery and mastectomy, no statistically significant differences were found. However, it should be noted that the temperature rise in the low-dose areas is greater in patients after conserving surgery. This information confirms that in the analysis of thermograms after radiotherapy, it is worth not only determining the area painted by the doctor that receives the highest dose but also checking how the areas that received the lower dose of radiation behave. Additionally, in the course of patient monitoring through thermal imaging during the connection and noticing a significant increase in temperature in the area outside the PTV, it can indicate an incorrect implementation of the treatment which may result, for example, from the incorrect positioning of the patient on the therapeutic apparatus or appearing not expected of dose hot spots. We did not have such a case during the course of the study.



The mean temperatures between the PTV area in the third week of treatment, where the recorded increase was the greatest were compared, as was that of the untreated breast. In the group of patients after conserving surgery, this difference was 1.04 ± 0.19 °C and it is statistically significant p = 0.000008. This difference was five times higher than in healthy patients (where the temperature asymmetry between the left and right breasts was 0.21 ± 0.05 °C on average). In healthy women there was no thermal asymmetry between the studied areas, which is consistent with the literature [39,40]. The difference was even greater in the group of patients after mastectomy and amounted to 1.25 ± 0.14 °C. These differences are statistically significant, value p = 0.000005. Comparing these values between groups, we can see that they are not statistically significant. Such temperature results may suggest that modern radiotherapy spares the healthy side from treatment, so we do not observe an increase in temperature during treatment. In pre-radiotherapy patients, the difference between PTV treated area and healthy breast was 0.3 ± 0.05 °C for breast conserving surgery and was slightly higher in women after mastectomy was 0.4 ± 0.05 °C. This value is higher than in healthy women, but the differences are not statistically significant. Normal breast temperature did not increase in both groups during radiotherapy.




4. Discussion


The main goal of the work was to assess the usefulness of the infrared thermography method in assessing the body’s thermal reaction to the dose received during breast cancer radiotherapy. Since this treatment is performed after both conserving surgery and mastectomy, a necessary complement to the surgical procedure, it was decided to examine two groups of patients. To achieve this main goal, partial goals were set: correlating the areas delineated by isodoses from the treatment plan with the temperature image of the irradiated surface and observation of temperature changes in each week of treatment. After analyzing the results of our work, we obtained the following conclusions: In both groups of patients, there was an increase in temperature not only in the target area but also in the analyzed isodoses. With the decrease in the dose received, the temperature increase was smaller. Both in the case of mastectomy and after sparing surgery, painting the PTV area individually for each patient and weekly lesion analysis seems to be the most accurate method of assessing the patient’s response to the radiation dose. In the case of a mastectomy, it can be found that identifying the area to be analyzed can be confusing after the breast is removed. In this case, specifying the target area on thermograms allows for easier and unambiguous analysis. Until now, apart from an interview and visual assessment of the irradiated area by a physician, it has been difficult to obtain additional information on the patient’s response to radiation. The collocation of isodoses with isotherms allows us to quickly and non-invasively control the patient’s condition. It seems that in the event of an error in the treatment plan or improper setting during irradiation, the temperature change in the isodoses and PTV can show and help correct the error. There were no such patients in the study group.



All study patients were monitored for their health and well-being during treatment. In the study group, the most common symptoms were radiation reactions. In 58% of patients, it was classified according to the CTCAE scale [9,10,11,12,13] to value II and the remaining 42% to value I. An interesting observation was that the BMI value was lower among patients classified in group II (24.61) than in patients with a lower response to radiation (27.32). The second most common treatment-related side effect was fatigue and weakness, which occurred in 48% of the subjects. The above observations confirm that the ionizing radiation used during radiotherapy is not indifferent to the patient. Despite the technical difficulties and dose limitation on healthy organs, acute radiation dermatitis, called early skin reactions, occurs very often in clinical practice, may cause treatment discontinuation, and cause discomfort to the patient. Observation of side effects with the use of a non-invasive method, which is thermography, provides us additional opportunities. It lets the doctor know precisely when the reaction occurred and its change. In addition, these measurements can be performed during treatment, which allows for quick reactions and implementation of appropriate treatment. The differences in the values analyzed by us are not statistically significant between the groups, which indicates that the thermal reaction to radiation is the same both with conserving surgery and removal of the entire breast.



Our measurement method has several limitations. These include proper preparation of the patient, the measurement room, and the analysis of thermograms. We must be aware that the temperature is affected by many factors which is why, for example, an infection with increased body temperature disqualifies us from research during illness. We must take care and inform the patient about not using medications that may affect the change in body temperature. Correct performance of the tests requires having a specially prepared room, where the temperature and humidity of the air are constant, and should allow the patient to acclimate to the ambient temperature for about 30 min. Meeting these requirements is essential for reproducibility and reliable results




5. Conclusions


The studies confirmed the usefulness of the infrared thermography method to assess the patient’s response to the dose received in radiotherapy.



The proposed method of thermal maps according to the PTV area and isodoses allows for individual analysis of each patient and seems to be the most accurate. It is adapted to the patient’s anatomy and accurately reproduces the irradiated area. It seems to be particularly useful in the case of post-mastectomy patients, where determining the area for analysis may be problematic due to the lack of breasts.



An increase in temperature was noted in each of the analyzed areas during treatment, therefore it seems important to analyze not only the PTV area where the received dose was the highest, but also the isodoses where the received dose was lower. The highest temperature increase occurred in the third week of treatment in the PTV area. These data are consistent with literature values. The observed changes in temperature are similar both after mastectomy and after breast-conserving surgery.



A high positive correlation between isodoses and isotherms was obtained in the two analyzed groups.







Author Contributions


Conceptualization, A.B. (Agnieszka Baic), D.P. and B.L.; methodology, A.B. (Agnieszka Baic), D.P.; software, A.B. (Agnieszka Baic), D.P. and A.C.; validation, A.S., K.Ś., A.B. (Anna Brzęk) and A.C.; formal analysis, D.P. and A.C.; investigation, K.Ś. and A.C.; resources, B.L. and K.Ś.; data curation, A.B. (Agnieszka Baic), D.P.; writing—original draft preparation, A.B. (Agnieszka Baic), and D.P. writing—review and editing, A.B. (Agnieszka Baic), D.P., K.Ś., A.S. and A.C.; visualization, A.B. (Agnieszka Baic) and D.P., supervision, B.L., A.S., K.Ś. and A.C.; project administration, A.B. (Agnieszka Baic), D.P. and B.L.; funding acquisition, K.Ś. and A.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of Oncology Center—Maria Skłodowska-Curie Institute in Warsaw (protocol code 38/2016 on 6 October 2016).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Śniadecki, M. Kryteria Rozpoznawania I Wczesne Objawy Chorób Nowotworowych; Via Medica: Gdańsk, Poland, 2015. [Google Scholar]

	



Ślosarek, K. Podstawy planowania leczenia w radioterapii. In Polskie Towarzystwo Onkologiczne; Oddział Śląski: Gliwice, Poland, 2007. [Google Scholar]

	



Malicki, J.; Ślosarek, K. Planowanie Leczenia i Dozymetria w Radioterapii; Via Medica: Gdańsk, Poland, 2016. [Google Scholar]

	



Waligórski, M.; Lesiak, J. Podstawy Radioterapii; PWN: Warszawa, Poland, 2000. [Google Scholar]

	



Łobodziec, W. Dozymetria Promieniowania Jonizującego w Radioterapii; Wyd. UŚ: Katowice, Poland, 1999. [Google Scholar]

	



Kukołowicz, P. Charakterystyka Wiązek Terapeutycznych Fotonów i Elektronów; RTA: Kielce, Poland, 2001. [Google Scholar]

	



Niwińska, A.; Gałecki, J. Current indications and methods of postoperative radiation therapy—Repetition before the exam. Oncol. Clin. Pract. 2016, 12, 18–24. [Google Scholar]

	



Censabella, S.; Claes, S.; Orlandini, M.; Braekers, R.; Thijs, H.; Bulens, P. Retrospective study of radiotherapy-induced skin reactions in breast cancer patients: Reduced incidence of moist desquamation with a hydroactive colloid gel versus dexpanthenol. Eur. J. Oncol. Nursing. 2014, 18, 499–504. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.J.; Hou, M.F.; Luo, K.H.; Wei, S.Y.; Huang, M.Y.; Su, S.J.; Kuo, H.Y.; Yuan, S.S.F.; Chen, G.S.; Hu, S.C.S.; et al. RTOG, CTCAE and WHO criteria for acute radiation dermatitis correlate with cutaneous blood flow measurements. Elsevier Breast 2015, 24, 230–236. [Google Scholar] [CrossRef] [PubMed]

	



Harper, J.L.; Franklin, L.E.; Jenrette, J.M.; Aguero, E.G. Skin Toxicity During Breast Irradiation: Pathophysiology and Management. South. Med. J. 2004, 97, 989–994. [Google Scholar] [CrossRef]

	



Hymes, S.R.; Strom, E.A.; Fife, C. Radiation dermatitis: Clinical presentation, pathophysiology and treatment 2006. J. Am. Acad. Dermatol. 2006, 54, 28–46. [Google Scholar] [CrossRef]

	



Sanchis, A.G.; González, L.B.; Carazo, J.L.S.; Partearroyo, J.C.G.; Martínez, A.E.; González, A.V.; Torrecilla, J.L.L. Evaluation of acute skin toxicity in breast radiotherapy with a new quantitative approach. Radiother. Oncol. 2017, 122, 54–59. [Google Scholar] [CrossRef]

	



Lilla, C.; Ambrosone, C.B.; Kropp, S.; Helmbold, I.; Schmezer, P.; von Fournier, D.; Haase, W.; Sautter-Bihl, M.L.; Wenz, F.; Chang-Claude, J. Predictive factors for late normal tissue complications following radiotherapy for breast cancer. Breast Cancer Res. Treat. 2007, 106, 143–150. [Google Scholar] [CrossRef]

	



Zhu, W.; Jia, L.; Chen, G.; Li, X.; Meng, X.; Xing, L.; Zhao, H. Relationships between the changes of skin temperature and radiation skin injury. Int. J. Hyperthermia 2019, 36, 1160–1167. [Google Scholar] [CrossRef]

	



Maillot, O.; Leduc, N.; Atallah, V.; Escarmant, P.; Petit, A.; Belhomme, S.; Sargos, P.; Vinh-Hung, V. Evaluation of acute skin toxicity of breast radiotherapy using thermography: Results of a prospective single-centre trial. Elsevier Masson SAS 2017, 22, 205–210. [Google Scholar] [CrossRef]

	



Chan, R.J.; Larsen, E.; Chan, P. Re-examining the evidence in radiation dermatitis management literature: An overview and a critical appraisal of systematic reviews. Int. J. Radiat. Oncol. Biol. Phys. 2012, 84, e357–e362. [Google Scholar] [CrossRef]

	



Keyserlingk, J.R.; Ahlgren, P.D. Infrared imaging of the breast; initial reappraisal using high—Resolution digital technology in 100 successive cases of stage 1 and 2 breast cancer. Breast J. 1998, 4, 245–251. [Google Scholar] [CrossRef]

	



Herman, C.; Cetingul, M.P. Quantitative visualization and detection of skin cancer using dynamic thermal imaging. J. Vis. Exp. 2011, 51, 2679. [Google Scholar] [CrossRef] [PubMed]

	



Jonathan, H.F.; Wang, R.E. Breast thermography is a noninvasive prognostic procedure that predicts tumor growth rate in breast cancer patients. Ann. N. Y. Acad. Sci. 1993, 698, 153–158. [Google Scholar] [CrossRef]

	



Kennedy, D.A.; Lee, T.; Seely, D. A comparative review of thermography as a breast screening technique. Integr. Cancer Ther. 2009, 8, 9–16. [Google Scholar] [CrossRef] [PubMed]

	



Morales-Cervantes, A.; Kolosovas-Machuca, E.S.; Guevara, E.; Reducindo, M.M.; Hernández, A.B.B.; García, M.R.; González, F.J. An automated method for the evaluation of breast cancer using infrared thermography. EXCLI J. 2018, 17, 989–998. [Google Scholar] [CrossRef] [PubMed]

	



Arora, N.; Martins, D.; Ruggerio, D.; Tousimis, E.; Swistel, A.; Osborne, M.; Simmons, R. Effectiveness of a noninvasive digitalinfrared thermal imaging system in the detection of breast cancer. Am. J. Surg. 2008, 196, 523–526. [Google Scholar] [CrossRef]

	



Rassiwala, M.; Mathur, P.; Mathur, R.; Farid, K.; Shukla, S.; Gupta, P.; Jain, B. Evaluation of digital infraered thermal imaging asan adjunctive screening method for breast carcinoma: A pilot study. Int. J. Surg. 2014, 12, 1439–1443. [Google Scholar] [CrossRef]

	



Ng, E.Y.K. A review of thermography as promising non-invasive detection modality for breast tumors. Int. J. 2009, 48, 849–859. [Google Scholar] [CrossRef]

	



Spitalier, H. Does infrared thermography truly have a role in present day breast cancer management. Biomed. Thermology 1982, 107, 269–278. [Google Scholar]

	



Jones, C.H. Thermography of the female breast. In Diagnosis of Breast Disease; Parsons, C.A., Ed.; University Park Press: Philadelphia, PA, USA, 1983; pp. 214–234. [Google Scholar]

	



Head, J.F.; Lipari, C.A.; Elliot, R.L. Comparison of mammography and breast infrared imaging: Sensitivity, specificity, false negatives, false positives, positive predictive value. and negative predictive value. In Proceedings of the First Joint BMES/EMBS Conference, 1999 IEEE Engineering in Medicine and Biology 21st Annual Conference and the 1999 Annual Fall Meeting of the Biomedical Engineering Society, Atlanta, GA, USA, 13–16 October 1999. [Google Scholar] [CrossRef]

	



Bauer, J.; Hurnik, P.; Zdziarski, J.; Mielczarek, W.; Podbielska, H. Thermovision and its applications in medicine. Acta Bio. Opt. Inf. Med. 1997, 3, 121–131. [Google Scholar]

	



Cholewka, A.; Kajewska, J.; Kawecki, M.; Sieroń-Stołtny, K.; Stanek, A. How to use thermal imaging in venous insufficiency? J. Therm. Anal. Calorim. 2017, 130, 1317–1326. [Google Scholar] [CrossRef]

	



Cholewka, A.; Stanek, A.; Klimas, A.; Sieroń, A.; Drzazga, Z. Thermal imaging application in chronic venous disease: Pilot study. J. Therm. Anal. Calorim. 2014, 115, 1609–1618. [Google Scholar] [CrossRef]

	



Cholewka, A.; Stanek, A.; Sieroń, A.; Drzazga, Z. Thermography study of skin response due to whole-body cryotherapy. Ski. Res. Technol. 2012, 18, 180–187. [Google Scholar] [CrossRef] [PubMed]

	



Mouli, P.E.C.; Kumar, S.M.; Senthil, B.; Parthiban, S.; Malarvizhi, A.E.; Karthik, R. Application of thermography in dentistry—A review. J. Dent. Med. Sci. 2012, 1, 39–43. [Google Scholar] [CrossRef]

	



Helmy, A.; Holdmann, M.; Rizkalla, M. Application of thermography for non-invasive diagnosis of thyroid gland disease. IEEE Trans. Biomed. Eng. 2008, 55, 1168–1175. [Google Scholar] [CrossRef]

	



Plaza, D.; Baic, A.; Lange, B.; Stanek, A.; Ślosarek, K.; Kowalczyk, A.; Cholewka, A. Correlation between isotherms and isodoses in breast cancer radiotherapy—First study. Int. J. Environ. Res. Public Health 2021, 18, 619. [Google Scholar] [CrossRef]

	



Ammer, K. The Glamorgan protocol for recording and evaluation of thermal images of the human body. Thermol. Int. 2008, 18, 125–144. [Google Scholar]

	



Ring, E.F.J. Progress in the measurement of human body temperature. IEEE Eng. Med. Biol. Mag. 1998, 17, 19–24. [Google Scholar] [CrossRef]

	



Ring, E.F.J.; Ammer, K. The technique of infrared imaging in medicine. Thermol. Int. 2000, 10, 1–10. [Google Scholar] [CrossRef]

	



Ring, E.F.J.; Ammer, K. Infrared thermal imaging in medicine. Physiol. Meas. 2012, 33, 33–46. [Google Scholar] [CrossRef]

	



Uematsu, S. Symmetry of skin temperature: Comparing one side of the body to the other. J. Am. Acad. Thermol. 1985, 1, 4–7. [Google Scholar]

	



Niu, H.H.; Lui, P.W.; Hu, J.S.; Ting, C.K.; Yin, Y.C.; Lo, Y.L.; Liu, L.; Lee, T.Y. Thermal symmetry of skin temperature: Normativedata of normal subjects in Taiwan. Chin. Med. J. 2001, 64, 459–468. [Google Scholar]








[image: Ijerph 19 16085 g001 550] 





Figure 1. Diagram of the method of drawing isodoses in patients after conserving surgery (A) and mastectomy (B) qualified for radiotherapy. The PTV area is marked in red, the dose area of 30 Gy in dark blue, the dose of 20 Gy in brown, and 10 Gy is pink. Scheme of drawing the breast area on thermograms in a group of healthy patients (C). 
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Figure 2. Thermograms of an exemplary patient after conserving surgery (left) and mastectomy (right) taken before radiotherapy (thermogram A), after the first week of treatment (thermal image B), after the second week of treatment (thermal image C), after the third week of treatment (thermal image D), and after the fourth week of treatment (thermal image E). 
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Figure 3. Correlation of temperature changes with the time of radiotherapy digestion for the PTV area and 30 Gy, 20 Gy, and 10 Gy isodoses in 23 patients after mastectomy. The confidence interval was 0.95. 
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Figure 4. Correlation of temperature changes with the time of radiotherapy digestion for the PTV area and 30 Gy, 20 Gy, and 10 Gy isodoses in 27 patients after conserving surgery. The confidence interval was 0.95. 
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Figure 5. Average temperature of patients after breast conserving surgery and mastectomy in the PTV area after 3 weeks of radiotherapy. 
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Figure 6. Mean temperatures of patients in the group after conserving surgery and after mastectomy in the area of PTV and isodoses. 
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Table 1. Temperature changes in the PTV area shown in 20 exemplary patients. The calculated difference between the 3rd week of treatment and the mean temperature before radiotherapy and the differences between the breast temperature in the healthy group.
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Before RT

[°C]

	
1 Week

[°C]

	
2 Week

[°C]

	
3 Week

[°C]

	
4 Week

[°C]

	
Differences between the 3rd Week of Treatment and before RT [°C]






	
mastectomy




	
patient 1

	
33.5

	
34.0

	
34.2

	
34.4

	
33.9

	
0.9




	
patient 2

	
33.8

	
34.0

	
34.1

	
35.2

	
35.1

	
1.4




	
patient 3

	
33.3

	
33.5

	
34.1

	
34.2

	
33.8

	
0.9




	
patient 4

	
33.7

	
33.6

	
34.0

	
34.5

	
34.3

	
0.8




	
patient 5

	
33.3

	
34.1

	
34.3

	
34.6

	
34.4

	
1.3




	
patient 6

	
34.2

	
34.9

	
35.0

	
35.2

	
35.1

	
1.0




	
patient 7

	
33.6

	
33.7

	
34.0

	
34.5

	
34.4

	
0.9




	
patient 8

	
33.7

	
34.0

	
34.1

	
34.4

	
33.0

	
0.7




	
patient 9

	
33.6

	
33.8

	
33.9

	
34.2

	
33.8

	
0.6




	
patient 10

	
34.5

	
34.6

	
34.7

	
35.3

	
35.0

	
0.8




	
conserving surgery




	
patient 1

	
33.0

	
33.4

	
34

	
34.9

	
34.5

	
1.9




	
patient 2

	
34.6

	
34.9

	
35.1

	
35.2

	
34.1

	
0.6




	
patient 3

	
31.7

	
31.8

	
31.9

	
32.4

	
31.7

	
0.7




	
patient 4

	
34.6

	
34.5

	
34.6

	
35.2

	
34.4

	
0.6




	
patient 5

	
34.4

	
34.7

	
34.7

	
35.0

	
35.0

	
0.6




	
patient 6

	
34.2

	
34.3

	
34.5

	
34.8

	
34.5

	
0.6




	
patient 7

	
32.7

	
33.8

	
33.8

	
34.0

	
33.8

	
1.3




	
patient 8

	
34.4

	
34.9

	
35.0

	
35.5

	
34.8

	
1.1




	
patient 9

	
34.2

	
34.0

	
34.1

	
34.8

	
34.1

	
0.6




	
patient 10

	
33.7

	
34.0

	
34.0

	
34.4

	
33.7

	
0.7
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Table 2. Temperature increase for the PTV area, 30 Gy, 20 Gy, and 10 Gy in the third week of treatment in two study groups.
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	PTV

[°C]
	30 Gy

[°C]
	20 Gy

[°C]
	10 Gy

[°C]





	mastectomy
	0.80

±0.04


	0.43

±0.09

p = 0.000798
	0.42

±0.08

0.000040
	0.30

±0.05

0.000000



	conserving surgery
	0.78

±0.07


	0.63

±0.12

p = 0.040398
	0.57

±0.04

0.004271
	0.53

±0.11

0.000008
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