

[image: Radiation Induced Lymphopenia Is Associated With the Effective Dose to the Circulating Immune Cells in Breast Cancer]
Radiation Induced Lymphopenia Is Associated With the Effective Dose to the Circulating Immune Cells in Breast Cancer





ORIGINAL RESEARCH

published: 28 April 2022

doi: 10.3389/fonc.2022.768956

[image: image2]


Radiation Induced Lymphopenia Is Associated With the Effective Dose to the Circulating Immune Cells in Breast Cancer


Fang Chen 1,2†, Jian-Yue Jin 3†, Timothy S.K. Hui 1, Haiman Jing 1, Hong Zhang 4, Yaqing Nong 1, Ying Han 1, Weili Wang 3, Lingyu Ma 1, Fan Yi 1, Qingqing Chen 1, Yongsheng Zhang 1, Pingfu Fu 5, Li Yang 1, Zhiyuan Xu 1 and Feng-Ming Spring Kong 1,2*


1 Department of Clinical Oncology, The University of Hong Kong-Shenzhen Hospital, Shenzhen, China, 2 Department of Clinical Oncology, Hong Kong University Li Ka Shing Medical School, Hong Kong, Hong Kong SAR, China, 3 Department of Radiation Oncology, Case Western Reserve University, Cleveland, OH, United States, 4 Department of Radiation Oncology, University of Maryland School of Medicine, Baltimore, MD, United States, 5 Department of Population and Quantitative Health Sciences, Case Western Reserve University, Cleveland, OH, United States




Edited by: 

Francesca Ballarini, University of Pavia, Italy

Reviewed by: 

Francesco Tommasino, University of Trento, Italy

Ting Xu, University of Texas MD Anderson Cancer Center, United States

*Correspondence: 

Feng-Ming Spring Kong
kong0001@hku.hk



†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: 05 September 2021

Accepted: 28 March 2022

Published: 28 April 2022

Citation:
Chen F, Jin J-Y, Hui TSK, Jing H,
Zhang H, Nong Y, Han Y, Wang W, Ma L, Yi F, Chen Q, Zhang Y, Fu P, Yang L, Xu Z and Kong F-MS (2022) Radiation Induced Lymphopenia Is Associated With the Effective Dose to the Circulating Immune Cells in Breast Cancer. Front. Oncol. 12:768956. doi: 10.3389/fonc.2022.768956




Background

Lymphopenia is a known significant factor for treatment outcome in cancer patients, with underlying risk factor poorly understood in breast cancer. We hypothesize that the effective dose to the circulating immune cells (EDIC) which was related with lymphopenia in lung cancer will also have significant effect for radiation induced lymphopenia (RIL) in patients with breast cancer.



Material and Methods

Patients treated with adjuvant radiotherapy (RT) and with complete blood tests within one week from RT end/start (post/preRT) were eligible in this study. Radiation dosimetric factors were collected retrospectively, and EDIC for each patient was calculated based on the doses to lung, heart and total body according to the model description, as previously reported. RIL was defined by the CTCAE5.0 based on postRT peripheral lymphocyte count (PLC). Linear regression was first used to test the correlation between EDIC with post/preRT PLC ratio and postRT PLC, using all these as continuous variables. Normal tissue complication probability (NTCP) was used to develop models that predict the CTCAE graded RIL from EDIC.



Results

A total of 735 patients were eligible. The mean post/preRT PLC ratio was 0.66 (95% CI: 0.64-0.68) and mean EDIC of breast cancer was 1.70Gy (95% CI: 1.64-1.75). Both post/preRT PLC ratio and postRT PLC were significantly correlated with EDIC (P<0.001), with R2 of 0.246. For patients with normal preRT PLC, the post/preRT PLC ratio was better associated with EDIC, and postRT PLC was expressed as PLCpreRT × (0.89−0.16 × EDIC). For patients with preRT lymphopenia, postRT PLC was better associated with EDIC and it was 1.1 – 0.17 × EDIC. Using binned EDIC as the dose variable, the bootstrap validated NTCPs fit the data nicely with R2 of 0.93, 0.96, and 0.94 for grade-1, grade-2, and grade-3 RIL, respectively. The corresponding EDIC to induce 50% of grade-1, grade-2 and grade-3 RIL was 1.2, 2.1 and 3.7 Gy, respectively.



Conclusion

EDIC is a significant factor for RIL in patients with breast cancer, and may be used to compute the risk of lymphopenia in each individual patient with the use of the conventional NTCP modeling. External validation is needed before the EDIC can be used to guide RT plan.
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Introduction

The immune system is critical for the development and management of malignant tumors. Lymphocyte is a major component of the immune system while lymphopenia was reported to be associated with poor prognosis in patients with breast cancer and other malignant cancers (1–4). However, lymphocytes are extremely radiosensitive (5, 6) and exposure to as low as 1 Gy of radiation can destroy mature circulating lymphocytes (7). Therefore, radiotherapy (RT) can damage the immune system and cause potential immunosuppression while it is applied for its role on killing malignant tumor cells.

Radiation induced lymphopenia (RIL) is common and known as a negative prognostic factor in many types of malignant solid tumors (8–15). In breast cancer, we have demonstrated that 60.5% patients had lymphopenia and 92.7% patients had some degree of reduction in peripheral lymphocyte count (PLC) after adjuvant RT (16). RIL or the ratio of nadir PLC and pretreatment PLC were also found to be a potential predictor for ipsilateral breast tumor recurrence or 5-year disease-free survival in breast cancer (17, 18). Meanwhile, several phase III clinical trials involving immunotherapy showed positive results which have significantly changed the treatment strategy for triple negative breast cancer (19, 20). The keynote 522 study (20) had enrolled previously untreated stage II or stage III triple-negative breast cancer and most of them would receive adjuvant RT concurrent with pembrolizumab after surgery. The effect of immunotherapy might be weakened by RIL since patients with low PLC had lower immune response rate while receiving checkpoint inhibitors (21). Therefore, it is important to establish a prediction model of RIL to improve RT plan of a better lymphocyte-sparing technique to reduce treatment-related lymphopenia.

Studies had revealed that radiation dose to the lymphatic system played an important role on RIL (6, 12). Our prior study also found that several radiation dosimetric factors (such as mean lung dose) were significant risk factors for lymphopenia after RT in patients with breast cancer (16). A simple RIL model based on radiation dose to the lymphatic system will be helpful clinically to improve RT plan and minimize lymphopenia. The lymphatic system is a complicated system composed of lymphoid organs such as lymph nodes/ducts, bone marrow and thymus, non-lymphoid organs such as lung and liver where lymphocytes reside, and circulation blood which transport lymphocytes to different parts of the body (22). Here we hypothesized that radiation dose to the lymphocytes in circulation blood to be critical for RIL because it was observed in breast and brain radiation patients while there is little lymphoid tissue in radiation of these regions (13, 23, 24). In addition, RIL is directly measured according to the number of lymphocytes in a unit volume of blood, and the active lymphocytes in circulation blood may be more radiosensitive than non-active lymphocytes in other parts of the lymphatic system (5, 6).

However, it is difficult to determine the radiation dose to the lymphocytes in circulation blood because they are moving targets. We have previously developed a model for the effective dose to the circulating immune cells (EDIC) for thoracic radiation based on planning dosimetric data, and demonstrated that EDIC was associated with both overall survival (OS) and local progression free survival (LPFS) after thoracic radiotherapy in non-small cell lung cancer (NSCLC) patients (25). This EDIC model has been validated externally in NSCLC (26) and esophageal cancer (15, 27), and further extended to abdominal radiation with consideration of other immune organs beyond circulating blood, including spleen, lymphatic ducts and bone marrows (22). Because the main irradiated blood-containing structures of breast cancer are similar to that of other thoracic malignancies, we hypothesized that this modeled EDIC may also be applicable to breast cancer. The purpose of this study is two folds: 1) to investigate whether EDIC is associated with RIL in patients with breast cancer; 2) to develop a normal tissue complication probability (NTCP) model for RIL by considering the EDIC as the dose to the circulating lymphocytes, similar as the conventional NTCP model for other normal structures (such as NTCP of radiation induced pneumonitis versus lung dose).



Materials and Methods


Study Population

Patients with breast cancer who had received adjuvant radiation between March 2015 to February 2020 in the University of Hong Kong-Shenzhen Hospital were enrolled in this study. Inclusion criteria: pathology confirmed invasive breast cancer, aged 18-year-old and above, underwent adjuvant radiation therapy. Exclusion criteria: non-invasive breast cancer, recurrent or stage IV breast cancer, breast lymphoma, immune related diseases, without PLC within 7 days before and after radiation in the University of Hong Kong-Shenzhen Hospital.



Data Collection

Following information of patients were collected: 1) radiation dosimetric factors including RT technique, RT fields, RT fractionations, mean heart dose (MHD), mean lung dose (MLD), and integral dose, which has a unit of dose*volume (to avoid confusion, here we referred it as integral total dose volume [ITDV]); 2) Other clinical factors including age, tumor laterality, ER/PR/HER-2 subtype, stage, surgical approaches, chemotherapy, endocrine therapy, target therapy; 3) PLC within 7 days at the beginning and end of radiation. Lymphopenia was graded by Common Terminology Criteria for Adverse Events (CTCAE) version 5.0. Lymphopenia was defined as PLC cut-off of 1.06 × 109 in our institution. Grade 1, 2, 3 and 4 lymphopenia were defined as PLC cut-off of 1.06-0.8 × 109, 0.8-0.5 × 109, 0.5-0.2 × 109 and 0.2 × 109/L, respectively. The study endpoints were numerical value of post/preRT PLC ratio, and postRT lymphopenia graded by CTCAE5.0 based on postRT PLC.



EDIC Calculation

A recently reported EDIC model was used for this study (25). The details of the EDIC model derivation have been described previously and validated externally (22, 25). Basically, the model derivation includes 4 steps: 1) convert the mean dose of each single blood containing organ (such as lung and heart) in one fraction into blood dose and volume by considering continuous blood flow through the organ during the time of radiation delivery (22, 25); 2) estimate the fractionation effect by considering that the irradiated blood uniformly mixed with un-irradiated blood after each fraction (13); 3) convert the blood dose volume data modified by the fractionation effect into a blood equivalent uniform dose; and 4) finally EDIC is the sum of the blood equivalent uniform doses (EUDs) contributed by each blood-containing organs, including lung, heart, large and small blood vessels with an assumption that large and small vessels are uniformly distributed in the body. The model is finally expressed as  , where MLD, MHD, and ITDV are the mean total lung dose, mean heart dose and integral dose (or integral total dose volume), respectively, and n is the number of radiation fractions (25). The ITDV was calculated as the mean external contour dose multiplying with the volume of the external contour. The CT scan region was from the lower jaw to L1 vertebra in this study.



Statistical Method

The effects of potential risk factors of RIL (post/preRT PLC ratio) were estimated using univariate analysis initially and further estimated using multivariable model. To avoid the unstable and inaccurate estimates of the coefficients, the stepwise linear regression based on the Akaike information criterion minimum was used to select variables for inclusion in the multivariate analysis. Meanwhile, the collinearity testing was performed using the variance inflation factor (VIF), and VIF > 10.0 was interpreted as indicating multicollinearity. Variables with VIF > 10.0 were not included in the final model. Coefficients and corresponding 95% confidence interval were calculated for the linear regression model. Another linear regression was used to investigate the numerical correlation between the post/preRT PLC ratio (or postRT PLC) with EDIC. Statistical analysis was performed using R software (version 3.6.2; https://www.R-project.org).

To develop the NTCP model for RIL, the Solver program in Excel was used to fit the clinical data into the NTCP model. The patients were binned into the following 8 groups according to their EDIC values: 1) EDIC <1.0; 2) 1≤ EDIC<1.5; 3) 1.5≤ EDIC<2.0; 4) 2.0≤ EDIC<2.5; 5) 2.5≤ EDIC<3.0; 6) 3.0≤ EDIC<3.5; 7) 3.5≤ EDIC<4.0; and 8) EDIC≥4.0. The average EDIC in each bin was calculated. The percentage of patients had Grade 1+, Grade 2+ and Grade 3+ lymphopenia at each bin was also calculated, respectively. The calculated percentage of patients with lymphopenia was considered as clinically observed NTCP for lymphopenia, and NTCP versus average EDIC was then fitted with the NTCP model expressed as

 

where D50 and k are fitting parameters. When the value of EDIC that generated NTCP of 50% was considered to be D50. For better comparison, we also used the original binary data for each patient to fit the NTCP model. Bootstrap validations were also performed for both binning and original binary data settings. Internal generalizability was evaluated over 1000 bootstrap samples, which were obtained by selecting patients randomly from the study cohort, with replacement to produce datasets having the same number of patients as the original cohort. Confidence intervals (CIs) for fit parameters were calculated using the bias corrected and accelerated bootstrap (BCa) method.




Results


Characteristics of Patients and Radiation Dosimetric at Baseline

Between March 2015 to February 2020, 1559 patients with breast cancer received adjuvant RT in the University of Hong Kong-Shenzhen Hospital. Among them, 735 patients with invasive breast cancer were eligible for this study (Supplementary Figure 1 for patient selection). Table 1 lists the characteristics of patient, tumor, pre-radiation treatment factors and radiation dosimetric factors at baseline. The median age was 45 years (range 26-86). The mean doses of lung, heart and integral body were 5.5Gy (95% CI: 5.3-5.6), 2.4Gy (95% CI: 2.2-2.5) and 4.4Gy (95% CI: 4.3-4.5), respectively.


Table 1 | Patient characteristics, dosimetric factors and their predictive values on radiation induced lymphopenia (post/preRT PLC ratio).





Correlation Between EDIC and postRT/preRT PLC (or postRT PLC)

Overall, 92.7% patients had some degree of reduction in PLC postRT, and 60.5% (445/735) patients had lymphopenia postRT (Supplementary Table 1). The mean post/preRT PLC ratio was 0.66 (95% CI: 0.64-0.68). The mean EDIC of breast cancer was 1.70Gy (95% CI: 1.64-1.75). Univariate and multivariable regression analyses showed that EDIC was one of the significant risk factors (P<0.001) for lymphopenia (post/preRT PLC ratio) (Table 1).

Linear regression showed that the post/preRT PLC ratio decreased with increasing EDIC (R2 = 0.246, p<0.001) (Figure 1A). However, we noted that a significant number of patients were outliers that not fit to the linear regression. Interestingly, most of these outlier patients had baseline (preRT) lymphopenia (or low preRT PLC), which may had confounded the radiation effect. In this study, 14.3% (105/735, 95%CI: 14.2-14.3%) patients had CTCAE5.0 defined lymphopenia before RT (11.4%, 2.5%, 0.4% and 0 for grade 1, 2, 3 and 4, respectively) (Supplementary Table 1). As shown in Figures 1B–D, the correlation represented by R2 was improved from 0.246 to 0.283 by excluding 3 patients with grade-3 baseline lymphopenia, improved to 0.309 by excluding additional 18 patients with grade-2 baseline lymphopenia, and further improved to 0.318 by excluding 84 grade-1 baseline lymphopenia patients. The percentage outliers were 2/3 (66.7%), 3/18 (11.1%), 2/84 (2.4%) and 1/640 (0.1%) for patients with baseline (Pre-RT) grade-3, grade-2, grade-1 and grade-0 lymphopenia, respectively. In patients with normal preRT PLC, the postRT PLC (or potential RIL) might be estimated by the linear regression of the post/preRT PLC ratio with EDIC, and specifically be computed as PLCpostRT = PLCpreRT × (0.89 – 0.16 × EDIC) (Figure 1D). Meanwhile, these data also indicated that patients with baseline lymphopenia before RT tended to have a different behavior.




Figure 1 | Inverse linear relation between post/preRT PLC Ratio and EDIC for (A) all 735 patients; (B) 732 patients excluding 3 patients with grade 3 preRT lymphopenia; (C) 714 patients excluding additional 18 patients with grade 2 preRT lymphopenia; (D) 630 patients excluding additional 84 patients with grade 1 preRT lymphopenia.



The postRT PLC also decreased with increasing EDIC (R2 = 0.275, p<0.001) (Figure 2A), and its correlation was better than that of post/preRT PLC ratio to EDIC. However, the correlation did not improve when patients with preRT lymphopenia were excluded (Figures 2B, C). The correlation was better than that of the post/preRT PLC ratio to EDIC if all patients were considered, but it was not as good as that of the post/preRT PLC ratio to EDIC if patients with preRT lymphopenia were excluded.




Figure 2 | Inverse linear relationship between EDIC and postRT peripheral lymphocyte counts (PLC) for (A) all 735 patients; (B) 732 patients excluding 3 patients with grade 3 preRT lymphopenia; (C) 714 patients excluding additional 18 patients with grade-2 preRT lymphopenia.



We also compared the correlation of post/preRT PLC ratio to EDIC and postRT PLC to EDIC for patients with grade 1+ and grade 2+ pre-RT lymphopenia. As shown in Figures 3A–D, the correlation of postRT PLC to EDIC for patients with grade 1+ preRT lymphopenia was the best (R2 = 0.366, p<0.001). Therefore, for these patients with baseline lymphopenia, the postRT PLC (or potential RIL) might be approximated by linear regression of absolute postRT PLC with EDIC, and specifically be computed as PLCpostRT = 1.1 – 0.17 × EDIC (Figure 3D). Again, all these data (Figures 1–3) indicate that overall, the post-RT lymphocytes decreased with increasing EDIC. However, the decreasing models may be different for patients with different pre-RT PLC status.




Figure 3 | Post/preRT PLC ratio versus EDIC for (A) 21 patients with grade-2+ preRT lymphopenia; (B) 105 patients with grade-1+ preRT lymphopenia; PostRT PLC versus EDIC for (C) 21 patients with grade-2+ preRT lymphopenia; and (D) 105 patients with grade-1+ preRT lymphopenia.






Figure 4 | EDIC NTCP model for (A) Grade 1+, (B) Grade 2+ and (C) Grade 3+ postRT lymphopenia. Patients were divided into 8 groups with a 0.5 Gy increment in each group (<1, 1-1.5, 1.5-2, 2-2.5, 2.5-3, 3-3.5, 3.5-4, >4.5). NTCP, Normal Tissue Complication Probability. EDIC, Effective Dose to the circulating Immune Cells.





RIL Normal Tissue Complication Probability (NTCP) Modelling

The NTCP versus mean EDIC based on the binned data was plotted in Figures 4A–C for Grade-1 and above, Grade-2 and above, and Grade-3 and above RIL respectively. The data were fitted with the NTCP model in Eq.1, with R2 = 0.96, 0.98 and 0.98, for Grade-1, Grade-2 and Grade-3 RIL, respectively. The D50 (dose of EDIC at 50% probability of having RIL) for EDIC was 1.2 (95%CI: 1.0-1.4), 2.1 (95%CI: 2.0-2.3) and 3.7 Gy (95%CI: 3.5-3.9), and the k value was 2.4 (95%CI: 1.8-3.2), 4.0 (95%CI: 3.1-5.3), and 4.9 (95%CI: 3.8-6.5), correspondingly. Table 2 showed the results of model fitting of using binary data of each patient without binning, and Bootstrap validation for both binned data and binary data without binning. The binary data appeared to have quite consistent mean D50 and k values as the binned data, while its 95% CIs were narrower than that of the binned data. On the other hand, the binned data showed much better fittings (R2 Values) than that of the binary data of individual patient. The Bootstrap validation appeared to show very consistent data as the original data for both the binned data and binary data without binning.


Table 2 | Parameters in NTCP modeling.



The NTCP models for different grades of RIL could thus be expressed as:

(4a)

(4b)

(4c)




Discussion

This study of 735 patients at the first time in breast cancer demonstrated a significant correlation between EDIC and RIL, and that both post/preRT PLC ratio and postRT PLC decreased linearly (R2<0.4) with increasing EDIC. The post/preRT PLC ratio had a better correlation with EDIC in patients with normal preRT PLC, and the postRT PLC appeared to have a better correlation with EDIC in patients with preRT lymphopenia. Comparing to the numerical correlation by the linear regression, EDIC fitted better into the sigmoid-shaped NTCP model for RIL (R2>0.96). The EDIC value of 50% incidence of grade-1 RIL was 1.2 Gy, the corresponding EDIC to reach 50% of grade-2 and grade-3 RIL was 2.1 and 3.7 Gy, respectively.

The significance of EDIC for RIL in breast radiation makes biological sense and is supported by radiation physics rationales. Lymphocytes are produced in bone marrow and thymus, and then travel through blood circulation into various functional sites. Radiation can directly kill circulating immune cells as they pass through the irradiated field. EDIC is the estimation of equivalent dose to the circulating immune cells in blood contributed by the irradiation of the blood-containing organs in thoracic radiation according to the mean dose to these organs (such as MLD, MHD and ITDV). In addition, the radiation dose fractionation effect is also considered in the EDIC model (25). EDIC has been reported to be associated with RIL in other thoracic malignancies such as lung and esophageal cancers (15, 25–27). As a type of thoracic cancers, breast cancer is similar to the NSCLC and esophageal cancer in terms of that its main irradiated blood-containing organs are lung and heart. Therefore, the EDIC model may be also applicable in breast cancer. However, the irradiation pattern or dose distribution in these organs may be quite different for breast cancer in comparison to that of the NSCLC and esophageal cancer. The irradiated lung and heart volumes in breast cancer are usually much smaller. According to the EDIC model derivation (25), the contribution of a blood-containing organ (such as lung) to EDIC is approximately expressed as B%*Mean Organ Dose (MOD) when A% is larger than 20% and fraction number is larger than 20, where MOD is the mean organ dose, A% is the percentage blood-current that flow into the organ, B% is the percentage blood-volume that present within the organ. This expression was derived based on the assumption that the blood flow through the organs in a serial pattern, and should be applicable for any blood-containing organs with any non-uniform dose distributions. The lung is composed of 5 lobes and each lobe may be approximately considered as having a serial blood-flow pattern with A%=20%. From the physics model perspective, the EDIC model can be applied in breast cancer radiation. Indeed, significance of EDIC on both postRT PLC and RIL of this study support the validity of this model in breast cancer.

It is interesting to note that when a patient had a normal preRT PLC, the post/preRT PLC ratio had better correlation with EDIC. This is consistent with the theory that when the preRT PLC is normal, the killing of circulation lymphocytes in blood by radiation plays the most important role in the reduction of PLC. However, 14.3% patients had preRT lymphopenia in this study, which was reported to be related with prior chemotherapy in our another study of 1012 patients with early or locally advanced breast cancer (28). Therefore, we also explored the relationship of EDIC and lymphopenia in this population. When a patient had preRT lymphopenia, the absolute postRT PLC was better associated with EDIC. This is consistent with previous report that when the preRT PLC is low, the regeneration of new lymphocytes from other parts of lymphatic system begins to play a role (12). This regeneration of new lymphocytes weakens the association between EDIC and post/preRT PLC ratio. The lower the preRT PLC, the larger the deviation from the correlation of EDIC and post/preRT PLC ratio. For 3 patients with grade-3 preRT lymphopenia, 2 of them were outliers, while 3 over 18 patients were outliers for grade-2 preRT lymphopenia, and 2 over 84 patients were outliers for grade-1 preRT lymphopenia in this study.

It is important to note that this study also provided a NTCP model of RIL based solely on EDIC. The NTCP model of each grade of lymphopenia fits well with the sigmoid-curved dose toxicity relationship, using EDIC for both binned data or binary data for each patient without binning. These two approaches achieved quite consistent results, and bootstrap validation also confirmed the similar results. These data suggest that EDIC is likely a true key dosimetric parameter, or at least a good surrogate of the true dosimetric parameter that directly impacts the RIL. EDIC might be used as a reference for clinician in dose prescription and treatment planning. With the guide of this EDIC model in lymphopenia, we may improve our treatment to limit RIL. For example, adjustment of beam energies, directions and number of beams may be able to reduce EDIC and hence limit RIL. In addition, according to the EDIC derivation (25), reducing the radiation fraction number n may also reduce EDIC through the term of (n/45)1/2, which is contributed by blood-containing organs with a relatively small A% (such as A% <25%). Thus, hypofractionated treatments such as stereotactic body radiation therapy (SBRT) may reduce EDIC. Indeed, SBRT was reported to be associated with significantly less RIL than conventionally fractionated RT in locally advanced pancreatic cancer and breast cancer (18, 29, 30). Hypofractionated radiation in this study was also found to have less risk of RIL (Table 1).

This is the first study to validate the association of EDIC and RIL in patients with breast cancer. However, it should be noted that several other dosimetric factors were also reported to be significantly associated with RIL. These factors include lung V5 and heart V50 in lung cancer, brain V25 in glioma, and mean whole body dose in esophageal cancer (9, 12, 13, 31–33). In our prior study, lung V5 and volume modulated arc therapy rather than three-dimensional conformal technique were also risk factors for severe RIL (16). Although EDIC is a combination of several dosimetric parameters, it may not be the best model. A more comprehensive model with an optimal combination of other dosimetric parameters (such as lung V5) and likely including immune organs like bone marrow and thymus may turn out to be a better predictor than the EDIC. Adding other clinical factors may further improve the prediction of RIL in breast cancer. Further study is needed to determine these parameters and the best combination of them for better prediction. From a theoretic view point, EDIC is just an approximation of the dose to the immune cells in the circulating blood. The dose to the lymphatic stations, bone marrow and other lymphatic structures may also affect RIL. The regeneration of new lymphocytes may complicate the prediction. It should also be noted that the survival of this study is not mature yet. Future studies will be performed to explore the association of EDIC and other dosimetric parameters with the long-term treatment outcomes of patients.



Conclusions

This study demonstrated that EDIC was significantly associated with radiation induced lymphopenia (RIL) in breast cancer. Using EDIC as the dose variable, the risk of RIL can be predicted nicely by a conventional NTCP model. The corresponding EDIC to induce 50% of grade-1, grade-2 and grade-3 RIL was 1.2, 2.1 and 3.7 Gy, respectively. Should it be validated by external datasets, these number may be used as reference to guide radiation plan optimization and improve survivals for patients.
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