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Background

With the advent of modern radiation treatment technologies such as intensity modulated radiation therapy (IMRT), there has been increasing interest in its use for total body irradiation (TBI) conditioning regimens for hematopoietic cell transplantation (HCT) to achieve lower doses to critical organs such as the lungs and kidneys. Although this has been reported on in early studies, long-term safety and efficacy data is limited.



Methods

We performed a single institution matched-pair retrospective analysis of patients treated with IMRT TBI and standard TBI between 2010 and 2020 to provide data on long-term outcomes. Patients with hematologic malignancies, who could not tolerate standing for traditional TBI or who received prior radiation received IMRT TBI. Patients were matched based on age, diagnosis, disease status, and year of transplant, and were matched 2:1 to the standard TBI and IMRT TBI cohorts. Patient and treatment characteristics, toxicity, graft-versus-host disease (GVHD), dosimetry, and outcomes were evaluated for each cohort.



Results

A total of 13 patients met inclusion criteria for the IMRT cohort, leading to 26 patients in the standard TBI cohort. There was no significant difference in relevant clinical factors between the cohorts. Reasons for using IMRT over conventional TBI included being unable to stand (n=5), prior radiation (n=5), and pediatric patient requiring anesthesia (n=3). Among living patients, median follow-up for all patients was 5.1 years in the IMRT TBI cohort and 5.5 years in the standard TBI cohort. The 5-yr estimate of OS was 68% in the IMRT TBI cohort and 60% in the standard TBI cohort (p=0.706). The 5-yr estimate of RFS was 54% in the IMRT TBI cohort and 60% in the standard TBI cohort (p=0.529). There was no clinically significant pneumonitis, nephritis, hypothyroidism, or cataracts reported in the IMRT TBI cohort. 41.7% of patients in the IMRT TBI cohort and 79.2% of patients in the standard TBI cohort experienced Grade II-IV acute GVHD (p=0.023).



Conclusions

IMRT TBI appears to lead to favorable long-term outcome and dosimetry, and therefore potentially improved long-term toxicity profile compared to conventional TBI. IMRT TBI warrants further investigation as part of larger prospective trials.
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Introduction

Since the 1970s, total body irradiation (TBI) has played a central role in conditioning regimens prior to hematopoietic stem cell transplant (HSCT) (1, 2). The goal of TBI is to ablate any remaining malignant cells and/or to reduce risk of transplant rejection by modulating the immune system. Historically, TBI has been administered using 2-dimensional planning, which limits sparing of normal organs, and leads to significant possible adverse toxicity. Indeed, typically attempts are only made to spare the lung by using lung blocks (3). However, even that methodology is suboptimal. In an analysis of a Children’s Oncology Group (COG) trial, lung dose <8 Gy was associated with improved overall survival, but can be difficult to achieve with conventional TBI (4). Furthermore, the analysis found that lung shielding during TBI is not standardized, with lung doses ranging from 50% to the full TBI dose, justifying the need for more modern radiation techniques to reduce dose to organs at risk (OARs).

One such approach has been to use a more modern 3-dimensional radiation technique in intensity modulated radiation therapy (IMRT) to deliver TBI, which has the capability of delivering a more sculpted and conformal dose distribution. The utility of such an approach has previously been described, with tomotherapy (Tomo IMRT) reducing the mean lung dose from 8-9 Gy to 5-6 Gy, and reduced dose correlating with significantly less pulmonary complications in patients treated with total marrow and lymphoid radiation (TMLI) (5, 6). Multiple trials have reported on using IMRT TBI, using either a Tomo IMRT (7) (8) or volumetric modulated arc therapy (VMAT) technique (9, 10). However, given the recent publication of IMRT TBI studies, there is a paucity of long-term safety and efficacy data.

Recent retrospective studies have offered some insight into the long-term outcomes of IMRT TBI. One Russian study of 220 pediatric patients who received TBI- and chemo-conditioning for allogeneic HSCT with TCRαβ/CD19 depletion reported an overall survival (OS) of 63% and event-free survival (EFS) of 58% at a median follow-up of 2.8 years (11). Another retrospective of 44 pediatric and adult patients at UT Southwestern who received low- and standard-dose VMAT-TBI found that median time to relapse was 11.3 months at a follow up of 2.2 years, and reported that acute and chronic GVHD occurred in 59% and 39% of patients, respectively (12). Most recently, researchers at Stanford reported on a group of 38 pediatric and adolescent/young adult (AYA) patients who received VMAT-TBI at both myeloablative and non-myeloablative doses. At a median follow-up of 8.7 months, they reported an OS of 89.5% and relapse-free survival (RFS) of 94.7% for all patients (13). While these studies emphasize the safety and efficacy of IMRT TBI, their median follow-up periods do not exceed three years, limiting our understanding of the long-term effects of IMRT TBI.

Since 2010, our institution has been performing Tomo IMRT TBI off-protocol for patients who cannot tolerate standing for treatment or who have had prior radiation. Therefore, we performed a retrospective matched-pair analysis of the treatment and outcomes of these patients compared to patients who received IMRT TBI. Herein, we report on their long-term follow-up, including oncologic outcomes and associated adverse effects.



Materials and methods


Study design

The present study is a single-center matched-pair retrospective analysis of patients treated with HSCT. The conditioning regimen in all patients included TBI. Patients were matched with a 2:1 ratio between having TBI delivered by standard techniques or IMRT. Endpoints included relapse-free survival (RFS), overall survival (OS), the incidence of late toxicities based on the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) version 4.0, the incidence of acute or chronic graft-versus-host disease (aGVHD or cGVHD, respectively), and GVHD-free relapse-free survival (GRFS). GVHD was scored by the Glucksberg system (14). This study was registered with and approved by the City of Hope National Medical Center Institutional Review Board.



Patients

Patients were treated between 2010 and 2020. Only patients who could not tolerate standing for TBI or who had received prior radiation were eligible for the IMRT TBI cohort. Patients with diagnoses of acute lymphocytic leukemia (ALL), acute myeloid leukemia (AML), biphenotypic acute leukemia (BAL), and NHL) were included. For patients with acute myeloid leukemia (AML) or acute lymphoblastic leukemia (ALL), standard TBI matches were made based on age (<20, 20-39, 40+), diagnosis (AML or ALL), complete response (CR) status (CR1, CR2, CR3+), and HCT period (2010-2016, 2017-2020). Due to smaller patient numbers, for patients with biphenotypic acute leukemia or NHL, standard TBI matches were made based on age (<40, 40+) and CR status (CR1 or CR2, CR3+).



IMRT TBI treatment regimen

All patients underwent scanning with a large-bore computed tomography (CT) simulator with 60-cm field of view (Phillips Medical System, Eindhoven, Netherlands) for treatment planning purposes. Scans were obtained during shallow breathing, inspiration, and expiration to account for organ motion due to respiration. Patients were immobilized using a full-body Vac-lok bag (Civco Medical Systems, Kalona, IA) and a thermoplastic mask on the head and neck region. Treatment planning CT images were obtained with a slice thickness of 5 mm. The clinical target volume (CTV) was defined as the entire body minus the lungs. The prescription target volume (PTV) was equal to the CTV without additional expansion. The minimum PTV dose was to be 80% of prescription dose, with maximum dose ≤130%. The prescribed radiation dose varied based on regimen and indication, ranging from 1200-1350 cGy in 120-165 cGy fractions, administered 2-3 times daily with the interval between fractions being greater than 6 hours. Dose constraints included a mean lung dose of ≤800 cGy and mean kidney dose ≤1200 cGy. The brain, lens, and oral cavity were spared in one, two, and three patients, respectively based on prior radiation exposure. An example IMRT TBI plan is shown in Figure 1A compared to a standard IMRT TBI plan is shown in Figure 1B. All patients were treated with a helical TomoTherapy unit (Accuray, Inc, Sunnyvale, CA), and the lower extremities were treated with a conventional linear accelerator through standard anteroposterior posteroanterior fields with matching fields given limitation of field size on the linear accelerator. TBI was delivered with image-guided radiation therapy, and mega-voltage CT was used with each fraction to align patients.




Figure 1 | Example dose distribution (range 400 cGy [blue] to 1200 cGy [red]) using IMRT TBI (A) compared to standard TBI techniques (B).





Systemic therapies

The systemic conditioning regimen was administered at the discretion of the treating hematologist. Patients were treated with some combination of cyclophosphamide (CTX), etoposide (VP-16), fludarabine (FLU), and melphalan (MEL). Standard GVHD prophylaxis consisted of some combination of cyclosporine, tacrolimus, sirolimus, methotrexate (MTX), post-HSCT CTX, and mycophenolate mofetil. The institutional supportive care regimen was used to manage nausea, vomiting, mucositis and infection risks.



IMRT TBI dosimetry

IMRT treatment plans that were generated using the TomoTherapy system were imported into the Eclipse planning system for analysis. Dosimetric parameters from the PTV and relevant OARs were retrospectively extracted from each patient’s treatment plan using the Eclipse (Varian Medical Systems, Palo Alto, CA) planning system. Examined parameters included treatment time, mean doses, max doses, and volume of structure receiving a given dose. All mean and median doses were normalized to the prescription dose for uniformity.



Statistical considerations

Patient and treatment characteristics, toxicity, and dosimetry were tabulated and evaluated using descriptive statistics. Due to low incidences of late toxicity and small patient numbers, rates of toxicities were not compared quantitatively between cohorts. Comparisons between the IMRT TBI and the standard TBI groups were made using Fisher’s exact test for categorical variables and Wilcoxon two-group test for continuous variables. Follow-up data were collected through August 2022. Survival outcomes included overall survival (OS) and recurrence-free survival (RFS) and were calculated from the date of transplant. For OS, data for patients who were still alive were censored at the date of last follow-up. For RFS, the events included death or disease recurrence, whichever came first. For GRFS, events included death, disease recurrence, or development of grade III-IV aGVHD or extensive cGVHD. Data for patients who did not experience disease recurrence and were still alive were censored at the date of last follow-up. Survival rates were estimated using the Kaplan-Meier method. Incidence of adverse events and GVHD was tabulated by classification and grade. Comparisons of GVHD incidence were performed using Gray’s k-sample test for equality of cumulative incidence functions. All statistical analyses were performed using Python 3.10 (PSF, Wilmington, DE).




Results


Patient characteristics

Patient characteristics are presented in Table 1. Reasons for using IMRT over conventional TBI included being unable to stand (n=5), prior radiation (n=5), and pediatric patient requiring anesthesia (n=3). A total of 13 patients were identified as meeting inclusion criteria for the IMRT TBI cohort, with 26 matched standard TBI patients. The median age of the patients was 31 years (6-52 years) in the IMRT TBI cohort and 34 years (11-56) in the standard TBI cohort (p=0.61). The most common diagnoses were AML (53.8%) and ALL (38.5%). There was no difference in relevant clinical factors including sex (0.73), Karnofsky performance score (p=0.26), disease status (p=0.72), transplant period (p=0.52), conditioning regimen (p=0.75), or GVHD prophylaxis (p=0.23).


Table 1 | Patient and treatment characteristics.





Clinical outcomes

In the IMRT TBI cohort, median follow-up for all patients was 4.0 years (0.1-10.7 years), while median follow-up for living patients was 5.1 years (2.1-10.7 years). In the standard TBI cohort, median follow-up for all patients was 2.7 years (0.1-11.0 years), while median follow-up for living patients was 5.5 years (0.2-11.0 years). The 5-yr estimate of OS was 68% (95% CI: 36-87%) in the IMRT TBI cohort and 60% (95% CI: 38%-76%) in the standard TBI cohort (p=0.706). The 5-yr estimate of RFS was 54% (95% CI: 25%-76%) in the IMRT TBI cohort and 60% (95% CI: 38%-76%) in the standard TBI cohort (p=0.529). The 5-yr estimate of GRFS was 31% (95% CI: 10%-45%) in the IMRT TBI cohort and 25% (95% CI: 8%-39%) in the standard TBI cohort (p=0.652). All relapses in the IMRT TBI cohort were limited to the bone marrow. Kaplan-Meier estimates for OS and RFS are shown in Figure 2. Of the four patients who died in the IMRT arm, only one died of relapse. Other causes of death included neutropenic fever/sepsis, epilepsy, and respiratory failure, of which the first two occurred within a month of transplantation.




Figure 2 | Kaplan Meier estimates of overall survival (A) and recurrence-free survival (B).





Engraftment, adverse events, and GVHD

All patients experienced expected cytopenias that resolved, and all patients successfully engrafted a median of 16 days following the transplant. On long-term follow-up, no patients in the IMRT TBI cohort reported clinically significant pneumonitis, nephritis, or cataracts. In the standard TBI cohort, three (11.5%) patients developed cataracts, and five (19.2%) experienced pneumonitis. A total of three (23.1%) patients in the IMRT TBI cohort had transplant course complicated by infection, compared to six (23.1%) in the standard TBI cohort. No patients in either cohort experienced subsequent malignant neoplasms nor significant transplant-related morbidity other than the aforementioned toxicities. Five (41.7%) patients in the IMRT TBI cohort and 19 (79.2%) patients in the standard TBI cohort experienced Grade II-IV aGVHD (p=0.023). Four (33.3%) patients in the IMRT TBI cohort and eight (33.3%) patients in the standard TBI cohort experienced Grade III-IV aGVHD (p=0.614). Six (50.0%) patients in the IMRT TBI cohort and 13 (56.5%) patients in the standard TBI cohort experienced extensive cGVHD (p=0.801). No patients experienced limited cGVHD.



Dosimetry

A summary of dosimetric parameters for the IMRT TBI plans is shown in Table 2. Median treatment time was 23.0 minutes (14.2-30.1 minutes). The median PTV V100 was 85.3% (77.1-91.4%), with mean dose to the PTV being 102.2% of the prescription dose (97.8-131.7%). Mean hotspot was 120.5% of prescription dose (111.3-141.6%). Mean lung dose was 47.0% of prescription dose (35.7-62.6%) or 622.6 cGy (471.8-783.5 cGy) and mean dose to kidneys was 44.1% of prescription dose (27.5-105.3%) or 565.9 cGy (363.0-1263.9 cGy). There was significant variation in brain, lens, and oral cavity dose, as these were selectively spared in some patients and treated to full dose in other patients.


Table 2 | IMRT TBI Dosimetric parameters.






Discussion

Advances in radiation technology have led to implementation of more advanced radiation techniques such as IMRT into the transplant conditioning regimen. Several studied have reported on the procedure for performing IMRT TBI, including initial clinical outcomes (11–13). However, among these studies, the highest median follow-up was 2.8 years, with a maximum follow up of 6.4 years (11). Therefore, there is a need for evaluation of long-term clinical outcomes and toxicities. To our knowledge, our study offers the longest follow-up of patients treated with IMRT TBI, with a median follow-up of 5.1 years for living patients and a maximum follow-up of 10.7 years. In our study, we observe favorable long-term outcomes and rates of toxicity in our IMRT TBI cohort, which should support the continued investigation of IMRT TBI as a conditioning regimen for patients undergoing hematopoietic cell transplantation.

The improved ability of IMRT TBI to spare critical organs may help mitigate toxicities. Although there were variations in prescription dose, all patients in our cohort achieved the recommended mean lung doses of <800 cGy, which has been shown to be difficult to achieve with conventional blocks (4, 15). The value of this is illustrated by the lack of pneumonitis in our IMRT TBI cohort, while there were several cases in the standard TBI cohort. Similarly, almost all patients achieved a mean kidney dose of less than <12 Gy, with no nephrotoxicity events, though this was not unexpected, with low rates at baseline and no nephrotoxicity in the standard cohort either. Overall, our dosimetry is similar to results reported by Marquez et al., who achieved mean lung dose of 7.3 Gy and mean kidney dose of 71.4% of prescription dose, and also experienced no pneumonitis or nephritis (13). In fact, our mean doses of 6.2 Gy and 5.7 Gy respectively reflect potential to further limit exposure of critical organs, which may improve transplant-related morbidity and mortality (16). Our organ sparing still yielded high PTV coverage, with a median of 85% achieving prescription dose, and led to favorable oncologic outcomes.

Importantly, the 5-yr survival outcomes in our study does not appear to be negatively impacted by organ sparing. Indeed, we observed no recurrences nor deaths beyond two years and survival was not significantly different from the matched standard TBI cohort. Although there were two cases of transplant-related mortality within a month of transplant in the IMRT cohort, these deaths were attributed to neutropenic fever/sepsis and seizures, which are almost certainly unrelated to the TBI technique. Conditioning regimen is a critical contributor to risk of early relapse following transplant, so deintensifications such as IMRT TBI should be assessed critically (17). In total, there were three relapses, all of which were limited to the bone marrow and got the full radiation dose. Therefore, these relapses are almost certainly unrelated to TBI technique. Further, although heterogeneity across published and our own IMRT TBI cohorts limits cross study comparisons of survival, our 2-year outcomes are comparable to other reported series, where 2-yr OS varied from 63-79% and EFS ranged from 58-71% (11, 12).

Although other organs, such as the lens and oral cavity were only spared in select cases, the minimum doses to those structures were 3.6% and 35.4% or prescription dose, respectively. Such doses would not be feasible with traditional TBI. With limited patient numbers, we cannot be certain of the impact this sparing might have on long-term toxicity such as cataract formation (notably no patients in our IMRT cohort reported cataract development over the course of follow-up), though analyses of dose response for radiation cataractogenesis support this hypothesis (18). Although there were late toxicities observed in the standard TBI cohort, due to retrospective nature, low event rates, and small sample sizes, it is not possible to make conclusions on whether IMRT permits lower toxicity rates, though with organ sparing it is plausible and has been seen in related work (6).

Although currently not part of standard IMRT-TBI protocols, the ability to selectively target radiation dose and spare organs such as the lenses or oral cavity as part of the conditioning regimen allows for potential dose escalation of higher-risk areas while still sparing critical organs. This framework has provided the basis for similar work in the form of total marrow and lymphoid irradiation (TMLI), which had initially been used exclusively for high-risk patient populations who otherwise would not be transplant candidates (16, 19–21), but is now proceeding forward with trials in standard risk disease. Analysis of patients undergoing TMLI suggests organ sparing can lead to decreased toxicity in the form of lower rates of pneumonitis, nephrotoxicity, hypothyroidism, and cataract formation (6). Future studies involving IMRT TBI and TMLI will continue to seek to shape dose to optimize achieving disease control while limiting toxicities.

The incidence of GVHD, particularly in the standard TBI cohort, is relatively high compared to other more modern reports, though the etiology of this difference is unclear, given standard GVHD prophylaxis was administered and the vast majority of patients had matched donors (22, 23). Further, our institutional GVHD prophylaxis protocols are consistent with current recommended treatment standards. Overall, the rates of GVHD in our IMRT TBI cohort were similar to rates published by Zhang-Velten et al. (12) who also used IMRT TBI, as well as other non-IMRT TBI based regimens (24–27). There was also no difference in Grade III-IV aGVHD nor cGVHD in our standard TBI cohort compared to the IMRT TBI cohort. Interestingly, the IMRT TBI cohort did have significantly less grade II-IV aGVHD than the standard TBI cohort. The reason for this difference is not clear, however, there is an association between intensity of conditioning regimen and incidence of grade II-IV aGVHD (28). While the difference could be driven by differences in GVHD prophylaxis, patient population (though there were no significant differences in patient characteristics) or chance, it is possible that increased dose homogeneity and decreased hotspots in organs, such as the gastrointestinal tract, could be a cause (29). This would be an artifact caused by IMRT optimizations, given only lungs and kidney were contoured and intentionally spared. Interestingly, post-transplant cyclophosphamide may decrease aGVHD, though only patients in the standard TBI cohort received it (30, 31). Another possibility is contrast in dose rate between the techniques and associated differences in normal tissue damage from radiation (32). However, helical tomotherapy is associated with a dose rate much higher than standard TBI (33, 34), which one would expect to lead to greater toxicity, although this has not occurred in initial studies (6, 35, 36). Clearly, a better understanding of the relationship between radiation technique, dose rate, and transplant related morbidity will be necessary. Preclinical studies suggest aGVHD associated with radiation exposure level to associated organs, which can be attenuated using TMI (37–39). Future larger studies of IMRT TBI will optimally shed further light on whether technique might influence aGVHD.

Our study is limited by several features including small sample size and retrospective nature. Our small sample size also had significant heterogeneity, including multiple different hematologic malignancies and disease statuses at the time of transplant. This limits comparison of oncologic outcomes to other cohorts. We did seek to ameliorate this limitation by performing a matched pair analysis with patients receiving conventional TBI, which did not show any signal of any detriment to oncologic outcomes. The limitation also applies to assessment of late toxicity. Due to small patient numbers and the relative rarity of late toxicity events even in the general TBI population, it is difficult to draw definitive conclusions. This limitation is amplified by the retrospective nature of our study, since toxicities were not prospectively collected, and therefore had to be identified via chart review, which might miss some toxicities and generally precludes grading of toxicities. This also limits characterization of other non-malignant late effects and health-related quality of life. Nonetheless, the absence of significant late toxicities in our IMRT TBI cohort is promising. Despite these limitations, our study adds to the literature on IMRT TBI by providing some insight into long-term follow-up.



Conclusions

IMRT TBI appears to lead to favorable long-term outcomes, with a potential for improved long-term toxicity profile compared to conventional TBI associated with better organ sparing. Based on the results of our initial work, we have implemented a multi-institution pilot study (NCT04281199) of TBI using tomotherapy or VMAT-based IMRT in order to achieve new lung dose guidelines (4). We have also initiated a protocol for the treatment of scleroderma following positive results from the SCOT trial (40). IMRT TBI warrants further investigation as part of larger prospective trials.
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