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Introduction

Hematologic malignancies, including leukemias, lymphomas, and myeloma, can involve the central nervous system (CNS) at the time of diagnosis or later in relapse. CNS involvement can lead to acute neurologic symptoms or signs that need prompt evaluation and treatment. Radiotherapy (RT) can lead to quick disease response, but how it can best be incorporated early into multi-modality treatment in the urgent clinical setting is often unclear.





Methods

Here, we outline a practical approach to planning and incorporating urgent RT in patients with hematologic malignancies involving the CNS. We provide a review of the literature to inform RT indications, timing, dosing, and treatment volumes by histology and clinical scenario. We also highlight evolving controversies in this field and growing indications for RT in conjunction with novel therapeutics.





Results

RT is often the quickest-acting, most reliable tool to salvage cranial neuropathies or neurologic deficits and should be considered early. If systemic or intrathecal therapy are expected to achieve swift response as upfront treatment, simulation should still be planned in the event that response is delayed and RT is needed. RT in combination with certain systemic or intrathecal therapies can lead to unacceptable neurotoxicity; therefore, early multidisciplinary discussion to appropriately sequence therapies is critical. Thorough work-up with systemic imaging, complete neuroaxis MRI, ophthalmologic exam, and cerebrospinal fluid sampling can dictate target volumes from focal RT to comprehensive craniospinal irradiation (CSI). Dosing can range from as low as 4 Gray (Gy) for indolent disease to 36-50 Gy for more aggressive or refractory disease. Often, mid-treatment re-planning can be considered to address swift volume reduction to improve the therapeutic window. RT plays a promising role for bridging symptomatic patients to novel therapeutics (e.g., chimeric antigen receptor T-cell therapy), but optimal dosing and treatment volumes are evolving topics that require further prospective evaluation.





Conclusions

RT is a powerful tool for achieving rapid responses in hematologic malignancies and therefore should be considered early in urgent neurologic settings. Thorough workup and discussions with the multi-disciplinary team are critical to best incorporate RT in the context of other CNS-penetrating therapies. Further work is warranted on defining RT target volumes in the context of novel therapeutics.
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Introduction

Patients with hematologic malignancies may develop neurologic signs or symptoms that require urgent evaluation for radiotherapy (RT) to preserve and restore neurologic function. It is key to evaluate the patient within the entire clinical context, including histology, neurologic status, goals of treatment, plans for current or future systemic therapy, and expected likelihood and timeframe of response to other potential therapies. These factors may vary widely depending on the patient’s clinical situation and treatment history. As the life expectancy of patients with hematologic malignancies increases with improvement in systemic therapies, we have learned more about patterns of disease failure involving the central nervous system (CNS) as a sanctuary site. CNS involvement presents a clinical challenge as various compartments of the neuraxis (e.g., parenchyma, leptomeninges, eyes) can be involved and treatments must penetrate the blood brain barrier (1). Here, we review the limited existing literature on this evolving topic and provide a practical approach to urgent RT based on expert opinion in hematologic malignances involving the CNS.





Clinical considerations for CNS-directed radiation therapy




Clinical work-up and data collection

First, a histologic diagnosis should be established through tissue sampling. In patients who had prior systemic involvement of disease and now present with secondary CNS lymphoma, it is important to biopsy the CNS-involved site to rule out alternate diagnoses or to identify transformation of a prior indolent lymphoma. In general, indolent hematologic malignancies may only require very low dose RT with substantial clinical benefit and minimal toxicity, while aggressive histologies may require higher doses.

Second, the anatomic distribution of disease should be established through a combination of physical exam, imaging, and tissue sampling. This evaluation includes neurologic and ophthalmologic exam with slit lamp, extracranial imaging and comprehensive MRI of the entire neuraxis, and finally consideration of vitreoretinal and/or cerebrospinal fluid (CSF) sampling for both cytology and flow cytometry. Extent of neuraxis involvement can dictate RT target volumes as well as inform the choice of systemic or intrathecal (IT) therapies (2).

Third, the status of the disease should be established (i.e. primary versus relapsed or refractory). Disease status can impact the radiation dose and treatment volume. For instance, in the setting of first-line therapy for primary CNS lymphoma, RT now typically plays a consolidative role; however, it can be considered as monotherapy in patients ineligible for systemic therapy. Yet for patients with refractory primary CNS lymphoma, the role of RT is broadened to palliative, bridging, or salvage therapy, often necessitating a higher dose to overcome refractoriness. Therefore, multidisciplinary discussion with involved team members (e.g., Hematology/Oncology, Neurology, and Cellular Therapy) is imperative. These discussions can also provide an estimate of likely time-to-response of systemic therapies, whether future therapies are available, or if RT is the only viable option. All of these factors can influence RT timing, volumes, and dosing.

Lastly, consideration of prior RT courses, both CNS- and systemically-directed treatments, can provide valuable information. Of course, consideration of volume overlap with and time interval from prior treatment to plan safe delivery of RT to organs-at-risk (OARs) should always be considered, but specifically understanding an individual patient’s disease response to prior RT can inform the prescription and anticipated outcome. For instance, in patients who had prior excellent response to RT to non-CNS-targeted lesions, it is reasonable to consider a similar dose for CNS disease. Table 1 summarizes the key features to consider when planning RT within the context of multimodality treatments for these complex patients.


Table 1 | Clinical considerations for CNS-directed radiation therapy.







Rationale for consideration of radiation therapy in the urgent or emergent setting

Patients with cranial nerve abnormalities and/or other neurologic impairments are best treated with upfront RT, often in coordination with multi-modality systemic or IT therapies. For instance, in CNS leukemia, RT can lead to resolution or improvement of symptoms in ~70% patients, stability in ~15%, and progression of symptoms in ~15% (3). RT is a highly active CNS agent, rendering it often the quickest and most reliable way to salvage cranial and spinal nerves. One study of CNS-directed RT as a bridge to chimeric antigen receptor (CAR) T-cell therapy in CNS lymphoma showed a 74% mean reduction in tumor size from baseline at a median of 12 days from RT completion (4). RT should be considered as soon as symptomatic nerve involvement is suspected, given that the chance of nerve recovery declines with time from presentation.





Care of the pediatric patient

First, it is important to acknowledge that pediatric patients have highly variable RT-associated toxicity risks depending on age (5). For instance, RT should be avoided if possible in the youngest patients (particularly for those under age 3), and instead a non-RT-containing approach of treating CNS disease should be considered based on multi-disciplinary discussion. Second, in addition to age, radiation dose and volume are independent predictors of neurocognitive decline, with a 5% risk of subsequent intelligence quotient (IQ) <85 if 50% of the brain receives 22.2 Gy or 100% of the brain receives 18.1 Gy (6). Third, use of chemotherapy in children, particularly methotrexate, can compound the effect on neurotoxicity, with the risk of IQ <85 similar to a uniform brain dose of approximately 6 Gy. While caution and awareness of toxicity is paramount in children, we must remember that many of these young patients with leukemia are highly curable, with 5-year relative survival rates for childhood leukemia of 86% (7). Therefore, we should only de-escalate therapy to reduce potential toxicity if we are certain that disease control will not be compromised.





Logistical coordination with a multi-disciplinary team




Corticosteroid administration

Corticosteroids can rapidly improve neurologic symptoms and reduce the risk of complications. Radiographic reduction in mass size can occur in ~40% of patients with primary CNS lymphoma treated with corticosteroids (8); however, this finding is nonspecific for CNSL diagnosis and can actually delay or prevent the diagnosis in approximately 50% of patients if delivered prior to tissue sampling (9). Therefore, we recommend multi-disciplinary discussion regarding plans for biopsy prior to steroid administration.





Simulation scheduling

If a patient is treatment-naïve and there is felt to be a high chance of systemic therapy successfully (and swiftly) reversing neurologic deficits, the patient should be followed closely with an RT simulation ideally reserved to occur 48 hours after initiation of chemotherapy. This setup will allow the patient to start RT urgently if adequate clinical response to systemic therapy has not been achieved.





Overlap versus interdigitating with systemic or intrathecal therapy

If necessary, IT therapy can be considered in select cases 2-3 times per week along with focal RT; however, there is some risk with concurrent delivery and others prefer to avoid concurrent IT treatment with cranial RT entirely. Data in this scenario are limited, and therefore concurrent use is often avoided given concerns published in smaller series and extrapolated from solid malignances (10). Reported toxicities of concurrent administration of IT chemotherapy and involved-field RT include acute meningitis, chronic‐delayed encephalopathy, radiculitis, myelosuppression, and mucositis, with grade 3-4 adverse effects reported on the range of 15-55% (11–14). Notably, one prospective study of 59 patients showed two treatment-related deaths from encephalopathy and meningitis (13). When interdigitating treatments, the prolonged half-lives of these drugs should be considered: up to 24 hours for IT cytarabine and biphasically up to 4.5 and 14 hours for IT methotrexate (but up to 44 hours in patients with renal impairment) (15). Notably, both drugs can have further increased CSF levels when given with systemic administration concurrently. In general, high-dose CNS-penetrant intravenous (IV) systemic therapy (e.g., methotrexate, cytarabine) should be avoided for two weeks before or after cranial RT, although this interval depends on the clinical situation and extent of RT field (3, 16). For instance, a smaller interval of 48-72 hours can be considered if urgent RT is needed, especially with focal spine RT as opposed to cranial targets (16). Regardless of decision regarding systemic or IT therapy, RT should take precedence for treatment of acute neurologic symptoms.





Radiation planning

Many hematologic malignancies are radiosensitive and therefore prompt and significant target volume change can occur even after several fractions. Therefore, physicians should pay close attention to on-beam imaging (with consideration for daily cone-beam CT for bulky base of skull or spine tumors) to assess whether a re-plan may be indicated. A re-plan should be strongly considered in the setting of radiosensitive disease adjacent to sensitive OARs. If feasible to be prepared promptly, intensity-modulated radiation therapy (IMRT), proton therapy, or other conformal techniques are often preferred for bone marrow and normal tissue sparing, which can also help limit OAR dosing for marrow preservation and future courses of RT often needed in hematologic malignancies. When targeting the eyes, coverage of the at-risk sites (e.g., posterior and/or anterior chamber) should be the focus and take precedence over sparing the lenses to avoid future cataracts. If there is particular concern regarding lens dose, the patient can be asked to maintain a fixed gaze at time of simulation and treatment so that daily setup is consistent to allow for more certainty of dose delivery to the lens. Regardless, patients should be counseled for risk of cataracts.

Some patients with symptomatic hydrocephalus or increased intracranial pressure may require ventriculoperitoneal shunt or large volume lumbar puncture. A repeat MRI of the brain should be considered after these interventions and prior to RT planning given possible changes in anatomy (especially if a focal RT field is planned). The radiation oncologist and RT planning team should also be aware of the material used for any implanted devices; however, these devices are often plastic and dosimetry does not need to be altered. Although radiation can interfere with re-epithelialization and wound healing after surgical procedures, delaying RT to allow for optimal wound healing may not be feasible or advisable in these urgent clinical scenarios. Instead, attention should be paid to patients with surgical incisions that lie within the RT field so that skin dose can be kept as low as reasonably achievable. At the time of simulation, we recommend wiring the site of surgical incision so that it can be used as an avoidance structure when planning beam entry angles and to minimize dose with scalp-sparing techniques (i.e., volumetric modulated arc therapy [VMAT]) (17).







Histology-specific practical approach to radiation treatment planning in the urgent setting

A summary of consensus treatment recommendations for RT dose and target volume depending on histology and clinical status as described in the text below is summarized in Table 2.


Table 2 | RT target approach by anatomic compartment involvement and histology.






Primary CNS lymphoma

Primary CNS lymphoma (PCNSL) is a rare CNS malignancy with systemic staging (i.e., PET/CT) negative for extracranial involvement. Historically, PCNSL was treated with RT alone, but nearly all patients experienced in- and out-of-field progression even when using doses as high as 60 Gray (Gy) (18). Consolidative RT after methotrexate-based chemotherapy can be curative, but to date, two randomized trials (IELSG32 and PRECIS) have shown cognitive decline with whole-brain doses of 36-40 Gy compared to autologous hematopoietic cell transplant (AHCT) (19, 20). Therefore, AHCT is now preferred for consolidation over standard-dose WBRT (i.e., >24 Gy) for fit patients who are eligible, although the higher treatment-related mortality must be noted. There is retrospective evidence that lower doses of consolidative radiotherapy (23.4 Gy in 13 fractions) after induction chemotherapy for complete responders may be sufficient and safe; however, the trend in management currently still favors AHCT and these approaches have never been prospectively compared. (21) Consolidative reduced-dose WBRT (23.4 Gy in 13 fractions) followed by cytarabine is a reasonable alternative if the patient is not a candidate for AHCT (21, 22). Non-myeloablative chemotherapy (e.g., cytarabine) can also be considered for consolidation, although preliminary data suggest possible reduced progression-free survival compared to reduced-dose WBRT (22).

In general, RT target volumes for PCNSL should be comprehensive and include the whole brain even for focal parenchymal disease given the high risk of dissemination. Patients with PCNSL also have a high risk of vitreoretinal involvement, thus there is a low threshold for including the posterior chamber in target volumes. For relapsed/refractory disease, RT can be incorporated in the palliative or bridging setting, specifically with the goal of either cytoreduction or temporal bridging to treatments such as to CAR T-cell therapy. RT has been shown to have promising cytoreductive capability in this context, and one can consider focal RT with a hypofractionated approach (i.e., 30 Gy in 10 fractions) given refractory disease more often involves the primary site of disease (23) and there is typically a time restriction for treatment delivery (4). This is a relatively new area of investigation and further study in this area is ongoing. In the salvage setting without plans for definitive systemic therapies (i.e., AHCT or CAR T-cell therapy), 23.4 Gy-36 Gy WBRT plus boost to gross disease of 36-45 Gy can be considered (Figure 1). Single institutional experience reports safety of reduced-dose WBRT followed by boost delivered as single-fraction stereotactic radiosurgery to a median of 12 Gy (range, 12-15Gy) (24). For patients presenting with primary intraocular lymphoma, RT to 30.6-36 Gy in 17-20 fractions to bilateral globes and optic nerves to the level of the chiasm should be delivered without whole brain coverage (Figure 2); however, 60-90% of patients experience relapse in the brain parenchyma, so untreated brain tissue should be monitored closely (25).




Figure 1 | 63-year-old immunocompetent man with primary CNS lymphoma treated per CALGB 50202 protocol with methotrexate, temozolomide, and rituximab with partial response followed by autologous hematopoietic cell transplant. He had an early recurrence 4 months later with negative lumbar puncture and PET/CT. He was treated with 23.4 Gy in 13 fractions to the whole brain with a sequential boost to a total of 45 Gy in 25 fractions.






Figure 2 | 72-year-old immunocompetent woman with bilateral primary vitreo-retinal lymphoma who received involved site radiotherapy to the bilateral orbits and optic nerves to 36 Gy in 20 fractions using VMAT.







Secondary CNS lymphoma

For secondary CNS lymphoma, management is similar in many regards to PCNSL; namely, definitive treatment generally requires chemotherapy, AHCT, and/or CAR T-cell therapy (26, 27). The Bruton’s tyrosine kinase inhibitor (BTKi) ibrutinib may be considered as a single-agent therapy (28). The largest prospective study for SCNSL was the phase II MARIETTA trial, which demonstrated a 75% overall response rate after immunochemotherapy (sequential combination of rituximab, methotrexate, cytarabine, thiotepa [MATRix] and rituximab, ifosfamide, carboplatin, and etoposide [RICE] followed by AHCT) and a 2-year progression-free survival of 71% in patients with de novo SCNSL. RT can be considered as bridging therapy prior to AHCT or CAR T-cell therapy, or as a component of salvage therapy. Understanding systemic disease status at the time of addressing CNS involvement can help guide CNS-directed RT volumes and dosing. Despite most patients having been heavily pre-treated with poor prior CNS disease response to chemotherapy, multiple series have shown promising cytoreduction and palliation with RT. In one series of 44 patients with SCNSL, RT achieved an objective response rate of 88% and clinical improvement rate of 76%; 31% of patients were still alive at 8 years post-RT (29). One series showed no significant neurologic toxicity with a mean dose of 30 Gy and symptom improvement in 10/10 symptomatic patients. In another study of 58 patients with progressive SCNSL referred for RT, most received WBRT (86%) with a median dose of 30 Gy (IQR 24-30) over 10 fractions, and among patients for whom RT was successfully used to bridge to additional therapy, 29% achieved long-term survival (30).

Therefore, interest is shifting to using RT as a bridge to novel therapeutics, but dosing and target volumes are highly varied. At this time, the only consensus in the use of RT in this setting is that RT should be stopped prior to CAR T-cell therapy and that comprehensively treating gross disease when possible is associated with improved outcomes (31). In a series with 12 patients with CNSL receiving RT as bridge to CAR T-cell therapy, 8 achieved complete response (CR), 1 partial response (PR), and 1 had progressive disease (PD) (32). Although data are limited, initial studies have not seen associations between RT and elevated risk of ICANS (4, 33, 34). Future study is indicated. We favor a focal RT approach to a dose of 30-33 Gy in 10-11 fractions when bridging (Figure 3).




Figure 3 | 29-year-old immunocompetent woman with secondary CNS lymphoma who underwent focal bridging to 33 Gy in 11 fractions and achieved a swift partial response prior to CAR T-cell therapy.



Marginal zone lymphoma can involve the dura, which can be treated with systemic therapy alone (e.g., single agent rituximab if CD20+) (35) with consideration of focal RT versus WBRT depending on extent of involvement to a dose of 4-24 Gy in 2-Gy fractions (Figure 4) (36, 37). Mantle cell lymphoma can rarely involve the CNS (<5%) but is associated with dismal prognosis. Data suggest that novel therapeutics such as Bruton’s tyrosine kinase inhibitors may be preferred over standard CNS-penetrant systemic therapy in mantle cell lymphoma, demonstrating prolonged overall survival and time to CNS progression with ibrutinib (38). RT dosing is varied, but very low-dose RT (4 Gy in 2 fractions) has been shown to be effective in heavily treated relapsed, refractory systemic disease; (39) therefore, it can be considered in the CNS setting (40).




Figure 4 | 48-year-old woman who presented with headaches found to have a 3.4cm dural-based left sphenoid wing mass initially thought to be meningioma based on imaging appearance. He underwent partial resection with pathology revealing marginal zone lymphoma. Staging PET and blood peripheral flow cytometry were negative for disease involvement. He completed 24 Gy in 12 fractions and achieved a complete response.







Multiple myeloma or plasmacytoma

CNS involvement of multiple myeloma (MM) is seen more often in younger patients (median age 50 years versus typical median age of MM onset 65-70 years) and those with IgA subtypes (27% of patients with CNS involvement versus 1-2% with IgD and biclonal subtypes), deletions of 13q and 17, or elevated lactate dehydrogenase (41). CNS involvement is more often seen in the secondary setting with a short median time to onset of only 2 years from initial diagnosis, and only 22% of cases have CNS involvement at diagnosis. In addition to imaging, CSF cytology with flow cytometry should be performed, especially given that polyclonal plasma cells are not specific to MM and leptomeningeal involvement has been reported in up to 57-59% of CNS myeloma cases (41, 42). Apart from direct CNS involvement, neurologic emergencies from myelomatous disease are often a result of osseous lesions, such as spinal cord compression or cranial nerve deficits from base of skull involvement. Ocular involvement is very rare, but patients with visual symptoms should be evaluated by an ophthalmologist given ocular complications of plasma cell dyscrasias, such as accumulation of M-protein and paraneoplastic syndromes, have been reported (43).

In the emergent setting with neurologic signs or symptoms, early initiation of steroids is critical. There is no standard approach to the treatment of CNS myeloma; however, of the limited published data, a multi-modality approach is favored (41, 44, 45). Systemic therapy is the backbone of treatment, importantly a regimen that can cross the blood brain barrier and have fast onset, as these patients (with or without RT) have been shown to have superior outcomes to those without systemic therapy. IT therapy has not been shown to be effective as a monotherapy. In one study, long-term survivors of CNS myeloma had received combined modality therapy including RT, IT chemotherapy, and immunomodulatory agents (45).

For patients with focal deficits and without evidence of leptomeningeal involvement, a focal RT field can be implemented, ideally with IMRT or other conformal techniques to spare normal bone marrow in these patients at particularly high risk of cytopenias (Figure 5). While individual- and regimen-dependent, often RT can be given in conjunction with biologic agents used in multiple myeloma (e.g., bortezomib, daratumumab); however, with limited data on bispecific antibodies, care should be given when used with RT concurrently given the theoretical increased risk of immunogenicity (46). For patients with overt spinal cord compression with neurologic deficits, we prefer long (i.e., 24-30 Gy in 2-3-Gy fractions) as opposed to short course (i.e., 20 Gy in 5 fractions) given improved motor function outcomes (47). If the patient has very poor performance status or if treatment needs to be completed in a short time span, one can consider 15-20 Gy in 5 fractions. If a single fraction needs to be given, one can consider 8 Gy in 1 fraction; however, a fractionated approach is preferred in these patients when possible. Heavily pretreated patients tend to have more refractory disease; thus, they may require higher doses or more prolonged courses to achieve durable disease control. Similarly, patients with solitary plasmacytoma may require higher cumulative doses for durable response, for instance 36-50 Gy in 2-Gy fractions (48). In the emergent setting, one can consider starting with a hypofractionated approach (3-4 Gy per fraction) then transition to more protracted, definitive dosing after initial response. For patients with leptomeningeal disease involvement on imaging or CSF, CSI should be considered with doses ranging from 20-30 Gy in 2-Gy fractions. In one study, 4/9 patients who achieved long-term survival received CSI of 20-30 Gy within the context of multi-modality therapy (49).




Figure 5 | 50-year-old man with R-ISS 1 multiple myeloma with a right scalp myelomatous lesion status-post-transplant while on maintenance therapy. MRI showed osseous and dural involvement. He received 24 Gy in 12 fractions with VMAT and achieved a complete response.







Leukemia

For patients with symptomatic CNS leukemia, RT should be considered especially when other CNS-directed therapy has failed. (16) For patients undergoing potentially curative allogeneic transplant, additional RT to the CNS can be considered for patients with acute lymphoblastic leukemia (ALL) with history of CNS involvement or for patients with particularly high-risk disease (e.g., T-cell), and for acute myeloid leukemia (AML) with CNS involvement. Pre-transplant conditioning regimens including CNS-directed RT improved 5-year recurrence-free survival for CNS-involved AML comparable to those without CNS involvement (32 vs 35%, respectively), both notably higher than the 6% 5-year recurrence-free survival seen after IT chemotherapy (50). Choice of comprehensive (i.e., CSI) versus focal RT to the CNS depends on the patient’s clinical status and expected long-term outcomes, but comprehensive CSI is favored by many in the curative setting, though some prefer whole brain boost, and prospective data comparing these strategies do not exist (51).

These patients are at high risk for vitreoretinal involvement; therefore, the posterior chamber and optic nerve should be covered for all cases (Figure 6). Target volumes should be more comprehensive (i.e., CSI) as the limited data have all shown improved outcomes with larger fields. In a pediatric cohort (among whom 40 of 41 were in complete remission at time of RT), there was a trend toward improved disease-free survival with CSI versus WBRT (52). In a cohort of 163 patients, those treated with WBRT or CSI had better 12-month CNS-progression-free survival compared to those treated with focal RT (77% vs 51%, respectively) (53).




Figure 6 | 42-year-old Male with Philadelphia chromosome positive B-cell ALL s/p hyper CVAD, TKI, and full-dose TBI followed by stem cell transplant. One year later he experienced an isolated CNS relapsed diagnosed on lumbar puncture and MRI showing radiographic optic nerve involvement. He cleared his CSF s/p hyper-CVAD and IT cytarabine. He received consolidative RT with proton craniospinal irradiation to 23.4 Gy in 13 fractions.



Per the International Lymphoma Radiation Oncology Group (ILROG) guidelines, a dose of 18-24 Gy delivered comprehensively (i.e., CSI) should be considered in patients with CNS relapse or prior to allogeneic transplant. When CSI is planned for patients who are to receive a myeloablative conditioning regimen involving total body irradiation (TBI), the CSI dose should be factored into the TBI dose and the total cumulative CSI dose should not exceed 24 Gy. At University of California San Diego, CNS-directed RT is recommended for CNS 2-3 B-cell ALL (i.e., white blood cell [WBC] count <5/mL with blasts in CSF or WBC is ≥5/mL with blasts in CSF or clinical signs of leukemia in the CNS) and in all patients with T-cell ALL who have CNS disease. In general, CSI is preferred to WBRT unless the patient has CNS 1 T-cell ALL (i.e., no blasts in the CSF) or if the CSF has cleared in response to chemotherapy (Figure 7).




Figure 7 | 8-year-old patient with leukemia who received a whole-brain radiotherapy boost to a dose of 18 Gy. The 95% isodose line is shown.



We recommend CSF sampling prior to RT for all patients to assess response to systemic and IT therapies. MRI evaluation prior to RT is recommended in patients with prior MRI abnormalities or no previous MRI. For CSF-only involvement in patients with complete response to chemotherapy, we generally deliver a cumulative dose of 18 Gy WBRT (i.e., 6 Gy WBRT boost accounting for TBI dose typically of 12 Gy). For patients with radiographic leptomeningeal disease or cranial neuropathies at diagnosis or relapse, our general practice is to add 6-12 Gy CSI in addition to TBI (for a cumulative of 18-24Gy to the craniospinal axis).

When planning CSI, bone-marrow and abdominal compartment-sparing techniques should be explored, namely proton therapy or volumetric modulated arc therapy (VMAT), since these patients often have poor marrow reserve or are planned for radiation dose exposure to their gastrointestinal tract (i.e., TBI). Cumulative lung dose should also be carefully evaluated in patients preparing to undergo transplant as mean lung dose is correlated with peri-transplant mortality (54). As noted above, the vertebral bodies should be considered an OAR for children, and particular attention should be paid to vertebral body dose distribution given risk of scoliosis and impaired growth that can be seen at doses of even 10-20 Gy (55). At Stanford University, for skeletally immature patients, the brain is typically boosted to an additional 12 Gy (24 Gy total), while the spine receives a 6 Gy boost (18 Gy total); skeletally mature patients receive a 12 Gy CSI boost.

Chloroma can be treated to 24 Gy in 12 fractions with a gross tumor volume (GTV) plus a 0.5-1 cm margin for clinical target volume (CTV). In male patients with CNS leukemia, providers should ensure that a testicular ultrasound was done as testicle-directed RT should be delivered in those with involvement. In the absence of a testicular ultrasound examination in patients with T-cell ALL, consolidation with testicular RT should be considered. Some institutions routinely utilize prophylactic testicular boost to 4 Gy in all male leukemia patients or all male patients with ALL, while others reserve this for patients with history of testicular leukemia, and this can be considered on a patient-by-patient basis (56).






Discussion

Treatment of hematologic malignancies requires a multidisciplinary approach. CNS involvement adds another layer of complexity given the challenge of ensuring CNS penetrance with systemic therapies, aggressive or resistant genetics, need for rapidity of response in the setting of neurologic symptoms, and concern for toxicity. While historically RT played a central, if not exclusive, role in treating CNS hematologic malignancies, in the modern era, concerns for neurotoxicity from high-dose comprehensive RT treatments amidst the promise of novel, targeted agents have led to a narrower role for RT. In the setting of urgent neurologic compromise from hematologic malignancies, the role of RT is of paramount importance as it can be safely and promptly delivered in coordination with a multimodality approach. Radiation oncologists can play a critically important role if we are involved early and coordinate with our colleagues for safe and effective RT delivery.

Treatment-associated neurotoxicity is a concern for any CNS-directed therapy. These patients often have multifactorial neurologic or cognitive compromise from disease burden and prior CNS-penetrant systemic therapies. For instance, high-dose IV methotrexate can have a variety of complications such encephalopathy, delayed multifocal leukoencephalopathy, or even acute transverse myelitis (57). With regards to RT, neurotoxicity has been shown to be associated with dose and treatment volume. When combined with CNS-penetrant systemic agents, significant neurotoxicity has been observed when used both concurrently and prior to cytotoxic therapy, partly due to enhanced permeability of the blood brain barrier likely leading to increased concentration of systemic agents in CSF (58). Historically, standard doses for WBRT (often 40 Gy or higher) were associated with significant neurotoxicity; however, a reduced-dose WBRT approach (23.4 Gy in 13 fractions) has been prospectively shown as part of combination therapy to have excellent disease control without significant neurocognitive decline (22, 59, 60). Final analyses of neuropsychological testing from the maturing RTOG 1114 trial data are eagerly anticipated. Beyond RT dose, treatment volume incorporating critical structures (i.e., hippocampus) can also impact neurocognition (61–63). Therefore, establishing a better understanding of appropriate clinical scenarios where focal RT with smaller field sizes can be effectively implemented is warranted. The applicability of hippocampal-sparing WBRT and memantine for memory preservation in hematologic malignancies is an unanswered question, but this approach has not been implemented by the authors of this review. In pediatric patients, use of memantine is still under active investigation on the Children’s Oncology Group protocol ACNS 2031, albeit for RT in primary CNS tumors. In the era of novel therapies, perhaps this dogma of universally comprehensive RT in CNS hematologic malignancies may not be as applicable, and we can consider building off the principles of involved site radiotherapy (ISRT) now established as standard for extracranial lymphomas (64).

There is much excitement building around novel therapeutics (e.g., CAR T-cells, bispecific antibodies) and the possibility of a durable response in otherwise challenging, refractory scenarios. Converting patients with progressive or refractory disease via cytoreductive bridging is a promising opportunity for RT in the modern era. Preliminary data limited to small cohorts suggest that the combination of CNS RT with novel targeted agents and cellular therapies may be safe and tolerable (4, 30, 65). In addition, we have experience with multiple patients whose disease was thought to be overwhelmingly refractory to systemic therapy, and the consultation for these patients was for palliative RT prior to hospice. In several of these patients, RT produced such a powerful disease control and symptomatic benefit that the patient was re-evaluated and deemed appropriate to proceed with CAR-T cell therapy (Figure 8). These cases serve as an important reminder that unlike many solid tumor histologies or primary CNS tumors, many patients with CNS involvement of hematologic malignancies may have a temporary poor performance status that is reversible, and RT can remain effective even in some of the most chemorefractory patients (66). Therefore, patient performance status in isolation is not a reliable indicator of prognosis in CNS hematologic malignancies. For bridging RT to CAR T-cell therapy, we favor focusing on bulky or symptomatic sites of disease with a focal field (i.e., GTV with a 1cm margin to CTV) to a dose of 30-33 Gy in 10-11 fractions. However, the appropriate dose and target volume are not yet defined. For instance, the role of CSI prior to CAR T-cell therapy is not established, leaving the question of how best to bridge patients with leptomeningeal dissemination open. When considering the extent of the target volume, one must consider risk of neuraxis dissemination and whether the neuraxis can be adequately treated with non-RT approaches such as CNS-penetrant or IT therapies. These unanswered questions warrant thorough histology-specific patterns-of-failure analyses after focal RT, but one can see the potential benefit of a focal, dose-intensified approach for refractory disease as a bridge to comprehensive therapy.




Figure 8 | 45-year-old man with heavily pretreated refractory DLBCL causing cord compression and paralysis. He was initially recommended for hospice and referred to radiation oncology for consideration of palliative RT. (L) before and (R) 3 days after completion of thoracolumbar RT to 20 Gy in 5 fractions. Following excellent response to RT, patient became a candidate for CAR T-cell therapy.







Conclusions

RT is a powerful tool for achieving quick responses in hematologic malignancies and therefore should be considered early in urgent neurologic settings. Thorough workup and discussions with the multi-disciplinary team are critical to best incorporate RT in the context of other CNS-penetrating therapies. Further work is warranted on defining RT target volumes and doses in the context of novel therapeutics.





Author contributions

KT: Conceptualization, Investigation, Methodology, Writing – original draft, Writing – review & editing. BI: Conceptualization, Data curation, Supervision, Writing – original draft. GC: Conceptualization, Data curation, Investigation, Methodology, Writing – original draft. JY: Conceptualization, Data curation, Supervision, Writing – review & editing. ZM: Data curation, Methodology, Writing – review & editing. RH: Data curation, Investigation, Supervision, Writing – review & editing. MB: Data curation, Resources, Supervision, Writing – review & editing. JR: Supervision, Visualization, Writing – review & editing. NW: Conceptualization, Investigation, Methodology, Writing – review & editing. PS: Conceptualization, Data curation, Investigation, Methodology, Writing – original draft. DC: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Supervision, Writing – original draft. SH: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Resources, Supervision, Validation, Writing – original draft.





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.





Conflict of interest

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





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Bobillo, S, Khwaja, J, Ferreri, AJ, and Cwynarski, K. Prevention and management of secondary central nervous system lymphoma. Haematologica. (2023) 108(3):673–89.

2. Cederquist, GY, Tringale, KR, Yahalom, J, and Imber, BS. The contemporary spectrum of radiotherapy for hematologic malignancies involving the central nervous system: From focal therapy to craniospinal. Semin Radiat Oncol. (2025) 35:126–37. doi: 10.1016/j.semradonc.2024.11.001

3. Schiffer, C, and Uy, G. Acute myeloid leukemia: Involvement of the central nervous system(2024). Available online at: https://www.uptodate.com/contents/acute-myeloid-leukemia-involvement-of-the-central-nervous-system (Accessed October 1, 2024).

4. Cederquist, G, Schefflein, J, Devlin, SM, Shah, GL, Shouval, R, Hubbeling, H, et al. CNS bridging radiotherapy achieves rapid cytoreduction prior to CAR T cell therapy for aggressive B-cell lymphoma. Blood Advances. (2024) 8(19):5192–9. doi: 10.1182/bloodadvances.2024013393

5. Constine, LS, Marks, LB, Milano, MT, and Ronckers, CM. and summary of pediatric normal tissue effects in the clinic (PENTEC): radiation dose-volume response for adverse effects after childhood cancer therapy and future directions. Int J Radiat Oncology Biology Phys. (2024) 119:321–37. doi: 10.1016/j.ijrobp.2023.09.005

6. Mahajan, A, Stavinoha, PL, Rongthong, W, Brodin, NP, McGovern, SL, et al. Neurocognitive effects and necrosis in childhood cancer survivors treated with radiation therapy: A PENTEC comprehensive review. Int J Radiat Oncol Biol Phys. (2024) 119(2):401–16. doi: 10.1016/j.ijrobp.2020.11.073

7.Cancer Stat Facts: Childhood Leukemia (Ages 0–19). National Cancer Institute: Surveillance, Epidemiology, and End Results Program, Bethesda, Maryland (2024). Available online at: https://seer.cancer.gov/statfacts/html/childleuk.html (Accessed September 25, 2024).

8. Ferreri, AJ. How I treat primary CNS lymphoma. Blood. (2011) 118:510–22. doi: 10.1182/blood-2011-03-321349

9. Bruck, W, Brunn, A, and Klapper, W. Differential diagnosis of lymphoid infiltrates in the central nervous system: experience of the Network Lymphomas and Lymphomatoid Lesions in the Nervous System. Pathologe. (2013) 34:186–97.

10. Barbour, AB, Kotecha, R, Lazarev, S, Robinson, T, Yerramilli, D, and Yang, JT. Radiation therapy in the management of leptomeningeal disease from solid tumors. Adv Radiat Oncol. (2024) 9:101377. doi: 10.1016/j.adro.2023.101377

11. Iglseder, S, Nowosielski, M, Bsteh, G, Muigg, A, Heugenhauser, J, Mayer, E, et al. Whole brain radiotherapy combined with intrathecal liposomal cytarabine for leptomeningeal metastasis—a safety analysis and validation of the EANO-ESMO classification. Strahlentherapie und Onkologie. (2022) 198:475–83. doi: 10.1007/s00066-022-01910-9

12. Pan, Z, Chen, K, He, H, Jiang, T, Song, Y, et al. A phase II study of concurrent involved-field radiotherapy and intrathecal chemotherapy for leptomeningeal metastasis from solid tumors. Radiotherapy Oncol. (2023) 186:109740. doi: 10.1016/j.radonc.2023.109740

13. Pan, Z, Yang, G, He, H, Yuan, T, Li, Y, et al. Concurrent radiotherapy and intrathecal methotrexate for treating leptomeningeal metastasis from solid tumors with adverse prognostic factors: A prospective and single-arm study. Int J Cancer. (2016) 139:1864–72. doi: 10.1002/ijc.v139.8

14. Boogerd, W, van den Bent, M, Koehler, P, Hart, A, Benraadt, J, and Vecht, CJ. The relevance of intraventricular chemotherapy for leptomeningeal metastasis in breast cancer: a randomised study. Eur J Cancer. (2004) 40:2726–33. doi: 10.1016/j.ejca.2004.08.012

15. Kwong, Y-L, Yeung, DY, and Chan, JC. Intrathecal chemotherapy for hematologic malignancies: drugs and toxicities. Ann Hematology 88. (2008) 88(3):193–201. doi: 10.1007/s00277-008-0645-y

16. Pinnix, C. Radiation in central nervous system leukemia: guidelines from the international lymphoma radiation oncology group. Int J Radiat Oncol Biol Phys. (2018) 102:53–8. doi: 10.1016/j.ijrobp.2018.05.067

17. Kao, J, Darakchiev, B, Conboy, L, Ogurek, S, Sharma, N, Ren, X, et al. Tumor directed, scalp sparing intensity modulated whole brain radiotherapy for brain metastases. Technol Cancer Res Treat. (2015) 14:547–55. doi: 10.7785/tcrt.2012.500426

18. Nelson, D, Martz, K, Bonner, H, Newall, J, Kerman, H, Thomson, J, et al. Non-Hodgkin's lymphoma of the brain: can high dose, large volume radiation therapy improve survival? Report on a prospective trial by the Radiation Therapy Oncology Group (RTOG): RTOG 8315. Int J Radiat Oncol Biol Phys. (1992) 23:9–17. doi: 10.1016/0360-3016(92)90538-S

19. Ferreri, A, Cwynarski, K, Pulczynski, E, Fox, C, Schorb, E, et al. Long-term efficacy, safety and neurotolerability of MATRix regimen followed by autologous transplant in primary CNS lymphoma: 7-year results of the IELSG32 randomized trial. Leukemia. (2022) 36:1870–8. doi: 10.1038/s41375-022-01582-5

20. Houillier, C. Radiotherapy or autologous stem-cell transplantation for primary CNS lymphoma in patients age 60 years and younger: long-term results of the randomized phase II PRECIS study. J Clin Oncol. (2022) 40:3692–8. doi: 10.1200/JCO.22.00491

21. Tringale, KR, Scordo, M, Yahalom, J, White, C, Zhang, Z, Schefflein, J, et al. Evolving consolidation patterns and outcomes for a large cohort of primary CNS lymphoma patients. Blood Adv. (2024) 8(24):6195–206. doi: 10.1182/bloodadvances.2024013780

22. Omuro, A, DeAngelis, L, Karrison, T, Bovi, J, Rosenblum, M, et al. Randomized phase II study of rituximab, methotrexate (MTX), procarbazine, vincristine, and cytarabine (R-MPV-A) with and without low-dose whole-brain radiotherapy (LD-WBRT) for newly diagnosed primary CNS lymphoma (PCNSL). Virtual: J Clin Oncol. (2020). doi: 10.1200/JCO.2020.38.15_suppl.2501

23. Tringale, KR, Scordo, M, Yahalom, J, White, C, Zhang, Z, and Vaccha, B. Outcomes and relapse patterns in primary central nervous system lymphoma: longitudinal analysis of 559 patients diagnosed from 1983-2020. Neuro Oncol. (2024) 26(11):2061–73. doi: 10.1093/neuonc/noae115

24. Foreman, B, Mullikin, T, Floyd, S, Kelsey, C, Patel, M, Peters, K, et al. Long-term outcomes with reduced-dose whole-brain radiotherapy and a stereotactic radiosurgery boost for primary central nervous system lymphoma. Neuro Oncol Adv. (2023) 5:vdad097. doi: 10.1093/noajnl/vdad097

25. Soussain, C. Primary vitreoretinal lymphoma: a diagnostic and management challenge. Blood. (2021) 138:1519–34. doi: 10.1182/blood.2020008235

26. Cwynarski, K, Cummin, T, Osborne, W, Lewis, J, Chaganti, S, et al. Management of secondary central nervous system lymphoma. Br J Haematology. (2022) 200:160–9. doi: 10.1111/bjh.v200.2

27. Ferreri, A, Doorduijn, J, and Re, A. MATRix-RICE therapy and autologous haematopoietic stem-cell transplantation in diffuse large B-cell lymphoma iwth secondary CNS involvement (MARIETTA): an international, single-arm, phase 2 trial. Lancet Haematology. (2021) 8:e110–21. doi: 10.1016/S2352-3026(20)30366-5

28. Grommes, C, Nandakumar, S, Schaff, LR, Gavrilovic, I, Kaley, TJ, Nolan, CP, et al. A phase II study assessing long-term response to ibrutinib monotherapy in recurrent or refractory CNS lymphoma. Clin Cancer Res. (2024) 30(18):4005–4015. doi: 10.1158/1078-0432.CCR-24-0605

29. Milgrom, SA, Pinnix, CC, Chi, T, Vu, T, Gunther, JR, et al. Radiation therapy as an effective salvage strategy for secondary CNS lymphoma. Int J Radiat Oncol Biol Phys. (2018) 100:1146–54. doi: 10.1016/j.ijrobp.2018.01.003

30. Cederquist, G, Tringale, KR, Hajj, C, Hubbeling, H, Sarkar, RR, et al. Salvage radiotherapy as a bridge for relapsed secondary CNS lymphoma. Int J Radiation Oncol Biol Phys. (2023) 117(2):Supplement E459. doi: 10.1016/j.ijrobp.2023.06.1654

31. Pinnix, C, Gunther, JR, Dabaja, BS, Strati, P, Fang, P, et al. Bridging therapy prior to axicabtagene ciloleucel for relapsed/refractory large B-cell lymphoma. Blood Adv. (2020) 4:2871–83. doi: 10.1182/bloodadvances.2020001837

32. Walburn, T, Grover, NS, Shen, CJ, Ranganathan, R, Dittus, C, et al. Consolidative or palliative whole brain radiation for secondary CNS diffuse large B-Cell lymphoma. Leukemia Lymphoma. (2021) 62:68–75. doi: 10.1080/10428194.2020.1821014

33. Epperla, N, Feng, L, Shah, NN, Fitzgerald, L, et al. Outcomes of patients with secondary central nervous system lymphoma following CAR T-cell therapy: a multicenter cohort study. J Hematol Oncol. (2023) 16:111. doi: 10.1186/s13045-023-01508-3

34. Cook, MR, Dorris, CS, Makambi, KH, Luo, Y, Munshi, PN, et al. Toxicity and efficacy of CAR T-cell therapy in primary and secondary CNS lymphoma: a meta-analysis of 128 patients. Blood Adv. (2023) 7:32–9. doi: 10.1182/bloodadvances.2022008525

35. Tsutsumi, Y, Ito, S, Nagai, J, Tateno, T, and Teshima, T. Patients with marginal zone dural lymphoma successfully treated with rituximab and bendamustine: A report of two cases. Mol Clin Oncol. (2021) 208. doi: 10.3892/mco.2021.2371

36. Lopeteguia-Lai, N, Delasos, L, Asad, SD, Kumar, M, and Harrison, JS. Primary central nervous system marginal zone B-cell lymphoma arising from the dural meninges: A case report and review of literature. Clin Case Rep. (2020) 8(3):491–7.

37. Puri, DR, Tereffe, W, and Yahalom, J. Low-dose and limited-volume radiotherapy alone for primary dural marginal zone lymphoma: treatment approach and review of published data. Int J Radiat Oncol Biol Phys. (2008) 71:1425–35. doi: 10.1016/j.ijrobp.2007.12.007

38. Rusconi, C, Cheah, CY, Eyre, TA, Tucker, D, Klener, P, Giné, E, et al. Ibrutinib improves survival compared with chemotherapy in mantle cell lymphoma with central nervous system relapse. Blood. (2022) 140(17):1907–1916. doi: 10.1182/blood.2022015560

39. Ning, MS, Pinnix, CC, Chapman, BV, Gunther, JR, Milgrom, SA, et al. Low-dose radiation (4 Gy) with/without concurrent chemotherapy is highly effective for relapsed, refractory mantle cell lymphoma. Blood Adv. (2019) 3:2035–9. doi: 10.1182/bloodadvances.2019030858

40. Gill, S, Herbert, KE, Princes, HM, Wolf, MM, Wirth, A, Ryan, G, et al. Mantle cell lymphoma with central nervous system involvement: frequency and clinical features. Br J Haematology. (2009) 147(1):83–8. doi: 10.1111/j.1365-2141.2009.07835.x

41. Jurczyszyn, A, Grzasko, N, Gozzetti, A, Czepiel, J, Cerase, A, Hungria, V, et al. Central nervous system involvement by multiple myeloma: a multi-institutional retrospective study of 172 patients in daily clinical practice. Am J Hematol. (2016) 91:575–80. doi: 10.1002/ajh.24351

42. Abdallah, A-o, Atrash, S, Shahid, Z, Jameel, M, Grazziutti, M, et al. Patterns of central nervous system involvement in relapsed and refractory multiple myeloma. Clin Lymphoma Myeloma Leukemia. (2014) 14:211–4. doi: 10.1016/j.clml.2013.11.004

43. Singh, BR, Singhal, S, Sinha, S, Cho, J, et al. Ocular complications of plasma cell dyscrasias. Eur J Ophthalmol. (2023) 33:1786–800. doi: 10.1177/11206721231155974

44. Manzar, G, Wu, SY, Khan, M, Dabaja, B, and Pinnix, C. Outcome of patients with central nervous system multiple myeloma (CNS-MM) treated with CNS-directed radiation therapy. Int J Radiat Oncol Biol Phys. (2022) 114:E358. doi: 10.1016/j.ijrobp.2022.07.1473

45. Chen, CI, Masih-Khan, E, Jiang, H, Rabea, A, Cserti-Gazdewich, C, Jimenez-Zepeda, VH, et al. Central nervous system involvement with multiple myeloma: long term survival can be achieved with radiation, intrathecal chemotherapy, and immunomodulatory agents. Br J Haematology. (2013) 162:483–8. doi: 10.1111/bjh.2013.162.issue-4

46. Salgado, L, Wang, S, Adler, A, Chang, S, Ru, M, et al. The safety profile of concurrent therapy for multiple myeloma in the modern era. Adv Radiat Oncol. (2019) 4:112–7. doi: 10.1016/j.adro.2018.09.009

47. Rades, D, Hoskin, PJ, Stalpers, LJ, Schulte, R, Poortmans, P, et al. Short-course radiotherapy is not optimal for spinal cord compression due to myeloma. Int J Radiat Oncol Biol Phys. (2006) 64:1452–7. doi: 10.1016/j.ijrobp.2005.10.018

48. Tsang, R, Campbell, B, Goda, J, Kelsey, C, Kirova, Y, et al. Radiation therapy for solitary plasmacytoma and multiple myeloma: guidelines from the international lymphoma radiation oncology group. Int J Radiat Oncol Biol Phys. (2018) 101:794–808. doi: 10.1016/j.ijrobp.2018.05.009

49. Chen, C, Masih-Khan, E, Jiang, H, et al. Central nervous system involvement with multiple myeloma: long term survival can be achieved with radiation, intrathecal chemotherapy, and immunomodulatory agents. Br J Haematology. (2013) 162:483–8. doi: 10.1111/bjh.2013.162.issue-4

50. Mayadev, J, Douglas, J, Storer, B, et al. Impact of cranial irradiation added to intrathecal conditioning in hematopoietic cell transplantation in adult acute myeloid leukemia with central nervous system involvement. Int J Radiat Oncol Biol Phys. (2011) 80:193–8. doi: 10.1016/j.ijrobp.2010.01.062

51. Wu, SY, Short, NJ, Nasr, L, Dabaja, BS, and Fang, PQ. Central nervous system prophylaxis and treatment in acute leukemias. Curr Treat Options Oncol. (2022) 23:1829–44. doi: 10.1007/s11864-022-01032-5

52. Hiniker, SM, Agarwal, R, Modlin, LA, Gray, CC, Harris, JP, Million, L, et al. Survival and neurocognitive outcomes after cranial or craniospinal irradiation plus total-body irradiation before stem cell transplantation in pediatric leukemia patients with central nervous system involvement. Int J Radiat Oncol Biol Phys. (2014) 89:67–74. doi: 10.1016/j.ijrobp.2014.01.056

53. Walker, GV, Shihadeh, F, Kantarjian, H, Allen, P, Rondon, G, Kebriaei, P, et al. Comprehensive craniospinal radiation for controlling central nervous system leukemia. Int J Radiat Oncol Biol Phys. (2016) 90:1119–25. doi: 10.1016/j.ijrobp.2014.08.004

54. Esiashvili, N, Lu, X, Ulin, K, Laurie, F, Kessel, S, Kalapurakal, JA, et al. Higher reported lung dose received during total body irradiation for allogeneic hematopoietic stem cell transplantation in children with acute lymphoblastic leukemia is associated with inferior survival: A report from the children's oncology group. Int J Radiat Oncol Biol Phys. (2019) 104:513–21. doi: 10.1016/j.ijrobp.2019.02.034

55. Rao, AD, Ladra, M, Dunn, E, Kumar, R, Rao, SS, Sehgal, S, et al. A road map for important centers of growth in the pediatric skeleton to consider during radiation therapy and associated clinical correlates of radiation-induced growth toxicity. Int J Radiat Oncol Biol Phys. (2019) 103:669–79. doi: 10.1016/j.ijrobp.2018.10.026

56. Blomain, ES, Jiang, A, Donaldson, SS, Agarwal, R, Bertaina, A, Shyr, D, et al. Effect of testicular boost in children with leukemia receiving total body irradiation and stem cell transplant: A single-institution experience. Adv Radiat Oncol. (2022) 8:101071. doi: 10.1016/j.adro.2022.101071

57. Nolan, CP, and DeAngelis, LM. Neurologic complications of chemotherapy and radiation therapy. Neuro Oncol. (2015) 21:429–51. doi: 10.1212/01.CON.0000464179.81957.51

58. Watterson, J, Toogood, I, Nieder, M, Morse, M, Frierdich, S, Lee, Y, et al. Excessive spinal cord toxicity from intensive central nervous system-directed therapies. Cancer. (1994) 74(11):3034–41. doi: 10.1002/1097-0142(19941201)74:11<3034::AID-CNCR2820741122>3.0.CO;2-O

59. Shah, G, Yahalom, J, Correa, D, Lai, R, et al. ombined immunochemotherapy with reduced whole-brain radiotherapy for newly diagnosed primary CNS lymphoma. J Clin Oncol. (2007) 25:4730–5. doi: 10.1200/JCO.2007.12.5062

60. Morris, P, Correa, D, Yahalom, J, Raizer, J, Schiff, D, et al. Rituximab, methotrexate, procarbazine, and vincristine followed by consolidation reduced-dose whole-brain radiotherapy and cytarabine in newly diagnosed primary CNS lymphoma: final results and long-term outcome. J Clin Oncol. (2013) 31:3971–9. doi: 10.1200/JCO.2013.50.4910

61. Brown, PD, Gondi, V, Pugh, S, et al. Hippocampal avoidance during whole-brain radiotherapy plus memantine for patients with brain metastases: phase III trial NRG oncology CC001. J Clinial Oncol. (2020) 38:1019–29. doi: 10.1200/JCO.19.02767

62. Tringale, KR, Nguyen, T, Bahrami, N, Marshall, D, et al. Identifying early diffusion imaging biomarkers of regional white matter injury as indicators of executive function decline following brain radiotherapy: A prospective clinical trial in primary brain tumor patients. Radiotherapy Oncol. (2019), 27–33. doi: 10.1016/j.radonc.2018.11.018

63. Tringale, KR, Nguyen, T, Karunamuni, R, Seibert, T, Huynh-Le, M-P, et al. Quantitative imaging biomarkers of damage to critical memory regions associated with post-radiotherapy memory performance in brain tumor patients. Int J Radiat Oncol Biol Phys (2019) 105:773–83. doi: 10.1016/j.ijrobp.2019.08.003

64. Wirth, A, Mikhaeel, NG, Aleman, BM, Pinnix, CC, Constine, LS, et al. Involved site radiation therapy in adult lymphomas: an overview of international lymphoma radiation oncology group guidelines. Int J Radiat Oncol Biol Phys. (2020) 107:909–33. doi: 10.1016/j.ijrobp.2020.03.019

65. Ababneh, HS, Frigault, MJ, Ng, AK, and Patel, CG. Radiation therapy as bridging and salvage strategy among patients with secondary central nervous system lymphoma undergoing CD19-targeted chimeric antigen receptor T-cell therapy. Hematol Oncol. (2024) 42:e3243. doi: 10.1002/hon.v42.1

66. Nguyen, PL, Chakravarti, A, Finkelstein, DM, Hochberg, FH, Batchelor, TT, and Loeffler, JS. Results of whole-brain radiation as salvage of methotrexate failure for immunocompetent patients with primary CNS lymphoma. J Clin Oncol. (2005) 23:1507–13. doi: 10.1200/JCO.2005.01.161




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Tringale, Imber, Cederquist, Yahalom, Moore, Hoppe, Binkley, Ross, Wijetunga, Sanghvi, Casey and Hiniker. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-15-1511261-g001.jpg





OEBPS/Images/fonc-15-1511261-g003.jpg
BASELINE ISRT DOSIMETRY 7 DAYS POST-ISRT





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Urgent and emergent radiotherapy for hematologic malignancies of the central nervous system: a review of the literature and practical approach

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Clinical considerations for CNS-directed radiation therapy

        

          		

            Clinical work-up and data collection

          



          		

            Rationale for consideration of radiation therapy in the urgent or emergent setting

          



          		

            Care of the pediatric patient

          



          		

            Logistical coordination with a multi-disciplinary team

          

            		

              Corticosteroid administration

            



            		

              Simulation scheduling

            



            		

              Overlap versus interdigitating with systemic or intrathecal therapy

            



            		

              Radiation planning

            



          



          



        



        



        		

          Histology-specific practical approach to radiation treatment planning in the urgent setting

        

          		

            Primary CNS lymphoma

          



          		

            Secondary CNS lymphoma

          



          		

            Multiple myeloma or plasmacytoma

          



          		

            Leukemia

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-15-1511261-g007.jpg





OEBPS/Images/table2.jpg
Anatomic compar!

Focal parenchymal mass

Dural-based disease

Cranial nerve deficit

Vitreoretinal

Spinal cord or cauda
equina compression

Symptomatic
leptomeningeal disease

Leptomeningeal disease prior to
hematopoietic cell transplantation®

nt Histology

PCNSL

Aggressive SCNSL

Indolent SCNSL

Marginal zone

Multiple myeloma (base of
skull or calvarium)

PVRL

SCNSL

Multiple myeloma

Solitary plasmacytoma

PCNSL
SCNSL

Multiple myeloma

Leukemia
CNS cleared or CNS 1 T-
cell ALL

CNS persistent or
radiographic LMD or cranial
neuropathies

Skeletally mature

Skeletally immature

Cumulative sequential boost shown in brackets.
PCNSL, primary CNS lymphoma; SCNSL, secondary CNS lymphoma; PVRL, primary vitreoretinal lymphoma; WBRT, whole-brain radiotherapy; IFRT, involved field radiotherapy; CSI,
craniospinal irradiation; fx, fraction; LMD, leptomeningeal disease; TBI, total body irradiation.

“Dosing shown in this section is cumulative dose to the neuraxis, including TBI typically of 12 Gy in 6 fractions.

Disease status

Refractory, not bridging
Higher KPS

Poor KPS
Refractory, bridging intent

Extracranial controlled
Extracranial uncontrolled

Extracranial controlled
Extracranial uncontrolled

Target

'WBRT [boost]
‘WBRT
Focal

'WBRT [boost]
Focal vs. WBRT

Focal vs. WBRT
Focal vs. WBRT

Focal

Focal

Bilateral globes and optic
tracts

Bilateral globes and
optic tracts

Focal (full vertebral level
involved)

Focal (full vertebral
level involved)

IERT vs. CSI
IFRT vs. CSI

IFRT vs. CSI

CSI vs. CSI [WBRT]"

CSI°

CST [WBRT]¢

A cumulative dose of 18 Gy WBRT is typically delivered (i.e. 6 Gy WBRT boost accounting for TBI dose typically of 12 Gy).
“For skeletally mature patients with radiographic leptomeningeal disease or cranial neuropathies at diagnosis or relapse, our general practice is to add 6-12 Gy CSI in addition to TBI (for a
cumulative of 18-24 Gy to the craniospinal axis).

4For skeletally immature patients, the brain is typically boosted to an additional 12 Gy (24 Gy total), while the spine receives a 6 Gy boost (18 Gy total).

Dose

23.4Gy-36Gy/13-18fx [36-
45Gy/20-25fx]
30Gy/10fx

30-33Gy/10-11fx

23.4Gy/13fx [36Gy/20fx]
30Gy/10fx [36Gy/20fx]

4Gy/2fx, 24Gy/12fx
4Gy/2fx, 24Gy/12fx

4-24Gy/2-12fx

24Gy/12fx

20Gy/5fx

30Gy/10fx

(8Gy/1fx, least preferred)

30.6-36Gy/17-20fx

24Gy-36Gy/12-18fx

24Gy-30Gy/12-15fx
30Gy/10fx

(4-8Gy/1fx, 20Gy/5fx both
less preferred)
36-50Gy/18-25fx

30Gy/10fx
20-24Gy/10-12fx, 30Gy/10fx

20-24Gy/10-12fx, 30Gy/10fx

18Gy/9fx vs.12Gy/6fx [18Gy/
9fx]

18-24Gy/9-12fx

18Gy/9fx [24Gy/12fx]
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