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Abstract

High-dose therapy and autologous stem cell transplantation (HDT-ASCT) with thiotepa, busulfan, 

cyclophosphamide (TBC) conditioning has emerged as an effective post-induction treatment 

strategy for patients with primary (PCNSL) or secondary central nervous system lymphoma 

(SCNSL), but it is associated with considerable toxicity and transplant-related mortality (TRM) in 

the modern era. Forty-three adult patients with chemosensitive PCNSL or SCNSL received TBC 

conditioned ASCT between 2006 and 2015. Twenty-eight of these patients received 

pharmacokinetically (PK)-targeted busulfan dosing. The median number of clinically relevant 

individual grade ≥3 non-hematologic toxicities per patient was 5. We found no association 

between pre-ASCT patient characteristics and > 5 observed grade ≥3 non-hematologic toxicities. 

Patients with elevated first-dose busulfan AUC levels did not experience more toxicity. 

Paradoxically, patients treated with >2 regimens prior to ASCT had lower first-dose busulfan 

AUC. With a median follow-up among survivors of 20 months, 1-year PFS and OS from the time 

of ASCT were 83% and 87%, respectively. While reaffirming the favorable progression-free and 

overall survival of TBC-conditioned ASCT for CNSL, this treatment strategy carries a large 

toxicity burden.
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High-dose therapy and autologous stem cell transplantation; Central nervous system lymphoma; 
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Introduction

Durable disease control in central nervous system lymphoma (CNSL) is elusive even for 

patients who attain a complete remission (CR) with induction therapy, thereby making 

consolidation therapy critical to overall survival (OS).1,2 High-dose chemotherapy followed 

by autologous stem cell transplantation (HDT-ASCT) has proven to be an effective 

consolidative approach in eligible patients. We have shown that HDT-ASCT in first 

remission for CNSL affords omission of potentially neurotoxic whole brain radiotherapy 

(WBRT).3,4 Patients conditioned with thiotepa, busulfan, cyclophosphamide (TBC) prior to 

ASCT have demonstrated favorable progression-free (PFS) and overall survival (OS) in 

recurrent or refractory CNSL.3,5,6 Our retrospective analysis of 17 patients with recurrent 

primary CNSL (PCSNL) or secondary CNSL (SCNSL) who had achieved a complete 

remission (CR) after salvage methotrexate (MTX)-based induction regimens proceeding to 

TBC conditioned ASCT demonstrated a 3-year PFS and OS of 93%.3 In this study, there 

were relatively few grade ≥ 3 toxicities reported, no grade 4 toxicities and no treatment-

related deaths. In a phase II study conducted at our center, 26 patients with newly diagnosed 

PCNSL in chemo-sensitive remission after rituximab, methotrexate, procarbazine and 

vincristine (R-MPV) induction proceeded to first remission consolidative HDT-ASCT with 

TBC conditioning.7 The 2-year PFS and OS for the transplanted patients were 75% and 

81%, respectively, results which are superior to a previous trial of HD-MTX/cytarabine 
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followed by carmustine, etoposide, cytarabine, melphalan (BEAM) conditioned ASCT.8 

While clearly efficacious, 3 of the patients transplanted using TBC conditioning (11.5%) 

died secondary to transplant-related mortality (TRM), which is higher than expected with 

the use of HDT-ASCT for other NHL, indicating a toxic regimen in a potentially a more 

susceptible population.7,9 The 3 deaths were due to infection, skin toxicity (Stevens-Johnson 

Syndrome) and severe colitis (possibly autologous graft-versus-host disease).

Predictable and precise dosing of busulfan, a commonly used alkylating agent in 

hematopoietic cell transplantation conditioning, has proven imperative in ameliorating 

toxicity while insuring effective myeloablation. Individualized, targeted PK-directed dosing 

of intravenous (IV) busulfan (both at 6 hour intervals and daily) has become more routine, 

yielding a more predictable area under the curve (AUC) within a desired therapeutic 

range.10–12 In 2012, our Adult Bone Marrow Transplant (BMT) Service at Memorial Sloan 

Kettering Cancer Center (MSKCC) began using daily busulfan PK levels to achieve a target 

AUC range with the TBC conditioning program to maintain myeloablation while reducing 

toxicity. Our aforementioned phase II study wherein TRM was observed in 11.5% of 

patients did not incorporate busulfan PK dose targeting.7

We sought to analyze potential factors contributing to TRM of consolidative TBC 

conditioning prior to ASCT. To that end, our primary aim was to evaluate and catalog all of 

the characteristic high-grade toxicities of TBC conditioning for CNSL at our institution. We 

hypothesized that certain baseline pre-ASCT patient characteristics would predict for 

incurring more grade 3–5 non-hematologic toxicities. We also aimed to evaluate the 

association of busulfan AUC levels with pre-ASCT patient characteristics and the 

development of treatment-related toxicities. We hypothesized that higher than expected 

busulfan AUC levels would correlate with more observed toxicity.

Materials and Methods

Eligible patients (n=43) ≥ 18 years of age with newly diagnosed or relapsed, chemosensitive 

PCNSL or SCNSL proceeding to consolidative TBC-conditioned HDT-ASCT between 

December 2006 and October 2015 were included in this MSKCC Institutional Review Board 

(IRB) approved retrospective chart review. All patients included were treated outside of 

previously reported prospective clinical trials.4,7 All grade ≥3 non-hematologic toxicities per 

National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events 

(CTCAE) 4.0 were recorded from the initiation of TBC conditioning until 6 months post 

ASCT. There were 3 patients in our study who had less than 6 months of follow-up at the 

time of statistical analyses; however, these patients had no additional toxicities after the time 

of our analysis through 6 months post-transplant. Clinically relevant grade ≥ 3 non-

hematologic toxicities were defined as toxicities that occurred at a frequency of ≥15% of all 

patients. Febrile neutropenia was not included as a clinically relevant non-hematologic 

toxicity for our analysis given the expected prevalence with HDT-ASCT. Individual 

toxicities were categorized into organ system-based toxicity groups based on CTCAE 4.0 

criteria, and related toxicity groups were combined in certain cases.
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Baseline patient characteristics were assessed for association with having more than the 

median number of clinically significant grade ≥ 3 non-hematologic toxicities using Fisher’s 

exact test. Differences in the median number of grade ≥ 3 non-hematologic toxicities among 

each baseline pre-transplant patient characteristic were assessed using the Wilcoxon rank 

sum test. TBC conditioning was thiotepa 250 milligrams/meter squared (mg/m2) 

intravenous (IV) on days -9, -8, -7; busulfan 3.2 milligrams/kilogram (mg/kg) IV on days -6, 

-5, -4; and cyclophosphamide 60 mg/kg IV on days -3 and -2 with autologous stem cell 

infusion on day 0. Per MSKCC institutional ASCT guidelines, anti-seizure prophylaxis with 

levetiracetam is started 24 hours prior to the first dose of busulfan and continued through 24 

hours after the last dose of busulfan. Levetiracetam is given in either oral or intravenous 

dosing at 500 mg twice daily. For 28 patients treated with PK-targeted busulfan between 

2012 and 2015, PK analysis was done after the first dose with predicted AUC reported based 

on 6-point kinetics. Dose adjustments per PK were made on the third busulfan dose. Target 

first-dose busulfan AUC was 4100–5200 umol*min/L and target total busulfan exposure was 

12300–15600 umol*min/L. Per MSKCC institutional ASCT guidelines, antiviral 

prophylaxis with acyclovir 400 mg oral twice daily was started on admission, antibacterial 

prophylaxis for febrile neutropenia with ciprofloxacin 500 mg oral twice daily was started 

on day -2 until engraftment, and anti-fungal prophylaxis with fluconazole 400 mg daily was 

started on admission until engraftment. The association of pre-ASCT characteristics with 

busulfan AUC and total busulfan exposure was assessed using the Wilcoxon rank sum test. 

Progression-free (PFS) and overall survival (OS) for the entire cohort were estimated using 

Kaplan-Meier (KM) Method.13 PFS was defined as the date of progression of disease or 

death from any cause and OS was defined as date of death from any cause.

Results

Baseline patient characteristics are detailed in Table 1.14–16 Of the16 patients that underwent 

TBC conditioned ASCT for SCNSL, 14 had secondary CNSL disease found at relapse, and 

2 had secondary CNS disease at time of initial diagnosis. Two patients (5%) were positive 

for human immunodeficiency virus (HIV) prior to ASCT. The average hospital length of 

stay was 29 days, and 11 patients (26%) required re-hospitalization within 100 days of 

ASCT. All 43 patients (100%) experienced at least one grade ≥ 3 non-hematologic toxicity. 

Forty-one patients (95%) experienced at least one episode of febrile neutropenia in nadir; of 

these, 7 patients had an identified infectious source and 34 patients did not. The clinically 

relevant grade ≥ 3 non-hematologic toxicities (occurring in ≥ 15% of all study patients) 

were: oral/gastrointestinal (GI) mucositis, infections, neurologic and psychiatric (neuro/

psych), metabolic – electrolyte disturbances, immune-related, metabolic – anorexia, oral and 

GI (other), cardiovascular, dermatologic, and hepatic. There were no cases of sinusoidal 

obstruction syndrome. Characteristic grade ≥ 3 non-hematologic toxicities by group and the 

percentage of all patients that incurred the specific toxicity are shown in Figure 1. Table 2 

demonstrates all of the individual non-hematologic toxicities among all patients by toxicity 

group. The percentage of all patients that incurred each specific toxicity group is shown in 

Figure 1. The 5 most common clinically significant toxicity groups included: infections, 

electrolyte disturbances, oral and GI mucositis, neuro/psych, and immune-related toxicities.
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Oral or GI Mucositis

Of the 30 patients (70%) who suffered from grade ≥ 3 oral mucositis, the average number of 

days on patient-controlled analgesia (PCA) was 10 (range 5 – 20 days). Twelve patients 

(28%) experienced grade 3 diarrhea. Seven patients (16%) experienced both grade ≥ 3 oral 

mucositis and diarrhea. Of the 16 patients who had grade ≥ 3 anorexia, 6 required total 

parental nutrition (TPN) for an average of 11 days.

Infections

Of all the non-febrile neutropenia infection-related toxicities (n=41), there were 11 lung 

infections, 5 bacteremias, 5 episodes of sepsis, and 5 other various infections. There were 7 

events of viral reactivations including adenovirus (n=2), BK virus (n=1), cytomegalovirus 

(CMV, n=1), human herpesvirus-6 (HHV-6, n=3). There were also 8 viral organ disease 

events including adenovirus enterocolitis (n=2), BK cystitis (n=4), CMV colitis (n=1), and 

HHV-6 bone marrow infiltration (n=1). Of these viral organ diseases, one patient with 

chronic HIV infection had adenovirus enterocolitis, BK cystitis, and CMV colitis. There was 

one infection-related cause of death in patient who died of respiratory failure due to multiple 

lung infections.

Immune-Related

Five patients experienced an engraftment syndrome that required a short course of 

intravenous corticosteroids for resolution.17 Two patients were diagnosed with an immune-

mediated thrombocytopenia requiring immunosuppression within the first 6 months post-

transplant. There were 6 patients (14%) who had varying clinical signs and symptoms 

consistent with auto GVHD. Of these patients, 3 had tissue biopsy proven GVHD: one 

patient had grade 3 pulmonary (organizing pneumonia) and skin involvement, another 

developed grade 3 gastrointestinal (GI) and skin involvement, and the third had severe GI 

auto-GVHD that contributed to TRM. Two of the 3 remaining patients with clinically 

suspected auto-GVHD experienced grade 3 maculopapular rash and the third demonstrated 

prolonged post-transplant anorexia and chronic nausea that improved with empiric 

budesonide abrogating the need for endoscopic biopsy.

Electrolyte Disturbances

There were 44 total electrolyte disturbances, of which 42 (95%) were grade 3 hypocalcemia 

(n=7), hypokalemia (n=16), hyponatremia (n=6), hypophosphatemia (n=7), 

hypomagnesemia (n=1), hyperglycemia (n=4), hyperkalemia (n=1). There were two grade 4 

hypocalcemia events.

Neuro/Psych

Neuro/psych toxicities (n=31) varied, but the majority were grade 3–4 acute delirium events 

(n=8) in the early post-ASCT setting. There were 2 new seizures: one occurred 31 days post-

transplant in a patient who remains without evidence of disease (NED) and another occurred 

at day +90 in a patient who was found to have POD at the time of seizure. One patient was 

found to have multiple embolic cerebral infarcts 37 days post-transplant. The remaining 

neuro/psych events included: anxiety/depression (n=6), neuropathies (n=6), syncope (n=4), 
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headache (n=3), mania (n=1). Of all 31 total individual Neuro/Psych toxicities described, 8 

events occurred in 5 patients who had previously undergone WBRT prior to ASCT. The 

remaining toxicities occurred in patients who had not received WBRT. There was no 

significant difference in the frequency of Neuro/Psych toxicities between patients who 

received WBRT versus those who did not, 55% versus 44%, respectively (p=0.71 by 

Wilcoxon rank sum test).

Patient Characteristics and Toxicity

The median number of clinically significant individual grade ≥ 3 non-hematologic toxicities 

per patient was 5. Baseline pre-ASCT patient characteristics were not associated with 

incurring more than 5 grade ≥ 3 non-hematologic toxicities (Table 3). In addition, there were 

no statistically significant differences in the median number of grade 3–5 toxicities within 

each baseline pre-ASCT variable assessed (Table 3).

PK-Targeted Busulfan

Twenty-eight patients in our cohort (65%) received TBC conditioning with PK-targeted 

busulfan. Among these patients, median first dose busulfan AUC and median total busulfan 

exposure were 5595 umol*min/L (range 3268 – 7464 umol*min/L) and 15116 umol*min/L 

(range 11236 – 19240 umol*min/L), respectively. Six of 28 patients (21%) were within the 

therapeutic range for first dose busulfan AUC. Three patients (11%) required a dose 

increase, and 19 patients (68%) required a dose decrease based on predicted AUC after first 

dose PK analysis. Patients who received >2 regimens prior to transplant had lower initial 

busulfan AUC (p=0.02), though had a poorer 1-year OS than patients who received ≤ 2 prior 

regimens, 95% and 72%, respectively (p=0.02). Baseline pre-ASCT patient characteristics 

including age, HCT-CI, and number of prior regimens were not associated with higher than 

expected busulfan AUC levels. In addition, first-dose busulfan AUC and total busulfan 

exposure were not correlated with incurring greater than the median number (5) of ≥ grade 3 

non-hematologic toxicities. There was no difference in requirement for dose reduction based 

on baseline pre-ASCT patient characteristics. Of the patients treated with PK-targeted 

busulfan, those with greater than the median busulfan AUC level had a median of 4.5 

toxicities, while patients with less than the median AUC had a median of 6 toxicities. 

Moreover, there was no significant difference in toxicity between those who received or did 

not receive PK-targeted busulfan.

Outcome

With a median follow-up among survivors of 20 months, 1-year PFS and OS from the time 

of ASCT was 83% and 87%, respectively (Figures 2 and 3). During the study period 

assessed, 7 patients had progression of disease (POD), and of these, 5 patients experienced 

POD within the first 12 months of transplant. Of the 2 POD beyond 12 months: one 

occurred at 4.4 years post-transplant, and one patient who was lost to follow-up was thought 

to have relapsed shortly before dying 5.1 years after transplant. Of all 7 POD events, 6 

occurred in patients with diffuse large B-cell lymphoma (DLBCL) histology (3 PCNSL and 

3 SCNSL), and 1 occurred in a SCNSL patient with DLBCL with anaplastic features. There 

were a total of 8 deaths during the follow-up period of which 4 were secondary to POD. 

Three of these 4 patients had SCNSL, with isolated CNS relapse in 2 of these patients. Three 
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patients died secondary to TRM (7%) at 2 months (respiratory failure due to multiple lung 

infections), 6 months (auto-GVHD) and 7.2 years (metastatic spindle cell sarcoma) post 

HDT-ASCT.

Discussion

This is the most comprehensive analysis of toxicity associated with TBC conditioned HDT-

ASCT for CNSL, and this is the first reported study of PK-targeted busulfan and its 

association with patient characteristics and toxicity in patients with CNSL. While clearly an 

effective consolidative therapeutic modality, TBC-conditioned ASCT for CNSL is 

associated with a large non-hematologic toxicity burden. Three patients (7%) died of 

treatment-related mortality (TRM), appearing potentially greater than the expected 

contemporary rate for other NHL patients undergoing HDT-ASCT independent of age or 

comorbidity.9

A recent comprehensive retrospective registry analysis of thiotepa-based conditioned ASCT 

in Hodgkin lymphoma and NHL showed comparable disease control and toxicity as 

compared to standard BEAM-conditioned ASCT.18 While many of the grade ≥ 3 non-

hematologic toxicities we noted are common after HDT-ASCT, our analysis demonstrates 

that TBC conditioning is associated with significantly more mucosal toxicity, infections and 

febrile neutropenia as compared to BEAM or thiotepa, etoposide, cytarabine, melphalan 

(TEAM).19 Although their data analysis did not specify all subtypes of infection, the rates of 

viremia, viral organ disease, and immune-related toxicities we observed appear higher than 

expected after ASCT. Moreover, significantly higher rates of engraftment syndrome have 

been reported in patients undergoing HDT-ASCT with melphalan conditioning for multiple 

myeloma as compared to BEAM conditioning for NHL and Hodgkin lymphoma.20 While 

our retrospective analysis can only raise concerns, the considerable mucosal injury of the 

TBC preparative regimen elicits a profound inflammatory stimulus that may provide the first 

signal toward autoimmunity similar to myeloablative conditioning and allogeneic 

hematopoietic cell transplantation.21–23 This may explain the unexpected cases of 

engraftment syndrome and tissue biopsy proven auto-GVHD, which are generally 

considered rare in the ASCT setting and likely represent a spectrum of auto-inflammatory 

post-ASCT complications.17,24–26

Our study has several limitations inherent to a retrospective analysis in a relatively small 

patient cohort. As such, we were unable to show that baseline pre-ASCT patient 

characteristics were associated with incurring more toxicity. In addition, pre-ASCT patient 

characteristics were not associated with higher than expected first dose busulfan AUC levels 

in patients treated with PK-targeted busulfan. We chose to study the correlation of busulfan 

AUC with toxicities in order to find a potential association that could be targeted in a 

prospective study. While PK-targeted dosing of busulfan resulted in higher than expected 

initial AUC levels out of the target range in the majority of patients, the strategy appeared to 

normalize the total busulfan exposure within our acceptable target range. We found that 

patients having received >2 regimens prior to ASCT had lower first-dose busulfan AUC, 

though had a poorer 1-year OS than patients who received ≤ 2 prior regimens. By contrast, 

PFS, OS and number of toxicities were similar between patients who had a first-dose 
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busulfan AUC greater than the median AUC compared to those that did not. While this was 

evaluated in a limited retrospective cohort, our results suggest that busulfan AUC and total 

exposure are not solely responsible for toxicity and outcome, highlighting the inherent 

differences in chemotherapy pharmacokinetics and responses among patients with the same 

diagnosis and the difficulty in mitigating toxicity with myeloablative conditioning 

regimens.27

Our results again reaffirmed the favorable and durable PFS and OS with this treatment 

program.3,5,7,28 Notably, 12 of our patients (28%) were ≥ 60 years-old at the time of 

transplant, demonstrating that consolidation therapy with TBC-conditioned ASCT remains a 

viable option for patients of more advanced age with adequate performance status. Despite a 

heavily pre-treated and heterogeneous patient cohort, there were few POD events. In contrast 

to WBRT, which has been associated with chronic neurocognitive changes, late 

neurotoxicity was uncommon with TBC, as only 1 patient (2%) developed chronic mild 

cognitive impairment post-ASCT. Importantly, this patient had received WBRT prior to 

HDT-ASCT. It must be noted that unlike our previous prospective study, neuropsychological 

evaluations were not performed in patients included in this study, which may underestimate 

the rate of more subtle cognitive impairment among transplanted patients as a result of HDT-

ASCT.7,29,30

The lack of large, prospective randomized phase III clinical trials comparing different 

conditioning regimens and the variability of transplant strategies for this disease among 

institutions make it difficult to suggest the definitive superiority of one conditioning regimen 

over another. Given the consistently favorable PFS and OS results we and others have 

published with TBC conditioning, we feel it is imperative to reduce the unfavorable toxicity 

profile of this effective regimen. Our analysis has identified areas of investigation to 

potentially mitigate the significant burden of toxicity with targeted interventions. We are 

planning a prospective single-arm phase II study whose primary endpoint will be a 

composite event-free survival (EFS) which will include the most common grade ≥ 3 

toxicities as events. We plan on prospectively evaluating busulfan, thiotepa and 

cyclophosphamide PKs on the study. Secondarily, we plan to perform comprehensive 

neurotoxicity assessments to prospectively evaluate for possible subtle late neurocognitive 

dysfunction, and post-ASCT immune reconstitution in order to better elucidate characteristic 

factors affecting viral immunity and immune-related toxicities.
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Highlights

• While effective, TBC-conditioned ASCT for CNSL is associated with 

suboptimal TRM.

• Patient characteristics and busulfan AUC levels did not correlate with 

increased toxicity.

• We identified excessive mucosal toxicity, which will be targeted in future 

studies.
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Figure 1. 
Percentage of Patients with Each Grade 3–5 Non-Hematologic Toxicity Group
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Figure 2. 
Progression-Free Survival after TBC-Conditioned ASCT
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Figure 3. 
Overall Survival after TBC-Conditioned ASCT
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Table 1

Baseline Pre-ASCT Characteristics

Characteristic N (%)

Age, median (range) 56 (25–71)

 • <60 31 (72)

 • ≥60 12 (28)

Gender

 • Male 26 (60)

 • Female 17 (40)

KPS, median (range) 80 (70–90)

 • ≥80 41 (95)

 • <80 2 (5)

HCT-CI, median (range) 3 (0–6)

 • >2 22 (51)

 • ≤2 21 (49)

Disease

 • PCNSL 27 (63)

 • SCNSL 16 (37)

NHL Histology

 • DLBCL 36 (84)

 • Other 7 (16)

CD34+ Dose [x106 cells/kg], median (range) 4.64 (1.87 – 14.02)

No. Prior Regimens, median (range) 2 (1–6)

 • ≤2 28 (65)

 • >2 15 (35)

Prior Treatment(s)

 • R-MPV 30 (70)

 • HD-MTX 43 (100)

 • Ara-C 25 (58)

 • R-CHOP-like 15 (35)

 • Temozolomide 5 (12)

 • WBRT 9 (21)

 • History of IO/IT Therapy 12 (28)

Status Prior to ASCT

 • CR/CRu 35 (81)

 • PR 8 (19)

KPS: Karnofsky performance status, HCT-CI: hematopoietic cell transplantation – comorbidity index14, PCNSL: primary central nervous system 
lymphoma, SCNSL: secondary central nervous system lymphoma, NHL: non-Hodgkin lymphoma, DLBCL: diffuse large B-cell lymphoma, R-
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MPV: rituximab/methotrexate/procarbazine/vincristine, HD-MTX: high-dose methotrexate, R-CHOP: rituximab/cyclophosphamide/doxorubicin/
vincristine/prednisone, WBRT: whole-brain radiotherapy, ASCT: autologous stem cell transplantation, CR: complete response, CRu: unconfirmed 

complete response, PR: partial response15, IO: intra-Ommaya, IT: intra-thecal
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Table 2

Percentage of All Individual Toxicities by Toxicity Group

Toxicity Group N (%)

Electrolyte Disturbance 44 (14)

Febrile Neutropenia 43 (14)

Oral and GI Mucositis 42 (14)

Infections 41 (13)

Neuro/Psych 31 (10)

Immune-Related 21 (7)

Oral and GI (Other) 17 (6)

Metabolic – Anorexia 17 (6)

Cardiovascular 12 (4)

Dermatologic 10 (3)

Hepatic 9 (3)

Pulmonary 8 (3)

Fatigue/Failure-to-Thrive 5 (2)

Hematologic (Non-Cytopenia) 5 (2)

Renal 4 (1)

Total N = 309
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