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Introduction

Involvement of the central nervous system (CNS) by leu-
kemia at initial diagnosis is relatively uncommon and 
observed in approximately 5–15% of patients with acute 
lymphoblastic leukemia (ALL) [1] and 3% of patients with 
acute myeloid leukemia (AML) [2]. In contrast, it is more 
frequently noted as a site of relapse during or after treat-
ment [3]. Regardless, CNS involvement in leukemia is a 
poor prognostic factor.

In patients with CNS disease, treatment is challenged by 
the blood brain barrier, which can result in suboptimal pen-
etration of chemotherapy. Though intrathecal (IT) adminis-
tration of chemotherapy into the cerebrospinal fluid (CSF) 
space may circumvent the blood brain barrier, IT therapy 
is limited by inadequate drug diffusion into the spine and 
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Abstract
Purpose  Management of CNS involvement in leukemia may include craniospinal irradiation (CSI), though data on CSI 
efficacy are limited.
Methods  We retrospectively reviewed leukemia patients who underwent CSI at our institution between 2009 and 2021 for 
CNS involvement. CNS local recurrence (CNS-LR), any recurrence, progression-free survival (PFS), CNS PFS, and overall 
survival (OS) were estimated.
Results  Of thirty-nine eligible patients treated with CSI, most were male (59%) and treated as young adults (median 31 
years). The median dose was 18 Gy to the brain and 12 Gy to the spine. Twenty-five (64%) patients received CSI imme-
diately prior to allogeneic hematopoietic cell transplant, of which 21 (84%) underwent total body irradiation conditioning 
(median 12 Gy). Among 15 patients with CSF-positive disease immediately prior to CSI, all 14 assessed patients had patho-
logic clearance of blasts (CNS-response rate 100%) at a median of 23 days from CSI start. With a median follow-up of 48 
months among survivors, 2-year PFS and OS were 32% (95% CI 18–48%) and 43% (95% CI 27–58%), respectively. Only 
5 CNS relapses were noted (2-year CNS-LR 14% (95% CI 5–28%)), which occurred either concurrently or after a systemic 
relapse. Only systemic relapse after CSI was associated with higher risk of CNS-LR on univariate analysis. No grade 3 or 
higher acute toxicity was seen during CSI.
Conclusion  CSI is a well-tolerated and effective treatment option for patients with CNS leukemia. Control of systemic 
disease after CSI may be important for CNS local control. CNS recurrence may reflect reseeding from the systemic space.
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brain parenchyma. Moreover, the CNS microenvironment 
may induce chemoresistance to leukemic cells through dif-
ferent mechanisms [4]. Adequate control of the craniospi-
nal axis is important not only for disease remission, but 
also to prevent or mitigate symptoms from CNS involve-
ment, including encephalopathy, headaches, diplopia, 
vision loss, weakness, sensory changes, and bowel and/or 
bladder incontinence.

Focal radiotherapy has been utilized for CNS leukemia 
given the radio-responsiveness of this disease, including 
solid tumor deposits like chloromas [5]. Varied field sizes 
to treat the craniospinal axis can be employed, including 
involved field radiation, whole brain radiation (WBRT), and 
craniospinal irradiation (CSI). Larger, more comprehensive 
fields are associated with improved CNS progression-free 
survival (PFS) [6–8]. However, treatment of the craniospi-
nal axis with photons is limited by acute toxicities includ-
ing myelosuppression, nausea, decreased appetite, and/
or esophagitis, in addition to late toxicity to thoracic and 
abdominal organs. Proton therapy, which is associated with 
a rapid dose fall-off distal to the targeted tissue, has been 
associated with reduced acute toxicity compared to photons 
in patients with medulloblastoma treated with CSI [9] and 
a favorable toxicity profile among patients with CNS leu-
kemia [7]. With increased availability of proton therapy, 
improved therapeutic ratio, and observation that the CSF 
circulates beyond the brain including the spinal canal, CSI 
is likely to be increasingly considered, especially in patients 
treated with definitive intent [10]. Despite this, there is a 
paucity of data on the outcome and durability of response 
after CSI.

Herein, we aimed to evaluate the outcomes of leukemia 
patients who receive CSI and to determine factors predict-
ing CNS recurrence after CSI.

Methods and materials

Patient cohort and eligibility

After approval from the institutional review board, we ret-
rospectively reviewed consecutive pediatric and adult leu-
kemia patients that underwent CSI for CNS involvement 
between 2009 and 2021 at our institution. Eligible patients 
included those with AML, ALL, and chronic myelogenous 
leukemia (CML) in blast crisis who had CNS involvement 
confirmed pathologically by presence of any blasts on CSF 
flow cytometry. Active systemic disease was defined as the 
presence of ≥ 5% blasts in the bone marrow or presence of 
extramedullary disease. Minimal residual disease (MRD) 
was defined as detectable disease (> 0%) but < 5% leuke-
mic blasts in the blood and marrow. AML patients were risk 

stratified according to the European Leukemia Net (ELN) 
2017 criteria [11].

Craniospinal irradiation (CSI)

Use of CSI was at the discretion of the treating radiation 
oncologist and generally occurred after a multi-disciplin-
ary discussion including medical and/or neuro-oncology. 
Indications for treatment included cytoreduction of persis-
tent disease for symptom control, minimization of residual 
disease prior to transplant, and/or consolidation after sys-
temic therapy. Radiation technique—photons versus proton 
therapy—was also at the discretion of the treating radiation 
oncologist; of note, proton therapy was not available at our 
institution until 2013. The radiation dose and fractionation 
delivered to the brain and spine were recorded individually. 
In circumstances where different doses were delivered to 
the upper and lower spine, the lower of the two doses was 
recorded. In cases where CSI was delivered in tandem with 
allogeneic hematopoietic cell transplantation (HCT), a por-
tion of the intended dose to the craniospinal axis was deliv-
ered with total body irradiation (TBI) conditioning (e.g., 
12 Gy delivered via CSI and 12 Gy via TBI).

Toxicity assessment

Toxicity was evaluated using the common terminology cri-
teria for adverse events version 5 (CTCAE v5.0) [12]. To 
minimize the confounding effect of HCT and challenges 
with attributing toxicity from CSI versus HCT, acute toxic-
ity analysis was performed separately for patients treated 
with CSI alone versus CSI and HCT.

Assessment of response and disease recurrence

Among patients with flow cytometric evidence of blasts in 
the CSF immediately prior to CSI, CSF evaluation was per-
formed after CSI, though the timing of CSF evaluation was 
not standardized. These patients with CSF-positive disease 
were eligible for evaluation of CNS response rate (CNS-
RR). Response was defined as no evidence of blasts by CSF 
flow cytometry. Other endpoints of interest included CNS 
local recurrence (CNS-LR), defined as flow cytometric evi-
dence of blasts after CSF clearance. Progression-free sur-
vival (PFS) was defined as the time from CSI start to any 
first recurrence (systemic, CNS), progression, or death.

Follow-up

Patients who received HCT immediately after CSI were fol-
lowed up at least weekly until 100 days after HCT. There-
after, they were routinely followed up at 6 months, 1 year 
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and 2 years. Patients with chronic complications were fol-
lowed more frequently and for a longer duration. Patients 
that received CSI alone had weekly visits until 30 days after 
CSI; visits were then gradually spaced out per patients’ con-
dition and at the discretion of the physician.

Statistical analysis

All end points were calculated from the start of CSI. The 
probability of CNS-LR and any recurrence were summa-
rized using a cumulative incidence estimate, where death 
without recurrence was considered a competing risk. PFS, 
CNS PFS, and overall survival (OS) were calculated using 
the Kaplan-Meier method. Exploratory analyses for pre-
dictors for CNS-LR were evaluated using univariate Cox 
proportional-hazards regression. The following disease and 
treatment characteristics were evaluated: age, sex, systemic 
relapse after CSI, time from diagnosis to first CNS disease, 
positive CSF at the time of CSI, active systemic disease 
present prior to CSI, prior CNS relapse before CSI, and HCT 
immediately after CSI. Use of HCT and systemic relapse 
after CSI were each modeled as a time-varying covariate. 
Age, time from diagnosis to CNS disease, and number of 
additional CNS relapses prior to CSI were all modeled as 

continuous linear variables. P < 0.05 was considered statisti-
cally significant. SAS version 9.4 was used for statistical 
analysis.

Results

Patient demographics and CNS disease

Thirty-nine patients formed the cohort for analysis. Patients 
were generally young at the time of CSI (median 31 years, 
range 7–67) with either ALL or AML (Table 1). Three patients 
had CML, and all were in blast-phase (2 in lymphoid and 1 in 
myeloid blast crisis). Consistent with prior observations [2], 
most CNS disease was noted after initial diagnosis (median 
20.8 months); only 17.9% had CNS involvement at initial 
diagnosis. Prior to CSI, patients received a variety of CNS-
directed systemic therapy, most frequently administered as 
IT. However, intraventricular and high dose systemic ther-
apy were also used (Table 2). CNS-directed systemic therapy 
was given in close proximity to CSI, with a median of 0.6 
months (range 0–4) between last administration of systemic 
therapy and CSI start, suggesting that CSI was typically used 
in scenarios of higher acuity.

CSI

Most patients received CSI at the time of their first CNS 
diagnosis (29, 74.4%); 9 (23%) and 1 (2.6%) patients 
received CSI after 1 and 2 CNS relapses, respectively. 
Patients treated with CSI generally had poor prognostic fea-
tures, including 25.6% patients having active systemic dis-
ease and 38.5% of patients with blasts in the CSF at the time 
of CSI (Table 2). Twenty-five (64%) patients received CSI 
immediately prior to allogeneic HCT, of which 21 (84%) 
had TBI (median 12 Gy, range 2-13.2) as part of the condi-
tioning regimen (Table 2). Patients treated with CSI alone 
received a higher CSI dose (median 18  Gy; range 10.8–
24) than those proceeding to HCT (median 12  Gy; range 
2-13.2), likely reflecting that most patients undergoing HCT 
also received dose to the craniospinal axis with TBI. CSI 
was delivered using protons in 21 (54%) and photons in 18 
(46%) of patients.

Outcomes

Fifteen (38.5%) patients had CSF-positive disease imme-
diately prior to CSI; all 14 of those assessed for response 
had confirmed clearance of blasts at a median of 23 days 
(range 7–53) from CSI start (CNS-RR 100%). With a 
median follow-up of 48 months (range 0.4–123) for survi-
vors, the estimated 2-year PFS and OS rates were 32% (95% 

Table 1  Patient characteristics at initial diagnosis
Entire cohort
n = 39

Age at diagnosis* (years) 28 (1–63)
Male 23 (59%)
Type of leukemia
AML
Favorable
Intermediate
Adverse
ALL
B cell
T cell
CML

17 (43.6%)
   4
   4
   9
19 (48.7%)
   15
   4
3 (7.7%)

WBC at diagnosis*
Unknown

20.5 (0.2–485)
   8 (20.5%)

LDH at diagnosis*
Unknown

828.5 
(116–5101)
   19 (48.7%)

CNS involvement at diagnosis
Unknown

7 (17.9%)
   13 (33.3%)

Time between diagnosis and first CNS disease* 
(months)

20.8 (0–99)

Extent of disease at first CNS diagnosis
Isolated CNS disease
With active systemic disease
With MRD-level systemic disease

9 (23.1%)
26 (66.7%)
4 (10.3%)

*Median (range); ALL: acute lymphoblastic leukemia; AML: acute 
myeloid leukemia; CML: chronic myelogenous leukemia; CNS: cen-
tral nervous system; LDH: lactate dehydrogenase; MRD: minimal 
residual disease (i.e. <5% blasts in the marrow); WBC: white blood 
cell
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9.6–50.5%) and 39.5% (16.3-62.1%), respectively, while 
the 2-year point estimates of OS were 28.2% (9.6–50.5%) 
and 52.6% (26.9–73.1%), respectively.

Most relapses—including CNS recurrence (Fig.  1B)—
occurred within the first 2 years after CSI and were associ-
ated with mortality. Only 5 CNS relapses occurred during 
follow up, with an estimated 2-year CNS-LR rate of 14% 
(95% CI, 5–28%). All CNS relapses occurred concurrent 
with (i.e. <1 month at 0, 0.1 and 0.6 months, n = 3) or after 
(n = 2) a systemic relapse at 1.2 and 17.5 months.

Predictors for CNS relapse were evaluated with Cox 
regression (Table 3). Notably, patients with systemic relapse 
after CSI were more likely to experience CNS relapse. There 
were 5 CNS relapses among 15 patients who had systemic 
relapse versus 0 CNS relapses among 24 patients with-
out systemic relapse; therefore, there was an infinite haz-
ard ratio with systemic relapse modeled as a time-varying 
covariate, P < 0.0001. Associations with CNS relapse for 
other factors are summarized in Table 3. Since there were 
only 5 CNS local recurrences, a multivariable analysis was 
not performed. Due to the modest patient numbers, we did 
not perform a subset analysis comparing pediatric and adult 
patients. However, increasing age as a continuous variable 
was numerically associated with an increased risk of relapse 
(HR: 1.02; 95%CI 0.99–1.04; P = 0.06). All 5 patients who 
experienced local recurrence after CSI were older than 20.

Toxicity

CSI was well tolerated with no grade 3 or higher toxicity in 
the 14 patients who received CSI alone (Table 4). The most 
common side effects were fatigue and nausea. The toxicity 
profile was similar between the proton and photon groups. 
Toxicities for the 25 patients who received HCT immedi-
ately after CSI are summarized in Table 5. The most com-
mon toxicity was mucositis (23 patients, 92%), followed by 
neutropenic fever and graft versus host disease (17 patients 
each, 68%). Notably, lower rates of diarrhea (0 vs. 60%) 
and esophagitis (6.7% vs. 40%) were observed in the proton 
group among patients who received HCT.

Discussion

In this retrospective series of patients with CNS leuke-
mia, we demonstrate that CSI is associated with high rates 
of response that occurs relatively quickly after treatment. 
Additional, novel findings include the observation that sys-
temic control after CSI is associated with CNS control and 
that this systemic control does not have to be exclusively 
mediated by HCT. At least for ALL patients, who receive 
CNS-directed therapy as part of initial treatment [13], CNS 

CI, 18–48%) and 43% (95% CI, 27–58%), respectively 
(Fig. 1A). HCT after CSI was not a requisite for long-term 
CNS remission. Among 2-year survivors free of any pro-
gression, just over half (53.8%) had received CSI in tandem 
with HCT, whereas the remainder were treated with CSI 
alone. When focusing on the AML and ALL subgroups, the 
2-year point estimates of CNS PFS were 28.2% (95% CI, 

Table 2  Prior CNS-directed treatments and craniospinal radiation 
characteristics

Entire cohort
n = 39

Age at CSI, years*
   n (%) ≤ 18 years

31 (7–67)
   9 (23%)

Time from diagnosis to CSI start, months*
Mean (standard deviation)

19 (1.4-110.6)
28.9 (28.1)

CNS-directed therapy prior to CSI
IT methotrexate
IT cytarabine
IT hydrocortisone
Intraventricular methotrexate
Intraventricular cytarabine
High-dose systemic cytarabine
High-dose systemic methotrexate

28 (71.8%)
24 (61.5%)
14 (35.9%)
13 (33.3%)
12 (30.8%)
10 (25.6%)
6 (15.4%)

CNS-directed therapy within 1 month prior to CSI
IT methotrexate
IT cytarabine
IT hydrocortisone
Intraventricular methotrexate
Intraventricular cytarabine
High-dose systemic cytarabine
High-dose systemic methotrexate

17 (43.6%)
15 (38.5%)
7 (17.9%)
5 (12.8%)
5 (12.8%)
1 (2.6%)
0

Time between last CNS-directed therapy and CSI 
start, months*

0.6 (0–4)

CNS disease at the time of CSI, n (%)
Positive CSF
Positive imaging
Clinical findings

15
15 (100%)
5 (33.3%)
9 (60%)

Additional CNS relapses prior to CSI* 0 (0–2)
Active systemic disease at the time of CSI 10 (25.6%)
Allogeneic cell transplantation immediately after 
CSI, n (%)

25 (64.1%)

RT technique
Protons
Pencil beam scanning
Uniform scanning
Photons
3D conformal

20 (95.2%)
1 (4.8%)

18 (100%)
CSI brain
Dose, Gy*
Fractions*

18 (10.8–24)
12 (6–16)

CSI spine
Dose, Gy*
Fractions*

12 (6–24)
7 (4–15)

TBI as part of transplant conditioning
TBI dose, Gy*
TBI fractions*

21 (84%)
12 (2-13.2)
6 (1–8)

*Median (range); CSI: craniospinal irradiation; Gy: Gray; IT: 
intrathecal; TBI: total body irradiation
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was 67% among 41 pediatric patients with ALL (80% with 
B-cell ALL) treated with CSI prior to a TBI-based condi-
tioning HCT (median brain 24 Gy, spine 18 Gy) [8]. This 
numerically higher PFS, as compared to our cohort, may in 
part reflect a cohort exclusively comprised of pediatric ALL, 
which is associated with a more favorable prognosis (partic-
ularly B-cell ALL) compared to adult ALL and AML. Rates 
of relapse-free survival (8-year 40%) were lower among 39 

involvement of ALL that is chemotherapy-resistant does not 
predict decreased responsiveness to radiotherapy.

Our findings confirm the efficacy of CSI reported by 
other single-institution studies. Only 14% of subjects in our 
cohort had CNS recurrence by 2 years, though this may be 
an underestimate as there was a high competing risk of death 
preceded by systemic relapse. CSF clearance was noted in all 
assessed patients, similar to the high response rate (86.7%) 
reported among 15 adult AML or ALL patients with CNS 
recurrence that underwent CSI at MD Anderson [14]. Within 
this same cohort, no CNS recurrences were noted, though 
median PFS and OS were only 3 and 4 months following CSI, 
respectively. Additional CSI experiences for CNS leukemia 
are noted in pediatric ALL, though it is uncertain whether 
these results are generalizable to adult counterparts. In a 
single-center study at Stanford, 5-year disease-free survival 

Table 3  Univariate analysis for CNS local recurrence
Parameter Haz-

ard 
ratio

Confidence 
interval

P value

Age 1.02 0.99–1.04 0.06
Female sex 0.39 0.04–3.57 0.41
Systemic relapse after CSI* ∞ < 0.0001**
Time from diagnosis to CNS 
disease

1.01 0.97–1.04 0.66

Positive CSF at time of CSI 1.32 0.22–8.01 0.77
Active systemic disease prior 
to CSI

1.81 0.18–17.87 0.61

Number of CNS relapses prior 
to CSI

2.58 0.77–8.68 0.12

HCT with CSI* 0.31 0.05–1.87 0.20
ALC: absolute lymphocyte count; CSI: craniospinal radiation; HCT: 
hematopoietic cell transplant
*Modeled as a time-varying covariate
**From likelihood ratio test, all occurrences of CNS disease local 
recurrence were preceded by systemic relapse

Table 4  CSI dose and toxicity among patients treated with CSI alone
Entire cohort
n = 14

Photon
n = 8

Proton
n = 6

CSI dose
CSI brain dose, Gy*

CSI spine dose, Gy*
18 (10.8–24)
18 (6–24)

18 (10.8–24)
9.9 (6–24)

23.7 (18–24)**

23.7 (6–24)**

Toxicities during 
CSI (any grade)
Nausea 10 (71.4%) 5 (62.5%) 5 (83.3%)
Diarrhea 2 (14.3%), 

unknown 1
2 (25%) 0, unknown 1

Esophagitis 1 (7.1%), 
unknown 1

1 (12.5%) 0, unknown 1

Dermatitis 3 (21.4%) 2 (25%) 1 (16.7%)
Fatigue 12 (85.7%), 

unknown 1
7 (87.5%) 5 (83.3%), 

unknown 1
Difference in blood 
counts before CSI 
and CSI nadir

n = 9 n = 5 n = 4

WBC 2.2 (0.1–17) 3.1 (0.1–17) 2 (0.4–2.3)
ANC 1 (0.1–16.2) 1.6 

(0.1–16.2)
0.9 (0.5-2)

ALC 0.3 (0-0.9) 0.7 (0-0.9) 0.3 (0.2–0.5)
HgB 1.3 (0.6–3.3) 2.1 (1.3–3.3) 0.7 (0.6–1.1)
PLT 53 (2-134) 54 (23–127) 58 (2-134)
*Median (range); **Gy(relative biological effectiveness [RBE]) are 
shown for protons; ANC: absolute neutrophil count; ALC: absolute 
lymphocyte count; Gy: Gray; HgB: hemoglobin; WBC: white blood 
count

Fig. 1  (A) Kaplan-Meier curves for overall survival, CNS progression-free survival, and progression-free survival. (B) Cumulative incidence 
estimate of CNS local recurrence
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MSKCC [15], among patients with leukemic meningitis 
treated with CSI and intraventricular chemotherapy, time to 
systemic or testicular relapse was shorter than time to CNS 
relapse (median, 9 vs. 19 months). It is unknown whether 
CNS-directed therapy can influence systemic disease control. 
Though not evaluable within our study as all patients were 
treated with CSI, in a randomized study from the Pediatric 
Oncology Group, fewer bone marrow or testicular relapses 
were noted among patients randomized to CSI compared to 
cranial radiation and maintenance IT chemotherapy [16]; no 
differences in CNS relapse were noted between the two arms. 
Though radiation modality was not explicitly detailed, con-
ceivably all patients were treated with photons for CSI. With 
photons, there may be “off target” effect of the exiting radia-
tion dose to the vertebral bodies and/or sacrum.

In our study, the decision to deliver radiation with pro-
tons or photons was primarily driven by year of treatment. 
With availability of proton therapy at our institution starting 
in 2013, proton therapy was increasingly utilized in attempts 
to minimize toxicity. Indeed, patients that underwent CSI 
with photons were treated between 2009 and 2016, whereas 
those that underwent proton CSI were treated between 2015 
and 2021. Favorable toxicity profiles with proton CSI (30 Gy 
in 10 fractions) have been recently reported among patients 
with leptomeningeal disease from solid tumors [17]. At least 
among patients with adult medulloblastoma (median 30.6 Gy), 
proton CSI is significantly associated with less weight loss, 
grade 2 nausea and vomiting, esophagitis, and reduction in 
blood counts compared to photon CSI [9]. Of note, these dif-
ferences in toxicity may be more difficult to observe in leu-
kemia patients given lower doses of CSI used either alone 
(18–24 Gy) or with TBI-based conditioning for HCT (12 Gy).

CSI was well tolerated, with no acute grade 3 or higher tox-
icity noted. Given the small number of patients and heterog-
enous therapies (i.e. CSI alone and CSI with HCT), we were 
unable to determine differences in toxicity between patients 
treated with photons versus proton therapy among patients 
who did not proceed to HCT. Nonetheless, lower rates of 
diarrhea (0 vs. 60%) and esophagitis (6.7% vs. 40%) were 
observed in the proton group among patients who received 
HCT after CSI. Notably, it is hard to determine whether this 
finding is due to higher CSI dose given with photons or from 
the proton steep dose fall-off. Gunther et al. [7] reported 
lower rates of grade 1–3 mucositis with proton CSI compared 
to photon CSI in adult patients with leukemia and lymphoma, 
but no differences were noted between the 2 groups in terms 
of other toxicities during CSI or until day 100 post-HCT. 
Whether there are differences in acute toxicity between pho-
tons and protons requires further validation in other cohorts.

Several limitations should be noted. Due to the retrospec-
tive nature of our study, follow-up was not standardized, 
particularly in patients treated with CSI alone. Conceivably, 

pediatric patients with CNS leukemia treated at Memorial 
Sloan Kettering Cancer Center (MSKCC) in the 1970s with 
IT therapy, 6–9  Gy CSI consolidation, and intraventricu-
lar chemotherapy maintenance [15]. The inferior outcomes 
compared to the Stanford cohort may stem in part from dif-
ferent treatment eras, CSI dose, and/or use of HCT consoli-
dation, though our study suggests that long-term remission 
can be attained outside of HCT consolidation.

CNS disease control was strongly associated with systemic 
disease control after CSI in our cohort and was not associated 
with HCT consolidation. These novel findings raise consid-
eration that CNS recurrence may reflect reseeding from the 
systemic space and highlight the importance of any adequate 
systemic control. Indeed, this is suggested in a study from 

Table 5  CSI dose and toxicity among patients treated with CSI fol-
lowed by HCT

Entire cohort
n = 25

Photon
n = 10

Proton
n = 15

CSI dose
CSI brain dose, Gy*

CSI spine dose, Gy*
12 (10.8–24)
12 (10.8–24)

22.7 (12–24)
15.5 (12-23.4)

12 (10.8–24)**

12 (10.8–24)**

Total CSI and TBI 
dose
Brain dose, Gy*
Spine dose, Gy*

24 (14.6–36)
24 (12–36)

24 (23.4–36)
23.7 (12–27)

24 (14.6–36)**

24 (14.6–36)**

Toxicities up to day 0 of HCT (any grade)
Nausea 20 (80%) 10 (100%) 10 (67%)
Diarrhea 6 (24%) 6 (60%) 0, unknown 2
Esophagitis 5 (20%) 4 (40%) 1 (7%)
Dermatitis 3 (12%) 1 (10%) 2 (13%), 

unknown 2
Fatigue 17 (68%) 8 (80%) 9 (60%), 

unknown 1
Toxicity between day 0-100 after HCT
Neutropenic fever
Unknown
Any grade
Grade 3+

0
17 (68%)
17 (68%)

0
8 (80%)
8 (80%)

0
9 (60%)
9 (60%)

Pulmonary toxicity
Unknown
Any grade
Grade 3+

3
9 (36%)
6 (24%)

0
5 (50%)
4 (40%)

3
4 (27%)
2 (13%)

Acute graft versus 
host disease
Unknown
Any grade
Grade 3+

0
17 (68%)
2 (8%)

0
6 (60%)
1 (10%)

0
11 (73%)
1 (7%)

Mucositis
Unknown
Any grade
Grade 3+

1
23 (92%)
10 (40%)

1
8 (80%)
2 (20%)

0
15 (100%)
8 (53%)

Diarrhea
Unknown
Any grade
Grade 3+

3
19 (76%)
0

0
9 (90%)
0

3
10 (67%)
0

*Median (range); **Gy(relative biological effectiveness [RBE]) are 
shown for protons; Gy: Gray; HCT: hematopoietic stem cell transplant
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lower grade toxicity (e.g. grade 1 or 2) may have been 
missed. However, as grade 3 or higher toxicity generally 
require medical intervention, there was a lower likelihood 
that these toxicities would be missed as part of retrospec-
tive review. CSF evaluation was not routinely performed 
in the absence of symptoms and/or IT therapy. Therefore, 
CNS involvement in asymptomatic patients may have been 
missed. There likely was a selection bias of which patients 
received CSI—in particular, those with good performance 
status and well controlled or no systemic disease. In con-
trast, patients with poor performance were instead offered 
focal RT (e.g. base of skull, whole brain, spine) or no RT at 
all. Last, our cohort is relatively heterogenous based on sub-
sequent treatments received after CSI (e.g. HCT). While this 
limits our ability to comment on radiation toxicity by tech-
nique, it provides a unique opportunity to evaluate whether 
HCT influences CNS control, which could not be evaluated 
in the prior retrospective studies mentioned above.

In conclusion, CSI for CNS leukemia is well tolerated 
and provides durable response. Control of systemic disease 
after CSI is strongly associated with CNS local control. Our 
findings require validation in larger and ideally prospective 
cohorts and highlight the unmet need for novel systemic 
therapy in patients with relapsed/refractory CNS leukemia.
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