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Introduction

Craniospinal irradiation (CSI) is the standard treatment for 
pediatric brain tumors prone to leptomeningeal spread [1]. 
Owing to the large field size, a significant volume of normal 
organs is included in the irradiated area [2]. Therefore, vari-
ous side effects, including hematological and gastrointesti-
nal toxicities, are observed during and after CSI [3-7]. In an  
effort to reduce the potential toxicities related to CSI,  
advanced techniques have been adopted. Among these, 
proton beam therapy (PBT) has received attention due to 
its dosimetric advantage [8,9]. In contrast to X-ray therapy, 
in which the dose deposition gradually decreases along the 
beam path as the beam passes over the target volume, PBT 
involves a sharp rise and fall in energy deposition, known as 
the Bragg peak, that stops at the end of the finite beam range 
[10]. Therefore, there is no exit dose, and fewer acute and late 
toxicities are expected compared to X-ray therapy. 

Despite the physical advantages of PBT, studies compar-

ing the clinical benefits of CSI with PBT (PrCSI) to those of 
CSI with photon beams (PhCSI), particularly with respect to 
the reduction of toxicities, are very limited [2,9]. While some 
studies have reported data showing a potential reduction in 
acute and late toxicities, the superiority of PrCSI over PhC-
SI for the treatment of pediatric brain tumors has not been 
well elucidated at the clinical level [11]. A limited number 
of studies that have retrospectively compared acute hema-
tological and gastrointestinal toxicities between PrCSI and 
PhCSI [2,9]. However, none of these studies have performed 
a detailed analysis of the dynamics of various hematological 
profiles over time, which reflect patterns in the reduction and 
recovery of blood cell levels. Furthermore, toxicity profiles 
other than those for gastrointestinal toxicities have not been 
compared. Therefore, we performed a study to compare the 
early hematological dynamics and various toxicity profiles 
between PrCSI and PhCSI for pediatric brain tumors.
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Purpose  This study aimed to compare the early hematological dynamics and acute toxicities between proton beam craniospinal ir-
radiation (PrCSI) and photon beam craniospinal irradiation (PhCSI) for pediatric brain tumors.
Materials and Methods  We retrospectively reviewed patients with pediatric brain tumors who received craniospinal irradiation (CSI). 
The average change in hemoglobin levels (ΔHbavg), absolute lymphocyte counts (ΔALCavg), and platelet counts (ΔPLTavg) from baseline 
values was evaluated and compared between the PrCSI and PhCSI groups at 1 and 2 weeks after the initiation of CSI, 1 week before 
and at the end of radiotherapy, and 3-4 weeks after the completion of radiotherapy using t test and mixed-model analysis.
Results  The PrCSI and PhCSI groups consisted of 36 and 30 patients, respectively. There were no significant differences in ΔHbavg  
between the two groups at any timepoint. However, ΔALCavg and ΔPLTavg were significantly lower in the PhCSI group than in PrCSI group 
at every timepoint, demonstrating that PrCSI resulted in a significantly lower rate of decline and better recovery of absolute lympho-
cyte and platelet counts. The rate of grade 3 acute anemia was significantly lower in the PrCSI group than in in the PhCSI group.
Conclusion  PrCSI showed a lower rate of decline and better recovery of absolute lymphocyte and platelet counts than PhCSI in the 
CSI for pediatric brain tumors. Grade 3 acute anemia was significantly less frequent in the PrCSI group than in the PhCSI group. Fur-
ther large-scale studies are warranted to confirm these results.
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Materials and Methods

1. Study population
We retrospectively reviewed patients with pediatric brain 

tumors who received CSI between January 2010 and June 
2019. The inclusion criteria were as follows: age at CSI of 20 
years or less, no history of radiation therapy (RT), no concur-
rent chemotherapy, and no subsequent chemotherapy within 
3 weeks after the completion of RT. Of the 115 patients who 
were screened, 49 were excluded due to a previous history 
of RT (n=22), CSI with a combination of proton and photon 
beams (n=5), chemotherapy within 3 weeks of completion of 
RT (n=20), lack of hematological data (n=1), and the interrup-
tion of CSI for more than 1 week (n=1). Finally, 66 patients 
were included in the analysis. 

2. Treatment
Initially only PhCSI was performed. The facility and pro-

tocol for PrCSI were established in March 2016. After the ini-
tiation of PrCSI, CSI was mainly performed with PBT. The 
fraction size, prescribed dose of CSI, and boost RT to the 
high-risk area were determined according to the histologi-
cal diagnosis or clinical situation. The boost RT was followed 
after the completion of CSI in all patients.

The simulations for PhCSI (n=30) were performed using 
nonenhanced computed tomography (CT) scans with a slice 
thickness of 5 mm for 3-dimensional conformal RT (3DCRT; 
n=29) and 2.5 mm for helical tomotherapy (HT; n=1). Prone 
(n=18) or supine positions (n=12) were adapted according to 
the patients’ performance, ability to cooperate, or the need 
for sedation, in which the prone position was inappropri-
ate. Chloral hydrate was administered orally for sedation, 
if needed (n=4). The clinical target volume (CTV) for CSI  
included the entire cranial and spinal meninges with an  
inferior limit of S2 or S3 level according to the T2 sequence of 
whole spine magnetic resonance images. The planning target 
volume (PTV) was expanded from the CTV by 0.5-0.7 cm. 
For 3DCRT, bilateral fields corresponding to the cranial and 
cervical spinal meninges were applied to the PTV, and the 
PTV of the spinal level below the cervical spine was covered 
by posteroanterior (PA) field(s). If the range of the PA field 
was insufficient to cover the rest of the PTV, two or more 
PA fields were applied. Margins of the fields were adjusted 
between bilateral fields and the PA field or two adjacent PA 
fields considering the beam divergence. The field junctions 
were moved daily alternatively with a gap of approximately 
1 cm to attenuate the uncertainty. For treatment planning 
for 3DCRT, we used Pinnacle (Phillips Healthcare, Ando-
ver, MA). A linear accelerator generating 6 MV X-ray (Var-
ian Clinac 6Ex, Varian Medical Systems, Palo Alto, CA) was 
used for beam delivery. For verification of the patient setup, 

a weekly portal image was obtained using an electronic por-
tal imaging device. The junction moving technique was not 
required for PhCSI with HT. Megavoltage CT was performed 
for setup verification before every session of CSI. The treat-
ment plan for HT was developed by TomoTherapy (Accuray, 
Sunnyvale, CA). 

PrCSI (n=36) has been adopted since March 2016. Simula-
tions for PrCSI, consisting of nonenhanced CT scans with a 
slice thickness of 2.5 mm, were also used. The delineations 
of the CTV were performed in the same manner as those 
for PhCSI and PTV was generated with expansion of CTV 
by 0.5-0.7 cm, too. However, for patients in the growth age, 
the PTV was additionally extended to encompass the entire 
vertebral body when PrCSI was applied (n=24) to prevent 
radiation-induced kypholordosis according to the guideline 
from the European Society for Paediatric Oncology [12]. We 
used the PBT with the continuous line scanning method, 
which has been described in detail in a previous report [13]. 
Line scanning proceeded in the lateral direction, moved to 
the next line at the lateral edge, and proceeded again in the 
opposite direction. Each layer was painted once without any 
repainting. To achieve optimal dosimetry, line spacing, spot 
size, and spot speed were modulated. The depth of the layers 
could be adjusted by 0.1 g/cm2 and the time interval for beam 
energy change was 2 seconds or less. Similar to PhCSI, two 
bilateral fields and PA field(s) were applied for PrCSI with 
two or three isocenters. We developed the dose gradients 
near the junctions and overlapped them with adjacent fields 
to overcome the junctional problem and maintain robustness 
against uncertainties. The treatment plan was developed by 
RayStation (RaySearch Laboratories, Stockholm, Sweden). In 
the treatment room, daily image guidance was performed 
before the sessions with orthogonal kilovoltage X-ray ima-
ges. The first three consecutive patients were treated in the 
prone position due to dosimetric uncertainty in the region 
of the couch. However, the supine position was chosen after 
this uncertainty was resolved. For patients who were unable 
to cooperate with the treatment due to performance status 
or age, total intravenous anesthesia with 1% propofol was 
administered during the simulations and treatments (n=13). 
S1 and S2 Figs. present examples of PhCSI and PrCSI plans.

3. Evaluation of acute toxicities
The change in serum hemoglobin levels (ΔHb), absolute 

lymphocyte counts (ΔALC), and platelet counts (ΔPLT) from 
baseline values was evaluated 1 and 2 weeks after the initia-
tion of CSI (T1 and T2, respectively), 1 week before and at 
the end of local boost RT following CSI (T3 and T4, respec-
tively), and 3-4 weeks after the completion of total RT (T5). 
Each timeline was allowed the time variation up to 3 days. To 
adjust for the effect of transfusion, we assumed that transfu-
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Table 1.  Patients’ characteristics

Characteristic	 PrCSI (n=36)	 PhCSI (n=30)	 p-value

Age (yr)	 10 (3-20)	 13 (2-20)	 0.536
Sex			 
    Male	 19 (52.8)	 24 (80.0)	 0.044
    Female	 17 (47.2)	 6 (20.0)	
Histology			 
    Medulloblastoma	 20 (55.6)	 10 (33.3)	 0.094
    Germinoma	 6 (16.7)	 15 (50.0)	
    NGGCT	 3 (8.3)	 2 (5.7)	
    Mixed germ cell tumor	 2 (5.6)	 0 (	
    AT/RT	 3 (8.3)	 1 (3.3)	
    Ependymoma	 0 (	 2 (6.7)	
    Others	 2 (5.6)	 0  (	
ECOG performance status			 
    0, 1	 32 (88.9)	 26 (86.7)	 > 0.99
    2	 4 (11.1)	 4 (13.3)	
Leptomeningeal metastasis			 
    No	 33 (91.7)	 28 (93.3)	 > 0.99
    Yesa)	 3 (8.3)	 2 (6.7)	
Body mass index (kg/m2)	 16.80 (12.81-24.32)	 19.66 (12.29-29.18)	 0.012
Baseline hemoglobin level (g/dL)	 11.3 (8.8-13.8)	 11.3 (9.5-14.7)	 0.733
Baseline ALC level (×103/µL)	 2.19 (0.61-6.13)	 2.48 (0.88-7.21)	 0.661
Baseline platelet level (×103/µL)	 232 (50-459)	 242 (107-484)	 0.666
Previous chemotherapy			 
    No	 1 (2.8)	 0 (	 > 0.99
    Yes	 35 (97.2)	 30 (100)	
No. of chemotherapy cycles	 4 (0-8)	 4 (2-8)	 0.195
Interval between chemotherapy to CSI start (day)	 30 (21-136)	 33 (20-402)	 0.197
High-dose chemotherapy and auto-PBSCT before CSI			 
    No	 29 (80.6)	 24 (80.0)	 0.955
    Yes	 7 (19.4)	 6 (20.0)	
Cytopenia during the previous chemotherapyb)			 
    No	 6 (16.7)	 10 (33.3)	 0.153
    Yes	 30 (83.3)	 20 (66.7)	
CSI dose (GyRBE or Gy)			 
    < 23.4	 7 (19.4)	 12 (40.0)	 0.008
    23.4-30.0	 23 (63.9)	 12 (40.0)	
    30.6	 6 (16.7)	 6 (20.0)	
Dose per fx of CSI (GyRBE or Gy)			 
    1.5	 0 (	 9 (30.0)	 < 0.001
    1.8	 36 (100)	 21 (70.0)	
No. of CSI fractionations	 13 (10-17)	 13 (10-17)	 0.336
No. of local boost RT fractionations	 17 (0-20)	 11 (0-17)	 < 0.001
No. of total RT (day)	 30 (13-30)	 24 (13-30)	 0.005
Dose to brain (GyRBE or Gy)	 54.0 (23.4-54.0)	 36.0 (19.5-58.4)	 0.002
Values are presented as median (range) or number (%). ALC, absolute lymphocyte count; AT/RT, atypical teratoid rhabdoid tumor; auto-
PBSCT, autologous peripheral blood stem cell transplantation; CSI, craniospinal irradiation; ECOG, Eastern Cooperative Oncology Group; 
NGGCT, non-germinomatous germ cell tumor; PhCSI, photon beam craniospinal irradiation; PrCSI, proton beam craniospinal irradiation; 
RBE, relative biological effectiveness; RT, radiation therapy. a)All the patients with leptomeningeal metastasis received boost irradiation on 
the level of metastases, b)Cytopenia includes anemia, thrombocytopenia, and/or neutropenia with grade 3 or more which are defined in the 
Common Terminology Criteria for Adverse Events 5.0.
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sion of 1 U increased the hemoglobin level by 1 g/mL and 
the platelet count by 12,000 cells/μL, according to previous 
literature [2]. The laboratory methodology for measurement 
of blood count was described in a previous study [14]. We 
used a hematology analyzer (XN-9000, Sysmex, Kobe, Japan) 
for electronic cell counting. The normal ranges for hemo-
globin level, absolute lymphocyte count, and platelet count 
in our institute are summarized in S3 Table. Hematological 
and other toxicities were graded according to the Common 
Terminology Criteria for Adverse Events ver. 5.0.

4. Statistical analysis
Categorical variables were compared between the PrCSI 

and PhCSI groups using Pearson’s chi-square test or Fish-
er exact test. For the comparison of continuous variables 
at baseline, an unpaired t test was used. Paired t tests and 
mixed-model analyses were used to compare the changes in 
hematological variables over time. The estimation and com-
parison of survival curves was performed using the Kaplan-
Meier method and log-rank test, respectively. Hematological 
variables were also analyzed for subgroups stratified accord-
ing to the CSI dose. A two-sided p-value < 0.05 was consid-
ered statistically significant. For statistical analyses, SPSS ver. 
22.0 (IBM Corp., Armonk, NY) was used. 

Results

The comparison of patient characteristics between the 
PrCSI and PhCSI groups is summarized in Table 1. The 
proportions of male patients (p=0.044), median body mass  
index (p=0.012), patients who received a CSI dose < 23.4 
Gy or GyRBE (p=0.008), and patients who received a frac-
tion size of 1.5 Gy (p < 0.001) were significantly higher in the 
PhCSI group than in the PrCSI group (Table 1). The median 
number of total RT fractionations (p=0.005) and total dose 
prescribed to the brain (p=0.002) were significantly higher 
in the PrCSI group than in the PhCSI group (Table 1). How-
ever, there were no significant differences in the median age; 
and median hemoglobin levels, absolute lymphocyte counts, 
or platelet counts at baseline between the two groups. The 
median follow-up duration was 38 months (range, 1 to 114 
months). While more patients with medulloblastoma were 
included in PrCSI group, proportion of germinoma is high-
er in PhCSI group despite of the statistical insignificance 
(p=0.094). The survival curves and causes of death are shown 
in S4 Fig. The accumulated radiation doses at each timeline 
were summarized in S5 Table and compared in S6 Table 
showing that there were no significant differences in the me-
dian accumulated radiation dose from T1 to T4 but that was 
significantly higher in PrCSI group at T5 (p=0.002) (S6 Table). 

There were no significant differences in the average ΔHb 
levels (ΔHbavg) at any timepoint from T1 to T5 between the 
two groups. However, the average ΔALC (ΔALCavg) and 
ΔPLT (ΔPLTavg) were significantly lower in the PhCSI group 
than in PrCSI group the at every timepoint from T1 to T5 
(Fig. 1). The changes in ΔHbavg over time showed irregu-
lar patterns or minimal changes in both groups. However, 
ΔALCavg declined through T1 and T2 and then increased 
from T3 to T5 in both groups (Fig. 1). ΔPLTavg also declined 
from T1 to T2 in both groups. However, in the PrCSI group, it 
increased from T3 to T5, and in the PhCSI group, it increased 
from T4 to T5 (Fig. 1). Mixed-model analyses revealed that 
the beam modalities did not significantly differentiate the 
chronological trends of ΔHb (p=0.538) and ΔALC (p=0.930), 
but it significantly differentiated the chronological trends 
of ΔPLT between groups (p=0.042). In addition, only ΔALC  
(p < 0.001) and ΔPLT (p=0.002) were significantly higher in 
the PrCSI group when the variable of time was fixed. 

The subgroups were stratified according to the cutoff CSI 
dose of 23.4 Gy or GyRBE, which was the median CSI dose. 
Fig. 2 shows the ΔHb, ΔALC, and ΔPLT of each subgroup 
according to the CSI modality. In the lower dose subgroup  
(≤ 23.4 Gy or GyRBE), ΔALCavg and ΔPLTavg were signifi-
cantly higher in the PrCSI group through the timelines,  
except for ΔALCavg at T4. In this subgroup, ΔALCavg decreased 
through T1 and T2 and increased from T3 to T5 in both 
groups. ΔPLTavg also decreased from T1 to T2 in both groups, 
with rebounding occurring at T3 and T4 in the PrCSI and 
PhCSI groups, respectively, which was similar to the trends 
observed in the total cohort (Fig. 2). Mixed-model analyses 
revealed that the trends over time for ΔHb (p=0.580), ΔALC 
(p=0.768), and ΔPLT (p=0.635) were not significantly differ-
ent between the groups. Only ΔALC (p=0.018) and ΔPLT 
(p=0.007) were significantly different between the groups if 
the time variable was fixed. In the higher CSI dose subgroup 
(> 23.4 Gy or GyRBE), the ΔHbavg, ΔALCavg, and ΔPLTavg pat-
terns were conserved and resembled those of the total cohort 
and the lower CSI dose subgroup (Fig. 2). However, a signifi-
cant difference between the beam modalities was observed 
only in ΔPLTavg at T3 and T4 (Fig. 2). Mixed-model analyses 
showed that the trends over time were significantly different 
between the groups only for ΔPLTavg (p=0.015). 

In the PrCSI group, the hematological outcomes were com-
pared according to whether the PTV encompassed the entire 
vertebral body (large PTV), or not (small PTV). The hemato-
logical outcomes were inconsistent showing the tendency of 
higher ΔHbavg and average ΔPLTavg in small PTV group but 
higher average ΔALCavg in large PTV group especially in T4 
and T5 (S7 Fig.).

The acute toxicity profiles are summarized in Table 2. The 
incidence of acute toxicities was higher in the PhCSI group 
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than in the PrCSI group, although only grade 3 anemia 
showed a statistically significant difference.

Discussion

CSI is an essential treatment for pediatric brain tumors 
that tend to spread to the leptomeningeal space [1]. How-
ever, the volume irradiated by CSI is very large and a range 
of toxicities, including hematological and gastrointestinal 
complications, are observed during and after CSI [3-7]. Due 
to the absence of an exit dose for CSI compared with pho-
ton beams, it has been expected that PBT would reduce these 
toxicities [3,9]. However, limited relevant studies have been 
performed [2,9]. In particular, a comparison of the hemato-
logical dynamics has not been well investigated. 

Our study showed that PrCSI resulted in a significantly 
lower rate of decline and better recovery of absolute lym-
phocyte counts and platelet counts than PhCSI. The platelet 
count recovered earlier in the PrCSI group than in the PhC-
SI group. The significance of the superiority of PrCSI with  
respect to ΔALCavg and ΔPLTavg was maintained when the 
time variable was fixed. The trend was also conserved in 
both the CSI dose subgroups. The PrCSI group showed 
significantly lower median body mass index and higher 
the median fractionation number which could associated 
with mitigation in the recovery of blood cell level. Further-
more, the proportion of medulloblastoma was higher in the 
PrCSI group while that of germinoma was higher in PhCSI 
group, leading to higher potential for performance of more 

intensive chemotherapy in PrCSI [15,16]. Considering these  
patients’ characteristics, our results could favor the PrCSI in 
terms of the early hematological outcome. While ΔALCavg 
was decreased though T1 and T2, it seemed to rebound from 
T3. Considering the median number of CSI fractionations 
was 13 (range, 10 to 17) which was apparently included in 
the window of T2, T2 could be regarded as the timeline for 
the end of CSI. In this point of view, recovery of ΔALCavg in 
both groups occurred at T3, a few weeks later after the end of 
CSI even during the local boost RT. The recovery of ΔALCavg 
seem to be earlier comparing with other studies reporting 
that the recovery of lymphocyte level occurred several weeks 
later after the complete of RT [17,18]. However, populations 
of those studies received concurrent chemotherapy dur-
ing the RT which was the exclusion criteria of the study. In  
addition, the boost RT in our study was focused on the limit-
ed volume in the brain or, in some patients, spinal cord where 
the boost irradiation could not affect the significantly in the 
lymphocyte generation. The causes of the earlier ΔALCavg  
recovery are unclear and need further investigation.

The hematological and gastrointestinal toxicities between 
PrCSI and PhCSI have previously been compared in patients 
with pediatric brain tumors [2]. This study reported that the 
recovery rates of absolute leukocyte and platelet counts were 
significantly higher in patients who underwent PrCSI than in 
those who underwent PhCSI. However, this study evaluated 
only the recovery rates by measurements of variables only 
at baseline and 1 month after RT, and did not compare the  
dynamics and their trends of blood cell count both during 
and after RT which were the main finding of ours. Further-

Gyu Sang Yoo, Proton vs. Photon CSI for Pediatric Patients

Table 2.  Comparisons of acute toxicities between the modalities of cerebrospinal irradiation

Category	 PrCSI (n=36)	 PhCSI (n=30)	 p-value

Nausea grade 2	 10 (27.8)	 14 (46.7)	 0.131
Vomiting grade 2	 15 (41.7)	 13 (43.3)	 > 0.99
Anorexia	 3 (8.3)	 7 (23.3)	 0.166
Diarrhea	 0 (	 10 (3.3)	 0.455
Dyspepsia	 2 (5.6)	 4 (13.3)	 0.399
Fatigue	 1 (2.8)	 3 (10.0)	 0.323
Esophagitis	 1 (2.8)	 2 (6.7)	 0.587
Cough	 1 (2.8)	 0 (	 > 0.99
Anemia grade 3	 0 (	 4 (13.3)	 0.038
Neutropenia grade 3	 13 (36.1)	 12 (40.0)	 0.802
Lymphopenia grade 4	 11 (30.6)	 13 (43.3)	 0.314
Thrombocytopenia grade 3	 4 (11.1)	 6 (20.0)	 0.154
RBC transfusion	 9 (25.0)	 9 (30.0)	 0.355
Platelet transfusion	 2 (5.6)	 4 (13.3)	 0.600
G-CSF administration	 4 (11.1)	 6 (20.0)	 0.235
Values are presented as number (%). G-CSF, granulocyte colony-stimulating factor; PhCSI, photon beam craniospinal irradiation; PrCSI, 
proton beam craniospinal irradiation; RBC, red blood cell transfusion.
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more, that study did not include the analysis for the dynam-
ics of absolute leukocyte counts which were also an impor-
tant finding in the present study. Another study compared 
acute toxicities between PrCSI and PhCSI in adult patients 
with medulloblastoma and reported that reduction of peri-
pheral white blood cells, hemoglobin levels, and platelet 
counts was significantly lower with PrCSI than with PhC-
SI [9]. However, this study only evaluated the nadir of the  
hematological parameters and a comparison of dynamics 
over time was lacking. To our knowledge, our study is the 
first to evaluate the dynamics of various blood counts over 
time with the tendency analyses.

As various dosimetric studies have demonstrated, PrCSI 
is beneficial in protecting organs at risk from even low-dose 
irradiation due to the absence of an exit dose [8,10]. Above 
all, PrCSI can spare the bone marrow of the vertebral body 
in the spinal column [9]. The activity of bone marrow in the 
whole spine is estimated to be approximately 40% of the  
total bone marrow activity [19]. Therefore, by sparing the 
bone marrow within the vertebral bodies, PrCSI can poten-
tially prevent bone marrow suppression by irradiation. This 
is supported by the study by Brown et al. [9], which reported 
that in adult patients, reductions in blood count after CSI 
were associated with the mean vertebral dose, which tended 
to be lower with PrCSI. However, in our study, the effect of 
bone marrow sparing on the improved hematological out-
comes observed with PrCSI could not be determined because 
whole vertebral bodies were included in the PTV in 66.7% 
patients in the PrCSI group due to concerns of radiation- 
induced kypholodorsis resulting from asymmetric growth in 
the vertebral body. In addition, the comparison of hemato-
logical dynamics between the large and small PTV groups 
in PrCSI subgroup was performed showing that the results 
were inconsistent according to the blood cell types (S7 Fig.). 
This inconsistency might be resulted from the demographic 
discrepancy in the large and small PTV group because large 
PTVs were applied only in the patients with growth age 
whose ability of hematopoiesis or diagnoses would be dif-
ferent from the small PTV group. Therefore, there is limita-
tion in the present result to confirm the bone marrow sparing  
effect in the improvement of hematological outcomes. Vari-
ous studies have reported that partial spinal RT showed 
more frequent and more severe abnormalities after higher 
dose irradiation and longer follow-up duration in pediat-
ric cancer patients [20]. In particular, the steep gradients in 
vertebral body dose can potentially increase the incidence 
of spinal deformities [21]. Therefore, when the strategy of 
irradiating the whole vertebral body to mitigate radiation-
induced kypholodorsis is employed, the effect of bone mar-
row suppression could be diluted [22]. However, research-
ers from Loma Linda University investigated the long-term  

effects of vertebral body-sparing PrCSI on the spine of young 
patients with medulloblastoma and reported that although 
a decrease in the growth of the posterior portions of verte-
bral bodies was observed, it was compensated by hypertro-
phy of posterior intervertebral discs, leading to the absence 
of increased severe spinal abnormalities [22]. If a strategy 
for vertebral body-sparing PrCSI is available, the effect of 
PrCSI on the preservation of bone marrow function would 
be enhanced. Despite the indeterminate effect on bone mar-
row sparing, PrCSI showed better hematological outcomes. 
Therefore, factors other than bone marrow sparing should be 
considered in the interpretation of the results. During PhCSI, 
irradiation to the heart, liver, gastrointestinal organs, great 
vessels, and whole vertebral body is not avoidable. Most of 
the abovementioned organs are organs of hematopoiesis or 
circulation. Therefore, the protection of these organs even 
from low-dose irradiation is essential for the preservation of 
blood cells that are highly sensitive to radiation [23].

Approximately 85% lymphocytes exist outside the bone 
marrow and migrate via the circulatory system between the 
spleen, lymph nodes, and non-lymphoid tissues such as the 
liver, gastrointestinal tract, and other tissues. Therefore, the 
various organs in which lymphocytes stay or circulate need 
to be considered for the preservation of lymphocytes. The 
significance of the radiation dose to circulating lymphocytes 
has been reported recently. The integral dose to large blood 
vessels, the heart, and lymphoid or non-lymphoid organs, 
including the lungs or liver, is associated with the reduction 
in the number of lymphocytes and the subsequent develop-
ment of lymphopenia [24-26]. Furthermore, because lympho-
cytes are the effector of immune response against the tumor 
cells, lymphopenia is expected to be associated with poor 
outcomes, such as those reported in various types of malig-
nancies [18,27,28]. Therefore, PrCSI is superior to PhCSI in 
sparing blood cells outside of the bone marrow as well as 
those within the bone marrow, and it can be hypothesized 
that PrCSI will show better hematological and oncologic out-
comes than PhCSI in patients with pediatric brain tumors. 
Further long-term follow-up studies with a large population 
are required to confirm this hypothesis.

The reduction of platelet counts can also be related to  
organs other than the bone marrow. The action of the hu-
moral regulator thrombopoietin is essential for thrombopoie-
sis. Thrombopoietin is primarily produced in the liver and 
kidneys [18]. In previous studies, patients with poor liver 
function or thrombocytopenia showed reduced levels of 
thrombopoietin [29]. PhCSI results in irradiation to certain 
portions of the liver parenchyma, mainly the lateral seg-
ments. Therefore, in contrast to PrCSI, PhCSI may induce 
radiation-induced damage to the liver, which could lead to 
reduced thrombopoietin production, thereby resulting in a 
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decrease in the level of thrombopoietin. However, no study 
has investigated the relationship between dosimetric param-
eters in the liver and thrombopoietin production or plate-
let counts. Additional quantitative studies are necessary to  
investigate the severity of thrombocytopenia according to 
the dosimetric differences between PrCSI and PhCSI.

While the ΔHbavg values were not significantly different at 
any timepoint between the modalities, the rates of grade 3 
anemia, transfusions, and granulocyte colony-stimulating 
factor administration were lower in the PrCSI group than 
in the PhCSI group, although the difference was statistically 
significant only for grade 3 anemia. In addition, gastrointes-
tinal toxicities were less frequent in the PrCSI group than in 
the PhCSI group, although the difference was not statisti-
cally significant. Due to the small sample size, the statistical 
power was insufficient. However, the tendency of PrCSI to 
be associated with fewer incidences of acute toxicity is con-
sistent with the dosimetric advantages of PrCSI compared 
with PhCSI as well as with previous findings. A large-scale 
study is required with a sufficient statistical power to clearly 
confirm the study results.

There are several limitations in this study. This is a retro-
spective study with a small sample size from a single insti-
tution; therefore, selection bias was inevitable. Due to the 
small sample size, the statistical power was insufficient.  
Especially, in the subgroup analysis, the sample size of high-
er dose subgroup quite smaller under 10 in both PrCSI and 
PhCSI groups. Therefore, to generalize the result showing 
the trend of the better acute hematological outcome in PrCSI 
group regardless of the CSI doses, the samples with larger 
size would be required to generalize the result. Diversity in 
the types of primary tumor is also a limitation of the present 
study because differences in the chemotherapeutic regimens 
administered before CSI may have affected the activity of 
subsequent hematopoiesis.

In conclusion, PrCSI was associated with a significantly 
lower rate of decline and better recovery of absolute lym-
phocyte counts and platelet counts compared with PhCSI in  

patients with pediatric brain tumors, regardless of the CSI 
dose. Acute grade 3 anemia was also significantly less fre-
quent in the PrCSI group than in PhCSI patients. Further 
large-scale clinical studies are warranted to confirm the 
study results.
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