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Introduction

Neuroblastoma (NB) is the most common extracranial 
solid tumor in children, accounting for 6%-10% of all child-
hood cancers [1]. It has a heterogeneous course depending 
on its clinical and biological features [2,3]. Patients with NB 
are stratified into risk groups according to various clinical 
and biological risk factors, including age at diagnosis, stage,  
pathology, and MYCN amplification. All patients in a par-
ticular risk group receive the same treatment. However, 
treatment outcomes, including toxicity and survival during 
or after treatment, vary among patients, possibly because 
of differences in the somatic characteristics of the tumor or  
because individuals have varying susceptibility to chemo-
therapeutic agents.

Individual variation in susceptibility to chemotherapeutic 
agents may occur because of differences in germline genom-

ics, including single-nucleotide polymorphisms (SNPs). 
Many pharmacogenomic studies have shown that SNPs 
are useful predictive biomarkers for drug-induced adverse 
events and drug response [4,5]. Moreover, several stud-
ies have shown that polymorphisms of candidate genes  
involved in drug metabolism are responsible for variable 
drug toxicity among patients with leukemia [6,7]. However, 
limited studies have investigated the effect of individual 
drug susceptibility on treatment outcome in pediatric solid 
tumors.

In the present study, we hypothesized that the degree of 
neutropenia after the first chemotherapy cycle could be used 
as a surrogate marker of individual susceptibility to chemo-
therapeutic agents and that it affects treatment outcome. 
We analyzed whether the absolute neutrophil count (ANC) 
at the nadir after the first chemotherapy cycle is associated 
with treatment outcome in patients with NB. In addition, we 
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Purpose  We performed this study to determine whether the degree of neutropenia after the first chemotherapy cycle can be used 
as a surrogate marker of individual susceptibility to chemotherapeutic agents affecting treatment outcome in patients with neuro-
blastoma.
Materials and Methods  The study included 313 patients who received the first cycle chemotherapy with a CEDC (cisplatin+etoposi
de+doxorubicin+cyclophosphamide) regimen and had absolute neutrophil count (ANC) data available. The cumulative incidences of 
progression and treatment-related mortality (TRM) were estimated. To identify genetic variations associated with the ANC, a genome-
wide association study (GWAS) was performed. 
Results  An ANC of 32.5/µL was determined as the cutoff point to categorize patients into the good and poor prognosis subgroups in 
terms of progression. Patients with a high nadir ANC had a higher cumulative incidence of progression than those with a low nadir ANC 
(p < 0.001). In multivariate analysis, high nadir ANC, age, bone marrow involvement, and unfavorable histology were poor prognostic 
factors. With regard to the TRM, patients with a low nadir ANC (ANC < 51.0/µL) had a higher cumulative incidence of TRM than those 
with a high nadir ANC (p=0.010). In GWAS, single-nucleotide polymorphisms of LPHN2 and CRHR1 were significantly associated with 
the nadir ANC. 
Conclusion  In neuroblastoma patients, the degree of neutropenia after the first chemotherapy cycle can be used as a surrogate 
marker to predict an individual’s susceptibility to chemotherapeutic agents. Tailoring of treatment based on the degree of neutrope-
nia needs to be considered.
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determined whether germline genetic polymorphisms can 
affect the degree of neutropenia using a genome-wide asso-
ciation study (GWAS). 

Materials and Methods
 
1. Patients

Patients who were diagnosed with NB and received chem-
otherapy between March 2000 and December 2018 were 
screened. Patients who underwent the first cycle chemo-
therapy with a cisplatin+etoposide+doxorubicin+cyclophos
phamide (CEDC) regimen and had ANC data available from 
the first cycle chemotherapy were included in this study. In 
total, 313 patients were enrolled in the present study. The 
patients’ medical records were reviewed for detailed clinical 
and biological data, including clinical features at diagnosis, 
tumor biology (including MYCN amplification), tumor his-
tology according to the International Neuroblastoma Pathol-
ogy Classification (INPC), treatment, survival, and treatment 
toxicity. The following equation was calculated to measure  
tumor volume: (π/6)×depth×width×height [8]. In the GWAS, 
the analytic cohort comprised 269 patients whose peripheral 
blood samples were cryopreserved at the Samsung Medical 
Center Biobank. 

2. Risk stratification and treatment
Patients were classified into three risk groups according to 

age at diagnosis, stage according to the International Neuro-
blastoma Staging System (INSS), and MYCN amplification. In 
brief, stage 1 or 2 tumors without MYCN amplification were 
classified as low-risk tumors. Stage 4 tumors in patients aged 
> 12 months (before 2015) or > 18 months (from 2015) and 
MYCN-amplified tumors were classified as high-risk tumors. 
All other tumors were classified as intermediate-risk tumors. 
For chemotherapy, CEDC and ifosfamide+carboplatin+etop
oside (ICE) regimens were used alternatively. Detailed infor-
mation on the chemotherapy regimen has been described in 
a previous report [9]. In general, low-risk patients with stage 
2 tumors received six cycles of chemotherapy; intermediate-
risk patients received nine cycles of chemotherapy plus dif-
ferentiation therapy (13-cis-retinoic acid) with or without  
local radiotherapy to the primary site; and high-risk patients 
received nine cycles of induction chemotherapy, followed 
by tandem high-dose chemotherapy (HDCT), local radio-
therapy, and differentiation therapy with or without immu-
notherapy with interleukin 2 [9,10]. Therefore, all patients 
received the same chemotherapy regimen for the first six 
cycles. A smaller chemotherapy dose was used in patients 
aged < 24 months as follows: a body weight-based dose in 
patients aged < 6 months, a 70% dose based on body surface 

area in patients aged 6-11 months, an 80% dose in patients 
aged 12-17 months, and a 90% dose in patients aged 18-23 
months. From the second cycle, the chemotherapy dose was 
reduced by 20%-30% if the patients suffered from severe sep-
sis during the previous cycle or if the hematologic recovery 
took more than 42 days. Granulocyte colony-stimulating fac-
tor was used from the day when the ANC < 500/µL until the 
time when ANC > 1,000/µL. 

3. Genome-wide genotyping and imputation
Genomic DNA was extracted from the patients’ periph-

eral blood lymphocytes using the Wizard Genomic DNA 
Purification Kit (Promega, Madison, WI) according to the 
manufacturer’s protocol. Approximately 250 ng of genomic 
DNA was used to genotype each sample using Illumina’s 
Global Screening Array BeadChip (Illumina, San Diego, CA). 
The samples were then processed according to the Illumina  
Infinium assay manual. The quality of the sample was 
checked based on the sample call rate (> 95%). The clustering 
quality of each marker was measured based on the GenTrain 
score. Markers with a score of > 0.7 were used in the study. 
We performed imputation using the Michigan Imputation 
Server (https://imputationserver.sph.umich.edu). Markers 
with low imputation quality (defined as a call rate < 98%), 
minor allele frequency (MAF) < 1%, a p-value of Hardy-
Weinberg equilibrium < 1e–5, duplicated markers, and  
ambiguous strand markers were excluded from the associa-
tion analysis. Low-quality samples with a call rate < 95% 
were used for quality control.

4. Statistical analyses
Maximally selected log-rank statistics were tested to obtain 

the optimal ANC cutoff values that categorized patients into 
the good and poor prognosis subgroups in terms of progres-
sion and treatment-related mortality (TRM) [11]. Cumulative 
incidences of progression and TRM were estimated using 
competing risk methods by considering progression and 
TRM as competing risks [12]. The cumulative incidences of 
progression and TRM were compared using the Gray’s test. 
The Fine and Gray competing risk regression model was 
used to evaluate the effect of the ANC and clinical covariates 
on the cumulative incidences of progression and TRM. In 
this analysis, progression and TRM were defined as events, 
and event-free survival (EFS) was calculated from the date of 
diagnosis until the date of progression or TRM, whichever 
occurred first. Overall survival (OS) was calculated from the 
date of diagnosis until death from any cause. The EFS and OS 
rates were estimated using the Kaplan-Meier method, and 
differences in survival curves were compared using the log-
rank test. Clinical characteristics were compared between 
the two groups using the Pearson chi-square test or Fisher 
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exact test for categorical variables and the t test or Kruskal-
Wallis rank-sum test for continuous variables. All statistical 
analyses were performed using R ver. 4.0.0 (R Foundation for 
Statistical Computing, Vienna, Austria), and p < 0.05 were 
considered statistically significant.

To investigate significant markers, numeric regression 
analyses were performed on the ANC with genotypes  
using HelixTree software (Golden Helix Inc., Bozeman, MT). 
To assess multiple corrections, the false discovery rate was 
used. The DAVID functional annotation tool (https://david.
ncifcrf.gov/) was used for the analysis. Gene pathway anal-
ysis was performed to detect SNPs significantly associated 

with the ANC after chemotherapy. To visualize significant 
regional markers, Locus zoom plotting was performed using 
LocusZoom [13]. 

Results

1. Patient characteristics 
Altogether, 313 patients were enrolled in the current study. 

The median age at diagnosis was 2.4 years (range, 0.0 to 
19.2 years). One hundred ninety-one patients (61.0%) had 
metastatic disease and 110 (35.1%) patients had bone mar-

Ji Won Lee, ANC as Surrogate Marker in Neuroblastoma

Table 1.  Patient characteristics

	 ANC ≤ 32.5/µL (n=191)	 ANC > 32.5/µL (n=122)	 p-value

Sex
    Male	 111 (58.1)	 66 (54.1)	 0.560
    Female	 80 (41.9)	 56 (45.9)	
Age (yr)	 1.9 (0.0-18.2)	 3.4 (0.0-19.2)	 < 0.001
Baseline ANC (/µL)	 2,825 (530-13,900)	 3,115 (1,030-25,820)	 0.108
BM metastasis			 
    Yes	 60 (31.4)	 49 (40.2)	 0.143
    No	 131 (68.6)	 73 (59.8)	
Stage			 
    Localized	 71 (37.2)	 51 (41.8)	 0.484
    Metastatic	 120 (62.8)	 71 (58.2)	
MYCN amplification 			 
    Yes	 47 (25.0)	 21 (17.2)	 0.139 
    No	 141 (75.0)	 101 (82.8)	
Risk group			 
    Non–high-risk	 85 (44.5)	 55 (45.1)	 > 0.99 
    High-risk	 106 (55.5)	 67 (54.9)	
INPC			 
    Favorable	 82 (46.9)	 55 (47.4)	 > 0.99
    Unfavorable	 93 (53.1)	 61 (52.6)	
Pathology			 
    Undifferentiated	 30 (16.8)	 6 (5.1)	 0.001
    Poorly differentiated	 73 (40.8)	 57 (48.3)	
    Differentiating	 48 (26.8)	 21 (17.8)	
    Ganglioneuroblastoma	 28 (15.6)	 34 (28.8)	
Primary site 			 
    Abdomen	 143 (74.9)	 93 (76.2)	 0.902
    Mediastinum	 47 (24.6)	 28 (23.0)	
    Other	 1 (0.5)	 1 (0.8)	
Serum LDH (IU/L) 	 881.0 (176.0-15,720.0)	 848.0 (257.0-12,160.0)	 0.064
Serum ferritin (ng/mL)	 139.7 (7.6-3,283.7)	 141.2 (13.0-16,500.1)	 0.477
Serum NSE (ng/mL)	 59.0 (7.3-1,815.0)	 58.4 (7.4-865.4)	 0.428
24-Hour urine VMA (mg/day)	 5.5 (0.2-205.0)	 10.9 (0.2-106.0)	 0.017
Values are presented as number (%) or median (range). ANC, absolute neutrophil count; BM, bone marrow; INPC, International Neuro-
blastoma Pathology Classification; LDH, lactate dehydrogenase; NSE, neuron specific enolase; VMA, vanillylmandelic acid.
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row metastasis. Tumor histology according to the INPC 
was favorable in 137 patients (43.8%), unfavorable in 154  
patients (49.2%), and unknown in 22 patients (7.0%). Cytoge-
netic analysis was only performed in some patients; 68 of 310  
patients (21.9%) had MYCN amplification, 17 of 124 patients 
(13.7%) had 1p deletion, 35 of 125 patients (28.0%) had 11q 
deletion, and 33 of 123 patients (26.8%) had 17q gain. A total 
of 173 patients (55.1%) had high-risk tumors. 

During the study period, 59 patients showed progres-
sion and 25 experienced TRM; the 5-year EFS and OS rates 
were 73.1%±2.6% and 80.7%±2.3%, respectively. In high-risk 
patients, progression and TRM occurred in 51 and 21 pati-
ents, respectively, and the 5-year EFS and OS rates were 
58.6%±3.9% and 69.0%±3.7%, respectively. 

2. ANC as a surrogate marker for predicting progression
First, we analyzed whether the degree of neutropenia  

after the first cycle of chemotherapy was associated with the  
cumulative incidence of progression. Maximally selected 
log-rank statistics determined that an ANC of 32.5/µL was 
an optimal cutoff point to categorize patients into the good 
and poor prognosis subgroups in terms of progression. The 
patient characteristics in the nadir ANC subgroups are pre-
sented in Table 1. The frequency of bone marrow involve-
ment did not differ between the two groups. Patients with 
a high nadir ANC had a higher cumulative incidence of 
progression than those with a low nadir ANC (p < 0.001). 
The 5-year cumulative incidences of progression were 
12.6%±0.1% and 30.3%±0.2% in the low and high nadir ANC 
groups, respectively. However, the EFS and OS did not differ 
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Fig. 1.  Survival outcomes according to the absolute neutrophil count (ANC) group. Cumulative incidence of progression/treatment-
related mortality, event-free survival, and overall survival based on an ANC cutoff value of 32.5/µL in all patients (A), in patients aged  
≥ 2 years (B), and in high-risk patients (C). (Continued to the next page)
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between the two groups (p=0.084 and p=0.428, respectively) 
because TRM showed opposite outcome (high TRM rate in 
those with a low nadir ANC) (Fig. 1A). Multivariate analysis 
using the Fine and Gray competing risk regression showed 
that high nadir ANC, age, bone marrow involvement, and 
unfavorable tumor histology were poor prognostic factors 
for the cumulative incidence of progression (Table 2). 

Because age was significantly different between the two 
groups and patients aged < 2 years received chemotherapy 
at a reduced dose, patients aged > 2 years were included 
in subgroup analysis. In subgroup analysis, patients with a 
low nadir ANC had a better outcome in terms of cumula-
tive incidence of progression than those with a high nadir 
ANC (p=0.004), but the EFS and OS did not differ among the 
groups (p=0.051 and p=0.304, respectively) (Fig. 1B). The age 
distribution was different between the two groups (median, 
3.3 years in the low nadir ANC group vs. 4.2 years in the 

high nadir ANC group; p=0.022). Since the ANC might have 
served as a confounding factor in the analysis of age and out-
come, multivariate analysis was conducted using both age 
and the nadir ANC as covariates. Only high nadir ANC had 
a significant effect on the cumulative incidence of progres-
sion (Table 2). 

In patients with high-risk NB, the difference in the cumula-
tive incidence of progression and EFS became more promi-
nent (Fig. 1C), and multivariate analysis showed that only 
high nadir ANC was significantly associated with the cumu-
lative incidence of progression (Table 2). In the analysis of 
only non–high-risk patients, there were no significant differ-
ences in the cumulative incidence of progression or survival 
among the nadir ANC groups.
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Fig. 1.  (Continued from the previous page) (Continued to the next page)
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3. ANC and tumor response 
The primary tumor volume was measured at diagnosis and 

at the first response evaluation after three cycles of induc-
tion chemotherapy. The percentage tumor volume at the first  

response evaluation compared with the initial tumor volume 
was calculated. Tumor volume was only evaluated in 164 
patients who had undergone three-dimensional computed  
tomography or magnetic resonance imaging at diagnosis and 
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Table 2.  Multivariate analysis for the cumulative incidence of progression 

		  All patients			   Age > 2 years			   High-risk patients

	 HR	 95% CI	 p-value	 HR	 95% CI	 p-value	 HR	 95% CI	 p-value

ANC at nadir > 32.5/μL	 2.25 	 1.32-3.84	 0.003 	 2.55 	 1.36-4.77	 0.003 	 2.55 	 1.42-4.55	 0.002 
Age	 1.01 	 1.00-1.01	 0.021 	 1.00 	 1.00-1.01	 0.280 	 1.00 	 0.99-1.01	 0.590 
Stage IV	 1.59 	 0.62-4.06	 0.340 	 1.88 	 0.54-6.54	 0.320 	 1.37 	 0.25-7.50	 0.720 
MYCN amplification	 1.56 	 0.88-2.79	 0.130 	 1.64 	 0.84-3.19	 0.150 	 1.28 	 0.69-2.40	 0.440 
BM involvement	 2.12 	 1.12-4.02	 0.022 	 1.69 	 0.83-3.46	 0.150 	 1.95 	 0.99-3.80	 0.051 
Unfavorable histology	 2.26 	 1.19-4.29	 0.012 	 1.90 	 0.85-4.22	 0.120 	 1.77 	 0.87-3.60	 0.110 
ANC, absolute neutrophil count; BM, bone marrow; CI, confidence interval; HR, hazard ratio.
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had not undergone front-line surgery at diagnosis. Patients 
with a low nadir ANC showed greater tumor volume reduc-
tion than those with a high nadir ANC (median residual vol-
ume %: 17.5% vs. 47.8%, respectively; p=0.004) (Fig. 2A). This 
difference was more prominent in high-risk patients (median 
residual volume %, 16.3% vs. 49.7%; p=0.001) (Fig. 2B). 

Subgroup analysis only including undifferentiated or 
poorly differentiated NB was performed because histological 
tumor differentiation, which can affect the tumor response, 

was different between the two groups (Table 1). When the 
analysis was confined to patients with undifferentiated or 
poorly differentiated NB, those with a low nadir ANC still 
showed greater tumor volume reduction than those with a 
high nadir ANC (median, 14.4% vs. 27.3%; p=0.003) (Fig. 2C). 

4. ANC as a surrogate marker for predicting TRM 
TRM occurred in 25 patients—three patients died during 

induction chemotherapy, 11 patients showed acute TRM 
after HDCT, nine patients had late TRM after HDCT, and 
two patients died due to secondary malignancy. Maximally 
selected log-rank statistics showed that an ANC of 51.0/µL 
was the optimal cutoff point to categorize patients based on 
TRM. Patients with a low nadir ANC (≤ 51.0/µL) showed a 
higher cumulative incidence of TRM than those with a high 
nadir ANC (p=0.010). The 5-year cumulative incidences of 
TRM were 9.43%±0.04% and 1.25%±0.02% in the low and 
high nadir ANC groups, respectively (Fig. 3A). The EFS and 
OS did not differ between the two groups. In the analysis 
of high-risk patients, the cumulative incidence of TRM was 
higher in patients with a high nadir ANC than in those with 
a low nadir ANC (Fig. 3B). 

5. Association analysis and identifying susceptibility loci
A quantile–quantile plot of the association test using the 

ANC showed a significant deviation of measures at the tail 
(S1 Fig.), indicating potentially true associations between 
SNPs and the ANC. The GWAS of common SNPs (MAF > 
0.05), which were associated with the ANC, are represented 
in a Manhattan plot (Fig. 4). The top 30 SNP loci associated 
with the ANC are listed in S2 Table. A SNP at rs4285743 in the 
intron of LPHN2 showed the most strong association with the 
ANC (p=2.9e–09 and Pcorr=0.002); a SNP at rs143699161 in the 
intron of CRHR1 was also significantly associated with the 
ANC (p=6.1e–09 and Pcorr=0.004). To examine the biological 
function of these SNPs, we performed gene ontology (GO) 
analysis using DAVID, and the results were presented in S3 
Table. Eleven GO terms were observed to have significantly 
corrected p < 0.05. A number of GO terms related to neural 
development and synaptic signaling were isolated.

Discussion

In the present study, we investigated whether the degree 
of neutropenia after the first chemotherapy cycle could be 
used as a surrogate marker for determining an individual’s 
susceptibility to chemotherapeutic agents and its effect on 
treatment outcome in patients with NB. The final outcomes 
such as EFS and OS did not differ according to the nadir 
ANC group in all patients. However, this was because the 
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Fig. 2.  Tumor response according to the absolute neutrophil 
count (ANC) group. The percentage of residual tumor volume at 
the first response evaluation in all patients (A), in high-risk pati-
ents (B), and in patients with undifferentiated (UD) or poorly 
differentiated (PD) neuroblastoma (C). 
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ANC nadir group was inversely associated with the cumu-
lative incidence of progression and TRM (even though the 
ANC cutoff points were different between progression and 
TRM). In other words, the patients in the high nadir ANC 
group showed a higher cumulative incidence of progres-
sion, but the cumulative incidence of TRM was higher in 
patients in the low nadir ANC group. These findings sug-
gest that patients who are more susceptible to chemothera-
peutic agents could have profound neutropenia after the first  
cycle of chemotherapy and have better outcomes in terms of 

progression. However, these patients are more vulnerable to 
toxicities. Collectively, our findings suggest that the degree 
of neutropenia could be used as a clinical marker to predict 
an individual’s susceptibility to chemotherapeutic agents, 
and tailoring of treatment based on the degree of neutrope-
nia needs to be considered. 

Several studies have shown an association between 
chemotherapy-induced neutropenia and survival outcome 
in adult patients with cancer [14-17]. Specifically, the early  
onset of neutropenia during or after chemotherapy was  

Fig. 3.  Cumulative incidence of treatment-related mortality (TRM) according to the absolute neutrophil count (ANC) group. An ANC of 
51.0/µL was selected as an optimal cutoff point for the cumulative incidence of TRM, and patients in the ANC > 51.0/µL group showed 
a lower 5-year cumulative incidence of TRM than those in the ANC ≤ 51.0/µL group (1.3%±0.02% vs. 9.4%±0.04%, respectively) in all 
patients (A) and in high-risk patients (B). 
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Fig. 4.  Manhattan plot of the genome-wide association study. (A) Results of the genome-wide association analyses of common single- 
nucleotide polymorphisms (SNPs) (minor allele frequency > 0.05) associated with the absolute neutrophil count represented as a Manhat-
tan plot. The X-axis represents the SNP markers on each chromosome. (B) Regional association plots at the RPTN locus. Regional associa-
tion plots, including both genotypes and SNPs of the LPHN2, were generated using LocusZoom within 400 kb. 
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associated with better OS. A study including children with 
acute myeloid leukemia (AML) showed that longer neu-
tropenia duration was associated with a reduced risk of  
relapse in children with favorable and standard-risk AML 
[18]. These studies suggest that patients have different abili-
ties to metabolize chemotherapeutic drugs and that poor 
metabolizers have a greater drug exposure, resulting in sig-
nificant bone marrow suppression and fewer relapses. The 
present study showed similar results; patients who deve-
loped profound neutropenia showed lower progression 
rates and a greater tumor volume response, possibly because  
tumor cells share a patient’s genetic characteristics.

TRM is an extreme form of treatment-related toxicity and is 
particularly common in children receiving intensive chemo-
therapy, which can result in infection, bleeding, or organ dys-
function [19]. In our study population, most TRM occurred 
in patients who underwent tandem HDCT. TRM occurred 
less frequently in patients with a high nadir ANC (> 51.0/
µL) than in those with a low nadir ANC (ANC ≤ 51.0/µL), 
suggesting that patients who could metabolize drugs better 
were more tolerant to chemotherapeutic agents and, there-
fore, had milder bone marrow suppression and decreased 
risk of TRM. However, the EFS or OS outcomes were not 
different because the degree of neutropenia had the oppo-
site effect on progression—patients with milder neutropenia 
showed a higher progression rate. 

The effects of the degree of neutropenia on treatment out-
come were more prominent when the analysis was confined 
to high-risk patients who received very intensive treatment, 
including tandem HDCT. Conversely, the effects of the  
degree of neutropenia were not significant in low- or inter-
mediate-risk patients, suggesting that treatment outcome 
is not significantly affected by the degree of neutropenia 
when treatment is less intensive, such as that in the low- and  
intermediate-risk patients in the present cohort. Therefore, 
in high-risk patients who receive intensive treatment, tailor-
ing of treatment based on the degree of neutropenia needs to 
be considered. A prospective study is needed to investigate 
whether personalized treatment according to the degree of 
neutropenia can improve the final survival rate by reducing 
the cumulative incidence of progression and TRM in patients 
with high-risk NB.

We performed the GWAS to identify genetic factors res-
ponsible for the variable degree of neutropenia after the 
same chemotherapy; SNPs of LPHN2 and CRHR1 were sig-
nificantly associated with the degree of neutropenia. LPHN2 
is predicted to play a role in cell signaling linked to adhe-
sion [20]. Intronic SNPs of LPHN2 have been reported to be  
associated with decreased paclitaxel sensitivity in cancer cell 
lines, and the authors proposed that microtubule interactions 
of LPHN2 could play an important role in paclitaxel response 

[21]. In another study involving advanced breast cancer, a 
SNP of LPHN2 was significantly related to poor tumor res-
ponse [22]. CRHR1 encodes a receptor that binds neuro-
peptides of the corticotropin-releasing hormone family. No 
previous studies have reported any association of this gene 
with chemotherapy response or toxicity. Further studies are 
needed to confirm the clinical significance of these polymor-
phisms in the treatment outcomes of NB. 

The number of patients in our cohort was lower than that 
in previous adult studies because NB is rare. Furthermore, 
patients in our cohort received treatment according to our 
own protocols, including intensive tandem HDCT in high-
risk patients, which was uncommon globally during the 
study period. Hence, we could not validate the findings of 
the present study in another cohort. Therefore, our findings 
need to be confirmed in a larger cohort of children and ado-
lescents with NB or other solid tumors. 

In conclusion, the degree of neutropenia after the first 
chemotherapy cycle could be used as a surrogate marker 
to predict an individual’s susceptibility to chemotherapeu-
tic agents, and thus, it can predict treatment outcomes in 
patients with NB. Further confirmatory studies on genetic 
markers are needed to explain the results of the present 
study. In addition, tailoring of treatment based on the degree 
of neutropenia needs to be considered, especially in high-risk 
patients. 
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