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Abstract. Vanillylmandelic acid  (VMA), homovanillic 
acid (HVA), neuron‑specific enolase (NSE) and lactate dehy‑
drogenase (LDH) are classical tumor markers and are used 
as standard clinical evaluations for patients with neuroblas‑
toma (NB). Minimal residual disease (MRD) can be monitored 
by quantifying several sets of NB‑associated mRNAs in the 
bone marrow  (BM) and peripheral blood  (PB) of patients 
with NB. Although MRD in BM and PB has been revealed 
to be a strong prognostic factor that is independent of stan‑
dard clinical evaluations, its interrelation with tumor markers 
remains uncharacterized. The present study determined the 
levels of tumor markers (VMA, HVA, NSE and LDH) and 
MRD (BM‑MRD and PB‑MRD) in 133  pairs of concur‑
rently collected BM, PB and urine samples from 19 patients 
with high‑risk NB. The patients were evaluated during the 
entire course of treatment, which included 10  diagnoses, 
32 treatments, 36 post‑treatment, 9 relapses and 46 post‑relapse 
sample pairs. The level of BM‑MRD and PB‑MRD was 
determined by quantifying 7 NB‑mRNAs (collapsin response 
mediator protein 1, dopamine beta‑hydroxylase, dopa decar‑
boxylase, growth‑associated protein 43, ISL LIM homeobox 1, 
pairedlike homeobox  2b and tyrosine hydroxylase) using 
droplet digital PCR. In overall sample pairs, tumor markers 
(VMA, HVA, NSE and LDH) demonstrated weak but signifi‑
cant correlations (P<0.011) with BM‑MRD and PB‑MRD. 

In subgroups according to each patient evaluation, the degree 
of correlation between tumor markers and MRD became 
stronger in patients with adrenal gland tumors, BM metastasis 
at diagnosis and relapse/regrowth compared with overall 
sample pairs. In contrast, tumor markers demonstrated variable 
correlations with MRD in subgroups according to each sample 
evaluation (BM infiltration at sampling, collection time point 
and disease status). The results suggested that tumor markers 
may demonstrate limited correlation with MRD in patients 
with high‑risk NB.

Introduction

Neuroblastoma (NB) is the most common extracranial solid 
tumor in children and accounts for approximately 15% of pedi‑
atric cancer‑associated deaths. It is characterized by extreme 
heterogeneity, ranging from spontaneous regression to malig‑
nant progression (1,2). Although low‑ and intermediate‑risk 
NB patients are successfully treated with >90% long‑term 
event‑free survival rates, more than half of high‑risk 
NB patients have experienced tumor relapse/regrowth and 
progression with a long‑term survival rate of 40‑50% (3,4). 
Patients with high‑risk disease account for approximately 
half of newly diagnosed cases and are treated by the standard 
regimen consisting of induction chemotherapy, high‑dose 
chemotherapy with autologous stem cell rescue, surgery, 
radiotherapy, and immunotherapy (5,6). Despite these inten‑
sive multimodal therapies, as many as 20%  of high‑risk 
patients have residual disease that is refractory or progressive 
during induction chemotherapy (7,8). The rest of the high‑risk 
patients usually achieve remission, but the larger part of those 
patients has minimal residual disease  (MRD) that causes 
relapse/regrowth and progression after completion of the 
standard regimen (9). Patients with relapse/regrowth are rarely 
cured, with <10% long‑term survival (10).

Vanillylmandelic acid (VMA) and homovanillic acid 
(HVA) levels in urine and neuron‑specific enolase  (NSE) 
and lactate dehydrogenase (LDH) levels in serum are classic 
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tumor markers of NB (11). To date, NB has been diagnosed by 
elevated catecholamine metabolites (VMA and HVA), histo‑
pathology, and extensive imaging (12,13). The International 
Neuroblastoma Staging System  (INSS) also considered 
conventional serum markers (NSE and LDH) as an optional aid 
due to their limited diagnostic sensitivity and specificity (13). 
Although tumor markers (VMA, HVA, NSE, and LDH) were 
well characterized at initial diagnosis and during response 
assessment, their prognostic value in predicting tumor 
relapse/regrowth and progression was far from optimal (14). 
Indeed, the International Neuroblastoma Risk Group (INRG) 
classification system and the International Neuroblastoma 
Response Criteria (INRC) considered no tumor markers as 
diagnostically sensitive/specific enough to be incorporated as 
risk factors or response criteria, respectively (15,16). Despite 
these limitations, tumor markers are widely used as standard 
clinical evaluations for NB patients in current clinical prac‑
tice.

To achieve optimal outcomes for high‑risk NB patients, an 
accurate evaluation of MRD is essential to monitor the disease 
burden and treatment response. An increasing number of MRD 
assays using different methods and samples has been reported. 
For instance, immunophenotyping with flow cytometry (FCM) 
and detection of DNA methylation were applied to detect 
MRD in NB patients. NB patients with NB84+/CD56+/CD45‑ 
or GD2+/CD81+/CD56+/CD45‑ cells in BM  samples had 
significantly poor outcomes compared to NB patients without 
NB84+/CD56+/CD45‑ or GD2+/CD81+/CD56+/CD45‑ cells in 
BM samples (17,18). DNA methylation of the tumor suppressor 
RASSF1A was reported to be a highly specific DNA marker 
for MRD detection and is better suited for MRD quantifica‑
tion in BM samples (19). However, MRD in NB patients was 
most commonly identified by detecting neuroblastoma‑asso‑
ciated mRNAs (NB‑mRNAs) by quantitative PCR (qPCR) 
due to the absence of recurrent oncogenic‑fusion genes in 
NB cells (20,21). Whereas single NB‑mRNA (TH or PHOX2B 
mRNA) was initially evaluated in BM and PB samples (22‑24), 
multiple NB‑mRNAs were later used to achieve more sensitive 
MRD detection. Several sets of NB‑mRNAs have been reported 
to have significant prognostic value for NB patients (25‑28). 
However, these sets used considerably different NB‑mRNAs 
and resulted in a significant but limited prognostic power with 
low accuracy (0.5 < area under curve (AUC) <0.7) (28,29). We 
initially validated 14 NB‑mRNAs (included in all multiple 
marker sets of NB‑mRNAs) and selected 11 NB‑mRNAs 
based on their expression in spheres of NB cells by qPCR, 
which enabled the early detection of relapse/regrowth in two 
high‑risk NB cases (30,31). We then developed a new MRD 
assay that quantified 7NB‑mRNAs (CRMP1, DBH, DDC, 
GAP43, ISL1, PHOX2B, and TH mRNAs) using droplet digital 
PCR (ddPCR). This ddPCR‑based MRD assay outperformed 
the qPCR‑based MRD assay, and the level of 7NB‑mRNAs in 
BM predicted tumor relapse/regrowth with moderate accuracy 
(0.7 < AUC <0.9) (32).

Although MRD in BM and PB (BM‑MRD and PB‑MRD) 
has been shown to be a strong prognostic factor independent of 
standard clinical evaluations (28), its interrelation with tumor 
markers remains uncharacterized. In the present study, we 
determined the levels of tumor markers (VMA, HVA, NSE 
and LDH) and MRD (BM‑MRD and PB‑MRD) in 133 pairs 

of concurrently collected BM, PB, and urine samples from 
19 high‑risk NB patients during the entire course of treatment, 
and examined their interrelation in overall sample pairs and 
subgroups of sample pairs.

Patients and methods

NB patients and samples. Nineteen high‑risk NB patients 
defined by the Children's Oncology Group (COG) 
Neuroblastoma Risk Stratification System  (2,33) or the 
INRG Classification System (15) were included in this study. 
All patients were diagnosed and treated at Kobe Children's 
Hospital or Kobe University Hospital between June  2011 
and January 2018 based on the JN‑H‑11 (UMIN000005045) 
or JN‑H‑15 (UMIN000016848) protocol of the Japanese 
Children's Cancer Group (JCCG) Neuroblastoma Committee 
(JNBSG). All BM, PB, and urine samples were collected 
concurrently (<7 days apart) as frequently as possible during 
the entire course of treatment. This study was approved by 
the Ethics Committee of Kobe University Graduate School of 
Medicine and Kobe Children's Hospital and was conducted in 
accordance with the guidelines for Clinical Research of Kobe 
University Graduate School of Medicine. Written informed 
consent was obtained from all patients.

Disease evaluation. Disease evaluation was conducted as 
described previously (32). Briefly, evaluation was conducted 
at every collection time point in accordance with the INRC 
based on the available medical records (13,34). Responses 
were assigned to ‘remission’ corresponding to complete 
response (CR) or very good partial response (VGPR), ‘stable’ 
corresponding to partial response (PR), mixed response (MR), 
or no response  (NR), or ‘progression’ corresponding to 
progressive disease (PD) for all BM, PB, and urine sample 
pairs.

Tumor marker. Tumor marker data (VMA and HVA in urine, 
NSE, and LDH in serum) were extracted from the medical 
records. All patients were subjected to a food/drink restriction 
(bananas, citrus fruits, coffee, vanilla‑containing confec‑
tionery, and salicylic acid preparations are on the list) for urine 
sample collection. A spot urine sample in the early morning 
was used to measure VMA and HVA. Normal reference ranges 
of VMA, HVA, NSE, and LDH were 1.2‑4.9 µg/mg creatinine, 
1.6‑5.5 µg/mg creatinine, 0‑16.3 ng/ml, and 124‑270 IU/l for 
most children, respectively.

MRD in BM and PB. BM and PB sample preparation and 
7NB‑mRNA ddPCR assays were performed as described 
previously (32). Briefly, all BM and PB samples were separated 
using Mono‑Poly resolving medium (DS Pharma Biomedical), 
and nucleated cells were collected. Total RNA was extracted 
with a TRIzol Plus RNA purification kit (Life Technologies; 
Thermo Fisher Scientific, Inc.). cDNA was synthesized from 
1 or 0.5 µg total RNA using a Quantitect reverse transcrip‑
tion kit (Qiagen GmbH) and stored at ‑80˚C until use. The 
7NB‑mRNA ddPCR assay measured the expression of 
7NB‑mRNAs (CRMP1, DBH, DDC, GAP43, ISL1, PHOX2B, 
and TH mRNA) and a reference gene mRNA (HPRT1 mRNA) 
with optimized probe and primer sets, cDNA, and standard 
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thermal cycling conditions using a QX200 ddPCR system 
(Bio‑Rad Laboratories, Inc.) according to the digital Minimum 
Information for Publication of Quantitative Digital PCR 
Experiments guidelines (35,36). The level of 7NB‑mRNAs 
(combined signature) was defined as the weighted sum of 
7 relative copy numbers (level of each NB‑mRNA), in which 
the reciprocal of the 90th  percentile in non‑NB  control 
samples was used for the weighting for each NB‑mRNA. For 
BM samples, the level of 7NB‑mRNAs was calculated as the 
mean of the right and left samples.

Statistical analysis. Correlation between the level of 
7NB‑mRNAs in BM and PB samples and the levels of VMA, 
HVA, NSE, and LDH in urine and PB samples was assessed 
using Spearman's rank correlation test. Reported P‑values are 
two‑sided, and P<0.05 was considered statistically significant. 
Correlation coefficient r values were interpreted as follows: 
0.00‑0.09 as ‘negligible’, 0.10‑0.39 as ‘weak’, 0.40‑0.69 
as ‘moderate’, 0.70‑0.89 as ‘strong’, and 0.90‑1.00 as ‘very 
strong’ according to a previous report  (37). EZR (version 
1.35, www.jichi.ac.jp/saitama‑sct/SaitamaHP.files/statmedEN.
html; Saitama Medical Center, Jichi Medical University, 
Saitama, Japan), which is a modified version of R commander 
designed to add statistical functions that is frequently used in 
biostatistics (38) was used for statistical analyses.

Results

Characteristics of BM, PB, and urine sample pairs. A total 
of 133 BM, PB, and urine sample pairs collected concurrently 
(<7 days apart) from 19 high‑risk NB patients were enrolled in 
the present study. As summarized in Table I, all sample pairs 
were subdivided into subgroups according to each sample or 
patient evaluation. For each sample evaluation, all BM samples 
were pathologically analyzed by histology/immunohistochem‑
istry  (IHC) of biopsies or cytology/immunocytology  (IC) 
of aspirates according to the INRC recommendations (34). 
Consequently, BM infiltration at sampling was present in 
21 samples and absent in 112 samples. Sample pairs were drawn 
as frequently as possible during the entire course of high‑risk 
NB treatment, and the collection time points were defined as 
‘diagnosis’ at initial diagnosis, ‘treatment’ including induc‑
tion chemotherapy, high‑dose chemotherapy with autologous 
peripheral blood stem cell transplantation (PBSCT), surgery, 
and radiation, ‘post‑treatment’ including 13‑cis‑retinoic 
acid (13‑cis‑RA) treatment and follow‑up before relapse, 
‘relapse’ at relapse diagnosis, and ‘post‑relapse’ including 
all treatments and follow‑up after relapse. Consequently, 
samples were subdivided into 10 diagnosis, 32  treatment, 
36 post‑treatment, 9 relapse, and 46 post‑relapse samples. 
Disease status at sampling was retrospectively evaluated as 
remission, stable and and progression. Consequently, samples 
were subdivided into 21 remission, 87 stable, and 25 progres‑
sion samples (Table I). For each patient evaluation, all sample 
pairs were subdivided according to the following prognostic 
factors: Age at diagnosis, primary tumor site, BM metastasis 
at diagnosis, DNA ploidy, MYCN status, relapse/regrowth, 
and recurrent tumor site. Consequently, 80% (107/133) were 
derived from ≥18 month old patients, 80% (106/133) from 
patients with an adrenal grand tumor, 92% (122/133) from 

patients with BM metastasis at diagnosis, 70% (93/126) from 
patients with diploid tumors, 34% (45/133) from patients with 
MYCN‑amplified tumors, 68% (90/133) from patients with 

Table I. Patient and sample characteristics.

Variable	 Patients, n (%)	 Samples, n (%)

BM infiltration at samplinga		
  Present	 10	  21 (16)
  Absent	 16	 112 (84)
Collection time point of		
samplea

  Diagnosis	 10	   10   (7)
  Treatment	  9	  32 (24)
  Post‑treatment	 10	  36 (27)
  Relapse	  8	    9   (7)
  Post‑relapse	  9	  46 (35)
Disease status of samplea		
  Remission	  6	  21 (16)
  Stable	 13	  87 (65)
  Progression	 13	  25 (19)
Sexb		
  Male	 13   (68)	  87
  Female	  6   (32)	  46
Age at diagnosisb		
  <18 months	  3   (16)	  26
  ≥18 months	 16   (84)	 107
Primary tumor siteb		
  Adrenal gland	 14   (74)	 106
  Non‑adrenal gland	  5   (26)	  27
BM metastasis at diagnosisb		
  Present	 16   (84)	 122
  Absent	  3   (16)	  11
Histopathologyb		
  Favorable	  0     (0)	    0
  Unfavorable 	 19 (100)	 133
DNA ploidyb		
  Diploid	 14   (74)	  93
  Hyperdiploid	  3   (16)	  33
  Unknown	  2   (10)	  10
MYCN statusb		
  Amplified	  7   (37)	  45
  Non‑amplified	 12   (63)	  88
Relapse/regrowthb		
  Present	 11   (58)	  90
  Absent	  8   (42)	  43
Recurrent tumor siteb		
  CNS	  4   (36)	  35
  Non‑CNS	  7   (64)	  55

aThe percentage was not calculated for patient data. bThe percentage was 
not calculated for sample data and a single patient was classified into 
multiple categories. BM, bone marrow; MYCN, MYCN proto‑onco‑
gene, bHLH transcription factor; CNS, central nervous system.
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relapse/regrowth, and 39% (35/90) from CNS‑relapse/regrowth 
patients (Table I).

Correlations between tumor markers and MRD in overall 
sample pairs. We first analyzed the correlations of tumor 
markers (VMA, HVA, NSE, and LDH) with MRD 
(BM‑MRD and PB‑MRD) in 133 overall sample pairs. VMA 
(3.3‑308.3, median 10.0 µg/mg creatinine), HVA (6.2‑575.8, 
median 19.5 µg/mg creatinine), NSE (8.2‑2,510.0, median 
21.6 ng/ml), and LDH (128‑5,567, median 274 IU/l) showed 
weak but significant correlations with both BM‑MRD (0.1‑22, 
630.8, median 3.2 copies) and PB‑MRD (0.1‑284.5, median 
5.9 copies). Very similar degrees of correlation (r=0.221‑0.355, 
P<0.03) were detected among different combinations of tumor 
markers (VMA, HVA, NSE, and LDH) and MRD (BM‑MRD 
and PB‑MRD) (Fig. 1).

Correlations between tumor markers and MRD in subgroups 
according to each patient's evaluation. To characterize the 
observed correlations between tumor markers (VMA, HVA, 
NSE, and LDH) and MRD (BM‑MRD and PB‑MRD) in 
overall sample pairs, we then analyzed them in subgroups 
according to each patient's evaluation: Age at diagnosis, 
primary tumor site, BM metastasis at diagnosis, DNA ploidy, 
MYCN status, relapse/regrowth, and recurrent tumor site 
(Table  I). Among these evaluations, primary tumor site, 
BM metastasis at diagnosis, and relapse/regrowth showed a 
constant impact on the degrees of correlations between tumor 

markers (VMA, HVA, NSE, and LDH) and MRD (BM‑MRD 
and PB‑MRD). In subgroups of patients with adrenal gland 
tumors, the correlations of VMA, HVA, NSE, and LDH with 
BM‑MRD became stronger than the overall sample pairs. The 
same was true for PB‑MRD. The correlations of tumor markers 
(VMA, HVA, NSE, and LDH) with MRD (BM‑MRD and 
PB‑MRD) also became stronger than the overall sample pairs 
in subgroups of patients with BM metastasis at diagnosis and 
with relapse/regrowth. In contrast, tumor markers did not show 
statistically significant correlations with MRD in subgroups 
of patients without adrenal gland tumors, BM metastasis at 
diagnosis, and in patients without relapse/regrowth (Fig. 2).

Correlations between tumor markers and MRD in subgroups 
according to each sample evaluation. Next, we analyzed the 
correlations between tumor markers (VMA, HVA, NSE, and 
LDH) and MRD (BM‑MRD and PB‑MRD) in subgroups 
according to each sample evaluation: BM infiltration at 
sampling, collection time point, and disease status (Table I). In 
subgroups according to BM infiltration at sampling, the corre‑
lation became moderate or strong (r=0.49‑0.821, P<0.026) 
in the positive subgroup and non‑significant in the negative 
subgroup, except for a weak correlation (r=0.228, P=0.016) 
between NSE and PB‑MRD in the negative subgroup. In 
subgroups according to the collection time point, the correla‑
tions between tumor markers (VMA, HVA, NSE, and LDH) 
and MRD (BM‑MRD and PB‑MRD) varied considerably in the 
diagnosis, treatment, post‑treatment, relapse, and post‑relapse 

Figure 1. Correlations between tumor markers and MRD in overall sample pairs. The levels of 7 neuroblastoma‑mRNA (relative copy number) were deter‑
mined by droplet digital polymerase chain reaction and its correlations with the levels of VMA (µg/mg creatinine), HVA (µg/mg creatinine), NSE (ng/ml) 
and LDH (IU/l) were assessed by Spearman's rank correlation coefficient in 133 pairs of concurrently collected BM, PB and urine samples. MRD, minimal 
residual disease; VMA, vanillylmandelic acid; HVA, homovanillic acid; NSE, neuron‑specific enolase; LDH, lactate dehydrogenase; BM, bone marrow; 
PB, peripheral blood.
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subgroups. In subgroups according to disease status, the corre‑
lations between tumor markers (VMA, HVA, NSE, and LDH) 
and MRD (BM‑MRD and PB‑MRD) also varied substantially 
in the remission, stable, and progression subgroups (Fig. 3).

Discussion

In the present study, we determined the levels of tumor 
markers (VMA, HVA, NSE, and LDH) and MRD (BM‑MRD 
and PB‑MRD) in 133 pairs of concurrently collected BM, PB, 
and urine samples from 19 high‑risk NB patients during the 
entire course of treatment. Representative data obtained from a 
typical relapsed NB patient were presented in Fig. S1. To avoid 
multiple testing, we designed the present study as a descriptive 
study that did not set an endpoint for the correlation between 
tumor markers and MRD, and showed that tumor markers had 
limited correlations with MRD in high‑risk NB patients. The 
correlation was weak but significant in overall sample pairs 
and was more constantly affected by patient factors (primary 
tumor site, BM metastasis at diagnosis, and relapse/regrowth) 
than sample factors (BM infiltration at sampling, disease 
status, and collection time point).

VMA, HVA, NSE, and LDH are currently used as stan‑
dard clinical evaluations of NB despite their limitations in 

diagnostic sensitivity/specificity for risk factors/response 
criteria (15,16,39). MRD (BM‑MRD and PB‑MRD) can be 
monitored by quantifying 7NB‑mRNAs (CRMP1, DBH, DDC, 
GAP43, ISL1, PHOX2B, and TH mRNA) using ddPCR (32). 
Among the four tumor markers and seven NB‑mRNAs, two 
tumor markers (VMA and HVA) are catecholamine metabo‑
lites and three NB‑mRNAs (DBH, DDC, and TH mRNA) 
are the transcripts of catecholamine biosynthetic enzymes. 
Elevated levels of tumor markers (VMA, HVA, NSE, and 
LDH) and MRD (BM‑MRD and PB‑MRD) are associated 
with the existence and/or increase of tumor burden (9,11). 
Although MRD has been shown to be a strong prognostic factor 
independent of standard clinical evaluations (28), the interrela‑
tion of MRD (BM‑MRD and PB‑MRD) with tumor markers 
(VMA, HVA, NSE, and LDH) has never been characterized 
during the course of treatment in high‑risk NB patients. The 
present results revealed that tumor markers showed a weak 
but significant correlation with MRD in overall sample pairs, 
including all stages of high‑risk NB treatment (Fig. 1). While 
the level of PB‑MRD was substantially lower than that of 
BM‑MRD (28,32), the levels of BM‑MRD and PB‑MRD were 
equally correlated with tumor markers in urine (VMA and 
HVA) and PB (NSE and LDH) (BM‑MRD: r=0.221‑0.305, 
P<0.01, PB‑MRD: r=0.254‑0.355, P<0.03).

Figure 2. Correlations between tumor markers and MRD in subgroups of sample pairs according to each patient evaluation. Levels of 7 neuroblastoma‑mRNA 
(relative copy number) were determined by droplet digital polymerase chain reaction and its correlations with the levels of VMA (µg/mg creatinine), HVA 
(µg/mg creatinine), NSE (ng/ml) and LDH (IU/l) were assessed by Spearman's rank correlation coefficient in subgroups of concurrently collected BM, PB 
and urine sample pairs: Primary tumor site (non‑adrenal, 27 pairs; adrenal, 106 pairs), BM metastasis at diagnosis (absent, 11 pairs; present, 122 pairs) 
and relapse/regrowth (absent, 43 pairs; present, 90 pairs). *P<0.05 (significant correlation). MRD, minimal residual disease; VMA, vanillylmandelic acid; 
HVA, homovanillic acid; NSE, neuron‑specific enolase; LDH, lactate dehydrogenase; BM, bone marrow; PB, peripheral blood.
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The most striking result of the present study was a constant 
impact of patient factors on the degree of interrelation between 
tumor markers (VMA, HVA, NSE, and LDH) and MRD 
(BM‑MRD and PB‑MRD) (Fig. 2). As each patient had 1‑19 
sample pairs (12 patients had >6 sample pairs) to be analyzed, 
subgroups of sample pairs were generated according to the 
following patient factors: Primary tumor site, BM metastasis 
at diagnosis, relapse/regrowth, age at diagnosis, DNA ploidy, 
MYCN status, and the recurrent tumor site (Figs. 2 and S2). 
Among these patient factors, three (primary tumor site, BM 
metastasis at diagnosis, and relapse/regrowth) had a constant 
impact on the degree of correlation between tumor markers 
and MRD (Figs. 2 and S2). In contrast, a variable impact of 
sample factors (BM infiltration at sampling, disease status, 
and collection time point) was found in the present study 
(Fig. 3). Since the existence and/or increase of tumor burden 
has been shown to be associated with elevated levels of both 
tumor markers and MRD, it is naturally assumed that their 
association would be influenced by their levels. However, 
disease status and collection time point did not have a 

constant impact on their correlation, although BM infiltration 
at sampling had a considerable impact. Taken together, patient 
factors intrinsic to patients/tumors rather than sample factors 
representing the status at sampling might be involved in the 
interrelation between tumor markers and MRD in high‑risk 
NB patients.

However, there were limitations to this study. The small 
number of patients and samples is a limitation of this study. 
Another limitation is that a part of patient factors (age at 
diagnosis, DNA ploidy, MYCN status, and recurrent tumor 
site) show variable impacts on the correlations between 
tumor markers (VMA, HVA, NSE, and LDH) and MRD 
(BM‑MRD and PB‑MRD). The reason for the different 
impacts of patient factors is not clear at present; thus, further 
studies are required.

In summary, there are limited correlations between 
tumor markers (VMA, HVA, NSE, and LDH) and MRD 
(BM‑MRD and PB‑MRD) in high‑risk NB  patients. 
Although the interrelations between tumor markers and 
MRD vary substantially among subgroups of sample pairs, 

Figure 3. Correlations between tumor markers and MRD in subgroups of sample pairs according to each sample evaluation. Correlations between tumor 
markers and MRD in subgroups of sample pairs according to each patient evaluation. Levels of 7 neuroblastoma‑mRNA (relative copy number) were deter‑
mined by droplet digital polymerase chain reaction and its correlations with the levels of VMA (µg/mg creatinine), HVA (µg/mg creatinine), NSE (ng/ml) 
and LDH (IU/l) were assessed by Spearman's rank correlation coefficient in subgroups of concurrently collected BM, PB and urine sample pairs: BM infil‑
tration at sampling (absent, 112 pairs; present, 21 pairs), collection time point (diagnosis, 10 pairs; treatment, 32 pairs; post‑treatment, 36 pairs; relapse, 
9 pairs; post‑relapse, 46 pairs) and disease status (remission, 21 pairs; stable, 87 pairs; progression, 25 pairs). *P<0.05 (significant correlation). MRD, minimal 
residual disease; VMA, vanillylmandelic acid; HVA, homovanillic acid; NSE, neuron‑specific enolase; LDH, lactate dehydrogenase; BM, bone marrow; 
PB, peripheral blood.
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the interrelations are more constantly affected by patient 
factors rather than sample factors. Prospective studies with 
scheduled/pre‑determined sample collection time points, 
clinical studies with uniform treatment strategies, and 
studies with a larger numbers of NB patients and samples, 
ensuring minimal bias, are required to validate the present 
results.
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