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Neuroblastoma (NB) is the most common extracranial solid tumor in children and originates from sympathoa-
drenal or Schwann cell precursors derived from neural crest. These neural crest derivatives also constitute the
hematopoietic and mesenchymal stem cells in bone marrow (BM) that is the most frequent site of NB metas-
tasis and relapse. In NB patients, NB cells have been pathologically detected in BM and peripheral blood (PB),
and minimal residual disease (MRD) in BM and PB (BM-MRD and PB-MRD) can be monitored by quantitating
several sets of NB-associated mRNAs (NB-mRNAs). Although previous studies have shown varying degrees of
correlation between BM-MRD and PB-MRD, the underlying factors and/or mechanisms remains unknown. In the
present study, we determined the levels of BM-MRD and PB-MRD by quantitating seven NB-mRNAs in 133 pairs
of concurrently collected BM and PB samples from 19 high-risk NB patients with clinical disease evaluation, and
examined their correlation in overall and subgroups of sample pairs. The levels of BM-MRD and PB-MRD were
moderately (r = 0.418, p < 0.001) correlated with each other in overall sample pairs. The correlation became
strong (r = 0.725, p < 0.001), weak (r = 0.284, p = 0.008), and insignificant (p = 0.194) in progression, stable,
and remission subgroups of sample pairs, respectively. It also became stronger in subgroups of sample pairs with
poor treatment responses and poor prognostic factors. Present study suggests that MRD in high-risk NB shows a
dynamic and disease burden-dependent correlation between BM and PB.

Introduction gene is identified in NB cells, MRD have been identified by detecting

neuroblastoma-associated mRNAs (NB-mRNAs) with quantitative PCR

Neuroblastoma (NB) is the most common extracranial solid tumor
in children and originates from sympathoadrenal precursors (SAPs) or
Schwann cell precursors (SCPs) that constitute major derivatives of neu-
ral crest (NC) [1-3]. Patients with high-risk NB account for approx-
imately half of newly diagnosed cases and their long-term survival
rate remains around 40-50%. Despite extensive multimodal treatment,
more than half of high-risk patients experience tumor relapse/regrowth
due to chemoresistant minimal residual disease (MRD). Patients with
relapsed/regrown NB were rarely cured with less than 10% of long-
term survival [4-6]. To achieve optimal outcome for high-risk NB pa-
tients, the accurate MRD detection is essential to monitor the disease
burden and treatment response. Since no recurrent oncogenic-fusion
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(qPCR) [7,8]. Several sets of NB-mRNAs were shown to possess a sig-
nificant prognostic value for NB patients [9-12]. However, these sets
adopted considerably different NB-mRNAs and had significant but lim-
ited prognostic information (0.5 < area under curve (AUC) < 0.7: low
accuracy) [12]. We have recently developed a new MRD assay that quan-
tified 7NB-mRNAs (CRMP1, DBH, DDC, GAP43, ISL1, PHOX2B, and TH
mRNAs) by droplet digital PCR (ddPCR) and demonstrated that this
ddPCR-based MRD assay outperformed the qPCR-based MRD assay and
possessed significant and better prognostic information (0.7 < AUC <
0.9: moderate accuracy) [13].

MRD is defined as residual cancer cells that persistently reside in pa-
tients following local and systemic therapies [14]. It persists as cancer
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stem cells (CSCs) in primary tumor, circulating tumor cells (CTCs) in pe-
ripheral blood (PB), and disseminated tumor cells (DTCs) in bone mar-
row (BM), lymph node, and micrometastasis in other tissues [15, 16]. In
many cancer types, MRD evaluation is clinically performed by detecting
CTC in PB and/or DTC in BM due to the invasive nature of surgical biop-
sies for CSC in primary tumor [17]. In hematologic malignancies that
originate from the hematopoietic stem cells with distinct differentiation
stages, CTC in PB is directly derived from DTC and/or CSC resided in
the same BM. Accordingly, MRD can be evaluated in PB as well as BM
in acute lymphoblastic leukemia (ALL) [18], acute myeloid leukemia
(AML) [19], and chronic myelogenous leukemia (CML) [20]. In non-
hematopoietic solid tumors, MRD detection in PB depends on cancer
types [21-23].

In the case of NB, the origin of NB (SCP-containing NC derivatives) is
shown to migrate and constitute hematopoietic and mesenchymal stem
cells in BM by mouse genetic models [3,24-27]. In human NB patients,
BM is known to be the most frequent site of metastasis and relapse [28].
NB cells are pathologically detected in PB at diagnosis and during ther-
apy [29,30], and high expression of two sets of NB-mRNAs in PB at diag-
nosis were associated with poor outcome [10,31]. Although the distinct
sets of NB-mRNAs for detecting BM-MRD and PB-MRD and the differ-
ential NB-mRNAs expression in BM and PB samples were reported in
the past [32,33], the more recent studies revealed the significantly cor-
related expression of 5NB-mRNAs between BM and PB by qPCR [12].
We have also found that the expression of 7NB-mRNAs was significantly
correlated between BM and PB but was approximately 100 times higher
in BM than PB in 60 pairs of BM and PB samples from 16 high-risk NB
patients by ddPCR [13].

Although previous studies have shown varying degrees of correlation
between BM-MRD and PB-MRD, the underlying factors and/or mecha-
nisms remains unknown. In mouse genetic models, NB has shown to
originate from SCPs, which consist of NC derivatives and can migrate
into the BM. However, the precise origin (which cells of NC derivatives)
of NB, a disease metastasized primarily to the BM, has not clarified yet
in human samples. To reveal the underlying factors and/or mechanisms,
an example of human BM and PB samples consistent or inconsistent with
mouse genetic models would provide an important foundation. In the
present study, we determined the levels of BM-MRD and PB-MRD by
quantitating 7NB-mRNAs in 133 pairs of concurrently collected BM and
PB samples from 19 high-risk NB patients with clinical disease evalua-
tion, and examined their correlation in overall and subgroups of sample
pairs.

Materials and methods
NB patients and samples

All NB patients were diagnosed and stratified into high-risk accord-
ing to the Children’ s Oncology Group (COG) Neuroblastoma Risk Strat-
ification System [5,34] or the International Neuroblastoma Risk Group
(INRG) Classification System [35,36], and treated at Kobe Children Hos-
pital or Kobe University Hospital between November 2011 and Au-
gust 2019 based on the JN-H-11 (UMIN0O00005045) [37] or JN-H-15
(UMIN000016848) protocol of the Japanese Children’s Cancer Group
(JCCG) Neuroblastoma Committee (JNBSG). All BM and PB samples
with written informed consent were concurrently (less than 3 days
apart) collected as frequently as possible during the entire course of
treatment. This study was approved by the ethics committee at Kobe
University Graduate School of Medicine (No.180278) and Kobe Chil-
dren’s Hospital (No0.30-80) and was conducted following the guidelines
for Clinical Research of Kobe University Graduate School of Medicine.

Disease evaluation

Disease evaluation was conducted as described previously [13].
Briefly, evaluation was conducted at every collection time point in ac-
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cordance with the INRC based on the available medical records [28,38].
Responses were assigned to “remission” corresponding to complete re-
sponse (CR) or very good partial response (VGPR), “stable” correspond-
ing to partial response (PR), mixed response (MR), or no response (NR),
or “progression” corresponding to progressive disease (PD) for all BM
and PB sample pairs.

Sample preparation and 7NB-mRNAs ddPCR assay

Sample preparation and 7NB-mRNAs ddPCR assay were performed
as described previously [13]. Briefly, all BM and PB samples were sep-
arated using Mono-Poly resolving medium (DS Pharma Biomedical, Os-
aka, Japan), and nucleated cells were collected. Total RNA was extracted
with a TRIzol Plus RNA purification kit (Life Technologies, Carlsbad,
CA). cDNA was synthesized from 1 or 0.5 ug total RNA using a Quanti-
tect reverse transcription kit (Qiagen, Valencia, CA, USA) and stored at
—80 °C until use. 7NB-mRNAs ddPCR assay measured the expression of
7 NB-mRNAs (CRMP1, DBH, DDC, GAP43, ISL1, PHOX2B, and TH) and
a reference gene mRNA (HPRT1) with optimized probe and primer sets,
c¢DNA, and standard thermal cycling conditions using a QX200 ddPCR
system (Bio-Rad Laboratories, Hercules, CA) according to the digital
MIQE (Minimum Information for Publication of Quantitative Digital
PCR Experiments) guideline [39]. 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 90 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
right and left samples.

Statistical analysis

Correlation of the level of 7NB-mRNAs between BM and PB sam-
ples was assessed by Spearman’s rank correlation test. Reported P
values were two-sided and p < 0.05 was considered statistically sig-
nificant. Correlation coefficient r values were considered 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 the
previous report [40]. AUC was interpreted 0.50-0.69 as “low accu-
racy”, 0.70-0.89 as “moderate accuracy”, and 0.90-1.00 as “high ac-
curacy” according to the previous report [41]. 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
frequently used in biostatistics [42] was used for statistical analyses.

Results
Patient and sample characteristics

To investigate the underlying factors and/or mechanisms for vary-
ing degrees of correlation between BM-MRD and PB-MRD [12,13], we
have extended our cohort of NB patients and samples to cover the entire
course of high-risk NB treatment [13,33,43]. In addition to 60 sample
pairs from 16 high-risk NB patients previously analyzed [13], we have
newly analyzed 73 sample pairs from 19 high-risk NB patients in the
present study. As summarized in Table 1, a total of 19 high-risk NB
patients were analyzed and they showed the typical characteristics of
high-risk NB: 84% (16/19) were 218 months old, 74% (14/19) with
adrenal grand tumor, 84% (16/19) with BM metastasis at diagnosis,
100% (19/19) with unfavorable tumor, 74% (13/17) with diploid tu-
mor, 37% (7/19) with MYCN-amplified tumor, 58% (11/19) with re-
lapse/regrowth, and 36% (4/11) with BM-relapse/regrowth (Table 1).
From these high-risk NB patients, a total of 133 pairs of BM and PB sam-
ples were concurrently (less than 3 days apart) collected as frequently
as possible during the entire course of treatment.
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Table 1
Patient characteristics.

Variable Category Patients (%)
Sex Male 13 (68%)
Female 6 (32%)
Age at diagnosis <18 months 3 (16%)
>18 months 16 (84%)
Primary tumor site Adrenal gland 14 (74%)
Non-adrenal gland 5 (26%)
BM metastasis at diagnosis Present 16 (84%)
Absent 3 (16%)
Histopathology Favorable 0 (0%)
Unfavorable 19 (100%)
DNA ploidy Diploid 14 (74%)
Hyperdiploid 3 (16%)
MYCN status Amplified 7 (37%)
Non-amplified 12 (63%)
Relapse/regrowth Present 11 (58%)
Absent 8 (42%)
Recurrent tumor site BM 4 (36%)
Non-BM 7 (64%)

BM, bone marrow; MYCN, MYCN proto-oncogene, bHLH transcrip-
tion factor.

Table 2
Sample characteristics.

Attribute Variable Category Samples (%)
Sample BM infiltration at sampling  Present 21 (16%)
Absent 112 (84%)
Collection time point Diagnosis 10 (7%)
Treatment 32 (24%)
Post-treatment 36 (27%)
Relapse 9 (7%)
Post-relapse 46 (35%)
Disease status Remission 21 (16%)
Stable 87 (65%)
Progression 25 (19%)
Patient Sex Male 87 (65%)
Female 46 (35%)
Age at diagnosis <18 months 26 (20%)
>18 months 107 (80%)
Primary tumor site Adrenal gland 106 (80%)
Non-adrenal gland 27 (20%)
BM metastasis at diagnosis Present 122 (92%)
Absent 11 (8%)
Histopathology Favorable 0 (0%)
Unfavorable 133 (100%)
DNA ploidy Diploid 93 (70%)
Hyperdiploid 33 (25%)
MYCN status Amplified 45 (34%)
Non-amplified 88 (66%)
Relapse/regrowth Present 90 (68%)
Absent 43 (32%)
Recurrent tumor site BM 32 (36%)
Non-BM 58 (64%)

BM, bone marrow; MYCN, MYCN proto-oncogene, bHLH transcription factor.

As shown in Table 2, a total of 133 sample pairs were analyzed
and they were subdivided into subgroups according to each sam-
ple or patient evaluation. For each sample evaluation, all BM sam-
ples were pathologically analyzed by histology/immunohistochemistry
(IHC) of biopsies or cytology/immunocytology (IC) of aspirates accord-
ing to the International Neuroblastoma Response Criteria (INRC) recom-
mendations [28], resulting in 21 BM infiltration at sampling-positive
samples among 133 samples. Sample collection time points were de-
fined as “diagnosis” at initial diagnosis, “treatment” including induc-
tion chemotherapy, high-dose chemotherapy with autologous periph-
eral 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 treatment and follow-up after relapse, resulting in
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Fig. 1. Correlation of the levels of 7 neuroblastoma-associated mRNAs (7NB-
mRNAs) between bone marrow (BM) and peripheral blood (PB) in overall sam-
ple pairs. The level of 7NB-mRNAs (relative copy number) in 133 overall sample
pairs of concurrently collected BM and PB samples was determined by droplet
digital PCR (ddPCR).

10 diagnosis, 32 treatment, 36 post-treatment, 9 relapse, and 46 post-
relapse samples. Disease status at sampling were retrospectively evalu-
ated as remission, stable, and progression, resulting in 21 remission, 87
stable, and 25 progression samples (Table 2). For each patient evalua-
tion, samples were stratified by the following prognostic factors: 80%
(107/133) were derived from =18 months old patients, 80% (106,/133)
from patients with adrenal grand tumor, 92% (122/133) from patients
with BM metastasis at diagnosis, 70% (93/126) from patients with
diploid tumor, 34% (45/133) from patients with MYCN-amplified tu-
mor, 68% (90/133) from relapsed/regrown patients, and 36% (32/90)
from BM-relapsed/regrown patients (Table 2).

Correlation between BM-MRD and PB-MRD in overall sample pairs

We first determined the levels of BM-MRD and PB-MRD by quanti-
tating 7NB-mRNAs and analyzed their correlation in 133 overall sample
pairs. BM-MRD showed a moderate correlation with PB-MRD (r = 0.418,
p < 0.001). However, the level of BM-MRD was approximately 10-100
times higher than that of PB-MRD (Fig. 1). Although this was consistent
with previous studies [12,13], the difference in the degree of correla-
tion between BM-MRD and PB-MRD was further increased in the present
overall sample pairs.

Correlation between BM-MRD and PB-MRD in subgroups according to each
sample evaluation

We then performed a subgroup analysis according to each sam-
ple evaluation; BM infiltration at sampling, disease status, and collec-
tion time point (Table 2). In subgroups according to BM infiltration at
sampling, the correlation between BM-MRD and PB-MRD was strong
(r=0.736, p < 0.001) and weak (r = 0.306, p = 0.001) in the positive
and negative subgroup, respectively (Fig. 2A). In subgroups according
to disease status, it became stronger with disease progression; a strong
correlation (r = 0.725, p < 0.001) in the progression subgroup, a weak
correlation (r = 0.284, p = 0.008) in the stable subgroup, and an insignif-
icant correlation (p = 0.295) in the remission subgroup (Fig. 2B). In sub-
groups according to collection time point, strong (r = 0.7, p = 0.043) and
moderate (r = 0.615, p < 0.001) correlations were found in the relapse
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Fig. 2. Correlation of the levels of 7 neuroblastoma-associated mRNAs (7NB-mRNAs) between bone marrow (BM) and peripheral blood (PB) in subgroups according
to each sample evaluation. The level of 7NB-mRNAs (relative copy number) in concurrently collected BM and PB samples was determined by droplet digital PCR
(ddPCR) in subgroups according to BM infiltration at sampling (A), disease status (B), and collection time point (C). (A) BM infiltration (+) 21 sample pairs, BM
infiltration (-) 112 sample pairs. (B) remission 21 sample pairs, sTable 87 sample pairs, and progression 25 sample pairs. (C) diagnosis 10 sample pairs, treatment
32 sample pairs, post-treatment 36 sample pairs, relapse 9 sample pairs, and post-relapse 46 sample pairs.

and treatment subgroups, respectively. There was no significant correla-
tion (p = 0.166-0.311) in the diagnosis, post-treatment, and post-relapse
subgroups (Fig. 2C).

Correlation between BM-MRD and PB-MRD in subgroups according to each
patient evaluation

Next, we analyzed the correlation between BM-MRD and PB-MRD in
subgroups according to each patient evaluation; age at diagnosis, pri-
mary tumor site, BM metastasis at diagnosis, DNA ploidy, MYCN status,
relapse/regrowth, and recurrent tumor site (Table 2). Among these eval-
uations, age at diagnosis, BM metastasis at diagnosis, and DNA ploidy
had a strong impact on the correlation between BM-MRD and PB-MRD
(Fig. 3, Supplementary Figure 1). In subgroups of 218 months at diag-
nosis, BM metastasis present at diagnosis, and diploid tumor, moderate
correlations (r = 0.418-478, p < 0.001) were detected. In contrast, no
statistically significant correlation (p = 0.080-0.438) was found in sub-
groups of <18 months at diagnosis, BM metastasis absent at diagnosis,
and hyperdiploid tumor (Fig. 3).

Discussion

In the present study, we determined the levels of BM-MRD and PB-
MRD by quantitating 7NB-mRNAs in 133 pairs of concurrently collected
BM and PB samples from 19 high-risk NB patients with clinical disease
evaluation, and revealed a dynamic and disease burden-dependent cor-
relation of MRD between BM and PB. To our knowledge, this is the first
study to demonstrate that the correlation between BM-MRD and PB-
MRD is associated with the disease burden in non-hematopoietic solid
tumors.

Over the past decades, the sensitivity of MRD detection has been
improved with the introduction of new techniques [16]. Conventional
pathology (histology/IHC) is not always possible to detect the tumor
cells below the level of 10~2. The sensitivity of cytology/IC and flow cy-
tometry (FCM) depends on the number of investigated cells and reaches
below the level of 10~3-10~*. qPCR and ddPCR are able to detect tu-
mor cells below the level of 10~#-107°. Accordingly, the NB patients

with BM-metastasized/infiltrated tumor cells in the level of 1074-107°
are evaluated as remission (no evidence of disease evaluated by his-
tology/IHC or cytology/IC) but are positive for BM-MRD detected by
ddPCR. In the present study, BM-MRD and PB-MRD (the level of 7NB-
mRNAs) are detected and determined by ddPCR in all 133 BM and PB
samples (0.1-22,630.8 copies for BM-MRD; 0.1-284.5 copies for PB-
MRD), and 112 out of 133 BM samples are negative for BM-infiltration
but positive for BM-MRD as described before [13].

Although NB cells and MRD had been detected in PB since early 1990
[10,29-31], there were superficially conflicting studies about the rela-
tion of NB-mRNAs expression between BM and PB [12,13,32,33]. The
older two studies did not directly analyze the levels of NB-mRNAs be-
tween BM and PB, but indirectly compared their orders and reported the
distinct NB-mRNAs sets for BM-MRD and PB-MRD and the differential
NB-mRNAs expression in BM and PB samples, respectively [32,33]. Ac-
tually, they were not inconsistent with the newer two studies reporting
a significant correlation between BM-MRD and PB-MRD [12,13]. How-
ever, the degree of correlation was considerably varied in these differ-
ent cohorts of NB patients and samples. In the present study, we tried
to increase the number of patients and samples as much as possible to
identify a particular subgroup of patients or samples having strong or
no correlation, and collected a total of 133 sample pairs covering the
entire course of high-risk NB treatment (10 diagnosis, 32 treatment, 36
post-treatment, 9 relapse, and 46 post-relapse sample pairs), all disease
status (21 remission, 87 stable, and 25 progression sample pairs), and 12
patients with comparable number of sample pairs (> 6 sample pairs per
patient). Overall and subgroup analysis of the present sample pairs had
successfully revealed a dynamic and disease burden-dependent correla-
tion between BM-MRD and PB-MRD. The present study clearly explain
the different r values between the subgroup of relapsed/progressive or
refractory high-risk NB patients (r = 0.670) [12] and the overall high-
risk NB patients (r = 0.613) [13], and also between our previous cohort
(r=0.613, in 23% remission, 49% stable, and 28% progression samples)
[13] and present cohort (r = 0.418,16% remission, 65% stable, and 19%
progression samples) (Fig. 1 and Table 2).

The most striking results of the present study was obtained from
the subgroup analysis according to disease status of each sample. Dis-
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ease status was found to stratify 133 sample pairs into the strongly
correlated-progression subgroup of 25 sample pairs (r = 0.725), the
weakly correlated-stable subgroup of 87 sample pairs (r = 0.284), and
the uncorrelated-remission subgroup of 21 sample pairs (Fig. 2B). This
unambiguously proved a disease burden-dependent correlation between
BM-MRD and PB-MRD. In addition to disease status, we focused on BM
infiltration at sampling and collection time point for the subgroup anal-
ysis according to each sample evaluation. As naturally expected, BM
infiltration at sampling had a strong impact on the correlation between
BM-MRD and PB-MRD and separated 133 sample pairs into the strongly
correlated-positive subgroup of 21 sample pairs (r = 0.736) and the
weakly correlated-negative subgroup of 112 sample pairs (r = 0.306)
(Fig. 2A). It is noteworthy to point out that even the BM infiltration-

negative subgroup has a weak correlation, confirming a superior sensi-
tivity of ddPCR to conventional pathological method in detecting BM-
MRD. In terms of collection time point, we found a strong correlation in
the relapse subgroup as expected from active disease progression. The
observed moderate correlation in the treatment subgroup may reflect
the disassemble of tumor (in primary site and BM) and the subsequent
release of tumor cells into PB (Fig. 2C). This speculation is supported
by the two facts: 1) Tumor (in primary site and BM) and MRD (in PB
and BM) are decreased in response to treatment. 2) The relative abun-
dance of BM-MRD and PB-MRD is changed from the BM-dominant at
diagnosis (BM median 2896.3 vs. PB median 39.4, Fig. 2C) to the PB-
main during treatment (PB median 5.6 vs. BM median 3.3, Fig. 2C). To
our surprise, the correlation in the diagnosis subgroup did not reach a
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statistical significance. It may be due to a large variation in the timing
of initial diagnosis compared to relapse diagnosis, as the first diagnosis
of NB was made only when a patient came in the hospital.

Analyses of subgroups according to each patient evaluation also pro-
vided complementary results of the present study. Established NB prog-
nostic factors [35, 44, 45]of age at diagnosis, BM metastasis at diagnosis,
and DNA ploidy were found to separate 133 pairs into the moderately
correlated (r = 0.418-0.478)-poor prognosis subgroups (93-122 sample
pairs) and the uncorrelated-good prognosis subgroups (11-33 sample
pairs) (Fig. 3). These findings were consistent with and strengthened a
disease burden-dependent correlation between BM-MRD and PB-MRD.
However, there were limitations in the present study; small number of
patients and samples (19 patients and 133 samples), no significant cor-
relation in the diagnosis subgroup (Fig. 2), and little difference between
MYCN-amplified and non-amplified subgroups (Supplementary Figure
1). Further studies with larger number of samples and patients will be
required to confirm the present results.

The dynamic and disease burden-dependent correlation between
BM-MRD and PB-MRD in high-risk NB patients is reminiscent of the
molecular response-dependent correlation of BCR-ABL mRNA expres-
sion between BM and PB in tyrosine kinase inhibitor-treated CML pa-
tients [20]. Like hematologic malignancies of CML, NB cells detected in
PB may originate from NB cells resided in BM. Although SAPs have been
believed to be the cellular origin of NB, the majority of normal adrenal
chromaffin cells are recently shown to be derived from SCPs in mouse
genetic models [1]. Furthermore, mouse hematopoietic and mesenchy-
mal stem cells have shown to be derived from SCP-containing NC deriva-
tives [24-27]. Given that NB predominantly developed at adrenal gland
and most frequently metastasized and relapsed in BM, the NC-derived
SCPs may develop NB at adrenal gland and migrate into BM in human
NB patients. Therefore, present study will provide a clinical support for
the mouse observations [3, 24-27] and may explain why BM is the most
frequent site of metastasis and relapse in non-hematopoietic solid tumor
of NB [28].

In conclusion, we have revealed that MRD in high-risk NB shows a
dynamic and disease burden-dependent correlation between BM and PB
by using an extended cohort of NB patients and samples.
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