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Abstract The purpose of this study
was to evaluate diffusion-weighted
MR imaging in neuroblastomas. We
prospectively examined seven chil-
dren (age range 1–3 years) with sev-
en solid body neuroblastomas. Diag-
nosis was established histologically.
Diffusion-weighted echo-planar im-
aging (EPI) sequence was performed
in all patients, with a repetition time
of 5400 ms and an echo time of
103 ms, and with a b-value of
1000 s/mm2. The contrast of tumour
tissue depicted with T2-weighted im-
ages and diffusion-weighted images
were evaluated by means of region-
of-interest measurements and a cal-
culation of the apparent diffusion co-
efficient (ADC) was done. The ADC
calculation showed a mean ADC of
1.1×10–3 (SD 0.14×10–3, range
0.9–1.2×10–3) mm2/s of all tumours.
Diffusion-weighted images showed
an increased tumour signal. Water
proton diffusion within the tumour
matrix of neuroblastomas is especial-
ly restricted by the molecular and

macromolecular barriers due to the
very dense structure of this tumour
tissue. We hypothesize that high 
nuclear-to-cytoplasm ratio of neuro-
blastoma cells limits intracellular
motion. Furthermore, the very dense-
ly packed tumour cells inhibit effec-
tive motion of extracellular water
protons. Restricted proton motion
leads to a reduction in the rate of ap-
parent diffusion and to a marked in-
crease in signal on diffusion-weight-
ed EPI MR images.
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MRI-diffusion imaging of neuroblastomas: 
first results and correlation to histology

Introduction

Diffusion-weighted MR imaging is a concept that was
introduced as intravoxel incoherent motion by Le Bihan
et al. [1, 2]. Diffusion-weighted imaging depicts differ-
ences in molecular diffusion and local water mobility 
[3, 4]. Molecular diffusion is a process of water mole-
cules spontaneously moving along random pathways, the
so-called Brownian motion [6, 7, 8].

Tissue characterization of tumours using MRI de-
pends basically on T1- and T2-relaxation times (signal
intensities) and contrast-medium enhancement. Consid-
erable interest came up concerning the ability of MRI to
image and measure molecular diffusion. The interest in
diffusion results from the unique feature of this parame-
ter: diffusion directly reflects molecular mobility and
molecular motion [1, 2]; thus diffusion represents a pos-
sible parameter in tissue characterization. The apparent
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diffusion coefficient (ADC) of water in tissue is two or
three times less than its value in pure water [1, 2]. This is
largely explained by the high viscosity of bulk water in
tissue because of the presence of large molecules such as
proteins in intracellular space which represent obstacles
to molecular diffusion. Tissues (normal or abnormal)
with different viscosities or a different balance between
intracellular and extracellular water thus present differ-
ent diffusion coefficients, the source of contrast in diffu-
sion imaging [1, 7, 9, 10, 12, 16]. Characterization of tu-
mour tissue may benefit from molecular mobility mea-
surements.

Neuroblastoma is the most common extracranial solid
tumour of childhood, accounting for 8–10% of all child-
hood cancers. The median age at diagnosis is 2 years.
Neuroblastomas originate in neural crest cells of the
sympathetic nervous system and thus develop anywhere
from the posterior cranial fossa to the coccyx. Approxi-
mately 70% of the tumours arise in the abdomen. Histo-
logically, this highly malignant tumour consists of small
round cells, whereas most tumours consist of primitive
neuroblastoma cells with little evidence of differentiation
[5, 13].

The aim of our study was therefore to evaluate diffu-
sion-weighted imaging studies of neuroblastomas in
comparison with standard T1- and T2-weighted MRI
pulse sequences.

Patients and methods

Prospectively we examined seven children (five girls, two boys;
age range 1–3 years, mean age 1.6 years) with seven solid neuro-
blastomas. All tumours were biopsied after an MRI examination
and diagnosis was established histologically.

We found five neuroblastomas of the thoraco-abdominal sym-
pathetic nervous system and two tumors of the adrenal gland. The
average size of all tumors was 80 ml tissue volume (range
15–150 ml).

The MR imaging was performed with a 1.5-T system (Vision,
Siemens, Erlangen, Germany) with body coil or standard head coil
(children with body weight <10 kg). Five- to 8-mm-thick transver-
sal T1-weighted spin-echo sequences (SE) were acquired with
TR=450 ms and TE=12 ms, two excitations and 256×256 matrix.
Transversal T2-weighted turbo-spin-echo (TSE) images were ob-
tained with TR/TE=3600/120 ms; echo train length=7, two excita-
tions and 256×256 matrix. A T1-weighted sequence was repeated
after intravenous injection of 0.1 mmol of gadopentetate dimeglu-
mine (Magnevist, Schering, Berlin, Germany) per kilogram of
body weight.

Diffusion-weighted echo-planar imaging (EPI) sequence was
performed in all patients, with a TR of 5400 ms and a TE of
103 ms, and a b-value of 0 and 1000 s/mm2. This high diffusion
weighting is very sensitive to diffusional motions. As diffusion is
an orientation-dependent phenomenon, all images were obtained
in three perpendicular axes (x, y and z) to notice anisotropic imag-
ing effects. Slice thickness of these diffusion-weighted, transversal
images was 8 mm, and matrix was 230×230. Eight slices were
gained.

Two experienced radiologists evaluated signal intensity char-
acteristics in tumour tissue on all MRI sequences qualitatively.
Signal intensities of the tumour tissues were classified as hypo-,

iso- or hyperintense to the muscle signal intensity. The contrast of
tumour tissue vs muscle tissue depicted with T2-weighted images
and diffusion-weighted images were evaluated by means of re-
gion-of-interest measurements. The regions of interest were
placed in tumour tissue, in adjacent muscle tissue without signal
abnormalities, and in background noise. Contrast ratios were de-
termined as follows: (SIA-SIN)/SIN, where SIA is the signal intensi-
ty of abnormal tissue and SIN the signal intensity of adjacent mus-
cle tissue. Tumour necrosis was defined as lesion within a tumour
with a very high signal on T2-weighted images, and lack of en-
hancement after i.v. contrast administration.

Apparent diffusion coefficient (ADC) of the tumour and nor-
mal muscle tissue was calculated using the following formula:

ADC=[ln (So/S1)]/(b1-bo),

where S0=signal intensity b=0, and S1=signal intensity b=1000)
[4]. We calculated the signal intensities using a region of interest
in the centre of tumour tissue with an area of 50×50 pixels. Suffi-
cient ADC mapping was not possible due to motion- and suscepti-
bility artifacts which leads to image distortion.

Results

All neuroblastomas were hyperintense on diffusion-
weighted images (Fig. 1d). Six of seven neuroblastomas
had hyperintense signal behaviour on T2-weighted imag-
es (one neuroblastoma was only slightly hyperintense on
the T2-weighted image). In seven neuroblastomas, T1-
weighted images depicted isointense tumour masses (Ta-
ble 1). All tumours showed a moderate inhomogeneous
contrast enhancement after i.v. gadolinium-DTPA. 

Contrast ratios of all tumours on T2-weighted images
were lower (1.7; SD 2.0) than on diffusion-weighted im-
ages (mean 6.3; SD 3.3). One neuroblastoma had a ne-
crotic–ischaemic area. This lesion had a high signal on
T2-weighted images and a lack of enhancement after i.v.
contrast application. On diffusion-weighted images, this
necrotic area within the tumour showed an impressive
loss of signal.

The ADC calculation showed a mean ADC of
1.8×10–3 (SD 0.14×10–3, range 0.9–2.1×10–3) mm2/s of
all tumours. The ADC value of muscle tissue was
0.29×10–3 (SD 0.1×10–3) mm2/s.
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Table 1 Distribution of signal intensities of neuroblastomas as
compared with muscle. One neuroblastoma was only slightly hy-
perintense on the T2-weighted MR image

Tumours Signal intensities

Hyperintense Isointense Hypointense Σ

T1 0 7 0 7
T2 6 1 0 7
Diffusion 7 0 0 7



Discussion

To our knowledge, this is the first study of signal behav-
iour using diffusion-weighted MR imaging of a typical
paediatric body tumour. We postulate that water proton
diffusion within the tumour matrix of neuroblastomas is
restricted by molecular and macromolecular barriers due
to the very dense structure of the tumour tissue (Fig. 2).
The high nuclear-to-cytoplasm ratio of these tumour
cells limits intracellular motion [8]. The very densely
packed and randomly organized tumour cells inhibit the
effective motion of extracellular water protons (see
Fig. 1, diffusion-weighted image). Restricted proton mo-
tion leads to a reduction in the rate of apparent diffusion
and to a marked increase in the signal on diffusion-
weighted MR images. Other tumours with extraordinari-
ly densely packed cells are also high-grade gliomas and
medulloblastomas (Fig. 3). 

Indeed, the diffusion-weighted imaging of these tu-
mours are similar, in contrast to those of other brain tu-
mours [8, 14].

We hypothesise that tumours with high-signal appear-
ance on conventional T2-weighted images and a high
signal on diffusion-weighted images (or ADC maps) are
lesions with densely packed cells. Malignant lymphomas
have such characteristics, and one case report of a cen-
tral nervous system lymphoma [15] supports this suppo-
sition. On the other hand, lesions with high signal inten-

sities on T2-weighted images and low signal intensity on
diffusion-weighted images are tumours with low cellu-
larity [11], e.g. cysts and necrotic portions of tumours.
The combination of hyperintense and hypointense sig-
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Fig. 1a–d Neuroblastoma 
(arrow in a) in a 2-year-old
boy. a T1-weighted spin echo
(SE) image (TR/TE:
450 ms/12 ms). b T1-weighted
SE after i.v. gadolinium-DTPA
0.1 mmol/kg body weight.
c T2-weighted turbo SE
(TR/TE/echo train length:
3600 ms/120 ms/7). 
d Echo-planar diffusion-
weighted image. Note the hy-
perintense appearance of the
tumour in the diffusion-weight-
ed imaging (TR/TE:
5400 ms/103 ms; b=1000)

Fig. 2 Histological specimen shows small, round, densely packed
tumour cells of a typical neuroblastoma



nals on diffusion-weighted images was seen in haemor-
rhagic tumours, as reported by Okamato et al. [11].

Different diffusion-weighted sequences have been de-
scribed, including SE, EPI, and steady-state free preces-
sion sequences (SSFP, CE-Fast). The disadvantages of
the SE method are long acquisition times and vulnerabil-
ity to motion artefacts. Steady-state sequences do not
permit precise calculations of the b-value in vivo, which
represents diffusion strength [4]. The EPI sequences can
be performed within a few seconds, and thus with re-
duced motion artefacts. The disadvantage of EPI is high
sensitivity to susceptibility, which leads to image distor-
tion and signal loss. We found that EPI sequences were
very useful in our paediatric population due to short ac-
quisition time and limited motion artefacts.

In conclusion, we present seven proven cases of neu-
roblastomas and propose that the small cell histology of
this tumour is appropriate to explain signal characteris-
tics on diffusion-weighted imaging. We propose diffu-
sion-weighted imaging in paediatric patients as a tool for
differential diagnosis of abdominal tumours. Further-
more, diffusion-weighted imaging seems useful as an
imaging tool for more precise demarcation of tumour tis-
sue.
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Fig. 3 Echo-planar diffusion-weighted image of a typical medul-
loblastoma of the brainstem in a 4-year-old girl. Corresponding to
the histology of neuroblastomas, densely packed small tumor cells
are responsible for diffusion loss in that tumor, too
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