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Abstract

Background: To evaluate the role of DWI with ADC value measurement in the differentiation between bone
marrow infiltration and normal red marrow in pediatric patients with hematologic malignancies

Results: Significant results were obtained between ADC values of normal red and infiltrated marrow (p < 0.005).
ADC values were significantly lower in infiltrative marrow lesions. The cutoff ADC value for benign and malignant
lesions was 0.612 × 10−3 mm2/s.

Conclusion: DWI with ADC value has an additive role in differentiation between infiltrative lesions from foci of red
marrow in patients with hematological malignancies.
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Background
Hematologic malignancies can affect the pediatric and
the adult age groups. The commonest are leukemia and
lymphoma [1]. These account for 50% of childhood
malignancies and originate from hassling cell lines with
overlapping imaging manifestations; however, the clinical
picture, radiological findings, and treatment plans differ
considerably according to the specific subtype [2].
Leukemia is the commonest malignancy in pediatrics.

Acute lymphoblastic leukemia (ALL) is the commonest
diagnosed type [3].
Lymphomas are broadly classified into: Hodgkin lymph-

oma (HL) and non-Hodgkin lymphoma (NHL). The latter
is approximately 8 times more common [4].
Hematological malignancies are mainly diagnosed by

complete blood picture (CBC) and bone marrow (BM)
biopsy. However, magnetic resonance imaging (MRI) can
give worthy information in the detection of the bone

marrow and soft tissue infiltration [4]. It has the advantage
of assessing the whole marrow cavity compared to the
limited sample of the marrow obtained from one location
at biopsy/aspiration. However, MRI assessment of BM in
infancy and early childhood remains challenging [5].
Diffusion-weighted imaging (DWI) is a recent addition

to the conventional MRI sequences used to assess the
bone marrow. It gives both quantitative and qualitative
functional data concerning the water motions at a cellular
level [6].
On DWI, malignant BM lesions appear hyper-intense,

while benign lesions appear hypo-intense or iso-intense.
In addition, benign lesions demonstrate increased appar-
ent diffusion coefficient (ADC) value as compared to
malignant lesions [4]. These data can be utilized to differ-
entiate leukemic infiltrates from foci of red marrow espe-
cially post therapy regenerated red marrow, which usually
appear as multifocal small focal areas of low signal inten-
sity on T1-weighted images (T1WI) and high signal inten-
sity on T2- or STIR (short TI inversion recovery) images
within the fatty converted marrow, hence causing diag-
nostic dilemma.
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The objective of this study is to assess the role of dif-
fusion-weighted imaging with ADC value calculation in
the discrimination between bone marrow infiltration and
normal red marrow in pediatric patients with
hematologic malignancies.

Patients and methods
The study was approved by the local institutional review
board and was conducted over a period of 1 year.

Patients
The study involved 63 patients with known hematological
malignancy (leukemia or lymphoma) and bone marrow
infiltration. Forty-eight (76.2%) of them had leukemia (42
had ALL and 6 had AML). Fifteen (23.8%) patients had
lymphoma. All were diagnosed by bone marrow biopsy.
They were 26 (41%) females and 37 (59%) males. Their
age ranged from 1.5 years to 16 years, with a mean age of
9 years. All cases were referred to the MRI unit for head,
spine, or extremity imaging to delineate the extent of
marrow infiltration that was detected on plain X-ray.
Sedation was used in uncooperative young patients
below 7 years of age.

Exclusion criteria

– Patients age > 18 years.
– Patients who have contraindications to MRI (e.g.,

cochlear implant).

Control subjects
An age- and sex-matched control group was selected
from our PACS station. They were pediatric patients
referred for brain MRI. Indications for MRI in these
children were convulsion, headache or dizziness. They
were a total of 20 controls: 12 males and 8 females, with
a mean age of 6.5 years (range: 19 months to 14 years).
The exclusion criteria for control subjects were:

– History of preterm delivery or low birth weight.
– Musculoskeletal, metabolic, or systemic diseases.
– Children with a history of any medications which

may affect the bone marrow.

MR imaging sequences, processing, and interpretation
The MRI examinations were performed on a supercon-
ducting 1.5 T unit (Siemens, MAGNETOM® scanner).

Sequences
All subjects were scanned using standard protocol with
a dedicated coil. The pulse sequences included:

– T1-weighted (T1W) images (fast spin-echo sequence):
repetition time (TR) = 595 ms, echo time (TE) = 11
ms, number of excitations (NEX) 2, flip angle 90,
matrix 150 × 236 with a field of view (FOV) as small
as possible, slice thickness 4–5mm, and gap 0.5 mm.

– T2-weighted (T2W) images (fast spin-echo
sequence): TR = 3670 ms, TE = 92 ms, NEX = 3, flip

Fig. 1 A 6-year-old boy presented with facial swelling, laboratory investigation, and bone marrow biopsy revealed acute myeloid leukemia. Head
MRI showed bilateral rather symmetrical abnormal marrow signal and expansion of both temporal bones. These show low signal on T1WI (a) and
high signal on STIR (b) with appreciable post contrast enhancement (c) and diffusion restriction with low ADC value (d) that is calculated to be
0.560 × 10−3 mm2/s. The picture is of diffuse marrow infiltration of both temporal bones

Fig. 2 A 12-year-old male with known ALL. MRI of the pelvis showed diffuse marrow infiltration of the pelvic bones and upper femora. The lesion
appeared as diffuse abnormal marrow signal eliciting low T1 (a, b), intermediate T2 and STIR signal (c and d, respectively) with low signal on ADC
map (e). ADC values were 0.206 × 10−3 mm2/s and 0.379 × 10−3 mm2/s in the right and left femur, respectively
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angle 90,matrix 150 × 236 with a FOV as small as
possible, slice thickness 4–5 mm, and gap 0.5 mm.

– STIR: TR = 3670 ms, TE = 92 ms, NEX = 3, flip
angle 110, matrix 150 × 236 with a FOV as small as
possible, slice thickness 4–5 mm, and gap 0.5 mm.

– Post contrast fat-suppressed T1WI in at least two
planes.

– DWI: Fat-suppressed single-shot echo-planar DW
imaging was acquired in the axial/sagittal plane with
three directional diffusion gradients by using b
values 0, 400, and 800 s/mm2 in the spine and
extremity imaging while using b values of 0 and
1000 s/mm2 in the head imaging. Parameters were as
follows: TR = 6090ms, TE = 83ms, NEX = 3, matrix
150 × 236, slice thickness 4–5mm, and gap 0.5 mm.

Image evaluation
-A marrow lesion was considered to be infiltrative lesion
if it shows:

1) Increase bone girth (Fig. 1)
2) Abnormal signal (low T1WI and high T2WI and

STIR signal) concerning marrow conversion pattern
of the affected bone (Figs. 1 and 2).

3) Heterogeneous contrast enhancement (Fig. 1c).

ADC calculation
Patients: The mean ADC value of the detected marrow le-
sion was calculated by drawing an ROI (region of interest)
over the whole lesion. The ROIs might be drawn directly
on the ADC map or copied from those drawn on the
DW-MR images onto the map (Figs. 1d and 2e).
Controls: ROIs were placed on 6 points as follows: The

frontal bone, the right and left parietal bones, the right
and left greater wings of sphenoid, and the occipital
bone (Fig. 3). Then, the mean ADC value was calculated
for the six measurements.

Statistical analysis
Mann-Whitney U test was used to compare ADC values
of normal red marrow versus infiltrative marrow lesions.
A p value of less than 0.05 was considered statistically
significant.
Receiver operating characteristic (ROC) curve analyses

were performed to assess the diagnostic performance of
the ADC values and to determine suitable ADC cutoff
points to separate red marrow from infiltrated marrow.
A p value of less than 0.05 was considered statistically
significant.
All analyses were performed using IBM SPSS statistical

software (V. 24.0, IBM Corp., USA, 2016).

Results
The ADC of marrow infiltrative lesions was ranging
from 0.36 to 0.529 × 10−3 mm2/s with a mean value of
0.502 × 10−3 mm2/s.
In normal control subjects, the mean ADC values ob-

tained at the different skull areas are summarized in Table 1.
The normal marrow ADC value ranged from 0.902 to

1.34 × 10−3 mm2/s with a mean value of 1.2 × 10−3 mm2/s.
Table 2 demonstrates the ADC mean and range

among patients versus controls.
We found no significant correlation between ADC

value and patient age (p = 0.161)

Fig. 3 DWI images of a 12-year-old control child showing the location of the different regions of interest used for ADC calculation. a ROIs placed
in the right and left greater wing of sphenoid bone (ROI 1 and 2) and the occipital bone ROI 3). b ROI placed in the frontal bone (ROI 4) and
both parietal bones (ROI 5 and 6).

Table 1 The mean ADC value calculated in different skull regions

Skull region Mean ADC (× 10−3 mm2/s)

The frontal bone 1.2

The right parietal bone 1.4

The left parietal bone 1.6

The right greater wing of the sphenoid 1.03

The left greater wing of the sphenoid 0.96

The occipital bone 1.035
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ADC values were significantly lower in infiltrative mar-
row lesions compared to normal red marrow (p = 0.005)
which is considered highly significant. The best ADC
cutoff level derived from the ROC analysis (Fig. 4) to
differentiate marrow infiltration from red marrow was
0.612 × 10−3 mm2/s, giving 100% sensitivity and 94.4%
specificity with the positive and negative predictive value
of 97% and 100%, respectively.

Discussion
Since the relaxation rates and MR signal patterns of
highly cellular hematopoietic marrow and highly cellular
infiltrated marrow are similar, the discrimination be-
tween reconverted highly cellular normal red marrow
and recurrent malignancy after chemotherapy is not
possible with conventional MR techniques. In addition,
an infiltration with less than 20% neoplastic cells cannot
be distinguished from normal marrow with standard MR
pulse sequences [7].
During the last years, the primary target for DWI

was processes involving the bone marrow. The appli-
cation of DWI in BM is currently an established
technique that offers a unique contrast which helps
in the detection of bone-marrow pathologies and dif-
ferentiation of benign from malignant bone-marrow
lesions [8].
Most experience has been gained for differentiating

pathologic from benign compression fractures of the
vertebrae, which can be reliably done with quantitative
diffusion measurements [9].
Malignant tumors tend to have low ADC values due

to increased cellularity.

In our study, patients with bone marrow infiltration
showed ADC values ranged from 0.36 to 0.529 ×
10−3 mm2/s. These results agreed with the study of
Dietrich et al. [10] who found untreated patients to
have ADC values of 0.48 ± 0.13 × 10−3 mm2/s. How-
ever, our results disagreed with that of Coa et al. [11]
whose patients showed ADC values of 0.81 ± 0.43 ×
10−3 mm2/s. This could be attributed to the different
age group as they studied adult patients.
In this study, subjects with normal red marrow

showed ADC values ranged from 0.902 to 1.34 × 10−3

mm2/s which agreed with Dietrich et al. [10] and Coa et
al. [11] where control patients showed ADC values of
1.29 ± 0.591 × 10−3 and 1.5 ± 0.48 × 10−3 mm2/s,
respectively.
Concerning the relation between growing age and

ADC value, we found no correlation between ADC value
of normal marrow and growing age which agreed with
Herrmann et al. [12] who reached the same conclusion
in 2012. Whereas Manupolos and Koutoulidis [13] have
stated that there is a correlation between growing age
and ADC value of the normal marrow. Such discrepancy
could be attributed to the fact that they have included
adult subjects in their study unlike Herrmann et al.
whose studied age group was similar to ours.
According to our result, the best ADC cutoff value for

discrimination between infiltrated and normal marrow
was 0.594 × 10−3 mm2/s, giving 100% sensitivity and
94.4% specificity. This disagrees with Padhani et al. [14]
who stated that the best cutoff value for differentiating
neoplastic marrow infiltration from normal marrow is
0.77 × 10−3 mm2/s with a sensitivity of 85% and a speci-
ficity of 90%. This difference could be attributed to the

Table 2 The ADC value calculated in the patients versus controls

Patients ADC value (range and mean) Controls ADC value (range and mean) p value

0.36 to 0.529 × 10−3 mm2/s, mean = 0.502 × 10−3 mm2/s 0.902 − 1.34 − 10−3 mm2/s, mean = 1.2 − 10−3 mm2/s (p = 0.005)

Fig. 4 ROC curve analysis showing the diagnostic performance of ADC for discriminating red from infiltrated marrow
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fact that Padhani et al. have included adult cases with
hematological malignancy i.e., multiple myeloma.

Conclusion
Conventional MRI sequences including T1 and T2WI
are not usually reliable to discriminate red marrow from
infiltrated marrow. DWI with ADC value has an additive
role in differentiation between infiltrative lesions from
red marrow reconversion in patients with hematological
malignancies.
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