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Introduction
In the Western world, cancer is the second most common cause of death among 
children aged 1-14 years, surpassed only by accidents1. Imaging plays an important 
role in making the diagnosis, assessing the extent of disease and follow-up during 
treatment of paediatric malignancies2. Until recently, computed tomography (CT) 
was most commonly used to assess the extent of disease at presentation and during 
treatment. In children, ultrasound provides high-resolution, real-time anatomical 
imaging of most parts of the body. However, it is less useful for the evaluation 
of large masses, deeper lying tissues and lesions situated deep to bone or gas-
containing tissues. At present, 18F-fluoro-2-deoxy-D-glucose positron emission 
tomography (FDG-PET)/computed tomography (CT) is a major diagnostic tool in 
adult oncology. In particular in paediatric lymphoma imaging, 18-F FDG-PET/CT is 
commonly employed during initial staging and response assessment3. However, an 
important disadvantage of PET/CT is the additional exposure to ionizing radiation.  
In the young population radiation exposure is of particular concern, because 
children are inherently more radiosensitive than adults and also because they 
have more years ahead during which a radiation-induced cancer might develop4,5. 
With the improved availability and advances in technology, magnetic resonance 
imaging (MRI) is being used with increasing frequency2. Particular its lack of use 
of ionizing radiation makes MRI an attractive imaging method in children and 
adolescents.

Diffusion-weighted imaging
Besides the excellent soft-tissue contrast of MRI, it has become possible to use 
functional imaging tools such as proton MR spectroscopy (MRS), perfusion 
weighted imaging (PWI), diffusion-weighted imaging (DWI) and diffusion tensor 
imaging (DTI) to gain information on the microstructural characteristics and 
perfusion of lesions6. 
DWI measures microscopic random (Brownian) motion of water protons. The 
movement of water protons in tissues is driven by thermal agitation hampered by 
its interactions with cell membranes, intracellular organelles and macromolecules7,8. 
Water diffusion in the intracellular compartment is considered more impeded 
compared to the extracellular spaces due to the presence of intracellular organelles. 
The signal intensity in DWI reflects the rate of water movement within each voxel7,8. 
Tumours with high cellularity will have a relative decrease in extracellular volume 
resulting in a decrease of water movement. The apparent diffusion coefficient 
(ADC) is a quantification of the degree of impeded water motion9. Hence, it can 
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be used as a noninvasive in vivo biomarker. A decrease in cellularity, a common 
histopathological finding of treatment response, might be detected as increased 
apparent diffusion at DWI10,11. As a result, MRI-DWI has the potential to become an 
important imaging modality for staging and follow-up of malignancies in children 
and adolescents.

Imaging in paediatric lymphoma
Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL) are the third most 
common form of malignancy in children (Table 1)1. NHL is most frequent in children 
under 15 years old, whereas HL is predominantly diagnosed in teenagers12. Once 
the lymphoma is diagnosed, accurate staging is required to determine the most 
appropriate method of treatment. HL and NHL are staged using the modified 
Ann Arbor classification. Current guidelines encourage the use of FDG-PET/CT in 
staging and follow-up in FDG-avid lymphomas3. Whole-body MRI could serve as a 
good radiation-free alternative for lymphoma imaging. Several studies have shown 
that whole-body MRI is feasible, even in children13, 14. The interest in adding DWI to 
the whole-body MRI protocol in lymphoma is based upon the clear visualization 
of lymphoid tissue with this technique that is thought to increase the detection 
rate while decreasing reading time6. However, both benign and malignant lymph 
nodes show impeded diffusion, therefore identification of involved nodal sites at 
MRI is still based on size criteria. Furthermore, several normal extranodal sites may 
demonstrate impeded diffusion (including thymus, spleen and bone marrow)6. 
Overall, the role of whole-body MRI during staging and response assessment of 
treatment in children with lymphoma remains uncertain.

Table 1 Cancer incidence rates per million in the United States, 2001-20091

Type childhood cancer Ages 0-19 Ages 0-14 Ages 15-19

All groups 171.0 154.9 218.8

Leukemia 45.5 49.9 31.9

Lymphoma 24.9 16.3 50.5

CNS neoplasms 30.3 33.1 22.0

Neuroblastoma 8.2 10.7 0.7

Renal tumours 6.6 8.3 1.7
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Imaging in nephroblastoma
Nephroblastoma is the most common malignant renal tumour in children and 
accounts for 6% of childhood cancers per year (Table 1)1. It is more commonly known 
as Wilms tumour, named after Dr. Max Wilms, the surgeon who first described this 
tumour in 189915. Nephroblastoma is an embryonal type of tumour, containing 
variable amounts of blastemal, epithelial and stromal components16. In the fetus, 
the kidney develops from the ureteric bud (that forms the collecting ducts) and 
the metanephric blastema (that will develop into nephrons). The blastema usually 
disappears by 36 weeks gestation. However, at term the kidneys can contain foci 
of residual blastema (nephrogenic rests) in 1% of infants16. These nephrogenic rests 
are thought to be the precursor lesions of nephroblastomas. 
Due to intensive collaboration within the paediatric oncology society in Europe 
(Societé Internationale d’Oncologie Pédiatrique, SIOP) and North America 
(Children’s Oncology Group, COG) the cure rate is currently around 80-90%17. Both 
groups use different treatment regimes: the SIOP trials focus on using preoperative 
chemotherapy, whereas the COG studies start with primary surgery followed 
by chemotherapy depending upon the histopathology result17. However, both 
approaches show equally high rates of overall survival, but relapses are often 
unpredictable and both treatment protocols depend on cytotoxic agents with 
long-term complications17. Therefore, there is a need to minimize treatment toxicity 
and improve outcomes. Identifying high-risk lesions might be relevant for adjusting 
treatment planning. For example, predominant blastema at histopathology after 
pre-operative treatment (‘chemo-resistant’ blastema) is considered high risk 
according to the SIOP protocol18. 

Ultrasound is most often the first line investigation to ascertain the nature of the 
mass19. Nephroblastoma manifest as solid, mainly intrarenal masses. The tumour 
can be homogenous but is commonly heterogenous with areas of hemorrhage, 
necrosis or cysts19. Cross-sectional imaging with MRI is most commonly performed 
to further delineate the tumour and its surroundings20,21. The addition of DWI 
to the MRI protocol might provide additional clinical information. However, 
the literature on the role of DWI in nephroblastoma is limited. McDonalds et al 
showed that changes in ADC in abdominal paediatric lesions during treatment 
are measurable10. A recent preclinical study has reported that with mathematical 
modeling it is possible to identify subtypes of ADC in nephroblastoma22. However, 
the implication of the ADC measurements in routine clinical practice has not yet 
been determined.
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Aim of this thesis
This thesis is subdivided in two parts. The aim of the first part of this thesis is to 
assess the diagnostic accuracy of whole-body MRI including DWI in paediatric 
lymphoma. The second part aims to investigate specific patterns in ADC change 
during pre-operative treatment and to study potential ADC metrics that are related 
to different histopathological subtypes in nephroblastoma.

Outline of this thesis
Part I: In Chapter 2 we assess the interobserver agreement for whole-body MRI-
DWI in staging paediatric lymphoma and we compare the staging performance of 
whole-body MRI, including DWI with a FDG-PET/CT based standard of reference. 
Chapter 3 will report the performance of whole-body MRI with ADC measurements 
in assessing response after completion of therapy for lymphoma compared to 
FDG-PET/CT in 26 patients. Chapter 4 describes the detection of osteonecrosis 
with whole-body MRI in children treated for Hodgkin lymphoma. 
Part II: In Chapter 5 we describe a method of whole-tumour ADC measurements 
that excludes areas with low or absent gadolinium enhancement. We will assess 
the inter- and intraobserver reproducibility of these ADC measurements in 
nephroblastomas. In Chapter 6 we explore the potential relationship between 
whole-tumour ADC parameters in viable parts of tumour and histopathological 
findings in nephroblastoma. Since nephroblastomas are heterogenous tumours 
that contain varying amounts of different histological components, we further 
elobarate on this concept and investigate the feasibility of direct, side by side 
correlation of ADC measurements and histopathological findings in tumour slices. 
The feasibility of this approach is described in Chapter 7.
The major findings of this thesis are summarized in Chapter 8. Furthermore, we will 
provide a broader perspective of the presented results in this thesis and directions 
are given for future studies. The major findings of this thesis are summarized in  
Dutch in Chapter 9.
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Abstract 

Objective
To compare whole-body MRI, including diffusion-weighted imaging (whole-body 
MRI-DWI), with FDG-PET/CT for staging newly diagnosed paediatric lymphoma.

Material and Methods
A total of 36 children with newly diagnosed lymphoma prospectively underwent 
both whole-body MRI-DWI and FDG-PET/CT. Whole-body MRI-DWI was 
successfully performed in 33 patients (mean age 13.9 years). Whole-body MRI-DWI 
was independently evaluated by two blinded observers. After consensus reading, 
an unblinded expert panel evaluated the discrepant findings between whole-body 
MRI-DWI and FDG-PET/CT, and used bone marrow biopsy, other imaging data and 
clinical information to derive an FDG-PET/CT-based reference standard. 

Results
Interobserver agreement of whole-body MRI-DWI was good (all nodal sites together 
(κ= 0.79); all extranodal sites together (κ=0.69)). There was very good agreement 
between the consensus whole-body MRI-DWI and FDG-PET/CT-based reference 
standard for nodal (κ= 0.91) and extranodal (κ=0.94) staging. The sensitivity and 
specificity of consensus whole-body MRI-DWI were 93% and 98% for nodal staging 
and 89% and 100% for extranodal staging, respectively. Following removal of MRI 
reader errors, the disease stage according to whole-body MRI-DWI agreed with the 
reference standard in 28 of 33 patients.

Conclusions
Our results indicate that whole-body MRI-DWI is feasible for staging paediatric 
lymphoma and could potentially serve as a good radiation-free alternative to FDG-
PET/CT.
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Introduction
Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL) are the third most 
common cancer in children and comprise approximately 14.6% of childhood 
malignancies in developed countries1. Once a lymphoma has been diagnosed, extent 
of disease has to be assessed (i.e. staging). Accurate staging is important for choice 
of treatment and for determining prognosis2,3. Paediatric lymphomas are staged 
using the modified Ann Arbor and Murphy classifications for Hodgkin lymphoma 
and non-Hodgkin lymphoma, respectively4,5. Current guidelines recommend the 
use of 18F-fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET)/
computed tomography (CT) in staging of FDG-avid lymphomas6-8. However, an 
important disadvantage of FDG-PET/CT is the exposure of patients to ionising 
radiation. In the young population, radiation exposure is of particular concern due 
to an increased susceptibility to radiation-induced development of secondary 
malignancies compared to adults9,10. Magnetic resonance imaging (MRI) may be 
an attractive radiation-free alternative to contrast-enhanced CT whether or not 
combined with FDG-PET. 
Previous studies have shown that whole-body MRI is feasible11-15, even in children16,17. 
In the evaluation of staging in paediatric lymphoma, Punwani et al16 reported very 
good agreement between whole-body MRI compared to a FDG-PET/CT reference 
standard, despite only using STIR for whole-body MRI. The addition of DWI in a 
whole-body MRI protocol may improve staging accuracy because it can provide a 
high lesion to background contrast11,12,14. To the best of our knowledge, no previous 
studies have compared whole-body MRI including DWI to other established 
imaging modalities in paediatric lymphomas.
The aim of this prospective study was therefore to compare the diagnostic 
performance of whole-body MRI including DWI to an FDG-PET/CT-based standard 
of reference in staging newly diagnosed lymphoma in children and adolescents. 

Materials and Methods

Patients
Five paediatric hospitals participated in the enrolment of patients for this study: 
University Medical Centre Utrecht, Academic Medical Centre Amsterdam, 
Vall d’Hebron Barcelona, Instituto Giamina Gasline, Genoa and KK Women’s 
and Children’s Hospital Singapore. The local institutional review boards of the 
participating centres approved this prospective study. Written informed consent 
was obtained from all study participants and/or parents or guardians, depending on 
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the age of the participant. Inclusion criteria were age 6 years and older with newly 
diagnosed, histologically proven lymphoma. Exclusion criteria were age older than 
22 years, general contraindications for MRI (such as implanted pacemaker, metallic 
implant and claustrophobia) and pregnancy. 
Pre-treatment FDG-PET/CT was performed as part of the standard clinical care. 
Whole-body MRI-DWI was performed, prior to start of treatment and within 14 
days before or after FDG-PET/CT (mean 3.42 days), except in one patient in whom 
whole-body MRI-DWI was performed 37 days after FDG-PET/CT. This case was not 
excluded from the final analysis because no treatment was started prior to whole-
body MRI-DWI and a second pre-treatment FDG-PET/CT revealed no change for 
the discrepant site. 
A total of 63 consecutively patients were eligible for inclusion. However, 27 were 
excluded for analysis for the following reasons: no informed consent (n=10), logistic 
circumstances (n=9), no PET imaging available for comparison (n=4), disease 
other than lymphoma (n=3) or could not tolerate MRI (n=1). Thus, 36 consecutive 
patients were enrolled in this study between June 2006 and June 2013. Whole-
body MRI-DWI was successfully performed in 33 patients (mean age 13.9 ± 3.2 
years; range, 6-21 years; 2 patients ≥ 20 years; 20 male, 13 female; Table 1). In three 
patients, there was an incomplete MRI study, either missing T1-weighted or STIR 
sequences, and these patients were excluded from further analysis. Therefore, 33 
patients were included for final analysis.

MRI protocol
Non-contrast-enhanced whole-body MRI including DWI of head and neck, chest, 
abdomen and pelvis was performed with 1.5-T systems (Achieva, Philips Healthcare; 
Avanto, Siemens Medical Solutions or Signa, GE Healthcare). Coronal T1-weighted 
(T1W) and T2-weighted STIR (T2W-STIR) images were acquired with a total actual 
acquisition time of 20-25 minutes (Table 2). Seamless coronal whole-body T1W and 
T2W-STIR images were obtained by merging of separate acquired stations. DWI 
was performed in the axial plane under free breathing (Table 2) applying b-values 
of 0 and 1,000 s/mm2, except in two patients in whom b-values of 0, 100 and 800 
s/mm2 were used. The total acquisition time for DWI was approximately 20-25 
minutes. Slightly longer acquisition time for DWI was necessary (approximately 33 
minutes) in one centre due to limitations of available MRI magnet. Axial diffusion-
weighted images were first reformatted in the coronal plane with slice thicknesses 
of both 3.5 mm and 7.0 mm, without gap. These images were then fused to 
produce seamless coronal whole-body diffusion-weighted images. 
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Table 1 Characteristics of included patients (n=33)

Characteristics NHL HL

No. of patients 10 23

Sex (n)
Male
Female

10
0

10
13

Age (y) 
Mean ± SD 
Range

12.0  ± 3.1
8-16

14.7 ± 3.2
6-21

Pathological subtype (n)

Nodular sclerosing HL 18

HL, lymphocyte rich 2

Classic HD, NOS 1

Nodular paragranuloma 2

T lymphoblastic lymphomaa 5

Burkitt lymphoma 1   

Follicular B-cell lymphoma, grade 3b 1

T-cell rich B NHL 1

Anaplastic large cell lymphoma 2

HL: Hodgkin lymphoma; NHL: non-Hodgkin lymphoma; NOS: not otherwise specified; SD: standard 
deviation
a In one patient there was no-FDG-uptake in any of the involved sites

FDG-PET/CT
Whole-body FDG-PET/CT images were acquired with different PET systems 
(Biograph 16 PET-CT or Biograph 40 Truepoint PET-CT, Siemens Healthcare; 
Gemini TOF PET-CT or Allegro, Philips Healthcare; spatial resolution around 5 mm 
at full width at half maximum). Patients fasted for 6 hours before receiving FDG 
intravenously. A dose of 5.18-7.4 MBq/kg was used18. From 2009, the paediatric 
dosage chart according to the European Association of Nuclear Medicine (EANM) 
guidelines were applied in all participating centres19. Before injection of FDG, blood 
glucose levels were checked to exclude hyperglycaemia (> 11 mmol/L; i.e. > 198 
mg/dL). Approximately 60 minutes after FDG injection, PET emission scanning was 
done covering the skull base to mid-femur level with the patient in supine position. 
Prior to PET acquisition, unenhanced CT images were obtained for attenuation 
correction. Finally, PET images were combined with low-dose or full-dose contrast-
enhanced CT, if available.
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MRI interpretation
Whole-body MRI datasets were transferred to a Picture Archiving and Communi-
cations System (PACS, Sectra Medical Systems). Two independent radiologists 
(R.A.J.N. and T.C.K. with 15 and 5 years of MRI experience, respectively), who were 
blinded to FDG-PET/CT and other imaging findings, evaluated two separate sets in 
a fixed order: whole-body MRI without DWI (i.e. T1W and T2W-STIR only) and whole-
body MRI with DWI (i.e. T1W, T2W-STIR, and DWI). The whole-body MRI dataset 
with DWI was read immediately after the whole-body MRI dataset without DWI. The 
observers were not able to change the systematically documented evaluation of the 
whole-body MRI dataset without DWI when evaluating the whole-body MRI dataset 
with DWI. Each observer registered the duration of reading for whole-body MRI dataset 
without DWI and with DWI. Presence of disease was recorded at each predefined 
anatomic nodal and extranodal site. Nodal regions included cervical (including 
supraclavicular nodal site), axillary, infraclavicular, mediastinal, hilar, paraaortic, 
mesenteric, pelvic and inguinal lymph node regions. Lymph nodes were considered 
positive for lymphomatous involvement if their short-axis diameter exceeded 10 mm 
on coronal T1W and T2W-STIR images. Extranodal sites included thymus, pleura, lung, 
spleen, liver, kidney, bowel, bone marrow and soft tissues (extranodal evaluation 
criteria for T1W and T2W-STIR sequences are described in Table 3).

Table 3 Predefined criteria for extranodal involvement at conventional whole-body MRI

Site Definition

Thymus Enlarged, heterogeneous aspect of the thymus

Lung A > 1 cm separate mass within the lung, discrete from lymph node mass

Pleura Pleural nodules with or without pleural effusion, separate from lymph node mass

Spleen Either discrete nodules or enlargement (splenic index (maximum thickness x 
length x height) > 725 cm).

Liver Moderate high signal focus (less intense than liquor) discrete from lymph node 
mass on the T2W-STIR sequence

Kidney Discrete renal lesion

Bowel Marked wall thickening with increased signal intensity on T2W-STIR images

Bone Marrow Focal area demonstrating low signal on T1W and high signal on T2W-STIR images 
compared to muscle 

Criteria for involvement at DWI are described above
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Diffusion-weighted images were used to detect potentially involved nodal and 
extranodal sites. Several extranodal structures can exhibit impeded diffusion (brain, 
salivary glands, tonsils, spleen, gallbladder, adrenal glands, prostate, testes, penis, 
endometrium, ovaries, spinal cord, peripheral nerves and bone marrow). Any focally 
increased signal intensity in these structures at DWI was considered positive for 
lymphomatous involvement. In all other areas, any signal intensity higher than that 
of the spinal cord with concomitant structural changes at T1W and/or T2W-STIR 
images was considered positive for lymphomatous involvement13,20,21. Apparent 
diffusion coefficient (ADC) measurements were not used for disease detection, 
because there are no validated ADC criteria yet for differentiating involved from 
non-involved sites13,22-24. The two MRI observers re-evaluated the MRI datasets to 
reach consensus on the discrepant findings. 

FDG-PET/CT image interpretation
The unenhanced low-dose FDG-PET/CT images were transferred to a workstation 
(e-soft, Siemens Healthcare) and evaluated by a nuclear medicine physician (B.d.K., 
with 9 years of clinical experience with FDG-PET). The reader was aware of the 
diagnosis of lymphoma but was unaware of other imaging findings. A region of 
FDG uptake above background in a location incompatible with normal physiologic 
activity was considered positive for lymphomatous involvement. The CT datasets 
(contrast-enhanced full-dose CT in 22 children; low-dose CT in 11 children) were 
transferred to a Picture Archiving and Communications System (PACS, Sectra 
Medical Systems). A radiologist (F.J.A.B. with 25 years of clinical experience in CT) 
evaluated these datasets. Presence of disease was recorded at each predefined 
nodal and extranodal site as described previously. Lymph nodes larger than 10 
mm in short-axis diameter in axial plane were considered positive. Extranodal 
sites were evaluated according to the standard CT criteria: disease positivity was 
defined as focal abnormal attenuation in the spleen, liver, kidney or bone marrow; 
separate mass in the lung; separate pleural nodule with or without pleural effusion. 
Pleural effusion alone was not labelled as lymphomatous involvement. Both 
readers recorded the duration of reading. Findings at FDG-PET and CT were then 
combined for evaluation of disease positivity of each nodal and extranodal site and 
to determine the disease stage. Any nodal or extranodal site positive at FDG-PET 
was classified as lymphomatous involvement regardless of CT findings. In patients 
with FDG-avid lymphoma, only extranodal lesions with a size below the spatial 
resolution of PET (approximately <10 mm) that were classified as positive at CT 
but negative at FDG-PET were considered positive for disease involvement. In our 
cohort, one case of renal involvement was diagnosed with contrast-enhanced CT 
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that was not detected with FDG-PET. Finally, in one patient with non-FDG-avid 
lymphoma, any nodal or extranodal site seen that was classified as positive at CT 
was considered to represent lymphomatous involvement.

FDG-PET/CT reference standard
An independent expert panel assessed the discrepancies between the consensus 
whole-body MRI and FDG-PET/CT readings. This panel consisted of two observers 
who were not involved with the previous reading sessions (a nuclear medicine 
physician [M.G.H. with 9 years of clinical experience with FDG-PET] and a radiologist 
[A.S.L. with 8 years of clinical experience in (body) MRI and 3 years of experience 
with whole-body MRI]). The panel had access to all available concurrent and 
follow-up investigations, results from bone marrow biopsy and clinical follow-up 
information. 
The discrepancies were divided into reader or intrinsic errors of either whole-
body MRI-DWI or FDG-PET/CT. Reader errors were defined as being caused by 
either failure of detection of abnormality (i.e. perceptual error) or by an incorrect 
interpretation of an abnormal finding (i.e. interpretation error). Intrinsic error was 
considered present if the error was due to limitations of the imaging acquisition 
and/or technique. For example, if discrepancies were caused by non-FDG-avidity 
of the lymphoma or the lesion was located outside the field of view, these 
discrepancies were labelled as intrinsic errors.
The expert panel corrected the reader errors for both whole-body MRI-DWI 
and FDG-PET/CT, applying the same criteria for lymphomatous involvement as 
previously described. 
The FDG-PET/CT reference standard was acquired by using the original FDG-PET/
CT reading after removal of FDG-PET/CT reader and intrinsic errors. Table 4 outlines 
those occasions when other imaging findings, bone marrow biopsies (BMB) or 
follow-up FDG-PET/CT were used to derive the standard of reference. In 29 of 33 
patients, clinical follow-up and/or response assessment with FDG-PET/CT were 
available for review. All these 29 patients demonstrated complete remission during 
follow-up.

Table 4 Additional information used by the expert panel

Extranodal station Other imaging studies BMB Follow-up PET/CT

Splenic involvement (n=5) 3 4

Liver involvement (n=1) 1 1

Bone marrow involvement (n=4) 3 2

BMB: bone marrow biopsy
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The standard method for the detection of bone marrow involvement was, until 
recently, blind BMB of the iliac crest. Because this method only assesses a small and 
random portion of bone marrow, it carries the risk of false negative results25. Multiple 
studies26-28,29 indicate that whole-body MRI and FDG-PET/CT are complementary to 
BMB in diagnosing bone marrow involvement in lymphoma. Therefore, not only 
positive BMB, but also negative BMB with suspicious focal lesions that were seen 
both at FDG-PET/CT and whole-body MRI-DWI were considered positive for bone 
marrow involvement27.

Statistical analysis
An unweighted kappa statistic, defined as poor (ĸ < 0.2), fair (ĸ > 0.2 to ĸ > 0.4), 
moderate (ĸ > 0.4 to ĸ < 0.6), good (ĸ > 0.6 to ĸ < 0.8) and very good (ĸ > 0.8), was 
used to analyze interobserver agreement of whole-body MRI-DWI and agreement 
between whole-body MRI-DWI and the FDG-PET/CT-based reference standard, 
both prior to and after elimination of MRI perceptual errors30. In addition, the 
unweighted kappa statistic was used to investigate the potential additional value 
for lesion detection of DWI to the standard MRI by comparing agreement between 
consensus MRI without DWI and consensus MRI with DWI. These analyses were 
performed for all stations separately, all nodal stations together and all extranodal 
stations together. Subsequently, the sensitivity and specificity of whole-body MRI-
DWI for the detection of nodal and extranodal disease (all sites together) were 
calculated. 
A linear weighted kappa statistic was used to test agreement between whole-
body MRI-DWI and the FDG-PET/CT-based reference standard for disease stage 
according to the modified Ann Arbor staging system for Hodgkin lymphoma and 
Murphy staging for non-Hodgkin lymphoma. Statistical analyses were executed 
using Statistical Package for the Social Sciences (SPSS), version 20.0 and the R 
statistical software package (R development core team, Vienna, Austria).

Results

Interobserver agreement
Table 5 shows the results on interobserver agreement of whole-body MRI-DWI. ĸ for 
all nodal stations together and ĸ for all extranodal stations together were 0.79 and 
0.69, respectively, indicating overall good agreement. All separate nodal stations 
demonstrated good interobserver agreement, except for the hilar lymph node 
station in which ĸ was 0.58 (moderate). With regard to extranodal staging, splenic 
and pleural involvement demonstrated moderate (ĸ= 0.44) and poor (ĸ= 0.15) 
interobserver agreement, respectively. 
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Table 5 Interobserver agreement at whole-body MRI-DWI

Parameter Κ*

All nodal regions 0.79 (0.73-0.86)

All extranodal regions 0.69 (0.56-0.82)

Nodal regions

Cervical 0.64 (0.44-0.84)

Axillary 0.75 (0.47-1.02)

Infraclavicular 0.64 (0.42-0.85)

Mediastinal 0.62 (0.22-1.0)

Hilar 0.58 (0.29-0.87)

Para-aortic 0.80 (0.46-1.07)

Mesenteric 0.87 (0.63-1.12)

Pelvic 0.84 (0.63-1.06)

Inguinal femoral 0.70 (0.39-1.02)

Extranodal regions

Thymus 0.76 (0.54-0.98)

Lung 0.78 (0.38-1.19)

Pleura 0.15 (0-0.43)

Spleen 0.44 (0-0.89)

Liver NA

Bowel 1.00/NA

Kidneys 1.00/NA

Bone marrow 1.00 

NA: not applicable (insufficient number of categories to perform statistical analysis)
* 95% confidence interval in parentheses

Duration of readings
The mean duration of reading for the whole-body MRI without DWI was 19 minutes 
for both reader1 and 2. The mean recorded time for evaluation of the whole-body 
MRI including DWI was 30 and 28 minutes for reader 1 and 2, respectively. The 
mean PET-reading time (8 minutes) combined with the mean CT-reading time (13 
minutes) resulted in a total mean duration of reading for PET/CT of 21 minutes.

Derivation of reference standard and intrinsic MRI dataset
Comparison of the consensus whole-body MRI-DWI and FDG-PET/CT-based 
reference standard resulted in a total of 48 sites of discrepancies (39 nodal sites 
and 9 extranodal sites). At review by the unblinded expert panel, 24 FDG-PET/
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CT reader errors were corrected (5 false positives; 13 false negatives; 6 due to 
discrepant labelling of nodal site due to different position of the arms during 
image acquisition). Furthermore, three FDG-PET/CT intrinsic errors were identified: 
one was caused by a high cervical lymph node that was not included in the field 
of view of the PET/CT acquisition; two disagreements were caused by non-FDG-
avidity of the lymphoma in a single patient. Whole-body MRI-DWI reader errors 
were corrected at six sites (Table 6 and Figure 1-4) to obtain the intrinsic whole-body 
MRI-DWI dataset. 

Figure 1 Images of a 14-year-old boy with stage IV anaplastic large cell lymphoma (patient no. 19) 
illustrate false negative reader error of liver involvement. Coronal T2W-STIR (a) and coronal DWI (b) show 
no apparent liver lesion, whereas, axial DWI b=800 s/mm2 (d) and axial FDG-PET/CT (e) show a small liver 
lesion (arrow). Maximum intensity projection (MIP) FDG-PET (c), Axial DWI (d) and FDG-PET/CT (e) also 
demonstrate focal splenic involvement (arrowhead). MIP FDG-PET (c) demonstrates focal bone marrow 
involvement (spine, iliac wing and sternum; black arrows) and the involved lymph node sites (grey 
arrows). The diffuse high signal of the bone marrow at DWI is considered a normal finding in the spine 
and pelvis in children31. Multiple focal liver lesions were confirmed with ultrasound (f). FDG-PET/CT after 
two cycles of chemotherapy show resolution of the liver and splenic lesions (g)
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Figure 2 Images of an 8-year-old boy with T-lymphoblastic lymphoma (patient no. 27) illustrate false 
negative MRI reader error. Coronal T2W-STIR (a) shows soft tissue lymphoma of the left calf (arrow). 
Coronal T2W-STIR (b) and axial FDG-PET (e) show inguinal nodal involvement (arrowheads). The pelvic 
nodal involvement (arrows), illustrated with FDG-PET (f) remained undiagnosed on whole-body MRI (c). 
The maximum intensity projection diffusion-weighted images (d) demonstrate the pelvic (arrow) and 
inguinal lymph node (arrowhead) involvement. Also note normal high signal intensity of the spleen, 
spinal cord, prostate and testis at DWI. The ADC map of one of the pelvic lymph nodes is shown in (g)

Figure 3 A 9-year-old boy with Burkitt lymphoma (patient no. 6), in whom whole-body MRI-DWI 
incorrectly diagnosed right cervical and left infraclavicular nodes as malignant.  Coronal T2W-STIR shows 
right cervical (a, * 10 mm) and left infraclavicular lymph nodes (b, ** 10 mm) with short axis diameter 
that slightly exceeds the maximum limit of 10 mm. These lymph node sites are negative at staging FDG-
PET (e) and early response FDG-PET. Coronal T2W-STIR (b) demonstrates wall thickening of the terminal 
ileum and cecum (arrowhead) with an enlarged lymph node in the adjacent mesentery (arrow) with 
corresponding increased uptake at FDG-PET (f ). DWI (c [b=0 s/mm2], d [b=1000 s/mm2], e ADC map) 
confirms restricted diffusion in the terminal ileum (arrowhead). The FDG-PET reader interpreted both 
areas of increase uptake in the right lower quadrant of the abdomen as nodal involvement. At whole-
body MRI-DWI, the enlarged adjacent mesenteric node remained undiagnosed
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Figure 4 Images of an 11-year-old girl with Hodgkin lymphoma (patient no. 14) illustrate a MRI 
interpretation error. Coronal FDG-PET/CT (a) shows focal increased FDG uptake in the spleen (arrow). 
Corresponding coronal T2W-STIR image (b) and DWI images (c [b=0 s/mm2], d [b=1000 s/mm2]) show a 
relative low signal of this lesion compared to the surrounding splenic parenchyma.  The ADC map (e) did 
not demonstrate a focal abnormality. Also note the celiac axis nodal involvement (black arrow) at DWI

Value of DWI in addition to anatomical sequences
In order to assess the potential additional value of DWI to anatomical imaging, the 
consensus whole-body MRI dataset with and without DWI was compared to the 
FDG-PET/CT-based reference standard (Table 7). Agreement between whole-body 
MRI and the FDG-PET/CT-based reference standard demonstrated only a minor 
improvement by the addition of DWI for both nodal and extranodal staging. In 
nodal staging, there were improvements in agreement with the reference standard 
for a hilar nodal station (n=1) and pelvic nodal stations (n=2). In extranodal 
staging, the addition of DWI improved agreement for lung involvement (n=1), but 
decreased agreement for splenic involvement (n=1; Figure 4).

Comparison between whole-body MRI-DWI and FDG-PET/CT-based refe-
rence standard
Agreement between consensus whole-body MRI-DWI before and after elimination 
of reader errors (intrinsic whole-body MRI-DWI) and FDG-PET/CT-based reference 
standard was very good (Table 7). ĸ values for all nodal stations together and all 
extranodal stations together were 0.91 and 0.94 for consensus whole-body MRI-
DWI. The sensitivity and specificity of consensus whole-body MRI-DWI were 93% 
and 98% for detection of nodal involvement and 89% and 100% for detection of 
extranodal involvement. 
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Table 7 Agreement between whole-body MRI-DWI and FDG-PET/CT-based reference standard 

Parameter Κ* 
for cMRIa without DWI

Κ*  
for cMRIa with DWI

Κ*  
for iMRIb

All nodal regions 0.89 (0.84-0.94) 0.91 (0.86-0.95) 0.93 (0.90-0.97)

All extranodal regions 0.92 (0.84-0.99) 0.94 (0.87-1.00) 0.97 (0.93-1.01)

Nodal regions

Cervical 0.79 (0.61-0.97) 0.79 (0.63-0.97) 0.83 (0.67-0.99)

Axillary 0.82 (0.69-1.06) 0.82 (0.69-1.06) 0.82 (0.69-1.06)

Infraclavicular 0.96 (0.87-1.04) 0.96 (0.87-1.04) 0.96 (0.87-1.04)

Mediastinal 0.80 (0.53-1.07) 0.80 (0.53-1.07) 0.90 (0.72-1.09)

Hilar 0.79 (0.56-1.02) 0.86 (0.68-1.05) 0.86 (0.68-1.05)

Para-aortic 0.79 (0.45-1.08) 0.79 (0.45-1.08) 0.89 (0.68-1.10)

Mesenteric 0.89 (0.68-1.10) 0.89 (0.68-1.10) 1.00

Pelvic 0.80 (0.57-1.02) 0.93 (0.80-1.06) 1.00

Inguinal femoral 0.82 (0.567-1.067) 0.82 (0.57-1.07) 0.82 (0.57-1.07)

Extranodal regions

Thymus 1.00 1.00 1.00

Lung 0.78 (0.37-0.99) 1.00 1.00

Pleura 1.00 1.00 1.00

Spleen 0.87 (0.62-1.12) 0.72 (0.36-1.08) 0.87 (0.63-1.07)

Liver NA NA 1.00

Bowel 1.00 1.00 1.00

Kidneys NA 1.00 1.00

Bone marrow 0.84 (0.54-1.15) 0.84 (0.54-1.15) 0.84 (0.54-1.15)

* 95% confidence interval in parentheses; a consensus whole-body MRI (=cMRI); b consensus who-
le-body MRI after removal of perception errors (=intrinsic MRI=iMRI)
NA: not applicable (insufficient number of categories to perform statistical analysis)

Disagreement between the consensus whole-body MRI-DWI dataset after removal 
of MRI reader errors (intrinsic whole-body MRI-DWI) and the standard of reference 
occurred at 15 sites (13 nodal and 2 extranodal sites). Thirteen errors were caused 
by suboptimal accuracy of size measurements in assessment of lymphomatous 
nodal involvement (Figure 4 and 5). One child was diagnosed with bone marrow 
involvement with positive BMB and no bone marrow abnormalities on MRI. Finally, 
in one patient, diffuse small focal splenic lesions seen at FDG-PET/CT were not 
visible at whole-body MRI-DWI.

Modified Ann Arbor and Murphy staging
Disease stages according to whole-body MRI-DWI and the FDG-PET/CT-based 
reference standard are displayed in Table 8. The disease stage according to intrinsic 
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Figure 5 Images of a 20-year-old young man with stage II Hodgkin lymphoma (patient no. 25) illustrate 
false negative intrinsic MRI error. Three dimensional maximum intensity FDG-PET image (a) shows 
increased uptake in right cervical lymph nodes and a single left axillary lymph node (arrows). The left 
cervical linear increased uptake was interpreted as uptake in the sternocleidomastoid muscle. Coronal 
T1W image demonstrates normal sized left axillary lymph node (b; arrow; 8 mm). Coronal T1W image 
(c) shows the right cervical involvement (arrow). The diffusion-weighted images (d [b=0 s/mm2],  
e [b=1000 s/mm2]) and the ADC map (f) show suboptimal fat suppression and bandlike area of signal 
loss in the left axillary region. The normal sized, FDG-PET negative right axillary node shows high signal 
at diffusion-weighted images with no impeded diffusion on the ADC map (arrowheads)

whole-body MRI-DWI agreed with the reference standard in 28 of 33 patients. The 
whole-body MRI-DWI overstaged disease in three patients and understaged in 
two. Causes of disagreement are listed in Table 9. In summary, in four of five patients 
whole-body MRI-DWI findings led to discrepant staging related to suboptimal 
accuracy of the size criterion that either caused overstaging (in three patients) 
or understaging (one patient). The intrinsic whole-body MRI-DWI understaged 
disease in one patient due to bone marrow involvement that was not visible on 
either anatomical sequences or diffusion-weighted images.
There was a good agreement between consensus whole-body MRI-DWI prior to 
and after elimination of reader error and the reference standard for disease stage 
(linear weighted к= 0.735 (CI: 0.55-0.92) and к= 0.797 (CI: 0.628-0.967)). 
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Table 8 Disease stages according to whole-body MRI-DWI and FDG-PET/CT-based reference standard

Patient no. Lymphoma type Consensus MRI Intrinsic MRI Reference Standard

1 NHL IV IV IV

2 HL II II II

3 HL IIE IIE IIE

4 HL II II II

5 HL II II II

6 NHL III III II

7 HL II II II

8 HL II II II

9 NHL IV IV IV

10 NHL III III III

11 NHL III III III

12 HL IV IV IV

13 NHL III III III

14 HL III III III

15 NHL III III I

16 HL II III III

17 HL II II II

18 NHL III III III

19 NHL III III IV

20 HL II II II

21 HL II II I

22 HL II II II

23 HL II II II

24 HL II II II

25 HL I I II

26 HL II II II

27 NHL II II II

28 HL II II II

29 HL I I I

30 HL IV IV IV

31 HL II II II

32 HL II II II

33 HL IV IV IV

Note: italic type indicates patients with discrepant staging between intrinsic MRI and FDG-PET /CT 
reference standard.
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Table 9 Causes of discrepant staging between whole-body MRI-DWI and FDG-PET/CT-based reference 
standard

Patient no. Stage Causes of discrepant staging 
Intrinsic MRI Reference standard

6a III II
Right cervical and left infraclavicular lymph nodes 
exceeding 10 mm at whole-body MRI in a child 
with Burkitt lymphoma of the bowel. These no-
des were FDG-PET negative at staging and during 
early response assessment.

15a III I
Patient was operated on a submandibular NHL. 
Mediastinal lymph node exceeded 10 mm at 
whole-body MRI that was FDG-PET negative at 
staging. 

19a III IV Positive bone marrow biopsy. Bone marrow 
involvement was depicted on FDG-PET, but not 
on whole-body MRI. There was a good response 
at early response assessment FDG-PET/CT.

21 II I
Right cervical lymph node was > 10 mm on 
whole-body MRI, but negative on staging and 
response assessment FDG-PET.

25 I II
A small (< 10 mm) left axillar lymph node demon-
strated increased FDG uptake in a young man 
with right cervical nodal disease. There was com-
plete response after treatment during follow-up 
assessment with FDG-PET/CT.

a NHL

Discussion
FDG-PET/CT has become an established imaging modality for staging and 
response evaluation of lymphomas, because it provides anatomical and robust 
functional information6,7. An important disadvantage is the substantial exposure to 
ionizing radiation32, which is especially important in childhood due to the increased 
susceptibility to radiation-induced development of secondary malignancies 
relative to adults9,10. In particular, in the management of lymphomas with the 
frequent need for multiple follow-up examinations, children and adolescents may 
benefit from a radiation-free alternative such as whole-body MRI. 
Previous studies have shown that whole-body MRI is feasible11-15, even in 
children16,17. In adults, recent studies comparing whole-body MRI (multiple 
sequences, including diffusion-weighted imaging [DWI]) with FDG-PET/CT as 
reference standard indicated moderate to good agreement between the two 
modalities for disease staging (77% and 88%12,14). In the evaluation of staging in 
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paediatric lymphoma, Punwani et al.16 reported very good agreement between 
whole-body STIR-MRI and enhanced FDG-PET/CT reference standard. 
In our study, we compared whole-body MRI including DWI with an FDG- PET/CT-
based reference standard for staging lymphoma in children and adolescents. To 
our best knowledge, interobserver agreement for whole-body MRI in paediatric 
lymphoma has not been previously reported. Overall interobserver agreement of 
whole-body MRI-DWI was good, except for the assessment of hilar nodal, splenic 
and pleural involvement, areas in which the agreement was moderate, moderate, 
and poor, respectively. Potential difficulties with MRI in evaluating nodal regions 
and hilar site in particular, may be related to coronal acquisition of the images in 
contrast to the usual acquisition and reading in the axial plane. We hypothesize 
that a normal sized node in the axial plane may demonstrate a >10 mm short-
axis diameter in the coronal plane owing to the anatomy of the hilar vessels. 
Disagreement for splenic involvement could be related to our free-breathing 
protocol with respiratory motion in this area, potentially reducing the detectability 
of small focal lesions. The poor interrater agreement for pleural involvement could 
be explained by varying appreciation of small, mostly apical, pleural thickening 
that was interpreted by one of the readers as nodular pleural involvement. 
Overall agreement between the whole-body MRI-DWI and FDG-PET/CT-based 
reference standard was very good, except for splenic involvement in which the 
agreement was good. The majority of discrepancies between the whole-body 
MRI –DWI dataset after removal of reader errors and the FDG-PET/CT-based 
reference standard was caused by a lack of the desired accuracy of size criteria for 
characterizing lymph nodes on whole-body MRI-DWI versus the size-independent 
molecular tissue information that is provided by FDG-PET. Although DWI, which was 
part of our whole-body MRI protocol, also provides functional tissue information, 
diffusion-weighted images were only used for disease detection rather than 
characterization, because there are no validated ADC criteria yet for discriminating 
involved from non-involved sites22,23. Besides, due to the free-breathing protocol 
and the limited resolution of DWI, reliable ADC measurements could not be 
performed, especially important for the diagnostic challenging nodes around 10 
mm short axis diameter. In contrast to previous published results, our data do not 
suggest a significant benefit in diagnostic accuracy from the addition of DWI14. 
However, previous reports have indicated a potential role for DWI in predicting and 
monitoring treatment response24, 33-35. In this context, pretreatment DWI may yield 
important additional information that goes beyond mere staging.
Punwani et al. reported very good agreement between whole-body STIR MRI and 
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an FDG-PET/CT reference standard in staging paediatric lymphoma16. An important 
difference betwen the reported results by Punwani et al.16 and our study is that the 
former evaluated the whole-body MRI and PET/CT datasets in consensus by two 
experienced readers in contrast to our study where the datasets were evaluated 
by two independent MRI readers and a single PET and single CT reader. Although 
they reported a better agreement between MRI and the reference standard for 
nodal and extranodal staging, the agreement for reported MRI disease stage 
compared to the reference standard was almost similar to our study (81% versus 
79%). Besides, the majority of true failings of their MRI imaging protocol for nodal 
involvement (3 out of 4) were due to inaccuracy of size criteria for assessing actual 
presence of disease. 
For extranodal staging, both our study and the study by Punwani et al.16 
demonstrated an intrinsic failure of whole-body MRI in the assessment of splenic 
involvement. Interestingly, their intrinsic failure was due to diffuse splenic disease 
in contrast to our failure of detecting focal splenic lesions. 
Especially in Hodgkin lymphoma accurate staging is important not only for 
prognosis but also for treatment planning, because depending on disease stage, 
local radiation therapy is added to the chemotherapy regime. In our study, 
discrepant staging would have affected treatment strategy in one out of 5 patients. 
In this patient (patient no. 15), higher staging by whole-body MRI-DWI from limited 
(stage I) to stage III would have resulted in additional cycles of chemotherapy. 
The present study had several limitations. First, there was a lack of true gold 
standard to which the diagnostic performance of whole-body MRI-DWI could be 
compared. Although the diagnosis of each patient was histologically confirmed, it 
is practically and ethically impossible and unacceptable to sample each separate 
nodal and extranodal site. With the use of an expert panel to obtain an FDG-
PET/CT-based standard of reference we tried to circumvent these limitations. 
Although our reference standard was primarily based on FDG-PET/CT results, 
discrepancies between FDG-PET/CT and whole-body MRI-DWI were assessed, 
as a result of which the reference standard and whole-body MRI-DWI were not 
entirely independent of each other. This could have caused an incorporation 
bias resulting in overestimation of the diagnostic accuracy of whole-body MRI-
DWI. Second, our whole-body MRI-DWI protocol is a relative time-consuming 
examination (a complete whole-body MRI examination including DWI will take at 
least 45 minutes). In particular, this may cause a limitation for critically ill patients 
and younger paediatric patients. Further studies are needed to assess which MRI 
sequences will yield the necessary diagnostic and prognostic information while 
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being time efficient. Third, due to our multicentre design of our study there was 
heterogeneity of our image quality, particular for the diffusion-weighted images, 
partly related to the fact that not every MRI system posed the ability to combine 
several phase-array coils. Besides, our protocol consisted of coronal T1W and T2W-
STIR weighted images with coronal reformatted DWI, therefore nodal sites were 
measured in coronal plane at whole-body MRI in contrast to the measurements 
in axial plane at CT. Fourth, the diagnostic performance of whole-body MRI-DWI 
was assessed for all types of paediatric lymphoma. Preferably, the role of whole-
body MRI and FDG-PET has to be evaluated separately in Hodgkin lymphomas and 
different non-Hodgkin lymphoma subtypes, because of the substantial differences 
in histology, disease manifestation and treatment. Unfortunately this was not 
possible because of the relatively limited numbers in our cohort. Fifth, in our study 
design a nuclear physician and a radiologist assessed the FDG-PET and diagnostic 
CT images separately. However, combined FDG-PET/CT shown to have a better 
diagnostic accuracy7. We circumvented this limitation by the use of the expert 
panel that used fused FDG-PET/CT studies to resolve the discrepant findings. 
Sixth, this study only focused on staging of newly diagnosed lymphoma. The 
diagnostic performance of whole-body MRI-DWI after treatment may be different 
as the robust functional information of the FDG uptake is of utmost importance 
in these instances. Therefore, the performance of whole-body MRI-DWI should be 
further investigated for early response assessment and restaging separately. We 
acknowledge that the results of MRI interpretation by two experienced radiologists 
cannot immediately be generalized to average radiologists. However, we believe 
that whole-body MRI is rapidly gaining importance in a wide range of indications 
that will increase general experience. 
In summary, our results indicate that the interobserver agreement of whole-body 
MRI-DWI is good. The consensus whole-body MRI-DWI dataset was in very good 
agreement with the FDG-PET/CT-based reference standard for initial staging of 
paediatric lymphoma. Therefore, whole-body MRI-DWI could potentially be an 
attractive alternative to FDG-PET/CT in this radiosensitive population.
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Fourteen of 33 included patients were analysed in our previously published study 
(Kwee TC , Vermoolen MA, Akkerman EA et al. (2014) Whole-body MRI, including 
diffusion-weighted imaging, for staging lymphoma – comparison with CT in a 
prospective multicenter study. J Magn Reson Imaging 40:26-36). In that previous 
analysis however, whole-body MRI was compared to contrast-enhanced CT, no 
comparison was made with FDG-PET/CT-based reference standard and no analysis 
was done in the paediatric and adolescent subgroup. The present study provides 
substantial new information and allows drawing conclusions in this paediatric 
population.
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Abstract 

Objective
To assess the performance of whole-body MRI including diffusion-weighted 
imaging (whole-body MRI-DWI) for the detection of residual disease after 
completion of treatment in lymphoma patients.

Materials and Methods
Twenty-six patients with lymphoma prospectively underwent whole-body MRI-
DWI (1.5 T MR) and FDG-PET/CT for posttreatment evaluation which were visually 
assessed. Apparent diffusion coefficient (ADC) and FDG-PET/CT standardized 
uptake value (SUV) measurements were performed in all residual lesions. An 
unblinded expert panel reviewed all cases and determined the presence or 
absence of posttreatment residual disease using all available imaging (except for 
whole-body MRI-DWI), clinical, and histopathological information with a follow-up 
of at least 6 months. The performance of whole-body MRI-DWI was compared with 
this panel reference standard. 

Results
Five out of 26 patients were diagnosed with residual disease. Sensitivity and 
specificity for detection of residual disease with whole-body MRI-DWI were 100% 
and 62% respectively. By receiver operator characteristic curve analysis, the optimal 
threshold of ADC was 1.21 x 10-3 mm2/s with sensitivity and specificity of 100% and 
91.7%, respectively.

Conclusions
Our initial results suggest that visual whole-body MRI-DWI analysis has a very good 
sensitivity for detecting viable residual lesions after completion of therapy but lacks 
specificity. ADC measurements could potentially increase the specificity of whole-
body MRI.
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Introduction
In lymphoma, accurate assessment of response at the end of therapy (i.e. restaging) 
is important to predict outcome and to identify patients who may benefit from 
additional therapy. Unlike anatomical imaging such as with CT, functional imaging 
with 18F-fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET)/
computed tomography (CT) has been found useful to discriminate between 
posttreatment fibrosis and residual active disease in Hodgkin lymphoma, aggressive 
non-Hodgkin lymphoma1-3, and indolent lymphoma4. However, an important 
disadvantage of FDG-PET/CT is the use of ionizing radiation5-7. Particularly in the 
oncological setting with the frequent need for multiple follow-up examinations, 
children and young adults may benefit from imaging with radiation-free magnetic 
resonance imaging (MRI). 
Besides its excellent soft tissue contrast, MRI offers the opportunity to acquire 
functional tissue information, for instance with diffusion-weighted imaging (DWI). 
DWI measures the random (Brownian) motion of water protons, which is impeded 
in highly cellular structures such as lymphomatous lesions. In addition, it allows for 
quantitative measurement of diffusion that could serve as a non-invasive in-vivo 
biomarker. A decrease in cellularity that could be seen as a response of treatment 
could potentially be detected with DWI as a shift in apparent diffusion coefficient 
(ADC) distribution towards higher values. 
DWI is thought to be a sensitive technique for the detection of lesions related to 
its high lesion to background contrast, and several studies have shown reasonable 
diagnostic accuracy for whole body MRI including DWI compared to FDG-PET/CT 
in pretreatment staging of lymphoma8-12. DWI could be an adjunct to anatomical 
MRI sequences for distinguishing lymphomatous residual disease from non-viable 
residual lesions, because the former is expected to demonstrate a more impeded 
diffusivity than the latter due to higher tissue cellularity. The aim of this prospective, 
multicentre, multivendor study was  to assess the performance of whole-body 
MRI-DWI in the detection of residual disease after completion of treatment in 
lymphoma patients.

Materials and Methods

Patients
Four hospitals participated in the enrolment of patients for this study: University 
Medical Centre Utrecht, Meander Medical Centre Amersfoort, Vall d’Hebron 
in Barcelona, and KK Women’s and Children’s Hospital in Singapore. The local 
institutional review boards of all participating centres approved this prospective 
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study and all patients gave written informed consent. Inclusion criteria were: 
patients aged 8 years and older, histologically proven lymphoma, completion 
of first-line treatment, scheduled FDG-PET/CT examination for posttreatment 
evaluation/restaging as part of standard clinical care, and willingness to undergo 
an additional posttreatment whole-body MRI-DWI scan. Exclusion criteria were: 
general contraindications for MRI (such as implanted pacemaker, metallic implant 
and claustrophobia) and pregnancy. Note that whole-body MRI-DWI results were 
not available to the treating haematologists and were not used for clinical decision-
making.

MRI protocol
Whole-body MRI including DWI examinations were performed using a 1.5-T 
scanner (Achieva, Philips Healthcare; Avanto, Siemens Medical Solutions or Signa, 
GE healthcare). All patients underwent pretreatment MRI for staging purposes 
and a second, restaging MRI after completion of therapy. The imaging protocol 
consisted of coronal T1-weighted (T1W), coronal T2-weighted short inversion 
time inversion-recovery (T2W-STIR) and axial diffusion-weighted sequences. No 
oral or intravenous contrast agents were used. The scan parameters are displayed 
in Table 1. Smooth composite coronal whole-body T1-weighted and STIR images 
were automatically reconstructed using the standard operation console. DWI was 
performed in the axial plane under free breathing applying two b-values (0 and 
1,000 s/mm2) (Table 1). The total acquisition times for T1W, T2W-STIR and DWI were 
approximately 6, 6 and 20-25 minutes, respectively. After coronal reconstruction, 
these images were merged to produce seamless coronal whole-body diffusion-
weighted images. ADC maps were calculated using a mono-exponential fit with 
b-values of 0 and 1000 s/mm2.

FDG-PET/CT protocol
The pre- and post-treatment FDG-PET/CT examinations were performed with 
several PET systems (Biograph 16 PET-CT or Biograph 40 Truepoint PET-CT, Siemens 
Healthcare; Gemini TOF PET-CT or Allegro, Philips Healthcare). Patients fasted for at 
least 6 hours before intravenous injection of 2-3.7 MBq/kg FDG. Before receiving 
FDG, blood glucose levels were checked to exclude hyperglycaemia (> 11 mmol/L; 
i.e. > 198 mg/dL). Image acquisition started about 60 minutes after FDG injection 
covering the skull base to mid-femur level with the patient in supine position. First, 
unenhanced CT images were obtained for attenuation correction followed by 
emission imaging. Finally, PET images were combined with either low-dose non-
intravenous contrast-enhanced or full-dose intravenous-contrast enhanced CT, if 
available.
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Table 2 Characteristics of included patients (n=26).

Characteristics NHL HL

No. of patients 19 7

Sex (n)
     Men
     Women

15
4

4
3

Age (y) 
     Mean ± SD 
     Range

42.3  ± 21.0
8-75

Pathological subtype (n)
     Nodular sclerosing Hodgkin’s lymphoma 6
     Nodular paragranuloma    1
     Follicular lymphoma 6
     T lymphoblastic lymphoma 1
     T-cell rich B-cell lymphoma 1
     DLBCL 8
     Anaplastic large cell lymphoma 3
Therapy
4 x ABVD + involved field RT 2
6 x ABVD 1
3 x ABVD + RT 1
4 x ABVE-PC + involved field RT 1
6 x ChlVPP 1
4 x Rituximab 1
8 x RCHOP 6
8 x RCVP 2
6 x RCHOP + rituximab 3
8 x RCHOP + RT 1
3 x RCHOP + RT 1
3 x RCHOP 1
4 x CHOP 1
4 x R-CVP + 4 x CHOP + RT 1
COP, 2 x COPADM, 2 x CYM 1
ALCL 99 international protocola 1
SIOP euro LB02b 1

NHL: Non-Hodgkin Lymphoma; HL: Hodgkin Lymphoma; DLBCL: Diffuse Large B-cell lymphoma; 
ABVD: Doxorubicin (Adriamycin®), Bleomycin, Vinblastine, Dacarbazine; RT: Radiotherapy; ABVE-
PC: Doxorubicin (Adriamycin®), Bleomycin, Vincristine, Etoposide, Prednisone, Cyclophosphamide; 
ChlVPP: Chlorambucil, Vinblastine, Procarbazine, Prednisolone; (R) CHOP: (Rituximab), Cyclophos-
phamide, Doxorubicin Hydrochloride, Vincristine Sulfate (Oncovin®), Prednisone; RCVP: Rituximab, 
Cyclophosphamide, Vincristine, Prednisone; COP: Cyclophosphamide, Vincristine Sulfate (Oncovin®), 
Prednisone; COPADM: Cyclophosphamide, Vincristine Sulfate (Oncovin®), Prednisolone, Doxorubicin, 
Methotrexate; CYM: Cytarabine, Methotrexate
a ALCL 99: Dexamethasone, Cyclophosphamide, Intrathexal and intravenous Methotrexate, cytara-
bine, DAF (Duanorubicin, cytarabine, fludarabine), Ifosfamine, Etoposide, Doxorubicin
b SIOP (International Society of Pediatric Oncology) Euro LB02: Intrathecal and intravenous Metho-
trexate, Prednisone, Vincristine, Daunorubicin, E. Coli Asparaginase, Cyclophosphamide, Cytarabine, 
6-Mercaptopurine
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MRI interpretation
Two independent radiologists (R.A.J.N. and T.C.K. with 15 and 5 years of MRI 
experience, respectively) reviewed the whole-body MRI-DWI scans. Both readers 
had access to the corresponding whole-body MRI-DWI scans that were performed 
for initial staging to be able to distinguish new disease from pre-existent lesions and 
to evaluate the presence of residual disease. They were unaware of all clinical and 
other imaging findings. Two separate sets of whole-body images were evaluated: 
the conventional sequences alone (T1W and T2W-STIR) and conventional 
sequences combined with DWI in a locked sequence. 
Presence or absence of residual disease was recorded at each predefined anatomic 
nodal and extranodal site. Nodal regions included cervical, axillary, infraclavicular, 
mediastinal, hilar, paraaortic, mesenteric, pelvic and inguinal lymph node regions. 
Lymph nodes were considered negative for residual disease if their short-axis 
diameter measured less than 10 mm. The extranodal sites were considered negative 
for residual disease if there was no abnormal signal intensity or mass lesion. 
Diffusion-weighted images were visually assessed for residual disease sites. Any 
signal in these residual lesions above muscles on the b=1000 s/mm2 images was 
labeled as a positive finding. 
The two MRI readers re-evaluated the MRI datasets to reach consensus on the 
discrepant findings.

FDG-PET/CT image interpretation
The unenhanced low-dose FDG-PET/CT images were transferred to a workstation 
(syngo.via, Siemens Healthcare) and evaluated by a nuclear medicine physician 
(B.d.K. with 9 years of FDG-PET/CT experience). The reader was aware that patients 
were treated for lymphoma but was unaware of other imaging findings, except 
for the initial staging FDG-PET/CT study that was available for comparison. 
Interpretation criteria according to Juweid et al. were used13: Residual lesions larger 
than 2 cm are considered PET positive if their activity exceeds the blood pool 
uptake. In residual lesions below 2 cm, uptake exceeding the background activity 
is considered indicative for lymphoma. 
An independent radiologist (F.J.A.B. with 25 years of CT experience), who was also 
unaware of all clinical and other imaging findings except pretreatment CT findings, 
reviewed the CT images. Presence of disease was recorded at each predefined 
anatomic nodal and extranodal site as described previously. Findings at FDG-PET 
and CT were combined to derive the FDG-PET/CT result. Any nodal or extranodal 
site positive at FDG-PET was regarded as lymphomatous involvement regardless 
of the findings at CT. An extranodal lesion that was only detected at CT was only 
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considered positive for lymphomatous involvement if its size was around or below 
the spatial resolution of PET  (i.e. less than about 10 mm).  In one patient with non-
FDG avid lymphoma, any nodal or extranodal site that was classified as positive at 
CT was considered to represent lymphomatous involvement.

Diffusion (ADC) quantification
An independent radiologist (A.S.L. with 8 years of MRI experience) identified all 
recorded residual lesions at whole-body MRI-DWI and measured their ADCs 
using the DICOM software Osirix with a plug-in to enable ADC measurements 
(http://www.stanford.edu/~bah/software/ADCmap). A region of interest (ROI) 
was carefully drawn to encompass but not extend outside the boundaries of the 
lesion. Conventional magnetic resonance images (T1W and T2W-STIR), b=0 s/mm2 
and b=1000 s/mm2 images were used to guide tracing of the lesion outline and 
select the appropriate, most central slice to minimize partial volume effects. In total 
19 regions were included for analysis. The mean ADC for all pixels in the ROI was 
recorded.

FDG-PET/CT (SUV) quantification
A nuclear physician (B.d.K. with 9 years of FDG-PET/CT experience) performed 
the standardized uptake value (SUV) measurements of the corresponding post-
treatment regions. The observer who performed the ADC measurements provided 
the anatomical site of all residual lesions including the PET slice number that 
corresponded with the level of ADC measurements. An automated ROI was drawn 
around the entire volume of the lesion and the maximum SUV (SUVmax) as a 
measure of FDG uptake was recorded (syngo.via, Siemens Healthcare).

Reference standard
An independent expert panel reviewed all cases and determined the presence 
or absence of lymphomatous residual disease at restaging. This panel consisted 
of two observers A.S.L. with 8 years of experience in (body) MRI) and R.F. (board-
certified haematologist) who were not involved in the original whole-body MRI or 
FDG-PET/CT readings.  The panel had access to all available imaging (except for 
the whole-body MRI-DWI), clinical and histopathology data with a follow-up of at 
least 6 months. Our reference standard was to a large extent based on the results 
of FDG-PET/CT, which is currently regarded as the most accurate non-invasive 
method for the diagnosis of residual disease in lymphoma in the posttreatment 
setting4,14. Residual lymphomatous disease was considered present if there was a 
histopathological positive result or residual lesion(s) with increased FDG uptake 
that responded to adjuvant treatment. 
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Statistical analysis
An unweighted kappa statistic defined as poor (ĸ < 0.2), fair (ĸ > 0.2 to ĸ > 0.4), 
moderate (ĸ > 0.4 to ĸ < 0.6), good (ĸ > 0.6 to ĸ < 0.8) and very good (ĸ > 0.8), was 
used to analyse interobserver reliability of whole-body MRI15. 
Sensitivity, specificity, positive predictive value and negative predictive value for 
detection of lymphomatous residual disease along with 95% confidence intervals 
(CIs) were calculated for whole-body MRI-DWI.
The Shapiro-Wilk test was used to check if ADC and SUVmax measurements were 
normally distributed. W more than 0.90 was considered to represent a normal 
distribution. ADCs of viable residual lesions were compared with ADCs of non-
viable residual using the Mann-Whitney U test. In case these tests revealed a 
significant difference, diagnostic performance was analyzed by constructing 
receiver operator characteristic (ROC) curves with calculation of the area under the 
curve (AUC), along with 95% CIs. The ROC curve was used to determine the optimal 
ADC cut-off value with corresponding sensitivity and specificity. The association 
between the posttreatment ADC and SUVmax was assessed with the Spearman’s 
rank correlation coefficient (r) analysis, with r ranging between 0-0.19, 0.2-0.39, 
0.40-0.59, 0.6-0.79, and 0.8-1 considered to indicate very weak, weak, moderate, 
strong, and very strong correlations, respectively. P values less than 0.05 were 
considered statistically significant. Statistical analyses were performed with the 
Statistical Package for the Social Sciences (SPSS version 22.0, Chicago, IL, USA).

Results

Patients
A total of 26 consecutive patients (19 male and 7 females; mean age, 42.3 years; 
age range, 8 – 75 years) were enrolled in this study between January 2009 and 
April 2012 (Table 2). For the purpose of our study, patients additionally underwent 
whole-body MRI-DWI within a mean of 7.23 days (range, 0 - 33 days) of the FDG-
PET/CT examination that was performed as part of clinical care. In the majority of 
patients (n=19) a diagnostic full-dose intravenous contrast-enhanced CT was also 
available for review. In 7, mostly paediatric patients, only low-dose non-intravenous 
contrast-enhanced CT was performed as part of the FDG-PET/CT examination. The 
flow diagram according to standards for reporting of diagnostic accuracy studies 
(STARD) is illustrated in Figure 1.
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Eligible  
for inclusion

(n=70)

Excluded
(n=44)

Positive by  
reference standard

(n=5)

MRI positive
(n=5)

Negative by  
reference standard

(n=21)

MRI positive
(n=8)

MRI negative
(n=0)

MRI negative
(n=13)

Figure  1 Flow diagram according to standard of reporting of diagnostic accuracy studies (STARD).

The median interval between the last cycle of chemotherapy and restaging FDG-
PET/CT was 42 days (range 13-206 days). Note that in the patient with a short 
interval (13 days) between FDG-PET/CT and the last cycle of chemotherapy, there 
was no residual lesion on either FDG-PET/CT or whole-body MRI-DWI. In all other 
patients, the time between last cycle of chemotherapy and posttreatment FDG-
PET/CT was more than 30 days. 

Interobserver agreement
The interobserver agreement of whole-body MRI without DWI (к= 0.74) was good, 
however the interobserver agreement of whole-body MRI including DWI (к= 0.57) 
was only moderate. 

Derivation of reference standard
The median clinical follow-up was 25.5 months (range 7.8 – 87.2 months). In three 
patients histopathology results were available for review. In 5 out of 26 patients 
there was residual active disease at restaging according to the reference standard 
(Figure 2 and 3, Table 3). 
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Table 3 Patient characteristics with residual disease

Patient  
ID

Age 
(in years)

Type of 
lymphoma* 

Location(s) of 
residual disease

Diagnosis viable 
residual disease

Clinical FU 
(in months)

4 55 FL grade I-II Right inguinal 
nodal region 

Confirmation of residual viable disease 
with histopathological analysis of tissue 
obtained with core-biopsy

38

6 47 T-cell rich B-cell 
lymphoma

Right axillar nodal 
region

Follow-up FDG-PET/CT 3 months after 
end of treatment assessment showed 
a further increase in FDG uptake in 
the axillary residual mass. Complete 
response after radiotherapy

42

10 54 FL grade I-II Thoracic wall Increased FDG-uptake in the residual 
mass. Complete remission after  
radiotherapy.

22

23 71 DLBCL Para-aortic, 
right parailiacal 
nodal regions and 
spleen

Compared to interim response 
assessment, there was an increase in 
involvement at FDG-PET/CT for which 
palliative chemotherapy was started.

27

26 31 DLBCL Anterior  
mediastinum

Increased FDG uptake in residual anteri-
or mediastinal mass at restaging.  
Complete remission after treatment

23

FL: Follicular Lymphoma; DLBCL: Diffuse Large B-cell lymphoma; NA: not available
* At staging

Figure 2 54-year-old man with follicular lymphoma grade I-II with a residual lymphomatous lesion 
diagnosed at whole-body MRI-DWI and FDG-PET/CT. Pretreatment coronal T1W (a) and coronal T2W-
STIR (b) images show right thoracic wall (arrow) and axillary lymph node involvement. At restaging, 
the coronal T1W (c) and T2W-STIR (d) images show a residual right thoracic wall lesion (arrow) with a 
relatively impeded diffusion at axial DWI (ADC 0.63 x 10-3 mm2/s) and increased FDG uptake (SUVmax 
6.96 g/ml) at FDG-PET (e). The ROI was drawn around the perimeter of the residual lesion at the right 
thoracic wall on the ADC map (h) using the b=0 s/mm2 and b=1000 s/mm2 images (f,g) 
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Figure  3 55-year-old man with follicular lymphoma grade II with a histopathologically proven residual 
lymphomatous inguinal lesion that was detected at whole-body MRI-DWI. This residual lesion was 
classified as negative for residual lymphomatous disease with FDG-PET/CT. Histopathological analysis 
was performed because of residual enlarged lymph nodes that were felt during physical examination. 
Pretreatment coronal T2W-STIR and T1W images show involvement of the right inguinal nodal station 
(a, arrow). The lymph node involvement decreased in size during restaging (b ,c), but still demonstrated 
a relatively impeded diffusion (ADC 1.01 x 10-3 mm2/s) [f (b=0 s/mm2), g (b=1000 s/mm2), h (ADC map)]. 
However, FDG-PET/CT (e) was negative (SUVmax 2.84 g/ml) 

Diagnostic value of visual whole-body MRI-DWI analysis
The diagnostic value of whole-body MRI without and with DWI is displayed in Table 4. 
In total 15 patients were diagnosed with a residual lesion at whole-body MRI without 
DWI. In five out of these 15 patients there was viable residual disease according to 
the reference standard. The addition of visual assessment of DWI to the whole-body 

Table 4 Diagnostic value of whole-body MRI according to the reference standard*

Sensitivity Specificity PPV NPV

MRI - DWI 100% (46.3-100%) 52.3% (30.3-73.6%) 33% (15-52%) 100% (68-100%)

MRI + DWI 100% (46.3-100%) 61.9% (38.7-81.0%) 38% (15-68%) 100% (71-100%)

PPV: positive predictive value; NPV: negative predictive value
* Confidence interval within parentheses
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MRI analysis improved the specificity of whole-body MRI by showing no restricted 
diffusion in the residual lesions in two patients. The sensitivity of whole-body MRI 
remained excellent. In conclusion, the sensitivity and specificity of whole-body MRI 
were 100% and 52% respectively for whole-body MRI without DWI and 100% and 
62% for whole-body MRI including DWI.
In one patient (follicular lymphoma grade II) FDG-PET/CT missed a residual 
lymphomatous lesion that was correctly diagnosed with whole-body MRI-DWI 
(Figure 3). 

Diagnostic value of ADC measurements and correlation with FDG-PET/CT 
SUVmax
The ADC and SUVmax measurements were performed in 19 residual lesions from 
11 patients.  Two patients were excluded from (semi)-quantitative measurements. 
In one patient it was not possible to calculate the SUVmax value due to non-
availability of crucial information (including body weight). In the other patient the 
residual lesion at whole-body MRI-DWI was considered too small (< 0.50 cm2) to 
perform a reliable ADC measurement. 
The mean size of the ADC ROIs was 2.86 cm2 (range 0.85 – 7.49 cm2). The Shapiro-
Wilk test revealed that the ADCs of the non-viable residual lesions were not normally 
distributed (for non-viable residual lesions W= 0.86; for viable residual lesions W= 0.92), 
justifying the use of the Mann-Whitney U test. The ADCs (in 10-3 mm2/s) of viable 
lymphomatous lesions (median ± SD, 0.96 ± 0.17) were significant lower than those 
of non-viable residual lesions (median ± SD, 1.54 ± 0.25; p = 0.002). Box-and-whisker 
plots are displayed in Figure 4 and the ROC curve is shown in Figure 5. AUC was 0.93 
(95% CI: 0.79-1.00). Using an optimal cut-off ADC value of 1.21 x 10-3 mm2/s, the 
sensitivity and specificity were 100% and 91.7%, respectively.
The median posttreatment SUVmax (g/ml) was 2.23 (range 1.27 – 19.37). The 
SUVmax values were not normally distributed (W= 0.62). There was only a weak 
non-significant correlation between the posttreatment ADC and SUVmax (r= -0.24, 
p= 0.33, Figure 6).
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Figure 4 Box-and-Whisker plots show 
median (middle line of the box), quartiles 
(top and bottom of the box), upper 
extreme value (upper whisker) and 
lower extreme value (lower whisker) and 
outliers (circles) for ADC measurements 
of the residual lesions that were visually 
detected at whole-body MRI-DWI, 
separated for the diagnoses non-viable 
versus viable lymphomatous lesions 
according to the reference standard. 
The ADCs (in 10-3 mm2/s) of viable 
lymphomatous lesions (median ± SD, 
0.96 ± 0.17) were significantly lower 
than those of non-viable residual lesions 
(median ± SD, 1.54 ± 0.25; p = 0.002)

Figure 5 Receiver operating characteristic 
curve analysis of ADC measurements 
in all residual lesions that were visually 
detected at whole-body MRI-DWI. The 
area under the ROC curve was 0.93 (95% 
CI: 0.79-1.00)

Figure 6 Scatter plot of FDG-PET/CT 
SUVmax versus ADC in the 19 residual 
lesions that were visually detected at 
whole-body MRI-DWI. There is only 
a weak non-significant correlation 
between ADC and SUVmax (r= -0.24, 
p= 0.33)
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Discussion
Our study demonstrated a good interobserver agreement for the evaluation of 
conventional (T1W and T2W-STIR) MRI sequences in the detection of residual 
lymphomatous disease after completion of treatment. However, the interobserver 
agreement of additional visual analysis of diffusion-weighted images was only 
moderate, indicating an increase in variability for the visual assessment of impeded 
diffusion of residual lesions. This could be related to a lack of experience in the use of 
DWI in this setting. Furthermore, the results of this preliminary study indicate that visual 
whole-body MRI-DWI analysis can reach a high sensitivity in the detection of residual 
disease after completion of treatment in lymphoma, although its specificity was only 
moderate, even with the addition of DWI. Muscle was used as an internal reference 
organ for the visual analysis of whole-body diffusion-weighted images in this study, 
but appeared to provide insufficient specificity. Other reference tissues such as the 
spinal cord have been used to detect cancer at DWI16, but the spinal cord may show 
considerable signal variation at different anatomic levels, and is not available for the 
evaluation of lower abdominal/pelvic lesions because the spinal cord is not included 
in the lower part(s) of a multi-station DWI scan. The same applies to other potential 
reference organs such as the spleen and kidneys, which may also be affected by 
lymphomatous lesions. This issue may be solved by abandoning visual DWI analysis 
with reference tissues in favour of quantitative diffusion (ADC) measurements, as 
demonstrated in this study. Interestingly, ROC analysis of ADC values in 19 residual 
lesions showed that if an optimal cut-off ADC value of 1.21 x 10-3 mm2/s was used, 
there was a considerable increase in specificity (91.7%) while maintaining high 
sensitivity (100%). Therefore, there could be a potential complementary role for ADC 
measurements in the posttreatment assessment of lymphoma with whole-body 
MRI-DWI. Finally, no significant correlation was found between the ADC and the FDG-
PET/CT SUVmax in the 19 available residual lesions. Whether or not ADC and FDG-
PET/CT SUVmax provide clinically useful complementary (diagnostic or prognostic) 
information in this setting needs to be further investigated.
Several studies have investigated the role of whole-body MRI-DWI in early response 
assessment in different lymphoma subtypes with inconclusive results. Most studies 
reported a therapy-induced increase in ADCs (without performing long-term 
survival analyses) and report the presence17,18 or absence19,20 of an inverse correlation 
between ADC and FDG-PET/CT SUV. However, to our best knowledge, there are no 
previous studies in lymphoma assessing the diagnostic performance of whole-body 
MRI-DWI including ADC measurements in the detection of residual disease following 
completion of therapy. The main challenge for posttreatment assessment lies in 
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differentiating between viable lymphomatous lesions and fibrotic tissue. Several 
previous studies in different malignancies have reported ADC measurements to be 
useful in the differentiation between residual or recurrent tumour and posttreatment 
changes21-24. All these studies show an increase in sensitivity and specificity when 
adding (quantitative) DWI to the routine MRI sequences with significantly lower 
ADCs in residual or recurrent malignant lesions compared to those in (immature) 
fibrosis and granulation tissue21-24, in keeping with the results of the present study. In 
addition, the reported cut-off ADC values for optimal discrimination between active 
residual disease and fibrotic scar tissue fall in a similar range as our results (1.25-1.48 
× 10-3 mm2/s)21-24. 
Several limitations of our study need to be considered. First, the number of patients 
and residual lesions were limited. Second, different types of lymphoma were included. 
Preferably, aggressive and indolent lymphoma subtypes are analyzed separately 
because these represent different disease entities with different treatment regimes 
and outcomes. Third, a histopathological reference standard was lacking in most 
patients. However, obtaining additional biopsies of residual lesions was ethically and 
practically not possible. Instead, the expert panel used all available FDG-PET/CT and 
clinical information with a follow-up of at least 6 months to classify patients. Fourth, MRI 
systems from different vendors were used in our study, potentially causing additional 
variability in our ADC measurements. However, a recent study demonstrated a good 
intervendor variability for different locations within the abdomen25. 
In conclusion, our initial results indicate that visual whole-body MRI analysis is very 
good at detecting residual lesions after completion of therapy in indolent and 
aggressive lymphoma subtypes, however it lacks specificity. ADC measurements 
could be a valuable adjunct for the discrimination between viable and non-viable 
residual lesions. Further, larger studies are needed to establish the promising role of 
whole-body MRI-DWI in this setting.
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Abstract
Osteonecrosis is a well-recognized complication in patients treated with 
corticosteroids. The incidence of osteonecrosis in children treated for Hodgkin 
lymphoma is unknown. This is due to the fact that prospective whole-body 
magnetic resonance imaging (MRI)studies are lacking. Paediatric patients with 
newly diagnosed Hodgkin lymphoma who were treated according to a uniform 
paediatric Hodgkin protocol were eligible for inclusion in this prospective study. 
Whole-body MRI was performed in all 24 included patients (mean age 15.1 
years, 12 girls) both before treatment and after 2 cycles of chemotherapy, and 
in 16 patients after completion of chemotherapy. Osteonecrosis was identified 
in 10 patients (41.7%, 95% confidence interval: 22.0–61.4%), with a total of 56 
osteonecrotic sites. Osteonecrosis was detected in 8 patients after 2 cycles of 
OEPA, and in 2 additional patients after completion of chemotherapy. Epiphyseal 
involvement of long bones was seen in 4 of 10 children. None of the patients with 
osteonecrosis had any signs of bone collapse at the times of scanning. Whole-
body MRI demonstrates osteonecrosis to be a common finding occurring during 
therapy response assessment of paediatric Hodgkin lymphoma. Detection of early 
epiphyseal osteonecrosis could allow for treatment before bone collapse and joint 
damage may occur.
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Introduction
Hodgkin lymphoma accounts for approximately 9% of all childhood cancers1. Long-
term survival rates now exceed 90% after treatment with chemotherapy alone or in 
combination with radiation therapy2. Because of the good outcome of paediatric 
Hodgkin lymphoma, treatment decisions are increasingly based on minimizing 
late adverse effects1. One of the less well-studied therapy-related side effects in 
Hodgkin lymphoma is osteonecrosis, a condition that results from a reduction or 
complete loss of blood supply to a bone region3. Corticosteroids, cytotoxic therapy, 
and radiation therapy are well-known causes of osteonecrosis3. Early diagnosis of 
osteonecrosis may be important to prevent long-term complications, which is 
dependent on the location of lesions.  Metadiaphyseal areas of osteonecrosis have 
limited to no long-term sequelae, as bone collapse does not occur and dead bone 
is as strong as viable bone but lacks the ability to remodel3. Epiphyseal lesions, 
on the other hand, may be complicated by articular collapse3. Management of 
osteonecrosis primarily aims to prevent disease progression and articular collapse, 
and to relieve pain.  The diagnosis of osteonecrosis relies on imaging, since patients 
may well be asymptomatic3. Magnetic resonance imaging (MRI) is regarded as the 
most sensitive and specific method for this purpose3.  At present, however, the 
incidence of osteonecrosis in Hodgkin lymphoma is unclear. This is due to the fact 
that the limited number of previous studies on this topic were either retrospective 
(as a result of which asymptomatic osteonecrosis patients or symptomatic 
osteonecrosis patients who did not undergo any additional imaging were 
not included in these studies) and/or did not perform whole-body MRI studies 
(consequently osteonecrotic lesions outside the scan range were missed in these 
studies)4-6. A prospective study that uses whole-body MRI for the evaluation of the 
entire skeleton is required to gain more insight into the frequency of osteonecrosis 
in this population. Such information is also important to weigh the disadvantages 
against the benefits of new therapy regimens that are continuously under 
investigation. The aim of this study was to prospectively determine the incidence 
of osteonecrosis in children treated for Hodgkin lymphoma according to a uniform 
Hodgkin protocol using whole-body MRI.
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Materials and Methods

Patients
Patients were included in a prospective study that compares the diagnostic 
performance of whole-body MRI with 18F-Fluoro-2-deoxy-D-glucose positron 
emission tomography (FDG-PET)/computed tomography (CT).  Seven hospitals 
participated in the enrollment of patients for this prospective study: University 
Medical Centre Utrecht, VU University Medical Centre Amsterdam, Erasmus 
Medical Centre – Sophia Children’s Hospital, Rotterdam, Vall d’Hebron Barcelona, 
Institution Giamina Gasline Genoa, Burlo Garofolo Paediatric Institute Trieste, and 
Oslo University Hospital, Rikshospitalet. The local institutional review boards of all 
participating centres approved this prospective study. Written informed consent 
was obtained from all parents or guardians and patients, depending on their age 
(> 12 years). Inclusion criteria were: patients aged 8 years and older, histologically 
proven Hodgkin lymphoma, treatment according to the Euronet PHL trial7, whole-
body MRI performed at initial staging, and whole-body MRI performed after 2 
cycles of vincristine, etoposide, prednisone and doxorubicin (OEPA) and/or at end 
of treatment, after 2 or 4 cycles of cyclophosphamide, vincristine, prednisone and 
dacarbazine (COPDAC). The dosage of prednisone within a cycle of OEPA is 60 mg/
m2/day p.o. divided into 3 doses for 14 days. The dosage of prednisone within a 
cycle of COPDAC is 40 mg/m2/day p.o. divided into 3 doses for 14 days7.
Exclusion criteria were: age older than 21 years, general contraindications for MRI 
(such as implanted pacemaker, metallic implant and claustrophobia), pregnancy 
and previous anticancer/corticosteroid therapy.

Medical record review and patient follow-up
Age, gender, body mass index (BMI, calculated as weightin kg/heightin m2), bone 
marrow infiltration (as determined by either FDG-PET/CT and MRI or bone marrow 
biopsy), and Ann Arbor stage (as determined by FDG-PET/CT and bone marrow 
biopsy) were retrieved from patient’s medical records. Because the interpretation 
of the BMI in children and adolescents is age- and sex-specific, we used BMI cut-
offs for normal weight, overweight and obesity as reported by Cole et al8. Reported 
bone or joint pain during and after therapy, and any osteonecrosis-directed 
interventions, were recorded.

MRI scheduling
All patients underwent pretreatment whole-body MRI for staging purposes and a 
second, early response whole-body MRI 14-17 days after application of the second 
chemotherapy cycle. Ten to 14 days after completion of the entire chemotherapy 
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regimen, imaging of the initially involved regions was required for patients with 
intermediate and advanced stage disease. Therefore, whole-body imaging after 
completion of therapy was not performed in all patients. 

MRI protocol
MRI was performed with 1.5-T systems (Achieva, Philips Healthcare; Avanto, 
Siemens Medical Solutions or Signa, GE Healthcare). Multistation coronal T1W 
(T1W; repetition timeTR of 537 ms, echo timeTE of 18 ms, number of signal averages 
(NSA) of 1, slice thickness 6 mm, gap 1 mm) and T2W-STIR images (T2W-STIR; TR of 
2444 ms, TE of 64 ms, inversion time of 165 ms, NSA of 2, slice thickness 6 mm, gap 
1 mm) were acquired with a scan range from at least skull base to mid-thighs. Total 
actual acquisition time was approximately 20-25 minutes. Seamless coronal whole-
body T1W and T2W-STIR images were created by merging of separately acquired 
stations. 

MRI interpretation
The anonymized MRI datasets were transferred to DICOM software (Osirix, version 
5.5.2, Pixmeo SARL, Bernex, Switzerland). A radiologist (T.C.K., with 7 years of 
experience in whole-body MRI) reviewed all the images. This reader was aware 
that children were diagnosed with Hodgkin lymphoma and that they may have 
undergone bone marrow biopsy of the posterior iliac crest (in case of stage > IIA 
disease, according to the Euronet PHL-C1 protocol), but was blinded to all other 
clinical patient data. The pretreatment whole-body MRI scans were at the readers’ 
disposal when analyzing the interim and end-of-treatment whole-body MRI scans. 
Osteonecrosis was defined as areas of yellow marrow surrounded by a low-signal-
intensity-rim on T1W and T2W-STIR sequences (with or without an inner zone of high 
signal intensity on T2W-STIR images). Other bone marrow abnormalities, including 
the characteristic needle tract in the posterior iliac crest after bone marrow biopsy, 
and focal areas of low signal intensity on T1W images with high signal intensity on 
T2W-STIR images relative to muscle (consistent with lymphomatous bone marrow 
involvement), were not considered to represent osteonecrosis. The anatomical 
locations of osteonecrosis, including epiphyseal or metadiaphyseal locations if 
long bones were involved, were recorded. In epiphyseal lesions, the volume of 
epiphyseal involvement was subjectively assessed (less or more than 50%), and the 
presence of joint effusion and prominent surrounding bone marrow edema were 
subjectively determined. 
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Statistical analysis
Numerical variables were summarized using mean with standard deviation (SD) 
or median with interquartile range (IQR). The incidence of osteonecrosis at whole-
body MRI after 2 cycles of chemotherapy and after completion of treatment 
was calculated, along with 95% confidence intervals (CIs). Age and gender were 
compared between patients without and with ON using either unpaired t-tests 
(for age) or Fisher’s tests (for gender). P-values less than 0.05 were considered 
statistically significant. Statistical analyses were performed with the Statistical 
Package for Social Sciences software (SPSS version 22.0, Chicago, IL).

Results

Patients
Between March 2012 and April 2015, 25 patients were enrolled in this study. One 
patient was excluded because osteonecrosis was already present at initial staging 
whole-body MRI examination due to previous treatment with corticosteroids for 
hemolytic anemia. Thus, in total 24 patients (mean age 15.1 years, 12 girls) were 
included for analysis (Table 1). Whole-body MRI was performed in all 24 patients 
after 2 cycles of chemotherapy, and in 16 of 24 patients after end of treatment. 
In 15 patients the acquired scan range of the whole-body MRI examination 
included skull base up to midthighs. In 9 patients, the lower limbs up to the feet 
were also included in the field of view of the scan.

Incidence of osteonecrosis
Osteonecrosis was diagnosed in 10 patients (41.7%, 95% CI: 22.0-61.4%) during 
therapy response assessment (Table 1). A total of 56 osteonecrotic lesions were 
identified in these 10 patients. In 8 patients osteonecrosis was detected after 2 
cycles of chemotherapy. In 2 patients osteonecrosis was only seen at the end of 
treatment. The distribution of osteonecrosis is listed in Table 2.

Epiphyseal osteonecrosis
Epiphyseal involvement of long bones was diagnosed in 4 of 10 patients (Table 3). A total 
of 18 epiphyseal lesions were detected in these 4 patients (Table 3). In none of these 
4 patients significant bone marrow edema was noted. In 2 patients more than 50% 
of articular surface was affected. In 2 patients joint effusion of the knee was seen. 
None of the patients with osteonecrosis had any signs of articular collapse at the 
times of scanning (Table 2). One patient with epiphyseal involvement of hip and 
knee developed hip pain, presumably related to the osteonecrosis after 2 cycles of 
chemotherapy. 
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Table 1 Characteristics of included patients

Characteristics All patients 
(n=24)

Patients with ON
(n=10) 

Patients without ON 
(n=14)

Sex (n)

     Male

     Female

12

12

3

7

9

5

Age (y) 

     Mean ± SD 

     Range

15.1 (±2.18)

10.1 - 17.9

15.9 (±1.51)

12.8 -17.9

14.4 (±2.41)

10.1 – 17.4

BMI

    Normal

    Overweight

    Obesity

16

7 

1

8

2

0

8

5

1

Disease stage (n)

    I  2 0 2

    II 11 6 5

    III  7 3                                          4

    IV  4 1                                              3

Treatment (n)

2× OEPA 

2× OEPA, 2× COPDAC 

2× OEPA, 4× COPDAC 

 3

13

 8

1

7

2

2

6

6

ON: osteonecrosis; BMI: body mass index; OEPA: vincristine, etoposide, prednisone, doxorubicin; 
COPDAC: cyclophosphamide, vincristine, prednisone, dacabarzine

Table 2 Distribution and frequency of osteonecrosis

Location Number of patients (n=10)

Long bones 8

Scapula 1

Pelvis 3

Calcaneus 2

Talus 1
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Bone marrow status
The bone marrow biopsies were negative for Hodgkin lymphoma in all patients, 
although 2 patients showed signs of bone marrow involvement according to 
imaging (FDG-PET and MRI were positive in the same locations). One patient 
diagnosed with bone marrow involvement showed osteonecrosis at therapy 
response assessment, however at different locations than the initial lymphomatous 
bone marrow involvement.

Analysis of risk factors
Characteristics of patients with and without osteonecrosis are described in Table 1.
There was a slight female predominance in the subgroup of patients with 
osteonecrosis, however this was not statistically significant (p = 0.103). There was 
no significant difference in age between the two groups (p = 0.101).

Patient follow-up
The median follow-up time in children with osteonecrosis was 11.9 months (IQR 
22.4 months; range 5.8-43.2 months). One patient developed hip pain after 2 cycles 
of chemotherapy, especially after exertion, which was probably due to epiphyseal 
osteonecrosis of the femoral heads (Figure 1). She received biphosphonate treatment 
for 4 months, but this did not alleviate the pain. Her lesions remained stable without 
articular collapse at follow-up MRI 1 year after her early response assessment. 
Therefore, the orthopedic surgeons decided for symptomatic treatment with 
prostaglandin analogs. The other 9 patients did not report complaints that could 
be related to osteonecrosis.

Table 3 Distribution and frequency of osteonecrosis of the long bones

Location Number

Long bones lesions (patients/lesions) 8 /38

Epiphyseal lesions (patients/lesions) 4/18

Epiphyseal lesions/patient 4.5

Osteonecrosis of upper extremity

Proximal humerus 2

Distal humerus 2

Osteonecrosis of lower extremity

Proximal femur 8

Distal femur 10

Proximal tibia 10

Distal tibia 6
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Discussion
A considerable proportion (41.7%) of children treated for Hodgkin lymphoma 
according to a uniform Hodgkin treatment protocol, developed osteonecrosis 
during therapy in this prospective study as demonstrated by serial whole-body 
MRI. 
Although osteonecrosis is a known complication of treatment in acute lympho-
blastic leukaemia, very limited data have been published on the incidence of 
osteonecrosis in paediatric Hodgkin lymphoma. Niinimäki et al. showed osteo-
necrosis in 4 out of 7 paediatric Hodgkin lymphoma patients6. However, in addition 
to the fact that only 7 Hodgkin lymphoma patients were included, MRI was only 
performed of the lower extremities in that study6. Fosså et al. evaluated the effects 
of 2 escalated bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, 
procarbazine, prednisolone (BEACOPP) cycles followed by 6 standard BEACOPP 

Figure 1 A 15-year-old girl with Hodgkin lymphoma with bilateral cervical and mediastinal lymph node 
involvement, consistent with stage II disease, as demonstrated by coronal T1W and T2W-STIR whole-
body MRI (A and B, arrows). Whole-body MRI after 2 cycles of OEPA chemotherapy shows osteonecrotic 
foci in both proximal and distal femora and proximal tibiae, as demonstrated by coronal T1W images 
with zoomed insets (C and D, arrows)
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cycles in 47 adult patients with advanced-stage Hodgkin lymphoma with an 
international prognostic score ≥4, symptomatic osteonecrosis was diagnosed in 10 
(21%) patients5. Three of these 10 patients underwent hip replacement surgery after 
treatment5. However, that study did not include any children, and only performed 
MRI directed to the site of complaints in symptomatic patients5. In the present 
study on treatment-induced osteonecrosis included the largest series of paediatric 
Hodgkin lymphoma patients so far, we performed MRI in all patients rather than 
in symptomatic patients only, and applied an extensive to total body coverage for 
MRI. The latter two are important factors that allowed for a more accurate estimate 
of the incidence of osteonecrosis in this study population. Importantly, whole-body 
MRI is emerging as a radiation-free alternative to FDG-PET/CT for the evaluation of 
paediatric lymphoma patients9,10. Often the whole-body MRI protocol covers the 
area from skull base to mid-femur, similar to the FDG-PET/CT protocol. However, 
including the lower legs within the field of view should be considered for increased 
detection of osteonecrosis. It should also be noted that FDG-PET/CT is insensitive 
and not very specific for the diagnosis of (early) osteonecrosis3. Focal FDG uptake 
that can be seen in osteonecrotic lesions can mimic lymphomatous bone marrow 
involvement11. Whole-body MRI is clearly superior to FDG-PET/CT for osteonecrosis 
detection, whereas the two modalities can be considered equivalent for staging 
lymphoma9,10. 
Osteonecrosis appears multifactorial in origin. Long continuous exposure to 
corticosteroids, female gender, age and high BMI have been reported as the 
most important risk factors in children treated for acute lymphoblastic leukaemia 
(ALL)12. Female predominance in the patient group with osteonecrosis was also 
seen in our cohort. Our data showed a preference of weight-bearing joints of 
the lower limb, especially the knee, confirming previous studies13. Unfortunately, 
absence of initial pain does not exclude long-term complications14. The long-term 
outcome is dependent on the location of lesions. Especially epiphyseal lesions 
can cause symptoms if subchondral collapse and joint damage occur. Treatment 
of osteonecrosis with significant potential for articular collapse or symptomatic 
lesions encompasses both surgical (either prophylactic or reconstructive) and 
non-operative options3. Noninvasive options include pharmacologic agents 
(including lipid-lowering drugs, anticoagulants, vasodilators and biphosphonates), 
extracorporeal shock wave therapy, and hyperbaric oxygen treatment3. 
Nevertheless, there is still no clear consensus on how osteonecrosis should be 
treated15. Niinimäki et al. screened for osteonecrosis in children and adolescents 
treated for ALL with lower extremity MRI. They reported osteonecrosis to be a 
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common complication (24%)12. More interestingly, after shortening the single 
exposure to dexamethasone, the risk for osteonecrosis diminished remarkably12. 
Further identification of risk factors, beyond gender and BMI, could further guide 
personalized treatment protocols. 
Our study had several limitations. First, despite the multicentre design of our 
prospective study, the number of included patients was limited. As a result, a 
meaningful statistical comparison of risk factors between patients without and 
with osteonecrosis was not possible. Second, the knees were not always included 
within the field of view. Furthermore, end-of-treatment whole-body MRI was 
not available in every patient. Therefore, the incidence of osteonecrosis could 
have been underestimated. Third, a single reader reviewed the whole-body MRI 
datasets. However, Karimova et al.  have already demonstrated a substantial MRI 
interobserver agreement for the detection of osteonecrotic lesions16. Fourth, 
osteonecrosis was asymptomatic in most cases, with only one patient in our cohort 
who developed complaints. However, initially asymptomatic osteonecrosis may 
progress and become symptomatic later17. Although the detected osteonecrotic 
sites did not progress during our follow-up, due to our limited sample size (only 10 
patients with osteonecrosis) and limited follow-up time (minimum follow-up time 
was 5.8 months), the incidence of osteonecrosis-related joint complications could 
not be reliably estimated. Thus, the clinical implications of osteonecrosis detected 
on screening whole-body MRI in treated Hodgkin lymphoma patients remain 
uncertain. Further prospective investigations with longer-term follow-up in larger 
groups of children with symptomatic and asymptomatic osteonecrosis are needed 
to document the risks factors, and time course of progression or resolution of this 
pathologic condition. Identification of patients at risk for developing osteonecrosis 
complicated with articular collapse could guide optimized personalized anticancer 
treatment strategies to prevent or mitigate osteonecrosis. In addition, detection 
of early, asymptomatic osteonecrosis at risk of articular collapse may provide the 
opportunity for these subjects to be enrolled into clinical trials in order to find ways 
to prevent or minimize joint damage.
In conclusion, whole-body MRI demonstrates osteonecrosis to be a common 
finding during therapy response assessment of paediatric Hodgkin lymphoma. 
Detection of early epiphyseal osteonecrosis could allow for treatment before 
bone collapse and joint damage may occur. Further studies to identify additional 
risk factors for developing osteonecrosis could be helpful to guide personalized 
treatment regimens, as approximately half of our study population did not develop 
osteonecrosis. 
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Abstract 

Background
The apparent diffusion coefficient (ADC) is potentially useful for assessing 
treatment response in nephroblastoma (Wilms tumour). However, the precision of 
ADC measurements in these heterogeneous lesions is unknown. 

Objective
To assess intra- and interobserver variablility of whole-tumour ADC measurements 
in viable parts of nephroblastomas at diagnosis and after pre-operative 
chemotherapy.

Materials and Methods 
Children with histopathologically proved nephroblastoma who had undergone 
MRI with diffusion-weighted imaging before and after pre-operative 
chemotherapy were included. Three independent observers performed whole-
tumour ADC measurements of all lesions, excluding non-enhancing areas. One 
observer evaluated all lesions on two occasions. Analysis using Bland-Altman 
plots and concordance correlation coefficient (CCC) calculations with 95% limits 
of agreement were performed for median ADC, difference between pre -and post-
chemotherapy median ADC (ADC shift) and percentage of pixels with ADC values 
< 1.0 x 10-3 mm2/s.

Results
In 22 lesions (13 pretreatment and 9 posttreatment lesions) from 10 children the 
interobserver variability in median ADC and ADC-shift were within the interval of 
approximately ± 0.1 x 10-3 mm2/s (limits of agreement for median ADC ranged from 
-0.08 to 0.11 x 10-3 mm2/s and for ADC-shift from -0.11 to 0.09 x 10-3 mm2/s). The 
interobserver variability for percentage low-ADC pixels was larger and also biased. 
The calculated CCC confirmed good intra- and interobserver agreement (ρ-c 
ranging from 0.968 to 0.996).

Conclusions
Measurements of whole-tumour ADC, excluding necrotic areas, seem sufficiently 
precise for detection of chemotherapy-related change.
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Introduction
Monitoring oncological treatment response with cross-sectional imaging is 
traditionally based on tumour size assessment, but change in size does not always 
correspond to actual biological response1-3.  Increase in volume can occur in well-
responding tumours, e.g. during differentiation. On the other hand, tumours that 
shrink may still contain considerable volumes of viable tumour, e.g. blastema and 
anaplastic elements of nephroblastoma. Therefore, imaging-parameters other than 
those estimating overall tumour volume are desirable.
MRI is currently the preferred modality for imaging renal tumours in children, 
because it provides high soft-tissue contrast and offers anatomical and quantitative 
information without the use of ionising radiation4,5. Diffusion-weighted MRI (DWI) 
measures random motion of water protons that is restricted in, for instance, highly 
cellular lesions. The apparent diffusion coefficient (ADC) is a quantification of the 
degree of impeded water motion. Hence, it may be utilised as a non-invasive in-
vivo biomarker. A decrease in cellularity, a common histopathological treatment 
response, may potentially be detected as increased apparent diffusion at DWI6. 
Specifically, earlier reports in nephroblastoma suggested a shift towards higher 
ADC values in tumours that responded to preoperative chemotherapy.
Unfortunately there is considerable heterogeneity in reported acquisition 
techniques and methods of ADC measurements7, and the variability in 
measurements is not known. In other words, we currently do not know whether an 
observed change in ADC truly reflects a biological process rather than a random 
measurement error. An important step in exploring this is to estimate the variability 
caused by intra- and inter-rater variability.
Our aim was therefore to quantify the variability among experienced readers and 
also between reading sessions, using already proposed parameters of the tumour-
volume ADC-distribution: the median ADC at a single scan, and the difference 
in median ADC between the pre-and post-chemotherapy scans. Since low ADC 
is associated with high cellularity7, we also wished to explore the variability in 
assessment of the percentage of voxels within tumour with low ADC values.

Materials and Methods

Patients
The research ethical committee of our institution waived ethical approval for this 
retrospective review. Ten consecutive patients referred to our tertiary care paediatric 
hospital during July 2012 – July 2013 were included. All had histopathologically 
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proved nephroblastoma. MRI is the modality of choice for formal cross-sectional 
tumour imaging in our institution and was performed as part of standard clinical 
care at initial presentation and after pre-operative chemotherapy. Consecutive 
patients with a complete diagnostic MRI including DWI and a largest area on a 
single slice of  > 3 cm2 and total volume of > 6 cm3 were included for analysis. In 
smaller lesions there is a considerable risk for partial volume effects. Predominantly 
cystic lesions were excluded. All patients were treated according to the guidelines 
of the international Society of Paediatric Oncology (SIOP-RT 2001)8: Four weeks 
preoperative chemotherapy with vincristine and actinomycin D is considered 
standard therapy for localised tumours. Patients with metastases at diagnosis 
receive 6 weeks of preoperative therapy with three drugs, including doxorubicin8.

MRI acquisition
Contrast-enhanced MRI of the abdomen including DWI was performed on a 1.5-
T scanner (Avanto, Siemens medical solutions, Erlangen, Germany). The imaging 
protocol consisted of fat-suppressed axial pre- and post-gadolinium T1W turbo 
spin-echo, axial and coronal T2W short-tau inversion recovery and diffusion-
weighted imaging (Table 1). Diffusion-weighted sequences were acquired in the 
axial plane during free breathing applying at least b values of 0, 50, 250, 500 
and 1,000 s/mm2 (Table 1). ADC maps were automatically generated by the MRI 
measurement system. 
Children were awake, sedated or under general anaesthesia depending on their 
ability to cooperate. Gadoterate meglumine (Dotarem, Guerbet Laboratories, 
Roissy, France) at an intravenous dose of 0.05 mmol/kg body weight was used. All 
children were screened for contraindications, such as risk factors for nephrogenic 
systemic fibrosis. Estimation of glomerular filtration rate was performed in children 
with suspicion of renal disease and after chemotherapy. All children received 
intravenous spasmolytic (hyoscine butylbromide [Buscopan, Boehringer Ingelheim 
Limited, United Kingdom] 0.4 mg/kg body weight) to reduce artefacts caused by 
peristaltic movements of the bowel. 

Image analysis
The anonymised MRI datasets including the ADC maps were transferred to the 
DICOM software Osirix version 5.5.2. Three independent paediatric radiologists 
[Ø.E.O, P.D.H and A.S.L with 14, 10 and 5 years of experience with paediatric 
abdominal MRI, respectively] performed the ADC measurements. The readers were 
masked to each other’s results and to histopathology reports. The pretreatment 
images were available for review when analysing the posttreatment data sets. 
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In order to assess the intraobserver variability, one reader [A.S.L.] performed the 
measurements twice with a minimum interval of 4 weeks. The first reading of this 
reviewer was used to assess the interobserver variability.

Whole-tumour ADC measurement protocol
Regions-of-interest were drawn manually on the ADC maps. This was done by each 
reader for inter-observer analysis, and at both readings for intra-observer analysis. 
Conventional MR images guided the definition of the outline of the tumour at each 
consecutive tumour-containing slice, excluding peritumoral oedema. To minimise 
the partial volume effect only sections where the area occupied by tumour was 
> 3 cm2 and the area was > 50% of the adjacent more central slice were included 
for analysis. We used the pre- and post-gadolinium T1W images to create a mask 
that excludes areas of tumour with no or very low enhancement, as these were 
thought to represent necrosis, haemorrhage or cystic elements. Therefore, we 
subtracted the pre- from the post-gadolinium T1W images. We resampled this 
subtracted data set against the tumour ADC data set to obtain similar voxel size 
and orientation. Further analysis was performed with image processing program 
ImageJ (National institute of Health, Bethesda, Maryland, USA) version 1.47. The 
pixels of the subtracted dataset with an enhancement at or above that of the 
erector spinae muscles were used as a threshold filter for the ADC data set. The 
final ADC data set therefore represented all pixels from the enhancing parts of the 
tumour. These whole-tumour ADC sets were exported for statistical analysis. The 
requisite of including only the viable parts of the tumour in the analysis of ADC 
distribution is exemplified in Figure 1.
Since not all whole-tumour ADC histograms were normally distributed, the 
median ADC was chosen to represent the central location of the ADC distribution. 
Measuring only a mean or median could potentially conceal relevant information. 
Therefore, we also assessed the variability within and between observers for 
percentage of pixels with low ADC (< 1.00 x 10-3 mm2/s), assuming that lower ADC 
values are more relevant in assessing treatment response8,9. Lastly, we assessed the 
variability in measurements for the difference in median ADC before and after neo-
adjuvant chemotherapy.

Statistical analysis
Intra- and interobserver variability for the three variables (median ADC, percentage 
low-ADC pixels, and shift in median ADC during chemotherapy) were analysed 
according to the method of Bland and Altman with calculation of the 95% limits 
of agreement9. 
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Figure 1 Images of a 2-year-old girl with left-sided nephroblastoma illustrate the importance of including 
only the viable parts of the tumour in the analysis of ADC distribution. a Axial T2-SPACE, b Axial T1 TSE and 
c Subtracted post-contrast axial T1W MR images show a large heterogenous tumour (arrowheads) with 
hemorrhagic and necrotic components arising from the left kidney consistent with nephroblastoma. 
Axial diffusion-weighted images (b0 [d], b 1,000 [e], ADC map [f]) illustrate the low signal and low 
ADC within the large necrotic/hemorrhagic components (arrows). The whole-tumour ADC histogram 
(horizontal axis: ADC value [10-3 mm2/s]) without (g) and with (h) subtraction demonstrates the need 
for excluding the less-enhancing parts of the tumour for ADC analysis. Due to haemorrhagic/nectoric 
components within the tumour the histogram without subtraction shows a high peak of ADC value 
around zero probably related to susceptibility artefacts resulting in incorrect ADC calculations that 
skewed the median ADC value to lower values 
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Additionally, the Lin’s concordance correlation coefficient (CCC) was calculated 
along with the 95% confidence intervals as another measure of assessing the 
observer variability10.
The Wilcoxon Rank Sum test was used to compare the pre- and post-treatment 
median ADC differences for every rater pair to check for potentially significant 
differences for rater variability in pre- and post-treatment lesions. Spearman’s rho was 
used for assessing any linear relation between the average and the differences for 
the tested ADC parameters. P-values < 0.05 were considered statistically significant. 
R software (version 3.0.1, R foundation for Statistical Computing, Vienna, Austria) 
was used for calculation of the concordance correlation coefficient. All other 
statistical analyses were executed using Statistical Package for the Social Sciences 
(SPSS, version 22.0, Chicago, IL, USA).

Results

Patients
Ten children (mean age 2.7 years, range 0.5 - 4.5 years) with a total of 15 histologically 
proved nephroblastoma lesions were eligible for inclusion. Two lesions were excluded 
from analysis due to the predominantly cystic nature of the lesions (Table 2). In 9 out 
of 10 patients, complete MRI studies after preoperative therapy were available for 
analysis. Two additional posttreatment lesions were excluded for the following 
reasons: lesion too small (n=1, volume 5.5 cm3), predominantly cystic (n=1). In total, 
13 pre-treatment (mean volume 323.0 cm3, range 7.4 – 1157.8 cm3) and 9 post-
treatment (mean volume 225.3 cm3, range 6.2 – 1208.1 cm3) lesions were included 
for final analysis. The flow diagram according to standards for reporting diagnostic 
accuracy studies (STARD) is illustrated in Figure 2.

Intra-observer variability
The intra-observer variabilities for whole-tumour ADC measurements are displayed 
in Figures 3-5. The Bland-Altman plot for median ADC demonstrates narrow limits 
of agreement (mean difference: 0; 95% limits of agreement: -0.06 to 0.06x10-3 
mm2/s) indicating very low intraobserver variability. There was no striking trend 
to suggest a bias in the variability. One outlier represents a post-treatment lesion 
with haemorrhagic changes. The intraobserver variability was not significantly 
different for pre- or post-chemotherapy measurements (P=0.31). The concordance 
correlation coefficient (ρ-c= 0.994 for median ADC; ρ-c=  0.995 for Post-Pre Median 
ADC; ρ-c=0.996 for % low ADC pixels) indicated very good agreement for all three 
tested parameters (Table 3).
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Table 2 Patient characteristics

No. of patients 10

Sex (n)
Male
Female

4
6

Age (y) 
Mean ± SD 
Range

2.7 ± 1.4
0.5-4.5

No. of lesions (n) 13

Pathologic subtype

Regressive type 2

Mixed 7

Epithelial 1

Stromal 1

Blastemal 1

Diffuse anaplasia 1

Eligible for inclusion
n=15 (lesion) (10 patients)

Pretreatment MRI analysis
n=13 (10 patients)

Preoperative treatment*
n=11 (9 patients)

Resection*
n=2 (2 patients)

Excluded
n=2 (2 patients)

MRI prior to resection
n=9 (9 patients)

Excluded
n=2 (2 patients)

Figure 2 Flow diagram according to standard of reporting diagnostic accuracy studies (STARD). * One 
patient with bilateral disease underwent primary resection of one lesion and preoperative treatment 
for the lesion located at the other side
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Figure 3 Intra- and interobserver variability for whole-tumour ADC measurements. Bland-Altman plot 
of median ADC for intraobserver variability (a), Bland-Altman plot of median ADC for observer 1 and 
2 (b), observer 2 and 3 (c) and observer 1 and 3 (d). X-axis shows the average of the two readings 
whereas the y-axis represents the difference between the readings. The continuous line represents the 
average absolute difference between the two readings. The dashed lines represent the 95% confidence 
intervals of the average differences (limits of agreement). The grey circles represent the measurements 
of the lesions before treatment; the black triangles represent the measurements of the posttreatment 
lesions. The Bland-Altman plots show narrow limits of agreement and somewhat larger disagreement 
at higher ADC values, but no definite bias. The outlier (patient 10; with average of readings of 1.45x10-
3 mm2/s) at the intra-observer plot (a) was probably related to post-treatment hemorrhagic/necrotic 
changes. The outlier (patient 22; around 1.25x10-3 mm2/s) at the reader 2 and 3 (c) and 1 and 3 (d) plot 
represented measurements of the same, relative small lesion (7 cm3) that was difficult to discern from 
the surrounding renal tissue

Inter-observer variability
For median ADC (Figure 3) the limits of agreement were narrow for all three reader-
pairs, indicating low interobserver variability (ranging from -0.08 to 0.11x10-3 
mm2/s). The average difference was close to zero and there was no suggestion of 
any bias in the variability, i.e. the variability was comparable between tumours with 
high and low ADC.
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Figure 4 Intra- and interobserver variability for whole-tumour ADC measurements. Bland-Altman plots 
of percentage of pixels below 1.00x10-3 mm2/s for intraobserver variability (a), observer 1 and 2 (b), 
observer 2 and 3 (c) and observer 1 and 3 (d). The grey circles represent the measurements of the 
lesions before treatment; the black triangles represent the measurements of the posttreatment lesions. 
The wide limits and the possible trend suggest that this is a less reliable measurement. The outlier 
(patient 10, with average of readings of 17.6%) at the intra-observer plot (a) was probably related to 
post-treatment hemorrhagic/necrotic changes. The outlier (patient 54; average percentage of readings 
around 55%) at the reader 1 and 2 (b) and reader 1 and 3 (d) plot represented a relative small (6 cm3) 
posttreatment lesion. The outlier (patient 22; average percentage of readings of 12 %) at reader 2 and 3 
plot (c) represented a relative small lesion (7 cm3)

For percentage low-ADC pixels, Bland-Altman plots (Figure 4) showed wider 
limits of agreement (-15.9% - 12.9%) with a trend towards negative differences 
between reader 2 and 3 and reader 1 and 3, indicating reader 3 measured a higher 
percentage low pixels in tumours with predominantly low ADC. This linear relation 
was confirmed by a Spearman’s rho of  -0.53 (P= 0.01) for reader 1 and 3 and 
Spearman’s rho of -0.66 (P= 0.01) for reader 2 and 3 indicating a negative relation 
between the mean ADC and the differences between the readers, suggesting a 
systematic error.
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For the difference in median ADC before and after preoperative therapy (Figure 5), 
the limits of agreement ranged from -0.11 to 0.09 x 10-3 mm2/s indicating reasonable 
good interobserver agreement. The average difference was close to zero and there 
was no suggesting of any bias in the variability.
The calculated correlation coefficient for all three parameters indicated good 
agreement for all tested parameters (Table 3).
By Wilcoxon Rank Sum test there was no statistically significant difference in 
interrater variability for pre and posttreatment lesions (rater 1 and 2: P= 0.21; rater 2 
and 3: P= 0.51; for rater 1 and 3: P=0.77). 
The outliers represented either small lesions or lesions with relative large 
hemorrhagic/necrotic or cystic components (Table 4). The outlier at all three intra-
observer plots represented measurements of a single lesion that demonstrated 
hemorrhagic/necrotic changes after treatment. The outliers for the interobserver 
readings were almost all related to the relative small size of the lesions.  

Figure 5 Intra- and interobserver variability for whole-tumour ADC measurements. Bland-Altman plot of 
posttreatment median ADC minus pretreatment median ADC for intraobserver variability (a), observer 
1 and 2 (b), observer 2 and 3 (c) and observer 1 and 3 (d). The outlier at the intra-observer plot (a) 
represented the lesion with posttreatment changes as previous described (patient 10; with average 
of readings of 0.77x10-3 mm2/s). The single outlier for the interobserver analyses represented a relative 
small lesion (patient 22; volume of 7 cm3; average of readings of 0.22x10-3 mm2/s)
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Table 3 Concordance correlation coefficient for all parameters in intra- and interobserver variability

Parameter Coefficient  
of concordance

95% confidence  
interval

Intraobserver Median ADC 0.994 0.986-0.998
% low-ADC pixels 0.996 0.991-0.998
Post-Pre ADC 0.995 0.980-0.999

Interobserver Median ADC  Observer 1-2 0.991 0.979-0.996

Median ADC
Observer 2-3

0.984 0.963-0.993

Median ADC
Observer 1-3

0.982 0.957-0.992

% low-ADC pixels 
Observer 1-2

0.986 0.966-0.993

% low-ADC pixels
Observer 2-3

0.973 0.945-0.987

% low-ADC pixels
Observer 1-3

0.968 0.931-0.985

Post-Pre ADC
Observer 1-2

0.995 0.980-0.999

Post-Pre ADC
Observer 2-3

0.990 0.959-0.998

Post-Pre ADC
Observer 1-3

0.993 0.971-0.998

Table 4 Characteristics of outliers identified in the intra- and interobserver variability analyses

Outlier Comparison of interest Patient number,  
pre/post treatment 

Possible cause(s) for high variability

1 Intra median, ADC 10 post Haemorrhagic/necrotic components
2 Inter median, ADC,  

reader 2 and 3
 22 pre Small (7cm3), difficult to discern from  

normal renal tissue
3 Inter median, ADC,  

reader 2 and 3
 08 pre Cystic components (volume 17 cm3)

4 Inter median, ADC, 
reader 1 and 3

 22 pre Small (7cm3)

5 Post-Pre, 
intra

 10 Haemorrhagic/necrotic components  
posttreatment

6 Post-Pre, inter,  
reader 1 and 2

 53 Post-chemotherapy lesion volume 8 cm3

7 Intra, % low-ADC,  
pixels

 10 post Haemorrhagic/necrotic components

8 Inter, % low-ADC,  
pixels, reader 1 and 2

 54 post Small (6 cm3)

9 Inter, % low-ADC,  
pixels, reader 2 and 3

 22 pre Small (7cm3)

10 Inter, % low-ADC,  
pixels, reader 1 and 3 

 54 post Small (6 cm3) 

ADC: apparent diffusion coefficient; Inter: inter-rater; Intra: intra-rater; Post: post-treatment; Pre: 
pre-treatment
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Discussion
Our results show reasonably good intra- and interobserver agreement for whole-
tumour median ADC and for chemotherapy-induced shift in median ADC. However, 
the estimates of percentage low-ADC pixels seemed less reliable since the limits 
of agreement were wider and because there was an overall bias in the reader/
reading differences. In other words, the latter variable seemed more sensitive to 
the definition of ROI and/or the chosen threshold of subtraction resulting in a 
wider 95% limit of agreement for all rater couples. The percentage low-ADC pixels 
therefore seems an inferior variable that we will not discuss further.
What is acceptable variability depends on the clinical application, the range of 
the true values and the degree of clinical relevant change in ADC measurements. 
McDonald et al. reported a change in ADC in six patients with nephroblastoma 
varying from 0.03 x 10-3 mm2/s to 0.81 x 10-3 mm2/s12. Interestingly, those with 
necrosis and/or stromal differentiation all had an ADC-shift of more than 0.14 x 
10-3 mm2/s. We found that differences of approximately 0.10 x 10-3 mm2/s or more 
were reliably identified. This implies that ADC-shifts reported by McDonald et al. 
in regressing or stromally differentiating nephroblastoma are likely to be reliably 
identified. On the other hand, the reported ADC-shift in nephroblastomas that 
respond with epithelial differentiation (≤0.08 x 10-3 mm2/s) are in the range of 
measurement error.
To our knowledge this is the first study that reports reliability in ADC-distribution 
parameters in enhancing parts of nephroblastomas. Previous studies have 
highlighted the improved interrater variability for the whole-lesion ADC 
measurements for assessing the central value of the ADC distribution in different 
kind of tumours13-15. Single-slice or sample ROI measurements are probably 
suboptimal in nephroblastoma due to the heterogeneity of these tumours e.g 
variable fractions of blastemal, epithelial and stromal cells. Under sampling may 
potentially conceal information that is important for response prediction and 
assessment1,16. The second important component of our proposed method 
is excluding from ADC-analysis areas with very little, or absent, gadolinium-
enhancement. Although the presence and extent of necrosis could serve as a 
biomarker for prediction and response assessment, in our experience, necrotic 
areas in nephroblastomas sometimes demonstrate very low ADC values mimicking 
highly cellular portions of the lesion. A possible explanation for low ADC in 
necrotic areas may be the pattern of chemotherapy-induced change described at 
histopathology, including coagulative-type of necrosis, fibrosis, hemosiderin-laden 
macrophages and haemorrhage17. These haemorrhagic components will result 



89 |

Inter- and intraobserver agreement for whole-tumour ADC measurements in nephroblastoma

CH 5

in susceptibility artefacts and incorrect ADC calculations that will skew the ADC 
median value to lower values. We do not claim that simple thresholding provides 
a perfect mask for necrosis, but it is a pragmatic and easily-achievable method for 
reducing the influence on the central ADC parameter by extreme values within 
necrotic regions. It may be argued that it is unjustified to exclude intratumoral 
regions from analysis, and that this introduced undesirable subjectivity to the 
analyses. However, we claim that knowing whether the ADC-values within a cystic 
or necrotic component is high or low does not add diagnostic value.
Our retrospective study has several limitations. First, the number of patients 
and number of lesions were limited reflecting the low incidence of this tumour. 
Second, small and predominantly cystic tumours were excluded from final analysis. 
However, in daily clinical practise nephroblastomas are generally large lesions 
at presentation and the solid components are the areas of interest for response 
prediction and assessment. Third, our proposed approach of whole-tumour ADC 
assessment is more time-consuming compared to the single slice or sample ROI 
measurements that are quick and easy to perform. Besides, these measurements 
could be more severely affected by the skills of the reader due to the several 
successive steps that are required in our applied technique. However our results 
show good intra- and inter rater variability. Fourth, we used the enhancement of 
erector spinae muscles as threshold filter for excluding less enhancing portions of 
the lesions. Formal perfusion analysis to appoint the subtraction threshold could 
further improve the selection of viable areas of the lesions. However, potential 
mismatch due to slight movement between the diffusion, pre and post contrast 
acquisitions are difficult to resolve. Lastly, the degree of interobserver variability 
in measuring percentage low ADC is not independent of the choosen threshold. 
However, some threshold had to be decided and based on prior knowledge we did 
choose the threshold of 1.00 x 10-3 mm2/s12.

Conclusion
Estimation of the median of the ADC-distribution in enhancing parts of 
nephroblastoma is reliable to within approximately 0.1 x 10-3 mm2/s. Measured 
chemotherapy-induced shifts in median ADC of about 0.1 x 10-3 mm2/s or more is 
therefore unlikely to be due to random error. This is encouraging since the reported 
shifts in ADC in regressive and stromally differentiating nephroblastomas are larger 
than this threshold.
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Abstract

Objective
To explore the potential relation between whole-tumor apparent diffusion 
coefficient (ADC) parameters in viable parts of tumor and histopathological 
findings in nephroblastom

Material and Methods
Children (n=52) with histopathologically proven nephroblastoma underwent 
diffusion-weighted MRI (1.5 Tesla MRI) before preoperative chemotherapy. Of these, 
25 underwent an additional MRI after preoperative chemotherapy, shortly before 
resection. An experienced reader performed the whole-tumor ADC measurements 
of all lesions, excluding non-enhancing areas. An experienced pathologist 
reviewed the postoperative specimens according to standard SIOP guidelines. 
Potential associations between ADC parameters and proportions of histological 
subtypes were assessed with Pearson’s or Spearman’s rank correlation coefficient 
depending on whether the parameters tested were normally distributed. In case 
Mann-Whitney U test revealed significant different ADC values in a subtype tumor, 
this ADC parameter was used to derive a ROC curve. 

Results
The 25th percentile ADC at presentation was the best ADC metric correlated with 
proportion of blastema (Pearons’ r= -0.303, p 0.026). ADC after pre-operative 
treatment showed moderate correlation with proportion stromal subtype at 
histopathology (r = 0.579, p=0.002). By receiver-operator characteristics analysis, 
the optimal threshold of median ADC for detecting stromal subtype was 1.362 x 
10-3 mm2/s with sensitivity and specificity of 100% (95% CI 0.65-1.00) and 78.9% 
(95% CI 0.57-0.92) respectively.

Conclusions
ADC markers in nephroblastoma are related with stromal subtype histopathology, 
however identification of blastemal predominant tumors using whole-tumor ADC 
measurements is probably not feasible.
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Introduction
Wilms’ tumor (nephroblastoma) is the most common, malignant renal tumor in 
children1-4. It develops from embryonic kidney cells, containing varying amounts 
of tissue recapitulating stages of renal development, including blastemal, epithelial 
and stromal components1. According to the current International Society of 
Paediatric Oncology guidelines, the treatment in patients over the age of 6 months 
includes 4-6 weeks’ preoperative chemotherapy, followed by surgery2. Overall the 
outcome of patients with nephroblastoma is excellent4 and the current focus is 
on identifying biological and imaging markers to further improve outcomes and 
reduce therapy induced long-term sequelae in these very young patients4.
Apparent diffusion coefficient (ADC) may be an interesting imaging biomarker 
for identifying high-risk histopathology type nephroblastomas and for assessing 
treatment response. However, the literature on role of diffusion-weighted imaging 
(DWI) in nephroblastoma is limited. A few studies have identified associations 
between ADC values and histopathological findings in a variety of paediatric 
extracranial mass lesions5-11. Humphries et al. found a significant relationship 
between cellularity and ADC value in a range of paediatric tumors5. Some studies 
have reported considerable differences in ADC value between benign and 
malignant abdominal mass lesions6,7. McDonalds et al. demonstrated that changes 
in ADC in paediatric abdominal masses during therapy are measurable8. A recent 
preclinical study has reported that with mathematical modeling it is possible to 
identify subtypes of ADC in nephroblastoma9. However, the implication of the ADC 
measurements in routine clinical practice has not yet been determined. Therefore, 
we searched for ADC measurements that might provide clinically relevant 
information in patients with nephroblastoma. More specifically, we investigated if 
whole-tumor ADC measurements could help identify high-risk lesions that require 
intensification of treatment, for instance blastemal predominant tumors.  
The aim of this retrospective explorative study was to investigate specific patterns 
in ADC change during pre-operative treatment and to study potential ADC metrics 
that are related to the different histopathological subtypes in nephroblastoma 
using a previously published reproducible method12. 
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Material and methods

Patients
The research ethics committee of our institution waived the need for formal ethics 
approval, or informed consent for this retrospective study and in particular since 
all examinations included in the study were clinically indicated and had been 
conducted in accordance with the normal standard of care in our institution. Great 
Ormond Street Hospital for children is a tertiary referral centre for nephroblastoma 
and a quartiary referral centre for bilateral nephroblastoma. Between July 2007 and 
February 2014, 72 consecutive children were considered for inclusion. Inclusion 
criteria were histologically proven nephroblastoma, treatment according to the 
SIOP-RT 2001 protocol (preoperative treatment followed by surgical resection), 
complete MRI study including DWI at staging and availability of the tumor 
specimen for histopathological review. Exclusion criteria were severe artifacts at 
DWI or post-contrast images, tumor size less than 6 cm3 (which would render ADC 
estimates less reliable) or predominantly cystic lesions (since ADC of cyst content is 
clinically uninteresting). In addition to DWI, a complete MRI study included at least 
T1-weighted sequences pre- and post-contrast medium administration. This was 
in order to enable exclusion of non-enhancing parts (likely necrotic parts) of tumor 
from the ADC analysis.
Twenty patients were excluded due to the following: incomplete MRI study (n=8), 
diagnostically relevant artifacts (n=3), no histopathological specimen available 
for review (n=3); lesion too small (n=3); predominantly cystic (n=2); non-Wilms’ 
renal tumor (n=1). The final study population consisted of the remaining 52 
patients (mean age 2.6 years, range 1 months to 12.1 years, 24 males, Table 1). The 
preoperative treatment consisted of 4 weeks of chemotherapy with vincristine and 
actinomycin D for localized tumors. Children with metastases at diagnosis received 
6 weeks of preoperative therapy with three drugs, including doxorubicin according 
to the guidelines of the SIOP-RT 2001 protocol.
In 25 patients, complete, diagnostic MRI including DWI was performed after the 
preoperative therapy, shortly before surgical resection for restaging purposes. 
Some of the scans had previously been included in a mathematical modelling 
study9. We used a clinically-driven approach to investigate if whole-tumor ADC 
measurements could help in identifying blastemal predominant tumors.
The flow diagram according to standards for reporting diagnostic accuracy studies 
(STARD) is illustrated in Figure 1.
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Table 1 Characteristics of included patients 

Characteristics All patients 
(54 lesions in 52 patients)

2nd MRI available  
(25 lesions/patients)

Sex (n)
Male
Female

24
28

12
13

Age (y) 
Mean ± SD 
Range

2.59 ± 2.28
0.1 -12.1

2.29  ± 1.48
0.5-6.5

Pathological subtype (n)

Mixed 23 8

Stromal 10 5

Anaplasia 5 4

Regressive 6 4

Epithelial 4 2

Blastemal 6 2

Potentially eligible
participants

n = 72

Included participants
with MRI at presentation

n = 52 (54 lesions)

Eligible participants
n = 55 (57 lesions)

No histopathological 
 specimen available

n = 3

Included participants
with complete MRI prior to resection

n = 25

Excluded
n = 17

Incomplete MRI n = 8
Diagnostic relevant artifacts n = 3

Lesion too small or cystic n = 5
No nephroblasthoma n = 1

Excluded
No MRI performed n = 20

Incomplete MRI n = 5
Lesion too small or cystic n = 2

Figure 1 Flow diagram according to standard of reporting of diagnostic accuracy studies (STARD)
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MRI acquisition
Abdominal MRI in our institution during the study period was performed on a 
1.5-T MRI system (Magnetom Avanto; Siemens, Erlangen, Germany). The imaging 
protocol consisted of axial and coronal T2-weighted short-tau inversion recovery, 
fat-suppressed axial pre- and post-contrast T1-weighted turbo spin-echo and axial 
DWI. DWI was acquired with at least the following b-values 0, 50, 250, 500 and 
1000 s/mm2. The imaging parameters are displayed in Table 2. ADC maps were 
automatically generated by the scanner operating system.
Children were awake, sedated or under general anesthesia, depending on their 
ability to cooperate. All children were screened for contraindications for MRI, for 
use of intravenous contrast agents and for intravenous hyoscine butylbromide. 
No oral contrast agents were used. Gadoterate meglumine (Dotarem; Guerbet 
Laboratories, Roissy, France) was administered at an intravenous dose of 0.05 mmol/
kg body weight. 0.4 mg/kg body weight of hyoscine butylbromide (Buscopan, 
Boehringer Ingelheim Limited, Bracknell, UK) was given intravenously to reduce 
the peristaltic artefacts.

Image analysis
The anonymized MR datasets were transferred to DICOM software Osirix version 
5.5.2 (Pixmeo SARL, Bernex, Switserland). A paediatric radiologist (A.S.L. with 9 
years of experience in body MRI), who was masked to clinical patient data and 
histopathology reports, performed the ADC measurements. The pre-treatment 
images were at the readers’ disposal when analyzing the post-treatment images, in 
order to compare and identify the location of tumor. The reliability of this method 
had already been demonstrated to be sufficient12, and therefore it was deemed 
unnecessary to have more than one reader.

Whole-tumor ADC measurements
Freehand region of interest (ROI) was carefully drawn at the ADC map using the 
post-contrast and T2-weighted images to guide the outline of the entire tumor 
at each consecutive tumor-containing slice, excluding peri-tumeral edema. To 
reduce partial voluming effect, we included the slices where tumor area was >50% 
of the adjacent more central slice and where the tumor area was at least 3 cm3. 
Areas of tumor with no or very low enhancement were excluded from further 
analysis, because these are thought to represent necrosis, hemorrhage or cystic 
elements. These components can skew the ADC location parameters if included12. 
This method was described in detail previously12. 



99 |

Whole-tumour ADC measurements in nephroblastoma

CH 6

Ta
bl

e 2
 Sc

an
 p

ar
am

et
er

s a
t 1

.5
-T

 M
RI

 fo
r s

us
pe

ct
ed

 re
na

l t
um

or
 a

nd
 fo

r i
m

ag
in

g 
of

 n
ep

hr
ob

la
st

om
a 

af
te

r n
eo

ad
ju

va
nt

 c
he

m
ot

he
ra

py

Pa
ra

m
et

er
T2

W
-S

TI
R

T2
-S

PA
CE

DW
I

T1
 pr

e/
po

st
T1

 pr
e/

po
st

Pu
lse

 se
qu

en
ce

2-
D

 sh
or

t t
au

 in
ve

rs
io

n 
re

co
ve

ry
 (S

TI
R)

 sp
in

 e
ch

o
3-

D
 tu

rb
o 

sp
in

-e
ch

o 
w

ith
 v

ar
ia

bl
e 

fli
p 

an
gl

e 
2-

D
 si

ng
le

- s
ho

t s
pi

n-
 

ec
ho

 w
ith

 sp
ec

tr
al

 fa
t 

sa
tu

ra
tio

n

2-
D

 tu
rb

o 
sp

in
-e

ch
o

w
ith

 fa
t-

su
pp

re
ss

io
n

2-
D

 tu
rb

o 
sp

in
 e

ch
o 

w
ith

 
fa

t s
up

pr
es

sio
n 

an
d 

va
ri-

ab
le

 re
ad

ou
t d

ire
ct

io
ns

Re
pe

tit
io

n 
tim

e 
(m

s)
>6

,0
00

>2
,0

00
27

00
40

0-
67

0
59

0

Ec
ho

 ti
m

e 
(m

s)
62

23
8

90
17

-2
0

23

In
ve

rs
io

n 
tim

e 
(m

s)
13

0

Sl
ic

e 
or

ie
nt

at
io

n
Co

ro
na

l a
nd

 a
xi

al
ax

ia
l

ax
ia

l
ax

ia
l

ax
ia

l

Sl
ic

e 
th

ic
kn

es
s (

m
m

)
5-

6
0.

9
6

5-
6

7

Sl
ic

e 
ga

p 
(m

m
)

0-
0.

5
0

1.
8-

2.
4

1-
3

1.
4

Ec
ho

tr
ai

n 
le

ng
th

21
89

1
1

9

Fi
el

d 
of

 v
ie

w
 (m

m
2 )

25
0 

x 
19

9
26

2 
x 

35
0

18
7 

x2
50

22
9 

x 
22

9

Ac
qu

isi
tio

n 
m

at
rix

25
6 

x 
19

4
25

6 
x 

25
5

12
8 

x 
96

25
6 

x 
15

4
19

2 
x 

19
2

Re
ce

iv
e 

ba
nd

w
id

th
 (H

z/
pi

xe
l)

1,
50

0 

B-
va

lu
es

 (s
/m

m
2 )

-
-

At
 le

as
t 0

, 5
0,

 1
00

, 2
50

, 
50

0,
 1

00
0

-
-



| 100

Whole-tumour ADC measurements in nephroblastoma

CH 6

Whole tumor ADC values before subtraction was documented in order to study 
the effect of subtraction. The DICOM software automatically calculated the tumor 
volume estimates from the whole-tumor ROIs. Viable portions of tumor were 
calculated by dividing the number of pixels after subtraction of less-enhancing 
parts of the lesions by the number of pixels before subtraction. 
Recent studies have shown that volume of blastema has prognostic value with 
respect to event-free and overall survival3. Therefore, we analyzed the volume of 
blastema in pre-operative treated lesions and ADC parameters. The estimated 
volume of blastema (reference standard) was calculated by the following formula: 
volume provided by whole-tumor ROI before subtraction x (1- proportion of 
chemotherapy induced changes at histopathology) x the proportion of blastema 
at histopathology. 

Histopathological review
One consultant paediatric histopathologist (N.J.S. with more than 15 years 
experience with paediatric tumor histopathology) reviewed histological sections 
from the surgically resected tumors of all included patients. The percentage of 
chemotherapy-induced changes, percentage of stromal, epithelial and blastemal 
elements, overall tumor type and stage was recorded for every tumor, masked to 
MRI findings. The SIOP-WT 2001 criteria for subtyping nephroblastoma were used 
(Table 3)1. 

Table 3 Histological criteria for nephroblastoma tumor subtyping in SIOP WT 200

Tumor type CIC* Epithelium Stroma Blastema

Completely necrotic 100% 0% 0% 0%

Regressive > 66% 0-33% 0-33% 0-33%

Mixed < 66% 0-65% 0-65% 0-65%

Epithelial < 66% 66-100% 0-33%  0-10%

Stromal < 66% 0-33% 66-100% 0-10%

Blastemal < 66% 0-33% 0-33% 66-100%
*CIC: chemotherapy-induced changes

Statistical analysis
The Shapiro-Wilk test was used to check whether the variables tested could 
reasonable be assumed normally distributed. W more than 0.90 was considered to 
represent normal distribution.
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The Wilcoxon Rank test was used to test if the ADC median pre versus ADC 
median post and ADC median with subtraction versus without subtraction were 
significantly different. 
Potential associations between ADC parameters and proportions of histological 
subtypes were assessed with Pearson’s or Spearman’s rank correlation coefficient 
depending on whether the parameters tested were normally distributed. 
The ADC values of tumors with > 2/3 stromal histopathology were compared with 
the ADC values of the other subtypes using the Mann Whitney U test. In case the 
test revealed a significant difference, diagnostic performance was analyzed with 
construction a receiver operator characteristic (ROC) curve with calculation of the 
area under the curve (AUC) along with 95% confidence intervals (CIs). The ROC 
curve was used to determine the optimal AUC cut-off value with corresponding 
sensitivity and specificity. P values of < 0.05 were considered significant. SPSS 
version 22 for Mac (SPSS Inc, Chicago, IL, USA) was used for all statistical analyses.

Results
ADC with and without subtraction of areas with no or very low enhancement
To assess if subtraction of areas with no or very little enhancement is needed in 
every lesion, we compared the ADC values before and after subtraction.
The differences in whole-tumor median ADC at presentation before and after 
subtraction of less-enhancing parts ranged between -0.28 and 0.28 x 10-3 mm2/s 
with a median difference of 0.009 x 10-3 mm2/s (54 lesions in 52 patients). In 5 
patients the difference was more than 0.10 x 10-3 mm2/s. In 24 patients there was 
no difference.
The differences before and after subtraction for median ADC after preoperative 
treatment were more distinct (25 lesions in 25 patients). The median difference was 
0.09 x 10-3 mm2/s (range -0.50 to 0.62 x 10-3 mm2/s). In eight patients there was no 
difference. In seven patients the difference was more than 0.10 x 10-3 mm2/s.

Whole-tumor MRI parameters and histopathological response 
Change in size is often used to assess treatment response in oncology. Therefore, 
we studied the relation between volume change during preoperative treatment 
and chemotherapy-induced changes seen at histopathology. The median volume 
of pretreated lesions was 424.9 cm3 (range 10.7 - 1157.8, IQR 447.7). After treatment 
the median volume of lesions was 204.5 cm3 (6.21 – 1208.0; IQR 209.9). The 
difference in volume (median 164.4 (-464.6 – 1023.8; IQR 190.3) was not related 
to chemotherapy-induced changes at histopathology (Spearmans’ r=0.099; 95% 
confidence interval -0.173 - 0.357, p= 0.637).
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The proportion of enhancing (viable) parts of lesions decreased after treatment 
(median viable portion at presentation 0.95 (range 0.65 – 1.00; IQR 0.14 and median 
viable portion after pre-operative treatment 0.86 (range 0.25 – 1.00; IQR 0.31)). 
The enhancing portion after treatment showed a strong inverse relation with 
chemotherapy-induced changes at histopathology (r= -0.775; 95% CI -0.895 to 
-0.548, p < 0.0005)

Median ADC before and after preoperative treatment
To assess if we were able to measure treatment response other than shrinkage and 
necrosis, we analyzed the ADC parameters at presentation and after pre-operative 
treatment after subtraction of the less-enhancing parts of lesions. The mean ADC 
of the 54 whole-tumor median ADC at presentation was 0.945 x 10-3 mm2/s (SD 
0.232; range 0.641- 1.416 x 10-3 mm2/s). In 25 of 54 lesions that were available for 
analysis after pre-operative chemotherapy, the mean ADC was 1.342 x 10-3 mm2/s 
(SD 0.350; range 0.781-1.951 x 10-3 mm2/s).  ADC at presentation was significantly 
lower compared to ADC after pre-operative treatment (Z -4.276, p < 0.0005; Figure 2).

Figure 2 The median ADCs at presentation and after treatment show that we are able to measure 
treatment response beyond shrinkage and necrosis. Orange lines represent the blastemal subtypes, red 
lines represent the epithelial subtypes and the blue lines represent the stromal subtypes. The black lines 
represent the other tumor subtypes (mixed, anaplasia and regressive subtypes)
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ADC parameters and histopathology findings
The distribution of median ADC after treatment per histopathological subtype is 
illustrated in Figure 3, which also shows the distribution of the changes in median 
ADC after preoperative treatment by histopathology type. Figure 4 illustrates 
examples of histopathological subtypes with MRI appearances before and after 
pre-operative treatment.
However, only a few blastemal and epithelial predominant tumors were represented 
in this cohort. Therefore, we also studied the relation between the proportion of 
each histopathological component within the lesion and ADC parameters. 

Figure 3 Box-and-Whisker plots show 
median (middle line of the box), 
quartiles (top and bottom of the 
box), extreme value (whisker) and 
outlier (circles) for ADC median per 
histopathological type. (a) Median 
ADC after treatment and (b) median 
ADC change after treatment

a

b
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Figure 4 Six-and-a-half-year-old girl 
presented with a large right-sided 
renal tumor, histopathologically 
proven nephroblastoma, blastemal 
predominant subtype. Subtracted 
post-contrast axial T1W MR image 
(a) and corresponding axial ADC 
map (c) at presentation show a 
large, homogenous tumor with 
relatively low ADC value (median 
ADC 0.806 x 10-3 mm2/s; volume 
707.1 cm3). After pre-operative 
treatment (b,d) there is shrinkage 
of the lesion and an increase 
in median ADC value (Volume 
115.7 cm3; median ADC before 
subtraction: 0.935 x 10-3 mm2/s, 
median ADC after subtraction 1.052 
x 10-3 mm2/s ; 25th % ADC after 
subtraction 0.669 x 10-3 mm2/s). The 
areas of tumour with the very low 
ADC represent non-viable parts, 
as these areas show no contrast-
enhancement on subtracted post-
contrast axial T1W MR image 

MR images in a one-month-
old boy with right-sided renal 
nephroblastoma, epithelial 
subtype show the relatively low 
ADC (subtracted post-contrast 
axial T1W image [e], ADC map [g]; 
median ADC 0.664 x 10-3 mm2/s) at 
presentation. After treatment there 
is some shrinkage of the lesion, but 
with a limited shift in median ADC 
(subtracted post-contrast axial T1W 
image [f], ADC map [h]; median 
ADC 0.781 x 10-3 mm2/s) 

MR images in a one-year-
old girl with left-sided renal 
nephroblastoma, stromal subtype 
illustrates the relatively high ADC 
value at presentation (subtracted 
post-contrast axial T1W image [i], 
ADC map [k]; median ADC 1.401 x 
10-3 mm2/s). There is an increase in 
size of the lesion after pre-operative 
treatment with an increase in ADC 
value (subtracted post-contrast 
axial T1W image [j], ADC map [l]; 
median ADC 1.671 x 10-3 mm2/s) 
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Blastemal histopathology
With the small number of patients we included, there was no significant correlation 
between median ADC at presentation and the proportion of blastema (r = - 0.248; 
95% CI -0.483 – 0.021, p= 0.070) (Table 4). However, the 25th percentile ADC and 
proportion of blastema in 54 lesions at staging showed a weak but significant 
correlation (r= -0.303; 95% CI -0.527 to -0.039, p= 0.026) (Table 4). Figure 5 shows the 
relationship of 25th percentile ADC at presentation and the proportion of blastema 
and epithelial subtype at histopathology. This plot illustrates the overlap in low ADC 
values between lesions with relative high blastemal and epithelial proportions. The 
correlation between the 25th percentile ADC and blastemal proportion in 25 lesions 
after treatment was not significant (r= -0.366; 95% CI -0.664 to - 0.034, p= 0.072).
With the limited included patients, there was  no significant correlation between 
volume of blastema and 25th percentile ADC at presentation (r= -0.378; 95% CI 
-0.586 to -0.123, p = 0.062).

Stromal histopathology
The median ADC showed a moderate correlation with proportion of stromal 
histology (at presentation: r= 0.401;95% CI 0.15-0.603, p= 0.003 and after treatment: 
r= 0.579; 95% CI 0.239 – 0.792, p= 0.002) (Table 4).

Table 4 Proportion of subtype histopathology and ADC parameters

Subtype ADC parameter Correlation coefficient 95% confidence interval P value

Blastemal Median ADC pre -0.248 -0.483 to -0.021 0.070

25th % ADC pre -0.303 -0.527 to -0.039 0.026

25th % ADC post -0.366 -0.664 to -0.034 0.072

Stromal Median ADC pre 0.401 0.150 - 0.603 0.003

Median ADC post 0.579 0.239 - 0.792 0.002

Epithelial Median ADC shift 0.358 -0.659 to -0.043 0.073

Pre: pretreatment; Post: after pre-operative chemotherapy; Shift: difference between the pretreat-
ment ADC and the ADC after pre-operative chemotherapy

The median ADC after pre-operative treatment in lesions with > 2/3 stromal 
histopathology (n=7) was significantly higher compared to the median ADC 
in the other tumors (p= 0.002). The ROC curve is shown in Figure 6. The AUC was 
0.895 (95% CI 0.773-1.00). Using an optimal cut off value of 1.362 x 10-3 mm2/s, the 
sensitivity and specificity were 100% (95% CI 0.65-1.00) and 78.9% (95% CI 0.57-
0.92) respectively.
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Figure 5 Scatter plot shows 
the relationship between 25th 
percentile ADC (x 10-3 mm2/s) 
before preoperative treatment 
and percentage of blastemal 
(black dots) and epithelial (white 
dots) proportion of subtype at 
histopathology. This plot illustrates 
the overlap in low ADC values 
between lesions with relative 
high blastemal and epithelial 
proportions.

Figure 6 Box-and-Whisker plots (a) 
show median (middle line of the 
box), quartiles (top and bottom of 
the box), extreme value (whisker) 
and outlier (circles) for median ADC 
after treatment for tumors with less 
than 2/3 of stromal histopathology 
and tumours with more than 2/3 
stromal histopathology.
Receiver Operating Characteristic 
(ROC) curve analysis of median ADC 
for differentiation of the stromal 
predominant nephroblastoma (b). 
The area under the ROC curve was 
0.895 (95% CI 0.773-1.00).

a

b
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Epithelial histopathology
The relatively limited shift in ADC after treatment appeared the best metric that 
correlated with proportion epithelial histopathology (r= -0.358; 95% CI -0.659 – 
0.043, p= 0.073; Table 4).

Discussion
The results of our explorative, single centre study demonstrate that 25th percentile 
ADC is the most promising ADC metric related to identification of the proportion 
of blastema identified on histological evaluation. This finding is in concordance 
with previously reported results9. However, this weak correlation does not prove 
diagnostic usefulness. The existence of a linear relation disregards dispersion 
of observations, and any overall effect in a group of tumors cannot directly be 
extrapolated to an individual patient. If there is a significant overlap, for example 
low ADC values that are seen in blastemal and in epithelial subtypes, the finding of 
low ADC may be of more limited clinical value even if there is a significant difference 
in the means. Therefore, the weak relationship demonstrated does not providing 
enough evidence that whole-tumor ADC measurements in routine clinical practice 
can act as a useful diagnostic tool to identify blastemal predominance.
However, lesions with predominant stromal histology demonstrated a significant 
relation with the median ADC after pre-operative chemotherapy. Furthermore, the 
ROC analysis showed that if an optimal cut off value of 1.362 x 10-3 mm2/s is used, 
this parameter has high sensitivity (100%) and is relatively specific (78.9%). Stromal 
predominant tumors may be associated with a WT1 gene mutation frequently seen 
in bilateral disease13. The potential identification of stromal predominant tumors 
could therefore help in guiding pre-operative therapy. 
Furthermore, our results support the need for subtraction of non-viable parts of 
tumors when measuring whole-tumor ADC values, especially relevant for post-
treatment lesions, which are more heterogeneous and has a higher likelihood of 
containing non-viable elements. We showed that in seven of 25 lesions the ADC 
difference before and after subtraction of cystic, hemorrhagic or necrotic parts 
exceeded previously reported observer variability12. Therefore, such differences 
must be regarded as diagnostically relevant. The importance of subtracting non-
viable parts of tumor is also highlighted in a recent report in pancreatic cancer14, 
which used a selected area ROI method that visually excluded non-viable parts 
of lesions. This ADC metric was reported as the strongest marker for predicting 
improved survival during chemotherapy treatment. However, the observer 
variability of their method was not reported. 
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Exclusion of the less-enhancing parts of the tumor allows measurement of pre-
operative therapy response of presumed cellular tumor elements. Our data 
further support previous reports15,16 that volume change in nephroblastoma is 
poorly related to response to chemotherapy, because shrinkage of tumor can be 
associated with high-risk histology types and conversely tumors may grow with 
differentiation. 
Our work builds on the valuable contributions of McDonalds et al. and Hales et al.8,9. 
Hales et al. used a multi-gaussian model for ADC analysis of different nephroblastoma 
subtypes. They were able to identify predominant histopathological cell types in 
nephroblastomas. We tried to translate this preclinical work to a clinical context. 
Our study used a clinically driven approach studying the best location parameter, 
measure treatment effects beyond necrosis and relate ADC measurements to 
histopathological findings.
This study has several limitations. First, it is a retrospective analysis of clinical 
datasets, with subsequent population bias. Second, related to the low incidence of 
this tumor, the number of included patients, especially in subgroups, was limited. 
Therefore, potential significant correlations between histopathological subtypes 
and ADC parameters could be obscured. Third, although we demonstrated a 
technically feasible method for measuring whole-tumor ADC after subtraction of 
less-enhancing parts, implementation in daily clinical practice could be hampered 
because outlining the whole-tumor volume is rather time-consuming. An 
alternative approach might be to place a ROI in a single section over the area of 
enhancing tumor with the most restricted diffusion, however this method does 
probably not account for the full extent of ADC heterogeneity and is known to 
be less reliable. Fourth, although biopsy at presentation is performed as standard 
of care in our institution, whole-tumor histopathology was not available at 
presentation. Therefore, the comparison of ADC at presentation with the post-
treatment histopathology is limited as preoperative chemotherapy changes tumor 
histopathological features and distribution of subtypes. Fifth, we studied patients 
with localized and metastatic tumour as one cohort, although these groups receive 
different chemotherapeutic regimes. Finally, histopathological estimation of tumor 
composition is based on sampling rather than examination of the entire tumor 
and is therefore not perfectly objective. Further studies to assess direct correlation 
between ADC parameters and histopathological findings could further elucidate 
the potential role of diffusion-weighted imaging in nephroblastoma.
In summary, whole-tumor ADC markers in nephroblastoma are correlated with 
stromal subtype histopathology, however reliable differentiation between epithelial 
and blastemal predominant types using whole-tumor ADC measurements is 
probably not feasible, because both subtypes show marked diffusion restriction. 



109 |

Whole-tumour ADC measurements in nephroblastoma

CH 6

Acknowledgements
We would like to thank Sjoerd G. Elias, MD, PhD, Rutger Jan Nievelstein, MD, PhD 
and Prof. Willem P. Th. M. Mali, MD, PhD for important contributions to this study. 



| 110

Whole-tumour ADC measurements in nephroblastoma

CH 6

References
1. Vujanić GM, Sandstedt B. (2010) 

The pathology of Wilms’ tumour 
(nephroblastoma): the International Society 
of Paediatric Oncology approach. J Clin 
Pathol; 63:102-109

2. Pietras W. (2012) Advances and changes in 
treatment of children with nephroblastoma. 
Adv Clin Exp Med; 21:809-820

3. Dome JS, Perlman EJ, Graf N. Risk (2014) 
stratification for wilms tumor: current 
approach and future directions. Am Soc 
Clin Oncol Educ Book; 215-223

4. Dome JS, Graf W, Geller JI et al. (2015)
Advances in Wilms tumor treatment and 
biology: progress through international 
collaboration. J Clin Oncol; 33:2999-3007

5. Humphries PD, Sebire NJ, Siegel MJ, Olsen 
ØE. (2007) Tumors in paediatric patients at 
diffusion-weighted MR imaging: apparent 
diffusion coefficient and tumor cellularity. 
Radiology; 245:848-854

6. Gawande RS, Gonzalez G, Messing S, 
Khurana A, Daldrup-Link HE. (2013) 
Role of diffusion-weighted imaging in 
differentiating benign and malignant 
paediatric abdominal tumors. Pediatr 
Radiol; 43:836-845

7. Kocaoglu M, Bulakbasi N, Sanal HT et 
al. (2010) Paediatric abdominal masses: 
diagnostic accuracy of diffusion weigthed 
MRI. Magn Reson Imaging; 28:629-636

8. McDonald K, Sebire NJ, Anderson J, 
Olsen ØE. (2011) Pattern of shift in ADC 
distributions in abdominal tumours during 
chemotherapy – feasibility study. Pediatr 
Radiol; 41:99-109

9. Hales PW, Olsen ØE, Sebire NJ, Pritchard-
Jones K, Clark CA. (2015) A multi-Gaussian 
model for apparent diffusion coefficient 
histogram analysis of Wilms’ tumour 
subtype and response to chemotherapy. 
NMR Biomed; 28:948-957

10. Uhl M, Altehoefer C, Kontny U, Il’yasov K, 
Büchert M, Langer M. (2002) MRI-diffusion-
weighted imaging of neuroblastoma: first 
results and correlation to histology. Eur 
Radiol; 12:2335-2338

11. Gahr N, Darge K, Hahn G, Kreher BW, von 
Buiren M, Uhl M. (2011) Diffusion-weighted 
MRI for differentiation of neuroblastoma and 
ganglioneuroblastoma/ganglioneuroma. 
Eur J Radiol; 79:443-446

12. Littooij AS, Humphries PD, Olsen ØE. (2015) 
Intra- and interobserver variability of whole-
tumour apparent diffusion coefficient 
measurements in nephroblastoma: a pilot 
study. Pediatr Radiol; 45:1651-1660

13. Shibata R, Hashiguchi A, Sakamoto J, 
Yamada T, Umezawa A, Hata J. (2002) 
Correlation between a specific Wilms 
tumour suppressor gene (WT1) mutation 
and the histological findings in Wilms 
tumour. J Med Genet; 39:e83

14. Nishiofuku H, Takara T, Marugami N. (2016) 
Increased tumour ADC value during 
chemotherapy predicts improved survival 
in unresectable pancreatic cancer. Eur 
Radiol; 26: 1835-1842

15. Anderson J, Slater O, McHugh K, Duffy P, 
Pritchard J. (2002) Response without shrinkage 
in bilateral Wilms tumor: significance of 
rhabdomyomatous histopathology. J Pediatr 
Hematol Oncol; 24:31-34

16. Olsen ØE, Jeanes AC, Sebire NJ et al. (2004) 
Changes in computed tomography features 
following preoperative chemotherapy for 
nephroblastoma: relation to histopathological 
classification. Eur Radiol; 14:990-994



CHAPTER 7

Apparent diffusion coefficient in direct 
relation to histopathology findings in 
postchemotherapy nephroblastoma:  

a feasibility study

Littooij AS, Nikkels PG, Hulsbergen-van de Kaa CA, 
van de Ven CP, van den Heuvel-Eibrink MM, Olsen ØE

Accepted for publication in Pediatric Radiology



| 112

 ADC in direct relation to histopathology findings in nephroblastoma

CH 7

Abstract 
Background
Nephroblastomas represent a group of heterogenous tumours with variable 
proportions of distinct histopathological components. 

Objective
The purpose of this study was to investigate whether direct comparison of apparent 
diffusion coefficient (ADC) measurements with post-resection histopathology 
subtypes is feasible and if ADC metrics are related to histopathological components.

Materials and Methods
Twenty-three children were potentially eligible for inclusion in this retrospective 
study. MRI including diffusion-weighted imaging (DWI) was performed after 
pre-operative chemotherapy, just before tumour resection. A pathologist and 
radiologist identified corresponding slices at MRI and postoperative specimens 
using tumour morphology, the upper/lower calyx and hilar vessels as reference 
points. An experienced reader performed ADC measurements, excluding non-
enhancing areas. A pathologist reviewed the corresponding postoperative slides 
according to the international standard guidelines. Potential associations were 
tested with the Spearman rank test.

Results
Side by side comparison of MRI-DWI with corresponding histopathology slides 
was feasible in 15 transverse slices in 9 lesions in 8 patients. Most exclusions were 
related to extensive areas of necrosis/haemorrhage. In one lesion correlation was 
not possible due to the different orientation of sectioning of the specimen and 
MRI slices. The 25% ADC showed a strong relation with percentage of blastemal 
(Spearman rho= -0.714, p= 0.003), whereas median ADC was strongly related to 
the percentage stroma (Spearman rho= 0.741, p= 0.002) at histopathology. 

Conclusions
Side by side comparison of MRI-DWI and histopathology is feasible in the majority 
of patients that do not reveal massive necrosis and hemorrhage. Blastemal and 
stromal components have a strong linear relation with ADC markers. 
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Introduction
Nephroblastoma (Wilms tumour) is the most common childhood renal 
malignancy. MR imaging is increasingly used for local staging1. Nephroblastomas 
develop from embryonic kidney cells, containing varying amounts of tissue that 
represents different stages of renal development (blastemal, stromal and epithelial 
components). Classical triphasic nephroblastoma consists of variable amounts of 
each of these three cell lines2. There are two different approaches in the treatment of 
nephroblastoma: The Children’s Oncology Group (COG) in North America advocate 
upfront surgery followed by chemotherapy depending upon the histopathological 
result, whereas the SIOP (Societe Internationale d’Oncology Pediatrique) in Europe 
focus on using preoperative chemotherapy. Both approaches show equally highly 
rates of overall survival2. However, there are different implications of histopathology 
findings depending whether the tumour is resected before or after chemotherapy. 
In the SIOP trial, nephroblastomas with diffuse anaplasia or blastemal-type tumour 
are classified as high-risk, whereas in the COG system, the blastemal component 
has less prognostic significance. The COG classification seperates tumour into three 
categories: favourable histology (no anaplasia), focal or diffuse anaplasia2. 
To improve care for these children, prognostic biomarkers for better risk stratification 
are needed to maximize survival with minimal toxicity. The ability to identify high-
risk histopathological subtypes (such as blastemal-predominant lesions after pre-
operative treatment) may guide personalized treatment decisions in the future2, 

3. The addition of diffusion-weighted imaging (DWI) to the standard MRI protocol 
might provide information regarding subtype characterisation and assessing 
treatment response beyond necrosis and volume change1,4,5. 
Previous studies compared whole-tumour apparent diffusion coefficient (ADC) 
measurements with post-resection whole-tumour histopathological assessment4,5. 
These studies reported a relation between ADC markers and stromal subtype 
histopathology. Unfortunately, both studies found relative low ADC values in 
both epithelial and blastemal subtypes. However, using one single ADC variable 
to represent the whole tumour may plausibly obscure underlying correlations 
between ADC value and histopathology type. Direct correlation of single slice ADC 
measurements with corresponding slice at histopathology may therefore refine 
the analysis and enhance the predictive value of DWI-MRI. 
The purpose of the current study was to show the feasibility of correlating MRI-
DWI results with post-resection histopathology by comparing ADC metrics to 
histopathological subtypes in nephroblastomas.
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Material and methods
Patients
All patients included in the current study gave informed consent for pseudomized 
registration and analyses of data obtained by conducting the international 
diagnotic standard of care according to the International Society of Paediatric 
Oncology (SIOP) protocol. The Princess Maxima Centre for paediatric oncology is 
the national referral centre for nephroblastoma in the Netherlands since November 
2014. Between May 2015 and April 2016, 23 consecutive children were potentially 
eligible for inclusion. Inclusion criteria were histologically proven nephroblastoma, 
treatment according to SIOP protocol (preoperative chemotherapy followed by 
surgery), and availability of a complete MRI study including DWI after preoperative 
treatment, just before tumour nephrectomy. Exclusion criteria were severe artefacts 
at DWI or contrast-enhanced images, slice area less than 3 cm3 and predominant 
necrotic, haemorrhagic or cystic lesions. Although the presence of predominant 
cystic, haemorrhagic and/or necrotic components yield useful information, the 
ADC values of these components are clinically irrelevant. Moreover, the ADC 
measurements of these predominant cystic, haemorrhagic or necrotic lesions 
show a broader interobserver variablity6. 

Magnetic resonance imaging
Contrast-enhanced MRI of the abdomen including DWI was performed on a 
1.5-Tesla system (Achieva, Philips Medical Systems, Best, the Netherlands).  Coronal 
3-D T2W imaging along with fat-suppressed T1W imaging before and after 
gadolinium contrast medium administration were acquired. Diffusion-weighted 
imaging was performed in axial plane during free-breathing applying b values of 
at least 0, 100 and 1000 s/mm2. The imaging parameters are displayed in Table 1. 
The ADC maps were calculated using a mono-exponential fit with b values 0 and 
1000 s/mm2.  Depending on their ability to cooperate, children were awake (n=1) 
or under general anaesthesia (n=7). No oral contrast agents were used. Gadobutrol 
(Gadovist, Bayer Pharma AG, Berlin, Germany) was administered intravenously 
with a dose of 0.1 mmol/kg body weight. Hyoscine butylbromide (Buscopan, 
Boehringer Ingelheim Limited, Bracknell, UK) was administered at an intravenous 
dose of 0.4 mg/kg body weight (with a maximum of 5 mg in children below the 
age of 6 years) to reduce the peristaltic artefacts. All children were screened for MR 
contraindications, contraindications for the use of intravenous contrast agents and 
intravenous hyoscine butylbromide. 
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Direct correlation
The dorsal and ventral side and hilar region of the post-resection specimens were 
marked with different-coloured dyes according to instructions by the involved 
surgeon. The specimens were sectioned in successive 10 -15 mm transverse slices 
in a cranial to caudal sequence. One specimen was fixated in agar and lamellated 
in 4-mm slices (Figure 1). The photographs of the pathologic slices were matched 
with the corresponding T2W or post-contrast T1W images at MRI by a radiologist 
(A.S.L., 10 years of experience with paediatric body MRI) in conjunction with the 
pathologist (P.G.N., 20 years of experience with paediatric histopathology). The 
closest corresponding transverse image and pathologic macroslice were paired on 
basis of anatomical and tumour landmarks, using the upper, lower calyx and hilar 
vessels as reference points. 

ADC measurements
Anonymised MR datasets were transferred to DICOM software Osirix version 5.5.2 
(Pixmeo SARL, Bernex, Switserland). The paediatric radiologist (A.S.L.) performed 
ADC measurements at the predefined slices. The reader was masked to clinical 
patient data and histopathology reports. Freehand region of interest was carefully 
drawn at the ADC map using the available T1W and T2W images to guide the 
outline of the entire tumour. Areas with very low or no enhancement were 
excluded, because these areas are thought to represent necrosis, haemorrhage or 
cystic elements that can skew the ADC parameters if included in the analysis. This 
method was described previously and the intra-and interobsever variability of this 
method had already been studied6. Therefore, it was considered sufficient to have 
one reader. 

Histopathological review
In our institution, all renal resection specimens are reviewed by the local 
histopathologist. Independent national SIOP pathology review (C.A.H.K.) is 
performed for every paediatric renal tumour within one week according to 
the SIOP standard. The local paediatric histopathologist (P.G.N.) reviewed the 
predefined histological sections. The percentage of chemotherapy-induced 
changes, percentage of stromal, epithelial and blastemal elements was recorded, 
according to the SIOP definitions7. The subtype classification by local pathologist 
was concordant with the central review in the included cases.
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Figure 1 Four-year-old boy with bilateral nephroblastoma. Parallel axial subtracted post-contrast T1W MR 
image (a) and ADC map (b) after preoperative treatment show an infiltrative growing tumour central 
in the left kidney. Besides a central non-enhancing part (a, white arrow), the remaining viable tumour 
(black arrow) shows a relative low ADC value (b, median ADC 0.99 x 10-3mm2/s). The histopathological 
review showed 60% chemotherapy-induced changes and 75% blastema in the viable part of tumour. 
The hematoxylin and eosin stain with low power magnification (c) and high power magnification (d) 
show abundant blastemal component that contain small cells with hyperchromatic nuclei and scant 
cytoplasm 

Right nephrectomy was performed a few weeks later. In contrast to the left side, the right lesion is 
rather homogenous (e, axial T2W image with fat-suppression) with relative high ADC values (f, ADC 
1.20 x 10-3 mm2/s). Corresponding histopathological review showed 10% chemotherapy-induced 
changes and 94% stromal component in the viable part of tumour. During side by side matching the 
tumour morphology (e,g, white arrow) and anatomical landmarks (e,g, pyelum; arrowhead) were used. 
The hematoxylin and eosin stain with high power magnification shows heterotopic muscle cells with 
scattered tubules and primitive glomeruli (h)
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Statistical analysis
Median and 25th percentile ADC were calculated for each slice. The association 
between the ADC values and percentage of subtypes at histopathology was 
assessed with the Spearman’s rank correlation coefficient analysis, with r categorized 
ranging between 0-0.19, 0.2-0.39, 0.40-0.59, 0.6-0.79 and 0.8-1.0 as respectively very 
weak, weak, moderate, strong and very strong correlations. P values less than 0.05 
were considered statistically significant. Statistical analyses were performed with 
Statistical Package for the Social Sciences for Mac (SPSS inc, Chicago, IL, USA). 

Results
Patients
A total of 23 children were potentially eligible for inclusion. Fifteen were excluded 
due to the following: no preoperative MRI avialable (n=3), extensive tumour 
haemorrhage or necrosis (n=8), incomplete MRI (n=3), direct correlation impossible 
(n=1). The final series consisted of the remaining 8 patients (mean age 4.4 years, 
range 2.2 years to 7.2 years, 1 male, Table 2). Nine tumours in these 8 patients were 
included for analysis. Fifteen corresponding slices could be identified at MRI-DWI 
and histopathology.

Feasibility of side by side comparison
One of 23 potentially eligible patients was excluded related to different orientation 
of the slicing between the specimen and the MR images. This was probably related 
to a large posterior tumour arising from the lower pole of the left kidney that 
pushed the remaining kidney in a more horizontal position at MRI. 
Figure 1 illustrates the matching of MR and nephrectomy specimen on the basis of 
the combination of anatomical landmarks (renal pelvis) and tumour morphology. 
The right nephrectomy specimen was fixated in agar and lamellated in 4 mm thick 
slices. 
Figure 2 shows the step section post-nephrectomy specimen for which the MR 
images were matched to the corresponding slice on the basis of the location of 
the renal hilum (including tumour thrombus in a side branch of the renal vein).  

ADC parameters and subtype proportions
Scatter dot plots show the distribution of ADC values and the percentage of 
histopathological subtype (Figure 3). The 25th percentile ADC and the percentage 
of blastemal in the 15 slices showed a strong inverse linear relation (r= -0.719, p= 
0.003). Likewise, the median ADC and percentage of stroma was strongly linear 
related (r= 0. 741, p= 0.002). With the small number of lesions we included, there 
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Table 2 Characteristics of included patients (n=8)

Characteristics

Sex (n)
     Male
     Female

1
7

Age (y) 
     Mean ± SD 
     Range

4.41  ± 1.59
2.2 – 7.2

Pathological subtype (n=9)

    Mixed 4

    Stromal 2

    Regressive 1

    Blastemal 2

Disease stage
    II
    III
    IV
    V

2
2
3
1

Preoperative CT
AV x 4 wks
AV x 4 wks

AVD x 6 wks
LT: AV x 8 wks 

RT: AV x 8 wks + AVD + CE 

CT: chemotherapy; AV: dactinomycin/vincristine; AVD: dactinomycin/vincristine/doxorubicin;  
CE: carboplatin/etoposide; LT: left renal lesion; RT: right renal lesion

Figure 2 Three-year-old girl presented with a large left-sided renal tumour, histopathological proven 
nephroblastoma, mixed subtype. Axial post-contrast T1W MR image (a) and corresponding axial ADC 
map (b) show a homogenous tumour of the left kidney with median ADC value of 1.227 x 10-3 mm2/s. 
There is tumour extending into a renal venous vessel (a, white arrow). The coronal 3-D T2W image after 
pre-operative treatment (c) together with the macroslide (d, black arrow points to the orange inkted 
renal hilus) and gross histopathological specimen (e) illustrate the tumour in the mid pole of the left 
kidney. Histopathological analsysis of this slice showed 4% chemotherapy-induced changes and 84% 
stromal subtype histopathology in the viable part of this tumour slice. 
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Figure 3 Scatterplots with correlation lines show the relationship 
between blastemal proportion and 25th percentile ADC (x 10-3 mm2/s) 
(a), stromal proportion and median ADC (x 10-3 mm2/s) (b) and epithelial 
proportion and median ADC (x 10-3 mm2/s) (c). 
There is a strong linear inverse relation between proportion blastemal 
components and 25th percentile ADC after preopertive treatment that 
is nicely illustated with the scatterplot (a). The strong linear relation be-
tween proportion stromal components and median ADC is illustrated 
in (b). There is no significant correlation between proportion epithelial 
components and median ADC value (c).

a

b

c
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were no lesions with more than 40% epithelial components at histopathology. 
The percentage of epithelial component and median ADC showed no significant 
relation (r= 0.370, p= 0.174).

Discussion
Our explorative, pilot study shows that direct correlation between MR images 
and post-resection histopathology specimen is feasible in the majority of lesions. 
However, half of the patients were excluded due to extensive cystic, haemorrhagic 
or necrotic changes that occurred during preoperative treatment. With this 
limited number of lesions, we found a strong linear relation between the stromal 
proportion at histopathology and median ADC. Our results replicate previous 
reported studies in 25 patients4,5. However, with side by side comparison of MR 
images and histopathology findings, the current reported linear relation is more 
apparent. Likewise, there was a strong inverse linear relation between percentage 
of blastemal at histopathology and the lower quartile ADC. Our previous reported 
study found a similar, however weak relation. Unfortunately, only limited proportions 
of the epithelial subtype were present in our current reported study. Therefore, 
potential linear relation between 25th percentile ADC and percentage of blastemal 
components may be overestimated, as both blastemal and epithelial predominant 
lesions demonstrate relatively low ADC values4,5. Furthermore, the overall effect in a 
group of tumours cannot directly be extrapolated to the individual patient. If there 
is a significant overlap in ADC values, a single ADC value may not be of limited 
clinical value for the individual patient. Therefore, reliable differentiation between 
epithelial and blastemal predominant lesions at presentation is probably not 
possible with ADC measurements alone. However, identification of considerable 
proportion of relatively low ADC values at presentation could guide tumour 
biopsy. With the combination of MRI-DWI findings and tumour biopsy results at 
presentation, the high-risk predominant blastemal subtype nephroblastoma could 
potentially be identified that might guide personalized treatment decisions2. 
The strong linear relation between stromal histopathology and median ADC could 
be of clinical additional value. This may be of special value in bilateral disease. 
In bilateral disease, accurate assessment of treatment response is important 
to direct therapy planning in order to spare as much renal function as possible. 
Second-line treatment chemotherapy is added or substituted when the tumour 
shrinkage appears poor8. However, following chemotherapy stromal predominant 
nephroblastomas tend to differentiate into more mature stromal or mesenchymal 
tumor types8. Median ADC measurements could be a promising tool in order 
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to identify stromal predominant tumours that could respond to pre-operative 
treatment with differentiation instead of shrinkage.
Previous studies have suggested that blastemal is the most responsive tumour 
component to chemotherapy9,10. Moreover, chemo-resistant blastemal subtype 
after preoperative treatment has prognostic value with respect to event-free and 
overall survivial1,2. MRI with DWI may be of value to assess both tumour response 
to treatment and ADC values in residual viable parts of lesions5. The combination 
of evident tumour shrinkage and/or necrosis with relative low ADC values in 
viable tumour components could be suggestive for chemo-resistant blastemal4,5. 
Therefore, identification of residual blastemal components with DWI may guide 
treatment desicions, including surgical planning of nephron-sparing approach in 
bilateral disease. 
Further prospective studies with a larger cohort of children should be performed 
to validate our preliminary findings. To achieve reliable side by side comparison 
between MRI findings and histopathology, a collaborative effort is essential. 
First, effective information transmission from surgeon to histopathologist during 
handling of the post-resection specimen is required. Furthermore, review of sliced 
specimen needs input from radiologist and histopathologist. In this explorative 
study, we have shown that with these efforts, side by side comparison is feasible. 
Our study has several limitations. First, due to the retrospective nature of our 
study, a selection bias could have been introduced, which weakens the general 
validity of our data. Second, an interpretation bias was induced by the match 
between histopathology slides and MR images. Likely, there is a varying degree 
of difference in orientation of slicing between postresection specimen and MRI. 
However, this side by side comparison could be further improved by using agar 
fixation of the resection specimen in order to obtain thinner slices as demonstrated 
in Figure 1. Important disadvantage of using agar fixation is the lack of availability 
of obtaining tissues for biological studies. Third, histopathological estimation 
of tumour composition is not perfectly objective. However, the overall tumour 
subtype classification was concordant with the central review. Furthermore, the 
interobserver variability of our used method was tested for the whole-tumour 
approach. According to previous reported studies, a single slice approach is 
subject to a slight broader reader variability11. Finally, we used the enhancement of 
the erector spinae muscles as threshold filter for excluding less enhancing portions 
of lesions. Formal perfusion analysis could further improve the selection of viable 
areas of the lesions. 
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Prospective studies with a larger cohort of patients could further elucidate 
the potential additional role of DWI and ADC measurements in pretreated 
nephroblastoma. 

Conclusion
Side by side comparison of ADC measurements and histopathology was feasible in 
the majority of our patients with nephroblastoma. Our pilot study showed a strong 
linear relation between percentage of stromal and blastemal histopathology with 
ADC parameters.
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Main findings in this thesis

Whole-body MRI-DWI in lymphoma
  Whole-body MRI could be a good radiation-free alternative to CT and FDG-

PET/CT for staging paediatric lymphoma.
  Whole-body MRI including DWI has shown a good sensitivity for detecting 

viable residual lesions after completion of therapy. ADC measurements could 
potentially increase the specificity of MRI.

  Whole-body MRI demonstrates osteonecrosis to be a common finding during 
therapy response assessment of paediatric Hodgkin lymphoma. 

MRI-DWI in nephroblastoma
  The inter- and intraobserver variability for the viable tumour measurements 

were within 0.1 x 10-3 mm2/s, which appears sufficiently precise for detection 
of chemotherapy-related change.

  ADC change could serve as a biomarker for therapy response assessment.
  Identification of blastemal predominant tumours is unlikely to be possible by 

whole-tumour ADC location parameter alone.
  ADC value is related with stromal predominant subtype histopathology that 

could be relevant in bilateral tumours.
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Introduction
With the exception of accidents, cancer is the most common cause of death among 
children in the Western world1. Imaging plays a crucial role in staging, monitoring 
of therapy and follow-up after treatment2. Due to advances in technique, MRI is 
increasingly used for these purposes. The aim of this thesis was to assess the value 
of MRI including DWI in paediatric lymphoma and nephroblastoma.

Part I  Role of MRI in paediatric lymphoma 
Hodgkin lymphoma and non-Hodgkin lymphoma compromise around 14% of 
childhood malignancies1. Accurate assessment of extent of disease and monitoring 
treatment effects are essential for treatment planning and determining prognosis3. 
The use of FDG-PET/CT in staging paediatric lymphoma is generally incorporated 
into current guidelines3. However, the most important disadvantage of FDG-PET/
CT is the use of ionizing radiation. In the young population the use of ionizing 
radiation is of particular relevance, not only because children will have more 
remaining years of life in which a radiation-induced tumour can develop, but also 
because rapidly dividing cells are more sensitive to radiation-induced effects4,5. 
Therefore, MRI could serve as an attractive radiation-free alternative. Whole-body 
MRI has become a clinical feasible imaging technique, even in children6,7. With 
the introduction of diffusion-weighted imaging with background body signal 
suppression (DWIBS) it became possible to acquire whole-body DWI within an 
acceptable acquisition time8. The concept behind the use of DWI in oncology 
imaging is that most tumours show high-cellularity with consequently impeded 
diffusion that can be measured and quantified with DWI9,10. 

Staging paediatric lymphoma
Chapter 2 showed a good agreement between whole-body MRI-DWI and the FDG-
PET/CT-based reference standard for staging paediatric lymphoma. Moreover, a 
good interobserver reliability of whole-body MRI including DWI for nodal (κ= 0.79) 
and extranodal (κ= 0.69) involvement in children with newly diagnosed lymphoma 
was found (Chapter 2). Previous studies showed that the addition of DWI to a 
whole-body MRI protocol may detect lesions that have remained undetected 
at T1-weighted and T2W- STIR imaging and that this may lead to upstaging11,12. 
However, this additional role of DWI to the conventional MRI sequences was 
not supported by our data (Chapter 2). This could be related to the fact that 
both normal and involved lymph nodes show impeded diffusion. Therefore, the 
detection of involved nodal sites still relies on size criteria. Furthermore, several 
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normal extranodal structures (including salivary glands, Waldeyer ring, thymus, 
spleen, gallbladder, adrenal glands, spinal cord, bone marrow, ovaries, prostate and 
testis) may show restricted diffusion. Consequently, involvement of these stations 
may be obscured12. 

Extranodal involvement
Diagnosis of bone marrow involvement is of great importance in staging lymphoma, 
because its presence indicates the highest Ann Arbor disease stage3. Blind bone 
marrow biopsy (BMB) of the iliac crest is the recommended method to assess 
bone marrow involvement3. However, whole-body MRI can be complementary to 
blind BMB, because whole-body MRI can show focal bone marrow involvement 
that remains undetected by BMB probably due to sampling error of the latter13. 
On the other hand, the sensitivity of whole-body MRI for detecting bone marrow 
involvement is too low to replace BMB13. 
Accurate assessment of the spleen remains a fundamental component of staging 
Hodgkin lymphoma, because the spleen is the most common single site of 
infradiaphragmal disease14,15. Focal involvement is most commonly seen as low T2 
signal lesions with relative low signal on high b-value DWI compared to the high 
signal of the surrounding splenic parenchyma. In diffuse involvement the majority 
of discrepancies with the gold standard (FDG-PET/CT augmented with follow-up 
imaging after treatment) are due to the suboptimal criteria of size: moderately 
enlarged spleens can be without lymphomatous infiltration and normal-sized 
spleens can contain diffuse infiltration. The sensitivity, specificity, positive predictive 
value and negative predictive value of whole-body MRI-DWI for the detection of 
splenic involvement have been reported to be 85.7%, 96.5%, 85.7% and 96.5% 
respectively15. 
Around 10% of paediatric patients diagnosed with lymphoma will have pulmonary 
parenchymal disease at presentation with pulmonary nodules and masses as 
most common findings16. The value of whole-body MRI in detecting pulmonary 
involvement in lymphoma is unknown (neither separately evaluated nor reported 
in the literature). MRI of the lung is challenging mainly due to the low proton 
density of the lung parenchyma together with respiratory and cardiac motion 
artefacts. However, due to technical improvements of MRI sequences, there is a 
growing interest in performing lung MRI, especially in children and adolescents. 
Dedicated MRI of the lung is able to detect lung nodules > 5 mm with high 
diagnostic accuracy and a good interobserver reliability17. The diagnostic accuracy 
for lung involvement within a whole-body MRI protocol is expected to be lower, 
because the whole-body MRI protocol does not contain similar dedicated, time-
consuming sequences. 
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Response assessment
Several reports in the literature indicated a potential role for MRI-DWI in monitoring 
response to treatment18-22. Differentiation between persisting or recurrent tumour 
from posttherapeutic change is important to guide patient management. Chapter 
3 showed that whole-body MRI with DWI has a good sensitivity for detecting 
viable lesions after completion of therapy. ADC measurements could increase the 
specificity of whole-body MRI (Chapter 3). Therefore, whole-body MRI could serve 
as a radiation-free alternative for restaging lymphoma at the end of treatment, 
although more studies are required to confirm these findings.
Early recognition of therapy response or failure to chemotherapy will enable to 
select better those patients who need more or less intensive therapy. Several studies 
have investigated the role of MRI including DWI in early response assessment in 
different lymphoma subtypes with inconclusive results18-22. Most studies reported 
a treatment-induced increase in ADC values19, 20, 22. The most important weakness of 
these studies is the use of FDG-PET/CT as reference standard. Although interim FDG-
PET/CT is reasonably good in identifying treatment failure, a negative interim FDG-
PET has not proven to be a guarantee of good prognosis23. Furthermore, current 
guidelines do not recommend changing therapy on the basis of interim FDG-PET 
findings outside clinical trials, unless there is clear evidence of progression3. The 
combined information of FDG uptake and diffusion restriction within the residual 
lesions could be complementary because both methods are based on different 
biophysical processes. Therefore, the accuracy of combined PET/MRI examination 
may outperform either one of them alone in ruling out residual disease24. Future 
studies that correlate FDG-PET and MRI-DWI results to patient outcome measures 
will provide important additional evidence.

Side effects
Because of the good outcome in paediatric Hodgkin lymphoma, treatment decisions 
are increasingly based on minimizing side effects25. One of these treatment-related 
adverse effects is osteonecrosis. Osteonecrosis is a well-recognized complication 
in patients treated with corticosteroids. The severity of osteonecrosis may range 
from asymptomatic to debilitating. In particular epiphyseal located osteonecrosis 
may be complicated by articular collapse26. Management of osteonecrosis aims 
to prevent disease progression and to relieve pain. MRI is regarded as the most 
sensitive and specific method for detecting early osteonecrosis26. Chapter 4 
describes that osteonecrosis was found in 10 out of 24 patients during therapy 
response assessment of paediatric Hodgkin lymphoma as detected with whole-
body MRI. None of these patients developed epiphyseal bone collapse, but one 
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patient presented with pain related to epiphyseal located osteonecrosis (Chapter 4). 
The question of how to identify patients at risk for developing osteonecrosis and 
how to treat these patients remains unanswered.  

Future research directions
The good diagnostic performance of whole-body MRI in staging paediatric 
lymphoma described in this thesis should be confirmed in a larger cohort of patients, 
with special attention for less common extranodal involvement. Furthermore, the 
diagnostic performance of whole-body MRI-DWI has to be evaluated separately in 
Hodgkin lymphomas and different non-Hodgkin lymphoma subtypes, because of 
the substantial differences in histology, disease manifestation and treatment. 
There are several possibilities to further improve whole-body MR imaging in 
paediatric lymphoma. First, image blurring caused by respiratory or cardiac motion 
could be reduced by using motion reduction methods, such as PROPELLER 
(periodically rotated overlapping parallel lines with enhanced reconstruction) 
techniques28. Respiratory navigation and cardiac triggering could further improve 
image quality; however this will come with prolonged scan times. Second, 
ultra-small superparamagnetic iron oxide (USPIO) contrast agents may further 
increase the diagnostic performance of whole-body MRI as shown by Klenk et 
al27. Intravenously administered USPIOs are taken up by macrophages in the 
lymph nodes, Waldeyer ring, spleen and bone marrow in contrast to the involved 
sites that will show non-uptake of this USPIO contrast agent. As a result, USPIO-
enhanced MRI can potentially identify lymphomatous involvement at these sites 
(lymph nodes, bone marrow and spleen) with high accuracy. Unfortunately, 
clinical implementation of USPIO agents is currently hampered due to lack of their 
availability24.
With the recent development of integrated PET/MRI, the role of imaging in 
paediatric oncology is moving from structural to combined structural, functional 
and molecular imaging that may be superior to PET/CT or MRI alone. This could be 
especially interesting for response assessment. In paediatric lymphoma, accurate 
early assessment of treatment response could guide personalized adjustment of 
treatment regimes in order to improve outcome while reducing long-term side 
effects. Several studies have already proven the feasibility of PET/MRI in a clinical 
setting, even in children29-31. Further studies are needed to demonstrate the 
potentially improved diagnostic accuracy of PET/MRI.
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Part II  Role of MRI-DWI in nephroblastoma
Wilms tumour or nephroblastoma is the most common malignant renal tumour 
in children32. Overall, the survival rate is relatively good and the current focus is 
on finding biomarkers to further improve outcomes while reducing therapy-
induced side effects in these young patients33. Therefore, identifying low- or high-
risk type nephroblastoma might be relevant for treatment planning. Along with 
diffuse anaplastic nephroblastoma, blastemal in residual tumour after preoperative 
chemotherapy is thought to represent chemoresistant parts that, when extensive, 
may require more intensive treatment34. Although tumour biopsy at presentation is 
performed in some European countries, the whole tumour composition of a lesion 
is unknown. Moreover, in most European countries children with nephrobalstoma 
are treated without histological comfirmation. Therefore, identification of blastemal 
predominant lesions at presentation would be of great value and may direct 
personalized treatment decisions in the future33,34.  

Unfortunately, there is a considerable heterogeneity in acquisition techniques 
and methods of ADC measurements10. Nephroblastoma often contains areas 
of necrosis and/or hemorrhage that can demonstrate very low ADC values and 
consequently mimic highly cellular portions of tumours. Therefore these areas 
should be excluded from further analysis. Although the presence of predominant 
cystic, haemorrhagic and/or necrotic components could be regarded as clinical 
useful information, the ADC values of these components are clinically irrelevant. 
Chapter 5 describes a method of whole-tumour ADC measurements that excludes 
less or non-enhancing parts of lesions. The intra- and interobserver variablility of 
this method was proven to be sufficiently precise to identify an ADC difference 
within a limit of 0.1 x 10-3 mm2/s (Chapter 5). 

Whole-tumour ADC measurements in nephroblastoma at presentation and 
after pre-operative treatment related to histopathology was studied in Chapter 
6. Three components of treatment-related effects were detected with MRI-
DWI: change in size, necrosis and shift in ADC values. Response to preoperative 
treatment is generally based on shrinkage of lesions. However, most commonly 
this is a rather late marker of treatment-related changes and sometimes volume 
change does not correspond to histopathological response; tumours that shrink 
can still contain considerable amounts of blastemal and anaplastic cells. On the 
other hand, responding tumours can increase in size, e.g. due to hemorrhage 
or necrosis or during differentiation. By excluding the less-enhancing parts of 
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tumour, we were able to measure treatment response at a cellular level other than 
necrosis by means of shift in ADC (Chapter 6). Lesions with predominant stromal 
histopathology showed a significant, moderate linear relation with median ADC 
(Chapter 6). Unfortunately, both epithelial and blastemal subtype histopathology 
showed relatively marked diffusion restriction. 

Since nephroblastoma are often composed of several different subtypes at 
histopathology, a single ADC variable to represent the whole-tumour may plausibly 
obscure underlying correlations. Therefore, direct, side by side comparison of a 
single-slice ADC map with its corresponding slice at histopathology may refine 
the analysis, and this was studied in Chapter 7. This pilot study showed that 
direct correlation of MRI and histopathology is feasible in the majority of patients. 
Furthermore, stromal and blastemal histopathology demonstrated a strong linear 
relation with ADC markers. Unfortunately, epithelial predominant lesions were 
not abundantly represented in this pilot study.  Therefore, the potential linear 
relation between 25% ADC and percentage of blastemal components could be 
overestimated, because both blastemal and epithelial predominant lesions can 
demonstrate relatively low ADC values35. 
The potential strong linear relation between stromal histopathology and median 
ADC could be clinical interesting, especially for children presenting with bilateral 
disease. In bilateral disease, accurate assessment of treatment response is 
important to direct treatment planning in order to spare as much renal function as 
possible. Second-line treatment chemotherapy is added or substituted when the 
tumour shrinkage appears to be poor36. However, following chemotherapy stromal 
predominant nephroblastomas tend to differentiate into more mature stromal or 
mesenchymal tumor types. Unfortunately, this rhabdomyomatous differentiation 
into stromal components is associated with constitutional WT1 aberrations that 
are frequently seen in bilateral disease36, 37. Therefore, median ADC measurements 
could be a useful adjunct in order to identify stromal predominant tumours that 
could respond to pre-operative treatment with differentiation instead of shrinkage.

It has been suggested that blastemal is the most chemo-sensitive tumor 
component38,39. MRI including DWI could potentially identify tumours that show 
marked treatment response with lesion shrinkage and/or necrosis with residual 
components of relatively low ADC value. The combination of these different 
imaging findings could further enhance the diagnostic accuracy of MRI-DWI in 
identification of high-risk chemoresistant blastemal. This additional information 
could be relevant for surgical treatment planning, especially if nephron-sparing 
surgery is considered. 
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Future research directions
The results presented in part II of this thesis suggest a potential role of MRI including 
DWI in guiding treatment decisions that may be of special value in bilateral 
disease.  Further research that includes a larger cohort of patients with bilateral 
disease is needed to investigate if a relative high ADC value at presentation can 
reliably identify stromal predominant lesions that tend to repond to preoperative 
treatment with differentiation instead of shrinkage. Related to the low incidence 
of bilateral disease, enhanced collaboration across different European countries 
is essential. With the introduction of the new SIOP Umbrella protocol opening in 
2016 that includes standardised diagnostic imaging procedures including MRI with 
DWI, this collaboration is facilitated.

Furthermore, assessment of response to pre-operative therapy could be relevant 
in directing genetic sampling. Genetic heterogeneity within a single lesion in 
nephroblastoma has recently been reported to be a common finding. Imaging 
could potentially guide tumour sampling by detecting varying response to 
treatment that can be seen with MRI including DWI40. Further research that relates 
MRI findings including ADC metrics with molecular and genetic markers could 
reveal a potential additional role of imaging for molecular and genetic research 
and risk stratification of nephroblastomas. 

In conclusion, DWI can serve as a valuable adjunct to anatomical MR imaging in 
paediatric lymphoma and nephroblastoma at presentation and during response 
assessment. 
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Achtergrond
Kanker is in de westerse wereld (na ongevallen) de tweede meest voorkomende 
doodsoorzaak bij kinderen van 1-14 jaar. Medische beeldvorming speelt een 
belangrijke rol bij het stellen van de diagnose, het bepalen van de uitbreiding van 
ziekte en het evalueren van het effect van behandeling. Tot voor kort was computer 
tomografie (CT), waarbij gebruik wordt gemaakt van röntgenstralen, hiervoor de 
meest gebruikte methode. Bij kinderen met lymfeklierkanker wordt tegenwoordig 
FDG-PET/CT toegepast voor het bepalen van de mate van uitbreiding van ziekte 
en het effect van behandeling. FDG-PET is een nucleair geneeskundig onderzoek 
waarbij verandering in de suikerstofwisseling wordt afgebeeld. Een belangrijk 
nadeel van CT en PET is het gebruik van ioniserende straling. Deze straling kan 
potentieel DNA-schade geven dat geassocieerd is met het ontstaan van tumoren. 
Met name voor kinderen en jong volwassenen is dit relevant, aangezien deze jonge 
populatie gevoeliger is dan volwassenen voor ioniserende straling en ze meer 
jaren te gaan hebben waarin eventueel secundaire tumoren kunnen ontstaan. 
Door de goede behandelmogelijkheden hebben kinderen met lymfeklierkanker 
en nierkanker een steeds betere levensverwachting. Mede daardoor nemen de 
zorgen over schadelijke neveneffecten van de scans een belangrijke rol in. 

Een aantrekkelijk alternatief voor CT en PET/CT is het magnetisch resonantie 
onderzoek (Magnetic Resonance Imaging=MRI), met name vanwege het ontbreken 
van het gebruik van ioniserende straling. Hiernaast geeft het MRI onderzoek een 
zeer goed contrast tussen verschillende soorten weefsels in het lichaam. Sinds 
enkele jaren is ook mogelijk geworden om met MRI het hele lichaam af te beelden. 
Beeldvorming met magnetische resonantie vindt plaats door waterstofatomen in 
het lichaam als kleine magneetjes te richten naar een sterk magnetisch veld. Naast 
het afbeelden van de anatomie is het ook mogelijk om functionele informatie 
te verkrijgen middels bijvoorbeeld diffusie gewogen beelden (DWI). Normale 
willekeurige beweging van atomen kan met DWI worden afgebeeld en gemeten. 
Deze willekeurige bewegingen zijn onder andere verminderd in tumoren met 
hoge celdichtheid. Echter, een belangrijk nadeel van MRI is dat jonge kinderen (tot 
ongeveer 6 jaar) sedatie of narcose nodig hebben, doordat een MRI onderzoek 
30-60 minuten duurt. 

Dit proefschrift bestaat uit twee delen: In het eerste deel wordt de diagnostische 
accuratesse van MRI, inclusief DWI, in kinderen en adolescenten met lymfeklierkanker 
onderzocht. Deel 2 van dit proefschrift beschrijft het onderzoek naar de rol van 
MRI-DWI in Wilms tumoren (nefroblastoma).
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Deel 1: Beeldvorming in kinderen en adolescenten met lymfeklier-
kanker
In Hoofstuk 2 wordt de waarde van whole-body MRI, inclusief diffusie gewogen 
opname, vergeleken met een op FDG-PET/CT gebaseerde referentiestandaard bij 
36 patienten. Onze resultaten laten zien dat er een goede overeenkomst bestaat 
tussen de MRI bevindingen van twee radiologen. Tevens is er een erg goede 
overeenkomst tussen de bevindingen van het whole-body MRI en het FDG-
PET/CT onderzoek. Als voorzichtige conclusie lijkt whole-body MRI een geschikt 
alternatief voor FDG-PET/CT voor het bepalen van de uitbreiding van ziekte bij 
eerste presentatie, echter dit zal in grotere studies moeten worden bevestigd.  
Het tijdig herkennen van de respons op chemotherapie is leidend voor het 
onderscheiden van patiënten die meer of minder intensieve behandeling nodig 
hebben. FDG-PET is bewezen goed in het identificeren van degene die meer 
intensieve behandeling behoeven. De rol van whole-body MRI tijdens het vroege 
herkennen van de respons is tot op heden onduidelijk. Dit komt grotendeels door 
de afwezigheid van een goede gouden standaard. 

Hoofdstuk 3 beschrijft de rol van whole-body MRI, inclusief diffusie gewogen 
opname, voor het bepalen van de respons aan het einde van de behandeling. 
Het onderscheid tussen littekenweefsel en persisterende lymfeklierkanker is erg 
belangrijk voor het bepalen van het vervolgtraject. In deze pilotstudie laten we 
zien dat whole-body MRI heel goed is in het identificeren van persisterende 
lymfeklierkanker. Het bepalen van de mate van diffusie restrictie uitgedrukt in een 
zgn. diffusie coefficient (Apparent Diffusion Coefficient = ADC waarde) vergroot 
de specificiteit van de MRI. Met andere woorden: het bepalen van de ADC 
waarde verlaagt de kans dat littekenweefsel wordt aangezien voor persisterende 
lymfeklierkanker. 

Door de goede behandelmogelijkheden en overleving worden beslissingen over 
de behandeling steeds meer gebaseerd op het verminderen van de bijwerkingen. 
Een van de bijwerkingen van de behandelingen van lymfeklierkanker is botnecrose 
(het afsterven van botweefsel). Botnecrose kan zeer betrouwbaar met MRI worden 
vastgesteld in tegenstelling tot FDG-PET/CT. De ernst van de botnecrose is 
erg wisselend, maar kan leiden tot veel pijnklachten met name in de heup- en 
kniegewrichten. Hoofdstuk 4 beschrijft dat botnecrose een relatief veel voorkomende 
bevinding is (10 van 24 kinderen) op het whole-body MRI onderzoek bij kinderen 
die behandeld worden voor een bepaald type lymfeklierkanker (Hodgkin 
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lymfoom). Dit is nieuwe, belangrijke informatie, aangezien het vaststellen van 
vroege botnecrose eventuele behandeling mogelijk maakt. Hierdoor kunnen 
complicaties en langdurige pijnklachten mogelijk worden voorkomen. 

Deel 2: MRI-DWI in nefroblastoom
Wilms tumor, ook wel nefroblastoom genoemd, is de meest voorkomende 
niertumor bij kinderen. Nefroblastoom ontstaat uit embryonale cellen van de nier 
en bevat de verschillende stadia van de ontwikkeling van deze cellen (blasteem, 
stromaal en epitheliaal). Klassiek nefroblastoom bevat een wisselende hoeveelheid 
van deze drie componenten. In Europa start de behandeling van nefroblastoom 
met 4 - 6 weken chemotherapie, gevolgd door een operatie. Over het algemeen is 
de overlevingskans relatief goed en ligt de focus van onderzoek op het verbeteren 
van de overlevingskans en het verminderen van de behandelings-gerelateeerde 
bijwerkingen. Identificeren van hoge en lage risico tumoren zou daarom relevant 
kunnen zijn voor het bepalen van de juiste behandeling. Een relatief grote 
hoeveelheid blasteem na de pre-operatieve chemotherapie wordt tegenwoordig 
gezien als hoog risico en vergt intensievere behandeling na de operatie. 

In het tweede deel van dit proefschrift wordt onderzocht of de mate van diffussie 
restrictie uitgedrukt in de ADC waarde gerelateerd is aan bepaalde histologische 
subtype nefroblastomen (blasteem, stromaal en epitheliaal). In Hoofdstuk 5 wordt 
een methode beschreven om de ADC waarde te bepalen in de gehele tumor, 
waarbij de gebieden van celdood en bloeding worden uitgesloten. Deze gebieden 
van celdood en bloeding kunnen een lage ADC waarde geven en zo gebieden 
met een hoge celdichtheid nabootsen. Dit hoofdstuk laat zien dat er een goede 
overeenstemming is binnen en tussen verschillende radiologen voor het meten 
van de ADC waarde. In Hoofdstuk 6 onderzoeken we het mogelijke verband tussen 
de ADC waarde van de hele tumor voor en na preoperatieve chemotherapie 
en de histologische bevindingen van het nefroblastoom. Drie verschillende 
componenten van respons op de behandeling kunnen met MRI worden gemeten: 
verandering in grootte, celverval en verandering in ADC waarde. Daarnaast vonden 
we een lineaire relatie tussen de ADC waarde en de hoeveelheid stromaal type 
nefroblastoom.

Doordat nefroblastomen vaak bestaan uit wisselende hoeveelheden van de 
verschillende histologische subtypes kan een enkele ADC waarde van de gehele 
tumor een mogelijke lineaire relatie verbergen. Een directe vergelijking tussen 
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een enkele doorsnede van de tumor op MRI met de overeenkomende plak bij de 
histopathologie wordt beschreven in Hoofdstuk 7. Het direct vergelijken is mogelijk 
gebleken in de tumoren zonder veel gebieden met bloeding of celverval. De 
resultaten laten zien dat er in het onderzochte cohort een lineaire relatie bestaat 
tussen de ADC waarde en zowel de stromale als de blastemale componenten. 
Aangezien er weinig tumoren met epitheliale componenten in ons cohort zaten, zal 
verder onderzoek moeten aantonen in hoeverre MRI met DWI een onderscheid kan 
maken tussen epitheliale en blastemale componenten. Deze beide histologische 
subtypen vertonen namelijk over het algemeen een relatief lage ADC waarde, 
in tegenstelling tot tumoren met overwegend stromale componenten waarbij 
relatief hoge ADC waardes zijn gevonden. 

Het kunnen onderscheiden van tumoren met overwegende stromale componenten 
kan interessant zijn voor kinderen die zich presenteren met nefroblastomen in beide 
nieren. Het is bekend dat juist deze tumoren (waarschijnlijk door een onderliggende 
genetische predispositie) de neiging hebben om tijdens de behandeling met 
chemotherapie niet kleiner te worden in grootte, maar te reageren met verdere 
differentiatie naar meer mature stromale componenten. Deze informatie kan heel 
belangrijk zijn voor het bepalen van de juiste chemotherapie en het moment van 
opereren.

Conclusies
In Hoofdstuk 8 worden de in dit proefschrift beschreven resultaten uitgelegd, de 
mogelijke gevolgen besproken en suggesties voor vervolgonderzoek uiteengezet. 
De belangrijkste conclusies van dit proefschrift zijn:

Whole-body MRI-DWI in lymfeklierkanker
 – Whole-body MRI kan een geschikt alternatief zijn voor CT en FDG-PET tijdens 

het stadieren van kinderen en adolescenten met lymfeklierkanker.
 – Whole-body MRI-DWI is goed in het identificeren van persisterende 

lymfeklierkanker aan het einde van behandeling. Het bepalen van de ADC 
waarde lijkt de specificiteit van het MRI onderzoek te vergroten.

 – Whole-body MRI laat zien dat botnecrose een veelvoorkomende bevinding is 
tijdens de behandeling van kinderen en adolescenten met Hodgkin lymfoom.



| 142

Samenvatting

CH 9

MRI-DWI in nefroblastoom
 – De overeenkomst binnen en tussen radiologen voor het bepalen van de 

ADC waarde in nefroblastoom lijkt voldoende precies om chemotherapie 
geïnduceerde veranderingen te kunnen detecteren

 – Respons op een behandeling kan met MRI worden gemeten aan de hand van 
drie verschillende componenten: verandering in grootte, verandering in de 
mate van celdood en verandering in ADC waarde.

 – De ADC waarde vertoont een lineare relatie met zowel het stromaal- als met 
het blasteem subtype nefroblastoom. 
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Dit proefschrift is het resultaat van vele mooie samenwerkingen. Alle mensen die 
mij, elk op hun eigen manier, hebben gesteund wil ik graag bedanken. Een aantal 
van hen wil ik in het bijzonder noemen.

Als eerste wil ik alle deelnemers van de ZonMw en KIKA studie bedanken alsook 
hun familie. Zonder hen was het niet mogelijk geweest dit proefschrift te schrijven.

Mijn promotieteam wil ik graag bedanken voor hun inzet en tijd de afgelopen 
jaren, ik had me geen beter team kunnen wensen! 

Dr. R.A.J. Nievelstein, beste Rutger Jan, ik heb er veel bewondering voor dat 
het je telkens weer lukt om tijd voor me vrij te maken terwijl je zoveel taken en 
verantwoordelijkheden hebt. Ik ben je erg dankbaar voor het vertrouwen en de 
vrijheid die jij mij tijdens de onderzoeksprojecten hebt gegeven. In de afgelopen 
14 jaar hebben we samengewerkt in allerlei verschillende samenwerkingsvormen, 
variërend van beginnend AIOS tot promovendus en naaste collega. Ik heb 
waardering voor de manier waarop jij altijd alles goed weet te organiseren. Kortom, 
veel dank voor je betrokkenheid, enthousiasme en gezelligheid.

Prof. Dr. Mali, beste Willem, erg veel dank voor de mogelijkheid om in Utrecht 
terug te komen na ons avontuur in Singapore. U bent altijd erg begaan geweest 
met mijn en Marks ontwikkelingen. Onze overleggen zijn altijd heel plezierig en ik 
kwam er altijd met goede moed en nieuwe inspiratie weer vandaan. Dank voor uw 
vertrouwen.

Dr. O.E. Olsen, dear Oystein, it was a pleasure and honour to work under your 
supervision. We met during my honourary fellowship in Great Ormond Street 
Hospital in London. Your great insight and knowledge in imaging in paediatric 
oncology were very inspiring for me. I am very greatful that you were willing 
to guide me during my research on DWI in nephroblastoma. I hope this is the 
beginning of a long lasting research collaboration!

Dr. T.C. Kwee, beste Thomas, ik weet nog goed dat jij als co-assistent op onze 
afdeling begon. Wie had toen kunnen denken dat een paar jaar later jij mijn 
steun en toeverlaat was bij het promoveren en ik jou de kneepjes van de (kinder)
radiologie vak probeerde bij te brengen. Ik ben je veel dank verschuldigd voor het 
scoren van de whole-body MRI onderzoeken, de praktische hulp bij het analyseren 
van de data, maar vooral voor het kritisch lezen van de manuscripten. Ongeacht 
het tijdstip van de dag ben jij altijd in staat het stuk vol opbouwende opmerkingen 
binnen een aantal uren terug te sturen. 
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Geachte leden van de beoordelingscommissie, prof. dr. M.A.A.J. van den Bosch, 
prof. dr. van Diest, prof. dr. M.M. van den Heuvel-Eibrink, prof. dr. R. Pieters, prof. dr. 
R.R. van Rijn, ik ben jullie erg dankbaar voor de tijd die jullie hebben genomen om 
mijn proefschrift te lezen en te beoordelen. 

I would like to thank all colleagues from the centres that collaborate with us in 
the paediatric Hodgkin project, with special thanks to: Goya Enríquez (Barcelona), 
Claudio Granata (Genoa), Florianne Zennaro (Trieste; currently working in Nice),  
Charlotte de Lange (Oslo) in Europe; Marie-Louise Greer (Toronto) and  Elka Miller 
(Ottowa) in Canada. Within the Netherlands: Marrie Bruin, (WKZ/PMC Utrecht), 
Auke Beishuizen (Eramus MC/Sophia children’s hospital), Arjenne Kors and 
Jonathan Verbeeke (VU university medical centre) and Jaap Stoker (Academic 
Medical Centre/Emma children’s hospital). 

In de afgelopen jaren heb ik met veel gezellige en prettige radiologen, arts-
assistenten, laboranten en ondersteunend personeel mogen samenwerken, 
waarvoor iedereen veel dank. 

Erik, het werken met jou op het WKZ is altijd erg plezierig. Ondanks de hectiek 
zorgen de relativerende grappen en verhalen altijd voor een welkome afwisseling. 
Ik heb de afgelopen jaren op allerlei gebieden erg veel van je geleerd, waarvoor 
veel dank. Natuurlijk ook veel dank voor het scoren van de CT onderzoeken.  
Maarten, Simone, wat ben ik blij dat jullie gekomen zijn om ons team versterken. 
Bart, veel dank voor het scoren van de PET/CT onderzoeken. Dik, heel fijn dat jij dit 
boekje kritisch hebt willen lezen.

Dear Paul Humpries, thank you very much for performing ADC measurements 
for our nephroblastoma study. I am looking forward to collaborate in paediatric 
Hodgkin lymphoma imaging!

Dear prof Sebire, dear Neil, thank you for reviewing the specimens for our 
nephroblastoma study! 

Beste Peter Nikkels, veel dank voor je hulp bij het herbeoordelen van de preparaten.

In het bijzonder wil ik Niels en Johan bedanken voor hun tijd en betrokkenheid 
tijdens het ontwikkelen van MRI protocollen. 

Wouter, dank voor je hulp tijdens de statistische analyses met het programma R! 

De ondersteuning van het trialbureau, juridische zaken en fotografie is onmisbaar 
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geweest. Beste Roy, bedankt voor het opmaken van dit proefschrift.

Het stafsecretariaat, dank voor jullie hulp op allerlei gebieden.

Beste oncologen, chirurgen, radiotherapeuten en pathologen van het Prinses 
Maxima Centrum voor kinderoncologie, erg veel dank voor de prettige 
samenwerking. 

Paranimfen, wat heerlijk om zulke lieve en trouwe vriendinnen vandaag naast me 
te hebben staan. Dank voor jullie fijne, onvoorwaardelijke vriendschap. Lieve Anke, 
samen hebben we veel meegemaakt op allerlei continenten in de wereld. Wat een 
groot avontuur gingen we aan door samen naar Zambia te gaan. Mobiele telefoons 
en internet bestonden nog nauwelijks. Een half jaar overleven in de tropische hitte 
op Batam, Indonesië en dermatologie coschap in Manado volgde een aantal jaren 
later. Ik koester fijne herinneringen aan de weekenden in Singapore en de karaoke 
sessies in Manado. 

Het is heel fijn om een lieve familie en vrienden om mij heen te hebben. Lieve 
vrienden en muziekmaatjes, jullie hebben voor de nodige ontspanning gezorgd 
tijdens mijn studie- en promotietijd. 

Lieve Babace, dankzij jouw goede voorbeeld, heeft Mark mij gestimuleerd mijn 
dromen na te leven. Ik ben je daarvoor veel dank verschuldigd. Daarnaast stond je 
altijd voor ons jonge gezin klaar met raad en (vooral veel) daad. Dank je wel.

Lieve mamma, ik ben je ontzettend dankbaar voor de zorg en liefde die jij mij 
hebt gegeven. Je staat altijd klaar om me te helpen, ondanks dat je mijn keuzes 
misschien niet altijd even goed begrijpt. Ik heb veel respect voor hoe jij in het leven 
staat. Ik ben erg blij voor je dat je nu samen met Piet van het leven kan genieten. 

Lieve pappa, je doorzettingsvermogen, ambitie en het plezier in het overbrengen 
van kennis zijn groot voorbeeld voor me geweest. Bedankt dat je er voor me bent 
als ik je nodig heb.

Dank voor jullie onvoorwaardelijke steun, liefde en vertrouwen.

Lieve Irene, lieve grote zus. Je bent altijd een groot voorbeeld voor me geweest. Je 
was een grote steun voor me toen ik in Utrecht kwam om te studeren. Bedankt dat 
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je er bent als ik je nodig hebt.  

Lieve Chrissie, liefde van mijn leven. Door jouw ambitie, gekkigheid en wilskracht 
hebben we samen al veel bereikt. Je onmisbare steun en vertrouwen zijn ook heel 
belangrijk geweest in dit traject: zonder jou was dit boekje er nooit gekomen. “De 
familie BurgMANZ geeft nooit op”. 

Noor en Zoë, Zoë en Noor, jullie zijn mijn alles. Elke dag is een feestje met jullie! 

Dank jullie wel!

Liefs, Annemieke
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