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General introduction, aims and outline of this thesis

Chapter

1
In November 1873, a boy, aged 11, was admitted to the Hospital for Sick Children in London, 

United Kingdom. Three months before admission, it was noticed that he held his head to the 

left side. He also lost control over his left foot and hand. He subsequently started vomiting in 

the morning, became more dull and walked badly. There was some complaint of headache. The 

patient had had a blow on the head four years earlier. At neurological examination a torticollis 

towards the left and right-sided deafness was observed. He was hemiplegic left-sided with dimin-

ished sensation. The left pupil was dilated and sight was diminished in the left eye. The ocular 

movements were undisturbed. During admission, his disease progressed quickly with increasing 

drowsiness, loss of swallowing and speech and almost complete quadriplegia. The 29th of March, 

four months after diagnosis, he deceased. At autopsy an enormous gliomatous expansion of the 

pons Varolii was found.

This is by my best knowledge the first case described of a child with a diffuse intrinsic pontine 

glioma (DIPG) (1). Since 1873, there have been numerous children who presented in about the 

same way. Sad enough, also the prognosis of these children has remained unchanged for almost 

one and a half century now.

DIPG is a childhood-specific disease that has a devastating impact on patients and their parents. 

While approximately 70% of children with central nervous system (CNS) tumors will survive be-

yond five years from diagnosis, the long-term survival rate of children with DIPG has remained 

almost zero (2, 3). Research on DIPG has been hampered by a lack of tumor tissue since patients 

are not regularly biopsied and surgery is abandoned as an optional treatment considering the high 

associated morbidity and mortality rates and the lack of a chance at cure. Personalised multi-agent 

therapy, based on tumor-specific molecular targets, has not yet been applied in this disease and 

information as to whether drugs actually reach the tumor is largely lacking. In the Netherlands, 

preclinical and clinical DIPG research was virtually non-existent at the start of this project. The 

collection of tumor material, essential for genetic profiling and the development of preclinical 

models required to test new therapeutics, would boost DIPG research, as would steps to unravel 

the matter of drug distribution in DIPG, given poor drug delivery stands in the way of a “fair” 

evaluation of (novel) agents.

epidemiology

Solid tumors in the central nervous system (CNS) amount to 20% of all childhood cancer types 

(Figure 1). Brainstem tumors comprise 10-15% of all CNS tumors, of which 80% are DIPG, the 

most frequent of malignant gliomas in children (4). In the USA, 150 children are newly diagnosed 

with DIPG yearly, resulting in an incidence of approximately 0.5 per 1,000,000 (2). Epidemiologi-

cal data of the Dutch population were lacking.
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Clinical Presentation

Patients typically present at the age of five to eight years, although both neonates and adoles-

cents can develop a DIPG as well (3, 5). Most patients present with one or more symptoms of, 

usually bilateral, cranial nerve dysfunction such as diplopia due to abducens nerve palsy, and facial 

nerve palsy, clumsiness due to ataxia, dysarthria and weakness due to hemiparesis. Some patients 

also show behavioral changes in terms of (nocturnal) anxiety, agitation or, rarely, pathologi-

cal laughter (6). Headache or other signs of increased intracranial pressure occur infrequently, 

because hydrocephalus is usually only seen in the final stages of the disease, despite significant 

obstruction of the Sylvian aquaduct from the onset. The duration of symptoms preceding the 

diagnosis is mostly short, although some patients have a relatively longer duration of symptoms, 

which is then associated with a more indolent disease course (7).

Imaging

Magnetic Resonance Imaging (MRI) replaced biopsy as the primary diagnostic procedure in the 

1990s, and has been the golden standard for the diagnosis of DIPG since (8, 9). The introduction 

Figure 1. The distribution of childhood cancer types. Twenty percent concern central nervous system tumors, of 
which approximately 10% are expected to be diffuse intrinsic pontine gliomas (DIPG). (source: Dutch Childhood 
Oncology Group (DCOG), Patient Registration 2004-2011 www.skion.nl (2014))
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General introduction, aims and outline of this thesis

Chapter

1

of MRI also led to a clear distinction between diffuse pontine gliomas and other tumors of the 

brainstem, including dorsally exophytic tumors, and focal tumors of the midbrain, cervicomedullar 

junction and medulla oblongata (10). This distinction was important, as diffuse pontine gliomas 

are associated with a significantly worse prognosis. Clinical trials until then tended to include 

patients irrespective of the type of brainstem tumor, resulting in heterogeneous patient popula-

tions, often with several long-term survivors, suggesting therapeutic effects that were in fact 

due to selection bias (11). Currently, the generally accepted disease criteria are: a T1-weighted 

hypointense and T2-weighted hyperintense tumor involving at least 50% of the pons (Figure 2), 

with or without the presence of basilar artery encasement, combined with the presence of one or 

more symptoms such as ataxia, cranial nerve palsy or hemiparesis.

Functional imaging is not widely applied in DIPG yet. There is some experience with Positron Emis-

sion Tomography (PET) scanning with 18F-fluorodeoxyglucose (18F-FDG), providing information 

on glucose metabolism, and methionine (MET) which has the potential to image the increased 

dependency of malignant tumors on methionine. In adult gliomas, 18F-FDG PET positivity cor-

relates well with increasing WHO grade astrocytoma, is an indicator of response to therapy and 

is used for PET-guided planning of stereotactic brain biopsy (13,12). In DIPG, a couple of 18F-FDG 

studies have been accomplished (14-18). Data on normal pontine uptake are missing which makes 

it hard to intepret the findings in DIPG. Studies with MRS in DIPG were not published at the start 

of this thesis.

Figure 2. Typical fluid attenuated inversion recovery (FLAIR) MRI of a patient with DIPG. The tumor involves the 
whole pons and the basilar artery is encased by the tumor.
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Histology and biology

For a long time biopsies in DIPG were considered as dangerous and unnecessary, since MRI 

was pathognomonic for the diagnosis and histology would neither influence therapy or outcome 

(8). This has hampered preclinical research enormously. Results from biopsied cohorts show 

that about 75% can be classified as a high grade diffuse astrocytoma (WHO grade III anaplastic 

astrocytoma or WHO grade IV glioblastoma multiforme (GBM)) and 25% as a low grade (WHO 

grade II) diffuse astrocytoma (19). Unlike in supratentorial gliomas, WHO grade is no predictor 

of prognosis in DIPG, as progress in all tumors appears equally rapid (19). All tumors are GBM or 

anaplastic astrocytoma at post-mortem examination, suggesting either a malignant transforma-

tion during the disease course (spontaneously or as a result of applied radio- and chemotherapy), 

or a sampling error at the time of biopsy (20, 21).

Due to a lack of tissue, information on biology is scarce and mostly based on biopsies of atypical 

tumors of the pons. The only genetic expression study in DIPG at the start of this thesis originates 

from 2003, and showed a significant increase in EGFR amplification and expression with increas-

ing tumor grade (22). Some groups had started taking biopsies again, without mortality and 

with transient morbidity (23, 24). Other sources for tissue, e.g. autopsy, were yet to be explored. 

This change of thinking was based on the premise that only sufficient tumor material would en-

able genetic profiling of DIPG and the development of preclinical models to investigate potential 

agents based on the molecular biology of DIPG instead of adult glioma.

therapies

A major problem in the treatment of DIPG is its delicate location and diffuse spread throughout 

the pons, making (radical) surgical resection no option. Radiotherapy (54 Gy in 30 fractions) is 

standard treatment for DIPG nowadays and shows (temporary) clinical improvement in 80% of 

the patients (19, 25). In the 1980s and 1990s, increasing radiotherapy doses up to 78 Gy were 

investigated, but the long-term outcome did not improve (28-30). Neither radiosensitizers, nor 

any chemotherapeutic regimen has improved survival so far (26-29), although in large cohort 

studies the use of chemotherapy has been associated with a few months benefit in overall survival 

compared to radiotherapy only (19). The past few years, tyrosine kinase inhibitors and monoclonal 

antibodies have been introduced in DIPG, but these agents were applied non-selectively (without 

individual expression profiles of the tumor) and have not improved the survival so far (30-35). 

A good alternative for standard radiation for parents not willing to participate in experimental 

clinical trials aimed at cure, might be hypofractionated radiotherapy: increased fraction doses 

given in decreased frequency, allow for the reduction of treatment duration and hospital visits. A 

pilot study has shown that such a regimen is feasible but a matched-controlled study to show true 

non-inferiority is still lacking (36, 37).
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1
outcome and prognostic factors in DIPG

When evaluating the outcome of clinical trials in DIPG cohorts, the median overall survival (OS) 

in these non-randomized studies varies between 8 to 13 months, although long-term outcome is 

invariably dismal (3, 38, 39). It is important to identify prognostic factors at diagnosis to be sure 

that either improvement or worsening in OS in future trials can be attributed to the investigated 

therapy and not over- or underpresentation of subgroups with a different natural history of the 

disease. So far, it is unclear whether specific MRI features can predict prognosis, as contradictory 

studies on the predictive value of MRI have been reported (40-43). Younger age (less than 3 years) 

and a longer duration of symptoms before diagnosis have been suggested to associate with a 

more favorable prognosis (7, 20). The combined impact of these possible prognostic factors on 

OS has however, not been investigated yet.

Monitoring drug delivery

A key issue towards better treatment strategies for DIPG has not been addressed yet. Why are all 

chemotherapy regimens essentially ineffective in DIPG, while some show activity in supratentori-

ally located gliomas (44-46)? Could poor drug distribution be at least part of the answer to these 

questions?

Penetration of most commercially available anti-cancer drugs seems to be limited in CNS tumors 

but in particular in DIPG. In contrast to gliomas elsewhere in the brain, DIPG appears to be a 

less ‘leaky’ tumor as it often does not, or only minimally, enhances on MRI after gadolineum 

administration (Figure 3) (43). These MRI findings suggest an often intact blood-brain barrier in 

Figure 3. A typical diffuse intrinsic pontine glioma at diagnosis: T1-weighted MRI showing a hypointense lesion 
in the pons before (left) and after (right) the administration of contrast, showing no gadolineum uptake in the 
tumor.
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DIPG. In addition, like in most cancers, drug penetration may be further hindered by drug efflux 

pumps such as ABCB1, ABCC1 and ABCG2, but studies in DIPG are lacking.

In the future, it is crucial that drug distribution is studied, as otherwise potential drugs will be 

regarded as ineffective while in fact they are inadequately delivered to the tumor. Studying drug 

distribution is possible by radiolabeling drugs, including cytotoxic agents, monoclonal antibodies 

(MoAbs) and tyrosine kinase inhibitors (TKIs), in combination with PET-imaging. In adults, studies 

have proven the value and reliability of this technique in both pre-clinical and clinical studies (47). 

Drug targets can be visualised clearly and drug distribution can be analysed precisely (48-50). 

Early studies in adult cancer with fluorine-18 labeled 5-fluorouracil and tamoxifen have already 

shown that high tumor uptake of the labeled drug correlates with improved tumor response 

following therapy (51-53). In children, radiolabeling-PET studies have not yet been conducted. 

Since significant experience has been obtained with labeled monoclonal antibodies and as these 

compounds are easy to study since static PET scans can be made days after injection, these are 

optimal candidates for the first radiolabeling PET studies in children.

References

At the end of this thesis.

Aims and outline of this thesis

As outlined in this chapter, research is scarce in DIPG and several challenges are to be faced. The 

main aims of this thesis are to establish the incidence of DIPG in the Netherlands, to develop 

preclinical models from autopsy material, to define predictors of prognosis based on clinical and 

imaging criteria and to make the first steps in monitoring drug delivery in DIPG.

In chapter 2, a systematic review on clinical trials and biology in DIPG is outlined, in order to 

investigate the efficacy of the last generation of therapeutics.

In chapter 3, the results of a nationwide, retrospective cohort study regarding epidemiology and 

applied treatments in Netherlands in the period from 1990-2010 are described, emphasizing the 

need for (inter)national (randomized controlled) trials for rare diseases such as DIPG.

In chapter 4, the identification of prognostic factors based on clinical and radiological criteria is 

presented, with the ultimate goal of developing a prediction model for DIPG. This study is the 

result of an international collaboration.

In chapter 5, glucose metabolism of the normal pons is compared to other brain regions in 

children, by means of 18F-fluorodeoxyglucose (18F-FDG) PET uptake, and is then compared to DIPG.



17

General introduction, aims and outline of this thesis

Chapter

1
In chapter 6, the hypothesis is investigated whether the uptake of bevacizumab depends on the 

blood-brain barrier by administering 89Zr-labeled bevacizumab to mice with an E98 DIPG ortho-

topic xenograft tumor versus mice with an E98 subcutaneous tumor.

In chapter 7, a pilot study of the first three children undergoing 89Zr-labeled bevacizumab PET 

imaging is reported, giving insight into the uptake of bevacizumab in DIPG.

In chapter 8, the results of a matched controlled study of hypofractionated radiotherapy in DIPG 

patients are described.

In chapter 9, the development and systematic evaluation by parents of a multicenter autopsy 

protocol is reported, resulting in one of the first in-vitro DIPG models derived from post-mortem 

tissue.

In chapter 10 our findings are discussed, and future perspectives are described.

In chapter 11 and 12, the results of this thesis are summarized.
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ABstRACt

Patients with diffuse intrinsic pontine gliomas (DIPG) have a poor prognosis. Although DIPG con-

stitute only 10-15% of all pediatric brain tumors, they are the main cause of death in this group. 

Despite 26 clinical trials in newly diagnosed DIPG in the past 5 years (including several targeted 

agents), there is no clear improvement in prognosis. However, knowledge on DIPG biology is 

increasing, mainly due to the (re)introduction of biopsies and autopsies, the possibility of gene 

expression profiling, and the development of in vivo models. Translation of this knowledge into 

clinical trials in combination with improved drug distribution methods will eventually lead to more 

effective treatment of this devastating disease.
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2

IntRoDUCtIon

Effective treatment of diffuse intrinsic pontine gliomas (DIPG) in children remains elusive. DIPG 

comprise 10-15% of childhood brain tumors but are the main cause of death in this young group. 

Despite several treatment regimens being studied over the last 25 years, prognosis has not im-

proved and < 10% of patients are alive two years after diagnosis (1).

In 2006, Hargrave et al. reviewed all clinical studies performed in DIPG patients from 1984 to 2005: 

29 studies were reported including a total of 973 patients (1). Most studies were non-randomized 

and comparison was difficult due to unclearly defined inclusion criteria. In these studies, the 

median overall survival (OS) ranged from 7-16 months; when only studies with detailed clinical 

and radiological eligibility criteria were included, the median OS ranged from 8-11 months with 

a progression-free survival (PFS) of 5-9 months. The use of hyperfractionated radiotherapy, pre-

irradiation chemotherapy, concurrent chemo-radiotherapy and radiosensitizers has not increased 

long-term OS. In addition, adjuvant chemotherapy and high-dose chemotherapy regimens have 

also failed to improve long-term prognosis.

Historically, DIPG were diagnosed radiologically and biopsies were not performed due to per-

ceived morbidity (2). This was later shown to be overestimated and biopsies are now more widely 

practiced (3-5). Biopsies, together with autopsy material, have paved the way for biological stud-

ies in DIPG. Studies published in the past five years will probably be the basis for a more rational 

drug treatment of these tumors.

The present study is an update on the clinical trials (including recently completed and ongoing 

studies) and presents current knowledge on DIPG biology with regard to potential future targeted 

therapy.

MetHoDs

A search was made in PubMed, the Cochrane Central Register of Controlled Trials and Embase 

covering the period from 1 January 2005 until 1 March 2011. The following terms were used 

(with synonyms and closely related words): “brain stem” and “gliomas” OR “tumors” and “RCT’s” 

or “reviews” or “meta-analyses” or “systematic reviews” and “children”. Two reviewers (MJ and 

GJK) independently screened the references for eligible articles by reading the title and abstract. 

Full-text versions of these articles were then obtained. The full search strategy can be requested 

from the first author.
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Inclusion criteria: only prospective clinical trials including and separately analyzing pediatric patients 

(aged 0-19 years) with newly diagnosed DIPG were eligible for review. Investigated parameters 

were: inclusion criteria of the studies, baseline characteristics (age, gender, life expectancy at 

diagnosis, symptoms at diagnosis and duration of symptoms, performance scores, percentage of 

tumor involving the pons, histological diagnosis) and outcome (response on MRI, progression-free 

and overall survival time). Overall rates were composed of the range of the medians.

To evaluate ongoing trials, a search was done using the search terms “brain stem glioma” 

“brainstem glioma” and pontine glioma on http://apps.who.int/trialsearch/ and http://clinical-

trial.gov/ and the Abstract Books of ISPNO, SNO, SIOP, AACR and EACR from 2005-2010.

ResULts

The systematic search on clinical trials yielded 584 publications dating from 2005 (Figure 1). Un-

fortunately, although some studies included newly diagnosed DIPG patients, they did not analyze 

them separately and were therefore excluded from this review (6,7).

Figure 1. Flow chart (according to PRISMA) of the systematic search.
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Table 1 summarizes the inclusion criteria and baseline characteristics, and Table 2 the survival time 

and response rates for all published clinical studies.

Inclusion criteria and baseline characteristics

In total, 26 prospective clinical trials, including 561 children (40% boys and 60% girls) with 

newly diagnosed DIPG, were published in 23 manuscripts and were eligible for review (8-30). 

The median number of patients per study was 20 (range 7-63). The median age was 6.2 (range 

2.5-9.2) years; one study included patients up to age 3 years only (15). There was considerable 

inter-study variability in eligibility criteria, including performance state, life expectancy, symptoms 

at diagnosis and laboratory findings. A Karnofsky performance state of ≥ 40% was requested in 

two studies (10,28), > 50% in seven studies (9,11,14,16,17,21,25), ≥ 60% in one study (26), and 

≥ 70% in two studies (13,19). A life expectancy of six weeks or more was requested in five studies 

(9,11,13,22,28). The presence of one typical symptom at diagnosis (cranial nerve deficits, long 

tract signs or ataxia) was an inclusion criteria in two studies (23,28) and five studies requested two 

or more of these symptoms (8,17,18,21,26). Seven studies also restricted the period of symptom 

duration at diagnosis in an attempt to exclude less aggressive tumors (8,18,21,23,26,28,30). In 

total, 18 studies stated that only typical DIPG patients were included based on MRI criteria, but 

only eight of these further specified the MRI criteria, i.e. six requested tumor involvement of ≥ 

50% of the pons (8,9,17,18,24,30) and two stated a minimal involvement of 67% (11,18). Seven 

studies also included gliomas other than DIPG: four included newly diagnosed pediatric high-

grade glioma (HGG) (14,28-30), one included recurrent pediatric HGG (25), and two included 

other (refractory) brain tumors (13,15). However, in all these studies DIPG patients were analyzed 

separately.

Biopsies were generally obtained in case of uncertainty about MRI diagnosis. In one study, biopsy 

was an inclusion criterion. Thirteen studies reported a total of 108 biopsies; pathology showed 

20 (WHO grade II) diffuse astrocytomas, 1 oligodendroglioma grade II, 1 oligoastrocytoma grade 

II, 37 (WHO grade III) anaplastic astrocytomas, 3 oligoastrocytoma grade III, 27 (WHO grade 

IV) glioblastoma multiforme, 15 not further specified malignant gliomas, and 4 were undefined 

(8,10-13,17-20,24,25,28,30).

survival rates

The median OS ranged from 4-17 months, but was not reported in three studies (10,14,16). The 

1, 2 and 3-year OS ranged from 14-70%, 0-25% and 0-10%, respectively. Median PFS ranged from 

3-10 months. If only studies which specified MRI criteria for DIPG (>50% pontine involvement) 

were included, median OS ranged from 7-14 months and PFS from 5-8 months (8,9,12,17,18,21).
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table 2. Response and survival rates of published studies including newly diagnosed DIPG patients from 2005

therapy CR PR sD PD Mos 
(mths)

CI 1-year 
os

2-year 
os

3-year 
os

PFs 
(mths)

1-year 
PFs

Ref. 
no.

Pre-irradiation therapy

HDC (& adj VCR-lomustine) - - - - 13 - 70% 10% - 10 40% (22)

Cisplatin, VP-16 (& adj isotretinoin) - - - - 9 - 29% 12% - 5 12% (22)

Vinorelbine - - - - 9 - 43% 21% - 7 21% (22)

Carmustine, cisplatin, tamoxifen, 
HD-MTX - - - - 17 11-20 65% 22% 4% - - (12)

Carboplatin, VCR, MTX, 
cyclophosphamide, cisplatin - - - - 3.6 - 14% 0% 0% 2.5 0% (15)

Radiotherapy

Hypofractionation - - - - 8.6 - - - - 5 - (18)

Hypofractionation - - - - 7.6 - - - - 5.7 - (24)

Chemo-radiotherapy

TMZ - - - - 9.2 - 35% 15% 10% 6.9 - (17)

TMZ - - - - 9.8 - 20% 7% - 5.1 7% (26)

TMZ 0% 31% 34% 14% 9.6 - 40% 3.6% 0% 6.1 14% (11)

TMZ & cis-retinoic acid 0% 58% 33% 9% 13.5 6-22 58% - - 10.2 - (27)

TMZ & thalidomide 0% 83% 8% 8% 12.7 10-15 58% 25% - 7.2 17% (19)

Cisplatin, VP-16, VCR, ifosfamide 3% 22% 46% 30% 13.6 - - - - 4.8 0% (30)

Tamoxifen - - - - 6.3 - 16% 6% 6% 3.9 3% (23)

VCR and oral VP-16 - - - - 12 - 45% 18% - 7 30% (21)

VP-16, cytarabin, ifosfamide, 
cisplatinum, dactinomycin 0% 26% 67% 7% 9 - 27% 3% 0% - - (22)

Radiosensitizers

Carbogen - - - - 9.6 - - - - 8 - (8)

Motexafin gadolinium - - - - 7 8-13 - - - - - (9)

Adjuvant chemotherapy

Interferon Ý & cyclofosfamide - - - - 9.6 - - 0% 0% - - (29)

Targeted therapy

Thalidomide 0% 54% 15% 23% 9 - - 0% 0% 5 - (28)

Topotecan, adjuvant thalidomide, 
celecoxib, etoposide - 50%* - - 12.5 - 63% - - 11 - (20)

Tipifarnib - - - - - - 36% - - - - (16)

Imatinib 0% 6% - - 11 - 45% - - - 24% (25)

Gefitinib - - - - - - 48% - - - 16% (14)

Vandetanib - - - - - - 38% 21% - - - (10)

Erlotinib 0 17% 50% 33% 12 - 50% 19% - 8 - (13)

*partial response was defined as > 20% decrease in this study, mths = months, CR=complete response, PR=partial 
response: >50% decrease, SD= stable disease: <50 decrease &< 25% increase, PD = progressive disease: >25% 
increase, MOS=median overall survival, PFS = progression-free survival, OS = overall survival, Ref = reference, 
HDC = high-dose chemotherapy with autologous stem cell transfusion, MTX = methotrexate, VCR = vincristine, 
TMZ = temozolomide, VP-16 = etoposide.
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Hypofractionation of radiotherapy

Two studies on hypofractionation of radiotherapy, focusing on non-inferiority with shorter treat-

ment duration, reported median OS rates of 8 and 9 months; this is at the lower end of the 

published range (18,24).

Neo-adjuvant chemotherapy

The study accomplishing the highest median OS (17 months (95% C.I. 11-20)) was conducted by 

Frappaz et al. In that study, neo-adjuvant high-dose methotrexate, BCNU, cisplatin and tamoxifen 

was given in cycles to DIPG patients until progressive disease occurred, then followed by radio-

therapy (12). One toxic death was reported. When survival was estimated from the start of ra-

diotherapy, Kaplan-Meier curves were comparable with historical controls (median OS 9 months), 

suggesting that the 8-month improvement in survival duration was due to upfront chemotherapy. 

However, the long-term survival was poor, with a 3-year OS of 4%. In addition, Massimino et al. 

reported on three neo-adjuvant chemotherapy protocols, including one high-dose chemotherapy 

regimen followed by autologous stem cell transplantation (22). The median OS ranged from 9-13 

months. Remarkably, in the study in which vinorelbine was used, two long-term survivors were 

reported: both alive at 31 and 48 months post-diagnosis, respectively (22).

Temozolomide

Addition of temozolomide to radiotherapy has not resulted in an improved survival rate in DIPG, 

in contrast to adult glioblastoma multiforme (31). The median OS ranged from 9-10 months 

(11,17,26). Importantly, no long-term survivors were present in the 63 patients cohort reported 

by Cohen et al. (11). The combination of radiotherapy, temozolomide and either thalidomide 

or retinoic acid, resulted in a median OS of 13 (95% CI, 10–15) months and 14 (95% CI, 6–21) 

months, respectively (19,27). Temozolomide was dosed at 75-90 mg/m2 daily during radiotherapy 

and at 200 mg/m2, 5 days per 28-day cycle of adjuvant temozolomide (17,19,27) in all but 

one study (26). This latter study had a metronomic schedule: 85 mg/m2 daily concurrent with 

radiotherapy and adjuvant in 6-week cycles with a 1-week break (26). Median OS was 10 (95% CI 

6.4-10.8) months. Main toxicity was bone marrow suppression, especially grade III lymphopenia 

up to 87% (26).

Other chemoradiotherapy

Studies on concurrent chemotherapy other than temozolomide (including a vincristine-etoposide, 

a tamoxifen and an intensified chemotherapy protocol) reported median OS rates ranging 

from 6-14 months, with the best outcome for the intensified chemotherapy trial by Wolff et 

al. (21,23,30). However, with regard to the latter protocol (consisting of cisplatin, etoposide, 

vincristine and ifosfamide) the authors concluded that there was no improvement compared to 
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their historical Hirntumor-glioblastoma multiforme (HIT GBM) DIPG cohorts (a prospective Ger-

man language multicenter study cohort) (30).

Non-cytotoxic radiosensitizers

Two non-cytotoxic radiosensitizers have been investigated: inhaled carbogen, a potential radio-

sensitizer of hypoxic tumors, and motexafin gadolinium, an expanded metalloporphyrin with 

radiosensitizing activity based on depletion of DNA repair enzymes (8,9). The carbogen trial was 

discontinued after 10 patients because of lack of efficacy; for motexafin gadolinium, a phase II 

trial has been initiated.

Anti-angiogenic therapy

Thalidomide, a drug with antiangiogenic activity, was studied as a single agent in a phase II trial 

(28). None of the 12 patients completed the 12 months of treatment, mainly due to progressive 

disease or toxicity (23%). Prolonged steroid usage was noted in patients enrolled on this study: 11 

patients required steroids for at least 6 weeks and 8 patients for more than 12 weeks. The median 

OS was 9 months (C.I. not reported). The two other trials in which thalidomide was studied in 

combination with other drugs (either temozolomide or celecoxib-etoposide) both had a median 

OS of 13 months (19,20).

Targeted therapy

In the past 5 years several TKIs and other targeted agents have been introduced in DIPG, mostly 

in phase I trials; therefore, survival rates should be interpreted with caution. A phase I trial on 

the farnesyltransferase inhibitor tipifarnib (inhibiting ratsarcoma; Ras) reported a maximum toler-

ated dose of 125 mg/m2/dose twice daily concurrent with radiotherapy and 200 mg/m2/dose as 

adjuvant treatment (16); the 1-year OS rate was 36% (SE 17%). In addition, the platelet-derived 

growth factor receptor (PDGFR) and C-KIT inhibitor imatinib was studied in a phase I trial (25); the 

1-year OS rate was 46% (SD 9%). Importantly, the 6-month estimate of cumulative incidence of 

intratumoral hemorrhage (ITH) was high (33%) and led to a study amendment. However, three 

patients not receiving imatinib also developed ITH, which suggests that ITH is a spontaneously 

occurring phenomenon in the course of this disease. ITH was also observed in a phase I trial on 

gefitinib, an inhibitor of the epidermal growth factor receptor (EGFR) (14). Because ITHoccurred 

in 25% of the patients at a dose of 375 mg/m2, the recommended dose for phase II studies is 

250 mg/m2. In the gefitinib study the 1-year OS for patients with DIPG was 48% (SE 11%) (14). 

Additionally, erlotinib (another EGFR inhibitor), was studied in a phase I trial in newly diagnosed 

DIPG and recurrent HGG (13). Most frequently reported toxicity was skin toxicity, diarrhea and 

asthenia, with ITH occurring only in non-pontine gliomas. The maximum tolerated dose was estab-

lished at 125 mg/m2 with and without radiotherapy. The median OS was 12 months in the DIPG 

subgroup of this study, being the only study in which histological confirmation was required for 
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inclusion. The availability of tumor samples enabled EGFR expression and amplification analysis. 

EGFR expression in patients with DIPG showed a trend to correlation with PFS (median PFS of 

10 months in EGFR+ patients; n=6) versus 6 months in EGFR patients (n=11) (HR: 0.35; p=0.06). 

Recently, a phase I trial reported on vandetanib, a TKI of EGFR and vascular endothelial growth 

factor (VEGFR) (10). The maximum tolerated dose was 145 mg/m2, with a caveat that blood 

pressure should be monitored; two patients developed hypertension with reversible posterior 

encephalopathic syndrome, both in combination with steroid use. The 1-year OS was 38% (SD 

11%), with two long-term survivors.

non-published completed and ongoing trials

Several trials in newly diagnosed DIPG are ongoing and/or have not yet been published; these are 

summarized in Table 3.

Results of the HEAD-start protocols, neo-adjuvant high-dose chemotherapy followed by autologous 

stem cell transplantation, have not yet been published (Patel et al. Neuro Oncol 2008; 10:427: 

abstract). Temozolomide is still being studied in metronomic and traditional dose schedules in 

multiple trials (Chassot 2010, Kramm 2010, Bailey 2007; clinicaltrials.gov). Ongoing studies with 

radiosensitizers include motexafin and capecitabine. The latter is an oral family member of the 

fluoropyrimidine (5-FU) group, widely used as radiosensitizer in several cancers (32,33).

Several trials with targeted agents are currently ongoing in DIPG. EGFR inhibition has been mainly 

studied with the humanized monoclonal antibody nimotuzumab. Preliminary results of the first 

nimotuzumab trial in progressive DIPG were encouraging (150 mg/m2 once weekly i.v.), since 

10/22 DIPG patients experienced stable disease or partial responses. (Fleischhack et al. Pediatr 

Blood Cancer 2005;45:444: abstract). However, preliminary results of the subsequent phase II/

III trial in newly diagnosed patients showed a median OS of 10 (± 1) months which provided no 

benefit compared to historical controls (Fleischhack et al. Neuro Oncol 12(6):9,2010: abstract). 

VEGF inhibition with the monoclonal antibody bevacizumab is currently being studied in newly 

diagnosed DIPG, either with irinotecan or with valproic acid (Fouladi, Blaney (clinicaltrials.gov). 

One trial is investigating a multi-targeted therapy approach with nimotuzumab, bevacizumab and 

valproic acid combined with radiotherapy, following a neo-adjuvant window phase with cisplatin-

irinotecan (Cruz et al. Neuro Oncol 12(6):10, 2010: abstract). Additionally, PDGFR inhibition by 

dasatinib is being studied in combination with vandetanib (Broniscer 2009, clinicaltrials.gov). 

Finally, the first molecular target-based trial is planned in which patients are treated with ra-

diotherapy with concomitant bevacizumab, followed by bevacizumab maintenance therapy with 

either temozolomide and/or erlotinib. Maintenance therapy stratification will be based on MGMT 

promoter methylation status and EGFR expression in tumor biopsy samples taken at diagnosis 

(Kieran 2011 clinicaltrials.gov).
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table 3. Non-published completed and ongoing studies in DIPG

ongoing studies therapy Patient 
group

Current
status

n Age 
(yr)

P.I. Phase start 
year

Neo-adjuvant HEAD-protocols* DIPG completed 15 <7 Finlay II 2001

Radiotherapy Hypofractionation DIPG completed 22 3-18 Dufour - 1996

Chemoradiotherapy Temozolomide DIPG not 
recruiting

18 3-18 Chassot II 2005

Temozolomide DIPG & HGG recruiting 135 3-18 Kramm II 2009

Temozolomide DIPG not 
recruiting

41 2-21 Bailey II 2007

Paclitaxel DIPG not 
recruiting

12 3-21 Belasco I 2002

Irinotecan, adj. irinotecan & BCNU DIPG not reported 9 3-21 Larrier II -

Thalidomide & Carboplatin DIPG completed 47 3-21 Goldman II 1999

ACNU & VCR, followed by etoposide DIPG completed 12 5-20 Sugiyama II 2003

Lenalidomide DIPG & HGG Recruiting 30 <18 Warren I 2010

Capecitabine HGG & DIPG not 
recruiting

18 3-21 Blaney I 2006

Capecitabine DIPG recruiting 44 3-21 Hoffman-
La Roche

II 2007

Radiosensitizers Motexafin Gadolinium DIPG completed 60 <21 Bradley II 2006

Topotecan, G-CSF DIPG Suspended 72 3-21 Robertson II 2005

Arsenic trioxide DIPG & HGG Suspended 36 3-21 Cohen I 2004

Histone deacetylase 
inhibitor

Vorinostat & RT DIPG Recruiting 80 3-21 Su I-II 2011

EGFR monoclonal 
antibodies

Nimotuzumab DIPG not 
recruiting

41 3-20 Bode III 2007

Nimotuzumab DIPG not 
recruiting

44 3-18 Bouffet, 
Bartels

II 2008

Nimotuzumab DIPG recruiting - 3-18 Cabanas II 2007

Neo-adj. cisplatin & irinotecan, RT & 
temozolomide, adj. nimotuzumab, 
bevacizumab & valproic acid

DIPG recruiting 15 0.5-18 Cruz II 2006

Nimotuzumab DIPG not open yet 40 3-18 Epelman III 2010

Nimotuzumab & vinorelbine DIPG recruiting - 3-18 Massimino II 2009

Cetuximab & irinotecan DIPG recruiting 51 3-21 Dunkel II 2010

VEGF-monoclonal 
antibodies

RT & valproic acid, adjuvant 
bevacizumab & valproic acid

DIPG recruiting 56 3-21 Blaney II 2009

RT & bevacizumab & TMZ,
adj bevacizumab, TMZ & irinotecan

DIPG & HGG recruiting 35 3-30 Fouladi I-II 2009
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Currently, a study is recruiting patients in which IL-13 pseudomonas exotoxin is infused by convec-

tion enhanced delivery in children with recurrent DIPG and high-grade gliomas (NIHCC clinicaltrials.

gov). Convection enhanced delivery is a method in which drugs are administered directly into the 

tumor under a continuous high-pressure gradient. It has thus far been applied in the brainstem in 

two patients, of which one had progressive DIPG and the other Gaucher disease (34). Reported 

morbidity was mild and transient in both procedures. The patient with DIPG received IL-13 bound 

to pseudomonas exotoxin and survived 4 months after administration (34).

Biology

Knowledge on DIPG biology was limited until recently, mainly due to a lack of available tumor 

tissue. Historically, biopsies were not regularly performed on DIPG, since diagnosis on MRI was 

found to be reliable and a histological diagnosis would not change therapy for the individual 

patient. In addition, a stereotactic biopsy was considered to be a dangerous procedure (2). How-

ever, the question regarding tumor tissue has been raised again; an FDA meeting (2009) and a 

European meeting (2011) were organised to discuss biopsies in DIPG (Pena et al. www.fda.gov/

AdvisoryCommittees). In France (Paris) and the UK (Nottingham), where patients with DIPG have 

been biopsied regularly in the past few years, only transient morbidity and no mortality have 

table 3. Non-published completed and ongoing studies in DIPG (continued)

ongoing studies therapy Patient 
group

Current
status

n Age 
(yr)

P.I. Phase start 
year

VEGFR & PDGFR-TKI Vandetanib & dasatinib DIPG recruiting 28 1.5-21 Broniscer I 2009

Molecular based 
therapy

Temozolomide/erlotinib/
bevacizumab

DIPG not open yet 100 3-18 Kieran II 2011

α
v
β

3
 & α

v
β

5
 integrins 

inhibitor
Cilengitide DIPG recruiting 40 0.5-21 Le Blond I 2010

Immunotherapy HLA-A2-restricted synthetic glioma 
antigen peptides vaccine

DIPG & HGG recruiting 36 1.5-20 Jakacki I 2009

PI EGFRvIII Peptide vaccination DIPG not open yet 15 ≤18 Fisher I 2010

Interferon α 2b DIPG not 
recruiting

32 <21 Warren II 2002

Convection 
enhanced delivery

Interleukin-13-PE38QQR Progressive 
DIPG & HGG

recruiting 20 ≤17 NIHCC I 2009

*3-5 cycles of; vincristine, etoposide, cisplatin, and cyclophosphamide (regimen A); or prednisone, lomustine, 
vincristine, and carboplatin (regimen B); or vincristine, carboplatin, and temozolomide (regimen C). N= estimated 
inclusion number, yr = years, P.I. = principal investigator, EGFR = epidermal growth factor receptor, VEGF = 
vascular endothelial growth factor, VEGFR = vascular endothelial growth factor receptor, TKI = tyrosine kinase 
inhibitor, PDGFR = platelet-derived growth factor receptor, TMZ = temozolomide, VCR = vincristine, RT = radio-
therapy, HGG = high-grade glioma, LGG = low-grade glioma, PE = pseudomonas exotoxin
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occurred (3-5). Furthermore, biopsies have been performed as part of a clinical trial to enable 

correlation of specific kinase expression to response to molecular targeted therapy (13).

Autopsies are another important source of DIPG tissue. Two recent studies evaluated the 

feasibility of DIPG sample collection from autopsy (35,36). In both studies, about 50% of the 

informed parents consented to autopsy. In the study by Broniscer et al., DNA and RNA, suitable 

for genome-wide analysis could be obtained from 100% and 63% of the tumor samples, respec-

tively (36). Several research groups are working on culturing DIPG tumor cells obtained via biopsy 

or even post-mortem material (37). This will enable multiple drug screening and xenografting of 

DIPG cell lines, which may give direction to future trials. Although brainstem glioma animal mod-

els exist, they are thus far based on adult glioma cell lines, with a different biological signature or 

genetically engineered (38,39). Our group has developed a human DIPG mouse model that closely 

resembles the clinical pathomorphology of human DIPG, with diffusely infiltrating tumor cells, 

whereas previous models have shown a more focal pattern of tumor growth (40).

This recent paradigm shift to obtain tissue from DIPG, has resulted in improved knowledge on 

DIPG biology. One of the first studies on DIPG biology was by Gilbertson et al., who examined 

EGFR expression in 28 brainstem glioma samples (18 biopsy and 10 post-mortem specimens). 

The samples showed significant increase in EGFR expression with increasing tumor grade: of the 

glioblastomas, almost half overexpressed EGFR extensively and 28% also had high-level gene 

amplification of EGFR (41). Other studies showed high EGFR expression in 27-40% of the DIPG 

samples. However, these studies did not report EGFR amplification in DIPG, although chromosome 

7 polysomy, harbouring the EGFR gene, was reported in 25% of the DIPG samples in one study 

(13,42-44). In contrast, PDGFRα amplification in DIPG has been reported in multiple studies, in up 

to 36% of the patient samples (42,44,44,45). In general, PDGFRα was found to be amplified much 

more frequently in childhood HGG than in adult HGG (45). In one study, high PDGFRα protein 

expression was present in 63% of the samples (44). In that study, the phospho-mammalian target 

of rapamycin, a protein downstream of the PDGFR and EGFR pathway, was immunopositive in 

all 11 samples (strong in two, moderate in five and weak in four samples) (44). PARP-1 gene 

amplification was reported in 27% of the samples. Furthermore, genes involved in double-strand 

break repair were frequently deleted or subjected to loss of heterozygosity. Additionally, PTEN 

loss (rare in supratentorial childhood HGG) was found to be common in DIPG, which is associated 

with a worse prognosis in gliomas (13,46). Drugable targets are listed in table 4.

Multiple studies have shown that DIPG differ from non-brainstem HGG: Grundy et al. showed 

17p loss (associated with the loss of p53 in adult HGG) and 14q loss to be much more frequent, 

and 10q loss to be much less frequent, in DIPG compared to non-brainstem HGG. Zarghooni et 

al., using single nucleotide polymorphismarrays, observed clear differences in the regions of copy 

number alterations between both groups, indicating a different genetic profile (44). An abstract 
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from Patel et al. reports on comparative genomic hybridization and gene expression profiling 

of 35 frozen DIPG samples. Gains of chromosome 1q(34%), Xq(25%), 2p and 7p(22%), losses 

of chromosomes 14q(31%), 10q(28%) and 17p(25%), and amplifications for numerous genes 

including PDGFRα locus, RNH1, LRP1 and MET, were found. A molecular subgroup characterized 

by the appearance of gains or amplifications in PDGFRα showed a shorter survival compared to a 

subgroup characterized by angiogenic and adhesion genes.

DIsCUssIon

The prognosis of DIPG has not improved during the past six years. Only one study, by Frappaz 

et al., clearly showed an improvement in survival duration: pre-irradiation therapy consisting of 

high-dose methotrexate, BCNU, cisplatin and tamoxifen until progressive disease occurred, then 

followed by radiotherapy (12). In that study, the improved survival may have been influenced by 

the relatively long duration of symptoms (60 days), which may indicate a less aggressive tumor 

type. The drug combination may be potential therapy; however, high-dose MTX and tamoxifen 

separately did not improve survival in previous studies (23,47,48). Another explanation is that 

radiotherapy retains its activity in patients developing progressive disease under chemotherapy. 

table 4. Drugable targets in DIPG

target expression / amplification % of samples targeted by drugs *

EGFR
protein expression 27-50% erlotinib, gefitinib, nimotuzumab, cetuximab, vandetanib (also 

VEGFR)amplification 0%

PDGFR
protein expression 63-100%

imatinib, dasatinib
amplification 36%

VEGF(R) NA NA vandetanib (also EGFR), bevacizumab

MTOR
protein expression 100%

everolimus, sirolimus
amplification NA

PARP
expression 36%

ABT-888 (study ongoing)
amplification 27%

MGMT protein expression 0% O6-benzylguanine

RAS NA NA lonofarnib, tipifarnib

avβ3 & avβ5 NA NA cilengitide (EMD121974)

IL-13 NA NA IL13-PE38QQR

* The enumeration of drugs is not exhaustive. NA = not analyzed, EGFR = epidermal growth factor receptor, 
VEGF(R) = vascular endothelial growth factor (receptor), PDGFR = platelet-derived growth factor receptor, MTOR 
= mammilian target of rapamycin, PARP = poly (ADP-ribose) polymerase, MGMT = methylguanine methyltrans-
ferase, RAS = RAt Sarcoma, PE = pseudomonas exotoxin
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It should be noted that Frappaz et al. reported a prolonged hospitalization duration compared 

to historical controls (57 versus 25 days) (12). In addition, it is less likely that this approach of 

consecutive treatment elements will eventually lead to cure: there was no increase of long-term 

survivors in their study (12). However, the strategy of combining drugs deserves further investiga-

tion in future trials.

The high expectations of temozolomide could not be realized. It has been hypothesized that 

temozolomide resistance is due to unmethylated O6-methylguanine DNA methyltransferase 

(MGMT), but this does not seem to apply to DIPG, since Zarghooni et al. did not find MGMT 

expression in any of their eleven DIPG samples (44).

Although biopsies have been reintroduced in some hospitals, this is not yet regular policy. The 

attitude towards collection of tumor tissue via biopsy and autopsy needs to change. Parents 

should become more involved with the pros and cons of these procedures, which raise challeng-

ing ethical and technical questions. By means of biopsies and autopsies, new potential treat-

ment targets in DIPG have been identified, such as PDGFRα. Drugs targeting the downstream 

pathway phospho-mammalian target of rapamycin are also of interest. Single-agent therapy with 

the PDGFR inhibitor imatinib did not improve prognosis, but in that study tumor tissue was not 

obtained and no PDGFRα gene/protein expressing subgroup could be identified (25). The high 

rate of ITH in the imatinib trial warrants investigating other PDGFRα inhibitors, such as dasatinib 

(25). ITH was a commonly observed phenomenon in targeted therapy trials in DIPG, necessitating 

intensive monitoring in future trials. In addition, PARP-1 is an interesting target in DIPG. As was 

shown by Zarghooni et al., DIPGs harbour multiple deficits in double-strand break repair genes, 

either by loss of heterozygosity or deletion. As in other tumor types that have loss of these repair 

mechanisms, PARP inhibition could potentiate synthetic lethality in DIPG (49). PTEN loss, in this 

respect, has also been related to deficient DNA double-strand breaks repair (50). EGFR may still be 

a rational target since it is highly expressed in a subgroup of DIPG patients, and gene amplification 

is present in a subset of patients. However, single-agent EGFR-inhibition by nimotuzumab, erlotinib 

or gefitinib has not improved the prognosis. Expression of VEGFR, which is known to stimulate 

angiogenesis and is frequently overexpressed in adult gliomas, has not yet been investigated in 

DIPG (51). Also, Ras mutations have not yet been studied in DIPG. Adult gliomas rarely show Ras 

mutations, but aberrations in several tyrosine kinases can activate Ras; therefore, Ras is attractive 

for targeting. Indeed, human glioma cell lines overexpressing EGFR showed enhanced response 

rates to farnesyl transferase inhibitors regardless of Ras mutational status (52). In general, the 

complex biology and drug resistance of these tumors render an unselected single-agent approach 

less likely to be effective. Instead, a multi-targeted approach seems to be required to improve 

the prognosis. We believe that treatment stratification based on target expression is debatable. 

As in adult cancer, wild-type target expression often does not correlate with survival. Autophos-

phorylated or mutated proteins are considered to be better targets for therapy. Furthermore, the 



35

Diffuse Intrinsic Pontine Glioma: A systematic update on clinical trials and biology

Chapter

2

heterogeneity of gliomas with target determination based on a single biopsy sample imposes 

the risk of decisions being made that either overestimate/underestimate the effect of a targeted 

therapy or wrongly include/exclude patients from treatment strata. Reduction of this potential 

sample error, by obtaining multiple samples, should be advocated. The small number of patients 

also hampers molecular target stratified trials, emphasizing the need for larger studies conducted 

by collaborative groups.

A major challenge in DIPG is drug distribution. Penetration of drugs in DIPG seems to be poor, 

likely due to an intact blood-brain barrier. This is illustrated by the lack of gadolinium enhance-

ment in at least 50% of the patients with DIPG (53). The question of drug penetration may be 

answered by PET imaging of drug-labeled positron emitters. This technique enables to monitor 

drug distribution in multiple adult cancers (54-56). Moreover, labeling monoclonal antibodies 

and small molecules will give insight into expression of biological targets which may lead to 

effective personalized treatment and help prevent the administration of inactive drugs with their 

accompanying side effects (57). From a therapeutic point of view, improving tumor drug distribu-

tion is crucial. This may be accomplished either by disrupting the blood-brain barrier or with 

permeability-increasing agents (e.g. mannitol, morphine or (met)amphetamine) (58-60). Another 

opportunity is local delivery, including local tumor injection and convection enhanced delivery, 

enabling high drug concentrations in the pons, including drugs that normally do not pass the 

blood-brain barrier (34,61). Although not yet under study in DIPG, nanoparticles may play a role 

in local drug delivery drugs in the future (62,63).

Finally, it is emphasized that international collaboration in preclinical and clinical research is essen-

tial in order to accelerate progress in the acquisition of knowledge and, ultimately, improvement 

of the prognosis in DIPG. Recent collaborative efforts have resulted in the establishment of a 

European DIPG Network, focusing on centralization of clinical data, standardization of imaging 

criteria and the collection of tumor tissue for European research projects.

ConCLUsIon

No clear improvement in survival has been achieved in DIPG during recent years. Trials still show 

a wide variation in their inclusion criteria. However, with ever-increasing biological data from in 

vitro studies, genome-wide analyses and in vivo models, a better basis for future clinical trials has 

been established. Translation of this knowledge into clinical trials in combination with improved 

drug distribution and response prediction methods may lead to more effective treatment of this 

devastating disease.
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ABstRACt

INTRODUCTION Children with diffuse intrinsic pontine glioma (DIPG) face a dismal prognosis, 

with a median overall survival of 9 months. Our aims are to determine the incidence of DIPG in 

the Netherlands and to identify points for improvement in clinical research, a prerequisite for 

increasing the chance to find a cure.

METHODS We performed a population-based retrospective cohort study by evaluating all children 

diagnosed with DIPG in the Netherlands between 1990 and 2010.

RESULTS The incidence of DIPG in the Netherlands is 0.54 per 1,000,000 and 2.32 per 1,000,000 

(aged 0–20 years). Between 1990 and 2010, a large heterogeneity of treatment schedules was 

applied and only a minority of patients was included in clinical trials.

DISCUSSION Given the rarity of DIPG, we emphasize the need for (inter-)national trials to facilitate 

the identification of potentially effective therapeutics in the future. This can be supported by the 

recent development of a European DIPG registry enabling international study collaborations.



43

A twenty-year review of diagnosing and treating children with Diffuse Intrinsic Pontine Glioma in the Netherlands

Chapter

3

IntRoDUCtIon

Diffuse intrinsic pontine glioma (DIPG) is a rare and childhood-specific malignancy of the 

brainstem. Children with DIPG face a dismal prognosis, with a median overall survival (MOS) 

of nine months (1). Over the years, DIPG has been distinguished from other brainstem entities 

by numerous classification systems, using criteria based on localization (mesencephalon, pons, 

medulla), growth pattern (diffuse, focal, exophytic), size (percentage of pontine involvement), 

and histopathological grade (WHO grade II-IV) (2-4). It was, however, not until the 1990s that 

DIPG was classified separately from more focally growing tumors, and showed to have its specific, 

dismal prognosis (5). Most epidemiological data about DIPG come from America and Canada. It 

is estimated that gliomas arising in the brainstem account for 10-20% of pediatric central nervous 

system tumors and that 80% of these can be classified as a typical DIPG (6). There is, however, a 

lack of epidemiological data from European countries.

Although better and more uniform classification criteria were developed, none of the applied 

treatment options so far has yielded a substantial survival benefit in patients suffering from a typi-

cal DIPG (7). Surgical resection of a DIPG is not possible due to its delicate location in the middle 

part of the brainstem (8,9). A wide variety of chemotherapy schedules, either with conventional 

anticancer drugs or with more novel targeted agents, has been reported (10-12). Unfortunately, 

only a few, non-randomized, studies have shown a, at best, marginal survival benefit (13). Ra-

diotherapy remains the only effective treatment option, with a few months survival increase 

compared to best supportive care and a transient improvement of clinical performance and qual-

ity of life (14). The efficacy of hyperfractionated radiotherapy or the use of chemotherapeutics 

concomitant to radiotherapy have thus far been disappointing (15-17).

We evaluated the 20-year history of diagnosing and treating patients with DIPG in the Neth-

erlands, to gain more insight in the epidemiology and current treatment approach. The main 

purpose of this study is to determine the incidence of DIPG, in a country which is representative 

of western Europe. In addition, we will evaluate the applied treatments, including the application 

of clinical trials. With this, we aim to find possible points for improvement in clinical research into 

this rare disease.

MetHoDs

This study was approved by the institutional review board of VU University Medical Center (VUmc, 

Amsterdam, The Netherlands) and the scientific committee of the DCOG.
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Identification of study cohort

A search was performed in the Pathological Anatomy National Automated Archive (PALGA), the 

databases of the centers of the Dutch Childhood Oncology Group (DCOG) and pediatric radio-

therapy centers; a total of eight academic university medical centers and one regional hospital. To 

ensure the inclusion of typical DIPG patients, we solely evaluated patients of whom MR-images 

from time of diagnosis could be obtained for central review. In this central review, DIPG was 

defined as a T1-weighted hypointense and T2-weighted hyperintense tumor with at least 50% 

involvement of the pons on T2 (5). Between 1990 and 2010, patients were diagnosed based on 

MR-imaging. Histological determination was therefore not required for this study. If, however, a 

biopsy was performed and pathology data could be retrieved, than the data were analyzed. We 

did not exclude patients on the basis of their duration of symptoms before diagnosis, since this 

criterion was not well documented and not systematically used to define DIPG during our study 

period. However, since nowadays a longer symptom duration is assumed to be atypical for DIPG 

patients, we performed additional analyses on patients with a symptom duration of more than 

six months (1).

Data collection

Demographics and clinical data were obtained from the patient records. The presence and dura-

tion of cranial nerve deficits, long tract symptoms, and ataxia were scored. MR-images were 

centrally reviewed (ES, MJ and WV). Information from pathology reports was retrieved (i.e. biopsy 

or autopsy). Data on treatment strategies (surgery, chemo- and radiotherapy) and participation 

in clinical trials, both at time of diagnosis and at time of disease progression, were collected. 

Progressive disease was defined as clinical signs of disease progression (i.e. increase of symptoms 

or new symptoms) and/or radiological tumor progression, obtained from the patient records and 

radiology reports.

statistics

Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 20.0 (Armonk, 

NY: IBM Corp. Released 2011). Patient data regarding demographics, diagnosis and treatment 

schedules were analyzed by descriptive statistical methods. The incidence of DIPG was calculated 

for the period between 2004 and 2009, these being the most reliable years in terms of complete 

registration. Survival analysis was performed by Kaplan Meier estimates.
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ResULts

Patient population

The search resulted in a list of 207 patients diagnosed with a brainstem tumor between 1990 and 

2010 in the Netherlands, illustrated in Figure 1. We excluded patients with non-glioma lesions 

(n=11) and patients diagnosed with neurofibromatosis (n=7). Based on the current classification 

of a typical DIPG, we also excluded patients with pilocytic astrocytoma (WHO grade I; n=3), or with 

dorsally exophytic tumors and tumors occurring elsewhere in the brainstem, i.e. mesencephalic or 

medullary tumors (n=29). Out of 207 patients diagnosed with a brainstem tumor, 157 patients 

were therewith identified as having a pontine glioma (PG). In 117 cases (75%), MR images were 

available for central review, of which 88% of patients were classified as having a typical DIPG 

(n=103). Further analyses concerning the applied treatment approach were performed in this 

cohort of 103 MRI-confirmed typical DIPG patients.

Figure 1. Overview of patients diagnosed with DIPG in the Netherlands (1990-2010).
The dotted square indicates the evaluated population in this retrospective study.
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Incidence

We could not retrieve all MRIs from patients diagnosed before 2004, whereas for the time period 

from 2004 to 2009, MRI scans from all patients could be collected and centrally reviewed. There-

fore, this time period was used to ascertain the incidence of DIPG. In six years’ time, 55 patients 

were diagnosed as having a typical DIPG and 9 as having a focal PG. The incidence of DIPG in the 

Netherlands was therefore estimated to be nine patients per year (0.54 per 1,000,000; 2.32 per 

1,000,000 aged 0-20 years). However, annual variations were observed (range 5-13 per year). No 

seasonal variations were observed.

Distribution of patients in the netherlands

The 103 DIPG patients were diagnosed in nine hospitals distributed throughout the Netherlands. These 

hospitals are all the possible sites where DIPG patients can be treated within our boarders. The number 

of patients diagnosed per center over the course of 20 years ranged from 1 to 26 (median 10).

Demographics

The mean age of patients was 7.2 years (SD 3.4). There was a balanced gender distribution (boys 

n=49, girls n=54).

History and physical examination

From 96% of patients (99/103), information on the duration of symptoms before diagnosis could 

be retrieved from the patient records. The median duration of symptoms before diagnosis was 

1.0 month (range 0-16 months). The exclusion of six patients with a symptom onset duration of 

more than 6 months, did not influence the median duration of 1.0 month (range 0-5 months). 

Neurological examination at the time of initial diagnosis showed cranial nerve deficits to be pres-

ent in 98 patients (95%), long-tract symptoms in 78 (76%) and ataxia in 78 patients (76%).

Diagnosis

In each hospital, the original diagnosis was made based on computed tomography (CT) and/or 

MR-imaging. In 23 children (22%) imaging was supplemented with pathology (Figure 1), showing 

WHO grade II, III and IV astrocytomas. Additional analyses of the six patients with a symptom 

duration of more than 6 months, showed typical DIPG images on MR. In five patients, no biopsy 

was performed and in one case the pathology reported an astrocytoma grade II. In further analy-

ses concerning the applied treatment approach, these six patients were therefore not separated 

from the other patients.

therapy at initial diagnosis

At the time of initial diagnosis, 89 out of 103 DIPG patients (86%) received anti-tumor treatment 

(Figure 2). When only supportive care was applied (n=14; 14%), this was either due to very 
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young age of the child (n=2), poor neurological state (n=4), parental refusal (n=3), or parental 

preference for alternative medicine or supportive care only (dexamethasone) (n=5). Reports on 

dexamethasone schedules were incomplete and could therefore not be analyzed.

Of the 89 treated patients at time of diagnosis, a total of 82 patients (92%) received radiotherapy, 

of which the majority (n=68; 83%) received radiotherapy only. One of these patients received 

concomitant homeopathic Ruta-6 and calcium phosphate. A total of 19 treated patients (21%) 

received some form of chemotherapy, either combined with radiotherapy (n=14) or as single 

therapy (n=5). The most widely prescribed chemotherapeutic agents at the time of diagnosis 

were temozolomide and vincristine/carboplatin (Table 2). Four patients (7%) underwent a partial 

resection of their tumor together with initial therapy (not shown), whereas two patients (2%) 

underwent surgery only, which consisted of the placement of an extra ventricular drain (Figure 2).

Therapy at 2nd progression 
(n = 2 out of 46) 

Therapy at 1st progression 
(n = 42 out of 92) 

MRI reviewed 
patients 

Therapy at diagnosis 
(n = 89 out of 103) 

 
 

DIPG Radiotherapy 

Chemotherapy 

Chemo-
radiotherapy 

Surgery 

Radiotherapy 

Chemotherapy 

Radiotherapy 

Surgery 

Hyperthermia 

n = 1 

n = 2 

n = 1 ^ 

Chemotherapy 
n = 30 

n = 2 

Chemotherapy 
n = 1 

Chemotherapy 
n = 2 

n = 1 

Surgery 
n = 1 

Chemotherapy 
n = 1 

No therapy 

n = 68 *  

n = 5 

n = 14 # 

n = 2 

No further therapy 
n = 50 

No further therapy 
n = 44 

Radiotherapy 
n = 1 

Hyperthermia 
n = 1 

n = 103 

No therapy 
n = 14 

Figure 2. Treatment schedules applied to DIPG patients in the Netherlands (1990-2010)
*One patient received radiotherapy together with homeopathic Ruta 6 & calcium phosphate #one patient 
stopped radiotherapy after the second day of treatment because of neurologic deterioration. The patient con-
tinued with temozolomide instead. ^ one patient received spinal irradiation after initial radiotherapy treatment 
because of leptomeningeal metastasis.
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therapy at disease progression

In 11 cases, data on progressive disease and therapy were not available for evaluation. In all 92 

evaluable DIPG patients progressive disease was reported after an initial response to therapy. 

Forty-two of these evaluable patients (46%) received second-line treatment (Figure 2). The major-

ity, 36 patients (39%) were treated with chemotherapy, which mainly consisted of temozolomide 

(Table 2). Three of these patients received a second chemotherapy regimen, which in all cases 

differed (i.e. in drugs or doses) from the regimen at time of diagnosis. Irradiation at time of 

disease progression was performed in two patients (2%), but these patients were not radiated at 

time of diagnosis. One patient receiving second-line therapy underwent a partial resection of the 

tumor prior to chemotherapy (not shown) and three patients (3%) underwent a partial resection 

of tumor tissue as single therapy at time of disease progression (Figure 2). In all cases this was 

the first surgical intervention. In one patient an alternative treatment strategy, hyperthermia, was 

applied at the time of progressive disease.

In 46 patients (50%), a second episode of disease progression was reported (Figure 2) after a 

period of stable disease. At this point, the majority of these patients (n=44; 96%) received no 

further therapy and palliative care was initiated. Two patients (4%) with secondary progressive 

table 1. Radiotherapy schedules

schedule total Gy n

13 x 3.0 Gy 39.0 15

16 x 2.8 Gy 44.8 12

15 x 3.0 Gy 45.0 3

Unknown 49.4 1

25 x 2.0 Gy 50.0 1

28 x 1.8 Gy 50.4 6

30 x 1.8 Gy 54.0 16

31 x 1.8 Gy 55.8 1

32 x 1.75 Gy 56.0 1

32 x 1.8 Gy 57.6 1

33 x 1.8 Gy 59.4 8

Hyperfractionated 70.2 2

Unknown # - 18

Patients receiving RT treatment 85

# Radiation dose unknown Gy: Gray n: number of patients RT: radiotherapy
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disease received third-line therapy. One patient, who did not receive radiotherapy before, was 

irradiated and the other patient received alternative therapy (hyperthermia) (Figure 2).

Uniformity of applied treatments

Radiotherapy was applied to a total of 85 out of 103 patients (83%) at some point during their 

disease course. Table 1 shows the radiotherapy schedules that were applied at the time of diag-

nosis and at the time of progression. Radiotherapy was applied in each of the treatment centers.

Table 2 shows the various chemotherapeutic regimens that were applied at initial diagnosis 

and at time of progressive disease. Chemotherapy at the time of diagnosis was applied in six 

hospitals (with n = 9, n = 5 and n = 2 in three hospitals, and n = 1 in the remaining hospitals). 

Chemotherapy at the time of progressive disease was applied in eight hospitals (with n = 5 in two 

hospitals, n = 2 in two, n = 1 in two and n = 3 and n = 17 in the remaining hospitals). As with 

table 2. Chemotherapeutic agents

Chemotherapeutic agents
At diagnosis

n
At progressive disease

n

Temozolomide
(inter alia TMZ study - www.trialregister.nl - NTR227)

5 30

Temozolomide & thalidomide & erlotinib – 1

Temozolomide & imatinib & dichloroacetate – 1

Vincristine & procarbazine& methotrexate & dexamethasone
followed by vincristine & lomustine

1 –

Vincristine & lomustine 1 –

Vincristine & cyclophosphamide
followed by carboplatin & procarbazine
and etoposide & cisplatin

1 1

Vincristine & carboplatin
followed by temozolomide

3 –

Vincristine & carboplatin 1 1

Vincristine & carboplatin
followed by temozolomide & lomustine

1 –

Gemcitabine. followed by
high dose chemo with stem cell reinfusion
and irinotecan & bevacizumab & erlotinib (& everolimus)
(VUmc DIPG 01 study - www.trialregister.nl - NTR2391)

2 –

Etoposide (& carboplatin) 2 2

Cisplatin 2 –

Total patients receiving chemotherapy 19 36

N= number of patients
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radiotherapy, no general guidelines were available or used. The majority of patients was treated 

off-trial with temozolomide, mainly at progression of disease. Reports on dosage and schedules 

were incomplete and could therefore not be further analyzed.

Clinical trials

Over the course of our study period, only 19 patients (18%) of all children diagnosed with DIPG 

in the Netherlands were enrolled into a prospective clinical trial. Only trials that were approved by 

an institutional review board, the scientific committee of the DCOG, and trials that were included 

in a trial registry were evaluated. The Childhood Oncology Group ACNS-0126 study, a multicenter, 

phase II prospective cohort study was initiated in 2002, exploring the toxicity and efficacy of 

temozolomide as adjuvant therapy in pediatric high grade glioma and DIPG (www.clinicaltrials.

gov - NCT00028795). One center in the Netherlands participated in this study (18). From January 

2004, patients with recurrent or progressive PNET or high-grade glioma (including DIPG) could be 

included in a similar phase II study exploring the use of temozolomide (TMZ study, www.trialreg-

ister.nl - NTR227, data not published). Both studies have been closed for accrual. In 2010, a single 

center study was opened, which offers a broad and at the same time targeted approach of DIPG. 

Therapy consists of standard radiotherapy (54 Gy) combined with gemcitabine as radiosensitizer at 

diagnosis. At disease progression, therapy consists of a backbone of irinotecan and bevacizumab 

combined with escalating doses of erlotinib and everolimus (VUmc DIPG 01 study, www.trialreg-

table 3. Survival analysis of treatment groups at time of diagnosis

Group PFs 95% CI Mos 95% CI

Overalll (n=103) 6.0 4.8 - 7.2 9.5 8.7 - 10.3

Age <3 years (n=8) 4.0 0.0-13.7 11.0 0.0-27.6

Age 9-18 years (n=24) 5.0 1.1-8.9 9.0 7.4-10.6

LTS (n=6) 42.0 2.8-81.2 46.0 16.8-75.2

therapy group 
(at diagnosis)

PFs 95% CI Mos 95% CI

No therapy -- -- 3.0 0.0 - 6.3

Radiotherapy 6.0 4.2 - 7.6 10.0 8.9 - 11.1

Chemotherapy 5.0 0.0 - 15.7 10.0 1.4 - 18.6

Chemo-radiotherapy 8.0 4.6 - 11.4 9.0 8.2 - 9.8

Surgery* -- -- -- --

*This group is too small to analyze (n = 2).
LTS: Long-term survival (>24 months); MOS: Median overall survival; CI: Confidence Interval;
PFS: Progression-free survival.
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ister.nl - NTR2391). This is the first study in the Netherlands that offers the option of undergoing 

a biopsy. A biopsy, however, is not mandatory for enrolment. This study is still accruing patients.

survival

In the total cohort of MRI-confirmed typical DIPG patients, the progression-free survival (PFS) was 

6 months and the MOS was 9.5 months (Figure 3 and Table 3). Children <3 years of age showed 

a relatively short PFS of 4.0 months and a relatively long MOS of 11.0 months (log-rank p = 0.028 

and 0.015, respectively). For the children aged 9–18 years, no longer PFS or MOS was observed 

(log-rank p = 0.595 and 0.868, respectively). Table 3 shows the result of additional analysis of 

the separate treatment groups at time of diagnosis. We could not perform specific analysis per 

treatment schedule, drug or dosage due to low patient numbers.

In this large, unselected, nationwide population-based cohort, six patients (6%) with a typical 

DIPG on MRI were classified as long-term survivors. Long-term survival was defined as having 

a survival from initial diagnosis beyond 24 months (Figure 3). The PFS of these patients was 

42 months and the MOS 46 months with three patients being alive at 27, 79 and 161 months 

respectively (Table 3: log-rank p = 0.000 and 0.000, respectively).

DIsCUssIon

We determined the population-based, and MRI-confirmed, incidence of patients diagnosed 

with DIPG in the Netherlands, and showed how these patients were treated over the past 20 

 
 
 

Figure 3. Survival of patients with DIPG (Netherlands 1990-2010).
The dashed line indicates a median overall survival of 9.5 months. The dotted line indicates a 2-year survival of 
6%.
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years. Each year, on average, nine patients with typical DIPG are diagnosed, equally distributed 

geographically throughout the Netherlands, without an indication for seasonal variations. The 

incidence of 2.32 per 1,000,000 individuals aged 0–20 years corresponds to international data 

from the USA (20).

It is noteworthy that the limited number of patients was diagnosed and/or treated in nine dif-

ferent hospitals, resulting in very low patient numbers per hospital. More importantly, only a 

minority of patients (18%) was enrolled into a prospective clinical trial, although during our study 

period three clinical trials were available for patient inclusion. Only the first study, which was 

an international collaboration initiated by the Children’s Oncology Group comprising 230 study 

locations, was successfully completed (18). The second study was a Dutch multicenter study. This 

study, however, was discontinued and the results are yet to be published. The third study is a 

single center study, which is still open to accrual, but with an inclusion rate of only one patient 

(11%) per year on average.

This retrospective study shows that DIPG patients are mainly treated according to single-center 

guidelines and even individualized therapy. There are still no strict national guidelines for both 

radio- and chemotherapy, resulting in a heterogeneous application of treatment schedules. More 

importantly, DIPG patients are often not included in clinical trials. This could lead to selection 

bias when a limited number, or a selected group of patients ‘cumma’ participate in clinical trials. 

Further research is needed to investigate why patients are mainly treated off-study. In view of the 

rarity of the disease, this heterogeneity might be caused by the limited number of patients treated 

per center, with a median of 10 patients over the course of 20 years. A rare disease such as DIPG 

might benefit from centralization in a limited number of specialized hospitals, in this case pediatric 

cancer centers, together with (inter)national consensus on the approach of these patients and 

optional inclusion in collaborative clinical trials (1,7).

In addition to co-operation in existing clinical trials, we emphasize the need for collaboration 

in other fields of DIPG research, like biological studies and molecular drug imaging using PET. 

Between 1990 and 2010, 78% of patients did not undergo a biopsy in addition to radiological 

diagnoses, and 98% of patients did not get the chance to participate in an autopsy study. From 

the introduction of offering biopsies in the VUmc DIPG 01 study and the opening of the autopsy 

study (19), this is increasingly performed. However, in view of the low incidence of DIPG in the 

Netherlands, international collaboration is urgently needed. This is underlined by the fact that DIPG 

biopsy and autopsy studies have advanced the understanding of the disease, with the discovery 

of a K27M mutation in H3.3 or H3.1, perturbations in genes of the receptor tyrosine kinase/

Ras/PI3K signaling pathway and the overexpression of VEGF, which provides useful information 

for drug development, design of novel therapies and possibly treatment stratification (22-24). 
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Future international studies comparing biopsy and autopsy material will also reveal more about 

the biological changes, either due to the natural course of the disease, or influenced by therapy. 

In addition, emerging PET studies will reveal more about the in vivo behavior of drugs, such as 

blood–brain barrier passage and tumor pharmacokinetics. Collaborative international biological 

and diagnostic studies will thus contribute to the discovery of novel therapies for future clinical 

trials.

Our complete cohort of 103 MRI-confirmed DIPG patients showed a PFS of 6 months and a 

MOS of 9.5 months, with a significant longer survival time in children less than 3 years of age. 

The relatively short PFS in this age group is possibly due to the fact that these children did not 

receive radiotherapy. These data, as well as the data from the subgroups of patients receiving 

radiotherapy alone, or radiotherapy combined with chemotherapy, are in accordance with previ-

ously published data (1,7,25,26). The relatively long MOS of the patients receiving chemotherapy 

only is probably due to confounding bias based on the relative young age of patients in this 

group. Other studies have reported longer survival times for children aged 9–18 years, however, 

this could not be confirmed in our cohort of patients (27). Our cohort harbored a total of six, 

relatively young, long-term survivors, which is in agreement with international literature (28). 

Further research is needed to better understand this intriguing group of DIPG patients, which 

might have a distinct survival based on specific biological features.

With this nationwide, population-based retrospective cohort study, we confirm the assumed low 

incidence of DIPG and show that a poor accrual of DIPG patients in clinical trials results in a lack of 

comprehensive data on demographics, history, physical examination, diagnosis (both imaging and 

biology), outcome, but most importantly effectiveness per treatment schedule, drug or dosage. 

Given the rarity of DIPG, we emphasize the need for (inter-)national data and trials to facilitate 

the identification of potentially effective therapeutics in the future. This can be supported by the 

recently developed European DIPG registry (http://www.dipgregistry.eu) by the DIPG network 

of the International Society of Pediatric Oncology Europe. The International Society of Pediatric 

Oncology Europe DIPG registry was developed in parallel with that in the USA (http://www.

dipgregistry.org/.) The first large-scale international study that will be performed in the setting of 

the European DIPG registry will be an evaluation of all European long-term survivors.

expert commentary

In view of the very poor prognosis for children with DIPG, patients should be able to participate 

in clinical trials. Given the rarity of DIPG, we emphasize the need for (inter-)national collaboration 

and trials to facilitate the identification of potentially effective therapeutics in the future. This can 

be supported by the recent development of a European DIPG registry. 
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Five-year view

Given the rarity of DIPG and lack of comprehensive data from large unselected cohorts of DIPG 

patients, we envision that the European DIPG registry will contribute to future clinical research. 

A comprehensive database will for instance facilitate studies on subgroups of DIPG, the analysis 

of long-term survival and the evaluation of decision-making. The database will also function as a 

control cohort for (inter)national clinical trials without randomization, which is most useful in a 

rare disease such as DIPG.
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ABstRACt

BACKGROUND Although diffuse intrinsic pontine gliomas (DIPG) carry the worst prognosis of all 

pediatric brain tumors, studies on prognostic factors in DIPG are sparse. To control for confound-

ing variables in DIPG studies, which generally include relatively small patient numbers, a survival 

prediction tool is needed.

METHODS A multicenter retrospective cohort study was performed in the Netherlands, the UK 

and Germany with central review of clinical data and MRI scans of children with DIPG. Cox 

proportional hazards with backward regression was used to select prognostic variables (p<0.05) 

to predict the accumulated 12-month risk of death. These predictors were transformed into a 

practical risk score. The model’s performance was validated by bootstrapping techniques.

RESULTS A total of 316 patients were included. The median overall survival (OS) was 10 months. 

Multivariate Cox analysis yielded five prognostic variables of which the coefficients were included 

in the risk score. Age ≤ 3 years, longer symptom duration at diagnosis, and use of oral and intrave-

nous chemotherapy were favorable predictors, while ring enhancement on MRI at diagnosis was 

an unfavorable predictor. With increasing risk score categories, the OS decreased significantly. 

The model can distinguish between patients with a very short, average and increased OS (median 

OS of 7.0, 9.7 and 13.7 months respectively). The area under the receiver operating characteristic 

curve was 0.68.

CONCLUSIONS We developed a DIPG survival prediction tool that can be used to predict the 

outcome of patients and for stratification in trials. Validation of the model is needed in a prospec-

tive cohort.
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IntRoDUCtIon

Pediatric brain tumors comprise 20-25% of childhood cancer. Among these, diffuse intrinsic 

pontine glioma (DIPG) carry the worst prognosis (1). The median overall survival (OS) is 9 months 

and ≤ 10% of the patients are alive at 2 years after diagnosis (2,3). With the introduction of 

magnetic resonance imaging (MRI) in the 1990s, specific radiological characteristics of brainstem 

tumors have been associated with prognosis. This led to the important distinction of diffuse glio-

mas arising in the pons from more focal tumors of the midbrain, cervico-medullary junction and 

medulla oblongata that have a better prognosis (4). Since then, study populations in DIPG trials 

are more homogenous, as the general consensus is to include patients with a T1-hypointense and 

T2-hyperintense tumor involving ≥ 50% of the pons, sometimes complemented by the presence 

of one of the classical triad of symptoms (5).

However, among DIPG study populations, although the long-term outcome is invariably dismal, 

the median OS varies between studies from 7-16 months (2,3). It is important to know whether 

these variations are caused by treatment effects or by confounders, as virtually all studies are 

non-randomized. To make this distinction in future trials, prognostic factors at diagnosis of DIPG 

should be identified. Significant prognostic factors can be useful for risk-group adapted therapy 

and subgroup analysis. Until now, studies have been inconclusive as to whether MRI can predict 

the prognosis of children with DIPG (6-9). At diagnosis, clinical factors (like age and symptom du-

ration) have been associated with prognosis (10,11). These prediction studies, however, included 

relatively few patients.

This study therefore aims to develop the first multivariable prediction model for DIPG survival 

based on radiological and clinical variables in a large retrospective, multi-institutional, multina-

tional cohort.

PAtIents AnD MetHoDs

study population

The study cohort consists of children aged 0-18 years with a DIPG. The availability of a diagnostic 

MRI for review was mandatory to be included in the study. DIPG was defined as a T1-hypo (or 

iso) intense and T2-hyperintense tumor involving at least 50% of the pons. The diagnosis was 

established by an experienced neuroradiologist. A search covering the time period from January 

1990 to January 2010 was performed in the database of the Dutch Childhood Oncology Group, 

as well as in local registries of the Dutch childhood cancer and pediatric radiotherapy centers, 

the patient registry of Great Ormond Street Hospital (GOSH; London, UK) and in the HirnTumor 
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GlioBlastoma Multiforme/HochGradige Gliome (HIT GBM) database of the GPOH (Gesellschaft 

für Pädiatrische Hämatologie und Onkologie; Germany, Austria, Switzerland). From the HIT GBM 

only MRI’s from the 2004 – 2010 time period were available for central review. No histological 

confirmation was required.

The local authorities of the Dutch, German and UK institutions gave permission to use the anony-

mized patient data. The study was reviewed by the scientific committee of the Dutch Childhood 

Oncology Group.

Variables

MRI scans at diagnosis were scored by three independent reviewers (MJ, SV, ES) on tumor-

specific radiological characteristics. Clinical data, histology (if available) and information on the 

applied treatment were obtained from the patient charts and from the GOSH and HIT-GBM/HGG 

databases. Table 1 presents the clinical and radiological variables included in the present analysis. 

table 1. Baseline characteristics of children with a diffuse intrinsic pontine glioma

Category Variable number (%)

Total 316

Sex Female 156 (51%)

Male 160 (49%)

Age (years) Mean age (range) 7.2 (0-18) years

Age < 3 years 20 (6%)

Symptom Mean symptom duration pre-diagnosis 2.0 (0-30) months

Symptom duration ≥ 6 months 21 (7%)

Symptom duration < 6 months 264 (93%)

Missing 31 (10%)

Cranial nerve palsy 226 (72%)

Ataxia 192 (61%)

Pyramidal tract symptoms 133 (42%)

Histology WHO II 14 (21%)

WHO III 21 (31%)

WHO IV 26 (38%)

High-grade glioma, WHO grade not defined 7 (10%)

Unknown (not biopsied) 248 (79%)

MRI Pontine involvement 50-67% 33 (10%)

>67% 283 (90%)
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Percentage of the pons involved (50-67% or 67-100%) and tumor growth in the medulla and 

mesencephalon was determined two-dimensionally on axial and sagittal T2-weighted MRI, while 

the degree of encasement of the basilar artery was determined on T1-weighted images or FLAIR 

(if available). Ring enhancement was defined as one or more areas of a ring-shaped enhancement 

with a hypointense center on T1-weighted images after gadolinium administration (Figure 1). 

Leptomeningeal dissemination was not included, as most patients did not undergo MRI scanning 

of the whole neuraxis. As patients received different treatments, we categorized these into either 

oral or intravenous chemotherapy in addition to radiotherapy (RT). If patients received both oral 

and intravenous chemotherapy the therapy was categorized as ‘intravenous chemotherapy’.

statistical analysis

Statistical analyses were performed using SPSS statistical package (SPSS®18.0) and R®.

The cumulative probability of dying before or at 12 months after diagnosis (12-month risk of 

death) was chosen as the cut-off, which is a commonly used cut-off for clinical trials. For develop-

table 1. Baseline characteristics of children with a diffuse intrinsic pontine glioma (continued)

Category Variable number (%)

Ring enhancement
No contrast given

114 (36%)
14 (4%)

Encasement basilar artery:

 180° < encasement <360° 212 (67%)

 Full encasement (360°)
 No encasement

71 (23%)
33 (10%)

Hydrocephalus 65 (21%)

Growth in mesencephalon 183 (58%)

Growth in medulla oblongata 124 (39%)

Treatment Radiotherapy 272 (91%)

Oral chemotherapy1 159 (50%)

Intravenous chemotherapy2 33 (10%)

Outcome Median overall survival (OS) 10 (±0.38) months

12-month OS 35%

24-month OS 9%

5-year OS 2%

Median PFS 6 (±0.25) months

1Patients were mainly treated with temozolomide concurrent with and/or adjuvant to radiotherapy or with 
vincristine and carboplatin according to the SIOP LGG protocol; 2 HITGBM-D: pre-irradiation methotrexate, radia-
tion & cisplatin, etoposide, vincristine and ifosfamide, HITSKK: cyclofosfamide, methotrexate and vincristine or 
DIPG-VUMC-1 containing high dose chemotherapy with stem cell reinfusion.
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ment of the prediction model we added all variables with ≤ 10% missing values to the Cox 

proportional-hazards model; ≥ 10 (non)-events should occur in each variable to be included in the 

model (12). Predictors were removed from the model when the p-value was ≥ 0.05 (13,14). The 

regression coefficients from this model were used to obtain the 12-month probability of dying. 

This probability was calculated using the baseline probability of dying for an individual patient 

with a follow-up period of 12 months. Next, the patients were categorized into five equally-sized 

groups based on these regression coefficients, ranging from low to high. We compared the mean 

risk of death of each group to the actual survival time of the group using the Kaplan-Meier (KM) 

method.

To test the generalizability of the model, bootstrapping techniques were applied (15). With this 

technique, 250 new databases were created, each consisting of at least 100 patients randomly 

selected from the original database. Bootstrapping yielded a shrinkage factor, correcting for 

over-fitting of the model. This shrinkage factor was applied to the regression coefficients before 

a calibration plot was generated to consider the agreement between predicted and observed 

probabilities of dying. Subsequently, the area under the receiver operating characteristic curve 

(ROC) was calculated to test the discriminative ability.

To make our prediction tool suitable for clinical research, each coefficient from the model was 

transformed to a round number of risk scores. The total risk score for each individual patient could 

Figure 1. Two patients with DIPG who underwent T1-weighted MRI with contrast.
a) the tumor shows a small nodular enhancement (arrow), which was therefore not scored as ring enhancement; 
b) the tumor shows a large area of ring enhancement (arrow).
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be determined by adding the risk score of each present predictor. The sensitivity, specificity, posi-

tive predictive value (PPV) and negative predicting value (NPV) of increasing risk score categories 

were calculated for the 12 months cumulative risk of death. Finally, we defined three risk groups 

based on the risk score categories and compared those using the KM method, to obtain informa-

tion on the predictive capability of the prognostic model beyond 12-months follow-up.

Subgroup analysis

To investigate whether the model has predictive value in “typical DIPG trial patients”, defined 

as patients aged 3-18 years and treated with radiotherapy, we repeated the Cox proportional-

hazards analysis in this subgroup, and performed KM estimates using the established risk scores.

ResULts

A total of 316 patients met the inclusion criteria (Table 1); of these, 106 were included from 

Dutch centers, 65 from GOSH, and 145 from Germany. The median OS of the whole cohort was 

10 months and the 12-month OS was 35%. Males and females were equally represented and the 

median age was 7 years. Of all patients, 91% received RT. Patients that did not receive RT were 

either very young patients, patients who progressed too fast to receive RT, or patients whose 

parents decided not to provide any therapy for their child. 60% of patients received additional 

chemotherapy: oral chemotherapy in 50% of cases (mostly temozolomide) and intravenous che-

motherapy in 10% (Table 1).

Univariate Cox proportional hazards analysis

Results of the univariate Cox proportional hazards are shown in Table 2. Age ≤ 3 years, longer 

duration of symptoms at diagnosis, and use of oral and/or intravenous chemotherapy, all showed 

a significant correlation with prolonged OS. The presence of ataxia at diagnosis and ring enhance-

ment were negative predictors of OS. None of the variables was excluded from the model based 

on the outcome of the univariate analysis.

Multivariate Cox proportional hazards analysis and development of the 
prediction model

All variables from the univariate analysis met the inclusion criteria (≤ 10% missing values and ≥ 

10 events) to be included in the multivariable Cox analysis, except for histology, which was avail-

able in only 21% of the patients. Backward selection yielded five significant prognostic variables. 

Based on the regression coefficients of these variables, duration of survival was predicted for all 

participants. The resulting model consists of positive predictors of prognosis (longer symptom 

duration, age ≤ 3 years and the use of oral and intravenous chemotherapy as additive to RT) and 
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one negative predictor (presence of ring enhancement) (Table 3). Ataxia was not a significant 

predictor in the multivariate analysis.

The risk score of a patient is calculated from the coefficients (transformed to a round number) of 

each predictor (Table 3). For example, a newly diagnosed patient of 8 years of age (+7) with 5 

months existing symptoms pre-diagnosis (-5) with a ring-enhancing DIPG (+4), who is not planned 

to receive chemotherapy in addition to the standard RT, has a total risk score of 6. The predicted 

risk of death can then be extracted from Table 4: the predicted risk of death for this patient is 

74% at 12 months.

table 2. Results of the univariate Cox proportional hazards regression analysis

Baseline variables HR (95% CI) P-value

Increasing age (years) 1.01 (0.98-1.04) 0.68

Age ≥ 3 years 2.19 (1.25-3.82) 0.006

Sex (male versus female) 0.92 (0.72-1.17) 0.49

Signs & symptoms

Increasing symptom duration (months) 0.90 (0.86-0.95) 0.0001

Cranial nerve palsy 1.29 (0.97-1.70) 0.08

Pyramidal tract symptoms 1.18 (0.93-1.50) 0.17

Ataxia 1.38 (1.07-1.79) 0.02

MRI characteristics

Pontine involvement: 50-67% versus >67% 1.29 (0.86-1.92) 0.21

Ring enhancement 1.53 (1.19-1.97) 0.001

Encasement basilar artery: 0.49

 1) >180°; < 360° versus no encasement 1.15 (0.77-1.73)

 2) 360° versus no encasement 1.30 (0.83-2.05)

Hydrocephalus 0.95 (0.71-1.28) 0.75

Growth in mesencephalon 0.93 (0.73-1.18) 0.54

Growth in medulla oblongata  1.17 (0.92-1.48) 0.22

Histology

WHO grade III-IV versus grade II 1.55 (0.80-3.00) 0.20

Treatment

RT & chemotherapy versus RT: 0.004

 1) Oral chemotherapy 0.64 (0.49-0.84)

 2) Intravenous chemotherapy 0.68 (0.45-1.02)

HR=hazard ratio, CI=confidence interval, RT=radiotherapy
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The specificity, sensitivity, PPV and NPV of the risk score on 12-months risk of death are presented 

in Table 5. Patients with a risk score of <1 have a 73% chance not to die within the first 12 

months after diagnosis (NPV 73%). On the other hand, a patient with a risk score of ≥ 7 has 

an 80% chance (PPV at 12 months) to die within 12 months after diagnosis. Internal validation 

by bootstrapping revealed a 15% over-fitting of the model. The predicted and observed prob-

abilities differed by ≤ 7% (calibration plot after shrinkage is given in supplementary Figure 1). The 

discriminatory capacity of the model was estimated by the area under the ROC, which was 0.68 

(95% CI 0.62-0.75) (supplementary Figure 2).

table 3. Results from multivariate Cox proportional hazards analysis and translation into a risk score

Predictor Hazard ratio (95% CI) p-value Coefficient after shrinkage Contribution to risk score

Age ≥ 3 years 1.95 (1.01-3.80) 0.046 0.667 7

Symptom duration (months) 0.92 (0.86-0.97) 0.003 -0.085 -1

Ring enhancement 1.41 (1.07-1.84) 0.013 0.354 4

Chemotherapy: 0.013

 - Oral chemotherapy 0.66 (0.49-0.88) 0.048 -0.398 -4

 - Intravenous chemotherapy 0.63 (0.40-0.99) 0.047 -0.418 -4

The formula to calculate the DIPG risk score for an individual patient = months of symptom duration (x -1) + age 
≥ 3 years (+7) + ring enhancement (+4) - the use of oral/intensive chemotherapy (= 4)

table 4. Study cohort 12 months predicted risk of death versus observed death

Risk score Died at 12 months * Censored* Predicted death observed death (KM)

<1 42 8 0.47 0.40

1;2 48 5 0.60 0.60

3;5 49 4 0.68 0.63

6 50 1 0.74 0.80

7-11 51 2 0.80 0.82

*number of patients KM =Kaplan-Meier estimate

table 5. Study cohort prognostic test characteristics for 12-months cumulative risk of death

Risk score true positive* true negative* false positive* false negative* sensitivity specificity ppv npv

≥ 1 118 30 101 11 0.92 0.23 0.50 0.73

≥ 3 87 73 58 42 0.67 0.56 0.54 0.64

≥ 6 67 98 33 62 0.52 0.75 0.67 0.61

≥ 7 20 126 5 109 0.16 0.96 0.80 0.54

*number of patients ppv = positive predictive value npv = negative predictive value
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Identification of DIPG risk groups

Figure 2 shows the predictive capability of the risk score over the entire follow-up period. The 

median OS for patients with a risk score of < 1, 1-6 and ≥ 7 was 13.7 (±1.7), 9.7 (±0.4) and 7.0 

(±0.9) months, respectively. Therefore, the risk score enables definition of a standard, intermedi-

ate and high-risk group within DIPG.

___ RS < 1: standard risk  

___ RS = 1-6: intermediate risk 

___ RS >= 7: high risk 

 Time to last follow up or death  (months) 
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Figure 2. Kaplan Meier estimates of the DIPG risk score.
Based on the risk score, three categories were identified: a standard risk arm (RS < 1), intermediate risk arm (RS 
1-6) and high-risk arm (RS ≥ 7). The increasing risk arms correlated with decreasing overall survival time (logrank 
p < 0.0001 and generalized Wilcoxon p < 0.0001).

subgroup analysis (supplementary data available online)

The results of the Cox proportional hazards analysis for the subgroup of patients aged 3-18 years 

who were treated with radiotherapy are shown in supplementary Table 1. The analysis revealed 

the same predictors as in the original cohort except “age ≤ 3 years”. Additionally, extension of the 

tumor in the medulla was a negative predictor in this cohort. Supplemental figure 3 shows the KM 

survival curves when applying the established risk scores to this subgroup. Increasing risk score 

intervals correlate with a decreasing OS; in other words, also within this subgroup a standard, 

intermediate and high-risk group was identified.
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DIsCUssIon

In this large retrospective cohort study we show that the OS of patients with a DIPG can be 

predicted at diagnosis by clinical and radiological characteristics including duration of symptoms, 

age and ring enhancement on MRI. We also found chemotherapy to contribute positively to the 

OS, but we cannot exclude that survivorship bias is responsible for this result, as we will discuss 

later in this discussion. The combination of these variables results in a DIPG risk score that can be 

used in future clinical studies. The DIPG risk score predicts the outcome of a study cohort based 

on standard therapy; thus, the score helps to conclude whether an apparent change in OS can 

be attributed to the novel therapeutic intervention or, alternatively, to selection bias. In trials, the 

DIPG risk score enables to stratify patients into standard, intermediate and high-risk groups. Our 

subgroup analysis presented in the supplementary data show that the predictors and the DIPG 

risk score both keep their predictive capacity in the cohort of DIPG patients typically included in tri-

als; those aged 3-18 years and treated with RT. Interestingly, in the whole cohort, the 3-year OS of 

the high-risk group (risk score ≥ 7) was 0% versus 20% in the standard risk group (risk score < 1). 

Although this might eventually allow risk-group adapted therapy, because the long-term outcome 

is currently poor in all three groups, it seems that such an approach is not yet indicated in DIPG.

Longer duration of symptoms before diagnosis correlated with an improved OS, as previously 

suggested in a non-multivariate analysis (11). Apparently, a less acute presentation reflects a more 

indolent disease course. In contrast to previous studies, we show the presence of ring enhance-

ment to be a negative predictor of OS. Previous studies did not perform subgroup analyses for 

specific ring enhancement, and smaller patient numbers were included (6,8). Our results are 

in agreement with Poussaint et al., and suggest that ring enhancement matches glioblastoma 

multiforme histology (9,16). On the multivariate Cox proportional hazards analysis, we confirmed 

a survival benefit for patients aged ≤ 3 years. The cut-off we used was based on two reports in 

which this age group was suggested to have a more favorable prognosis (10,17). In our and 

other cohorts, oral and intravenous chemotherapy in addition to RT slightly improved OS in DIPG 

compared to RT alone (18,27). However, there are no prospective randomized controlled trials 

that really prove or disprove a survival benefit for chemotherapy in addition to RT in DIPG. The 

broad range in median OS (7-16 months) of all observational, single arm trials the past 7 years, 

suggests there might be an effect of at least some of the drugs, although selection bias can not 

be excluded (3,18,27). In contrast, Cohen et al. reported no survival benefit in a large trial cohort 

treated with temozolomide, the most commonly used oral drug in DIPG, when compared to a 

historical DIPG cohort treated with RT only (28). We are well aware that our results may be biased 

by survivorship, as patients presented in the RT-only arm may have died too early to receive any 

further chemotherapy. No further subdivision of specific chemotherapy schedules was possible 

since multiple treatments were applied within this cohort, and many of them off trial. Obviously, 
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randomized controlled trials are needed to show whether there is a benefit of the addition of 

chemotherapy to radiotherapy, but it can be questioned whether it is ethical to execute such a 

randomized study in a population with a dismal prognosis such as DIPG.

With a total of 316 patients, ours is the largest prognostic study in DIPG (4,6-9,11,17-26). Another 

strength of our study is the internal validation of the prognostic model by bootstrapping. The 

area under the ROC of our model (68%) is modest compared to other diagnostic prediction tests 

(13,14). However, prognostic tools are known to achieve lower values (14). Notably, the curve of 

the predicted and observed risk of death was well calibrated. The main limitation of the present 

study is the heterogeneity of treatment regimens applied and the possibility of the previously 

explained survivorship bias. We included all patients of the participating institutions from 1990-

2010, on and off trial, and therefore limited the chance of selection bias. However, from the 

German cohort only patients diagnosed from 2004 were included, as MRI scans from this time 

period only could be reviewed.

The presented model is to be validated in a large, prospective, and (preferably) homogenously 

treated group of DIPG patients. This will be feasible within the recently initiated SIOPE Euro-

pean DIPG Network that created a European DIPG Registry of clinical and imaging data (www.

dipgregistry.eu) and by use of the International DIPG Registry that was created in the US (www.

dipgregistry.org). In addition, new prognostic variables resulting from other imaging modalities 

(e.g. magnetic resonance spectrometry and positron emission tomography) may be integrated 

into this model to increase the accuracy (29,30). Furthermore, with the reintroduction of biopsies 

in DIPG, biological predictors may be defined and integrated in the model (31-33). If, in the near 

future, studies show that biological features of DIPG are of predictive value, and therefore should 

be used in treatment stratification, this might reinstate biopsy as a common procedure in DIPG. 

In this respect, it might be worthwhile to investigate in a new study whether long-term survivors 

cluster in a certain favorable metabolic or molecular profile, such as the recently discovered muta-

tion in the H3.3 histone. Recent published data has suggested that histone mutation status may 

be prognostic i.e. DIPG tumors expressing the wild type H3.3 showed a more favorable prognosis 

than those that harbored the H3.3 mutation (32,33).

In conclusion, the present study shows that a risk score based on clinical and radiological variables 

obtained at diagnosis is able to predict the prognosis of patients with DIPG. Negative predictors 

were age ≥ 3 years and the presence of ring enhancement on MRI, whereas longer duration of 

symptoms at diagnosis was a positive predictor. Furthermore, the use of oral and intravenous 

chemotherapy contributed positively to survival, although this could be subject to survivorship 

bias. Our model predicts the outcome of a study cohort treated with standard therapy, thus 

allowing to detect the possible benefit of a new intervention. In addition, the definition of a 



69

Survival prediction model of children with a diffuse intrinsic pontine glioma based on clinical and radiological criteria

Chapter

4

standard, intermediate and high-risk group based on the risk score, enables to stratify patients in 

trials, controlling for confounding variables in DIPG. In the future, the model should be validated 

in a prospective cohort.
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ABstRACt

BACKGROUND Positron Emission Tomography (PET) scanning with 18F-fluorodeoxyglucose (18F-

FDG) is a useful diagnostic and prediction tool in brain tumors, but its value in childhood diffuse 

intrinsic pontine glioma (DIPG) is still unclear. For interpretation of 18F-FDG PET results in DIPG, 

uptake values of the normal pons of children of increasing ages are mandatory. The aim of this 

study was to determine 18F-FDG standard uptake value ratios (SUVr) of the normal pons and to 

compare these to DIPG.

METHODS We studied 36 subjects with a normal, non-affected pons (aged 5-23 years) and six 

patients with DIPG (aged 4-17 years) who underwent 18F-FDG-PET scanning. MRI was co-registered 

to define the regions of interest. SUVr and SUVrmax for pons/cerebellum (SUVr
p/c

) and pons/

occipital lobe (SUVr
p/o

) were calculated. Independent samples t-tests and Mann-Whitney U tests 

were used to compare the mean SUVr and Pearson’s test for correlations.

RESULTS For the normal pons, mean SUVr
p/c

 and SUVr
p/o

 were 0.65 (±0.054) and 0.51 (±0.056) 

respectively. No significant correlations were found between SUVr of the normal pons and sex, 

age nor pontine volume. A modest but statistically significant correlation was found between 

SUVr and post-injection time acquisition timing. For DIPG, mean SUVr
p/c

 and SUVr
p/o

 were 0.74 

(±0.20) and 0.65 (±0.30) respectively, while the mean SUVr
p(max)/c

 was 1.95 (±0.48) and SUVr
p(max)/o

 

was 1.81(±0.20).

CONCLUSION SUVr of the unaffected pons are strikingly constant between children, irrespective 

of sex and age, and can therefore be well used as a reference value for 18F-FDG-PET studies in 

DIPG.
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IntRoDUCtIon

Positron Emission Tomography (PET) scanning with 18F-fluorodeoxyglucose (18F-FDG) provides 

information on glucose metabolism. 18F-FDG PET positively correlates with an increasing WHO 

grade in astrocytomas (1). In high grade glioma (HGG), 18F-FDG PET is an indicator of response 

to therapy and is used for PET-guided planning of stereotactic brain biopsy (2-5). In the past few 

years, 18F-FDG PET studies have been introduced in diffuse intrinsic pontine glioma (DIPG) (6-10), 

a fatal disease that almost exclusively occurs in children (11). Interestingly, 18F-FDG metabolism 

in the majority of the DIPG was lower than the non-affected occipital lobe, but increased 18F-FDG 

uptake correlated with decreased overall survival (10). However, reference values of 18F-FDG 

uptake in the normal pons of children of increasing age are mandatory to know what is increased 

uptake in the pons, and these data are lacking. Therefore, the aim of this study was to calculate 

the standard uptake value ratios (SUVr) for pons/cerebellum (SUVr
p/c

) and for pons/occipital lobe 

(SUVr
p/o

) in subjects with a normal pons and to investigate the influence of age, pontine size and 

post-injection interval on the SUVr. The SUVr of the normal pons were then compared to SUVr 

and SUVrmax of DIPG.

MetHoDs

subjects

To study the 18F-FDG uptake of the normal pons, a retrospective cohort was used. Thirty-six 

children and adolescents aged 6-23 years who underwent 18F-FDG-PET scans for epilepsy surgery 

planning in the period of 2002 until 2012 were included. All controls had focal epilepsy and were 

in a non-ictal state at the moment of scanning. We inventoried the anti-epileptic agents used 

at the day of scanning. We excluded scans that revealed space occupying lesions anywhere in 

the brain or epilepsy induced changes in pons, occipital lobe and cerebellum and scans that did 

not meet the criteria as described under Scanning procedure. The affected population consisted 

of six children with a newly diagnosed DIPG, based on criteria as described elsewhere from VU 

University Medical Center (VUmc) Amsterdam, the Netherlands, who underwent an 18F-FDG-PET 

scan at diagnosis (11). The study was approved by the institutional review board of VUmc.

scanning procedure

Scans of controls and DIPG patients were performed using an ECAT EXACT HR+ PET scanner 

(Siemens/CTI, Knoxville, TN, USA), as previously described (12). Patients and controls fasted for 

at least four hours before the PET scan. Fifteen minutes before injection they were positioned in 

a quiet darkened room, with their eyes closed and no noise. After injection of 185 MBq 18F-FDG 

(mean 187.2 MBq ±5.6) subjects remained in the darkened and quiet room for 35 min followed 
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by a 10 min 2D transmission scan, acquired using retractable rotating 68Ge sources, used for 

attenuation correction purposes. Approximately 45 minutes post-injection a static 3D emission 

scan of 15 minutes was acquired. All emission scans were reconstructed using ordered subsets 

expectation maximization (OSEM, 4 iterations, 16 subsets) with a Hanning filter with a cut-off at 

0.5 times the Nyquist frequency and included the usual corrections for normalization, decay, dead 

time, attenuation, scatter and randoms (13). During reconstruction, a zoom factor of 2.123 and a 

matrix of 256x256 were used resulting in voxel sizes of 1.2x1.2x2.4 mm3. All subjects underwent 

structural MRI T1-T2 for diagnostic proposes. PET characteristics are summarised in table 1.

Image analysis

Each patient’s T1-weighted MR-image was co-registered to their 18F-FDG-PET using VINCI software 

(Max Planck Institute, Cologne, Germany) and subsequently used to manually define the regions 

of interest (ROI) of the pons, occipital lobe and cerebellum in normal subjects (Figure 1). For 
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Figure 1. Co-registered T1-MR and FDG-PET of a control.
The region of interest (ROI) was defined on the co-registered T1-MR on sagittal, coronal and axial slices. The 
upper row shows the ROI of the pons, the second row of the occipital lobe and the third row of the cerebellum. 
For the occipital lobe, five slices were taken as the ROI from the coronal angle. The lower row shows the PET 
scan after T1-MRI fusion.
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table 1. Baseline and PET characteristics of controls and patients with a DIPG

Controls DIPG

Number of subjects 361 6

Male 21 2

Female 15 4

Median Age (years) 12 ±4 6 ±5

0-5 0 2

6-10 15 3

11-15 14 0

16-20 5 1

20-25 2 0

Anti-epileptic drugs

Valproic acid 3 0

Clobazam 4 0

Carbamazepine 12 0

Levetiracetam 6 0

Lamotrigine 9 0

Other 3 0

Histology

Anaplastic astrocytoma 2 (biopsy)

Glioblastoma multiforme 1 (autopsy)

DIPG histology unknown 3

PET characteristics

Mean 18F-FDG-dose (MBq) 187 ±11 170 ±29

Mean scan duration (min) 15 ±0 16 ±2

15 min 35 5

20 min 1 1

18F-FDG uptake interval time

Mean (min) 48 ±16 50 ±27

PET reconstruction parameters

Method OSEM2 OSEM

Matrix 256 34 6

Matrix 128 2 0

1 The controls consisted of 6 subjects with temporal lobe, 1 with parietal lobe, 2 with frontal lobe epileptogenic 
foci, 5 with hypometabolism of the hippocampus, 5 with focal cortical dysplasia, 3 with mesial temporal sclerosis 
and 14 without structural or 18F-FDG PET epileptogenic foci. 2OSEM= ordered subset expectation maximization
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DIPG, the ROI was defined as the hypointense pontine lesion on T1 MRI, independent of contrast 

enhancement. The ROI were projected on the PET and the mean uptake (Bq/cc) was calculated 

for the entire defined ROI. Next the SUV ratios were calculated by dividing the activity (Bq/

cc) of the pons by the reference regions. Control group reference regions were occipital lobe 

(SUVr
pons/occipital

 = SUVr
p/o

) and cerebellum (SUVr
pons/cerebellum

 = SUVr
p/c

). Temporoparietal lobe was 

excluded as a reference region in this control group as FDG uptake may have been affected 

by epilepsy induced changes in this region. For DIPG, the maximal SUVratios (SUVr
p(max)/c

 and 

SUVr
p(max)/o

) were calculated by dividing the hottest pixel of the pons (cc/Bq) by the mean uptake 

of the reference region. (cc/Bq) Finally, SUV ratios were correlated to post-injection time, age, sex 

and pontine volume (calculated on MRI) in the control cohort.

statistics

SPSS 18.0 for Windows was used for statistical analyses. The range and distribution of the SUVr
p/c

 

and SUVr
p/c

 are illustrated in histograms and boxplots. To determine whether the observations 

followed a normal (Gaussian) distribution, histograms and QQ-plots were established. The mean, 

standard deviation and corresponding confidence intervals were calculated accordingly. Based on 

a Gaussian distribution in both groups, independent samples t-tests were used to compare the 

mean SUV ratios of male versus female subjects. Non-parametric tests (Mann-Whitney U) were 

used to compare SUVr
p/c

 and SUVr
p/c

 of DIPG versus controls. Pearson’s correlation test was used 

to correlate parameters with SUV ratios.

ResULts

Baseline characteristics

Baseline characteristics are summarized in table 1.

sUV ratios of the normal pons

Controls showed consistent SUV ratios of the normal pons; a mean SUVr
p/c

 of 0.65 (± 0.054) and 

mean SUVr
p/o

 of 0.51 (± 0.056). SUVr
p/c

 and SUVr
p/o

showed a normal Gaussian distribution as 

confirmed by histograms and QQ plots (Supplemental Figure available online). Figure 2 shows the 

SUV ratios of the normal pons.

Pontine SUV ratios in relation to pontine volume, sex and age

The average volume of the normal pons was 10 cm3 (± 1.4). The pontine volume linearly increased 

with age (regression coefficient 0.17 r=0.51, p=0.001; Fig 3a). There was no significant correla-

tion between SUVr
p/o

 (r=0.18, p=0.28) (fig 3b) and pontine volume nor SUVr
p/c

 (r=-0.13, p=0.45) 

and pontine volume. Furthermore, SUV ratios were found to be age-independent, with r-values of 
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Figure 2. Boxplots of SUVr
p/c

 (a) and SUVr
p/o

 (b) for the normal pons versus DIPG.
The SUVr deviation between controls is limited compared to patients with DIPG. The mean SUVr

p/c
 and SUVr

p/o
 

are both not significantly higher in DIPG compared to controls. In the majority of the DIPG patients, the SUVr
p/c

 
and SUVr

p/o
 is less than 1.0. Some patients with DIPG even show SUVr at the lower end of SUVr of controls.
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Figure 3. SUVr versus age and pontine volume.
Age is significantly correlated with the pontine volume of controls as measured on MRI (a). The line shown is 
the regression curve. The SUVr

p/o
 of controls and DIPG is plotted against pontine volume (b) and age (c). No 

correlation was found between SUVr
p/o

 and these parameters. This also applies to SUVr
p/c

 (figures not shown).
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-0.17 (p=0.324) and 0.18 (p=0.305) for SUVr
p/c

 and SUVr
p/o

 (fig 3c), respectively. We also found 

no significant difference between male and female subjects for SUVr
p/c

 (p=0.86) nor SUVr
p/o

 

(p=0.98).

Pontine FDG SUV ratios as a function of post-injection uptake time

To determine whether uptake time influenced the 18F-FDG uptake, we investigated the correlation 

between the SUV ratios and the post-injection uptake time in the control group (figure 4). A 

modest positive correlation was found with both SUVr
p/c

 (r=0.37 p=0.034) and SUVr
p/o

 (R=0.43 

p=0.012) and increasing post-injection time. The regression coefficients were small (0.0011/min 

and 0.0015/min, respectively).

b) 

a) 

b)

a)

Figure 4. SUVr
p/o

(a) and SUVr
p/c

 (b) plotted against the post-injection (PI) time.
Both SUV ratios slightly increase over time, in other words, the pons shows a delayed uptake of 18F-FDG com-
pared to the cerebellum and occipital lobe. The line shown is the regression curve.
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18F-FDG uptake in the normal pons versus DIPG

The average DIPG volume on MRI was 27 cm3 (±4.1). The mean SUVr
p/c

 in DIPG patients was 0.74 

(±0.20), whereas in controls a SUVr
p/c

 of 0.65 (± 0.054) was found (p=0.64) (figure 2). The mean 

SUVr
p/o

 in DIPG patients was 0.65 (±0.30), which was 0.51 (±0.056) in controls (p=0.37). In only 

one out of 6 DIPG’s a SUVr
p/o

 and SUVr
p/c

 ≥ 1.0 was found. In three patients with increased local 
18F-FDG tumor uptake the SUVrmax was calculated. The mean SUVr

p(max)/o
 was 1.81(±0.20) and 

SUVr
p(max)/c

 was 1.95 (±0.48) which was significantly higher than the mean SUVr of the normal 

pons (p=0.042 and p=0.005).

DIsCUssIon

In an era where numerous drug trials in DIPG are ongoing or will be initiated shortly, it is essential 

to develop tools to predict disease evolution and to monitor response to therapy (14). 18F-FDG PET 

has the potential to be such a tool. However, the interpretation of 18F-FDG PET results in DIPG is 

hampered by a lack of data on normal pontine glucose metabolism in children. We show in this 

study that 18F-FDG SUV ratios of the normal pons versus cerebellum and occipital lobe are very 

consistent in-between controls, independent of sex, age and pontine volume and are therefore 

suitable as a reference value for 18F-FDG PET studies in DIPG. Not only the pons of controls but 

also the pons infiltrated by tumor often showed lower 18F-FDG uptake than the cerebellum and 

occipital lobe, a phenomenon that has been reported before (10). Moreover, the mean SUVr of 

DIPG were not significantly higher than of the normal pons, but this is probably due to the small 

DIPG sample size as the standard deviations were high. One may therefore question the role of 
18F-FDG PET in DIPG, however, the mean SUVrmax was clearly increased in DIPG compared to the 

normal pons. Indeed, a recent study showed a significant correlation between increased 18F-FDG 

tumor uptake and decreased survival in patients with this disease (10). This correlation might 

be even stronger when considering that a SUVr
p/o

 in DIPG between 0.5 and 1.0 already reflects 

increased 18F-FDG uptake in comparison with the normal pons. This consideration is not taken 

into account in studies using semi-quantitative measurements that lead to classification as “hypo-/ 

iso-/ hypermetabolic” compared to other brain areas (6-10).

An explanation for the limited 18F-FDG uptake in DIPG compared to supratentorial HGG is that 

DIPG are heterogeneous tumors with a mixed histologic tumor grade, as local uptake of the tracer 

is related to the presence of anaplastic features (11;15-16). Calculating the SUVrmax, reflecting 

the highest local uptake in the tumor, is helpful in those tumors with heterogeneous 18F-FDG 

uptake. Other explanations of the limited uptake are the frequently observed integrity of the 

blood-brain barrier in DIPG and the presence of white matter in the pontine region, which has 

low glucose metabolism (17).
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We further investigated whether the time between injection and PET scanning had influence 

on the 18F-FDG uptake in the pons of controls compared to other brain areas. Indeed, SUVr
p/c

 and 

SUVr
p/o

 were positively correlated with increasing post-injection time. This suggests a delayed 

uptake of this tracer in the pons compared to cerebellum and occipital lobe. However, the SUVr 

regression coefficients were small and therefore the influence of the uptake interval in clinical 

practice is negligible.

The main advantage of SUV ratios is that the possible errors in the measurement of weight or 

transcription and dose administered are minimized by the ratio between the two SUV measure-

ments (18). This applies especially for pediatric cancer, with low patient numbers and therefore 

often multi-national multi-center trials. In this study, we showed that SUV ratios of the normal 

pons are independent of sex, pontine volume and age, although we had an under-representation 

of the youngest children (< 5 years) in the control group. Although SUV ratios may give useful 

information in serial measurements, it has its limitations. In situations in which the 18F-FDG uptake 

of the reference tissue varies, changes in SUV ratios can be misleading. For example, this may be 

the case when patients use steroids, which influence the glucose metabolism of the brain (19). 

A methodological issue in this study was the use of epilepsy patients as controls, as 18F-FDG PET 

data of healthy children could not be obtained due to ethical reasons regarding the radiation 

exposure. We, however, do not expect significant changes in glucose metabolism of the pons due 

to epilepsy as all our subjects were in an inter-ictal state, which is not associated with changed 

glucose metabolism (20). Furthermore, several anti-epileptic drugs including phenobarbital, phe-

nytoin, benzodiazepines and valproic acid, have been associated with hypometabolism of the 

brain and especially the cerebellum and may therefore overestimate the SUVr
p/c,

 Of these drugs, 

only valproic acid and clobazam were used in this study by respectively 3 and 4 out of 37 controls 

(21,22). The lack of variance in-between controls of both SUVr
p/c

 and SUVr
p/o

 presumes that the 

use of anti-epileptic drugs has not influenced our results significantly. In addition, the use of the 

cerebellum as a reference in epileptic patients in 18F-FDG PET studies is not uncommon (23;24).

Future 18F-FDG PET studies in DIPG may now compare SUVr and SUVrmax in DIPG to the here 

reported mean SUV ratios of the normal pons. By comparing SUV ratios to the normal pons, 

smaller increases in glucose metabolism can be detected in comparison with semi-quantitative 

measurements, as DIPG often show lower glucose metabolism than the reference brain tissue 

(occipital lobe). In this way, the sensitivity and applicability of 18F-FDG PET as a predictive and 

response monitoring tool for patients with DIPG can be increased.

ConCLUsIon

We established a reference SUVr for 18F-FDG uptake in the normal pons. SUV ratios are very con-

sistent in-between controls and independent of pontine volume, sex or age. The 18F-FDG uptake in 



83

Chapter

5

18F-FDG PET standard uptake values of the normal pons in children

the normal pons was low compared to the reference brain areas, but also in DIPG the uptake was 

often lower than in occipital and cerebellar tissue. We encourage a study in controls to validate 

our results and propose that future 18F-FDG PET trials in DIPG calculate SUV and SUV(max) ratios, 

in order to relate these to the here reported mean SUV ratios of the normal pons. Smaller changes 

in the tumor’s glucose metabolism can be detected in this way, which may have prognostic 

relevance for the patient.
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ABstRACt

BACKGROUND Vascular endothelial growth factor (VEGF) is involved in cell proliferation and 

angiogenesis. Bevacizumab is a monoclonal antibody that neutralizes VEGF-activity. The role of 

bevacizumab for treatment of diffuse intrinsic pontine gliomas (DIPG) in children is unclear. The 

aim of this study was to investigate the biodistribution of zirconium-89 (89Zr) labeled bevacizumab 

in the E98-DIPG mouse model in order to determine the bevacizumab tumor uptake.

METHODS Human E98 glioma cells were genetically engineered to express Firefly luciferase, which 

allows the monitoring of tumor growth by bioluminescence imaging. These cells were injected in 

the subcutis, pons, or striatum of 30 athymic mice and allowed to grow either 18 or 35 days. 89Zr-

bevacizumab was administered intraperitoneally. Seventy-two to 96 hours after 89Zr-bevacizumab 

injection, mice were imaged by Positron Emitting Tomography (PET) and biodistribution analysis 

was performed ex vivo. The VEGF-status was analyzed by in situ hybridisation (ISH).

RESULTS There was no significant 89Zr-bevacizumab uptake in the mouse brain nor in the E98 glio-

mas located in the pons and striatum at either stage of the disease, whereas the subcutaneous 

tumors showed high accumulation of 89Zr-bevacizumab. This was detected both by PET imaging 

and by ex vivo biodistribution. VEGF expression was confirmed by ISH in the perinecrotic cells of 

the subcutaneous tumors, but was absent in the intracranial tumors, which showed no necrosis.

CONCLUSIONS The uptake of 89Zr-bevacizumab in the mouse brain and E98 tumors located in the 

pons and striatum is poor, while 89Zr-bevacizumab accumulates in subcutaneous tumors. This sug-

gests VEGF targeting with bevacizumab is not beneficial in diffusely growing brain tumors with 

limited blood brain barrier disruption. These results justify the use of 89Zr-bevacizumab immuno-

PET studies in children with DIPG, to investigate whether bevacizumab targets the tumor site and 

to prevent unnecessary toxic treatment.
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IntRoDUCtIon

Recent advances in molecular and cellular cancer biology have resulted in the identification 

of critical molecular tumor targets involved in all phases of tumor growth and spreading. This 

knowledge has boosted the rational design of novel drugs, especially monoclonal antibodies and 

tyrosine kinase inhibitors. Broad application of these therapeutics has, however, often not been 

successful. It seems crucial to select patients based on the appropriate tumor characteristics when 

applying targeted therapy. Molecular imaging, a method in which target expression, pharmaco-

kinetics and –dynamics can be studied concurrently in a non-invasive manner, potentially allows 

identification of those patients who can benefit from targeted therapy as well as those who lack 

target expression and can thus be considered unlikely to respond.

A disease that may particularly benefit from molecular imaging is diffuse intrinsic pontine glioma 

(DIPG), a childhood malignancy located in the brainstem with a dismal prognosis. In the past 30 

years the outcome of patients with DIPG has remained unchanged, with less than 10% of the 

patients being alive two years from diagnosis (1, 2). DIPGs are resistant to systemic chemotherapy 

and whether drugs can actually reach this tumor remains an open question. Given the limited 

gadolinium uptake on MRI in these patients (3), it is plausible that the blood-brain barrier (BBB) in 

DIPG often remains intact, creating an obstacle for effective drug distribution. Therefore, there is 

an urgent need not only to employ drugs that can target specific DIPG tumor-driving proteins but 

also that can effectively by-pass the BBB and reach this tumor.

A well-studied drug target in gliomas is the vascular endothelial growth factor (VEGF), a signal 

protein stimulating angiogenesis and increasing vessel permeability (4). Overexpression of VEGF-A, 

its receptor VEGFR2, or both, have been implicated as poor prognostic markers in various clinical 

studies (4, 5). Bevacizumab is a recombinant humanized monoclonal antibody that selectively 

binds with high affinity to all isoforms of human VEGF, and neutralizes their biologic activity 

(4). Studies in adults on recurrent high-grade glioma (HGG) reported high radiological response 

rates with bevacizumab, although the overall survival (OS) did often not improve significantly 

(6-8). A subsequently published meta-analysis concluded evidence was insufficient to support 

upfront bevacizumab use in newly diagnosed glioblastoma based on lack of effect on survival 

(9). Bevacizumab use has also been studied in a number of non-randomized trails in padiatric 

brain tumor patients. Efficacy in these trails has been variable, with a subset of patients showing 

clear radiological and/or clinical improvement on therapy. A large study that is currently enrolling 

pediatric supratentorial high grade glioma patients should give more insight into the role of 

bevacizumab this patient population (NCT00890786; clinicaltrials.gov). The role of bevacizumab 

in the treatment of DIPG patients is even less clear. So far its efficacy both in terms of radiological 

response and improvement of OS has varied and only non-randomized clinical trials, case reports 
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and retrospective studies have been published (10, 11). However, multiple studies are currently 

exploring the role of bevacizumab in DIPG (NCT00890786 and NCT01182350; clinicaltrials.gov, 

NTR2391; trialregister.nl).

As stated earlier, efficacy of a drug can potentially be expected when there is target expression 

(VEGF expression) and target engagement (adequate distribution of bevacizumab). Lack of clini-

cal effect may be due to either poor transport of bevacizumab into the tumor due to an intact 

blood brain barrier or a lack of expression of its target due to the diffuse nature of the tumor. 

In this study we explore the rationale behind using bevacizumab in DIPG, by analyzing tumor 

VEGF(R) expression and by using molecular imaging with labeled zirconium-89-bevacuzimab to 

study bevacizumab distribution in a diffusely growing in vivo DIPG model, the E98FM-DIPG (12).

MAteRIALs AnD MetHoDs

VEGF-A and VEGFR2 expression profiles

VEGF-A and VEGFR2 (KDR) mRNA expression was determined in DIPG using publicly available 

datasets, and compared to non-malignant brain tissues, pediatric high grade gliomas and adult 

high grade glioma. For this purpose we used R2, a web-based microarray analysis and visualiza-

tion platform (http://r2.amc.nl).

Immunohistochemistry and in situ hybridization

Pontine glioma biopsy samples were collected via the Dutch nationwide histopathology, cyto-

pathology data network and archive “PALGA” and by a multicenter autopsy protocol as we 

have previously described (12, 13). Biopsy material originated from patients aged 0 to 17 with a 

pontine glioma and revealed a World Health Organisation (WHO) grade 2, 3 or 4 astrocytoma. 

All autopsy specimens were diagnosed as WHO grade 4 glioblastoma. Formalin fixed paraffin 

embedded sections were cut and subjected to immunohistochemical (IHC) and hematoxylin and 

eosin (H&E) staining. After deparaffinization and antigen retrieval, sections were incubated with 

primary anti-VEGFR2 antibodies (A102479L Cell Signalling).

E98 tumors were cut in 5um slices and incubated with VEGF ISH-probes against the human VEGF 

coding sequence using a previously published protocol (14). Samples were evaluated by micros-

copy with a Zeiss Axioskip microscope (HBO100W/Z), equipped with a Canon digital camera 

(Canon PowerShot A640, Canon Inc., Tokyo, Japan) as well as imaging software (Canon Utilities, 

ZoomBrowser Ex. 5.7, Canon Inc., Tokyo, Japan).
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Labeling and quality control of 89Zr-bevacizumab

Bevacizumab was labeled with zirconium-89 using N-succinyl-desferrioxamine (N-suc-Df) as de-

scribed previously (15). In short: the chelator, desferrioxamine, was succinylated to N-suc-Df, 

next the hydroxamate groups were blocked with iron and the succinyl group activated as its 

TFP-ester (Fe-N-suc-Df-TFP ester). 6mg/mL bevacizumab was reacted with two equivalents of Fe-

N-suc-Df-TFP ester at pH 9 for 30 min at room temperature. Hereafter, iron was removed at pH 

4.2-4.5 with an excess of ethylenediaminetetraacetic acid (EDTA) for 30 min at 35°C and N-suc-

Df-bevacizumab purified by size exclusion chromatography using a PD-10 column. Radiolabeling 

of N-suc-Df-bevacizumab was performed in Hepes buffer: to 200 μL 89Zr in 1M oxalic acid was 

added 90 μL 2M Na
2
CO

3
, after 3 min 300 μL 0.5 M Hepes, N-suc-Df-bevacizumab and 700 μL 0.5 

M Hepes were added. After 60 minutes reaction time 89Zr-N-suc-DfFO-bevacizumab was purified 

by PD10 using 5 mg/mL gentisic acid in 0.9% NaCl (pH 4.9-5.4) as the mobile phase.

Radiochemical purity and antibody integrity were determined using instant thin-layer chroma-

tography (iTLC), high-performance liquid chromatography (HPLC) and sodium dodecylsulfate-

polyacrylamide gel electrophoresis followed by phosphor imager analysis, and for analysis of 

immunoreactivity an ELISA assay was used. iTLC analysis of 89Zr-bevacizumab was performed on 

TEC control chromatography strips (Biodex). As the mobile phase, citrate buffer (20 mmol/L, pH 

5.0) containing 10% acetonitrile was used. HPLC analyses of bevacizumab modification and radio-

labeling were performed using a Jasco HPLC system equipped with a SuperdexTM 200 10/30 GL 

size exclusion column (GE healthcare Life sciences) using a mixture of 0.05 M sodium phosphate, 

0.15 M sodium chloride (pH 6.8) and 0.01 M NaN
3
 as the eluent at a flow rate of 0.5 mL/min. The 

radioactivity of the eluate was monitored using an inline NaI(Tl) radiodetector (Raytest Sockett).

Cell lines

The E98 glioma cell line was transduced to express firefly luciferase (Fluc) and mCherry (E98-FM 

cells) and cultured in Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10% fetal 

calf serum (FCS) and penicillin and streptomycin (16, 17). These cells were injected subcutane-

ously in athymic nude mice to expand the number of cells and maintain the migratory capacity 

of the cells (18). When the subcutaneous tumor reached a diameter of 1 cm, the tumor was 

removed and a single cell suspension was prepared by mechanical disruption through 100 μm 

nylon cell strainer. The cells were washed once with PBS and concentrated to 1x105 cells per μl.

Animal models

All experiments were approved by the Animal Experimental Committee of the VU University 

Medical Center Amsterdam and were carried out in accordance to national and international 

guidelines.
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Athymic nude mice (six weeks old) were purchased from Harlan (Horst, The Netherlands) and 

kept under filter top conditions and received food and water ad libitum. E98FM glioma cells were 

xenografted as described previously (18). A single cell suspension of the glioma cells was prepared 

by mechanical disruption of a subcutaneous tumor through an 100 μm nylon cell strainer. A total 

of 30 mice were stereotactically injected with 5x105 Cells in a final volume of 5uL into the pons 

or striatum, or injected subcutaneously 3x106 cells in a final volume of 100μl/flank). Coordinates 

used for intra-cranial injections were -1.0 mm X, -0.8 mm Y, 4,5 mm Z from the labda for pontine 

tumors and 0.5 mm X, 2 mm Y, -2 mm Z from the bregma for the striatum tumors. Coordinates 

were based on “The mouse brain in stereotaxic coordinates” by Franklin and Paxinos, 3rd edition. 

Tumor growth was monitored by bioluminescence measurement of the Fluc signal. Early stage 

tumors in the pons (n = 8) and striatum (n = 7) and subcutaneous (n=3) were allowed to grow 

for 18 days and late stage tumors (n = 9, striatum, n = 3, subcutaneous) grew for 35 days after 

xenograft injection. No 35 days post-xenograft injection tumors of the pons were available as the 

pontine tumors resulted in death of the mice within 3 weeks from injection. At the endpoint of 

the study, mice were injected i.p. with 89Zr-labelled bevacizumab (40 μg, 5 MBq for PET analysis 

and ex vivo biodistribution or 185 kBq for ex vivo biodistribution only).

Pet Imaging and ex vivo analysis

The distribution of the 89Zr-tracer was determined 72 hours (ex vivo only) or 96 hours (PET scan-

ning followed by ex vivo analysis) after administration. A minimum of 72 hours interval between 

injection and scanning has previously been shown to achieve optimal tumor-to-non-tumor ratios 

(19). Mice were anesthetized by isoflurane inhalation anesthesia. Before placement of the mice 

into the PET scanner, a tube was placed intraperitoneally to enable injection of 18F(-). Six mice 

were simultaneously placed in a double lutetium oxyorthosilicate layer High Resolution Research 

Tomograph scanner (HRRT, CTI, Knoxville, TN, USA). Static images of 60 minutes acquisition time 

were obtained. Thereafter 18F(-) was injected i.p (10 MBq/mouse) for co-localization of the bone 

structures. The 18F(-) signal was obtained by static images of 60 min. acquisition. During the whole 

imaging procedure the mice were anesthetized by isoflurane inhalation (1.5 L 02/minute and 

2.5% isoflurane). Body temperature was controlled with a heated platform (kept at 37 C). The 

data were uploaded and visualized in Amide vs. 1.0.1 (medical image data examiner).

ex vivo analysis

After PET imaging, animals were sacrificed for ex vivo biodistribution analysis. Tumor, organs 

and tissues were excised, rinsed for residual blood, and weighed. Radioactivity was counted on 

a Compugamma gamma counter and expressed as activity per gram tissue. Differences were 

analysed by ANOVA followed by Tukey’s post hoc test to determine differences between groups. 

A p<0.05 was considered significant.
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ResULts

VEGF-A and its receptor VEGFR2 are expressed in diffuse intrinsic pontine glioma

A search in a publically available mRNA expression database curated by the Amsterdam Medical 

Center (R2.amc.nl) revealed that VEGF-A is overexpressed in DIPG compared to normal brain and 

compared to non-pontine adult- and pediatric HGG (Figure 1a). VEGFR2 (KDR) mRNA expression 

was low in both pediatric and adult glioma, compared to normal brain (Figure 1b). Protein expres-

sion analysis of VEGFR2, VEGF’s biologically most active receptor, by immunohistochemistry on 

16 primary DIPG tumor samples revealed low to moderate expression in half of the specimens, 

while the other half was VEGFR2-negative. VEGFR2 expression was found both in the tumor cell 

membrane and cytoplasm as well as around the blood vessels (Figure 1c t/m h).

Biodistribution of 89Zr-bevacizumab

Tumor engraftment was confirmed by bioluminescent imaging in all mice injected with E98-FM 

cells, both subcutaneously and intracranially (pons and striatum) (Supplemental Figure). Impor-

tantly E98-FM pontine xenografts resembled the diffuse phenotype of human DIPG, as we previ-

ously described (18). The schematic overview of the experiment can be seen in figure 2. 72 – 96 

hours after i.p. injection of 89Zr-bevacizumab, the animals were imaged by PET: 89Zr-bevacizumab 

uptake was not visualized in the gliomas located in the striatum nor in the pons in either stage of 

disease (early or late) (Figure 3). The subcutaneous tumors, however, showed high accumulation 

of 89Zr-bevacizumab (p < 0.01). There was no visible uptake in the brain in all mice independently 

of the presence of a tumor. The animals were then sacrificed and 89Zr-bevacizumab radioactivity 

in the excised tumor, organs and tissues was quantified using the gamma counter (figure 4). 89Zr-

bevacizumab was predominantly found in blood and in well-perfused organs including the liver, 

spleen and lungs. After catabolism in the liver, 89Zr-bevacizumab was excreted via the intestines 

and to a lower extent the urine.

In situ-hybridization of VEGF

To determine whether the differences between the uptake in the subcutaneous versus the intra-

cranial tumors were due to an impaired distribution of 89Zr-bevacizumab into the brain or to a 

differential expression of its target, the VEGF status was analyzed in the different models. In situ 

hybridization confirmed the expression of VEGF in the subcutaneous E98 tumors (Figure 5, n = 

2), while VEGF expression was absent in all pontine and stratial E98 tumors examined (n = 11, 

early stage). Of note, VEGF was preferentially expressed in perinecrotic cells in the subcutane-

ous tumors showing extensive necrosis, a phenomenon that was not present in the striatal and 

pontine tumors.
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Figure 1. Expression profiles of VEGF-A and VEGFR2.
1a,b: In silico analysis of mRNA expression using R2 analysis software on datasets of diffuse intrinsic pontine 
glioma (DIPG) (n=27) and pediatric high grade glioma (pHGG) (n=53), versus datasets of non malignant brain 
tissue and adult HGG of VEGF-A (a) and VEGFR2 (b). The DIPG samples are post-mortem samples *(30, 32). 1c-h: 
Vascular endothelial growth factor receptor (VEGFR)2 expression in DIPG, tissue (n=16) as assessed by immuno-
histochemistry. Expression of VEGFR2 is absent (panel c and f), or moderate (panel d, g) in tumor cells (nuclear, 
membranous and cytoplasmatic staining), while high expression is detected in the tumor vasculature (panel e, 
h). Representative images are shown. The lower row of figures show higher magnification images of the area 
circumscribed by the black square (c,d,e: magnification 50x; f,g,h magnification 200x).
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Figure 2. Schematic overview of the experiment.
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Figure 3 89Zr-PET imaging of mice with an E98 tumor
The tumor is located in the pons (left panel), striatum (middle panel), or subcutis (right panel). The crossing 
intersection indicates the location of the tumor. While no significant uptake of 89Zr-bevacizumab is observed in 
the pons and striatal tumor, the subcutaneous tumor shows a PET hot spot (arrow) reflecting 89Zr -bevacizumab 
accumulation in the tumor. The highest intensity can be seen in the coronal and sagittal slices, corresponding 
with the heart of the mice reflecting 89Zr-bevacizumab uptake in blood.
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Figure 5. VEGF expression in DIPG tumors as assessed by VEGF in situ hybridization (ISH).
a) Positive VEGF staining in subcutaneous E98FM tumor cells (magn. 25x). The tumor shows extensive necrosis 
surrounded by VEGF positive cells. b) Detail of a) (magn. 200x). c) No VEGF mRNA expression is detected in the 
E98FM tumor tissue in the striatum (magn. 200x, insert 50x magnification) d) Lack of VEGF mRNA expression in 
the E98FM tumor tissue in the pons (magn. 200x, insert 50x magnification).
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Figure 4. 89Zr-bevacizumab uptake measured ex vivo
89Zr-bevacizumab uptake is measured by radioactivity of the specific organs and the tumor after dissection, 
expressed as percentage of the injected dose per gram tissue. A high uptake of 89Zr-bevacizumab in the subcu-
taneous E98 tumor is measured, while the uptake in the pontine and striatal tumor is low and comparable to 
normal mouse brain.
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DIsCUssIon

The role of bevacizumab in the treatment of DIPG is unclear and the efficacy will depend on 

appropriate drug distribution as well as expression of the drug target, i.e. VEGF-A, both of which 

have not previously been examined. We used molecular imaging to study the influence of location 

and stage of disease on biodistribution of 89Zr-bevacizumab in an E98 DIPG-, striatal and subcuta-

neous glioma mouse models and found no significant uptake of 89Zr-bevacizumab neither in the 

brain, nor in both intracranial tumors at any stage of the disease. In contrast, high accumulation 

of 89Zr–bevacizumab was observed in the subcutaneous E98-xenograft. We initially hypothesized 

that lack of 89Zr–bevacizumab uptake could solely be explained by poor distribution into the 

brain, as large molecules like monoclonal antibodies may not be able to pass the blood brain 

barrier. However, also the VEGF expression of the E98 glioma cells - analyzed by ISH – differed 

between tumor locations: E98 gliomas in both striatum and pons appeared VEGF-negative, while 

the subcutaneous E98 tumors were VEGF-positive. The differences in VEGF expression of the 

tumors in distinct locations originating from the same cell line, confirms that the orthotopic micro-

environment significantly influences gene expression in glioma cells, a phenomenon that has been 

described previously (20, 21). Indeed, the VEGF expressing E98 subcutaneous tumors showed 

extensive necrosis, while the VEGF lacking E98 intracranial tumors did not show necrotic areas. 

It has been shown previously that VEGF is predominantly overexpressed in hypoxic, perinecrotic 

cells in GBM, which explains the difference in expression (22, 23). It must be noted that stromal 

cell-derived mouse VEGF-A is not neutralized by bevacizumab due to the inability of the compound 

to bind murine VEGF-A (24). We consider it unlikely that stromal derived VEGF plays an important 

role since no abundant vascular proliferation is present in the E98 orthotopic xenograft (25).

Previous research has shown that the relation between a histologically diffuse growth pattern 

and blood brain barrier integrity is complex and VEGF expression plays a role in regulating this 

process. High VEGF expression is associated with high vascular proliferation and permeability 

and a “leaky” phenotype. Comparably, diffuse tumors are less likely to have hypoxic areas and 

high VEGF expression. Preclinical research has shown that treatment with bevacizumab or other 

anti-VEGF therapies are associated with an increased diffuse and infiltrative phenotype (26). This 

phenomenon also explains the decrease in gadolinium enhancing lesions on MRI after bevacizum-

ab treatment because the VEGF producing areas are usually represented by contrast-enhancing 

lesions (27). E98FM-DIPG and E98FM supratentorial tumors represent the diffuse phenotype 

present in early stage DIPG. In contrast to adult malignant glioma, contrast enhancing lesions are 

atypical for DIPG at diagnosis; generally the contrast uptake is limited, and 50% of the patients 

show no enhancement at all (3). The lack of contrast enhancement suggests an intact blood-brain 

barrier in a substantial part of the patients, coinciding with low VEGF expression and inability of 

bevacizumab to target the tumor (28).
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In silico analysis however indicates that human DIPG tumors have relatively high expression levels 

of VEGF mRNA, and we here show that its biologically most active receptor VEGFR2 is present 

in a subset of the patients. Considering that the majority of tumors (23 out of 27) used for the 

microarray experiments were collected post-mortem (and also post-radiotherapy) these samples 

represent end stage of the disease, and even more important, post-radiotherapy (29, 30). In 

the end-stage of the disease, DIPG is known to have necrotic areas with blood-brain barrier 

disruption compatible with the histology of glioblastoma multiforme (GBM), which is associated 

with high VEGF expression. Although numbers are very low, it is important to point out that VEGF 

expression in samples obtained pre-treatment were significantly lower compared to post-mortem 

end-stage samples. This corresponds to the low VEGF expression found in the intracranial tumors 

in our study, as all mice were untreated. We are currently studying the differences in VEGF-A 

expression in autopsy-derived DIPG tissue between the necrotic areas and the more diffusely 

growing tumor parts without necrosis.

The results of immuno-PET imaging and VEGF-ISH in this E98 DIPG model are in line with the 

varying clinical response rates thus far obtained with bevacizumab in children with DIPG (10). The 

data presented suggest no adequate uptake of bevacizumab will occur in brain tumors that pres-

ent without blood brain barrier disruption. This is an important concept that we aim to confirm in 

children with DIPG in the near future using molecular PET imaging.

FUtURe DIReCtIons

Following the results of this study, we developed a molecular drug imaging trial with 89Zr-bevacizumab 

in children with DIPG (study number NTR3518 www.trialregister.nl). This technique aims to further 

unravel the role of bevacizumab treatment in DIPG. Ideally such molecular imaging is combined 

with VEGFA and VEGFR2 expression analysis on tumor tissue originating from biopsies taken from 

several parts of the tumor, but biopsying patients is still no common practice in DIPG. If the target 

is expressed in (a subset of) patients, but distribution of bevacizumab into the brain appears equally 

poor in humans as in these mouse models, these patients might benefit from local administration of 

the drug, thus improving the tumor uptake and reducing systemic side effects. Local administration 

of bevacizumab is a technique that is already used in ophthalmology for macular degeneration and 

diabetic retinopathy (31). In general, integrating molecular imaging with radiolabelled compounds 

in the treatment of childhood cancer would help to personalize treatment for the individual patient 

and avoid unnecessary side effects of drugs that do not even reach the tumor.
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ABstRACt

PURPOSE The aim of this pilot study was to introduce molecular drug imaging in children. We 

investigated whether 89Zr-bevacizumab PET was feasible and could be quantified in children with 

diffuse intrinsic pontine glioma (DIPG).

METHODS Three patients with DIPG, aged 6, 7 and 17 years, received 0.1mg/kg bevacizumab, 

labeled with 0.9MBq/kg zirconium-89 (89Zr). Whole body PET-CT scans were performed at 1, 72 

and 144 hours post-injection. Biodistribution of 89Zr-bevacizumab was quantified by Standardized 

Uptake Values (SUVs).

RESULTS No adverse events occurred. Tumor uptake was observed in 2/3 patients (SUVratio: 0.5 

and 2 versus liver uptake). Highest 89Zr-bevacizumab organ uptake was observed in liver, followed 

by kidneys, lungs and bone marrow. Mean effective dose per patient was 0.87 ±0.17 mSv/MBq.

CONCLUSION 89Zr-bevacizumab PET-studies are feasible in children with acceptable radiation 

burden. Two DIPG tumors showed significant, but quantitatively different uptake of bevacizumab, 

suggesting patients should be pre-selected to benefit from treatment.
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IntRoDUCtIon

In medical research involving children with cancer, there is a delicate balance between the pro-

tection of these seriously ill patients on the one hand and the search for novel diagnostics or 

therapeutics on the other. Only in rare cases it is justified to perform research which will not 

directly benefit the children involved, but which benefits the quality of care in future pediatric 

patients. We believe the use of molecular drug imaging is an example of this. Molecular drug 

imaging has great clinical relevance, because it can display in vivo drug-behavior non-invasively. 

It can therewith serve as a tool to analyze the therapeutic potential and toxic risks of an agent. 

Children with cancer are particularly likely to benefit from the use of molecular drug imaging, 

since drugs that do not show to reach their target effectively do cause side effects, potentially 

causing a life-long burden. Unfortunately, despite a recent boost of molecular imaging in adults, 

studies of this kind have not been performed in children yet (1).

In the management of cancer, molecular biology and targeted drugs have grown increasingly 

more important. However, therapies targeting specific molecular pathways have not always been 

successful yet. A potential explanation is our limited understanding of the in vivo behavior of 

drugs. This applies in particular to diffuse intrinsic pontine glioma (DIPG), a lethal childhood 

malignancy of the brainstem comprising 10% of all pediatric central nervous system tumors (2). 

DIPGs are resistant to all kinds of systemic therapies, including targeted agents, and hardly any 

patient survives beyond two years from diagnosis (3,4). One explanation for the failure of treat-

ment in DIPG patients may be that the blood-brain barrier often seems intact, as shown by limited 

contrast enhancement on magnetic resonance imaging (MRI). It is therewith doubtful whether 

drugs actually reach the tumor (5). Furthermore, data on the exact biology of DIPG is relatively 

scarce since biopsies are not regularly performed. If performed, biopsies represent only a small 

portion of the tissue, making it hard to detect heterogeneity within the tumor. Molecular drug 

imaging may confirm or debunk the proposed explanations of treatment failure in DIPG by reveal-

ing more information on in vivo drug interaction and molecular tumor characteristics.

One of the potential drug targets in DIPG is the pro-angiogenic vascular endothelial growth factor 

(VEGF), since at least a subgroup of DIPG patients shows VEGF-A overexpression (6). The biologic 

activity of VEGF could be neutralized by bevacizumab, a recombinant humanized monoclonal 

antibody. The utility of bevacizumab in children with DIPG, however, is unclear although cases 

with significant responses and prolonged survival have been reported (7,8). Bevacizumab can be 

labeled with zirconium-89 and imaged by positron emission tomography (PET) for drug distribu-

tion studies, and has been used in adults (9).
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The purpose of this pilot study was to perform a molecular drug imaging trial with minimal 

burden. First, we aimed to determine the feasibility of the procedures in children diagnosed with 

DIPG. Second, we aimed to analyze the distribution of zirconium-89(89Zr)-labeled bevacizumab by 

PET in normal tissues and its uptake in DIPG.

MetHoDs

study population

A feasibility study was conducted at VU University Medical Center, Amsterdam. Patients with 

DIPG, aged between 4 and 18 years, were eligible. All patients were included at least 2 weeks 

after the end of radiotherapy, which is the standard therapy for DIPG. We excluded patients 

with known hypersensitivity against humanized monoclonal antibodies and patients previously 

treated with bevacizumab or any other anti-VEGF agent. To reduce the patients’ burden, the use 

of anesthetics was not allowed in this study and blood collections were avoided. Both parents 

and patients aged 12 years and older had to sign informed consent. The study was approved 

by the Dutch Central Committee on Research involving Human Subjects and the institutional 

review board of VU University Medical Center, and was performed according to the declaration 

of Helsinki. The registration number of the trial is NTR3518 (trialregister.nl).

Labeling

The production and purification of 89Zr and its coupling to bevacizumab was performed at the VU 

University Medical Center. The labeling process has been described previously (10,11).

89Zr-bevacizumab infusion and Pet scanning procedures

Patients received 89Zr-bevacizumab (0.9 MBq/kg-0.1 mg/kg) intravenously, which is 1/100th of 

the therapeutic dose in humans. Patients were imaged using a whole body Philips Gemini TF64 

PET/CT scanner (12). PET scans were performed at 1, 72 and 144 hours post-injection (p.i). 

Patients were observed for 3 hours p.i. to check for allergic reactions.

MRI

All patients underwent T1-weighed pre- and post-gadolinium and T2-weighed MRI (Siemens 

Sonata 1.5 Tesla MRI, Erlangen, Germany) within 2 weeks after PET scanning.

Imaging analysis
89Zr-bevacizumab uptake analyses were performed by calculating the mean Standardized Up-

take Values (mean SUV) of predefined Volumes Of Interest (VOIs). VOIs were drawn over all 

major organs, including bone marrow, on CT images. VOIs of the tumor were drawn on the 
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co-registered T2-weighed MRI. On co-registered T1 post-gadolinium weighed MRI, VOIs of the 

gadolinium enhancing part of the tumor (i.e. solid VOIs with borders defined by the area of 

enhanced gadolinium uptake) and VOIs of non-enhancing parts of the tumor (i.e. solid VOIs with 

a fixed volume of 0.96 ml) were drawn. All VOIs were subsequently copied to the PET images to 

calculate the SUVs. Whole body dosimetry was applied according to procedures described by the 

software package Olinda (13).

ResULts

Population and feasibility

Three DIPG patients, aged 6 (1_F, 33 kg), 17 (2_F, 58 kg), and 7 years (3_M, 28 kg), were included. 

No adverse events occurred after injection of 89Zr-bevacizumab and none of the children had 

problems undergoing the scans. The images were all of good quality without movement artifacts.

tumor uptake

Tumor volumes were 10 (1_F), 21 (2_F) and 12 ml (3_M), as measured on T2-weighed MRI. The 

mean SUVs of the complete tumor volumes at 144 p.i. were 0.57, 4.12 and 0.46 respectively. The 

contrast-enhancing area measured 1.3 (1_F) and 3.1 ml (2_F) in two patients, and was absent 

in the third. In the tumors with contrast-enhancement, there was evident focal 89Zr-bevacizumab 

uptake, which was best observed at 144 p.i.. Mean SUVs of the contrast enhancing part versus 

the non-enhancing part within the PET positive tumors were 1.8 (1_F) and 15.0 (2_F), versus 

0.4 and 0.6, respectively. The tumor with no contrast enhancement on MRI (3_M) showed no 

significant 89Zr-bevacizumab uptake on PET (Figure 1). Brain tissue was visually negative in all 3 

patients. Tumor versus liver uptake ratios (SUVtumor / SUVliver) at 144 hours p.i were 0.5 in 

1_F and 2.0 in 2_F (both 89Zr-bevacizumab positive tumors) and 0.1 in 3_M (89Zr-bevacizumab 

negative tumor) (Figure 2).

table 1. Absorbed organ doses and effective dose for individual subjects (mSv·MBq-1).

Kidneys Liver Lungs BM RoB e

1_F 1.88 2.37 1.26 0.91 0.84 0.97

2_F 1.37 2.21 0.88 0.71 0.55 0.68

3_M 1.73 2.54 1.18 1.00 0.84 0.97

F = female; M = male; BM = bone marrow; RoB = remainder of body; E = effective dose (mSv/MBq) according 
to International Commission on Radiological Protection ICRP 60 (1990)
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Whole body dosimetry

Table 1 shows the results of dosimetry by the Olinda software. Highest 89Zr-bevacizumab uptake 

was found in the liver followed by the kidneys and lungs in all three patients. There was also 

significant uptake in the bone marrow. The mean effective dose per patient was 0.87 ± 0.17 

mSv/MBq.

Figure 1. MRI and MRI/PET fusion images of three patients with DIPG.
The arrows in the right column show moderate (1_F, SUV 1.8) and high (2_F, SUV 15.0) 89Zr-bevacizumab 
uptake in the tumor on PET, which is in the same region as the contrast-enhancing area on MRI of the tumors 
(arrows middle column). In the third patient (3_M), the tumor showed neither contrast-enhancement on MRI or 
89Zr-bevacizumab uptake on PET.
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DIsCUssIon

We are the first to report the feasibility of using molecular drug imaging in children. Molecular 

drug imaging has great clinical relevance in this patient group, because it can quantify the thera-

peutic potential and toxic risks of a targeted agent, thereby indicating which patients are likely 

to benefit from treatment and which ones are not, in whom unnecessary toxicity can be avoided.

In this study we introduced 89Zr-bevacizumab PET imaging to children with DIPG and showed it to 

be well feasible without the use of anesthetics. Two out of three patients had 89Zr-bevacizumab-

tumor uptake, but in only one the uptake was (two times) higher than in the liver. The differences 

in SUV between the two PET-positive tumors may well be related to the level of local VEGF expres-

sion. None of the DIPG patients in this study showed significant 89Zr-bevacizumab uptake in the 

T1 MRI gadolinium non-enhancing part of their tumor; the 89Zr-bevacizumab-uptake was limited 

to the contrast-enhancing area on MRI. Importantly but not surprisingly, these data reinforce the 

idea that blood-brain barrier disruption is needed for large molecules like bevacizumab to actually 

target the tumor. Indeed, there are data suggesting that patients with contrast-enhancing DIPG 
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Figure 2. SUVs of tumor tissue versus liver plotted against post-injection time.
SUVs are shown for the contrast-enhancing part of the tumor and of the liver. Tumors of patient 1_F and 2_F 
(blue lines) show increasing SUVs of 89Zr-bevacizumab with increasing post-injection time. There is no significant 
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time in all three patients. Only in patient 2_F, 89Zr-bevacizumab uptake is higher in the tumor than in the liver.
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better respond to bevacizumab treatment than those with non-enhancing tumors, suggesting 

a better uptake in “leaky” tumors.13 Conversely, such leaky tumors are associated with higher 

VEGF expression. From this, one could state that contrast enhancement on MRI may be sufficient 

to predict which tumors are more susceptible for bevacizumab treatment (15). However, PET 

imaging is able to quantify both the level of local VEGF expression and accessibility of the tumor 

to bevacizumab, which may vary within contrast-enhancing tumors as we show by the difference 

in SUV of the PET-positive tumors.

With this study, we are the first to determine the mean effective dose of 89Zr-bevacizumab by 

whole body dosimetry in children. Whole body dosimetry in molecular drug imaging has the 

potential to anticipate for toxicity. This is particularly important in children, since drugs devel-

oped to target over-expressed cancer-specific signal proteins (such as VEGF), at the same time 

target organ tissue in which these proteins are normo-expressed during development. Whole 

body dosimetry showed relatively high organ-uptake in liver, followed by the kidneys, lungs, and 

bone marrow. The mean effective dose was slightly higher than doses of 89Zr-labeled compounds 

published in adult studies (16). This is caused by the fact that dosimetry models take into account 

an age-dependent weight-factor since pediatric tissue is more sensitive to radiation burden. None-

theless, the overall radiation burden in this study is acceptable, especially in light of the standard 

treatment (which is 54 Gy radiotherapy).

In conclusion, this first introduction of molecular drug imaging by PET in pediatric brain tumor 

patients was successful. Future studies in this population will reveal more about local target 

expression and drug delivery over the blood-brain barrier and thus whether drugs actually reach 

their target. This potentially allows for the selection of patients that could benefit from (targeted) 

therapies, thereby avoiding unnecessary toxicity in patients that do not show uptake of the drug 

in their tumors. This knowledge can only be obtained from studies with minimal burden in children 

who are willing to participate for the benefit of future patients.

FUtURe PeRsPeCtIVes

By showing the feasibility and clinical relevance of PET imaging studies with a radiolabeled anti-

body (89Zr-bevacizumab) in pediatric brain tumor patients, this pilot study can now be expanded 

to other solid tumors.
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ABstRACt

PURPOSE Despite conventional radiotherapy, 54 Gy in single doses of 1.8 Gy (54/1.8 Gy) over 6 

weeks, most children with diffuse intrinsic pontine glioma (DIPG) will die within one year after 

diagnosis. To reduce patient burden, we investigated the role of hypofractionation radiation 

therapy, given over 3-4 weeks. A 1:1 matched-cohort analysis with conventional radiotherapy was 

performed to assess response and survival.

METHODS Twenty-seven children, aged 3 to 14, were treated according to one of 2 hypofrac-

tionation regimens over 3 to 4 weeks (39/3 Gy, N=16 or 44.8/2.8 Gy, N=11). All patients had 

symptoms for ≤3 months, ≥2 signs of the neurological triad (cranial nerve deficit, ataxia, long 

tract signs) and characteristic features of DIPG on magnetic resonance imaging. Twenty-seven 

patients fulfilling the same diagnostic criteria and receiving at least 50/1.8-2.0 Gy were eligible 

for the matched cohort analysis.

RESULTS With hypofractionation radiotherapy, the overall survival at 6, 9 and 12 months was 

74%, 44% and 22%. Progression-free survival at 3, 6 and 9 months was 77%, 43% and 12%. 

Temporary discontinuation of steroids was observed in 21/27 (78%) patients. No significant dif-

ference in median overall survival (9.0 vs. 9.4 months; P= .84) and time to progression (5.0 vs. 

7.6 months; P= .24) was observed between hypofractionation versus conventional radiotherapy, 

respectively.

CONCLUSIONS For patients with a newly diagnosed DIPG, a hypofractionation regimen, given 

over 3 to 4 weeks, offers equal overall survival with less treatment burden compared to a conven-

tional regimen of 6 weeks.
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IntRoDUCtIon

Despite exhaustive clinical research to improve outcome, survival in children and adolescents with 

diffuse intrinsic pontine glioma (DIPG) has remained unchanged over the past three decades (1). 

For a newly diagnosed patient with DIPG, the current standard treatment consists of convention-

ally fractionated external beam radiotherapy up to a dose of 54 Gy in 30 fractions of 1.8 Gy over 6 

weeks (1,2). This usually results in a transitory improvement of neurological signs and symptoms, 

however most patients will die within one year after diagnosis from tumor progression within the 

irradiated area.

Unlike new protocols attempting to improve outcome by intensified regimens, associated with 

increased toxicity, numerous outpatient visits and prolonged hospital stays, we aimed to reduce 

treatment burden by offering a hypofractionation radiotherapy schedule for patients with newly 

diagnosed DIPG (1,3). We recently demonstrated the feasibility and compliance of 39 Gy given in 

13 fractions of 3.0 Gy over 3 weeks (4). Although the number of patients was limited to 9, the 

median overall survival of 8.6 months was within the range of 7 to 14 months published in two 

recent critical reviews (1,3). Especially for children with poor compliance and performance status 

or parents who refuse a more intensive regimen, the hypofractionation regimen may reduce the 

burden of treatment without compromising survival.

We report the results of a large group of patients with a newly diagnosed DIPG treated by 

two hypofractionation regimens: 39 Gy in 13 fractions or 44.8 Gy in 16 fractions. A 1:1 matched 

cohort analysis was performed, including patients with similar diagnostic features, receiving a 

conventionally fractionated radiotherapy dose of at least 50 Gy in 6 weeks.

MAteRIAL AnD MetHoDs

eligibility

Newly diagnosed patients with the clinical and radiological suspicion of a DIPG and treated by a 

hypofractionation regimen were eligible for this multicentre retrospective analysis. All patients, 

aged 3-21, were required to have symptoms for less than 3 months and at least 2 findings of the 

neurologic triad: cranial nerve deficits, ataxia, or long tract signs. No performance status criteria 

were used. Availability of a pre-radiotherapy MR containing at least T1, T2 images and gadolinium 

administration was necessary for review. Patients in this analysis had to meet all major and at least 

2 minor radiological criteria for DIPG. Major criteria are the appearance of a poorly marginated 

tumor with mass effect occupying more than 50% of the axial diameter of the pons, hypointensity 

on T1 and hyperintensity on T2-images5. Minor radiological criteria include encasement of the 

basilar artery, extension into the mesencephalon and/or medulla oblongata and/or cerebellar 

peduncle as well as contrast enhancement (focal ring, peripheral, spotty, or focal patchy) with or 
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without necrosis (5,6). Children with a history of neurofibromatosis were excluded, because they 

belong to a subgroup expected to have a more favorable prognosis7. In case of doubt, a biopsy 

was performed to confirm high-grade glioma.

As a matching cohort, we randomly selected patients from 6 different institutes with identical 

clinical and radiological features, receiving a conventional fractionated radiotherapy dose of at 

least 50/1.8-2.0 Gy on the pontine tumor.

No systemic treatment, other than steroids, was allowed in the neo-adjuvant, concomitant or 

adjuvant setting of both cohorts. In case of progression after radiotherapy, the use of systemic 

therapy was permitted in both cohorts.

Radiation therapy

Two hypofractionation regimens were investigated. The first regimen, used at the Radboud 

University Medical Centre Nijmegen and Academic Center Amsterdam, delivered 39 Gy in 13 daily 

fractions of 3.0 Gy, 4 times a week (overall treatment time: 3 weeks). The second regimen, used 

at Erasmus Medical Centre in Rotterdam, applied 44.8 Gy in 16 fractions of 2.8 Gy, 4 times a 

week (overall treatment time: 4 weeks). In the matching cohort, patients received a median total 

dose of 54 Gy in 30 daily fractions of 1.8 Gy, 5 times a week (overall treatment time: 6 weeks).

The majority of the patients in both cohorts were treated by two opposing lateral photon 

beams. The clinical target volume included the tumor as defined by the T2-weighted MR-images 

with a margin of 1.5 to 2.0 cm. Margins were adjusted for bony structures and tentorium. An 

additional margin between 0.3 and 0.5 cm was added to create the planning target volume.

Assessment of response

A baseline neurological and general clinical examination, performed by a pediatric neurologist 

or an experienced pediatric oncologist, was available for all patients. During radiotherapy re-

evaluation by the radiation oncologist and/or pediatric oncologist was performed routinely. In the 

group of patients treated with hypofractionation, the use of steroids and the Radiation Therapy 

Oncology Group (RTOG) grade 3 and 4 skin, ear and central nervous system toxicity was scored. 

Because repeated MR-imaging was not routinely performed during follow-up, disease progression 

was defined as a clinical (neurological) deterioration with need for steroid reuse or dose escala-

tion.

endpoints

The primary endpoint was overall survival, measured from diagnosis to the date of death. The 

secondary endpoint was time to progression, defined as the time to clinical (neurological) dete-

rioration with need for steroid dose escalation, measured from diagnosis. Data were censored at 

last control visit.
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statistical Analysis

Statistical analyses were performed using SPSS 16.0. Overall survival and time to progression were 

calculated with the Kaplan-Meier method and all analyses are based on intention-to-treat policy. 

The differences between the Kaplan-Meier curves were calculated with the log-rank test. The 

Chi-Square and Mann-Whitney U test were used to compare patient, tumor and treatment char-

acteristics, the Kruskal-Wallis test was used to compare overall treatment time in both cohorts.

ResULts

Patient groups and treatment

Between December 2002 and August 2010, 27 patients from 3 centers in the Netherlands were 

treated with a hypofractionation regimen. All patients receiving the 13 x 3 Gy regimen met 

the inclusion criteria prospectively. The patients treated with the 16 x 2.8 Gy regimen fulfilled 

the stringent inclusion criteria on a retrospective basis. Twenty-seven out of 35 patients from 6 

centers in the United Kingdom, Canada, the Netherlands and Belgium were used as matched-pair 

cohort. The group of patients receiving conventional radiotherapy was treated between July 1993 

and October 2006. Baseline patient and tumor characteristics are shown in Table 1. Although all 

the stringent inclusion criteria are respected, a slight imbalance (fewer long tract signs and less 

extension into the cerebellar peduncle) in favour of the conventional regimen is observed.

Treatment characteristics are listed in Table 2. Radiation therapy was started within 2 weeks from 

diagnosis in 20 of 27 (74%; median: 7 days; range 0 to 40 days) children of the hypofractionation 

group and in 14 of 27 (52%; median: 14 days; range 3 to 54 days) children of the conventionally 

fractionated group. In the hypofractionation group, 11 out of 27 patients received chemotherapy 

(temozolomide, N= 11) after documented progression. In the conventional radiotherapy group 

9/27 patients received chemotherapy (temozolomide, N= 3; etoposide, N= 2; nimotuzumab, N= 

1; thalidomide + etoposide + cyclophosphamide, N= 1; fotemustine, N= 1; tamoxifen, N= 1) for 

documented progression.

At the end of follow-up 26 out of 27 patients had died in the hypofractionation group. In 25 

patients, this was due to local disease progression. One patient died of a CNS-infection after 

proven tumor progression on MRI. At the time of this analysis 1 patient is still alive, 2.4 years from 

diagnosis, without disease progression. In the conventional group, all patients died of disease 

progression.

efficacy

In the hypofractionation cohort, the median overall survival was 9.0 months (95% C.I.: 8.6-9.3 

months) (Figure 1a). The overall survival at 6, 9 and 12 months was 74%, 44% and 22%. The 
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table 1: Patient and tumor characteristics

Hypofractionation Rt
n-patients

Conventional Rt
n-patients P-value

Number of patients 27 27 -

Gender .14*

 Male 12 17

 Female 15 10

Age

 Median age 7.5 7.3 .98†

 Range 3.7-13.7 2.8-14.6

Duration of symptoms .57*

 < 1 month 18 20

 1 to 2 months 6 6

 2 to 3 months 3 1

Neurological triad

 Cranial nerve deficit 27 27 -

 Ataxia 22 25 .21*

 Long tract signs 22 15 .04*

 N-patients with complete triad 22 14 .02*

Radiology

 Mass effect in the pons 27 27 -

 Poorly marginated 27 27 -

 T1 hypointensity, T2 hyperintensity 27 27 -

 > 50 % of axial diameter pons involved 27 27 -

 > 67 % of axial diameter pons involved 23 25 .33*

 Encasement of basilar artery 22 21 .50*

 Extension into mesencephalon, medulla 15 15 .61*

 Extension into cerebellar peduncle 18 8 .01*

 Contrast enhancement 21 16 .19*

Pathology proven glioma .35*

 WHO grade 3 2 3

 WHO grade 4 4 1

* Chi2 test
† Mann-Whitney U test
RT=radiation therapy, N=number”



119

Hypofractionation versus Conventional Radiation Therapy for Newly Diagnosed Diffuse Intrinsic Pontine Glioma

Chapter

8
median time to progression was 5.0 months (95% C.I.: 4.1-5.9 months), as illustrated in Figure 1b. 

Progression-free survival at 3, 6 and 9 months was 77%, 43% and 12%. In the hypofractionation 

group, all patients received steroids at start and during radiotherapy. In 21/27 (78%) patients, the 

use of steroids could be temporarily discontinued.

table 2: Treatment characteristics

Hypofractionation Rt
n-patients

Conventional Rt
n-patients P-value

Number of patients 27 27

Radiotherapy dose prescribed

 39.0/3.0 Gy 16

 44.8/2.8 Gy 11

 ≥ 50/1.8-2.0 Gy 27

Radiotherapy dose given

 39.0/3.0 Gy 16

 44.8/2.8 Gy 10

 ≥ 50/1.8-2.0 Gy 25

Time from diagnosis to start radiotherapy .02*

 Days 0 to 40 3 to 54

 Median 7 14

Overall treatment time < .01†

 Days 7 to 34 30 to 50

 Median 20 41

*Mann-Withney U test
†Kruskal-Wallis test
RT=radiation therapy, N=number
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Figure 1 (a-b). Overall survival and time to progression for patients with a newly diagnosed DIPG after hypofrac-
tionation radiotherapy (39/3.0 Gy or 44.8/2.8 Gy, 4 fractions per week).
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No significant difference in median overall survival was observed between hypofractionation 

and conventional radiotherapy: 9.0 versus 9.4 months, respectively (P= .84; Figure 2a). There 

was no significant difference in median time to progression between hypofractionation and 

conventional radiotherapy: 5.0 versus 7.6 months, respectively (P= .24), as illustrated in Figure 2b.

In subgroup analysis, no significant difference in overall survival or time to progression was 

observed with 44.8/2.8 Gy compared to 39.0/3.0 Gy. This is illustrated in Figures 3a and 3b.
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Figure 3 (a-b). Overall survival and time to progression after 39/3.0 Gy versus 44.8/2.8 Gy for patients with a 
newly diagnosed DIPG.

toxicity and compliance to radiation therapy

Both hypofractionation regimens were well tolerated. A statistical significant difference in median 

overall treatment time was observed in favor of the hypofractionation regimens: 20 days (range: 

16-22 days) for the 39/3.0 Gy regimen, 24 days (range: 7-34 days) for the 44.8 Gy regimen vs. 

41 days for the conventionally fractionated regimens (range: 30-50 days), (Table 2; P= <.001).
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Figure 2 (a-b). Overall survival and time to progression for patients with a newly diagnosed DIPG after hypofrac-
tionation radiotherapy matched to a group of conventional radiotherapy.
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In the hypofractionation regimen one treatment interruption was needed after 2 fractions 

because of brain edema, uncontrollable by steroids. The treatment was resumed after 4 days. 

Radiotherapy was interrupted after 5 fractions in one patient, due to progressive disease during 

treatment. In the conventional group, two patients did not receive a total dose of 50 Gy due to 

disease progression after 22 and 26 fractions.

All children in the hypofractionation group developed a faint to moderate erythema of the 

skin followed by a dry desquamation. A minority had moist desquamation confined to the skin 

folds of the auricle. No Grade 3 or 4 acute toxicity from radiotherapy was recorded. Two children 

developed recurrent CNS infections due to bacterial colonization of a ventricular-peritoneal drain, 

put in place for obstructive hydrocephalus.

DIsCUssIon

The results of this matched-cohort analysis reveal a similar overall survival with a hypofractionation 

regimen (13 or 16 fractions in 3-4 weeks) compared to a conventional radiotherapy regimen (30 

fractions in 6 weeks) for patients with a newly diagnosed diffuse intrinsic pontine glioma. A non-

significant difference in median time to progression was observed in favor of the conventional 

radiotherapy regimen.

According to Hargrave et al. the overall survival of 9 months with hypofractionation radiotherapy 

in this study is within the range of 8-11 months observed in studies using more stringent inclusion 

criteria and is better than the 7.6 months overall survival observed in a recent hypofractionation 

study reported by Negretti et al. (1,8). The outcome of our cohort confirms the results of a pilot 

study on hypofractionation, published by Janssens et al (4). Similar outcome results, even in the 

presence of an imbalance of neurologic symptoms in favour of the conventional regimen, further 

support the efficacy of hypofractionated radiotherapy for DIPG. After decades of several types 

of intensive regimens in clinical trials, this is the first time a low-burden protocol demonstrates 

similar outcome compared to conventional radiotherapy in a larger group of patients fulfilling 

a number of stringent inclusion criteria (1,3,4). Hargrave et al. clearly demonstrated that the 

range in median overall survival shifts from 7-16 months to 8-11 months when the clinical and 

radiological eligibility criteria were specified and respected (1). The combination of short symptom 

duration (≤ 3 months), a minimum of 2 signs of the neurological triad, the presence of pre-defined 

MR characteristics and a biopsy positive for high-grade glioma in case of doubt (22%) as eligibility 

criteria, ensured us that we included “true” DIPG patients only, therefore allowing a fair evalua-

tion of the outcome of hypofractionated versus conventional radiation therapy.

An interesting finding is the, although non-significant, difference in time to progression of 5.0 

versus 7.6 months in favor of the conventionally fractionated regimen. A reasonable explanation 
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for this can be obtained by comparing tumor and treatment-related characteristics as well as the 

use of MR imaging. While all patients in both cohorts met the stringent inclusion criteria, a higher 

incidence of long tract signs and tumor extension into the cerebellar peduncle was observed in the 

hypofractionation group. Both features potentially contribute to an earlier detection of neurologi-

cal deterioration. Compared to the conventional regimen, radiotherapy in the hypofractionation 

cohort started one and ended three weeks earlier. This means that a correction of 4 weeks should 

be used to evaluate the real contribution of the radiotherapy regimen in terms of delaying disease 

progression, as it is now calculated from the time of diagnosis. Repeated MR-imaging was not 

routinely performed during follow-up in the hypofractionation cohort. Disease progression was 

defined as a clinical (neurological) deterioration with need for steroid re-usage or dose-escalation. 

Progression according to this definition might be different compared to a clinical-radiological 

definition, particularly due to the lack of clear cut MR criteria for disease progression in brainstem 

tumors (1). Considering all the potential subjective factors in this rapidly progressive disease, it 

is clear that overall survival seems to provide the most reliable information in the absence of 

standardized and validated criteria for disease progression (1).

The main reason for us to treat patients 4 days per week instead of five is patient burden. 

Taking into account all radiotherapy related publications on DIPG, it is unlikely that a difference in 

overall treatment time of 3 to 4 days will influence final outcome (1). It is unclear whether or not 

5 fractions of 2.8 to 3.0 Gy per week could result in a higher incidence of treatment interruptions 

(e.g. brainstem edema) despite systematic steroid use. In the absence of any difference in overall 

survival time between 13 fractions of 3 Gy and 16 fractions of 2.8 Gy, the lower dose and shorter 

regimen can be defended. Selection of the lowest radiation dose with equal effect may become 

particularly interesting, especially in the context of re-irradiation at the time of progression. For 

a disease with a course like DIPG, this approach can be justified and can offer potential options 

for future re-irradiation trials. In 6 highly-selected patients, preliminary experience of re-irradiation 

on the brainstem, after an initial dose of 54-55.8 Gy, still demonstrated some improvement of 

symptoms with minimal toxicity with a dose of 18-20 Gy in 2.0 Gy fractions (9).

As we embark on the long-awaited molecular era for pediatric DIPG, it is probable that many 

new studies combining one or more small molecules with conventional radiotherapy will be tested 

in the next-coming decade (10-12). While it is clear that we should encourage the development 

of such new agents, it is our experience that a significant proportion of the parents and patients, 

when properly informed, may prefer the option of a low-burden radiotherapy regimen with 

emphasis on quality of life. Hypofractionation radiotherapy offers a treatment course that is com-

pleted in 3 to 4 weeks. Assuming a median overall survival time of 9 months, the child and his or 

her parents will have to spend only 10% of the remaining survival time for in-hospital treatment. 

Protracted regimens using conventional fractionation double the radiotherapy overall treatment 

time and when systemic combinations are used in addition to radiation, children may spend more 

than half of the remaining survival time under treatment (1,3,13,14). This is the reason for us to 
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start a phase II prospective trial on hypofractionation with emphasis on quality of life. Ideally, a 

randomized non-inferiority study should be the method of choice to confirm our results. However, 

when conventional radiotherapy provides the well known palliation of 8.5 months, the rational 

becomes practically very difficult especially in a rare tumor type and a myriad of other clinical 

trials (1,2,10,11,13). When outcome is confirmed in a prospective trial, the current hypofraction-

ation regimen can serve as a potential base for combined treatment approaches in future trials. 

However, if uncertainty exists about potential radiosensitizing effects of novel agents, a cautious 

approach is recommended as with higher dose per fraction the radiosensitizing effect can be 

larger with the consequence of increased risk of toxicity. It is clear that such combinations can 

only be tested in the context of well designed trials with emphasis on precise toxicity monitoring.

ConCLUsIon

The results of this matched-cohort analysis demonstrate a similar overall survival rate with a hypo-

fractionation regimen (13 or 16 fractions in 3-4 weeks) compared to a conventional radiotherapy 

regimen (30 fractions in 6 weeks) for patients with a newly diagnosed DIPG. Outside clinical trials, 

this low-burden regimen could be considered as a good alternative to protracted regimens.
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ABstRACt

AIMS: Diffuse intrinsic pontine glioma (DIPG) is a fatal malignancy that typically occurs in children. 

Tumour resection is not possible without serious morbidity and biopsies are rarely performed. 

The resulting lack of primary DIPG material has made pre-clinical research practically impossible 

and has hindered the development of new therapies for these patients. The aim of the current 

study was to address the lack of primary DIPG material and preclinical models by developing a 

multi-institutional autopsy protocol.

METHODS: An autopsy protocol was implemented in the Netherlands to obtain tumour material 

within a brief post mortem interval. A team of neuropathologists and researchers was available 

at any time to perform the autopsy and process the material harvested. Whole brain autopsy was 

performed and primary DIPG material and healthy tissue were collected from all affected brain 

areas. Finally, the study included systematic evaluation by parents.

RESULTS: Five autopsies have been performed. The mean time interval between death and time of 

autopsy was 3 hours (range 2-4). All tumours were graded as glioblastoma. None of the parents 

regretted their choice to participate, and they all derived comfort in donating tissue of their child 

in the hope to help future DIPG patients. In addition, we developed and characterized one of the 

first DIPG cell cultures from post-mortem material.

CONCLUSION: In this study we show that obtaining post-mortem DIPG tumour tissue for research 

purposes is feasible with short delay; that the autopsy procedure is satisfying for participating 

parents and can be suitable for the development of preclinical DIPG models.
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IntRoDUCtIon

Diffuse intrinsic pontine glioma (DIPG) is the main cause of death in children affected by central 

nervous system neoplasms, even though it accounts for only 8-10% of all paediatric brain tumours 

(1, 2). Despite numerous clinical trials and the general progress that has been made in treatment 

strategies for paediatric cancer, the median overall survival for DIPG patients is still 9 months (1-3). 

In the Netherlands, on average 10 children are newly diagnosed with this malignancy every year 

(Dutch Childhood Cancer Registry).

Major obstacles for the development of rational treatment strategies are the limited knowledge 

of DIPG biology and the lack of preclinical DIPG models. In fact, tumour resection is not feasible 

due to the diffuse nature of these tumours and their delicate anatomical location, and stereo-

tactic biopsies are not routinely performed (4-8). Autopsy is the other source of tumour tissue, 

which has the advantage of providing considerably larger amounts of material than biopsy and 

of enabling collection of normal brain tissue, useful as internal control. Recently, it was reported 

that post-mortem material can yield DNA and RNA content with minimal degradation, hence it 

is suitable for genetic studies (9-13). We hypothesized that post-mortem material could also be 

employed for the development of well-characterized experimental DIPG models, especially if the 

post-mortem delay is minimized. Here, we report in detail the protocol, results and evaluation of 

the first European, nation-wide autopsy study in the Netherlands. From post-mortem material, we 

succeeded in developing and characterizing a primary DIPG cell culture.

MAteRIAL AnD MetHoDs

Inclusion criteria

The DIPG autopsy protocol was approved by the institutional medical ethical committee of VU 

University Medical Center (VUmc) and by the scientific committee of the Dutch Childhood Pae-

diatric Oncology Group (DCOG). Children aged 0-18 years with DIPG were eligible. MR-scans of 

the brain as well as clinical information were obtained from the attending physician and reviewed 

by a team composed of paediatric oncologists, neurologists, radiologists and neuropathologists. 

MR-scans were centrally reviewed to confirm the diagnosis of DIPG according to standard criteria 

(2). Both parents of a child and children from the age of 12 years signed informed consent.

Patient information and logistics

All paediatric oncologists and neurologists in the Netherlands were informed about the autopsy 

study. Physicians were encouraged to inform parents early in the disease process (Supplementary 

method 1, supplementary methods are available online). When informed consent was obtained 
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and a child succumbed from his/her disease, the body was transported without delay to the VUmc 

by a funeral manager (Supplementary method 2). Parents were able to accompany their child 

during transport and were accommodated in the hospital during the autopsy. Autopsies were 

performed by senior neuro-pathologists and processing of the primary tissue by two investigators, 

who could be contacted at any time.

Brain autopsy procedure

Autopsies were performed using sterile instruments (Supplementary method 3). The most recent 

MRI was used by the neuro-pathologist to guide the autopsy procedure. Brain regions that were 

macroscopically infiltrated by the tumour were identified, registered, photographed and fixed in 

formalin to determine the histological diagnosis. Brain regions macroscopically free of disease 

were also fixed in formalin to check for microscopic tumour invasion. In addition, tissue from dif-

ferent tumour affected areas was both collected in Dulbecco’s modified Eagle’s medium (DMEM; 

Invitrogen,Carlsbad, CA, USA) for dissociation into single cells, and snap frozen. Non-affected 

brain tissue was also collected and snap frozen.

Autopsy evaluation form

Eight weeks after autopsy, the family was invited for a post-autopsy appointment with the paedi-

atric neuro-oncologist. Subsequently, an evaluation form was sent to the parents (Supplementary 

method 4) containing questions about the pre-autopsy consultation, patient information forms, 

autopsy procedure and post-autopsy consultation.

DIPG cell culturing and animal experiments

For cell culture, tumour pieces in DMEM collected from all brain regions were processed instantly 

under sterile conditions to prepare single cell suspensions. Tumour material was cut in 0.5 cm3 

pieces and chemically dissociated using TrypLE (Invitrogen). Tumour cells were cultured in DMEM 

supplemented with 15% fetal bovine serum (Sigma, St Louis, MO, USA), antibiotics, or in medium 

consisting of Neuro Basal Medium (Invitrogen), N2 and B27 supplements (0.5x each; Invitrogen), 

human recombinant b-FGF and EGF (50ng/ml each; R & D Systems) and heparin (5000 IE/ml 

1μg/ml) at a 37°C atmosphere, 5% CO
2
 (14). Cells were genetically engineered to express Firefly 

luciferase (Fluc) and the fluorescent marker mCherry, as previously reported (15). Immunohisto-

chemistry and karyotyping were performed according to standard procedures (Supplementary 

method 5).

Animal experiments were approved and performed according to the guidelines of VUmc. Female 

athymic nude mice and severe combined immune deficiency (SCID) mice (age 6–8 weeks; Harlan, 

Zeist, the Netherlands) were kept under specific pathogen-free conditions in air-filtered cages and 

received food and water ad libitum. Primary DIPG cells were stereotactically injected into the pons 
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of athymic nude or severe combined immune deficiency (SCID) mice as previously described (16). 

Bioluminescent imaging (BLI) was carried out as described earlier (16).

ResULts

Patient characteristics and histopathological diagnosis

In the past 2 years, 5 patients with DIPG underwent autopsy in the Netherlands. The mean age 

was 6 years (range 1-9). Three families requested autopsy themselves and 4 families were asked 

for participation in this autopsy protocol by their attending physician of whom 2 agreed. The 2 

families that decided not to participate stated that they considered it to be an additional burden 

to their child. All children died at home and were transported to the VUmc. The mean time 

between death and time of autopsy was 3 hours (range 2 to 4). The patients’ characteristics are 

shown in Table 1.

evaluation by parents

The parents’ evaluation of the autopsy procedure is shown in Table 2. None of the parents regret-

ted their choice to participate. For the autopsy procedure, the child was away from the family for 

a mean time of 4.3 hours (range 3-7). The post-autopsy appointment was considered satisfactory 

by the families, as they were able to ask questions and get feedback on the autopsy procedure by 

the investigator. Finally, parents gave useful recommendations to improve the protocol (Table 2).

Culturing and characterization of DIPG cells

Tumour material from different brain areas was cultured either as an adherent layer, or as neuro-

spheres. From the first patient, tumour tissue collected from the frontal lobe yielded an adherent 

cell culture that was named ‘VUMC-DIPG-1’. In culture, these cells showed an irregular spindle-like 

morphology and tended to grow in multilayers, without contact inhibition (Figure 1A). Doubling 

time of these cells was approximately 72 hours, although proliferation rate seemed to depend on 

confluency (Figure 1J). Primary cells cultured in neural basal medium formed neurospheres (Figure 

1B), but these did not survive after subsequent passaging.

Approximately 40% of the VUMC-DIPG-1 cells were immunopositive for the proliferation marker 

Ki67 (Figure 1C), a percentage similar to what was observed in the original tumour (Figure 1D). 

Only about 20% of VUMC-DIPG-1 cells were immunopositive for the astrocytic marker GFAP 

(Figure 1E). In the tumour, a more clear-cut GFAP staining was found in the leptomeningeal 

(Figure 1F) as compared to the intraparenchymal component. Most of the VUMC-DIPG-1 cells 

were nuclear OLIG-2 positive (Figure 1G), as were the DIPG cells in the original tumour, especially 

in the intraparenchymal component (Figure 1H).
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For further characterization, VUMC-DIPG-1 cells were karyotyped both at passage 4 and 14. At 

this later passage, few metaphases were found of which three could be analyzed. All three 

metaphases showed an abnormal chromosome 4 with a pericentric inversion in chromosome 4. 

The karyotype (Figure 1I) was depicted as 46,XY,inv(4)(p14q35), according to ISCN 2009 (Interna-

tional System for Human Cytogenetic Nomenclature). After approximately 30 passages in culture, 

VUMC-DIPG-1 cells started proliferating at a much slower pace and eventually entered a state of 

quiescence. Regarding the other DIPG autopsies, we obtained two adherent primary cell cultures 

from neoplastic pontine tissue (VUMC-DIPG-2 and 5) of which the first eventually also entered a 

state of senescence. VUMC-DIPG-3 and 4 survived only shortly.
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Figure 1. Biological characterization of VUMC-DIPG-1 cell culture
(A) Phase contrast image of VUMC-DIPG-1 cells cultured as an adherent layer or (B) as neurosphere at passage 1. 
(C, E and G) Immunohistochemical stainings on the VUMC-DIPG-1 cells and (D, F and H) corresponding tumour 
tissue; (D and F) Leptomeningeal tumour component and (H) intraparynchymal tumour component. From top to 
bottom (C, D) Ki67, (E, F) GFAP and (G, H) Olig-2 staining are shown. (D) The asterisk indicates a necrotic focus 
surrounded by pseudopalisading cells. (I) VUMC-DIPG-1 cell karyotype. The inset shows the aberrant chromo-
some 4 in another metaphase. (J) Graph showing the mean cell number and standard deviation for triplicates 
during a representative doubling time experiment on the VUMC-DIPG-1 cell culture. (K) Graph showing the 
correlation between VUMC-DIPG-1-Fluc-mCherry cell number and luciferase activity, as measured in relative light 
units (RLUs) per second using a luminometer; results are presented as mean of triplicates ± standard deviation. 
Original magnification: 100X (A), 400X (B-H).
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In culture, the bioluminescent signal of the VUMC-DIPG-1-Fluc-mCherry cells correlated directly to 

the number of VUMC-DIPG-1 cells expressing Fluc-mCherry (Figure 1K). VUMC-DIPG-1-Fluc-mCherry 

cells were then stereotactically injected into the pons of athymic nude and SCID mice. One week 

after surgery luciferase activity was present, but the signal decreased over time (Supplementary 

Figure available online). Mice were sacrificed 6 months after surgery, but no tumour could be 

detected, indicating transient engraftment of the DIPG cells.

Illustrative case of a disseminated DIPG

As an illustration of the histopathological knowledge that can be gained from whole brain au-

topsy, the VUMC-DIPG-1 case is presented. At diagnosis, the child presented with brain nerve 

palsy, ataxia and hyperreflexia. The MRI showed a typical DIPG (Figure 2). Radiotherapy was 

initiated directly after diagnosis. Seven months after diagnosis, the patient presented with clini-

cal deterioration. An MR-scan of the brain revealed decreased pontine involvement, but distant 

tumour growth in the frontal lobe. Nine months after diagnosis the patient succumbed from his 

disease. A whole brain autopsy was performed.

The DIPG-VUMC-1 tumour had its epicenter in the pons (Figure 3B) and invaded the rest of the 

brainstem (Figure 3A and C) as well as the cerebellum (Figure 3E-H), spinal cord (Figure 3D) and 

supratentorial areas, including the basal nuclei, thalamus and the frontal (Figure 3K), parietal, 

temporal (Figure 3J) and occipital lobes. The tumour not only showed the typical diffuse growth 

(Figure 3B-D and G), but also a more compact intraparenchymal tumour component, especially 

in the frontal lobe (Figure 3K). Given its extensive, diffuse growth and absence of a mass lesion, 

the growth pattern of this DIPG resembled gliomatosis cerebri. Another characteristic of this 

tumour was the presence of massive leptomeningeal (Figure 3A, C-E and H-J) and intraventricular 

growth (data not shown), both infratentorially and supratentorially. Tumour spread occurred 

via direct parenchymal infiltration, perivascular spread (Figure 3J), and via leptomeningeal and 

intraventricular invasion. Nuclear atypia and mitotic activity (Figure 3L) were detected both in 

the parenchymal and the leptomeningeal component of the tumour. Dispersed necrosis (Figure 

3H) and perinecrotic pseudo-palissadering of tumour cells were restricted to the leptomeningeal 

component and focally in the frontal lobe (Figure 3K). In fact, the frontal lobe presented the most 

extensive intraparenchymal tumour growth; in the histological sections of the frontal lobe avail-

able for analysis, tumour-free brain areas were almost absent. These data suggest that the frontal 

lobe harboured an even more aggressive tumour clone than the other affected brain areas.
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DIsCUssIon

Collection of tumour tissue from patients with DIPG is indispensable in order to enable transla-

tional research and eventually improve the poor prognosis of these patients. Here we report the 

methods and results of the first nation-wide DIPG autopsy study in Europe.

Diagnosis 

Trans 

Sag 

 

8 months 7 months 

Sag 

Trans 

T1  

T1  

T2  

T2    T2 HASTE                        T2 HASTE 

Figure 2. MR-scans of the brain of patient VUMC-DIPG-1 at consecutive time-points
At diagnosis, MR-imaging shows a diffuse mass involving the whole pons, hyperintense on T2 weighted images 
(left column). The basilar artery is encased, more than 180 degrees (arrow). No hydrocephalus is present. MR-
imaging (T2 HASTE) seven months after diagnosis and five months after radiotherapy shows reduction in size 
of the pontine lesion, but reveals a new lesion in the left frontal lobe (arrow middle column). MR-scanning (T2 
HASTE) one month later shows progressive growth of the frontal lesion (arrow right column).



135

Implementation of a Nation-Wide Diffuse Intrinsic Pontine Glioma Autopsy Protocol

Chapter

9

The autopsy protocol was designed in such a way that the interval between death and autopsy 

was minimized in order to increase the chance of obtaining viable cells. We are aware that the 

implementation of such a fast autopsy procedure may not be feasible in countries with a consider-

ably wider geographical area and with only a single coordinating centre. From the tumour tissue 

of the first autopsy performed, we succeeded to establish and characterize one of the first DIPG 

cell cultures reported in the literature (17). We analyzed the karyotype of the VUMC-DIPG-1 

E F G H 

I 

* 

K L J 

* * 
* 

A B C 

* 
D 

* 

* 

Figure 3. Histopathology of VUMC-DIPG-1 is characterized by diffuse tumour growth in the pons, with massive 
infratentorial and supratentorial invasion and leptomeningeal dissemination
(A) Gross appearance of the brainstem with an opaque aspect caused by the leptomeningeal component (arrow) 
of the DIPG at the level of the medulla oblongata. (B) DIPG cells (arrows) diffusely interwoven with the pon-
tine nuclei and white matter tracts. (C) Diffuse intraparenchymal growth (arrow) and leptomeningeal compact 
growth (asterisk) of the DIPG at the level of the bulbar pyramids. (D) DIPG invasion of the spinal cord via diffuse 
infiltration as well as growth in the leptomeninges. Intraparenchymal tumour growth in the posterior horn (ar-
row) and leptomeningeal growth (asterisk) are visible. (E) Gross appearance of the cerebellar leptomeningeal 
component (arrows) of the DIPG. (F) Whole mount corresponding to image E; note the more compact (asterisk) 
and diffuse (arrow) tumour component in close vicinity, (G) Cerebellar section showing in series the parenchy-
ma: microscopically free of DIPG cells (circle), presenting diffuse tumour growth (triangle) and compact tumour 
growth (asterisk). (H) Tumour in the cerebellar leptomeninges waving in between the margins of two adjacent 
folia. An area of necrosis is indicated by the arrow. (I) Whole mount of DIPG invasion in the hippocampal lepto-
meninges (asterisks). (J) Tissue section showing the leptomeningeal tumour component (asterisk) and perivas-
cular growth (arrows) at the level of the temporal cortex. (K) Image of intraparenchymal DIPG in the frontal lobe 
showing focal necrosis (arrow). (L) Higher magnification image showing mitotic figures (arrows), nuclear atypia 
and cellular pleomorphism. All images, except A and E, are hematoxylin and eosin staining. Original magnifica-
tion: 12,5X (B-D, G, and H); 50X (J); 200X (K); 630X (L).
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cells and found the presence of an abnormal chromosome 4, i.e. inv(4)(p14q35). This inversion 

in chromosome 4 adds a new biological finding to the recent SNP and CGH array data on DIPG 

tissue showing frequent loss of 1q, 16q, 17p and 20p (9, 11-13). Immunohistochemical analysis 

of Ki67, OLIG-2 and GFAP showed a comparable expression in the cell culture and in the original 

tumour, indicating phenotypical resemblance and proliferating behaviour. Although we were able 

to perform a number of experiments with primary VUMC-DIPG-1 cells, they eventually entered 

a quiescent state, a phenomenon that has also been reported for paediatric glioma cell culture 

recently (18). Unlike other cell types, brain tumour cells are not easily established in tissue culture 

and only few paediatric glioma cell lines exist (19, 20). We report the establishment of a DIPG cell 

culture to advocate that post-mortem material can be used for the development of DIPG models 

that are still largely lacking (21). Along with DIPG in vitro models, we aimed to develop in vivo 

models from post-mortem material. Primary cells, injected orthotopically into the pons of athymic 

and SCID mice, engrafted only transiently. A possible explanation may be the loss of important 

tumour microenvironment factors, such as inflammatory cells, endothelial cells and fibroblasts, 

during in vitro cell culturing (22-24). We are therefore now testing whether direct transplantation 

of tumour material obtained at autopsy, which may include brain tumour stem cells, non-stem 

tumour cells and stromal cells, is a more successful strategy.

We decided to perform whole brain autopsy instead of post-mortem tumour biopsy. This allowed 

a detailed histopathological analysis of the tumour not only in the pons, but also in other brain 

areas affected and allowed us to collect macroscopically normal tissue. To illustrate the value 

of whole brain collection, we here describe an autopsy case in which the tumour presented 

an extensive spread to both infratentorial and supratentorial brain areas. This underscores the 

extremely invasive growth that DIPG can have in the end-stage of the disease and the importance 

of investigating the biology of tumour foci within and distant from the pontine tumour, including 

intra-axial and leptomeningeal tumour components (25).

From the first patient included, we evaluated the autopsy procedure. The majority of the families, 

treated in other hospitals than where the autopsy was performed, approached the physician 

themselves to discuss the possibility of an autopsy for research aims. This emphasizes the willing-

ness of many parents to donate tissue of their child. Importantly, none of the parents regretted 

their choice after the autopsy was performed; this is comparable to the experience in Canada 

(26). The evaluation of the autopsy procedure by parents also provided useful information on how 

to improve our protocol. The parents recommended to reduce the signs of autopsy on the child’s 

appearance by weight augmentation of the head after brain autopsy, and to use skin-coloured 

stitches. The parents also recommended investigators to make all practical arrangements with the 

funeral manager themselves, especially concerning transport, in order to alleviate the family from 

this burden. These recommendations have now been implemented in our protocol.
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In general, the number of autopsies performed has been declining over the years world-wide, 

while this procedure is an important way to obtain primary material, especially for diseases such 

as DIPG (27-31). This Dutch autopsy study and the studies from North America indicate that 

collection of tissue at autopsy in a paediatric population is feasible with a short post-mortem 

delay, is comforting for parents and is of vital importance for research purposes (10, 26). These 

experiences may help other countries to open the discussion on performing autopsies in DIPG. In 

particular, our study provides detailed methods for investigators that wish to implement such an 

autopsy procedure in their country. Finally, we suggest that future autopsy studies on DIPG should 

employ post-mortem material to develop preclinical DIPG models, which are urgently needed to 

test novel therapies for this deadly disease.
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Research on childhood cancer has made a giant leap since the 1950s. This is best illustrated by 

the improvement of survival of patients with acute lymphoblastic leukemia (ALL). The pioneering 

work established by dr. Farber eventually resulted in a steady rise of the Kaplan Meier curve 

from 0 to 90% overall survival (OS) in the current era (61). In large contrast, improvement in 

the prognosis of patients with brain tumors and especially malignant gliomas has stayed behind, 

with diffuse intrinsic pontine gliomas (DIPG) at the far end of the spectrum; the median OS of 

DIPG patients has consistently been nine months over the past 30 years (3, 62, 63). Initiating 

research on the black sheep of childhood cancer in 2008, as probably each other research group 

being focused on this topic, we asked ourselves the following question: how can we improve the 

depressing Kaplan Meier curve of DIPG as it has been done with ALL? (Figure 1)
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Figure 1. Improvement in event free survival in 3 decades of patients with acute lymphoblastic leukemia (ALL) 
(a) versus the unchanged KM curve of diffuse intrinsic pontine glioma (DIPG) (b). Data originate from the ALL 
data from the Dutch Childhood Oncology Group (DCOG) 1972-1998 www.skion.nl and from the multinational 
DIPG cohort from which the DIPG prediction model was developed (Chapter 5).

This thesis is the result of a first clinical research project on DIPG in the Netherlands. It addresses 

a broad range of translational and clinical research topics within DIPG of which some are still in a 

pilot phase. By initiating a nationwide DIPG autopsy protocol, we have created a source for tissue 

and developed preclinical models to enable translational research. Next, we focused on identify-

ing prognostic clinical and radiological features in DIPG. In addition, we have made the first small 

steps in unraveling drug delivery in DIPG. Last, we are running two therapeutic clinical trials, but 

these are not part of this thesis, as these are only half way the inclusion. Perhaps as important 

as the research itself, in view of the rarity of the disease, we have put effort into enhancing 

European collaboration by organizing international DIPG meetings, setting up a European DIPG 

Network and Registry and by developing the first international positron emission tomography 

(PET) radiolabeling study in children.
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Research in the netherlands

The results of the nationwide retrospective cohort study in the Netherlands (Chapter 3) are il-

lustrative for the vacuum in which the DIPG research field was a few years ago. In the time period 

between 1990 until 2010, more than 10 different radiotherapy schedules have been applied and 

an additional 12 different chemotherapy schedules in 9 different hospitals, and only a minority 

of these were executed in prospective clinical trials. Although the incidence of DIPG in the Neth-

erlands is 9 patients per year (0.56 per 1,000,000), several research questions could have been 

answered if all (estimated 180) patients diagnosed in the Netherlands in the past twenty years 

had been systematically included in collaborative trials. Sadly, the Netherlands is no exception; 

many countries still have hospitals with their own protocols, sometimes treating less than one 

patient per year, causing many patients to receive treatment off-trial, often even with drugs that 

have proven to be ineffective in DIPG, such as temozolomide (44-46, 64). In our opinion, any 

patient receiving treatment other than standard radiotherapy should be offered treatment in a 

prospective, preferably (inter)national clinical trial.

Prognostic factors

Clinical characteristics and MRI

Our systematic review of clinical trials in DIPG (Chapter 2) shows that the numerous trials in DIPG, 

performed during the past six years, without exception reported dismal outcomes, but the median 

OS varied between studies (63). As all of these trials were non-randomized, selection bias might 

have played a role and could be the cause for these deviations in OS. Fortunately, in the majority 

of studies published since 2006, patient inclusion was restricted to DIPG instead of brainstem 

tumors in general, although it should be noted that inclusion criteria were not well described in 

the methods in two-thirds of the trials. However, as is shown in this thesis, even within homoge-

neous cohorts of typical DIPG patients, prognosis is dependent on clinical and MRI characteristics 

at diagnosis (Chapter 4). Age below three years and a prolonged duration of symptoms before 

diagnosis are both favorable predictors, whereas ring enhancement after gadolineum on MRI at 

diagnosis was found to be an unfavorable predictor. Recent reports support our results regarding 

the prognostic value of ring enhancement, as well as age at diagnosis and symptom duration 

before diagnosis (7, 41, 43, 65). Furthermore, in our and other cohorts, oral and intravenous 

chemotherapy in addition to radiotherapy slightly improved OS in DIPG compared to radiotherapy 

alone (19, 39). We are well aware that this effect can be attributed to survivorship bias, as 

patients presented in the radiotherapy-only arm may have died too early to receive any further 

chemotherapy. It is clear that only an RCT can prove or rule out the effect of chemotherapy in 

DIPG, but it can be questioned whether it is ethical and acceptable for patients and parents to run 

a randomized trial in a population with a dismal prognosis such as DIPG, in which patient can be 

randomized to a standard arm of radiotherapy only, with a certain outcome: death.
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Combining the coefficients of the above-mentioned predictors results in a DIPG risk score. Ap-

plying this risk score to individual patients allows for classification of a patient in one of three 

risk groups (standard, intermediate and high risk), each with a distinct prognosis. In future stud-

ies, the DIPG risk score provides an opportunity to apply risk-group stratification and risk-group 

adapted therapy. Moreover, the risk score can be used to determine the expected outcome for 

a study cohort of patients, thereby preventing false negative or positive results of a clinical trial 

due to over- or under representation of subgroups with a different natural history of the disease.

Although our prediction model was developed using the largest multi-national DIPG cohort pub-

lished to date, patient numbers (n=316) are still rather small for this type of study. In comparison, 

prediction model studies in adult cancer patients use tens of thousands of patients, numbers 

inconceivable for an orphan disease such as DIPG (70). The main limitation of our study, however, 

is the heterogeneous treatment regimens applied and the possibility of the previously explained 

survivorship bias. We included all patients of the participating institutions, on and off trial, and 

therefore limited the chance of selection bias. Validation in an external population, preferably in a 

homogeneously treated cohort, is an important next step to confirm our results.

Molecular predictors

Interestingly, the standard risk arm of our study cohort, consisting of patients with a low risk 

score, had a fairly good prognosis, with a 3-years OS of 20%. It is worthwhile to investigate 

whether certain risk groups are characterized by specific metabolic or molecular profiles. For 

instance, the standard risk group might be enriched with genetically distinct mesenchymal and 

angiogenic DIPG tumors, which showed a more favorable prognosis in a large series of DIPG bi-

opsies (66). In addition, recent published data have suggested that histone mutational status may 

be of prognostic value, i.e. DIPG tumors expressing the wild type H3.3 showing a more favorable 

prognosis than those that harbor a H3.3 mutation (67). Another possibility is that this observation 

is biased by the H3.3 group containing a lower frequency of TP53 mutations, which has been 

associated in pediatric HGGs both with a better prognosis and younger age (68). Recent reports 

show that patients with DIPG tumors carrying an ACRV1 mutation have a better prognosis and 

are also more likely to have a younger age (69). In view of the increasing insight in the molecular 

biology, we think it is inevitable that patients with DIPG will be systematically biopsied to find out 

whether there is a biological signature of patients in the different risk categories.

Functional imaging: PET and MRS

Of particular interest is functional imaging with PET, which enables exploring the metabolic behav-

ior of DIPG. Most, although still limited, experience in malignant glioma has been obtained with 
18F-fluorodeoxyglucose (18F-FDG) PET, which provides information on glucose metabolism. In this 

thesis, we measured the 18F-FDG uptake in the pons and found that both in normal pontine tissue 
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of controls as in the majority of DIPG the uptake was lower than in non-affected occipital and 

cerebellar tissue (Chapter 5). The mean 18F-FDG SUV ratio of the normal pons versus the occipital 

lobe of children of increasing age showed very low variability between controls (0.5 ±0.056). This 

means that when the 18F-FDG uptake of a DIPG is equal or almost equal to the occipital region, 

this still reflects increased pontine glucose metabolism compared to a “healthy” pons. This is of 

relevance as increased 18F-FDG uptake in DIPG at diagnosis correlates with a worse survival (71). 

The predictive value of 18F-FDG SUV ratios makes it an interesting modality to include in a future 

multi-parameter imaging protocol. A second step would be to monitor tumor-response with 

metabolic PET imaging, like in Hodgkin lymphomas, but no studies of such kind have been accom-

plished yet in DIPG. An additional promising PET isotope is l-(methyl-(11)C)-methionine, but its role 

in DIPG is yet to be established (72, 73). MR-spectroscopy (MRS), a method that non-invasively 

evaluates specific metabolites in tissue, has also recently been introduced in DIPG. An increased 

ratio of choline to N-acetylaspartate (Cho:NAA) is associated with shorter survival in DIPG patients 

(41). The possibility of multi-voxel MRS might give insight in the degree of heterogeneity within 

each DIPG (41, 74). A recent report showed interesting results with diffusion tensor imaging 

(DTI). There are suggestions that this technique can distinguish between treatment response and 

steroid effects (75), which potentially allows better response evaluation.

Integration of all of these imaging modalities into one prediction model is a future challenge. 

To this purpose, multi-parameter imaging protocols need to be developed with internationally 

standardized protocols (76). In the ongoing VUmc clinical trials in DIPG (GRIP and ATTAC) me-

thionine-, 18F-FDG- PET-scans and MRS are integrated at structural time points during the trial. 

(Kaspers, http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=2391)

89Zr-bevacizumab immuno-Pet in DIPG

The last decade, the introduction of molecular-targeted agents gave rise to a rush in novel clinical 

trials in DIPG, but these non-tailored targeted therapies have thusfar not yielded improved survival 

(30-35). Likely reasons for failure of these therapies could be either a lack of target expression in 

the tumor cells or/and insufficient drug delivery. DIPG are still not regularly biopsied thus target 

expression profiles of the specific patient are often not known. As most anti-cancer drugs are 

designed for non-brain cancer, they are developed to have minimal neurotoxic side effects and 

selected for minimal penetration through the blood-brain barrier. This makes the likelihood of 

success of these drugs in brain tumors, especially in those with an intact blood-brain barrier, very 

low. The lack of contrast enhancement on MRI in more than half of the DIPG patients at diagnosis 

suggests DIPG is such a tumor with an often intact blood-brain barrier, hampering adequate 

distribution of many (targeted) drugs into the tumor (77). To test this hypothesis, we studied both 

drug distribution and target expression by immuno-PET.



147

General Discussion

Chapter

10

In humans, in silico analyses indicate that DIPG tumors have high expression levels of VEGF-A 

mRNA and we furthermore showed in this thesis by immunohistochemistry that its biologically 

most active receptor, VEGFR2, is – on a varying level - expressed in 50% of the patients (78). DIPG 

could therefore be a target for VEGF-inhibitor bevacizumab.

However, in our preclinical 89Zr-labeled bevacizumab PET study we show that there is no uptake 

of 89Zr-bevacizumab in the brain and in the tumor of E98 DIPG orthotopic xenografts, while 
89Zr-bevacizumab accumulates highly in tumors of E98 subcutaneous xenografts. We primarily 

hypothesized that this is due to poor bevacizumab distribution into the brain, as large molecules 

such as bevacizumab may not be able to pass the blood brain barrier. However, mRNA also VEGF-

A expression of the E98 glioma cells varied between different tumor locations, as gliomas growing 

in the pons appeared to lack VEGF-A expression, while the subcutaneous tumors expressed VEGF-

A. It has been previously shown that VEGF is predominantly overexpressed in perinecrotic cells 

in GBM (79, 80) and that VEGF mRNA expression is absent in the diffuse infiltrative components 

of gliomas (81). This corresponds with the results of the mouse models in our study, as the 

VEGF-expressing E98 subcutaneous tumors showed extensive necrosis, while the VEGF-lacking 

E98 pontine tumors were diffuse gliomas without necrosis.

In contrast to the intracranial tumors of the mouse models, in silico analyses in humans show that 

VEGF-A is highly expressed in DIPG. Of note, mRNA expression profiles in children with DIPG are 

mostly obtained from post-mortem material, and therefore also post-radiotherapy. Unlike DIPG 

at diagnosis, post-mortem samples show, almost without exception, areas with necrosis that 

explains the high expression of VEGF-A (82, 83). In the near future, we aim to corroborate our 

results by showing uptake of 89Zr-labeled bevacizumab in a “leaky” VEGF-A-expressing orthotopic 

intracranial glioma model with a locally disrupted blood-brain barrier, hereby showing this proof 

of concept (84).

These preclinical results correspond well with the results obtained in our clinical trial. Importantly, in 

the first three children who underwent 89Zr-bevacizumab PET imaging worldwide, the procedure ap-

peared feasible and yielded good quality images from all nine scans. As in adult studies, no adverse 

events occurred (85). Preliminary whole body dosimetry results showed an expected accumulation in 

the liver and lungs, but also surprisingly high uptake in the kidneys when compared to adults (VUmc 

unpublished data). 89Zr-bevacizumab uptake in the tumor was moderate in the first, high in the 

second and absent in the third patient. Most interesting, if uptake was observed, it was restricted 

to the ring enhancing area on post-gadolineum MRI, reflecting necrosis. This is the area with both a 

disrupted blood-brain barrier and, like observed in mice with subcutaneous E98 tumors, potentially 

increased VEGF expression in the perinecrotic cells. Our results indicate that large molecules such as 

bevacizumab are only able to enter the tumor when the blood-brain barrier is disrupted.
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Indeed, a clinical trial on bevacizumab in pediatric high-grade glioma and DIPG showed that 

patients with contrast-enhancing tumors responded or remained stable in 71% of the patients 

whereas this was only 25% in non-enhancing tumors, possibly reflecting a better bevacizumab 

uptake for “leaky” tumors (86). Unfortunately, we had no tumor tissue available to confirm the 

VEGF-A status in our study. Without the availability of biopsy samples for VEGF-A expression 

analysis, it is impossible to distinguish poor bevacizumab distribution from a lack of target expres-

sion in an 89Zr-Bevacizumab PET negative tumor. Anyway, the drug does not reach the tumor and 

therefore the patient is not expected to respond to bevacizumab at this time. Studies in adult 

cancer with several cytostatic drugs confirm that high tumor uptake of a labeled drug correlates 

with improved tumor response following corresponding therapy (51-53). This also applies to anti-

angiogeneic treatment, as was shown in a study in renal cell cancer by Oosting et al. (Oosting. J 

Clin Oncol. 2012;30(suppl): abstract 10581). In this study, high baseline 89Zr-bevacizumab uptake 

in the tumor corresponded with longer time to progression, suggesting that 89Zr-bevacizumab-PET 

may help to identify patients who benefit the most from anti-angiogenic treatment.

We realize that an important aspect is timing. The patients in our study were scanned after 

radiotherapy, which may induce temporary disruption of the blood-brain barrier, as well as VEGF 

expression via the mitogen-activated protein kinase (MAPK) pathway (87). Therefore, ideally, 

subsequent scans are performed in each patient to find out the susceptibility of the tumor for 

a specific drug over time. A second issue is the use of bevacizumab in multi-agent protocols. 

Recently, studies in xenografts and humans showed that the use of bevacizumab reduces the 

penetration of other drugs into the tumor by the normalization of blood vessels (88, 89).

In conclusion, whether bevacizumab is a potential drug for DIPG is a lively discussion. 89Zr-

bevacizumab immuno-PET can be of help in answering this question. More important, this study 

opens the gate for molecular drug imaging studies of several agents in pediatric brain tumors. 

This allows defining of patients who might benefit from (targeted) agents, avoiding unnecessary 

toxicity in children who do not show uptake of the drug in their tumors.

Palliative treatment options

There is a subgroup of parents and patients who choose not to participate in an experimental 

trial that is aimed at improving prognosis, because they prefer to reduce the burden for their child 

to as little therapy as possible. As part of this thesis, we therefore investigated the possibility of 

hypofractionated radiotherapy in DIPG by a matched-cohort analysis. Although not specifically pow-

ered on non-inferiority, no significant difference in median overall survival was observed between 

hypofractionated and conventional radiotherapy: 9.0 and 9.4 months, respectively (p= 0.84). How-

ever, although not statistically significant, there was a trend towards a decreased median time to 

progression (PFS) between hypofractionated and conventional radiotherapy: 5.0 and 7.6 months, 
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respectively (p= 0.24). In addition, recently an RCT of hypofractionated versus conventional radio-

therapy was accomplished in Egypt (90). The median OS was 7.8 months for the hypofractionated 

arm versus 9.5 months for the conventional arm. The 18-month OS difference was 2.2% and the OS 

hazard ratio was 1.14 (95% CI: 0.70–1.89) (p= 0.59). The median PFS of the hypofractionated arm 

was 6.6 months compared to 7.3 months for the conventional arm. The 18-month PFS difference 

was 1.1% and The PFS hazard ratio was 1.10 (95% CI: 0.67–1.90) (p= 0.71). Although the p-values 

are not statistically significant, the differences in both OS and PFS exceeded the non-inferiority 

criteria of this study; hence it cannot be concluded whether the outcome is equal for the two arms. 

We therefore conclude that hypofractionated radiotherapy offers lesser burden on the patients 

and their families for those who do not want to be on an experimental trial. However, considering 

the possibly decreased PFS and OS and since the increased fraction dose on the brainstem may 

potentially lead to long-term side effects in long-term survivors with DIPG, we believe this treatment 

is not appropriate as a standard radiotherapy scheme in clinical trials. Moreover, in order to be able 

to compare clinical trials worldwide with one another, it is crucial that all research groups use the 

same radiotherapy scheme as a backbone for their trials, which is 54 Gy in 30 fractions.

tumor material

Autopsy

At the start of DIPG research in our institute, we urgently needed a source for tumor tissue to 

start up preclinical experiments. Since performing biopsies in DIPG was, and still is, no common 

practice in the Netherlands, we developed an autopsy protocol to collect tissue. We have the 

advantage of living in a small country, which reduces the death-autopsy interval to an average 

of three hours, compared to an average of seven hours in the USA. Theoretically, this should 

improve the yield of viable tissue (20). However, with a success rate of only one out of the first 

five autopsies, it appeared hard to obtain sustainable cell lines from post-mortem material (82). 

Nevertheless, one of the first DIPG cell cultures, VUMC-DIPG-1, was developed and character-

ised. Even to date, only few groups have published on DIPG-patient derived in vitro and in vivo 

models (82, 91-94). Characterisation of three metaphases of VUMC-DIPG-1 showed an abnormal 

chromosome 4 with a pericentric inversion in chromosome 4, a phenomenon that has not been 

reported yet in DIPG. VUMC-DIPG-1 was one of the cell lines used in a drug transporter assay 

and has been used in a worldwide project of high-throughput drug screening in DIPG. It was also 

used for testing novel agents like WEE1 inhibitor MK-1775 in vitro (95). Along with DIPG in vitro 

models, we aimed to develop in vivo models from post-mortem material. Unfortunately, primary 

cells, injected orthotopically into the pons of athymic and SCID mice, engrafted only transiently. 

However, direct transplantation of tumor material from autopsy, including tumor stem cells, 

non-stem tumor cells and stromal cells obtained at autopsy was a more successful strategy and 

resulted in the development of orthotopic tumors in four out of the last four autopsies. Just as 
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intriguing as unexpected, these tumors appeared to be all of murine, non-human origin. Histo-

logically and immunohistochemically, all tumors showed characteristics of the original human 

DIPG tissue including the diffuse growth pattern (a hallmark of DIPG) and the Nestin+ /Olig2+ /

SOX2+ /GFAP– phenotype, except for being murine (96). These results are beyond the scope of 

this thesis, but the search for the driving force that triggers these mice to form murine tumors, 

which may be present in the microenvironment of the tumor, is subject of current research in 

our institution.

Systematic evaluation of the autopsy protocol by parents taught us important lessons. In retro-

spect, all parents felt comfortable with their choice to participate and all indicated that although 

there were some changes in the appearance of their child due to the procedure, this was not 

disturbing to them (82). These results correspond with reports from DIPG autopsy protocols in the 

USA and Canada (97, 98). Combining these three protocols, over 50 patients underwent autopsy 

so far and none of the parents regretted participation. Several recommendations from parents 

improved our procedure. An important advice was to increase the weight of the head of the child, 

as some parents lift their child after the autopsy to keep it in their arms. This systematic evaluation 

helps us to constantly improve our own protocols and gives the opportunity to reduce the burden 

from the procedure for these families.

Biopsy

In addition to autopsies, biopsies have been reintroduced the past few years as a source for 

tissue in some centers (23, 24, 31, 66). The group in Paris has stereotactically biopsied over 100 

patients, reporting 0% mortality and 4% transient morbidity (personal communication, S. Puget, 

Amsterdam DIPG Colloquium 2013). Still, this is one of the few groups that now systematically 

biopsy patients with DIPG. Biopsy is currently included in clinical trials in some guiding choice 

of targeted therapy. (Kieran,http://clinicaltrials.gov/show/NCT01182350; Kaspers,http://www.

trialregister.nl/trialreg/admin/rctview.asp?TC=2391).

Biology

The recent availability of tumor tissue via autopsies and biopsies has initiated a real catch-up in the 

exploration of DIPG biology over the past few years. Importantly, studies show a clearly distinct 

genetic profile compared to high grade gliomas (HGG) in adults (99). Moreover, DIPG differs 

from pediatric HGG occurring elsewhere in the brain, since several chromosomal abnormalities 

appear more frequent in DIPG than in pediatric HGG, including gains of chromosomes 1q, 2p, 

7p, 8q and 9q and losses in chromosomes 10q, 16q and 17p (71, 100-103). DIPG seems geneti-

cally most related to gliomas arising in the thalamus, suggesting a shared origin of a common 

precursor cell population (102). Recently, results of the first whole genome sequencing of seven 

DIPG samples were reported (104, 105). One of the main findings are mutations in histone H3 
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(H3F3A and HIST1H3B) located on chromosome 1, which are exclusive in children (67). This 

finding was confirmed by targeted gene-sequencing of 43 DIPG samples. Since histone 3 is known 

to activate multiple genes involved in rhombencephalon (pons, cerebellum and mesencephalon) 

development, mutations in histone H3 may drive the development of DIPG as a result of aberrant 

embryological development. This hypothesis was supported by the fact that these mutations 

were not found in exome sequence data from adult gliomas (104). Possibly, the Hedgehog signal-

ing pathway could be involved in the origin of DIPG, as unregulated activity of the Hedgehog 

pathway results in hypertrophy of the healthy pons of mice (91). These results were supported 

by a molecular profiling study based on 61 biopsy samples revealing that several genes involved 

in the Sonic Hedgehog pathway were upregulated in DIPG (66). Another recently discovered 

recurrent mutation occurring 21% of DIPG tumors is a mutation in ACVR1, encoding a bone 

morphogenetic protein (BMP) type I receptor (69, 106). This mutation has not been previously 

reported in cancer, but is known to cause the autosomal dominant syndrome ‘fibrodysplasia os-

sificans progressiva’ (FOP), in which aberrant cel lular differentiation drives progressive heterotopic 

ossification. Germline mutations in this disease are not cancer predisposing and therefore it is not 

expected that this mutation is tumor initiating.

At gene expression level, DIPG is characterized by high platelet-derived growth factor receptor 

A (PDGFRA) amplification. Other amplified genes in DIPG are hepatocyte growth factor recep-

tor (MET), insulin growth factor receptor 1 (IGF1R), epidermal growth factor receptors (EGFR 

and ERBB4), poly-ADP-ribose polymerase (PARP), vascular endothelial growth factor A (VEGF-A) 

and the associated downstream pathways, including PI3K-Akt-mammalian target of rapamycin 

(MTOR) and retinoblastoma-associated protein (RB) pathway (71, 100-103). Comparative genomic 

hybridization and gene expression profiling on biopsy samples have identified two subgroups: 

the first characterized by oligodendroglial features appearing largely driven by PDGFRA, and the 

second by mesenchymal and angiogenesis features, showing overexpression of numerous pro-

angiogenic genes including STAT3 and VEGF-A (102). The oligodendroglial-like subgroup showed 

a significantly worse prognosis than the mesenchymal-angiogenesis group. These distinct molecu-

lar subgroups may in the future benefit from different targeted treatment strategies. Importantly, 

most DIPG samples express more than one target, which makes a single-agent targeted therapy 

approach unlikely to succeed, assuming that DIPG-cells are not “addicted” to a single abnormality.

All these exciting new biological insights and discoveries of pathways help us to increase our 

understanding of DIPG and to develop new multi-targeted therapy approaches for this disease. 

At the same time, we will need more in vitro and in vivo models to test all these new therapy 

approaches before these therapeutics can be translated to the clinic.
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Future perspectives

One of the focuses of future clinical DIPG research in our institute will be the monitoring and 

improvement of drug delivery. Important to mention in this respect, the Medicines and Healthcare 

products Regulatory Agency (MHRA, UK, 2012) and the Dutch Central Committee on Research 

involving Human Subjects (CCMO, Netherlands, 2011) stated that radiolabeled compounds admin-

istered in a microdose are not considered investigational medical products requiring registration as 

novel drugs, but instead are considered as radioactive tracers. In addition, although patients have 

no direct benefit from the study and there is a certain physical and radiation burden, the CCMO 

has approved the 89Zr-bevacizumab PET-trial in children. These considerations open the door for 

future implementation of PET labeling studies in children, both nationally and internationally. We 

recently amended our 89Zr-bevacizumab study, now open in three centers in the Netherlands and 

expected to open in the UK by the end of 2015, with the inclusion of pediatric HGG elsewhere in 

the brain, in order to investigate differences in uptake between supratentorial and pontine gliomas. 

In addition, we are planning to expand the study to other pediatric solid malignancies both with 
89Zr-bevacizumab and other radiolabeled monoclonal antibodies. Furthermore, in this respect, tyro-

sine kinase inhibitors (TKIs) are another group of agents of our interest for radiolabeling studies. 

However, imaging these agents can be challenging in children, as these drugs are usually labeled to 

carbon-11, which demands dynamic scanning which is more sensitive for movement artefacts (107).

Not only monoclonal antibodies and TKIs are candidates for drug-distribution studies. Classic 

cytotoxic agents, which have been put offside in the treatment of DIPG, can also be imaged using 

radioisotopes, proving that non-efficacy of these drugs might well be due to poor distribution 

into the tumor. In other words, perhaps these drugs never got a chance to show their potential. 

In fact, a close look into the data of our systematic review and in our prediction model shows 

that intensive cytotoxic chemotherapy regimens yielded a modest improvement in median overall 

survival compared to historical cohorts, which hints at some activity of cytotoxic drugs when 

given in intensive schedules (39, 108). Anthracyclines were found to be potentially effective drugs 

in our DIPG high-throughput drug screen. Studying the distribution of these compounds using 

PET should yield interesting data. The next step, studies which correlate drug-PET-uptake with 

response to therapy, will be a real challenge, as the numbers needed for such trials are almost 

impossible to achieve in DIPG. Another approach may be to perform multiple PET-scans with 

multiple radiolabeled drugs per patient, followed by a treatment only consisting of the drug(s) 

that has proven to actually reach the tumor. The overall outcome in terms of overall survival of 

this study cohort can then be compared to historical cohorts.

Our first results of immuno-PET indicate the inability of large molecules to overcome an intact 

blood-brain barrier, and we expect this will be no different for other anti-cancer agents consisting 

of large molecules. Therefore, novel routes for local delivery of therapeutics should be developed 
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for DIPG. Multiple strategies have been developed to improve drug delivery in brain tumors, 

of which one of first was the Ommaya reservoir, invented in the 1960s to transfer therapeutic 

solutions to the tumor cells (109). Other methods to improve drug delivery that have been de-

veloped include transient blood-brain barrier disruption by intra-arterial infusion of substances 

such as mannitol and bradykinin (110) or by ultrasound (111), direct injection of drugs into the 

tumor (112), infusion via pumps such as convection-enhanced delivery (CED) (113), implants of 

gels, wafers (114) and microchips (115), trans-nasal drug delivery (116) and nanotechnologies 

with carriers such as nanospheres, liposomes, micelles and dendrimers (117). In DIPG, only few 

of these have been explored including intra-arterial infusion of mannitol (110) and bradykinin 

(118), p-glycoprotein inhibition (119) and case reports of CED (120-122). Due to the convective 

flow of CED, therapeutic solutions can cover longer distances in the brainstem compared to the 

conventional infusion techniques which are merely diffusion based (123).

In our institution we are developing a clinical trial on local delivery of carmustine via CED. We 

have shown the safety and potential activity of carmustine in DIPG in vitro and, by using CED, in 

vivo (124). In addition, carmustine has been implanted via wafers (114) and injected safely into 

adult gliomas (112) and has proven anti-glioma activity. As with systemic drug administration, 

monitoring drug distribution during CED is important and can be accomplished by co-infusion 

with gadolinium and subsequent MR-imaging, or by radiolabeling and PET imaging. We aim to 

show the feasibility of the procedure and hope to observe objective tumor responses. However, 

we expect that a single administration via CED could be insufficient, and that instead subsequent 

injections via a permanent catheter, probably in combination with radiotherapy and selected 

systemic therapy, will be necessary to improve the survival of children with DIPG.

The development of intensive international collaboration is of major importance to improve re-

search and therapy in an orphan disease like DIPG. Our group therefore invested in international 

collaborations by organising two DIPG meetings in Amsterdam and by developing international 

retrospective (prediction model) and prospective (PET-labeling) studies. An encouraging result 

was the establishment of the European DIPG-network in 2011. One of the aims is to develop a 

central registry of patients, capturing both clinical and imaging data with central MRI review. As 

a first project of the registry, which is simultaneously performed in the USA, we aim to collect 

all long-term survivors with DIPG diagnosed in the past twenty years in order to identify specific 

characteristics of these patients. In addition, prospective inclusion of new European patients in the 

registry will provide the data to validate the DIPG prediction model. Eventually, the registry is to 

facilitate the execution of pan-European clinical trials. Considering the incidence 0.54/1000,000 

patients, yearly an estimated 250 patients yearly are newly diagnosed in Europe, and if we suc-

ceed in our collaboration, fast answers can be given by clinical trials with a rationale based on 

novel biological knowledge.
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We are convinced that the abovementioned multidimensional research is a premise to increase 

knowledge on DIPG, leading to therapies prolonging survival and, ultimately, finding a cure for 

children suffering from DIPG.
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In chapter 1, the introduction, an overview is given of the status of DIPG at the start of this thesis. 

Less than 10% of the patients with DIPG survive beyond two years from diagnosis. Thirty years of 

clinical trials with increasing radiotherapy dose schedules, several combinations of chemotherapy 

and single-agent targeted therapy regimens have not improved the prognosis, although there 

is some variation in outcome between trials. It is unclear whether this variation is due to real 

treatment effects or to selection bias, i.e. inclusion of patients with distinct disease courses. An 

important hurdle in improving the selection of potential drugs for DIPG is the lack of tumor tissue, 

which has hampered preclinical research thus far. In addition, drug delivery might be an issue in 

these tumors, but data to support this were lacking at the start of this thesis. The main aims of 

this thesis are to establish the incidence of DIPG in the Netherlands, to develop preclinical models 

from autopsy material, to define predictors of prognosis based on clinical and imaging criteria and 

to make the first steps in monitoring drug delivery in DIPG.

Chapter 2 provides a systematic review of all trials from 2005 until 2011. In total, 26 prospective 

clinical trials, including 561 children with newly-diagnosed DIPG, were published in this period. 

Although restricted to DIPG, there was considerable inter-study variability in eligibility criteria, 

including performance state, life expectancy, symptoms at diagnosis and laboratory findings and 

a minority of the studies further specified the MRI criteria. The prognosis of DIPG has not im-

proved during the past six years. The high expectations of temozolomide have not been realized. 

Only one study clearly showed an improvement in median OS applying pre-irradiation therapy 

consisting of high-dose methotrexate, BCNU, cisplatin and tamoxifen, but selection bias cannot 

be excluded in this study and the long-term outcome was poor.

In chapter 3 we report on the patients treated in Netherlands between 1990 and 2010. The 

incidence is 0.54/1.000,000, which means that nine patients with DIPG were newly diagnosed 

each year. More than 20 different radiotherapy and chemotherapy regimens were applied in 

157 patients and unfortunately the majority of the patients was treated off-trial. These results 

emphasize the need to treat patients with rare diseases as DIPG in (inter)national trials.

In chapter 4 we present the development of a survival prediction tool for DIPG in a multinational 

cohort. Multivariate Cox analysis yielded five prognostic variables. Age ≤ 3 years, longer symptom 

duration at diagnosis, and use of oral and intravenous chemotherapy were favorable predictors, 

while ring enhancement on MRI at diagnosis was an unfavorable predictor. The combination of 

these variables results in a DIPG risk score. The DIPG risk score of individual patients estimates the 

overall survival time and, in non-randomized trials, can explain a change in overall survival due to 

selection bias that would otherwise be attributed to the study drug. In future studies, patients can 

be stratified according to the DIPG risk score in a standard, medium and high-risk group.
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In chapter 5, we aimed to establish a reference for glucose metabolism of the pons. We show that 

the 18F-FDG SUV ratios of the normal pons versus cerebellum and occipital lobe are very constant 

amongst controls, independent of sex, age and pontine volume and are therefore suitable as 

a reference for 18F-FDG PET studies in DIPG. The reference allows detecting subtle changes in 

glucose metabolism in DIPG.

In chapter 6, we used molecular imaging to study the biodistribution of 89Zr-bevacizumab in 

mouse models with an E98 DIPG- or striatal glioma versus an E98 subcutaneous tumor. We 

found neither significant uptake of 89Zr-bevacizumab in the brain, nor in both intracranial tumors. 

In contrast, high accumulation of 89Zr–bevacizumab was observed in the subcutaneous E98-

xenograft. We initially hypothesized that this was solely due to poor bevacizumab distribution 

over the blood-brain barrier. However, also the target expression (VEGF) of the E98 glioma cells 

was different; gliomas in both striatum and pons were VEGF-negative, while the subcutaneous 

E98 tumors were VEGF-positive. This is probably due to a lack of necrosis in the intracranial tumor 

models.

In chapter 7 we studied the first three children worldwide with immuno-PET. We show that 

immuno-PET is feasible in children without the use of anesthetics. 89Zr-bevacizumab uptake was 

observed in the contrast-enhancing part of the tumor in two patients at best at 144 hours post-

infusion, while the third tumor had no significant uptake. It seems that bevacizumab uptake is 

related to gadolineum uptake in the tumor, and thus to blood-brain barrier disruption. However, 

the uptake clearly differed between the two PET positive tumors, probably due to a local differ-

ence in VEGF expression.

In chapter 8 we describe the results of a matched-pair analysis of patients who underwent hy-

pofractionated radiotherapy versus conventional radiotherapy. With this radiotherapy schedule 

we aimed to reduce the burden for patients, by limiting the radiation time to three instead of 

six weeks, without causing a decrease in survival. We showed that the median overall survival is 

9.0 versus 9.4 months, respectively, which was not significantly different (P= .84). Although not 

statistically significantly different either, there was a trend to a decreased median time to progres-

sion (PFS) between hypofractionation and conventional radiotherapy: 5.0 versus 7.6 months, 

respectively (P= .24). Overall, hypofractionation therapy seems to be a reasonable alternative for 

parents who choose not to participate in experimental clinical trials, although studies with higher 

patient numbers should investigate a possible reduction in PFS.

In chapter 9 we report the results of the first five DIPG patients who underwent autopsy in 

the Netherlands. The death-autopsy interval was short (three hours) compared to other autopsy 

protocols in North America. It enabled us to develop and characterize one of the first DIPG cell-
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cultures. Evaluation by the parents revealed that no one regretted their choice to participate and 

yielded several useful recommendations that we integrated in our procedure.

In chapter 10 our findings are discussed and ongoing and future research (perspectives) is de-

scribed.
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Hoofdstuk 1, de inleiding van dit proefschrift, bevat een overzicht van de kennis over DIPG op het 

moment van de start van dit onderzoek. De prognose van DIPG is slecht; minder dan 10% van 

de patiënten is na 2 jaar nog in leven. Ondanks vele klinische studies naar behandelingen met 

oplopende doseringen radiotherapie, verschillende combinaties van chemotherapie en diverse 

“targeted” therapieën is de prognose niet verbeterd. Wel bestaat er enige variatie in de uitkomst 

tussen verschillende studies. Het is onduidelijk of deze verschillen veroorzaakt worden door de 

gegeven behandeling of als gevolg van selectiebias; wellicht zijn DIPG patiënten geïncludeerd met 

een verschillend natuurlijk ziektebeloop. Een belangrijk obstakel in het verbeteren van de selectie 

van potentiele geneesmiddelen is het ontbreken van tumorweefsel. Hierdoor wordt preklinisch 

onderzoek tot dusverre ernstig belemmerd. Een ander probleem in de behandeling van DIPG 

is de afgifte van geneesmiddelen in de tumor. Hier was tot voor kort niets over bekend. De 

belangrijkste doelstellingen van dit proefschrift zijn het vaststellen van de incidentie van DIPG in 

Nederland, het verkrijgen van in vitro en in vivo modellen uit autopsiemateriaal, het definiëren van 

voorspellers van de prognose op basis van klinische en radiologische criteria en het verkrijgen van 

kennis over de mate waarin geneesmiddelen de tumor bereiken bij DIPG.

Hoofdstuk 2 geeft een systematisch overzicht van alle klinische studies naar DIPG van 2005 tot 

2011. In totaal werden 26 prospectieve klinische studies in deze periode gepubliceerd, met inclu-

sie van 561 kinderen met DIPG. Er was aanzienlijke variabiliteit in inclusiecriteria tussen studies, 

waaronder mate van functioneren, levensverwachting, symptomen bij diagnose, laboratorium-

bevindingen en, bij een minderheid van de studies, in de MRI-criteria. De prognose van DIPG 

is niet verbeterd in de afgelopen zes jaar. De hoge verwachtingen van temozolomide zijn niet 

ingelost. Slechts één trial liet duidelijk een verbetering van de mediane overlevingsduur zien: 

chemotherapie voorafgaand aan de bestraling bestaande uit hoge dosis methotrexaat, BCNU, 

cisplatine en tamoxifen, maar selectiebias kan in deze studie niet worden uitgesloten en de lange 

termijnoverleving was slecht.

In hoofdstuk 3 wordt een analyse gegeven van de patiënten behandeld in Nederland tussen 1990 

en 2010. De incidentie is 0.54/1.000.000, wat neer komt op 9 nieuw gediagnosticeerde DIPG 

patiënten per jaar. Meer dan 20 verschillende radiotherapie- en chemotherapiebehandelingen 

werden toegepast bij 157 patiënten in 9 verschillende ziekenhuizen, waarvan slechts 18% in 

studieverband. Deze resultaten benadrukken de noodzaak om patiënten met een zeldzame ziekte 

als DIPG in (inter)nationale studies behandelen.

In hoofdstuk 4 wordt een overlevingspredictiemodel gepresenteerd voor DIPG in een multina-

tionaal cohort. Multivariate Cox analyse leverde vijf voorspellende variabelen op. Leeftijd ≤ 3 

jaar, langere symptoomduur bij diagnose, en het gebruik van orale en intraveneuze chemothe-

rapie zijn voorspellers van een langere overlevingsduur, terwijl ringaankleuring op de MRI bij 
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diagnose een ongunstige voorspeller is. De combinatie van deze variabelen resulteren in een 

DIPG risicoscore. De DIPG risicoscore van individuele patiënten voorspelt de overlevingsduur. In 

niet-gerandomiseerde onderzoeken kan het een verkorting of verlenging van de overlevingsduur 

verklaren die anders zou worden toegeschreven aan de toegepaste behandeling (selectiebias). 

In toekomstige studies zouden patiënten op basis van de DIPG risicoscore gestratificeerd kunnen 

worden in een standaard-, gemiddeld- en hoog-risicogroep.

In hoofdstuk 5 wordt een referentie voor het glucosemetabolisme van de pons gegeven. De 18F-

FDG SUV ratio’s van de normale pons versus cerebellum en occipitaalkwab blijken zeer constant 

te zijn tussen controles, onafhankelijk van geslacht, leeftijd en het volume van de pons en zijn 

daarom geschikt als referentie voor 18F-FDG PET-studies bij DIPG. De referentiewaarde maakt het 

mogelijk subtiele veranderingen in glucose metabolisme bij DIPG te detecteren.

In hoofdstuk 6 hebben we gebruik gemaakt van PET scanning om de biodistributie van 89Zr-

bevacizumab te onderzoeken in muismodellen met een E98 DIPG- en striatumglioom versus 

een E98 subcutane tumor. We vonden geen significante opname van 89Zr-bevacizumab in de 

hersenen, noch in beide intracraniële tumoren. Daarentegen werd een hoge accumulatie van 
89Zr-bevacizumab waargenomen in de subcutane tumor. Aanvankelijk veronderstelden we dat dit 

uitsluitend te wijten was aan slechte distributie van bevacizumab over de bloedhersenbarrière. 

Echter, ook de expressie van het doeleiwit (VEGF) verschilde tussen de E98 glioomcellen: de 

E98 gliomen in het striatum en pons bleken VEGF-negatief, terwijl de subcutane E98 tumoren 

VEGF–positief waren. Dit is waarschijnlijk te verklaren door de afwezigheid van necrose in de 

intracraniale tumormodellen.

In hoofdstuk 7 worden de eerste drie kinderen wereldwijd beschreven die 89Zr-bevacizumab PET 

scans ondergingen. De techniek is bij kinderen goed uitvoerbaar zonder het gebruik van anes-

thetica, er traden geen bijwerkingen op en de kwaliteit van de beelden was goed. Opname van 
89Zr-bevacizumab werd waargenomen in het contrastaankleurende deel van de tumor bij twee 

patiënten, maximaal 144 uur na de infusie, terwijl de derde tumor geen significante opname liet 

zien. Het lijkt erop dat de opname van bevacizumab gerelateerd is aan de gadolineumopname 

in de tumor, en dus aan bloedhersenbarrière beschadiging. Er was daarnaast ook een duidelijk 

verschil in opname tussen de twee PET positieve tumoren, wat verklaard kan worden door een 

verschil in lokale VEGF expressie.

In hoofdstuk 8 beschrijven we de resultaten van een matched-pair analyse van patiënten die gehy-

pofractioneerde radiotherapie versus conventionele radiotherapie ondergingen. De studie had als 

doelstelling de belasting voor patiënten te verminderen door het beperken van de bestralingsduur 

van 6 naar 3 weken, zonder dat dit een vermindering in overleving zou geven. De mediane 
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totale overleving was respectievelijk 9,0 versus 9,4 maanden, wat niet significant verschillend was 

(p = .84). Hoewel ook niet statistisch significant, was er een trend naar een verminderde mediane 

tijd tot progressie (PFS) tussen gehypofractioneerde en conventionele radiotherapie: 5,0 versus 

7,6 maanden (p= 0,24). Kortom, gehypofractioneerde radiotherapietherapie lijkt een redelijk 

alternatief voor ouders die ervoor kiezen niet deel te nemen aan experimentele klinische studies, 

maar grotere studies moeten aantonen of er inderdaad sprake is van een vermindering van PFS.

In hoofdstuk 9 beschrijven we de resultaten van de eerste vijf patiënten met DIPG die een obduc-

tie ondergingen. Het tijdsinterval tussen overlijden en autopsie was kort (drie uur) in vergelijking 

met andere obductieprotocollen in Noord-Amerika. Het verkregen autopsiemateriaal stelde ons 

in staat een van de eerste DIPG celkweken te ontwikkelen en te karakteriseren. Evaluatie door de 

ouders toonde aan dat niemand spijt had van hun keuze om obductie toe te staan en leverde een 

aantal nuttige aanbevelingen op die zijn opgenomen in de procedure.

In hoofdstuk 10 worden de bevindingen van dit proefschrift in perspectief geplaatst. Daarnaast 

wordt een visie gegeven over DIPG onderzoek in de toekomst.
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proberen, zoals de CED techniek die hopelijk in 2015 toegepast gaat worden bij kinderen met een 

DIPG. Ik ben je heel erg dankbaar voor je hulp aan dit proefschrift.
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Dr. van Vuurden, beste Dannis, als copromotor ben je voor mij van grote waarde geweest. We hebben 

samen veel onderzoek en internationale betrekkingen uit de grond gestampt, pionierswerk waar ik 

erg van genoten heb. We delen ons gevoel voor humor, meer specifiek voor cabaretiers die een ont-

regelend effect hebben op de zaal, voor muziek en voor Liverpool. Ik heb je erg hoog zitten vanwege 

je brede kennis en scherpe translationele denken, maar ook vanwege je ironie en het kritisch kunnen 

zijn op jezelf. Heel bijzonder vond ik het dat je me vroeg je paranimf te zijn (een unicum historisch 

gezien?). Bedankt voor alles wat ik van je geleerd hebt en voor je vriendschap met jou en met Inge.

De leescommissie, geachte prof. de Vries, prof. van Gool, prof. Peters, prof. Dirven en prof. Barkhof, 

dank voor de kritische evaluatie van mijn proefschrift. Het is een eer mijn proefschrift voor u te mogen 

verdedigen. Prof. van Gool, geweldig dat u vanuit Leuven naar Nederland komt voor mijn verdediging.

Viola Caretti, dame met de roos, wat een onuitwisbare indruk liet je achter bij onze eerste ken-

nismaking. Die heerlijke Italiaanse allure heb je gelukkig nooit van je afgeschud. Wij begonnen 

samen aan dit project en aan het einde was ik je paranimf. We hebben een geweldige tijd samen 

gehad voor je vertrok naar Amerika. Ik hoop je nog veel tegen te komen in de toekomst.

Sophie, jij nam het stokje van me over en hebt dat geweldig gedaan. Je bent gezegend met een 

talent in het onderhouden van contacten, het op de rails houden van alle studies en schept orde 

in de chaos die Dannis en ik soms achterlaten. We hebben geweldige tijden beleefd maar samen 

ook ervaren hoe heftig de zorg voor patiënten met een DIPG kan zijn. Ik hoop heel erg dat je over 

een poosje mijn collega wordt.

Dr. Hulleman, beste Esther, jij hebt me veel geleerd over de biologie van DIPG. We hebben mooie 

tijden gehad op de congressen waar jij er altijd voor zorgde dat ik weer “compleet” thuis kwam. 

Tonny, Viola, Susanna, Pepijn en Lot dank voor alle hulp met de dingen in het lab die ik niet kon. 

Jullie leerde me de beginselen van de immunohistochemie en de experimenten met muizen. 

Pieter Wesseling, dank voor je kennisoverdracht, enthousiaste pathologielessen en goede review 

van manuscripten. Je hebt een geweldige persoonlijkheid. David Noske, dank voor je input in de 

papers en in de discussies over nieuwe behandelingen voor DIPG.

Esther Sanchez, we gingen samen Nederland door om MRI’s te beoordelen en hadden een gewel-

dige tijd. Dank voor het bijbrengen van de nodige MRI skills. Martijn Heymans, dank voor onze 

statistische discussies over predictiemodellen, ik heb veel van je geleerd. Reina dank voor alle tijd 

die je hebt gestopt in het intekenen van ponsen. Otto Hoekstra, Emile Comans, Ronald Boellaard, 

Marc Huisman en Danielle Vugts, dank voor de introductie in de wondere wereld van de nucleaire 

geneeskunde. Geert Janssens, dank voor de goede samenwerking alle jaren. Guus van Dongen, 

bedankt voor je inspanningen om immuno-PET mogelijk te maken bij kinderen in Nederland. 
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Het was een mooie ervaring bij het ministerie in Den Haag. Alle betrokken kinderoncologen in 

Nederland dank voor de hulp bij het verkrijgen van alle data.

European DIPG network, thank you for inspiring me and for inviting me as a young researcher 

in the world of pediatric neuro-oncology. Darren Hargrave, thank you for your warm welcome in 

London and the introduction in Great Ormond Street Hospital and for facilitating my research. Dr. 

Bomanji, Wendy Waddington and Robert Shortman, thank you for all your work in starting up the 

bevacizumab-PET study in UCLH. Christof Kramm and Monica Warmuth Metz, thank you for your 

help and the use of the HIT-GBM data.

Stichting Schumacher-Kramer, dank voor alle steun aan dit onderzoek. Ik heb erg genoten van 

onze jaarlijkse bijeenkomst in Amsterdam Zuid. Stichting Egbers, eveneens veel dank voor jullie 

bijdrage aan en interesse in dit onderzoek.

PK4x. Het warme bad dat onderzoek faciliteert en het ook draaglijk maakt. Suus, Willemijn, Ilse, 

Katja, Annelies, Hester; vrienden van het eerste uur en nog steeds, ik heb een geweldige tijd 

aan jullie te danken. Ik zal de rit in het citroentje over Texel naar Ecomare nooit vergeten! En de 

mannen (wat zijn ze schaars) Arend, Gerrit, Rik, wat een toptijd was het. En natuurlijk Marleen, 

Eline, Stefanie, Annemiek, Raphaële, Jolice, Miret, Femke, Sandra (wat kon jij koken), Anneke, 

Hannemieke, Ineke, Monique, Tamara, dank voor de even zinnige als zinloze lunchdiscussies 

(behalve Boer Zoekt Vrouw). En Sigrid, je bent geen echte pk4xer maar dank voor al je hulp.

Lieve collega’s, mede dankzij jullie is mijn opleiding kindergeneeskunde een feest. Uit al die 

geweldige mensen wil ik speciaal Ilse bedanken als mijn eeuwige “mentormoeder”. En daarnaast 

Martijn, Arend en Jaap: dank voor de onvergetelijke wintersport. “Ich weiss leider nicht mehr..”

Zonnetje, lieve vrienden, jullie vriendschap is mij ongelooflijk veel waard. Rus je staat altijd voor 

me klaar, je bent goud waard. Martijn, je humor is ongeëvenaard, ik kijk er naar uit straks naast 

jou te staan als je paranimf. Thijs Sins, Sacha, Chip, sinds DERM zijn we onafscheidelijk; de Bel-

gische braderie zal nooit meer hetzelfde zijn. Bart mijn oudste jeugdvriend, hoe mooi is het dat 

wij onze beste vrienden delen nu en wij dit allemaal zo met elkaar mogen meemaken. Elias, 

Jasper, Dirk, Bram, Ludo, Misja, met jullie wil ik snel weer op tapastour. Martina en Sander, 

Inge, Moniek, Erica, Karin, Mina, Judith, Eva, Eva, Angela, Tamara, Vera, David en Claudia, jullie 

brengen het juiste evenwicht. Verder, Michiel, een waardevolle vriendschap bestaat soms uit hele 

kleine stukjes. Sophia, Jens en Arnoud, dank voor jullie vriendschap.

Mijn oude Strabrechtploeg, fijn dat we elkaar jaarlijks blijven zien. Roderick, je vriendschap en 

gastvrijheid is heel belangrijk voor mij.
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Stichting Badhuis, dank voor de inspirerende avonden en weekenden die wij 2 maandelijks heb-

ben. Ze stimuleren het out of the box denken en verbreden mijn kennis over onderwerpen waar 

ik niets van wist. Ik kijk uit naar de volgende sessie. Ludo dank dat je de organisatie zo geweldig 

hebt overgenomen.

Concilium Hilaricum Paediatricum, heerlijk dat ik al mijn inspiratie kwijt kan in onze geweldige 

show op het NVK congres. 2015 gaat weer veel moois brengen.

Opa Ad geweldig dat je op je 91e in de corona kan plaatsnemen en fijn dat Sylvia erbij is. Lieve 

oma Joke, je hebt altijd veel interesse in mijn onderzoek gehad. Wat fijn dat je er nog bij kan 

zijn vandaag. Familie Jansen en familie Raben dank voor jullie altijd aanwezige betrokkenheid en 

interesse.

Familie Roekevisch, familie Kamperman en familie Broekmaat, en in het bijzonder Harrie en Jo 

dank voor jullie hulp, liefde en steun aan ons drukke gezinnetje. Het huis was zonder jullie nog 

een ruïne geweest.

Paranimfen Thijs en Matthijs (“Tuus”). De eerste week van geneeskunde is onze vriendschap 

bezegeld. Matthijs, jouw vriendschap opende een nieuwe wereld voor me. We hebben geweldige 

avonturen en reizen samen beleefd, met als hoogtepunt de Sprookjessafari. Thijs, sinds Brazilië 

zijn we twee handen op één buik. Ik zeg “entau”! Bij jullie kan ik altijd terecht als ik twijfel over 

een bepaalde richting in mijn leven. Jullie zijn mij allebei ontzettend dierbaar.

Mijn lieve ouders en Koen. Pap en mam, jullie zijn geweldige mensen die alles in mijn leven 

hebben mogelijk gemaakt. Wat jullie betekenen voor anderen is niet te beschrijven, zoals de 

laatste weken bijvoorbeeld weer bleek uit alle patiënten die huilend afscheid kwamen nemen 

toen mam met pensioen ging. Pa, jouw ongelooflijke ondernemingsdrift is een voorbeeld voor 

mij, het laat zien dat niets onmogelijk is in het leven, als je het maar doet. Lieve broer, jij bent 

voor mij het voorbeeld hoe je iedere dag op moet staan en weer naar bed moet gaan. Je hebt de 

beste persoonlijkheid van iedereen die ik ken.

Nicole en John wat jullie doen voor Stichting Semmy is bewonderenswaardig. Ik vind de jaarlijkse 

bijeenkomsten altijd heftig maar enorm inspirerend. Geweldig dat jullie op eigen kracht dit onder-

zoek faciliteren, dank voor alle steun.

Tot slot wil ik alle dappere patiënten en hun ouders bedanken die hebben meegedaan aan dit 

onderzoek. Zonder hen is onderzoek naar DIPG niet mogelijk en komen we niet verder. Helaas 

zijn velen van hen niet meer in ons midden.
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