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INTRODUCTION
Retinoblastoma is an aggressive tumor of the retina, representing about 3% of all pediatric 
cancers and it is the most common pediatric eye cancer. Approximately one in 17,000 children 
develop retinoblastoma, typically before the age of five years.1 In total about 8,000 children 
worldwide are diagnosed with retinoblastoma each year.2

Survival after retinoblastoma largely depends on the ability to detect and treat the disease in 
an early stage, which is why survival is considerably better in high-income countries (>95%) 
than in low-income countries (about 30%).2,3 The eye functions as a natural barrier that is 
difficult to escape. However, once the tumor has completely broken through the outer layers of 
the eye (choroid or sclera) or into the optic nerve beyond the lamina cribrosa sclerae without 
proper treatment extraocular retinoblastoma will eventually metastasize and chances of 
survival worsen dramatically.4–6 As long as extraocular retinoblastoma is minimal and when 
needed systemic chemotherapy is administered metastatic disease can be prevented.7 This 
emphasizes the importance of early retinoblastoma diagnosis and proper staging of intra- 

and extraocular disease, i.e., 
accurate determination of the 
presence of metastatic risk 
factors of retinoblastoma. 

In over 40% of all patients 
retinoblastoma is hereditary 

(either inherited from their parents or from a germline mutation of the RB1 gene). Hereditary 
retinoblastoma usually manifests itself as bilateral retinoblastoma, but it can also present 
as unilateral retinoblastoma. Non-hereditary retinoblastoma is always unilateral, besides 
a theoretical extremely small chance that both eyes develop retinoblastoma. Hereditary 
retinoblastoma patients are also at risk of developing trilateral retinoblastoma, which is 
uni- or bilateral retinoblastoma in combination with an intracranial midline primitive 
neuroectodermal tumor. A meta-analysis8 published in 1999 showed that almost all patients 
with trilateral retinoblastoma died, except for a few patients without symptoms and very small 

Table 1. International Classification of Retinoblastoma

Group Risk Characteristic Definition

A very low small tumors ≤3 mm

B low large tumors or
macular or

juxtapapillary or
clear subretinal fluid

>3 mm
≤3 mm to fovelola
≤3 mm to disc
≤3 mm from margin

C 1
2
3

moderate subretinal seeding or
vitreous seeding or

both subretinal and subvitreous seeding

≤3 mm from 
retinoblastoma

D 1
2
3

high subretinal seeding or
vitreous seeding or

both subretinal and subvitreous seeding

>3 mm from 
retinoblastoma

E very high extensive retinoblastoma or
neovascular glaucoma or

opaque media from hemorrhage in anterior chamber, vitreus or subretinal space or
invasion of postlaminar optic nerve or

massive choroid invasion or
(extra)scleral invasion or

invasion of the anterior eye segment

>50% of globe*

>2 mm

*Whether the size criterion (>50% of globe) is a part of the classification depends on the version used.10–12 

Purpose: to see what can be done to 
improve accurate and early detection of 
metastatic risk factors.  ‘‘



15

Introduction

tumors. The incidence of trilateral retinoblastoma has been estimated at 5 to 15% for patients 
with bilateral retinoblastoma, but this estimation is based on small cohorts of retinoblastoma 
patients.8

Staging
Back in the day, the Reese-
Ellsworth classification for 
intraocular retinoblastoma was 
used to predict eye preservation 
after external beam radiotherapy.9 
Starting in the nineties of the 
previous century an increasing 
number of treatment options 
became available, and eventually 
the International Classification 
of Retinoblastoma (ICRB) was 
developed and published in 2005 
for intraocular retinoblastoma 
(table 1).10–12 For extraocular 
disease staging  the International Retinoblastoma Staging System (IRSS) was constructed and 
published in 2006 (tables 2 and 3).13,14 

The ICRB aids the physician in his or her choice to either try to save the eye and focus on 
conservative and local treatment, or to enucleate the eye. The ICRB gives an indication of 
ocular survival for each affected eye, but not about overall patient survival. Enucleated eyes 
are usually group-D and -E eyes. Whereas the IRSS covers the entire disease spectrum from 
confined intraocular to overt metastatic disease. Chantada et al.7 showed that survival of 
patients with stage-0 and stage-I retinoblastoma is higher than 95%, but chances of survival 
decrease with increasing stage: 86% of stage II, 70% of stage III and 5% of stage IV patients. 
Especially the difference between stage III (regional extension) and stage IV (metastatic 
disease) is remarkable and emphasizes the importance of knowledge about the presence of 
metastatic risk factors, because untreated 
risk factors might lead to metastatic 
disease endangering patient survival. 

Metastatic risk factors
In the past various retrospective studies 
evaluated what constituted the metastatic 
risk factors of retinoblastoma. In this 
thesis we consider massive choroidal 
invasion,14 scleral invasion and 
postlaminar optic nerve invasion as the 
most important risk factors for metastasis, 
even though the importance of choroidal 
invasion is being questioned; the risk of 
metastasis is especially thought to be high 
when postlaminar invasion and massive 
choroidal invasion co-occur or when the 

Table 2. International Retinoblastoma Staging System

Stage Characteristics

0 patients treated conservatively (see table 3 for subclassification)

I eye enucleated, completely resected histologically (see table 3 for subclassification)

II eye enucleated, microscopic residual tumor

III regional extension
A. overt orbital disease
B. preauricular or cervical lymph node extension 

IV metastatic disease
A. hematogenous metastasis (without CNS involvement) 

1. single lesion 
2. multiple lesions

B. CNS extension (with or without any other site of regional or metastatic disease)
1. prechiasmatic lesion 
2. CNS mass 
3. leptomeningeal and CSF disease 

CNS = central nervous system, CSF = cerebrospinal fluid.

Table 3. Subclassification of extraretinal stages I and II of the IRSS

Stage Characteristics TE

N0 no tumor in optic nerve 

O
pt

ic
 n

er
veN1 pre- or intralaminar invasion 

N2 postlaminar invasion, margin clear of tumor 

N3 resection margin and/or subarachnoid invasion 

NX unknown 

C0 no choroid invasion

Ch
or

oi
d

C1 minor choroid invasion (< 3 mm and not reaching the sclera) 

C2 massive choroidal invasion (≥ 3 mm or reaching the sclera) 

S0 no scleral involvement 

Sc
le

ra

S1 microscopical extension into sclera 

S2 microscopical extension through sclera into the orbit 

TE = tumor extent.
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cut-end of the optic nerve is not free after enucleation.15–23 Unfortunately the evidence on this 
subject is not very strong and often relies on retrospective studies with a lot of (potential) bias. 
The importance of tumor invasion into the anterior eye segment is still subject of debate, but 
this invasion is not considered a major risk factor.23,24 Recent literature suggests that children 
with solitary massive choroidal invasion or postlaminar optic nerve invasion have a good 
probability of survival and might not need adjuvant chemotherapy after enucleation.17,21,25 
However, with increasing use of eye-sparing treatment strategies (notably selective intra-
arterial chemotherapy) for advanced-stage eyes (ICRB groups D and E) the significance (or 
insignificance) of solitary massive choroidal invasion or postlaminar optic nerve invasion 
(and other potential risk factors) remains unknown; after all enucleation allows for radical 
tumor resection including retinoblastoma that has invaded the ocular wall or optic nerve. 
Therefore, if the eye was not removed at all, but treated locally, the question remains whether 
these risk factors were sufficiently treated along with the intraocular tumor. Chantada et al.26 
showed that minimally disseminated disease can be detected in the cerebrospinal fluid that 
earlier could not be detected. Minimally disseminated disease was associated with massive 
optic nerve invasion.

Radiological imaging
Histopathologic assessment of tumor extent (invasion into the choroid, sclera or optic 
nerve) is the gold standard, but with increasing use of eye-sparing conservative treatment 
regimens other diagnostic modalities are gaining importance.27 Computed tomography (CT) 
or magnetic resonance imaging (MRI) are the only modalities able to detect tumor extent. 
CT should if possible be avoided because of the potential harmful effect of radiation in small 
children, especially of those with hereditary retinoblastoma.28–31 Only if a MR system is not 
available – e.g. in many developing countries – CT is the modality of choice.  Also, MRI is 
thought to be more accurate at retinoblastoma staging than CT. For MRI to produce images 
that allow accurate staging, the European 
Retinoblastoma Imaging Collaboration 
(ERIC) has published consensus 
requirements for MRI of retinoblastoma 
(table 4).32 Overt extraocular tumor 
invasion of retinoblastoma can be detected 
quite reliably with MRI (or CT for that 
matter), but especially the subtle invasions 
(e.g., just past the lamina cribrosa into the 
optic nerve or minimally into the choroid 
or sclera) are difficult to detect.

Because of the risk of a concurrent 
primitive neuroectodermal tumor in 
hereditary retinoblastoma patients 
(trilateral retinoblastoma), brain MR 
sequences should also be added to the 
magnetic resonance (MR) examinations 
performed at the time of retinoblastoma 
diagnosis.

Nowadays MR systems at 1.5 and 3 T are 

Table 4. MRI protocol*

Requirements

Field strength above 1 T 
1.5T system combined with one or two small surface coils 
(diameter <5 cm) 
3.0T system combined with multichannel head coil Sc

an
ne

r 
an

d 
co

ils
Transaxial T2 weighted (slice thickness ≤2 mm) 
Optional: Transaxial CISS (Siemens) / FIESTA (GE) / DRIVE (Philips) O

rb
its

Se
qu

en
ce

s 
(m

in
im

um
 re

qu
ire

m
en

ts
)In-plane pixel size ≤0.5×0.5 mm; slice thickness ≤2 mm

Ey
e(

s)
 a

nd
 o

pt
ic

 n
er

ve
(s

)Unilateral disease (or bilateral disease with only one eye strongly 
affected) 

Precontrast T1 weighted; at least one plane: transaxial or 
sagittal oblique T2 weighted; at least one plane: transaxial or 
sagittal oblique 
Postcontrast T1 weighted, no FS; transaxial and sagittal oblique

Bilateral disease (both eyes strongly affected)
Precontrast T1 weighted (transaxial) T2 weighted (transaxial) 
Postcontrast T1 weighted, no FS; sagittal oblique of both eyes 
and transaxial

Transaxial T2 weighted (slice thickness ≤4 mm)  
Postcontrast T1 weighted (2D SE with slice thickness ≤3 mm or 3D 
GRE ≤1 mm) Br

ai
n

FS = fat saturation, SE = spin echo, GRE = gradient echo. 
*Consensus among members of the European Retinoblastoma 
Imaging Collaboration (ERIC). 
Source: De Graaf et al.32
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Purpose: to improve early detection of 
trilateral retinoblastoma and to determine 
the incidence of developing this disease and 
what can be done to improve survival.‘‘

the norm. To be able to generate high-resolution images a surface coil is necessary in 1.5T 
systems and a multichannel head coil is necessary in 3T systems (table 4). Several ex vivo 
studies have shown the potential of obtaining detailed ultrahigh-resolution MR images at even 
higher field strengths in melanoma patients,33,34 but evidence in retinoblastoma at higher field 
strength has yet to be obtained. Because retinoblastoma patients are examined under general 
anesthesia subjective discomforts at high field strengths (e.g.. noise or claustrophobia) will not 
be an issue.35 A disadvantage is that systems at higher field strengths (such as systems at 7 T) 
are not readily available for in vivo application. Also, examinations at higher field strengths 
require longer scanning times and, potentially most important, core body temperatures might 
increase too much when young children are subjected to very high field strengths.36 Therefore 
imaging at 7 T is not available for children at the moment.

Treatment
The most important treatment goal in retinoblastoma care is preservation of life. Only if 
patient survival can be assured, preservation of vision will be aimed for. Should it not be 
possible to save vision and patient survival is not in danger, preservation of the eye can be 
attempted.

These days, physicians 
have a broad spectrum 
of options to treat 
intraocular retinoblastoma 
ranging from focal 
to systemic therapy, 
including intravenous 
chemotherapy, thermochemotherapy, intravitreal chemotherapy, selective intra-arterial 
chemotherapy, external beam radiotherapy, plaque brachytherapy, cryotherapy, laser 
therapy (photocoagulation) and enucleation.2,27,37 External beam radiotherapy has been 
used frequently in the past, but owing to its long-term risks such as second primary tumors 
(especially in hereditary retinoblastoma patients) it has fallen out of favor as a first-line 
treatment option, although when other therapies have failed external beam radiotherapy 
might be the only option left.38 As mentioned before, there is a shift to more eye-sparing 
treatments like selective intra-arterial chemotherapy in favor of enucleation even in advanced-
stage retinoblastoma, results are promising and it is likely that the trend towards eye saving 
treatments will continue in the future, also increasing the importance of non-invasive 
diagnostic techniques.27,39–42  

In case a patient appears to have extensive retinoblastoma at diagnosis, neoadjuvant 
chemotherapy can be useful prior to surgical removal of the eye.43 However, in such a case 
a tumor-free resection margin at histopathological analysis might be a false-negative result. 
Metastatic retinoblastoma (stage IV) has a bad prognosis, but especially if the central nervous 
system is free from metastases, some patients with metastases can be treated and cured 
with multimodality treatment strategies that include high-dose chemotherapy with stem 
cell rescue.44–46 In one study high-dose chemotherapy has also shown promising results in 
patients with central nervous system metastases, but the follow-up time in this study was not 
sufficient yet for them to be declared cured.45 Survivors of extraocular retinoblastoma (treated 
with systemic chemotherapy with or without stem cell rescue and/or radiotherapy) did show 
long-term  complications, but they were mostly mild-moderate regarding severity (the most 
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common non-visual complication was 
hearing loss).47 

Historically patients with trilateral 
retinoblastoma were treated with external 
beam radiotherapy or sometimes surgery 
with hardly any effect on the survival rate, 
which was close to zero; more recently, 
however, high-dose chemotherapy with 
stem-cell rescue has shown encouraging 
results.48

Outline of this thesis
Each included article is a chapter. This 
thesis is divided  into two parts; part I 
deals with the detection of metastatic 
risk factors of retinoblastoma and other 
applications of MRI, whereas the topic of 
part II is the diagnosis and epidemiology 
of trilateral retinoblastoma. This thesis 
concludes with a general discussion section, 
a summary section, a summary in Dutch, appendices, acknowledgements, a publication list 
and curriculum vitae. 

Purpose of part I: to see what can be done to improve accurate and early detection of 
metastatic risk factors.  

Purpose of part II: to improve early detection of trilateral retinoblastoma and to determine 
the incidence of developing this disease and – although not a primary objective – what can be 
done to improve survival.

Part I: retinoblastoma imaging
In this part we evaluated the diagnostic accuracy (currently and its future potential) of MRI to 
detect metastatic risk factors.

Chapter 1 is a meta-analysis about the diagnostic accuracy of MRI for the detection of 
metastatic risk factors. With a random-effects model we calculated summary estimates of 
sensitivity and specificity of MRI. As technology advances, the quality and accuracy of MRI 
also increases, chapter 2 is about the potential of high-resolution imaging with a 3T MR 
system. This chapter describes the value of MRI regarding the detection of metastatic risk 
factors, its additional value when conventional diagnostics (fundoscopy and ultrasound) are 
insufficient, and for the follow-up of retinoblastoma treatment. In chapter 3 we look at the 
possibilities of ultrahigh-resolution MRI at 9.4 and 17.6 T to detect tumor extent and tumor 
morphology. 

As the diagnostic accuracy of MRI for the detection of choroidal, scleral and optic nerve 
invasion is not perfect we examined alternative ways to diagnose these risk factors. In chapter 
4 we study the diagnostic performance of intraocular tumor size (maximal diameter and 
volume) to predict massive choroidal invasion and postlaminar optic nerve invasion. In 
chapter 5 early detection of orbital tumor recurrence after enucleation is analyzed. Residual 

Pineal

Non-pineal

Figure 1. Intracranial location of trilateral retinoblastoma
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contrast enhancement of the optic nerve stump on T1-weighted MR images were followed 
over time and a judgement was made as to whether enhancement is residual or pathological.  

Part II: the pineal gland and trilateral retinoblastoma
Unfortunately, some uni- and bilateral hereditary retinoblastoma patients also develop a brain 
tumor (primitive neuroectodermal tumor): trilateral retinoblastoma.8 In about three quarters 
of cases the brain tumor is located in the pineal gland and in the remaining quarter the tumor 
is located supra- or parasellar (figure 1); extremely rarely the brain tumor can also be found 
elsewhere (e.g., third ventricle).8 Precursor cells (retinoblasts) that develop into retina cells 
are similar to those that can be found in the pineal gland and suprasellar region of the brain 
in small children. Unfortunately in some (hereditary) retinoblastoma patients malignancies 
also develop in these intracranial areas. In a meta-analysis, published in 1999, Kivelä showed 
that hardly any trilateral retinoblastoma patients survived and that only those with a tumor 
smaller than 15 mm and no symptoms at the time of diagnosis had a chance.8 

As far as we know, in literature there are no previously published meta-analyses of trilateral 
retinoblastoma incidence. The only available evidence suggests an incidence ranging from 
5 to 15%.8 In chapter 6 we pooled trilateral retinoblastoma incidence data from published 
literature to determine the actual risk of developing pineal and non-pineal trilateral 
retinoblastoma and to detect changes over time. We selected the year 1995 as a cut-off for 
our analyses, since eye-saving treatment for retinoblastoma shifted from external beam 
radiotherapy towards chemotherapy based regimens.  Among other things, we hypothesized 
that since the meta-analysis by Kivelä published in 1999 survival after trilateral retinoblastoma 
might have changed. Chapter 7 is a meta-analysis of published trilateral retinoblastoma cases, 
with the objective to analyze whether survival has improved since Kivelä’s publication, and 
whether we could find possible causes of any changes in survival. Chapter 8 is a case report 
of a patient with a suspicious pineal cyst on MRI that turned out to be pineoblastoma (pineal 
trilateral retinoblastoma) on a follow-up scan 

In chapters 9 and 10 we, respectively, compared the sizes of solid and cystic pineal glands in 
non-retinoblastoma patients aged 0 to 5 years to construct age-matched normal size ranges. 
We hypothesize that with the generally larger sizes of pineoblastoma (compared with benign 
pineal glands) knowledge of normal pineal gland sizes can help with early detection of 
pineoblastoma in retinoblastoma patients.
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