
Radiotherapy and Oncology 123 (2017) 63–70
Contents lists available at ScienceDirect

Radiotherapy and Oncology

journal homepage: www.thegreenjournal .com
Target definition in head and neck
Modality-specific target definition for laryngeal and hypopharyngeal
cancer on FDG-PET, CT and MRI
http://dx.doi.org/10.1016/j.radonc.2017.02.005
0167-8140/� 2017 The Authors. Published by Elsevier Ireland Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: Department of Radiotherapy, Q00.3.11, University
Medical Center Utrecht, PO Box 85500, 3508 GA Utrecht, The Netherlands.

E-mail address: h.ligtenberg@umcutrecht.nl (H. Ligtenberg).
1 Joint first authors.
2 Joint last authors.
Hans Ligtenberg a,⇑,1, Elise Anne Jager a,1, Joana Caldas-Magalhaes a, Tim Schakel a, Frank A. Pameijer b,
Nicolien Kasperts a, Stefan M. Willems c, Chris H.J. Terhaard a, Cornelis P.J. Raaijmakers a,2,
Marielle E.P. Philippens a,2

aDepartment of Radiotherapy; bDepartment of Radiology; and cDepartment of Pathology, University Medical Center Utrecht, The Netherlands

a r t i c l e i n f o a b s t r a c t
Article history:
Received 19 August 2016
Received in revised form 21 December 2016
Accepted 5 February 2017
Available online 1 March 2017

Keywords:
GTV
CTV
Pathology
Head and neck cancer
Imaging
Background and purpose: The goal of this study was to improve target definition by deriving modality-
specific margins for clinical target volumes (CTV) for laryngeal and hypopharyngeal cancer on CT, MRI
and 18-FDG-PET.
Material and methods: Twenty-five patients with T3/T4 laryngeal/hypopharyngeal cancer underwent CT,
MRI and 18-FDG-PET scans before laryngectomy. HE-sections were obtained from the surgical specimen
and tumor was delineated (tumorHE). The GTVs on CT and MRI were delineated in consensus. PET-based
GTVs were automatically segmented. The three-dimensionally reconstructed specimen was registered to
the various images. Modality-specific CTV margins were derived and added to the GTVs to achieve ade-
quate tumor coverage. The resulting CTVs were compared with each other, to tumorHE, and to CTVCT10

constructed on CT with the clinical margin of 10 mm.
Results: CTV margins of 4.3 mm (CT), 6.1 mm (MRI) and 5.2 mm (PET) were needed to achieve adequate
tumor coverage. The median volumes of the resulting modality-specific CTVs were 44 ml (CT), 48 ml
(MRI) and 39 ml (PET), while the CTV10mm was 80 ml.
Conclusion: For laryngohypopharyngeal tumors, 45–52% target volume reduction compared with
CTV10mm is achievable when modality-specific CTV margins are used. PET-based CTVs were significantly
smaller compared to CT- and MRI-based CTVs.
� 2017 The Authors. Published by Elsevier Ireland Ltd. Radiotherapy and Oncology 123 (2017) 63–70 This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
In the past two decades, radiotherapy has experienced impres-
sive technological innovations with increased precision in dose
delivered to the tumor [1–3]. Accurate definition of the target vol-
umes is essential to exploit these advances. In radiotherapy prac-
tice, disease extent is derived from imaging data, since
pathological data are usually absent. Incorrect target definition
can lead to unnecessary damage to healthy tissues or undertreat-
ment near the tumor boundary, particularly for head-and-neck
cancer, where the target is surrounded by critical anatomical struc-
tures [1,2]. Despite the significance, accurate and consistent defini-
tion of the target volume remains a major challenge in
radiotherapy [3,4].
The gross tumor volume (GTV) is delineated on an image as a
first estimate for the tumor. This volume is expanded with a
margin to include microscopic tumor spread that is invisible on
the images to create the clinical target volume (CTV). In the ICRU83
report, the CTV is defined as ‘‘a volume of tissue that contains a
demonstrable GTV and/or subclinical malignant disease. . .” [3].
While the GTV represents the tumor visible in imaging, the CTV
is more closely related to the histopathological tumor extent. No
clear GTV definition exist for histo(pathology).

In spite of this, comparison of GTV delineation with (histo)-
pathology is used to determine the accuracy of imaging modalities
for target definition in literature [5]. To overcome the discrepancy
between GTV in imaging and tumor volume in (histo)pathology,
research groups made different choices to come to a surrogate
GTV in macroscopic pathology [5] or microscopic histology [6]
for head-and-neck tumors.

Another issue is that tumor visibility and, consequently, GTV
delineation depends on the imaging modality and the data
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acquisition parameters. Further, interpretation of the images,
differences in experience level and delineation guidelines result
in inter-observer variation [7–9]. Assessment of the necessary
CTV margin is hampered by these limiting factors.

In addition to variations between imaging modalities and
between observers, microscopic extent can be highly variable
depending on tumor site and type. As a consequence, ‘‘delineation
of the CTV is currently based on clinical experience”, as the ICRU 83
report states [3], which is reflected by a large variation in CTV mar-
gins between institutes [10,11] and between observers [7,10,12],
ranging from 5 mm to 2 cm [6]. In our institute, in general a 10-
mm CTV margin for head-and-neck cancer is added to the GTV
determined on computed tomography (CT), as suggested by Cau-
dell [11].

CT has traditionally been used for tumor contouring. However,
with the development of magnetic resonance imaging (MRI) and
positron emission tomography (PET), research for target definition
has advanced accordingly to exploit the additional information
available from these imaging modalities. MRI is known to have a
range of excellent soft tissue contrasts, which could enhance tumor
visibility [13]. Fluorodeoxyglucose (FDG)-PET provides information
on the uptake of the radiopharmaceutical glucose analog, reflecting
metabolic differences between tumor and surrounding tissues. The
difference in metabolic properties can result in a high contrast
image, although with low spatial resolution. These modality-
specific qualities lead to modality-specific variations in GTV delin-
eation [5,9,13], which might influence the CTV margin needed for
adequate tumor coverage.

Here, we have compared the gross tumor volumes defined on
MRI, CT and FDG-PET datasets with the corresponding tumor delin-
eations on hematoxylin-and-eosin (HE) stained histopathology,
which is considered to be the gold standard, in order to investigate
the impact of different modalities on target definition of primary
tumor. The main goal of this study was to derive modality-
specific (MRI, CT and FDG-PET) clinical target definitions for laryn-
geal and hypopharyngeal tumors. The margins for these CTVs were
optimized to ensure coverage of microscopic tumor extent defined
by the histopathological ‘‘true tumor” volumes.
Materials and methods

Patient selection

Thirty-six patients, treated with a total laryngectomy (TLE) for
primary T3/T4 laryngeal or hypopharyngeal cancer were included
in this study according to the inclusion criteria as further described
in this section. In total nine patients were excluded. The first six
patients were used for optimization of the pathology-imaging reg-
istration procedure. Patient 12 was excluded because of a biopsy
between preoperative imaging and surgery. The tumor of patient
21 was too large for our standard whole-mount procedure. The
exclusion of patient 30 was due to a tumor which fragmented dur-
ing surgery.

Resultantly, 27 patients (median age: 62 years, range: 49–
79 years, two female and 25 male) with primary T3 (N = 4) or T4
(N = 23) laryngeal (supra-&glottic:2, supraglottic:7, transglottic:4,
glottic:2) or hypopharyngeal (12) squamous cell carcinoma were
included in the study. The patients underwent TLE as primary
treatment between March 2009 and August 2014.

Furthermore, if the time interval between imaging with a par-
ticular modality and surgery was �20 days, images from that
modality were excluded from further analysis. For two patients
(11 and 32) all imaging was performed �20 days prior to surgery.
Therefore, in total 25 patients were suitable for analysis with 25,
23 and 22 for CT, MRI and PET respectively.
Criteria of exclusion were contraindications for MRI or for CT
contrast administration as defined in the protocols of the Radiology
department, and insulin-dependent diabetes mellitus. Patients are
numbered according to their study numbers. The study was
approved by our ethics review board.
Preoperative image acquisition

Before surgery, all patients underwent CT, 1.5T MRI and 18-
FDG-PET scans while immobilized in a head-and-shoulder radio-
therapy mask with a head-and-neck support. The CT-scan was
obtained after intravenous contrast agent administration. Two
small flexible surface coils (Flex S coils, Philips Medical Systems)
[14] were used for the MRI scan. Details on the imaging parameters
are shown in Suppl. Tables 1–3.
Surgical specimen processing

The pathology procedure was described in detail previously
[15]. Briefly, the fresh larynx specimen was fixated in 10%-
formaldehyde directly after surgery. After fixation, the specimen
was scanned on the CT for registration purposes, as described in
the next section. Subsequently, the specimen was embedded in
an agarose block and transversely sliced in approximately 3-mm-
thick slices, which were then photographed and digitized. The
thick slices were reconstructed in 3D into a digitized specimen
using the contour of the agarose block to steer the registration as
described by Caldas-Magalhaes et al. [15]. From each slice, a 4-
lm section was obtained and stained with HE. Histopathological
analysis was performed by a dedicated head-and-neck pathologist
who delineated all tumor tissue on the HE-sections using a micro-
scope, generating a three-dimensional structure referred to as
tumorHE. Subsequently, the HE-sections were digitized and regis-
tered to the 3D-reconstructed specimen. The structure tumorHE
was used as the gold standard to validate tumor definition from
the various imaging modalities. The HE-sections were registered
to the corresponding thick slice using cartilage landmarks to per-
form point-based rigid registration with scaling. Shrinkage of the
HE-sections, which amounted to 12%, was taken into account.
Shrinkage of the thick slices was limited and therefore not taken
into account [15].
Image registration

Registration between the 3D-reconstructed histopathology
block and the three imaging data sets was needed to compare
the GTV delineations with the pathological tumor contour. The reg-
istration was performed in three main steps (Suppl. Fig. 1).

The first step was an automated rigid registration of the CT
scans to the specimen using the CT of the specimen (specimenCT)
as an intermediate step [15]. Firstly, the contour of the pathology
specimen and the contour of specimenCT where rigidly registered.
Secondly, the specimenCT was registered to the CT of the patient.
To guide this registration step a region of interest (ROI) was drawn
around the thyroid and cricoid cartilage. The MRI and PET were
rigidly registered to the CT based on mutual information. Addition-
ally, the PET image was translated by overlaying the center of grav-
ity of the PET-based GTV with the pathology based GTV, which
corrects for larynx movement but might give a positive bias to
the final results.

Secondly, the registration was optimized by manual rigid
registration based on tumor and anatomical structures visible
both on the specimen and on the MRI and/or CT images. The high
soft-tissue contrast on MRI and the high contrast between
cartilage and soft-tissue on CT was exploited here. The single
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transformation derived from this registration step was applied to
all imaging.

Lastly, due to deformations of the specimen further non-rigid
transference of the tumor contour from pathology to the MRI
was performed if necessary. The procedure was based on anatom-
ical structures visible on both histopathology and MRI.
GTV delineation

Three dedicated head-and-neck specialists (two radiation
oncologists and one radiologist) manually delineated the GTV
in consensus on CT as well as on MRI datasets. An endo-
scopic report was available during the delineation sessions.
For MRI, the GTV was delineated on the T1-weighted
gadolinium(Gd)-enhanced transverse MRI while applying dedi-
cated delineation guidelines that have been previously vali-
dated [16]. All tumor delineation on CT and MRI was
performed in Volumetool [17].

The GTV on PET was automatically segmented using a Gaussian
mixture model [18], which was adapted for laryngeal and
hypopharyngeal tumors [19]. The Gaussian mixture model deter-
mines a patient-specific threshold based on the signal intensity
histogram of a volume of interest by fitting Gaussian distributions
to the histogram using expectation maximization. These distribu-
tions, representing regions with different intensity levels in the
image, are classified to tumor or background.

The sensitivity and positive predictive value (PPV) were derived
for overlap analysis between the tumorHE volume and the
modality-specific GTV. The sensitivity is defined as the percentage
coverage of the tumorHE volume by the GTV, and the PPV is defined
as the percentage of the GTV that covers the tumorHE volume.
Fig. 1. P95-distance derivation scheme. For all patients, GTV and tumorHE were
geographically compared and the intersection of both contours was determined.
The distance from the tumorHE to the contour of the intersection of the tumorHE

with the GTV was measured (red arrows). For each patient, the 95th percentile of
these distances is calculated (red bar in ‘Tumor-intersection distance measure’
figure). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
Modality-specific derivation of the CTV margin

From the GTV and tumorHE contours, a common contour was
derived for each patient per modality. The common contour is
the delineation enclosing the overlapping volume of the GTV and
tumorHE. The three-dimensional distances from each point of the
tumorHE to the closest point of the common contour were deter-
mined (Fig. 1) for each patient per modality, yielding a distribution
of distances per patient per modality. These measures are referred
to as ‘‘tumor-intersection distances” and quantify the amount of
tumor that is not included in the GTV.

We aimed to derive margins for each imaging modality to
ensure coverage of at least 95% of the surface of tumorHE that is
not already included in the GTV identified on images for 95% of
patients. Thus, the 95th percentile of the tumor-intersection dis-
tances was calculated (p95-distances) for each patient per modal-
ity. This 95th percentile cut-off point was chosen to limit the
influence of residual registration errors and deformations.

The modality specific margin was then defined as the second
highest p-95-distance for each modality to cover all tumor tissue
in all but one patient, who is considered to be an outlier due to reg-
istration or deformation errors.

To accurately compare the various imaging modalities on a high
resolution, all imaging was resampled to a resolution of
0.43 � 0.43 � 0.67 mm.
CTV analysis

Each CTV was constructed by ally expanding the GTV using the
derived modality-specific margin. Subsequently, the CTV for CT
and MRI was corrected for anatomical boundaries such as air, pha-
ryngeal constrictor muscles and vertebrae (Fig. 2, Fig. 3). As PET
imaging does not give anatomical information, correction for air
and vertebrae of PET CTVs was based on CT data.
These various CTVs were compared to the CTVs derived from
our current clinical practice where the CT-based GTVs are
expanded with a 10 mm margin (CTVCT10).
Statistical analysis

Statistical analysis was performed in GraphPad Prism Version
6.07. The non-parametric Wilcoxon-signed-ranked test was used
because there was no justification to assume a particular distribu-
tion. Differences were assumed to be significant for p-
values < 0.05.
Results

Large variation in tumorHE volume was observed (Table 1,
Suppl. Table 5). Nearly all GTVs overestimated the tumor volume.
However, the tumorHE was not completely covered by the GTV
contoured on each patient, which is reflected by a sensitivity less
than one for all modalities and patients. The sensitivity was highest
for CT compared to MRI and PET. However, the CT images also had
the lowest positive predictive value (PPV) (Suppl. Table 4). There-
fore, from these parameters, the optimal image modality for clini-
cal practice could not be derived.

The median value of the p95-distances, quantifying the margin
needed for adequate tumor coverage, was smaller for CT than for



Fig. 2. Laryngeal tumor delineated on (a) contrast-enhanced CT, (b, e) MRI (T1-weighted Gd-enhanced, T2 weighted, respectively) and (d) FDG-PET with corresponding (c)
macro- and (f) histo-pathology of patient 34 with a T4 stage glottic laryngeal carcinoma. For a, b, d and e the contours of tumorHE (blue), GTV (yellow) and CTV (red) are
shown. For c, the contours of tumorHE (blue) and CTVCT (green), CTVMRI (red) and CTVPET (yellow) are given. In f, the manually delineated pathology contour (dark blue) is
depicted. The tumorHE contour shown in a–e is the non-rigidly transferred delineation of the pathology delineation shown in f. The difference of the pathology based tumor
delineation between the imaging modalities is caused by slice thickness differences between MRI and CT/PET resulting in sampling differences.

Fig. 3. Comparison of GTV delineation in MRI, CT and PET with tumor on histopathology illustrated by patient 24 with a T4-hypopharyngeal tumor with thyroid cartilage
invasion: (a) contrast-enhanced CT, (b, e) MRI (T1w Gd-enhanced, T2w) and (e) FDG-PET with corresponding (c) macro- and (f) histo-pathology. For a, b, d and e the contours
of tumorHE (blue), GTV (yellow) and CTV (red) are shown. For c, the contours of tumorHE (blue) and CTVCT (green), CTVMRI (red) and CTVPET (yellow) are given. In f the manually
delineated pathology contour (dark blue) is depicted. The tumorHE contour shown in a-e is the non-rigidly transferred delineation of the pathology delineation shown in f. (a)
For CT, the tumor extension in the thyroid cartilage was missed by the GTV although just included in the CTV (indicated by arrow). (b) On MRI, a part of the thyroid cartilage
invaded by tumor tissue and some other small parts of the tumor volume were not included in the GTV. The cartilage was not fully enclosed by the CTV margin (indicated by
arrow point). (c) On PET, small parts of the tumor volume were missed in the GTV as well as a part of the thyroid cartilage that was invaded. The whole tumor was covered
after adding a CTV margin to the GTV. The difference in depiction of the pathology based tumor delineation between the various imaging modalities is caused by differences
in sampling due to differences in slice thickness between MRI and CT/PET. The analyses are performed on resampled images.
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Table 1
TumorH&E volume, GTV, distances and CTV for all modalities.

Parameters Modality Median Range p-Values

TumorH&E MRI PET

TumorH&E volume [ml] Pathology 8.7 3.4–68.6 – – –
GTV [ml] CT 17.5 5.9–88.7 <0.0001 <0.0001 <0.0001

MRI 15.5 4.9–66.3 <0.0001 – 0.44
PET 14.5 6.1–82.7 <0.0001 0.44 –

P95-distance [mm] CT 1.6 0.4–5.6 – 0.015 0.12
MRI 1.7 0.4–6.3 – – 0.74
PET 2.3 0.7–6.2 – 0.74 –

Maximum distance [mm] CT 4.6 1.7–10.7 – 0.50 0.72
MRI 4.3 1.9–12.3 – – 0.48
PET 5.3 2.0–12.1 – 0.48 –

CTV [ml] CT 43.9 (55%) 18.9–152.0 – 0.052 0.0022
MRI 47.7 (60%) 24.4–152.3 – – 0.0005
PET 38.7 (48%) 19.8–159.0 – 0.0005 –
CT10 mm 79.9 (100%) 39.2–226.3 – – –

Tumor volume not included in CTV [ml] CT 0.01 0.00–0.39 – – –
MRI 0.01 0.00–0.34 – – –
PET 0.03 0.00–0.53 – – –
CT10 mm >0.01 0.00–0.24 – – –

TumorH&E volume: histopathological tumor volume based on hematoxylin-eosin staining; p95-distance: 95th percentile of the distances measured form the tumorHE to the
tumorHE-GTV intersection.
Numbers in bold are significantly different (p-values < 0.05; Wilcoxon-signed-ranked test).
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PET and MRI (Table 1). The modality-specific CTV margins are
4.3 mm (CT), 5.2 mm (PET) and 6.1 mm (MRI) (Fig. 4a).

The CTVs derived using modality-specific margins resulted in
similar tumor coverage (Figs. 2 and 3, Suppl. Table 5). These CTVs
were compared with the tumorHE volume and the CTVCT10.
Fig. 4. Determination of the margin required to cover the tumor for the GTV delineation o
of this margin in all patients. (a) p95 distances for CT (circle), MRI (square) and PET (tr
(dotted line), MRI (dashed-dotted line) and PET (dashed line). (b) Missed tumorHE volu
(white), MRI (black) and PET (gray). # MRI excluded due to time interval �20 days. *PET
Modality-specific CTVs were all smaller than the clinically used
CTVCT10 (p < 0.0001) with a reduction of the median volume of
45% (CT), 40% (MRI) and 52% (PET) (Table 1). PET-based CTVs were
smaller than CT- and MRI-based CTVs. No significant differences
were found between CT- and MRI-based CTVs no differences were
f the different imaging modalities and the resulting missed volume after application
iangle) plotted against the tumorHE volume. Target margins are represented for CT
me after adding the target margin ranked according to the tumorHE volume for CT
excluded due to time interval �20 days.



Fig. 5. Difference of target volumes between CT and MRI (a), CT and PET (b) and MRI and PET (c) versus tumorHE volume. Each point represents a patient. Mean difference
between target volume and tumorHE volume (thick dashed line) and 95% confidence interval (thin dotted lines) are depicted.
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found (Table 1). No correlation was found between the tumorHE

volume and the volume differences of the CTVs for the different
modalities (Fig. 5).

As a result of our CTV definition, tumor tissue was located out-
side the CTVs for several patients. Less tumor tissue was missed for
CTVs of smaller tumors (<10 ml) than of larger tumors (Fig. 4b,
Table 1). The volume located outside the CTV is a small fraction
of the tumor volume with median values of 0.1% for all modalities
and maximum fractions of 2.5% (CT), 1.9% (MRI) and 3.7% (PET).
Cartilage invasion was not entirely covered in 3 (CT), 2 (MRI) and
4 (PET) patients (Fig. 3).

Discussion

In this study, clinical target definition for laryngeal and
hypopharyngeal squamous cell carcinoma was improved by intro-
ducing the first evidence-based margins for CTV construction ded-
icated for each imaging modality. Expansion of the GTV by these
margins resulted in a reduction of the average volume of the CTV
by 45–52% compared with CTVs constructed using a margin of
10 mm on the GTV identified on the CT image, which is our current
clinical practice. This reduction improves normal tissue complica-
tion probability (NTCP) [20,21]. The CTV margins were designed to
achieve adequate tumor coverage while minimizing the inclusion
of healthy tissue and amounted to 4.3 mm (CT), 5.2 mm (PET)
and 6.1 mm (MRI). Since all modality-specific CTVs had equal
tumor coverage and PET-based CTVs were smallest, i.e. the lowest
overestimation, PET-based CTVs were considered to be most accu-
rate. Nevertheless, the differences between the various imaging
modalities were small.

Remarkably, PET-based CTVs were most accurate for target
definition. This might be attributed to the high contrast between
tumor and non-tumorous tissue and an accurate automatic seg-
mentation using the Gaussian mixture model resulting in more
adequate exclusion of non-tumorous tissue in GTVPET compared
to CT and MRI. Consequently, the image analysis resulted in a
small GTV and a moderate CTV margin. The low resolution of
PET imaging appeared to be sufficient for target definition.
PET-based target definition has been used for head-and-neck
tumors, resulting in smaller target volumes compared with CT
[5,15,22].

CT-based CTVs were larger than PET-based CTVs, although the
CTV margin was smallest for CT. Low contrast between tumor and
surrounding soft tissue on contrast-enhanced CTmakes differentia-
tionbetween tumorousandnon-tumorous tissuedifficult. This chal-
lengemay have persuaded the observers to enlarge the GTV in order
to be reassured that all tumorous tissue was included [23].

Target definition on MRI was comparable with CT and was less
accurate than PET, despite the advantage offered by superior soft
tissue contrast and anatomical detail. The CTV margin for MRI
was larger compared to the other imaging modalities. Apparently,
the signal intensity of the tumor and the surrounding tissue is
heterogeneous, and peritumoral inflammation may mimic
neoplastic invasion [24], leading to difficulties in interpretation
of the large variety of signal intensities [16]. New MRI contrasts,
such as diffusion weighted imaging (DWI), may improve GTV
delineation and target definition [25].

The tumor tissuemissed outside the GTVwasmostly due to par-
tial volume effects. Moreover, in all imaging modalities, cartilage
invasion was difficult to distinguish and therefore quite frequently
missed in the GTV delineation. This is inconvenient as cartilage
invasion is used for TNM-stage classification and influences the
choice of treatment. The preferred treatment of patients with
observed invasion through the outer cortex of the thyroid is surgery
as radiation treatment leads to higher recurrence rates [26].

The main purpose of our study is the translation of these histo-
logical findings into a validated CTV concept, which has been
shown to decrease target volumes and thus is expected to reduce
complications to organs at risk. In literature, no consensus on
how to determine a CTV margin exists, but some valuable remarks
are made in ICRU report 83. It states that the CTV contains ‘‘sub-
clinical malignant disease with a certain probability of occurrence
considered relevant for therapy. There is no general consensus on
what probability is considered relevant for therapy, but typically
a probability of occult disease higher than from 5% to 10% is
assumed to require treatment.” In other words, the CTV is not con-
sidered to cover all tumor tissue for all patients. Here, we aimed to
derive target margins that would ensure nearly full coverage of the
histopathologically-identified tumor for at least 95% of the
patients. These margins resulted in a maximum missed volume
of 3.7% (0.5 ml) with a median of 0.1%. A margin that ensured
100% tumor coverage for all patients would overestimate the vol-
ume relevant for therapy for the majority of patients.

The general concept is that the CTV includes microscopic tumor
islands, which are separated from the gross tumor bulk. In our
study, however, isolated tumor was not observed on approxi-
mately 800 HE-sections. Future research with cytokeratin staining
of histopathological sections, which has a high sensitivity for
detection of squamous cell carcinoma, will be performed to con-
firm the absence of isolated tumor islands.

In this study, isotropic CTV margins were used and afterward
corrected for clear anatomical boundaries such as air cavity, verte-
brae and pharyngeal constrictor muscles. Further reduction of the
CTV might have been possible when anisotropic margins were
used. However, due to the limited number of patients involved in
this study, derivation of guidelines for anisotropic margins was
not possible.

A limitation of our study is that tumors eligible for radiotherapy
are typically lower staged (T1b-T3) than tumors in the present
study (T4-tumors). Higher stage tumors are often larger than lower
stage tumors, which could have an impact on the CTV margin nec-
essary to ensure tumor coverage. In our study, less tumorHE volume
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was missed on the modality-specific CTVs for smaller tumors
(<10 ml) compared to larger tumors [Fig. 4b]. This result indicates
that smaller tumors have less microscopic tumor extent or that
observers delineate smaller tumors more accurately. Based on this
finding, we expect that the CTV margins derived in the present
study are also sufficient for lower staged tumors.

Although image registration was optimized, registration mis-
match could not fully be prevented. We manually improved the
automatic rigid registration process which was described in a pre-
vious publication [15]. Despite this additional non-rigid registra-
tion, some deformations remained and resulted in a suboptimal
registration between histology and the imaging modalities. To
account for this, we accepted limited tumor volume outside the
CTV, which was 2% at most.

It is important to note that for CT and MRI the CTV margin is
based on manual GTV delineations, which also include observer
delineations errors, i.e. visible gross tumor that is not delineated.
In the determination of the CTV margin, both human errors and
misses due to lack of visibility are jointly analyzed, although delin-
eation errors are by definition not included in the CTV margin. To
minimize human errors, we used consensus delineation by three
observers. Therefore, we strongly advised to review the GTV delin-
eation by a second observer and include imaging of various modal-
ities to reduce delineation errors. We observed that in case of
delineation errors, the delineations on one of the other did include
the missed tumor part.

Another issue is that inter- and intra-observer variation can be
large for manual GTV delineations on CT and MRI [9,23], whereas
automatic GTV segmentation on PET does not suffer from these
variations. This implies more standardization and easier validation
than manual GTV delineations. Conversely, automatic segmenta-
tion can vary considerably with acquisition and reconstruction
method. Using other PET segmentation methods, for example
50% SUVmax or manual delineation, might result in suboptimal
GTV delineations, increasing the CTV margin needed. Furthermore,
PET cannot be used as a stand-alone modality because of the lack
of anatomical information which is needed to reduce the CTV by
excluding anatomical structures like uninvolved muscle and carti-
lage. It should be noted that all observers involved in this study
were experienced in delineating tumors in head-and-neck.

Generally, a fixed margin for CTV is used independent of imag-
ing modality. In our study, this would have led to large differences
in CTV following the differences in GTV. These differences would
be partly compensated with the introduction of our new CTV
approach using modality-specific margins which also substantially
reduce the CTV. The final CT- and MRI-based CTVs were compara-
ble, but were slightly larger than PET-based CTVs. Whether these
differences are clinically significant should be analyzed in a
broader perspective. For example, costs and availability of the var-
ious imaging modalities should be taken into account. MRI and CT
scans are less expensive than PET scans, while MRI and PET are
generally less easily accessible than CT. When PET is available,
we suggest to use automatic segmentation for primary target def-
inition to decrease inter- and intra-observer variability. However,
CT or MRI based target definitions are good alternatives when
proper, i.e. modality specific, margins are used. As MRI is currently
not widely used in radiotherapy, also experience and closely fol-
lowing guidelines is important [16].

A combination of the various imaging modalities might further
improve target definition, because the modalities provide comple-
mentary information. CT can provide anatomical information, MRI
can add soft-tissue contrast and PET shows the metabolic activity.
However, further research is needed to decide which combination
is optimal for target definition.

In conclusion, although in general GTV overestimated the tumor
volume in all modalities, CTV margins were needed to achieve ade-
quate tumor coverage. In our study, modality-specific CTV margins
of 4.3 mm (CT), 6.1 mm (MRI) and 5.2 mm (PET) were determined.
This resulted in CTVs with 45–52% volume reduction compared
with a clinical CTV based on GTV delineation on CT with a margin
of 10 mm. PET-based CTVs were smallest, and CT and MRI-based
CTVs were not significantly different from each other.
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