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A B S T R A C T   

Objective: This study aims to determine the added value of a geometrically accurate diffusion-weighted (DW-) MRI sequence on the accuracy of gross tumor volume 
(GTV) delineations, using pathological tumor delineations as a ground truth. 
Methods: Sixteen patients with laryngeal or hypopharyngeal carcinoma were included. After total laryngectomy, the specimen was cut into slices. Photographs of 
these slices were stacked to create a 3D digital specimen reconstruction, which was registered to the in vivo imaging. The pathological tumor (tumorHE) was 
delineated on the specimen reconstruction. 
Six observers delineated all tumors twice: once with only anatomical MR imaging, and once (a few weeks later) when DW sequences were also provided. The majority 
voting delineation of session one (GTVMRI) and session two (GTVDW-MRI), as well as the clinical target volumes (CTVs), were compared to the tumorHE. 
Results: The mean tumorHE volume was 11.1 cm3, compared to a mean GTVMRI volume of 18.5 cm3 and a mean GTVDW-MRI volume of 15.7 cm3. The median 
sensitivity (tumor coverage) was comparable between sessions: 0.93 (range: 0.61–0.99) for the GTVMRI and 0.91 (range: 0.53–1.00) for the GTVDW-MRI. 
The CTV volume also decreased when DWI was available, with a mean CTVMR of 47.1 cm3 and a mean CTVDW-MRI of 41.4 cm3. Complete tumor coverage was 
achieved in 15 and 14 tumors, respectively. 
Conclusion: GTV delineations based on anatomical MR imaging tend to overestimate the tumor volume. The availability of the geometrically accurate DW sequence 
reduces the GTV overestimation and thereby CTV volumes, while maintaining acceptable tumor coverage.   

Modern conformal radiotherapy techniques, such as intensity 
modulated radiotherapy, make it possible to maximize the radiation 
dose to the tumor volume while minimizing the dose to the surrounding 
tissue. As the precision of dose delivery keeps increasing, the accuracy of 
the gross tumor volume (GTV) delineation becomes more important. It is 
one of the biggest sources of uncertainty in radiotherapy treatment 
[1,2]. 

In head and neck cancer, GTV delineation using traditional imaging 
modalities like computed tomography (CT), magnetic resonance imag-
ing (MRI), and [18]F-fluorodeoxyglucose (FDG) positron emission to-
mography (PET) shows a large inter-observer variability [3–6]. 
Additionally, studies that validate GTV delineations with histopathology 
all report an overestimation of the tumor volume, while not achieving 

complete tumor coverage in all cases [7–9]. This necessitates further 
expansions of the radiotherapy volumes over the already overestimated 
GTVs. 

In clinical practice, the irradiated clinical target volume (CTV) is 
created by expanding the GTV with a certain margin to make up for 
microscopic tumor spread that is not visible on in vivo imaging. In the 
University Medical Center Utrecht, we employ a CTV margin of 6 mm for 
laryngeal and hypopharyngeal tumors. This margin is based on a study 
by Ligtenberg et al. (2017) [7], which compared modality-specific GTVs 
to the pathological tumor delineations. This study found that GTVs 
based on anatomical T1 and T2-weighted MRI were smaller than GTVs 
based on CT, leading to less overestimation of the tumor volume. 
However, MRI delineations needed a 6.1 mm CTV margin to achieve 
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adequate tumor coverage, compared to a necessary margin of 4.3 for CT- 
based delineations. 

Using functional MR sequences like diffusion-weighted (DW-) MRI 
might increase the delineation accuracy on MRI. DW imaging (DWI) 
reflects the mobility of water molecules in tissue. Because tumors have a 
high cell density, this mobility is restricted in tumor tissue, creating a 
high contrast between tumors and their surrounding tissue. Conven-
tional DWI however suffers from geometrical distortions [10]. This 
problem is especially severe around air cavities, of which there are many 
in the head and neck area. Recently, a turbo spin echo-based DWI 
sequence, referred to as the DW-SPLICE, has been implemented that 
eliminates large distortions [11], making DWI suitable for GTV 
delineation. 

This study aims to determine the added value of DW-SPLICE MRI on 
the inter-observer variability and accuracy of tumor delineations in 
laryngeal and hypopharyngeal carcinomas using the pathological tumor 
delineation as a ground truth. 

Methods 

Patient selection 

Patients with laryngeal or hypopharyngeal squamous cell carcinoma 
who were scheduled for primary total laryngectomy (TLE) between 
October 2016 and February 2022 were included in this study. This study 
was approved by the ethics committee of the University Medical Center 
Utrecht, the Netherlands, and all patients gave informed consent. A case 
series of three patients included in this study has been published pre-
viously [12]. 

In vivo imaging 

All patients underwent preoperative MRI scans on a 3.0 T Ingenia 
wide bore MR system (Philips Healthcare, Best, The Netherlands), using 
two flexible surface coils. The scans were made using an immobilizing 
five-point head-and-shoulder mask. The following sequences were ac-
quired: a T1-weighted scan before and after gadolinium contrast 

administration, a T2-weighted scan, and a geometrically accurate turbo- 
spin-echo DW-SPLICE sequence [11] with three b-values: 0, 200, and 
800 s/mm2. Patients also underwent a preoperative CT scan on a Big 
Bore CT (Philips Healthcare), which was used for image registration. 
Details regarding in vivo image acquisition can be found in Supple-
mentary Material 1. 

Pathology procedure 

After the TLE, the laryngeal specimen was collected from the oper-
ating room. A complete overview of the pathological workup can be 
found in Supplementary Material 2. The specimen was fixated in 4 % 
formaldehyde for at least 36 h. After fixation, a CT scan was made of the 
specimen. The ex vivo CT scans were made on a Big Bore CT system 
(Philips Healthcare) with a slice thickness of 1 mm. 

After the post-fixation CT scan, the specimen was embedded in a 
block of agarose, Supplementary Material 2.1. This block was cut in 
slices of approximately 3 mm (macro slices) on a conventional meat- 
slicing machine. The thickness of each individual slice was measured 
with an electronic caliper. All macro slices were photographed and 
digitally stacked on top of each other to create a 3D reconstruction of the 
larynx specimen (Fig. 1, Supplementary Material 2.2). 

From the macro slices, 4-μm histological sections were obtained for 
hematoxylin and eosin (H&E) staining. The tumors were delineated on 
the digital 3D specimen reconstruction (tumorHE), using the H&E 
stained sections as a reference, Supplementary Material 2.3. These de-
lineations were created under supervision of a dedicated head and neck 
pathologist (G.E.B.) and served as the ground truth. Tumor delineations 
on H&E stained sections are a highly reliable standard for accurate 
delineation of microscopic tumor extent [13,14]. 

Image registration 

The registration method used in this study was previously validated 
[15]. Because the larynx contains rigid cartilage structures, the shape 
and size of the enclosed soft tissue were largely maintained. Large de-
formations were only found in tumors that grew away from the cartilage 

Fig. 1. Digital reconstruction of a laryngectomy specimen and registration process to in vivo imaging. The pathological tumor was delineated on the 3D specimen 
reconstruction using the hematoxylin and eosin (H&E) stained sections as a reference. 
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structure [15]. If such deformations were present, the patient was 
excluded from the analysis. 

All initial registrations were done using the Elastix toolbox [16,17]. 
The reconstructed 3D specimen was automatically registered to the in 
vivo CT, using the ex vivo CT as an intermediate step, and the in vivo 
MRI was rigidly registered to the in vivo CT [18] (Figure 1, Supple-
mentary Material 2.4). The pathological tumor delineations were 
transferred to the MRI and visually inspected to evaluate the automatic 
registration results. The rigid registrations were manually adjusted if the 
transferred contour did not match anatomical structures on MRI like 
cartilage, air cavities, or clear tissue boundaries, Supplementary Mate-
rial 2.5. In cases where rigid registration did not suffice due to tissue 
deformations, small adjustments were made to the tumor contour, 
Supplementary Material 2.6. 

In vivo tumor delineations 

Five radiation oncologists and one radiologist with various years of 
experience in delineating head and neck tumors on MRI (range: 6 
months to 12 years) participated in the study. Each observer was asked 
to delineate the GTV of all patients twice. In the first delineation session, 
only the anatomical MR scans were provided (T1 weighted scans with 
and without contrast and the T2 weighted scan). In the second delin-
eation session, the DWI b800 images and ADC map were added. There 
was a minimum of two weeks between the two delineation sessions, and 
observers were blinded to their previous delineations. Observers 
received clinical patient information, and endoscopy and radiology re-
ports in order to mimic the clinical routine. 

Analysis methods 

All delineations were converted to binary masks and processed in 
MATLAB R2019a (Mathworks, Natick, United States). In order to mea-
sure the inter-observer variability, the generalized conformity index 
(CIgen) was calculated for the delineations made in both delineation 
sessions. CIgen is defined as the sum of overlapping volumes of each 
observer pair divided by the sum of the union volumes of each observer 

pair [19]: CIgen =

∑
pairsij|Ai∩Aj|∑
pairsij|Ai∪Aj|

. 

For the volumetric and overlap analyses, a majority voting seg-
mentation was created. All voxels that were included in the delineation 
of at least four observers were included in this segmentation. The ma-
jority voting delineations from the first session (GTVMRI) and the second 
session (GTVDW-MRI) were compared to the tumor delineation based on 
the H&E stained sections (tumorHE). 

Four measures were used. The Dice similarity coefficient (DSC) is an 
overlap measure calculated by dividing the intersect of two delineations 
by the sum of their volumes: DSC = 2* |tumorHE∩GTV|

|tumorHE |+|GTV|. The sensitivity 
measures the tumor coverage, the percentage of the tumor volume that 
is included in the GTV: sensitivity =

|tumorHE∩GTV|
|tumorHE |

. The positive predictive 
value (PPV) determines the percentage of the GTV that contains tumor: 
PPV =

|tumorHE∩GTV|
|GTV| . Finally, the 95th-percentile Hausdorff Distance 

(HD95) was calculated between the tumorHE and the intersection of the 
tumorHE and GTV. This represents the distance with which the GTV 
underestimates the tumorHE. 

To determine the clinical impact of DWI and validate the 6 mm CTV 
margin used in our clinic, CTVs were created from the majority voting 
GTVs and compared to the tumorHE. The GTVs were isotropically 
expanded with a 6 mm margin and corrected for anatomical barriers, 
creating the CTVMRI and CTVDW-MRI. 

Results 

A total of 20 patients participated in this study, of which 16 were 
included in the final analysis (Table 1). Two patients were excluded due 

to large deformations of the specimen between in vivo and ex vivo im-
aging, Supplementary Material 3. One patient was excluded due to 
insufficient image quality. Additionally, one patient exhibited sponta-
neous tumor regression, with only 5 % of vital tumor tissue remaining on 
histology. Since this caused large discrepancies between the histology 
and the imaging, this patient was also excluded from analysis. One pa-
tient with a T2 tumor was included in this study. This tumor was pre-
operatively staged as a T4a, which is why this patient received a TLE. 
The median interval between in vivo MRI and surgery of the remaining 
patients was 8 days (range: 1 to 23). 

The CIgen from all six observers was comparable for delineation 
sessions with and without DWI, with a median CIgen of 0.65 (range: 0.41 
to 0.74) in the first session and 0.64 (range: 0.41 to 0.72) in the DWI 
session. The inter-observer variability did not improve when observers 
could use DWI for their delineations. 

When looking at the majority voting volumes, the mean GTVMRI 
volume was 18.5 cm3, compared to a mean GTVDW-MRI volume of 15.7 
cm3 (Fig. 2). This corresponds to a mean volume reduction of 2.9 cm3 

(18.0 %) when DWI was available for the tumor delineations. A com-
plete overview of the results of the GTV analysis can be found in Sup-
plementary Materials 4. 

When comparing the majority voting volumes to the pathological 
tumor volume, tumorHE was much smaller in most cases, with a mean 
tumorHE volume of 11.1 cm3 (Fig. 2). The mean volume overestimation 
of GTVMRI was 7.4 cm3 (94.9 %) compared to 4.6 cm3 (53.8 %) for 
GTVDW-MRI. 

The median DSC of the GTVMRI was 0.65 (range: 0.36 to 0.82), 
compared to 0.72 (range: 0.51 to 0.84) for the GTVDW-MRI. The sensi-
tivity in both sessions was comparable with a median sensitivity of 0.93 
(range: 0.61 to 0.99) for GTVMRI and 0.91 (range: 0.53 to 1.00) for 
GTVDW-MRI, whereas the median PPV increased from 0.50 (range: 0.22 to 
0.83) to 0.61 (range: 0.36 to 0.83) for GTVMRI and GTVDW-MRI, respec-
tively. The median HD95 was 0.7 mm for GTVMRI (range: 0 to 7.3 mm) 
and 1.4 for GTVDW-MRI (range: 0 to 6.6 mm). 

In general, adding DWI had a positive effect on the accuracy of tumor 
delineations. Areas that may look like tumorous tissue on anatomical 
MRI sequences were left out of the delineation when they were not 
visible on the DW-SPLICE, (Fig. 3). However, there was one case in 
which the GTVDW-MRI was less accurate than the GTVMRI (Fig. 4). In 
patient 15, there was cartilage invasion and tumor extension on the 
anterior side. No diffusion restriction was visible in this part of the tumor 
on DW-MRI, causing it to be left out of the GTVDW-MRI. Since this area 
was partly included in the GTVMRI, the sensitivity of the majority voting 
GTV dropped from 0.83 to 0.53 when DWI was available, meaning that 
only half of the tumorHE was covered by GTVDW-MRI. 

Another notable case is patient 8 (Fig. 5). This patient is the only case 
in which the pathological tumor volume was underestimated by both the 
GTV volumes (tumorHE: 24.3 cm3, GTVMRI: 20.7 cm3, and GTVDW-MRI: 
21.5 cm3). This patient had a relatively long interval of 19 days between 
MRI and surgery. 

Using a 6 mm margin for the CTV delineation, a mean volume 
reduction of 5.7 cm3 (13.4 %) was achieved when DWI was available, 
with a mean CTVMR of 47.1 cm3 and a mean CTVDW-MRI of 41.4 cm3. A 

Table 1 
Patient characteristics.  

Patient characteristics  n 

Sex Female 3  
Male 13 

Age [years] Median 68  
Range 52–74 

Tumor location Larynx 9  
Hypopharynx 7 

Tumor stage T2 1  
T3 2  
T4 13  
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complete overview of the results of the CTV analysis can be found in 
Supplementary Materials 4. Tumor coverage remained high despite the 
volume reduction, with complete tumor coverage in 15 and 14 tumors 
respectively. One patient had incomplete tumor coverage by both the 
CTVMRI and CTVDW-MRI, although the missed tumor volume decreased 
when DWI was available (from 0.50 cm3 to 0.21 cm3 for CTVMRI and 
CTVDW-MRI, respectively). In one patient, the tumor was entirely covered 
by the CTVMRI, but not by the CTVDW-MRI, where a volume of 0.13 cm3 

was missed (patient 15, Fig. 4). 

Discussion 

This unique study shows that the availability of DW imaging im-
proves tumor delineations. Overestimation of the tumor volume is 
reduced when observers can use DWI without impacting the sensitivity 
of the GTV. More importantly, when looking at the CTVs, adding DWI 
led to an average volume reduction of 5.6 cm3 while still achieving a 
high tumor coverage. Such reductions of treatment volume can reduce 

radiotherapy toxicity, as less healthy tissue is irradiated [20,21]. This is 
especially relevant if doses can be reduced in the organs at risk. Since 
head and neck cancers are almost always in the vicinity of multiple 
organs at risks, like the constrictor muscles, mucosa, and the parotid and 
mandibular glands [22], reducing treatment volume is an important 
endeavor. The availability of DWI can therefore aid in reducing radio-
therapy toxicities. 

Overestimation of the tumor volume on MR has also been found by 
previous research that compared GTV delineations on MRI to the 
pathological tumor volume [7,8]. A possible reason for this phenome-
non is that edema or inflamed tissue can appear similar to tumor tissue 
on anatomical MRI sequences, making it difficult to differentiate be-
tween them. In this study, we show that the availability of the DW- 
SPLICE can help exclude these tissues from the GTV and reduce the 
delineated volume. However, even with DWI, overestimation of tumor 
volume is still present. This might partially be due to the hesitancy of 
radiation oncologists who want to prevent underestimation of the tumor 
volume to ensure good treatment outcomes. Even though we have 

Fig. 2. Comparison of the pathological tumor volume (tumorHE) and the majority voting tumor delineation with and without DW-SPLICE (GTVMRI and GTVDW-MRI, 
respectively). GTV: gross tumor volume, DW-MRI: diffusion-weighted MRI. 

Fig. 3. Tumor volume delineations on MRI, DW-MRI and histopathology of a hypopharyngeal T4 tumor (patient 4) with tumorHE in green, GTVMRI in red and GTVDW- 

MRI in blue. The availability of DWI reduced the delineated volume by 4.5 cm3 (17.6 %) and increased the PPV from 0.43 to 0.52, while a good sensitivity was 
maintained (0.98 and 0.96, respectively) in this patient. Differences in delineations are caused by differences in slice orientation and slice thickness. ADC: apparent 
diffusion coefficient, DWI: diffusion-weighted imaging. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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validated delineation guidelines in our clinic [23], we found that these 
were not always applied, leading to volume overestimation and inter- 
observer variability. While the overestimation improved with DWI, 
the inter-observer variability did not. This result was also found in a 
similar study testing the added value of DW-SPLICE on GTV delineations 
in rectum carcinoma [24]. The fact that inter-observer variability re-
mains present highlights the need to apply clear delineation guidelines, 
which have proven to decrease the inter-observer variability of both 
GTV and CTV delineations [23,25]. 

While almost all MR delineations overestimated the tumor volume, 
there was one case in which the pathological tumor volume exceeded 
both the GTVMRI and the GTVDW-MRI (patient 8, Fig. 5). This discrepancy 
is presumably caused by tumor growth in the interval between imaging 
and surgery. Even though complete tumor coverage was still achieved in 
this patient by the CTV, treatment delay should be minimized as much as 
possible. There is a considerable variation between tumor growth rates 
in head and neck tumors [26,27], and high tumor growth rates have 
been associated with worse treatment outcomes [26–28]. 

Fig. 4. Tumor delineation on MRI, DW-MRI and histopathology of a glottic T4 tumor (patient 15) with tumorHE in green, GTVMRI in red and GTVDW-MRI in blue. In 
this patient, adding DWI resulted in a less accurate tumor delineation. Even though the PPV increased from 0.64 to 0.78 for the GTVMRI and the GTVDW-MRI 
respectively, the sensitivity dropped from 0.83 to 0.53. The DWI and ADC images do not adequately depict the tumor extension beyond the cartilage. Differences in 
delineations are caused by differences in slice orientation and slice thickness. ADC: apparent diffusion coefficient, DWI: diffusion-weighted imaging. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Tumor delineation on MRI, DW-MRI and histopathology of a hypopharyngeal T4 tumor (patient 8) with tumorHE in green, GTVMRI in red and GTVDW-MRI in 
blue. This patient is the only case in which the pathological tumorHE volume exceeded both the GTV volumes. Of note is that this patient had a large lymph node 
metastasis on the right side of the tumor (left on MRI). Observers were instructed to only focus on the primary tumor, so this metastasis was not included in the 
delineations. Differences in delineations are caused by differences in slice orientation and slice thickness. ADC: apparent diffusion coefficient, DWI: diffusion- 
weighted imaging. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Additionally, there was one case in which DWI failed to show the 
complete tumor extent, causing incomplete tumor coverage by the 
CTVDW-MRI, while CTVMRI did completely cover the tumor (patient 15, 
Fig. 4). In this patient, the tumor had invaded and extended beyond the 
thyroid cartilage. While cartilage invasion was present in more cases 
included in this study, it was usually in a more advanced stage with 
destruction of the cartilage that was clearly visible on MRI. In patient 15, 
the cartilage was only invaded in a small area, which was not visible on 
DWI. Therefore, we recommend not relying on DW imaging when 
cartilage invasion is present and to make a CT scan to visualize the 
extent of the cartilage invasion. 

The median HD95 doubled when DWI was available, indicating more 
tumorHE was missed by the GTVDW-MRI than the GTVMRI. However, the 
median HD95 distance of the GTVDW-MRI was 1.4 mm, which is well 
within the 6 mm CTV margin we apply in our clinic. Moreover, the 
maximum HD95 decreased when DWI was available and went from 7.3 
mm to 6.6 mm for GTVMRI and GTVDW-MRI, respectively. 

These maximum HD95 values mean that a 6 mm CTV margin does 
not lead to complete tumor coverage in all cases. In our dataset, the 
CTVDW-MRI completely covers the pathological tumor in 14 out of 16 
patients. One of the patient with incomplete coverage was patient 15, 
where tumor was missed due to cartilage invasion and tumor extension 
not visible on DWI. Following our recommendations, this patient would 
have received a CT scan in clinical practice, and the GTV and CTV would 
have been adjusted accordingly. The remaining patient had incomplete 
tumor coverage on both CTVMRI and CTVDW-MRI, where 0.50 and 0.21 
cm3 were missed, respectively. This means the tumor coverage increased 
in this patient when DWI was available. 

When determining a suitable CTV margin, we aim for a margin that 
ensures full tumor coverage in 95 % of patients. A margin that ensures 
full coverage in all patients would overestimate the treatment volume in 
most cases and lead to higher toxicity. Incomplete tumor coverage in 
two out of 16 cases does not meet this criterion, illustrating that while 
DWI does tend to better visualize the tumor borders, it also has its 
shortfalls. Besides difficulties in visualizing cartilage invasion, DWI has a 
low resolution and can be sensitive to motion artifacts. A CT scan can 
compensate for these shortfalls with its superior resolution and insen-
sitivity to motion. Therefore, we would not recommend omitting CT 
from the radiotherapy workflow in laryngeal and hypopharyngeal 
cancer. 

A limitation of this study is that patients eligible for radiotherapy 
treatment typically have lower staged tumors (T1b-T3) than those 
included in this study (mostly T4 tumors). Small tumors tend to be less 
well-defined on MRI, so the advantages of DW-MRI reported in this 
study might not be representative for all patients receiving radiotherapy. 

In clinical practice, DWI will likely not be beneficial for the delin-
eation of T1 tumors, as these are often too small for adequate DW im-
aging. However, three patients with a T2 or T3 tumor were included in 
our study. In these cases, DWI led to a CTV reduction, while maintaining 
complete tumor coverage. This could imply that the availability of DWI 
can be beneficial to the delineation of T2 and T3 tumors as well. How-
ever the applicability of our findings to lower-staged tumors should be 
explored further. In clinical practice, the decision regarding which im-
aging to use should be taken on a case-by-case basis and the visibility of 
the tumor on DWI should be considered. 

Registration of pathological specimens to in vivo imaging remains 
challenging. We used a validated registration pipeline [15] and manu-
ally adjusted registrations where necessary. However, despite our efforts 
to optimize the registration, uncertainties will still remain in the final 
results. 

Additionally, we do not account for tumor shrinkage after formalin 
fixation. Laryngeal resections have the advantage of a rigid cartilage 
structure, which helps maintain the shape of the enclosed tissue during 
fixation [15]. In the method we used in this study, the volumetric 
shrinkage of tissue inside the cartilage was reported to be 3 % [15]. So, 
while this shrinkage is present, it is not of the same order of magnitude 

as the volume differences we found between tumorHE and the majority 
voting GTV delineations (GTVMRI and GTVDW-MRI overestimated the 
tumorHE volume by 94.9 % and 53.8 %, respectively). 

Conclusions 

GTV delineations based on anatomical MR imaging tend to over-
estimate the tumor volume. The availability of the geometrically accu-
rate DW-SPLICE sequence improves tumor delineations by reducing the 
GTV and CTV volumes, while maintaining acceptable tumor coverage. 
This volume reduction might reduce radiotherapy toxicity, as less 
healthy tissue is irradiated. In a clinical setting, CT should still be 
included, as cartilage invasion might not always be visible on DWI. 
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