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Chapter 1 

Introduction 

The inside of the human mouth, throat and airway duct is lined with a protective network of 

epithelial cells. The outermost layer of this network resembles fish scales, we therefore call the 

cells of this epithelium ‘squamous cells’ after the Latin for scale, squama. Our body is constantly 

replacing these cells as abrasion from food and outside air causes cells to be lost.  This is a 

natural process. However, sometimes errors occur during replication that lead to mutated cells. 

These mutated cells may start to divide uncontrollably and invade surrounding tissues. This is 

the start of a head and neck squamous cell carcinoma (HNSCC) [1]. 

Worldwide an estimated  900.000 new cases of HNSCC developed in 2018. This is approximately 

5% of all new cancer cases [2]. Symptoms of head and neck cancer can vary greatly depending 

on the primary site. Patients might notice a growing mass in the mouth or neck, or they might 

experience dysphagia or otalgia. If the tumor grows on the vocal cords hoarseness may be one 

of the first noticeable symptoms [3]. Incidence of HNSCC increases with age, mostly not 

occurring before the age of 40-50 [4]. Men are more likely to be diagnosed with HNSCC 

compared to women. However, this difference is diminishing as smoking, one of the major risk 

factors for HNSCC,  is now almost equally common in men and women [5]. Next to tobacco, 

alcohol use is an important risk factor for HNSCC, with amplification of the harmful effect if 

alcohol and tobacco are used concomitantly. In recent years, the human papilloma virus (HPV) 

has been identified as another risk factor for oropharyngeal carcinomas. It appears that so-

called HPV positive oropharyngeal tumors are a different entity than HPV negative tumors. For 

example, patients with HPV positive tumors are often younger and in many cases have no 

history of excessive tobacco or alcohol use [6]. Furthermore, HPV positive tumors seem to 

respond better to treatment than HPV negative tumors [7,8]. The prevalence of HPV differs 

around the world although the number of HPV positive oropharyngeal cancer cases has steadily 

risen in recent decades [9]. A possible reason cited for this increase are changes in sexual 

patterns, mainly the increased prevalence of oral sex and increasing numbers of sexual partners 

[10].  
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Anatomy and staging 

The area of the head and neck where HNSCC most often occurs, includes the oral cavity, 

nasopharynx, oropharynx, hypopharynx and larynx. Less frequently HNSCC is localized in the 

paranasal sinuses and salivary glands. The structure of head and neck area is very 

heterogeneous: the mouth, nose and pharynx together with the paranasal sinus are filled with 

air and surrounded by layers of muscle, bone and cartilage. The area is furthermore responsible 

for a great variety of functions. Breathing, swallowing, speaking, taste and smell are all heavily 

reliant on the proper functioning of head and neck organs. In addition, several cranial nerves run 

through the area. Damage to these nerves can cause loss of functionality leading for example to 

numbness or muscle paralysis. 

HNSCC tumors are staged according to the 8th edition AJCC [11]. The size or extend of the 

primary tumor, involvement of lymph nodes and distant metastases are recorded using T, N and 

M stage respectively. Numbers are used for each field to indicate the severity of disease with 

higher numbers representing more extensive disease. This staging is important as patients with 

higher stage tumors will likely experience progressively worse outcomes. With similar treatment, 

patients with higher stages of disease are more likely to experience a recurrence and have a 

lower overall and disease free survival. This is why the TNM stage of a tumor is considered to be 

a prognostic factor for disease outcome for individual patients.  

Treatment 

Treatment of HNSCC consists of surgery, radiotherapy, systemic treatment or a combination of 

these different treatment modalities. Based on the size and position of the tumor the most 

fitting treatment is selected. For higher stages of HNSCC a multi-modality approach to 

treatment is often necessary. In these cases the toxicity of the treatment plays an important role 

in the final decision. Surgical removal of a tumor or high radiation dose can impact the head and 

neck organs surrounding the tumor, with transient or permanent loss of function as result. 

Evidently the preference of the patient is of major importance when selecting the definitive 

treatment as some patients accept a lower chance of curation if this means that functions can be 

preserved.  
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Radiotherapy with or without concomitant chemotherapy with salvage surgery in reserve for 

residual or recurrent disease is increasingly being used as it often has comparable curative rates 

with greater retention of functionality compared to surgery. In some cases the 

(chemo)radiotherapy ((C)RT) treatment fails and salvage surgery becomes the only option for a 

curative treatment. Due to tissue changes induced by the earlier (C)RT such as inflammation or 

fibrosis salvage surgery is more difficult and less successful than primary surgery [12].  

Radiotherapy uses ionizing radiation to destroy malignant cells. The radiation dose is delivered 

by using radiation fields, often these field also contain healthy tissue. Generally, by increasing 

the dose the probability of malignant cells dying increases as well.  In order to spare the healthy 

tissue the dose to these fields has to be limited. This creates a balancing act between 

maximizing the dose in order to destroy the tumor, while keeping the dose to the healthy 

tissues and organs at risk (OARs) to acceptable levels [13]. Radiotherapy for HNSCC is 

furthermore divided into several fractions spread out over typically five to seven weeks. Between 

each fraction the healthy tissue is given time to recuperate from the radiation dose while the 

malignant cells, being less able to repair themselves, do not experience a recovering effect.  

In order to increase the effectiveness of (C)RT many improvements have been made to the 

treatment over the years. Initially the radiation dose used to be delivered to the patient in one 

or two large rectangular fields. Eventually, improvements in radiotherapy machines (linear 

accelerators) allowed for more precise targeting of tumors. It is now possible to create a dose 

field that is specifically molded to the shape of the tumor of an individual patient [14]. A steep 

dose fall-off at the edges of the tumor spares the surrounding tissue while still delivering 

maximum dose to the tumor. This concept places a new focus on accurate definition of the 

tumor borders.  

Target volume definition 

In order to obtain information about the location, shape and size of a tumor, head and neck 

surgical oncologists, radiologists, nuclear medicine physicians, pathologists and radiation 

oncologists combine their strengths. Results from physical examination and medical imaging are 
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discussed multidisciplinary to define the size and extent of a tumor. Furthermore the number 

and distribution of metastatic lymph nodes in the neck is recorded.  

When radiotherapy is chosen as the preferred treatment the radiation oncologist is responsible 

for defining the exact borders between tumor and healthy tissue. The Gross Tumor Volume 

(GTV) is defined as the area demonstrably containing tumor cells. It is often not easy to 

discriminate between the borders of a tumor and surrounding healthy tissue. The physician has 

to make an interpretation using experience, training, guidelines and the available clinical 

information. This subjectivity can lead to interobserver variation in the delineation of tumors 

[15–17].  

The GTV forms the basis for the Clinical Target Volume (CTV). The CTV is several millimeters 

larger than the GTV, accounting for the fact that microscopic extension of malignant cells may 

exist outside of the visible tumor. In turn, the CTV is used to determine the Planned Target 

Volume (PTV). The PTV is the volume that will eventually receive the highest dose. It is 

constructed in order to minimize the effects of patient set up inaccuracies or intrafraction 

motion. Typically the radius of the PTV is several millimeters to centimeters larger than the GTV. 

The total volume of the PTV is therefore significantly larger than the volume of the GTV. This 

means that the PTV has a higher probability of containing all of the malignant cells. However, it 

also has a higher probability of containing healthy tissue. 

During the course of treatment some tumors display a rapid decline in size [18,19]. This is 

experienced by the patients as a reduction of swelling and a return of function such as improved 

swallowing or less restricted mouth opening. Up until now, radiotherapy treatment for these 

patients often remains unchanged even though tumor volume has visibly been decreased. 

Adapting plans once or multiple times during the treatment could theoretically reduce the areas 

of healthy tissue receiving a high dose [20]. 

Imaging 

Traditionally computed tomography (CT) has been the preferred imaging modality for planning 

the radiotherapy treatment. Aside from being widely available, CT provides information on the 
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electron density of the treatment area, which is essential for creating radiotherapy treatment 

plans. In spite of this, other imaging modalities might be better suited for target volume 

definition. Magnetic resonance imaging (MRI) uses strong magnetic fields and radio waves to 

generate images with a higher soft tissue contrast than CT [21,22].  Moreover, MRI can be used 

to generate images that provide information not just on the anatomy of the region but on the 

functionality as well [23]. An example of this is diffusion weighted MRI (DW-MRI). Images 

constructed via this technique provide information on the ability of water to move through the 

tissues of the body. Normally, water molecules can diffuse freely through a process called 

Brownian motion. However, in tissues movement is restricted when water reaches the cell walls 

or large molecules. As tumors are often hypercellulair, diffusion is more restricted in tumors than 

in surrounding tissue. This creates a high contrast between tumor and surrounding tissue on 

diffusion weighted images, aiding the target volume definition process. DW-MRI has an 

additional benefit; it is possible to quantify the diffusion restriction in a certain area by 

calculating the apparent diffusion coefficient (ADC). By adjusting the magnetic gradients the 

sensitivity of diffusion weighted imaging for motion restriction can be increased. A new image 

can be obtained, this time with a higher so-called b-value. The higher b-value image 

experiences a decay of the signal in all tissues but this decay is lower in tissues with diffusion 

restriction (i.e. tumors). The signal decay is exponential and defined by the ADC. The ADC can be 

calculated as follows: 

𝑆𝑏 = 𝑆0𝑒(−𝑏𝐴𝐷𝐶)
 

Sb is the signal intensity at diffusion gradient b and S0 is the signal intensity without diffusion 

weighting [24]. 

Quantification of tissue characteristics is important as it might lead to objective delineation of 

tumors. This could reduce subjectivity and interobserver variability during the delineation 

process.  

Another method for quantifying tissue functionality can be obtained by performing positron-

emission tomography (PET) [25–27]. PET uses a radioactive tracer designed to accumulate in 
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specific tissues. The tracer emits positrons which annihilate after collision with an electron and 

produce two opposing photons, which can be detected by the scanner. The tracer most often 

used in HNSCC is fludeoxyglucose (FDG) which is labelled with radioactive fluorine-18. In the 

human body FDG behaves like glucose, but is only bound in the tissue. It accumulates in HNSCC 

tumors, metastatic lymph nodes and distant metastases due to their high glucose consumption.  

Posttreatment period 

Imaging remains important after the primary treatment is finished. Short term radiotherapy 

effects such as mucositis disappear within 3 months after treatment. An MRI can be performed 

at this time point in order to evaluate treatment response. However, assessing imaging after 

radiotherapy treatment is often much more difficult than assessing imaging made prior to 

treatment. The radiation has caused damage to the area changing normal anatomy and creating 

areas with edema or abnormal contrast and tracer uptake [28,29]. At this 3 month time point, it 

may be very difficult to differentiate between postradiation changes and recurrent or residual 

disease [30]. For some patients the radiotherapy treatment is not successful. Depending on the 

primary stage 10-50% of HNSCC patients will experience a recurrence of disease [31,32]. A local 

recurrence is clinically defined as the growth of malignant cells at the site of the primary tumor 

within three years after an initial treatment that appeared successful. Similar to the response 

assessment 3 months after treatment, detection of recurrent HNSCC can be extremely difficult 

due to post treatments effects. Inflammation and the formation of fibrosis can obscure recurring 

tumors or in other cases be mistaken for recurrent disease. 
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Thesis outline 

Patients with HNSCC can greatly benefit from medical imaging. Especially for patients receiving 

radiotherapy, imaging plays a major part in the treatment process. Imaging allows for adequate 

diagnosis and staging of tumors, it facilitates targeted radiation treatment and it is important for 

treatment response evaluation and recurrence detection. Furthermore it may be possible to 

accurately predict treatment outcome using imaging. This thesis aims at evaluating and 

improving the application of medical imaging for HNSCC patients treated with radiotherapy.   

In part 1 the role of imaging prior to the start of treatment is evaluated. Chapter 2 discusses the 

use of FGD PET-CT for the detection of lymph node metastases. This is compared to the 

arguably more invasive and less patient friendly ultrasound fine needle aspiration cytology. 

Chapter 3 continues with a comparison of FDG PET-CT, this time to DW-MRI. Here the 

delineations made using DW-MRI of three observers are compared to each other and to 

automatically segmented PET-CT images in order to determine interobserver agreement. Finally 

chapter 4 examines if ADC values obtained by DW-MRI prior to treatment are a prognostic 

factor that can be used to optimize treatment selection. 

Part 2 of this thesis evaluates imaging during the radiotherapy treatment. Chapter 5 contains 

the protocol for a prospective study (PREDICT) with the ultimate aim to determine if a change in 

ADC attributed to radiotherapy treatment can be an early predictor of treatment outcome. 

Chapter 6 uses data obtained in the PREDICT study to evaluate the usefulness of plan 

adaptation during treatment. 

Part 3 handles the imaging patients receive after their radiotherapy treatment has ended. 

Chapter 7 and chapter 8 have DW-MRI for recurrence detection as a common theme. First the 

effectiveness of DW-MRI for recurrence is compared to PET-CT. Secondly, the interobserver 

agreement in quantitative analysis of the DW-MRI images is analyzed. 

Finally chapter 9 focuses on the optimal use of MRI in the radiotherapy setting. It contains a 

small recap of parts of this thesis and provides information on how to use MRI as a monitoring 

device during the entire treatment period of a patient. It also presents the current application of 
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MRI before, after and during radiotherapy. For those unfamiliar with MR in radiotherapy this 

chapter can be a good place to start reading. 
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Abstract 

Introduction: Accurate assessment of cervical lymph node status is essential in patients with 

head and neck squamous cell carcinoma (HNSCC) as it influences prognosis and treatment 

decisions. During patient work up lymph node status is often examined by ultrasound guided 

fine needle cytology (USgFNAC). 18F-Fluorodeoxyglucose PET-CT (FDG PET-CT)  is frequently 

used to assess primary tumor and distant metastases but provides information on lymph node 

status as well.  It is possible that FDG PET-CT (if already made for abovementioned indications) 

can predict the results of USgFNAC in subgroups of lymph nodes based on FDG-uptake and 

size. The objective of this study to identify maximum standardized uptake (SUVmax) and short 

axis diameter cutoff values of lymph nodes at which FDG PET-CT can reliably predict USgFNAC 

results. 

Methods: 117 patients with HNSCC were retrospectively analyzed. Patients were included when 

a FDG PET-CT and USgFNAC were available. SUVmax measurements were performed and 

compared to the USgFNAC results. 

Results: Using USgFNAC as a reference standard the area under the curve of the receiver 

operating curve was 0.91. At a SUVmax cutoff value of 4.9 the accuracy of FDG PET-CT was the 

highest (85%). Lymph nodes with short axis diameter ≥1.0 cm and SUVmax ≥4.9 were in 91% 

positive on USgFNAC. If SUVmax was below 2.2 no nodes were positive on USgFNAC. Of all 

lymph nodes 52% either had a short axis diameter ≥1.0 cm and SUVmax ≥4.9 or a SUVmax <2.2. 

FDG PET-CT and USgFNAC results were very similar in these nodes.  

Conclusion: By measuring SUVmax values and minimal axial diameters of lymph nodes and 

using appropriate cutoff values, FDG PET-CT can predict the results of USgFNAC examinations in 

half of the examined lymph nodes. This information may lead to a reduction of USgFNAC 

examinations in HNSCC patients if FDG PET-CT is already performed for other indications.     
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Introduction 

The presence of cervical lymph node metastases is an important prognostic factor in patients 

with head and neck squamous cell carcinoma (HNSCC). It is associated with reduced survival  

and affects treatment decision-making [1–4]..Accurate determination of the lymph node status is 

therefore of great importance in order to reduce over- and under-treatment.  

Ultrasound guided fine needle aspiration cytology (USgFNAC) is frequently used to identify or 

confirm tumor positive lymph nodes. Other objectives during diagnostic workup of HNSCC 

patients are identification of occult distant metastases and preparation for radiation treatment 

planning if indicated, for this 18F-Fluorodeoxyglucose positron emission tomography combined 

with computed tomography (FDG PET-CT) is often used [5–7]. However FDG PET-CT provides 

information on lymph node status as well and might be able to differentiate benign from 

malignant nodes based on quantitative measurements [8,9].  

We hypothesize that FDG PET-CT criteria can be developed to accurately identify lymph nodes 

which are positive or negative on USgFNAC. These criteria may reduce the need to perform 

USgFNAC for the detection of lymph node metastases in subgroups of patients who already 

underwent FDG PET-CT for (whole body) staging or in preparation for primary 

(chemo)radiotherapy. Reducing the number of USgFNAC examinations could result in shortened 

diagnostic work-up time, reduced costs and decreased patient discomfort. 

 

Methods 

The database of the radiology department of a tertiary care center was retrospectively screened 

for HNSCC patients who had received USgFNAC within  1 month before or after a FDG PET-CT 

from January 2013 until August 2015. Only patients with a diagnosis of HNSCC confirmed by 

biopsy and histopathological examination were included in the final analysis. PET-CT and 

USgFNAC were performed as part of routine diagnostic work-up. The institution review board 

approved this study with a waiver of informed consent. 
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FDG PET-CT 

PET of the head and neck area was acquired using a TruePoint Biograph mCT40 scanner 

(Siemens, Erlangen, Germany). After a fasting period of at least 6 hours patients received 

intravenous injection of 2 MBq/kg 18F-FDG. Approximately 60 min after the administration of the 

tracer head and neck PET images were acquired according to the European Association of 

Nuclear Medicine (EANM) recommendations [10]. The following parameters were used during 

imaging: A low dose CT scan was performed using Care Dose 4D and Care kV, reference 

parameters: 40 mAs, 120 kV. Subsequently, two 4 minute bed positions PET with time-of-flight 

and point spread function (TrueX) reconstruction, 4 iterations, 21 subsets, with a filter of 5 mm 

full width at half maximum, slice thickness 3mm. SUV calculations were performed using lean 

body mass corrected formula.  

 

USgFNAC 

The examination was conducted by sonography radiologists using a IU 22 ultrasound machine 

(Philips Healthcare, Best, The Netherlands) with a 12-5 MHz linear-array transducer. Lymph 

nodes with a rounded shape, absence of a visible fatty hilum or suggested necrosis were 

considered abnormal and were targeted for aspiration cytology. Furthermore cytology was 

obtained from all lymph nodes with a short axis diameter greater than 5 mm with the exception 

of level II lymph nodes were a 7 mm short axis diameter cutoff was used. Lastly, nodes 

considered positive on FDG PET-CT were targeted for aspiration irrespective of short axis 

diameter. A 21 gauge needle was used to obtain the cytology samples. For each targeted node 

two needle passes were performed with application of suction. The obtained aspirates were 

directly smeared onto separate glass microscope slides. If by visual inspection the amount of 

material was deemed insufficient or too bloody, a third pass was performed. 

 

Image analysis 

All lymph nodes from which cytology was obtained were retrospectively analyzed on FDG PET-

CT. Localization of individual lymph nodes was based on the anatomical location described in 

the original ultrasound report. In some cases ultrasound images were compared to FDG PET-CT 
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in order to select the correct node. If the node could not be localized, for example due to 

multiple pathological lymph nodes in the same level or incomplete reporting, a second observer 

compared the ultrasound and FDG PET-CT images. If this did not obtain a clear consensus the 

node was excluded from analysis. SUVmax was measured by drawing a region of interest around 

the lymph node in the imaging software Syngo.via (Siemens Healthcare GmbH, Erlangen). The 

short axis diameter measurements were performed on the CT images. Both the first and second 

observer had access to the ultrasound report but were blinded to the outcome as described by 

the cytology report. 

 

Statistical analyses 

Histograms and receiver operating characteristic curves (ROC) were used to determine the 

correlation between SUV and cytological examination. USgFNAC was used as the reference test 

in order to calculate the positive predictive value, negative predictive values and other test 

characteristics of FDG PET-CT. An independent samples t-test was used to determine the 

difference in SUVmax between USgFNAC positive and negative lymph nodes. All statistical 

analyses were performed with SPSS (IBM Corp. Released 2015. IBM SPSS Statistics for Windows, 

Version 23.0. Armonk, NY: IBM Corp) 

 

Sensitivity analysis 

Robustness of the results was tested after the final analysis. First, all cytopathology reports were 

retrospectively reviewed by a cytopathologist (M.B.) and for all lymph nodes with a SUVmax ≥ 

4.0 and a negative USgFNAC cytology slides were revised. During this process lymph nodes with 

an unreliable conclusion due to low cell counts of the cytology sample were recorded. Secondly, 

the study’s results were recalculated with the omission of these lymph nodes. The results were 

also recalculated by considering all of these lymph nodes as positive and finally as all negative 

regardless of their original outcome.   
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Results 

Patients 

A total of 142 patients matched the inclusion criteria. Thirty-five patients had received their 

USgFNAC before the FDG PET-CT with four patients having both examinations less than 7 days 

apart. Twenty-five patients were excluded for analysis: in 22 patients it was not possible to 

match any nodes examined by USgFNAC to the FDG PET-CT images. One patient could not be 

analyzed because the  FDG PET-CT was not performed according to EANM guidelines. In two 

patients it was not possible to reliably determine the lymph node status of the specific lymph 

nodes from the cytology report due to incomplete reporting.  

For the final analysis 170 lymph nodes in 117 patients were included. On USgFNAC 96 nodes 

were diagnosed positive and 71 nodes negative for squamous cell carcinoma (SCC). For three 

lymph nodes the diagnosis of the initial cytological examination was inconclusive due to low cell 

counts. Patients characteristics are shown in table 1 and an example of the imaging and 

cytology is shown in figure 1 .  

 

Figure 1. Examples of imaging and cytology: A. FDG PET-CT image, the white arrows point to 

lymph nodes. The large lymph node on the right side of the patient (left on the image) had a 

SUVmax of 12.13, the smaller node on the left had a SUVmax of 3.25. B. The corresponding CT 

image. C. The ultrasound image of the smaller node in the left neck, the distance between both 

crosses on the image is 0.8cm. D. Aspiration cytology of the right lymph node showing 
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metastases (40x magnification). E. Aspiration cytology of the left lymph node without metastases 

(40x magnification). 

 

 

 
Patients 

(n=117) 

Percentage 

(%) 

Gender   

Male 87 74 

Female 30 26 

Tumor 

location 

  

Oral cavity 12 10 

Oropharynx 53 45 

Nasopharynx 13 11 

Hypopharynx 29 25 

Larynx 10 9 

T-stage   

T1-T2 40 34 

T3-T4 77 66 

N-stage   

N0 20 17 

N1 17 15 

N2 5 4 

N2a 4 3 

N2b 40 34 

N2c 29 25 

N3 2 2 

M-stage   

M0 108 92 

M1 9 8 

HPV   

Positive 14 12 

Negative 45 38 

Unknown 58 50 

 

Table 1. Baseline patient characteristics. TNM:  AJCC 7th edition. 
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For the nodes that could not be matched (n=29) to the FDG PET-CT images, the USgFNAC was 

positive for SCC in 9 cases, nonmalignant in 19 and inconclusive in 1. 

 

SUVmax  

The average SUVmax of the examined lymph nodes was 7.1, ranging from 1.5 to 25.7. The 

distribution of SUVmax values is shown in figure 2. 

 

Figure 2. Histogram of all lymph node SUVmax values in bins of 0.5 with their corresponding 

USgFNAC results. 

 

The SUVmax of USgFNAC proven lymph nodes metastases was higher than in USgFNAC 

negative lymph nodes. Positive lymph nodes had an average SUVmax of 9.5 (SD 5.1). 

Nonmalignant lymph nodes had a significantly different average SUVmax of 3.9 (SD 2.5; p 

<0.001) (Figure 3).  
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Figure 3. Boxplot of lymph node SUVmax values grouped by USgFNAC results. The black bars 

represent mean and standard deviation. 

 

When comparing SUVmax to the USgFNAC results (reference standard) an area under the ROC 

curve of 0.91 was found (Figure 4). The cutoff value with the highest accuracy (86%) was at 

SUVmax 4.9. Corresponding test characteristics at this point are: sensitivity 88%, specificity 85%, 

PPV 88%, NPV 83%. Table 2 shows the 2x2 contingency table of FDG PET-CT using this cutoff 

value. The three lymph nodes with an initial inconclusive cytology report were excluded for this 

analysis. 
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Figure 4. ROC curve FDG PET-CT vs USgFNAC 

 

 

 

 

 

 

Table 2. 2x2 contingency table at the cutoff of SUVmax 4.9 

 

All nodes (n=10) with SUVmax values lower than 2.2 had a corresponding negative USgFNAC. 

Table 3 shows the test characteristics of FDG PET-CT using different cutoff values. 

 

 

 

 

           USgFNAC 

Total SCC Other 

SUVmax  ≥4.9 84 11 95 

<4.9 12 

96 

60 72 

 Total 71 167 
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                      Test characteristics 

SUVmax cutoff Sensitivity Specificity PPV NPV Accuracy 

2.0 100% 6% 59% 100% 60% 

4.0 95% 72% 82% 91% 85% 

5.0 86% 86% 89% 82% 86% 

6.0 71% 92% 92% 70% 80% 

8.0 53% 94% 93% 60% 71% 

10.0 35% 96% 92% 53% 61% 

 

Table 3. Test characteristics at several SUVmax cutoff values. The underlined values are the 

highest in that category from among this group. 

 

Lymph node size 

The average size of all examined lymph nodes, as measured on PET-CT, was 1.2cm (range 0.3 – 

3.8). Lymph nodes with positive cytology results had on average a short axis diameter of 1.4cm 

(SD 0.6) compared to 0.9cm (SD 0.3) for nodes with a negative cytology. This difference was 

statistically significant p<0.001. 

Figure 5 shows the short axis diameter and SUVmax value of all individual lymph nodes sorted 

by the outcome of the USgFNAC. The cytology result for the nodes in the upper right quadrant 

(SUVmax ≥4.9 and short axis diameter ≥1.0 cm) was positive in 71, negative in 6 of the cases 

and inconclusive in 1 case resulting in a positive predictive value for USgFNAC results of 91% 

(71/78) if lymph nodes with SUVmax ≥4.9 and short axis diameter ≥1.0 cm were considered test 

positive. 
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Figure 5. The horizontal line represents the SUVmax cutoff point with the highest accuracy (4.9). 

The vertical line separates nodes with a short axis diameter of >1.0cm from those with a 

diameter of <1.0cm.  

Lymph nodes with short axis diameter ≥1.0 cm and SUVmax ≥4.9 were in  69/76 positive on 

USgFNAC. Lymph nodes with SUVmax <2.2 were in 10/10 negative on USgFNAC. In all other 

lymph nodes (short axis diameter < 1.0 cm with SUVmax ≥2.2 and short axis diameter ≥1.0 cm 

and SUVmax ≥2.2 but <4.9) no pattern in USgFNAC results was observed. 

 

The group with a high (≥4.9) SUVmax but a short axis diameter of <1.0cm consisted of 17 lymph 

nodes out of which 12 were positive for SCC and 5 nonmalignant according to USgFNAC 

examination (PPV=71%). 

 

Sensitivity analysis 

Retrospective revision of the cytology report and slides yielded 5 lymph nodes with an uncertain 

negative conclusion and 4 lymph nodes with an uncertain positive conclusion due to low cell 

counts. Additionally, in 1 lymph node revision revealed suspicion of a B-cell lymphoma (SUVmax 
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4.2). These lymph nodes represented 6% (10/170) of all lymph nodes. Omission of these nodes 

or considering all these nodes positive or negative did not significantly influence the study 

result: The sensitivity of FDG PET-CT using a SUVmax 4.9 cutoff changed from 88% to 83% and 

the PPV changed from 88% to 92% by considering all these nodes positive. When omitting the 

nodes from analyses PPV changed to 91%. In all other cases PPV and sensitivity remained the 

same when rounded to the nearest whole number. In conclusion revision of the original 

cytology report changed the outcome of the USgFNAC in 10 cases, this had a very limited effect 

on the study results. 

 

Discussion 

This study shows that quantitative analysis of PET-CT images can be used to identify groups of 

lymph nodes in which FDG-PET can accurately predict the USgFNAC results. Of all lymph nodes 

in this study, 52% were selected by using a SUVmax <2.2 or ≥4.9 combined with a short axis 

diameter of ≥1.0cm. This indicates that in around half of all nodes USgFNAC performed after 

FDG PET-CT only confirms but does not provide additional information concerning the presence 

of lymph node metastases. Different sensitivity analyses showed the robustness of these 

findings. 

It is important to note that 6 (4%) lymph nodes which were designated positive by the above 

criteria had a nonmalignant or inconclusive USgFNAC.  This result could be either be considered 

as false positive FDG PET-CT, or as false negative USgFNAC either due to sampling error or 

insufficient material [11]. Unfortunately, no neck dissection was performed and no comparison 

with the gold standard, i.e. histopathological examination of the resected lymph nodes, was 

possible. 

This comparison between quantitative FDG PET-CT using SUVmax and histopathology has been 

done by others. Kitajima et al. [12] report an optimal SUVmax cutoff value of 3.5 for 

differentiating between malignant and benign lymph node metastases in 36 oral squamous cell 

carcinoma patients, while Matsubara et al. [13] examined 498 lymph nodes and found all nodes 

with a SUVmax of 4.5 or greater to contain lymph node metastases. These values are in line with 

the optimal cutoff found in our study 4.9.  Although the methodologies of these studies are not 
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directly comparable to ours, they do provide some evidence that the FDG PET-CT criteria 

reported in our study not only determine when USgFNAC is unnecessary but also discriminate 

positive from negative nodes. The results might not be completely similar due to differences in 

imaging protocols. Our study tried to find a cutoff value using standardized EANM directives in 

order to improve comparability between centers. Furthermore, these studies solve the difficulty 

of adequately matching a lymph node on FDG PET-CT with the corresponding lymph node in 

the neck dissection specimen by correlating lymph node levels or neck sides, scoring a true 

positive if a lymph node is positive on FDG PET-CT and any metastatic node is found by 

histopathological examination in the corresponding neck level or side. This method is 

reasonably effective when determining the presence of positive lymph nodes, but it lacks the 

accurate correlation needed for quantitative analysis. This might be possible by describing 

lymph node location based on surrounding anatomical structures during the neck dissection 

procedure. In contrast, one of the strengths of this study is that it correlates individual lymph 

nodes identified on FDG PET-CT with the pathology results obtained with USgFNAC of the same 

lymph node. This allows analysis of SUVmax of individual positive and negative lymph nodes. 

FDG PET-CT is often performed during HNSCC workup in order to detect or delineate the 

primary tumor or to detect distant metastases. Additionally, in clinical practice FDG PET-CT 

examination will generally occur before USgFNAC as the aspiration of a lymph node might 

induce an inflammatory reaction. Inflammation causes accumulation of the FDG tracer resulting 

in a ‘hot’ lymph node on FDG PET-CT images [14]. This hot node might be erroneously 

considered metastatic. Therefore, FDG PET-CT images will be available in many HNSCC patients 

prior to USgFNAC results even though it is generally more expensive, As this study shows, these 

images can then be used to select lymph nodes of HNSCC patients which would not benefit 

from additional USgFNAC examinations. 

It should be taken into consideration that cytological analysis of lymph nodes have an extremely 

high specificity and can confirm the presence of a lymph node metastasis in patients with 

HNSCC [15]. Also cytomorphological evaluation can confirm the squamous nature of the 

metastasis and exclude or diagnose metastasis of other tumors. This is particularly important in 

patients with a known history of other malignancies. Finally due to the cellular material obtained 



30 

 

through USgFNAC molecular examinations like HPV analysis and tumor DNA sequencing can be 

performed [16,17].  

Limitations of this study are the retrospective design of the study which might have hindered 

accurate correlation between ultrasound images and FDG PET-CT images. Even though great 

care was taken to match lymph nodes from which cytology was obtained and SUVmax 

measurements it is possible that in some cases the measured node was a different node than 

the node from which cytology was obtained. Secondly, the conclusions are based on a single 

center analysis. External validation of the reported cutoff values may be necessary to determine 

generalizability of results to other centers. 

In conclusion this study describes a pragmatic approach to predict the results of USgFNAC 

examinations of cervical lymph nodes in HNSCC patients by quantitative FDG PET-CT 

parameters and reduce the need for USgFNAC after FDG PET-CT already performed for other 

indications.  
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Abstract 

Background and purpose: Diffusion weighted (DW) MRI may facilitate target volume 

delineation for head-and-neck (HN) radiation treatment planning. In this study we assessed the 

use of a dedicated, geometrically accurate, DW-MRI sequence for target volume delineation. 

The delineations were compared with semi-automatic segmentations on 18F-fluorodeoxyglucose 

(FDG) positron emission tomography (PET) images and evaluated for interobserver variation. 

Methods and materials: Fifteen HN cancer patients underwent both DW-MRI and FDG-PET for 

RT treatment planning. Target delineation on DW-MRI was performed by three observers, while 

for PET a semi-automatic segmentation was performed using a Gaussian mixture model. For 

interobserver variation and intermodality variation, volumes, overlap metrics and Hausdorff 

distances were calculated from the delineations. 

Results:The median volumes delineated by the three observers on DW-MRI were 10.8, 10.5 and 

9.0 cm3 respectively, and was larger than the median PET volume (8.0 cm3). The median 

conformity index of DW-MRI for interobserver variation was 0.73 (range 0.38–0.80). Compared 

to PET, the delineations on DW-MRI by the three observers showed a median dice similarity 

coefficient of 0.71, 0.69 and 0.72 respectively. The mean Hausdorff distance was small with 

median (range) distances between PET and DW-MRI of 2.3 (1.5–6.8), 2.5 (1.6–6.9) and 2.0 (1.35–

7.6) mm respectively. Over all patients, the median 95th percentile distances were 6.0 (3.0–13.4), 

6.6 (4.0–24.0) and 5.3 (3.4–26.0) mm. 

Conclusion: Using a dedicated DW-MRI sequence, target volumes could be defined with good 

interobserver agreement and a good overlap with PET. Target volume delineation using DW-

MRI is promising in head-and-neck radiotherapy, combined with other modalities, it can lead to 

more precise target volume delineation. 
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Introduction 

Intensity modulated radiotherapy (RT) has allowed for conformal dose distributions, aiming to 

maximize the dose to the gross tumor volume (GTV) and minimize the dose to normal tissue. 

Accurate determination of the GTV is a key issue in radiotherapy and forms the basis of 

treatment planning  [1]. However, it is also one of the major sources of uncertainty [2–4]. The 

accurate delineation of the GTV is a time consuming step, prone to errors. Delineations of the 

GTV using computed tomography (CT) and magnetic resonance imaging (MRI) show large 

variations between observers and an overestimation of the actual pathological tumor volume 

[5–7]. Additionally, FDG-PET has shown to result in more conformal segmentations than CT or 

MRI [8,9].  

To address the interobserver variation, automatic segmentation of the GTV would be ideal. 

Automatic segmentation is also preferable in online and/or adaptive MRI guided treatments. 

Several authors have proposed 18F-fluorodeoxyglucose (FDG) positron emission tomography 

(PET) as imaging modality for automatic segmentation due to its high signal to background ratio 

[10–14]. However, the use of PET for segmentation is challenging. The segmentations can 

depend on the contrast and noise characteristics of the PET images, which, apart from tumor 

characteristics, originate from different acquisition and reconstruction protocols [15,16]. 

Additionally, a variety of segmentation algorithms have been proposed which result in large 

variations in target volumes [17,18]. Therefore, successful automatic segmentation requires a 

careful choice of acquisition and reconstruction parameters and segmentation algorithms. Other 

drawbacks are the increased radiation burden, resolution limitations and relatively high costs. 

Diffusion weighted (DW) MRI might be an alternative imaging modality for FDG-PET as DW-MRI 

generates images with high contrast between tumor and surrounding normal tissue making it a 

candidate to improve MRI based delineations and suitable for automatic segmentation. The 

contrast in DW-MRI is based on differences in the restriction of water diffusion on a microscopic 

level. The resulting high contrast images, along with the derived quantitative apparent diffusion 

coefficient (ADC) maps, could be used for delineation purposes [19,20]. However, the 

geometrically accurate acquisition of DW-MRI in the head and neck region is difficult due to the 
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presence of air cavities causing large magnetic field inhomogeneities. Using  conventional DW-

MRI, acquired with echo planar imaging (EPI), image distortions up to centimeters can arise [21]. 

Recently, we have proposed the use of an alternative DW-MRI sequence; split acquisition of fast 

spin-echo signal for diffusion imaging (SPLICE). Here, EPI is replaced with turbo spin echo for 

data acquisition, which leads to less distortions as it is relatively insensitive to magnetic field 

inhomogeneities introduced by the patient. The DW-SPLICE sequence has excellent geometric 

performance, allowing the DW-MRI images to be used for target delineation [22]. 

As the overestimation of the tumor volume results in a high burden on normal tissues 

surrounding the tumor due to the large treatment volume, the tumor has to be segmented as 

close (conformal) as possible. By definition the GTV only includes macroscopic tumor tissue, and 

requires a clinical target volume (CTV) margin to encompass microscopic spread. To avoid 

normal tissue burden, the CTV needs to be minimized. Recently, Ligtenberg et al showed in an 

image validation study with pathology that GTVs automatically segmented from PET showed a 

tumor volume closest to the tumor volume on histology with a high coverage and the lowest 

overestimation [8]. Unfortunately, such validation studies cannot be performed in patients 

treated with primary radiotherapy. However, since the PET-based volume resembled the tumor 

volume best, and with the smallest overestimation, we chose to use PET-based segmentations as 

a reference to evaluate GTVs created using DW-SPLICE.  

The aim of the present study was to assess the use of the dedicated DW-MRI sequence in target 

volume delineation. The GTVs were evaluated in terms of interobserver agreement, volume and 

spatial concordance with PET. 

 

Materials & Methods 

Patients 

A total of 15 head and neck patients were included in this study, patient details are given in 

supplementary table 4.1. The institutional review board provided a waiver of consent. These 

patients, scheduled for RT treatment, underwent a clinical FDG-PET/CT and an MRI exam, both 
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in treatment position using a personalized head support and 5-point head and shoulder 

immobilization mask [23].  

FDG-PET/CT imaging 

Patients fastened 6 hours before imaging on a mCT-Biograph PET/CT scanner (Siemens Medical 

Solutions, USA).  An FDG dose of 2.0 MBq/kg was injected 60 minutes before image acquisition. 

Image acquisition was done at 2 bed positions, at 4 minutes per position. Image reconstruction 

was done using an ordered subset expectation maximization algorithm, utilizing point-spread 

function and time-of-flight information, at a reconstructed voxel size of 2.04 x 2.04 x 1.5 mm3 

(AP x RL x FH) with body weight corrected standardized uptake values. 

MR imaging 

MR imaging was performed on a 3.0~T Ingenia wide bore MR system (Philips Healthcare, The 

Netherlands) using 2-element Flex-M surface coils. The DW-SPLICE sequence was prototyped 

and loaded on the system, generating geometrically accurate diffusion weighted images [22]. 

Diffusion weighting was applied in an isotropic fashion using three orthogonal directions with b-

values of 0 and 800 s/mm2 (b0 and b800 respectively). ADC maps were generated on the MR 

system. Fat suppression was executed using spectral presaturation with inversion recovery. 

Detailed sequence parameters are given in table 1. The exam also contained T1 (with and 

without contrast) and T2 weighted TSE scans. 
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Scan DW-SPLICE 

FOV (RL×AP×FH) [mm3] 230×280×120 (200x200x120) 

Acquired voxel size [mm2] 1.8×1.8 

Slice thickness [mm] 4 

TE [ms] 52 

TR [ms] 16,366 (15,844) 

SENSE acceleration factor 2 

(Echo) train length {dummies} 64 {1} (55 {1}) 

Bandwidth [Hz] 900.3 (858.5) 

b-values [s/mm2] {averages} 0 {2}, 800 {5} 

Total acquisition time 4m38s (4m29s) 

Table 1. Sequence parameters for the DW-SPLICE sequence. The protocol was adapted for 

laryngeal imaging (denoted in round brackets 

 

Target volume delineations 

For the acquired PET scans, the GTV was segmented semi-automatically using a Gaussian 

mixture model (GMM). With this method, voxels are classified based on statistical differences in 

their intensity distributions [24–26]. The GMM assumes independent observations, and models 

the image intensities with 10 Gaussian distributions. Following an initialization step by placing a 

selection box around the lesion, Gaussian distribution parameters are initialized automatically. 

The method was adapted for head and neck by fully automating the initialization of the 

Gaussian distribution means as described in detail in previous publications [24–26]. Following 

initialization, the Gaussian distributions are fitted to the image intensities using maximum 

likelihood estimation method. The algorithm then classifies regions to either tumor or 

background, generating binary masks.  
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The GTV was delineated in the diffusion weighted images by three observers. First the 

hyperintense region on the b800 image was identified, this was aided by a semi-automatic 

segmentation. On the b800 image, a seed point was placed centrally within the tumor and using 

a threshold of 50% of the maximum signal intensity, a region was segmented. Following this 

initial segmentation, the contours were manually adapted using the contrast of the ADC map, 

where the individual observers excluded regions of high ADC typically at the edge of the tumors. 

While doing this the b0 and b800 images were also available to the observers for reference. All 

contours (referred to as DW1, DW2, DW3 were converted to binary masks. 

Additionally, as all of the patients received radiation treatment following imaging, the target 

volumes were retrieved from the treatment plans for these patients (GTVRT as reference. The 

radiation oncologists mostly relied on CT and anatomical MRI (T1 weighted, with and without 

contrast, and T2 weighted), but PET and DW-MRI were also available.  

Data analysis 

All scans from the MRI exam were matched with the PET/CT using rigid registration. The 

resulting transformations were used to resample both the PET and DW-SPLICE masks on the 

grid of the CT (0.98 x 0.98 x 2.0 mm3, in order to compare the segmentations. While resampling 

the masks, the volume was kept the same on the new grid.  

Using the resampled masks the delineated volumes for PET and DW-SPLICE were determined. 

For each observer the DW-MRI delineation was further compared to the PET segmentation by 

means of Dice similarity coefficients (DSC) and Hausdorff distance (HD) analysis. The DSC is a 

measure of spatial overlap and is defined as: 

 𝐷𝑆𝐶 (𝐴, 𝐵) =  
2(𝐴 ⋂ 𝐵)

(𝐴+𝐵)
  

where A and B are the respective delineated regions and  ⋂   is the intersection. A DSC of 0 

indicates no spatial overlap at all and a DSC of 1 indicates complete overlap. The distance 

between two delineated contours is represented using the Hausdorff distance, which measures, 

for each point on a delineated contour, the Euclidean distance to the nearest point on the other 
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contour. Per contour pair, the mean Hausdorff distance (HDmean) and the 95th percentile distance 

(HD95) were calculated. The results for each metric are given as the median (range) over all 

patients. We tested for significant differences (p < 0.05) in metrics using a Wilcoxon signed rank 

test. 

For the inter-observer analysis of the DW-SPLICE delineations, a generalized conformity index  

CIgen =  
∑ |𝐴𝑖  ⋂ 𝐴𝑗|pairs 𝑖𝑗

∑ |𝐴𝑖  ⋃ 𝐴𝑗|pairs 𝑖𝑗
 

 with Ai and Aj the respective delineated regions and  ⋃  the union over all observers was 

calculated per patient, because this metric is independent of the number of observers [27]. 

Additionally, DSC were calculated per observer pair. Additionally, the HD analysis was also 

performed for the observer pairs as this metric is independent of the volume of the tumor and 

has clinical relevance as it is related to uncertainty margins.  

 

Results 

An example of the imaging data is given in figure 1, showing the correspondence between the 

different modalities as well as between the different observers on the diffusion weighted 

imaging. Additionally, anatomical T1 weighted images after gadolinium contrast agent injection 

are shown for reference. Initial semi-automatic segmentation of the b800 images proved 

difficult in three out of 15 patients, where the pixel intensity gradient was low around the tumor 

in images with limited SNR. For these patients, the tumor region was cropped manually to avoid 

other structures, such as unsuppressed fat, to be included in the region of interest.  
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Figure 1. Patient examples showing the correspondence of the delineated target volumes. Each 

row of images is from a single patient and shows transverse slices with, from left to right: DW 

b800; ADC map; FDG-PET; T1 weighted TSE mDixon water reconstruction after gadolinium 

contrast agent injection. The images are taken from patient 9, 12 and 1 respectively.  The 

delineations from FDG-PET (green), DW1 (red), DW2 (blue) and DW3 (orange) are shown on all 

imaging. 

 

Volumes 

The volumes found on the GMM segmentation of PET had a median volume of 8.0 cm3 (1.2 - 

38.9), while the DW-SPLICE volumes were larger for all three observers: DW1 10.8 (1.8 - 44.3), 
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DW2 10.5 (1.8 - 38.1), DW3 9.0 (1.4 - 37.8) cm3 (Figure 2). The difference with PET was significant 

for DW1 (p=0.0001) and DW2 (p=0.0043), but not for DW3 (p=0.0637). The median GTVRT was 

15.63 cm3, a significant difference compared to both PET and all DW-MRI volumes. An overview 

of all delineated volumes is given in supplementary table 1.  

 

Figure 2. The delineated volumes per patient for the different observers and modalities. Patients 

were ranked in ascending order of the volume determined on FDG-PET. 

Intermodality delineation overlap and distance analysis 

The median (range) DSC of the PET segmentation with the each DW-MRI delineation was very 

similar for the three observers: 0.71 (0.03 - 0.80), 0.69 (0.03 - 0.79) and 0.72 (0.03 - 0.82) 

respectively (figure 3a). An overview of correspondence measures is given in supplementary 

table 1. The DSC was reasonable to good (0.44 - 0.82) in all but 2 patients; these were the 

patients with the smallest volumes. Patient 1 had practically no overlap between PET and DW-

MRI. This patient showed two neighboring hotspots on PET, with the anterior one showing most 
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tracer uptake so this region was segmented by the GMM method. On DW-MRI however, the 

posterior hotspot showed most diffusion restriction and low ADC (figure 1, bottom row). The 

other patient (number 2) showing poor correspondence, had a tumor located at the base of the 

tongue. The mismatch was mainly caused by tongue movement between the PET scan and MRI 

exam.  

Figure 3. The agreement between DW-MRI and FDG-PET as measured with Dice Similarity 

Coefficient (a), the 95th percentile contour distance (b) and the mean contour distance (c). The 

horizontal bars represent the median. 

 

Using the same delineation pairs, distance analysis was performed (figure 3b and 3c) and both 

the HD95 and HDmean were calculated. For all three observers the HDmean  was small with median 

(range) distances between PET and DW-MRI of 2.3 (1.5 - 6.8), 2.5 (1.6 - 6.9) and 2.0 (1.35 - 7.6) 

mm respectively. Over all patients, the median 95th percentile distances were 6.0 (3.0 - 13.4), 6.6 

(4.0 - 24.0) and 5.3 (3.4 - 26.0) mm. Similar to the DSC, patients 1 and 2 showed the largest 

distances between the PET and DW-MRI contours.  

Interobserver agreement 

The median CIgen over all patients was 0.73 (0.38 - 0.80) indicating good agreement among the 

different observers (figure 4a). This is also seen in the three pairwise DSCs, median (range): 

observer 1 and 2, 0.87 (0.52 - 0.90); observer 1 and 3, 0.83 (0.43 - 0.91); observer 2 and 3, 0.82 

(0.59 - 0.87). Patient 2 and 3 showed the least interobserver agreement. These were patients 
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with small tumor volumes, located in the oropharynx adjacent to lymphatic tissue (Waldeyer’s 

tonsillar ring). 

Figures 4b and 4c show the results of the distance analysis between observers. Generally, small 

distances, both HD95 and HDmean, were found between the observer pairs except for the two 

patients (2 and 3) which also showed reduced CIgen. 

Figure 4. Interobserver agreement for all patients on diffusion weighted imaging, expressed as 

generalized conformity index (a), contour distances  HD95 (b) and HDmean (c). The horizontal bars 

are the medians. 

 

Discussion 

In this study we assessed semi-automated target volume delineation in head and neck cancer 

patients using a non-EPI diffusion weighted MRI sequence, DW-SPLICE. Furthermore, we 

investigated the variation between different observers on DW-MRI as well as the agreement 

between DW-MRI and 18FDG-PET generated GTV delineations. The agreement between 

observers was good with a median CIgen of 0.73 and small distances between the individual 

contours (median HD95 < 3.5 mm). The delineated volumes on DW-MRI were found to be 

significantly larger (median volumes 10.8 cm3 10.5 cm3 and 9.0 cm3) than the PET segmentations 

(median volume 8.0 cm3), nevertheless there was a substantial overlap between PET and DW-

MRI with median DSCs of 0.71, 0.69 and 0.72 for the three different observers respectively. Both 

the PET and DW-MRI volumes were  substantially smaller than the clinically used target volume, 

GTVRT (median volume 15.63 cm3), which is known to overestimate the GTV [8,9]. 
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High b-value DW-MRI images have a similar appearance as PET images, which makes them 

relatively easy to interpret by the observers. This was demonstrated by the good agreement 

between the different observers in this study. The median CIgen over all patients was 0.73, where 

0.7 is considered to be an indicator of good overlap [28]. The two cases showing a low CIgen 

concerned patients with small tumors located in the oropharynx, adjacent to lymphatic tissue. 

Lymphatic tissue shows diffusion restriction and thus has diffusion properties similar to that of 

tumors, i.e. showing high signal on high b-value DW-MRI images and a low ADC. Therefore, 

DW-MRI should always be used as an addition to high quality anatomical images. Other 

delineation studies in the head-and-neck area show lower or similar CIgen values [29,30]. Jager et 

al. [5] showed 0.61 for laryngeal cancer using CT and 0.57 using CT/MR; Geets et al. reported 

0.41 and 0.42 for laryngeal and oropharyngeal GTVs respectively [31]; Mukesh et al. reported 

0.54 for CTV delineations on CT [32]. 

Despite the different biological background and acquisition method of DW-MRI and FDG-PET, 

there was a large overlap between PET and DW-MRI. For a large part both techniques identified 

the same target for treatment. Differences mainly occur at the edges of the delineated volumes, 

but the distances between the different contours were small in general. Over all patients, the 

median of the average distance between DW-MRI and PET contours was between 2.0 and 2.5 

mm for the three different observers. For comparison, the acquired in-plane voxel sizes in DW-

MRI and PET were 1.8 and 2.0 mm respectively. Furthermore, the PET GTVs, derived by the GMM 

segmentation, still require an appropriate CTV margin to encompass all microscopic tumor 

tissue. According to Ligtenberg et al. [8] this CTV margin is 5.2 mm in laryngeal and 

hypopharyngeal cancer. In a similar fashion, the DW-MRI GTV delineations will also require an 

appropriate CTV margin.   

Generally, the difficulty of incorporating DW-MRI in the practice of target volume delineation in 

head-and-neck is the large geometrical distortion. To overcome this issue we used a dedicated 

sequence, DW-SPLICE, for the acquisition of diffusion images. Although this dealt with the 

geometrical distortions, some mismatch with other imaging modalities, like PET-CT can appear. 
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Despite the fact that patients were fixated in an immobilization mask, some misalignment may 

remain since patients were scanned at two different time points. Additionally, internal motion of 

mobile structures due to breathing, tongue movement or swallowing can still occur. This could 

explain some of the differences in the delineations between DW-MRI and PET, especially for 

patient two. 

The largest differences between DW-MRI and PET were found in small tumors, adjacent to 

lymphatic tissue. Both DW-MRI and FDG-PET are prone to false positives in these tissues, as it 

can show restricted diffusion behavior and increased FDG uptake. PET and DW-MRI visualize 

different biological processes and previous studies have investigated the relation between PET 

and DW-MRI in head-and-neck cancer [33–39]. However, these studies mainly looked at the 

relationship between SUV and ADC characteristics within the tumor and relating these to 

staging [38]histopathological parameters [35] or response prediction [34]and evaluation [34,39]. 

Houweling et al. [33] investigated a radiotherapy application of PET and DW-EPI after 

deformable registration. They specifically looked into targets for dose painting within a 

previously defined GTV. The spatial resolution is a limitation of both techniques. The detection 

limit and point spread function in PET could account for some of the differences found in the 

smaller lesions (i.e. patients 1 and 2). In PET the spatial resolution is mainly limited by the 

detector width, where in DW-MRI the resolution is limited due to the usage of a single-shot 

readout sequence. Advances in MRI sequence design (i.e., robust multi-shot DW-MRI sequences, 

faster imaging etc), could still provide additional gains in spatial resolution.  

A limitation of the study is that no histopathology was available to compare the target volume 

with. In order to fully assess the value of DW-MRI for target volume delineation, it would be 

ideal to use pathology specimens in image validation studies [9,25]. Unfortunately, this is very 

challenging for some anatomical sites such as the oro- and nasopharynx. As we know from 

previous studies, GTV on CT and MRI overestimates the tumor largely and shows large 

interobserver variation [5,7,8]. Therefore, we compared the target volume with an automatic 

segmentation on PET, as the PET volume approaches the true tumor volume closest and the 

automatic segmentation method is validated versus pathology. The acquisition of only 2 b-
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values, b=0 s/mm2 and b=800 s/mm2, in the diffusion sequence is another limitation. This could 

result in an overestimation of the ADC value in areas with a large blood plasma volume [40]. 

Finally, the number of patients in this study is limited.  

The target volumes derived from DW-MRI were generally smaller than the GTV defined in 

current clinical practice (DW1, DW2, DW3, vs GTVRT). These smaller target volumes already lead to 

smaller treatment volumes. The addition of DW-SPLICE to the current practice of target volume 

delineation can help reduce variation among observers, since it allows for semi-automatic 

segmentations. The region identified by both DW-MRI and PET could be used as a first estimate 

for the tumor outline. Subsequently, using conventional T1- and T2-weighted MRI and CT, the 

GTV delineation can be refined. The combination of all these imaging modalities can further 

improve target volume delineation.  

In conclusion, using an optimized DW-MRI sequence, target volumes were defined with good 

interobserver agreement and a good overlap with PET. Target volume delineation using 

undistorted DW-MRI is promising in head-and-neck radiotherapy. 
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Supplementary table 1: Comparison between PET and DWI. Volumes of the different modalities and delineators. Generalized conformity indices 
Dice similarity coefficients and contour distances between PET and DWI. GTVRT is the treatment volume retrieved from the treatment plan. 
Patient 11 was ultimately treated at a different institution, therefore, no volume was available. 
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Patient  T N M Location Sex 

1 2 0 0 Tonsillar Region M 

2 2 3 0 Base of Tongue M 

3 2 1 0 Tonsillar Region M 

4 2 0 0 Tonsillar Region F 

5 2 2b 0 Tonsillar Region M 

6 1 2 0 Nasopharynx M 

7 3 2c 0 Hypopharynx M 

8 1 0 0 Base of Tongue F 

9 1 0 0 Nasopharynx M 

10 3 2b 0 Tonsillar Region M 

11 1 0 0 Nasopharynx M 

12 2 2b 0 Base of Tongue M 

13 3 2b 0 Tonsillar Region M 

14 4a 2b 0 Oropharynx M 

15 4a 2b 0 Oropharynx F 

      

Supplementary table 2: Patient characteristics: tumor, lymph node and distant metastasis staging 
(TNM), tumor location and patient sex.  
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Abstract 

Objectives: For patients with head and neck squamous cell carcinoma (HNSCC) pretreatment 

identification of radio-insensitivity of tumors would affect treatment planning. The apparent 

diffusion coefficient (ADC) of a tumor has been reported to be a predictor of local recurrence. 

However, this has rarely been examined in combination with known prognostic factors such 

as clinical T-stage.  

The aim of this study is to determine the added value of pretreatment ADC to clinical T-stage 

as a prognostic factor for local recurrence. 

Methods: This retrospective cohort study included 217 patients with HNSCC treated with 

(chemo)radiotherapy. Included patients were treated between April 2009 and December 

2015. All patients underwent diffusion weighted MRI prior to treatment. Median ADC values 

of all tumors were obtained using a semi-automatic delineation method. A sensitivity analysis 

was performed in 188 patients using a reduced delineated volume. Univariate models 

containing ADC and T-stage were compared to a multivariable model containing both 

variables.   

Results: Univariate analysis showed no significant association between tumor ADC and local 

recurrence within three years after (chemo)radiotherapy (p=0.09). However ADC and local 

recurrence were associated when analyzed in the sensitivity analysis (p=0.02). Cox regression 

showed that clinical T-stage was an independent predictor of local recurrence and adding 

ADC to the model did not increase its performance. 

Conclusion: Pretreatment ADC values have no added value as a prognostic factor for local 

recurrence using a model including clinical T-stage. 
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Introduction 

Patients with head and neck squamous cell carcinomas (HNSCC) can be primarily treated with 

(chemo)radiotherapy ((C)RT) or surgery. In advanced stages a combination of these 

modalities is used. If an organ sparing treatment such as (C)RT is considered, surgery is kept 

in reserve for salvage treatment should the primary (C)RT fail. However, effects of the (C)RT 

on the tumor and healthy tissue makes salvage surgery challenging. Reliable pretreatment 

identification of radio-insensitive tumors could enable patient selection for primary surgery, 

avoiding the surgical challenges and morbidity induced by previous irradiation [1].  

Quantitative analysis of diffusion-weighted MRI (DW-MRI) is one of the methods to identify 

patients who will not respond to (C)RT [2]. Several studies investigated the correlation of 

pretreatment apparent diffusion coefficient (ADC) and local tumor recurrence after (C)RT and 

found contradicting results [3–9]. These, mostly single center, studies reported on a very 

limited number of patients and used a wide variety of methods to delineate the tumor and 

calculate pretreatment ADC. Most importantly, many of these studies did not account for 

clinical factors such as T-stage, which is known to be an important prognostic factor for local 

recurrence [10, 11]. This resulted in mixed conclusions, although many studies concluded that 

tumors with a relatively high pretreatment ADC have a higher chance of local recurrence [3–

5]. In our center, MRI with diffusion-weighted imaging has been incorporated in the 

diagnostic work up of head and neck patients for many years, resulting a wide availability of 

DW-MRI for retrospective analyses. To determine the clinical relevance of ADC as a 

prognostic variable, it needs to be evaluated in relation to established important prognostic 

factors such as clinical T-stage. Therefore, the question this research tries to answer is: What 

is the added value of ADC to clinical T-stage as a prognostic factor for local recurrence of 

HNSCC? 
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Methods and materials 

This retrospective study was approved by the institutional review board and the need for 

informed consent was waived. Reporting was done in accordance to the STROBE statement 

[12]. 

Study population 

This retrospective cohort study included consecutive patients from a single tertiary care 

hospital with biopsy proven primary HNSCC of the oropharynx, hypopharynx, larynx or oral 

cavity, who were treated with (chemo)radiotherapy with curative intent from April 2009 to 

December 2015. Patients were included if an MRI with diffusion-weighted sequences 

acquired within 2,5 months prior to the start of treatment was available.  

After the diagnosis of HNSCC, all patients were discussed in a tumor board meeting to 

determine the stage of the tumor and the suggested treatment. The clinical T-stage was 

extracted from the report of this meeting for use in our study. Staging of patients was done 

according to the seventh edition of the American Joint Commission on Cancer [13]. 

Patients with T1 tumors were excluded due to reduced visibility of these tumors on MRI. 

Clinical charts were retrospectively reviewed for the baseline characteristics of the study 

population (table 1).  
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 Variable N  % 

Age in years  63 (40-87)*  
Sex   
 Female 55 25 
 Male 162 75 
Tumor site   

    Larynx 69 32 
 Hypopharynx 35 16 
   Oropharynx 102 47 
 Oral cavity 11 5 
AJCC tumor stagea   
 T2 81 37 
 T3 71 33 
 T4a 53 24 
 T4b 12 6 
Nodal stage   
 N0 95 44 
 N1 26 12 
 N2a 2 1 
 N2b 53 24 
 N2c 41 19 
HPV status oropharyngeal tumors    
 Positive 18 18 
 Negative 62 61 
 Unknown 22 21 
Days between MRI and start treatment*  18 (1-63)  
Treatment   
 Radiotherapy only 120 55 
     Radiotherapy + Cisplatin 66 31 
 Radiotherapy + Cetuximab 31 14 
Months of followup* 34 (2 -102)  

Table 1. Baseline patient characteristics 
* Median (range), a AJCC: American Joint Committee on Cancer 7th 
edition. 
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Treatment protocol 

Treatment consisted of 5-7 weeks of radiotherapy with an effective dose of 70 Gy to the 

primary tumor. Patients with an indication for concomitant chemotherapy were administered 

100 mg cisplatin/m2 at day 1, 22 and 43. If chemotherapy with cisplatin was not possible due 

to severe comorbidities, patients received cetuximab instead of cisplatin. After completion of 

the treatment, the follow-up consisted of visits to the multidisciplinary outpatient clinic 

according to national guidelines; every 2 months in the first year, every 3 months in the 

second year after treatment, every 4 months in the third year and every 6 months in the 

fourth and fifth year after treatment. These consultations contained physical examination and 

fiberoptic endoscopy. Additional imaging was performed on indication, for example when 

there were complaints or clinical findings suspect for local or regional recurrence. 

 

Local recurrence 

Local recurrence was defined as a biopsy proven squamous cell carcinoma of the primary 

tumor region within three years after completion of the (chemo)radiotherapy treatment. 

Additionally patients clinically suspected of local recurrence within three years after treatment 

who did not have a (conclusive) biopsy were considered to have a local recurrence if the 

suspected recurrence progressed between follow up visits or if the patient died while the 

diagnostic workup of the suspected recurrence was still ongoing. The time to recurrence was 

defined as the time between the last day of therapy and the first day a suspicion of 

recurrence as recorded in the subject's chart. 

Subjects who did not meet above criteria and who completed three years of follow up were 

considered to have had no local recurrence. Patients who were lost to follow up without a 

local recurrence as previously defined were considered to have local control for the period 

between end of treatment and their last follow up visit.  

 

MRI and diffusion-weighted MRI 

All patients underwent pretreatment MRI with diffusion-weighted imaging on a 1.5 Tesla 

Philips Intera or 3.0 Tesla Philips Ingenia MRI scanner. The obtained images were used for 
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target and organs-at-risk delineation for radiotherapy treatment planning. The MRIs were 

acquired routinely over a period in which new protocols were developed (Table S1, in 

supplemental material). Available b-values differed across scans with all containing at least a 

high (b800 or b1000 s/mm2) and a low (b0 s/mm2) b-value. ADC maps were calculated from 

the DW images using all available b-values and a mono-exponential model. 

 

Tumor delineation 

The tumor delineation procedure was semi-automatic. The endoscopy report and available 

pretreatment imaging was used to determine the location of the tumor. First, a seed point 

was placed in the tumor on the axial DW-MRI with the highest available b value (b800 or 

b1000 s/mm2). Using the seed point and a threshold of 50% of the maximum signal intensity 

the tumor was segmented. Secondly, this segmentation was transferred to the corresponding 

ADC map. The contrast of the ADC map was set to window: 1500 x 10-6 mm2/s and level: 1000 

x 10-6 mm2/s. Areas with relatively high ADC values at the outer-contour of the segmentation 

were considered not to be part of the tumor and were manually removed from the volume of 

interest by a single observer blinded to the local recurrence status of subjects. High or very 

low ADC values inside the tumor were not excluded to maintain tumor heterogeneity. This 

final segmentation was used to determine tumor volume and ADC values. The ADC value of 

an individual tumor was defined as the median ADC value of all voxels included in the 

segmentation.  

 

ADC and HPV 

A possible relationship exists between human papilloma virus (HPV), ADC and local 

recurrence in oropharyngeal carcinoma [14–17]. In order to test if this relationship had any 

influence on the final results ADC values of the patients with HPV positive oropharyngeal 

tumors were compared to those with HPV negative oropharyngeal tumors. 
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Sensitivity analysis 

In order to test the robustness of the results and their susceptibility to variation in delineation 

a sensitivity analysis was performed. In this analysis we reduced the segmentations by 1mm 

in x, y and z directions. Theoretically, this reduced volume should contain a higher 

percentage of tumor and less of the edges of the tumor and surrounding tissues reducing 

partial volume effects. This reduced segmentation was used to recalculate tumor ADC and to 

repeat the rest of the applied analyses.  

 

Statistical analysis 

Differences in ADC values between patients with local control and local recurrence were 

determined using an independent samples t-test. The most discriminating ADC cutoff value 

(i.e. the value with the highest combined sensitivity and specificity) was extracted from the 

receiver operating characteristic (ROC) curve of ADC and local recurrence. Local disease free 

survival was visualized by Kaplan Meier curves using the Log-rank test to determine 

significant differences between the high and low ADC groups. Finally, two models were 

created; a Cox regression model containing T-stage as a categorical predictor and a Cox 

regression model containing both ADC (continuous) and T-stage. The area under the ROC 

curve (AUC) of both models, using probabilities for local control at 3 years, was calculated to 

determine the added value of ADC. P-values smaller than 0.05 were considered statistically 

significant. Statistical analyses were performed with SPSS (IBM Corp. Released 2015. IBM 

SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp).  

 

Results 

Patients 

A total of 295 patients met the inclusion criteria. Final analysis included 217 patients. Reasons 

for exclusion were; failed scans due to technical errors, artifacts interfering with the depiction 

of the tumor and the inability to distinguish the tumor from the surrounding tissue. A 

diagram showing the flow of patients is provided in the supplemental material (Fig S1).  
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Median time between the MRI and the start of treatment was 18 days (range 1 – 63 days). 

Median total follow-up time after end of treatment was 34 months (range 2 – 102 months). 

Fourteen patients (6.5%) were lost to follow-up within three years. Fifty-eight patients (27%) 

developed a local recurrence within three years. See table 1 for baseline characteristics. See 

Fig 1 for an example of the DW-MRI of one of the patients. 

 

Figure 1. Images of a patient with a T4aN2c oropharyngeal carcinoma. DW-MRI acquired in 

2011. A: DW-MRI b800 s/mm2 image,  B corresponding ADC map, C: corresponding ADC map 

with the contour used to determine the median ADC value of the tumor. 

 

Predictive value of ADC and T-stage for local control  

No significant difference in tumor ADC between the groups with local recurrence and those 

with local control three years after (C)RT was found: The mean of median ADC values ± SD 

was (1.01 ± 0.18) 10-3 mm2/s in the group with local recurrence and (1.00 ± 0.24) 10-3 mm2/s 

(p=0.72) in the group without local recurrence (Fig 2).  
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Figure 2. ADC values in 10-3 mm2/s of patients with local control and local recurrence. The 

box depicts the percentile range of p25-p75 and whiskers depict the range of ADC values. 

 

The most discriminating cutoff value of ADC was 0.90 10-3 mm2/s. The group of patients with 

an ADC value higher than this value had no significant difference in the rate of local 

recurrence compared to the group with ADC values lower than this value (p=0.09) (Fig 3). 
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Figure 3. Survival curve with CI95%  showing local disease free survival of groups with ADC 

values higher or lower than 0.90 ∙ 10-3 mm2/s. The number at risk for each group are 

displayed in the lower portion of the graph. 

 

The rate of local recurrence was different for each T-stage; patients with T2 or T3 tumors had 

a significant lower rate of tumor recurrence than the patients with T4a or T4b tumors 

(p<0.01) (Fig 4). 

 

Figure 4. Survival curve showing local disease free survival by T-stage. The number at risk for 

each group are displayed in the lower portion of the graph. 
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Cox regression showed that T-stage was associated with local recurrence (table S2). The 

accuracy of the model expressed as the AUC was 0.66 (CI95% 0.57-0.74). In the multivariable 

Cox regression model containing both T-stage and ADC values, ADC was not independently 

associated with local recurrence (table S3). The AUC of this model was 0.66 (CI95% 0.58-0.74) 

while the AUC based on solely ADC was 0.53 (CI95% 0.45-0.62) (Fig 5). 

 

Figure 5. ROC curve displaying the performance of the models containing T-stage and ADC 

as individual parameters (black and yellow) and the performance of the model containing 

both variables (blue). 
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HPV and ADC 

Of the 102 patients with oropharyngeal carcinoma 18 had HPV positive tumors and 62 were 

negative for HPV. The HPV status of the 22 remaining patients was unknown. HPV positive 

tumors had a significantly lower ADC value compared to HPV negative tumors, 0.81 ∙ 10-3 

mm2/s compared to 0.97 ∙ 10-3 mm2/s (p<0.01), respectively. No local recurrences were 

detected in the HPV positive group and 18 recurrences occurred in the HPV negative group. 

Removing the 18 HPV positive patients from the total sample of 217 patients and retesting 

the predictive value of ADC and volume did not change the final conclusions. 

Sensitivity analysis 

After a reduction of all segmentations by 1mm in all directions new ADC values were 

determined. In 29 subjects with initially small tumors, the reduced segmentations were too 

small to determine ADC. The mean of the ADC values ±SD for the 188 remaining patients was 

(0.97 ± 0.20) 10-3 mm2/s. Prior to the reduction the mean ADC ±SD was (1.01 ± 0.21) 10-3 

mm2/s for these 188 patients.  Correlation between the ADC values of both analyses was high 

(r=0.94). The most discriminating cutoff value of ADC changed to 0.85 ∙ 10-3 mm2/s from 0.90 

∙ 10-3 mm2/s. Using this new cutoff value in this subgroup of patients resulted in a significant 

difference in the rate of local recurrence between both groups, with patients in the high ADC 

group having the highest rate of recurrence (p=0.02) (Fig 6). Cox regression analysis results, 

using these new ADC values, remained the same as before with T-stage being the only 

independent factor associated with local recurrence. For these 188 patients the model with 

only T-stage showed an AUC of 0.66 (CI95% 0.57 – 0.75) while the model with T-stage and 

ADC had an AUC of 0.67 (CI95% 0.59 – 0.76) (table S4). 
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Fig 6 Figure 6. Survival curve with CI95% showing local disease free survival using ADC values 

obtained in the sensitivity analysis. The ADC cutoff value separating both groups is 0.85 ∙ 10-3 

mm2/s.  
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Discussion 

In this retrospective cohort study we found that pretreatment ADC has no added value to 

clinical T-stage as a prognostic factor for local recurrence of HNSCC after 

(chemo)radiotherapy. Furthermore, in our primary analysis median ADC is not correlated with 

local recurrence within 3 years. Clinical T-stage however, is correlated with local recurrence, 

with higher stage tumors showing a higher rate of local recurrence.  

The absence of an association between ADC and local recurrence did not confirm the results 

of previous studies, which concluded that ADC was able to predict local recurrence after 

(C)RT [3–5]. However, it is in line with other research which reported that local recurrence 

could not be predicted by pretreatment ADC [7–9]. Reports with mixed conclusion on the 

value of pretreatment ADC measurements exist as well [6, 18].  

The conflicting results reported in previous work might be due to the different tumor 

delineation methods. Most studies calculated ADC on a single axial slice of the MRI (7,8). ADC 

values change depending on the delineation method used, this might be due to the 

heterogeneity of HNSCC [19]. We showed the effect of different delineation methods by 

removing 1 mm isotropically of the original delineation. This had two effects, first, some 

tumors were too small to analyze after shrinkage and had to be excluded from analysis; 

secondly, ADC values of all tumors changed due to the new delineations. It suggests that a 

hard cutoff value for ADC, reported by previous studies, might not be generalizable to other 

study populations unless delineation protocols are reproducible and study populations are 

interchangeable. For this study, we used a semi-automatic method for segmentation of the 

primary tumor in order to increase reproducibility, but some subjective decisions concerning 

the delineation are unavoidable. 

Another point of difference between our study and previous work is that predominantly, 

these earlier studies do not take known prognostic factors such as tumor stage or tumor 

volume into account. This step is important as it provides clinical relevance of the added 

prognostic value of ADC. Clinical T-stage is arguably more easily obtained than tumor ADC 

and is already widely used in daily practice to determine prognosis and treatment strategies 

for individual patients. ADC should significantly add to this existing model in order to justify 

its use as a prognostic factor for local recurrence. 
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One study that also found pretreatment ADC to be predictive of local recurrence is the study 

of Lambrecht et al. [18]. This study included 161 patients and performed multivariable 

multivariate analysis including, amongst others, tumor ADC and tumor volume. Additionally, 

similar to our methodology, they created two models, one with ADC included and one 

without ADC and compared the performance of the models. They report an AUC, used to 

determine the discriminatory capacity of the first model, of 0.62 (CI 0.56 – 0.70), while for the 

model without ADC the AUC is 0.60 (CI 0.55 – 0.67).  These result are very similar to our 

findings and it supports our conclusion that ADC has no added value as a prognostic factor 

for local recurrence to, more easily obtainable, clinical parameters. 

Finally, all of these studies, except for Lambrecht et al. [18], suffered from small sample sizes. 

The second largest sample size was obtained by King et al. [7] who investigated 50 patients. 

One of the strengths of our study is the large sample size of 217 subjects and a total of 58 

local recurrence. 

Although the biological origin of ADC remains partly unknown, it is related to cell density, 

stromal components of the tumor and infiltration of inflammatory cells and also correlates to 

HPV status [15, 20–22]. High stromal proliferation is associated with poor outcome, and also 

with high ADC [23, 24]. HPV positive tumors, which are known for their prognostic favorable 

outcome compared to their HPV negative counterparts, have significantly lower ADC 

compared to HPV negative tumors [15–17]. This was confirmed in our study and suggests 

that ADC could be able to serve as a predictor of outcome but only as a surrogate marker for 

HPV status. This might have biased studies which showed a predictive value for ADC but 

failed to correct for HPV status.  

An interesting alternative to pretreatment ADC as a predictor of local recurrence might be 

the change in ADC (∆ADC) between pretreatment ADC and ADC values obtained during 

treatment. Some studies report that this ∆ADC has prognostic power, theorizing that 

regardless of pretreatment ADC values, different tumors respond differently to (C)RT and that 

this effect can only be determined after treatment has started [7, 25]. 

We used clinical T-stage as a variable to compare ADC to. This study confirms that this 

seemingly straightforward model, based on clinical observations, is able to differentiate 

patients at risk for local recurrence from patients with local control reasonably well. 
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Limitations 

Our study had some limitations. We excluded many patients due to insufficient visibility of 

the tumor on DW-MRI. Furthermore, the use of different DW-MRI protocols might influence 

our measurement of ADC values [26]. In our retrospective study the DW-MRI protocols 

changed over the years. This might result in different ADC values for similar tumors, possibly 

obscuring the prognostic value of ADC. Nonetheless, the use of different DW-MRI protocols 

results in a model applicable to clinical practice. Finally, the obtained results were not 

validated in an external cohort, yet the similarity in results between our study and that of the 

only other large sample size study supports our findings [18].   

Conclusion 

In this retrospective cohort study of 217 patients we found pretreatment ADC to have no 

added value to clinical T-stage as a prognostic factor for local recurrences within three years 

after (chemo)radiotherapy for HNSCC.  
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Figure S1 Flowchart  
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Table S1 MRI protocol detail 

 

 

Table S2 Cox regression. Effect of T-stage local recurrence. 

T stage according to American Joint Committee on Cancer 7th edition. 

 

 

Variable Beta 

coefficient 

Standard 

error 

p-value Hazard 

ratio 

Hazard ratio 

CI95% 

ADC  0.26 0.63 0.69 1.29 0.37 – 4.47 

T2 (reference) .. .. .. .. .. 

T3 0.43 0.37 0.24 1.54 0.75 – 3.18 

T4a 1.13 0.35 <0.01 3.11 1.56 – 6.22 

T4b 2.06 0.47 <0.01 7.88 3.11 – 19.9 

 

Table S3 Cox regression. Effect of T-stage and ADC on local recurrence. 

ADC in 10-3 s/mm2. T stage according to American Joint Committee on Cancer 7th edition. 

 

   Resolution (mm) 

Sequence Echo Time (ms) Repetition Time (ms) x  y z 

      

T1 10 - 120 600 - 800 1 1 2 

T2 100 - 220 2300 - 4200 0.5 - 1 1 2 - 5 

DW-MRI 68 - 70 3700 - 5900 1.4 - 2.2 1.4 - 2.5 3 - 4 

Variable Beta 

coefficient 

Standard 

error 

p-value Hazard 

ratio 

Hazard ratio 

CI95% 

T2 (reference) .. .. .. .. .. 

T3 0.44 0.37 0.24 1.55 0.75 – 3.18 

T4a 1.20 0.35 <0.01 3.31 1.67 – 6.57 

T4b 2.05 0.47 <0.01 7.78 3.08 – 19.7 
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Variable Beta 

coefficient 

Standard 

error 

p-value Hazard 

ratio 

Hazard ratio 

CI95% 

ADC  0.63 0.70 0.37 1.88 0.47 – 7.50 

T2 (reference) .. .. .. .. .. 

T3 0.51 0.41 0.21 1.67 0.75 – 3.73 

T4a 1.14 0.39 <0.01 3.12 1.47 – 6.63 

T4b 2.05 0.50 <0.01 7.80 2.94 – 20.7 

 

Table S4 Cox regression using reduced margins (n=188). Effect of T-stage and ADC on local 

recurrence. 

ADC in 10-3 s/mm2. T stage according to American Joint Committee on Cancer 7th edition. 
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Abstract 

Background: Head and neck squamous cell carcinomas (HNSCC) could benefit from a 

predictive imaging biomarker such as the apparent diffusion coefficient obtained through 

diffusion weighted MRI. If the outcome of the radiation treatment can be predicted at an 

early stage adaptive treatment strategies or a switch of treatment modality may be 

organized. 

Methods/design: The PREDICT study is a prospective observational study. Diffusion 

weighted MR images of 100 HNSCC patients will be acquired in the second, third, fourth and 

fifth week of the radiation treatment. ADC measurements will be obtained from the different 

scans. Follow up will consist of two years of clinical follow up after the treatment has ended. 

Any locoregional recurrences will be recorded and compared on a group level to the change 

in ADC during treatment. 

Discussion: Some evidence exists suggesting that ADC has predictive value for HNSCC 

patients during radiotherapy. However, sample sizes are small and focus on subgroups of 

patients. The PREDICT study once completed will provide a large patient cohort with long 

term follow up. This will allow us to determine if ADC can be used as a stratifying tool after 

radiotherapy has already begun. 
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Background 

 

Head and neck squamous cell carcinomas (HNSCC) are malignant tumors of the upper 

aerodigestive tract including the oral cavity, pharynx, larynx, nasal cavity and paranasal 

sinuses. Surgical resection has been a valid method for the curative treatment of HSNCC for 

many years, but often comes at the cost of functional and cosmetic morbidity, especially in 

the case of locally advanced tumors. Nowadays, in an attempt to decrease the morbidity, 

non-surgical treatments are increasingly applied, with comparable complete remission rates. 

Treatment strategies include intensified radiotherapy schemes (accelerated or 

hyperfractionated) and combinations of chemotherapy and radiotherapy. However, treatment 

with (chemo)radiotherapy ((C)RT) is associated with acute and long-term side effects, leading 

to compromised quality of life. Common complaints are xerostomia (mouth dryness), 

impairment in speech and difficulties in eating and swallowing. Fibrosis of the neck with 

reduced mobility and pain is also not unusual. 

Although (C)RT is often an effective treatment for HNSCC, loco–regional recurrence rates can 

be as high as 55% after (C)RT [1, 2], depending on several factors such as tumor stage, tumor 

location and HPV status. For some patients with functionally irresectable HNSCC (resectable 

but high morbidity of surgical treatment expected), a non-surgical treatment with salvage 

surgery for eventual residual or recurrent disease in reserve is preferred. However, the 

complication rate of salvage surgery after (C)RT is high, with wound healing problems as a 

well-known complication in irradiated patients [3, 4]. 

Because salvage treatment after (C)RT has a questionable prognosis and a high incidence of 

complications, (C)RT may not be the choice of treatment in all patients with advanced 

HNSCC. A reliable predictor for outcome after (C)RT is needed to select patients with 

resectable tumors who are unlikely to benefit from primary (C)RT treatment [5]. 

Early identification of non-responders to (C)RT would allow for treatment intensification or  

would justify a switch to surgical treatment with consequently a lower risk of complications 

caused by post radiotherapy effects.  

Imaging biomarkers can be determined prior to treatment, thus functioning in essence as a 

prognostic marker, much the same as T-stage [6]. Although both pretreatment DWI- and 
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18F-FDG-PET/CT-parameters appeared to have predictive value for treatment failure [7–9]. 

room for improvement remains. In order to predict individual treatment outcomes of (C)RT, 

quantifying imaging biomarkers during treatment might be a more promising strategy [10, 

11].  A recent systematic review showed that early tumoral changes from (C)RT can be 

captured by functional MRI and 18F-FDG-PET and could allow for personalized treatment 

adaptation [12]. 

By obtaining the biomarkers after the start of treatment subclinical alterations in tumor 

physiology and biochemistry are already ongoing. This might happen long before changes in 

tumor volume can be visualized  [13]. It is possible that effective (C)RT exhibits many more of 

these changes expressed by the biomarkers than ineffective treatment. The sooner these 

changes can be measured the better, as the early treatment phase corresponds to a pivotal 

moment in the treatment of HNSCC patients. At this point a switch from (C)RT to surgery is 

still viable and side-effects associated with irradiation are at a minimum.  

PET-CT with the use of FDG or other tracers shows some promise as a modality capable of 

predicting treatment response, but it has some limitations [14, 15]. For example, 

inflammation induced by the (C)RT surrounding the tumor hinders accurate measurement of 

tracer uptake and tumor volume [16].  

Another imaging modality which is reported to have predictive value, is diffusion weighted 

magnetic resonance imaging (DW-MRI). DW-MRI characterizes tissue based on differences in 

tissue water mobility. Diffusion weighted imaging is an attractive technique because it can be 

performed within a few minutes and can be easily incorporated into routine head and neck 

MR imaging protocols. Moreover, the costs and burden are lower than the costs of PET-CT. 

Differences in tissue water mobility, as characterised by DW-MRI, can be quantified using an 

Apparent Diffusion Coefficient (ADC). Hypercellular tissue is characterized by a low ADC, 

while hypocellular tissue like necrosis or apoptosis is characterized by a high ADC. This 

characteristic of DWI makes differentiating tumour recurrence from inflammation or necrosis 

possible [17].  

Because a treatment-induced loss of tumour cells increases water mobility at the microscopic 

level, treatment response corresponds to an increase in ADCs. Additionally, a decrease in 
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ADC might indicate remaining tumours cells. Hypothetically, DW-MRI could thus be used as a 

non-invasive tool to select patients who have a high risk of not achieving or maintaining 

locoregional control and therefore benefit most from adaptation of treatment [18].  

This supports the assumption that DW-MRI can be used for accurate response prediction. In 

several small studies it was found that treatment-induced changes in ADC over time (∆ADC) 

are highly predictive of treatment [12, 19–24]. Complete responders typically show 

significantly higher ADC-increase than partial responders within the first few week of CRT. 

There is no consensus on the optimal time point to determine the ADC changes, although it 

is suggested that the optimal timing to perform functional imaging to predict locoregional 

control and oveal survival is 2-3 weeks after treatment initiation [12].  

By evaluating the performance of MRI imaging parameters, obtained before and during 

treatment, and combining them with clinical factors such as TNM-stage, HPV status and 

smoking habit, a multimodal prediction model can be developed. This model could predict a 

patients’ individual probability of locoregional control after treatment. This could lead to a 

treatment that is made-to-measure for each patients, potentially improving clinical outcomes 

and raising quality of life. Several other studies are currently in the process of collecting MRI 

data and patient characteristics of HNSCC populations [25, 26]. Combining the results of 

these studies with the current study might enhance such a multimodal predictive model. 

In conclusion, there are several studies indicating that diffusion-weighted MRI early during 

non-surgical treatment has prognostic value. For HNSCC, only small studies have been 

performed and none of these determined an intratreatment cut-off level or optimal scanning 

moment. A study seems warranted  to explore the value of diffusion-weighted MRI for the 

early response evaluation during therapy in which optimal timing and the predictive value of 

ADC changes  are assessed.  
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Methods 

Objectives 

The primary objective of the study is to determine the value of ADC during treatment in 

predicting local recurrence after (C)RT. 

Secondary objectives are: 

 To evaluate the changes in the appearance of HNSCC tumors on MRI during 

radiotherapy. 

 To determine the optimal time point for MRI scanning during treatment in order to 

predict treatment outcome. 

 To develop a multimodal prediction model that predicts treatment outcome by 

combining clinical and imaging parameters. 

 

Study design 

The PREDICT is a prospective observational single institute study of 100 consecutive HNSCC 

patients scheduled for (C)RT in which the predictive value of DW-MRI for locoregional control 

will be examined. The project is a collaboration between the department of Radiotherapy and 

the department of Head and Neck Surgical Oncology of the University Medical Center 

Utrecht. The study was approved by the Medical Ethics Committee of the University Medical 

Center Utrecht (16-331, NL57164.041.16) and was registered in the Dutch Trial registry 

(NL5955, www.trialregister.nl). Written informed consent will be obtained from all 

participants.  

Study population 

Patients eligible for participation in the study are scheduled for primary radiotherapy with or 

without concomitant chemotherapy for a technically resectable, HNSCC of the oral cavity, 

oropharynx, hypopharynx or larynx. Only patients with a curative intent of treatment are 

included.  

http://www.trialregister.nl/
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Radiotherapy treatment consists of 70 Gy to the primary tumor in a conventional schedule 

(35x2Gy over 7 weeks) or 69.5 Gy in a slightly accelerated schedule (10x2Gy + 15x1.5Gy + 

15x1.8Gy over 5 weeks). Chemotherapy, if indicated, is administered according to local 

protocols and consists of Cisplatin 100mg/m2 intravenously administered at three time 

points: the start of week 1, week 4 and week 7 of the conventional radiotherapy program. 

Patients with a T1 oral cavity, oropharyngeal or hypopharyngeal are excluded from study 

participation, as well as patients with a T1 or T2 laryngeal carcinoma due to limited visibility 

of these tumors on MRI.  Further exclusion of patients is based on: an age younger than 18 

years, pregnancy and the existence of contraindications for MRI examination. 

Patients who complete one or none of the intratreatment MRI are withdrawn from the study. 

Study protocol 

Patients meeting the inclusion criteria will be recruited from the Department of Head and 

Neck Surgical Oncology. Prior to treatment, the first MRI shall be acquired as part of standard 

care. Subsequently all patients will receive radiotherapy with or without concomitant 

chemotherapy following standard procedure. During the radiotherapy course four additional 

MRI examinations will be performed. The scans will be planned for week 2, 3, 4 and 5 of the 

radiotherapy course. 

Study follow up will be 2 years after finishing treatment. After this patients will receive 3 more 

years of follow up outside of the study participation. All procedures during follow up will be 

as per standard posttreatment HNSCC protocol. This includes a sixth MRI scan at 3 months 

after end of treatment for response evaluation and as a baseline MRI for follow-up.   

The flow of patients is visualized in figure 1. 
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Figure 1. Flow of patients. Steps with a black outline are part of the conventional care. Steps 

with an orange outline are part of the PREDICT study. 

 

MRI  

In order to optimize comparability between time points all imaging is performed on the same 

scanner (3.0T Philips Ingenia, Philips Medical Systems, Best) using the same scanning protocol 

for each acquisition. After initial calibration two diffusion weighted sequences are acquired. A 

regular DW-MRI using a conventional single shot echo planar imaging (EPI) technique is 

obtained with b-values of 0, 50, 200 and 800 s/mm2
. The acquisition of this sequence is fast, 

has a high signal-to-noise ratio but suffers from geometrical distortions. The second DW-MRI 

is acquired with a TSE technique and b-values of 0, 200 and 800 s/mm2 [27]. Finally 

anatomical T1 and T2 weighted images both using mDixon fat separation are acquired. See 

Table 1 for complete imaging parameters. 
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Sequence Voxel size (mm) TE (ms) TR (ms) 

Transversal T2 TSE mDIXON 0.94 x 0.94 x 3.00 100 9023 

Transversal DWI SPLICE 1.46 x 1.46 x 5.00 74 5233 

Sagittal T1 FFE cine  1.42 x 1.42 x 10.0 1.45 3.2 

Transversal T1 TSE mDIXON  0.73 x 0.73 x 2.00 6.2 678 

Transversal DWI EPI 2.02 x 2.02x 4.00 68 2588 

    

Table 1. Imaging parameters of the study MRI examinations. 

 

Outcome assessment 

Locoregional recurrence is defined as a biopsy proven squamous cell carcinoma of the 

primary tumor region within two years after completion of the (C)RT treatment. Additionally, 

in the absence of a biopsy, patients are considered to have recurrent disease if a suspected 

recurrence progresses between follow up visits or if the patient dies while the diagnostic 

workup of the suspected recurrence was still ongoing. The time to recurrence is defined as 

the time between the last day of therapy and the first day the clinical suspicion of recurrence 

is recorded in the subject's chart. 

Subjects who do not meet above criteria and who complete two years of follow up are 

considered to have locoregional control. Patient with a surgical resection of the suspected 

recurrence are also scored local control if histopathological examination confirms absence of 

disease.  

Patients who are lost to follow up without a local recurrence as previously defined are 

considered to have locoregional control for the period between end of treatment and their 

last follow up visit at which point they are censored from the study [28]. The same is true for 

patients who die during follow up of causes not related to the primary HNSCC. The period of 

locoregional control in these cases is defined as the time between of treatment and date of 

death. 
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Follow up 

Follow up will consist of the standard clinical follow up procedure for HNSCC patients. The 

general follow up guideline in the Netherlands indicates routine follow up every 2-3 months 

in the first and second year and every 4-6 months in the third, fourth and fifth year. 

Locoregional recurrence status is assessed based on clinical examination including flexible 

endoscopy [29].  

Final  study analyses will be performed two years after treatment, since chance of recurrence 

is very low after two years. Local recurrence or local control status will be obtained from 

standard follow up procedures. 

Sample size calculation 

To determine the primary objective of the study the difference of ADC values for the group 

without recurrences will be compared to the values for the group with recurrences. Previous 

studies have shown that expected ∆ADC differences between both groups range from 40-

60% with reported standard deviations of 31% [24, 30].  

With a power of 90% and a significance of 5% the study should at least include 15 patients 

who would eventually be diagnosed with a local recurrence. From previous studies and 

personal experience with the study population we expect a recurrence rate of  15% to 30%. 

To account for potentially high cure rates and low recurrence rates, one hundred patients will 

be included in order to attain a minimum of 15 included patients with a recurrence [31]. 

 

Statistical analysis 

Primary analysis 

Assessment of tumor and lymph node ADC will be performed after all data is acquired. 

Assessors will be blinded to the treatment outcome of the patients. Different ADC parameters 

(i.e. maximum ADC, minimum ADC, median ADC) are obtained from DW-MRI. The most 

valuable parameter will be determined by the area under the receiver operating curve 

(AUCROC). The AUCROC of the change in ADC values between time points (∆ADCx-y) will be 
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analyzed to detect the added value of using a ∆ADC to predict treatment outcome as 

opposed to a single ADC measurement. 

Secondary analysis 

Functional diffusion maps will be created to identify the pattern of ADC changes in individual 

tumors [32].  

Analyses of all ∆ADCs by the AUCROC will yield information of the most optimal time point for 

MRI imaging in order to predict treatment outcome. 

The multimodal prediction model will have clinical and imaging parameters entered based on 

knowledge from previous studies on the subject and expert opinion. An AUC measurement of 

the ROC curve of the model will determine the discriminating effect of the model.  
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Discussion 

Radiotherapy with or without chemotherapy is an effective treatment for many HNSCC, but 

for some patients (C)RT is not able to prevent recurrence of disease. The aim of the PREDICT 

study is to assess if DW-MRI  acquired early during treatment can facilitate the decision to 

switch from ineffective (C)RT to modified  treatment (e.g. early treatment (de)escalation or 

switch to another treatment modality) to increase effectivity and reduce unnecessary toxicity 

in patients with good prognosis. A timely switch is important as it prevents surgical 

complications due to post radiotherapy tissues changes and avoid unnecessarily toxicity for 

the patient..  Moreover, this information can be used for patient counseling. 

In this study, MRI examinations are performed during treatment. The effect of the (C)RT on 

the tumor, its cellular structure and the surrounding tissues is therefore directly determined. 

By using DW-MRI, evaluation of the treated area is less affected by treatment effects such as 

inflammation [33]. If the current study provides a reliable imaging parameter, a new standard 

of care for head and neck cancer patients could be developed. The responsiveness of an 

individual patient to (C)RT treatment might become the focal point of treatment strategy. 

With the advent of hybrid MRI/radiotherapy devices weekly MRI imaging is becoming clinical 

practice for many radiotherapy departments [34, 35]. The additional MR exams are expected 

to be used for position verification, target verification and possibly for adaptive radiotherapy 

planning. Moreover, the additional imaging could also be used for early response 

assessment. It is therefore of great importance that a base of knowledge is created in order 

to help clinicians decide on the continuation or cessation of the treatment of individual 

patients. The PREDICT study hopes to contribute to this base of knowledge by systematically 

investigating the predictive value of DW-MRI. 

Notable studies with a similar methodology and a comparable patient population are the 

MeRInO (NCT02497573, Scotland), PREDICTION (NL3946, Netherlands)  and the PREDICT-HN 

(NCT03491176, USA) trials [25, 26]. The MeRInO trial is set to include 80 patients with HSNCC 

of the oropharynx and tries to find a threshold change in ADC that can predict treatment 

outcome. The PREDICTION trial uses FDG-PET-CT and DW-MRI (EPI and non-EPI technique) 

to predict the locoregional response in the primary tumor and cervical node metastases. 

Their study is set to include 20 patients with T2, T3 or T4 HNSCC. Finally,the aim of the 
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PREDICT-HN trial is to assess the prognostic value of weekly MR signal changes and 

circulating tumor cells during radiation therapy. PREDICT-HN aims at including up to 100 

patients. 

Including the PREDICT study the four studies will include 300 patients with HNSCC and 

subject them to serial MR imaging. This large sample size is expected to create a more 

accurate prediction model containing multiple clinical and imaging parameters than these 

studies could produce separately. Although ADC values differ significantly between MR 

imaging systems and sequences [36], the change in ADC (∆ADC) on serial MRI scanning is 

expected to be comparable. Therefore the pooling of data might be possible despite the 

difference in MRI imaging parameters and device specifications. Ideally, the results of these 

four trials forms the basis of a new guideline for HNSCC were early response assessment to 

(C)RT allows for the optimal treatment of individual patients. In the future this might result in 

increased retention of functionality, less recurrent disease (with probably better overall 

survival) and overall a higher quality of life for HNSCC patients. 
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Abstract 

Introduction: Patients with head and neck squamous cell carcinoma (HNSCC) treated with 

radiotherapy can potentially benefit from online adaptive radiotherapy planning using MRI. 

However, changes in tumor visibility on MRI during therapy may hamper the contouring 

process and decrease the reliability of adaptive planning. As the ground truth is missing, 

interobserver agreement is used as a measure for precision. This study aimed at determining 

the change in interobserver agreement of the delineation of head and neck tumors on T2 

weighted MRI during (chemo)radiotherapy. 

Methods: Twenty patients with HNSCC treated with (chemo)radiotherapy received four MRI 

exams; one prior to treatment and three during the first weeks of treatment. Three observers 

delineated the tumor on the intratreatment scans. Interobserver agreement was determined 

using conformity index and by measuring the distance between delineations. 

Results: The conformity index decreased with each progressing week: 0.58 week 2, 0.52 week 

3, 0.42 week 4. Average tumor volume also decreased from 15.1 ml prior to treatment to 5.4 

ml in week 4. The maximum distance between delineations remained constant throughout 

treatment at around 15 mm. 

Conclusion: Interobserver agreement generally decreases as radiotherapy progresses. 

However, the degree of reduction varies from patient to patient. For clinical introduction of 

adaptive radiotherapy based on MRI, guidelines and additional training are needed to 

improve the consistency of target definition.  
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Introduction 

Patients with head and neck squamous cell carcinoma (HNSCC) often have primary tumors in 

close proximity to vulnerable organs at risk (OARs). Irradiation of these OARs could cause 

irreversible damage. Limiting the radiation dose to OARs such as the salivary glands and 

swallowing structures reduces the chance of radiation induced loss of function and improves 

quality of life [1,2]. 

The standard duration of radiotherapy treatment of a patient with head and neck cancer is 

five to seven weeks. During this period changes in tumor volume and position of OARs can 

be expected [3,4]. With the introduction of high field hybrid MRI-radiotherapy systems, such 

as the MR-Linac, online adaptation of the treatment plan has become available [5,6]. Weekly 

or even daily plan adaptation, to account for tumor volume changes, could result in a lower 

radiation dose to the OARs while maintaining the optimal dose to the tumor [7].  

The objective of online plan adaptation is to quickly reoptimize the dose distribution of the 

treatment plan. Ideally only one sequence would be sufficient to provide the information 

needed for a complete plan adaptation. A T2 weighted sequence might be suitable for this 

task as it can be acquired in a reasonable time and provide anatomical information on the 

tumor as well as on the OARs.  

Adapting the treatment plan requires accurate identification of the tumor border. A lack of 

contrast between tumor and surrounding tissue causes uncertainty about the location of that 

border [8]. This uncertainty can be expressed by the interobserver agreement of the tumor 

delineation. Online plan adaptation requires radiation oncologists to delineate tumors that 

have already received part of the treatment. Treatment induced changes such as edema and 

fibrosis may increase uncertainty during the delineation process and therefore a lower 

interobserver agreement. Determining the degree of interobserver agreement is essential to 

test if plan adaptation can be introduced safely and effectively.  

In order to reduce the systematic error caused by interobserver agreement, margins can be 

added to the Gross Tumor Volume (GTV) [9]. For daily or weekly plan adaptation the 

interobserver agreement could vary during therapy and as a result the margins to the GTV 

would change correspondingly.  

Therefore this study aimed at determining the change in interobserver agreement of the 

delineation of head and neck tumors on T2 weighted MRI during (chemo)radiotherapy.  
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Methods 

Study population 

The study population consisted of the first 20 consecutive patients included in the PREDICT 

study (NL5955, www.trialregister.nl). The inclusion criteria of the PREDICT study are T2, T3 or 

T4 oral cavity, oropharyngeal, hypopharyngeal or laryngeal squamous cell carcinoma treated 

with (chemo)radiotherapy with curative intent. As a part of this study patients received four 

MRIs during their treatment. MRIs were acquired with one week intervals starting in the 

second week of treatment. A baseline MRI, obtained as part of the clinical workup, was 

available for all patients. This study was approved by the Medical Ethics Committee of the 

UMC Utrecht and all patients signed informed consent for the acquisition of the MRIs and the 

use of the images for scientific purposes.   

 

Treatment 

All patients were treated with radiotherapy over the course of 5-7 weeks, with an effective 

dose of 66 to 70 Gy to the primary tumor. Depending on tumor stage, patient preference and 

age, some of the patients received concomitant chemotherapy consisting of 100 mg/m2 

cisplatin administered at day 1, 22 and 43 of the radiotherapy treatment.  

 

MRI 

MR imaging was done on a 3.0T MRI machine (Philips Ingenia, Philips Medical Systems, Best). 

The protocol for the MR scans performed during treatment was similar to that of the scan 

that was acquired prior to treatment. The details of the T2 weighted sequence are shown in 

table 2. Imaging was performed in the treatment position using their radiotherapy treatment 

mask with the head resting on a personalized base. Two parallel surface coils on the lateral 

side of the patients together with an anterior body array and a posterior coil in the table were 

used to acquire the images. 

 

Sequence Voxel size (mm3) TEeff (ms) TR (ms) Matrix Acquisition time 

Transverse 

T2 TSE mDIXON 
0.94 x 0.94 x 3.00 100/79 9023 348 x 235 343 seconds 

 Table 2. MRI parameters of the T2 weighted image. TEeff = Effective Echo Time, TR = 

Repetition Time. 

http://www.trialregister.nl/
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Observers 

Three observers delineated the tumor on the images acquired during treatment. Two of the 

observers were radiation oncologists with 30 (A) and 20 (C) years of experience treating 

HNSCC. The third observer was a radiologist with 30 years of experience with imaging of 

HNSCC (B). All observers had experience with delineating HNSCC tumors on MR images. 

 

MR-Linac simulated workflow 

In order to create a scenario that would simulate the online plan adaptation on a MRI-Linac, 

some restrictions were imposed. First, the observers were only provided T2 weighted images. 

Secondly, the observers had to delineate the three scans acquired at weeks 2, 3 and 4 of the 

therapy in chronological order. Thirdly, observers were provided only the most recent 

delineation of the tumor as a reference. Lastly, the available patient information was limited 

to the TNM stage, location and treatment of the primary tumor. No additional pretreatment 

imaging or posttreatment response information was available to the observers. Additionally, 

information about the clinical status of the patients during treatment was not provided to the 

observers. 

 

Tumor delineation 

Prior to the start of treatment the GTV delineation was retrospectively extracted from the 

treatment plan. This GTV was delineated following standard clinical procedures and 

guidelines. All available imaging was used to generate the GTV delineation. This included CT, 

MRI with contrast enhanced and diffusion weighted sequences and for most patients FDG 

PET-CT.   

This GTV was provided to each of the observers for the delineation of the first intratreatment 

scan. At each subsequent MR scan the observers were only provided their own most recent 

delineation. This meant that for the week-2 scan they were adapting the pretreatment GTV 

and for the week-3 scan the final week-2 delineation. The delineation of week 3 was in turn 

provided for the last adaptation at the week 4 time point. 

The observers were blinded to the delineation of the other observers. Furthermore 

delineations could not be adjusted retrospectively.  
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Outcome assessment 

The delineations of the three observers were compared for each separate week. An average 

was taken of the delineated volume of all three observers to obtain the tumor volume on the 

intratreatment scans. Interobserver agreement was measured by the generalized conformity 

index (CI) of the delineations [10]. 

 The CI takes the overlap between the delineations of all three observers into account. CI is 

defined as follows: 

CIgen =  
∑ |𝐴𝑖  ⋂ 𝐴𝑗|pairs 𝑖𝑗

∑ |𝐴𝑖  ⋃ 𝐴𝑗|pairs 𝑖𝑗
 

Where Ai and Aj represent the different delineations. For a perfect overlap the CI score is 1.00, 

in case of no overlap the CI is 0.00. 

Eventually, the difference  between the delineation of each observer pair was determined by 

measuring the distance between points on delineation A to their closest neighbor on 

delineation B. This resulted in hundreds of distances for each patient, of which 95th percentile 

(p95) was chosen to represent the clinically most relevant separation between two 

delineations. Of the three pairings of observers (1 vs 2, 1 vs 3 and 2 vs 3) the largest p95 

distance was chosen to represent the maximum distance between delineations.  

Statistical analysis 

Differences in generalized conformity index, volume and distances between delineations were 

determined by one-way ANOVA.  P-values smaller than 0.05 were considered statistically 

significant. Statistical analyses were performed with SPSS (IBM Corp. Released 2015. IBM 

SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp). 

 

Results 

Study population 

Fourteen patients completed all three MRI exams during treatment. Due to logistical reasons 

or patient preference some of the study participants did not complete all study MRI scans. 

Five patients did not complete the MRI planned for the second week of treatment and one 

patient did not complete the MRI exam in the third week. See table 1 for patient baseline 

characteristics. 
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Study No. Sex T-stage N-stage Location HPV Treatment GTV (ml) 

1 Female T2 N1 Oral cavity - RT 4.7 

2 Male T4a N2c Oropharynx Positive CRT 17.7 

3 Male T3 N0 Larynx - RT 5.3 

4 Male T4a N2b Oropharynx Negative CRT 32.2 

5 Male T2 N0 Oropharynx Negative RT 3.7 

6 Male T3 N0 Larynx - RT 3.0 

7 Male T3 N2c Oropharynx Positive CRT 32.7 

8 Male T3 N0 Oropharynx Negative RT 13.6 

9 Male T2 N3 Oropharynx Positive CRT 11.9 

10 Female T2 N2b Oropharynx Negative RT 7.8 

11 Male T2 N0 Oropharynx Negative RT 11.4 

12 Male T3 N2c Larynx - CRT 15.8 

13 Female T3 N2c Larynx - CRT 12.1 

14 Male T4a N2b Oropharynx Negative RT 19.2 

15 Male T2 N3 Oropharynx Negative CRT 15.5 

16 Male T3 N1 Oropharynx Positive CRT 34.8 

17 Male T4a N3 Hypopharynx - CRT 14.2 

18 Female T2 N3 Oropharynx Negative CRT 10.3 

19 Male T2 N3 Hypopharynx - RT 18.3 

20 Female T4a N3 Hypopharynx - RT 16.9 

Table 1. Baseline characteristics. RT = radiotherapy, CRT = Chemoradiotherapy. 

 

Conformity index 

On average the CI decreased with each consecutive week: 0.58 week 2, 0.52 week 3, 0.42 

week 4. This decrease was only statistically significant between week 2 and week 4 (Mean 

difference: 0.16, CI95% 0.02 – 0.29, p = 0.018). The degree of reduction in agreement varied 

between patients (figure 1). For two patients (patient 3 and 8) the interobserver agreement 

was higher in week 4 than in week 2, but these differences were small: 0.52 vs 0.55 and 0.35 

vs 0.38. Four patients had a decrease in conformity index of more than 0.2. The largest 

decrease in conformity index was seen in patient 16; interobserver agreement initially was 

high (0.76) for this patient, but in week 4 almost no overlap remained between the 

delineations of the observers (0.03). The images of this patient and images of the patient with 

the highest agreement are shown in figure 2 and 3 respectively. The interobserver agreement 

of all patients for each week is shown in figure 4.  
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Figure 1. The CI of each individual patient for each week. Patient are sorted from lowest to 

highest CI at week 4. 
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Figure 2. T2 weighted MR images of the patient with the lowest interobserver agreement at 

week 4 (patient 16). A: MRI prior to the start of treatment with delineation of clinical GTV in 

red. B: MR images obtained in week 2 of treatment, the three observer are represented by 

different shades of blue. C: Transverse and coronal images obtained in week 4 of treatment. 
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Figure 3. T2 weighted MR images of the patient with the highest interobserver agreement at 

week 4 (patient 11). A: MRI prior to the start of treatment with delineation of clinical GTV in 

red. B: MR images obtained in week 2 of treatment, the three observer are represented by 

different shades of blue C: MRI of week 3. C: Transverse and coronal images obtained in week 

4 of treatment. 
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Figure 4. CI for each week during treatment. The middle line represents the median of the 

group for the corresponding week. The thin lines represent the quartiles.  

 

Volume 

GTV volumes at the start of treatment were on average 15.1 ml (Table 1). During treatment, 

the average volume decreased from 11.8 ml in week 2 to 7.8 ml in week 3 to 5.4 ml in week 4 

(Figure 5). The difference in volume between week 2 and week 4 was statistically significant 

(CI95% 1.35 – 11.3, p = 0.008).  

Patient 16 showed the greatest absolute reduction in size. The tumor of this patient initially 

had a size of 34.8 ml. At the week 4 time point, the average volume delineated by the three 

observers for this patient was 3.0 ml. The smallest relative reduction was seen in patient 6 

where 68% of the original tumor volume remained, going from 3.0 ml to 2.1 ml . 
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Figure 5. Average tumor volumes before and during treatment. The middle line represents 

the median of the group for the corresponding week. The thin lines represent the quartiles. 

The pretreatment volumes were not delineated by the observers but were obtained from the 

clinical treatment plan. 
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Correlation of  volume and  conformity index 

No clear correlation can be seen between volume and CI. Small tumors (<12 ml) show 

variable CI. However, it seems that larger tumors (>12 ml) have a higher CI (figure 6). 
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Figure 6. Conformity indexes of all patients at each of the three weeks with the 

corresponding average tumor volume at that time point.  
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Distance between observers 

The most extreme difference between observers was again seen in patient 18. The maximum 

distance between observers for this patient was 32 mm. With the exclusion of the outlier, the 

average maximum distance between delineations remained constant throughout the weeks; 

6 m for week 2, 6 mm for week 3 and 7 mm for week 3 and ranged from 2 mm to 15 mm. 

The same was true for the largest maximum distances; at week 2 all delineations were within 

13 mm from each other, for week 3 this was 15 mm. With the exclusion of patient 18 at week 

4 this was 13 mm (figure 7)  
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Figure 7. Maximum distances between observers for each week. Each middle line represents 

the median of the group for the corresponding week. The thin lines represent the quartiles.  
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Correlation of  distance and  conformity index 

As the conformity index decreases the distance between the individual delineations of 

observers increases (figure 8).  
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Figure 8. Conformity indexes of all patients at each of the three weeks with the 

corresponding maximum distance between the delineations at that time point.  
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Discussion 

This study shows that interobserver agreement of delineations of HNSCC decreases as the 

radiotherapy treatment progresses although the extent of this decrease is different for each 

patient. In other words, physicians tend to have different opinions about tumor position and 

location after the treatment has started to influence tumor visibility. In spite of this decreased 

agreement, the absolute difference in separation between the delineations remains stable as 

the weeks progress.  

Prior to the start of radiotherapy, agreement between observers is not perfect [11–13], 

regardless of the  modality used for the delineations. Even when provided with pathology 

validated guidelines, the interobserver agreement, expressed by the CI, for delineating 

tumors on MRI prior to treatment was only 0.55 [14]. Our study found a similar CI for the 

delineation of the week 2 MRI. This can be expected, as the tumor has had the shortest time 

to be affected by the therapy at the week 2 time point. At the week 4 time point, where the 

most effect of the treatment in our study was be expected, the CI was only 0.42. This 

decrease in interobserver agreement supports the findings of Apolle et al. [15] who report on 

the delineation of five patients with HNSCC by five radiation oncologists using CT and FDG-

PET. They report a decrease in interobserver agreement from 0.51 prior to treatment, to 0.38 

around the 4th week of treatment.  

In our study, tumor volume on average decreased from 15.1 ml prior to treatment to 5.4 ml 

in week 4 of the treatment. This indicates that around 64% of the original tumor volume was 

no longer visible. This corresponds with earlier evidence that on CT HNSCC tumors seem to 

have a median total loss of 69% at the end of treatment [3]. The effect of chemoradiotherapy 

on the volume of HSNCC tumors was also investigated by Paudyal et al [4]. In their study of 

34 HNSCC patients they found volume reductions of 44-58% at the third week of treatment.   

The reduction in tumor volume forms an argument for the use of adaptive radiotherapy. If a 

part of the original volume no longer contains visible tumor than this area could potentially 

be treated with a lower radiation dose thereby making OARs sparing easier. However, to 

prevent undertreatment of the tumor, the decrease in interobserver agreement that goes 

alongside the volume reduction has to be addressed. Without proper correction for the 

variation in delineations, adaptive planning cannot be performed in daily clinical practice. In 

our study the maximum distance between the delineations of the observers was 15 mm. This 

distance remained constant throughout the treatment. It is furthermore comparable to the 
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distance between delineation and tumor extent, as shown by Jager et al [14]. In their study 

three observers delineated 27 laryngeal or hypopharyngeal tumors on MRI prior to 

treatment. Using histopathology as a reference standard they found that the maximum 

underestimation of the tumor extension was 13 mm. Using this figure as a margin the treated 

volume would increase to counteract the effects of the reduced interobersever agreement. 

Progressive changes in interobserver agreement have to be considered if adaptive planning 

for HNSCC tumors is to become standard of care. Besides using margins to correct for the 

variability, other methods could be considered. The formation of delineation guidelines or 

training using specific cases could help increase interobserver agreement [16]. The use of 

autocontouring or the use of different imaging sequences such as diffusion weighted MRI 

would also help observers in creating a uniform definition of the tumor borders. It should be 

noted however that increased interobserver agreement only improves the precision of 

adaptive treatment, not the accuracy [17]. Careful analysis of the pattern of recurrence after 

radiotherapy is an important step in order to gain insight in the accuracy of delineations and 

the effectiveness of adaptive treatment [18]. 

 

Limitations 

This study is limited by incomplete data. Six out of the 20 patients completed only 2 

intratreatment MRI exams. Therefore the power of the analyses is somewhat decreased. 

Furthermore, the study only uses T2 weighted imaging to simulate current MR-Linac online 

capabilities. However, adaptive radiotherapy can conceivably also be performed using off-line 

planning. In these cases additional MRI sequences might be available which could potentially 

help to increase interobserver agreement. In addition, observers were not provided 

intratreatment information about the patients. This information might have helped during 

delineation and could have influenced agreement. Lastly, the study included 4 HPV positive 

patients. Evidence suggests HPV positive patients respond differently to CRT than HPV 

negative patients. This can be seen in our study as the patient with the most extreme results 

was a patient with a HPV positive tumor. The group of HPV positive patients was too small to 

facilitate a sub analysis. Future studies should aim to include only HPV positive or HPV 

negative patients in their results. 

In summary, adaptive radiotherapy planning might in future utilize the decrease in tumor 

volume in order to reduce radiation dose to OARs. However, this reduction in target volume 
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may, in some patients, be closely related with a substantial decrease in interobserver 

agreement. For online adaptive radiotherapy planning to be successful, this decrease has to 

be limited, for example by providing guidelines or additional training for physicians. 

  



112 

 

References 

1.  Chambers MS, Garden AS, Kies MS, Martin JW. Radiation-induced xerostomia in patients with 

head and neck cancer: pathogenesis, impact on quality of life, and management. Head Neck. 

2004 Sep;26(9):796–807.  

2.  Scrimger R. Salivary gland sparing in the treatment of head and neck cancer. Expert Rev 

Anticancer Ther. 2011 Sep;11(9):1437–48.  

3.  Barker JL, Garden AS, Ang KK, O’Daniel JC, Wang H, Court LE, et al. Quantification of volumetric 

and geometric changes occurring during fractionated radiotherapy for head-and-neck cancer 

using an integrated CT/linear accelerator system. Int J Radiat Oncol Biol Phys. 2004 Jul 

15;59(4):960–70.  

4.  Paudyal R, Oh JH, Riaz N, Venigalla P, Li J, Hatzoglou V, et al. Intravoxel incoherent motion 

diffusion-weighted MRI during chemoradiation therapy to characterize and monitor treatment 

response in human papillomavirus head and neck squamous cell carcinoma. J Magn Reson 

Imaging. 2017;45(4):1013–23.  

5.  Lagendijk JJW, Raaymakers BW, Raaijmakers AJE, Overweg J, Brown KJ, Kerkhof EM, et al. 

MRI/linac integration. Radiother Oncol. 2008 Jan;86(1):25–9.  

6.  Raaymakers BW, Jurgenliemk-Schulz IM, Bol GH, Glitzner M, Kotte ANTJ, van Asselen B, et al. 

First patients treated with a 1.5 T MRI-Linac: clinical proof of concept of a high-precision, high-

field MRI guided radiotherapy treatment. Phys Med Biol. 2017 Nov;62(23):L41–50.  

7.  Castelli J, Simon A, Lafond C, Perichon N, Rigaud B, Chajon E, et al. Adaptive radiotherapy for 

head and neck cancer. Acta Oncol. 2018 Oct;57(10):1284–92.  

8.  Eisbruch A, Gregoire V. Balancing risk and reward in target delineation for highly conformal 

radiotherapy in head and neck cancer. Semin Radiat Oncol. 2009 Jan;19(1):43–52.  

9.  van Herk M, Remeijer P, Rasch C, Lebesque J V. The probability of correct target dosage: dose-

population histograms for deriving treatment margins in radiotherapy. Int J Radiat Oncol Biol 

Phys. 2000 Jul 1;47(4):1121–35.  

10.  Kouwenhoven E, Giezen M, Struikmans H. Measuring the similarity of target volume 

delineations independent of the number of observers. Phys Med Biol. 2009 May 7;54(9):2863–

73.  

11.  Breen SL, Publicover J, De Silva S, Pond G, Brock K, O’Sullivan B, et al. Intraobserver and 

interobserver variability in GTV delineation on FDG-PET-CT images of head and neck cancers. 

Int J Radiat Oncol Biol Phys. 2007 Jul 1;68(3):763–70.  



113 

 

12.  Cardoso M, Min M, Jameson M, Tang S, Rumley C, Fowler A, et al. Evaluating diffusion-

weighted magnetic resonance imaging for target volume delineation in head and neck 

radiotherapy. J Med Imaging Radiat Oncol. 2019 Jun;63(3):399–407.  

13.  Pavic M, Bogowicz M, Würms X, Glatz S, Finazzi T, Riesterer O, et al. Influence of inter-observer 

delineation variability on radiomics stability in different tumor sites. Acta Oncol. 2018 

Aug;57(8):1070–4.  

14.  Jager EA, Ligtenberg H, Caldas-Magalhaes J, Schakel T, Philippens ME, Pameijer FA, et al. 

Validated guidelines for tumor delineation on magnetic resonance imaging for laryngeal and 

hypopharyngeal cancer. Acta Oncol. 2016 Nov;55(11):1305–12.  

15.  Apolle R, Appold S, Bijl HP, Blanchard P, Bussink J, Faivre-Finn C, et al. Inter-observer variability 

in target delineation increases during adaptive treatment of head-and-neck and lung cancer. 

Acta Oncol. 2019 Jul 4;1–8.  

16.  Vinod SK, Min M, Jameson MG, Holloway LC. A review of interventions to reduce inter-observer 

variability in volume delineation in radiation oncology. J Med Imaging Radiat Oncol. 2016 

Jun;60(3):393–406.  

17.  Menditto A, Patriarca M, Magnusson B. Understanding the meaning of accuracy, trueness and 

precision. Accredit Qual Assur. 2007 Jan 9;12(1):45–7.  

18.  Kataria T, Gupta D, Goyal S, Bisht SS, Basu T, Abhishek A, et al. Clinical outcomes of adaptive 

radiotherapy in head and neck cancers. Br J Radiol. 2016 Jun;89(1062):20160085.  

 

  



114 

 

 

 

 

 

 

 

 

Part 3 
Imaging after therapy   



115 

 

Chapter 7 

 

Prospective comparative study of MRI including diffusion-weighted 

images versus FDG PET-CT for the detection of recurrent head and 

neck squamous cell carcinomas after (chemo)radiotherapy  

Juliette P. Driessen,, Boris Peltenburg, Marielle E.P. Philippens, , Julia E. Huijbregts, , Frank A. 

Pameijer, Remco de Bree, Luuk M. Janssen, Chris H.J. Terhaard  

European Journal of Radiology (2019), Vol. 111, p. 62-67 

  



116 

 

Abstract 

Objective: This prospective study aims to test if MRI including diffusion weighted images can 

replace FDG PET-CT in the diagnosis of patients with suspicion of local recurrent head and 

neck squamous cell carcinomas after (chemo)radiation.  

Methods: Seventy-five patients suspected of local recurrence underwent a MRI and a FDG 

PET-CT. Qualitative assessment of the images was performed. Reference standard was the 

results of biopsy or the absence of a recurrence during follow up. 

Results: Seventy patients were included. Fifty percent had local recurrence. FDG PET-CT had 

accuracy of 71% compared to 73% for MRI. The sensitivity and specificity were 97% 

compared to 69% and 46% compared to 77% for FDG PET-CT and MRI respectively. 

Conclusions: MRI showed similar diagnostic accuracy, superior specificity but inferior 

sensitivity compared to FDG PET-CT. Based on current results, we consider MRI including 

diffusion weighted sequences unable to replace FDG PET-CT as a single imaging modality 

when local recurrent disease of HNSCC after (C)RT is suspected. 
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Introduction 

Patients with head and neck squamous cell carcinomas (HNSCC) are often treated with 

radiotherapy with or without chemotherapy ((C)RT). Depending on subsite and tumor stage, 

loco-regional recurrence rates vary from less than 5% up to 55% after (C)RT [1,2]. Early 

detection of local recurrences is one of the main objectives during follow-up as delayed 

detection reduces the chance of successful salvage surgery and may decrease survival rates. 

However, discrimination between local recurrence and post-radiation effects is known to be a 

difficult clinical problem [3]. Post-radiation effects such as fibrosis, edema and inflammation 

may mimic tumor recurrence.  

In clinical practice, patients with suspicion of local recurrent pharyngeal or laryngeal 

carcinoma undergo examination under general anaesthesia with taking of biopsies. Actually, 

a negative biopsy does not exclude a local recurrence due to sampling error. Unnecessary 

biopsies in previously radiated areas are undesirable as they can lead to wound healing 

problems [4]. An accurate selection strategy that reduces the number of patients requiring a 

biopsy without compromising early detection of residual disease is therefore of great interest. 

Several studies have shown the value of fluorine 18F-Fluorodeoxyglucose (FDG) PET-CT in the 

detection of local recurrence after (C)RT [5,6]. This technique is reported to have high 

negative predictive value, but is limited by false positive results due to FDG avidity in 

inflammation and tissue changes after radiation therapy [7,8].  

A different imaging technique in head and neck cancer is diffusion-weighted magnetic 

resonance imaging (DW-MRI). DW-MRI is described to accurately discriminate malignant 

lesions from benign, [9,10] and DW-MRI might be superior to PET-CT in the detection of local 

recurrences [11–13]. The present prospective study aimed to investigate if MRI including DW-

MRI could replace PET-CT for the detection of local recurrent HNSCC after (C)RT in patients 

with clinical suspicion of local residual or recurrence disease by comparing the diagnostic 

accuracy of (DW-)MRI and FDG PET-CT. 
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Methods 

The institutional ethical committee approved this study and written informed consent was 

obtained from all participants. Prior to the inclusion of the first patient the prospective trial 

was registered in the Netherlands Trial Registry (http://www.trialregister.nl, NTR3172).. 

Patients 

Seventy-five patients were consecutively and prospectively included in this study between 

April 2011 and November 2014. Patients clinically suspected of local recurrence after (C)RT 

for HNSCC underwent as standard procedure an FDG PET-CT and an additional 

investigational MRI with diffusion-weighted MRI. Inclusion criteria were patients with 

laryngeal, hypopharyngeal or oropharyngeal cancer with clinical suspicion of local recurrence 

between 3 months and 3 years after the end of primary (chemo)radiation with curative intent. 

Oropharyngeal tumors received 69 Gy in 33 fractions in 6 weeks. Small glottic tumors 

received 60 Gy in 25 fractions in 5 weeks. In all other cases a total dose of 70 Gy in 35 

fractions in 7 weeks was given. In case of concurrent chemotherapy 100 mg/m2 intravenous 

cisplatinum was added at day 1, 22 and 43. In case of contraindication for chemotherapy the 

radiation was combined with cetuximab. Clinical suspicion of local recurrence was defined by 

presentation with new, persistent or progressive symptoms, or suspicious findings during 

physical examination. Patients in whom, based on physical examination, local recurrence was 

so obvious that there was no reasonable doubt were not included in this study. Reporting 

was done in accordance to the STROBE statement [14]. 

 

Imaging 

MRI was performed on a 3 Tesla unit (Intera NT, Philips Medical Systems, Best, The 

Netherlands) using a dedicated head and neck coil. The conventional MRI included a 

transverse T1-weighted turbospin-echo (TSE) before and after gadolinium, a transverse and 

coronal T1-weighted spectral presaturation with inversion recovery (SPIR) after administration 

of gadolinium and a transverse and coronal proton density SPIR. Echo-planar DW-MRI was 

performed in the transverse plane. Four diffusion gradient b values (0, 100, 500 and 1,000 

http://www.trialregister.nl/
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s/mm2) were applied in three orthogonal directions, minimizing the effects of diffusion 

anisotropy. See table 1 for the imaging parameters. 

 

 ST  

(mm) 

S IG 

(mm) 

TR 

(ms) 

TE  

(ms) 

FS M FOV 

(mm2) 

Transverse  

T1w TSE 
4 33 0 653 16 - 268x211 240x218 

Transverse  

PD TSE SPIR 
4 33 0 2818 25 SPIR 240x183 240x200 

Coronal  

PD TSE SPIR 
3 30 0.3 2486 25 SPIR 220x171 220x196 

Transverse  

T1w TSE Gd 
5 43 0.8 653 16 - 240x209 240x220 

Transverse  

T1w TSE SPIR Gd 
4 33 0 703 16 SPIR 240x192 240x222 

Coronal  

T1w TSE SPIR Gd 
3 30 0.3 703 16 SPIR 220x175 220x196 

Transverse  

DWI EPI SPIR 
4 27 1 2588 68 SPIR 116x116 230266 

Table 1. Imaging parameters. ST: slice thickness, S: number of slices, IG: intersection gap, TR: 

repetition time, TE; echo time, FS: fat suppression, M: matrix, FOV: field of view, TSE: turbo spin 

echo, Gd: gadolinium, PD: proton density, SPIR: spectral presaturation with inversion recovery, 

DW: diffusion weighted, EPI: echo planar imaging, STIR: short tau inversion recovery 

 

The FDG PET-CTs were performed on a whole body PET-CT scanner (Biograph mCT, Siemens 

Medical Systems, Erlangen, Germany) approximately one hour after injection of 2.0 MBq/kg 

of 18F -FDG after a 6-hour fasting period. First, dedicated head and neck imaging was 

performed with the arms placed beside the body to minimize artifacts in the head and neck 

area. Subsequently, a whole body scan was performed ranging from the shoulders to the 

upper thigh with the patient’s arms placed above the head. PET acquisition was preceded by 

a low dose CT scan (40mAs, slice thickness 3mm). CTs were non-contrast enhanced. PET 

images were acquired in 3D mode with Time of Flight for 4 minutes per bed position for the 

head and neck scan and 3 minutes per bed position for the whole body scan. High resolution 

PET reconstructions were made with FWHM of 5mm (whole body scan) or FWHM 4mm 

(head/neck scan), 4 iterations and 21 subsets.  
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Image assessment 

The MRI including DW-MRI and the FDG PET-CT scan were independently reviewed. The FDG 

PET-CT scan was assessed by a nuclear medicine physician with 5 years of experience in head 

and neck PET-CT scanning (J.H.). The MRI was assessed in consensus by a radiologist, with 

more than 15 years of experience in head and neck imaging, and an ENT resident, with 4 

years of experience in head and neck (DW-)MRI (F.A.P. and J.P.D.). MRI was interpreted by a 

combination of all available MRI images (conventional images, DW-MRI images and ADC 

map). Both DW-MRI and FDG PET-CT were assessed based on qualitative/visual analysis: 

measurement of apparent diffusion coefficient (ADC) or standard uptake value (SUV) was not 

performed. For the DW-MRI hyperintense signal on the heavily diffusion-weighted image 

with a b-value of 1000 s/mm2 with corresponding low signal in the ADC map was considered 

as local recurrence. A low signal was defined as visibly low diffusion coefficients compared to 

surrounding tissue. Absence of this low signal on the ADC map was considered as local 

control. Only the primary tumor site was evaluated, lymph nodes were not a subject of this 

study. Clinical information and all previous imaging, including pre-treatment imaging were 

available of the patients. Reviewers of the MRI were blinded to the FDG PET-CT scan and vice 

versa, all reviewers were blinded to the clinical outcome.  Cases could be scored as local 

recurrence, local control or inconclusive. A conservative approach was adopted with 

‘inconclusive’ scorings treated as ‘local recurrence’ for all following steps. 

 

Added value 

Adding the results of both modalities was done in two ways: 1 - An approach which will 

increase the sensitivity, where patients were considered to have a local recurrence on 

imaging if one or both of the modalities were positive; and 2 - an approach which will 

increase the specificity, where only patients who had a positive FDG PET-CT combined with a 

positive MRI were considered to have local recurrence.  
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Reference standard 

The local outcome of the patients was determined as follows: If at least one of the imaging 

modalities was suspicious for a local recurrence, investigation under general anesthesia was 

performed with biopsy of the primary tumor region. If this biopsy was negative, or if both 

imaging modalities were suggestive of local control, disease free follow-up of 6 months was 

considered reference standard for local control. During the 6 months follow-up patients had 

routine bimonthly examinations by their otolaryngologist including direct flexible 

laryngoscopy. If a renewed suspicion of recurrence arose, additional imaging was performed 

outside of study protocol. Recurrent disease was scored if patients had biopsy proven local 

recurrence within this follow-up of 6 months after initial imaging for suspicion of recurrent 

disease. 

 

Sample size and statistical analysis  

For the use of MRI to be clinically relevant, the positive and negative predictive value of the 

MRI should be comparable to the current results of FDG PET-CT. We expected 70% of the 

DW-MRI to be positive for local recurrence based on previous research [12]. To prove a 

positive predictive value of ≥ 70%, comparable to the current results of FDG PET-CT, with a 

precision of ~10% we needed to include 75 patients [6,15]. A conservative approach was 

adopted by treating ‘inconclusive’ scorings the same as a ‘local recurrence’ scoring.  

Diagnostic accuracy, sensitivity, specificity, negative predictive value (NPV) and positive 

predictive value (PPV) were calculated for MRI with diffusion-weighted imaging and FDG PET-

CT. Sensitivity and specificity were compared with the McNemar test. Data was processed 

using SPSS (SPSS Inc. v20.0, Chicago, IL, USA) and MedCalc (MedCalc Software v 12.5, 

Ostend, Belgium). 
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Results 

Patients 

Seventy-five patients were included in this study. Five patients were excluded after inclusion 

due to incomplete imaging or death of the patient without a biopsy or autopsy after imaging. 

The seventy remaining patients had clinical suspicion of local recurrence based on new or 

persistent symptoms (including pain, stridor, dysphonia or dysphagia) or findings at physical 

examination (e.g. edema, irregular mucosal surface or vocal cord impairment). Fifty-one 

patients were male (73%), the median age was 61 years (range 42-81). Thirty-four patients 

(49%) had laryngeal, 12 (17%) hypopharyngeal and 24 (34%) oropharyngeal cancer. Primary T 

stage ranged from 1 to 4b, N stage 0 to N2c. All patients were treated with primary 

fractionated radiotherapy: radiotherapy alone (n=50, 71%), combined with cisplatin (n=11, 

16%) or combined with cetuximab (n=9, 13%). Patients and tumor characteristics are 

presented in table 2.  
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 Variable N (range) % 

Age (y) * 63 (40-87)  

Sex   

 Female 55 25 

 Male 162 75 

Tumor site   

    Larynx 69 32 

 Hypopharynx 35 16 

   Oropharynx 102 47 

 Oral cavity 11 5 

AJCC tumor stage   

 T2 81 37 

 T3 71 33 

 T4a 53 24 

 T4b 12 6 

Nodal stage   

 N0 95 44 

 N1 26 12 

 N2a 2 1 

 N2b 53 24 

 N2c 41 19 

HPV status   

 Positive 20 9 

 Negative 81 37 

 Unknown 116 54 

Treatment   

 Radiotherapy 120 55 

     Chemoradiotherapy 66 31 

 Radiotherapy + Cetuximab 31 14 

Table 2. Baseline patient characteristics * Median (range), † 

Percentage within subsite, AJCC: American Joint Committee on 

Cancer 7th edition. 
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Histopathology 

Thirty-five patients (50%) had local recurrence, of which 31 were histologically proven by the 

first biopsy after imaging. One patient had initially negative biopsy, but due to persistent 

clinical suspicion for recurrence within the follow-up of the study protocol, a second 

endoscopy with biopsy was performed after 4 weeks which confirmed recurrent disease. One 

patient with local control on FDG PET-CT and (DW-)MRI received an biopsy outside of the 

study protocol. Finally, one patient with a positive MRI and a positive FDG PET-CT refrained 

from biopsy. Within the follow-up of this study, this patient had clinical progressive local 

disease combined with progressive alterations seen on repeated imaging (CT and 

conventional MRI). Therefore, this patient was considered as having recurrent disease. The 

remaining thirty-five patients all completed the follow-up period and had no biopsy proven 

recurrence within 6 months after inclusion for this study. Twenty-one had negative biopsy, 

and fourteen of these patients had no biopsy, but all these patients had at least 6 months’ 

disease free follow-up (figure 1). 
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Figure 1. Flow-chart of study design. One patient with local control on FDG PET-CT and (DW-

)MRI received an biopsy outside of the study protocol, one patient with positive imaging 

refrained from biopsy and 54 patients received the biopsy as per protocol. SCC: squamous 

cell carcinoma, DW-MRI: diffusion-weighted MRI 

 

Imaging 

Median time between MRI and FDG PET-CT was one day (0-31 days). All images were of 

sufficient quality to be evaluated. For the FDG PET-CT the plasma glucose of each patient was 

<10 mmol/l, except for one who had a plasma glucose of 12.5 mmol/l. Seventy-three percent 

(51/70) of the FDG PET-CTs were positive for local recurrence compared to only 46% (32/70) 

of the MRI. Two FDG PET-CTs were inconclusive. For the calculation of the diagnostic 

accuracy, inconclusive imaging results were regarded as positive. FDG PET-CT had a similar 

diagnostic accuracy compared to MRI (71% for FDG PET CT versus 73% for MRI (p=0.85)). The 

sensitivity of FDG PET-CT was significantly superior compared to MRI (97% versus 69%; 

p<0.01). The specificity of FDG PET-CT was significantly inferior compared to MRI (46% versus 

77%; p<0.01 MRI had a false negative rate of 31% (11/35) compared to 3% for FDG PET-CT 

(1/35). See table 3 and 4 for the complete results. See figures 2 and 3 examples of the images 

obtained from two of the included patients. 

 
Imaging Local 

recurrence 

Local 

control 

MRI positive 24 8 

MRI negative 11 27 

   

PET-CT positive 33 18 

PET-CT negative 1 16 

PET-CT inconclusive 1 1 

   

Both modalities positive 23 7 

MRI positive PET-CT negative 1 1 

MRI negative PET-CT positive 11 12 

Both modalities negative 0 15 

Table 3. Results of DW-MRI and FDG PET-CT. For the combination of 

modalities the inconclusive PET-CT scores are considered to be PET-CT 

positive. 
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Figure 2. (A-D) Example of an included patient. 42-year-old-man with T2N1M0 oropharyngeal 

carcinoma in the right vallecula. Seven months after radiotherapy he presented with 

asymmetry in the vallecula and an ulcer in the right vallecula. (A) FDG PET-CT shows 

metabolic activity at the primary site (arrow). This scan was considered as a recurrent 

carcinoma (B) T1w MRI shows swelling of the vallecula at the primary tumor site (arrow). (C) 

DW-MRI B1000 shows no increased signal intensity and no diffusion restriction on ADC 

therefore it was considered as a local control based on the DW-MRI (D, arrow). Histology 

confirmed recurrence of a squamous cell carcinoma. 

 

 

  

 

Both modalities combined 

 

FDG PET-CT (95% CI) MRI (95% CI) 

Sensitive (95% 

CI) 

Specific (95% 

CI) 

Sensitivity 97% (85-100) 69% (51-83) 100% (90-100) 66% (48-81) 

Specificity 46% (29-63) 77% (60-90) 43% (26-61) 80% (63-92) 

   

  

Accuracy 72% 73% 71% 73% 

Positive predictive value 64% 75% 64% 77% 

Negative predictive value 94% 71% 100% 70% 

Table 4. Diagnostic accuracy of DW-MRI and FDG PET-CT.  
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Figure 3. (A-D) Example of an included patient. 81-year-old-man with T4aN2cM0 

oropharyngeal carcinoma in the right base of tongue. Thirteen months after 

chemoradiotherapy with Cetuximab he presented with progressive otalgia. (A) FDG PET-CT 

shows metabolic activity at the primary site, and therefore it was considered a recurrent 

carcinoma (arrow). (B) T1w contrast-enhanced MRI shows an isointense region at the primary 

tumor site (arrow). (C) DW-MRI B1000 shows increased signal intensity with corresponding 

diffusion restriction on ADC, and was therefore also considered as a local recurrence based 

on DW-MRI (D, arrow). Histology confirmed recurrence of a squamous cell carcinoma. 

 

Added value 

Combining both modalities and using the sensitive method resulted in a sensitivity of 100% 

and a specificity of 43%.  Using the specific method resulted in a sensitivity of 66% and 

specificity of 80%. The accuracy of the combined tests was almost similar to the individual 

modalities. The complete results of this analysis are presented in table 3 and 4. 

Discussion 

The present study compares FDG PET-CT and MRI including diffusion weighted images 

regarding the detection of recurrence of oropharyngeal, hypopharyngeal or laryngeal cancer. 

It shows that MRI has a similar diagnostic accuracy as FDG PET-CT (73% compared to 71%; 

p=0.85). MRI has superior specificity but inferior sensitivity compared to FDG PET-CT 

(specificity 77% versus 46%, sensitivity 69% versus 97%; p<0.01). During follow-up after 

(chemo)radiation, early detection of residual or recurrent disease is one of the main 

objectives as salvage surgery might still be a curative option. In this scenario, a high 

sensitivity is the most important feature of an imaging modality. False negative results of a 

selection strategy can have tremendous effects; they will cause delay in detection of 

recurrences, which will potentially influence the chance of successful salvage surgery. 
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Therefore, we consider FDG PET-CT to be superior to MRI including diffusion weighted 

sequences in the early diagnosis of recurrence of HNSCC after (C)RT.  

The complementary effect of both modalities is limited. We found only a small difference in 

test characteristics between the combined test and the individual modalities. Combining all 

positive findings of FDG PET-CT and MRI improves the sensitivity for recurrences to 100% 

where FDG PET-CT alone missed one recurrence. Less desirable was that the same method 

scored 20 patients erroneously as having a local recurrence: one patient more than FDG PET-

CT alone. It is debatable whether the difference in early detection of recurring disease in one 

patient at the cost of one extra patient with an unnecessary biopsy, justifies a combined use 

of FDG-PET and MRI. 

Few studies report on the diagnostic accuracy of DW-MRI in HNSCC after (C)RT using a visual 

assessment method for the DW-MRI images. Those that do, show excellent results with 

accuracies up to 94% [12,16]. Compared to literature our results concerning DW-MRI are 

somewhat disappointing. This might be because we included patients based on ‘clinical 

suspicion of local recurrence’. This is prone to subjectivity, which might be physician, 

institution and study dependent. Also the design of this study facilitates the inclusion of very 

early recurrences and therefore very small lesions which may be under or at the border of the 

detection limit. DW-MRI suffers from relative low spatial resolution, making it less suitable for 

detection of very small tumor residues. Partial volume effects will prevent diffusion restriction 

to stand out at the ADC map. Furthermore, forty-nine percent of the patients in our study 

had had a laryngeal localization of their primary tumor. The larynx, compared to other 

regions of the head and neck is especially known for movement and susceptibility artefacts. 

FDG PET-CT, due to its faster acquisition of individual slices, will be more forgiving of 

movement artefacts such as swallowing and breathing. In addition, differences in 

methodology between our research and previous studies, such as the use of repeated 

imaging to detect recurrent or residual tumors by Tshering Vogel et al. [12] compared to our 

single acquisition approach, might explain the comparatively lower observed accuracy of 

(DW-)MRI of our study.  

Several studies reported on the effectiveness of DW-MRI in detecting recurrences using 

quantitative measurements instead of visual review [13,17–19]. All report an ADC cutoff value 
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for differentiating treatment induced tissue alterations from recurring tumors. Quantitative 

assessment yields accuracies of 90% and higher. This is similar to the accuracies reported by 

the studies were only visual review was used. 

In our study, we chose visual e.g. qualitative assessment of DW-MRI instead of quantitative 

ADC measurements because it most closely resembles clinical practice. Radiologists usually 

visually score MRIs and base their final decision on the existence of recurrence on a 

combination of information given by all sequences, rather than based on one solitary 

measure of for example ADC. Also, quantitative ADC measurements is dependent on the 

placement of a region of interest within an ADC map, and therefore highly variable with low 

repeatability. Furthermore, using ADC as a discriminating tool for recurrence or benign 

lesions also comes with challenges and questions such as which ADC threshold to use and its 

reproducibility on other type of scanners and protocols [20]. Even though quantitative ADC 

measures are described to have significantly different mean values in benign compared to 

malignant lesions, there is extensive overlap between ADC values of malignant and benign 

lesions [11,21]. This limits its use on individual patients. Qualitative e.g. visual assessment has 

limitations as well; as it is subjective and might have a learning curve; however, our data of 

the diagnostic accuracy divided in three time-frames showed no time trends. 

Although the high sensitivity of FDG PET-CT is arguably the most important test 

characteristics when trying to detect a tumor recurrence, the high specificity of DW-MRI 

could be important in reducing the amount of unnecessary examinations under general 

anesthesia in future patients. A possible use of DW-MRI is in direct combination with PET 

using PET/MRI scanners. This is shown by Becker et al. who found an excellent overall 

diagnostic accuracy using FDG PET/MRI in patients suspected of a local tumor recurrence 

[22]. 

One strength of this study is the design, in which biopsy and follow-up of six months served 

as the reference standard. The extra time frame of six months’ disease free follow-up was 

incorporated to prevent sampling errors of negative biopsies. Indeed, there was one subject 

in which biopsy was negative at first but turned out positive after 4 weeks during a second 

endoscopy because of persistent clinical suspicion of local disease. One could argue that 6 
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months might be too short, however it cannot be expected that these imaging modalities can 

detect subclinical recurrence which become manifest more than 6 months after imaging. 

Our study has limitations. First, the diffusion-weighted MRI was evaluated in combination 

with the anatomical images of the conventional MRI. This resembles clinical practice, as the 

diffusion-weighted images suffer from low resolution and lack anatomical landmarks these 

images should always be viewed in context of other MRI sequences. Therefore, our results 

reflect MRI including DW-MRI, and does not study the added diagnostic value of diffusion 

weighted images to conventional MRI sequences. Secondly, pretreatment imaging of the 

primary tumor consisted of conventional CT, MRI and sometimes FDG PET-CT. None of the 

patients had diffusion-weighted MRI as pre-therapeutic imaging, neither was there any post 

therapeutic baseline imaging available. If these additional examinations had been available 

they possibly could have made the interpretation of the MRI or FDG PET-CT, at the time of a 

suspected recurrence, more accurate. Furthermore, the DW-MRI sequence used was echo-

planar (EPI) DW-MRI. Image distortion, especially in the head and neck region, might occur 

with EPI DW-MRI. Other techniques with less image distortion might increase DW-MRI 

accuracy [23]. 

The FDG PET-CT protocol in the hospital where this study was performed did not contain 

intravenous contrast. Contrast enhanced CT images might increase the sensitivity or 

specificity of FDG PET-CT. Suenaga et al. [24] showed that the addition of a contrast-

enhanced CT to a FDG PET-CT protocol has minimal added value in patients with recurring 

HNSCC. However in their study only 32% of patients received some form of radiotherapy as 

the initial treatment. It is possible that contrast enhanced FDG PET-CT might be more 

accurate in this patient group than non-contrast enhanced FDG PET-CT. Finally, not all 

patients had biopsy as a reference standard, since 14 patients were considered as local 

control based on negative DW-MRI and negative FDG PET-CT combined with 6 months 

disease free follow-up. Because of the high negative predictive value of FDG PET-CT we felt 

that it was ethically incorrect to expose these patients to unnecessary general anesthesia with 

biopsy.  
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Conclusion 

In conclusion, non-contrast enhanced FDG PET-CT is superior to MRI including DW-MRI in 

the detection of local recurrent oropharyngeal, hypopharyngeal or laryngeal cancer in 

patients with suspicion of recurrence after (chemo)radiation. Though having similar 

accuracies, MRI suffers from more false negative results than FDG PET-CT. When early 

detection of recurrences is the main goal, false negatives lead to delayed detection and 

might lead to irresectability and decreased survival rates. The effect of combining FDG PET-

CT and MRI is limited but might reduce false negative findings. Based on current results, we 

consider MRI including diffusion weighted sequences unable to replace FDG PET-CT as a 

single imaging modality when local recurrent disease of HNSCC after (C)RT is suspected. 
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Abstract 

Introduction: For the detection of local recurrences of head and neck squamous cell 

carcinomas (HNSCC) after (chemo)radiation, diagnostic imaging is generally performed. 

Diffusion weighted magnetic resonance imaging (DW-MRI) has been proven to be able to 

adequately diagnose the presence of cancer. However evaluation of DW-MR images for 

recurrences is difficult and could be subject to individual interpretation.   

Aim:  To determine the interobserver agreement, intraobserver agreement and influence of 

experience of radiologists in the assessment of DW-MRI in patients clinically suspected of 

local recurrent HNSCC after (chemo)radiation. 

Methods: Ten experienced head and neck radiologists assessed follow-up MRI including 

DW-MRI series of 10 patients for the existence of local recurrence on a two point decision 

scale (local recurrence or local control). Patients were clinically suspected for a recurrence of 

laryngeal (n=3), hypopharyngeal (n=3) or oropharyngeal (n=4) cancer after (chemo)radiation 

with curative intent. Fleiss’ and Cohen’s Kappa were used to determine interobserver 

agreement and intraobserver agreement, respectively. 

Results: Interobserver agreement was κ=0.55. Intraobserver agreement was κ=0.80. Prior 

experience within the field of radiology and with DW-MRI had no significant influence on the 

scoring. 

Conclusion: For the assessment of HNSCC recurrence after (chemo)radiation by DW-MRI, 

moderate interobserver agreement and substantial intraobserver agreement was found.  
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Introduction 

Improved radiotherapy techniques have led to increased use of radiotherapy, with or without 

concurrent chemotherapy, as the primary treatment for HNSCC [1]. (C)RT has obvious 

advantages of organ preservation compared to surgical intervention [2]. However even with 

(C)RT, recurrence or residual disease occurs in up to 40% of patients with stage III and IV 

disease [3, 4]. Early detection of local HNSCC recurrences greatly influences the chance of 

successful surgical salvage treatment. Delayed detection might lead to irresectability of 

residual disease or local regional metastasis and decreased survival rates [5–7]. 

The diagnosis of recurrent head and neck squamous cell carcinomas (HNSCC) is usually made 

based on a combination of diagnostic imaging and physical examination (under general 

anesthesia) including biopsies. 18F-fluorodeoxyglucose-PET-CT (PET-CT) is often cited as a 

useful imaging modality due to its high sensitivity and high negative predictive value but may 

suffer from variable tracer uptake in irradiated areas [8–12].  

MRI techniques are of increasing interest in the detection of HNSCC due to their advantage 

of superior soft tissue contrast compared to CT and possibility of tissue characterization. 

Diffusion weighted MRI (DW-MRI) has proven to be useful in the diagnosis of recurring 

HNSCC [13]. However, the head and neck region has many transitions between air, tissue and 

bone, which reduce image quality and can lead to susceptibility artifacts[14, 15]. Furthermore, 

discrimination between tumor recurrence and post-radiation effects , although possible on 

DW-MRI, has been proven to be difficult, as post-radiation effects may mimic tumor 

recurrence after (C)RT [16]. These inherent difficulties of DW-MRI combined with differences 

in experience among head and neck radiologists could result in different interpretations of 

the same diffusion images. The degree of uniformity in classifying recurrence by different 

observers might influence the applicability of DW-MRI in this patient group in daily clinical 

practice. The interobserver agreement diagnosing HNSCC using DW-MRI has been evaluated 

previously but no data is available for the detection of recurrent HNSCC [17–19]. 

Therefore, the aim of this study is to determine the interobserver agreement, intraobserver 

agreement and influence of experience of radiologists in the assessment of DW-MRI in 

patients clinically suspected of local recurrent HNSCC after (chemo)radiation.  
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Materials and Methods 

Patients 

This study included ten patients with HNSCC treated with (C)RT. All patients were clinically 

suspected of having local residual or recurrent disease. This clinical suspicion was based on 

findings at physical examination or having persistent suspicious symptoms such as referred 

otalgia or hoarseness. The cases were selected from a prospective comparative study 

conducted in our institution investigating the diagnostic accuracy of DW-MRI versus PET-CT 

in detection of recurrence in patients with suspicious symptoms after (C)RT (RETURNED 

study, conducted in the University Medical Center Utrecht Trial registry number: NTR3172. 

Full article in submission) [20]. This study consisted of 75 patients included from April 2011 

till November 2014. Inclusion criteria for this study were primary (chemo)radiotherapy with 

curative intent, at least 3 months but no more than 3 years prior to inclusion. Exclusion 

criteria were contraindications for MRI and age under 18 years. Chemotherapy consisted of 

either cisplatin or carboplatin or a combination of both drugs. 

After completion of this study, five cases with a proven recurrence and five cases with proven 

local control were randomly selected out of all patients using the random sample cases 

function in SPSS (IBM Corp. Released 2012. IBM SPSS Statistics for Windows, Version 21.0. 

Armonk, NY: IBM Corp, USA). This distribution resembled the prevalence of recurrences as in 

the complete study, which was 50%. Of the patients with a proven local recurrence the 

smallest lesion was 15x24x32mm, measured on MRI.  This study was approved by the local 

ethics board of our institution and all patients gave written informed consent.  

See Table 1 for further baseline characteristics of the included patients. The results of this 

study are reported using the GRRAS and STROBE guidelines [21]. 
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Case Age Sex Initial tumor 

location 

Initial tumor 

stage 

Initial therapy 6 months follow 

up 

1 55 Female Supraglottic larynx T3N0M0 Radiotherapy Local control 

2 49 Female Supraglottic larynx T3N0M0 Radiotherapy Local recurrence 

3 61 Male Hypopharynx T3N2bM0 Chemo + Radiotherapy Local control 

4 65 Female Oropharynx T4aN2bM0 Chemo + Radiotherapy Local recurrence 

5 71 Female Oropharynx T3N2bM0 Cetuximab + RT Local control 

6 62 Male Hypopharynx T4bN2cM0 Chemo + Radiotherapy Local recurrence 

7 75 Male Hypopharynx T3N2bM0 Radiotherapy Local recurrence 

8 60 Male Oropharynx T4aN0M0 Radiotherapy Local control 

9 76 Male Supraglottic larynx T3N0M0 Radiotherapy Local control 

10 53 Male Oropharynx T3N2bM0 Cetuximab + RT Local recurrence 

Table 1. Patient characteristics 

 

Diffusion weighted MRI 

MR images obtained as part of the RETURNED study were collected. Imaging was performed 

on a 3 Tesla unit (Achieva 3TX, Philips Medical Systems, Best, The Netherlands) using a 

dedicated  head and neck receive coil [22]. The conventional MRI included a transverse T1-

weighted turbospin echo (TSE) before and after gadolinium, a transverse and coronal T1-

weighted after admission of gadolinium using spectral presaturation with inversion recovery 

(SPIR) as fat suppression and a transverse and coronal proton density short tau inversion 

recovery (STIR). Echo-planar DWI was performed in the transverse plane. Four levels of 

diffusion weighting  (b values: 0, 100, 500 and 1,000 s/mm2) were applied in three orthogonal 

directions, minimizing the effects of diffusion anisotropy. Apparent diffusion coefficient (ADC) 

maps were calculated from the DW images using all four b values and a mono-exponential 

model. See Table 2 for the imaging parameters.  
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 ST  

(mm) 

S IG 

(mm) 

TR 

(ms) 

TE  

(ms) 

FS M FOV 

(mm2) 

Transverse  

T1w TSE 
4 33 0 653 16 - 268x211 240x218 

Transverse  

PD TSE SPIR 
4 33 0 2818 25 SPIR 240x183 240x200 

Coronal  

PD TSE SPIR 
3 30 0.3 2486 25 SPIR 220x171 220x196 

Transverse  

T1w TSE Gd 
5 43 0.8 653 16 - 240x209 240x220 

Transverse  

T1w TSE SPIR Gd 
4 33 0 703 16 SPIR 240x192 240x222 

Coronal  

T1w TSE SPIR Gd 
3 30 0.3 703 16 SPIR 220x175 220x196 

Transverse  

DWI EPI SPIR 
4 27 1 2588 68 SPIR 116x116 230266 

Table 2. Imaging parameters. ST: slice thickness, S: number of slices, IG: intersection gap, TR: 

repetition time, TE; echo time, FS: fat suppression, M: matrix, FOV: field of view, TSE: turbo spin 

echo, Gd: gadolinium, PD: proton density, SPIR: spectral presaturation with inversion recovery, 

DW: diffusion weighted, EPI: echo planar imaging, STIR: short tau inversion recovery 

 

Reference standard specification 

In the RETURNED study every patient suspected of local recurrence on either DW-MRI or 

PET-CT underwent endoscopy with biopsy under general anesthesia. This biopsy was only 

obtained after all imaging studies had been completed. The reference standard was 

histologically confirmed squamous cell carcinoma. In order to exclude biopsy sample error, 

patients with a negative biopsy had to remain recurrence free for 6 months of clinical follow 

up after biopsy. If a biopsy during the follow up showed a recurrence of HNSCC the patient 

was considered to initially have local recurrence. Similarly, patients not suspected of local 

recurrence on DW-MRI or PET-CT were followed for 6 months to reduce the possibility of a 

recurrence undetected by imaging. 

 

Observers 

Ten head and neck radiologists, representing eight different medical institutions, were 

recruited from a special interest group focused on DW-MRI of the head and neck. These 

reviewers were asked to specify their years of experience as a radiologist and if their specific 

clinic included diffusion weighted sequences in routine head and neck scanning protocols. 
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The observers were informed about patient characteristics, clinical information such as TNM 

stage, primary tumor location, current symptoms, findings at physical examination and 

previous treatment. No specific instructions on the interpretation of the DW-MRI sequences 

was provided. 

Observers had access to T1, proton density and diffusion weighted images combined with T1 

weighted gadolinium contrast images on a standardized DICOM viewer (RadiAnt DICOM 

Viewer 1.9.16.7446, Medixant, Poznan, Poland. Available from http://www.radiantviewer.com) 

ADC maps and diffusion weighting 1000 sec/mm2 (b1000) were the provided diffusion 

sequences. Images of the primary tumor before treatment were not supplied. 

The reviewers were blinded to the pathology outcome and were unaware of ratio of local 

control/local recurrence of the ten cases. All patient data was anonymized and reviewed 

independently by the radiologists. Furthermore the observers were prohibited from 

discussing the cases with other physicians or each other. Cases were scored having either 

local recurrence or local control. If local HNSCC recurrence was scored the location of the 

recurrence had to be specified in order to ensure correct interpretation and prevent 

accidentally correct scoring. 

 

Intraobserver variability  

One of the radiologists F.A.P. had previously reviewed the ten cases as a principal reviewer in 

the RETURNED study. This reviewer was blinded to his earlier scores. Time between the first 

and second scored set varied with a range of 9 to 45 months. The first set of scores was 

compared to the second set of scores of this reviewer. 

 

Statistical analysis 

Interobserver agreement was determined by Fleiss’ kappa (κ) using Minitab® Statistical 

Software v17.2.1 (Minitab Inc, State College, Pennsylvania). Missing scores were omitted from 

the interobserver analysis. Cohen’s kappa (κ) was used to determine intraobserver 

agreement. Interpretation of κ was done in accordance with the suggestions made by Landis 

and Koch with values of κ indicating the degree of agreement as: <0.00 poor; 0.00 – 0.20 

slight; 0.21 – 0.40 fair; 0.41-0.60 moderate; 0.61 – 0.80 substantial; 0.81 – 1.00 almost perfect 

[23].  
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Difference between groups with distinct experience levels was tested by the Mann-Whitney U 

test using SPSS. 

 

Sample size 

In order to estimate the required sample size the R-package ‘kappaSize’ was used (kappaSize 

version 1.1, M.A. Rotondi. Available from https://CRAN.R-project.org/package =kappaSize). 

With the power-based  method  a H0 hypothesis of 0.01 and a H1 hypothesis of 0.6 aiming 

for a power of 0.8 and alpha of 0.05, the  required number of cases scored by three observers 

was eight. Increasing the number of observers reduced the number of required cases with all 

other variables being equal.  

 

Results 

All observers independently scored the ten cases with exception of one radiologist who was 

unable to score a single case because of technical difficulties. This resulted in a total of 99 

distinct scores. ‘Local recurrence’ was scored in 52 cases of which nine were false positive 

when compared to the reference standard. The observers scored 47 cases as ‘local control’ 

with six of these being false negative. 

Table 3 reports the median for accuracy, positive predictive value, negative predictive value, 

sensitivity and specificity of the observers. 

In order to check if the observers had detected a recurrence at the same anatomical location 

as proven by the reference standard (histopathology), they were instructed to specify the 

location of the recurrence. All of the locations provided by the radiologists corresponded 

with the pathology-proven location. 

 Sensitivity Specificity PPV NPV Accuracy 

Median (range) 100% (60-100) 80% (60-100) 78% (71-100) 100% (67-100) 80% (70-100) 

Table 3. Test characteristics for the 10 observers. PPV= positive predictive value. NPV= 

negative predictive value. The ranges in brackets indicate the worst and the best result 

among the radiologists for the corresponding category. 
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Interobserver agreement 

Scores given per case are shown in Figure  1. Overall interobserver agreement was κ=0.55 

with a 95% confidence interval of 0.46 – 0.64. Images from cases with the highest (case 10) 

and lowest (case 5) interobserver agreement are shown in Figure 2 and 3 respectively. 

 

Figure 1. Observer scores per case. 
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Figure 2. Axial MR images with different contrasts of one of the cases with high 

interobserver agreement (case 10). Clinical information available to the observers 

included the following details: 53 year old male with primary T1N0M0 oropharyngeal 

carcinoma. Sixteen months after treatment with CRT, fiberoptic endoscopy showed an 

abnormality of the right oropharynx extending into the hypopharynx. The superimposed 

white arrows indicate regions with low apparent diffusion indicative for diffusion 

restriction which is suspected for malignancy. The patient had a biopsy proven local 

recurrence. A: Diffusion weighted b = 1000 s/mm2, B: ADC, C: T1w SPIR + Gd contrast, D: 

PD STIR. 
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Fig. 3. Axial MR images with different contrasts of the case with the lowest interobserver 

agreement (case 5). Clinical information available to the observers included the following 

details: 74 year old female with T4aN2bM0 carcinoma of the left tonsillar region extending 

to the lateral pharyngeal wall treated with radiotherapy. Now suspected of recurrence. The 

white arrow indicates a region with low apparent diffusion indicative for diffusion 

restriction which is suspected for malignancy. However, for this patient biopsy did not 

show carcinoma and no recurrence occurred during follow up. The diffusion restriction 

could be based on postradiation effects. It must be noted that the location of the 

diffusion restriction does not match the localization of the primary tumor. This is a 

possible explanation why five observers scored this case as a local control despite the 

restricted diffusion. A: Diffusion weighted b = 1000 s/mm2, B: ADC, C: T1w SPIR + Gd 

contrast, D: PD STIR. 
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Intraobserver variability 

One reviewer scored every case twice. Scoring was similar in 9 of 10 cases. Intra observer 

variability was κ=0.80 indicating substantial agreement between both sets. 

The first set was completed by the reviewer without errors; the second set contained one 

false positive diagnosis of a recurrence of HNSCC. 

 

Experience analysis 

Six radiologists represented five institutions which included DW-MRI in the standard 

oncologic follow-up head and neck protocol. The four remaining radiologists from three 

institutions used HNSCC protocols where DW-MRI was not generally included. There was no 

significant difference in the number of errors made between both groups. Out of ten cases 

the first and second group respectively scored on average of 1.67 and 1.25 cases incorrectly. 

The average number of cases scored incorrectly by radiologists with less than 10 years of 

experience as a radiologist was 1.33 (n=6), and 1.75 (n=4) for those with more than 10 years 

of experience. This difference was not statistically significant.  
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Discussion 

This study investigates the interobserver agreement, intraobserver agreement and influence 

of experience of radiologists assessing DW-MR images of patients suspected of local 

recurrent HNSCC after (C)RT. A moderate (κ=0.55) interobserver agreement was found 

between the ten observers if standard clinical and DW-MRI sequences are provided. The 

process of reviewing head and neck MR images is generally described to be challenging [24]. 

Modern MRI sequences such as DW-MRI are increasingly subject of research and might help 

to discriminate between recurrent disease and radiation effects. The diagnostic performance 

of MRI including DW images in the detection of recurrent HNSCC after CRT is described to be 

superior to other imaging modalities with remarkable high positive and negative predictive 

values [13, 25]. The applicability of these results in daily clinical practice is highly dependent 

on the ability of radiologists to score images correctly.  

The radiologists in our study had access to conventional MRI sequences as well as DW-MRI 

sequences. This resembles standard clinical practice. 

Since the observers in this study represented almost all academic and oncological centers 

treating HNSCC in the Netherlands, our results reflect the actual diagnostic skill reading DW- 

MR images in the Netherlands and adds to the applicability of the results to a clinical setting.  

Although the interobserver agreement seems limited, the findings of this study provide a 

cautionary note when relying on MRI including DW-MRI for the diagnosis of recurrent 

HNSCC. In at least four of the ten cases (five cases  if one missing score is excluded) the ten 

observers were in complete agreement. This suggests that in some cases uniform scores on 

MRI with DW-MRI are possible.  

The cases with mixed scores might be particularly difficult cases to score. It is conceivable 

that a radiologist would refrain from giving a definite conclusion if confronted with these 

cases in daily practice. In this study the observers found more false positives than false 

negatives (9 vs 6 out of 99 distinct scorings). This might be due to the study design requiring 

reviewers to score either local recurrence or local control. As a missed HNSCC recurrence is 

arguably worse for an individual patient than a false positive diagnosis of recurrence, 

reviewers were possibly more likely to score a ‘local recurrence’ when they felt imaging was 

inconclusive. In short the interobserver agreement of MRI with DW-MRI is very good  in many 

cases but overall can only be considered moderate. 
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Other studies on interobserver agreement of diagnostic imaging in patients with a recurrence 

of HNSCC showed similar results as compared to our study. Brouwer et al. [26] and Van der 

Putten et al. [27] examined the interobserver agreement of radiologists using FDG-PET to 

determine a recurrence of HNCC. Both showed moderate agreement with a kappa of 0.54 

and 0.55 respectively. Fakhry et al. [28] also investigated FDG-PET while comparing it to FDG-

PET-CT. Both modalities showed high interobserver agreement; however, this is reported 

using intraclass correlation and not a kappa statistic, which makes a direct comparison 

difficult . 

Schouten et al. [29] used DW-MRI and PET-CT to detect residual lymph node metastases after 

CRT. They used a dichotomous system and Likert scale in order to classify the scans. This 

resulted in several values for interobserver agreement with kappa having a range of 0.53-0.64 

for the PET-CT and 0.35-0.58 when scoring DW-MR images.  

It seems that interobserver agreement when scoring for a recurrence of HNSCC is moderate 

regardless whether FDG-PET, PET-CT or DW-MRI is used.           

In our study, the intraobserver variability based on the results from one radiologist was 

substantial. When reviewing the first set, the observer made no errors, during the second 

assessment one error was made. However, when reviewing the first set the radiologist had 

access to diagnostic images of the primary tumor  which were not provided in the present 

study. The case incorrectly scored by this observer was the case with the lowest interobserver 

agreement (case 5). The case was scored erroneously as a local recurrence by five observers 

in total. After reviewing the images the mistake is understandable as there appears to be 

reduced ADC indicating diffusion restriction on several images suggesting recurrence of 

malignancy. The high intraobserver agreement has to be interpreted with caution  as it is 

based on the assessment of just one radiologist .     

Observer experience with DW-MRI was not significantly related with the number of errors of 

individual radiologists. For DW-MRI imaging of the brain, liver and prostate, this effect has 

been shown [30–32]. Furthermore, experienced reviewers tended to have a higher 

interobserver agreement when scoring for prostate cancer than less experienced reviewers 

[33]. In this study we could not confirm this effect for the diagnosis or recurrence of HNSCC. 

Limitations 

The radiologists were presented with two options for scoring each case. In daily practice 

imaging is sometimes unclear and is deemed to be inconclusive. As patients with 
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‘inconclusive’ imaging often receive the same diagnostic procedures as patients with positive 

imaging we decided to disallow ‘inconclusive’ scorings. However this limited freedom of 

choice possibly influenced our results on interobserver agreement. As kappa is a statistic 

dependent on the chance agreement, studies with a high expected chance of agreement will 

produce a lower kappa than studies with the same results but a lower expected chance of 

agreements.  

Radiologists did not have access to imaging of the primary tumor. Information concerning 

localization and appearance had to be obtained from the clinical information. It is possible 

that individual observers with access to pretreatment imaging of the primary tumor might be 

more accurate in scoring for recurrences.  

 

Conclusion 

This study reports on an overall moderate interobserver agreement for the detection of 

recurrence of HNSCC using DW-MRI. Despite the relatively new technique in HNSCC, this 

study shows that the MR images including DW-MRI are often similarly scored by different 

radiologists. However, in some select cases agreement is very low suggesting that in these 

cases MRI with DW-MRI is unable to reliably diagnose recurring disease. 
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Abstract 

Patients with head and neck squamous cell carcinoma (HNSCC) are conventionally treated with 

radiotherapy with or without concomitant chemotherapy. Despite the innovations in treatment 

procedures over the years, the recurrence rate of HNSCC remains high with around one third of 

patients experiencing a loco-regional recurrence within 3 years after treatment. In order to 

improve outcome, recent developments in radiotherapy have focused on increasing visibility of 

the tumor by introducing MRI to the treatment process. The high soft tissue contrast of MRI 

together with its versatility can prove to be important at each stage of treatment, from diagnosis 

to the post therapy phase. However, optimal utilization of MRI entails more than simple 

acquisition of MRI at the different stages. By carefully designing the process of patient logistics, 

patient setup, scanning protocol and data analysis, a synergistic effect of any additional imaging 

can be reached. Our institution was one of the centers where a hybrid MRI-radiotherapy device 

was first developed and as a result broad experience concerning head and neck MRI was gained 

over the years. This report is an account of these experiences. Its main aim is to provide a 

framework that can be used to ensure the optimal use of MRI in the head and neck radiotherapy 

setting.  The first part of this article explains how we use a PDCA cycle to implement changes to 

the MR imaging protocol of HNSCC patients. In the second part we share our current practices 

in MR imaging. The last part of the report provides an example of how we used the PDCA cycle 

to improve the detection of recurrent disease with MRI in our center. 

It should be possible for radiotherapy centers to use the information presented in this article as 

a template for implementation, incorporation and analysis of MRI into their own work-flow.   

 

  



156 

 

Introduction 

Head and neck cancer is the seventh most occurring cancer in the world [1]. Squamous cell 

carcinomas are the most common form of head and neck cancer. Head and neck squamous cell 

carcinoma (HNSCC) is mostly treated with either surgery or radiotherapy and has a high 

recurrence rate. Depending on the initial tumor stage, around a third of patients will experience 

a recurrence within three years after initial therapy [2]. Surgical resection of the primary tumor 

without loss of function (e.g. swallowing and speech) is often not possible due to the sensitive 

nature of the area these tumors occur in. In these cases radiation therapy is often preferred as 

this gives the patient a chance to better retain functionality. However, radiation therapy has 

other issues compared to surgery, most notably radiation damage to healthy tissue. In recent 

years, radiotherapeutic techniques such as IMRT and VMAT have helped reduce radiation 

induced damage to healthy tissue. Moreover, studies indicated that the management of HNSCC 

can be further improved by adequate imaging of the tumor before, during and after treatment 

[3, 4]. The use of imaging to increase the accuracy of the radiation treatment has been dubbed 

image guide radiotherapy (IGRT). Conventionally, CT has been used in the radiotherapy setting 

as the imaging modality of choice due to the wide availability of CT scanners and because 

electron densities required for dose calculations can be extracted from Hounsfield Units in a CT. 

However, MRI may replace CT as the primary imaging modality thanks to its increased soft-

tissue contrast, its ability to image anatomical and functional processes and the lack of ionizing 

radiation [5–7].  

 

A recent development in the field of IGRT is the introduction of hybrid device for MRI 

andradiotherapy such as the MR-Linac (Elekta, Surrey, UK) and MRIdian (ViewRay, Cleveland, 

USA) [8, 9].  Adoption of these devices will result in MR imaging of HNSCC patients before, 

during and after radiotherapy treatment to become standard practice in many clinics around the 

world. As MRI in radiotherapy has not yet become mainstream for head and neck radiotherapy,  

it is very important to share experience and knowledge on what to do with longitudinal MRI 

data of patients. Our institution was one of the centers where a hybrid MRI-radiotherapy device 

was developed and as a result a significant amount of experience concerning head and neck 
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MRI has been acquired over the years [5, 10]. One of the factors found to be of importance was 

the interdependency of MR images acquired at different time points. Due to the longitudinal 

nature of MR exams before, during and after radiotherapy, changing any of the exams will 

influence its comparability to the others. This is true for many factors of the MRI whether it is the 

imaging protocol, the timing of the imaging or the positioning of the patient. To prevent this, 

any time a MRI exam is added, changed or removed from the normal HNSSC monitoring 

protocol, the reason for the change should be clearly determined and the potential influence on 

imaging at other imaging time points should be examined.  

Using a standardized way to plan and assess changes to the monitoring protocol may prove to 

be essential in modern day radiotherapy.   Therefore this report aims at providing a framework 

that can be used to ensure the optimal use of MRI in the head and neck radiotherapy setting. 

The first part of this article explains how we use a PDCA cycle to implement changes to the MR 

imaging protocol of HNSCC patients. In the second part we share our current practices in MR 

imaging. The last part of the report provides an example of how we used the PDCA cycle to 

improve the detection of recurrent disease with MRI in our center. 

It should be possible for radiotherapy centers to use the information presented in this article as 

a template for incorporation and analysis of MRI into their own work-flow.   
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Part 1. Planning and evaluating changes to the head and neck radiotherapy 

imaging protocol using a PDCA cycle. 

 

The introduction of online replanning and intratreatment response assessment made possible 

by hybrid MRI-radiotherapy devices is expected to result in more frequent MR imaging of 

patients with head and neck cancer. The additional MRI exams are expected to be helpful during 

the treatment process. For example they might facilitate intratreatment plan adaptations or they 

will form the basis for early response assessment. Regardless of the reason, any changes made 

to the timing and frequency of MR scans, the imaging protocols or patient set-up should be 

carefully planned and systematically evaluated. Without this it is very difficult to determine if 

changes to the MRI protocol help improve or maybe even worsen treatment outcomes. 

We therefore present a PDCA-cycle  that can be used to systematically implement changes to 

the MR imaging protocol of HNSCC patients in the radiotherapy setting. 

A PDCA cycle is a four-step method used for continuous improvement [11]. The four steps we 

use to implement changes to the MRI monitoring protocol are described below and shown in 

figure 1. In part 3 of this article we present an example of how we used the PDCA cycle to 

improve the detection of recurrent disease. 

 

It is important to note that there are two types of MRI monitoring. Firstly, there is the 

monitoring of individual patients at diagnosis, during treatment and after treatment. Secondly, 

we identify the monitoring of an entire patient population over time. Consequently, population 

monitoring is more focused on group outcomes: hard outcomes such as survival and toxicity but 

also ‘soft’ outcomes such as patient reported outcome measures (PROMs). A successful 

implementation of MRI protocol changes has to take both types of monitoring into account. 

1. Plan 

The PDCA is used when changes to the MRI monitoring protocol are needed. This can be the 

result of additions to the radiotherapy treatment protocol such as weekly plan adaptations, or 
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because changes are needed to acquire new information such as early response prediction or 

because the type and availability of MR imaging changes for example when a hybrid MRI-

radiotherapy is acquired. 

During the planning stage the first and most important step is to determine the specific aim of 

the change. Without a proper aim there is no way to evaluate if a change was successfully 

implemented. 

Also the type of change is determined, examples of this are changes to the scanning protocol, 

changes to the timing and frequency of the imaging or changes to the amount of monitoring 

appointments. Then the effect on the complete longitudinal chain of regularly acquired MRI 

examinations is assessed. Changes in the frequency of MRI exams may for instance make 

imaging at other time points obsolete, or changes to the scanning protocol such as the addition 

of a new sequence may also have to be implemented for exams at other time points in order to 

improve comparability between the scans. Finally the methods and metrics for evaluating the 

change are specified and the time frame determined. An improvement cycle may end after a 

predetermined number of months have passed or after a certain amount of analyzed patients 

has been reached. 

In our center the planning phase is the responsibility of a head and neck working group. This 

working group consists of radiation oncologists, head and neck surgeons, clinical physicists, 

radiologists, pathologists and head and neck researchers. Decision on monitoring changes are 

reached by consensus. Aside from there membership of the monitoring working group most 

members of this group are also responsible for changes in the treatment protocol for HNSCC 

patients.  

2. Do 

The plan from the previous phase is executed in the Do phase. Evaluation metrics are recorded. 

This includes outcome measurements. In this step individual patients receive imaging for 

diagnosis, treatment response and recurrence detection. It is here that the monitoring protocol 

should work to the benefit of individual patients.   

3. Check 
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Once the time frame for the data collection has passed the acquired information is analyzed as 

specified during the planning phase. Results are presented to the head and neck working group.  

4. Act 

The working group draws a conclusion from the results obtained during the check phase. If it is 

decided that the change has reached its predetermined objective and if any negative effects 

remain within tolerance the change is implemented in the new monitoring protocol. If this is not 

the case a decision has to be made: either the change is discarded completely or a new planning 

phase is starting using the experience gained from the previous PDCA cycle. 

 

Conclusion 

This PDCA provides a basis for implementing changes to the MRI monitoring protocol of HNSCC 

patients treated with radiotherapy. This framework can be used and copied by other centers in 

order to optimizing the use of MRI in their own treatment process based on their specific 

patient population and availability of assets. In part 2 of this article we share our own current 

practices in MR imaging.  
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Figure 1. The PDCA cycle for implementing changes to the MR imaging protocol of HNSCC 

patients treated with radiotherapy.  
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Part 2. Current practices in patient monitoring 

 

Our protocol for the optimal use of MRI for the monitoring of HNSCC patients treated with 

(chemo)radiotherapy is based on several key elements: 

1. Uniform patient positioning for all imaging, 

2. Identical imaging protocols for each MRI examination performed. 

3. Minimization of patient discomfort. 

 

Here, we will discuss how these key elements are implemented in our monitoring protocol. 

 

Patient logistics prior to treatment 

When patients are referred to our tertiary care facility, the suspicion of a primary HNSCC is often 

very high or in some cases already proven by histopathological examination of a biopsy. The 

first appointment is at the outpatient clinic of the department of Head and Neck Surgical 

Oncology. Here, patients are seen by a head and neck surgical oncologist and a radiation 

oncologist. If not yet performed biopsies are taken at the outpatient clinic or at the operating 

room depending om location of the primary tumor. The lesion is clinically staged.  An MRI and 

CT in radiotherapy positioning mask are planned for all patients likely to be treated with 

(chemo)radiotherapy. For some patients the CT scan is replaced by a PET/CT based on the 

clinical tumor stage. Patients suspected of T1 laryngeal carcinoma do not receive an MRI as 

these tumors are often poorly visible. A weekly multidisciplinary meeting including radiation 

oncologists, head and neck surgeons, oncologists, pathologists and radiologists propose 

treatment strategies for individual patients. Based on their recommendation and patient’s 

preference the patient is referred to the appropriate department for treatment.  

Layout of the radiotherapy department of the UMC Utrecht 

Patients at the radiotherapy department of the UMC Utrecht can be treated on one of the nine 

clinical  linear accelerators. Additionally the department contains two clinical hybrid MR-linacs 
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(Elekta Unity. Two more MRI scanners are in use for treatment purposes, one is dedicated to MRI 

guided brachytherapy and one is facilitates the MRI high-intensity focused ultrasound 

treatment. Finally diagnostic imaging and follow up imaging is done on one of two diagnostic 

MRI scanners (3.0 T Ingenia and 1.5T Ingenia, Philips). Both scanners allow for patients to be 

scanned in radiotherapy position, i.e. with a rigid table surface and with the possibility to attach 

radiotherapy masks to limit motion. Routine imaging of head and neck cancer patients is 

performed on the 3.0T MRI. 

 

Imaging protocol 

If a patient is referred for radiotherapy the initial MRI (already made in mask) is used for 

treatment planning. In the primary setting these MR images were used for the diagnosis of 

malignant disease, the general tumor size, the invasion of surrounding tissues and the presence 

of lymph node metastases. This poses a problem because diagnosis and radiotherapy planning 

essentially focus on different issues. The questions that have to be answered during diagnosis 

are more often dichotomous (i.e. is there a tumor?) whereas question answered during 

treatment planning are more dynamic (i.e. where is the tumor?).  As it is the most efficient and 

patient friendly to combine both the diagnostic and treatment planning purpose in one MRI 

examination the MRI protocol has to facilitate the different questions. For this, we held several 

multidisciplinary meetings which included head and neck radiologists, radiation oncologists and 

clinical physicists. This resulted in the following protocol which is sporadically evaluated and 

updated (Table 1).  

Additionally comparisons between tumor size and functional parameters over time can only be 

done reliably when imaging parameters are kept constant. This means that the imaging protocol 

should remain constant throughout the treatment episode of the patient meaning that 

pretreatment MRI, intratreatment imaging and follow up scans up to the point of a potential 

recurrence all have to be made with the same protocol. Therefore, the presented protocol also 

accommodates response assessment and recurrence diagnosis while still keeping the time a 

patient is positioned in the MRI to a minimum.  
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Sequence Voxel size (mm) TE (ms) TR (ms) Additional information 

mDIXON     

Transverse T2 TSE  0.94 x 0.94 x 3.00 100 9023  

Transverse DWI 

SPLICE 

1.46 x 1.46 x 5.00 74 5233 (b0, b200 and b800) 

Sagittal T1 FFE cine  1.42 x 1.42 x 10.0 1.45 3.2 Scan duration: 60 seconds. 

Transverse T1 3D FFE 

mDIXON 

0.85 x 0.85 x 1.50 1.97 6.8  

Transverse T1 TSE 

mDIXON  

0.73 x 0.73 x 2.00 6.2 678  

Dynamic SPIR 1.09 x 1.09 x 4.00 2.0 4.1  

Transverse T1 TSE 

mDIXON post 

contrast 

0.73 x 0.73 x 2.00 13 743  

Coronal T1 TSE 

mDIXON post 

contrast 

0.78 x 0.78 x 4.00 14 606  

Table 1. Sequences of the MRI protocol used in our center. TE is echo time and TR is repetition 

time. 

 

Patient Setup 

An important part of treatment planning is the correlation of different imaging modalities. For 

this we used a rigid registration method. This method is aided by the uniform positioning of a 

patient during the different examinations. This uniform positioning is achieved by the use of a 

head and neck mask and individual base. The mask anchors the patients to the diagnostic 

device, the individual base provides a cushion for the back of the head to rest in. The 

combination of mask and base restricts free movement of the head, neck, shoulders and jaw. 

However, the shape of the mask does not allow for the use of dedicated head-and-neck coils, 
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instead flexible surface coils are used. For the specifics of patient positioning see our previous 

papers [5, 12].  

 

During treatment 

For the radiation treatment the patient is positioned in the mask as well. No standard MR 

imaging is performed during the treatment. However, imaging is available for patients 

participating in studies or if indicated. An example of an indication is a patient with HPV+ 

tumors with noticeable reduction of tumor mass detected either during physical examination or 

during cone beam positioning. Treatment of a patient with HNSCC tumor takes 5-7 weeks, as 

per international guidelines. 

 

Post treatment 

After the final fraction of the radiotherapy treatment has been delivered, the personalized mask, 

together with the individual base is stored at a central storage location in a cardboard box. A 

tracking code linked to the patient identification number is attached to the box. This tracking 

code contains information about the location of the box in the storage facility. 

Three months after the end of treatment patients return to our radiotherapy department for 

regular follow up. As part of follow up an additional MRI examination is performed. The patient 

is positioned by using  the stored mask and base . Some patients lose or gain weight in such a 

way that during these three months, that the original mask does not fit properly anymore. In 

these cases the old base is still used but a new mask is made. 

This MRI at 3 months after treatment is the last MRI that all patients receive as part of the 

standard treatment protocol. Naturally, if at some point later than three months after treatment 

a recurrence is suspected, the patient will receive an additional MRI. The original mask and base 

are again used to ensure consistent patient positioning.  

The masks are stored for one and a half years before they are discarded. This is mainly due to 

storage size limitations. HNSCC recurrences can occur up to three years after treatment and the 

process of creating a larger storage facility has been started at our department. 
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MRI and patient comfort 

The transition from CT to MRI as the primary imaging modality for HNSCC patients may have 

some negative effects on the comfort of patients. To obtain the required sequences it is often 

necessary for the patient to remain stationary in the MRI scanner for more than 30 minutes. The 

acoustic noise generated inside the MRI scanner combined with the restricted mobility due to 

the mask and the narrow space of the MRI bore could create a feeling of anxiety in patients. In 

some cases claustrophobia can become such a problem that MRI acquisition becomes 

impossible. Additionally, the use of the head and neck mask limits measures for hearing 

protection to ear plugs as the headphones commonly used in MRI examinations to reduce noise 

are ineffective on a positioning mask. However, the headphones can still be used for 

communication and for music played to comfort the patient. Adequate precautions should be 

taken in order to avoid damage to hearing, especially when MRIs are more frequently acquired 

as noise induced hearing loss is cumulative. Individual synthetically molded earplugs might 

result in better shielding from the loud noises of the MRI. Furthermore, patient comfort should 

be increased wherever possible, distracting the patient with music or images shown on a 

monitor might help. More exotic solutions such as increasing the pleasantness of the MRI noises 

have also been suggested [13]. 

 

Part 3. Showcase of examples from our institute 

Described here is an example of how we systematically planned and implemented  

improvements inthe imaging protocol for HNSCC in order to obtain information about the 

patterns of failure both on an individual patient level as well as on a group level. 

 

Pattern-of-failure 

At the start of the project, patients suspected of a recurrence after radiation treatment were 

often examined with MRI in our center. This MRI exam was usually obtained on MR scanners at 

the radiology department and its main purpose was to provide diagnostic evidence confirming 

or rejecting a recurrence. However, the head and neck working group agreed that the MR exam 

could also provide information on the pattern-of-failure in patients with a recurrence. This 
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pattern could possibly be determined if the location of the recurrence could be directly 

compared to the initial dose delivered to that area. The information provided would allow the 

distinction between in-field, marginal and out-of-field recurrences. If recurrences were found to 

be mainly in high dose areas (in-field) this would suggest errors during patient set-up or 

inadequate delivery of dose to the target area, or it could imply  radioresistance of the tumor. 

Recurrences in low dose areas (out-of-field) could be caused by errors during delineation or by 

the presence of malignant cells not visible on the available imaging. Marginal recurrences might 

suggest too small CTV margins, or motion during treatment. Obtaining pattern-of-failure would 

be to the benefit of individual patients as it would provide arguments for or against re-

irradiation. Additionally the entire group of HNSCC patients could benefit as pattern-of-failure 

analysis might bring to light areas for treatment improvement based on the in-field/out-of-field 

ratio. In order to obtain the pattern-of-failure analysis it was decided an additional MRI had to 

be added to the HNSCC radiotherapy monitoring plan. For this we used the PDCA cycle 

described in part 1. 

 

 

1. Plan 

The objective of the additional MRI was clear: it had to provide the answer if a recurrence was 

in-field or out-of-field. It was decided that the routine MR exam for recurrence diagnosis should 

be acquired using the same patient set-up and image contrasts as performed as part of the 

treatment of the primary tumor.This would likely enhance comparability between examinations. 

Furthermore a plan was made to store the personal radiotherapy immobilization mask used 

during treatment of the primary tumor of each patient. If at any point after the treatment the 

patient would be suspected of a recurrence, the new MR exam could be performed with the 

patient in his or her original mask. This would ensuring minimal differences in patient 

positioning across the different exams. The mask could only be used if the images of the patient 

were obtained on the MRI scanners of the radiotherapy department as the MRI machines at the 

radiology department were not equipped for scanning patients in the radiotherapy treatment 

position. 
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At first the endpoint was set at proof of principle. If it was possible to determine the pattern-of-

failure for just one patient the objective of the first PDCA would have been reached. Steps would 

follow to determine robustness and completeness data. The time point for evaluating the 

project was set at one year after the storage of the first mask. 

2. Do 

The project started with many logistical problems to solve. First, a storage area and system for 

the masks had to be developed. Second, the MRIs acquired using the sequence used for 

radiotherapy planning  had to be reviewed by radiologists to ensure that it was suitable for 

diagnostic examination of HNSCC recurrences.  One of the more peculiar problems that was not 

completely anticipated came in the form of the electronic ordering system. Before, head and 

neck surgical oncologists would do a large part of the follow up of HNSCC patients. When they 

suspected a recurrence they would order an MRI at the radiology department via the electronic 

ordering system. What seemed like a simple change to the order – changing the location from 

radiology to radiotherapy – proved to be unusually difficult. After many changes to 

authorizations and scheduling protocols this problem was eventually solved. At the beginning 

2017 the first masks were stored for the purpose of reusing them should their the patient be 

suspected of a local recurrence. Within 1 year around 150 masks were stored and in total ten 

patients had received a MRI examinations in their original mask for a suspected recurrence of 

disease. 

3. Check 

For the ten patients the MR images were registered to the CT used for the dose calculations and 

made for the treatment of the primary tumor. A radiologist delineated the tumors of patients 

that had a recurrence proven by histopathological examination. This delineation was then placed 

on the original dose map and a qualification of in-field, marginalor out-of-field was given.  

As expected, the new protocol had not functioned perfectly. For example, some of the stored 

masks did not belong to HNSCC patients.  

4. Act 

During this step the head and neck workgroup was provided the images and delineations of the 

recurrences such as the one shown in figure 2 and 3 
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The first PDCA cycle had proven that the created workflow for HNSCC patients with the addition 

of the new MR scan could determine if recurrences were in-field, marginal or out-of-field. The 

changes were implemented and are now standard clinical practice in our center. In the next 

ongoing PDCA cycle one of its objectives is to improve the quality and amount of recurrence 

MR data collected. Further steps may change the protocol, for example by omitting the scanning 

in the original masks and applying a deformable registration of MRI to CT and by that to the 

radiation dose. In any case such a change should be carefully planned and only implemented if 

it demonstrably improves the monitoring process. 

 

 

Figure 2. MR image of a patient with an in-field recurrence. The MR image made at the time of 

the recurrence is shown with an overlay of the dose map made during the treatment of the 

primary tumor. Dark blue areas represent a cumulative dose of 1 Gy, dark red areas represent a 

cumulative dose of 70 Gy. The dark blue circle indicates the location of the recurrence. The 

entire volume of recurrence was positioned inside the high dose area of the initial treatment. 

This suggests that the recurrence is an in-field recurrence. 
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Figure 3. MR image of a patient with an in-field recurrence. The image is constructed similar to 

figure 2 but here the entire volume of recurrence was positioned outside the high dose area 

indicating an out-of-field recurrence. 

 

Discussion 

In the near future MR imaging of HNSCC patients treated with radiotherapy is expected to 

become more prevalent as a result of the introduction of hybrid MRI-radiotherapy devices. MR 

images acquired before, during and after treatment can provide additional information, thereby 

possibly improving; diagnosis, outcome prediction, delineation, response assessment and 

recurrence detection.  However, efforts have to be made to ensure that additional MR scans or 

changes to MR imaging protocols are effective. Care should be taken that patients are not 

exposed to unnecessary scans. This article provides a framework that can be used to ensure such 

optimal use of MRI in the head and neck radiotherapy setting. It shows that using a simple 

model, changes to the monitoring protocol can be planned and evaluated. Using the PDCA cycle 

improvements can be safeguarded changes without effect can be discarded. 

 

 

 

 

.  
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Chapter 10 

 

Summary and Discussion 

Summary 

This thesis shows that before, during and after radiotherapy medical imaging can aid the 

treatment of HNSCC patients. This appears to be particularly true for MR imaging. It also shows 

that imaging has to be applied correctly in order to be effective.  

In part one the role of imaging prior to the start of treatment is discussed. The role of FDG PET-

CT for the detection of metastatic lymph nodes is examined in chapter 2. Metastatic lymph 

nodes are routinely diagnosed using cytology acquired by USgFNAC. However, in patients that 

already received a PET-CT, for example to detect distant metastases, some information on the 

status of the lymph nodes is already available. Lymph nodes with a SUVmax value of lower than 

2.2 never had detectable tumor cells in the cytology, while lymph nodes larger than 1 cm with a 

SUVmax higher than 4.9 were almost always positive. By using the information freely available 

from the PET-CT around half of all lymph nodes could be spared a unnecessary USgFNAC 

examination.  

In chapter 3 the power of DW-MRI in the delineation process is examined. Although the 

conformity of the delineations was good, indicating that DW-MRI could be helpful during the 

pretreatment delineation phase, we also saw clear instances with a different interpretation of the 

images. This chapter also demonstrates the usefulness of a semi-automatic delineation process 

on PET. 

Chapter 4 introduces ADC as a quantitative measurement. Although previous research 

suggested that ADC measured before treatment could be a prognostic factor for local 

recurrence, we could not confirm this. Moreover, a more easily obtainable disease characteristic, 

the TNM stage, is significantly more powerful as a prognostic factor than pretreatment ADC.  

Part two starts by looking into ADC and in particular the change in ADC as it is measured during 

treatment. A prospective trial (the PREDICT trial) is described in chapter 5. PREDICT has the 

primary aim of predicting treatment outcome of HNSCC patients using the change in ADC 
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induced by the radiation therapy. Ideally this could lead to patient selection based on this 

change in ADC. Patients with a change in ADC indicating an inadequate response to the initiated 

radiotherapy would then receive intensified treatment or be switched to surgery. Conversely, 

patients with a good response would continue on the same or even less intensive radiotherapy 

course. Chapter 6 illustrates a potential issue with MRI tumor identification and delineation 

during treatment. The change in the appearance of tumors on T2 weighted imaging hinders 

delineation and consequently reduces interobserver agreement. The most effective way to 

address this issue is probably to create clear and easy to follow guidelines on the delineation of 

tumors during treatment. 

In the last part of this thesis, part 3, imaging in the posttreatment phase is presented. Chapter 7 

discusses a prospective comparative study of MRI with diffusion weighted sequences and PET-

CT, the RETURNED study. Both are used to detect local recurrence. The diagnosis of recurrent 

HNSCC is significantly more challenging than the diagnosis of primary disease. This is due to the 

difficulty of differentiating between post treatment effects and recurrent tumor. In the study, 

MRI and PET-CT were both able to detect recurrences with an accuracy of around 70%. However, 

MRI showed a higher specificity but a lower sensitivity than PET-CT. Unfortunately, by adding 

the two modalities together the accuracy of detection did not improve much. Therefore we 

advocate that PET-CT, already routinely used for recurrence detection, should remain the 

modality of choice if there is clinical suspicion of recurrent tumor.  

A reason for the lack of accuracy of the MRI with diffusion weighted images is sought in chapter 

8. Here ten radiologist tried to determine if the MRI images of ten RETURNED patients showed a 

local recurrence or local control. The interobserver agreement was moderate. The results 

furthermore showed that there were easy cases where all ten observers were in agreement, and 

that there were difficult cases where agreement was low. Other studies reported also a similar 

interobserver agreement for PET-CT and also the presence of easy and difficult cases. Perhaps 

that MRI examinations performed at regular intervals could improve the detection of recurrent 

MRI, however this was not examined in this thesis. 

Finally, chapter 9 describes a framework for implementing MRI in the radiotherapy process. This 

is relevant as innovations in the field resulted in hybrid radiotherapy and MRI devices that are 
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currently being introduced to the clinic. It provides answers to questions a radiation oncologist 

or clinical physicist might have when introducing MRI for HNSCC radiotherapy treatment in their 

institutions. 
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Discussion 

Imaging of head and neck cancer patients 

How can you treat something that you can not see? A clearly visible tumor is essential for 

precise targeting. The use of MRI and CT and treatment techniques such as IMRT and VMAT 

have made precise targeting and accurate dose delivery possible in the modern day 

radiotherapy treatment of HNSCC patients [1–3]. As a result, patient positioning became more 

important. Any inter- or intrafraction changes to the positioning would potentially influence 

treatment effectiveness. By changing position the tumor may be, in essence, partially moving in 

and out of the high dose field. Margins added to the dose field, fixation techniques and imaging 

by cone beam CT are currently being used as solutions to positioning errors [4]. But what if the 

shape and size of the tumor is changing? Usually, a HNSCC patient will be treated with a 

fractionated radiotherapy scheme, spread out over several weeks [5,6]. The effects of the 

treatment on the tumor are visible from early on [7]. Moreover, the treatment could not only 

affect the tumor but the internal anatomy of the area as well. In patients with HNSCC healthy 

tissue and organs at risk are often in close proximity to the tumor. Organs at risk that are 

pushed to the side due to tumor growth or edema can start to return to their original position 

when the treatment starts to affect the tumor. In the case of a shrinking oropharyngeal tumor a 

salivary gland, normally meticulously shielded from too many radiation due to its damaging 

effect, may change position and start to receive high doses of radiation (Figure 1). Anatomy 

changes could even result in the tumor dropping out of the high dose area potentially receiving 

substandard treatment. 
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Figure 1. MR images of a patient with a T2N3M0 HPV positive oropharyngeal carcinoma.  

A: T2 weighted image acquired prior to the start of treatment. The large metastatic lymph node 

on the right side of the patient (green outline) pushes the submandibular salivary gland (blue 

outline) anteriorly. B: T2 weighted images after 4 weeks of chemoradiotherapy treatment. The 

lymph node has recessed as a reaction to the treatment and the salivary gland now shifted back 

to its original position. If the metastatic lymph node was planned to receive a high dose the 

salivary gland would have moved into that high dose area. 

 

For HNSCC the current standard of care calls for a single treatment plan. This plan is based on 

the pretreatment imaging of the tumor and is only rarely adapted during treatment to account 

for changes in the internal anatomy. In any case, these changes are hard to detect as they are 

often not visible through physical examination or on the low contrast cone beam CT.  

However, this all might soon change as weekly or even daily internal anatomy visualization and 

verification of the tumor position can be realized by the MR-Linac. Developed in Utrecht and in 

clinical use since 2017, the MR-Linac is a hybrid radiotherapy and MRI device that allows for 

simultaneous MR imaging and irradiation of the tumor [8,9]. Its ability to conveniently and 

accurately visualize the tumor during treatment can prove to be the key to even more precise 

targeting allowing higher dose to the tumor and reducing dose to the surrounding healthy 

tissues. Furthermore, by performing MRI examinations at a regular interval, a wealth of 

information regarding individual patients can be acquired. Not only changes in tumor size and 

shape can be tracked but also the way the therapy affects functional parameters such as 
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diffusion can be examined [10–12]. Additionally, the results of individual HNSCC patients can be 

pooled and because potentially every HNSCC patient with an indication for radiotherapy can be 

treated on an MR-Linac this can result in an extensive amount of MR imaging data becoming 

available for analysis [13] . The MR-Linac and its use in acquiring MR scans before, during and 

after radiotherapy touches on many themes discussed in this thesis. The delineation process and 

prognosis formation, discussed in part 1 and 2, may change due to the introduction of the MR-

Linac and the additional scans regularly acquired during therapy may even change the way 

recurrences are diagnosed, as discussed in part 3. Ideally, some results presented in this thesis 

are soon eclipsed by the sheer amount of data and new insights obtained using the MR-Linac. 

However, for this to happen, several subjects of this thesis have to be taken into account. Most 

notably, the way tumor changes (both anatomically and functionally) and the interobserver 

agreement of observers while delineating tumors are measured. 

 

Measurements of volume and ADC 

As long as we are unable to detect all individual tumor cells on a MR image, measuring the 

volume of a tumor will always be an approximation [14]. In order to get this approximation as 

close to reality as possible we have to make subjective choices. First, a decision has to be made 

about the MR sequence that is used for the approximation. Does a contrast enhanced T1 image 

show the true tumor extent? Or is a T2 weighted image more suited for this purpose? This can 

further be influenced by the characteristics of the MRI device used such as the field strength, 

availability of imaging techniques in the software, hardware dedicated to radiotherapy and 

vendor. Secondly we have to take into account that for head and neck tumors especially 

geometric distortions can occur. The specific layout of the head and neck area with many air 

filled cavities in close proximity to soft tissue and dense bone structures give rise to magnetic 

field inhomogeneities. The inhomogeneities in turn cause the geometric distortions [15–17]. 

Furthermore, imaging artifacts, caused for example by dental fillings, can occur[18]. Both 

geometric distortions and artifacts can interfere with determining the tumor volume. Finally, 

someone has to determine the extent of the tumor while recognizing the limitations of the 

generated image and dealing with any distortions or artifacts. Each choice made previously, will 
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affect the interpretation of the images. This interpretation will differ from person to person even 

if they are similarly trained and can even differ for the same observer on different days [19]. This 

inter- and  intraobserver variation leads to different approximations of the tumor volume. A 

computer algorithm might alleviate some of the day-to-day and person-to-person variations, 

but who will train the computer in learning what is tumor and what is not? Without a true 

measurement of tumor volume the computer will be no better at determining tumor volumes 

than the humans training him. Clearly a ground truth is needed. Work has been done on 

obtaining such a ground truth by examining surgical specimens on a microscopic level and 

comparing this to MR images [14,20]. Although new insights have been obtained through this 

research, many more comparisons have to be made before inter- and intraobserver variability 

can largely be eliminated.  

Accurately measuring ADC is even more difficult than measuring volume. ADC is determined by 

diffusion weighted imaging using multiple sequences with different b-values. Changing the 

number or characteristics of the b-values may result in different ADC values. Even if the b-values 

are kept the same, different implementation of the diffusion weighted imaging and different 

models for calculating ADC exist, each with different end results [21]. Furthermore, diffusion 

weighted imaging can be highly susceptible to geometric distortions, depending on the 

technique used [22]. All these factors influence the measurement by a substantial amount, but 

there is an attribute of DW-MRI that makes determining ADC even more difficult than 

measuring volume. A person responsible for determining the volume of a tumor on MRI will do 

so by trying to find all the boundaries between tumor and healthy tissue. These boundaries are 

subject to his or her interpretation but once they are established, anything within the 

boundaries is considered tumor and the volume can be calculated. This does not work for 

determining ADC. ADC is different to volume in the sense that it is a numerical property of each 

voxel of the MRI. When measuring ADC the goal is to find this numerical value for all the voxels 

in the tumor. For this the boundary between the tumor and the surrounding tissue again has to 

be determined. Therein lies the problem: If the ADC map is used to determine boundary than 

ADC forms both the selection variable as well as the outcome variable! It is similar to trying to 

determine the maximum age of all the children in a room full of people of all ages by first 
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establishing that everyone above 12 years old is an adult and then concluding that the 

maximum age children can be is 12 years old. See figure 2 for an example of this using DW-MRI. 

There are several ways to alleviate this problem, some of them are used in this thesis (see 

chapter 3 and 4) but they too only provide approximations of the tumor boundary. In any case, 

it is more important to acknowledge that for measuring ADC another choice, the choice of how 

to establish the tumor boundary, has to be made. As stated earlier, each choice affects the 

interpretation of a scan and as a result contributes to inter- and intraobserver variation. 

 

Figure 2. MR images of a patient with a T4aN3M0 hypopharyngeal carcinoma. A and B both 

represent ADC values but they differ in cutoff values. Every voxel in A with an ADC value of 1.6 x 

10-3 mm2/s or higher is white, voxels with a lower value are black. For B this cutoff value is 1.2 x 
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10-3 mm2/s. The red outline is the interpretation of the tumor border using ADC image A. By 

comparing both maps it is clearly visible how two different interpretations of the tumor extent 

affect the outline. An observer would probably draw a much smaller red outline on image B than 

on image A. This would result in a different mean ADC value of the tumor. For comparison, 

image C and image D are the T2 weighted image and an ADC map with conventional 

window/level settings. 

 

 

Volume and ADC as a prognostic markers: pretreatment vs. intratreatment 

The inter- and intraobserver variation in determining ADC is perfectly illustrated by the research 

into the prognostic value of ADC in HNSCC patients, measured before treatment commences 

[11,23–28]. This is discussed in chapter 4 of this thesis. Not only are there conflicting results with 

studies reporting that pretreatment ADC can predict the outcome of radiotherapy and studies 

reporting that pretreatment ADC can not predict outcome, but the measured values of ADC vary 

wildly as well. Different choices in measuring ADC will undoubtedly have influenced the 

differences in reported ADC values.  

There is another, seemingly unrelated, reason why ADC measured before treatment is not suited 

as a prognostic marker. Pretreatment ADC tells you nothing about the reaction of the tumor 

cells of individual patients to radiotherapy. This is probably true for almost all functional imaging 

parameters and to some extent even for the volume of tumors. For one patient a large tumor 

with a high cell density measured by ADC may disappear rapidly when treated with radiotherapy 

while another patient with seemingly similar tumor characteristics may prove to have a tumor 

that is unresponsive to the treatment. It is conceivable that patients like the first one will have a 

better outcome of treatment than patients with tumor behaving as the second one.  It sounds 

almost too simple, but seeing how a tumor responds to radiotherapy will probably tell you more 

about the effect of the treatment than trying to predict it in advance. 

The relation between variability in volume and ADC measurements and the inability of 

pretreatment parameters to predict a treatment effect is that they both may greatly benefit from 

imaging during the course of treatment. First, by measuring the ADC of an individual patient 

prior to treatment and then again during treatment a lot of the variability is reduced: the same 

sequences can be acquired, distortions and artifacts will be quite similar and for ADC the same 
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method to calculate ADC can be used. Secondly, by comparing tumor characteristics like ADC 

and volume before treatment with the same characteristics during treatment a fractional change 

can be determined (∆ADC) [29]. Again, it is probably more informative to know that the tumor 

has shrunk 20% during treatment and ADC has risen by 50% than it is to know that the tumor 

was 20 cm3
 and had a mean ADC of 0.97 x 10-3 mm2/s prior to treatment. 

Of course, the MR-Linac could play an important role here. The many MR images obtained 

during the treatment of HNSCC patients can possibly serve as adequate predictors of treatment 

outcome. For example: patients with shrinking tumors might be responding well to the therapy 

and would not require intervention whereas patients with tumors with an unchanged or even 

higher volume would require reassessment. This could entail an intensification of the treatment 

by delivering more dose to the tumor or even a change of treatment modality, switching to 

surgery without completing the ineffective radiotherapy  course [30]. 

Consequently if we have measured the volume and functional parameters such as ADC prior to 

treatment we only need to determine the volume and ADC during treatment. But for this to 

work, both the values should be equally reliable approximations of the real truth. It wouldn’t 

make much sense to compare both values if one of them could not be reliably measured.  Are 

we sure that we can measure volume and ADC with the same certainty during treatment as we 

did before treatment? 

 

Tumor identification and interobserver agreement during radiotherapy 

As shown in chapter 6 of this thesis, delineation of HNSCC becomes more difficult as treatment 

progresses. During the radiotherapy course the contrast between tumor and normal tissue 

generally starts to disappear as tumors start to shrink and surrounding normal tissue changes in 

appearance most likely due to inflammation and formation of edema [31]. As can be expected, 

the more a tumor responds to the radiotherapy, the more difficult it becomes to differentiate 

between remaining malignant areas and non malignant tissue. The effect is most pronounced in 

HPV positive  oropharyngeal tumors as they tend to respond well to radiotherapy [32]. Already 

around the third week of treatment HPV positive tumors can be nearly indistinguishable from 

surrounding tissue. This poses a problem, if tumors become less visible different observers start 
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to disagree about the boundaries. If interobserver agreement is reduced the tumor 

characteristics such as volume and ADC can not reliably be determined. Without reliably 

determination of the size or functionality of the tumor during treatment, we can not compare it 

to the situation prior to treatment and we lose the ability to reliably gauge the response to 

radiotherapy.  

Accurate tumor delineation is not only important for volume and ADC measurements, it is also 

paramount for plan adaptations. Without a clearly visible tumor during treatment there can be 

no accurate targeting of the high dose area. As plan adaptation is one of the future promises of 

the MR-Linac this problem has to be overcome before it becomes a standard part of the 

radiotherapy treatment of HNSCC. One of the ways to do this is trough additional training of 

radiation oncologists . MR imaging during the treatment course is still rare and not a lot of 

experience has been gained in viewing and interpreting these images yet. The reduced 

interobserver agreement may be the result of a lack of guidelines for delineation tumors during 

treatment [33]. Simple rules such as: do not delineate outside the pretreatment GTV or when in 

doubt stick to the original GTV may be able to greatly reduce interobserver agreement. It is 

important to note that these guidelines can increase the precision of delineations but not the 

accuracy. In order to increase the accuracy of intratreatment delineations they should be 

compared to a reference standard, preferably histopathological examination. In radiotherapy for 

HNSCC it is arguably better for radiation oncologists to be a bit wrong but in high agreement 

than to have high disagreement with some being right and others being wrong. In the first case 

the lack of accuracy can be analyzed by studying recurrence patterns and adjusted for 

accordingly, in the second case there is hardly any way to tell who is wrong an who is right and 

therefore no adjustment is possible. 

Eventually, it is here that automation may prove to be most valuable[34]. An algorithm can be 

trained to always adhere to the same rules when delineation tumors. Furthermore, the large 

amount of MR imaging data soon to be acquired by many MR-Linac machines will allow for 

huge training sets for these algorithms to study. The problem remains that there will be no 

reference standard to correct the algorithm. But maybe the persistence of this problem can be 

assuaged by the quantitative nature of DW-MRI, using so called functional diffusion maps. 



184 

 

Functional diffusion maps and dose painting  

A functional diffusion map takes the best of regular MR imaging and does away with one of the 

disadvantages. It keeps the reduction in ADC variability by using DW-MR images obtained prior 

to the start of treatment and DW-MR images obtained during treatment [35,36]. To reiterate: 

this provides a more stable and patient specific ∆ADC instead of a single ADC value. It does not 

however require a observer or algorithm to determine the boundary between normal tissue and 

tumor. This is because a functional diffusion map determines the ∆ADC of each voxel within a 

volume of interest, groups them and assigns a color accordingly. For example, the volume of 

interest can be the original GTV and the voxels can be grouped by highly negative ∆ADC (blue), 

a ∆ADC of around zero indicating no change (green) and by highly positive ∆ADC (red). This can 

be done for several different time points as is shown in figure 3. The generated image shows the 

local change in ADC of the tumor as a reaction to the radiotherapy. As ADC can be a surrogate 

marker for cellular density areas of increasing and decrease cell density can be visualized. This 

can prove to be invaluable to individual patient outcome prediction. For example the tumor of a 

patient may show a large rise in median ADC suggesting a reduction in cellular density and 

consequently a adequate treatment of the tumor. However, the functional diffusion map may 

show a small but significant area within the GTV that shows no increase in ADC or even a 

decrease in ADC. This could potentially be a small part of the original tumor that is resistant to 

the radiation treatment. If research proves that patients with this area with no increase of ADC 

are more likely to have local recurrences after treatment it would mean that a functional 

diffusion map can be a powerful new predictive tool.  
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Figure 3. Functional diffusion map of a patient with a T3N2M0 oropharyngeal carcinoma. For all 

the voxels contained in the GTV mask (lower left image) the pretreatment ADC value is 

determined. For the scans acquired in week 2 and 3 of the radiotherapy treatment the ADC of 

the voxels is determined again. Voxels showing an increase in ADC indicating a decrease in cell 

density are colored red. Conversely voxels showing a decrease in ADC indicating an increase in 

cell density are colored blue. Voxels without a significant ADC change are colored green. 

 

From this follows a logical next step. If the small part with no increase of ADC is somehow more 

radioresistant, would it respond better if a higher dose was applied to that area? And conversely, 
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would areas that show a early sharp decrease in ADC be receiving too much radiation? Can a 

lower dose in this area still destroy the tumor cells while sparing more of the normal tissue? This 

process is called dose painting [37]. Clinical evidence for the effectiveness of dose painting for 

HNSCC tumors does not yet exist. However with adequate research using the MR-Linac data it 

may in the future be possible to assign probabilities to a voxel that tell us how likely it is to be a 

voxel containing tumor cells and its likelihood to be radioresistant. In these cases we can start to 

change treatment schemes: increasing dose on radioresistant tumor areas and decreasing dose 

on areas that are less likely to contain tumor cells. This so called dose-painting by numbers may 

result in less recurring disease and less toxicity from the radiotherapy treatment. This reduction 

of dose to certain parts of the tumor may be considered dangerous as it can potentially result in 

under treatment of tumors but as long as there is sufficient equipoise medical trials on the 

subject can be justified. For without thorough research of HNSCC treatments we will never 

improve the outcome of individual patients and concerning recurrent disease and treatment 

toxicity HNSCC patients deserve less of both.  

 

Patient comfort 

A comment has to be made with regard to imaging and patient comfort. Undergoing imaging 

and especially MRI scans can be quite an uncomfortable experience for some patients. Not only 

do MRI examinations take a substantial amount of time, with average examinations taking 

around 30 minutes, but the unnatural space and restricted movement can induce feelings of 

anxiety in patients. One study even found that around 14% of adult patients in a large tertiary 

center in the United States required some form of oral sedation, intravenous sedation or general 

anesthesia in order to endure their MRI scan [38]. Anxiety is not only bad for the patient but bad 

for the imaging as well. Anxious patients often start to move in the MRI greatly affecting the 

quality of the resulting images. For HNSCC patients treated with radiotherapy the percentage of 

anxious patients could be even higher than reported. In order for the MR images to correspond 

to the treatment plan HNSCC patients are imaged in a radiotherapy immobilization mask. This 

mask restricts and movement of the head, neck and shoulders. The patient is then positioned 

with their head in the center of the MRI bore for optimal acquisition. However this position 
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restricts any view of the outside world. Take into consideration that some patient have a tumor 

that is obstructing the normal flow of air and therefore already have difficulty with breathing,  it 

easy to imagine that some patients consider MRI examinations to be particularly unpleasant. 

Additionally the radiotherapy mask interferes with the use of a headphone which can normally 

be used to play music through in order to provide some form of distraction from this patients. 

Without this headphone only in ear plugs protect the HSNCC patient from the loud noises 

produced by the MRI machine due to the changing magnetic fields. This might not be a 

problem in the current practice, where most patient receive a MRI prior to treatment and maybe 

two or three more in the following weeks. But with the introduction of the MR-Linac patients 

could be exposed to the loud noises and experience anxiety for the MRI on a daily basis. It is 

therefore clear that in order for daily MRI acquisition to become a reality, something has to be 

done about patient comfort. Adequate protection of hearing can possibly be achieved by 

changing the in ear protection. Or perhaps the design of the radiotherapy mask can be changed 

in such a way that it allows over ear headphones, restoring the ability for patients to listen to 

music as well. Furthermore, steps should be taken to reduce anxiety. For example mirrors may 

allow patients to look out of the MRI device, ideally a television can be positioned in such a way 

that patients can catch up to their favorite television shows while being treated and scanned on 

the MR-Linac. 

 

Conclusion and future perspective 

In conclusion, medical imaging is of paramount importance for the current treatment of HNSCC 

with radiotherapy. It plays a role during diagnosis, staging, prognosis, tumor delineation, 

response prediction and assessment and in recurrence detection. In the near future imaging and 

especially MRI will become even more important thanks to the introduction of hybrid 

radiotherapy and MRI devices such as the MR-Linac. The stream of new information obtained by 

regular intratreatment MRI acquisition will undoubtedly  result in improvements to the 

radiotherapy treatment of HNSCC patients. However, thought should be given to the 

idiosyncrasies of obtaining imaging of tumor at different stages of treatment. Actively treated 

tumor may be more difficult to detect and interobserver agreement for the delineation of these 
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tumors may be low. Additionally regular MR imaging may compromise patient comfort to an 

unacceptable level, with in the worst case patients abandoning treatment due to fear for the 

MRI machine. However, if these issues are addressed imaging could very well considerably 

improve patient outcomes. 
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