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Summary

Detection of lymph node involvement has a significant negative impact on the treatment outcome for pa-
tients with head and neck squamous-cell carcinomas (SCC). Metastatic lymph nodes can be detected
with high sensitivity by 18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET). How-
ever, 18F-FDG uptake is not only increased in metastasis. For example, inflammation in irradiated
regions have increased 18F-FDG uptake obscuring possible residual tumour. Additional imaging might
improve the specificity of the 18F-FDG PET images.

Magnetic resonance imaging (MRI) is currently used in head and neck imaging to provide anatomical
reference for the 18F-FDG PET. However, early detection of metastatic lymph nodes based on anatom-
ical MRI is difficult. Physiological MRI uses sequences that allow for the measurement of physiological
processes within a tissue. Changes of these physiological processes within lymph nodes might indi-
cate a metastasis. Two types of physiological MRI were of interest for this study, diffusion weighted
imaging-intravoxel incoherent motion (DWI-IVIM) and dynamic contrast enhanced (DCE)-MRI. Quan-
tified data from these physiological MRI acquisition might provided added predictive value in head and
neck PET/MR for the detection of metastatic SCCs lymph nodes.

Optimisation of the physiological MRI sequences was required since the DWI-IVIM and DCE-MRI were
not previously preformed for head and neck on the PET/MR system at the Erasmus Medical Centre.
Based on the profiles from the Quantitative Imaging Biomarkers Alliance the DWI-IVIM and DCE-MRI
sequences have been optimised. The final DWI-IVIM and DCE-MRI sequence parameters were an
optimal balance for sufficient image signal of lymph nodes and practical scan time for the study.

For the prospective study, subjects were included between September and December 2022 scheduled
for a standard diagnostic PET/MR exam of the head and neck region with (suspected) SCC. The DWI-
IVIM and DCE-MRI sequences were additionally acquired during the standard diagnostic PET/MR.
Lymph nodes identified by an experienced radiologist or nuclear medicine physician were included
for processing and analysis. Metastatic lymph nodes were determined based on the pathology re-
sults. Each included lymph was described non-suspect, suspect or pathological based on the standard
PET/MR images.

Masks of only the lymph node region of interests were used for processing of the DWI-IVIM and DCE-
MRI images. From the DWI-IVIM model diffusion 𝐷 and pseudodiffusion 𝐷∗ were calculated. Quanti-
tative permeability parameters for DCE-MRI were modelled with the extended Tofts pharmacokinetic
model. The outcome measures included permeability 𝐾𝑡𝑟𝑎𝑛𝑠, 𝐾𝑒𝑝 and volume fraction 𝑉𝑝. Descriptive
parameters were calculated for each lymph node from each quantitative parameter map.

In total 14 subjects were scanned with the additional physiological MRI sequences, of which ten were
included with 41 analysed lymph nodes. Pathology was acquired for 13 lymph nodes, three malignant
and ten non-malignant. Significant differences were found between the malignant and non-malignant
lymph nodes for quantitative parameters of DWI-IVIM 𝐷, DWI-IVIM 𝐷∗, 18F-FDG 𝑆𝑈𝑉, DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠
and DCE-MRI 𝐾𝑒𝑝. Furthermore, six of the ten non-malignant lymph nodes were suspected based on
the standard PET/MR images.

The physiological MRI showed multiple quantitative parameters correlating to malignancy. Moreover,
the relatively high number of suspected non-malignant lymph nodes depicts the potential specificity
improvement physiological MRI can provide for head and neck PET/MR imaging. However, a larger
database of analysed lymph nodes is required to determine more concrete correlations.
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1
Introduction

Approximately 900.000 new cases and 450.000 deaths are described annually worldwide for head and
neck cancers (HNCs) [1]. Four percent of all new cancer cases in Europe are HNC [2]. Treatment of a
head or neck squamous-cell carcinoma (SCC) at an early stage by surgery, radiotherapy or both has
a high curement rate. However, only 30% to 40% of patients present with an early stage I or II cancer
[3]. Late stage III or IV tumours are associated with lymph node involvement or distant metastasis
negatively impacting the prognosis. Lymph node metastasis significantly increase chances of recur-
rence. Whereas, distant metastasis lower the 5-year overall survival of SCCs to <50% [4]. Lymph node
metastases are described as one of the main prognostic factors for head and neck tumour progression,
especially after dissection of the tumour [5]. Therefore, accurate identification of possible metastatic
lymph nodes is of high importance to determine the tumour stage and treatment planning.

Several techniques are available for detection of metastatic lymph nodes. These include imaging,
cytology, biopsy, and dissection. The first step in the diagnostic work-up to determine the extent of
HNC is often 18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET) imaging. A high
sensitivity is achieved by PET 18F-FDG imaging for metastatic lymph node detection [6, 7]. However,
false-positive metastatic lymph nodes occur relatively often. Not all lymph nodes with an increased
18F-FDG uptake are metastatic. For example, inflammation can cause an increase in 18F-FDG uptake
not related to tumour cells [8]. To increase the specificity of 18F-FDG PET imaging, additional com-
puted tomography (CT), magnetic resonance imaging (MRI), ultrasound guided fine needle aspiration
cytology (FNAC), neck dissection or sentinel lymph node biopsy (SLNB) can be performed on the PET
18F-FDG suspected nodes.

SLNB is recently verified for clinical use in HNC [9, 10]. SLNB assumes a predictable drainage of
tumour cells through the lymphatic system. Thus, when no tumour cells are found in the sentinel node,
the HNC has probably not yet spread from its primary location. The lymph node metastasis status
could be determined with the sentinel node in >95% of cases [11, 12]. Overall, a sensitivity of 82,7 %
and specificity of 98,1 % has been found for detection of metastatic sentinel lymph nodes using SLNB
[13]. Neck dissection (elective) is not performed for diagnosis of HNC, it is a HNC treatment. However,
pathology is performed on the dissected tissue for verification. If lymph node metastasis have been
found or a high suspicion exists for local infiltration of the tumour exists, neck dissection of unilateral or
bilateral lymph node levels can be performed. Lymph nodes are dissected by neck level as depicted
in Figure 1.1a. Pathology of the dissected lymph nodes will determine the presence of tumour in the
nodes and possible unclean excisions of the tumour or lymph nodes. Incorrect conclusions of the lymph
nodes status by pathology for HNC are made in approximately 2-3% of cases [14].

A less invasive method to determine the status of suspected nodes is FNAC. The sensitivity and speci-
ficity of FNAC for detection of metastatic lymph nodes has been found to be 94,2 % and 96,9% before
treatment and reduces to 69,1 % and 84,2 % respectively for recurrent or persistent metastatic regional
head and neck cancers [17, 18]. Thus, the combination of imaging and cytology, biopsy or dissection
provides a relatively high diagnostic accuracy in detecting the presence and number of lymph node
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2 1. Introduction

(a) (b)

Figure 1.1. Anatomical categorisations in head and neck cancers. (a) Anatomical grouping
of lymph nodes in the neck by levels: Level I, submental and submandibular group; Level II,
upper jugular group; Level III, middle jugular group; Level IV, lower jugular group; Level V,
posterior triangle group; Level VI, anterior compartment. Adapted from: Deschler Daniel G,
Moore Michael G, and Smith Richard V [15](b) Anatomy of the head and neck. Adapted from:
Overview of the diagnosis and staging of head and neck cancer (2022). UpToDate ®[16].

metastasis. However, they are invasive methods and cytology and biopsy have the associated risk of
seeding the punctured tumour tissue [19]. Furthermore, accuracy significantly decreases for recurring
tumours.

Additional imaging can provide a non-invasive alternative to FNAC or SLNB, improving the specificity in
metastatic lymph node detection of the PET 18F-FDG. Fused PET with CT imaging is commonly used
to aid the detection of metastatic lymph nodes. The CT imaging provides anatomical information and
localisation of the regions with high 18F-FDG uptake. Basic characteristics of the lymph node can be
described by the CT [20]. However, lymph nodesmainly reside in body fat and soft tissue regions. Thus,
limited contrast between a lymph node and its surroundings is provided by the CT. Anatomical MRI,
such as T1-weighted (T1w) or T2-weighted (T2w) imaging, have shown to provide a similar diagnostic
accuracy combined with PET as PET-CT in the detection of metastatic lymph nodes [21, 22, 23]. The
soft tissue contrast of the different MRI sequences provides sufficient contrast to visualise individual
lymph nodes within the head and neck region. Unfortunately, with the visualisation of lymph nodes,
early detection of metastasis is difficult. Enlarged size, rounded shape and the presence of necrosis are
clear indications of metastatic lymph node and are visible onMRI. However, these features only become
apparent at a much later stage of the metastatic development. Some metastatic lymph nodes do not
even show these features. Additional information of mainly small lymph nodes which are suspected for
metastasis based on the PET 18F-FDG would be beneficial.

The use of physiological MRI sequences may provide this missing information. Physiological MRI
sequences use techniques that allow for the measurement of physiological processes within a tissue.
Most physiological MRI sequences have an origin in brain imaging, but their use is spreading to other
disciplines. For HNC the application of physiological MRI is still limited. In HNC, diffusion weighted
imaging (DWI) and dynamic contrast enhanced-MRI (DCE-MRI) have been investigated most often.

The DWI acquisition standard used in clinical practice calculates an apparent diffusion coefficient (ADC)
which represents an approximation of the diffusion in the tissue. Other processes, such as the microcir-
culation of a tissue influence the ADC. DWI-Intravoxel incoherent motion (DWI-IVIM) tries to minimise
the effect of other processes, resulting in a diffusion measure which should better represent the actual
tissue diffusion. DCE-MRI is a dynamically acquired T1w imaging during contrast injection. From the
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contrast curve over time measured on the MR images various quantitative permeability parameters can
be calculated.

Detection of HNC using DWI(-IVIM) and DCE-MRI have been shown. [24, 21, 22, 25, 26, 27, 28,
29]. Distinctions between normal and malignant tissue could be made by multiple DWI-IVIM and DCE-
MRI quantitative parameters. Also, differentiation of malignancy from inflammation has been found to
be possible by both DWI-IVIM and DCE-MRI parameters, indicating a clear opportunity for possible
improvement in the detection of metastatic lymph nodes in addition to PET 18F-FDG [30, 31, 32, 33,
33].

Not all performed studies detecting metastatic lymph nodes in HNC patients have described the same
results. Multiple studies have found no correlations between DWI(-IVIM), DCE-MRI and HNC. Fur-
thermore, most studies have used relatively small study populations providing limited evidence. The
imaging for studies correlating 18F-FDG and physiological MRI to HNC were mainly acquired on a ded-
icated PET-CT and MRI scanner. Which required registration of the images to determine the combined
PET and MRI values. Accurate registration of the head and neck MRI and PET images is challenging
because of the non-rigidity of the neck. Integrated PET/MR imaging reduces the amount of motion
possible between PET and MRI acquisitions. Thereby, the amount of registration required is limited,
improving the fusion of the different acquisitions. Especially, for small lymph nodes, accurate fusion of
the images is essential to be able to accurately determine the quantitative parameters within the lymph
nodes.

Therefore, the purpose of this study was to determine the added predictive value of quantitative phys-
iological MRI in head and neck PET/MR for the detection of metastatic SCCs lymph nodes.



2
MRI optimisation

MRI provides a wide variety of options and parameters to alter the imaging sequence and improve the
output images. Inherent to the MRI is the non quantitative character of the signal intensities from a
certain tissue [34]. This is caused by multiple factors such as inhomogeneities in the magnetic field
or slight inaccuracies in the pulse sequence performance. Each MRI system provides slight variations
in imaging results of the same subject and even over time within one system. Therefore, sequence
parameters used at one MRI system will not produce identical output images on another system. Opti-
misation of anMRI sequence is required to achieve optimal results for a specific MRI sequence andMRI
system combination. The DWI-IVIM and DCE-MRI sequences used in this study, were not previously
preformed on the 3T Signa PET/MR system (GE Healthcare. Illinois, USA) at the Erasmus Medical
Centre. The purpose of the MRI optimisation was to tailor the DWI-IVIM and DCE-MRI sequences on
this system for head and neck lymph node imaging and ensure sufficient image quality for usability in
the patient study.

2.1. Methods
Optimisation was performed on the DWI-IVIM and DCE-MRI sequences. Those were the physiological
MRI sequences of interest in the patient study. The DWI-IVIM and DCE-MRI sequences needed to
be optimised for application in the head and neck region. Specifically, to provide optimal imaging of
lymph nodes within this region. Of course, extremely long and extensive protocols will provide the
best imaging results. However, when imaging patients a compromise needs to be found between
image quality and patient comfort. Often head and neck cancer patients already undergo multiple
lengthy imaging exams, such as the PET/MR imaging. Therefore, each minute spend imaging should
be defensible with a clinically relevant increase in imaging quality.

To achieve this balance, several main factors for optimisation have been selected. These included:
spatial and temporal resolution, repetition time (TR), echo time (TE), number of excitations (NEX),
overall scanning time, field-of-View (FOV), Signal-to-Noise Ratio (SNR), the number of artefacts in
the image and goodness of fit of the DWI and DCE-MRI parameters. For each MRI sequence specific
goals were defined for the factors based on the relatedQuantitative Imaging Biomarkers Alliance (QIBA)
profile or similarly performed imaging described in literature.

Multiple healthy volunteers were scanned on the PET/MR system to alter and improve the initial imaging
parameters of the DCE and DWI sequences. Before each scan session possible alterations of the
current MRI sequence were selected based on similar sequences found in literature and the ideal
parameter values as described above. After each scan session image quality of each alteration of
the sequence was determined and compared with the other alterations and earlier imaging. Further
iterations of the parameters were performed on the best performing sequence. The selection of the
final set of parameters was done considering all imaging quality measures and the specific goal of
imaging lymph nodes.

Considerations of scan parameters that were optimised for the DCE-MRI and DWI-IVIM sequences are

4



2.1. Methods 5

described in the next paragraphs.

2.1.1. DWI-IVIM
DWI-IVIM is a bi-exponential decay quantification method of DWI. For the calculation of the ADC a
DWI is acquired at two or three different diffusion gradient settings. By acquiring DWI at additional
diffusion gradient settings a finer model can calculated to differentiate actual tissue diffusion from mi-
crocirculation. The result is a diffusion parameter 𝐷 and a pseudodiffusion parameter 𝐷∗ representing
the microcirculation of the tissue. Additional details on the DWI-IVIM sequences can be found in Ap-
pendix A

DWI has been part of the head and neck diagnostic MRI protocol at the Erasmus MC in the past.
However, the DWI images were only limited consulted in the evaluation of head and neck tumours.
Therefore, DWI was at some point removed from the diagnostic scan protocol. In recent work of N.
Sijtsema et al.[cite] DWI-IVIM in the head and neck region has been tested. This study sought to find
the optimal b-values for measuring IVIM in the head and neck region. The results from this study formed
the bases for optimisation of the DWI-IVIM sequence on the PET-MRI system.

Optimisation of DWI-IVIM was focused on the following scan parameters: slice thickness, TR, TE,
NEX, FOV and scan time (see Table 2.1). The parameter values were based on the QIBA DWI profile
of the brain [35], since no specific head and neck profile has been determined. Therefore, additional
considerations have been made to specify the parameter settings for the research purpose of imaging
head and neck lymph nodes.

Slice thickness
Currently in clinical practice, prediction of metastatic involvement in lymph nodes is mainly based on
lymph node size. Measurement of the lymph node size can be done in multiple ways. The axial short-
axis diameter of the node is commonly used to determine lymph node size. A lymph node is suspect
with a diameter of ≥10 mm for neck lymph nodes or ≥5mm for retropharyngeal located lymph nodes
[36, 37, 38]. A slice thickness of 5-7 mm should provide enough resolution to image the enlarged
lymph node. However, smaller lymph nodes in the range of 5 mm will be partially covered by the voxel.
Thereby only limited voxels will contain exclusively lymph node data. Ideally a thickness of less than
5 mm would be beneficial to increase the amount of lymph node specific data points for both enlarged
and normal sized lymph nodes. SNR needs to be considered when increasing the acquired resolution.
The image should still provide sufficient signal from the lymph nodes instead of noise.

TR, TE and NEX
TR and TE were mainly determined by the capabilities of the PET/MR system and head-neck coil. A
long TR can improve the SNR. However, at a certain length the signal strength improvement is limited
compared to the additional time required for the acquisition. The PET/MR system provides internal
calibration for the TR which was used to determine a sufficient balance of image signal and scan time.
The TE was always the minimal time capable by the PET/MR system. A NEX of two is conventional.
Higher NEX reduces noise, while increasing scan time. Identical to the TR, the noise reduction is
evaluated compared to the scan time increase required, determining a sufficient compromise.

FOV
The lymph node levels in the head and neck region (see Figure 1.1a) describe lymph nodes between
the base of the skull at the jugular fossa superior until the clavicle. A FOV of 220-240mm should cover
all or most of these node levels [39]. Additional height can be used to fully include the nasal cavity in
larger subjects or lymph node stations subclavicular. Suspected lymph nodes can fall outside of the
FOV when a smaller FOV will be used. Enlarging the FOV might provide additional information but
is not required for answering the objective of this clinical study. Therefore, it will be an unnecessarily
increase of the scan time.

Scan time
An overall scan time of 4-6 minutes was selected to limit the amount of motion within the sequence
while providing adequate time to retrieve signal within the entire FOV. Longer scan times could provide
higher SNR but will not be implemented easily in clinical practice because of time constrains per patient.
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Quality evaluation
From the resulting DWI images, artefacts and the goodness of fit of the quantitative diffusion parameters
were determined and used for evaluation of the overall image quality. SNR was calculated according
to Equation 2.1[40].

𝑆𝑁𝑅 =
𝜇𝑠𝑖𝑔
𝜎𝑠𝑖𝑔

(2.1)

𝜇𝑠𝑖𝑔 = mean pixel value of parotid gland

𝜎𝑠𝑖𝑔 = background standard deviation

Artefacts present in DWI images often include, ghosting, eddy currents, insufficient fat suppression and
geometric distortions. The presence and severity of these artefacts were visually reviewed and graded.
Reduction in artefacts was determined by visual comparison of the image with imaging from previous
scan sessions. Geometric distortion of the image is a known issue with DWI. The single-shot spin-echo
echo-planar imaging (SE-EPI) acquisition sequence is used most often for DWI. The high sensitivity
of SE-EPI to sharp signal intensity transitions in the image causes the distortions. Distortions mainly
occur in the phase encoding direction of the image. Two methods to reduce the effect of geometric
distortion were available for testing:

Method 1. The GE Healthcare PET/MR system provides a build in distortion correction method based
on MRI gradient field nonlinearity to reduce distortion during image acquisition. Further details on the
method are undisclosed [41, 42].

Method 2. The Functional Magnetic Resonance Imaging of the Brain software library (FSL) offers
a method to estimate and correct susceptibility induced distortions. A pair of DW images has to be
acquired. One of the pair is a standard DWI. For the other, referred to as the pepolar image, the phase
encoding direction and thus the direction of distortion is reversed. The pair of the standard and pepolar
DW images are combined as described by Andersson, Skare, and Ashburner [43] to determine a single
corrected DW image using FSL [44].

Table 2.1. DWI-IVIM scan parameter targets [35].

Scan parameter Target Ideal
Slice thickness (mm) 5-7 <5
TR (ms) 3000-5000 >5000
TE (ms) minimum TE <60
NEX 2 >2
FOV (mm) 220-240 >220
Scan time (min) 4-6 <4

2.1.2. DCE-MRI
With a DCE-MRI acquisition, only semi-quantitative parameters can be determined. To obtain quantita-
tive parameters of permeability, 𝑇1 and 𝐵1 maps have to be included in the scan protocol as well. The 𝑇1
map provides a quantified 𝑇1 image. The 𝐵1 map captures the B-field inhomogeneities. A pharmacoki-
netic model was used to calculate tissue permeability described by multiple quantitative parameters.
The permeability from the plasma to the extravascular-extracellular space (EES) is described by𝐾𝑡𝑟𝑎𝑛𝑠.
𝐾𝑒𝑝 describes the permeability from the EES to the plasma. 𝑉𝑝 is a measure of the fraction of plasma
volume per voxel. Additional details on DCE-MRI can be found in the literature review available in the
Appendix A.

Fast dynamic imaging is essential to accurately capture the wash-in and wash-out of the contrast in
a tissue. Accurate and often measurements of the chance in contrast intensity of a tissue improve
the accuracy of the pharmacokinetic model. With the introduction of the differential sub-sampling with
Cartesian ordering (DISCO) method [45] for DCE-MRI, a faster method to perform the DCE-MRI acqui-
sitions became available for GE MR systems. Within the Erasmus MC the DISCO method has already
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been optimised for the application in the knee and hip region. This DCE-MRI sequence formed the
basis for further optimisation in the head and neck region for the current project.

The scan parameter targets were based on the QIBA DCE-MRI Quantification profile [46]. Slight varia-
tions in target and ideal scan parameter values exists because of differences between the used scanner
hardware. Literature studies performing DCE-MRI in the head and neck region were consulted when
specifying the scan parameters. Specific scan parameters for these sequences included the flip angles
and the temporal resolution and scan time of the dynamic imaging. Other scan parameters included
for optimisation were: slice thickness, FOV, scan time, NEX, TR and TE.

Slice thickness, TR, TE, NEX, FOV and scan time
The size and time constrains for the DWI-IVIM acquisition also apply for the DCE-MRI. Therefore,
the targets for slice thickness, TR, TE, NEX, FOV and scan time were determined identically to the
DWI-IVIM targets (see Table 2.2).

Flip angles
The flip angles for the 𝑇1 map and dynamic T1w images were determined based on the 𝑇1 relaxation
times of (metastatic) lymph nodes [47, 48]. For the 𝑇1 mapping at least five baseline images (phases)
should be acquired of each flip angle (FA).

Temporal resolution
Because of the relatively high perfusion rate of the neck a temporal resolution of five seconds or lower is
preferred to accurately capture the MRI contrast peak and arrival. A balance between temporal resolu-
tion and SNR should be found. Scan times of the dynamic imaging should be 4-6 min to image contrast
wash-out from the tissue. Preferably longer to increase the accuracy of the permeability measure of
the quantification model.

Quality evaluation
Artefacts for DCE-MRI includemotion artefacts, inflow effect and geometric distortions. Artefacts visible
in the images were determined by visual comparison between different scan parameter settings. The
risk of motion artefacts can be reduced by a higher temporal resolution. The inflow effect is an increase
of the signal in arteries caused by their blood flow. Arteries lined up with the slice selection direction will
have inflow of new blood from outside of the FOV after pulse excitation. This new non-excited blood
increases the measured return signal of the artery compared to arteries with only pulse excited blood.

Table 2.2. DCE-MRI scan parameter targets [46]

Scan parameter Target Ideal
Slice thickness (mm) 5.1-6 <5
FOV (mm) 220-240 >220
NEX 2 >2
TR (ms) 3-5 <3
TE (ms) 1.5-2.0 <1.5
Temporal Resolution (sec) 5-10 <5
Scan time (min) 4-6 >6

2.2. Results
Six volunteer scan sessions and one phantom scan were performed on the PET/MR system. The
resulting set of parameters for the DWI-IVIM is described in Table 2.3. The b-values used for the DWI-
IVIM acquisition were acquired interleaved similar as the method described by Sijtsema et al [cite]
and shown in Table 2.4. From the two methods of distortion correction described for DWI-IVIM, FSL
provided the best results. Therefore, the FSL method was selected to perform the geometric distortions
correction.

For the 𝑇1 map, a variable flip angle (VFA) acquisition was performed. This included three T1w acqui-
sitions with a flip angle of 2, 8 and 12 degrees (Table 2.5). Each acquisition consisted of six phases.
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Table 2.3. Acquisition parameter DWI-IVIM

Sequence TR TE Frequency Matrix Resolution NEX b-values Geometric
(ms) (ms) direction (mm3) correction

EPI 2500 71.1 R/L 128x128 2.2x2.2x4.0 2 15 FSL
pepolar-EPI 2500 71.1 R/L 128x128 2.2x2.2x4.0 2 1 FSL

Table 2.4. Interleaved b-values for DWI-IVIM

phase b-value phase b-value phase b-value
1 0 6 10 11 270
2 10 7 350 12 50
3 820 8 40 13 140
4 10 9 340 14 90
5 820 10 50 15 130

For the T1w acquisition of FA 12 the first 6 phases of the dynamic DISCO sequence was used. The
MRI contrast was injected 15 sec after start of the dynamic imaging to ensure no contrast was visible
in the first 6 phases of the acquisition. The dynamic DISCO sequence consisted of 91 phases with a
temporal resolution of 3.3 seconds resulting in a scan time of 5 minutes. Lymph nodes often reside
in fat, therefore the water only dynamic DISCO images (DISCO Flex) improved the delineation of the
lymph nodes.

Table 2.5. Acquisition parameter DCE MRI

Sequence TR TE FA Frequency Matrix Resolution Temporal Phases
(ms) (ms) (deg) direction (mm3) resolution (#)

(sec)
𝑇1 map 5.0 1.7 2/8 R/L 128x128 2.2x2.2x3.0 3.3 6
𝐵1 map 5.0 1.7 10 R/L 128x128 2.2x2.2x10.0 N/A 9
DISCO Flex 5.0 1.7 12 R/L 128x128 2.2x2.2x3.0 3.3 91

2.3. Discussion
The final scan parameters produced DWI-IVIM and DCE-MRI images of sufficient quality taking into
account the study considerations. The main limitation reducing the image quality was the overall time
available for the acquisition. For a practical implementation of the sequences in the daily practice, the
full set of acquisitions could not take longer than 15 minutes.

Still a significant amount of noise is present in the DWI-IVIM images. With 15 b-values, each individual
DW image at a specific b-value is relatively short. Higher b-values naturally have higher noise levels,
and therefore some additional scan time would have been beneficial for the SNR. The main limitation
of the DCE-MRI was the presence of artefacts caused by inflow effects. Changing the phase-encoding
direction would have reduced the artefacts. However, it would have significantly increased motion
artefacts and decreased overall image quality. Inflow effects reduce the accuracy of the arterial input
function (AIF) required as an input for the pharmacokinetic model. Instead of using a subject-based
AIF, a population based AIF can be used. Previous studies have shown that a population-based AIF
can be used as a viable alternative to the personal AIF [49]. Therefore, it was chosen to permit the
inflow effect.

The final spatial resolution of 2.2x2.2x4.0mm3 is smaller than the targeted 5.0mm. The goal of this
study was to measure the physiological parameters of suspected lymph nodes. A smaller voxels size
increases the number of voxels with only lymph node data. Furthermore, suspected lymph nodes often
have a smaller size. At 2.2x2.2mm2 DWI-IVIM and DCE-MRI provide sufficient SNR. However, as
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(a) (b) (c)

Figure 2.1. Comparison of geometric distortion correction DWI by GE Healthcare build-in
method 1 and FSL method 2. (a) DWI geometric distortion corrected image by GE Healthcare
method 1 (green) overlayed on geometric distortion correct image by FSL method 2 (purple).
(b) DWI distortion corrected image by GE Healthcare method 1 (grey-scale) compared to T1w
image (blue/green-scale). Arrows show the distortion of the spinal cord in the DWI (grey) and
T1w (green) image. (c) DWI distortion corrected image by FSL method 2 (grey-scale) compared
to T1w image (blue/green-scale). Arrows show the close relation of the spinal cord in the DWI
(grey) and T1w (green) image.

described, the SNR of the DWI-IVIM at higher b-values was relatively low. Therefore, a slice thickness
of 4mm was used for DWI-IVIM compared to the 3mm for DCE-MRI, to increase the SNR.

To improve the comparability between scanned subjects, a predefined TR and TE have been selected
near the value determined by the PET/MR system. Those values were the minimum values capable
by the PET/MR system for the specific health volunteers. The predefined TR and TE were rounded up
to compensate for the variation between subjects and thereby the minimal capable values for TR and
TE per subject.

DWI-IVIM is prone for artefacts. Ghosting, geometric distortions and insufficient fat suppression were
often visible during testing. The final acquisition parameters have shown to minimise the number of
artefacts in the images. A larger FOV reduced ghosting effects. The use of additional shimming of the
shoulders improved the fat suppression. Geometric distortions were best corrected by the FSL method
using the pepolar image (see Figure 2.1). Still, DWI-IVIM had a higher sensitivity for artefacts caused
by motion and metal during imaging compared to other MRI sequences.

The final set of DWI-IVIM and DCE-MRI acquisitions have been carefully selected and optimised for
imaging of lymph nodes in the head and neck region. Further optimisation of these sequences is pos-
sible mainly by increasing the scan time. However, the described parameters are optimally balanced
for sufficient image signal and practical scan time for the study.



3
H&M study

The objective of this study was to determine the added predictive value of quantitative physiological
MRI in head and neck PET/MR for the detection of metastatic SCCs lymph nodes.

3.1. Methods
3.1.1. Patient population
This prospective study was approved by the local institutional review board and performed according
to the relevant guidelines. Between September and December 2022 patients scheduled for a standard
diagnostic PET/MR exam of the head and neck region with (suspected) SCC were included. Signed
informed consent was obtained prior to inclusion for all participating patients.

3.1.2. Image acquisition
Each patient received the standard diagnostic PET/MR, including a whole-body protocol and dedicated
head and neck PET/MR imaging. The dedicated PET/MR included a standard diagnostic MRI protocol
of the head and neck region clinically used within our institution. The whole-body PET/MR images were
not used in this study and were therefore not further considered for this study.

Imaging was performed on a 3T PET/MR system (Signa PET/MR, GE Healthcare, USA; software ver-
sion MP26 R02) using the 19 channel head-neck(HNU) coil.

PET protocol
Each patient was instructed to minimise exercising 24h before imaging and fasting 6h before imaging.
The Radiotracer activity was determined on the subject’s weight. 1.7𝑀𝐵𝑞∗𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑤𝑒𝑖𝑔ℎ𝑡[𝐾𝑔] of 18F-
FDGwas injected 60minutes before acquisition. After injection of the radiotracer each patient rested for
45 min before the PET/MR scan. Whole-body PET/MR imaging was started 60 minutes post-injection,
followed by the dedicated head and neck PET/MR images. The dedicated PET image was acquired
for 10 minutes. Default Dixon-based attenuation correction (AC)-method provided by the vendor was
used for MR-based attenuation correction. A Bayesian penalised likelihood reconstruction algorithm
(Q.clear, GE Healthcare) was used to reconstruct the PET 18F-FDG images. The reconstruction used
a 𝛽-value of 150, 256x256 matrix and 60 cm FOV.

MRI protocol
The standard diagnostic MRI scan protocol of the head and neck region that was acquired simultane-
ously with the dedicated PET acquisition included anatomical T1w, T2w images and T1w images after
injection of a gadolinium (Gd)-based contrast agent. The T1w acquisition was an axial fast spin echo
(FSE) sequence with a slice thickness of 3.0mm. The T2w image used the same slice thickness of
3.0mm, but an axial fast relaxation fast spin echo (FRFSE) sequence. The T1w Gd image was equal
to the T1w sequence pre-contrast. A FSE iterative decomposition of water and fat with echo asymme-
try and least-squares estimation (IDEAL) sequences was used for the coronal fat separated T1w Gd
image.

10
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The physiological images were acquired after the anatomical T2w image. DWI-IVIM acquisitions were
acquired with scan parameters as determined by the MRI optimisation (see Table 2.3). The T1w images
with FA 2 and 8 (see Table 2.5) were acquired for the 𝑇1 mapping and followed by the 𝐵1 map before
contrast injection. Gadobutrol contrast agent (Gadovist, Bayer Healthcare Pharmaceuticals) was in-
jected with a MR injection system (MEDRAD, Bayer Radiology). After a delay of 15 sec the injection
was activated and the dynamic DCE-MRI was acquired with scan parameters described in Table 2.5.
The total acquisition time of the 𝑇1 mapping and DCE-MRI took 5 minutes and 67 seconds without the
time for the 𝐵1 map.

Table 3.1. Overview of head-neck MRI protocol.

Type Orientation Sequence Remarks
T1w image Axial FSE slice thickness: 3.0mm
T2w image Axial FRFSE slice thickness: 3.0mm
DWI-IVIM* Axial SE-EPI b-values: 0, 10-820
DWI-IVIM pepolar* Axial SE-EPI b-value: 10
𝑇1 map* Axial FA: 2
𝑇1 map* Axial FA: 8
𝐵1 map* Axial
DCE-MRI* Axial DISCO Flex Temporal resolution: 3.3sec
T1w Gd image Axial FSE slice thickness: 3.0mm
T1w Gd image Coronal IDEAL slice thickness: 3.5mm
* nonstandard physiological MRI sequences of this study protocol.

3.1.3. Lymph node selection
Head and neck lymph nodes identified by an experienced radiologist or nuclear medicine physician
were included for processing and analysis. Metastatic lymph nodes were determined based on the
pathology results of a FNAC or neck dissection. Pathology of FNAC lymph nodes could be linked to an
individual lymph node on the PET/MR imaging with high certainty. Pathology of neck dissection lymph
nodes were only considered if there was a high certainty it could be linked to specific nodes identified
on the PET/MR images.

Based on the report of the radiologist and nuclear medicine physician each lymph node was charac-
terised as non-suspect, suspect or pathological. In case the radiologist and nuclear medicine physician
disagreed on the lymph node status, the conservative option was chosen. For example, if a lymph node
was non-suspect according to the radiologist, but the nuclear medicine physician described the node
as suspect, the node was labelled as suspect.

3.1.4. Processing
Each PET/MR dataset was processed individually. A dedicated set of processing steps was used for
each type of image acquisition visible as the pillars in Figure 3.1. The PET 18F-FDG, DWI-IVIM and
DCE-MRI pillars result in descriptive quantitative physiological parameters. An axial short axis diameter
was determined as additional parameter on the T1w image.

T1w image
Delineation of the selected lymph nodes was performed by one observer using the software program
3D Slicer (https://slicer.org) [50], and verified by one experienced neuroradiologist. The T1w
and T2w images were used to determine the boundaries of the node. The T1w image was used to
define the true location of the lymph node if a difference in position existed between the T1w and T2w
images. Masks of only the lymph node region of interests (ROIs) were used for processing to minimise
the amount of data that was needed to be calculated and saved. From all lymph node ROIs of one
subject, one binary mask was created. The volume of each lymph nodes in the mask was enlarged for
context of the surroundings of the lymph node after processing.

https://slicer.org
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Figure 3.1. Schematic overview of the image processing pipeline.



3.1. Methods 13

PET 18F-FDG SUV
DICOM header data was used to calculate the SUV scale factor required to determine the 18F-FDG
voxel-wise SUV values. Subject weight, total radionuclide dose, radionuclide half-life, injection time and
PET start time were manually or automatically added to the DICOM header during PET/MR acquisition.
The 𝑆𝑈𝑉𝑠𝑐𝑎𝑙𝑒𝑓𝑎𝑐𝑡𝑜𝑟 is described by Equation 3.1, Equation 3.2, and Equation 3.3, where the 18F-FDG
half-life is 6.59𝑥103 seconds.

𝑆𝑈𝑉𝑠𝑐𝑎𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑃𝑎𝑡𝑖𝑒𝑛𝑡 𝑊𝑒𝑖𝑔ℎ𝑡 ∗ 1000

𝐷𝑒𝑐𝑎𝑦 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ∗ 𝑇𝑜𝑡𝑎𝑙 𝑅𝑎𝑑𝑖𝑜𝑛𝑢𝑐𝑙𝑖𝑑𝑒 𝐷𝑜𝑠𝑒 (3.1)

𝐷𝑒𝑐𝑎𝑦 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = 0.5
Δ𝐷𝑒𝑐𝑎𝑦 𝑇𝑖𝑚𝑒

18𝐹−𝐹𝐷𝐺 ℎ𝑎𝑙𝑓−𝑙𝑖𝑓𝑒 (3.2)

Δ𝐷𝑒𝑐𝑎𝑦 𝑇𝑖𝑚𝑒 = 𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 𝑆𝑡𝑎𝑟𝑡 𝑇𝑖𝑚𝑒 − 𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 (3.3)

No registration of the PET images to the T1w images was performed because during the 10 minutes
of PET acquisition small movements are combined in the final PET image. Therefore, the resulting
lymph nodes are too blurry and too small for a registration to be useful. To determine the 18F-FDG
SUV voxels that were included within the lymph nodes resampling of the T1w lymph node masks to the
18F-FDG SUV matrix was performed by a K-Nearest Neighbour (KNN) interpolator (see Figure 3.2).
The resulting resampled image is a representation of the binary mask at the resolution of the 18F-FDG
SUV image.

(a) (b) (c)

Figure 3.2. Resampling of lymph node mask with KNN method. a) Original lymph node mask
(green) overlayed on resampled lymph node mask (purple). b) Original lymph node mask (red)
visualised on T1w image. c) Original lymph node mask (upper) compared to resampled lymph
node mask (lower) visualised on T1w images.

DWI-IVIM parameters
To reduce the geometric deformations in the DWI-IVIM imaging the susceptibility induced distortion
correction method from FSL was used (see Figure 3.3) as described in the MRI optimisation. The
acquired DWI and DWI pepolar pair was provided to the FSL topup module ( https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/topup) [44]. The phase encoding direction and total readout time for each
correction were retrieved from the DICOM header provided by the PET/MR system.

The distortion correction performed by FSL also reduces motion between the DWI-IVIM phases. How-
ever, as the main purpose of the FSL is to remove geometric distortion, some residual motion can
still be present in the FSL corrected imaging. An example of the FSL geometric distortion corrections

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/topup
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/topup


14 3. H&M study

(a) (b) (c)

Figure 3.3. Result of the geometric correction with the FSL method. a) DWI of the neck with
b-value 10 before (green) and after (purple) geometric correction. Geometric deformation is
mainly visible in the anterior/posterior (A/P) direction because of the A/P phase encoding di-
rection. b) DWI neck image before geometric correction (grey-scale) compared with the T1w
image (blue/green-scale). The arrows show a clear mismatch between the DWI and the T1w im-
age. c) DWI neck image after geometric correction (grey-scale) compared with the T1w image
(blue/green-scale). The mismatch near the arrows is clearly reduced by the FSL distortion cor-
rection method.

is shown in Figure 3.3. To further minimise the subject motion between phases, a group-wise affine
registration was performed. This four resolutions registration was performed using Elastix (https:
//elastix.lumc.nl/) using an adaptive stochastic gradient descent optimiser and a B-spline inter-
polator [51, 52].

A rigid registration of the DWI-IVIM with the T1w image was performed to reduce the differences in
positioning of the DWI-IVIM and lymph node masks. The DWI-IVIM are registered with a three reso-
lutions registration using an adaptive stochastic gradient descent optimiser and B-spline interpolator.
The output DWI-IVIM images have been sampled by the interpolator to the T1w fixed image matrix. No
further resampling was needed to apply the lymph node mask on the registered DWI-IVIM image.

A voxel-wise fit was performed on each DWI voxel of the lymph node mask. Equation 3.4 describes
the fit performed, where 𝐷𝑡𝑖𝑠𝑠𝑢𝑒 is the diffusion rate of the tissue and 𝐷∗ the pseudodiffusion [53, 54,
55]. Further details on the DWI-IVIM technique are described in Appendix A.

𝑆/𝑆0 = 𝑓𝑒𝑥𝑝[−𝑏(𝐷∗ + 𝐷𝑏𝑙𝑜𝑜𝑑)] + (1 − 𝑓)𝑒𝑥𝑝(−𝑏𝐷𝑡𝑖𝑠𝑠𝑢𝑒) (3.4)

(a) (b)

Figure 3.4. Example of DWI-IVIM model fit. a) DWI-IVIM model outcome values of parameter
𝐷 for lymph node mask. b) Plot of DWI signal intensity of a single voxel for all b-values with
associated DWI-IVIM model fit.

https://elastix.lumc.nl/
https://elastix.lumc.nl/
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Quality control is performed for each acquisition. This included a visual inspection of the image and
the calculation of the temporal SNR according to Equation 3.5.

𝑆𝑁𝑅𝑛 =
𝑠𝑝𝑎𝑡𝑖𝑎𝑙 𝑚𝑒𝑎𝑛 𝑝𝑖𝑥𝑒𝑙 𝑣𝑎𝑙𝑢𝑒 𝑜𝑛 𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑚𝑎𝑔𝑒

𝑠𝑝𝑎𝑡𝑖𝑎𝑙 𝑚𝑒𝑎𝑛 𝑝𝑖𝑥𝑒𝑙 𝑣𝑎𝑙𝑢𝑒 𝑜𝑛 𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑛𝑜𝑖𝑠𝑒 𝑖𝑚𝑎𝑔𝑒 (3.5)

𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑚𝑎𝑔𝑒 = temporal average of pixel values within T1w lymph node masks.
𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑛𝑜𝑖𝑠𝑒 𝑖𝑚𝑎𝑔𝑒 = temporal standard deviation of pixel values within T1w lymph node masks.

DCE-MRI parameters
Ample of time for the subject to move is available during the acquisition of the DCE-MRI images. There-
fore, the DCE-MRI processing pillar uses the identical group-wise affine registration and rigid registra-
tion with the T1w as used by the DWI-IVIM processing (see Figure 3.6.A). The 𝑇1 maps and DCE-MRI
where registered as one four-dimensional image.

After both registrations, the lymph node mask was applied before 𝑇1 and 𝐵1 corrections. The acquired
𝑇1 and 𝐵1 maps were used to determine accurate 𝑇1 values of the neck region before contrast injection.
The addition of the 𝐵1 map decreases the influence of the MRI coil inhomogeneities during acquisition
of the 𝑇1 maps and DCE-MRI.
For calculation of the AIF, the population based AIF as described by Parker et al. [56] was used (see
Figure 3.5). A mask of the vertebral artery was provided to determine a general inflow time and contrast
signal intensity.

(a) (b)

Figure 3.5. Example of AIF calculation. a) population based AIF time-intensity curve. b) Pixel
intensity of vertebral artery during dynamic imaging. Three columns depicting the measured
signal, predicted value of population based AIF and the difference in signal intensity between
the measured and predicted values.

Voxel-wise fit of the DCE-MRI was performed with the extended Tofts pharmacokinetic model described
in Equation 3.6 [57]. Outcome parameters consist of the permeability measures 𝐾𝑡𝑟𝑎𝑛𝑠 and 𝐾𝑒𝑝, along
the volume fraction 𝑣𝑝 (see Figure 3.6).

𝐶(𝑡) = 𝑣𝑝𝐶𝑎(𝑡) + 𝐾𝑡𝑟𝑎𝑛𝑠𝑒−𝑡𝐾𝑒𝑝 ∗ 𝐶𝑎(𝑡) (3.6)

The temporal SNR calculated by Equation 3.5 was used for quality control of the DCE-MRI acquisition.

3.1.5. Analysis
The physiological quantitative parameter values were calculated voxel-wise per selected lymph node.
Descriptive parameters were calculated for each lymph node ROI. These include the median, mean,
maximum, minimum, skewness, and kurtosis for the 18F-FDG SUV, DWI-IVIM and DCE-MRI parame-
ters per lymph node (see Figure 3.1).

All statistical analysis were performed in SPSS 28.0 (IBM, USA). This included a check for normality
and multiple comparisons. The comparison between the malignant and non-malignant lymph nodes
was carried out by a Mann-Whitney U test (not normally distributed data). Furthermore, a comparison
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(a) (b)

Figure 3.6. Example of DCE-MRI pharmacokinetic model fit. A) Small transformation of the neck
after group-wise rigid motion correction. Green (original image) glow on right edges and purple
(transposed image) glow on left egdes show minimal translation of the image. B) Pharmacoki-
netic model outcome parameter 𝐾𝑡𝑟𝑎𝑛𝑠 of lymph node mask. C) Signal intensity over time of
single pixel (blue) and associated pharmacokinetic model fit (yellow). D) Contrast concentra-
tion of single pixel over time (blue) compared to population based AIF (orange).

was performed between the pathology outcome and the reported results based on the PET/MR. A
Mann-Whitney U test was used to compare the suspected and non-suspected lymph nodes without
malignancy. Finally, lymph nodes with unknown pathology were visually compared to lymph nodes
without malignancy to determine possible trends.

3.2. Results
In total 14 subjects were scanned with the additional physiological MRI sequences, of which ten were
included for processing analysis (see Table 3.2). Four subjects were excluded because the DWI-IVIM
acquisition was performed incorrectly in three cases and in one case the acquisition failed, resulting in
incorrect or insufficient signal. The temporal SNR of the DWI-IVIM had a median of 6.14 (range: 5.00
- 7.41). The median temporal SNR for DCE-MRI was 2.95 × 101 (range: 1.84 × 101 - 3.63 × 101).

In the ten included subjects, 41 lymph nodes were detected on the PET/MR images (see Table 3.3).
Pathology was performed on 13 of the 41 lymph nodes. In ten lymph nodes nomalignancy was detected
and in three lymph nodes SCC was identified. The samples for pathology were acquired by cytology
in six lymph nodes and neck dissection in the other seven lymph nodes.

Table 3.2. Summary of the n=10 included subjects. Provided age, gender, and primary tumour
location. Subject 06 had no SCC tumour.

Subject Age Gender Primary tumour Number of DWI-IVIM DCE-MRI
location lymph nodes SNR SNR

01 59 Male Tongue 2 5.47 2.96 × 101
02 61 Male Unknown primary 6 6.82 2.48 × 101
03 29 Female Tongue 6 5.12 3.08 × 101
04 55 Female Oropharynx 2 7.41 3.60 × 101
05 58 Male Unknown primary 4 † 1.84 × 101
06 20 Female N/A 5 6.14 3.63 × 101
07 83 Male Oropharynx 3 5.00 2.05 × 101
08 73 Male Oropharynx 7 6.98 2.95 × 101
09 85 Male Lymphoma 5 6.84 2.46 × 101
10 69 Male Oropharynx 1 5.57 3.45 × 101

†Unavailable because of a technical issue.
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Table 3.3. Summary of n=41 included lymph nodes.

Number of lymph nodes 41
Short axis (mm) 10.4 (8.8)
Pathology performed 13
malignant 3
non-malignant 10

3.2.1. Quantitative PET/MR measurements
Figure 3.7 provides an example of the qualitative parameter maps of the 18F-FDG, DWI-IVIM and DCE-
MRI parameter from which the descriptive parameters of each lymph node have been calculated.

Figure 3.7. Example data of a 29-year-old female subject. a) T1w image showing the lymph node
masks which include the additional voxels surrounding the lymph nodes. b-h) Images of the
quantitative parameter data of the lymph nodes and surrounding areas. The parameter images
in order are, b) 18F-FDG SUV, c) DWI-IVIM 𝐷 (𝑚𝑚2/𝑠), d) DWI-IVIM 𝐷∗ (𝑚𝑚2/𝑠), e) DWI-IVIM 𝑓, f)
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠 (𝑚𝑖𝑛−1), g) DCE-MRI 𝐾𝑒𝑝 (𝑚𝑖𝑛−1), h) DCE-MRI 𝑉𝑝.

Multiple parameters differed significantly between the n=3 metastatic and n=10 non-metastatic lymph
nodes. 12 of the 43 analysed parameters were significantly different with a p-value cut-off of 0.05 (see
Table 3.4). In Figure 3.8 box-plots are show for this subgroup of parameters that showed a significant
difference. A complete overview of all analyised parameters can be found in Appendix B - Supplemen-
tary Tables and Figures.

Table 3.4. Quantitative parameter correlations with pathology.

Normal n=10 Metastatic n=3
Parameter Median Range Median Range P-value ‡

Short axis (𝑚𝑚) 6.20 5.23 - 7.15 27.00 18.70 - 29.10 0.007*
DWI-IVIM 𝐷𝑚𝑎𝑥 (𝑚𝑚2/𝑠) 1.30 × 10−3 1.20 × 10−3 - 2.00 × 10−3 1.38 × 10−2 3.80 × 10−3 - 2.00 × 10−2 0.028*
DWI-IVIM 𝐷∗𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 4.85 3.42 - 6.10 7.72 6.88 - 8.83 0.049*
DWI-IVIM 𝐷∗𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 2.41 × 101 1.24 × 101 - 4.38 × 101 9.46 × 101 8.20 × 101 - 9.98 × 101 0.049*
18F-FDG 𝑆𝑈𝑉𝑚𝑒𝑑𝑖𝑎𝑛 2.35 1.62 - 3.96 4.99 4.08 - 7.91 0.028*
18F-FDG 𝑆𝑈𝑉𝑚𝑒𝑎𝑛 2.62 1.91 - 4.46 5.82 4.70 - 8.94 0.007*
18F-FDG 𝑆𝑈𝑉𝑚𝑎𝑥 4.61 3.05 - 9.64 1.86 × 101 1.78 × 101 - 3.01 × 101 0.007*
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑑𝑖𝑎𝑛 (𝑚𝑖𝑛−1) 2.03 × 10−1 1.74 × 10−1 - 7.93 × 10−1 7.14 × 10−2 4.61 × 10−2 - 1.30 × 10−1 0.014*
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑎𝑛 (𝑚𝑖𝑛−1) 2.37 × 10−1 1.89 × 10−1 - 7.68 × 10−1 9.20 × 10−2 6.78 × 10−2 - 1.50 × 10−1 0.028*
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑛 (𝑚𝑖𝑛−1) 3.00 × 10−2 1.59 × 10−2 - 1.09 × 10−1 2.22 × 10−14 0.00 - 1.00 × 10−2 0.014*
DCE-MRI 𝐾𝑒𝑝−𝑚𝑎𝑥 (𝑚𝑖𝑛−1) 1.99 1.61 - 2.00 2.00 2.00 - 2.00 0.014*
DCE-MRI 𝐾𝑒𝑝−𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 −1.74 × 10−1 −4.85 × 10−1 - 2.79 × 10−1 4.00 × 10−1 1.88 × 10−1 - 8.60 × 10−1 0.049*
‡Mann-Whitney U test

3.2.2. PET/MR image findings
Of the 13 lymph nodes with pathology, all metastatic lymph nodes (n=3) were correctly identified by the
radiologists and nuclear medicine physicians (see Table 3.5). Four lymph nodes were described as
pathological based on the standard PET/MR images, however no pathology was performed on those
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Figure 3.8. Box-plots of lymph nodes with pathology comparing the significant quantitative
parameters between malignant and non-malignant lymph nodes. The quantitative parameters
include: a) Short axis diameter (𝑚𝑚), b) DWI-IVIM 𝐷𝑚𝑎𝑥 (𝑚𝑚2/𝑠), c) DWI-IVIM 𝐷∗𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠, d) DWI-
IVIM𝐷∗𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠, e) 18F-FDG 𝑆𝑈𝑉𝑚𝑒𝑑𝑖𝑎𝑛, f) 18F-FDG 𝑆𝑈𝑉𝑚𝑒𝑎𝑛, g) 18F-FDG 𝑆𝑈𝑉𝑚𝑎𝑥, h)DCE-MRI𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑑𝑖𝑎𝑛
(𝑚𝑖𝑛−1), i) DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑎𝑛 (𝑚𝑖𝑛−1), j) DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑛 (𝑚𝑖𝑛−1), k) DCE-MRI 𝐾𝑒𝑝−𝑚𝑎𝑥 (𝑚𝑖𝑛−1) and
l) DCE-MRI 𝐾𝑒𝑝−𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠.
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lymph nodes. Four of the ten non-malignant lymph nodes were scored as non-suspected lymph nodes.
The remaining six scored as suspected lymph nodes based on the standard PET/MR images.

Table 3.5. Lymph node status determined by pathology compared to the PET/MR reported re-
sults.

Pathological Suspect Non-suspect Total
malignant 3 0 0 3
Unknown 4 11 13 28

non-malignant 0 6 4 10
Total 7 17 17 41

Figure 3.9 shows the results of the non-malignant lymph nodes splitted in the suspected and non-
suspected group. Of the parameter groups which were significantly different between malignant and
non-malignant lymph nodes, only DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑑𝑖𝑎𝑛 and 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑎𝑛 showed a significant difference be-
tween the suspected and non-suspected non-malignant lymph nodes.

3.2.3. Classification by multiparametric PET/MR
Most quantitative parameter values of the lymph nodes without pathology lay within the same range of
the lymph nodes without malignancy (see Figure 3.10). However, three individual lymph nodes slightly
diverged from the non-malignant lymph nodes for the values of 18F-FDG 𝑆𝑈𝑉, DWI-IVIM 𝐷∗, DCE-MRI
𝐾𝑡𝑟𝑎𝑛𝑠 and 𝐾𝑒𝑝. Figure 3.11 shows example images of two of the diverging lymph nodes compared to
an average non-malignant lymph node.

3.3. Discussion
PET/MR imaging of lymph nodes were performed and quantitative parameters could be calculated
from those images. Significant differences in multiple quantitative parameters were found between
malignant and non-malignant lymph nodes. Six of the ten non-malignant lymph nodes were suspected
for malignancy based on the standard PET/MR images. Three lymph nodes without pathology with
deviating quantitative values might indicate parameters useful to increasing the PET/MR specificity in
detecting lymph node metastasis.

For 12 of 43 analysed parameters non-malignant and malignant lymph nodes were significantly differ-
ent. The quantitative parameters correlating with malignancy were in line with previous literature as
described in Appendix A. The already intensively researched correlation of 18F-FDG 𝑆𝑈𝑉 with ma-
lignancy was observed in the current study. Further confirmation of the correlation of DWI-IVIM 𝐷,
DWI-IVIM 𝐷∗, DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠 and DCE-MRI 𝐾𝑒𝑝 with malignancy were found. For 18F-FDG 𝑆𝑈𝑉 and
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠, the median and mean descriptive parameters were both significant as they describe
relatively similar outcomes.

As shown by Table 3.5 all malignant nodes were described as pathological based on the standard
PET/MR imaging. These lymph nodes were large in size and showed obvious signs of necrosis (see
Figure 3.12.A). Furthermore, 18F-FDG uptake is also increased at or on the edge of these metastatic
lymph nodes. These lymph nodes can be described malignant with high certainty based on the images
that are standard performed. Therefore, the term ’Pathological lymph node’ is used to describe these
lymph nodes by radiologist, even though no pathology has been performed. DWI-IVIM and DCE-MRI
images and quantitative parameters are in these cases unnecessary imaging to determine malignancy
for these lymph nodes. There is only limited added value in using DWI-IVIM and DCE-MRI for detec-
tion of metastasis in large necrotic lymph nodes compared to using T1w, T1w MRI and 18F-FDG PET
images.

However, there is also a substantial amount of lymph nodes that were suspected for malignancy based
on the current standard PET/MR images. Table 3.5 describes 17 of 41 lymph nodes to be suspect.
These lymph nodes do not show similar obvious features of metastasis as seen with the pathological
lymph nodes, i.e., large size, necrosis and strong increase in 18F-FDG uptake (see Figure 3.12.I).
Lymph nodes were described as suspect if they were slightly enlarged in size, had moderate increase
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Figure 3.9. Box-plots showing suspected and non-suspected lymph nodes of the non-malignant
lymph nodes. The malignant lymph nodes are provided as reference. The quantitative param-
eters include: a) Short axis diameter (𝑚𝑚), b) DWI-IVIM 𝐷𝑚𝑎𝑥 (𝑚𝑚2/𝑠), c) DWI-IVIM 𝐷∗𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 ,
d) DWI-IVIM 𝐷∗𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠, e) 18F-FDG 𝑆𝑈𝑉𝑚𝑒𝑑𝑖𝑎𝑛, f) 18F-FDG 𝑆𝑈𝑉𝑚𝑒𝑎𝑛, g) 18F-FDG 𝑆𝑉𝑈𝑚𝑎𝑥, h) DCE-
MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑑𝑖𝑎𝑛 (𝑚𝑖𝑛−1), i) DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑎𝑛 (𝑚𝑖𝑛−1), j) DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑛 (𝑚𝑖𝑛−1), k) DCE-MRI 𝐾𝑒𝑝−𝑚𝑎𝑥
(𝑚𝑖𝑛−1) and l) DCE-MRI 𝐾𝑒𝑝−𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠. * Mann-Whitney U test significant at p-value 0.05.
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Figure 3.10. Scatterplots comparing the lymph nodes without pathology to the lymph nodes
without malignancy. The quantitative parameters include: a) Short axis diameter (𝑚𝑚), b) DWI-
IVIM 𝐷𝑚𝑎𝑥 (𝑚𝑚2/𝑠), c) DWI-IVIM 𝐷∗𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠, d) DWI-IVIM 𝐷∗𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠, e) 18F-FDG 𝑆𝑈𝑉𝑚𝑒𝑑𝑖𝑎𝑛, f) 18F-
FDG 𝑆𝑈𝑉𝑚𝑒𝑎𝑛, g) 18F-FDG 𝑆𝑈𝑉𝑚𝑎𝑥, h) DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑑𝑖𝑎𝑛 (𝑚𝑖𝑛−1), i) DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑎𝑛 (𝑚𝑖𝑛−1), j)
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑛 (𝑚𝑖𝑛−1), k) DCE-MRI 𝐾𝑒𝑝−𝑚𝑎𝑥 (𝑚𝑖𝑛−1) and l) DCE-MRI 𝐾𝑒𝑝−𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠. Diverging
lymph nodes without pathology were described for DWI-IVIM 𝐷∗𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠, 18F-FDG 𝑆𝑈𝑉𝑚𝑎𝑥, DCE-
MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑑𝑖𝑎𝑛, DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑎𝑛 and DCE-MRI 𝐾𝑒𝑝−𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠.
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Figure 3.11. Multiparametric images of three lymph nodes. A) Example of an average non-
metastatic lymph node B) Lymph node without pathology with a divergence in 18F-FDG 𝑆𝑈𝑉𝑚𝑎𝑥,
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑑𝑖𝑎𝑛, DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑎𝑛 and DCE-MRI 𝐾𝑒𝑝−𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠. C) Lymph node without pathology
with a divergence in DWI-IVIM 𝐷∗𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 and 18F-FDG 𝑆𝑈𝑉𝑚𝑎𝑥. Images 1-8 are respectively: 1)
T1w, 2) 18F-FDG 𝑆𝑈𝑉, 3) DWI-IVIM 𝐷 (𝑚𝑚2/𝑠), 4) DWI-IVIM 𝐷∗ (𝑚𝑚2/𝑠), 5) DWI-IVIM 𝑓, 6) DCE-MRI
𝐾𝑡𝑟𝑎𝑛𝑠 (𝑚𝑖𝑛−1), 7) DCE-MRI 𝐾𝑒𝑝 (𝑚𝑖𝑛−1) and 8) DCE-MRI 𝑉𝑝.

in 18F-FDG uptake, did not show a fatty hilum or a combination of those features.

Only for 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑑𝑖𝑎𝑛 and 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑎𝑛 a distinction could be made between suspected and non-suspected lymph
nodes in the non-malignant group. Unfortunately, with the small sample size conclusions should be
drawn carefully. Still, this finding could indicate that adding the DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠 to the standard di-
agnostic PET/MR might aid the radiologist in the identification of a suspect lymph node. A potential
suspected lymph node could be remarked as non-suspect if it shows a relatively high DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠
value. Possibly increasing the specificity for the detection of malignant lymph nodes.

This trend is further observation in the lymph nodes without pathology diverging in quantitative param-
eter value from non-malignant lymph nodes. A visual difference appears to be present in Figure 3.11
between the DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠 of lymph node B and the average non-malignant lymph node A. Al-
though, we could not say if these lymph nodes were metastatic, it is an interesting trend. A opposite
trend was found for DWI-IVIM 𝐷∗𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠, where lymph node C. showed a lower value compared the
non-malignant lymph nodes include. While metastatic lymph nodes show a higher value compared to
non-malignant lymph nodes. Still, the lack of metastatic lymph nodes described as suspect prevent
any conclusion to be made for correlating the parameters with malignancy.

Four of the lymph nodes without pathology have been described as pathological based on the stand
PET/MR images. These lymph node showed the typical signs of metastatic lymph nodes, large of size,
necrotic and increased 18F-FDG uptake. No pathology was performed on these lymph nodes because
a similar nearby lymph node was used for pathology or there was limited doubt about the lymph node
metastatic status and verification would not chance the treatment plan.

For the introduction of DWI-IVIM and DCE-MRI quantitative parameters into clinical practice several
problems need to be overcome. Calculations of the DWI-IVIM and DCE-MRI parameters were quite
computational heavy. DWI-IVIM took an average of 2-3 hours, and DCE-MRI 10-14 hours for each
subject depending on the size and amount of lymph nodes, on a dedicated research workstation. Fur-
thermore, the current processing pipeline is relatively complex and requires detailed knowledge of the
used programs and performed methods, requiring manual input at several points during the analysis.
Further automation of the analysis is necessary before the quantitative data could become clinically
viable.

This study had some limitations. First, because of time constrains the planed database size of 25
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Figure 3.12. Multiparametric images of two lymph nodes. A-H) Large metastatic lymph node
with necrosis, described as pathologic by radiologist based on the 18F-FDG PET, T1w and T2w
images. I-P) Enlarged non-malignant lymph node without necrosis, described as suspected by
radiologist. Images in order, T1w, T2w, 18F-FDG SUV, DWI-IVIM 𝐷, DWI-IVIM 𝐷∗, DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠,
DCE-MRI 𝐾𝑒𝑝 and DCE-MRI 𝑉𝑝.

subjects was limited to only ten subjects with 41 lymph nodes. Of the included nodes, no suspected
lymph node turned out to be malignant. All six lymph nodes with pathology that were suspected, had
no malignancy. Thus, a model comparing suspected lymph nodes with malignancy to suspected lymph
nodes without malignancy could not be made. Furthermore, the extensive list of Mann-Whitney U
tests should have required a Bonferroni multiple testing correction or only a subset of the quantitative
parameters should have been evaluated.

Second, to evaluate the various PET/MR quantitative parameters for each lymph node, masking was
used. These masks were drawn manually on the T1w images. Although the process of drawing has
been reviewed, inaccuracies in the lymph node masks could be present. Furthermore, the spatial
resolution and slice thickness of the T1w images different from the physiological MRI and 18F-FDG PET
images. To determine which voxels of quantitative parameter images fall within the lymph node mask,
resampling was performed. For 18F-FDG PET a resampling of the lymph node mask was performed
with a KNN interpolator. The DWI and DWI-IVIM were registered to the T1w and therefore also to the
lymph node masks.

The 18F-FDG PET KNN interpolation is not perfect, as visible in Figure 3.2.a. The lower resolution
of the 18F-FDG PET results in voxels partially covered by the original T1w lymph node mask. The
KNN selects a 18F-FDG PET voxel when more than half is covered by the original lymph node mask.
However, with the small masks the impact on the node area is significant, potentially losing valuable
lymph node data. For the DWI-IVIM and DCE-MRI the alteration of the resolution has less effect. Both
are up-sampled with a b-spline interpolator to the resolution of the T1w. The additional voxels in the
mask provide no additional information, but no data is lost either during the registration.

Third limitation is the result of the non-rigidity of lymph nodes and their location in mainly fat and other
soft tissue. These small highly movable targets in the complex and flexible neck will change their
position slightly even within this one-hour exam. The rigid image registration was able to reduce larger
movements of the neck. Non rigid movement of the lymph nodes were not compensated. Swallowing,
coughing, or speaking changed the location of the lymph node compared to rigid components of the
neck. Therefore, masking of the lymph node was not always perfect. Slight mismatching of the mask
has sometimes occurred between the T1w mask and 18F-FDG, DWI-IVIM and DCE-MRI.

Finally, pathology was on indicated based on the treatment plan and not for the study. Thus a subset
of subjects received cytology or neck dissection. Therefore, only 13 of the included lymph nodes had a
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pathological outcome. Based on prior analysis about 46% of the subject would be receiving pathology.
Of the ten included subject, four received pathology. Thus, 40% of the subjects, which is in line with
the predicted amount. Unfortunately, only one or two lymph nodes per subject were tested per subject.
For the subjects receiving neck dissection, the pathological outcome could only be included if all lymph
nodes proved non-malignant. Correct correlation between tested lymph nodes from the dissection and
lymph nodes on the image could not be determined. The presumption was made that all lymph nodes
per level, visible on imaging, will be tested in the group of lymph nodes acquired during neck dissection.
When all nodes of a lymph node level were negative, the lymph nodes visible on imaging of the same
level have been described as negative. This method is sub-optimal because a positive correlation
between PET/MR and the neck dissection could not be made. With cytology it is possible to correlate
the PET/MR images with the echo used for FNAC.

To conclude, this pilot study provides a methodology to determine quantitative PET/MR parameter for
the head and neck region. Correlations between lymph node malignancy and quantitative parameters
DWI-IVIM 𝐷, DWI-IVIM 𝐷∗, 18F-FDG 𝑆𝑈𝑉, DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠 and DCE-MRI 𝐾𝑒𝑝 were found. Although
to increase the predictive value of the PET/MR detection of metastatic SCCs lymph nodes the quanti-
tative physiological MRI parameters should mainly aid the specificity of the detection. Possible trends
for differentiating suspected from non-malignant lymph nodes were found for DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠. How-
ever, a larger database of analysed lymph nodes is required to determine more concrete correlations.
Fortunately, an identical study with a larger population will follow soon.
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Abstract

Positron emission tomography with magnetic resonance imaging (PET-MRI) is increasingly used as
a non-invasive diagnostic tool for characterisation and staging of head and neck tumours. The MR
imaging is mainly used as anatomical reference for the PET imaging. Additional physiological MRI
sequences might aid in the diagnosis for the head and neck tumour. Therefore, the aim of this review
is to describe the clinical potential of physiological MRI sequences for characterisation and staging in
PET-MR imaging of head and neck tumours based on the current literature.

18F-fluorodeoxy-D-glucose ((18)F-FDG) PET has a high sensitivity for detection of nodal or distant
metastasis. However, characterisation or staging of the primary tumour has been shown to be difficult
with (18)F-FDG due to the non-specificity of metabolic uptake with the characterisation or staging of
tumours. Diffusion weighted imaging (DWI) and dynamic contrast enhanced (DCE)-MRI were better
able to differentiate malignancy from inflammation compared to (18)F-FDG PET. Staging of the primary
tumour with DWI and DCE-MRI has been studied and provided inconstant results for the correlations
between the DWI and DCE-MRI and T-stage of the tumour. Tumour location and keratinization grade
were required to increase the correlation between physiological MRI and tumour T-stage. In combined
DWI, DCE-MRI and (18)F-FDG models, for each individual modality, specific parameters improved the
overall performance of the model for detection, characterisation, and staging.

Thus, the DWI, DCE-MRI and (18)F-FDG parameters provide complementary information concerning
the characterisation and staging of head and neck cancers. A multiparametric model combining DWI,
DCE-MRI and (18)F-FDG PET parameters will most likely improve the accuracy of characterisation and
staging of head and neck cancers compared to each individual physiological MRI or PET parameter.
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Introduction

Worldwide 900.000 new cases of head and neck cancer and 450.000 deaths are described annually
[1]. Within Europe head and neck cancer accounts for approximately 4 percent of all new cancer
cases [2]. The head and neck region include multiple vital functions. Therefore, head and neck cancer
has a high impact on the quality of life (QOL) of patients. Facial deformation due to the presence or
absence of the tumour can result in a long-lasting need for physical and mental support. Furthermore,
trouble swallowing, breathing, or speaking results in stress and a reduction in QOL. Early detection
and complex multidisciplinary treatments can reduce the impact of the head and neck cancer. Thereby
reducing the impact on the QOL and length of rehabilitation. [3]

The risk for head and neck cancer is highly related to lifestyle and the anatomical location. Major risk
factors associated with head and neck cancer include smoking, alcohol consumption, human papillo-
mavirus (HPV), and Epstein-Barr virus (EBV) infection [4].

To better predict the course of the tumour, head and neck cancer is divided into subcategories based
on their anatomical location. A head and neck cancer can be located in the oral cavity, nasopharynx,
oropharynx, hypopharynx, larynx, nasal cavity, paranasal sinuses, or salivary glands (Figure A.1a). For
each subcategory, the number of new cases in 2020 are provided in Table A.1.

Table A.1. Incidence of head and neck cancers in 2020.

Europe [7] Worldwide [1]
Oral cavity 39.766 377.713
Nasopharynx 3.778 133.354
Oropharynx 18.926 98.412
Hypopharynx 11.243 84.254
Larynx 24.633 184.615
Nasal cavity and paranasal sinuses - -
Salivary glands 6.187 53.583

Besides the anatomical location, head and neck cancer can also be differentiated by the histopatholog-
ical origin. These include squamous cell carcinomas (SCC), verrucous carcinoma, adenocarcinoma,
adenoid cystic carcinoma, and mucoepidermoid carcinoma. SCC accounts for 90% to 95% of head and
neck cancers [8]. This tumour type can be further categorised into three differentiations based on the
amount of keratinization: well differentiated (> 75% keratinization), moderately differentiated (25-75%
keratinization), and poorly differentiated (<25% keratinization).

The American Joint Committee on Cancer (AJCC) staging classification is used to define the tumour
stage [9]. The staging consists of a T-, N-, and M-stage describing the extend of the primary tumour,
involvement of regional lymph nodes, and presence of distant metastasis, respectively. The TNM stage
descriptions are specified for each anatomical location. Each cancer can be placed in one of the stage
groups 0, I, II, III, or IV. Figure A.1b shows the level system to describe the location of lymph nodes
involved with the head and neck cancer. [6] Currently, two-thirds of head and neck cancers are at
clinical presentation in an advanced TNM stage (III/IV). These patients often already have regional
metastatic lymph nodes. [9]

Recently, Wunschel et al. [10] determined that Union for International Cancer Control (UICC) cancer
staging and AJCC pathology based (p)T-staging were most significant predictors of overall survival and
tumour recurrence followed by depth of invasion, metastatic lymph node presence and keratinization
grade. The TNM staging combined with the tumour type and anatomical location determines the choice
of treatment such as, chemotherapy, radiotherapy, surgery or a combination of these treatment options.
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(a) (b)

Figure A.1. Anatomical categorisations in head and neck cancers. (a) Subcategories based on
the anatomical location of the tumour. Adapted from: Overview of the diagnosis and staging of
head and neck cancer (2022). UpToDate ®[5]. (b) The level system for describing the location of
lymph nodes in the neck: Level I, submental and submandibular group; Level II, upper jugular
group; Level III, middle jugular group; Level IV, lower jugular group; Level V, posterior triangle
group; Level VI, anterior compartment. Adapted from: Deschler Daniel G, Moore Michael G, and
Smith Richard V [6]

Diagnosis and staging are mainly determined by biopsy and imaging. The diagnosis for cancer is often
determined by biopsy of the lesion. Imaging can show the presence and extent of a primary tumour
or possible metastasis. Positron emission tomography (PET) with integrated computed tomography
(CT) is the established imaging modality for detection and staging of head and neck cancer. Hybrid
PET-magnetic resonance imaging (MRI) is an alternative for PET-CT. When the lesions are located
close to the surface of the body, also panendoscopy is sometimes used.

For imaging of head and neck cancers the radioactive tracer 18F-fluorodeoxy-D-glucose ((18)F-FDG)
is mainly used. (18)F-FDG uptake relates to the glucose metabolism of tissues. In head and neck
cancers (18)F-FDG PET is performed for detection of nodal and distant metastatic disease, optimising
guided radiation therapy for tumour control and treatment response, and detection of occult primary
tumours, second primary tumours or cancers of unknown primary. Generally, increased (18)F-FDG
uptake correlates with an increased metabolism which in turn is highly indicative of malignant activity.
[11, 12]

The CT is added to the PET to correlate increased uptake of the PET to anatomical locations visible on
the CT images. The high spatial resolution and anatomical information provided by the CT combined
with the high sensitivity of PET to increased metabolic activity improves the accuracy of the combined
PET-CT for detecting primary lesion and local or distant metastasis compared to standalone PET or
CT. [13]

MRI is able to image anatomical structures with a higher spatial resolution than CT. The better soft
tissue contrast of structural MRI compared to the CT is useful in the complex soft tissues of the head
and neck. The fusion of PET and MRI has proven to provide similar or increased accuracy of lesion
detection compared to PET-CT. [14, 15, 16]

Currently, in PET-MRI for head and neck tumour imaging structural MR images are commonly acquired
to support the findings of the (18)F-FDG PET. However, MRI sequences which image physiological
processes are only limited implemented in the daily practice of European clinics, even though it might
further improve the PET-MRI characterisation and staging of head and neck cancers [17]. Significant
correlations have been found between (18)F-FDG PET parameters and those derived from physiolog-
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ical MRI sequences [18, 19, 20]. Also, multiple studies have been performed to relate physiological
MRI parameters with the characterisation and staging of head and neck cancers. Thus far, results
reported in the literature differ widely. However, review studies providing a comparison of results or
general overview of physiological MRI performed thus far in the characterisation and staging head and
neck cancers are limited.

Therefore, the aim of this review is to describe the clinical potential of physiological MRI sequences
for characterisation and staging in PET-MR imaging of head and neck tumours based on the current
literature. The focus will be on the most frequently used physiological MRI techniques in this specific
patient population. A description of the physiological MRI sequences will be provided. A through
search will be performed in Medline to retrieve clinical trails describing the characterisation and staging
capability of (18)F-FDG PET and physiological MRI for head and neck tumours. The performance
of each imaging modality will be summarised and compared to one another. Relevant physiological
MRI parameters and combined models that have been applied for characterisation and staging will be
provided.



Imaging of head and neck cancer

PET (18)F-FDG
The use of (18)F-FDG PET for characterisation and staging in head and neck cancer has been exten-
sively investigated. A multitude of systematic research and meta-analysis have described the advan-
tages and limitations of (18)F-FDG PET.

The high sensitivity of (18)F-FDG PET to detect an increased metabolic uptake have been shown to
increase the diagnostic accuracy for staging of head and neck cancer. The TNM-stage of head and
neck cancers significantly improved to correlate with clinical and histological findings when using (18)F-
FDG PET in addition to CT or ultrasound imaging [21, 22]. Furthermore, (18)F-FDG PET increased the
incidence of distant metastases and second primary tumours with 18.7%, revealing important findings
for treatment decision making [23].

The main limitations of (18)F-FDG PET include the lower spatial resolution and the variable physiolog-
ical FDG uptake in the dense and complex anatomic structures of the head and neck or inflammatory
lesions that can obscure the tumour tissue [12, 24]. The non-specificity of an elevated (18)F-FDG up-
take for malignancy can be described as the main reason for these limitations. Although malignant
tumours have often an increased metabolic activity, several other process which increase metabolic
activity and thereby (18)F-FDG uptake exist [25]. Therefore, (18)F-FDG uptake is also unable to differ-
entiate benign from malignant tumours [26]. The addition of volumetric information of tumours in order
to calculate (18)F-FDG volumetric imaging biomarkers has been suggested to improve the prediction
of the clinical outcome in head and neck SCC patients compared to the SUVmax of the tumour [27].

Anatomical localisation with CT is used to determine the physiological origin of the FDG uptake. These
PET/CTs can be achieved with a low dose CT protocol which minimises the radiation exposure to the
patient. However, for most head and neck cancers a diagnostic CT is part of the diagnostic work-up.
Therefore, most CT imaging performed in a PET-CT for head and neck cancer are diagnostic. These
diagnostic CTs are of higher image quality compared to low-dose CTs and are to be used for diagnostic
characterisation of pathologic processes. They provide additional information concerning the extent of
local tumour spread, tumour stage and characterisation [13]. Additionally, a high quality diagnostic CT
is of increased importance in head and neck imaging for good fusion, due to the complex anatomy, to
provide accurate correlation between the (18)F-FDG and CT image. [25].

(18)F-FDG PET is highly sensitivity in detection of nodal and distant metastasis [28, 22]. Major im-
provement has been found for per-neck-level detection of local lymph node metastasis with a sensitivity
increase of 21% when using (18)F-FDG PET/CT over conventional Imaging (CT, MRI, and CT/MRI)
[29]. Furthermore, the use of (18)F-FDG PET/CT or MRI have been shown to lead to a significant
change in the N classification of head and neck tumours compared to ultrasound fine needle aspiration
cytology, especially in advanced nodal disease (>N2a) [23, 21].

The lower spatial resolution of (18)F-FDG PET does limit the sensitivity for detection of smaller nodal
or distant metastasis. lymph nodes <3mm have been shown to increase the number of false negatives
significantly. Thus, a N0 neck cannot be adequately evaluated by 18F-FDG PET, owing to its rather low
negative predictive value (NPV) (about 80%) [27]. (18)F-FDG PET image acquisition is recommended
for evaluation of the head and neck cancer prior to performing image guided biopsy and (18)F-FDG
PET-CT is recommended for surgical treatment planning and follow-up. [28, 30, 31]

PET-MRI resulted in an equal or higher accuracy in characterisation and staging of head and neck
cancers compared to PET-CT. The reduced radiation exposure of PET-MRI compared to PET-CT has
increased the interest and use of PET-MRI in daily practice. Although, high cost and reduced patient
capacity due to longer imaging times have limit the number of PET-MRI systems in clinical use. There-
fore, PET-CT is still the standard PET imaging method in most clinics. [14, 15, 16]
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physiological MRI
Specific combinations of RF pulses and magnetic gradients can result in an MR image representing
physiological effects within the body. In the development of the MRI, multiple of these physiological MRI
sequences have been discovered. Their value has been evaluated in several clinical disciplines with
varying success. Also, in head and neck imaging common physiological MRI have been investigated
for their functionality.

Research into the clinical application of physiological MRI sequences for head and neck cancer is still
limited. Thus far, most research in physiological MRI sequences has been for brain and neurological
imaging. Applications of physiological MRI in head and neck cancers are mostly pilots and small-
scale trails. Diffusion weighted imaging (DWI) and dynamic contrast enhanced (DCE)-MRI have been
investigated most extensively. Therefore, this review will focus on describing the clinical potential of
DWI and DCE-MRI.



DWI

DWI is an MRI technique that uses the diffusion of water molecules within a tissue to generate contrast
in MR images. This diffusion is caused by the Brownian motion of molecules. However, their diffusion
might be hindered depending on their surroundings. For example, other molecules or cell walls and can
limit the diffusion. [20, 32]. A higher cellularity results in the restriction of water movement. Therefore,
less diffusion and a higher DWI signal. Low level of cellularity results in an increased water movement.
Thus, more diffusion and a reduced DWI signal. Often cancers have a higher cellularity. Therefore,
their DWI signal is increased compared to the surrounding tissue. Necrotic tissue often has a lower
cellularity, lowering its DWI signal.

Imaging technique
DWI sequences consist of an excitation pulse, diffusion dephasing gradient, 180 rephasing pulse and
diffusion rephasing gradient followed by the signal read-out. The combined diffusion dephasing and
rephasing gradients induce no dephasing for stationary water molecules. The echo generated after the
180 rephasing pulse will have a maximum intensity if the water molecules have remained stationary.
However, movement of the water molecules during and in between the diffusion gradients will cause
the water molecules to experience more dephasing and generate a reduced echo after 180 rephasing
pulse. DWI values are the signal intensities measured from the 180 rephasing echo. Thus, a lower
signal intensity of a diffusion weighted image indicates a higher diffusion rate. [32]

A commonly used technique to acquire a diffusion weighted image is single-shot spin-echo echo planar
imaging (SS-SE-EPI). EPI refers to the use of a frequency- and phase-encoding gradients to generate
a high number of echoes from a single excitation pulse. The encoding follows a zig-zag pattern to fill
the k-space with data from each echo. Single-shot refers to the use of a single excitation pulse to fill
the whole k-space with data. Spin-echo describes the use of a 180 refocusing pulse to generate an
echo.

The applied strength and timing of the diffusion gradients is described by the b-value. A higher b-
value increases the strength and/or time the gradient is applied. A b-value of 0 refers to no gradient
applied. The diffusion effect within a tissue is depended on the applied gradient. The relation between
diffusion and b-value is mostly linear but differs between tissues. The apparent diffusion coefficient
(ADC) describes the linear relation between the diffusion and b-values. The ADC is determined by
at least two, but often three, b-values between 0 and 1000 sec/mm2. This can be done voxel-wise,
generating an 𝐴𝐷𝐶 map. [33, 34, 35] Movement of water caused by microcirculation in the tissue is
of similar magnitude as the diffusion of water within the tissue. Therefore, the DWI captures both the
microcirculation and diffusion. Combined diffusion and microcirculation effects within a tissue can be
modelled using Intravoxel incoherent motion (IVIM) with a bi-exponential decay model (Figure A.2).
This model provides the diffusion attenuation 𝐷 and the pseudodiffusion attenuation 𝐷∗. 𝐷∗ represents
the pseudodiffusion effects caused by blood flow of the microcirculation in the capillary. The faster
water movement of the microcirculation compared to tissue diffusion results in a faster decay of the
MRI signal. Therefore, the microcirculation only significantly effects the DWI signal at low b-values.
The fraction of 𝐷 to 𝐷∗ is given by 𝑓. [36, 37, 38]

𝑆/𝑆0 = 𝑓𝑒𝑥𝑝[−𝑏(𝐷∗ + 𝐷𝑏𝑙𝑜𝑜𝑑)] + (1 − 𝑓)𝑒𝑥𝑝(−𝑏𝐷𝑡𝑖𝑠𝑠𝑢𝑒) (A.1)

Although IVIM appears to determine the diffusion of water molecules in tissue more accurately, other
issues are described [37]. Equation A.1 assumes a gaussian diffusion of the water molecules, however
it is determined not to be the case. To model the deviation a kurtosis coefficient K can be added to
the model, Diffusion kurtosis imaging (DKI). The deviation increases with an increasing b-value as
shown in Figure A.2. Furthermore, base level noise can cause overestimation of the non-gaussian
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Figure A.2. Deviation of the expected MR signal in DWI from a mono-exponential model. At
low b-values IVIM effects due to microscopic perfusion must be considered (red), while at high
b-values kurtosis effects must be considered (green). Adapted from: IVIM Imaging - What is
intravoxel incoherent motion (IVIM)? Is this the same as diffusion? [39]

deviation at low signals. A correction can be applied. These additional parameters can be described
as Equation A.2. IVIM and DKI should provide a more accurate measurement of the actual diffusion
within the tissue.

𝑆/𝑆𝑂 = {[𝑓𝑒𝑥𝑝(−𝑏𝐷∗) + (1 − 𝑓)𝑒𝑥𝑝[−𝑏𝐷 + (𝑏𝐷)2𝐾/6]]2 + 𝑁𝐶𝐹}1/2 (A.2)

𝐾 = Kurtosis diffusion model, 𝑁𝐶𝐹 = noise correction factor

Clinical evaluation
Multiple trails have been performed to relate clinical outcomes with DWI and diffusion parameters.
Correlations with diffusion parameters have been studied for the detection of lesions in specific head
and neck regions, differentiation of tumour grade for both the primary tumour and lymph nodes, N-
staging of lymph nodes, detection of HPV-status, detection of hypoxia, and detection of necrotic centres
of lesions.

Detection
Detection of malignancies is the first step in staging and characterisation of tumours. Staging and char-
acterisation with diffusion imaging becomes unlikely when tumours are indistinguishable from normal
tissue within the diffusion imaging. For the detection of primary tumours, DWI and IVIM have shown the
ability for a good differentiation between normal muscle tissue and malignancies. Tshering Vogel et al.
[40] have been able to detect seventeen out of eighteen patients with a tumour based on combined
conventional MRI and DWI. The tumour of the remaining one patient did not show diffusion restriction,
and therefore did not provide contrast with the surrounding normal muscle tissue. 𝐴𝐷𝐶𝑚𝑒𝑎𝑛, 𝐷 and 𝐷∗
parameters have been shown to be able to differentiate benign from malignant tumours [41, 14, 15, 42,
43].

Only Sakamoto et al. [44] were unable to differentiate benign from malignant tumours using DWI pa-
rameters. 𝐴𝐷𝐶 may be able to differentiate lymphomas from carcinomas. However, there is a high
possibility that this difference is mainly based on the presence or absence of necrosis in malignant and
benign lesions, respectively. Variability of 𝐷∗ measured by Xu et al. [42] could have been the result
of imaging at different cardiac phases [45]. Therefore, distinguishing benign from malignant tumours
based on 𝐷∗ may result in a lower accuracy compared to other diffusion measures.
Tumour recurrence has been detected using DWI despite increased inflammation surrounding the
treated region. 𝐴𝐷𝐶, 𝑓 and 𝐷 have been shown to differentiate recurring tumour from surrounding
tissues [40, 46]. The best performance has been achieved using 𝐴𝐷𝐶𝑚𝑒𝑎𝑛 (AUC 0.83-0.85), which
was similar to the 𝑆𝑈𝑉𝑚𝑒𝑎𝑛 (AUC 0.85) [46]. DWI has been described as an excellent method to detect
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recurrence of head and neck tumours.

Characterisation
In the nasopharynx and oropharynx regions, DWI and IVIM parameters have been shown to differen-
tiate carcinomas from lymphomas [47, 48]. Interestingly, Yu et al. [47] have been able to differenti-
ate (non-keratinized) nasopharyngeal carcinomas (NPC) from lymphomas using 𝐴𝐷𝐶 and 𝑓𝑥𝐷∗, while
Ichikawa et al. [48] have not been able to show this using the 𝐴𝐷𝐶. NPCs are often described sep-
arately due to their distinct epidemiology and treatment [49, 50, 51]. Ichikawa et al. [48] have shown
significantly different 𝐴𝐷𝐶 values between keratinized oropharynx carcinomas and lymphomas. Kera-
tinized oropharynx carcinomas showed necrosis, which highly influences ADC values [51, 52]. Necrosis
in metastatic nodes has also been shown to significantly alter ADC values compared to non necrotic
metastatic nodes. [53] Furthermore, 𝑓 is highly linked to the echo time (TE) and repetition time (TR).
[54]

Lymphoma is believed to be composed of condensed tumour cells with little cytoplasm, scarce amounts
of stroma and necrosis, in contrast to NPC. For DWI this results in lower 𝐷 and 𝐴𝐷𝐶 values [47]. NPC
usually presents with abundant vessels and hyperperfusion, therefore resulting in higher perfusion
linked 𝐷∗ values. Lymphomas are associated with poor perfusion.

A selection of articles have described the ability to differentiate tumours by keratinization grade with
𝐴𝐷𝐶 [55, 56, 48]. Primary tumours have been differentiated with 𝐴𝐷𝐶 values between low (1 or 2) and
high keratinization grade (3 or 4). However, Leifels et al. [57] and Fruehwald-Pallamar et al. [58] have
found no difference between low and high keratinization grade. Nakajo et al. [59] and Ichikawa et al.
[48] have measured 𝐴𝐷𝐶 to differentiate the primary tumours between grade 1 and 2 and did not find a
significant difference. No obvious reasons were stated for the inconsistent keratinization grading with
𝐴𝐷𝐶. Tumour location might have influenced the results, since a wide variate of tumour locations have
been used in these studies. A more probable explanation might have been found by Ichikawa et al. [48].
They made a distinction between tumours with a homogeneous or heterogeneous T2-weighted signal
intensity. Only the low keratinization grade tumours with T2w homogeneity had a significantly lower
𝐴𝐷𝐶 value than high keratinization grade tumours with T2w homogeneous. Low keratinization grade
tumours with T2 heterogeneity had no significantly lower 𝐴𝐷𝐶 values compared to high keratinization
grades with T2w heterogeneity. The tumours with T2w heterogeneity were pathologically confirmed to
be caused by tumour necrosis. Most articles avoided necrotic areas during tumour delineation [55, 56,
48, 58]. Notably, Leifels et al. [57] did not specify the presence of necrotic areas, which could have
decreased the 𝐴𝐷𝐶 differences between keratinization grades. Thus, these results indicate that 𝐴𝐷𝐶
might be able to differentiate tumour keratinization grade if necrosis of the tumour is taken into account.

HPV status of head and neck tumours influences diffusion parameters of the tumour [60, 61, 62].
HPV-negative tumours have shown significant higher diffusion (𝐴𝐷𝐶𝑚𝑒𝑎𝑛, 𝐷) and lower microcirculation
(𝑓, 𝐷∗) values compared to HPV-positive tumours. These differences have been detected in primary
tumours and lymph nodes [60, 62, 61]. Contrary, Chawla et al. [63] have found no significant differences
of DWI parameters between HPV-status. Chawla et al. [63] have included a high number of HPV-
negative tumours not located in the oropharynx compared to the other described studies. HPV-positive
SCC are commonly located in the oropharynx. Therefore, the diffusion parameters of Chawla et al. [63]
could be influenced by factors associated with anatomical position rather than HPV-status, blurring the
correlation of HPV-status with diffusion parameters.

Staging
The development of the primary tumour is mainly described by UICC T-stage. A higher T-stage is
related to an increased aggression of the tumour. T-stages are mainly described by the interactions
of the tumour with the surrounding structures. These changes during the development of a tumour
can be reflected by changes in the diffusion and microcirculation of the tumour. Significant differences
between DWI parameters according to the tumour T-stage were inconsistent between studies. Multiple
studies have found no significant difference for 𝐴𝐷𝐶 between T-stages [55, 56, 57, 59, 64]. While other
studies have correlated the 𝐴𝐷𝐶 to tumour stages [60, 65, 66, 67]. Large studies from Tang et al.
[66] and Zhang et al. [67] have compared low (T1, T2) with high (T3, T4) tumour stage and found a
difference for 𝐴𝐷𝐶𝑚𝑒𝑎𝑛 and tumour infiltration using DWI. Martens et al. [60] have not found a significant
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difference between T-stages using 𝐴𝐷𝐶𝑚𝑒𝑎𝑛, however, ADC gross tumour volume (𝐴𝐷𝐶𝐺𝑇𝑉), 𝐷, 𝑓 and
𝐷∗ were significantly different between T-stages. A possible cause of these different findings between
studies is the heterogeneous inclusion of tumour histopathological subcategory. The tumours included
by Zhang et al. [67] were mostly NPCs. Tang et al. [66] only included oral tongue SCC lesions. Both
were able to differentiate T-stage with diffusion parameters. While the recent studies of Dang et al. [55]
and Freihat et al. [56] have included multiple head and neck subcategories and could not differentiate
the T-stage with diffusion parameters. Concluding, the T-staging of tumours based on DWI parameters
provided various results. It is probable that T-staging can be achieved, but the tumour location and
keratinization grade should be taken into account.

The evaluation of local lymph nodes for malignancy with DWI can be performed by direct delineation of
a suspected lymph node or by predicting the N-stage based on the diffusion values of the primary tu-
mour. No significant increase in the detection of lymph nodes have been found when including DWI to
an (18)F-FDG PET with conventional MRI. [68] However, a higher sensitivity for subcentimetric node
detection has been found for DWI compared with only conventional MRI [69]. The prediction of the
N-stage of the primary tumour by 𝐴𝐷𝐶 has shown mixed results. The majority of studies have not
been able to correlate 𝐴𝐷𝐶 to N-stage. [57, 65, 56, 59] Holzapfel et al. [70] and Martens et al. [60]
have correlated ADC to the N-stage of the tumour. Ren, Yuan, and Tao [71] have correlated histogram
parameters of the 𝐴𝐷𝐶 to the tumour N-stage. Detection of local malignant lymph nodes and distant
metastasis with at least a diameter of 5 mm is possible due to the difference in diffusion parameter val-
ues between malignant and normal muscle tissue. However, predicting N-stage based on the diffusion
parameters of the primary tumour has been shown to be difficult.



DCE-MRI

Perfusion MRI enables the measurement of the movement of blood within the body. Perfusion MRI pro-
vides an indication of the permeability for blood to enter and exit tissues. To measure this permeability,
contrast is injected into the bloodstream. Dynamic MR images can be acquired during gadolinium
(Gd) based MRI contrast injection into the patient. Imaging of the T1 shortening caused by Gd-based
contrast agent is called DCE-MRI. DCE-MRI provides time-intensity curves per voxel. From these
time-intensity curves (semi-) quantitative perfusion and permeability parameters can be derived.

Image technique
A DCE-MRI sequence dynamically acquires T1w images during injection of a Gd-based contrast agent.
Each T1w scan during the dynamic acquisition takes only a few seconds. The DCE-MRI sequence can
result in more than 40 T1w images over a span of 5 or more minutes. Within the period imaged by
DCE-MRI, the Gd-based contrast agent arrives (wash-in), saturates (peak enhancement) and leaves
(wash-out) the tissue as shown in Figure A.3a. Semi-quantitative perfusion parameters for tissues can
be derived from the time intensity curve. Commonly calculated semi-quantitative parameters include:

• Wash-in rate (𝑊𝑖𝑅), Wash-out rate (𝑊𝑜𝑅)
• Peak enhancement ratio (𝑃𝐸𝑅)
• (Initial) area under the contrast curve ((𝑖)𝐴𝑈𝐶)
• Time to peak (𝑇𝑇𝑃)
Several additional imaging sequences are required for a quantitative analysis of perfusion parameters.
A pre-contrast T1-map is required to determine a base line signal intensity of the tissue. Measure-
ment of the arterial input function (AIF) is required for nearly all quantitative parameter calculations.
The AIF measures the contrast concentration in a major artery. Thereby, the proportion of contrast in-
travascular versus extravascular can be calculated. [72, 73] Pharmacokinetic modelling is a commonly
used quantitative analysis for permeability mapping. It models the exchange between compartments
in tissue (Figure A.3b). The main calculated parameters are:

• 𝐾𝑡𝑟𝑎𝑛𝑠, a transfer constant for the passage of contrast from plasma to the extravascular-extracellular
space (EES). 𝐾𝑡𝑟𝑎𝑛𝑠 should represent the combined effect of plasma blood flow, permeability and
capillary surface area.

• 𝐾𝑒𝑝, refers to the constant for the passage of plasma from EES to the blood plasma.
• 𝑉𝑝, the volume of the blood plasma.
• 𝑉𝑒, the volume of the EES.
The provided list is incomplete. Additional parameters can determine based on the DCE-MRI acquisi-
tions. These describe measures such as tracer concentration, total blood volume, and perfusion and
permeability of different structures.

Temporal resolution of the DCE-MRI acquisition describes the scan time of each individual T1w image
volume during the dynamic imaging. A higher temporal resolution decreases motion blur of the image
and increases the accuracy of the quantitative analysis, however at the cost of spatial resolution and
a decrease in signal-to-noise ratio. Ideal temporal resolutions described for head and neck imaging
are less than 5 seconds per image [72]. The dynamic acquisition is recommended for at least 7 min in
case AIF is based on a predefined model. In case the AIF needs to be measured, acquisition up to 10
min might be needed to achieve adequate return from the EES. These recommendations are based on
DCE imaging of the brain. Typical DCE-MRI acquisitions for head and neck are 5-8 min. [74, 73, 72]
Additional non-weighted T1w imaging could be obtained to determine B1 maps for field in-homogeneity
correction. [72]

Clinical evaluation
12
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(a) (b)

Figure A.3. (a) Example of a DCE-MRI time-intensity curve. Multiple semi-quantitative param-
eters that can be derived from the time-intensity curve have been depicted. (b) Illustration of
the principal perfusion and permeability mapping parameters. Perfusionmapping evaluates the
quantity of blood within a given volume of tissue (blood volume — BV) and the volumetric flow
rate of blood (BF). Permeability mapping relates the exchange of Gd-based contrast agent be-
tween the blood plasma, that has a volume 𝑣𝑝, and the extravascular-extracellular space (EES)
having volume 𝑣𝑒. A transfer constant 𝑘𝑡𝑟𝑎𝑛𝑠 describes the passage from plasma to EES, while
the constant 𝑘𝑒𝑝 controls the reverse process. Adapted from: Petralia et al. [72]

Detection
The detection of malignant tumour with DCE-MRI has been investigated by multiple studies. Furukawa
et al. [75] have been able to differentiate tumour from normal muscle tissue using semi-quantitative
parameters such as 𝑇𝑇𝑃. Quantitative parameters 𝐾𝑡𝑟𝑎𝑛𝑠, 𝐾𝑒𝑝, 𝑉𝑒 and 𝑖𝐴𝑈𝐶 have been shown to be
higher in tumour compared to normal muscle tissue [14, 15, 76, 77, 78]. Only Xu et al. [42] have
not found significantly different DCE-MRI parameters for tumour compared to normal muscle tissue. A
study by Cheng et al. [79] has been able to differentiate benign from malignant lesion using parameters
derived from the DCE-MRI histograms of the tumour. Furthermore, several studies were able to predict
tumour recurrence after treatment with DCE-MRI parameters 𝑉𝑒 and 𝐾𝑡𝑟𝑎𝑛𝑠−𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠. [80, 81, 81] Thus,
the differentiation between malignant and normal muscle tissue appears highly possible with multiple
calculated DCE-MRI parameters.

Characterisation
DCE-MRI parameters have been investigated to differentiate keratinization grade, several histopatho-
logical tumour types, and HPV-status. All studies differentiating keratinization grade with DCE-MRI
parameter came to similar conclusions. For low compared to high keratinization grade no difference
have been determined based on any (semi-)quantitative DCE-MRI parameter. [55, 57, 65]

Differentiation of histopathological tumour type using DCE-MRI parameters has been performed for
lymphomas, SCC and undifferentiated (UD) carcinomas. Based on DCE-MRI parameter the perfusion
of these tumour types was significantly different in specific cases. SCCs have been distinguished from
lymphomas by DCE-MRI parameters 𝐾𝑡𝑟𝑎𝑛𝑠, 𝑉𝑒 or the maximum contrast intensity (𝐼𝐶𝑚𝑎𝑥) [82, 83].
However, Lee et al. [84] have also measured 𝐾𝑡𝑟𝑎𝑛𝑠 and 𝑉𝑒 and found no significant differences be-
tween SCCs and lymphomas. They could only differentiate UD carcinomas from SCC and lymphomas.
The primary tumours included in the described studies had various anatomical locations. As discussed
previously in the review, NPCs are known to be histopathologically different from other SCCs. Most
tumours included by Park et al. [82] were SCCs originating in the tonsils, the remaining originated from
the tongue. Lee et al. [84] have included NPCs, SCCs and lymphomas mostly located in the hypophar-
ynx, tonsil, or oral cavity. Thus, Lee et al. [84] have differentiated NPCs from SCC and lymphomas
with DCE-MRI parameter which is less surprising but a useful observation. However, this does not
explain the different observations for differentiating SCC and lymphomas with DCE-MRI parameters.
Park et al. [82] had noticed a higher heterogeneity of 𝑉𝑒 tumour values in their SCC group with relative
similar anatomical origin compared to lymphomas. The heterogeneity described by 𝑉𝑒−𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 was
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more discriminative between SCC and lymphomas compare to 𝑉𝑒. Lee et al. [84] have measured the
heterogeneity of the semi-quantitative 𝐴𝑈𝐶 parameter but have not calculated the 𝐴𝑈𝐶𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 parame-
ter. However, visually the 𝐴𝑈𝐶 heterogeneity of the lymphomas appears more leptokurtic compared to
the SCC. Therefore, both studies show a possibility to differentiate lymphomas from SCC by calculation
of the perfusion kurtosis parameter.

Between HPV-negative and HPV-positive tumours 𝑉𝑒−𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 has been found to be different [85]. Other
studies have not found a significant difference for any (semi-)quantitative DCE-MRI parameter to dif-
ferentiate HPV-negative from HPV-positive tumours. [60, 61, 62, 63] Therefore, HPV-status is unlikely
to affect the DCE-MRI parameters.

Staging
The inconsistency in correlating T-stage with DWI parameters continuous for the correlation with DCE-
MRI parameters. Multiple clinical trials have been performed to distinguish high T-stage tumours from
low T-stage tumours based on a significantly higher tissue permeability. Three studies [65, 57, 55]
have been unable to measure a significant difference, while others have found a significant difference
in DCE-MRI parameters [60, 86, 78] However, the specific parameters that were found to be significantly
different were inconsistent. Liu et al. [86] have measured significant differences between low and high
T-stage NPCs with semi-quantitative DCE-MRI parameters 𝑃𝐸𝑅 or 𝑃𝐸𝑅 related parameters. One study
[78] have found significant correlation between T-stage and the DCE-MRI parameters 𝐾𝑒𝑝 and 𝑉𝑒. And
another study [60] has found DCE gross tumour volume (𝐷𝐶𝐸𝐺𝑇𝑉) was significantly different between
T-stages. Also, the depth of tumour invasion measured on DCE-MRI has been shown to significantly
correlate with T-stage for oral and tongue SCC [66].

Important to note is that Martens et al. [60] included patients with HNSCC in oropharynx and hypophar-
ynx, while Zheng et al. [78] and Liu et al. [86] only included NPC. Therefore, two distinct types of
carcinomas have been compared. Furthermore, different HPV statuses were included which is shown
to influences the staging for DWI parameters. Nevertheless, it is not likely this will influence the staging
for DCE-MRI as thus far no correlation has been found between DCE-MRI and HPV status.

Additional inconsistencies in studies results have been found in tumour staging for the prediction of
N-stage by measuring DCE-MRI parameters of the primary tumour. Liu et al. [86] determined no corre-
lation exists between semi-quantitative DCE parameters and N-stage but quantitative DCE-MRI param-
eters 𝐾𝑒𝑝 has been correlated to tumour N-stage by several studies [57, 78, 87]. Although, Martens et
al. [60] and Bülbül et al. [65] have not found that correlation. Martens et al. [60] have found a correlation
for 𝑉𝑒 with tumour N-stage. N-stage determined by the DCE-MRI parameters of a measurable lymph
node show a better correlation compared to the indirect measurement of the primary tumour. The
semi-quantitative DCE-MRI parameters 𝑇𝑇𝑃, 𝑊𝑖𝑅, relative enhancement (𝑅𝐸), 𝑅𝐸𝑚𝑎𝑥𝑖𝑚𝑢𝑚 and the
quantitative DCE-MRI parameter 𝐷𝐶𝐸𝐺𝑇𝑉 have been correlated to malignant or benign lymph nodes.
[88, 60] 𝐾𝑡𝑟𝑎𝑛𝑠 of the primary tumour has been found predicable for M-stage. [78] Thus far, staging
with DCE-MRI has been highly contradicting. However, DCE-MRI parameters can provide useful in-
formation for TNM staging.



Multiparametric MRI

Multiparametric MRI refers to the combined use of parameters derived from multiple MRI sequences.
The parameters should provide an ideal combination of data to determine a given clinical evaluation.
It is possible to include all MRI sequences that individually contribute to an increased performance for
characterisation and staging of head and neck tumours. However, this would be inefficient if the MRI
sequence does not provide addition information compared to other MRI sequences or (18)F-FDG PET.
Therefore, it is of interest to determine correlations between MRI and PET parameters in the character-
isation and staging of head and neck cancers. Furthermore, individual MRI parameters are assessed
in combined models to determine if and how much a parameter contributes to a higher performance of
the overall model.

Correlation between MRI and PET parameters
Individual physiological parameters of DWI and DCE-MRI have been correlated to PET parameters and
to each other. Correlations between parameters provide insights in the overlap of informationmeasured
by the different parameters. PET parameters that have been used for the correlation include 𝑆𝑈𝑉 and
parameters describing tumour size based on (18)F-FDGPET uptake, such asmetabolic tumour volume
(𝑀𝑇𝑉) and total lesion glycolysis (𝑇𝐿𝐺).

DCE-MRI vs DWI
Theoretically, 𝐴𝐷𝐶 and 𝐷∗ only partially describe the perfusion of a tissue. Correlations between the
perfusion imaging of DCE-MRI and diffusion imaging might exist if the perfusion effect measured with
𝐴𝐷𝐶 or 𝐷∗ are significant. 𝑉𝑒 has been correlated with 𝐴𝐷𝐶 [65, 57, 89]. Furthermore, Covello et al. [15]
and Cavaliere et al. [14] have correlated 𝐴𝐷𝐶𝑚𝑒𝑎𝑛 with 𝐾𝑡𝑟𝑎𝑛𝑠−𝑚𝑒𝑎𝑛 within tumours and therefore linked
a high cell density (low 𝐴𝐷𝐶) with an increased permeability of the tumour due to neoangiogenesis (high
𝐾𝑡𝑟𝑎𝑛𝑠). Thus far no correlations have been found between DCE-MRI and IVIM parameters. [90]

DCE-MRI vs PET
Correlations have been found between 𝑖𝐴𝑈𝐶 and 𝑉𝑒 with 𝑆𝑈𝑉 [65, 76]. Furthermore, 𝐾𝑡𝑟𝑎𝑛𝑠 has been
correlated with 𝑆𝑈𝑉 in the primary tumour by Bülbül et al. [65] and Gawlitza et al. [91] and in lymph
nodes by Vidiri et al. [85]. Only Surov et al. [92] have correlated 𝐾𝑒𝑝 with 𝑆𝑈𝑉𝑚𝑎𝑥 and Leifels et al.
[57] and Han et al. [89] have found no correlation between DCE-MRI parameters and 𝑆𝑈𝑉. Vidiri et al.
[85] remarked that the discrepancies in these results might be caused by the differences in tumour
homogeneity and grade. They stated that their research is similar to that of Bisdas et al. [76] but unlike
Bisdas et al. [76] they were unable to correlate 𝑉𝑒 with 𝑆𝑈𝑉. Therefore, still limited evidence exists that
correlates DCE-MRI and PET parameters.

DWI vs PET
The correlation of ADC parameters with 𝑆𝑈𝑉 has been studied more extensively compared to other
physiological MRI parameters. However only two studies [59, 65] have been able to correlate 𝐴𝐷𝐶𝑚𝑒𝑎𝑛
with 𝑆𝑈𝑉𝑚𝑎𝑥 while most other studies did not find a correlation [46, 57, 58, 64, 91, 94, 95, 96, 97, 93].
On a voxel-wise level, 𝐴𝐷𝐶 and 𝑆𝑈𝑉 values have been correlated [94, 95, 98, 99]. Furthermore,
Han et al. [89] have correlated 𝑇𝐿𝐺 to 𝐴𝐷𝐶𝑚𝑖𝑛 and more recently Zhang et al. [93] have correlated
𝑀𝑇𝑉 with 𝐴𝐷𝐶𝑚𝑒𝑎𝑛. Thus, contextual information of the tumour, such as tumour volume, seems to
be necessary to correlated DWI to PET. Additionally, geometric distortions in DWI imaging have been
shown to significantly impact the correlations between DWI and PET. Correct preparation and correction
of the DWI and PET is required to achieve correct interpretation of the DWI and PET correlation [100].15
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Multiparametric models
All previously described correlations of physiological MRI parameters were based on the individual
parameters. A selection of multiple parameters can provide detailed and unique descriptors for the
detection, characterisation and staging of tumours.

Detection
Detection of lesions with DWI has been studied using multiparametric models. According to Sakamoto
et al. [41] the combined 𝐷, 𝐷∗ model resulted in the highest detection of malignancy compared to
benign lesions. The combined 𝐷, 𝐷∗ model resulted in a higher diagnostic ability than 𝐴𝐷𝐶 alone. A
combined 𝐴𝐷𝐶𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠−𝑚𝑒𝑎𝑛, 𝐴𝐷𝐶𝑚𝑒𝑎𝑛 and time intensity curve model improved diagnostic accuracy
for differentiating benign from malignant lesions compared to the parameters individually [79]. Kim et
al. [101] have shown that the combination of 𝑆𝑈𝑉 and 𝐴𝐷𝐶 could predicted post treatment failure most
accurate. Only 𝑀𝑇𝑉 as an individual parameter could do this similarly well.

Characterisation
The accuracy for predicting low from high keratinization grade tumours has been improved by the
combined regression model of Dang et al. [55]. The highest individual parameter of 𝐴𝐷𝐶𝑚𝑒𝑎𝑛 had an
AUC of 0.64, where the combined 𝑆𝑈𝑉, 𝐴𝐷𝐶, and 𝐾𝑒𝑝−𝑚𝑒𝑎𝑛 model increased the AUC to 0.84.

Staging
So far multiparametric models for T-staging head and neck tumour could not be found. An 𝐴𝐷𝐶10𝑡ℎ,
𝐴𝐷𝐶𝑢𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦, and 𝑊𝑖𝑅𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 model has been shown to predict occult lymph node metastases
based on the primary tumour with a higher accuracy than the independent DWI or DCE-MRI parame-
ters [71]. Treutlein et al. [77] has determined that lymph node diameter is the best individual predictor
for malignancy in small lymph nodes. A multiparametric model of anatomical and DCE-MRI parameters
did increase predictability for lymph node malignancy.

All described multiparametric models have shown to improve the performance of individual parameters,
indicating most modalities provide complementary information concerning characterisation and staging
of head and neck cancers.



Discussion

The aim of this review was to describe the clinical potential of physiological MRI sequences for staging
and characterisation of head and neck tumours. Results from studies using DWI and DCE-MRI for
detection, characterisation and staging purposes were summarised. The performance of the quantita-
tive parameters in differentiating the tumours often provided inconsistent results between studies. Still,
several correlations have shown substantial evidence.

Detection of lesions can be donewith a high accuracy using both DWI andDCE-MRI imaging. 𝐴𝐷𝐶𝑚𝑒𝑎𝑛,
𝐷, 𝐷∗, 𝐾𝑡𝑟𝑎𝑛𝑠, 𝐾𝑒𝑝, 𝑉𝑒 and 𝑖𝐴𝑈𝐶 all could be used for tumour detection. The tumours could be differenti-
ated from normal muscle tissue and benign tumours. The main limitation that has been described was
the minimal size of the lesion required for the detection. Furthermore, tumour recurrence could be pre-
dicted by DWI despite increased inflammation surrounding the region of treatment, which is beneficial
for the differentiation of inflammation and malignancies detected by (18)F-FDG.

Thus far, research performedwith large homogeneous groups of SCC is lacking for characterisation and
staging. The smaller study populations of the described articles have correlated multiple physiological
MRI parameters to tumour characterisation and staging but provide limited evidence. For example, T-
stage could be detected by several studies, but no consensus has been found. Possible culprits include
heterogeneity of tumour location, histopathological subcategories, and keratinization grade. DCE-MRI
parameters have been correlated to T-stage, but unfortunately the parameters were not similar between
studies.

Both N- and M-staging showed even less correlations with DCE-MRI or DWI. DCE-MRI and DWI pa-
rameters of the primary tumour are minimally altered in tumours with a high N- or M-stages compared
to a low N- or M-stage. Determination of N- or M-stage can be done more accurately by the detection
of the individual malignant lymph nodes or distance metastasis rather than predictions based on the
primary tumour. Still, this remains difficult due to the smaller size of both lymph nodes and metastasis.
Furthermore, the signal of metastatic lymph nodes adjacent to the primary tumour can be obscured by
the signal of the primary tumour.

Studies determining the effects of HPV-status on the tumour DWI and DCE-MRI values have provided
consequent results. HPV-status has been shown to significantly alter DWI. Contrary, HPV-positive
and HPV-negative lesions have not shown differences using DCE-MRI. HPV-positive SCC were often
oropharyngeal SCC. Differentiation of keratinization grade can be done with a moderate performance
using 𝐴𝐷𝐶. DCE-MRI did not correlate to the keratinization grade.
The differentiation between lymphomas, SCC and NPCs and T- and N-staging of head and neck cancer
with DWI and DCE-MRI parameters have provided contradicting results. The studies described limited
reasons for the discrepancies between their and other studies. A reason often described is the hetero-
geneity of head and neck tumour subcategories included in the study. Some subcategories of head and
neck cancer show quite different epidemiology and characteristics. Studies performing characterising
and staging of tumours based on the subcategories NPCs, SCC and lymphomas appear to be able to
better differentiate the head and neck tumours from their surroundings. Heterogeneity of the tumour
tissue also influences the characterisation and staging capabilities of physiological MRI. Correlations
between T2w heterogeneity of the tumour tissue and the predictive value of DWI has been determined.
Physiological explanations for the DWI alterations that have been described included necrosis, inflam-
mation, and to some extent tumour keratinization.

Overall, several correlations between physiological MRI and tumour characterisation and staging have
been described. However, the value of each detected correlation is difficult to determine. The studies
were inconsistent in their methodology and presentation of results. Standardising the research method-
ology would be beneficial for comparing research. The writing of a standardised method to measure
the performance of physiological MRI in characterisation and staging of head and neck cancers is out
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of the scope of this review. Nevertheless, recommendations for further research can be made about
the sequences that should be acquired, and which parameters should be calculated.

When both 𝐴𝐷𝐶 values and IVIM parameters were measured, 𝐷 closely correlated to 𝐴𝐷𝐶. Further-
more, 𝐷∗ often provided additional information which improved overall performance of detection, char-
acterisation, and staging. 𝐴𝐷𝐶 is a useful measurement on its own but additional IVIM parameters are
of increased value and should be preferred. Between the semi-quantitative and quantitative measure-
ments of DCE-MRI, quantitative measurements are preferred. The semi-quantitative 𝑖𝐴𝑈𝐶 parameters
has shown correlation to tumour detection, but so did quantitative parameters 𝐾𝑡𝑟𝑎𝑛𝑠, 𝐾𝑒𝑝 and 𝑉𝑒. These
three quantitative parameters most often correlated with characterisation and staging and are better
comparable between patients compared to semi-quantitative measures.

No physiological MRI parameter provided identical information to (18)F-FDG PET. Furthermore, SUV
values have shown to increase the accuracy of combined PET-MRI models for characterisation or stag-
ing of head and neck tumours [55, 101]. Also, the SUV parameters can help to reduce the complexity
of the correlations between physiological MRI and the characterisation and staging of head and neck
tumour. Therefore, a multiparametric model for tumour characterisation and staging should include
physiological MRI and (18)F-FDG PET.

Additionally, the use of parameters derived from physiological MRI tumour histograms increased the
performance of the tumours characterisation, staging and differentiation [71, 79, 81, 82, 85, 87]. There-
fore, these histogram parameters are more likely to correlate physiological MRI with tumour charac-
terisation and staging. Also, anatomical information acquired with conventional MRI have shown to
provide valuable information about the size and shape of a potential tumour. These tumour character-
istics have been related to the tumour stage. For example, T2w has a high accuracy in detection of
lymph node metastases [102].

Each imaging sequence in a combined (18)F-FDG PET, anatomical and physiological MRI model
seems to hold complementary information for the characterisation and staging of head and neck tu-
mours. Thus, a multiparametric model can increase the performance of models lacking (18)F-FDG
PET, anatomical or physiological MR imaging.

Specific parameters derived from physiological MRI appear more predictive than others. Compared
to 𝐴𝐷𝐶, IVIM parameters 𝐷 and 𝐷∗ were more predictive in a multiparametric model for detection
of malignant lymph nodes [41]. Moreover, 𝐴𝐷𝐶 provide overlapping information with several other
DCE-MRI and PET parameters while IVIM parameters provided complementary information to that
of DCE-MRI and PET. Therefore, IVIM parameters 𝐷 and 𝐷∗ have a higher potential to be of added
value in a multiparametric model for tumour characterisation or staging compared to 𝐴𝐷𝐶. DCE-MRI
parameter 𝐾𝑒𝑝 has been correlated to T- and N-stage and has been shown to differentiate malignant
from benign tumours. Furthermore, 𝐾𝑒𝑝 was not correlated with other parameters, indicating limited
informational overlap. Increased performance of the combined model to differentiate tumour grades
provide additional evidence to select 𝐾𝑒𝑝 in an multiparametric model over other DCE parameters
[55]. 𝐾𝑡𝑟𝑎𝑛𝑠 and 𝑉𝑒 have shown correlations for tumour characterisation and staging. However, 𝑉𝑒 is
also correlated with other parameters such as ADC and SUV. Therefore, 𝑉𝑒 provides less distinctive
information.

Concluding, physiological MRI can improve characterisation and staging of head and neck cancer.
However, no single sequence could provide better performance than (18)F-FDG PET with conventional
MRI. Based on the findings in current literature, DWI and DCE-MRI parameters provide complementary
information concerning the characterisation and staging of head and neck cancers. A multiparametric
model combining DWI, DCE-MRI and (18)F-FDG PET parameters will most likely improve the accuracy
of characterisation and staging of head and neck cancers compared to each individual physiological
MRI or PET parameter.
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Table B.1. Quantitative parameter correlations with pathology.

Normal N=10 Metastatic N=3
Parameter Median Range Median Range P-value ‡

Short axis 6.20 5.23 - 7.15 27.00 18.70 - 29.10 0.007*
DWI-IVIM 𝐷𝑚𝑒𝑑𝑖𝑎𝑛 6.91 × 10−4 5.30 × 10−4 - 8.44 × 10−4 8.72 × 10−4 6.64 × 10−4 - 1.05 × 10−3 0.161
DWI-IVIM 𝐷𝑚𝑒𝑎𝑛 7.10 × 10−4 5.28 × 10−4 - 7.96 × 10−4 9.37 × 10−4 7.61 × 10−4 - 1.18 × 10−3 0.077
DWI-IVIM 𝐷𝑚𝑎𝑥 1.30 × 10−3 1.20 × 10−3 - 2.00 × 10−3 1.38 × 10−2 3.80 × 10−3 - 2.00 × 10−2 0.028*
DWI-IVIM 𝐷𝑚𝑖𝑛 4.72 × 10−5 2.24 × 10−5 - 1.62 × 10−4 1.42 × 10−5 −6.51 × 10−19 - 3.88 × 10−5 0.161
DWI-IVIM 𝐷𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 1.42 × 10−1 −5.38 × 10−1 - 7.48 × 10−1 8.26 8.21 × 10−1 - 1.17 × 101 0.077
DWI-IVIM 𝐷𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 2.93 × 10−1 −6.47 × 10−1 - 9.35 × 10−1 1.73 × 102 2.33 × 10−1 - 3.44 × 102 0.161
DWI-IVIM 𝐷∗𝑚𝑒𝑑𝑖𝑎𝑛 1.87 × 10−2 9.10 × 10−3 - 2.35 × 10−2 1.33 × 10−2 8.70 × 10−3 - 1.00 × 10−2 0.287
DWI-IVIM 𝐷∗𝑚𝑒𝑎𝑛 2.20 × 10−2 1.91 × 10−2 - 4.43 × 10−2 2.23 × 10−2 2.10 × 10−2 - 2.00 × 10−2 0.937
DWI-IVIM 𝐷∗𝑚𝑎𝑥 4.77 × 10−1 2.65 × 10−1 - 5.44 × 10−1 6.21 × 10−1 5.62 × 10−1 - 8.00 × 10−1 0.077
DWI-IVIM 𝐷∗𝑚𝑖𝑛 1.20 × 10−3 3.91 × 10−4 - 2.10 × 10−3 8.45 × 10−4 0.00 - 1.04 × 10−3 0.287
DWI-IVIM 𝐷∗𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 4.85 3.42 - 6.10 7.72 6.88 - 8.83 0.049*
DWI-IVIM 𝐷∗𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 2.41 × 101 1.24 × 101 - 4.38 × 101 9.46 × 101 8.20 × 101 - 9.98 × 101 0.049*
DWI-IVIM 𝑓𝑚𝑒𝑑𝑖𝑎𝑛 1.74 × 10−1 8.87 × 10−2 - 2.52 × 10−1 1.28 × 10−1 1.08 × 10−1 - 2.10 × 10−1 0.692
DWI-IVIM 𝑓𝑚𝑒𝑎𝑛 2.14 × 10−1 1.39 × 10−1 - 2.50 × 10−1 1.77 × 10−1 1.36 × 10−1 - 2.30 × 10−1 0.811
DWI-IVIM 𝑓𝑚𝑎𝑥 5.87 × 10−1 5.32 × 10−1 - 6.68 × 10−1 7.00 × 10−1 6.84 × 10−1 - 1.00 0.077
DWI-IVIM 𝑓𝑚𝑖𝑛 2.14 × 10−2 1.18 × 10−2 - 2.99 × 10−2 4.60 × 10−3 −2.78 × 10−17 - 2.00 × 10−2 0.112
DWI-IVIM 𝑓𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 9.15 × 10−1 4.57 × 10−2 - 1.27 1.18 4.62 × 10−1 - 2.43 0.469
DWI-IVIM 𝑓𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 1.29 × 10−2 −9.92 × 10−1 - 7.66 × 10−1 5.44 × 10−1 −7.40 × 10−1 - 8.68 0.371
18F-FDG 𝑆𝑈𝑉𝑚𝑒𝑑𝑖𝑎𝑛 2.35 1.62 - 3.96 4.99 4.08 - 7.91 0.028*
18F-FDG 𝑆𝑈𝑉𝑚𝑒𝑎𝑛 2.62 1.91 - 4.46 5.82 4.70 - 8.94 0.007*
18F-FDG 𝑆𝑈𝑉𝑚𝑎𝑥 4.61 3.05 - 9.64 1.86 × 101 1.78 × 101 - 3.01 × 101 0.007*
18F-FDG 𝑆𝑈𝑉𝑚𝑖𝑛 9.17 × 10−1 7.11 × 10−1 - 1.43 6.55 × 10−1 1.91 × 10−1 - 8.40 × 10−1 0.161
18F-FDG 𝑆𝑈𝑉𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 5.99 × 10−1 1.80 × 10−1 - 9.83 × 10−1 7.54 × 10−1 7.51 × 10−1 - 1.02 0.371
18F-FDG 𝑆𝑈𝑉𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 −5.80 × 10−1 −1.20 - −3.55 × 10−2 2.29 × 10−2 −8.10 × 10−2 - 2.29 × 10−2 0.161
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑑𝑖𝑎𝑛 2.03 × 10−1 1.74 × 10−1 - 7.93 × 10−1 7.14 × 10−2 4.61 × 10−2 - 1.30 × 10−1 0.014*
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑒𝑎𝑛 2.37 × 10−1 1.89 × 10−1 - 7.68 × 10−1 9.20 × 10−2 6.78 × 10−2 - 1.50 × 10−1 0.028*
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑎𝑥 1.00 5.24 × 10−1 - 1.00 9.97 × 10−1 4.82 × 10−1 - 1.00 0.573
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑛 3.00 × 10−2 1.59 × 10−2 - 1.09 × 10−1 2.22 × 10−14 0.00 - 1.00 × 10−2 0.014*
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 4.90 × 10−1 −1.24 - 1.34 1.98 9.29 × 10−1 - 3.34 0.077
DCE-MRI 𝐾𝑡𝑟𝑎𝑛𝑠𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 1.38 −7.42 × 10−1 - 1.81 × 101 8.59 3.14 × 10−1 - 2.69 × 101 0.287
DCE-MRI 𝐾𝑒𝑝−𝑚𝑒𝑑𝑖𝑎𝑛 9.27 × 10−1 7.76 × 10−1 - 1.12 6.68 × 10−1 6.24 × 10−1 - 9.80 × 10−1 0.371
DCE-MRI 𝐾𝑒𝑝−𝑚𝑒𝑎𝑛 9.81 × 10−1 8.04 × 10−1 - 1.10 8.56 × 10−1 8.52 × 10−1 - 9.80 × 10−1 0.573
DCE-MRI 𝐾𝑒𝑝−𝑚𝑎𝑥 1.99 1.61 - 2.00 2.00 2.00 - 2.00 0.014*
DCE-MRI 𝐾𝑒𝑝−𝑚𝑖𝑛 4.57 × 10−8 5.39 × 10−10 - 1.69 × 10−6 2.33 × 10−14 0.00 - 2.57 × 10−8 0.077
DCE-MRI 𝐾𝑒𝑝−𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 −1.74 × 10−1 −4.85 × 10−1 - 2.79 × 10−1 4.00 × 10−1 1.88 × 10−1 - 8.60 × 10−1 0.049*
DCE-MRI 𝐾𝑒𝑝−𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 −3.91 × 10−1 −1.23 - −1.81 × 10−1 −3.49 × 10−1 −1.39 - 0.00 1.000
DCE-MRI 𝑉𝑝−𝑚𝑒𝑑𝑖𝑎𝑛 1.41 × 10−2 1.90 × 10−3 - 1.02 × 10−1 4.40 × 10−3 2.30 × 10−3 - 1.00 × 10−2 0.469
DCE-MRI 𝑉𝑝−𝑚𝑒𝑎𝑛 1.93 × 10−2 6.90 × 10−3 - 9.16 × 10−2 6.00 × 10−3 3.80 × 10−3 - 1.00 × 10−2 0.217
DCE-MRI 𝑉𝑝−𝑚𝑎𝑥 2.00 × 10−1 7.11 × 10−2 - 2.00 × 10−1 9.48 × 10−2 3.94 × 10−2 - 2.00 × 10−1 0.287
DCE-MRI 𝑉𝑝−𝑚𝑖𝑛 2.18 × 10−10 7.30 × 10−13 - 7.34 × 10−8 0.00 0.00 - 9.53 × 10−11 0.112
DCE-MRI 𝑉𝑝−𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 1.36 4.90 × 10−1 - 5.05 2.68 1.94 - 5.21 0.371
DCE-MRI 𝑉𝑝−𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 2.65 1.10 × 10−1 - 4.07 × 101 1.44 × 101 6.08 - 3.94 × 101 0.469
‡Mann-Whitney U test
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