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Abstract: Radiation therapy (RT), in particular intensity-modulated radiation therapy IMRT), is becoming
a more important nonsurgical treatment strategy in head and neck cancer (HNC). The further development
of IMRT imposes more critical requirements on clinical imaging, and these requirements cannot be fully
fulfilled by the existing radiotherapeutic imaging workhorse of X-ray based imaging methods. Magnetic
resonance imaging (MRI) has increasingly gained more interests from radiation oncology community and
holds great potential for RT applications, mainly due to its non-ionizing radiation nature and superior soft
tissue image contrast. Beyond anatomical imaging, MRI provides a variety of functional imaging techniques
to investigate the functionality and metabolism of living tissue. The major purpose of this paper is to give
a concise and timely review of some advanced functional MRI techniques that may potentially benefit
conformal, tailored and adaptive RT in the HNC. The basic principle of each functional MRI technique is
briefly introduced and their use in RT of HNC is described. Limitation and future development of these
functional MRI techniques for HNC radiotherapeutic applications are discussed. More rigorous studies are
warranted to translate the hypotheses into credible evidences in order to establish the role of functional MRI

in the clinical practice of head and neck radiation oncology.

Keywords: Head and neck cancer (HNC); magnetic resonance imaging (MRI); radiation therapy (RT); diffusion;

perfusion; metabolism; hypoxia

Submitted May 10, 2016. Accepted for publication May 27, 2016.

doi: 10.21037/qims.2016.06.11

View this article at: http://dx.doi.org/10.21037/qims.2016.06.11

Introduction

Head and neck cancer (HNC) represents a broad
spectrum of malignant neoplasms that include those in the
sinonasal region, pharynx and larynx, oral cavity, glands
and lymphatic system of the neck, and is the sixth most
common type of cancer worldwide (1). Over 90% HNCs
are squamous cell carcinomas (SCC) and variants. Radiation
therapy (RT) remains an important mainstay among
treatment strategies in HNC. The progressive introduction
of intensity-modulated radiation therapy (IMRT) into
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the clinics has revolutionized the treatment of HNC over
the past 10 years. The ability of IMRT to tightly conform
the delivered dose to the irregularly shaped tumors with
steep dose gradients enables better treatment efficacy
than conventional RT approaches, meanwhile leading to a
substantial reduction in normal tissue irradiation and hence
the significantly improved normal tissue sparing, e.g., the
reduced acute mucositis and late xerostomia (2).

The achieved success and further advancement of
highly conformable IMRT rely continuously and heavily
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on clinical imaging (3). The frequent use of clinical
imaging has been propagated into every aspect of HNC
radiotherapy treatment, including but not limited to
treatment simulation, planning and re-planning, setup
verification, dose delivery guidance, motion tracking, and
treatment prediction and/or evaluation. Computerized
tomography (CT) has long been the workhorse in the arena
of radiotherapeutic imaging, in particular for simulation
scan and treatment planning by taking the advantages of
excellent image resolution, high geometric fidelity, fast
scan speed and ease of dose calculation. On the other hand,
CT has its own drawbacks and is not able to fully fulfill
the requirements imposed by the further advancement
of highly conformable IMRT. As such, multi-modality
clinical imaging, such as ultrasound, magnetic resonance
imaging (MRI), positron emission tomography (PET)
and PET/CT, has been proposed and introduced into RT
practice to complement CT. MRI, long been a valuable
and powerful tool in diagnostic radiology, has increasingly
gained more interest from radiation oncology community
in recent years. Similar to CT, MRI is also an important and
powerful cross-sectional anatomical imaging method that
not only reveals the fine structure of tissues, but involves no
ionizing radiation, so is attractive for the serial imaging over
the entire course of RT without the extra radiation dose
being delivered to patients. More importantly, MRI offers
superior soft tissue contrast among existing clinical imaging
modalities. Furthermore, MRI also provides various
functional imaging techniques to facilitate utilization
in many important concepts in radiation oncology like
biological target volume (BTV), dose painting and adaptive
IMRT (4).

The use of anatomical MRI for RT can never be
understated, particularly for target and organ-at-risk (OAR)
delineation in treatment planning. In the current practice,
target and OAR delineation is mostly conducted on axial
CT images. Large uncertainties have been found to be
associated with target delineation on CT images in head and
neck owing to the relatively poor soft tissue contrast of CT
images (5,6). As such, it is expected that such delineation
uncertainty could be greatly reduced with the aid of
anatomical MR images fused to CT, by taking the advantage
of superior soft tissue contrast of MRI (7). For anatomical
MRI in the head and neck, T2-weighted fast spin echo
(FSE) with fat suppression and post-contrast T1-weighted
FSE with/without suppression are two most common MRI
sequences in diagnostic radiology, and are routinely used
for radiotherapy planning. Great efforts have been taken to
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investigate the merit of anatomical MRI for better target
delineation in the head and neck and encouraging results
have been reported (8-13).

In addition to anatomical MRI, functional MRI
techniques are being proposed and introduced into clinical
practice of radiation oncology. The major purpose of this
paper is to give a concise introduction and a timely review
of functional MRI techniques that are being investigated
for head and neck radiotherapy and some new techniques
that are not yet explored but may impact head and neck
radiotherapy in the future, for multi-disciplinary researchers
such as medical physicists, radiotherapist, radiation
oncologist, who may not be familiar with functional
MRI but have interests in applying these techniques into
their clinical RT practice. We will primarily discuss the
acquisition and analysis of these functional MRI techniques
instead of the post-processing aspects such as segmentation
and registration to CT, although they are also indispensable
parts in radiotherapy treatment planning and positional
verification.

Functional MRI techniques
Diffusion-weighted imaging (DWI)

DWTI is an important and valuable non-invasive functional
MR technique that can be used to measure diffusivity, i.e.,
the Brownian motion of water, in the living tissue (14).
In DWI acquisition, a strong bi-polar gradient waveform
is used to obtain the diffusion-weighted magnetization
preparation. The Brownian motion of water in the tissue
cannot be completely rephrased by this diffusion-weighted
bi-polar gradient and results in the MR signal intensity
reduction (15). The diffusion-sensitizing effect by this bi-
polar gradient waveform is usually measured by a parameter
called b-value that is defined by the shape, strength and
duration of the gradient lobe and the time interval between
two opposed gradient lobes. The displacement of freely
mobile water molecules diffusing from one location to
another in a certain time is considered to have a Gaussian
distribution for Brownian motion. Based on this Gaussian
diffusion behavior, a relationship of mono-exponential
decay of DWI signal intensity with regard to the increase of
b-value can be established. By fitting the DWI signal decay
with regard to b-value to a mono-exponential function,
a quantitative index called apparent diffusion coefficient
(ADC) can be calculated to indicate the average diffusivity
of tissues. In oncological applications, malignant tumor is
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Figure 1 Male with squamous cell carcinoma of the hypopharynx and right sided nodal metastases. Pretreatment the hypopharyngeal

tumour (thin arrow) and a right sided metastatic node (thick arrow) are shown (A) T1 weighted image post contrast; (B) apparent diffusion

coefficient (ADC) map where the ADC was low (primary =0.93x10” mm’/s and the node =0.76x10~° mm’/s). Following chemoradiotherapy

there was no tumor relapse in the primary site or metastatic node at 2 years.

usually associated with low ADC value due to the increased
cellularity and the decreased extra-vascular extra-cellular
space (EES) that restrict the Brownian motion of water
(14,16,17).

DWT has been proved to be a valuable tool in many aspects
of HNC management by a number of studies, including but
not limited to tumor detection and characterization, nodal
staging, treatment response prediction and post-treatment
recurrence evaluation (18-20). For target delineation in head
and neck radiotherapy planning, DWI is of value in the
identification of metastatic lymph nodes, in particular for
small-sized lymph nodes, so as to determine the extent of
radiation treatment field (21). Lymph node metastases in the
head and neck are mainly based on size criteria of anatomical
imaging. A short axis diameter cut-off of 10 mm is commonly
used to discriminate metastatic lymph nodes from benign
ones. However, according to histopathology, small-sized
nodes may also harbor malignancy and excluding these nodes
from treatment planning could lead to regional recurrences.
Many studies have investigated the performance of DWI on
lymph node discrimination in the head and neck. Although
various b-values and ADC threshold vary between studies,
high sensitivity and high specificity have been reported
(21-26). In three studies involving nodal size smaller than
10 mm, the sensitivity and specificity were reported as 84—
98% and 88-97%, respectively, much superior to anatomical
CT and MRI (7% sensitivity) (21-23). Dirix et al. (27) also
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compared DWI- and CT-based target volume delineation
to pathology. They found that DWI achieved significantly
better agreement with pathology than CT (k=0.97 vs. 0.56,
P=0.019) (27). As such, DWI-based target delineation is
expected to reduce the toxicity induced by the radiotherapy
or intensify the treatment on sub-millimeter malignant
nodes.

DWTI has also been investigated to aid in prediction and
evaluation of RT and chemoradiotherapy (CRT) in the head
and neck (Figure I). The ability to predict tumor response
before or early during treatment helps to better initiate
and adapt RT planning for the purpose of better treatment
outcome and reduced toxicity on the individual basis. It is
postulated that the reduction of tumor cells and necrosis
induced by RT leads to an increase in tumor ADC. Some
published data suggest that the pre-treatment baseline ADC
of complete responders is significantly lower than the ADC
of partial responders (28-30). The ADC increase within/
after the treatment of complete responders is also significant
when compared to the pre-treatment ADC, while non-
responders are more associated with a lower increase or
even a decrease of ADC during the treatment (28,31-35). In
addition, The ADC change might be a more sensitive and
accurate biomarker to predict locoregional control (LRC)
than the volume change of tumors (36).

It can be difficult for anatomical imaging to differentiate
benign post-treatment tissues alteration like necrosis from
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Figure 2 Maps of the mono-exponential apparent diffusion coefficient (ADC) and non-Gaussian diffusion parameters (goodness of fit R2

>0.8) for a primary NPC tumor overlaid on the diffusion-weighted imaging (DWI) image with b=0. Reprinted with permission from Yuan J,

et al. PLoS One 2014;9:¢87024.

residual/recurrent cancer (37). As such, post-treatment
DWI can help predict or detect the potential recurrence
of HNC. A couple of studies have shown that the ADC
of residual or recurrent SCC is significantly lower than
that of a benign post-treatment mass (38-40). Sensitivities
ranging from 84% to 94% and specificities ranging from
90% to 95% have been reported by using a threshold
ADC of 1.3x107 mm’/sec (39,40). In particular, as DWT is
insensitive to acute inflammation induced by the treatment,
DWI might provide advantages over fluorodeoxyglucose
(FDG) PET on detection of residual cancer and early
reoccurrence in the first few months after treatment (41).
Much higher positive predictive values (PPV) of DWI
(91-100%) than PPV of PET (64-77%) have been reported
in literatures (42,43).

ADC is so far one most frequently used quantitative
index for DWI in clinical practice as its calculation has
been well integrated with almost all commercial clinical
MRI scanners. ADC is calculated based on the assumption
of Gaussian diffusion behavior. However, the diffusion
behavior in living tissues can be non-Gaussian due to their
complex structures that greatly restrict the free diffusion of
water. It has been found that the mono-exponential function
for ADC calculation does not necessarily best represent
the observed DWI signal decay in the living tissues if an
extended b-value combination is used. A number of non-
Gaussian DWI models have been proposed (44-50). Various
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quantitative parameters can be derived from these non-
Gaussian DWI models other than ADC (Figure 2). These
parameters are anticipated to more accurately quantify
the diffusivity of the living tissue and provide additional
information of tissue. There have been increasing numbers
of studies of non-Gaussian DWI for HNC (51-57). Jansen
et al. found that diffusion kurtosis imaging (DKI) model
significantly better fit the DWI signal decay in HNSCC
with an extended b-value up to 1,500 s/cm’ (55). A
parameter of apparent kurtosis coefficient Kapp could be
calculated from DKI to indicate the deviation of diffusion
from Gaussian pattern in living tissues (55). Intravoxel
incoherent motion (IVIM) model explores the non-Gaussian
DWI at extremely low b-values (<200 s/cm’) to investigate
the micro-circulation in tissues as the blood flow within the
randomly oriented capillary network can be considered as
pseudo-diffusion with a larger “diffusion” coefficient. By
using a bi-exponential function for DWI signal fitting, three
parameters of D, D* and f could be calculated to indicate
the true diffusion coefficient, pseudo-diffusion coefficient
due to micro-circulation and the vascularity volume fraction
due to micro-circulation (50). IVIM may hold potentials
for targeting at cancer angiogenesis. Lai ez 4/ used IVIM
to aid the differentiation of NPC and post-chemoradiation
fibrosis (53). Lu et a/. compared primary tumors and
metastatic nodes in HNC patients who received CRT
using IVIM parameters and suggested that IVIM might
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be useful in optimizing treatment planning (51). Besides
DKI, stretched exponential model (SEM) can be used
to characterize non-Gaussian diffusion using very high
b-values, and two parameters of distributed diffusion
coefficient DDC and water heterogeneity o can be
obtained (49). Lai er al. used SEM for different stages of
NPC and found that a was robust and could potentially
help in staging and grading prediction in NPC (54).

For both Gaussian and non-Gaussian DWI, one major
limitation is the relatively low spatial resolution, severe
distortion and various artifacts associated with the most
widely adopted single-shot echo planar imaging (EPI) pulse
sequence for DWT acquisition, in particular for the head and
neck due to the complicated tissue structures and various
motions within this area. For ADC quantification, the
maximum b-value applied is usually below 1,000 sec/mm’
and at least two b-values are needed. In contrast, for non-
Gaussian DWI, more b-factors are required in an extended
range to capture non-Gaussian behavior. For example, a
couple of b-values below 200 sec/mm’ may be used for
IVIM and high b-values over 1,000 sec/mm’ are required
for DKI. The number and value of b-factors can affect scan
time, image quality as well as quantification, so have to be
carefully selected and optimized, which need to be further
investigated. The development of multi-shot EPI and non-
EPI-based DWI is expected to alleviate these issues while at
the cost of longer scan time (58,59). Nevertheless, possible
deviations in diffusivity measurement by using non-EPI
sequences from EPI have yet to been carefully examined.

Compared to Gaussian DWI and ADC, the use of non-
Gaussian DWI in RT application in the head and neck is
still in its infancy. The published data are still sparse. The
prescription of b-factors covering extremely low and high
b-values might not be readily allowable on all clinical MRI
systems. Meanwhile, fitting and calculation of non-Gaussian
parameters can be complicated and have to be done off-
line. Furthermore, non-Gaussian DWI quantification
might be associated with higher inaccuracy and uncertainty.
Therefore, more rigorous studies are anticipated to establish
the utilization of on-Gaussian DWI for RT in the head and
neck.

Perfusion MRI

Perfusion is physiologically defined as the steady-state
delivery of blood to an element of tissue (60). Perfusion
emphasizes more on the capillary blood blow and its contact
with and irrigation through tissues rather than the luminal
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blood flow in the large blood vessels. Perfusion can be
measured by various clinical imaging methods including
MRI. The advantages of MRI perfusion include free-
of-radiation, versatility and non-invasiveness possibility
compared to other imaging modalities.

DCE-MRI is most frequently used for oncological
applications among perfusion MRI methods to investigate
various tissue properties such as the microstructure,
permeability, tumor angiogenesis and hypoxia (61). Due
to the T1-shortening effect after gadolinium (Gd)-based
contrast agent injection, the uptake and depletion of Gd by
target tissue induces T'1-weighted MR signal enhancement
and reduction during the perfusion procedure, and these
temporal MR signal variation is recorded as voxel-wise
time-intensity curves (TIC) by acquiring a series of dynamic
MR images using a fast 2D/3D spoiled gradient echo
sequence.

DCE-MRI data can be analyzed qualitatively, semi-
quantitatively or quantitatively. Qualitative DCE-MRI
analysis relies on the observation and categorization of
TIC patterns to discriminate malignant and benign lesions.
TICs of malignant lesions more frequently show a fast
wash-in and fast wash-out TIC pattern which is associated
with tumor neoangiogenesis (62). TIC pattern analysis is
widely used in breast cancer MRI and has been extended to
HNC (Figure 3) (62-66). Semi-quantitative analysis of TIC
can be conducted to derive various heuristic parameters
to indicate the tissue perfusion property, such as bolus
arrival time, time-to-peak, wash-in rate, wash-out rate
and maximum enhancement (67). Despite the advantages
of straightforward and easy analysis, qualitative and semi-
quantitative DCE-MRI suffers from many limitations. For
instance, semi-quantitative parameters can be remarkably
affected by intrinsic tissue relaxation times, contrast agent
registration protocol as well as imaging parameters.

Quantitative DCE-MRI was thus proposed to overcome
the above problems based on pharmacokinetic modeling
of DCE-MRI signal to set up the quantitative relationship
between tissue properties and absolute contrast agent
concentration in the tissue (68,69). As such, the conversion
of TIC to time-concentration curve (TCC) from DCE-MRI
data is essential for quantitative DCE-MRI, which requires
a pre-contrast T'1 measurement in DCE-MRI acquisition.
Among the various pharmacokinetic models proposed
for DCE-MRI, the Tofts model is most widely adopted
(68,70). For the original Tofts model, three quantitative
pharmacokinetic parameters of K™, (the volume transfer
constant between the blood plasma and extracellular
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Figure 3 Semi-quantitative analysis of DCE-MRI. (A) The illustration of a five-color-coding scheme for typical DCE-MRI time-intensity

curves (TICs) to produce the color hue and color intensity coded maps. The black solid curves denote raw DCE-MRI TICs and the

corresponding color curves denote the smoothed data; (B) the illustration of a color-coded map overlaid on a TSE anatomic image. The

malignant tumor primarily shows fast wash-in and fast wash-out TIC pattern and is encoded in yellow. The normal tissues like muscle are

primarily encoded in brown. MRI, magnetic resonance imaging.

extravascular space EES, wit unit of 1/min), k,, (rate constant
between EES and blood plasma, also with unit of 1/min) and
v, (volume of EES per unit volume of tissue, v, = K™k,
could be derived. An additional parameter of v, (volume
of blood plasma per unit volume of tissue) can be derived
from the extended Tofts model. Despite the theoretical
advantage of hardware and imaging protocol independence
of quantitative pharmacokinetic parameters, it is still worth
noting that the quantification of these parameters can be
complicated and the quantified results can be considerably
affected by many factors such as arterial input function
(AIF) selection and measurement, T'1 mapping, hardware
imperfections (BO and B1 inhomogeneity), hematocrit
and model fitting algorithms (70). In consequence,
reproducibility of quantitative DCE-MRI still needs to be
further established through rigorous studies.

The merit and potential of DCE-MRI have been
reported by a number of studies for RT and/or CRT
applications, mainly focused on prediction and early
assessment of RT and CRT treatment response (Figure 4).
Hoskin et al. (67) studied the correlation of pre- and post-
treatment semi-quantitative DCE-MRI parameters and
local tumor control after accelerated RT in HNCs. Cao
et al. (71) found that the blood volume increase derived
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from the Tofts model in available primary tumor during
the early course of RT was associated with local control,
thus having potentials on intra-treatment modification.
Shukla-Dave’s study showed that skewness of K™ was the
strongest predictor of progression free survival (PFS) and
overall survival (OS) in stage IV HNSCC patients with
nodal disease, suggesting the importance of pretreatment
K™ as a predictor of treatment outcome (72). Several other
studies also reported that higher overall K"™" or its increase
was predictive of a good outcome following treatment in
HNSCC (73-76).

As tumor vascularity could serve as a possible surrogate
marker of hypoxia, DCE-MRI also has potential to
reflect tumor hypoxia, which is attractive for adaptive and
personalized radiotherapy treatment planning because
hypoxia is a key factor to determine tumor resistance to
treatment (77). In HNC, Newbold et a/. (78) reported
that Tofts model parameters of K™, k,, and v, in a small
number of 11 tumor sites had relatively high correlation
(r>0.5) with higher pimonidazole scores (>30% of cells), a
hypoxia-specific marker used in immunohistochemistry. In
another study by Donaldson et 4/ (79), pharmacokinetic
DCE-MRI derived pre-surgical whole-tumor blood flow
was found to be negatively correlated with pimonidazole
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Figure 4 Male with squamous cell carcinoma of the tongue base and nodal metastases. Pretreatment a large left sided metastatic node

(arrow) is shown (A) T1 weighted image post contrast; (B) T2 weighted image with fat saturation; (C) K™ map where the K™ was low

(0.33 min™); (D) ADC map where the ADC was high (1.1x10” mm’/s). Following chemoradiotherapy there was residual cancer in this

metastatic node. ADC, apparent diffusion coefficient.

immunostaining and vascular endothelial growth factor
(VEGF) messenger RNA (mRNA) expression in the
resected HNSCC specimens. It was also reported by Jansen
et al. that baseline nodal K™ and k., correlated inversely
with the proliferation marker Ki67 in the lymph nodes of
12 HNSCC patients. After applying Bonferroni correction,
k., was found to be correlated with VEGF expression (80).

DSC-MRI, another type of perfusion MRI, utilizes the
T2*-weighted signal loss induced by the susceptibility effect
of the injected paramagnetic contrast agent to investigate
tissue perfusion (81). Similar to DCE-MRI, qualitative,
semi-quantitative and quantitative analysis can be conducted
on DSC-MRI data. For quantitative pharmacokinetic
analysis, voxel-wise cerebral blood volume (CBV), cerebral
blood flow (CBF) and mean transit time (MTT) can be
derived. Up to date, DSC-MRI has been focusing on
diagnosis rather than therapeutic purpose, sparsely reported
for head and neck applications in literatures compared to
DCE-MRI (82).

Totally non-invasive perfusion MRI can be conducted
by arterial spin labeling (ASL), which explores the use of
magnetically labeled arterial blood by labeling RF pulses
in feeding vessels to generate endogenous perfusion-
weighted image contrast in the target tissue so that
exogenous contrast agent does not need to be injected
intravenously (83). Through delicate pharmacokinetic
modeling, perfusion parameters of CBE, CBV and MTT
could theoretically be obtained (84). One major limitation
of ASL is its low labeling efficiency and thus low contrast-
to-noise ratio (CNR). Until very recently, few studies have
reported the use of ASL in the head and neck. Fujima ez 4/.
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evaluated the feasibility of ASL in 27 patients with HNC by
comparing the post-treatment TBF (tumor blood flow) and
the reduction rate of TBF between residual and nonresidual
tumors after CRT treatment. The result showed that TBF
reduction rate was significantly lower in patients with
residual tumors, suggesting the potential use of ASL to
assess tumor viability in the HNC in the future (85). They
further compared the TBF measurement using pseudo-
continuous arterial spin labeling (pCASL) to that using
DCE-MRI in 18 HNSCC patients. Significant correlation
was observed between the absolute TBF values derived
from two perfusion MRI methods, although the TBF might
be underestimated by ASL in the central tumor ROIs (86).

MR spectroscopy (MRS)

Different from MR imaging in which the spatial
distribution of water proton in the living tissue is visualized
via spatial encoding in three dimensions, MRS usually
aims to non-invasively investigate the concentration of
metabolites resonating at different frequencies from water
at a specific location within the living tissue in the form of
MR spectrum (87). The acquisition and analysis of MRS
data are quite different from the standard normal MR
imaging methods. Water signal suppression is essential
for MRS acquisition because water proton signal is much
stronger than the proton signal from metabolites due
to the much smaller concentration of these metabolites.
Pointed-resolved spectroscopy (PRESS) or stimulated echo
acquisition mode (STEAM) sequence is usually applied
to acquire the spectrum data within a spatially selected
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estimate Cho

Cr

Figure 5 1H MRS, MR spectroscopy (MRS) spectrum after lipid
removal at TE 136 ms from a hypopharyngeal carcinoma with
residual cancer after treatment (arrows). Six weeks post-treatment

spectroscopy shows persistence of choline.

voxel in the target tissue. The acquired MRS data are then
Fourier transformed and post processed to obtain the MR
spectrum in a plot of proton signal amplitude (indicating
the relative concentration) against the resonant frequency in
ppm (part per million), or chemical shift. The metabolites
that can be investigated via MRS methods include but are
not limited to N-acetylaspartate (NAA), choline (Cho),
creatine (Cr), lactate, glutamate (Glu), glutamine (Gln)
and lipids. Different metabolites are involved in different
physiological and pathological procedures, so can be utilized
to characterize the metabolism associated with different
diseases including cancer (88). MRS has been preliminarily
explored for HNC in recent years (Figure 5) (89-93).

For RT/CRT applications, Bezabeh ez al. explored
the capability of MRS in providing an indication of the
aggressiveness of HNSCC tumors and their response to
treatment (94). By comparing the MRS of ex vivo HNSCC
tumor specimens from patients with and without treatment
failure, they found the Cho-to-Cr (3.2/3.0 ppm) and the
1.3/0.9 ppm spectral intensity ratios (signal due to lipid or
lactic acid) were significantly elevated in the patients with
poor response. King ez al. correlated the pre-treatment and
intra-treatment Cho values as well as the Cho change with
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loco-regional failure, distant metastases, OS, and cancer-
related death in 60 HNSCC patients who received RT/
CRT and found that MRS did not successfully predict
clinical outcome (95). They found in another study that
the presence of Cho in a post-treatment mass may serve as
a marker of residual cancer but the change in Cho ratios
may not be useful for monitoring treatment response (96).
Although it is technically possible to obtain spectroscopic
imaging in 2D/3D, also called chemical shift imaging (CSI),
the scan time can become very long and the data qualify can
be deteriorated by many factors, so its use in clinical practice
is very limited (97). Besides proton MRS (or 1H MRS),
phosphorus MRS (31P MRS) has also been reported for
the head and neck applications as phosphorus compounds
are involved in energy metabolism of HNC. Maldonado
et al. (98) reported that the average pretreatment ratio of
phosphomonoesters (PME) to B-nucleotide triphosphates
(B-NTP) of 31P MRS was significantly smaller in complete
responders to CRT, suggesting the value of 31P MRS
for treatment prediction. Chawla ez a/. (99) studied the
correlation of proton MRS and 31P MRS in HNSCC,
and suggested that these two MRS techniques may be
complementary to each other for the evaluation and
prediction of HNSCC treatment response.

It is technically challenging to apply MRS to head and
neck applications. The shimming performance could be
greatly compromised by the pronounced susceptibility in
some head and neck regions. The complex anatomy, air-
tissue interface and various motions in the head and neck
could also induce many artifacts that reduce MRS data
quality thus affect analysis. The analysis and interpretation
of MRS data is so different from imaging data that
particular technical expertise is needed beyond the normal
radiological reading of imaging data. In addition, 31P
MRS imposes extra hardware requirements on wide-band
excitation and extra receives RF coils equipped with MRI
scanner for data acquisition. Meanwhile, the intrinsic low
concentration of phosphorus compounds in the tissues leads
to the low SNR of 31P MRS data, also hampering its broad

use in routine clinical practice.

Blood oxygen level dependent (BOLD) MRI

BOLD-MRI is a popular non-invasive functional imaging
method to investigate neural function and connectivity
by investigating the hemodynamic response to brain
activation. BOLD-MRI detects the MR signal attenuation
in tissue adjacent to blood vessels due to the paramagnetic
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deoxyhemoglobin induced shortening of apparent spin-
spin relaxation time T2* and thus the increasing of tissue
susceptibility (100). In recent years, BOLD-MRI has
been proposed to non-invasively image tumor hypoxia,
in particular perfusion related acute hypoxia. In a patient
group with heterogeneous cancer types including HNSCC,
significant T2*-weighted signal enhancement was seen in
56% patients during carbogen breathing, indicating the
improved tissue oxygenation and blood flow. Thus BOLD-
MRI was suggested to potentially identify those patients
who could benefit from carbogen radiosensitization (101).
Rijpkenma er /. (102) assessed the blood oxygenation
and vascular effects of breathing a hyperoxic hypercapnic
gas mixture using both DCE-MRI and BOLD-MRI.
The results showed that BOLD-MRI imaging revealed
a significant T2* increase in HNSCC tumors during
hypercapnic hyperoxygenation, which correlated to a
decrease of the deoxyhemoglobin concentration, thus
potentially beneficial for Accelerated Radiotherapy with
CarbOgen and Nicotinamide (ACRON). In another study,
Kotas er al. (103) successfully measured the heterogeneous
oxygenation changes in head-and-neck tumor patients by
using BOLD-MRI and concluded that BOLD-MRI was
feasible for this purpose in clinical use.

Despite the great advantage of no need of exogenous
radioactive tracer administration, BOLD-MRI has some
major limitations for hypoxia imaging. First, it does not
directly measure the pO2 in tumor and can only serve as a
surrogate indicator of tumor hypoxia. Further decoupling
of blood flow volume and deoxyhaemoglobin is needed.
The sensitivity of BOLD-MRI to diffusion-related chronic
hypoxia is still unknown. In practice, intrinsic pronounced
susceptibility in the head and neck makes BOLD-MRI
more difficult. Meanwhile, BOLD-MRI usually has low
signal-to-noise ratio so should be further improved. The
possible high failure rate of BOLD-MRI due to respiratory

distress may also be concerned (101).

Other functional MRI techniques unexplored for RT

Beyond the functional MRI techniques introduced above,
there are still a number of MRI techniques that have been
proposed and introduced for diagnostic radiology, while
not yet been explored for head and neck RT. Here we just
briefly introduce the basic principle of these techniques and
their relevance to head and neck RT. Clinical indication and
evidence of these techniques for head and neck RT is yet to
be established.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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MR elastography (MRE)

MRE is a non-invasive quantitative imaging method that
allows the measurements of biomechanical properties of
living tissues such as elasticity and viscosity by utilizing the
phase information of complex MR images under harmonic
mechanical excitation of tissue by an external driver (104).
MRE could be understood as a “palpation imaging” method
extended from the traditional palpation without restrictions
by the tumor location that is not accessible to the physician’s
hand (105). Encouraging results of MRE have been reported
for breast cancer and liver fibrosis (106,107). For HNC,
MRE might provide an alternative or complementary option
for tumor differentiation and treatment response evaluation.
For instance, fibrosis is a common late complication of
radiotherapy for HNCs and is difficult to quantify, MRE
might be used for this purpose (108). A customized external
driver suitable for MRE of the head and neck has been
proposed and preliminarily tested on six healthy volunteers
and three patients with HNC (109). It is recognized that the
propagation of acoustic strain waves in the head and neck can
be complicated by the highly heterogeneous and complex
anatomies in this region, so MRE phase information might
be corrupted. Consequently, the technical challenge is yet to
be overcome first before its clinical use in the head and neck.

Spin-lock and chemical exchange saturation transfer
(CEST) MRI
Most MRI techniques explore and visualize the abundant
free water pool in living tissues to generate MR image
contrast. Proton exchange between free water and water
bound to macromolecules or labile protons contained in
macromolecules represents an important physiological
process in living tissues that can also be utilized to generate
MRI contrast. Spin-lock imaging (or spin-lattice relaxation
in the rotating frame T'1p imaging) and CEST MRI are two
MRI techniques to investigate chemical exchange in tissues.
In spin-lock MRI, an external RF pulse, called spin-
lock pulse, is applied on- or off-resonance in the transverse
plane to slow down the tissue T2 relaxation procedure
in the transverse plane. In theory, Bloch-McConnell
equations (110) can be used to quantitatively describe the
time evolution of the magnetization of a multi-pool model
under proton exchange. In practice, by applying the spin-
lock pulse with different pulse durations (called spin-lock
time) and measuring the corresponding signal intensities,
T1p, the spin-lattice relaxation in the rotating frame, can
be quantified by fitting the signal decay with regard to spin-
lock time to a mono-exponential decay function. Some

gims.amegroups.com Quant Imaging Med Surg 2016;6(4):430-448



Quantitative Imaging in Medicine and Surgery, Vol 6, No 4 August 2016 439

preliminary results of spin-lock imaging have been reported
for diagnosis of HNC (111,112). Spin-lock MRI suffers
from banding artifact due to the inhomogeneous B0 and
B1 fields (113-115), so can be technically challenging when
applied to head and neck due to the pronounced tissue
susceptibility. Meanwhile, the relatively strong spin-lock
pulses may be concerned in terms of specific absorption
rate (SAR) (116). Reports on spin-lock imaging for RT
applications for HNC:s are still awaited.

CEST has recently been emerging as a promising
molecular and cellular MRI method by exploring the in
vivo chemical exchange processes between free water and
mobile exchangeable exogenous or endogenous agents (117).
Although sharing the similar theoretical foundation as spin-
lock MRI, CEST MRI has the advantage of higher sensitivity
and specificity to particular macromolecules, such as glucose,
glutamate, amide, glycogen and glycosaminoglycans (118).
In CEST MRI, different irradiation frequencies of a
longer but weaker saturation RF pulse than spin-lock
pulse for spin-lock imaging are applied to obtain the so-
called Z-spectrum, the signal intensity ratios compared
to the unsaturated signal intensity as a function of offset
frequency from water. Asymmetric magnetization transfer
ratio (MTRasym), the subtraction of the MTR at the
opposite offset frequency of labile proton pool and that
at the offset frequency, and other parameters can be
derived from Z-spectrum analysis (119). Some animal
studies have suggested the potentials of CEST MRI for
RT applications, for example, the differentiation of brain
tumor reoccurrence from radiation induced necrosis (120),
and in vivo imaging of glucose uptake and metabolism
in tumors (121). In head and neck, Yuan et a/. (122)
preliminarily explored the feasibility and repeatability of
amide proton transfer-weighted (APTw) MRI at 3 T. Head
and neck tumors showed positive mean APTw ranging from
1.2% to 3.2%, higher than surrounding normal tissues. So
far there has been no study that reports the use of CEST
MRI for head and neck RT.

Discussion

In this era of personalized and precision medicine,
conformal, tailored, and adaptive IMRT is becoming an
important trend in the future development of RT for HNC
to maximize treatment outcome and minimize toxicity (2).
To this end, strong support from clinical imaging is
indispensable. Owing to the superior soft tissue contrasts,
versatility and non-ionizing radiation nature, MRI is

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

expected to fulfill many underserved needs in radiation
oncology and is evolving from a purely diagnostic to
a comprehensive diagnostic-therapeutic imaging tool.
Dedicated MRI simulators for radiotherapy have been
introduced into market and are gaining increasingly use
in radiation oncology in recently years. Dedicated MRI
simulators considerably overcome some fundamental
barriers like patient positioning consistency and
reproducibility for the use of MRI in RT, and hopefully
largely reduce the uncertainty of MR image co-registration
to simulation CT and on-board imaging. More advanced
integrated MR-LINAC systems have also been proposed
and introduced into clinics to guide the delivery of radiation
beams in real time during treatment (123).

In this article, a variety of functional MRI techniques are
briefly introduced and reviewed on their basic principle and
current status in head and neck radiation oncology. Tuble 1
briefly summarizes the characteristics of these techniques
and possible pathophysiological correlates in head and neck
radiotherapy applications. Due to the length limitation, the
detail of each technique and in-depth analysis cannot be
fully covered in this single paper. The readers still need to
refer to references for details.

Compared to anatomical MRI, many functional MRI
techniques such as DWI, ASL, and BOLD MRI, are
currently heavily reliant on the EPI pulse sequence, which is
associated with technical problems of low spatial resolution,
severe distortion and various image artifacts. These
problems become more severe in the head and neck region
due to the complex anatomies, various motions as well as
pronounced tissue susceptibility. This may introduce extra
uncertainties in simulation, treatment planning and delivery
guidance, significantly offsetting the potential advantages of
functional MRI over anatomical imaging.

Despite the great advancements of MRI hardware, fast
pulse sequences and novel reconstructions to make MRI
much faster, scan time remains one major restriction to the
wider use of functional MRI in RT. Scan time has to be
minimized for patient comfort, while needs to be reasonably
long in order to acquire both morphological and functional
information from a potentially large volume of the head and
neck that covers the primary tumor site and metastatic nodal
sites. Since anatomical MRI is currently still indispensable
for RT applications, the time slot in the scanning session left
for functional MRI has to be well planned and determined
depending on specific applications and tasks. Radiobiology
and the influence of radiotherapy on tissue functions at
different timelines have to be well understood to determine
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the most appropriate functional MRI techniques. Cost-
effectiveness is also an important factor to select the
appropriate functional MRI techniques.

Although MRI is versatile in providing a variety of
options to investigate tissue function without ionizing
radiation, it is worth noting that these functional MRI
techniques usually provide surrogate biomarkers of tissue
function but lack of sufficient specificity. For example,
DCE-MRI can be comprehensively affected by various
tissue properties of tissue relaxation time, permeability,
vascularity, hematocrit and hypoxia and the individual
contribution by these factors can be hard to be further
differentiated. BOLD-MRI does not directly measure the
pO2 in tssue to reflect hypoxia but rather detects the T2*-
weighted MR signal variation due to deoxyhemoglobin, and
can also be influenced by blood flow volume. Therefore,
functional MRI data should be carefully interpreted.
Meanwhile, CNR of some functional MRI techniques such
as BOLD-MRI is relatively low, which may also affect their
sensitivity to investigate tissue functionality.

To ensure reproducible and reliable performance of
functional MRI techniques, it is vital to develop and
establish protocols of quality assurance (QA) test for
functional MRI techniques. Furthermore, to facilitate
cross-center clinical trials in radiation oncology, it is
necessary and important to standardize functional MRI
protocols like scan parameter prescription and contrast
agent administration, as well as post-processing and analysis
method. In addition, the time ordering of functional MRI
modules should be carefully considered if more than
one functional MRI technique is applied. For example,
Gd contrast agent administration might affect ADC
quantification. Furthermore, cost-effectiveness performance
of functional MRI should be carefully evaluated. As such,
the timelines of MRI scans needs to be determined and
optimized during the whole course of RT treatment for
different purposes of pre-treatment prediction, intra- or
inter-fraction monitoring, treatment adaptation and post-
treatment evaluation.

Although we focus on functional MRI techniques in
this article, it should be recognized that functional imaging
can be conducted on multiple clinical imaging modalities
beyond MRI. PET/CT is also playing an important role
in radiation oncology by providing both anatomical and
biological imaging information (124,125). Compared to
MRI, PET still has the great advantage of higher sensitivity
and specificity in spite of ionizing radiation and intrinsic low
spatial resolution. Various PET tracers have been developed

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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for functional or biological imaging at the cellular and
molecular level to investigate tumor hypoxia, tumor cell
proliferation, cell apoptosis, amino-acid transport as well as
protein and cell membrane synthesis in the HNC (126,127).
The recent introduction of simultaneous PET-MRI scanner
in clinics offers an ideal platform to combine the strength
and alleviate the weakness of each other, hopefully having
greater impact on RT of HNC in the future (128).

Notwithstanding the encouraging preliminary results,
functional MRI for RT in the head and neck is still a fertile
area of technical and clinical research to be further explored
that has yet to see its potential fulfilled. Till now, most of
the reported studies are still primarily driven by technical
rationale rather than clinical evidence. Greater efforts have
to be made to establish credible clinical evidences in future
studies to integrate functional MRI in the routine practice
of head and neck radiation oncology (129). There is a bright
future ahead but still a long way to go.
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