Diffusion-weighted MRI in head and
neck cancer: experience to date and
future potential

Imaging fulfills a crucial role in the work-up of patients with head and neck cancer, with its main tasks
focusing on lesion characterization, staging, treatment planning and prognosis, as well as treatment
follow-up. Diffusion-weighted MRI (DWI) measures differences in water mobility in the different tissue
microstructures, which is influenced by cellular and vascular size, shape and density, as well as cellular
membrane integrity. As such, the technique has the potential to differentiate tumoral tissue from normal
tissue, inflammatory tissue and necrosis. Although DWI acquisition and evaluation still lacks standardization,
the technique is rapidly developing and continuing to progress into clinical practice. This article aims to
give an overview of the current use of DWI in head and neck cancer and discuss the (future) clinical

applications.
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Diffusion-weighted MRI (DWI) characterizes
tissues based on the random Brownian displace-
ment of water molecules, which is influenced by
the underlying tissue specific microstructural
hindrances. These random water molecule dis-
placements are quantified by using the apparent
diffusion coefficient that reflects the amount of
signal loss on the DWI images, inversely corre-
lated with tissue cellularity (1. DWTI is increas-
ingly researched and applied in head and neck
cancer with the aim of improving tumor detec-
tion and characterization and regional and dis-
tant staging, as well as the detection of tumor
recurrence after treatment [2,3]. Technical issues
caused by the high prevalence of air—tissue (sus-
ceptibility) boundaries and much lower water
molecule density than in the brain have limited
the introduction of DWI to the head and neck
region until recent years. However, this has largely
been overcome by technical improvements, such
as the better shim gradients and more optimal
shim calculations, stronger main magnetic fields,
homogeneous high-quality imaging gradients,
phased-array receiver coils and parallel imaging
(4]. Although acquisition and evaluation of DW1
still lacks standardization, it continues to progress
into standard clinical imaging protocols. In this
manuscript, we aim to give an overview of the
major areas of development of DWT in head and
neck cancer and (future) clinical applications.

Basic principles of DWI

Water molecules in biological tissues are con-
fronted with tissue-specific mobility restriction,

10.2217/1IM.13.42 © 2013 Future Medicine Ltd

head and neck cancer

related to the presence of hindrances such as cell
membranes, blood vessels and macromolecules.
In biological tissue, water molecule displace-
ments occur within and between the three
major compartments: the intracellular space, the
extravascular extracellular space and the intra-
vascular space. With the DWT acquisitions that
are currently most used, the mobility between
the compartments and within the intracellular
compartment is minimized, whereas the extra-
cellular extravascular compartment is one of the
main contributors to the DW1 information. In
solid malignant lesions, a higher cell density is
seen, as well as cellular pleomorphism, larger cell
volumes and higher prevalence of neoangiogenic
vessels, all leading to a reduction of the mobil-
ity in the extracellular extravascular space and a
subsequent restriction of the random water mol-
ecule movement. In tissues with low cell density,
on the other hand, the extracellular extravascular
space will be larger, leading to increased water
proton mobility. This facilitation to movement
occurs in inflammation (presence of interstitial
edema) and in cystic/necrotic tissues, due to the
lower interaction with cell membranes [s].
Usually, a T,-weighted MRI sequence (e.g.,
a spin-echo echo-planar imaging sequence) is
sensitized towards this water proton mobility
by adding motion-probing gradients with a cer-
tain strength, indicated by the b-value. These
gradients induce a signal loss in the images
related to the strength of the motion-probing
gradients and the amount and speed of water
proton movement. By acquiring a range of
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DWI images with different b-values, the aver-
age mobility can be quantified as the amount
of signal loss with increasing b-values, which is
called the apparent diffusion coefficient (ADC)
and is expressed in mm?2/s. Usually, a mono-
exponential ficting model is used to calculate
the ADC value, according to the equation:
SI. = SI *exp(-b*ADC), where SI. is the signal
intensity measured on the i’th b-value image and
b, is the corresponding b-value. SI is a variable
estimating the exact (without noise introduced at
the time of the MR measurement) signal inten-
sity for b = 0 s/mm?. However, it is known that
it is not only extracellular extravascular space
mobility that contributes to the DWT signal,
but also the water molecule movement inside
blood vessels and tubular structures. Therefore,
in recent years, there has been a shift to calculate
not only the average water molecule mobility, but
also to separate these so-called perfusion and true
diffusion contributions, using a biexponential
ficting procedure, first described by Le Bihan as
the intravoxel incoherent motion approach. This
approach fits the signal intensities with increasing
b-value with a more advanced model (SI. = SI x
[(1-Fp)*exp(-b*ADC,) + Fp*exp(-b*ADC,)],
yielding the separate true diffusion coeffi-
cient (ADC)), the pseudo-perfusion mobility
(ADC,), and the perfusion fraction (Fp). The
latter attempts to indicate the relative division
of the total water molecule movement into the
intravascular, or ‘intrastructural’, and the extra-
cellular extravascular compartments, and is a
value between 0 (only true diffusion contribu-
tions — pure extracellular extravascular compo-
nents) and 1 (only perfusion contributions — pure
intravascular components) [s].

In DWI images, hypercellular tissue, charac-
terized by a limited extracellular extravascular
space and subsequent restriction to water mol-
ecule movement, will only show limited signal
decay with increasing b-value and present with
persistently high signal intensity on the native
DWTI images with high b-value (e.g., 1000 s/mm?
[b1000 images]) resulting in alow ADC. On the
other hand, low cellularity tissues will have much
more water proton movement, and will therefore
show rapid signal decay with increasing b-value
and present with low or absent signal intensity
on the b1000 images resulting in a high ADC.
As such, a combination of high signal intensity
at high b-value images and low ADC is a typi-
cal presentation of a malignant lesion, which can
be used to differentiate these from benign tis-
sues that typically present with low signal on the
b1000 images and high ADC.
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However, this does not mean that tissues with
high signal intensity on b1000 images are always
malignant. In DWI, the extra motion-probing
gradients are added to the underlying T ,-weighted
sequence, which means that the signal intensity in
each of the native b-value DW1I images is influ-
enced both by the original T ,-weighted signal
and the motion-probing gradient-induced signal
loss. If the signal intensity on b0 is very high,
chances are that a hyperintensity at b1000 will
remain, even in the case of a strong signal decay
over the consecutive b-values (and a high ADC
value, indicative of benign tissue). This remain-
ing signal at b1000 is difficult to differentiate
from a hyperintensity in malignant tissues with
diffusion restriction. This effect is denominated
as “T2 shine-through’, and it can be minimized
by using higher b-values, but most often not
completely avoided [6]. When in doubt whether
the high signal intensity at b1000 is indicative of
malignant tissue, it is therefore advised to per-
form an ADC calculation to filter out the areas
of T2 shine-through. For the same reason, very
low signal intensity at b0, nearly indistinguish-
able from the background noise, can be expected
in fibrotic lesions including organized fibrosis,
but also aggressive fibromatosis. In these cases,
substantial signal decay over increasing b-values
cannot be expected and ADC calculation should
be considered as unreliable due to the low signal-
to-noise ratio, and thus not performed or taken
into account for lesion characterization (Ficure 1).

Anatomy & image interpretation:
general aspects
Before DW1 images can be correctly interpreted,
adequate knowledge of the normal diffusion-
weighted anatomy in the head and neck is
required. A number of structures have a variable
physiological amount of impeded diffusion that
should not be confused with tumoral lesions
and may hamper the visual detection of tumoral
lesions because of the increased background sig-
nal. These structures include the parotid and sub-
mandibular salivary glands, the thyroid gland, the
palatine tonsils, normal lymph nodes, sebaceous
cysts, the spine and the nerve roots of the brachial
plexus. Contrary to this, the mucosal, submu-
cosal, fatty and muscular tissue as well as blood
vessels show complete signal loss on high b-value
images. It is also beneficial for correct evaluation
of DW1I to always correlate the diffusion images
with high-quality anatomical sequences.

The choice of b-values is pivotal to implement
standardized clinical head and neck DWT as it
largely impacts both qualitative and quantitative
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Figure 1. A 4-year-old infant presenting with a right oropharyngeal mass suspected of
rhabdomyosarcoma. T,-weighted MRI shows (A) ill-defined iso- to hypo-intense mass in the
oropharynx (arrows). Neither diffusion-weighted (B) b0 nor (C) b1000 images show any detectable
signal in the mass. As a result, (D) the apparent diffusion coefficient map only measures noise
indistinguishable from the surrounding normal tissues. However, based on (B & C) the absent signal
on native diffusion-weighted images, rhabdomyosarcoma can be excluded and the diagnosis of
aggressive fibromatosis was suggested. This was confirmed by histopathology.

evaluation as well as reproducibility among dif-
ferent centers. Using low b-values, the sensitiza-
tion towards fast moving molecules is maximized,
resulting in images where the intravascular water
molecules and very fast moving molecules in the
extracellular extravascular space present with the
strongest signal loss, while the slow moving spins
will not have moved enough to induce a visible
signal loss. The use of low b-values — usually
between 0 and 100 s/mm? — results in ADC
showing high values and reflects the effects of
microperfusion and diffusion. Conversely, the
application of high b-values — usually above
300 s/mm? — allows small water molecule move-
ments to be perceived, maximizing the informa-
tion provided by the molecule movements in the
extracellular extravascular space [7]. Only apply-
ing these b-values above 300 s/mm? results in
lower ADC values that more closely reflect the
true diffusion of the tissue. The choice of the
maximal b-value should be balanced between
the signal-to-noise ratio and the ability to gain
the largest specificity for the qualitative assess-
ment of native DWIs and ADC calculation.
Although data are not available for head and
neck imaging, studies in liver DW1I have shown
that specificity of the technique improved with
increasing maximal b-value. In our experience,
we opt for a maximal b-value of 1000 s/mm?,
while a b-value of 500 s/mm? shows much lower
conspicuity between malignant and benign tis-
sues and should generally not be used as maximal
b-value (Ficure 2). As for other body regions, it is
recommended in the literature to perform head
and neck DW1I with at least three b-values with
maximum b-values exceeding 500 s/mm?, to
allow standardized ADC calculation [8]. At our
institution, we use six b-values ranging between
0 and 1000 s/mm? (i.e., b0, b50, b100, b500,
b750 and b1000). The use of multiple b-values
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holds a number of potential advantages. First, a
higher number of b-values improves the accu-
racy of ADC calculations and can be used to
minimize the influence of movement and noise
error propagation. Second, in highly vascular
tumors, the addition of nonzero low b-values
can be used to appreciate vascular contributions
that may falsely increase the total ADC value as
there will be an additional, but variable, influ-
ence of microperfusion (flow-sensitive ADC) [7].
In our experience, this is useful to characterize
and stage papillary thyroid cancers that have a
highly hypervascular nature.

Qualitative analysis by single b-value DW1
at a high b-value offers high sensitivity for the
detection of tumoral disease, but may suffer from
lower specificity [9]. This is particularly relevant
for assessing lymph nodes, where benign lymph
nodes cannot reliably be distinguished from
metastatic lymphadenopathies on high b-value
images alone and require, at least, visual assess-
ment of the ADC map. Generally, tumoral tissue
appears as hyperintense on high b-value images
and low intensity on the ADC map, while necro-
sis and apoptosis appear as low signal on high
b-value images and high intensity on the ADC
map. In the postradiotherapy setting, a signifi-
cantly higher b1000 signal intensity was found for
recurrent primary tumors compared with post-
chemoradiotherapy (CRT) necrosis and inflam-
mation, and the bright signal of tumoral lesions
on the b1000 images allows for first-line qualita-
tive evaluation for detection of potentially suspi-
cious lesions [10]. In our experience, combining
b1000 images with anatomical sequences and/or
dynamic contrast-enhanced sequences allows
millimeter primary or recurrent tumors, often
too small to perform reliable ADC quantification,
to be reliably detected and characterized. Visual
assessment of the morphological appearance of
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lesions at native DW images is often underesti-
mated in the literature and should be a manda-
tory part of lesion evaluation. Rim-like or nodular
b1000 signal heterogeneity in correlation with
anatomical images is a reflection of tumor hetero-
geneity in partially necrotic and fibrotic lesions.
In addition, small necrotic foci in micrometastatic
head and neck squamous cell carcinoma (HNC)
can only be visible at low b-values and remain
undetected at high b-values or ADC (Figure 3).
Therefore, qualitative evaluation should ideally
include the visual assessment of b0, b1000 images
and the ADC map. Quantification by means of
ADC is the most common method of analysis
of head and neck lesions next to visual assess-
ment. In current clinical practice, ADC quanti-
fication is mostly carried out by manual region
of interest (ROI) delineation over the tissue of
interest (primary tumor — lymph node) with basic
descriptive analysis performed over the delinea-
tions (e.g., mean, median, standard deviation
and range). More advanced analysis methods,
including histogram analysis or voxel-by-voxel
evaluation using the functional diffusion map
and parametric response maps, are not yet in the
stage of clinical practice [11]. ROIs are in general
placed over the entire lesion; however, when obvi-
ous solid and necrotic components are visible on
the native b1000 images or ADC maps, ROIs

should be placed on the distinct tissues separately
8.12]. Importantly, currently neither the standard-
ized acquisition method nor the standardized
threshold has been defined for ADC-based lesion
characterization. Also, insufficient data exist to
conclude that ADC cutoff values obtained at
1.5 Tesla (T) can be directly transferred to 3 T
DWTI evaluations or that ADC values are directly
interchangeable between different vendors and
scanner hardware [13].

Clinical application: tumor
characterization

A number of studies have reported on the ability
of DWT to differentiate benign from malignant
lesions in the head and neck, with the ADC of
benign lesions being consistently higher than
these of malignant lesions [4,13,14]. However, con-
sidering the broad range of both malignant and
benign histological entities in the head and neck,
it is unlikely that a generalized use of ADC with
a single determined threshold is feasible for lesion
differentiation. Therefore, DW1 for tissue charac-
terization should be used in specific indications,
tumor sites and pathology [11.15]. DWI may be of
value for lesion differentiation at the primary site,
such as the thyroid and salivary glands and the
tonsillar ring that usually do not allow adequate
characterization based on conventional imaging

Figure 2. Partially necrotic lymphadenopathy in the left neck with viable tumor tissue in
the periphery of the lesion. Diffusion-weighted images at (A) b0, (B) b50, (C) b100 and (D) b500
do not allow the viable component to be accurately distinct from the necrotic component. However,
the images at (E) b750 and (F) b1000 allow visual differentiation, with the necrotic area showing loss
of signal in the center and the viable component appearing as a hyperintense area in the lesion
periphery (arrows).

Imaging Med. (2013) 5(4)
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Figure 3. Small lymph node in the right neck in a patient with a history of surgically treated
small oral cancer. The diffusion-weighted (A) b0 image shows a small hyperintense focus in the
lymph node (arrows), which is still visible at (B) b100. However, no focal hyperintensity can be seen
at (C) b750 or (D) b1000. This is suggestive of a small necrotic focus representing a small metastatic
node and was confirmed by histopathology after surgical resection.

alone and need additional biopsy. Moreover,
DWI may be of value for tumor characterization
in patients presenting with lymphadenopathy, but
without a clear primary tumor.

A recent study showed that tonsillar HNC
showed significantly higher mean ADC of
0.933 x 10° mm?/s (range: 0.789-1.175 x
10 mm?/s) compared with normal tonsil, show-
ing a mean ADC of 0.814 x 10° mm?/s (range:
0.548-1.312 x 10° mm?/s) 16]. Similarly, DWT has
shown value to differentiate HNC from lymphoma
in primary site lesions that are indeterminate at
conventional imaging where HNC showed signifi-
cantly higher ADC of 0.96 + 0.11 x 10 mm?/s,
compared with 0.65 + 0.09 x 10 mm?*/s for lym-
phoma (Ficure 4) [17]. Both at the primary site [18]
and neck lymphadenopathies, HNC has shown
significantly higher ADC compared with lym-
phoma and nasopharyngeal carcinoma (NPC)
(19-21]. Although acceptable accuracies may be
obtained to discriminate the respective tumors,
overlap of ADC on an individual base may limit
its use. Usually DWT allows for reliably differen-
tiating HNC from lymphoma or NPC, but an
ADC-based separation of lymphoma and NPC is
more difficult due to overlapping values [19]. This is
probably due to the more pronounced histological
similarity between NPC and lymphoma, whereas
HNC has a clearly different tissue cellularity and
cell size, and more frequent necrotic degeneration
(19]. Importantly, differentiating lymphoma from
HNC can currently only reliably be performed
in non-Hodgkin lymphoma, as the higher ADC
found in Hodgkin lymphoma may overlap with
the ADC of HNC [19,20].

Although ultrasound is the standard imaging
modality for the evaluation of thyroid nodules, the
technique does not allow reliable lesion character-
ization. As such, ultrasound-guided fine needle
aspiration cytology (FNAC) has become the stan-
dard in oncologic screening of thyroid nodules,
and proved to have a very low false-positive rate,
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but may suffer from an increased false-negative
rate in case of low cellularity in the FNAC sam-
ple 22]. As such, thyroidectomy cannot always be
avoided in case of negative findings after FNAC or
intensive follow-up may be required in equivocal
cases. A number of studies have shown the abil-
ity of DWI to differentiate benign from malig-
nant thyroid nodules, with reported sensitivities
between 85 and 100% and specificities between
100 and 79% [23-27]. However, it is quite hard to
compare these studies, as most used the absolute
lesion value while one study used the relative dif-
ference between lesion and surrounding thyroid
tissue for lesion characterization. Moreover, the
studies reporting absolute ADC values for lesion
differentiation used different b-value settings,
making it currently impossible to advocate a
clear ADC threshold for routine clinical applica-
tions in thyroid gland lesions. In addition, it is
unclear whether DW1I will be able to detect small
tumoral foci arising from benign (follicular) nod-
ules. DWI could possibly be used in the further
differentiation of cold thyroid nodules, inciden-
tally discovered thyroid nodules or nodules with
indeterminate cytology [11].

Similarly, DWT may help to differentiate and
avoid invasive diagnostic procedures in salivary
gland lesions, which now — as a rule — require
ultrasound-guided FNAC or biopsy for defini-
tive characterization. Initially, good results were
obtained using absolute ADC values, with high
ADC correlating with benign lesions and low
ADC correlating to malignant lesions based
on a fixed threshold [28]. However, these results
could not be confirmed in a later and larger
study [29]. One of the major problems in DW1I
of the salivary gland using absolute ADC val-
ues is the multitude of histological entities in
both the benign and malignant spectrum of
lesions. For instance, considering their histo-
logical background with variable amounts of
lymphoid tissue and germinal centers, benign
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Figure 4. A patient with painless swelling of the right tonsil and a patient with a lump in the
right neck. (A) On the T,-weighted MR image, the right tonsil appears slightly hypointense, but is
hyperintense (arrow) at (B) b1000 (arrow) and correlates to a (C) low apparent diffusion coefficient of
0.00069 mm2/s (arrow). This corresponds to a histopathologically proven non-Hodgkin lymphoma.
(D-F) Another patient presenting with a lump in the right neck. (D) MRI shows lymphadenopathy in
the right neck (asterisk) and a right oropharyngeal mass (arrow). The oropharyngeal mass is
hyperintense (arrow) at (E) b1000 and correlates to (F) an apparent diffusion coefficient of

0.00095 mm2/s (arrow), which corresponded to a histopathologically proven squamous cell carcinoma.

Warthin tumors show low ADC values that are
indistinguishable from malignant lesions. Nev-
ertheless, DW1I may be useful in specific settings
or indications as it reliably allows differentiating
pleomorphic adenomas from malignant tumors
(30]. However, it remains questionable to what
extent this may impact patient management as
pleomorphic adenomas — known to have risk of
malignant transformation — are usually surgically
resected. Currently, attempts are still being made
to improve the diagnostic accuracy of DW1 for
the differentiation of salivary gland tumors. In
combination with perfusion MRI, the diagnostic
accuracy of DW1I can be improved by applying
a specific ADC threshold to a specific washout
pattern, enabling a better differentiation of War-
thin tumors from carcinomas or pleomorphic
adenomas from carcinomas [31]. Also, in a recent
publication, the intravoxel incoherent motion
approach (see above) was used to differentiate
benign from malignant tumors (based on ADC)
and Warthin tumors from pleomorphic adenoma
(based on Fp) [32). A combination of the intra-
voxel incoherent motion parameters even allowed
a discriminatory accuracy of 100% to be reached
between the three examined lesion types.

Imaging Med. (2013) 5(4)

Clinical application: nodal staging
Except for a few studies [21,33], it is generally
accepted that metastatic lymph nodes of HNC
have significantly lower ADC compared with
benign lymph nodes [20,34-37]. The contradicting
results in one of the first studies compared with
the others is likely attributable to the different
set of b-values used, different included number
of necrotic metastases (up to 48% in the study
of Sumi et al. [21]) and selection of the ROI for
ADC calculation. Similar to most other DW1I
applications, this again stresses the need for stan-
dardization in both imaging technique and inter-
pretation, which are currently lacking. However,
recent studies that used identical b-value settings
ranging from b0 to b1000 s/mm? obtained simi-
lar accuracy with no or only minimal variabil-
ity between thresholds used (ranging between
0.94 x 10 and 1.03 x 10> mm?2/s).

Described sensitivities range from 83 to 98%,
with specificities ranging between 97 and 87%
[20,34-37]. The additional value of DWI to con-
ventional imaging lies mainly in an improved
sensitivity for detecting subcentimetric lymph-
adenopathies, which was shown to be 76%
for DW1, compared with 7% for conventional
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imaging in a previous study; be it at the cost of
a diminished specificity due to false positives in
reactive or granulomatous/infectious lymph nodes
(35]. Contrary to this, necrosis can falsely increase
ADC and lead to false-negative readings. As pre-
viously mentioned, visual inspection of native
DWTI images is mandatory to assess possible nodal
heterogeneity due to necrosis and the correlation
with conventional imaging sequences [20.38].

It is important to note that to date DWT has
not been researched to evaluate the NO neck, and
is therefore not advocated in this setting. The
inability of the technique to detect micrometasta-
ses smaller than 4 mm makes DW1 unfit for rul-
ing out small nodal metastases, and thus obviate
neck dissection. However, preliminary findings
do suggest a possible role of DW1 for presurgical
evaluation of the node positive neck to reliably
detect or exclude contralateral nodal metastases
in tumors extending or close to the midline or
help in the detection of level IV skip metastases
in oral cancer [33]. For radiotherapy planning, a
previous study has shown a closer conformity
between nodal staging by DWI with patho-
logical staging then anatomical imaging, which
could potentially result in a decreased treatment-
induced toxicity or intensified treatment on small
tumor deposits undetected by conventional imag-
ing [39]. This mainly involves assessment of the
contralateral neck. Moreover, as DW1 can reliably
exclude metastatic disease in lymph nodes larger
than 4 mm, DW1I may be used to reduce the tis-
sue volume with high-dose radiation that would
have been included based on current treatment
guidelines or conventional imaging [40]. Applica-
tions that may benefit from this ability include
unilateral or parotid-sparing 3D conformal radia-
tion therapy, as in those cases the contralateral site
is irradiated with lower elective radiation doses
than conventionally used [41.42].

Clinical application: prediction of
treatment outcome

The value of DW1 as an early surrogate biomarker
for treatment outcome is under investigation.
Assessment of the tumor properties prior to and
tumoral changes early on during the course of
(chemo)radiation by DW1I is gaining more and
more interest as the differences between inflam-
matory changes and tumor are quite straightfor-
ward and DW1I imaging should, therefore, be reli-
ably applicable at the early stages of treatment.
The ability to predict later tumor response may
help to plan or modify treatment on an individual
response basis, aiming to improve treatment effi-
clency and decrease unnecessary toxic side effects.
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The development of targeted treatments, radio-
sensitizers and intensity-modulated radiation
therapy make treatment planning more complex
and require reliable bioadaptive imaging modal-
ities for optimal planning. It should be noted,
however, that despite the promising results in the
literature for treatment prediction, DW1I cannot
be readily applied for radiotherapy planning or
adaptive treatment as the topographical informa-
tion contained in the DW1I images and ADC map
is usually not correct due to the inherent suscep-
tibility-induced distortion artifacts. DW1I images
first need to be corrected for these distortions
using nonrigid registration, which was performed
using a six-step multiresolution strategy based on
mutual information, a gradient-based optimizer
and a global smoothness penalty in a recent
study [43]. Second, the distortion-corrected DW1I
images should be rigidly registered to the plan-
ning CT [43]. It seems evident that at this stage,
this cannot be implemented in the routine clinical
setting and requires further development and col-
laboration between radiologists, radiotherapists
and medical engineers or physicists.

Currently, limited data are available regard-
ing the use of DWT as a pretreatment imaging
biomarker. It is generally accepted that tumors
with a low ADC value prior to treatment have
a better treatment outcome than patients with
increased ADC. Although the underlying bio-
physical rationale has not been proven, it is pre-
sumed that tumors with higher ADC are more
necrotic and may correlate with decreased tumor
perfusion and increased hypoxia, which have an
adverse effect on treatment efficacy. In previous
studies, tumors with a low pretreatment ADC
value had significantly greater tumor regression
2 weeks after neoadjuvant treatment and cor-
related significantly with complete clinical or
pathological remission after definitive chemo-
radiation, while lesions with high ADC show
significant likelihood of nonresponse or tumor
recurrence during follow-up [44,45]. Contrary
to this, in a study including 50 patients with
primary and nodal tumors and a follow-up
of 22 months, pretreatment ADC showed no
predictive value [46). The discrepancies found
between these studies could introduce difficul-
ties in the accurate implementation of pretreat-
ment ADC for treatment decisions in individual
patients. Overcoming these problems might be
feasible by using a combination of ADC values
before and during treatment or by applying
ADC histograms of the entire tumor to depict
the heterogeneity of the lesion. In a recent study,
ADC histograms showed modest predictive
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value in a small patient population, warranting
further evaluation [47].

A number of studies have evaluated early
DW!I response assessment during chemoradia-
tion. Two initial studies in 40 and 30 patients,
respectively, demonstrated that ADC changes
between baseline and 1, 2 and 4 weeks during
chemoradiation follow-up scan were significantly
lower in tumors with later recurrence than in
tumors with complete remission [12.44]. In these
studies, the sensitivities ranged between 86 and
100% and specificities between 83 and 96%,
and the ADC change proved to be an indepen-
dent predictor of 2-year locoregional control [12].
Another study in 41 patients showed that serial
ADC changes from pretreatment, over intra-
treatment to post-treatment were highly predic-
tive of locoregional failure [46]. When using an
early or late ADC decrease as a discriminating
parameter, a sensitivity of 80% and specificity of
100% was obtained for predicting locoregional
failure. Lesions without ADC decrease during
serial ADC measurements were unlikely to show
locoregional failure during the first 6 months
of follow-up. The described ADC decrease
probably indicates tumor repopulation, which
is supported by historadiological correlation in
animal-based studies [48,49].

Currently, the optimal time point for early
response assessment by DWI remains to be
determined, but is likely to be within the first
4 weeks after the start of treatment. As for other
DWT applications, thresholds have not yet been
standardized. Further technical advances have
to be taken into account, however, including
the possibility that mean ADC changes from
entire tumor delineations may be abandoned in
the future as they are unlikely to detect small
treatment-resistant intracumoral deposits that
may eventually determine the patient’s outcome.
As previously mentioned, this can be overcome
by delineation of the tumoral ROI based on
the b1000 tumor heterogeneity, although this
could lead to increased interobserver variability.
Histogram analysis and parametric response
maps, which have the ability to depict the
spatial distribution or heterogeneity of tumor
response, may further enhance the technique’s
ability for early response assessment [50,51]. In a
study performing response assessment at 2 weeks
after the start of chemoradiation in 30 patients,
whole tumor ADC histograms were analyzed,
and mean ADC, kurtosis, skewness and their
respective percentage changes were correlated
to 2-year local control [50]. Tumors with local
failure showed a significantly smaller percentage

Imaging Med. (2013) 5(4)

increase in mean ADC, a higher skewness and
higher kurtosis compared with tumors with local
control. These parameters were also predictors
of local failure, but not independent from tumor
volume. Another study in 15 patients on DW1I-
based response assessment at 3 weeks during
chemoradiation used a parametric response map
to evaluate serial changes on spatially-aligned
ADC maps (PRMADC) [s1]. The study showed
significant differences in PRMADC between
responders and nonresponders at pathologic
examination, while mean ADC changes did not
show any correlation.

Clinical application: detection of
tumor recurrence

Next to its antitumoral effects, (chemo-)radia-
tion also induces edema, fibrosis and inflamma-
tion of the normal surrounding tissue, leading
to important signal intensity changes that may
hamper the early detection of tumor recurrence
by conventional imaging. Also, necrosis may
occur, which cannot consistently be differenti-
ated from tumor recurrence by CT nor conven-
tional MRI. Fluorodeoxyglucose (FDG)-PET
can in part overcome this problem, but its accu-
racy may be diminished given the FDG uptake in
inflammartory tissue, causing false-positive find-
ings or hampering the detection of small tcumoral
foci against an inflammatory background.

Due to its mechanism of signal generation,
DWI may be well suited for detecting tumor
recurrence — with high cellularity, high restriction
and low ADC — contrasting with the background
of inflammation and interstitial edema — with low
cellularity, low restriction and high ADC.

Two initial studies showed the value of DW1I
for detecting post-treatment HNC both in the
early and late post-treatment phase (>4 months
to <4 months post-CRT) [1052] and showed high
sensitivity (84-94%) and specificity (90-95%).
Of note, both studies were independently pub-
lished within a few months’ time and obtained
an identical threshold of 0.0013 mm?/s, indi-
cating the potential reproducibility of the tech-
nique. The findings of these initial studies was
recently confirmed by a study in post-treatment
laryngeal and hypopharyngeal cancer [53]. Using
a threshold of 0.0013 mm?/s, mono-exponential
ADC analysis yielded a sensitivity of 67% and
specificity of 86%. Importantly, qualitative
DWI combined with morphological imag-
ing showed the highest sensitivity of 94% and
specificity of 100% [s3]. Possible reasons for the
larger overlap of ADC between malignant and
benign lesions and lower accuracy were mainly
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attributed to the more challenging imaging site
prone to artefacting and overall smaller tumor
size. False-positive and false-negative ADC
measurements can occur due to partial volume
effects in small structures, diffuse fibrosis or
diffuse necrosis with only scattered small viable
tumor components. This finding stresses the
importance of qualitative DWT assessment and
the need for coregistered anatomical imaging as
reference. As the bl000 signal intensity corre-
lated significantly with the presence of recurrent
tumors, the need for ADC quantification can be
diminished in the post-CRT phase, especially in
small lesions difficult to measure by ADC [10].

Although findings need to be confirmed in
larger multicenter trials, the high negative pre-
dictive value of DW1I — already in the eatly post-
treatment phase — may help to select patients in
whom elective post-treatment neck dissection
can be obviated even in the case of persistent
lymph nodes or also in the case of recurrent or
persistent lesions at the primary site, where the
differentiation between radionecrosis and tumor
recurrence is pivotal. This may be especially
valuable in cases where CT or FDG-PET/CT
findings are expected to be equivocal.

Additionally, due to the high sensitivity and
improved background suppression, DW1I may
be particularly useful for the early detection
of small recurrent tumors, which may lead to
an improved patient survival by increasing the
therapeutic window for salvage surgery [s4]. This
may be of particular importance in oropharyn-
geal cancer where the therapeutic window for
salvage surgery may be narrow as operability
will not only be determined by the ability to
obtain oncologic control, but also functional
preservation and surgical reconstructive options
(54]. In addition, owing to its improved lesion
conspicuity, DWI may be of additional value
as a presurgical staging tool. With the advent
of chemoradiation, isolated nodal recurrence
has become a quite rare event. Therefore, con-
current persistence of the primary site should
often be suspected [5s]. DWI may be helpful in
the evaluation of a possible persistent small pri-
mary tumor in the case of persistent or recurrent
lymphadenopathy and help to guide the need for
additional laryngoscopy and surgical planning
(Ficure 5) [10]. In short, the technique may have
value as a second-line characterization tool to
facilitate patient management in the case of per-
sistent lymph nodes or primary lesions that are
equivocal for tumor recurrence or necrosis based
on conventional imaging as well as a staging tool
prior to salvage surgery.
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Figure 5. Patient with increasing hoarseness 8 months after chemoradiation

for laryngeal cancer. A total of 8 months after chemoradiation for laryngeal
cancer, (A) the CT scan shows a suspect mass in the left retro—arytenoid region

(asterisk). However, this could not be confirmed by histopathology after endoscopy

under anesthesia. Subsequent MRI including (B) T,-weighted imaging showed a

hypointense mass (arrow), with a corresponding strong hyperintensity on (C) the
b1000 diffusion-weighted image (arrow), compatible with tumor recurrence. Repeat

biopsy was performed, confirming the tumoral recurrence.

Whole body DWI

Technological progress has enabled the applica-
tion of time-efficient whole body (WB)-DWI
with thin-slice acquisition and multiplanar image
reformatting, while at the same time reducing
fat and susceptibility-related artifacts, WB-DW1I
harbors potential advantages to anatomical and
metabolical imaging. Its high contrast and spatial
resolution improves detection of lymphadenopa-
thy and visceral metastases, irrespective of lesion
size and in complex anatomical sites. As a rule,
correlation to anatomical WB sequences is man-
datory, as well as the inclusion of high-resolution,
thin-slice breath-hold sequences over the lungs
given the lower sensitivity of DW1 for detecting
lung metastases. Currently, only a limited num-
ber of studies have investigated WB-DWI for
staging head and neck cancer. In a study includ-
ing 70 patients with postoperative differentiated
thyroid cancer, WB-DWI was compared with
FDG-PET/CT and "'iodine WB scintigraphy.
On a per-patient basis, detectability of meta-
stases was 67.1% for "'iodine WB scintigraphy,
84.2% for FDG-PET and 57.6% for WB-DWI.
However, WB-DW!I showed additional value for
detecting skeletal metastases. Importantly, both
restriction on DWI and FDG positive signal
on FDG-PET were predictors of lower survival
chances [56].

In a study including 150 patients with
untreated NPC, WB-MRI showed similar
sensitivity (77.8 vs 72.2%; p > 0.999) and
specificity to FDG-PET/CT (98.5 vs 97.7%;
p > 0.999) [57]. The same group found that in a
study including 179 NPC patients at high risk
of residual or recurrent nasopharyngeal carci-
noma, WB-MRI also showed similar sensitivity

(90.9 vs 87.3%; p = 0.69) and specificity (91.1
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Figure 6. Patient suspected of left parotid tumor. (A) CT shows suspect left parotid mass (arrow) with (B) multiple
lymphadenopathies in the left neck on the subsequent MRI (oval). (C & D) Whole body diffusion-weighted MRI at b1000 confirms the
lymphadenopathies in the left neck (arrows), but also shows multiple lymphadenopathies in the retroperitoneum, bilateral iliac chains
and bilateral in the groin (arrowheads). Moreover, the whole body diffusion-weighted MRI at b1000 also shows (D) a small hyperintense
lesion in the bladder wall (arrow). (E) On fluorodeoxyglucose PET, the multifocal lymphadenopathies are confirmed, but the small
bladder lesion is obscured by renal excretion of fluorodeoxyglucose in the bladder (also not apparent on the CT — data not shown).
Cystoscopy with biopsy and nodal biopsy confirmed the presence of transitional cell cancer of the bladder with diffuse dissemination to
the lymph nodes and left parotid gland.
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vs 90.3%; p > 0.99) compared with FDG-PET/
CT [s8]. WB-MRI may, therefore, be useful as a
first-line screening tool providing comprehensive
evaluation of locoregional and distant disease
in one examination. Evidently, WB-DWTI or
WB-MRI are still relatively new concepts that
still require further clinical validation before
routinely implemented (Ficure 6).

Conclusion

DWT introduced a novel contrast into the head
and neck imaging modalities based on the dif-
ferences in water molecule mobility. In this
way, DW1I provides information on the tumoral
microstructure that is supplemental to anatomi-
cal and metabolic imaging.

Future perspective

Although recent years have seen a shift of DWI
into clinical practice in most oncologic applica-
tions, standardization and comparison between
centers is still lacking, which is only being
addressed slowly. However, many studies have

Imaging Med. (2013) 5(4)

already shown the large clinical potential of this
technique for lesion characterization, nodal stag-
ing, pre- and intra-treatment outcome prediction,
and recurrence detection in HNC. Nevertheless,
future studies should further aim at comparing
and integrating head and neck DW1I with other
functional modalities such as PET/CT and PET/
MRI. DWT has the added benefits of being easy
to add to a routine MR examination and does
not require the use of exogenous contrast agent.
It will certainly integrate further into clinical
routine in the following years.
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Executive summary

Background

= Diffusion-weighted MRI (DWI) is increasingly researched and applied in head and neck cancer with the aim of improving tumor detection
and characterization, regional and distant staging, as well as the detection of tumor recurrence after treatment.

Basic principles of DWI

= DWI characterizes tissues based on the random Brownian displacement of water molecules, which is influenced by the underlying
tissue-specific microstructural hindrances.

= By acquiring a range of DWI images with different b-values, the average mobility can be quantified as the amount of signal loss with
increasing b-values, which is called the apparent diffusion coefficient (ADC) and is expressed in mm2/s.

= In DWI images, hypercellular tissue will show persistent high signal intensity on the native DWI images with a high b-value
(e.g., 1000 s/mm? [b1000 images]) and low ADC.

= Low cellularity tissues present with low or absent signal intensity on the b1000 images and high ADC.

Anatomy & image interpretation: general aspects

= Knowledge of anatomical structures with physiologically impeded diffusion and correlation to anatomical images is mandatory for
correct image interpretation.

= The choice of b-values is pivotal to implement standardized clinical head and neck DWI.

= Combining qualitative analysis of high b-value images with anatomical sequences and/or dynamic contrast-enhanced sequences
allows reliable detection and characterization of millimeter primary or recurrent tumors, often too small to perform reliable ADC
quantification.

= Quantification by means of ADC is the most common method of analysis of head and neck lesions next to visual assessment.

= More advanced analysis methods, including histogram analysis or voxel-by-voxel evaluation using the functional diffusion map and
parametric response maps, are currently not yet in the stage of clinical practice.

Clinical application: tumor characterization

= DWI may be of value for lesion differentiation at the primary site, such as the thyroid and salivary glands and the tonsillar ring, that
usually do not allow adequate characterization based on conventional imaging alone and need additional biopsy.

= DWI may be of value for detecting unknown primary tumors in patients presenting with lymphadenopathies.

Clinical application: nodal staging

= Metastatic lymph nodes of head and neck squamous cell carcinoma have generally significantly lower ADCs compared with benign
lymph nodes.

= The additional value of DWI to conventional imaging lies mainly in an improved sensitivity for detecting subcentimetric
lymphadenopathies.

= DWI has not yet been researched to evaluate the NO neck, and is therefore not advocated in this setting.

Clinical application: prediction of treatment outcome

= Currently, limited data are available regarding the use of DWI as a pretreatment imaging biomarker. Tumors with a low ADC value prior
to treatment have better treatment outcome than patients with increased ADC.

= For early DWI response assessment, patients with initial substantial ADC increase during treatment have better treatment outcome than
patients with absent or minimal AD change.

= Optimal time windows for early response assessment are between 2 and 4 weeks during chemoradiation or 3 weeks after the end of
chemoradiation.

Clinical application: detection of tumor recurrence

= Due to its mechanism of signal generation, DWI is well suited for detecting tumor recurrence — with high cellularity, high restriction
and low ADC — contrasting with the background of inflammation and interstitial edema — with low cellularity, low restriction and
high ADC.

= As the b1000 signal intensity correlates significantly with the presence of recurrent tumor, the need for ADC quantification can be
diminished in the postchemoradiotherapy phase, especially in small lesions difficult to measure by ADC.

Whole body DWI

= Correlation to anatomical whole body sequences is mandatory, as well as the inclusion of high resolution, thin slice breath hold
sequences over the lungs given the lower sensitivity of DWI for detecting lung metastases.

= In thyroid cancer, whole body DWI shows additional value for detecting bone metastases while restrictive whole body DWI is a predictor
of low survival.

= For nasopharyngeal cancer, whole body MRI shows similar accuracy to metabolic imaging for distant staging while allowing more
detailed depiction of locoregional disease extent. The technique may, therefore, be useful as a first-line screening tool providing
comprehensive evaluation of locoregional and distant disease in one examination.

Conclusion

= In the head and neck, DWI provides information on the tumoral microstructure that is supplemental to anatomical and metabolic
imaging.

Future perspective

= DWI is moving into clinical practice in most oncologic applications, but standardization and comparison between centers is still
lacking.
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