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Abstract

This article reviews the utility of diffusion-weighted imaging (DWI) in the diagnosis, prognosis and
monitoring of treatment response in tumors arising in the head and neck region. The apparent
diffusion coefficient (ADC) value, determined from DWI, can help in cancer staging and detection
of subcentimeter nodal metastasis. The ADC value also discriminates carcinomas from lymphomas,
benign lesions from malignant tumors and tumor necrosis from abscesses. Low pretreatment ADC
values typically predict a favorable response to chemoradiation therapy. These promising reports
indicate the potential of DWI as a potential biomarker for diagnosis and monitoring of treatment
response in head and neck cancers. In view of the overlapping ADC values between different salivary
gland tumors, care should be taken when interpreting these results and other imaging parameters
should be considered for a better diagnosis. Susceptibility and motion-induced artifacts may
sometimes degrade DWI image quality; however, novel techniques are being developed to overcome
these drawbacks.
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Head and neck cancers account for the sixth most common type of cancer worldwide [1], with
betel, tobacco and alcohol consumption being important risk factors causing significant
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morbidity and mortality [2,3]. Squamous cell carcinoma (SCC) is the most common malignant
histology in the head and neck region and originates from the epithelial lining of the upper
aerodigestive tract [4,5]. These tumors are characterized by a multiphasic and multifactorial
etiopathogenesis [6]. Approximately two-thirds of patients with head and neck cancers present
with advanced stage disease, commonly involving regional lymph nodes, which require an
amplified and aggressive treatment regimen consisting of neoadjuvant therapy and extensive
surgery [7].

Numerous studies have demonstrated the potential of [18F]-fluoro-2-deoxy-glucose (FDG)
positron emission tomography (PET), alone [8,9] or in combination with computed
tomography (CT) (hybrid PET/CT) [10], in evaluating SCC of the head and neck. However,
lower spatial resolution and problems with discriminating neoplastic processes from
inflammation and tissue reaction make the interpretation of PET images confounding,
especially in the early post-radiation therapy phase [11]. Since FDG uptake is not specific to
cancer, false positive findings, owing to inflammatory processes and metabolically active
regions, are also common in the neck region [12].

Conventional MRI and CT continue to be the primary imaging modalities for evaluating head
and neck cancers. However, both of these modalities rely on volumetric and morphological
criteria and consequently suffer from low sensitivity and accuracy when making the diagnosis
[13,14]. Moreover, post-treatment changes can be difficult to separate from tumor recurrence,
as both entities may present with similar imaging features [15]. Advanced magnetic resonance
techniques provide information regarding the metabolic, molecular and pathophysiological
aspects of a tumor. These techniques include the use of proton [16,17] and phosphorous
magnetic resonance spectroscopy [18,19], dynamic contrast-enhanced MRI (DCE-MRI) [20]
and diffusion-weighted imaging (DWI) [21-28] in initial diagnostic characterization of head
and neck cancers. Recently, DWI has also been proposed as a sensitive marker for monitoring
treatment response in head and neck cancer [29]. The biophysical mechanism of DWI is based
on the microscopic random translational motion of water molecules in biological tissues. The
magnitude of this motion is characterized by its apparent diffusion coefficient (ADC) values.
Brownian motion of water molecules is impeded by cellular packing, intracellular organelles,
cell membranes and macromolecules present in various tissue compartments. Variation in ADC
values reflects the alteration and redistribution of water molecules between intracellular and
extracellular compartments of a tissue [30]. DWI has been investigated extensively in the
evaluation of different brain pathologies [31,32]. In addition, it has also been applied to studies
of the spinal cord and vertebral column [33], liver [34], kidneys and urinary tract [35].

In this review, the role of DWI in the characterization, prediction and monitoring of treatment
response of head and neck cancers will be discussed. The basic principle, pathophysiologic
mechanism and technical limitations in acquisition of DWI1 in the head and neck region will
also be summarized along with potential ways to circumvent these limitations.

Basic principles of diffusion-weighted imaging

Physical basis of diffusion-weighted imaging

Diffusion-weighted images are typically acquired using strong magnetic field gradients to
make the magnetic resonance signal sensitive to the molecular motion of water. In the presence
of a magnetic field gradient, static spins accumulate phase shifts according to the equation:

¢(®)=yBot+ [G(1) - x(Ddt.
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The first term (yBgt) in the equation represents the phase accumulation owing to the static
magnetic field, while the second term:

[G® - x(vdt,

reflects the effects of a magnetic field gradient. The phase accumulation owing to the gradient
is proportional to the strength of the field gradient, spatial location of the spin and the duration
of the gradient pulse.

Diffusion-weighted images are typically obtained by measuring the signal loss after the
addition of a pair of rectangular diffusion sensitizing gradients (equal in strength and opposite
in polarity and effect) to either side of the 180° pulse of a spin-echo (SE) sequence [36]. As a
result of the first pulsed gradient, spins accumulate different phase shifts depending on their
positions with respect to the gradient, while application of a second pulsed gradient, or 180°
refocusing pulse, causes reversal of the phase shift. For stationary spins, the accumulated phase
shift, as a result of the second gradient, will be similar in magnitude but opposite in polarity
and therefore, the net phase shift will be zero at the time of echo, and the signal strength will
remain intact. However, moving individual spins do not accumulate a similar phase shift during
the two gradient pulses. Therefore, at the time of echo, phase shifts will be randomly distributed
and will lead to signal attenuation on diffusion-weighted MRI. The degree of signal attenuation,
after application of diffusion gradients, depends upon the duration and strength of the magnetic
field gradients as well as the measurement of diffusivity and spin—spin relaxation time (T2) of
mobile spins. The degree of signal loss can be represented by the term S/Sg, in which a signal
after the application of diffusion gradients is represented by ‘S’, and a signal before the
application of diffusion gradients by ‘Sy’. The ratio of S/Sy is proportional to the exponential
of ADC (expressed as mm?2/s) and the degree of diffusion weighting (b; expressed as s/mm?),
and is represented by the equation: S/Sy = exp(—b*ADC), as described by Stejskal and Tanner
[36]. The signal intensity in each voxel is influenced by the choice of b’ values, which depends
upon the gradient amplitude, the time for which the diffusion gradients are applied and the time
interval between diffusion gradients. The higher the b value, the more sensitive an image is to
the effects of diffusion. In addition to b values, signal intensity also depends upon the echo
time (TE) and the two parameters intrinsic to biological tissues — ADC and T2. However, if
the TE values are kept constant, while varying the diffusion weighting on different DWI
experiments, a pixel-by-pixel ADC map can be computed according the equation: ADC =—(1/
b)*[1ogS/Sg).

Addition of diffusion-sensitizing gradients to the SE sequence generates a DWI image that
reflects image contrast from both diffusion and T2 characteristics of the tissue. When
measuring diffusion, long TEs are often required in order to achieve adequate diffusion-related
signal attenuation, and therefore, DWI images are also heavily T2-weighted. As such, any
hyperintensity in the DWI image may be attributed to either a reduction in ADC or to an
increase in T2 values. The hyperintensity in DWI images owing to increased T2 is sometimes
also referred to as ‘T2 shine through’. In cystic lesions, where movement of water molecules
is relatively free and the expected diffusivity is high (low signal intensity on DWI images), the
T2 shine through effect leads to a high signal intensity on DWI images, owing to the longer
T2 values of the unbound water. The ambiguous interpretation of such an image has revealed
a number of pathologies that appear hyperintense on DWI images that mimic a stroke in the
brain. Thus, DWI images should be used with caution in clinical interpretation [37]. A study
by Colagrande et al. [37] suggests that the T2 shine through effect on DWI images can be
reduced using large b values. On the other hand, generation of a pixel-by-pixel ADC map from
DWI images, acquired with different b values, are more reliable for clinical interpretation than
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DWI images alone, since these maps are not susceptible to the T2 shine through effect and
provide true alterations in the diffusivity of a tissue [38,39].

Several diffusion imaging readout strategies are used to generate DWI images in clinical
settings. These include fast spin echo (FSE) [40], single shot echo planar imaging (EPI) [41],
segmented self-navigated FSE sequences (periodically rotated overlapping parallel lines with
enhanced reconstruction [PROPELLER]) [42] and line scan DWI [28].

Biological basis of diffusion-weighted imaging

Self diffusion of water molecules is characterized as Brownian motion. When water molecules
are unconstrained, the direction of motion of a given molecule is random. In biological tissue,
the cell membrane and organelles form physical boundaries and provide barriers to the
movement of water. The diffusion distance increases proportionally to the square root of
diffusion time in a 3D space according to the Einstein equation: <r2> = 6Dt. Thus, the effective
diffusion distance for a water molecule is smaller in tissues than in bulk water, where the
movement of water molecules is not impeded by any boundaries. As a consequence, the
diffusion coefficient measured in vivo by DWI is always lower than that of free water and is
hence termed ADC.

Biological tissue can be considered as a combination of intra- and extra-cellular compartments
in which the water molecule is in a state of continuous exchange between these two
compartments. Therefore, the observed signal attenuation in the diffusion experiment depends
on the rate of exchange and the diffusion time. In the limit of slow exchange, water spins remain
within their respective compartments during the diffusion time and signal attenuation follows
a bi-exponential pattern. This bi-exponential behavior is explained by the equation: S = Sg[f;
exp(—b1ADC,) + o exp(—boADC5)], where f1 and f; are the volume fractions of water spins
within each of the two compartments and f; + f, = 1; ADC4 and ADC, are the ADCs in the
two compartments. On the other hand, in the limit of fast exchange with complete redistribution
of water between the two compartments during the diffusion time, the signal attenuation
follows a single exponential behavior given by the equation: S/Sy = exp (—b*ADC). The
observed ADC for a two-compartment system includes contributions from both the intra-and
extra-cellular environments and is approximated by the equation: ADC = f;ADC; + f,ADC,.
In most clinical DWI studies, the bi-exponential behavior of signal attenuation is not observed
due to the low b-values used. Therefore, it is common practice to fit the DWI data to a single
exponential decay model.

Diffusion-weighted imaging in characterization of head & neck tumors

A differential diagnosis of benign and malignant lesions of the head and neck is critical as it
enables clinicians to implement appropriate management strategies for malignant lesions.
Several promising studies have suggested the usefulness of DWI in the characterization of head
and neck tumors [21-23,28]. In a study that included carcinomas, lymphomas, benign salivary
gland adenomas and benign cysts, Wang et al. [21] reported that the mean ADC value of benign
solid lesions was significantly higher than that of malignant tumors. In this study, lymphomas
were reported to have significantly lower ADC values than carcinomas, which in turn, had
significantly lower ADC values than benign solid tumors. A threshold ADC value of 1.22 x
1073 mm?/s provided an accuracy of 86%, sensitivity of 84% and specificity of 91% for
predicting malignancy. These results were supported by Maeda et al. [28], who reported
significantly lower ADC values in lymphomas compared with SCC of the head and neck.
Representative magnetic resonance images from a patient with SCC of the head and neck is
shown in Figure 1. These previous studies were performed using a 1.5 tesla (T) magnetic
resonance system. However, a recent study demonstrated that DWI in head and neck cancers
can also be performed at a higher magnetic field without degradation of the image quality due
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to susceptibility artefacts, which are commonly observed at higher field strengths of 3T [23].
The authors in this study reported a significant difference in mean ADC values between benign
(1.50 +£0.48 x 103 mm?/s) and malignant (1.07 + 0.29 x 103 mm?/s) lesions. While significant
differences were observed in ADC values between SCCs and lymphomas and between benign
and malignant tumors, there was some overlap in ADC values between these tumor types and
thus, care should be taken when ADC values are used in isolation.

Some investigators have also reported significantly lower (restricted) ADC values in SCCs
than in nontumoral soft tissues such as paraspinal musculature and the base of the tongue
[43,44]. An inverse correlation has been observed between the ADC and cell density in brain
tumors in humans [45,46], as well as in human melanoma xenografts transplanted in animal
tumor models [47], suggesting that higher cellularity is generally associated with more
restricted diffusion (low ADC values). A number of studies have discussed the possible causes
of restricted diffusion in high-grade gliomas [48], brain lymphomas [49] and brain abscesses
[50]. These lower ADC values have been attributed to the histopathological characteristics of
malignant tumors such as an enlarged nuclear:cytoplasmic ratio, hyper-chromatism and
hypercellularity [51]. The synergetic effect of these characteristics reduces the ratio of
extracellular:intracellular volume and the diffusion space for water molecules, with a resultant
decrease in ADC values. It has also been reported that ADC values of highly or moderately
differentiated SCCs are higher than those of poorly differentiated SCCs [21,22]. The authors
of these studies ascribed this finding to the presence of a more abundant macromolecular
protein contents along with hypercellularity and a higher nuclear:cytoplasmic ratio associated
with poorly differentiated SCC and the presence of a high degree of small foci of liquefactive
necrosis in well-differentiated SCC, which was confirmed histopathologically.

Although these earlier studies demonstrated the potential of ADC in the characterization of
head and neck cancers, they suffer from the small number of patients studied, as well as a
certain degree of overlap between different tumor types. Image artefacts are also observed in
DWI of the head and neck region because of continuous physiological motion from breathing
and swallowing, as well as susceptibility-induced artefacts associated with a single shot EPI
sequence. Therefore, care should be taken when translating the results of these published
studies in routine clinical practice. Future multi-center studies in a large cohort of patients with
identical imaging protocols are required to substantiate these promising preliminary results.
As ADC maps suffer from relatively poor resolution, delineation of the tumor is typically
performed on T2 or postcontrast spin-lattice relaxation (T1)-weighted images and the region
of interest is then overlaid on ADC maps. Thus, DWI data should always be used in
combination with other MRI sequences in evaluating head and neck cancers.

Diffusion-weighted imaging in cervical lymph nodes

The standard work-up for patients with SCC of the head and neck includes evaluation of
pathological lymph nodes along with staging of the primary tumor and evaluation of the
presence of distant metastasis before making a decision regarding the appropriate treatment
regimen (chemoradiation therapy versus surgery), as lymphatic metastasis is an important
mechanism of tumor spread [52]. The presence of lymphatic adenopathies in the neck largely
determines the likelihood of locoregional control and the risk of distant metastasis. However,
because of the location and complex tissue structures, clinical evaluation of metastatic neck
lymph nodes is not very accurate. FDG-PET scans or conventional cross sectional MRI cannot
reliably detect small tumor deposits within nonenlarged lymph nodes. It is also difficult to
differentiate large inflammatory lymph nodes from metastatic lymphadenopathy [53]. It has
been demonstrated that iron oxide particles, when injected intravenously, can gain access to
lymph nodes by means of interstitial lymphatic fluid transport. Being paramagnetic, these
agents induce a negative contrast on T2-weighted images in the presence of magnetic field
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inhomogeneities (T2*). The metastatic lymph nodes accumulate the iron oxide particles and
thus, appear hypointense on MRI images, while normal lymph nodes clear the iron oxide
particles owing to efficient lymphatic drainage. Using this mechanism, smaller lymph-node
metastases have been detected and the technique has also been used to distinguish benign from
malignant lymph nodes in patients with head and neck cancers [54,55]. However, the use of
additional intravenous injection (besides Gd-DTPA for diagnosis) and safety concerns
regarding contrast-agent clearance have limited the use of iron oxide particles in the clinical
settings.

Metastatic SCC lymph nodes are heterogeneous in nature and contain variable degrees of
necrotic parts and keratin protein contents [56,57]. Based on these features, it can be
hypothesized that these nodes are associated with alterations in water diffusivity and thus, DWI
may play an important role in their characterization. In line with this hypothesis, several studies
have reported the ability of DWI to discriminate malignant from benign lymph nodes in the
neck [21,58], with the metastatic nodes exhibiting lower ADC values compared with benign
lymph nodes. However, one DWI study reported significantly higher ADC values in metastatic
lymph nodes than in benign lymphadenopathy [22]. The higher ADC of metastatic nodes may
be explained by the presence of a large number of necrotic regions within the metastatic nodes
in this study [22].

While detection of larger lymph nodes is possible by cross-sectional imaging with CT, MRI
or PET scans, detection and assessment of subcentimeter (<10 mm) adenopathies remains a
challenge, owing to the lower sensitivity and spatial resolution of these techniques. However,
DWI1 has been demonstrated to have improved sensitivity in the detection of subcentimeter
nodal metastases. In a recent study [25], DWI was reported to have a sensitivity of 76% and a
specificity of 94% in the detection of 4-9 mm lymph nodes compared with the conventionally
used turbo SE (TSE) MRI sequence, which only had a sensitivity of 7% and a specificity of
99.5% for detection of these lesions. The value of DWI in nodal staging was also investigated
in this study, in comparison to histopathological staging, and the authors reported that DWI
was superior to T2-weighted TSE imaging in accurate nodal staging. With a threshold ADC
value of 0.94 x 1073 mm?/s, a sensitivity of 84%, specificity of 94% and accuracy of 91% was
achieved in the differentiation of malignant from benign lymph nodes (Figure 2) [25]. In
another study [53], the utility of DWI in characterization of small and nonpalpable cervical
lymphadenopathy was studied. In this study, an ADC threshold value of 1.0 x 1073 mm?/s led
to a high sensitivity of 92.3% and specificity of 83.9% in discriminating malignant from benign
cervical lymph nodes. Furthermore, use of ADC values in combination with the other MRI
parameters, such as size, border irregularity and degree of homogeneity for signal intensity on
fat-suppressed T2-weighted images, significantly improved the discriminatory power of DWI
in differentiating between benign and malignant nodes. In spite of the promising potential of
ADC in detecting smaller nodes, the lower in-plane resolution of ADC maps and potential
image artefacts, especially if nodes are located at the air-tissue interface, raise questions
regarding the specificity and reproducibility of these results. Partial volume effects from the
regions of interest used to measure ADC values of these small lymph nodes may also lead to
inaccurate ADC values. Therefore, it is important to perform these studies in a larger patient
population and across multiple sites in order to substantiate the role of DWI as a reliable method
in detecting smaller nodes.

Diffusion-weighted imaging has also been used for the characterization of enlarged necrotic
nodes that are associated with inflammation or neoplastic diseases, especially when
differentiation between central necrosis of the metastatic nodes and infectious necrotic nodes
is difficult using conventional MRI. Koc et al. [59] reported that abscesses and necrotic
lymphadenitis appear hyperintense on DWI and exhibit lower ADC values compared with
necrotic nodal metastases that appeared hypo-intense on DWI and resulted in higher ADC
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values. These results are not surprising since it was previously reported that a higher protein
component in infective lesions increases the viscosity and reduces water proton mobility
leading to lower ADC values [50].

Diffusion-weighted imaging in differentiation between the viable & necrotic
parts of malignant tumors

In the assessment of patients with cervical lymph nodes, fine needle aspiration cytology
(FNAC) and/or an open biopsy is often performed to confirm or refute the diagnosis of a head
and neck malignancy [60-62]. It has been recognized that the tiny amount of tissue obtained
by biopsy may not be sufficient for a correct diagnosis and may lead to erroneous interpretation
[63]. Therefore, delineation of viable and necrotic parts of a tumor is essential for determining
the biopsy site and for diagnosis and treatment planning. The use of contrast-enhanced MRI
is limited in stratifying tumor heterogeneity since these images typically demonstrate an
overlap between viable and necrotic regions. While the enhanced part usually contains viable
tumor cells, the non-enhanced part may contain both viable and necrotic cells. Using DWI,
Razek et al. [27] reported an accurate delineation between the viable parts and necrotic regions
of the tumor. The mean ADC value of viable tumors was reported to be significantly lower
than that for necrotic parts in this study. The differentiation between viable and necrotic parts
can be explained by the fact that water molecules within intact cell membranes of viable tumor
cells are characterized by a relatively small mean free-path length, which results in restricted
diffusion and low ADC values. On the other hand, tumor necrosis is characterized by increased
membrane permeability and breakdown of the cell membrane, resulting in free diffusion and
an increase in the mean free-path length of diffusing molecules. These changes result in
decreased restriction and thereby increased diffusion of water molecules in the necrotic regions.
These results suggest that DWI can assist in a better choice of site for tumor biopsy, which
might ultimately decrease false-negative results and reduce the need for rebiopsy.

Diffusion-weighted imaging in differentiation between recurrent/residual
tumors & post-treatment changes

Management of head and neck cancer involves multidisciplinary approaches that include
surgery and chemoradiotherapy. Several factors impact the quality of life and survival of a
patient, such as the nature, size and degree of infiltration of the primary tumor, nodal staging
and the presence or absence of distant metastatic nodes. Other factors that may impart social
and functional losses (such as impaired swallowing and eating, and speech deficit), as well as
cosmetic deformity that may result from surgery, are also carefully weighed before making a
final decision. Recently, novel treatment modalities such as induction chemotherapy and
molecular targeted immunotherapy have also demonstrated significant improvements in
clinical outcomes. A majority of the patients who develop advanced tumors are treated with
induction chemotherapy, and concurrent chemo-radiotherapy with surgery usually reserved
for salvage procedure [64-66]. Effects of radiation therapy include edema in the acute phase
and a fibrous-inflammatory reaction, with formation of scar tissue in the adjacent normal soft
tissues in the chronic phase. Postradiation changes may also cause thickening of soft tissue of
the pharynx and larynx that may lead to difficulty in breathing and stridor [67]. Postirradiation
biopsies, performed for diagnosis of residual/recurrent disease, are frequently equivocal [68,
69]. Surgeons are often reluctant to obtain multiple or deep biopsy specimens in previously
irradiated areas for fear of initiating or aggravating radio-necrosis [70]. Despite aggressive and
combined therapeutic regimes, tumors generally recur at, or near, the site of initial mass.
Therefore, continuous surveillance of these patients after radiation therapy is crucial, since
almost two-thirds of patients with head and neck cancer die prematurely, owing to delayed
diagnosis and inadequate treatment of the recurrent tumor [71]. The distinction of irradiation
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effects from recurrent tumors poses a common diagnostic dilemma for diagnostic CT and MR,
since both abnormalities exhibit similar imaging characteristics [15]. Although FDG-PET/CT
holds promise in the detection of recurrent SCC of the head and neck [72], it leads to more
false positives owing to inflammatory changes within the first 4 months after radiation therapy
[12].

Diffusion-weighted imaging holds promise for distinguishing recurrent/residual tumors from
radiation-induced changes (Figure 3) as it has been reported that ADC values can accurately
differentiate persistent or recurrent tumors from nontumoral tissue, both in the early (<4
months) as well as the late (>4 months) postradiation therapy period [24]. The ADC maps
exhibit a high sensitivity (94.6%), specificity (95.9%) and accuracy (95.5%) in the
discrimination of tumoral and nontumoral tissues. Furthermore, when compared with CT or
PET, DWI yielded fewer false positives, both in persistent primary sites and in persistent
adenopathies [24]. In another study, areas of low DWI signal intensity and significantly lower
ADC values from residual or recurrent tumors were observed in comparison to post-treatment
changes that demonstrated areas of high signal intensity on ADC maps [26].

The differences in ADC values between recurrent tumors and radiation changes reflect the
distinct differences between the histopathologic features and distribution of water molecules
intumors and radiation therapy-related changes. Malignant viable tumors have enlarged nuclei,
hyperchromatism and generally exhibit hypercellularity. These histologic features lead to a
reduction in the diffusion space of water protons in both the extra- and intra-cellular
compartments, with a resultant decrease in ADC [73]. On the other hand, tissues with post-
treatment changes have relatively low cellularity and increased interstitial space, associated
with variable degrees of edema and inflammatory reaction or submucosal fibrosis, which
results in an increase of the interstitial water content with fewer barriers for diffusion and a
subsequent increase in the ADC values [74]. However, it is important to note that DWI might
not always be sensitive in detecting early structural changes caused by radiation-induced injury.
In a recent study, Philippens et al. [75] reported that ADC values were less sensitive than T2
values in detecting radiation damage of the gray matter of the spinal cord in rats. In a recently
published provocative commentary by Hackney [76], it was suggested that the more readily
available T2 imaging should be used in assessing radiation-induced injury in the spinal cord
instead of diffusion imaging. While there may be some validity to these reports in the analysis
of spinal cord injuries, further studies of SCC of the head and neck are necessary to establish
the role of diffusion imaging in the differentiation of recurrent/residual tumors from radiation-
induced injury.

Diffusion-weighted imaging in prediction & monitoring early treatment

response

Concurrent chemotherapy along with intensity-modulated radiotherapy (IMRT) is widely used
in the treatment of unresectable metastatic lymph nodes in SCC of the head and neck [64].
Despite many technological advances in surgery and aggressive therapeutic regimens,
prognosis and clinical outcome of patients with SCC of the head and neck remain poor [77].
A reliable prediction of the tumor response based on assessment of the tumor
microenvironment may assist in better selection of therapeutic strategies. Accurate prediction
of treatment response or presence of nonresponsive tumors (using conventional approaches)
can be critical in disease management since the optimal time window for successful treatment
tailoring may be limited [78]. Therefore, reliable and reproducible imaging markers that can
predict patients who are at a greater risk of progression of disease before commencement of
treatment are needed. In addition, imaging markers that can assess therapeutic response at an
early stage of treatment may assist in altering treatment regimens and help in improving the
overall clinical outcome. Preclinical studies in brain tumor models have demonstrated the
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sensitivity of DWI in detecting early changes induced by chemotherapy [79] or retrovirus-
mediated gene therapy [80]. Lemaire et al. [81] reported that initial low ADC predicted tumor
sensitivity to fluorouracil treatment in rat mammary tumors. Clinical DWI studies in brain
[82] and rectal tumors [83] have reported that tumors with higher ADC values were associated
with reduced response to therapy. Pretreatment ADC values have also been used to separate
complete responders from partial responders in patients with cervical cancers undergoing
chemoradiation therapy [84]. The results of these studies are consistent with the hypothesis
that a high ADC value may be indicative of the presence of micronecrosis and consequently,
a greater resistance to treatment.

We recently reported the potential of ADC in the prediction and early detection of response to
chemoradiation therapy in SCCs of the head and neck (Figure 4) [29]. We observed that the
pretreatment mean ADC value of complete responders (1.04 + 0.19 x 10-3 mm?2/s) was
significantly lower than that of patients who exhibited a partial or no response (1.35 £ 0.30 x
1073 mm?/s). A significant increase in ADC within 1 week of treatment was also observed in
complete responders and this remained high until the end of treatment (Figure 5). The change
in ADC values from pre-treatment to after 1 week of therapy resulted in a sensitivity of 86%
and specificity of 83%, indicating the potential of ADC in monitoring early treatment response
in SCCs of the head and neck.

Elevated tumor perfusion parameters (blood flow, blood volume and vascular permeability),
secondary to tumor neovascularity, have been reported in head and neck cancers using contrast-
enhanced dynamic CT [85], arterial spin labeling [86], blood oxygen level dependent (BOLD)
MRI [87] and dynamic contrast-enhanced perfusion-weighted imaging [20]. While tumor
vasculature playsacritical role in supplying nutrients and oxygen to tumor cells, it also provides
a means for effective delivery of chemotherapeutic agents to the tumors. It has been reported
that SCC patients with higher pretreatment blood flow/blood volume values respond more
positively to therapy than patients with a lower blood flow/volume [88-90]. Cytotoxic
chemotherapy triggers apoptotic pathways leading to reduced cell density and enlarged extra-
cellular space [91], which might lead to a higher ADC of the tumor after treatment. It is
plausible that tumors with higher blood supplies will have elevated oxygenation and
accessibility to cytotoxic drugs, resulting in increased apoptotic and/or necrotic regions within
the tumor following chemotherapy. This phenomenon might explain the increased ADC values
observed in complete responders compared with partial or nonresponders, as reported by Kim
et al. [29].

Diffusion-weighted imaging in salivary gland tumors

Salivary gland tumors are relatively uncommon and represent less than 3% of all head and
neck cancers. Among all glands, the parotid glands offer the largest variety of histological types
of neoplasm. Preoperative diagnosis of parotid gland tumors is crucial, since a more aggressive
approach to treat malignant tumors is preferred in order to reduce further complications. Even
between benign lesions, it is important to determine the exact histological subtypes as the
treatment plan differs depending on whether the tumor is a pleomorphic adenoma or a Warthin
tumor. Superficial parotidectomy with preservation of the facial nerve, or partial superficial
parotidectomy with removal of the tumor capsule, is recommended for patients with
pleomorphic adenoma, whereas enucleation or superficial parotidectomy with preservation of
the facial nerve is adapted for patients with a Warthin tumor [92,93]. While the risk of local
recurrence of Warthin tumors is approximately 2%, the risk for local recurrence of pleomorphic
adenomas is reported to be approximately 85% [92,93]. FNAC is generally used in the
preoperative diagnosis of salivary gland masses. However, the results of FNAC are not always
conclusive owing to insufficient sample size of the specimen or because of the deep location
of the tumor. In addition, tumor spread as a result of FNAC is a subject of controversy, with
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some authors raising concerns that FNAC is potentially associated with spillage of tumor cells
into the vascular compartments, which can lead to local recurrence, especially in pleomorphic
adenomas and malignant lesions [94,95]. On the other hand, some reports suggest that the mere
presence of tumor-cell deposits along the needle tract after FNAC administration might not
necessarily indicate spread of a viable tumor [96]. Furthermore, it has been reported that FNAC
of salivary gland masses by smaller gauge needles is a safe and reliable procedure [97].

Diagnostic cross-sectional MRI has limited utility in the differentiation of salivary gland
tumors [98,99]. However, DWI has been demonstrated to have potential in determining
different histological subtypes of salivary gland tumors [100-102]. Habermann et al. reported
significantly different ADC values in pleomorphic adenomas, Warthin tumors and
mucoepidermoid carcinomas [100]. A recent study demonstrated that pleomorphic adenomas
were distinguishable from all other entities on the basis of ADC values, with the exception of
myoepithelial adenomas [103]. However, there may be some instances with considerable
overlap between these tumor types and ADC values alone may not be enough to differentiate
benign from malignant salivary gland tumors [104]. It has also been reported that combining
DWI1 with DCE-MRI could improve the diagnostic accuracy of parotid gland tumors [102].
Histopathologically, pleomorphic adenomas contain epithelial, myoepithelial and stromal
cellular components. Most of the epithelial components of glandular nature and adenomatous
tumors can contain areas of accumulated fluid [105]. Both can contribute to the high ADC
values, as has been observed in pleomorphic adenomas. By contrast, Warthin tumors consist
of abundant lymphoid tissues that include polyclonal lymphocytes with conspicuous follicles
and germinal centers. These components may be responsible for the low ADC values observed
in Warthin tumors [100,103].

Influence of field strength on apparent diffusion coefficient values

The advent of commercially available 3T magnetic resonance systems, along with dedicated
phase array coils and parallel imaging techniques, enable better quality DWI images and ADC
maps with a substantially improved signal:noise ratio, compared with those acquired with the
1.5T magnetic resonance system. Since most DWI studies on head and neck cancers have been
published on 1.5T, it is unclear as to whether these results can be translated to the 3T field
strength. While significant differences in ADC values from the gray and white matter regions
of the brain have been reported between 1.5T and 3T field strengths [106], no such studies
have been performed in head and neck cancers. In a small cohort, we performed DWI on the
neck region of three healthy human subjects at both 1.5 and 3T scanners within 1 h and observed
no difference in ADC values from the submandibular glands when measured using either
magnet [29]. Using a threshold ADC value of 1.3 x 1073 mm2/s from a 3T magnet, Srinivasan
et al. [23] reported differentiation of benign from malignant head and neck cancers. It should
be noted that this threshold value was similar to that reported earlier (1.22 x 1073 mm?/s) at a
1.5T field by Wang et al. [21]. These reports indicate that ADC is a field strength-independent
parameter and thus, can be used to compare results across different sites and field strengths.
However, more DWI studies comparing the ADC values at different field strengths from the
head and neck regions are warranted.

Technical limitations of diffusion-weighted imaging in the head & neck region

While the above-mentioned studies clearly demonstrate the potential of DWI in the diagnosis,
prognosis and monitoring of treatment response in tumors of the head and neck, there are a
few limitations in performing DWI of the head and neck region that need to be kept in mind
when proposing DWI as a potential biomarker for tumors arising in the head and neck. The
inherent drawbacks associated with EPI, such as susceptibility artefacts, chemical shift
artefacts and Nyquist (N/2) ghosting artefacts in the phase-encoding direction, are much more
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severe in the neck region. In the Nyquist (N/2) artefact, image ghosts appear in half the field
of view in the phase-encoding directions. These artefacts arise as a result of a zigzag data
acquisition pattern in EPI sequence, in which the signal is sampled during both the positive
and negative half of the frequency-encoding gradient. If the echoes are acquired slightly off-
center, the even and odd lines of the k-space become staggered. Since the even and odd echoes
sample N/2 data points (half the Nyquist rate of sampling), the artefact is seen as a ghost image
shifted by N/2 pixels. This artefact can be reduced by using a calibrated scan obtained at the
beginning of the EPI sequence with the phase-encoding gradient turned off [107].

Susceptibility artefacts result from the various air spaces within the head and neck region,
including sino—nasal spaces, mastoid air cells and aerodigestive tracts. Furthermore, dental
fillings with metallic materials may increase the occurrence of susceptibility artefacts on
images in the head and neck. Consequently, it becomes difficult to identify individual structures
and to measure their signal intensities accurately from the suboptimal images and ADC maps.
In a DWI study of lesions located predominantly around airspaces in the paranasal sinuses or
larynx, Wang et al. [21] reported that 16% of the lesions had severe local distortions owing to
susceptibility artefacts resulting in suboptimal ADC maps. The susceptibility artefacts may be
reduced by acquisition of DWI with parallel imaging, performed with a sensitivity encoding
(SENSE) factor of 2, which reduces the echo train length, which in turn allows for further
reduction of both repetition time and TE and thus, reduces susceptibility artefacts [108,109].
Newer techniques, which are inherently insensitive to artefacts, such as split acquisition of fast
spin-echo signals (SPLICE) [110], DWI with line scan data acquisition (LSDWI) [28] and fast
asymmetric SE (FASE) [111], have also been recently proposed for acquisition of DWI data.
However, very few studies have assessed the usefulness of these techniques in the head and
neck region. In a study by Maeda et al. [28], the use of LSDWI in distinguishing SCCs from
lymphomas of the head and neck was explored. The authors of this study did not observe a
problem in evaluating the lesions owing to susceptibility artefacts in any of the cases.

In a DWI study of salivary gland lesions, Yoshino et al. [110] reported that better quality DWI
images could be obtained using the SPLICE technique compared with the single shot EPI
readout strategy. Another study supported the use of SPLICE in obtaining high quality DWI
images and reliable ADC values of head and neck mass lesions [112].

Along with the above-mentioned artefacts, motion artefacts also often degrade image quality
in clinical scans. Instead of acquiring parallel lines of k-space, as in Cartesian k-space sampling,
a modified radial acquisition scheme with rotating parallel lines is proposed [42,113], where
each acquired segment represents a single rectilinear blade of a propeller-shaped k-space
trajectory [114]. This approach, commonly known as PROPELLER, or BLADE (Siemens AG,
Medical Solutions, Erlangen, Germany), inherently oversamples the k-space center and can be
used to correct for in-plane motion. BLADE is the product name of a Siemens motion-
insensitive FSE sequence, which uses the PROPELLER k-space trajectory. DWI-BLADE
sequence provides a better image quality of the head and neck region since it is also insensitive
to susceptibility artefacts and hemorrhage and offers better conspicuity for lesions located at
the air—tissue interface. However, a drawback of the DWI-BLADE technique compared with
the DWI-EPI method is that DWI-BLADE requires a longer acquisition time. Reduced
signal:noise ratio is another potential pitfall associated with the DWI-BLADE sequence that
can be prevailed over by using a 32-channel coil with an increased integrated parallel
acquisition technique factor [115].

Conclusion

Previous studies have demonstrated that DWI is a very promising technique for assessing head
and neck cancers. In comparison to contrast-enhanced CT, MRI or FDG-PET studies, DWI
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does not require administration of a contrast agent and thus, is completely noninvasive. The
DWI data is acquired with a relatively short acquisition time and data processing tools required
to compute ADC maps are generally available on clinical scanners. Thus, the DWI sequence
can be easily implemented in routine clinical protocol for head and neck MRI. The quantitative
nature of ADC values allows for the comparison of results across different centers. Availability
of faster imaging sequences, with reduced susceptibility and motion artefacts, will further assist
in establishing DWI as a non-invasive biomarker for assessing and monitoring therapeutic
response in head and neck cancer. It is worthwhile mentioning that while assessing DWI of
head and neck cancers, care must be taken since there may be some overlap between benign
and malignant tumors, particularly among the salivary gland tumors. DWI alone may not be
adequate for studying head and neck cancers and combining information provided by structural
MRI sequences may be more reliable.

Future perspective

In spite of favorable results, clinical application of DWI in the head and neck region has been
limited, mainly owing to inherent drawbacks, including susceptibility artefacts and chemical
shift artefacts associated with single shot EPI, the most commonly used readout strategy for
acquiring the DWI data. However, newer techniques, such as SPLICE, line scan DWI, fast
asymmetric spin echo and BLADE (PROPELLER), are being introduced in order to acquire
better quality DWI data. These techniques are feasible in clinical settings and provide
distortion-free images and ADC maps.

Introduction of several innovative readout strategies will provide better quality DWI images
and ADC maps from the head and neck region that have so far been limited by susceptibility
and chemical shift artefacts.

Availability of superior and distortion-free DWI images and ADC maps will have strong
implications in detecting tumors within the complex anatomical tissues and structures of the
head and neck region with improved conspicuity.

Better image quality will improve the accuracy, sensitivity and specificity of DWI in the
characterization and differential diagnosis of head and neck cancers. DWI will also provide
useful information for differential diagnosis at anatomical locations where a biopsy is difficult
to obtain.

Diffusion-weighted imaging will be very helpful in the localization of small-sized lymph
nodes, which is critical for determining prognosis and the risk of developing distant metastasis,
as well as planning treatment strategies. Moreover, introduction of whole-body DWI holds
promise in the detection of local, as well as distant, metastasis in the same setting.

Pretreatment ADC values have the potential to become a prognostic imaging marker for
prospectively identifying patients requiring more aggressive treatment approaches.

An inverse correlation between ADC and microvessel density might make ADC a putative
marker for detecting angiogenesis in head and neck cancers. It may be hypothesized that
increased angiogenesis will result in increased blood flow to the tumor site, which in turn will
make the tumor environment suitable for cellular growth by the enhanced delivery of nutrients
and oxygen, which will lead to increased cell density and a reduction in ADC of the tumor.

Future multicentric clinical trials using a standardized DWI protocol will provide accurate and
reproducible data that is capable of enhancing decision making in the drug developmental
process. It is expected that DWI1 will be able to detect early changes in the cellular environment
of a tumor as a result of cytotoxic chemotherapeutic drugs.
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Executive summary

Basic principles of diffusion-weighted imaging

Diffusion-weighted imaging (DWI) is sensitive to thermally-driven molecular
water motion, which is impeded by hypercellularity, cell membranes, intracellular
organelles and macromolecules present within the tissues.

The most common approach for the acquisition of DWI data is to use echo-planar
imaging-based spin-echo pulse sequences, in which rectangular gradient pulses
are applied before and after the 180° refocusing pulse.

The sensitivity of DWI to diffusion can be altered by varying the diffusion
weighting or ‘b’ values that depend upon the gradient amplitude, the time for which
the diffusion gradients are applied and the time interval between diffusion
gradients.

DWI provides useful information for the characterization and differential
diagnosis of various head and neck lesions.

Diffusion-weighted imaging in the characterization of head & neck tumors

DWI has been used to discriminate carcinomas from lymphomas, benign from
malignant tumors and necrosis from abscesses of the head and neck region.

In general, malignant tumors have lower apparent diffusion coefficient (ADC)
values compared with benign tumors.

DWI provides insight into the characterization and staging of lymph nodes in the
head and neck region.

Diffusion-weighted imaging in differentiation between viable & necrotic parts of
malignant tumors

ADC maps help in selecting the best biopsy site and in detecting tumor viability
in post-treatment follow-up after radiation therapy.

Diffusion-weighted imaging in the prediction & monitoring of early treatment
response

DWI is a promising technique for differentiating residual or recurrent head and
neck tumors from postoperative or postradiation changes.

ADC may be used as an effective early biomarker of treatment outcome and may
allow oncologists to change treatment strategies in cases when a subject does not
respond to the initial therapy regimen.

= Successful treatment is generally reflected by an increase in ADC values.

Conclusion

= DWI could be included in the routine clinical imaging protocol to evaluate head
and neck cancers. However, It is also emphasized that DWI alone cannot be
reliably used for diagnosis and prognosis estimations of head and neck cancers.
DWI provides useful complementary information for conventional structural MRI
techniques.
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Figure 1. Representative case of a well-differentiated squamous cell carcinoma of the maxilla
(A) Axial spin—spin relaxation time-weighted image of a metastatic buccinator node (arrow)
that shows a large, hyperintense necrotic area. (B) Axial diffusion-weighted echo-planar MR
image at b factor of 500 s/mm2, the metastatic node appears hyperintense (arrow). (C) Axial
diffusion-weighted echo-planar MR image at b factor of 1000 s/mm?, the metastatic node
exhibits a central hypointense area (arrow) corresponding to the partially necrotic portion of
the node. The mean apparent diffusion coefficient of the node was 0.410 x 103 mm?/s.

MR: Magnetic resonance.

Reprinted with permission from [22].
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Figure 2. Representative MRI and pathology sections of a squamous cell carcinoma patient with
metastatic lymph node

(A) Transverse gadolinium-enhanced T1-weighted TSE MR image in a 57-year-old man shows
alarge left-sided tumor mass (*) centered on the piriform sinus involving the supraglottic gland
and crossing the midline on the posterior pharyngeal wall (arrowhead). (B) Transverse
gadolinium-enhanced T1-weighted TSE MR image from the same patient shows a small oval-
shaped lymph node at level 2 on the right side with a shortest transverse diameter of 0.6 cm
(arrow); this lymph node was considered to be negative for cancer. (C) The lymph node (arrow)
is hyperintense on the b = 0 s/mm? image. (D) Only a limited signal loss is seen on the b =
1000 s/mm? DWI image. (E) The ADC map demonstrated the lymph node to have an ADC
value of 0.71 x 10~3 mm?/s, which was suspicious for metastatic adenopathy. (F)
Corresponding prekeratin-stained histopathologic slice shows an intranodal metastatic deposit
#).

ADC: Apparent diffusion coefficient; T1: Spin-lattice relaxation; TSE MR: Turbo spin-echo
magnetic resonance.

Reprinted with permission from [25].

Future Oncol. Author manuscript; available in PMC 2010 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Chawla et al.

Page 23

Figure 3. Representative MRI and pathology sections from a squamous cell carcinoma patient who
demonstrated recurrences at the local site

(A) Computed tomography image showing asymmetric soft tissue thickening in the right
aryepiglottic fold and piriform sinus that is suspected for tumor recurrence (arrows). (B) Spin—
spin relaxation time-weighted turbo spin-echo image, and (C) post-contrast T1-weighted TSE
image confirm the presence of the right hypopharyngeal mass. (D) The lesion correlates with
focal increased tracer-uptake on the 18-fluorodeoxyglucose positron emission tomography
image; (E) on diffusion-weighted MRI, the lesion is hypointense compared with the
surrounding tissues on the b = 0 s/mm? image, (F) hyperintense on the b = 1000 s/mm? image,
and (G) hypointense on the apparent diffusion coefficient map, thereby showing restricted
diffusion and is indicative of a hypercellular lesion:tumor recurrence. (H) Tumor recurrence
was confirmed on histopathology.

T1: Spin-lattice relaxation; TSE: Turbo spin echo.

Reprinted with permission from [24].
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Figure 4. Representative images of a patient who exhibited complete response to treatment
Images in each row are from three measurement time points: (A) pretreatment, (B) 1 week into
chemoradiation therapy and (C) post-treatment. The T2w, T1w and T1w-Gd images were
windowed to have similar image contrast, whereas spin—spin relaxation time and ADC images
were scaled based on the grayscale bars shown at the bottom of the corresponding images.
Large arrows point to the same nodal metastatic mass that was followed through the treatment
course; the small arrow (ADC map) shows the central region of the mass with lower ADC
values than the peripheral region.

ADC: Apparent diffusion coefficient; T1: Spin-lattice relaxation; T2: Spin—spin relaxation
time; Tlw: T1-weighted; T1w-Gd: T1-weighted postcontrast enhanced; T2w: T2-weighted.
Reprinted with permission from [29].
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Figure 5. Box and whisker plots from the metastatic node of squamous cell carcinoma patients
Comparison of complete responders (rectangular boxes) and partial responders (boxes with
notches) to chemoradiation therapy in terms of (A) volume, (B) normalized (to pretreatment)
volume, (C) ADC and (D) normalized ADC. Edges of the boxes represent the 25th and 75th
percentiles while the middle lines in the boxes show the median values. Whisker lines are the
minimum and maximum values.

*p < 0.05; "p < 0.01.

ADC: Apparent diffusion coefficient; cc: Cubic centimeters; CR: Complete responders; PR:
Partial responders; Pre-Tx: Pretreatment; Post-Tx: Post treatment; Wk1-Tx: 1 week into
treatment.

Reprinted with permission from [29].
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