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ABSTRACT:

MRI is an invaluable diagnostic tool in the investigation and management of patients with pathology of the head and
neck. However, numerous technical challenges exist, owing to a combination of fine anatomical detail, complex geom-
etry (that is subject to frequent motion) and susceptibility effects from both endogenous structures and exogenous
implants. Over recent years, there have been rapid developments in several aspects of head and neck imaging including
higher resolution, isotropic 3D sequences, diffusion-weighted and diffusion-tensor imaging as well as permeability and
perfusion imaging. These have led to improvements in anatomic, dynamic and functional imaging. Further develop-
ments using contrast-enhanced 3D FLAIR for the delineation of endolymphatic structures and black bone imaging for
osseous structures are opening new diagnostic avenues. Furthermore, technical advances in compressed sensing and
metal artefact reduction have the capacity to improve imaging speed and quality, respectively. This review explores
novel and evolving MRI sequences that can be employed to evaluate diseases of the head and neck, including the skull

base.

INTRODUCTION

The structures of the head and neck, including the skull
base, pose a multitude of technical challenges with
respect to the application of MRI techniques. In partic-
ular, multiple complex anatomical structures exist in a
small volume, which demands high resolution; however,
speed is also essential owing to the intrinsic mobility of
cervical tissues involved in respiration and deglutition.
Furthermore, natural air-filled cavities, bone-soft tissue
interfaces and the presence of exogenous metallic implants
or dental restorations result in magnetic susceptibility
effects that can degrade image quality. In addition, stan-
dard anatomical sequences can be limited in their ability
to reliably differentiate benign from malignant tissues
(e.g., in assessing tumour response to chemoradiotherapy
(CTR)), delineating neural structures (e.g., cranial nerves
displaced by tumours or surrounded by pneumatised bone)
and the differentiation of anatomical compartments (e.g.,
endolymphatic and perilymphatic labyrinthine fluid). As
a result, over the last decade, significant strides have been
made towards addressing the aforementioned challenges.

The following review discusses new and evolving MRI
sequences, and how they are applied to head and neck,
cranial nerve and skull base imaging scenarios.

HIGH-RESOLUTION 3D T2-WEIGHTED
SEQUENCES

Highly fluid-sensitive (sometimes termed cisternographic)
sequences offer high spatial and contrast resolution and can
be used to depict the cisternal portions of cranial nerves
as well as the structures of the fluid-filled labyrinth. They
are based upon either fast gradient echo or fast spin-echo
(FSE) techniques, and some of the commonly encountered
sequences are included in Table 1.

Fast gradient echo sequences are typically susceptible to
dephasing related to small field inhomogeneities, resulting
in linear low-signal (banding) artefacts, which may simu-
late lesions within the internal auditory canal and laby-
rinth, although this effect is reduced by performing two
acquisitions with and without phase frequency alternations
in the Constructive interference into steady state and fast
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Table 1. Types of 3D T2-weighted sequences

Touska and Connor

Fast Gradient Echo

Fast Spin Echo

3D fully refocussed (balanced) steady-state free precession:

o TrueFISP (fast imaging with steady-state precession) - Siemens
« Fast imaging employing steady-state acquisition (FIESTA) - GE
« Balanced FFE (fast field echo) - Philips

Rapid recovery of longitudinal magnetisation through a 90 degree RF pulse
at the end of the echo train (driven equilibrium):

RESTORE - Siemens
FREFSE (fast recovery fast spin echo) - GE
DRIVE - Philips

MIP of two consecutive TrueFISP (fast imaging in steady state

precession) sequences of alternating and non-alternating RF pulses:

o CISS (Constructive interference into steady state) - Siemens

« Fastimaging employing steady-state acquisition with phase cycling
(FIESTA-C) - GE

Special 3D FSE technique

Sampling perfection with application-optimized contrasts by using different
flip angle evolutions) - Siemens

CUBE - GE

Volume ISotropic Turbo spin echo Acquisition (VISTA) - Philips

imaging employing steady-state acquisition with phase cycling
sequences.

By virtue of multiple 180degree refocussing pulses, FSE tech-
niques are insensitive to susceptibility artefacts, but typically
involve longer scanning times and can be susceptible to blurring.
As an alternative, special FSE techniques such as SPACE, VISTA
or CUBE (Table 1) can be employed. These are characterised
by short, non-spatially selective radiofrequency pulses (signifi-
cantly shortening the echo spacing) and variable flip angles for
refocusing radiofrequency pulses (suppressing blurring whilst
reducing flow and chemical shift artefacts). They are capable of
isotropic imaging up to 0.3 mm at 3T and provide higher CNR
when compared with TrueFISP.>?

The clinical applications of high-resolution 3D T2W imaging
are wide-ranging and have become routine in otologic imaging
where they are capable of demonstrating labyrinthine anomalies
with increased sensitivity* and obviate the requirement for CT
in the setting of childhood sensorineural hearing loss (SNHL)
(Figure 1).> They are also useful in the pre-operative assess-
ment of cochlear implant candidates, confirming patency of the

cochlear aperture, delineating cochlear nerve calibre and deter-
mining cochlear size for electrode length and positioning.5®
Furthermore, such sequences are effective both as screening
and follow-up tools in the case of vestibular schwannomas. In
the latter setting, there is increasing evidence that non-contrast
3D T2W sequences can provide a cost-effective alternative to
gadolinium-enhanced T1IW sequence for the detection and
monitoring of vestibular schwannomas.”!® Non-contrast MRI
cisternography can also provide a non-invasive approach to the
diagnosis of CSF leaks in the context of suspected CSF rhinor-
rhoea or otorrhea with a sensitivity in excess of 76%."" In such
cases, CSF isointense signal can be seen to traverse the skull base.
Similarly, post-traumatic labyrinthine fistulae may be detected
using MR cisternography, which may be missed on CT studies."?
3D high-resolution iT2W imaging is also considered the refer-
ence standard for imaging in neurovascular conflict, enabling
confirmation of contact in the transition zone (between central
and peripheral myelin), which is vulnerable to compression.'®
This has roles in identifying vascular compression in trigeminal
neuralgia and other neurovascular syndromes including hemi-
facial spasm and vestibular paroxysmia, where the location of
contact and degree of deformity can be identified.'**

Figure 1. 3D T,-weighted DRIVE sequence with a resolution of 0.3 mm through the internal auditory meati (IAM) with bilateral sen-
sorineural hearing loss and right-sided microtia being considered for cochlear implantation. A. Oblique axial sequence confirms
the presence of a cochlear nerve within the right IAM (solid arrow). B. Oblique axial sequence at the same level demonstrates no
visible nerve is seen within the left IAM. Features of incomplete partition Type one are seen bilaterally with a hypoplastic modiolus
on the right and absent modiolus on the left (open arrow).
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Finally, 3D high-resolution T2W sequences have been employed
at ultrahigh (7T) field strengths to delineate labyrinthine and
internal auditory canal anatomy and exclude compressive
structural lesions in neurovascular conflict syndromes, such as
vestibular paroxysmia.'”'® However, several technical challenges
remain, including increased susceptibility artefacts and specific
absorption rate limitations.'’

FAT SUPPRESSION

The anatomical complexity and relative abundance of fat within
the cervical soft tissues make fat suppression techniques invalu-
able for the evaluation of head and neck pathology, particularly in
the detection of perineural tumoural spread.’ A wide variety of
techniques are available, including short-tau inversion recovery
(STIR), 3-point Dixon and, more recently, 3D techniques. These
have largely replaced traditional selective (spectral) fat suppres-
sion techniques, which are highly sensitive to field inhomogene-
ities.""** Less frequently, selective excitation of water protons can
be used to reduce signal from fat protons and obviate the need
for fat saturation. There has been limited use of this technique in
the head and neck, but a double-echo steady-state sequence with
water excitation has demonstrated some promise in delineating
the intraparotid facial nerve.”®

3D ISOTOPIC GADOLINIUM-ENHANCED
SEQUENCES

Sequences acquiring contiguous isotropic (3D) data offer bene-
fits in head and neck imaging as a single acquisition can provide
data for reformatting in any plane, obviating the need for multiple
separate sequences.”! The mainstay of 3D sequences are ultra-
fast spoiled GE sequences with small flip angles and short TR.
These typically have pre-pulses (magnetisation preparation) to
provide TIW and T2W or fat suppression and can be combined
with partial k-space sampling to further reduce acquisition
times; examples include volumetric interpolated breath-hold
examination (VIBE) from Siemens and T1W high-resolution
isotropic volume examination from Philips.?® These are capable
of achieving more accurate pre-operative estimation of head and
neck tumour size compared with 2D acquisitions, but suscepti-
bility artefacts are problematic.”> Sensitivity to bulk motion can
be reduced by applying overlapping radial (as opposed to stan-
dard cartesian) filling of k-space method, but in-plane resolution
may be reduced.?

As with high-resolution 3D T2W imaging, special FSE sequences,
such as VISTA and SPACE, can be used as an alternative to fast
GE sequences to produce high-resolution fat-suppressed TIW
imaging.”’ They are also resistant to susceptibility artefacts,
which is of utility at the skull base; a further advantage of these
sequences arises from their inherent flow suppression owing to
dephasing of flowing spins, which can prevent vascular time of
flight effects simulating lesions at the skull base.*® It also enables
‘black blood’ imaging to be performed, which helps more accu-
rately delineate vessels, enabling superior detection of dural
venous invasion by tumours as well the identification of carotid
artery dissection.”*’

In general, 3D gadolinium-enhanced isotropic sequences facil-
itate cancer staging and treatment where the delineation of
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Figure 2. Coronal reformat of 3D fat-suppressed post-gado-
linium sequence through the head and skull base in a patient
with primary cutaneous T-cell lymphoma demonstrates an
enhancing soft-tissue mass involving Meckel’s cave (upper
arrowhead) and mandibular division of the trigeminal nerve
(lower arrowhead). A diagnosis of neurolymphomatosis was
made on the basis of imaging findings.

tumour extent in various planes is of paramount importance.
They can also aid segmentation of important structures prior to
radiotherapy®! and assist in early detection of perineural spread
(Figure 2).** Furthermore, they can facilitate volumetric anal-
ysis of vestibular schwannomas® as well as monitor response to
stereotactic radiotherapy.”*

DIFFUSION-WEIGHTED IMAGING (DWI)

DWI for middle ear and mastoid cholesteatoma

DWI is now established as the reference imaging technique for
the detection and delineation of cholesteatoma (Figure 3). It is
particularly relevant in the post-operative setting where it has
obviated the requirement for mandatory relook surgery in order
to detect residual cholesteatoma.” TSE-based non-echo planar
DWI sequences are used in order to reduce geometric distor-
tion and susceptibility artefact, whilst allowing a high resolu-
tion matrix and thinner collimation.*® Non-EPI DWI may be
performed with single-shot TSE sequences such as half-Fou-
rier acquisition single-shot turbo spin echo (HASTE) imaging
or multi-shot turbo spin echo sequences such as periodically
rotated overlapping parallel lines with enhanced reconstruc-
tion (PROPELLER). More recently, there has been evaluation
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Figure 3. A. Coronal reformat from a CT of the temporal bones demonstrates an expansile soft tissue lesion centred on the left
lateral epitympanum with scutal and ossicular erosion, compatible with a cholesteatoma (arrow). B. Coronal half-Fourier acquis-
tion single-shot turbo spin echo (HASTE) non-EPI DWI sequence in a similar anatomical plane in the same patient demonstrates
high signal within the left lateral epitympanum (arrow), which is typical of cholesteatoma. The conspicuity on such sequences is

particularly helpful in the post-operative setting.

of multi-shot EPI sequences such as readout segmentation of
long variable echo trains (RESOLVE) DWI, which demonstrates
reduced distortion, susceptibility and T2*blurring compared
with single-shot EPI, such that the diagnostic accuracy for
cholesteatoma approaches that of non-EPI methods.”” The
potential diagnostic value of combining the DWT sequence with
other imaging data has also been demonstrated; for instance, the
availability of TTW MRI sequences excludes false-positive cases
(due to presumed proteinaceous or infected secretions),”® whilst
CT allows for better anatomical localisation,* facilitating more
accurate identification of cholesteatoma. It should be noted that
there remains no documented advantage in performing DWI for
cholesteatoma imaging at 3T.%°

Further recent studies have evaluated the role of ADC quantita-
tion in the diagnosis of cholesteatoma. The increased DWI signal
returned by keratin at b = 800 or 1000s mm was initially felt to
be predominantly due to T2 shine though; however, cholestea-
toma is now known to demonstrate reduced ADC values rela-
tive to other middle ear inflammatory substrates.*"*? Multiple
centres have now established ADC thresholds using a range of
differing techniques and scanners and have successfully differen-
tiated cholesteatoma from non-cholesteatomatous tissue with a
cut-off value of approximately 1.3 x 10> mm?s™.

Although DWTI is now adopted into routine clinical practice and
systematic reviews have confirmed high sensitivity (92%) and
specificity (96%) of non-EPI DWI for cholesteatoma,* there has
recently been more rigorous evaluation of its diagnostic accuracy

in a prospective blinded study, together with an assessment of its
impact on clinical decision-making.*’ There remain unanswered
questions as to the role of MRI in long-term surveillance of
patients without clinical evidence of residual or recurrent choles-
teatoma; however, long-term data are now becoming available to
address this issue.**

DWI at other head and neck sites

DWTI has established a wider role in complementing standard
MRI sequences in the characterisation of tissue and the eval-
uation of treatment response in the skull base, face and neck.
Although the emphasis remains on head and neck carcinoma
(Figure 4), recent publications have also applied DWI to diag-
nosis to varied tumour types at specific anatomical sites such as
the pituitary gland, sinonasal region, skull base, orbit, salivary
gland and thyroid gland.*™"

Most clinical and research DWI of the extracranial neck has
benefitted from the high SNR and rapidity of EPI DWT; however,
TSE-based DWI approaches, readout segmented EPI, integrated
shimming techniques and reduced FOV imaging have been eval-
uated in order to reduce image distortion, which result from the
multiple soft tissue air-bone interfaces and variable geometry of
the head and neck.”>™

Recent research has emphasised the role of DWI in predicting
the response of head and neck carcinoma to CTR either in
the pre-treatment, intra-treatment or post-treatment setting.
A series of studies have shown that tumours with less marked
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Figure 4. Axial sequences through the neck at the level of the oropharynx. A. Axial DIXON T1w fat-suppressed post-gadolinium
sequence demonstrates a right-sided tongue base tumour and an enlarged, pathological ipsilateral level 2 lymph node, but accu-
rate delineation of the primary tumour is limited by avidly-enhancing peritumoural inflammation. B. Axial B-800 DW!I sequence
through the same level demonstrates increased conspicuity of the tumour. C. B-1500 DWI sequence at the same anatomical level
enables clear delineation of the primary tumour with reduced signal from the peritumoural inflammatory changes.

diffusion restriction (or relatively increased ADC) on pre-treat-
ment imaging are associated with decreased rates of locore-
gional control”’ and disease-free survival.”® Intra-treatment
imaging is likely to become increasingly important if response-
adapted therapy, such as radiotherapy replanning with volume
de-escalation and dose escalation to residual tumour, becomes
the standard of care. A low percentage rise in ADC (thresh-
olds < 14-24%) or decrease in ADC in the first few weeks after
commencing CTR* has been shown to predict >2 year outcomes
and hence may be used to alter the treatment strategy.*’ In this
regard, it has been shown that DWI-based target volumes could
be defined (with good interobserver agreement and with a good
overlap with PET).®!

In the early post-treatment phase, imaging using PET-CT is
generally considered the first-line imaging to assess tumour
response to CTR; however, it must be delayed until 12 weeks
post-treatment due to the potential for false-positive inflamma-
tory changes at an earlier time interval. DWI MRI also has the
ability to detect residual and recurrent tumour following treat-
ment, with a higher positive predictive value, and hence may aid
in the identification of those patients who would benefit from
salvage surgery. Qualitative assessment of post-treatment DWI
MRI characteristically demonstrates residual tumour to be of
increased DWT signal, whilst quantitative analysis applies ADC
thresholds of approximately 1.3-1.4 x 10 mm? s to distin-
guish it from benign post-treatment change.”” MRI also has
the advantage of providing a more detailed assessment of the
morphological appearances and these are also of diagnostic value
in distinguishing residual tumour.*® The combination of DWI
data and other advanced MRI techniques with that provided
by PET tracers is one of the drivers behind the development of

MRI-PET hybrid systems; however, there are currently limited
publications on MRI-PET outcomes in the head and neck.**%

Different approaches to the analysis of the DWI data have also
been explored in the context of predicting treatment outcomes.
The propensity of head and neck carcinoma to undergo necrosis
and exhibit heterogeneity may influence the mean ADC, even if
attempts are made for the region of interest to exclude macro-
scopically visible necrosis. Hence, differing parameters such as
ADC min® or methods of assessing the heterogeneity of treat-
ment-related changes®”*® may be required. Other groups have
focused on the value of analysing differing b-values to help
characterise tumour response. The low b-value range provides
perfusion-related information and is included in the biexpo-
nential model used to define intravoxel incoherent motion
parameters.”” High b-values may be incorporated in calculation
of mono-exponential ADC values, or may be used to perform
non-Gaussian fitting, using kurtosis analysis over an extended
range of b-values.”"!

However, a key issue, before these methods can be incorporated
into clinical practice, is whether the repeatability of the measure-
ments is sufficient to define any true difference in the results
observed in responders versus non-responders, particularly in
the post-treatment setting when regions of interest maybe more
difficult to define.””

COMPRESSED SENSING

Efforts to increase image acquisition speed have led to the
development of compressed-sensing techniques that reduce
the number of k-space measurements taken at acquisition.”* To
date, there is limited data on the applications in head and neck
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imaging; however, there are imaging scenarios where the tech-
nique will likely prove to be extremely useful. This is discussed in
the subsequent sections.

PERFUSION AND PERMEABILITY IMAGING

Dynamic contrast-enhanced MR/

Tumour tissue is typically characterised by abnormal vascularity
and permeability, which is thought influence both metastatic
potential and response to therapy. The most common MRI-based
approach to perfusion and permeability imaging exploits the
approximately linear relationship between the signal on TIW
imaging and the tissue concentration of intravenously admin-
istered gadolinium. 3D-spoiled GE sequences (e.g., volumetric
interpolated breath-hold examination) are commonly used to
provide both pre-contrast T1 mapping (using variable flip angles
to correct for B0 inhomogeneities and tissue characteristics) and
post-contrast dynamic contrast imaging, resulting in a temporal
resolution of <6s.”* Further improvements to temporal resolu-
tion can be achieved using the compressed-sensing technique
golden-angle radial sparse parallel imaging.”® Injection of a tight
bolus of contrast (2-4mls ™" followed by a saline chaser) using a
programmable power injector is essential.”*”>

The simplest method of analysis of the resultant data involves
the plotting of signal intensity curves, from which qualitative
and semiquantitive data can be obtained. This method has
been employed with some success in the evaluation of sali-
vary gland neoplasms, with pleomorphic adenomas, Warthin
tumours and salivary carcinomas demonstrating differing times
to peak enhancement and washout ratios.”® Latterly, Mogen et
al, using golden-angle radial sparse parallel imaging dynamic
contrast-enhanced (DCE) MRI, found that a time-intensity
curve (TIC) classification threshold of 22 had a high negative
predictive value for malignancy and a time-intensity curve
classification threshold of <2 was predictive of pleomorphic
adenoma.”” In head and neck SCC, a similar approach has
been taken using either manually delineated ROIs or pixel-by-
pixel colour-coded maps of differing TICs, with tumour tissue

Touska and Connor

typically demonstrating more rapid contrast enhancement
followed by washout.”® However, it is the more quantitative
pharmacokinetic analysis of DCE data that has attracted the
greatest attention over recent years. In particular, by employing
more sophisticated mathematical modelling (e.g., the extended
Tofts model), various perfusion and permeability metrics can be
obtained, such as the capillary permeability transfer coefficient
(K'%) tumour blood volume (BV) and EEC volume (Ve). This
typically requires the placement of ROIs within tumour tissue
as well as over an artery (often carotid or vertebral) in order
to estimate the intravascular arterial input function.”” Using
this method, factors that might help to differentiate extra axial
tumours, including vestibular schwannomas (Figure 5) have
been explored.®* Furthermore, there has been extensive work
in using quantitative DCE to predict response to treatment or
locoregional control have been sought, with the assumption that
greater tumoural perfusion should improve response to CRT.
Indeed, a recent systematic review found that a higher base-
line tumour blood flow (tBF) and BV-predicted locoregional
control in head and neck SCC (HNSCC).*' Similarly, a higher
BV 2weeks after CRT and a persistent increase in K" were
associated with locoregional control; however, after 3 weeks,
this effect may reverse owing to radiation-induced inflamma-
tion.®! Despite this, controversy remains with regard to the clin-
ical utility of the technique, with select DCE-MRI parameters
failing to predict long-term survival in one study of HNSCC
patients.®? Furthermore, interpretation of DCE-MRI results is
dependent on multiple factors including intratumour and inter-
tumour variation, hardware differences and types of algorithms
employed; hence, generalisation of study outcomes can be prob-
lematic. To this end, the Quantitative Imaging Biomarkers Alli-
ance (under the auspices of the RSNA) have sought to publish
recommendations for Dual-energy CT (DECT) methodology.”*

Potential alternative uses for DCE-MRI in the head and neck
include the evaluation of cervical lymph nodes®* and the dose-re-
lated effects of radiotherapy on mandibular bone.®*

Figure 5. A. Axial T2-weighted sequence at the level of the IAM, demonstrating a left-sided vestibular schwannoma with a large
extrameatal component. B. A blood volume colour map overlay has been applied demonstrating increased cerebral blood volume
at the periphery of the lesion, but reduced volume within the central cystic component. C. A similar pattern is demonstrated on

the K@ map.
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Arterial spin labelling

As an alternative to gadolinium-based DCE, arterial spin label-
ling (ASL) can be performed, obviating the need for exogenous
contrast injection. This typically involves the formation of a T1
map followed by magnetic labelling of blood protons before they
enter the area of interest using either multiple inversion pulses
(pulsed-ASL) or by invoking a pseudosteady-state (pseudocon-
tinous-ASL).*> The latter technique offers a higher SNR and has
been used in HNSCC where higher tBF prior to treatment and
an increase in tBF following treatment (with small or large asso-
ciated reductions in tumour volume) have been associated with
subsequent local control.*® More recently, ASL has been used
in parotid gland tumours where tBF was significantly higher
in Warthin tumours as compared to pleomorphic adenomas.®”
Pseudocontinuous ASL has also been employed to produce
angiographic images and has been shown to provide greater
diagnostic confidence over traditional time-of-flight techniques
for the detection of dural arteriovenous fistulae (AVF), an
important cause of pulsatile tinnitus.%® This is because the ASL
signal rapidly decays in the presence of normal capillary beds,
but is preserved in the presence of AV shunts.*®

ADDITIONAL MRI TECHNIQUES FOR HEAD AND
NECK CANCER IMAGING

BOLD-MRI

Given that intratumoural hypoxia is associated with a reduced
response to CRT, there has been interest in the blood oxygen-
ation level-dependent (BOLD) technique, which can be used to
measure the T2* and T2 shortening effect of deoxyhaemoglobin,
which is paramagnetic.”® However, whilst this technique can yield
quantitative oxygenation data in HNSCC, technical challenges
remain, such as the effects of local, intertumoural and intratu-
moural variability and need to avoid measurement of necrotic
tissue.* Reliability may be improved by ‘oxygen-enhanced’ MRI,
whereby measurement is made after repeated oxygen challenges,
but this method has yet to be validated in HNSCC.”

Spectroscopy

Despite the relatively long history of MR spectroscopy (MRS),
there is limited evidence for its use in the head and neck owing to
a number of technical challenges.” However, 1-h MRS-derived
choline/creatine ratios have utilised in combination with ADC
values to successfully extract prognostic information in a cohort
of patients with head and neck squamous cell carcinoma.”*

Amide proton transfer MRI

Amide proton transfer, a form of chemical exchange satura-
tion transfer, relies upon selective saturation of amide protons
using a RF pulse and subsequent exchange for water protons;
this enables the minute variations in amide proton concentra-
tion associated with tumour proteins to be detected.”* One
study found an elevation in amide proton transfer parameters in
malignant head and neck tumours when compared with normal
tissues or benign salivary neoplasms, but differentiation between
malignant tumour types was not possible.”? The same group also
found that the diagnostic improvement could be improved when
combined with DWI.%?

Figure 6. Venous phase of a time-resolved MRA demon-
strates diffuse persistent enhancement within a left-sided jug-
ular paraganglioma (asterisks).

MR elastography

Ultrasound-mediated elastography is well known, particularly
with respect to thyroid imaging. However, sheer-wave elastog-
raphy can also be performed using MRI with an appropriate
driver. With further refinement, this technique could prove
useful for evaluating the differential tissue stiffness of head and
neck tissues and lesions in future, circumventing limitations of
ultrasound such as operator dependence and signal attenuation
at depth.”

TIME-RESOLVED MR-ANGIOGRAPHY

Time-resolved MR angiography is capable of generating images
akin to digital subtraction angiography or CT-angiography
(CTA), but without the disadvantage of ionising radiation. It is
particularly useful in the evaluation of patients with pulsatile
tinnitus or the detection of vascular tumours, such as paragangli-
omas (Figure 6). This technique typically involves subtracting a
previously acquired mask image from a rapidly acquired dataset
sampled after contrast administration, mainly from the centre
of k-space, where high-contrast data is located. Various propri-
etary methods are in common use (e.g., time-resolved imaging
of contrast kinetics (TRICKS) from GE and time-resolved angi-
ography with interleaved stochastic trajectories (TWIST) from
Siemens).® In a 2016 meta-analysis, time-resolved MR angiog-
raphy demonstrated an excellent pooled sensitivity and specificity
of 90 and 94%, respectively, for dural AVF, with some advantages
over CTA.** The challenge of the intrinsic trade-off between
temporal and spatial resolution is being addressed by acceler-
ation methods using parallel imaging and segmented k-space
ordering techniques and, more recently, radial undersampling
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Figure 7. Tractography of the seventh and eighth cranial nerves using constrained spherical deconvolution. A. The tractography
data have been fused with a 3D CISS sequence and demonstrates posterior displacement of a bundle of tracts thought to rep-
resent the eighth nerve (short arrow) and anterior displacement of what is thought to represent the seventh nerve (long arrow)
around a large vestibular schwannoma (asterisk). B. Sagittal reconstruction from the same dataset demonstrates the extent of

displacement of the posterior neural bundle.

and highly constrained reconstruction (HYPRFLow).”” Such
advances enable superior dural AVF characterisation.”” Alter-
natively, compressed-sensing techniques (e.g., CS-TWIST) can
be employed, enabling the reduction of spatial and temporal
artefacts.”®

DIFFUSION TENSOR IMAGING

Diffusion tensor imaging (DTI) harnesses the anisotropic
(directional as opposed to free) movement of water molecules
in ordered human tissues (particularly neural) to perform both
fibre tracking (tractography) and quantitative analysis of frac-
tional anisotropy (FA) and mean diffusivity.

Fibre tracking algorithms enable both white matter tracts and
cranial nerves to be depicted, usually with the assistance of
manual placement of ROIs (or seed regions). Over the last two
decades, several small studies have evaluated the use of tractog-
raphy for pre-operative identification of the facial nerve in the
setting of larger (>2.5cm) vestibular schwannomas (Figure 7).
In a recent systematic review, the pooled accuracy of the tech-
nique was 90.6%.”” However, owing to the small study samples

and heterogeneity of algorithms and scanning parameters used,
the reliability for routine use remains uncertain. Indeed, trac-
tography techniques have evolved over recent years from deter-
ministic single DTI (SDT), which assumes the presence of a
single coherent fibre bundle, to more complex techniques that
account for multiple fibre orientations within a single voxel.
Such techniques include high angular resolution diffusion
imaging and constrained spherical deconvolution (CSD), with
the latter providing a probabilistic estimate of fibre orientation
distribution. CSD in particular has shown superiority over SDT
in depicting white matter fibre tracts in the brain as well as the
courses of cranial nerves.”® However, CSD may result in the
generation of higher numbers of spurious tracts when compared
with the simpler two-tensor reconstruction technique, EXtended
Streamline Tractography, suggesting that resolution of complex
crossing fibre patterns may be less critical for cranial nerve depic-
tion.”” In addition to depiction of the cisternal and canalicular
portions of the facial nerve, tractography may aid delineation of
the extracranial facial nerve prior to parotid surgery.'” Further-
more, quantitative applications of DTI show promise in various
settings. For instance, in one study, FA values along the auditory

Figure 8. 3D FLAIR study through the skull base at the level of the labyrinths 4 h following an injection of intravenous gadolinium.
On the right, there is expansion of the cochlear duct with low-signal effacement of the scala vestibuli, compatible with cochlear
hydrops (solid arrowhead); this can be compared with the normal enhancement within the left cochlea (diamond arrow). There is
also effacement of the enhancing perilymphatic spaces around the right saccule and utricle, which appear enlarged and merged
(open arrowhead); this can be compared with the normal left-sided vestibular enhancement (small arrow).
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Figure 9. 3D black bone sequence though the skull base enables delineation of the intratemporal facial nerve and chorda tympani
to aid posterior tympanotomy pre-operative planning. A. Axial image demonstrating the black bone acquisition which minimises
soft tissue contrast, so enhancing bone-soft tissue boundaries. B. Magnified image of the left temporal bone illustrating the
intermediate signal intensity nerve (solid arrowhead) surrounded by low signal within the temporal bone (and just lateral to the
stapedius belly) . C. Oblique sagittal image from the same sequence demonstrating the mastoid portion of the facial nerve (solid

arrowhead) and chorda tympani (open arrowhead).

pathways of patients with unilateral sensorineural hearing loss
were found to be lower than in controls; furthermore, there was
an inverse relationship between FA and the severity of hearing
irnpairment.101 Similarly, in the setting of trigeminal neuralgia,
symptomatic patients have been shown to demonstrate elevated
trigeminal FA values, regardless as to whether neurovascular
compression could be demonstrated on structural imaging, and
higher FA values have been shown to correlate with symptom
duration.'”®!® Such quantitative evaluation shows promise
with respect to the detection and grading of severity of neural
dysfunction.

3D FLAIR IMAGING IN OTOLOGICAL CONDITIONS
Endolymphatic hydrops imaging

There has been considerable interest in the in vivo imaging
of endolymphatic hydrops (EH) as a structural correlate for
Meniere’s disease. Although initially evaluated with intratym-
panic gadolinium, MRI assessment is now usually performed
at 4h (0.1 or 0.2ml kg'l) post-intravenous administration of
gadolinium at 3T, which allows non-invasive visualisation of
both ears. Gadolinium slowly accumulates in the perilymph
but not in the endolymph, so it is possible to differentiate the
enlarged endolymphatic structures (e.g, utricle, saccule and
cochlear duct) from the surrounding perilymph (Figure 8).
3D FLAIR sequences are most commonly used; however, 3D
real inversion recovery sequences have also been assessed in
this setting. Although there are longer scan times, the 3D real

inversion recovery technique is able to separate the endolym-
phatic space from the adjacent bone, whilst providing better
resolution and contrast to noise. There is now over 10 years of
accumulated MRI data using these techniques to image patients
with MD and some other audiovestibular disorders.'® Under-
standably, there is a paucity of imaging data in control subjects;
however, it is recognised that EH does occur in asymptomatic
individuals.'® Most studies have reported their findings using
various semi-quantitative scales which reference the size of the
endolymphatic structures to the entire inner ear fluid space on
axial sections; however, novel analytical methods are evolving.'%
There is some published data suggesting a role for non-gadolini-
um-enhanced MRI in assessing the coronal measurement of the
saccule, however further studies will clarify the reproducibility
of this assessment.'”” The current role of MRI in the diagnosis
of MD remains uncertain, however identification of cochlear
or vestibular hydrops on imaging may support the diagnosis in
cases with incomplete phenotypes, facilitate early identification
of MD, and diagnose asymptomatic contralateral changes, which
may influence therapeutic strategies.

Sudden sensorineural hearing loss

3D FLAIR sequences have also provided new insights in the
context of sudden sensorineural hearing loss, such that the
role of imaging is extending beyond the exclusion of vestibular
schwannoma and other retro-cochlear causes. Sudden sensori-
neural hearing loss is usually considered clinically idiopathic,
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Figure 10. A. Standard axial post-gadolinium T1 TSE sequences through the skull base in a patient with a right-sided cochlear
implant and neurofibromatosis Type 2 with bilateral vestibular schwannomas and multiple posterior fossa meningiomas. There is
a large area of magnetic distortion within the right posterior fossa on the standard T1 TSE sequence, corresponding with the site
of the receiver/stimulator. B. Demonstrates considerable artefact reduction following the application of slice encoding for metal

artefact correction (SEMAC) (factor 14).

however increased 3D FLAIR signal within the inner ear has
been observed in these patients (postulated to be due to haem-
orrhage or increased protein content), which may relate to infec-
tious, immunologic, toxic or vascular aetiologies. A heavily T2W
3D FLAIR sequence can be used to increase the sensitivity to the
inner ear changes.'%

Whilst the presence of these imaging findings do not currently
impact on treatment protocols, it has been observed that
increased 3D FLAIR labyrinthine signal abnormality correlates
with more severe hearing loss, poor hearing recovery and an
increased incidence of vertigo.'” A combination of increased
3D FLAIR and T1W intralabyrinthine high signal (a “vascular
pattern”) has been correlated with particularly poor hearing
outcomes.'!” Early phase post-gadolinium enhancement of the
labyrinthine structures on 3D FLAIR sequences may reflect break
down of the blood-labyrinth barrier and has also been assessed
in a range of otologic conditions such as SSHNL, acute vestibular
symptoms, otosclerosis and vestibular schwannomas.'!!

Table 2. Types of metal artefact reduction

BLACK BONE MRI
Black bone MRI is a novel MRI sequence designed as an alterna-

tive to CT for osseous imaging. It employs a high-resolution volu-
metric sequence with a short echo time (4.2 ms) and repetition
time (8.6 ms) as well as a flip angle (5% optimised to minimise
soft tissue contrast, so enhancing bone-soft tissue boundaries. A
series of papers have evaluated its potential contribution in the
context of craniosynostosis, craniofacial disorders, 3D cepha-
lometry and paediatric skull fractures.!'*''? The lack of ionising
radiation is particularly appealing for imaging of the skull base
and facial skeleton in young patients and when repeated exam-
inations are required, whilst it may also be a useful adjunct to
MRI protocols used for pre-surgical planning when osseous
information is required (e.g., cochlear implants) (Figure 9). This
theme has been further extrapolated to the imaging of the intra-
temporal facial nerve using ultra-short TE sequences (<1 ms),
which capture signal from short TE tissue such as cortical bone

Metal artefact reduction strategy

Basis of effect

View angle tilting (VAT)

Application of an additional compensated slice-selection gradient during readout
resulting in a section that appears tilted.

WARP Proprietary form of metal artefact reduction with multidirectional VAT.

Multiacquisition with variable-resonance image combination

SE sequence utilising frequency-selective excitations and multidirectional VAT with a
3D readout.

Slice encoding for metal artefact correction (SEMAC)

2D TSE technique applying additional z-phase encoding steps in the slice direction for
each slice followed by algorithmic distortion correction.

Multiple slab acquisition with VAT (MSVAT)- SPACE

Multiple thin-slabs with oversampling.

Common strategies employed to reduce metal artefacts on MRI."&17
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and nerves whilst minimising susceptibility artefact at bone—air
interfaces.'"*

METAL ARTEFACT REDUCTION

Metal containing dental restorations as well as craniofacial
implants can disrupt the homogeneity of the static magnetic field
both directly and through RF-induced eddy currents, leading to
image degradation with areas of signal void, geometric distor-
tion, signal pileup and, depending on the sequence, loss of spec-
tral fat suppression.''>!'® As a result, important pathology (such
as oral malignancy or infection) may be obscured; hence, over
recent years, considerable efforts have been directed towards
mitigating these deleterious effects. Some of the common strate-
gies are summarised in Table 2.

BJR

In a recent study using short-tau inversion recovery-based fat
suppression, multiple slab acquisition with VAT-SPACE was
shown to provide some advantages over SEMAC owing its
capacity to generate high-resolution 3D imaging and more rapid
acquisition times.''> However, this situation may change with
the advent of sparse-sampling (compressed) SENSE imaging,
which has the capacity to significantly accelerate the SEMAC
sequence.''® Finally, metal artefact reduction techniques have
significant utility in the setting of cochlear and other auditory
implants, which may now be conditionally scanned with the
magnet in situ(Figure 10). A SEMAC-VAT WARP technique has
been successfully utilised to reduce artefact and improve image
quality in the setting of an implantable bone-conduction device
that would typically result in a large artefact.'*”
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