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Abstract

The development of inner ear gene carriers and delivery systems has enabled genetic defects to be
repaired and hearing to be restored in mouse models. Today, promising advances in translational
therapies provide confidence that targeted molecular therapy for inner ear diseases will be
developed. Unfortunately, the currently available non-invasive modalities, such as Computerized
Tomography scan or Magnetic Resonance Imaging provide insufficient resolution to identify most
pathologies of the human inner ear, even when the current generation of contrast agents is utilized.
The development of targeted contrast agents may play a critical role in determining the cause of,
and treatment for, sensorineural hearing loss. Such agents should be able to pass through the
cochlea barriers, possess minimal cytotoxicity, easily conjugate to a targeting agent and without
distorting the anatomic details. This review focuses on a series of contrast agents which may fit
these criteria for potential clinical application.
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Introduction

It is estimated that 48 million people, or 20.3% of the American population, 12 years or
older suffered from either bilateral or unilateral hearing loss between 2001 and 20081. There
are numerous etiologies of hearing loss both congenital and acquired. More than 50% of the
cases of congenital hearing loss stem from genetic causes, with more than 50 associated
genes already identified 2 3. Later in life, acquired hearing loss due to environmental
exposures and ageing are significant problems. A majority of Americans over 70 suffer from
bilateral hearing loss®. There is a wide range of inner ear pathologies that can cause
sensorineural hearing loss ; ranging from gross congenital malformations of the inner ear?,
to loss of hair cells®, to mutations in key proteins such as myosin Vlla 2 8. Detection of
these different types of pathologies presents widely differing diagnostic challenges.
Although audiologic evaluation can accurately quantify the loss of hearing, it provides
minimal information about the underlying pathology. Additionally, modalities commonly
utilized for diagnosis in other anatomic sites such as tissue biopsy are not an option for the
inner ear as any violation of this sensitive area would carry an unacceptable risk of complete
auditory and vestibular loss. Consequently, there is a need for reliable, non-invasive
techniques that can determine the etiology of sensorineural hearing loss. Imaging techniques
such as magnetic resonance imaging (MRI) and X-ray based computed tomography (CT)
have become routine in clinical settings, including otorhinolaryngology. CT can provide
high resolution of osseous structures including those of the temporal bone but lacks fine
discrimination of soft tissue structures’: . MRI is extremely useful in imaging soft tissues®
but its use in the inner ear can be limited due to artifacts arising from the air-bone interface
encountered in the pneumatized temporal bone and it lacks definition of the fine bony
structures of the ear. CT and MRI play complementary roles in identifying cases of hearing
loss due to congenital or acquired structural abnormalities, neoplasm, infection and
inflammation.

Clinical MRI and CT imaging can detect macroscopic changes in morphology such as
cochleovestibular malformations or enlarged vestibular aqueduct® 19 11, However, the
underlying pathologies for a majority of causes of sensorineural hearing loss manifest on a
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microscopic or molecular scale which currently are only detectable by histological
techniques that are of limited clinical use. For instance, the mutation of key proteins such as
connexin 26 may lead to patients possessing apparently normal inner ear morphology, but
still suffering from significant hearing loss2. Additionally, the loss of inner ear hair cell
function is a common cause of hearing loss. Hair cell damage can result from a variety of
processes; from elevated levels of reactive oxygen species resulting from exposure to noise>,
to a range of mutations in key proteins such as myosin VI1a®. Currently, neither CT nor MRI
has sufficient resolution to detect morphological changes within the cochlea such as loss of
hair cells, much less changes on a molecular level. New imaging modalities or new
techniques utilizing existing modalities will be required to determine the causes of hearing
loss at the molecular level. The sensitivity and specificity of both MR and CT imaging to
detect various pathological processes are enhanced by the use of contrast agents3: 14,
Conventional contrast agents differentially increase or decrease the signal in tissues of
interest and generally rely on vascular changes such as those induced by inflammation or
malignancy. Imaging specificity can be further increased by using contrast agents designed
to target particular molecular biomarkers% 16, This results in the clustering of the contrast
agents around the targeted molecule which enhances the image's contrast to noise ratio and
may reduce the amount of agent that is required3. Contrast agents are administered
intravenously for most clinical applications, but systemic delivery to the inner ear can be
impeded by the blood labyrinth barrierl’. The ease with which an agent penetrates this
barrier is dependent on various properties. It is also possible to introduce an agent into the
inner ear using an intratympanic injection 1819, although the suitability of this method may
be dependent on the ability of the contrast agent to pass through the round window
membrane.

The Suitability of Contrast agents for Targeting: an Overview

MRI contrast agents

Gadolinium Contrast agents—Gadolinium compounds are the most widely used class
of MRI contrast agents. The paramagnetic effect of gadolinium results in increased signal
intensity on T1-weighted MR images. The current generation of gadolinium agents is
designed to maximize the sensitivity of MR imaging while being highly water soluble and
minimizing toxicity®3 16. 20. 21 Multiple targeted gadolinium compounds have been
developed. For example, a complex synthesis was used to produce a construct that consisted
of a gadolinium agent conjugated to a collagen-specific peptide?2. This construct was then
used to target myocardial scars22, enabling high contrast images of scar tissue to be
produced??.

Gadolinium contrast agent, has been encased in glycol chitosan?3 and liposomes 24 25 in
order to reduce the agents' potential toxicity and to simplify their conjugation to targeting
compounds. Subsequent studies indicated that both forms of targeted coated constructs
possessed minimal cytotoxicity?® 25, /n vivo studies indicated that the liposome encasement
allowed for passage through the blood brain barrier?4 25, This was exemplified by one
construct designed bind to amyloid deposits that produced a large increase in MRI signal
intensity in the brain24. A second construct identified numerous small intracranial cancerous
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masses that were a few millimeters away from the main tumor. These secondary tumors
were too small to be detected using non-targeted MRI contrast agents2>.

Despite a long history of clinical use, there are concerns regarding the potential toxicity of
gadolinium contrast agents. The risk of nephrogenic systemic fibrosis related to tissue
deposition of gadolinium in patients with impaired renal function is now well known25,
though it may be ameliorated by improved chelation in newer macrocyclic contrast agents’3.
Gadolinium has also been shown to accumulate in the brain, principally in the dentate
nucleus?’-29, in patients undergoing repeated contrast administration even without renal
impairment, although the significance of this finding is unclear3%: 31, Encapsulating and
targeting gadolinium agents may reduce toxicity and the overall gadolinium dose. Local
administration may also be an option for inner ear imaging. In any case, the biodistribution
and clearance of targeted gadolinium compounds will have to be carefully evaluated.

The utility of current untargeted gadolinium based contrast agents is evidenced by their wide
clinical use. However, research studies have demonstrated that it is also possible to produce
liposomes containing gadolinium contrast agents that can be targeted to areas of interest.
Targeted liposomes can pass through the blood brain barrier and can detect objects that are
too small to be visualized by non-targeted agents. These two properties are important in
inner ear imaging, due to the presence of the blood labyrinth barrier and the small size of
many of the inner ear structures. Although labelling gadolinium is not as straightforward as
some of the alternatives, and there are lingering questions about their cytotoxicity, targeted
gadolinium compounds are still potentially excellent candidates to be used in the imaging of
the inner ear. Gadolinium-based agents can also provide contrast for CT. In clinical practice
these compounds are generally only used with CT when the use of an iodine agent is
inadvisable32, as in cases of severe allergy to an iodine agent33. However, a targeted
gadolinium contrast agent could be used in CT imaging of the inner ear.

Superparamagnetic Iron Oxide Nanoparticles (SPIONs)—SPION and (ultrasmall)
USPION agents consist of nonstoichiometric microcrystalline magnetite cores usually
coated with amphiphilic molecules, such as dextran, to provide solubility, decrease
aggregation, and allow for biocompatibility34. SPIONs develop strong internal
magnetization when exposed to a magnetic field. For MRI, this causes a local perturbation in
the magnetic field wherever the particles accumulate, manifesting as a decrease in signal on
T2 and particularly T2* or susceptibility-weighted imaging3>: 36,

Multiple SPION agents have been developed and tested for clinical applications, including
imaging liver lesions3’, lymph nodes38, and angiography3°. Two SPION-based contrast
agents, Feridex and Gastromark, received FDA approval in 1996 and additional agents have
been approved in Europe*C. However, iron oxide imaging agents have generally either been
halted in development or removed from the market due to poor sales, as they proved inferior
to routine contrast agents in the context of improving MRI and CT technology?: 41,

Although their clinical applications have been limited, SPION agents have shown greater
promise in research fields where the ability to conjugate ligands to these particles has been
utilized in numerous applications. The conjugation process is relatively straight forward
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using variations of NHS/EDC (N-Hydroxysuccinimide/ ethyl(dimethylaminopropyl)
carbodiimide) methodology#? 43. Limited cytotoxicity has been detected with uncoated
SPIONs*4. However, MTT (3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium
Bromide) studies have indicated that coating untargeted SPIONs with polyvinyl alcohol can
almost eliminate cytotoxicity**. One study with particles targeted to HeLa tumors showed
significant decrease in tumor signal intensity indicative of nanoparticle accumulation, and
also demonstrated minimal cytotoxicity 42. A second construct, was able to pass through the
blood brain barrier, doubling the number of Alzheimer's disease plaques detected by MR
imaging®3.

Thus, the ease of conjugation, low toxicity, and prior clinical use of SPIONs make these
agents attractive candidates. However, the negative contrast (i.e. decreased signal) produced
by SPIONSs is generally less desirable than the positive contrast achieved with gadolinium
agents. This is particularly true for structures within the pneumatized temporal bone due to
already low signal across MR sequences. Additionally, even the fluid-filled inner ear, which
is bright on T2-weighted images, can be affected by susceptibility induced signal voids from
air-bone interfaces.4>: 46,

CT contrast agents

lodine compounds—Iodine based contrast agents are inexpensive and are widely used as
CT contrast agents’. This class of agent usually contains multi-iodinated aromatic groupsl4
at its core. Modern iodine contrast agents have been designed to minimize both toxicity and
non-specific binding!*. The use of iodinated compounds as contrast agents takes advantage
of the K edge effect!®. The energy of X-rays produced by clinical CT scanners is set to be
similar to the binding energy of the iodine agent's K(1) shell electrons, resulting in greater
X-ray attenuation, and increased density or brightness being observed in the CT imagel®.

These agents are generally well tolerated by patients. However, care must be taken to avoid
contrast agent induced acute renal toxicity4’, which can occur in patients with impaired
renal function and other risk factors. Additionally, a strong allergic reaction to iodine
contrast agents develops in a small number of patients33. Conjugating iodine agents to
targeting ligands has proven challenging. Additionally, their small size leads to rapid
clearance from the blood*8 which limits the amount of time available to accumulate at target
sites.

Some progress in overcoming these obstacles has been made by incorporating iodine agents
into carrier molecules. For example, iodine contrast agents have been incorporated into
liposomes??, facilitating greater density, conjugation, and longer circulation times. CT
imaging with targeted liposomes containing an iodine contrast agent have been used to
detect activated endothelial cells associated with tumor angiogenesis, and Micro-CT imaging
has shown a +32 or - 8 HU increase in the signal of the targeted liposomes®C. Thus, the
advances in targeting, widespread availability, and common clinical use make iodine contrast
agent attractive candidates for inner ear imaging.

Gold Compounds—When gold is used as a contrast agent it is normally in the form of
nanoparticles®l. These particles possess a range of physical and chemical properties that are
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important in CT contrast agents. The contrast enhancement of these nanoparticles is
consistent regardless of nanoparticle size or shape®2. Gold nanoparticles' retention times are
much higher than the iodine contrast agents and PEG-modified gold nanoparticles have been
shown to exhibit a long circulation time within the body®3. As a noble metal, gold is highly
biocompatible and possesses low cytotoxicity®*. Significantly, under most conditions, gold's
ability to absorb x-rays is greater than iodine's, with gold being able to produce 2.7 times
greater contrast per unit of mass than iodine when scanned at 120ke\V/3°.

Gold nanoparticles have been used in several clinical trials and have demonstrated all of the
safe features®®. One of the major reasons for the interest is the ease at which the particles
can be conjugated to targeting agents using NHS/EDC chemistry>’. The use of targeted gold
nanoparticles to visualize head and neck cancer cells produced an approximately 5 fold
higher x-ray absorption®’ and a several fold increase on prostate cancer cells 58 compared to
non-targeted gold agents. Another group was able to visualize tumors as small as 4 mm
using targeted agents®®. Finally, targeted gold nanoparticles were successfully used to
visualize cerebral thromboemboli®P.

Gold nanoparticles possess great potential for inner ear imaging, as they are non-toxic,
highly unreactive and can produce strong signal enhancement in CT scans. However, the
major advantage of using gold nanoparticles is the ease with which they can be targeted.
Gold nanoparticles are widely used in the synthesis of targeted CT contrast agents and can
enable the visualization of small structures. This is critical for imaging of the inner ear given
the size of its components. Thus, targeted gold agents have the potential to fill a niche in CT
imaging where they could be used clinically to target specific proteins such as tumor
biomarkers.

Bismuth—Bismuth sulfide nanoparticles are cost efficient contrast agents with many
desirable physical and chemical properties8l: 62, These nanoparticles are able to produce five
times higher X-ray absorption and are cleared from the body at a much slower rate than
iodine contrast agents®3. Like many other contrast agents, significant levels of cytotoxicity
are observed when using a simple bismuth salt®3. This has led to the development of coated
bismuth nanoparticles®l: 63: 4 Qleate-coated bismuth sulfide nanoparticles that target breast
cancer cells have been manufactured®4. The use of these targeted nanoparticles was shown
by micro-CT analysis to produce a 1.6 times greater accumulation of the particles in the
tumor compared to when untargeted particles were used®*. Targeted nanoparticles also
improved the visualization of the tumor boundaries and showed minimal cytotoxicity®4.
Bismuth nanoparticles may prove to be suitable targeted contrast agents for inner ear
imaging, but more data are required.

Imaging of the inner ear

The modality used to image the inner ear currently depends on the structures to be imaged.
CT is widely used to image the osseous structures* while MRI is used to image the fluid
compartments®® (Table 1). Untargeted gadolinium contrast agents are capable of passing
through the blood labyrinth barrier and intravenous delivery of these agents is a common
means of administration18 19, However, local administration may be able to increase the
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targeting efficiency of a given contrast agent. Some success has been achieved delivering
gadolinium contrast agents locally to the inner ear by administering the compounds
transtympanically®, resulting in improved signal to noise ratios in MR imaging. However,
some of the best MRI images have been achieved when absorbable gelatin sponges were
soaked in a gadolinium contrast agent and placed onto the round window niche allowing the
agent to diffuse through the round window into the cochlea®’. Despite the challenges of
inner ear imaging, MRI using gadolinium contrast agents administered by both the
intratympanic and intravenous route have facilitated detection of endolymphatic hydrops in
patients with Meniere's Diseasel8 65, Additionally, contrast agent administration via the
intrathecal route has enabled the detection of perilymphatic fistula® and MRI was able to
detect inner ear changes due to inner ear hemorrhage®. However, none of them can detect
abnormalities at cellular or molecular level. Attempts have been made to use iron oxide in
the form of SPION micelles as an inner ear contrast agent. Unfortunately, Poe et al.”®
encountered difficulties diffusing the micelles through the round window membranes of rats.
Fortunately, Ge et al.”* were able to pass large amounts of SPION nanoparticles through the
round window membrane of chinchillas. However, Ge et al. used histological techniques and
not MRI to demonstrate that the SPIONSs had reached the inner ear. The possibility that the
differences in SPION diffusion are species related cannot be ruled out. However, it appears
that the major difference between the two sets of SPIONs was the material used to coat the
nanoparticles’® 71, Optimization of the SPION coating will hopefully allow for efficient
diffusion SPION micelles through the round window membrane making imaging of this type
routine.

Regrettably, at this point the ability of targeted gold to diffuse through the round window
membrane and enhance CT imaging is unknown. However, although lodine based contrast
agents are also not able to pass through middle-inner ear barriers or the blood-inner ear
barriers lodine based agents have been used to visualize cochlear soft tissue ex vivo'2.
Significantly, gold nanoparticles have the advantage over iodine agents as they are non-
toxic®#, are easy to conjugate®’ and produce higher levels of CT contrast at 120keV 51, The
development targeted CT contrast agents should enhance the cochlear soft tissue imaging.
This development complements CT's detailed imaging of the temporal bone and should meet
physicians' diagnostic needs for potential cell and molecular therapy.

Conclusion

Currently, many of the underlying causes of hearing loss, including hair cell loss, are
undetectable by current clinical MR or CT2. The use of targeted contrast agents will be
required to enable either modality to detect the microscopic structural changes, or even
molecular abnormalities, underlying this loss. The targeting agent employed will vary
depending on the suspected cause of hearing loss. For instance, nanoparticles conjugated to
prestin binding peptides’2 could be delivered to the cochlea in order to measure the loss of
outer hair cells.

Alternatively, if damage to the cochlear nerve is suspected, nanoparticles conjugated to the
Tet 1 peptide’ could be used to determine nerve damage. In addition to peptides, contrast
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agents can be conjugated to antibodies, allowing the agents to bind specifically to inner ear
biomarkers such as Myosin VIla’.

The ideal targeted contrast agent for inner ear imaging will be one that is non-toxic, passes
through the 1 micron pores of the round window membrane’®, or at least is able to pass
through the labyrinth blood barrier (Figure 1), produces a high degree of contrast
enhancement, and is easy to conjugate. Unfortunately, no current contrast agent fulfills all of
these criteria. Gadolinium compounds can diffuse through the round window
membrane(Figure 2, 4)87 and produce a high degree of MRI contrast enhancement?2.
However, these compounds are difficult to conjugate?2 and they have potential toxicity?”.
Meanwhile SPION constructs are easy to conjugate,*? and exhibit minimal cytotoxicity*4.
Unfortunately, the negative contrast produced by the SPIONs makes them less desirable
clinically, and their ability to pass through the round window membrane still has to be
optimized’C. Despite their drawbacks, MRI contrast agents are currently more usefull8: 19. 65
than CT agents. Although targeted MRI contrast agents can be developed, the temporal bone
will still be difficult to visualize using this modality. A potential solution to the difficulties
encountered in inner ear molecular imaging would be superimpose the standard CT scan of
the inner ear on top of optical imaging obtained using a fluorescent targeted contrast agent.
This would allow both the targeted features and the landmarks of the cochlea to be
identified® 9 77,

It is to be hoped that pre-clinical imaging technology such as micro CT’8-80 which enables
the microscopic high resolution imaging of fine structures (Figure 3,4), and improved
spectral CT82: 82 which enables subtle changes in contrast to be easily visualized, will lead
to increased sensitivity of CT inner ear imaging. In addition, middle ear structures have been
detected by ultrasound, so with the use of 3D printing; ultrasound may have a role in inner
ear imaging®3. It is also clear that the diffusion characteristics of the agents through round
window membrane’® will need to be optimized before they can routinely be applied locally.
Improvements in imaging technology together with the development of targeted inner ear
contrast agents may enable molecular and morphological alterations within the inner ear to
be detected. This ability fulfills a clinical need and could revolutionize the diagnosis and
treatment of diseases of the inner ear.
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Figure 1. Contrast Agent delivery to the inner ear
There are two routes available for the delivery of contrast agents. (Figure A) Systemic

delivery is inefficient with the distribution problems being exacerbated by the blood
labyrinth barrier. This can impede contrast agent delivery and may result in insufficient
amounts of the agent reaching the inner ear. Transtympanic, (Figure B) local delivery
efficiently delivers the contrast agent into the cochlea.
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Figure 2. Enhancement mouse cochlea MR image using a Gadolinium contrast agent
Mouse cochlear structures in MPR multi view of T1-weighted images with IT administration

of Gd-DOTA (23 mm coil) (180 min time point). Gelfoam soaked with 5 uL, 500 mmol/L
Gd-DOTA was placed into the left ear. In the enlarged window A, LW and Mod are slightly
highlighted by Gd-DOTA uptake in addition to more pronounced enhancement in ST and
SV. The structure adjacent to ST is suspected to be CA with signal intensity similar to ST.
LW demonstrated brighter signal than SM. A dark border appeared between ST and LW in
the basal turn near the hook region. OSL is seen as a sharp dark line. Small window B is a
relative perpendicular cut through the center of plane A. Small window C is a relative axial
cut through the center of the cochlea in window A. Small window D is the minimized image
of window A. CA, cochlear aqueduct; LW, lateral wall; Mod, modiolus; MPR, multiplanar
reconstruction; OSL, osseous spiral lamina; SM, the scala media; ST, the scala tympani; SV,
the scala vestibuli; 1st, the basal turn; 2nd, the second turn. Reprinted from Zou et al
(2010)%7.
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Figure 3. Enhancement of the Rat cochlea CT image using an lodine contrast agent
The heterogeneous fine structures of rat inner ear were demonstrated using iodine-contrasted

micro CT (BM: basilar membrane; CN: cochlear nerve; RM: Reissner's membrane; SA:
stapedial artery; SFP: stapes footplate; ST: scala tympani; SV: scala vestibuli; Vest:
vestibule.) scale bar = 500 pm. Reprinted from Zou et al (2015)72.
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Figure 4. The chemical structure of two commonly used contrast agents
(A) The chemical structure of DOTAREM (gadoterate meglumine) (Guerbet, Aulnaysous-

Bois, France), the Gadolinium contrast agent used in the MRI study shown in Figure 2. (B)
The chemical structure of VISIPAQUE (iodixanol) (GE Healthcare, Helsinki, Finland), the
lodine based contrast agent used in the CT scan Image illustrated in Figure 3.
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