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Human cochlear diffusion
from the cerebrospinal fluid
space with gadolinium
contrast

Dear Editor,

Inner ear drug delivery has traditionally
involved lateral approaches to the cochlea,
including transtympanic injection, round
window injection, oval window injection,
cochleostomy, and
(SSC) fenestration. The connection between
cochlear fluid spaces and the cerebrospinal
fluid (CSF) space, on the other hand, remains
poorly understood. This connection has
important implications for routes of thera-
peutic administration.

semicircular  canal

Cisternograms are employed clinically to di-
agnose and localize CSF leaks at the skull
base. Spontaneous CSF leaks of the temporal
bone occur without an inciting event and are
associated with calvarial thinning and bony
defects of the skull base through which CSF
leaks into the middle ear or mastoid." In
challenging diagnostic cases, our team uti-
lizes MRI cisternograms, which involve
fluoroscopic lumbar puncture with injection
of 500 pL of gadolinium contrast chelate
(Gd-BOPTA, MultiHance, Bracco, Milan,
Italy) into the intrathecal (CSF) space fol-
lowed by same-day serial MR imaging per-
formed at 3T field strength.” Unexpectedly,
we observed rapid and progressive diffusion
of gadolinium contrast into the human
cochleae and vestibule (Figure 1).

We assessed MRI cisternograms from 15
consecutive patients suspected of having a
spontaneous CSF leak from 2019 to 2021
(Tables S1 and S2). Eight patients (53%)
were found to have a CSF leak on initial or
delayed imaging, while seven patients did
not. Among the eight patients with a
confirmed CSF leak, five were spontaneous,
two were traumatic, and one occurred post-
operatively following a translabyrinthine
resection of a vestibular schwannoma. Gado-
linium transduction of the cochlea was
observed in 100% of the patients on initial
imaging (Figure 1). Vestibular uptake, upon
either initial or delayed scan, was observed
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in 12 patients (80%). The average time to
initial scan after lumbar puncture and intra-
thecal administration of gadolinium contrast
was 74 (+51) min, while the average time to
delayed scan was 341 (+83) min. The average
peak contrast signal intensity of the cochlea
was 53% (+23%) of the peak intensity of
CSF on initial MRI. This ratio increased to
65.5% (+21.5%) for delayed imaging. When
both cochlear and CSF intensity were refer-
enced to the medulla for cross-image
standardization purposes (supplemental in-
formation and Figure S1), cochlea-to-CSF
ratio demonstrated a significant 215% in-
crease from 22.7% to 45.5% (p = 0.002) (Fig-
ure 1). Spontaneous CSF leaks have been
associated with elevated intracranial pres-
sure, which may impact the rate of cochlear
diffusion of CSF contrast. However, no dif-
ference in cochlear diffusion (standardized
to medulla intensity) was observed in pa-
tients with CSF leaks (3.44 + 0.51) compared
to those without CSF leaks (3.51 + 0.32, p =
0.77). Patients tolerated the procedure well
with minimal side effects such as headache
and nausea, which are well-known side ef-
fects of lumbar punctures and cisternograms.
None of the patients complained of wors-
ening tinnitus, subjective hearing loss, or
dizziness.

Hearing loss is the most prevalent sensory
disorder globally, significantly impacting in-
dividuals of all ages.” Most adult-onset hear-
ing loss is due to environmental exposure
and presbycusis, but genetic factors account
for up to 80% of congenital and 25% of
adult-onset cases.™ As a result, gene therapy
vectors, particularly adeno-associated vi-
ruses (AAVs) or similar helper-dependent
adenoviral vectors, have gained interest as
a potential treatment or cure for those
suffering from genetic forms of hearing
loss. Several studies have shown promising
hearing outcomes after AAV gene therapy
administration in animal models, as re-
viewed by Delmaghani et al. and Omichi
etal” !

A significant challenge in administration of
therapeutics such as viral mediated gene
transfer is the mode of delivery, which is
especially true for the inner ear. Many previ-
ous studies have attempted AAV administra-
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tion to the inner ear through lateral ap-
proaches.'>'® Some of these approaches
have inherent risks of permanent hearing
loss and/or vestibular dysfunction in addi-
tion to other standard risks of mastoidec-
tomy, such as facial nerve injury. Lateral ap-
proaches to AAV administration have also
been demonstrated to result in contralateral
cochlea transduction, implicating communi-
cation between the cochlea and CSF space.’
Consequently, intrathecal administration of
AAV or alternative gene therapeutics may
offer an effective and potentially safe route
of administration.

A recent “letter to the editor” in Molecular
Therapy discussed intracerebroventricular
administration of AAV9.EGFP into non-hu-
man primates (NHPs), Macaca mulatta
monkeys, demonstrated bilateral cochlear
transduction.” Our data support this NHP
study, demonstrating that communication
between the human cochleae and the CSF
space can be highly efficient. Considering
particle size, AAV is estimated to be approx-
imately 25 nm, while gadolinium contrast
chelate (Gd-BOPTA, Multihance) is approx-
imately 50-100 nm.'”'® If diffusion is the
mechanism of transduction into the human
cochlea, similar efficiencies would be ex-
pected with gadolinium and AAV or simi-
larly sized gene therapy vectors. While entry
into the cochlea is just one step, therapeutic
uptake within cells of interest (cochlear hair
cells, stria vascularis, spiral ganglion neu-
rons) could vary based upon specific AAV
serotypes, receptors, and/or channels.

The cochlear aqueduct contains CSF and is
theorized to insert into the basal turn of the
cochlea in humans.'” We initially observed
contrast diffusion into the basal turn of the
cochlea followed by diffusion into the apex
of the cochlea (Figure 2). Subsequently,
contrast diffused into the vestibule and ulti-
mately the semicircular canals. While we hy-
pothesize that cochlea transduction occurs
via the aqueduct, the CSF fluid signal within
the cochlear aqueduct becomes undetectable
on MRI as it approaches the basal turn of the
cochlea, making this hypothesis challenging
to prove with 3T MRI (Figure 2). Ranum
et al. also observed variable AAV uptake
throughout the cochlea from apex to base,”
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Figure 1. Gadolinium contrast transduction of the human cochlea and vestibule via CSF

Comparison of enhancement of cochlea in T1-weighted SPACE fat-saturated (FS) MRI without intrathecal
contrast (patient received intravenous contrast, left column), at time of initial imaging approximately 1 h after
administration of intrathecal contrast (middle column) and at time of delayed imaging (right column). The graph to
the right demonstrates the change in cochlea-to-CSF contrast intensity ratio between initial and delayed images
for each qualifying patient. **p < 0.005.

while Nagawana et al. argue for diffusion via
the modiolus.”® Regardless of the route of
entry, we ultimately observe contrast diffu-
sion throughout the scala of the cochlea
(Figure 2).

The increase in contrast intensity from initial
to delayed scan suggests continued diffusion

of contrast material into the cochlea,

although the much higher CSF contrast
levels decrease slightly over time due to
washout. All delayed MRIs were performed
2-8 h after lumbar puncture. Contrast
initially progresses from CSF to the cochlea,
followed by the vestibule. Vestibular uptake
was observed in 40% of patients during
initial imaging, uptake
increased to 80% of patients who had delayed

and vestibular
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Figure 2. Progressive contrast diffusion within the cochlea and vestibule

Two patients (P1 and P2) demonstrated variable initial contrast uptake into the cochlea at 1 h on T1-weighted
SPACE fat-saturated (FS) MRl after intrathecal gadolinium contrast administration. Contrast is initially observed in
the basal turn (red arrow) of the cochlea (P1) and not the cochlear apex (yellow arrow) nor vestibule (dashed circle).
P2 exhibited more intense contrast uptake through the cochlea and initial vestibule uptake. On delayed imaging,
contrast is seen throughout the cochlea and vestibule and semicircular canals. The blue arrow indicates contrast
within the cochlear aqueduct, where contrast does not macroscopically connect to the basal turn of the cochlea.
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imaging. It is reasonable to presume that
contrast would be observed in the vestibule
and labyrinths in all patients if given neces-
sary time for diffusion.

To evaluate if CSF gadolinium diffused into
the systemic circulation and was ultimately
concentrated into the cochlea from the
blood, we identified three patients who
underwent sequential MR imaging after
receiving intravenous gadolinium (Table
S3). Two patients had 15-17 mL of intrave-
nous gadolinium (Gd-BOPTA, MultiHance,
Bracco, Milan, Italy) and brain MR imaging
followed by delayed imaging with an addi-
tional 15-17 mL of intravenous gadolinium
approximately 24 h later. The remaining
patient received 3.2 mL of intravenous gado-
linium (DOTA-Gd, Dotarem, Guerbet, Vil-
lepinte, France) on initial imaging and an
additional 3.2 mL of intravenous contrast
approximately 24 h later. We did not observe
gadolinium contrast in cochleae of any of the
three patients with direct intravenous injec-
tions (Figure S2), suggesting against the pos-
sibility that only 0.5 mL of intrathecal gado-
linium contrast (MultiHance) enters the
cochlea via the systemic circulation. Rather,
these data implicate CSF gadolinium diffu-
sion into the cochlea directly from the CSF.

Lateral approaches to gene therapy adminis-
tration present significant risk to hearing and
balance, particularly with SSC fenestration or
round window injections. Intrathecal contrast
administration, however, does not pose any
structural or surgical risk to the inner ear itself.
While risk to the central nervous system (CNS)
may vary by vector or substance, this would
need to be determined for any therapeutic
before widespread adoption of new mode of
administration. When administered at low
dose, intrathecal gadolinium contrast does
not appear to pose a significant risk to the
CNS, although gadolinium deposition in brain
tissues is a reported phenomenon.”' In partic-
ular, intrathecal gadolinium is considered off-
label administration, necessitating informed
consent of the patient prior to administration.
The observed safety profile of low-dose intra-
thecal gadolinium administration suggests
that future gene therapy vectors targeting the
inner ear may be safely administered through
this route. More work is needed to determine
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and demonstrate the safety and efficacy of
intrathecal administration for future inner
ear therapies. For example, the dose and vol-
ume required to reach the inner ear may be
higher than direct inner ear injections. Ranum
et al. injected 4 mL of virus (3E13 vector ge-
nomes) into the CSF and demonstrated trans-
duction into the cochlea.” Studies using the
traditional lateral approach for delivery into
the NHP inner ear, however, have observed
robust transgene expression with as little as
10-20 pL of virus (vector genomes ranging
from 5.8E10-3E11).27** It is difficult to
compare the transduction efficiency of the in-
ner ear between these studies as different NHP
species were utilized and different capsid vari-
ants with different tropisms were used. More
work is needed to identify the minimum
dosage needed to robustly deliver AAV to
the inner ear via the CSF. Additionally, the
clearance of the virus from the CSF would be
through systemic circulation, and thus, it will
be important for future studies to design vec-
tors or small molecules that are highly specific
in their targeting of the cochlea tissue. Finally,
lumbar puncture is a frequently performed
procedure in the clinical setting. However, po-
tential risks of headache, CSF leak, and pain
need to be considered.

Future clinical trials for inner ear therapeutics
will require measuring human cochleae diffu-
sion efficiency combined with functional out-
comes. Given the variability we observe with
CSF contrast diffusion into the cochlea,
clinical trials should combine inner ear thera-
peutic agents with gadolinium contrast to
correlate clinical hearing outcomes with gado-
linium diffusion efficiency. To our knowledge,
only one study has combined intrathecal
administration of MRI contrast (gadoteridol)
with AAV9 in NHPs and demonstrated
different patterns of gadoteridol distribution
and AAV9 clearance from the CSF depending
on the route of delivery.”® Assessment of
cochleae cellular uptake of therapeutics (e.g.,
AAV) with traditional histologic techniques
would not be possible in human patients since
biopsy of the inner ear would result in deaf-
ness. Our current study demonstrates the
favorable safety profile of intrathecal adminis-
tration of gadolinium. Future studies could
determine the minimum volume necessary
to observe cochlear diffusion.
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Supplemental Methods

MRI Cisternogram:

Patients with suspected lateral skull base CSF leaks provided consent for off-label intrathecal gadolinium
administration by a neuroradiologist. Fluoroscopic-guided lumbar puncture was performed and 10 mL of Isovue-M
300 and 0.5 mL of gadolinium were then administered intrathecally. Patients were subsequently imaged by
neuroradiology. Initial imaging typically occurs around one hour after contrast administration. If a leak was
identified on this scan, the patient was determined to have a CSF leak and no further imaging was performed. If no
leak was identified on initial scan, the patient was re-imaged approximately 4-5 hours later. If a leak was identified
at this time, the patient was determined to have a CSF leak. If no leak was identified the patient was not able to be
diagnosed with a CSF leak. In addition, we were able to retrospectively assess these images for cochlear
transduction of gadolinium contrast.

Cochlear Transduction Assessment:

3D-T1 SPACE fat-saturated (FS) MR imaging with coronal and axial 0.9 mm reformats were retrospectively
reviewed to assess cochlear transduction. All imaging was performed on Siemens 3T MRI. Contrast intensity in the
cochleae were compared to CSF. Maximal signal intensity was recorded using region of interest assessment of basal
and middle turns. Axial reformats were standardized to medulla using freehand region of interest. 15 patients in
total (both with and without CSF leak) were identified and included in this study.

Statistical Analysis:

Descriptive and demographic data were recorded as was presence or absence of CSF leak. Coronal images were
assessed for presence or absence of contrast in the cochlea, vestibule, and semicircular canals was recorded for all
patients at initial MRI and, where applicable, for delayed MRI. Peak contrast intensity in cochlea at initial and
delayed MRIs were compared to peak contrast intensity in CSF and recorded as a ratio. Contrast intensity in axial
images in cochlea and CSF were standardized to the medulla for inter-image consistency. Contrast intensities within
the cochlea, CSF, and medulla were recorded at initial and delayed imaging. Difference in intensity was recorded. A
student’s t-test was performed to assess significance of change in CSF and cochlear intensity vs. medulla and
cochlear intensity as compared to CSF.



Supplemental Table 1: Patient demographics, CSF leak results, and cochlea to CSF contrast ratios. BMI: body mass index, CSF: cerebrospinal fluid, M: Male,
F: Female, N/A: data not available. Final row: For age, BMI, Ratios: Mean, SD: standard deviation.

Initial Delayed Change in
Patient ID Age (years) Gender Leak initial Leak delayed BMI Cochlea/CSF Cochlea/CSF Cochlea/CSF

Ratio Ratio Ratio

3 69 F Yes N/A 39.9 0.3

11 73 M Yes N/A 30.5 0.27

13 48 F Yes N/A 37.8 0.25

15 37 M Yes N/A 49.2 0.37

1 44 F No No 45.5 0.29 0.43 1.45

2 31 M No No 34.8 0.35 0.69 1.95

4 73 M No Yes 28.7 0.14 0.21 1.52

5 37 F No No 25.4 0.33 0.5 1.51

6 64 F No No 27.9 0.33 0.46 1.39

7 25 F No No 23.2 0.19 0.67 3.45

8 50 M No No 41.6 0.145 0.27 1.8

9 22 F No Yes 28.7 0.15 0.73 5

10 73 F No Yes 24.2 0.19 0.32 1.73

12 39 F No Yes 49.3 0.19 0.29 1.52

14 28 F No No 26 0.2 0.46 2.33

(sg7i 2.5) (:é.;&)) (gg?;)) (gg.sio/i) (813)4%32.8) 0.246 0.457 pzzd.losoz



Supplemental Table 2: Patient demographics and descriptive statistics

Age
Gender (F)
Race (W)
BMI

Leak

Subjective Hearing Change
Cochlear Uptake
Vestibular uptake

Minutes to First Scan

Minutes to Delayed Scan

Mean
48
10
13
34.16673
8

15

74
341

% (SD)
19)
67%
93%

)
53%

7%
100%
47%
D
(83)



Supplemental Table 3: Descriptions of patients undergoing sequential magnetic resonance imaging (MRI) with contrast administered at least prior to initial

MRI.
Patient Patient
D Age
(Years)
55
2 6
3 61

Reason for Sequential MRI

Movement initial MRI
Pre-procedure planning, laser ablation of corpus callosum
Pre-procedure planning, need for Stealth protocol after initial MRI

Duration between MRIs
(hours)

29:02
28:50
23:05

Contrast
Present in
Dose IV contrast Cochlea
either MRI?
15 mL MultiHance No
3.2 mL Dotarem No
17 mL MultiHance No



Coronal T1 SPACE FS MRI Axial T1 SPACE FS MRI
with Intrathecal Gadolinium with Intrathecal Gadolinium

9

Cochlea

Supplemental Figure 1: Demonstration of intensity measurements in coronal (left) and axial (right)
planes. Cochlear intensity and CSF intensity were compared directly in coronal plane and
standardized to medulla for systematic comparisons in axial plane.



T1 SPACE FS MRI with Intravenous Contrast

Image Time: 15 min \ -
(Dose: 17 mL)

\
)

.

Supplemental Figure 2: Representative T1 MRI images from a patient that received intravenous
(IV) gadolinium contrast (17 mL) for an intracranial infection. The next day (after 24 hours), the
patient underwent repeat MRI imaging with another dose of IV gadolinium. There is no observed
uptake of contrast in the cochlea (inset images) immediately or after 24 hours of intravenous
contrast. * = sigmoid sinus with intralumenal contrast signal demonstrating the administration of
contrast.
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