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Abstract Objective The auditory brain stem implant (ABI) is a neuroprosthesis placed on the
surface of the cochlear nucleus (CN) to provide hearing sensations in children and
adults who are not candidates for cochlear implantation. Contemporary ABI arrays are
stiff and do not conform to the curved brain stem surface. Recent advancements in
microfabrication techniques have enabled the development of flexible surface arrays,
but these have only been applied in animal models. Herein, we measure the surface
curvature of the human CN and adjoining regions to assist in the design and placement
of next-generation conformable clinical ABI arrays. Three-dimensional (3D) reconstruc
tions from ultrahigh T1-weighted brain magnetic resonance imaging (MRI) sequences
and histologic reconstructions based on postmortem adult human brain stem speci-
mens were used.

Design This is a retrospective review of radiologic data and postmortem histologic
axial sections.

Keywords Setting This is set at the tertiary referral center.
= auditory brain stem Participants Data were acquired from healthy adults.

implant Main Outcome Measures The main outcome measures are principal curvature values
= cochlear nucleus (Kmin and Kmax) and global radius of curvature.
= curvature Results The CN was successfully extracted and rendered as a 3D surface in all cases.
= surface curvature Significant curvatures of the CN in both histologic and radiographic reconstructions
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were found with global radius of curvature ranging from 2.08 to 8.5 mm. In addition,
local curvature analysis revealed that the surface is highly complex.

Conclusion Detailed rendering of the human CN is feasible using histology and 3D
MRI reconstruction and highlights complex surface topography that is not recapitu-
lated by contemporary stiff ABI arrays.

Introduction

The auditory brain stem implant (ABI) provides sound aware-
ness for adults and children with neurofibromatosis type 2
(NF2) or other conditions associated with cochlea or cochlear
nerve pathology.'™ ABI surgery necessitates a craniotomy
approach and blind placement of a rigid surface multichannel
array via the lateral recess of the fourth ventricle on or near the
surface of the cochlear nucleus (CN).> Appropriate placement
is verified electrophysiologically using intraoperative
responses evoked by electrical stimulation with the surface
array (electrically evoked auditory brain stem responses).
Overall, the ABI enables patients to achieve gains in auditory
perception; however, these patients perform significantly
worse than those with cochlear implants in several outcome
measures such as speech comprehension.®’ In addition, ABI
users often experience side effects due to stimulation of
nonauditory axons of passage that in some cases renders the
implant unusable 3"

The reasons for modest auditory outcomes among ABI
users compared with cochlear implant (CI) users are several
intractable and tractable factors. Intractable factors include
damage to the CN caused by a tumor and/or its removal'%'3
and nonoptimal placement of the ABI electrode array'4 due
to blind placement and a small neural target.'3 A potentially
tractable cause of poor performance is that current genera-
tion ABI arrays are stiff and do not conform to the curved
surface of the brain stem. This can result in poor electrode
contact with the brain stem surface, increasing electrode
impedance and off-target effects from current spread, and
reducing spectral resolution.

Recent advancements in flexible electronics and materials
science have allowed for the development of electrode arrays
that can be built on a flexible substrate. The functionality,
durability, and biocompatibility of these arrays have been
tested in primate and rodent models of the ABI and of spinal
cord injury.">'® In a spinal cord rodent model, flexible arrays
were associated with reduced inflammation and deformation
of the neural interface compared with rigid designs.'® Poly-
mers used in these substrates can be engineered to match the
elastic properties of neural tissue and their flexibility can be
tuned to better approximate the curved brain or spinal cord
surface.’>17:18 The ability of these arrays to conform to a
surface is due to a physical phenomenon termed “capillar-
ity-induced folding.”'® This phenomenon dictates that the
elasticity and thickness of the material or sheet (in this
study—ABI array) determine how curved of a surface the array
can conform to. Therefore, a basic understanding of the degree
of curvature of the target region is invaluable in designing a
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conformable array. To date, no study has been performed that
specifically examines the surface curvature of the human CN
(the target of the ABI). Herein, we describe a novel approach for
three-dimensional (3D) reconstruction and a topographic
analysis of the CN using human histologic specimens. To assess
the feasibility of performing these measurements radiogra-
phically, we then reproduced our topographic analysis on CN
reconstructions obtained from a single ultrahigh-resolution
magnetic resonance imaging (MRI) dataset enabled by sophis-
ticated motion detection methods.

Materials and Methods

Data Acquisition
This study was approved by our Human Studies Committee
(#1447618, exempt). Postmortem human brain stem sec-
tions of the left CN from three healthy adult patients were
used for histological reconstruction. Axial brain stem sec-
tions 10 to 20 m in thickness were alternatively stained with
protargol, cresyl violet Nissl stain, or hematoxylin.
Ultrahigh-resolution MRI sequences were obtained from
Lusebrink et al.?®2" Imaging data were acquired from a
healthy 34 years old using a 7-Tesla MRI. Ultrahigh resolution
was obtained using accurate motion correction techniques
that can detect microscopic motion. The resulting voxels
with isotropic resolution of 250 pm are 64 times smaller than
the standard clinical resolution of 1 mm and required 8 hours
of scan time to achieve.

3D Surface Reconstructions

For histologic specimens, the CN was identified using light
microscopy and its borders were manually traced in each
relevant section. Laterality selection (left vs. right) was based
on overall ease of CN identification and quality of preserva-
tion in sections. Sections were aligned using vessels, histo-
logic artifacts, and other features that remained consistent
between sections. Images of tracings were then imported
into segmentation software (Amira; TGS, Berlin, Germany)
for 3D reconstruction and rendering of specific regions of
interests. A surface mesh was then created and exported as a
MATLAB (Mathworks, Massachusetts, United States) file for
further curvature analysis (~Fig. 1).

For radiographic analysis, a single ultrahigh-resolution
T1-weighted MRI series (250 microns isotropic voxel resolu-
tion) was imported to Amira. Regions of interest were
selected on axial, coronal, and sagittal views to include the
CN along with neighboring brain stem structures. 3D surface
rendering of selected regions was then performed (~Fig. 1).
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Fig.1 CN surface extraction from high-resolution MR data and postmortem axial histological sections. (A) Axial slice of CN from ultrahigh T1-
weighted scan. (B) Extracted CN surface. The surface invariably included other structures that reside close to the CN on the posterolateral surface
of the brain stem as the borders of CN are not well defined on MRI. (C, D) Axial histological section of CN and corresponding manual trace. (E)
Extracted CN surface reconstruction from traces of histological sections. CN, cochlear nucleus; MRI, magnetic resonance imaging.

The 3D surface reconstruction was then exported as a
MATLARB file for curvature analysis. Determination of anato-
mical location of the CN was made by examining surrounding
relevant structures such as the inferior cerebellar peduncles
(ICPs), cerebellopontine angle, and auditory nerve. In sum-
mary, the steps performed to arrive at our final extracted
surface were: (1) surface rendering of entire brain/skull
extracted from MRI, (2) skull deletion, (3) region of interest
selection to include the surface of the CN, (4) selection of
approximate location of the CN based on surrounding ana-
tomical structures, and (5) extraction of the surface of the CN
and exportation as a MATLAB file.

Local Curvature Computation

Curvature of a surface at any given point in 3D Euclidean
space can be computed mathematically (i.e., the local cur-
vature). Given any point P on surface S, curvature is defined
in several different two-dimensional (2D) planes normal to
the tangent of the curved surface at P as the inverse of the
radius of the osculating circle. The principal curvatures,
Kmin and Kmax, are defined as the smallest and largest
curvature values obtained from all the different possible

curvature values at that given point P. Kmin and Kmax can be
used to determine the approximate shape of a surface at a
given point.22 Algorithms were custom written in MATLAB to
read the exported surfaces and measure Kmin and Kmax at
every point defined to be part of the exported surface, based
on published mathematical analyses of curvature.??* After
determining the Kmin and Kmax at each point, Kmin-Kmax
scatter plots and heat maps were generated to estimate the
distribution of curvature and complexities of each surface.

Global Curvature Computation

We also quantified the overall curvature for the entire sur-
face (rather than for each individual point on the surface as in
the earlier methodology). The surface of both histologic and
radiologic reconstructions were exported as 3D point clouds
(based on the vertices of the surface mesh) and were fit to a
sphere in a least square sense using a custom MATLAB
algorithm.?®> The radius of this best fit sphere was then
referred to as “global radius of curvature” and compared
between patients. A larger radius of curvature reflects a more
“flat” surface, while a smaller radius of curvature reflects a
more curved surface.
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Fig. 2 Local curvature analysis by principal curvature computation. (A) Kmin—-Kmax scatter plots of representative reconstructed CN surface
extracted from histologic specimens. (B) Graphical representation of classification of shapes relative to Kmin-Kmax plot. Kmin and Kmax are the
principal curvatures observed at each point along the surface of the exported CN. Spatial distribution of Kmin-Kmax data points on to the above
figure can be used to approximate what shape each of our rendered surfaces most closely resembles. Shapes based on descriptions from Besl et al
and Besl et al.?? (C) Bar plot of average distribution of shape observed at each point in the radiographic CN reconstruction. Surface is
predominantly pit and saddle-shaped. (D) Bar plot of distribution of shape observed at each point across all three histologic reconstructions of
cochlear nuclear surfaces. Surface is predominantly saddle and pit-shaped. CN, cochlear nucleus.

Results

3D Surface Rendering of the Cochlear Nucleus
Histological and radiologic data were successfully extracted
and rendered as a 3D surface from four subjects. One left-
sided CN was reconstructed from ultrahigh-resolution radio-
graphic data. Three left-sided CNs were reconstructed from
postmortem histologic data.

Computation of Surface Curvature Demonstrates
Highly Complex Brain Stem Topography

Surface curvature measurements were made from 3D sur-
face reconstructions of the CN (=Fig. 1). Local curvature
(=Figs. 2 and 3) scatter plots and heat maps of the exported
surfaces demonstrate that the surface of the CN is not only
curved but also highly complex and irregular. Wide inter-
subject variability is noted in principal curvature values
with ranges of: Kmin (—1.40 to 0.12) and Kmax (—0.04 to
1.12) for histologic specimens and Kmin (-0.17 to 0.03)
and Kmax (—0.06 to 0.13) for the radiographic data. Heat
maps provide a visual representation of curvature com-
plexity and revealed high variability of surface curvature in
a single CN (=Fig. 3).
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Most Areas of the Cochlear Nucleus Are Classified as a
Nondevelopable Surface

The Kmin and Kmax measures of local curvature can be used
to determine the approximate shape of a surface at a given
point (=Fig. 2). A majority of the points on the CN surface
most closely resembled a saddle-shape or a pit in both the
histologic and radiologic reconstructions (=Fig. 2). Saddles
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Fig. 3 Kmin and Kmax color maps of reconstructed radiological (A)
and histological (B) CN surfaces reveal a complex topography. CN,
cochlear nucleus.
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Fig. 4 Global curvature analysis by sphere fitting. CN surface reconstructed from postmortem histological slices with a sphere of best fit
plotted against the surface. Radius of the sphere of best fit provides an estimate of the overall curvature of the surface in all Euclidean planes. CN,

cochlear nucleus.

and pits are geometrically classified as nondevelopable
surfaces, meaning that they cannot be constructed by trans-
forming a 2D plane (such as a flat, rigid array).

Global Curvature Analyses Reveal a Curved Surface
Overall

Global curvature measures such as the radius of curvature
obtained by the sphere-fit algorithm also suggest that in both
histologic and radiographic reconstructions, the CN is highly
curved (~Fig. 4). The global radius of curvature ranged from
2.08 to 4.52 mm (mean 3.15 + 1.24) in histologic specimens
and 8.5 mm in the radiographic specimen.

Discussion

Our study is the first to systematically examine the curved
surface of the human auditory brain stem and specifically the
CN (the target of the ABI) and surrounding anatomy. Using
histologic specimens and publicly available ultrahigh-reso-
lution MRI sequence, we were able to perform 3D recon-
struction of our regions of interest. We used both histologic
and radiographic data as each dataset carries distinct advan-
tages and disadvantages. For example, in histologic recon-
structions, the borders of the dorsal CN can be precisely
identified using stains that highlight neuronal cell bodies and
myelin (e.g., Nissl). However, postmortem preparation intro-
duces desiccation and fixation artifacts that may flatten the
surface when compared with in vivo brain stem tissue.

The structural T1-weighted imaging that was primarily
used for reconstruction in our study had an ultrahigh resolu-
tion (250 pm isotropic) compared with standard clinical
scans (1 mm isotropic). These imaging data were necessary
asitis virtually impossible to radiographically resolve the CN
surface from adjacent ICP using standard clinical imaging.
This fourfold decrease in isotropic resolution yields voxels
that are 64 times smaller and allow us to resolve the CN from
the ICP and the lateral recess of the fourth ventricle and select
a region that almost certainly contains the CN surface. This

level of resolution was achieved by Lusebrink et al using
sensitive motion detection methods over a very long scan
time (8 hours). The resolution needed to adequately visualize
the CN severely limits our sample size but suggests that with
more widespread availability of the MRI technology devel-
oped by Liisebrink et al, it would be feasible to obtain in vivo
measures of CN curvature.?? It is important to note however
that the gray-white matter contrast on MRI is not sufficient
toresolve the CN from surrounding brain stem nuclei and it is
therefore difficult to resolve the precise limits of the CN.
Identification of the approximate location of the CN surface
was aided by the visualization of the path of the eighth
cranial nerve as it entered the brain stem and the ability to
discriminate among the ICP, lateral recess of the fourth
ventricle, and brain stem surface (~Fig. 1A).26:27

In an attempt to quantify the surface curvature of the
resulting reconstructions, we performed a Kmin-Kmax ana-
lysis that mathematically classifies each point along the
surface. This revealed wide variability in curvature among
patients and within each patient’s reconstructed brain stem.
Global curvature measures using the sphere-fit algorithm
similarly varied. This is in line with previous work in ana-
tomic studies that suggest that CN size varies widely among
individuals by up to a factor of 3.2° Similar to our findings,
these studies also revealed a spatially complex CN with a
distorted silhouette. The shape of the curvature at each point
on the CN surface in our study most closely resembled a
saddle or pit shape, both nondevelopable surfaces. This is an
important parameter that can inform ABI array design as
materials must be both flexible and stretchable to fully con-
form to a nondevelopable surface.?® Materials such as poly-
dimethylsiloxane that have been studied in animal models of
the ABI and spinal cord have both stretchable and flexible
properties and can theoretically achieve full conformability
to the complex surface of the CN.'>'® Measures of global
curvature also provide important information that will
influence device design. As discussed in the introduction,
the thickness of an array influences how curved of a surface it
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can conform to.'® Measuring radius of curvature can inform
manufacturers how thin a device has to be to conform to a
surface.

Although our radiographic dataset is limited, there are a
few notable differences between histologic and radiographic
reconstructions. Overall, histologic reconstructions tended
to be more curved than the radiologic reconstructions
(though this did not reach significance). This may
be secondary to the wider area of the brain stem selected
in radiographic reconstructions (due to the imprecision of
CN localization relative to histology) which may give the
appearance of increased “flatness.” These differences were
also well within range of variance seen in other features of CN
anatomy.?® In addition, histologic reconstructions tended to
have wider variation in local curvature measures. This may
be due to the much higher resolution of the histologic
specimens that also resulted in many more points on each
surface reconstruction.

Limitations

The authors acknowledge that despite the advantages
described earlier, the exact region of the CN and landmarks
(e.g., choroid plexus with its tenia, root entry zone of CN VIII)
remains challenging to identify on MRI sequences and the
cerebellum/ICP can obscure parts of the dorsal CN. In addi-
tion, gradient nonlinearity corrections performed in the
context of the structural scans/histology and edge smoothing
performed with surface rendering may affect some measures
of curvature. Finally, given the small size of CN even when
compared with our relatively high-resolution scans, the
surface curvature can be subject to image noise/pixelation.
Invivo radiological reconstructions and histologic specimens
are also likely to vary simply based on the fact that brain stem
is constantly subject to cerebrospinal fluid pressure that may
cause transient distortions. Histologic specimens also will
undoubtedly suffer some degree of shrinkage and
fragmentation secondary to fixation and slice preparation.
The data we used were also acquired from healthy partici-
pants, while the majority of ABI candidates have NF2 who
may have a distorted brain stem anatomy. Regardless, we feel
that our methodology remains valuable and more wide-
spread availability of ultrahigh-resolution MRI will allow
us to analyze larger datasets that include NF2 patients. A
flexible ABI would likely cover or at least impinge on both the
CN and adjacent structures when conforming to its target.
Thus, any measure of the nature of curvature of this approx-
imate region would prove invaluable from an engineering
perspective to determine just how flexible a “flexible ABI”
would need to be.

Conclusion

Contemporary ABI electrodes are rigid and do not conform to
the curved surface of the brain stem. In this study, we created
a topographic map of the CN using high-resolution MRI and
human histology data to inform future ABI designs. Our
findings reveal a complex curvature with wide internucleus
and interpatient variability.
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