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Comparison of Three-Dimensional Visualization
Techniques for Depicting the Scala Vestibuli and
Scala Tympani of the Cochlea by Using
High-Resolution MR Imaging

Paul Hans, Andrew J. Grant, Roger D. Laitt, Richard T. Ramsden, Andrea Kassner, and Alan Jackson

BACKGROUND AND PURPOSE: Cochlear implantation requires introduction of a stimu-
lating electrode array into the scala vestibuli or scala tympani. Although these structures can
be separately identified on many high-resolution scans, it is often difficult to ascertain whether
these channels are patent throughout their length. The aim of this study was to determine
whether an optimized combination of an imaging protocol and a visualization technique allows
routine 3D rendering of the scala vestibuli and scala tympani.

METHODS: A submillimeter T2 fast spin-echo imaging sequence was designed to optimize
the performance of 3D visualization methods. The spatial resolution was determined experi-
mentally using primary images and 3D surface and volume renderings from eight healthy
subjects. These data were used to develop the imaging sequence and to compare the quality
and signal-to-noise dependency of four data visualization algorithms: maximum intensity pro-
jection, ray casting with transparent voxels, ray casting with opaque voxels, and isosurface
rendering. The ability of these methods to produce 3D renderings of the scala tympani and
scala vestibuli was also examined. The imaging technique was used in five patients with sen-
sorineural deafness.

RESULTS: Visualization techniques produced optimal resultsin combination with an isotro-
pic volume imaging sequence. Clinicians preferred the isosurface-rendered images to other 3D
visualizations. Both isosurface and ray casting displayed the scala vestibuli and scala tympani
throughout their length. Abnormalities were shown in three patients, and in one of these, a
focal occlusion of the scala tympani was confirmed at surgery.

CONCLUSION: Three-dimensional images of the scala vestibuli and scala tympani can be
routinely produced. The combination of an MR sequence optimized for use with isosurface
rendering or ray-casting algorithms can produce 3D images with greater spatial resolution and

anatomic detail than has been possible previously.

MR imaging is increasingly used in the examina-
tion of patients with sensorineural hearing loss (1).
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The popularity of the investigation initially resulted
from the exquisite sensitivity of contrast-enhanced
T1-weighted MR imaging in the demonstration of
acoustic neuroma. Recent improvements in MR
methodology have led several workers to examine
the feasibility of submillimeter high-resolution T2-
weighted imaging of the inner ear and internal au-
ditory meatus (2). Many of these studies have been
directed toward the detection of small intracanali-
cular acoustic neuromas without the need for con-
trast enhancement. Several groups have also estab-
lished the ability of high-resolution T2-weighted
imaging to show the endolymph and perilymph
cavities of the inner ear itself (1, 3-8).

The use of T2-weighted imaging offers the op-
portunity for diagnosis and preoperative assessment
of patients with congenital or acquired vestibulo-
cochlear disease. This is of particular relevance in
the planning of cochlear implantation, in which de-
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tailed preoperative assessment of cochlear mor-
phology is important. One previous report has ex-
amined the usefulness of MR imaging in measuring
the transverse diameter of the cochlear nerve,
which is known to correspond closely to the re-
maining number of spira ganglion cells in the
cochlea itself (9). While this approach may reduce
the instance of unsuccessful implantations in ears
with severe denervation, the success of implanta-
tion also depends on the presence of a patent coch-
lear fluid channel for electrode insertion.

The anatomy of the cochlea has recently been
elegantly reviewed in this Journal (10). It is a
coiled structure of 2% turns containing three par-
alel fluid canals, an outer scala vestibuli (ascend-
ing spiral), an inner scala tympani (descending spi-
ral), and the central, smaller, cochlear duct (scala
media). Electrode implantation is usualy per-
formed by insertion of an electrode array into the
scala tympani or scala vestibuli (2). This process
may be complicated or prevented by malformation
of the cochlea or by fibrotic or osseous obstruction
of one or both fluid channels. Obstruction is par-
ticularly common as a sequela to meningitis or la-
byrinthitis, in which the occlusion may be due to
fibrosis or to the formation of ectopic bone that
may obliterate the fluid-filled channels necessary
for implant insertions.

Cochlear imaging with spiral CT produces im-
ages of the bony labyrinth that are of extremely
high spatial resolution (2) but that may fail to show
fibrotic occlusions (11). The use of MR imaging
may increase the specificity with which such fi-
brotic occlusions are demonstrated but involves a
procedure for which the patient may require seda-
tion or even a general anesthetic (2). Furthermore,
most surgeons are unwilling to completely replace
CT with MR imaging, so that the patient would
require both. The use of MR imaging can therefore
be justified only if it proves capable of providing
diagnostic information that is superior to that ob-
tained with CT. It is this consideration, combined
with cogt, that has prevented MR imaging from be-
coming a routine investigation in the planning of
cochlear implantation.

T2-weighted MR sequences produce images in
which the scala vestibuli and scala tympani can be
distinguished separately, at least in the region of
the basal turn. This ability to distinguish the coch-
lear fluid cavities may represent one specific ad-
vantage of MR imaging in the planning of cochlear
implantation. Despite this, to our knowledge, all 3D
renderings of cochlear MR images that have ap-
peared in the literature incorrectly depict the coch-
lea as a single fluid structure (1, 4-8, 12, 13). We
believe that this reflects both the imaging protocols
and the visuadization techniques used to produce
3D renderings. In many cases, the requirement for
high in-plane resolution combined with acceptable
signal-to-noise (S/N) ratios has led to the use of
highly nonisotropic voxels. This would be expected
to adversely affect the performance of 3D render-
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Table 1: Imaging parameters used in all high-resolution T2-
weighted images

Scan type 3D fast spin-echo
TR (mg) 5000
Rectangular field of view 80%
Half-Fourier sampling Yes
Repetitions 1
Imaging Matrix 256 X 256
Echo train profile Linear
Reconstruction matrix 512 X 512
Section thickness 0.5 mm
Intersection gap —0.25 mm

ing techniques, which may in fact be relatively in-
sensitive to otherwise unacceptable levels of image
noise. In addition, many methods of 3D visualiza-
tion are available, some of which may be more ap-
propriate for use in this type of application. At a
basic level, 3D visualization methods are divided
into surface-rendering and volume-rendering class-
es. Surface-rendering techniques identify 3D con-
tour lines on the basis of image intensity and use
these to define the surface of a 3D object, which
can then be viewed. Volume-rendering methods use
the data from many or all the pixels in a volume
to produce a 3D rendering. This technique may be
thought of as viewing the shadow of a partialy
transparent object in which the relative opacities of
the contents and the direction of the illumination
may be controlled.

The am of this study was to determine whether
an optimized combination of an MR imaging pro-
tocol and a data visualization technique is capable
of routinely rendering as separate structures the
scala vestibuli and scala tympani for preoperative
planning of cochlear implantation.

Methods

Imaging Sudies

Imaging was performed in eight healthy volunteers (four
women and four men) aged 20 to 27 years. All images were
acquired on a 1.5-T Philips Medical Systems ACS NT scan-
ner. The petrous bone was localized using T1-weighted lo-
calizer images in all three cardinal planes. The position of
the vestibule and cochlea was then identified using a series
of 3-mm-thick coronal T2-weighted fast spin-echo (FSE) im-
ages (TR/TE = 3000/150, echo train length [ETL] = 128).
All localization images were obtained with the use of a head
coil.

Imaging of the inner ear was performed with a 3-inch-di-
ameter flexible circular surface coil positioned over the exter-
nal auditory meatus by means of a flexible-arm coil holder. A
series of T2-weighted volume acquisitions was obtained. Com-
mon imaging parameters are shown in Table 1. The effect of
varying the ETL was investigated in volunteers 1 and 2. The
restrictions on TE and field of view (FOV) of increasing the
ETL are given in Table 2. After completing this study, the
effect of varying the voxel volume was investigated in the
remaining six subjects (volunteers 3-8) using a fixed ETL of
45. The effective voxel sizes used in this experiment are shown
in Table 3. The image data from the six volunteers formed the
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Table 2: Range of echo train lengths used in the study

Field of View
(mm) Echo Train Length TE (ms)

80 35 240
80 45 330
80 55 400
100 45 287
100 65 400
100 128 770

Table 3: Fields of view and other imaging parameters used in the
study

Field of Voxel Size Scan Duration

View (mm) Matrix (mm) TE (ms) (min)

40 2562 0.16 312 20.10

60 2562 0.23 400 7.355

80 2562 0.31 330 7.35
100 2562 0.39 287 7.35
130 2562 0.51 250 7.35
150 2562 0.58 250 7.35

65 1282 0.58 250 347

Note—The bottom row illustrates the sequence used in clinica
practice. Reduction of imaging time was achieved by halving the ac-
quisition matrix and the field of view. This provided adequate coverage
of the inner ear, and wraparound artifact was avoided by the image
intensity falloff resulting from the use of a surface coil.

basis for all assessments of image quality and comparisons of
visualization techniques.

Data Visualization

Visualization Techniques—Images were transferred to an
independent workstation (Sun Microsystems, SPARC 20) and
data visualization was performed using the Application Visu-
alization System (AVS 5, AV S/Uniras, Copenhagen, Denmark)
software package. Data were prepared by interactive cropping
of the image volume to include only the inner ear structures
in order to reduce the processing time required to the minimum
possible in each case. Volume visualization was performed us-
ing the following four methods: 1) the maximum intensity pro-
jection (MIP) agorithm, 2) the ray-casting technique with vox-
el opacity adjusted to allow transparency of the data block, 3)
the ray-casting technique with opague voxels to produce a sur-
face rendering, and 4) the isosurface rendering technique using
Lorenson’s marching cubes algorithm (14).

To enable direct comparison of the visualization techniques,
3D images of the cochlea were produced from each data set
from volunteers 3 through 8 (n = 36). All visualization tech-
niques were used to produce a standard projection to show the
inner ear structures. Standardized threshold values of 65% of
peak vestibular endolymph signal intensity were selected for
methods 3 and 4 (vide infra).

Measurements and Satistics

Effect of Voxel Sze on Image Quality.—The inherent image
contrast on the primary images was calculated objectively for
each scan. Measurements of signal intensity were made fol-
lowing transfer of images to a viewing console (Easy Vision,
Philips Medical Systems). Measurements of pixel intensity
(mean and SD) were taken from the vestibule and from an
adjacent area of bone using a standard circular 50-pixel region
of interest. Image contrast (C) was calculated as
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C = (Vest/Styeq) / (BONE/Sdpone)

where C = image contrast, Vest = mean pixel intensity from
the vestibule, sdyex = SD of pixel intensities from the vesti-
bule, bone = mean pixel intensity from bone, and sdygre =
SD of pixel intensities from bone.

In addition, two experienced neuroradiologists assessed all
primary images and reconstructions from volunteers 3 through
8. Image quality was scored on a simple subjective scale as 1
= nondiagnostic, 2 = poor, 3 = acceptable, 4 = good, and 5
= excellent.

Scores for primary images were assessed from hard copies
taken from each scan protocol (Table 3) in the six volunteers
at the level of the cochlear modiolus. Scores for volume vi-
sualization images were assigned for each rendering technique
for each data set from the standard previously prepared pro-
jection viewed on the workstation console.

Interobserver agreement was assessed using Cohen’s k sta-
tistic with weighted estimations of k. Subjective scores be-
tween groups were compared using Fisher's exact test for con-
tingency tables (15).

Comparison of Visualization Techniques—Following initial
scoring and comparison of the visualizations at different voxel
sizes, the optimally rendered images from each technique were
compared using the same scoring system. Images were ex-
amined on a workstation and users were alowed to rotate the
renderings in three dimensions but not to perform any other
interactions. Users were asked to assess the quality of each
rendering in terms of anatomic detail and overall quality and
to rank the four visualizations (methods 1 through 4) for each
patient (1 = best, 4 = worst). To assess the acceptability of
these images, the comparison was performed by a large group
of 15 physicians (five consultant and six trainee radiologists,
and two consultant and two trainee otolaryngologists) who had
not previously seen any of the rendered images. All the ob-
servers had experience in examining images of the inner ear
on CT scans, and four had experience in viewing MR images.

Determination of Threshold Values—The optima method
for objective determination of threshold values for visuaiza-
tion methods 3 and 4 was aso assessed using data from vol-
unteers 3 through 8. The intensity threshold values were based
on measurements of the signa intensity of vestibular endo-
lymph from the primary images. A series of threshold values
was calculated using each of two techniques. 1) The first
threshold series was calculated using the measurements of the
mean and SD of the vestibular endolymph signal intensity; a
range of standard threshold values was then calculated starting
at the mean value plus 1 SD and progressively increasing by
half of 1 SD. 2) The second threshold series was calculated as
a proportion of the peak vestibular endolymph signal intensity
calculated from a single region of interest placed over the ves-
tibule on a central image. The range of threshold values ex-
tended from 50% to 80% of the peak value in 5% increments.
Comparisons of isosurface renderings from each of the six data
sets in each of six volunteers (n = 36 studies) at given thresh-
olds were used to assess the reproducibility of these two
thresholding techniques.

Visualization of Cochlear Fluid Cavities—Separate visual-
ization of the cochlear fluid cavities was attempted using all
four visualization techniques. Decreases in voxel opacity using
method 2 and increases in the surface threshold using methods
3 and 4 were used to reduce the contribution of peripheral,
partial-volume-averaged pixels to the 3D display. The quality
of these visualizations was judged subjectively by two of the
authors. Assessment of image quality was based on the ability
to see both the scala vestibuli and scala tympani throughout
their length and on the evenness of reduction of the visualized
structures as the parameters (opacity or threshold) were
adjusted.
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Fic 1. Histogram of the subjective primary image quality scores
(left axis) at varying fields of view. The line plot represented on

the right axis shows the mean value for calculated image contrast
from six normal data sets.

Patient Sudies

Imaging in five patients undergoing assessment for cochlear
implantation was used to test the feasibility of applying the
imaging protocol in clinical cases. The group consisted of three
boys and two girls, aged 2 to 8 years. All patients had become
deaf as a sequela to meningitis. Imaging sequences were ob-
tained with the parameters described above and an FOV of
130 mm. For clinical use, the acquisition matrix was reduced
to 128 in the phase-encoding direction to reduce image acqui-
sition time (Table 3). Using this sequence, imaging time was
3 minutes 47 seconds per ear. All five patients also were ex-
amined with CT using a high-resolution spiral technique (FOV,
250 mm2; matrix, 320 mm?; section thickness, 2 mm; pitch,
—1 mm; reconstruction thickness, 1 mm; keV, 120; mA, 170).
CT scans and primary MR images were reviewed indepen-
dently by two consultant neuroradiologists.

Results

Primary Images

Interobserver agreement for subjective image
assessment was good to excellent in all cases (k
.72 to .91). Comparison of images with variable
ETL revealed both decreased image contrast and

Fic 2. Samples of primary images from a
healthy volunteer obtained using FOVs of
60 mm (left) and 130 mm (right). Note the
improvement in S/N ratio with the larger
FOV and the separate demonstration of
the scala vestibuli (long arrow) and scala
tympani (short arrow) in the basal turn of
the cochlea.
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unacceptable image blurring with ETLS in excess
of 45.

Varying the effective voxel size by manipulating
the FOV resulted in maximal image contrast with
a pixel size of 0.51 mm2 (FOV, 130 mm) (Figs 1
and 2). Subjective assessment of these images
showed a significantly higher score for images with
a pixel size of 0.39 mm?2 (FOV, 100 mm; P < .01)
(Fig 1). Visua comparison of these images re-
vealed a slight subjective improvement in the de-
piction of theinternal cochlear structures on images
obtained with an FOV of 100 mm as compared
with those obtained with an FOV of 130 mm. This
increase in spatial resolution appeared to make the
images more acceptable to the reporting radiolo-
gist, despite the lower inherent S/N ratio.

Visualizations

Effect of Voxel Sze on Image Quality.—Visual-
izations produced by the MIP algorithm showed
consistently good scores at an FOV greater than 80
mm. Below this, images became nondiagnostic. As
the FOV dropped below 80 mm, inner ear struc-
tures became indistinguishable from background
(Figs 3A and 4).

Visudlizations produced by the ray-casting tech-
nique with transparent voxels (method 2) showed lit-
tle deterioration as the contrast-to-noise ratio de-
creased. These visualizations were considered good
with an FOV of 80 mm, athough no rendering could
be obtained with smaller FOVs (Figs 3B and 4).

Visualizations produced by the ray-casting tech-
nique with opague voxels (method 3) were scored
lower than other visualizations at all FOVs (Figs
3C and 4). The reason for this is unclear, athough
these renderings do show a rather marked banding
effect on curved surfaces (Figs 4 and 5).

Visualizations produced by using the isosurface
algorithm (method 4) were good to excellent on
images with a high contrast-to-noise ratio (FOV
greater than 100 mm) but showed quite marked
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Fic 3. Histograms show the effect of changing FOV size on the subjective image quality scores for each visualization technique:
method 1, MIP (A); method 2, ray casting with transparent voxels (B); method 3, ray casting with opaque voxels (C); and method 4,
isosurface rendering (D). Scores are the average of six image sets, each scored by two observers.

quality reduction at FOVs below this level (Figs
3D and 4).

Comparison of Visualization Techniques—A
comparison of the optimal quality renderings from
each technique showed little difference in the sub-
jective image quality scores among the four visu-
alization techniques (method 1, 4.2; method 2, 4.8;
method 3, 4.7; and method 4, 5.0). These
differences were not statistically significant. De-
spite this, there was a clear preference for the iso-
surface-rendered images (method 4: mean rank,
1.3; P < .001) when users were asked to rank the
visualization techniques. The transparent voxel ray-
casting technique (method 2) and the opaque ray-
casting technique (method 3) received similar rat-
ings (mean rank, 2.6 and 2.8, respectively). The
MIP technique (method 1) was most commonly rat-
ed lowest (mean rank, 3.7). Examples of the opti-
mal volume visualization results with the four tech-
niques are shown in Figure 5.

Determination of Threshold Values—The com-
parison of methods for determination of isosurface
threshold values showed no consistency among
renderings when the threshold was calculated from

the mean and SD of the vestibular endolymph. Use
of the peak value within the endolymph as a ref-
erence led to reproducible rendering across the pa-
tient group. With athreshold value of 65% of peak,
the surface anatomy of the inner ear was clearly
depicted (Fig 5), while increases to 75% and 80%
produced reproducible images of the cochlear fluid
cavities along their length.

Visualization of Cochlear Fluid Cavities.—
Cochlear fluid channels could not be distinguished
on MIP visualizations in any case. Attempts to de-
pict cochlear fluid channels by using manipulation
of opacity values with the volume-rendering tech-
nique (ray casting, method 3) were also unsuccess-
ful, and no image was considered clearly to show
separate internal cochlear structures. Decreasing
the opacity of fluid-containing voxels in the ray-
casting algorithm used for method 2 did allow sep-
arate visualization of the scala vestibuli and scala
tympani, as illustrated in Figure 6. The effect of
increasing the isosurface extraction value with an
isosurface-rendering algorithm is shown in Figure
7. Gradual increases in the extraction value led to
increasing demarcation of the two major cochlear
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Fic 4. The effect of increasing S/N ratio on each of the four visualization techniques. Images labeled A (left column) are renderings
from studies obtained with an FOV of 60 mm, images labeled B (middle column) are from studies obtained with an FOV of 100 mm,
and images labeled C (right column) are from studies obtained with an FOV of 130 mm. Row 1 were rendered using method 1 (MIP),
row 2 using method 2 (ray casting with transparent voxels), row 3 using method 3 (ray casting with opaque voxels), and row 4 with
method 4 (isosurface rendering). The images show rapid degradation of visualization obtained with methods 1 and 4, as FOV and S/N
ratio are reduced. Method 2 continues to produce excellent renderings at an FOV of 100 mm, with no apparent degradation as compared

with images acquired at 130 mm.

fluid channels. The use of endolymph values taken
from aregion of interest within the vestibule shows
two fluid channels to be clearly visible at 75% and
85% of the peak signa intensity from vestibular
endolymph (Fig 7C and D). Further elevation of
the threshold value (>85%) produced artifactual
obstructions in the scala vestibuli. This finding was
typical for data sets from all six volunteers.

Patient Sudies

Findings on CT and primary MR studies were
considered normal in four of five cases. In the fifth,
some abnormality was noted in the region of the

distal cochlear turns on MR images but not on CT
scans. MR reconstruction quality was excellent in
al five clinical cases. Isosurface renderings pro-
duced results directly comparable to those seen in
healthy volunteers. Primary image quality was
dlightly improved, reflecting the smaller head size
and closer positioning of the surface coil in this
pediatric group. The cochlear fluid channels ap-
peared irregular in all cases as compared with nor-
mal. In one case, alocalized occlusion of the scala
tympani was demonstrated (Fig 8), which was sub-
sequently confirmed at surgery. Other cases
showed no obstacle to electrode implantation, al-
though a small island of abnormal tissue between
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Fic 5. The results of the optimal combi-
nation of imaging and visualization tech-
nigue in a single healthy subject (5000/
250; FOV, 130 mm? matrix, 2562). All
renderings were derived from the same
image data set.

A, Method 1: MIP.

B, Method 2: ray casting with transpar-
ent voxels.

C, Method 3: ray casting with opaque
voxels.

D, Method 4: isosurface rendering (white
arrow indicates the posterior semicircular
canal; solid black arrow, the lateral semi-
circular canal; open arrow, the basal turn
of the cochlea).

Fic 6. The effect of decreasing voxel opacity (right to left) using ray tracing. The images are volume renderings of the same normal
data set using method 2 (ray casting with transparent voxels). The opacity values of the voxels have been progressively decreased
from left to right in order to demonstrate more internal details of the cochlea. The scala vestibuli and scala tympani are clearly seen in
the middle and right-hand images, although their margins are rather poorly defined.

the scala vestibuli and scala tympani was seen in
one case (Fig 9A) and severe deformation of the
tip of the distal turn of the cochlea was seen in
another (Fig 9B).

Discussion
Previous MR studies have produced submilli-
meter-resolution MR images of the inner ear using
gradient-echo (16, 17) or FSE (4-6, 12, 18, 19)
techniques. The theoretical benefits of thin-section

gradient-echo images are outweighed by the com-
plications of magnetic susceptibility—related signal
loss due to the multiple fluid/bone interfaces seen
within the petrous bone. These artifacts limit spatial
resolution and decrease the available S/N ratio.
They are particularly prominent in the region of the
internal auditory canal, where small soft-tissue
structures interface with surrounding bone and air
(20, 21). These artifacts can be reduced to some
extent by modification of the gradient-echo se-
quence (3D Fourier transformation constructive in-
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Fic 7. The effect of increasing the isosurface threshold with isosurface rendering (left to right). The images are isosurface renderings
of the same normal data set. As the images pass from right to left, progressively higher threshold values have been applied to extract
the isosurface. The isosurface in B corresponds to 65% of the peak signal intensity in the vestibule and is the value used for standard-
izations of isosurface renderings in the current study. Other renderings were obtained at 55% (A), 75% (B), and 85% (C). The scala
vestibuli and scale tympani are clearly and separately depicted throughout their length in C and D.

terference in steady state [FT-CISS]). This has been
shown to provide high-quality images of inner ear
disease (17, 22, 23) and has been suggested as a
standard sequence for the imaging of the inner ear.
Other workers (4—6, 12, 18, 19) have described the
use of high-resolution FSE sequences for imaging
of the inner ear. FSE techniques allow the filling
of multiple lines of k-space during a single TR,
resulting in a significant reduction in overall ac-
quisition time. The use of multiple closely spaced
180° refocusing pulses diminishes magnetic sus-
ceptibility effects, reducing susceptibility artifacts,
and resulting in maintenance of true T2 contrast
rather than the T2* contrast characteristics of gra-
dient-echo methods.

In developing our imaging protocol we attempt-
ed to obtain the maximal possible spatial resolution
at acceptable S/N ratios for 3D visualization. The
use of a dual-surface receiver coil system provides
an inherently higher S/N ratio than standard head
coils (24), and signal falloff outside the surface-coil
FOV prevents significant wraparound artifacts.
Since imaging was directed entirely at the inner ear,
resolution was increased by reducing the FOV
while using a fixed matrix size (256 X 256). A
section thickness of 0.5 mm was selected in order
to allow the production of approximately isotropic
voxels within the range of the study. A comparison
of our imaging sequences revealed optimal S/IN ra-
tio and image quality within a voxel size of 0.51
X 0.51 X 0.5 mm. The use of overcontiguous sec-
tion acquisition (section gap, —0.25 mm) and data
reconstruction with a 512 X 512 matrix resulted in
an effective pixel size of 0.25 X 0.25 X 0.25 mm
in the final data set. This compares favorably with
previous studies done with gradient-echo (3) and
FSE (1, 4, 5, 8, 12, 25) sequences, in which the
minimum effective section thickness was 0.7 to 1.0
mm and in-section resolution was 0.4 to 0.66 mm.

The combination of surface-coil acquisition, an
ETL of 45, and a TR of 5000 meant that a 30-
section acquisition could be performed in 7 minutes
35 seconds (5000/250; FOV, 130 mm?Z; matrix,
2562). Reduction of the FOV and of the matrix by
50% reduces scan time to 3 minutes 47 seconds
with no significant reduction in image quality
(5000/250; FOV, 65 mm?2; matrix, 1282). This tech-
nique produces excellent subjective image quality
despite the presence of higher noise levels than
seen in images produced by other investigative
groups (1, 5, 8).

The production of high-resolution data sets such
as those described here can complicate the inter-
pretation of complex anatomy from 2D sections.
This has led several researchers to attempt 3D vi-
sualization of the volume data using an MIP tech-
nique (1, 3, 5, 8, 13). As this study shows, the MIP
algorithm, athough widely available on commer-
cia image analysis workstations and familiar to
most radiologists because of its usein CT and MR
angiography, suffers from a number of significant
disadvantages in displaying more complex data
sets.

Volume visualization algorithms can be broadly
classified as belonging to either the surface-render-
ing or volume-rendering category. With volume-
rendering techniques (methods 1, 2, and 3), the
voxels are projected onto the final image plane.
One of the simplest direct techniques is MIRP The
value for each pixel in the MIP agorithm is cal-
culated by compositing all voxelslying aong aline
perpendicular to the image plane. The pixel with
the highest composite value is used to derive a
maximum intensity, which is mapped to white with
al lesser value pixels mapped to lower points on
the gray scale. Although this approach is attractive
and computationally inexpensive, the MIP ago-
rithm has a number of significant disadvantages
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(26). The magjor problem for the visualization of 3D
objects stems from the fact that the gray scale is
automatically derived from the composite pixel val-
ues. This means that thinner areas of a structure
will automatically be mapped in darker shades.
More important, small fluctuations in surface mor-
phology may be insufficient to cause any changein
the 3D representation, especially when they occur
in pixels with large overall composite values. Sim-
ilarly, the decrease in gray scale values at the edge
of curved structures, such as the cochlea itself,
gives rise to apparent blurring, which is subjective-
ly unattractive. Ray-casting techniques were devel-
oped to address some of the problems of the MIP
approach. Selecting opacity values on the basis of
image intensity enables fine tuning of the tech-
nique, from the demonstration of all voxels in the
volume (method 2) to the identification of isoin-
tensity surfaces (method 3) (27). This makes the
production of 3D images of the cochlear perilymph
channels straightforward, although objective stan-
dardization of the images among patients presents
considerable problems. In addition, the technique
is relatively slow, since it is usually implemented
via software rather than hardware.
Surface-rendering techniques use voxel intensi-
ties to define 3D isocontours, which outline the
boundaries of the object. These boundaries are then
represented as solid surfaces for viewing (method
4). The position of the surface within the 3D vol-
ume sample is determined by selection of a thresh-
old value or isosurface. The marching cubes tech-
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Fic 8. Aand B, Normal (A) and abnormal
(B) cochlea are shown for comparison.
The scala tympani (arrow, B) is occluded
as a sequela of meningitis.

Fic 9. Aand B, Two patients with abnor-
malities of the cochlea, caused by menin-
gitis. Neither of the abnormalities was con-
sidered a contraindication to implantation,
which was successfully conducted in both
cases.

A, Patient with an occlusion of the ter-
minal portion of the cochlea (arrow).

B, Patient with an abnormality just distal
to the basal turn (arrow). Since CT findings
were normal, this is assumed to represent
a fibrotic narrowing of the cochlear fluid
channels.

nigue used here (14) is a simple and €elegant
approach to creating 3D isosurfaces. The algorithm
relies on internal look-up tables for polygon gen-
eration, which makes it highly efficient. |sosurface-
rendered models of the cochlea can be generated
and rotated in real time on conventional PC sys-
tems or low-end workstations.

The intrinsic interpolation that takes place in the
generation of the isocontour surface produces a
smooth rendering that is highly sensitive to varia-
tions in surface topography and that can be manip-
ulated to show internal structures, such as the scala
tympani and scala vestibuli. The disadvantage of
the technique is that it is relatively sensitive to im-
age noise, which can distort the generated isosur-
face. More important, since the model is opague,
areas of the 3D rendering may be obscured by the
CSF surface of the posterior fossa or by fluid col-
lections within the air cells of the petrous temporal
bone. Because of the speed of the reconstruction,
this can often be overcome either by increased
cropping of the image or by rotation to obtain the
desired view.

In the present study, both the ray-casting and iso-
surface approaches allowed separate demonstration
of the scala vestibuli and scala tympani throughout
their length. The higher computational speed and
subjective preference for isosurface images have
led us to adopt this technique for routine use in our
center. While the purpose of the study was to ex-
amine the feasibility of producing visualizations of
the fluid channels within the cochlea, we did not
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assess the clinical utility of these imaging tech-
niques. In the five patients we studied, image and
visualization quality was high and abnormalities
were depicted in three cases. However, surgical
confirmation of the MR findings was available in
only one of the five cases, and CT failed to show
abnormalities in any. It is clear that extensive clin-
ical studies are required before MR imaging is
adopted for routine investigation of cochlear ab-
normalities. We believe that these studies should
specifically address the assessment of cochlear pa-
tency by using techniques such as the one we have
described.

The production of high-quality 3D renderings of
this type is dependent on a combination of optimal
imaging and postprocessing techniques. The im-
aging parameters described herein are easily ac-
commodated on most current-generation high-field
MR scanning systems so that the production of ad-
eguate primary images should pose no significant
problems. The postprocessing stage is also critical,
and software selection is important. The current
technique was developed with the use of standard
algorithms implemented by means of a standard,
commercial visualization software package (Appli-
cation Visualisation System). Since the data sets
are small, the procedure is largely memory-depen-
dent, and we have been able to produce real-time
isosurface renderings on a variety of hardware plat-
forms, ranging from a Silicon Graphics Octane
workstation to a 300-MHz PC with 128 MB of
RAM. Our attempts to duplicate these rendering
techniques on a variety of commercially available
medical image analysis workstations have been
largely unsuccessful. We believe this is the result
of variations in the implementation of the surface-
rendering algorithms; however, these details are not
available for most commercial systems.

Conclusion

The use of a submillimeter high-resolution T2-
weighted FSE technique can produce high-quality
images of the fluid channels within the cochlea.
Images covering the entire inner ear structure can
be obtained in an acceptable time period. Volume-
visualization techniques can significantly aid thein-
terpretation of these images, and the isosurface and
ray-casting techniques provide clinical data that are
clearly superior to that obtained with traditional
MIP algorithms.
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