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Abstract Objective Super-high and ultra-high spatial resolution computed tomography (CT)
imaging can be advantageous for detecting temporal bone pathology and guiding
treatment strategies.
Methods Six temporal bone cadaveric specimens were used to evaluate the temporal
bone microanatomic structures utilizing the following CT reconstruction modes:
normal resolution (NR, 0.5-mm slice thickness, 5122 matrix), high resolution (HR,
0.5-mm slice thickness, 1,0242 matrix), super-high resolution (SHR, 0.25-mm slice
thickness, 1,0242 matrix), and ultra-high resolution (UHR, 0.25-mm slice thickness,
2,0482 matrix). Noise and signal-to-noise ratio (SNR) for bone and air were measured at
each reconstruction mode. Two observers assessed visualization of seven small
anatomic structures using a 4-point scale at each reconstruction mode.
Results Noise was significantly higher and SNR significantly lower with increases in
spatial resolution (NR, HR, and SHR). There was no statistical difference between SHR
and UHR imaging with regard to noise and SNR. There was significantly improved
visibility of all temporal bone osseous structures of interest with SHR and UHR imaging
relative to NR imaging (p< 0.001) and most of the temporal bone osseous structures
relative to HR imaging. There was no statistical difference in the subjective image
quality between SHR and UHR imaging of the temporal bone (p� 0.085).
Conclusion Super-high-resolution and ultra-high-resolution CT imaging results in
significant improvement in image quality compared with normal-resolution and
high-resolution CT imaging of the temporal bone. This preliminary study also demon-
strates equivalency between super-high and ultra-high spatial resolution temporal
bone CT imaging protocols for clinical use.
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Introduction

The temporal bone presents specific imaging challenges
because of the complex anatomic interconnectivity, very
small size, and 3D orientation of the osseous structures
intrinsic to the auditory apparatus. Imaging complexity is
further compounded by the confined space in which these
structures are housed in. The advent of multidetector row
computed tomography (CT) has improved the visualization
of temporal bone anatomical landmarks1,2 and the diagnosis
of temporal bone pathology including tumors, inflammation,
hearing loss, trauma, and cerebrospinal fluid leaks.3–10How-
ever, the clinical impact of greater anatomic detail provided
by super-high and ultra-high spatial resolution CT imaging
can be even more significant for improving the diagnosis,
treatment, and surgical planning of temporal bone dis-
ease.11,12 Minute temporal bone structures including the
ossicular chain, the crus of the stapes, the greater superficial
petrosal nerve, and the anterior malleolar ligament are
better visualized on ultra-high spatial resolution CT com-
pared with conventional CT.13

This study aims at assessing comparative CT image quality
of the temporal bone utilizing the following reconstruction
modes on an ultra-high-resolution CT imaging system (Aqui-
lion Precision, Canon Medical Systems, Japan): normal reso-
lution (NR), high resolution (HR), super-high resolution
(SHR), and ultra-high resolution (UHR). More specifically,
we will compare the imaging quality between SHR and UHR
CT to determine the most optimal and clinical feasible CT
protocol for temporal bone imaging in a busy clinical setting.

Materials and Methods

Ex Vivo Specimens
Three cadaveric head specimens were obtained from the
Body Donation Program. Six total temporal bone specimens
(accounting for bilaterality) were imaged utilizing the fol-
lowing reconstructionmodes: NR, HR, SHR, andUHR. The use
of cadaveric specimenswas essential in eliminating radiation
dose from being a limiting factor in this comparative
analysis.

CT Protocol
CT images were obtained on the Aquilion Precision with
0.25- to 0.50-mm slice thickness, focus size 0.4�0.5mm,

pitch 0.6, display field of view of 100mm, 250mAs, collima-
tion 20mm, rotation time 500ms, and helical mode at
120 kV. Images were reconstructed with filtered back pro-
jection (manufacturer’s reconstruction kernel of FC35) to
maintain the highest degree of osseous detail. Detailed CT
parameters for the different reconstruction modes were: NR
mode (0.5-mm slice thickness, 5122 matrix), HR mode (0.5-
mm slice thickness, 1,0242 matrix), SHR mode (0.25-mm
slice thickness, 1,0242matrix), andUHRmode (0.25mmslice
thickness, 2,0482 matrix) (►Table 1).

Quantitative Image Analysis
Image noise was measured in the cadaveric images as the
standarddeviation (SD)ofCTnumbers (HU) inacircular region
of interest (ROI)drawn inauniformarea for eachdataset in the
petrous temporal bone and air. The size and the location of the
ROIs werematched among the four image sets (UHR, SHR, HR,
and NR). The mean and SD of image noise for each image set
were calculated. The signal-to-noise ratio (SNR) in the petrous
temporal bone and the SNR in air was defined as the CT
number (HU) divided by the image noise (SD) in the ROI.
The mean and SD of SNR for each image set were calculated.

Qualitative Analysis
Qualitative assessment was performed on three left and
three right cadaveric temporal bones. Two board-certified
radiologists (2.5 and 3 years of experience) blinded to the CT
parameters analyzed the images independently. The image
datasets were displayed using temporal bone windows
(window width: 5,100; windows level, 850).

Seven small anatomic structures were selected for the
purpose of this study by a neuroradiologist. Five elements
were chosen based on the perceived difficulty of visualiza-
tion on normal-resolution CT based on our institutional
experience (anterior crus stapes, posterior crus stapes, incu-
domalleolar articulation, incudostapedial articulation, and
spiral osseous lamina of the cochlea). Two larger structures
(cochlear and vestibular aqueducts) were selected since they
are typically seen with normal-resolution CT. All images
were visualized on a separate research PACS (Phillips Health-
care, Andover, MA).

Image quality was scored using a semiquantitative 4-
point scale: 4, excellent delineation of structure; 3, good
delineation of structure; 2, fair delineation of structure; and
1, poor delineation of structure.

Table 1 CT technical parameters on the ultra-high-resolution CT system utilizing the NR, HR, SHR, and UHR modes

Scanner parameter Different reconstruction modes on the ultra-high-resolution CT system

Normal resolution (NR) High resolution (HR) Super-high
resolution (SHR)

Ultra-high
resolution (UHR)

Matrix size 512� 512 1,024� 1,024 1,024� 1,024 2,048� 2,048

Minimum slice
thickness

0.5mm 0.5mm 0.25mm 0.25mm

Focal spot 0.4�0.5mm

Detector 0.25mm� 160 rows
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Radiation Dosimetry
The CT dose index (CTDIvol) was 18.5 mGy for the UHR and
SHR modes. The CTDIvol was 18.3 mGy for the HR and NR
modes.

Statistical Analysis

Qualitative Analysis
Kappa (κ) statistics were used as a measure of interobserver
agreement between two readers. A κ statistic in the range of
0.81 to 1was interpreted as excellent agreement, 0.61 to 0.80
as substantial, 0.41 to0.60asmoderate, 0.21 to0.40as fair, and
0 to 0.20 aspoor.We calculated the point estimate of weighted
κ for ordinal datausing quadraticweighting,which is unbiased
accounting for the correlation within the cluster (3).

Ordinal logistic mixed-effects models were used to com-
pare the 4-point scale resulting from the four scanning
methods, with random intercepts for participant, rater,
and scan location within each participant to account for
correlation in the clustered data. The fixed effects include
scan method, structure, and their interaction. A two-sided
p<0.0083 (¼0.05/6) for multiple comparisons using the
Bonferroni correction was considered statistically
significant.

Data were analyzed using R 3.6.1 (R Foundation for
Statistical Computing, Vienna, Austria) for κ statistic, and
GLIMMIX procedure with ESTIMATE in SAS v9.4 (SAS Insti-
tute, Cary, NC) for ordinal logistic mixed-effects models.

Quantitative Analysis
Differences in imagenoise and SNR between the NR, HR, SHR,
and UHR groups were assessed with Student’s t-test. A
p<0.05 was considered significant.

Results

Image Quality

Qualitative Results
Qualitative image scores are shown in ►Table 2. The inter-
observer agreement between the two readers was substan-
tial (κ¼0.76). There was no statistical difference between
the UHR and SHR modes for visualizing the osseous struc-
tures of interest. Compared with the NR mode, there was
improved visualization of the temporal bone osseous struc-
tureswith the HR, SHR, and UHRmodes. Therewas improved
visualization of four structures (posterior crus of the stapes,
incudostapedial articulation, spiral osseous lamina of the
cochlea, and vestibular aqueduct) with the SHR mode com-
pared with the HR mode. There was improved visualization
of all osseous structures except for the cochlear aqueduct
with the UHR mode compared with the HR mode.

Quantitative Results
Quantitative evaluation of image quality is shown
in ►Table 3. There was no significant statistical difference
in image noise and SNR between the UHR and SHR images.
However, there was progressively increased image noise and Ta
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decreased SNR with the NR, HR, and SHR/UHR images,
respectively.

Discussion

Technical Innovation
While many factors will impact the final spatial resolution of
a CTsystem, detector size is one of the critical factors limiting
the ability to resolve submillimeter anatomic structures.
Several methods of reducing the detector element size in
CT have been investigated. First, placement of an attenuating
comb (grid) filter on top of the detector can reduce the
detector aperture size.14–16 However, the removable comb
can block up to three-quarters of incident photons, reducing
dose efficiency and limiting its clinical utility.17,18 Second,
flat panel prototype CT scanners have been studied, but are
limited by contrast-to-noise ratio, scan field of view, and
temporal resolution, limiting their commercialization.19–22

Finally, recent advances in photon-counting detectors (PCDs)
have made whole-body photon-counting CT possible, result-
ing in a variety of clinical applications, including temporal
bone imaging. Ultra-high-resolution PCD-CT acquisitions
can lead to superior temporal bone imaging quality, and
have been shown to delineate temporal bone anatomic
structures better than comb-based ultra-high-resolution
modes on conventional CT scanners.17

The current ultra-high-resolution CT system is unique
because of the following innovations: thinner detector ele-
ments (0.25mm at isocenter), increased number of detector
rows, smaller X-ray tube focus size, decreased slice thickness,
and larger reconstructionmatrices (►Table 1). By optimizing
the relationships between these CT parameters, one of the
most advantageous features of an ultra-high-resolution im-
aging CT system is the improved spatial resolution of up to
150μm.23,24 To our knowledge, this is the first study to
directly compare the difference in image quality of the
temporal bone using the NR, HR, SHR, and UHR reconstruc-
tion modes (►Fig. 1 and ►Fig. 2) on this CT system. Despite
the relative increase in image noise and decrease in SNR,
temporal bone SHR andUHRCT imaging results in significant
improvement in image quality compared with NR and HR
imaging (►Fig. 1 and ►Fig. 2). A prior study has shown
excellent improvement in spatial resolution between UHR
and conventional NR imaging.12 However, there has been no
direct comparison between SHR and UHR imaging specifi-
cally. Our preliminary data suggest that there is no statisti-
cally significant difference in subjective image quality
between UHR and SHR imaging, which differs mainly in
the reconstruction matrix size of 1,024 versus 2,048, respec-
tively. Radiation doses were identical for SHR and UHR
imaging. The fact that the temporal bone is an intrinsically
high signal-to-noise structure is likely an important contrib-
uting factor to this finding.

Higher resolution spatial imaging may overcome some of
the shortcomings of current temporal bone imaging. More
accurate ossicular prosthetic dimensions measured on
higher spatial resolution CT can improve hearing and func-
tional outcomes. For example, conventional CTTa
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measurements consistently overestimated intravestibular
piston dimensions and vestibular intrusion for stapedial
protheses.25 Better pre- and postoperative assessments of
cochlear implant patients can guide decisions regarding
candidacy for surgery, side selection, surgical technique,
and the detection of postoperative complications.4However,
metallic artifacts from implantswill still present a diagnostic
challenge irrespective of spatial resolution. Different acqui-
sition techniques and metal artifact reduction algorithms
can be applied to reduce CT metal artifacts, which can be
further investigated on this high-resolution CT system in the
future. 3D printing of the anatomy of the temporal bone
utilizing higher spatial resolution CT for better detailed
delineation of small osseous structures can be helpful for
educational and surgical teaching.26

Limitations of this study includes a small sample size
and use of cadaveric specimens, which was necessary to
eliminate radiation dose from being a limiting factor in
this comparative analysis. We used the FC35 standard
sharp bone reconstruction kernel. Although it is not a
high-resolution kernel, it is the most commonly used
kernel at our institution. Future investigations can be
focused on the relative image quality of SHR and UHR
imaging in patients.

Potential Clinical Impact
Our preliminary data indicate that the SHR dataset can still
capture the highest anatomic detail of the temporal bone
relative to the UHR dataset, while requiring lesser computa-
tional requirements and shorter reconstruction times, which
is conducive for efficient workflow. Greater anatomic detail
is clinically important for several reasons. This information
can potentially improve the diagnosis, surgical treat-
ments,27,28 and accuracy of 3D-printed models29–32 of tem-
poral bone diseases.

Conclusion

Super-high-resolution and ultra-high-resolution CT imaging
results in significant improvement in image quality com-
pared with normal-resolution and high-resolution CT imag-
ing of the temporal bone. This study also indicates that there
is no significant clinically relevant difference in image quality
between super-high-resolution and ultra-high-resolution CT
imaging of the temporal bone.
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