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Abstract

Background: Accurate detection and grading of atheromatous stenotic lesions within the
cardiac, renal, and intracranial vasculature is imperative for early recognition of disease and
guiding treatment strategies.

Purpose: In this work, a stenotic lesion phantom was used to compare high resolution and
normal resolution modes on the same CT scanner in terms of detection and size discrimination
performance.

Materials and Methods: The phantom is comprised of three acrylic cylinders (each 15.0 cm in
diameter and 1.3 cm thick) with a matching array of holes in each module. The outer two modules
contain holes that are slightly larger than the corresponding hole in the central module to simulate
stenotic narrowing in vasculature. The stack of modules was submerged in an iodine solution
simulating contrast-enhanced stenotic lesions with a range of lumen diameters (1.32 mm to 10.08
mm) and stenosis severity (0, 50%, 60%, 70%, and 80%). The phantom was imaged on the Canon
Agquilion Precision high-resolution CT scanner in high-resolution (HR) mode (0.25 mm x 0.50
mm detector element size) and normal-resolution (NR) mode (0.50 mm x 0.50 mm) using 120 kV
and two dose levels (14 and 21 mGy SSDE) with 30 repeat scans acquired for each combination.
Filtered back-projection (FBP) and a hybrid-iterative reconstruction (AIDR) were used with the
FC18 kernel, as well as a deep learning algorithm (AiCE) which is only available for HR. A
non-prewhitening model observer with an eye filter was implemented to quantify performance for
detection and size discrimination tasks in the axial plane.
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Results: Detection performance improved with increasing diameter, dose, and for AIDR in
comparison to FBP for a fixed resolution mode. Performance in the HR mode was generally
higher than NR for the smaller lumen diameters (1-5 mm) with decreasing differences as the
diameter increased. Performance in NR mode surpassed HR mode for lumen diameters greater
than ~4 mm and ~5 mm for 14 mGy and 21 mGy, respectively. AiCE provided consistently higher
detection performance compared with AIDR-FC18 (48% higher for a 6 mm lumen diameter).
Discrimination performance increased with increasing nominal diameter, dose, and for larger
differences in stenosis severity. When comparing discrimination performance in HR to NR modes,
the largest relative differences occur at the smallest nominal diameters and smallest differences in
stenosis severity. The AiCE reconstruction algorithm produced the highest overall discrimination
performance values, and these were significantly higher than AIDR-FC18 for nominal diameters
of 7.14 and 10.08 mm.

Conclusions: HR mode outperforms NR for detection up to a specific diameter and the results
improve with AiCE and for higher dose levels. For the task of size discrimination, HR mode
consistently outperforms NR if AIDR-FC18 is used for dose levels of at least 21 mGy, and the
results improve with AiCE and for the smallest differences in stenosis severity investigated (50%
vs. 60%). High-resolution CT appears to be beneficial for detecting smaller simulated lumen
diameters (<5 mm) and is generally advantageous for discrimination tasks related to stenotic
lesions, which inherently contain information at higher frequencies, given the right reconstruction
algorithm and dose level.

INTRODUCTION

Accurate detection and grading of stenotic lesions are imperative for early recognition

of atherosclerotic disease and guiding treatment strategies.12 Several methods for the
quantification of carotid stenosis were used in the early 1990s in large-randomized trials
(North American Symptomatic Carotid Endarterectomy Trial Collaborators3 “NASCET’
and the European Carotid Surgery Trialists’ Collaborative Group* “ECST”). These relied
on indirect ratio methods given that direct methods were not possible with conventional
imaging modalities of that time (i.e., catheter angiography and digital subtraction imaging).
Direct methods for renal and carotid stenosis assessment are now possible with advances
in computed tomography (CT) and magnetic resonance (MR) imaging.>8 — making carotid

stenosis assessment using CT angiography (CTA) or MR angiography (MRA) now standard
practice in the clinicl-9.19. Carotid endarterectomy, a surgical procedure employed to reduce

the risk of stroke from carotid artery stenosis'?, is highly beneficial in patients with 70%
stenosis or greater without near occlusion - resulting in a 16% decrease in the 5-year risk
of an ipsilateral stroke.12. For patients with 50-69% stenosis the benefit of endarterectomy
is marginal, and for patients with <50% stenosis no positive effect is seen with surgery.12

The clear dependency of carotid stenosis grading on the efficacy of treatment, underlines the

need for accurate and precise measurements of stenosis severity. In other words, the ability

to distinguish between a 60% and 70% stenosis is imperative for deciding on whether to use

surgery for treatment.

The grading of stenotic lesions is related to the perceptual task of discriminating physical

size differences between separate features of the CT image. Discriminating a more occluded
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lumen from a less occluded one is an integral part of lesion characterization. In much the
same way that image noise can limit the detectability of some anatomical object of interest,
noise can also limit the ability to distinguish between objects with different physical features
of interest (e.g., size, shape, and contrast).13-16 Both detection and discrimination tasks
may be relevant for assessing imaging methodologies in a more clinical context such as
assessment of vascular stenoses. At a more fundamental level, these different tasks often
emphasize different spatial frequencies. For detection of a contiguous region of increased
or decreased attenuation (e.g., a vascular lumen), the largest frequency components are
often found at low spatial frequencies. For tasks such as discriminating a slightly larger
lumen from a smaller one, the lower spatial frequencies are often similar, and the largest
differences in the spectra are found at higher frequencies.

High-resolution CT (HRCT) scanners offer the ability to produce images with a greater
range of frequency content. The purpose of this work is to assess relative performance

of detection and discrimination tasks for comparing high resolution mode with normal
resolution mode on the same system. We expect comparable performance in detection tasks
for high resolution and normal resolution modes since the relevant frequencies are typically
lower, but improved performance in the discrimination tasks that emphasize higher spatial
frequencies. We designed and built a phantom that is representative of simple luminal
stenosis detection and discrimination tasks with luminal diameter size ranges (1.32 mm to
10.08 mm) that are relevant to intracranial, coronary, and renal stenoses.17-19

2. METHODS

2.1. Stenotic lesion phantom design

A phantom was designed for simulating atheromatous luminal stenoses in contrast-enhanced
CT examinations, hereafter referred to as the “stenosis phantom.” The phantom is comprised
of three acrylic cylinders each 15.0 cm in diameter and 1.3 cm thick. Each module contains
a matching array of holes at three different radial locations — 6 holes at a radial distance of
1.9 cm from the central axis of the phantom (”,), 12 holes at 3.8 cm (Rp), and 24 holes at
6.4 cm (Rp) as shown in Figure 1a. Each hole was first drilled out using a slightly smaller
sized bit followed by a precision reamer. This method produces highly accurate holes with
smooth side walls. The two outer modules have identical sized holes, and the central module
contains holes that are smaller in diameter simulating an arterial stenosis. Table 1 outlines
the array of different nominal diameters (Dpominal) Used in specifying each hole size. For
example, hole index #9 has a 1.85 mm simulated lumen diameter in the outer disk and a
1.61 mm lumen diameter in the central disk emulating a 2.95 mm nominal lesion with a 60%
and 70% stenosis severity, respectively. The term “simulated-lumen diameter” will hereafter
be referred to as simply “lumen diameter”. Stenosis severity is defined as the reduction

in cross-sectional area of the lumen reported herein as a percentage. The phantom was
designed to have several repeat lumen diameters and stenosis gradings within the inner most
radial locations (R and Rg) as detailed in Table 1. The purpose of this was to investigate
the effect of spatial location within the phantom (and system geometry) to see if there were
any observable differences in detectability performance.
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For aligning the central axes of the modules, a 0.51 cm hole was machined through all

three modules and fastened using Nylon all-thread, washers, and nuts. A centering pin was
placed in one of the stenosis hole-pairs for fine alignment. Once aligned, the nuts were then
tightened to lock in alignment and minimize air gaps between each module. The stack of
acrylic cylinders was then placed within a water-tight polyethylene container that is 19.1

cm in length and tapers in diameter from 19.1 cm at the top to 15.9 cm at the bottom. To
minimize the volume of iodine solution that is required to fill the 1-gallon container and to
minimize the chance of air bubbles, several acrylic disks were placed immediately above
and below the stack of stenosis modules — positioning the stack approximately in the center
(along z) of the container. These two regions (above and below the stack) mimic continuous
scatter media encountered in a clinical CT exam. The two regions were filled with wax
pellets and partitioned from the stenotic lesion region using a mesh screen. The mesh screen
contains holes that are small enough to stop the pellets from passing through and potentially
getting into the stenosis hole pairs, but big enough to easily allow the iodine solution to
complete diffuse through the phantom and fill the hole pairs.

The phantom container was filled with ~10 mg/ml of iodine solution which was prepared

by serial dilution of Visipaque™ and distilled water. This specific iodine concentration was
chosen to simulate a contrast of ~130 HU with respect to the acrylic background consistent
with the lower range of contrast enhancement thresholds recommended for stenotic lesions
throughout the body.29-22 The relationship between HU and iodine concentration was
determined a priori by scanning a custom iodine calibration phantom, previously reported?3,
on the Aquilion Precision (Canon Medical Systems, Otawara, Japan) high-resolution CT
scanner (explained in detail in the following section) at 120 kV. The calibration phantom

is composed of small plugs of iodine of various concentrations (0, 2, 5, 10, 15 and 20

mg/cc iodine) all encased within a thin plastic rod (CIRS Inc., Norfolk, VVA). The calibration
phantom was placed within the 32 cm CTDI phantom and scanned at maximum mAs
resulting in CT numbers of 274.5 HU for the 10 mg/ml iodine slug and 140.5 HU for

the acrylic background. The CT number of the ~10 mg/ml iodine solution in the stenosis
phantom was measured by placing two regions of interest (ROIS) in the central slice of

an outer module within the largest lumen diameter near the center and at the periphery of
the phantom (i.e. hole index #20 at radial locations Rp and R¢ from Table 1). The mean

CT number within the two ROIs were within 3% of each other and the average of the two
was measured to be 263.8 HU. The CT number for the acrylic bulk material was measured
using identical sized ROIs as the iodine measurement and ROI locations directly adjacent
to the iodine measurement. The mean CT number within the two acrylic ROIs were within
1% of each other and the average of the two was measured to be 139.5 HU. All ROI
measurements were made in the CT volume data set with a nominal reconstruction protocol
(120 kV, FBP-FC18). A final image contrast of 124 HU (rounded to the nearest integer) was
measured for the simulated stenotic lesions.

2.2. Phantom Imaging and Reconstruction

The stenosis phantom was positioned in the Aquilion Precision HRCT scanner with care
taken to align the phantom in the axial plane. A collimation width of 4 cm was used to
cover the z-extent of the stenosis phantom modules (3.9 cm in total) in a single axial rotation
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(i.e., no table motion), and the phantom was scanned in both normal resolution “NR” mode
(0.50 mm x 0.50 mm detector element size in the channel and row directions, respectively)
and high-resolution “HR” mode (0.25 mm x 0.50 mm detector element size) using 120 kV.
Depending on the specified dose of the scan, gantry rotation times of 0.5 or 0.6 seconds

and either of the two smallest focal spot sizes (0.4 x 0.5 mm and 0.6 x 0.6 mm) were used.
The large (body) bowtie filter was used for all acquisitions, but as previously reported?* the
body bowtie filter for HR mode is less attenuating than the corresponding filter used for

NR mode resulting in ~23% higher CTDl, 32 values for HR compared with NR mode at
the same mAs. To compensate for this, higher mAs values were used for NR mode than

for HR mode, and the mAs values were selected to deliver two different CTDI\ 32 values
of 7 mGy and 11 mGy (rounded to the nearest integer) as provided by the system. The

adult body CTDl,,q 37 to size-specific dose estimate (SSDE) conversion factors from AAPM
Report 20425 were then used to compute the corresponding SSDE levels of 14 mGy and

21 mGy (rounded to the nearest integer). This range of SSDE levels is consistent with
published diagnostic reference levels (DRLs) for abdomen and pelvis CT examinations with
contrast26. If CTDlyy 16 values and head CTDI\ 16-to-SSDE conversation factors from
AAPM Report 29327 were used instead, albeit with the body bowtie filter as was used in the
acquisitions, the resulting SSDE levels range from 9 mGy to 18 mGy which encompasses
the published DRL of 16.5 mGy SSDE (converted from 18 mGy CTDl, published in Table
4 of reference) for neck CT examinations with contrast.2 A water equivalent diameter (D,,)
of 18.6 cm was used for all SSDE calculations. Thirty repeat scans were acquired for the two
dose levels and two resolution modes (120 total scans) for use in detectability estimation.

For all phantom acquisitions, the image data were reconstructed using FBP and a hybrid-
iterative (AIDR3D Standard) reconstruction algorithm, hereafter termed “AIDR”, with the
FC18 “Body” kernel. For only the HR mode acquisitions, the Advanced Intelligent Clear-1Q
Engine (AiICE) deep learning reconstruction, specifically designed for the body (AiCE
Body), was used at two levels (Standard and Strong) — hereafter referred to as AiCE-STD
and AiCE-STR. AiCE-STR was used only for the 14 mGy SSDE scans as this “strong”
denoising is designed to benefit lower dose applications and is of less interest at 21 mGy
where it is expected that all AiCE reconstructions will perform well. AiCE is currently not
available for use with NR mode acquisitions. A reconstruction diameter of 400 mm and a
slice thickness of 0.5 mm was used for all reconstructions resulting in voxel sizes of 0.78
mm x 0.78 mm x 0.50 mm for NR mode (512 x 512 matrix size) and 0.39 mm x 0.39 mm x
0.50 mm for HR (1024 x 1024).

2.3. Detectability

Detection and size discrimination were estimated for axial slices extracted from the 3D

CT volume using the non-prewhitening model observer2® with an eye filter?® (NPWE) as
described in detail in the follow two sections. Each hole pair in the phantom was first
localized in the ensemble average volume of all 30 repeat scans. Slices containing air
bubbles or the interface between an outer and central module were excluded from the
analysis resulting in 21 slices per module (63 slices total). Regions-of-interest (ROIs) with a
spatial extent in the axial plane equal to 1.5 times the lumen diameter were extracted for all
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lumens in the phantom and a circular Hough transform was used to estimate the position of
the center of each lumen.

2.3.1. Detection—The detection template, w a N x N array, required for implementation
of the NPWE model was synthesized using the known lumen diameters and measured
image contrast (124 HU), blurred by the axial plane MTF, and convolved with the square

of the eye filter. The MTF was measured on the Aquilion Precision, using a previously
reported method30, across the range of radial distances from the isocenter, focal spot sizes,
gantry rotation times, resolution modes, voxels sizes, and reconstruction algorithms/kernels
explored in this work. The axial plane MTF was assumed to be isotropic in (f and fy) which
is a reasonable assumption given that all lumens are relatively close to the isocenter and
therefore similarly affected by azimuthal and radial blur.39 All lumens in the first two radial
arrays (Ra = 1.9 cm and Rg = 3.8 cm) were blurred using the MTF measured at a radial
distance of 4 cm from the scanner isocenter and the lumens in the outer array (R¢ = 6.4cm)
were blurred using the axial MTF measured at a radial distance of 7.5 cm. This step takes
into account a relatively small, but observable decrease in the MTF (at least in HR mode)

as previously described.30 We utilized an eye filter, E, proposed by Burgess?? to include
contrast sensitivity of the human visual system with “c” the exponential parameter set to 2.2
for a typical viewing distance of 50 cm.

Template responses were computed as the inner product of w with the N x N ROI from the
CT volume. The signal-present response, 4, was computed as the inner product of w with
the CT ROI at the slice index i, where i = 1,...., 21 indexes the 21 slices for the central and
outer modules, and index j represents the 30 repeat scans. A non-signal location adjacent
to the target location was used to form the signal-absent response 4;; across the module

slices and repeat scans. The average signal-present and signal-absent template responses are
represented by 77 and 7™, respectively. Signal-present variance, 5+, was computed as the
sample variance of the signal-present responses, and the signal-absent variance, &;-, was

computed as the sample variance of the signal-present response. The resulting detectability
estimation is then given by,

d;der =
@

Detection performance (d,..) was calculated separately for the 84 holes of various diameters
(42 in the outer module and 42 in the central modules). Bootstrapping over the 30 replicate
CT scans with 1000 resamples (including replication) was used to derive error in the d,,
estimation. Detectability estimates were calculated separately for each dose level, resolution
mode and reconstruction algorithm/kernel combination. In addition, the ratio of HR mode to
NR mode results was analyzed as a function of lumen diameter. To obtain a lumen-diameter
threshold for which there is an expected advantage for HR mode (denoted as DyrsnR),

we fit a line to the data for all diameters (except 10.08 mm) and evaluated the diameter

at which the line has a value of 1. The error in the Dyrsng €Stimation was derived
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from bootstrapping over the range of lumen diameters with 1000 resamples (including
replication).

2.3.2. Size Discrimination—The detection template, w, for the size discrimination

task was synthesized as the difference between the outer module lumen diameter and the
central module lumen diameter. Referring to Figure 1b and Table 1, the index location 1
represents the task of discriminating between a 50% stenosis (2.08 mm diameter lumen in
outer module) and a 70% stenosis (1.61 mm lumen in central module) for a nominal lumen
diameter of 2.95 mm. The signal present response, 4, was computed as the inner product of
w with the CT ROI for the outer module (i.e., larger lumen diameter) at the slice index i and
scan index j. The signal-absent response, A;;, was computed as the inner product of w with
the CT ROI for the central module (i.e., smaller lumen diameter) at the slice index i and scan
index j. Signal-absent and signal-present variance was estimated as described in the previous
section. Given these definitions of the signal response and variance, detectability for the size
discrimination task, d,,, is then given by,

at-a

5@+ e

ddrs =

@

Discrimination performance was calculated separately for the 42 hole-pair combinations (24
of which are the unigue combinations detailed in Table 1). Error in the 4, estimation was
derived by bootstrapping over the 30 replicate scans with 1000 resamples (with replication).
Detectability estimations were performed separately for each dose level, resolution mode
and reconstruction algorithm/kernel combination.

3. RESULTS

Figure 2 shows example axial slices through the outer and central stenosis modules as
well as coronal slices through several modeled stenotic lesions. The phantom modules are
surrounded by iodine solution resulting from the radial gap between the outer diameter of
the modules and the inner diameter of the polyethylene phantom container. The air region
near the top of the phantom is due to the phantom volume not being 100% filled.

An example of the difference signal for the detection task (signal present — signal absent)
and the corresponding Fourier transform are shown in Figures 3a and 3b, respectively, for
a 7.14 mm lumen diameter. From this example it can be observed that the spectrum is
concentrated at low spatial frequencies, 95% of the signal intensity is less than 0.35 mm™1,
The corresponding difference signal and Fourier transform for the discrimination task are
shown in Figures 3c and 3d, respectively, representing the difference between a 50% and
70% stenosis for a 7.14 mm nominal lumen diameter. Notice the largest differences in the
spectra are found at high frequencies. Now the signal spectrum is spread across a broader
range of spatial frequencies with 95% of the signal intensity less than 0.58 mm-1.
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3.1. Detection

Detection performance for all 84 lumen targets across the range of diameters explored are
shown in Figure 4. Detectability was consistently higher for higher dose levels and for
AIDR in comparison to FBP for a fixed resolution mode. This is expected given the lower
image noise for higher dose values and for AIDR in comparison to FBP.24 For the smaller
lumen diameters (approximately 1-5 mm), the detectability was generally higher for HR
than for NR as shown in Figure 5. The data suggests a decreasing linear trend in the ratio

of d,, values and the slope of this linear trend for 14 mGy (Figure 5a and 5b) is higher

for the most peripheral location (R¢) in comparison to the more central locations (Ra and
Rg). The lumen-diameter threshold for which there is an expected advantage for HR mode
(Dur>NR) Using FBP-FC18 at 14 mGy was 1.6 mm [95% confidence interval: 0.1, 3.0], 2.7
mm [1.5,3.9], and 4.0 mm [4.0, 4.1] for Ra, Rg, and R, respectively. For AIDR-FC18 at 14
mGy the Dyr>nRr Values were 4.20 mm [2.9,5.5], 6.8 mm [4.5,9.1], and 4.9 mm [4.9, 5.0]
for Ra, Rp, and Rg, respectively. When the SSDE is increased to 21 mGy (Figure 5¢ and
5d), the Dyr>NR €Stimations are more consistent across the scanner FOV, generally higher in
magnitude, and the error in the estimation is lower. For FBP-FC18 at 21 mGy the Dyr>nR
values were 4.30 mm [4.2,4.3], 4.3 mm [4.3, 4.3], and 4.3 mm [4.3, 4.3] for Ra, Rp, and R,
respectively. When using AIDR-FC18 at 21 mGy the most pronounced advantage for HR
mode was observed with Dyrsng values of 7.1 mm [7.0,7.1], 7.0 mm [6.9, 7.0], and 6.8 mm
[6.8, 6.9] for Ra, Rg, and Rg, respectively.

Figure 6a shows detection performance for HR mode as a function of lumen diameter for
21 mGy SSDE and the three different standard Body reconstruction protocols. NR was

not included in this figure as AiCE is only available in HR mode. AiCE-STD resulted in
higher detectability compared with AIDR-FC18 and FBP-FC18 — a consequence of the
superior resolution and noise suppression for AiCE-STD as shown in previous studies.3132
For a 6 mm lumen diameter, the detectability was 48% and 18% higher for AICE-STD in
comparison to FBP-FC18 and AIDR-FC18, respectively. Similar trends are observed for a
2 mm lumen with 30% and 9% higher detectability for AiCE-STD in comparison to FBP-
FC18 and AIDR-FC18, respectively. AiCE-STR results in moderate improvements over
AICE-STD for the detection task at 14 mGy SSDE as shown in Figure 6b. FBP-FC18 at 14
mGy SSDE (results not shown in Figure 6b) performed uniformly worse than AIDR-FC18
which is consistent with the results shown for 21 mGy.

Figure 7 shows detection performance for HR mode at 21 mGy SSDE and for lumens
located at radial distances of 1.9 cm (Ra), 3.8 cm (Rp), and 6.4 cm (R¢) from the central
axis of the phantom. Significantly higher performance (i.e., no overlap in 95% confidence
interval) was observed for R in comparison to R for lumen diameters of 6.3 mmand 7.1
mm. This observation indicates an improvement in detection performance at the periphery
of the phantom for the largest lumen diameters compared. Similar trends were observed for
AICE-STD at 14 mGy.

3.2. Size Discrimination

Size discrimination performance for different nominal diameters (2.95 mm to 10.08 mm)
and stenosis severities (50% vs. 60% [50/60%], 50/70%, and 50/80%) are shown in Figure
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8. The linear relationship observed for d,, as a function of nominal diameter shows that
discrimination performance scales with the nominal size of the lumen. Consistent with the
detection task, we see an overall increase with AIDR-FC18 in comparison to FBP-FC18 and
an increase with higher SSDE for all d,, results. Discrimination performance is consistently
higher for larger differences in stenosis (e.g., 50/80% vs. 50/60%).

Looking specifically at the ratio of 4,,, for HR and NR (Figure 9), the ratio is highest for the
smallest nominal diameters and for 50/60% compared with 50/80%. For example, averaged
across the 5 nominal diameters, d,,, for HR is 25%, 20%, and 17% greater than NR for
50/60%, 50/70%, and 50/80%, respectively, for AIDR-FC18 at 21 mGy SSDE (Figures 9d
and 9h). Higher discrimination performance is observed for HR in comparison to NR at

21 mGy SSDE when using AIDR-FC18 across a range of nominal diameters and stenosis
severity differences.

Figure 10 shows d,, results for HR mode comparing different reconstruction algorithms
and plotted separately for different stenosis severity comparisons. For 21 mGy SSDE

and the smallest difference in stenosis severity, discrimination performance for AiCE-

STD is significantly higher (no overlapping error bars) than AIDR-FC18 for all nominal
diameters investigated except the smallest diameter of 2.95mm (Figure 10a). AiCE-STD
performance for 50/80% is significantly higher than AIDR-FC18 across all nominal
diameters investigated (Figure 10b). With a lower dose level of 14 mGy SSDE (Figure 10c-
d), AiCE-STR offers minimal improvements over AiCE-STD except for 50/80% stenosis
differences for the largest nominal diameter of 10.08 mm (Figure 10d).

Figure 11 compares size discrimination performance (d,,) for AiCE-STD at 21 mGy SSDE.
For small differences in stenosis (50/60%) size discrimination performance was consistent
across position throughout the phantom except for nominal diameters of 7.14 mm and 10.08
mm. When comparing 50% vs. 80% stenoses, significant differences were observed for
nominal diameters of 5.04 mm, 7.14 mm, and 10.08 mm. Similar trends were observed for
AICE-STD at 14 mGy.

4. DISCUSSION

Detectability estimations were above the Rose criterion (d,., > 5) for all combinations
compared except FBP-FC18 and AIDR-FC18 with 14 mGy SSDE for the smallest lumen
diameters. The Rose criterion33 serves as a simple measure of how visible the iodine-
enhanced holes in the acrylic background are in the reconstructed CT images. This
criterion is commonly used as a performance metric in noise-limited uniform backgrounds
— consistent with its use here. The overall high detectability is expected given the relatively
high contrast and dose used in this work. The data indicates that there is a lumen-diameter
threshold above which HR no longer provides higher detection than NR mode. Figure 3b
shows that signal amplitudes are concentrated at lower spatial frequencies for detection
tasks. However, when the detection target is small enough (less than ~5 mm lumen
diameter), there is sufficient high-frequency content to confer an advantage for HRCT as
indicated by the results in Figure 5.
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Scanner performance for a size discrimination task was found to improve as nominal lumen
diameter increases and for larger differences in stenosis severity as shown in Figure 8.

AIiCE outperforms the other two reconstruction algorithms compared (AIDR and FBP)
particularly for larger nominal diameters and stenosis severity differences as shown in
Figure 10. Even though the lowest discrimination performance is seen when comparing 50%
vs. 60% stenosis (i.e., small differences in stenosis severity), the HR to NR mode ratio is
highest for this case. This result is attributed to the increase in spatial resolution for HR
mode which is advantageous for the discrimination task given the broad range of spatial
frequencies in the differences signal as shown in Figure 3d.

As mentioned above, the detection of a high contrast disk posed in this study results in
overall high detectability and therefore one could argue that detection (in the context of
parameters investigated in this study) is not a task that needs improvements. We included
detection to show that there is less of a proportional improvement in this task than there is
for the discrimination task when comparing HR and NR modes. This observation is made
clear when comparing the results presented in Figures 5 and 9.

Improvements in detection and discrimination performance were observed for the larger
lumen targets at the periphery of the phantom compared to the center. Azimuthal blur
resulting from the motion of the gantry increases as the location moves farther away from
the isocenter and therefore we expect a decrease in resolution at the periphery of the scanner.
However, given the range of radial distances investigated (1.9 cm to 6.4 cm), the differences
in resolution are relatively small as detailed previously.30 The observed increase in detection
and discrimination performance for larger lumen diameters at the periphery of the phantom
can be attributed to the higher image noise present at the center of the phantom compared to
the periphery — a well-known phenomenon resulting from the relatively higher attenuation of
X-rays passing through the phantom center.

This study aimed to compare detection and size discrimination performance using high
resolution and normal resolution modes on the same system. It has been shown that the
normal resolution mode on the Precision CT scanner performs somewhat worse than a
comparable normal resolution system by the same vendor (Aquilion One Genesis, Canon
Medical Systems Corporation).3* While it would have been interesting to compare the
results presented in this work with a comparable normal resolution system, we do not have
access to such a system and therefore making these comparisons was not possible.

The detection templates used in this study were synthesized using the known properties

of the holes, the measured HU values of the iodine and acrylic in images reconstructed
using FBP, and the measured MTFs for all the different reconstruction algorithm/kernel
combinations utilized. It is well understood that non-linear CT reconstruction algorithms,
such as AIDR and AiCE employed in this study, could have an effect on the contrast of local
features. However, these differences in contrast were not explicitly modeled in this work as
the HU values used in the detection template were measured only using FBP. Despite this
limitation, previously-reported work34 has shown <3% deviation in CT numbers between
HR and NR modes on the Precision system for Acrylic and Teflon materials, therefore the
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differences presented in this work when comparing these different resolution modes should
still be valid.

The size discrimination task presented in this work is a simplified model for the clinical
task of distinguishing visible size differences, but has been shown to be similar to a human
observers processing of physical size differences.14 We therefore anticipate that the general
findings presented in this study for the discrimination task will translate well to human
observer performance.

5. CONCLUSION

The high-resolution mode was found to provide significantly higher detection than NR mode
on a high-resolution CT scanner for the smallest diameter investigated (1.32 mm), and the
best performance in these comparisons were for AIDR-STD-FC18 at 21 mGy SSDE. For
the task of size discrimination, it was found that HR mode outperforms NR mode across
the range of nominal diameters and stenosis severity differences for AIDR-STD-FC18 at
21 mGy SSDE. Discrimination performance was higher for larger nominal diameters and
larger differences in stenosis severity. This improvement for size discrimination using HR
is especially true for smaller differences in stenoses (50% vs. 60%) which are important to
distinguish for the clinical decision on how to treat patients with luminal stenoses. A deep
learning-based reconstruction algorithm (AiCE), only available for HR mode, outperforms
all other reconstruction algorithms and provides the highest detection and discrimination
performance. We find high-resolution CT to be advantageous for the detection of smaller
simulated lumen diameters (< 5 mm) and is more generally beneficial for discrimination
tasks which inherently involve information at higher frequencies.
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Figure 1.
Photographs of the three machined acrylic cylinders comprising the stenotic lesion phantom

(a) and a schematic showing the indexing and relative locations of the array of holes at three
different radial locations from the phantom center (R4, R, and R¢). Table 1 details each
hole diameter and simulated stenosis severity for the indexing showing in (b).
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Figure 2.
Axial slices through the outer (top row) and central modules (central row) are shown along

with a sagittal slice (bottom row) through the stenosis phantom. The images represent the
ensemble average of 30 repeat scans (a) and a single scan (b) for FBP reconstruction with
the FC18 kernel.
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Figure 3.
Examples of the difference signal (a,c) and corresponding Fourier transform (b,d) are shown

for the detection (a,b) and discrimination tasks (c,d). The lumen diameter is 7.14 mm for
the detection task and the discrimination task represents the 50% stenosis (5.05 mm lumen
diameter) and 70% stenosis (3.91 mm) for a nominal 7.14 mm diameter lumen.
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(a) FBP-FC18: 14 mGy (b) AIDR-FC18: 14 mGy (c) FBP-FC18: 21 mGy (d) AIDR-FC18: 21 mGy
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Figure 4.
Detection performance (d,.) results are shown for FBP-FC18; 14 mGy SSDE (a) AIDR-

FC18; 14 mGy (b), FBP-FC18; 21 mGy (c), and AIDR-FC18; 21 mGy (d). Estimations are
plotted for NR mode (y-axis) and HR mode (x-axis) across all 84 lumen targets along with
the line of identity (dashed line). The x and y error bars indicate the 95% confidence interval
derived from bootstrapping across the 30 repeat scans.
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Detection performance (d,.) results shown as a ratio of HR to NR for lumens located at three
different radial locations (Ra.c) from the central axis of the phantom. The linear fit was
calculated for all data points except the 10.08 mm lumen diameter at the R radial location.
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Detection performance (d,,,) plotted for HR mode at 21 mGy SSDE (a) and 14 mGy SSDE
(b) for all 48 lumen targets (24 for outer disk and 24 for central disk) in the outer radial

location (R¢).
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Figure7.
Detection performance (d,,) plotted for HR mode at 21 mGy SSDE for lumens located at

the three different radial locations of 1.9 cm (Ra), 3.8 cm (Rp), and 6.4 cm (R¢) from the
central axis of the phantom. The error bars indicate the 95% confidence interval derived
from bootstrapping across the 30 repeat scans.
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Figure 8.

Sige discrimination (d,,) results are plotted for HR mode (a-d) and NR mode (e-h) for
FBP-FC18; 14 mGy SSDE (a,e) AIDR-FC18; 14 mGy (b,f), FBP-FC18; 21 mGy (c,g), and
AIDR-FC18; 21 mGy (d,h) across all 24 lumen difference targets in the outer radial location
(Rc). Resulted are plotted separately for 50% vs. 60% stenoses (50/60), 50/70, and 50/80%.
The y-axis error bars indicate the 95% confidence interval derived from bootstrapping across
the 30 repeat scans.
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Size discrimination (d,,) results are plotted as a ratio of the fitted data (Figure 6) for HR to
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NR mode across all 24 lumen difference targets in the outer radial location (R¢).
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Figure 10.
Size discrimination (d,,) results are plotted for HR mode at 21 mGy SSDE (a,b) and 14 mGy

SSDE (c,d) across various stenosis differences in the outer radial location (R¢). The error
bars indicate the 95% confidence interval derived from bootstrapping across the 30 repeat
scans.
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Discrimination performance (d,,) plotted for HR mode at 21 mGy SSDE for lumens located

at the three different radial locations of 1.9 cm (Ra), 3.8 cm (Rg), and 6.4 cm (R¢) from
the central axis of the phantom. The error bars indicate the 95% confidence interval derived
from bootstrapping across the 30 repeat scans.
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Size specifications for the 24 unique hole pairs in the stenosis phantom. The hole pairs are organized by the
nominal simulated-lumen diameters of 3, 4, 5, 7, and 10 mm (rounded to the nearest 0.1 mm) and then by
stenosis percentage for the outer and central modules of the phantom. The largest radial distance from the
phantom center (R¢ = 6.4 cm) contains all 24 hole pairs.

HoleIndex | Dnomina (MM) | Dgyter (MmM) | Stenosisyyter (%) | Deentrar (MM) | Stenosisgentrar (%)
9 2.95 1.85 60.4 1.61 70.0
13 " 1.85 60.4 1.32 79.9
1 " 2.08 50.0 1.61 70.0

440 " 2.08 50.0 1.85 60.4
ga.b " 2.08 50.0 1.32 79.9
50 * 2.95 0.0 1.32 79.9
2b 3.99 2.82 50.0 2.53 59.8
6 " 2.82 50.0 2.18 70.0
100 “ 2.82 50.0 178 80.1
14 * 3.99 0.0 1.78 80.1
18 5.05 3.17 60.5 2.78 69.8
22 * 3.17 60.5 2.26 80.0
7 " 3.57 50.1 2.78 69.8
10a.b * 3.57 50.1 3.17 60.5
1640 " 3.57 50.1 2.26 80.0
3b " 5.05 0.0 2.26 80.0
176 7.14 5.05 49.9 4.50 60.4
190 " 5.05 49.9 3.17 80.2
21 " 5.05 49.9 391 70.0
23 “ 7.14 0.0 3.17 80.2
11 10.08 7.14 49.9 5.56 69.6
2080 “ 7.14 49.9 6.35 60.3
248, * 7.14 49.9 4.50 80.1
15 " 10.08 0.0 4.50 80.1

aHoIe index repeated for radial location RA (1.9 cm from the phantom center)

bHoIe index repeated for radial location RB (3.8 cm from the phantom center)
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