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Background: To assess the influence on the spatial resolution of various Ultra-high-resolution computed
tomography (CT) parameters and provide practical recommendations for acquisition protocol optimization
in musculoskeletal imaging.

Methods: All acquisitions were performed with an Ultra-high resolution scanner, and variations of
the following parameters were evaluated: field-of-view (150-300 mm), potential (80-140 KVp), current
(25-250 mAs), focal spot size (0.4x0.5 to 0.8x1.3 mm’), slice thickness (0.25-0.5 mm), reconstruction matrix
(512x512 to 2048x2048), and iso-centering (up to 85 mm off-center). Two different image reconstruction
algorithms were evaluated: hybrid iterative reconstruction (HIR) and model-based iterative reconstruction
(MBIR). CATPHAN 600 phantom images were analyzed to calculate the number of visible line pairs per
centimeter (Ip/cm). Task transfer function (T'TF) curves were calculated to quantitatively evaluate spatial
resolution. Cadaveric knee acquisitions were also performed.

Results: Under the conditions studied, the factor that most intensely influenced spatial resolution was the
matrix size (additional visualization of up to 8 Ip/cm). Increasing the matrix from 512x512 to 2048x2048
led to a 28.2% increase in TTF10% values with a high-dose protocol and a 5.6% increase with a low-dose
protocol with no change in the number of visually distinguishable line pairs. The second most important
factor affecting spatial resolution was the tube output (29.6% TTF10% gain and 5 additional lp/cm
visualized), followed by the reconstruction algorithm choice and lateral displacement (both with a 4 Ip/cm
gain). Decreasing the slice thickness from 0.5 to 0.25 mm, led to an increase of 3 Ip/cm (from 17 to 20 Ip/cm)
and a 17.3% increase in TTF10% values with no change in the “in-plane” spatial resolution.
Conclusions: This study provides practical recommendations for spatial resolution optimization using
Ultra-high-resolution CT.
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Introduction

Increasing spatial resolution represents a confirmed trend
among various computed tomography (CT) manufacturers,
and the bulk of literature supporting the clinical benefit of
CT scanners using detector elements of 0.25 mm” (ultra-
high resolution CT, UHRCT) is ever-increasing (1-7).
Oostveen et al. have indicated that UHRCT may double
the spatial resolution compared with standard resolution
multi-detector CT (SRCT) scanners, reaching spatial
resolutions as low as 0.12 mm (8,9). Ultra-high resolution
is one of the expected parallel benefits of the detector
systems used for photon counting CT; however, photon
counting scanners’ availability and commercialization are
still limited by technical issues (e.g., detector cross-talk and
pulse pile-up) and cost (10). UHRCT using conventional
detectors, on the other hand, is currently available and is
particularly promising for the evaluation of small structures
with high intrinsic contrast (11-15). Thus, UHRCT can be
potentially useful for musculoskeletal imaging, improving
the identification of superficial cartilage lesion on CT
arthrography, trabecular fractures and characterization
of bone tumors, and soft tissue calcifications (16,17)
(Figure I1). Moreover, UHRCT coupled with finite element
fractal analysis could improve fracture risk estimation in
central and peripheral bone structures (18).

However, in clinical practice, spatial resolution may
vary considerably depending on the acquisition protocol,
image reconstruction options, and patient body habitus.
Part of this problem comes from the fact that a wider range
of protocol settings affecting spatial resolution is available
with UHRCT scanners (e.g., larger matrix sizes, multiple
focal spot sizes, and slice thicknesses as thin as 0.25 mm) and
the effect of protocol options in UHRCT might be more
pronounced than SRCT. Since UHRCT may require more
exposure than SRCT; protocol optimization is paramount to
increase spatial resolution while limiting patient exposure (8).
Another important issue with UHRCT is the massive
amount of data generated, which is sometimes incompatible
with current data transfer speeds and storage capabilities,
leading to image accessibility issues in clinical practice.
Indeed, decreasing slice thickness by half and increasing
matrix size from the conventional 512x512 to 2048x2048
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leads to a 32-fold increase in the amount of data generated
for the same z-axis coverage. Finally, with the decrease
in detector element size, factors such as vibrations and
patient positioning may have a greater influence on spatial
resolution on UHRCT scanners compared to SR ones.

Methods

This study’s objective was to evaluate the influence of
various factors on spatial resolution, one of the main factors
influencing diagnostic performance in musculoskeletal CT, and
provide protocol optimization recommendations in UHRCT.
For this purpose, phantom acquisitions and task transfer
functions (T'TF) (both in-plane and through-plane) were
analyzed with different protocol settings to assess the degree of
influence of each of these factors on spatial resolution (19).

All acquisitions were performed with a UHRCT scanner
(Aquilion Precision, Canon Medical Systems, Otawara,
Japan) in helical mode with a z-axis coverage of 40 mm and a
one-second tube rotation speed. Variations of the following
acquisition parameters were evaluated: field-of-view (FOV),
tube voltage, tube current, focal spot size, slice thickness, and
reconstruction matrix. Two image reconstruction algorithms
were evaluated: hybrid iterative reconstruction (HIR) (AIDR
3D—adaptive iterative reconstruction, Canon Medical
Systems) using two different bone kernels (a standard bone
kernel - FC30 and a sharp bone kernel—FC80) and model-
based iterative reconstruction (MBIR) (FIRST—forward
projected model-based iterative reconstruction—bone,
Canon Medical Systems). Acquisitions were also performed
with the phantom centered and laterally displaced 5
and 8.5 cm. Acquisition dose was kept constant for all
acquisitions except for tube output, acquisition matrix,
and reconstruction algorithm variations. 7azble 1 depicts all
acquisition protocol variations evaluated.

The CTP528 module of a CATPHAN 600 (The
Phantom Laboratory Incorporated) was imaged. This
module contains a high-resolution test gauge [from 1 to
21 line pairs per centimeter (Ip/cm)] for spatial resolution
evaluation. The Catphan phantom’s 404 module was also
used to assess T'TF on a Teflon insert (e.g., closest to the
bone density). This module was scanned perpendicular to the
recommended position for evaluating the slice thickness on
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Figure 1 Two examples of the potential clinical impact of UHRCT images for the evaluation of peripheral joints. (A) Comparison between
wrist CT arthrography images obtained in a conventional SRCT scanner (120 KVp, 50 mA 512x512 matrix, FOV 15 cm, 1.5 mm, HIR)
and a UHRCT scanner 120 KVp, 65 mA 1,024x1,024 matrix, 0.4 mm slice thickness, FOV 14 cm, HIR reconstruction) in two patients with
post-traumatic wrist pain. Images are presented in the coronal plane with 1,900 WW and 4,900 WL after a tricompartimental iodinated
contrast injection. (B) Comparison between calf CT arthrography images showing an osteoid osteoma of the talus obtained in a conventional
SRCT scanner (100 KVp, 150 mA, 512x512 matrix, FOV 29 c¢m, 0.6 mm slice thickness, and HIR reconstruction) and a UHRCT scanner
(120 KVp, 170 mA, 1,024x1,024 matrix, 0.25 mm slice thickness, FOV 7 cm, and HIR reconstruction). Images are presented in the axial
plane with 600 WW and 2400 WL. Note the clear gain in spatial resolution on the UHRCT image with a clearer identification of bone
trabeculae and articular cartilage surface in (A) and a better depiction of the osteoid osteoma nidus and central calcification in (B) (arrowhead
in the SRCT image and arrow in the UHRCT image). This difference in spatial resolution results from the combined effect of various
parametric differences in the acquisition protocol. CT, computed tomography; SRCT, standard resolution CT; UHRCT, ultra-high
resolution CT; FOV, field-of-view, KVp, tube potential; mA, tube current; WW, window width; WL, window level; HIR, hybrid iterative

reconstruction.

the “through-plane” spatial resolution, and coronal images
with 0.2, 0.5, and 0.8 mm thickness were reconstructed.
Images were analyzed with Image] 1.48v (National Institute
of Health, USA) and ImQuest 7.1, Duke University,
Durham, USA). The TTF values at 10% (T'TF10%) were
calculated in all acquisitions. The TTF10% value amplitude
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yielded by the variations in each acquisition parameter
studied was calculated and compared to each other.

Each variable’s importance on the spatial resolution was
first evaluated by a musculoskeletal radiologist with 13 years
of clinical experience with CT considering the maximum
line pairs per centimeter on the high-resolution test
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Table 1 Evaluated acquisition protocol variations

Parameter Tested variations Acquisition protocol

FOV (mm) 150, 220 and 300 250 mA, 120 KVp, 0.5 mm slice thickness, pitch 0.56, CTDI vol-32 cm 27.9 mGy 1,024x1,024
matrix, 0.4x0.5 mm? focal spot, MBIR

KVp 80, 100, 120, 140 220 mm FQV, 25-140 mA*, 0.5 mm slice thickness, pitch 0.56, CTDI vol-32 cm 4.4 mGy
matrix 1,024x1,024, 0.4x0.5 mm? focal spot, MBIR

mA 25, 50, 100, 200, 250 220 mm FOV, 120 KVp, 0.5 mm slice thickness, pitch 0.56, CTDI vol-32 cm 2.8-27.9 mGy,

1,024x1,024 matrix, 0.4x0.5 mm?® focal spot, MBIR

Focal spot size  0.4x0.5, 0.6x0.6, 0.6x1.3, 220 mm FOV, 250 mA, 120 KVp, 0.5 mm slice thickness, pitch 0.56, CTDI vol-32 cm

(mm?) 0.8x1.3
Image 512x512, 1,024x1,024,
matrix 2048x2048

Slice thickness 0.25-0.5

27.9 mGy, 1,024x1,024 matrix, MBIR

220 mm FQOV, 25-250 mA, 120 KVp, 0.5 mm slice thickness, pitch 0.56, CTDI vol-32 cm
2.8-27.9 mQGy, 0.4x0.5 mm? focal spot, HIR standard Sharp Kernel**

220 mm FQOV, 250 mA, 120 KVp, pitch 0.56, CTDI vol-32 cm 27.9 mGy 1,024x1,024 matrix,

(mm) 0.4x0.5 mm? focal spot, MBIR, MPR 0.2-0.8

Reconstruction HIR std, HIR sharp, MBIR 220 mm FQOV, 25-250 mA, 120 KVp, 0.5 mm slice thickness, pitch 0.56, CTDI vol-32 cm

algorithm

2.8-27.9 mGy, 1,024x1,024 matrix, 0.4x0.5 mm? focal spot

*, variation required to keep a similar total dose; **, MBIR not available for the 2048x2048 matrix. KVp, tube potential; mA, Tube
current; CTDI, computed tomography dose index; FOV, field-of-view; HIR, hybrid iterative reconstruction; MBIR, model-based iterative

reconstruction; Std, standard.

gauge (representing the visual impact of spatial resolution
variations). The evaluation was dichotomic (e.g., clearly
visible or not). The maximum TTF10% values were then
used to stratify parameters further, yielding the same gain
in line pairs per centimeter. Based on this analysis, practical
recommendations are proposed.

Acquisitions were performed on a cadaveric knee (fresh
frozen lower limb specimen) to assess the potential impact
of the evaluated protocol changes in clinical practice. This
evaluation was done using the same UHRCT scanner but
also on a SRCT scanner (Aquilion One Genesis edition,
Canon Medical Systems, Otawara, Japan) with the following
acquisition protocol: 180 mm FOV, 110 mA, 120 KVp,
0.5 mm slice thickness, 512x512 matrix, 0.9x0.8 mm’ focal
spot, MBIR. The specimen was left to thaw for 24hrs on
room temperature before imaging.

Since this study was performed on phantom and fully
anonymized cadaveric specimens written informed consent
and ethical approval were not required, and the terms of the
declaration of Helsinki do not apply.

Results
FOV and phantom centering effects

As expected, reducing the FOV led to increased spatial
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resolution (e.g., linearly decreasing pixel size). There was
a 15.1% reduction in the T'TF10% values when the FOV
was increased from 150 to 300 mm. Visually, the spatial
resolution increased from 13 to 16 Ip/cm (spatial resolution
gain 3 Ip/cm).

Lateral displacement had a considerable effect on spatial
resolution, with a 30.8% decrease in TTF10% values at
maximal lateral displacement (8.5 cm). Visually, this translated
into a loss of 4 Ip/cm in resolution (from 18 to 14 Ip/cm in a
centered and laterally displaced phantom, respectively).

Tube output effects
Using the MBIR algorithm, which allegedly offers the

best performance at low doses, when the volumic CT dose
index estimated with a 32 cm phantom (CTDIvol-32 cm)
was increased from 2.8 to 27.9 mGy (25 to 250 mA and
120 KVp), there was 29.6% increase in TTF10% values
(TTF10% values were 14.8 and 21 Ip/cm, respectively).
Visually, the spatial resolution increased from 12 to 17 Ip/cm
(spatial resolution gain 5 lp/cm) (Figure 2). When a tube
voltage variation (80 to 140 KVp) was implemented
while keeping the dose level constant (CTDIvol-32 cm of
4.4 mGy), there was no noticeable change in spatial
resolution with no variation in the discernable line pairs and
amean TTF10% variation of 0.1%.
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Matrix effects

The matrix effect with a constant FOV on the spatial
resolution was dependent on the dose, and the greatest
benefit of increasing the matrix size was seen in higher dose

Dose effect on TTF with MBIR

120 __ CTDIvol 2.8mGy - 25 mAs - 120 kV
__ CTDIvol 5.6 mGy - 50 mAs - 120 KV
—_ CTDIvol 11.1 mGy - 100 mAs - 120 KV
100 CTDIvol 22.3 mGy - 200 mAs - 120 KV
— CTDIvol 27.9 mGy - 250 mAs - 120 kV

80

60

TTF (%)

40

20

0 5 10 15 20 25
Spatial frequency (Ip/cm)

Figure 2 TTF curves showing the effect of a dose increase (CTDI, 3,
«m values presented in the graph legend) on spatial resolution
with the following protocol: MBIR, FOV 220 mm, 120 KVp,
1,024x1,024 matrix, 0.5 mm slice thickness, 0.4x0.5 mm’ focal spot
size. Note that increasing the dose led to a progressive increase in
spatial resolution. TTE, task transfer function; CTDIvol, volumic
computed tomography dose index; FOV, field-of-view, KVp,
tube potential; mAs, tube current; MBIR, model based iterative

reconstruction.
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levels (Figure 34). With a CTDIvol-32 cm of 22.3 mGy
(120 KVp and 200 mA), increasing the matrix from 512x512
to 2048x2048 led to a 28.2% increase in TTF10% values
(from 13.6 to 17.5 Ip/cm, respectively), which corresponded
to a visual increase of 8 Ip/cm (from 13 to 21 Ip/cm).
The same matrix size increase with a CTDIvol-32 cm
of 2.8 mGy (120 KVp and 25 mA) led to a 6% increase
in TTF10% values with no difference in the number
of line pairs per centimeter (10 Ip/cm in both 512x512
and 2048x2048 acquisitions). The spatial resolution gain
was slightly lower when the matrix size changed from
1,024x1,024 to 2048x2048 (7.9% increase in TTF10%
values) compared to the 512x512 to 1,024x1,024 change
(10.6% increase in TTF10% values) with a CTDIvol-32 cm
of 27.9 mGy (Figure 3B).

Figure 4 demonstrates the potential influence of tube
output and matrix settings on the image aspect of bone in a
cadaveric knee.

Reconstruction algorithm effects

Overall, the reconstruction algorithm that yielded the
best spatial resolution was MBIR, followed by HIR with
the sharp bone kernel and, finally, HIR with the standard
bone kernel. The reconstruction algorithm’s effect on
TTF10% values was also dose-dependent, but as opposed
to the matrix effect, these benefits were most important at

low doses (Figure 5). With a CTDIvol-32 c¢m of 2.8 mGy

B Matrix effect on TTF

120 L
__ 512° Matrix HIR sharp kernel - 120 kV

— 1024* Matrix HIR sharp kernel - 120 kV
" 2048° Matrix HIR sharp kernel - 120 kV
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80

60

TTF (%)

40
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0 5 10 15 20 25
Spatial frequency (Ip/cm)

Figure 3 Matrix effects on spatial resolution. (A) Graphic demonstrating the effect of the matrix size and dose to TTF10% values with
the following acquisition protocol: HIR with a sharp kernel, 220 mm FOV, 120 KVp, 25-250 mA (CTDI, ., o, 2.8-27.9 mGy); 0.5 mm
slice thickness, 0.4x0.5 mm’ focal spot size. Note that the greatest benefit of increasing the matrix size was seen in higher dose levels. (B)
TTF curves demonstrating the matrix effect on spatial resolution with a CTDI, 3, o, 27.9 mGy (120 KVp, 250 mA). Note that in general,
the spatial resolution gain was slightly higher when the matrix size changed from 512x512 to 1,024x1,024 compared to 1,024x1,024 to
2048x2048. TTE, task transfer function; CTDI,,,;, volumic computed tomography dose index; FOV, field-of-view, KVp, tube potential; mA,

tube current; HIR - hybrid iterative reconstruction.
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Figure 4 Cadaveric knee images demonstrating the potential impact acquisition parameter optimization on the bone image aspect. All

images are presented in the axial plane with 600 WW and 2,400 WL were acquired with a 180 mm FOV and were reconstructed using
a HIR algorithm using a standard bone kernel. (A) UHRCT image acquired with 120 KVp and 115 mA, using a 2048x2048 matrix. (B)
UHRCT image acquired with 120 KVp and 60 mA, using a 1,024x1,024 matrix. (C) SRCT image acquired with 120 KVp and 110 mA,

using a 512x512 matrix. Note the improvement in the sharpness of bone trabeculae in (A) compared to (B) even though both were acquired

with a UHRCT scanner. Note also the improvement in the visualization of bone trabeculae in (B) compared to (C) even though the
delivered dose was lower in (B). CT, computed tomography; SRCT, standard resolution CT; UHRCT, ultra-high resolution CT; FOV, field-
of-view, KVp, tube potential; mA, tube current; WW, window width; WL, window level; HIR - hybrid iterative reconstruction.

(120 KVp and 25 mA), changing the reconstruction
algorithm from HIR with a standard bone kernel to
MBIR led to a 93.3% increase in TTF10% values (from
7.6 to 14.8 Ip/cm, respectively). At the highest dose level
(CTDIvol-32 c¢m 27.9 mGy, 120 KVp, 250 mA), changing
the reconstruction algorithm from HIR with a standard
bone kernel to MBIR evaluated led to a lower TTF10%
increase of 55.3%. However, regardless of the dose, there
was a visual gain in spatial resolution of 4 Ip/cm (from 14 to
18 Ip/cm at the highest dose setting and from 9 to 13 Ip/cm
at the lowest; Figure 6). Changing from a standard to a sharp
bone kernel using HIR also increased TTF10% values from
26.8% to 36.2% (from 2.3 to 4.9 Ip/cm), depending on the
dose. Changing HIR with a sharp bone kernel to MBIR also
led to an increase in TTF10% values varying from 14% to
48.4% depending on the dose.

Figure 7 demonstrates the reconstruction algorithm’s
potential influence on the image aspect of bone in a
cadaveric knee.

Slice thickness effect

Decreasing the acquisition slice thickness (collimation)
from 0.5 to 0.25 mm, improved the “through-plane” spatial

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

resolution. The maximal spatial resolution gain was seen
with the thickest reconstruction slice thickness (0.8 mm)
with a visual increase of 3 Ip/cm (from 17 to 20 Ip/cm),
and an improvement of 18.1% TTF10% values was noted
(Figure 8). With the thinnest reconstruction slice thickness
(0.2 mm), the gain in visually detected line pairs was only
1 Ip/cm. Varying the acquisition slice thickness had no
impact on the “in-plane” spatial resolution (no change in
the number of discernable line pairs and no significative
variation on TTF10%).

Focal spot effect

Changing the focal spot size from 0.4x0.5 to 0.8x1.3 mm’
had a modest influence on spatial resolution with no
perceptible effect on the number of line pairs per
centimeter and a 24% TTF10% variation. Among the
focal spot sizes evaluated, the most important spatial
resolution gain was noted when the focal spot changed from
0.6x0.6 to 0.6x1.3 mm’ (19.6%).

Based on these data, the order of importance in terms
of spatial resolution gain of the parameters evaluated and
acquisition protocol recommendations are presented in
Table 2.
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A Algorithm and dose effect B Algorithm and dose effect
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Figure 5 Reconstruction algorithm effect on spatial resolution. (A) Graphic demonstrating the effect of the reconstruction algorithm and
dose to TTF,y, values. Note that these benefits were most important at low doses. (B) TTF curves for MBIR, HIR with the sharp bone
kernel and, HIR with the standard bone kernel with the following acquisition protocol: 220 mm FOV, 50 mA, 120 KVp, CTDIL,,;, cm
5.6 mGy, 0.5 mm slice thickness, 1,024x1,024 matrix, 0.4x0.5 mm” focal spot. TTF, task transfer function; CTDIvol, volumic computed
tomography dose index; FOV, field-of-view, KVp, tube potential; mA, tube current; MBIR, model based iterative reconstruction; HIR,

hybrid iterative reconstruction.

HIR standard bone kernel HIR sharp bone kernel

— 15 Ip/cm
9 Ip/cm - P/
I 16 e

A\
e

Figure 6 Reconstruction algorithm effect on spatial resolution evaluated with high-resolution test gauge in a Catphan 600 with
the following protocol: 220 mm FOV, 120 KVp, 250 mA (CTDIL,3; o 27.9 mGy); 0.5 mm slice thickness, 1,024x1,024 matrix,
0.4x0.5 mm? focal spot size. Note the progressive increase in the number of identifiable line pairs from A to B to C. CTDI,,;, volumic
computed tomography dose index; FOV, field-of-view, KVp, tube potential; mA, tube current; HIR - hybrid iterative reconstruction.
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Figure 7 Cadaveric knee images demonstrating the potential impact of the reconstruction algorithm on the bone image aspect. Axial
images with 600 WW and 2,400 WL, acquired with a 180 mm FOV, 120 KVp, and 60 mA, were reconstructed with a 1,024x1,024 matrix.
(A) UHRCT MBIR image. (B) UHRCT image reconstructed with an HIR algorithm using a standard bone kernel. Note the overall
improvement in the sharpness of bone trabeculae in (A) compared to (B). CT, computed tomography UHRCT, ultra-high resolution
CT; FOV, field-of-view, KVp, tube potential; mA, tube current; WW, window width; WL, window level; MBIR, model based iterative

reconstruction; HIR, hybrid iterative reconstruction.

0.5 mm slice thickness 0.25 mm slice thickness
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Figure 8 Slice thickness effect in the “through-plane” spatial resolution evaluated with high-resolution test gauge in a Catphan 600 with
the following protocol: 220 mm FOV, 120 KVp, 250 mA (CTDI, 5, o 27.9 mGy), 1,024x1,024 matrix, 0.4x0.5 mm’ focal spot size, MBIR,
and 0.8 mm reconstruction thickness. (A) Image with an acquisition slice thickness of 0.25 mm. (B) Image with an acquisition slice thickness
of 0.25 mm. Note the increase in the number of identifiable line pairs with 0.25 mm slice thickness compared to 0.5 mm. CTDI,,, volumic

computed tomography dose index; FOV, field-of-view, KVp, tube potential; mA, tube current; MBIR, model based iterative reconstruction.

Discussion affecting spatial resolution was the tube output (29.6%
TTF10% gain and 5 additional Ip/cm visualized), followed
by the reconstruction algorithm choice (up to 93.3%
TTF10% gain and 4 additional Ip/cm visualized). Even

though physically, the delivered dose is not directly liked

The factor that most intensely influenced spatial resolution
was the matrix size (additional visualization of up to 8 Ip/cm).
This effect, however, was dose-dependent and was

practically nullified at the lowest dose level (CTDIvol-32 cm
of 2.8 mGy). Indeed, the second most important factor

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

to spatial resolution, we hypothesize the dose effect on
spatial resolution might be linked to image noise level and

Quant Imaging Med Surg 2021;11(10):4287-4298 | http://dx.doi.org/10.21037/qims-21-217
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Table 2 Acquisition protocol recommendations for spatial resolution optimization in UHRCT

Line pairs TTF 109,

Target parameter . .
improvement improvement

Recommendation

The highest possible in standard/high-dose protocols. If low-dose is

required use standard matrix setting

Reconstruction Matrix 8 28.2%
Tube output 5 29.6%
Reconstruction algorithm 4 93.3%
Lateral displacement 4 30.8%
Slice thickness 3 17.3%
Field-of-view 2 15.1%
Focal spot size 0 24%

Work with standard to high dose. Use the highest mA reasonably achievable
Use MBIR. If not available use HIR with the sharpest kernel possible

Pay close attention to patient centering

The smallest possible if high reconstruction reformats are required*

The smallest possible

Use automatic scanner setting

*, No influence on the “in-plane” spatial resolution. MTF, Modulation transfer function; mA, Tube current; HIR, Hybrid iterative
reconstruction; MBIR, model based iterative reconstruction; TTF, Task transfer function.

reconstruction algorithm performance. This hypothesis
may also explain the dose dependency of the matrix
effect. A concomitant increase matrix size and tube output
reduction may increase image noise to a level that cannot
be compensated by the iterative reconstruction algorithm
leading to a spatial resolution loss. Although various studies
previously reported the spatial resolution benefits of MBIR
algorithms, the weight of the reconstruction algorithm
choice compared to other factors affecting spatial resolution
was not thoroughly reported (20). The data presented also
confirms that an increase in the delivered dose is currently
required to achieve the maximal spatial resolution potential
of UHRCT. Part of this dose increase requirement
might likely be reduced or even suppressed by further
improvements in iterative reconstruction algorithms and
detector technology such as deep learning-based iterative
reconstruction (3,21,22). Meanwhile, the AHARA (as high
as reasonably achievable) principle should be advocated
to optimize spatial resolution with UHRCT being well
suited for evaluating peripheral joints, which have low
radiosensitivity (23).

Patient centering, often neglected in clinical practice, was
the fourth most important factor affecting spatial resolution.
This effect is likely related to the fact that butterfly filter
geometry is better suited for evaluating round or elliptical
objects at the center of the gantry, leading to an increase in
image noise at the gantry periphery (24,25). Additionally,
it is likely that with a constant number of projections,
lateral off-centering reduces the angular sampling,
further increasing image noise. Finally, the importance of
patient centering in optimizing patient dose and image
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quality has received recent attention in the literature and
underscores the benefit of scanner models offering lateral
table displacement possibilities and automatic patient
positioning systems (24-26). Moreover, the dose-effect on
spatial resolution was greater than that of the focal spot
size. Thus, using the automatically selected focal spot size
selected by the scanner software (e.g., the smallest possible
based on the used tube potential, current, scan mode [helical
versus sequential], and Z-axis coverage) is likely the best
option (as opposed to manually selecting small focal spots
and reducing gantry rotation speeds to allow higher dose
delivery) (27).

Although the reduced detector element sizes in UHRCT
produce a considerable increase in spatial resolution than
standard CT scanners, reducing the slice thickness from
0.5 to 0.25 mm had no noticeable impact on the “in-
plane” spatial resolution (8). The benefit of reducing the
acquisition slice thicknesses to 0.25 mm was only seen
on reformats (“through-plane” spatial resolution) and
was maximal with higher reconstruction slice thicknesses
(0.8 mm). Given the 2-fold increase in data volume
associated with reducing the slice thickness down to
0.25 mm, studies with large Z-axis coverage requirements
may generate massive amounts of data (particularly if large
matrix sizes are used). Given current CT scanner-PACS
(picture archiving and communication system) data transfer
and storage capabilities, 0.25 mm thickness slices are more
suitable for centered acquisitions when high resolution
multiplanar reformats are required (e.g., fine trabecular
bone and microvasculature analysis).

Using higher matrix sizes with the appropriate dose
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setting led to a considerable increased spatial resolution.
However, in clinical practice, the benefit of larger matrix
sizes is highly dependent on the acquisition FOV and
zooming effect. The benefit of higher matrices basically
translates to having the capacity to zoom in on an
image without losing detail. This is particularly useful
in acquisitions with a larger FOV, allowing a detailed
analysis of smaller structures. However, Zooming is of
less importance for centered acquisitions with small FOV
(e.g., visual information is already accessible directly).
Moreover, reducing the FOV led to a higher increase in
spatial resolution (line pairs per centimeter) than increasing
the acquisition matrix, with no change in the image
size. Thus, the clinical context and the anatomic region
evaluated should also be considered for UHRCT protocol
optimization.

Some limitations of this study should be acknowledged.
Although the most clinically important and user-accessible
factors influencing spatial resolution were assessed, various
additional factors that affect spatial resolution on CT
were not evaluated (e.g., acquisition mode—helical versus
sequential, vertical off-centering, tube rotation speed,
etc.). Other factors influencing image quality, such as low-
contrast detectability, noise, texture, which are of secondary
importance for analyzing structures with high intrinsic
contrast, were not evaluated in this study. A contrast
dependence of MBIR on spatial resolution has also been
reported and was also not assessed (28). Deep learning-
based image reconstruction algorithms could reduce the
dose requirements for optimal spatial resolution; however,
such algorithms were not evaluated in this study. The
clinical impact of UHRCT was also not assessed in this
study. Given the size of the used phantom, the presented
results are better suited for peripheral joints. Further
studies are necessary to evaluate the influence of the
evaluated factors on central joints. Finally, as optimal spatial
resolution still requires moderate to high dose levels, further
studies are necessary to assess these dose requirements’ risk/
benefit in specific clinical scenarios.

Conclusions

Hence, the presented results led to evidence-based
recommendations that can help optimize the spatial
resolution of UHRCT for the evaluation of joints. Although
UHRCT scanners have a great potential to improve spatial
resolution, factors such as matrix size, dose, reconstruction
algorithm, and patient centering are paramount and
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likely interrelated. Neglecting protocol optimization may
considerably limit the spatial resolution gain produced by
these scanner models.
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