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BACKGROUND. Ultra-high-resolution CT (UHRCT) allows acquisition using a small
detector element size, in turn allowing very high spatial resolutions. The high resolu-
tion may reduce partial-volume averaging and thereby renal cyst pseudoenhancement.

OBJECTIVE. The purpose of this article was to assess the impact of UHRCT on renal
cyst pseudoenhancement.

METHODS. A phantom was constructed that contained 7-, 15-, and 25-mm simu-
lated cysts within compartments simulating unenhanced and nephrographic phase
renal parenchyma. The phantom underwent two UHRCT acquisitions using 0.25- and
0.5-mm detector elements, with reconstruction at varying matrices and slice thickness-
es. A retrospective study was performed of 36 patients (24 men, 12 women; mean age,
75.7 £ 9.4 [SD] years) with 118 renal cysts who underwent renal-mass protocol CT us-
ing UHRCT and the 0.25-mm detector element, with reconstruction at varying matrices
and slice thicknesses; detector element size could not be retrospectively adjusted. ROIs
were placed to measure cysts’ attenuation increase from unenhanced to nephrograph-
ic phases (to reflect pseudoenhancement) and SD of unenhanced phase attenuation (to
reflect image noise).

RESULTS. In the phantom, attenuation increase was lower for the 0.25- than 0.5-mm
detector element for the 15-mm cyst (4.6 + 2.7 HU vs 6.8 + 2.9 HU, p = .03) and 25-mm
cyst (2.3 + 1.4 HU vs 3.8 + 1.2 HU, p = .02), but not the 7-mm cyst (p = .72). Attenuation
increase was not different between 512 x 512 and 1024 x 1024 matrices for any cyst size
in the phantom or patients (p > .05). Attenuation increase was not associated with slice
thickness for any cyst size in the phantom or in patients for cysts that were between 5
mm and less than 10 mm and those that were 10 mm and larger (p > .05). For cysts small-
er than 5 mm in patients, attenuation increase showed decreases with thinner slices,
though there was no significant difference between 0.5-mm and 0.25-mm (3-mm slice:
23.7 + 22.5 HU; 2-mm slice: 20.2 + 22.7 HU; 0.5-mm slice: 11.6 + 17.5 HU; 0.25-mm slice:
12.6 £ 19.7 HU; p < .001). Smaller detector element size, increased matrix size, and thinner
slices all increased image noise for cysts of all sizes in the phantom and patients (p <.05).

CONCLUSION. UHRCT may reduce renal cyst pseudoenhancement through a small-
er detector element size and, for cysts smaller than 5 mm, very thin slices; however, these
adjustments result in increased noise.

CLINICAL IMPACT. Although requiring further clinical evaluation, UHRCT may facil-
itate characterization of small cystic renal lesions, thereby reducing equivocal interpre-
tations and follow-up recommendations.

The widespread use of CT, along with advances in CT technology, have increased the in-
cidental detection of renal masses, leading to a need for reliable differentiation between
renal cysts and neoplasms. Conventional MDCT has been used to characterize renal mass-
es measuring as small as 5-10 mm as cysts [1]. To minimize partial-volume effect when
characterizing renal lesions by MDCT, it is recommended to use thin collimation and a re-
constructed slice thickness of less than half the size of the lesion being evaluated [1-5].

A recognized pitfall in characterizing small renal lesions as cysts by MDCT is pseudoen-
hancement, defined as an artifactual increase in attenuation of a renal cyst by 10 to ap-
proximately 20 HU [2, 6, 7]. Pseudoenhancement is generally considered to be a result of
inadequate correction of beam-hardening artifact by the reconstruction algorithm as a re-
sult of enhancement of the renal parenchyma adjacent to the cyst [8-10]. Pseudoenhance-

"Department of Radiology, National Defense Medical College, Namiki 3-2, Tokorozawa, Saitama 359-8513, Japan.
Address correspondence to H. Shinmoto (hshinmoto@gmail.com).

2Department of Radiology, Keio University School of Medicine, Tokyo, Japan.

AJR:219, October 2022


https://doi.org/10.2214/AJR.22.27354

Downloaded from www.ajronline.org by 88.24.4.251 on 11/15/23 from | P address 88.24.4.251. Copyright ARRS. For personal use only; al rights reserved

Ultra-High-Resolution CT, Pseudoenhancement, and Renal Cysts

ment is more common in cysts that are small and endophytic [11,
12]. The phenomenon has been shown to vary among CT systems
from different manufacturers and from different equipment gen-
erations [7, 13] and to be influenced by a range of CT parameters
(Table S1, available in the online supplement). Although pseu-
doenhancement is more severe when using thicker slices be-
cause of more pronounced volume averaging, pseudoenhance-
ment itself is a distinct artifact from partial-volume averaging
and has been observed even when partial-volume averaging has
been minimized [8]. Pseudoenhancement may lead to additional
follow-up imaging of incidental renal masses and possible misdi-
agnosis as a benign cyst.

Ultra-high-resolution CT (UHRCT) has been clinically available
since 2017 and provides greatly improved spatial resolution com-
pared with conventional MDCT because of the use of a smaller
detector element size, smaller focus size, and larger matrices [14—
16]. Specifically, UHRCT uses reconstruction matrix sizes of 1024 x
1024 or 2048 x 2048 compared with 512 x 512 for convention-
al MDCT and achieves a spatial resolution of 0.12 mm compared
with a spatial resolution ranging from 0.23 to 0.35 mm for con-
ventional MDCT [15]. Hata et al. [16] achieved the highest image
quality in cadaveric lungs imaged by UHRCT when using a 2048 x
2048 matrix to obtain maximal spatial resolution.

The improved spatial resolution resulting from UHRCT is ex-
pected to reduce partial-volume averaging and thus contribute
to a decrease in renal cyst pseudoenhancement. On the other
hand, the smaller detector element size, larger matrix size, and
thinner slices of UHRCT decrease incident photons, thereby in-
creasing image noise and lowering image quality [16-19]. The
decrease in incident photons could affect attenuation measure-
ments, resulting in an unclear impact on pseudoenhancement
(which could be exacerbated or mitigated). To our knowledge,
the impact of UHRCT on renal cyst pseudoenhancement has not
been previously investigated. The aim of this study was thus to
assess the impact of UHRCT on renal cyst pseudoenhancement,
with attention to small (i.e., < 10 mm) cysts.

Methods

This single-center retrospective study adhered to the princi-
ples of the Declaration of Helsinki. Approval for the clinical por-
tion was granted by the National Defense Medical College’s eth-
ics committee. The requirement for written informed patient
consent was waived by the institutional review board.

UHRCT Scanner

A UHRCT scanner (Aquilion Precision, Canon Medical Systems)
was used for both a phantom experiment and a clinical study.
The UHRCT scanner provides two scan modes: normal-resolution
(NR) mode and super-high-resolution (SHR) mode. The NR mode
is comparable to conventional CT, is acquired using 896 detec-
tor channels and a 0.5-mm detector element, and is reconstruct-
ed using a 512 x 512 matrix size. The SHR mode is acquired using
1792 detector channels and a 0.25-mm detector element and can
be reconstructed from a single acquisition at a matrix size of ei-
ther 512 x 512 or 1024 x 1024. Both NR and SHR acquisitions can
be reconstructed at different slice thicknesses.
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HIGHLIGHTS

Key Finding

B Using UHRCT, renal cyst pseudoenhancement was
decreased in the phantom by using a smaller detector
element size of 0.25 mm for the 25- and 15-mm cysts and
in patients by decreasing slice thickness to 0.25 or 0.5 mm
for cysts smaller than 5 mm; increased matrix size did not
reduce pseudoenhancement.

Importance

B By enabling very high spatial resolution beyond the
resolution of conventional MDCT, UHRCT may reduce
partial-volume averaging and thereby reduce
pseudoenhancement for small renal cysts.

Phantom Study

Phantom design—Different materials were used to represent
cysts, renal parenchyma, and the abdominal cavity. Three hol-
low polypropylene spheres measuring 7, 15, and 25 mm in diam-
eter were filled with water (CT attenuation, 0 HU) to simulate sim-
ple renal cysts [6, 20]. These were inserted into the center of a
polyethylene cylindric kidney phantom to create susceptibility to
pseudoenhancement [21]. The kidney phantom had a diameter
of 55 mm, matching the mean kidney diameter in an earlier study
[21]. Two kidney phantoms were prepared. In one kidney phan-
tom (hereafter, the unenhanced phantom), the space around the
spheres was filled with water to simulate unenhanced renal pa-
renchyma. In the other kidney phantom (hereafter, the nephro-
graphic phase phantom), the space around the spheres was filled
with contrast agent (ioversol, Optiray 350, Guerbet Japan) dilut-
ed with water to yield an attenuation of 174-177 HU; this atten-
uation reflected the mean attenuation of renal parenchyma in
the nephrographic phase on UHRCT according to an initial ex-
ploratory evaluation of patients not included in the current study.
A pipette was used to remove residual air from the spheres and
cylinders. The two kidney phantoms were both inserted into a
water-filled body phantom (National Electrical Manufacturers As-
sociation) with a lateral dimension of 320 mm, anteroposterior di-
mension of 220 mm, and height of 200 mm to simulate the hu-
man abdominal cavity.

CT technique—The body phantom containing the two kidney
phantoms was scanned by UHRCT. The phantom was positioned
at the gantry’s isocenter, perpendicular to the scanner’s z-axis.
The phantom underwent an acquisition in NR mode, from which
image sets at different slice thicknesses were reconstructed, and
an acquisition in SHR mode, from which image sets at different
matrix sizes were reconstructed. Scan parameters are shown in
Table S2 (available in the online supplement). The phantom was
imaged 10 times in each mode, and 10 image sets were recon-
structed for each combination of detector element size, matrix
size, and slice thickness. All reconstructions were performed us-
ing hybrid iterative reconstruction.

Experiments—To assess the effect of detector element size, the
separate acquisitions using a 0.25-mm detector element (SHR
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mode) and a 0.5-mm detector element (NR mode) were both re-
constructed using a 512 x 512 matrix and 3-mm slice thickness. To
assess the effect of matrix size, the acquisition using a 0.25-mm
detector element (SHR mode) was reconstructed at 3-mm slice
thickness using both 512 x 512 and 1024 x 1024 matrices. To assess
the impact of slice thickness, the acquisition using a 0.25-mm de-
tector element (SHR mode) was reconstructed using a 512 x 512
matrix at slice thicknesses of 0.25, 0.5, 2, 3, and 5 mm. Because of
overlap of some reconstructions between these comparisons, a
total of seven unique reconstructed image sets were generated.

Image analysis—Two board-certified radiologists (K.O. and H.
Shinmoto, with 2 and 31 years of posttraining experience in ab-
dominal CT) independently performed all measurements using
PACS (EV Insite R, PSP). The radiologists placed a circular ROl on
a single slice corresponding with the z-axis center of each of the
three simulated renal cysts (7, 15, and 25 mm) for both the unen-
hanced and nephrographic phase phantoms [22, 23]. The size of
the ROl was approximately half of the cyst diameter to minimize
partial-volume effects [24, 25]. After placing the ROl in the first
image set, the copy-and-paste function was used to transfer the
ROIs for the three cysts for both phantoms to all other image sets
(i.e., all 10 reconstructions for all seven unique parameter combi-
nations). The mean attenuation of each ROl was recorded, as well
as the SD of each ROI for the unenhanced phantom. For each cyst
for each of the seven unique parameter combinations, the mean
increase in attenuation between the unenhanced and nephro-
graphic phase phantoms for the 10 acquisitions was determined.
In addition, for each cyst for each unique parameter combina-
tion, the mean SD of the unenhanced phantom for the 10 acquisi-
tions was computed as a measure of image noise.

Clinical Study

Patients and renal cysts—Patient selection was performed by a
board-certified radiologist (H.E.) with 7 years of posttraining ex-
perience in abdominal imaging who was not involved in subse-
quent data collection or analysis. The electronic medical record
was searched for patients 20 years or older who underwent a clin-
ically indicated CT examination using a multiphase renal-mass
protocol that was performed by UHRCT between June 2020 and
September 2021, identifying 107 patients. Of these patients, 48

were excluded because the clinical CT report did not describe the
presence of any renal cysts. In the remaining patients, the images
were reviewed to evaluate all cystic-appearing renal lesions (in-
cluding those identified on retrospective image review that were
not specifically mentioned in the clinical report). On the basis
of this review, the cystic-appearing lesions on CT were deemed
to represent renal cysts if also having a cystic appearance on ei-
ther ultrasound or MRI (whether performed with or without IV
contrast material) obtained within 36 months before or after the
CT and if showing a minimum of 12-month stability according
to comparisons with prior and/or subsequent imaging [23, 26].
On the basis of this review, 22 patients were excluded because
they did not have at least one renal lesion meeting these crite-
ria for simple renal cysts, and one patient was excluded because
of polycystic kidney disease. After these exclusions, the clinical
study included 36 patients (24 men, 12 women; mean age, 75.7
+ 9.4 years; age range, 54-92 years) with 118 simple renal cysts
(60 in the right kidney, 58 in the left kidney; mean cyst diameter,
10.8 + 11.7 mm; cyst diameter range, 1.2-102.1 mm). Figure 1 sum-
marizes the flow of patient selection. Patients’ height and weight
were retrieved from medical records and used to calculate BMI.

CT technique—Patients underwent multiphase contrast-en-
hanced renal-mass protocol CT using the UHRCT scanner. Af-
ter acquiring the anterior digital scout radiograph, unenhanced
images were obtained from the top of the kidneys through the
urinary bladder. Patients then received nonionic contrast medi-
um (ioversol) at 600 mg I/kg of iodine via a dual-head power in-
jector through a vein in the antecubital fossa, with an injection
duration of 30 seconds. Contrast-enhanced phases included ar-
terial, corticomedullary, nephrographic, and delayed phases for
the kidneys. The scan delay for the arterial phase was estimat-
ed according to automatic bolus tracking with the ROI placed in
the abdominal aorta at the level of the celiac trunk. The arterial
phase acquisition was started once the contrast enhancement in
the ROI reached 150 HU. The corticomedullary, nephrographic,
and delayed phases were acquired at 35, 90, and 150 seconds af-
ter the start of IV contrast medium injection.

Unenhanced images and enhanced images in all four phases
were acquired in SHR mode, from which image sets at different
matrix sizes and slice thicknesses were reconstructed. No acqui-

Patients who underwent renal-mass
protocol by UHRCT from June 2020 to
September 2021
n=107

Excluded, n=71

| n=48

* Report did not describe any renal cysts

* No cystic-appearing lesion on CT met
additional cyst criteria, n = 22
+ Polycystic kidney, n=1

A

Patients analyzed in this study
n =36 (118 simple renal cysts)

v v v
Cysts <5 mm Cysts =5 and <10 mm Cysts =10 mm
36 cysts 44 cysts 38 cysts

Fig. 1—Illlustration shows patient flowchart.
Additional criteria for renal cysts included cystic
appearance on ultrasound or MRl and minimum

of 12-month stability on basis of prior and/or
subsequent imaging. UHRCT = ultra-high-resolution
CT.
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sitions in NR mode were obtained. Aside from not obtaining an
NR-mode acquisition, scanning parameters were comparable to
those used in the phantom study (Table S2). All images were re-
constructed using hybrid iterative reconstruction.

Experiments—The effect of detector element size could not be
evaluated in the clinical study because only an SHR-mode acqui-
sition was obtained; the SHR-mode acquisition uses a 0.25-mm
detector element size and cannot be retrospectively reconstruct-
ed to reflect a different detector element size. To assess the effect
of matrix size, the single unenhanced and nephrographic phase
acquisitions (both in SHR mode using a 0.25-mm detector ele-
ment size) were reconstructed at 3-mm slice thickness using both
512 x 512 and 1024 x 1024 matrix sizes. To assess the effect of slice
thickness, the single unenhanced and nephrographic phase ac-
quisitions (both in SHR mode using a 0.25-mm detector element)
were reconstructed using a 512 X 512 matrix at slice thicknesses
of 0.25, 0.5, 2, 3, and 5 mm. Because of overlap of some recon-
structions between these comparisons, a total of six unique re-
constructed image sets were generated for each phase.

Image analysis—Two board-certified radiologists (A.M. and H.
Sugiura, with 3 and 20 years of posttraining experience in abdom-
inal CT) independently performed all measurements using PACS.
The radiologists placed a circular or ovoid ROl on each renal cyst.
The size of the ROl was approximately half of the cyst diameter
[24, 25]. The ROI position was manually adjusted if the cyst’s posi-
tion shifted between the unenhanced and nephrographic phase
images because of variation in the patient’s breath-holding or
other patient motion. The default abdominal window setting
(width, 400 HU; level, 40 HU) was used for the ROl measurements.

The ROIs placed on the unenhanced and nephrographic phase
images for each cyst were transferred using the copy-and-paste
function to all other image sets (i.e., all six unique parameter re-
constructions). The mean attenuation of each ROl was recorded,
as well as the SD of each ROI for the unenhanced phase. Cysts
were stratified into three groups according to size (< 5 mm, > 5
to < 10 mm, > 10 mm). For each of the six unique parameter com-
binations for each cyst size range, the mean increase in attenua-
tion between the unenhanced and nephrographic phase images
was determined. In addition, for each of the six unique parame-
ter combinations for each cyst size range, the mean SD of the un-
enhanced phase was computed as a measure of image noise. Fi-
nally, for each unique parameter combination for each cyst size
range, the percentage of cysts within the size range that demon-
strated an attenuation increase of 10 HU and greater, 15 HU and
greater, and 20 HU and greater was computed as a measure of
pseudoenhancement at various thresholds.

Statistical Analyses

Bland-Altman analyses were used to assess interreader agree-
ment of measurement attenuation increase between unen-
hanced and nephrographic phase images for each unique param-
eter combination for both the phantom experiment and clinical
studies. For the phantom experiment, the Bland-Altman analysis
pooled measurements from the 10 separate acquisitions for three
simulated cysts (i.e., 30 measurements per reader) for each unique
parameter combination. For the clinical study, the Bland-Altman
analysis pooled measurements for all cysts in the study sample
(i.e,, 118 measurements per reader) for each unique parameter
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combination. After assessing interreader agreement, mean mea-
surements from the two readers were used for all further analyses.

For the phantom study, Wilcoxon signed rank and Friedman
tests were used to compare mean attenuation increase and mean
image noise between image sets acquired with detector element
sizes of 0.25 and 0.5 mm, between image sets reconstructed with
matrix sizes of 512 x 512 and 1024 x 1024, and between image sets
reconstructed with slice thicknesses of 0.25, 0.5, 2, 3, and 5 mm.
Pairwise comparisons of slice thickness were performed using the
Wilcoxon signed rank test. For the clinical study, given the pres-
ence of multiple cysts per patient, a linear mixed-effects mod-
el analysis was used to compare mean attenuation increase and
mean image noise between image sets reconstructed with ma-
trix sizes of 512 x 512 and 1024 x 1024, and between image sets
reconstructed with slice thicknesses of 0.25, 0.5, 2, 3,and 5 mm. In
the model, the fixed factor was the reconstruction parameter (one
of two matrix sizes or one of five slice thicknesses) and the ran-
dom factor was the patient. Pairwise comparisons of slice thick-
ness were performed using a linear mixed-effects model. The fre-
quencies of an attenuation increase of 10 HU and greater, 15 HU
and greater, and 20 HU and greater was computed for each cyst
size range and summarized descriptively. Evaluation was not per-
formed in the phantom experiment for the 7-mm cyst for the re-
construction using a 5-mm slice thickness and was not performed
in the clinical study for cysts smaller than 5 mm or for those be-
tween 5 mm and less than 10 mm for the reconstructions using a
5-mm slice thickness because of anticipated marked partial-vol-
ume effect for these assessments, resulting in unreliable attenua-
tion measurements. A p value less than .05 was considered statis-
tically significant. All analyses were performed using the Statistical
Package for the Social Sciences (version 24.0, IBM Japan).

Results
Phantom Study

Figure S1 (available in the online supplement) shows the
Bland-Altman plots for assessing interreader agreement for the
mean attenuation increase for each unique combination of pa-
rameters in the phantom experiment. The mean difference be-
tween readers for attenuation increase was —1.6 HU for a detec-
tor element size, matrix size, and slice thickness of 0.25 mm, 512 x
512,and 0.25 mm; -3.4 HU for 0.25 mm, 512 X 512,and 0.5 mm; 0.5
HU for 0.25 mm, 512 x 512, and 2 mm; -0.6 HU for 0.25 mm, 512 x
512, and 3 mm; 0.6 HU for 0.25 mm, 512 x 512 mm, and 5 mm;
-0.5HU for 0.5 mm, 512 X 512, and 3 mm; and 0.3 HU for 0.25 mm,
1024 x 1024, and 3 mm. Figure 2 shows CT images of the phan-
tom, and Figure 3 shows sample ROl measurements.

Detector element size—Table 1 summarizes the comparisons be-
tween detector element sizes in the phantom experiment. The at-
tenuation increase was significantly lower for a detector element
size of 0.25 mm than of 0.5 mm for the 15-mm cyst (4.6 + 2.7 HU vs
6.8+ 2.9 HU, p=.03) and 25-mm cyst (2.3 + 1.4 HU vs 3.8 £ 1.2 HU,
p = .02), but not for the 7-mm cyst (4.4 £ 41 HUvs 5.3 £ 2.7 HU, p
=.72). Image noise was significantly greater at a detector element
size of 0.25 mm than of 0.5 mm for the 7-mm cyst (13.2 £ 2.6 HU vs
8.5+ 1.5 HU, p = .005), 15-mm cyst (14.2 + 2.6 HU vs 8.8 £ 1.3 HU,
p =.005), and 25-mm cyst (14.4 £ 0.4 HU vs 9.1 + 1.2 HU, p = .005).

Matrix size—Table 2 summarizes the comparisons between ma-
trix sizes in the phantom experiment. The attenuation increase
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Fig. 2—Ultra-high-resolution CT (UHRCT) images
of phantom using 0.25-mm detector element, 512 x
512 matrix, and 3-mm slice thickness.

A and B, Axial (A) and coronal (B) UHRCT views

of phantom show outer compartment that
corresponds with body, two rectangular middle
compartments that correspond with kidneys, and
three circular inner compartments within each
middle compartment that correspond with renal
cysts that measure (from top to bottom) 25, 15, and
7 mm. Gray content of body phantom, left kidney
phantom, and cyst phantoms represent water. White
content of right kidney phantom represents dilute
contrast medium designed to have attenuation
corresponding with that of nephrographic phase.

Fig. 3—Axial ultra-high-resolution CT (UHRCT)
images of phantom reconstructed using 512 x 512
matrix and 3-mm slice thickness. Gray content of
phantom represents water (unenhanced phase);
white content of phantom represents dilute
contrast medium designed to have attenuation
corresponding with that of nephrographic phase.

A and B, Images acquired using UHRCT detector
element sizes of 0.25 mm (A) and 0.5 mm (B) show
ROIs (arrows) placed to evaluate cysts. Attenuation is
recorded for both unenhanced and nephrographic
phases, and SD is recorded for unenhanced phase as
measure of image noise. Attenuation increase is 0.3
HU for detector element size of 0.25 mm and 4.1 HU
for detector element size of 0.5 mm. Image noise is
14.1 HU for detector element size of 0.25 mm and 8.4
HU for detector element size of 0.5 mm.

TABLE 1: Effect of Detector Element Size on Attenuation Increase and Image Noise Stratified by Cyst

Size in the Phantom Experiment

Detector Element (mm) | Attenuation Increase (HU) p? Image Noise (HU) p?
With 25-mm cyst .02 .005
0.5 Detector 38+1.2 9.1+1.2
0.25 Detector 23+14 144+04
With 15-mm cyst .03 .005
0.5 Detector 6.8+29 88+13
0.25 Detector 46+27 142+26
With 7-mm cyst 72 .005
0.5 Detector 53+27 85+15
0.25 Detector 44+41 13.2+£26

Note—Unless otherwise noted, all values are expressed as mean + SD. All images obtained using ultra-high-resolution CT, 512 x 512 matrix, 3-mm slice thickness, and

hybrid iterative reconstruction.

2Comparison performed using Wilcoxon signed rank test. Listed in bold when statistically significant at p < .05.

was not significantly different between matrix sizes of 512 x 512
and 1024 x 1024 for any cyst size (all p >.05). Image noise was sig-
nificantly greater for the 1024 x 1024 matrix than for the 512 x 512
matrix for the 15-mm cyst (16.2 £ 2.5 HU vs 14.2 + 2.6 HU, p = .005)
and 25-mm cyst (15.8 + 0.5 HU vs 14.4 + 0.4 HU, p = .005) but not
for the 7-mm cyst (p = .72).

Slice thickness—Tables 3 and S3 (Table S3 is available in the on-
line supplement) summarize the comparisons between slice thick-
nesses in the phantom experiment. Attenuation increase was not
significantly associated with slice thickness for any of the three
cysts (all p > .05). Image noise showed significant increases with
decreasing slice thickness for all cyst sizes (all p < .001). For exam-
ple, image noise at a slice thickness of 0.25 mm versus 3 mm was
20.4 + 2.5 HU versus 13.2 + 2.6 HU for the 7-mm cyst (p < .001), 21.8

628

+ 1.1 HU versus 14.2 £ 2.6 HU for the 15-mm cyst (p <.001),and 21.9
+ 1.1 HU versus 14.4 £+ 0.4 HU for the 25-mm cyst (p <.001).

Clinical Study

Figure S2 (available in the online supplement) shows the
Bland-Altman plots for assessing interreader agreement for the
mean attenuation increase for each unique combination of pa-
rameters in the clinical study. The mean difference between read-
ers for attenuation increase was —0.4 HU for a detector element
size, matrix size, and slice thickness of 0.25 mm, 512 x 512, and
0.25 mm; -1.2 HU for 0.25 mm, 512 x 512, and 0.5 mm; -1.4 HU for
0.25 mm, 512 x 512, and 2 mm; -0.9 HU for 0.25 mm, 512 x 512,
and 3 mm; -0.6 HU for 0.25 mm, 512 X 512, and 5 mm; and 0.9 HU
for 0.25 mm, 1024 x 1024, and 3 mm.
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TABLE 2: Effect of Matrix Size on Attenuation Increase and Image Noise Stratified by Cyst Size in the

Phantom Experiment

Matrix Size Attenuation Increase (HU) p? Image Noise (HU) p?
With 25-mm cyst 72 .005
512x 512 23+14 144+04
1024 x 1024 23+14 15.8+0.5
With 15-mm cyst 72 .005
512512 46+27 142+26
1024 x 1024 51+£22 16.2+£25
With 7-mm cyst .29 /2!
512x 512 44+41 13.2+26
1024 x 1024 53+4.2 131£29

Note—Unless otherwise noted, all values are expressed as mean + SD. All images obtained using ultra-high-resolution CT, 0.25-mm detector element, 3-mm slice
thickness, and hybrid iterative reconstruction.
2Comparison performed using Wilcoxon signed rank test. Listed in bold when statistically significant at p < .05.

TABLE 3: Effect of Slice Thickness on Attenuation Increase and Image Noise Stratified by Cyst Size in

the Phantom Experiment

Slice Thickness (mm) Attenuation Increase (HU) p? Image Noise (HU) p?
With 25-mm cyst .68 <.001
5 1.7+0.8 114+0.8
3 23+14 144+04
2 1.3£1.2 15.7£0.6
0.5 1.7+15 21.3+1.2
0.25 1.3+£15 219+ 1.1
With 15-mm cyst .68 <.001
5 53+19 11.6+13
3 4627 142+26
2 41124 164+ 14
0.5 4.7 +3.6 221+1.8
0.25 3.8+3.2 21.8+ 1.1
With 7-mm cyst® .39 <.001
3 44+41 13.2+£26
2 83+65 149+27
0.5 89+t64 19.8+3.6
0.25 10.0+6.8 204+£25

Note—Unless otherwise noted, all values are expressed as mean + SD. All images obtained using ultra-high-resolution CT, 0.25-mm detector element, 512 X 512 matrix,
and hybrid iterative reconstruction.

2Comparison performed using Friedman test. Listed in bold when statistically significant at p < .05.

bFive-millimeter slice thickness not evaluated at this cyst size because of anticipated marked partial-volume effect, impacting attenuation measurements.

Patient characteristics—Height and weight information were Matrix size—Table 4 summarizes the comparisons between ma-
available for 35 of the 36 patients. For these 35 patients, the trix sizes in the clinical study. The mean attenuation increase was
mean height was 158.3 + 7.7 cm (range, 141.5-173.5 cm), mean not significantly different between matrix sizes of 512 x 512 and
weight was 59.1 + 8.2 kg (range, 42.4-74.7 kg), and mean BMI 1024 x 1024 for any cyst size range (all p > .05). Among cysts small-
was 23.6 + 2.6 (range, 17.8-28.7). The 118 cysts in the 36 patients er than 5 mm, the percentage of cysts showing pseudoenhance-
comprised 36 cysts measuring less than 5 mm, 44 cysts measur- ment of 10 HU and greater, 15 HU and greater, and 20 HU and
ing 5 mm and less than 10 mm, and 38 cysts measuring 10 mm greater was 66.7%, 63.9%, and 50.0%, respectively, for a matrix of
and greater. 512 x 512 and 72.2%, 63.9%, and 58.3% for a matrix of 1024 x 1024.
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TABLE 4: Effect of Matrix Size on Attenuation Increase and Image Noise Stratified by Cyst Size in the

Clinical Study

Percentage of Cysts With
Attenuation Image Noise Pseudoenhancement
Matrix Size Increase (HU) p? (HU) p? >10HU >15HU >20HU

With cysts > 10 mm .68 <.001

512x 512 3.6+49 13.2+17 5.3(2/38) 2.6(1/38) 2.6(1/38)

1024 x 1024 3.2+47 14.3+17 79 (3/38) 2.6(1/38) 2.6 (1/38)
With cysts > 5to < 10 mm .82 22

512x 512 10.4+10.0 13.7+47 43.2 (19/44) 25.0 (11/44) 15.9 (7/44)

1024 x 1024 10.0+£99 14.8+£5.0 36.4 (16/44) 25.0 (11/44) 18.2 (8/44)
With cysts <5 mm 96 98

512 %512 23.7+£225 123+3.8 66.7 (24/36) 63.9 (23/36) 50.0 (18/36)

1024 x 1024 239221 124 +4.0 72.2 (26/36) 63.9 (23/36) 58.3(21/36)

Note—Unless otherwise noted, all values are expressed as mean + SD or percentage with raw data. All images obtained using ultra-high-resolution CT, 0.25-mm
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detector element, 3-mm slice thickness, and hybrid iterative reconstruction.

2Comparison performed using mixed-effect model. Listed in bold when statistically significant at p <.05.

Among cysts between 5 mm and less than 10 mm, the percent-
age of cysts showing pseudoenhancement of 10 HU and greater,
15 HU and greater, and 20 HU and greater was 43.2%, 25.0%, and
15.9%, respectively, for a matrix of 512 x 512 and 36.4%, 25.0%,
and 18.2% for a matrix of 1024 x 1024. Among cysts 10 mm and
greater, the percentage of cysts showing pseudoenhancement of
10 HU and greater, 15 HU and greater, and 20 HU and greater was
5.3%, 2.6%, and 2.6%, respectively, for a matrix of 512 x 512 and
79%, 2.6%, and 2.6% for a matrix of 1024 x 1024. Image noise for
cysts 10 mm and greater was significantly greater for a 1024 x 1024
than a 512 x 512 matrix (14.3 = 1.7 HU vs 13.2 £ 1.7 HU, p < .001).
Otherwise, image noise was not significantly different between
matrix sizes for the other cyst size ranges (all p > .05).

Slice thickness—Tables 5 and S3 show the comparisons among
slice thicknesses in the clinical study. For cysts between 5 mm and
less than 10 mm and cysts 10 mm and greater, mean attenuation in-
crease was not significantly associated with slice thickness (both p
> .05). For cysts smaller than 5 mm, attenuation increase showed a
significant decrease with decreasing slice thickness, though there
was no significant difference between 0.5-mm and 0.25-mm (23.7 +
22.5HU at 3 mm, 20.2 £22.7 HU at 2 mm, 11.6 = 17.5 HU at 0.5 mm,
and 12.6 + 19.7 HU at 0.25 mm; p < .001); all pairwise comparisons
were statistically significant (p < .05) aside from the comparisons of
slice thicknesses of 2 mm versus 3 mm and of 0.25 mm versus 0.5
mm. Among cysts smaller than 5 mm, the percentage of cysts show-
ing pseudoenhancement of 10 HU and greater, 15 HU and greater,
and 20 HU and greater was 50.0%, 38.9%, and 36.1%, respectively,
for a slice thickness of 0.25 mm, and 66.7%, 63.9%, and 50.0% for a
slice thickness of 3 mm. Among cysts between 5 mm and less than
10 mm, the percentage of cysts showing pseudoenhancement of
10 HU and greater, 15 HU and greater, and 20 HU and greater was
34.1%, 15.9%, and 9.1%, respectively, for slice thickness of 0.25 mm
and 43.2%, 25.0%, and 15.9% for a slice thickness of 3 mm. Among
cysts 10 mm and greater, the percentage of cysts showing pseu-
doenhancement of 10 HU and greater, 15 HU and greater, and 20
HU and greater was 10.5%, 5.3%, and 0.0%, respectively, for a slice
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thickness of 0.25 mm and 5.3%, 2.6%, and 2.6% for a slice thickness
of 3 mm. Image noise showed significant increases with decreasing
slice thickness for all cyst size ranges (all p < .001). For example, im-
age noise at a slice thickness of 0.25 mm versus at 3 mm was 17.2 +
4.3 HU versus 12.3 + 3.8 HU for cysts smaller than 5 mm, 19.7 + 5.0 HU
versus 13.7 £ 4.7 HU for cysts between 5 mm and less than 10 mm,
and 20.5 + 1.9 HU versus 13.2 £+ 1.7 HU for cysts 10 mm and greater.

Discussion

This study represents the first to our knowledge to investigate re-
nal cyst pseudoenhancement using UHRCT. Our study yields three
important results. First, the phantom experiment suggests that the
smaller detector element size of 0.25 mm (available for UHRCT in
SHR mode but not available for conventional MDCT) may help re-
duce renal cyst pseudoenhancement in comparison with a detector
element size of 0.5 mm. Second, an increased matrix size of 1024 x
1024 (available for UHRCT in SHR mode but not available for conven-
tional MDCT) did not impact pseudoenhancement in comparison
with a matrix size of 512 x 512 in the phantom experiment or clinical
study. Third, the use of very thin slices (e.g., 0.25 or 0.5 mm, facilitated
by UHRCT in SHR mode) resulted in reduced pseudoenhancement
for cysts smaller than 5 mm in the clinical study. The findings indi-
cate a possible role for UHRCT to reduce potential misinterpretation
of small cystic renal lesions encountered on CT.

Pseudoenhancement consistently increased at smaller cyst
sizes, corresponding with results from prior studies [11, 24]. In-
deed, in the clinical study, a considerable percentage of cysts
smaller than 5 mm and those between 5 mm and less than 10
mm showed pseudoenhancement of 10 HU and greater. Prior
work indicates that a range of additional phenomena, includ-
ing beam-hardening effect, partial-volume effect, and photo-
electric effect, may also impact pseudoenhancement [6, 9, 11,
13, 20, 24, 25]. Thus, CT parameters impacting these phenom-
ena could in turn affect the likelihood of pseudoenhancement
at a given cyst size, as we have systematically evaluated in the
present analysis.
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TABLE 5: Effect of Slice Thickness on Attenuation Increase and Image Noise Stratified by Cyst Size in

the Clinical Study

Percentage of Cysts with
Attenuation Image Noise Pseudoenhancement
Slice Thickness (mm) Increase (HU) p? (HU) p? >10HU >15HU >20HU
With cysts > 10 mm 99 <.001
5 3.2+49 11.0+£17 10.5 (4/38) 2.6(1/38) 2.6(1/38)
3 3.6+49 13.2+17 5.3(2/38) 2.6 (1/38) 2.6(1/38)
2 3.2+5.2 15.3+2.1 79 (3/38) 2.6(1/38) 2.6(1/38)
0.5 35+5.2 20.0£2.0 10.5 (4/38) 5.3(2/38) 2.6(1/38)
0.25 3.2+53 20.5+£19 10.5 (4/38) 5.3(2/38) 0.0 (0/38)
With cysts > 5 to < 10 mmP .70 <.001
3 10.4 +10.0 13747 43.2 (19/44) 25.0 (11/44) 15.9 (7/44)
2 95+9.2 15.6+4.6 40.9 (18/44) 22.7 (10/44) 9.1 (4/44)
0.5 89+9.8 19.6+4.8 36.4 (16/44) 11.4 (5/44) 9.1 (4/44)
0.25 87+9.8 19.7 +5.0 34.1 (15/44) 15.9 (7/44) 9.1 (4/44)
With cysts < 5 mm® <.001 <.001
3 23.7+£225 123+£3.8 66.7 (24/36) 63.9 (23/36) 50.0 (18/36)
2 20.2+22.7 13.3+£3.6 66.7 (24/36) 63.9 (23/36) 41.7 (15/36)
0.5 11.6+175 171 £4. 52.8(19/36) 44.4(16/36) 27.8 (10/36)
0.25 126 +19.7 17.2+43 50.0 (18/36) 38.9 (14/36) 36.1(13/36)

Note—Unless otherwise noted, all values are expressed as mean + SD or percentage with raw data. All images obtained using ultra-high-resolution CT, 0.25-mm
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detector element, 512 X 512 matrix, and hybrid iterative reconstruction.

2Comparison performed using mixed-effect model. Listed in bold when statistically significant at p <.05.
bFive-millimeter slice thickness not evaluated at this cyst size range because of anticipated marked partial-volume effect, impacting attenuation measurements.

The potential benefit of a smaller detector element size in re-
ducing pseudoenhancement is a result of the significantly small-
er attenuation increase observed at the smaller detector element
size in the 15- and 25-mm cysts in the phantom experiment. De-
tector element size could not be evaluated in the clinical study
given that only a single acquisition was performed at each phase
in the patient scans and detector element size cannot be modi-
fied retrospectively. The reason for a potential impact of detector
element size on pseudoenhancement is unclear. A prior phantom
study of UHRCT reported higher effective energy for the 0.5-mm
than the 0.25-mm detector element at an FOV of 350 mm [27].
This finding suggests that the 0.25-mm detector element is more
affected by the beam-hardening effect than the 0.5-mm detector
element, which would be expected to lead to more pronounced
pseudoenhancement for the 0.25-mm detector element. On the
other hand, our present observation of a smaller attenuation in-
crease in the phantom for the 0.25-mm detector element may re-
flect a greater impact on attenuation increase by partial-volume
effect (which would be reduced at the smaller detector element
size) than by effective energy. Nonetheless, although the differ-
ence in attenuation increase between detector element sizes was
statistically significant, the difference was small. Further studies
remain warranted to better understand the impact of detector
element size in renal lesion characterization in clinical settings.

In the clinical study, for cysts smaller than 5 mm, very thin slic-
es resulted in reduced pseudoenhancement (i.e., 0.25- or 0.5-mm
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slice thickness in comparison with 3- or 5-mm slice thickness). In
addition to a smaller mean attenuation increase, the percentage
of cysts smaller than 5 mm showing clinically significant pseu-
doenhancement was also decreased at the very thin slice thick-
nesses. The decrease in pseudoenhancement for the very thin
slices may reflect a decrease in partial-volume effect.

The decrease in detector element size, increase in matrix size,
and decrease in slice thickness all resulted in increased image
noise, consistent with prior studies [16, 17, 28]. Moreover, thin-
ner slices are known to show noise-related degradation, which
affects image quality [18, 19]. According to our analysis, noise
does not appear to directly impact pseudoenhancement (e.g.,
no change in pseudoenhancement at different matrix sizes de-
spite significant variation in noise). However, the increase in noise
could nonetheless affect renal lesion characterization. According
to the Bosniak classification version 2019 [29], renal masses can
be characterized as Bosniak Il cysts if they show homogeneous
low attenuation. It may be argued that masses showing these
features could be characterized as benign cysts regardless of the
presence of pseudoenhancement, yetincreased image noise may
influence radiologists’ subjective assessment of lesion homoge-
neity. Therefore, a parameter adjustment that results in reduced
pseudoenhancement (thereby facilitating characterization of the
lesion as a cyst) could have the trade-off of increased noise with
associated apparent heterogeneity (thereby creating challenge
in characterization as a cyst). All reconstructions in the current
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study used hybrid iterative reconstruction, which reduces image
noise and leads to a smoother image appearance, thus possibly
counteracting the increased noise resulting from the explored
parameter adjustments [12]. Although we documented objective
image noise in the present analysis, subjective lesion homogene-
ity was not evaluated and warrants further investigation.

Our findings suggest a possibility for UHRCT when perform-
ing a multiphase renal-mass protocol to characterize an inde-
terminate renal mass. UHRCT would appear most likely to be
helpful for small masses suspected to be cysts, representing the
context in which pseudoenhancement is most likely to be rel-
evant. When performing UHRCT in this context, consideration
should be given to using the small detector element size (0.25
mm) and very thin slices (0.25 or 0.5 mm) to potentially reduce
pseudoenhancement. However, a larger matrix size (1024 x 1024)
would not be warranted for purposes of characterizing the renal
lesion given the lack of an impact on pseudoenhancement yet
increased image noise.

Our study has limitations. First, the clinical study was per-
formed retrospectively at a single center with a small sample size
and was thus prone to selection bias. Second, in the clinical study,
pseudoenhancement could not be directly compared between
distinct UHRCT and MDCT systems. The two systems could be
compared through a prospective study in which patients under-
go scans using both systems, although such an approach would
entail patients receiving additional radiation exposure and con-
trast media injection for the second scan. Third, findings regard-
ing the impact of detector element size remain speculative, given
that detector element size was evaluated only in the phantom ex-
periment. Fourth, all reconstructions were performed using hy-
brid iterative reconstruction; UHRCT reconstructed with filtered
back projection was not evaluated. Finally, only lesions meeting
a priori criteria for cysts were evaluated; the impact of UHRCT us-
ing the various parameter combinations on the detection of true
enhancement by solid masses was not assessed.

In conclusion, this phantom experiment and clinical study sug-
gest a possible role for UHRCT in reducing renal cyst pseudoen-
hancement through use of a smaller detector element size of 0.25
mm and, for cysts smaller than 5 mm, through generation of very
thin slices of 0.25 or 0.5 mm. However, the smaller detector el-
ement size and the very thin slices resulted in increased image
noise. An increased matrix of 1024 x 1024 did not impact pseu-
doenhancement. Although requiring further evaluation in clini-
cal contexts, the findings raise the possibility that UHRCT could
facilitate the characterization of small cystic renal lesions, there-
by reducing equivocal or inaccurate interpretations and avoiding
inappropriate or unnecessary follow-up recommendations.
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Editorial Comment: Pseudoenhancement—New Solutions to Old Problems?

Pseudoenhancement, or the artifactual increase in attenuation
on contrast-enhanced CT, confounds evaluation of renal mass-
es, especially small endophytic masses. In 20% of simple renal
cysts, pseudoenhancement can result in spurious attenuation in-
crease by 10 HU or more. Pseudoenhancement may result in in-
creased follow-up imaging or overtreatment of benign cysts. To
account for pseudoenhancement, the Bosniak classification ver-
sion 2019 revised the threshold for benignity (classes | and Il) in
homogeneous masses on contrast-enhanced CT to 30 HU (vs 20
HU threshold on noncontrast CT) [1]. Nonetheless, identifying the
source of pseudoenhancement and completely eliminating it re-
mains desirable given incidental renal cysts’ high prevalence.

In their original description in 1999, Maki et al. [2] speculat-
ed that pseudoenhancement was likely a result of inadequate
beam-hardening correction and would likely be fixed by a recon-
struction modification. However, optimism quickly waned be-
cause pseudoenhancement continued to be reported despite
changes in CT hardware and reconstruction algorithms. Further-
more, for MDCT, prevalence of pseudoenhancement increased
with an increasing number of detector arrays. More recently, du-
al-energy CT has shown promise in eliminating the polychromat-
ic source of beam hardening by generating virtual monoenerget-
icimages [3].

In this study, the authors evaluate ultra-high-resolution CT,
showing in a phantom that a small detector element size of 0.25
mm mitigated pseudoenhancement compared with a convention-
al detector size of 0.5 mm. This benefit was not present in 7-mm
cysts and not tested in patients, and further verification is nec-

essary. Also, for cysts smaller than 5 mm in patients, thinner slice

thickness reduced pseudoenhancement compared with a stan-

dard 3-mm slice thickness; this difference was at the expense of

increased image noise. Thus, pseudoenhancement is likely multi-

factorial and may require multiple approaches. Until solutions that

completely eliminate pseudoenhancement are found, the only re-

course is to be educated, recognize the problem, and use modified
renal cyst definitions to account for pseudoenhancement.
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