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Abstract
lodine quantification using dual-energy CT:
Investigation of the potential sources of
measurement variation, calculation of the
variability range, and clinical validation of the

true enhancement cutoff
Hyungjin Kim
Department of Radiology, College of Medicine
The Graduate School

Seoul National University

Purpose: To analyze the effect of dual-energy computed tomography
(DECT) scanners, acquisition parameters, and fluid characteristics on
iodine quantification and to calculate and validate the measurement
variability range induced by those variables.

Methods: In Part | and Il, experimental studies were performed using
four mediastinal iodine phantoms. Phantoms were scanned with three

different DECT scanners from major vendors using various acquisition



parameters and their effects on the measurement of iodine density (loD)
were investigated using linear mixed-effect models. Measurement
variability range of loD was also calculated. In Part Ill, diagnostic
usefulness of the true enhancement cutoff was retrospectively validated
in patients who underwent surgical resections for thymic cysts and
thymic epithelial tumors.

Results: In Part I, absolute error of oD was not significantly affected by
the DECT systems and kind of solvents (P>0.05). Measurement
variability range was from -0.6 to 0.4 mg/ml for the true iodine
concentration 0 mg/ml. In Part Il, tube voltage (P<0.001) and tube
current-time product (P<0.05, depending on the interaction terms) had
statistically significant effects on loD. However, the magnitude of their
effects was minimal in the range of diagnostic CT scans. Solvents also
had significant effects on loD (P=0.007). Specifically, the difference of
least squares means between water and amino acid solution ranged from
0.1 to 0.3 for tubes with iodine concentrations >5 mg/ml and from -0.4
to -0.1 mg/ml for tubes with iodine concentrations <1 mg/ml. Spectral
level was not an affecting factor (P=0.647). In Part Ill, the true
enhancement cutoff for loD, which was 0.4 mg/ml, exhibited diagnostic
sensitivity, specificity, accuracy, positive predictive value, and negative
predictive value of 100%, 85.7%, 90.9%, 80.0%, and 100%, respectively,

ii



for the differentiation of thymic epithelial tumors from thymic cysts.

Conclusions: loD measurement is robust to the DECT scanners from
different vendors. loD is significantly affected by the acquisition
parameters, but the magnitude of effects are minimal in the range of
diagnostic CT scans. The true enhancement cutoff of 0.4 mg/ml is an
accurate parameter for the differentiation of thymic epithelial tumors

from thymic cysts.

Key Words: lodine quantification; lodine density; Dual-energy computed
tomography; Dual-layer CT; Measurement variability; CT acquisition
parameter; Thymic cyst

Student Number: 2017-35354
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INTRODUCTION

The development of dual-energy computed tomography (DECT)
enabled material-specific imaging, which is also known as material
decomposition. Material-specific imaging can be applied to the
separation of a number of substances including water, iodine, calcium,
uric acid and fat (1). With the use of this technique, users can obtain mass
density, effective atomic number, or other material-information (2, 3).

lodine density (loD) mapping is a powerful application based on DECT
material decomposition as injection of contrast media is routinely
performed for the patients with various vascular or oncologic diseases.
Distribution of iodinated contrast material can be evaluated qualitatively
or gquantitatively on images. Pulmonary embolism would be one of the
most widely studied disease entities with respect to this imaging
technique (4-7). For thoracic applications, iodine quantification has also
been investigated for thymic epithelial tumor (8), ischemic heart disease
(9, 10), and lung cancer (11-16). Importantly, iodine quantification had
significant diagnostic (histology, differentiation, and gene expression)
(11, 14-16) as well as prognostic correlation (17, 18) for lung cancer.

lodine quantification may have benefits over conventional CT
attenuation measurement with Hounsfield units (HU). In recent days, CT

scanning protocols including contrast media dosage and tube voltage
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setting vary substantially depending on the clinical situations and
institutional standards. Therefore, it is not easy to determine the
enhancement status of lesions based solely on attenuation thresholds. In
this context, oD can be utilized as a surrogate. loD can facilitate
differentiating high attenuation lesions due to past hemorrhage,
calcification or pseudoenhancement from true iodine uptake (19-22). In
addition, acquisition of non-enhanced CT is not necessary for the
comparisons between enhanced and non-enhanced images as loD
reflects iodine content in a given area. However, the robustness of this
parameter has not been assessed thoroughly.

For the generalized application of the DECT-based iodine quantification,
a prerequisite would be the evaluation of measurement accuracy and
reproducibility. Past publications reported that the loD measurement on
DECT was accurate (23-25) and that the inter-reader agreement was
excellent among observers (23, 26). Nevertheless, the effect of various
DECT scanners, acquisition parameters, or the proteinaceous body fluid,
on which the region-of-interest (ROI) is placed, has not yet been reported
to date. As the material decomposition algorithms are specific to each
vendor, there can be potential variability among multiple CT
manufacturers for iodine quantification. The acquisition parameters

including tube voltage, tube current-time product, and iterative



reconstruction may also have effects on the measurement.

Therefore, this study aimed to analyze the effect of DECT scanners,
acquisition parameters, and fluid characteristics on iodine quantification
and to calculate and validate the measurement variability range induced
by those variables. This study consisted of the three parts: Part I.
Analysis of the effect of DECT scanners and fluid characteristics on
iodine quantification; Part Il. Analysis of the effect of various acquisition
parameters on iodine quantification using a single DECT scanner; and
Part I11. Clinical validation of the iodine density measurement in patients
who underwent surgical resection for thymic cysts or thymic epithelial

tumors.



PART I. ANALYSIS OF THE EFFECT OF DECT
SCANNERS AND FLUID CHARACTERISTICS ON

IODINE QUANTIFICATION

MATERIALS AND METHODS

This study was exempt from Institutional Review Board approval of the
Seoul National University Hospital as no animal or human data were
acquired or used.

Phantom study

An experimental study was performed with an anthropomorphic chest
phantom (multipurpose chest phantom N1 Lungman, Kyoto Kagaku,
Japan) containing custom-made mediastinal iodine phantoms. lodine
phantoms were produced with 500 ml cylindrical plastic beakers
(diameter and height, 94 and 118 mm; polymethylpentene; Brand,
Wertheim, Germany), which had six tubes of different iodine
concentrations (0, 1.0, 2.5, 5.0, 10.0, and 20.0 mg/ml). Six tubes were
placed upright and circumferentially in the cylindrical beakers and were
surrounded by 3% agar gel solution (Figure 1). Four iodine phantoms
were prepared and the tubes in each phantom had contrast media
(lopamidol; Pamiray 370, Dongkook Pharmaceutical Co., Seoul, Korea)

diluted in four different solvents (water, 10% amino acid solution, 20%

4



lipid emulsion, and 18% calcium solution; fluid other than water was
extracted from Combiflex lipid 1000 inj., JW Pharmaceutical, Seoul,
Korea) (Table 1). These solutions were chosen as alternatives for body
fluid to simulate in vivo iodine quantification. The iodine phantoms were
placed in the mediastinal compartment of the anthropomorphic chest

phantom.
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Figure 1. lodine phantoms which contained six different iodine
concentrations (0, 1.0, 2.5, 5.0, 10.0, and 20.0 mg/ml) diluted in (a) water,
(b) 10% amino acid solution, (c) 18% calcium solution, and (d) 20% lipid
emulsion. Images shown here were obtained with DSCT at volume CT
dose index of 7 mGy and at blending ratio of 0.6. Blended images of low-
and high-kVp scans were not used in the analysis.

DSCT, dual source dual-energy computed tomography scanner



Table 1. Mediastinal lodine Phantoms

Mediastinal Solvent True iodine concentration
phantom (mg/ml)

1 Water 0,1.0,2.5,5.0,10.0, 20.0

2 10% amino acid solution | 0, 1.0, 2.5, 5.0, 10.0, 20.0

3 20% lipid emulsion 0,1.0,25,5.0,10.0, 20.0

4 18% calcium solution 0,1.0,25,5.0, 10.0, 20.0




CT scanning protocols

CT scans were performed with three DECT scanners [dual-layer 1Qon
spectral CT (DLCT), Philips Healthcare, Best, the Netherlands; dual-
source DECT (DSCT), SOMATOM Force, Siemens Healthcare,
Forchheim, Germany; single source DECT with rapid kilovoltage
switching (SSCT), Discovery CT 750 HD, GE Healthcare, Milwaukee,
W1, USA]. Scanning protocols were set with near-equivalent acquisition
parameters among the three scanners except for the tube voltage. Tube
voltages were 140 kVp for DLCT, 80/Sn150 kVp for DSCT, and 80/140
kVp for SSCT. The photon spectra of these three x-ray sources were
substantially different (27). For DSCT, 150 kVp with a tin filter was
chosen, allowing for slight inequality among protocols. Nonetheless, the
availability of higher tube voltage with filtration of lower energy photons
through a tin filter was considered as an imperative strength of DSCT
scanner and thus it was used for comparisons. The standard DECT
protocols for DSCT in Seoul National University Hospital also
comprised of the same tube voltage setting. In this study, the only
variable among the acquisition parameters was the radiation dosage in
terms of volume CT dose index. CT scans were performed at both 3 and
7 mGy (low-dose and regular dose) for the comparison of loD

measurements between radiation dosage settings (28). However, CT



scanning at 3 mGy was not available with SSCT and images were
obtained at only 7 mGy for this scanner. Other detailed acquisition
parameters are described in Table 2. CT scans were repeated five times
with a slight change in position for each iodine phantom. Therefore, a
total of 100 CT scans [3 CT scanners x iodine phantoms with 4 different
solvents x (2 radiation dose settings for DLCT and DSCT and a single

dose setting for SSCT) x 5 repeats] were obtained.



Table 2. CT Acquisition Protocol of each DECT Scanner

DECT scanner DLCT DSCT SSCT
CTDIvol (mGy) 3 |7 3 7 7

Scan mode N/A Dual energy GSI 49
Tube voltage (kVp) | 140 80/Sn150 30/140
Tube current-time |, , 57 80/44 [186/103 [182
product (mAs)

Rotation time (sec) | 0.4 0.4 0.5 0.5 0.7

Pitch 1.171 1.171 1.2 1.2 1.375
Detector 64x0.625 | 64x0.625 [128x0.6/128x0.6 [64x0.625
collimation (mm)

Reconstruction

_ Spectral 0 FBP |FBP FBP
algorithm

Reconstruction B (standard) Qr40 Standard
kernel

Slice thickness 1 1 1.25
(mm)

Slice increment 1 1 1.25
(mm)

8Spectral 0 is equivalent to FBP.

CTDIvol, volume CT dose index; DECT, dual-energy CT; DLCT, dual-
layer spectral CT; DSCT, dual-source dual-energy CT; FBP, filtered back
projection; GSI, Gemstone spectral imaging; SSCT, single-source dual-

energy CT with rapid kilovoltage switching
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Imaging analysis

loD (mg/ml), CT attenuation number (HU) at virtual monoenergetic
(VME) 70 keV, and CT attenuation number (HU) at virtual non-enhanced
images (VNE) were obtained by placing round ROIs of about 100 mm?
on axial images. VME 70 keV images were regarded as near-equivalent
to the conventional polychromatic 120 kVp images (29, 30). Mean
values of each parameter were recorded. Measurements were conducted
using dedicated software programs of each vendor [Spectral CT viewer
of Spectral Diagnostic Suite, Philips Healthcare; Virtual Unenhanced
application and Monoenergetic Plus application of Syngo.via software
VB10, Siemens Healthcare; Material suppressed iodine application of
Gemstone Spectral Imaging viewer, GE Healthcare]. A total of 600
measurements (100 CT scans x 6 tubes per scan) were performed.
Statistical analysis

The measurement accuracy of loD was analyzed by using a linear
mixed-effect model. Fixed effect terms of interest were DECT scanners,
kind of solvents, and radiation dosage settings, which were categorical
variables. True iodine concentration was also included as a fixed effect
term in the model and was regarded as a continuous variable. Repeated
CT scans were considered as a random effect, a categorical variable. The

dependent variable in the model was the absolute loD measurement error

11



and was calculated as follows: |Measured loD — True iodine
concentration | .

To determine the effects of the same fixed effect terms on the CT
attenuation numbers, linear mixed-effect models were run again with the
following dependent variables: 1) CT attenuation at 70 keV and 2)
iodine-related attenuation (IRA; HU at 70 keV minus HU at VNE). The
initial models were created with main effect terms with the entry of
pairwise interaction terms between fixed effect terms iteratively.
Thereafter, the final model was created using main effect terms and
statistically significant interaction terms.

Then, the measurement variability range of loD was investigated. As
absolute differences between the measured loD and true iodine
concentration [i.e., (Measured loD — True iodine concentration)] did not
have normal distributions, a non-parametric form of 95% limits of
agreement method was used (31). The 95% limits of agreement were
defined as 2.5 and 97.5 percentiles of absolute differences (31) and 95%
confidence intervals for each percentile were also calculated by bootstrap
resampling (1000 samples).

Statistical analyses were performed using SAS version 9.2 (SAS
Institute Inc., Cary, NC, USA) and SPSS 19.0 (IBM SPSS Statistics,

Armonk, NY, USA). A P-value <0.05 was considered to indicate

12



statistical significance.
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RESULTS

loD was generally underestimated when measured at DLCT and SSCT
(Table 3). However, the under- or overestimation was dependent on the
true iodine concentration for DSCT. In other words, for the true iodine
concentration <1.0 mg/ml, loD was underestimated for DSCT. However,
for the true concentration >2.5 mg/ml, DSCT overestimated loD, unlike
the other CT scanners. Relative measurement error was highest at the
true concentration of 1.0 mg/ml for all scanners and showed decreasing

tendency as the true iodine concentration increased.
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Table 3. Absolute Differences of the lodine

according to DECT Scanners

Density Measurements

True DECT | Median | IQR of | Median | IQR of
iodine scanner | of absolute of relative
concentrat absolute | differences | relative | differences?
ion differen differen
ces ces?
0 DLCT 0 0,0.1 N/A N/A
DSCT -0.2 -0.3,0.1 N/A N/A
SSCT -0.1 -0.5,0.3 N/A N/A
1.0 DLCT -0.3 -0.5,0.1 -30.0 -50.0, 5.0
DSCT -0.2 -04, 0.1 -20.0 -37.5, 10.0
SSCT -0.3 -0.5, -0.1 -29.0 -52.8, 10.5
2.5 DLCT -0.2 -0.3,0 -6.0 -12.0,0
DSCT 0.2 -0.1,0.3 6.0 -3.0,12.0
SSCT -0.3 -0.5,-0.1 -10.8 -19.0, -3.1
5.0 DLCT -0.4 -0.5,0 -7.0 -10.0, -0.5
DSCT 0.4 0.1, 0.6 8.0 2.0,12.0
SSCT -0.4 -0.7,-0.2 -8.3 -13.1, -3.8
10.0 DLCT -0.6 -0.9, -0.2 -6.0 -9.0, -2.0
DSCT 0.5 0.3,0.9 5.0 3.0,9.0
SSCT -0.5 -1.0, -0.2 -5.2 -9.8,-1.9
20.0 DLCT -0.9 -1.0, -0.7 -4.5 -5.0,-3.5
DSCT 1.0 0.9,1.2 5.0 45,59
SSCT -0.7 -1.2,-0.5 -3.4 -6.2, -2.7

lodine density was measured in mg/ml, unless otherwise specified.

%Data are in percentages.

DECT, dual-energy CT; DLCT, dual-layer spectral CT; DSCT, dual-

source dual-energy CT; IQR, interquartile range; SSCT, single-source

dual-energy CT with rapid kilovoltage switching

15



Absolute measurement error of oD according to the DECT scanners
and other variables

Absolute measurement error of oD was not significantly affected by
the analyzed fixed effect terms including the CT scanners (P=0.742),
kind of solvents (P=0.438), and radiation dosage (P=0.776) (Figure 2). It
was only influenced by the true iodine concentration (P<0.001). The
estimated regression coefficient of true iodine concentration was 0.037
(standard error, 0.001), which implied that the absolute measurement
error increased by 0.037 mg/ml as the true iodine concentration increased

by 1.0 mg/ml.

16
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Figure 2: Box plots of absolute measurement error of iodine density
according to (a) dual-energy CT scanners and (b) kind of solvents. Both
factors were not significantly associated with iodine density
measurement accuracy.

Scanner 1, dual-layer 1Qon spectral CT; scanner 2, SOMATOM Force;
scanner 3, Discovery CT 750 HD; solvent W, water; solvent A, 10%
amino acid solution; solvent C, 18% calcium solution; solvent L, 20%

lipid emulsion.
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Although the effect of CT scanners on the measurement accuracy was
not significant, SSCT showed a slightly higher absolute measurement
error (0.5 mg/ml) than other CT systems (0.4 mg/ml) (Table 4). The
measurement error was also higher for the loD in lipid solution (0.6
mg/ml) than that in other solvents of water, amino acid, and calcium

solution (0.4 mg/ml).
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Table 4. Estimated Least-squares Means (LSMs) of the Absolute

Differences for lodine Density Measurements

LSM | 95% Difference | 95% CI for
Cl of LSM the difference
of LSM
DECT DLCT 0.4 0.3,
scanner 0.5
DSCT 0.4 0.3, -0.18 -0.2,0.1
0.6
SSCT 0.5 0.2, -0.1 -0.3,0.2
0.7
Solvent Water 0.4 0.2,
0.6
Amino 0.4 0.2, 0 -0.2,0.3
acid 0.6
solution
Calcium 0.4 0.2, 0 -0.3,0.2
solution 0.6
Lipid 0.6 0.4, -0.2 -04,0.1
solution 0.7
Radiation 3 0.4 0.3,
dosage 0.6
(mGy)
7 0.4 0.3, 0 -0.2,0.2
0.5

lodine density was measured in mg/ml.

This value was 0.050 and was rounded to one decimal place.

Cl, confidence interval, DECT, dual-energy CT; DLCT, dual-layer

spectral CT; DSCT, dual-source dual-energy CT; SSCT, single-source

dual-energy CT with rapid kilovoltage switching
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Effect of the DECT scanners and other variables on CT attenuation
numbers

CT attenuation number at 70 keV was significantly affected by the CT
scanners (P<0.001), kind of solvents (P<0.001), and true iodine
concentration (P<0.001). The interaction terms among them were also
statistically significant (true iodine concentration*CT scanner, P<0.001,;
true iodine concentration*solvent, P<0.001; CT scanner*solvent,
P=0.014), which implied that the impact of CT scanners on HU was
different according to the various true iodine concentrations and kind of
solvents. In other words, the effect of CT scanners on HU was not limited
to each scanner, but was also dependent on the true iodine concentrations
and kind of solvents. Thus, CT attenuation number was affected by the
complex, inter-dependent relationship between the three variables. CT
attenuation at 70 keV was not significantly associated with the radiation

dosage (P=0.700). Detailed data are displayed in Table 5.

20



Table 5. CT Attenuation at VME 70 keV and IRA according to the True

lodine Concentrations and DECT Scanners

CT attenuation | IRA (HU)
(HU) at VME 70
keV
True iodine | DECT Median IQR Median IQR
concentration | scanner
(mg/ml)
0 DLCT 19.8 -12.3, -0.3 -1.0,2.2
107.0
DSCT 17.8 -14.7, -4.9 -8.3,2.1
99.3
SSCT 15.1 -21.5, 0.3 -0.5,1.9
92.6
1.0 DLCT 43.3 11.7, 18.2 14.1,
125.3 28.2
DSCT 39.6 12.6, 21.7 18.2,
123.2 24.5
SSCT 32.8 6.1, 10.4 4.6,
111.1 16.4
2.5 DLCT 81.2 50.0, 63.8 56.6,
167.7 67.6
DSCT 87.3 55.8, 68.9 63.9,
170.6 72.0
SSCT 65.3 38.5, 47.9 40.8,
145.9 51.8
5.0 DLCT 141.3 1111, | 1216 118.8,
224.0 130.3
DSCT 157.4 123.7, 140.1 132.9,
236.5 145.6
SSCT 121.7 94.2, 102.8 98.3,
208.2 115.9
10.0 DLCT 264.2 228.3, | 248.1 236.8,
337.3 257.2
DSCT 294.0 260.8, | 2735 267.5,
366.4 283.6
SSCT 242.6 206.6, | 230.5 215.6,
317.8 235.6
20.0 DLCT 506.4 479.6, |502.8 499.8,
582.3 507.7
DSCT 565.8 528.9, | 5455 542.6,
633.6 550.1

21



SSCT 473.4 439.3, |469.8 458.1,
550.8 477.3

DECT, dual-energy CT; DLCT, dual-layer spectral CT; DSCT, dual-

source dual-energy CT; HU, Hounsfield Unit; IQR, interquartile range;
IRA, iodine-related attenuation; SSCT, single-source dual-energy CT

with rapid kilovoltage switching; VME, virtual monoenergetic image

22



IRA was also significantly affected by the CT scanners (P<0.001), kind
of solvents (P<0.001), and true iodine concentration (P<0.001) (Figure
3). The interaction terms among them were also statistically significant
(true iodine concentration*CT scanner, P<0.001; true iodine
concentration*solvent, P<0.001; CT scanner*solvent, P<0.001), which
implied that IRA was associated with the inter-dependent relationship
between the three variables. IRA was not significantly associated with
the radiation dosage (P=0.577). Detailed data are described in the Table

6.
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Figure 3: Box plots of iodine-related attenuation (IRA; HU at 70 keV
minus HU at VNE) according to (a) dual-energy CT scanners and (b)
kind of solvents. IRA was significantly affected by the CT scanners and
solvents.

HU, Hounsfield units; scanner 1, dual-layer 1Qon spectral CT; scanner 2,
SOMATOM Force; scanner 3, Discovery CT 750 HD; solvent W, water;
solvent A, 10% amino acid solution; solvent C, 18% calcium solution;

solvent L, 20% lipid emulsion; VNE, virtual non-enhanced image.
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Table 6. CT Attenuation at VME 70 keV and IRA according to the True

lodine Concentrations and Solvents

CT attenuation | IRA (HU)
(HU) at VME 70
keV
True iodine | Solvent Median IQR Median IQR
concentration
(mg/ml)
0 Water -2.0 -40, -1]-07 -2.4,0.3
0.3
10% 38.6 37.3, 4.1 2.9,5.7
amino acid 39.7
solution
18% 1235 119.8, -1.1 -6.7,0.1
calcium 130.8
solution
20% lipid | -18.9 -20.6, -1|-15 9.0, -
emulsion 18.0 1.0
1.0 Water 21.7 20.4, 19.7 16.5,
24.3 25.1
10% 57.2 54.5, 24.0 20.1,
amino acid 64.7 30.9
solution
18% 146.7 144.9, 17.1 10.4,
calcium 148.7 21.3
solution
20% lipid | 6.2 35,75 | 155 13.0,
emulsion 17.5
2.5 Water 64.9 61.3, 68.0 64.3,
68.0 69.9
10% 102.3 98.6, 68.3 64.3,
amino acid 105.3 74.3
solution
18% 192.1 189.2, 61.4 57.7,
calcium 194.3 66.5
solution
20% lipid | 45.5 42.9, 56.3 51.5,
emulsion 48.2 60.2
5.0 Water 128.3 124.8, 132.1 130.3,
139.7 145.5
10% 156.9 154.2, 127.4 122.8,
amino acid 172.9 144.9
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solution
18% 249.5 246.0, 120.7 118.1,
calcium 258.8 134.6
solution
20% lipid | 106.2 101.2, 119.3 116.3,
emulsion 116.3 131.2
10.0 Water 250.3 245.6, 257.9 255.2,
279.2 286.2
10% 281.9 278.0, 259.9 256.0,
amino acid 307.4 280.1
solution
18% 361.1 356.6, 237.0 234.4,
calcium 386.4 266.1
solution
20% lipid | 221.3 217.6, 240.0 235.1,
emulsion 251.9 268.0
20.0 Water 494.3 491.2, 514.0 508.3,
540.9 552.3
10% 520.1 517.1, 507.2 501.4,
amino acid 568.0 546.5
solution
18% 608.9 603.3, 500.5 497.1,
calcium 653.0 542.5
solution
20% lipid | 473.8 467.8, 502.5 493.1,
emulsion 522.6 542.7

HU, Hounsfield Unit; IQR, interquartile range; IRA, iodine-related

attenuation; VME, virtual monoenergetic image
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Measurement variability of 1oD

As the variables of CT scanners, solvents, and radiation dosage settings
were not associated with absolute loD measurement error, pooled
analyses of all data regardless of those variables were performed. In other
words, the measurement variability range was calculated for each true
iodine concentration. The 2.5 and 97.5 percentiles of absolute loD
measurement error were as follows: -0.6 and 0.4 mg/ml for the true
iodine concentration 0 mg/ml; -0.7 and 0.2 mg/ml for the true
concentration 1.0 mg/ml; -0.7 and 0.4 mg/ml for the true concentration
2.5 mg/ml; -0.8 and 0.7 mg/ml for the true concentration 5.0 mg/ml; -1.1
and 1.1 mg/ml for the true concentration 10.0 mg/ml; and -1.6 and 1.3

mg/ml for the true concentration 20.0 mg/ml (Table 7).
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Table 7. Measurement Variability Range of the lodine Density on DECT

True iodine | Median of | 2.5 percentile of | 97.5 percentile
concentration | absolute absolute difference | of absolute
difference (95% ClI)? difference
(95% CI) (95% CI)?
0 0.0 (-0.1, 0.0) -0.6 (-0.7, -0.4) 0.4 (0.3,0.4)
1.0 -0.3(-0.3,-0.2) | -0.7 (-0.8, -0.6) 0.2 (0.2,0.3)
2.5 -0.0 (-0.1,0.0) -0.7 (-0.8, -0.5) 0.4 (0.3, 0.5)
5.0 -0.4 (-0.2, 0.0) -0.8 (-0.9, -0.6) 0.7 (0.6, 0.7)
10.0 -0.2 (-0.3,0.1) -1.1(-1.7,-1.0) 1.1(1.0,1.1)
20.0 -0.5(-0.7,0.2) -1.6 (-2.0,-1.2) 1.3(1.2,1.5)

lodine density was measured in mg/ml.

895% Cls for the 2.5 and 97.5 percentile values were determined by using

bootstrap resampling.

ClI, confidence interval
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Therefore, a cutoff of 1oD for the determination of a truly enhancing
lesion on DECT would be 0.4 mg/ml. Similarly, cutoffs for the evaluation
of true change in loD at follow-up DECT scan would be as described in

the preceding paragraph.
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PART 1II. ANALYSIS OF THE EFFECT OF
VARIOUS ACQUISITION PARAMETERS ON
IODINE QUANTIFICATION USING A SINGLE
DECT SCANNER (DLCT)

MATERIALS AND METHODS

This study was exempt from Institutional Review Board approval at
Seoul National University Hospital as no animal or human data were
acquired or used.

Phantom design

To obtain CT scans at various acquisition settings, an experimental
study using an anthropomorphic chest phantom (multipurpose chest
phantom N1 Lungman) and two custom-made iodine phantoms was
performed. The original mediastinal structures (heart and pulmonary
vessels) of the anthropomorphic chest phantom were replaced with
iodine phantoms. Development of the iodine phantoms is described in
detail in Part I.

In Part Il, two different solvents were used for the dilution of contrast
media: 1) distilled water and 2) 10% amino acid solution (Combiflex
lipid 1000 inj.). The amino acid solution was chosen to simulate in vivo
measurement (32, 33). In a preliminary study, this solution had a mean
attenuation of 48 HU at 120 kVp, which was close to the mean
attenuation of thymic cysts or incidental anterior mediastinal masses on

30



non-enhanced CT scans (32, 33). Consequently, two iodine phantoms
with different solvents were prepared and each contained six tubes of

iodine concentrations ranging from 0 to 20 mg/ml (Figure 4).
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Figure 4. Phantoms designed for iodine quantification. (a) Axial CT

image scanned with 140 kVp, 200 mAs and Spectral level 6. A
mediastinal iodine phantom containing six tubes approximating different
iodine concentrations (contrast media diluted in distilled water; 0, 1, 2.5,
5, 10, and 20 mg/ml) was inserted into an anthropomorphic chest
phantom. (b) lodine density (mg/ml) was measured on the material-
specific iodine density image. (c) Another iodine phantom with tubes
filled with contrast media diluted in a 10% amino acid solution (iodine
concentration: 0, 1, 2.5, 5, 10, and 20 mg/ml) and (d) its iodine density

image.
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CT acquisition

All CT scans were performed with a DLCT scanner (IQon spectral CT)
with modulation of three acquisition variables: tube voltage, tube
current-time product, and iterative reconstruction level. The chest
phantom was scanned with a voltage of 120 and 140 kVp and a tube
current-time product of 20, 40, 60, 80, 100, 150, and 200 mAs. Among
Spectral levels (noise-reducing iterative reconstruction levels) from 0 to
7, Spectral 0 and 6 were chosen empirically as these represented low and
high noise-reducing levels. Other CT scanning and reconstructing
parameters were kept constant as follows: detector collimation, 64x0.625
mm; pitch, 0.984; rotation time, 0.5 sec; slice thickness, 1 mm;
reconstruction increment, 1 mm; kernel, B (standard); field-of-view, 310
mm; and matrix size, 512x512 pixels. CT scans were repeated three times
for a single acquisition setting with slight position changes between
scans. Therefore, a total of 168 CT image datasets (2 kVp settings x 7
mAs settings x 2 Spectral levels x 2 iodine phantoms x 3 repeat scans)
were acquired.

lodine density measurement

CT images were analyzed using the Spectral CT Viewer application of
Spectral Diagnostic Suite software (Philips Healthcare) on a workstation

(xw6200; Hewlett-Packard) with two 20.8 inch monochrome liquid
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crystal display monitors with 2048x1536 pixels (ME315L; Totoku
Electric, Tokyo, Japan). loD was measured by placing round ROIs of
approximately 100 mm? on three consecutive axial CT images in the
middle of the iodine phantoms. Mean loD (mg/ml) was recorded. Thus,
a total of 3024 measurements (168 CT scans x 6 tubes x 3 measurements)
were obtained.
Statistical analysis

To investigate the effect of tube voltage, tube current-time product, and
Spectral level on loD measurement, data were analyzed using a linear
mixed-effects model. The main effects of interest in the model were the
effect of tube voltage, tube current-time product, and Spectral level.
lodine concentrations of phantoms and kind of solvents were also
considered as fixed effects. Repeated CT scans were considered as a
random effect for interscan variability. The initial models were created
with main effects terms with entry of pairwise interaction terms between
fixed effects terms iteratively. Thereafter, the final model was created
using main effects terms and statistically significant interaction terms.
First, a model with loD as a dependent variable was constructed. Then,
relative iodine measurement error (RME) was used as a dependent
variable, calculated as: |(Measured IoD - True iodine

concentration)| x 100/(True iodine concentration). Among the input

34



variables, tube voltage, Spectral level, and kind of solvents were
categorical, while tube current-time product was continuous. True iodine
concentration was regarded as a categorical variable for the loD model
and as a continuous variable for the RME model as an adjusting factor.
Statistical analyses were performed using SAS version 9.2 (SAS Institute
Inc., Cary, NC, United States). A P-value <0.05 was considered to

indicate statistical significance.
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RESULTS

Effect of the acquisition parameters on loD

In the final mixed-effects model, tube voltage (P<0.001), true iodine
concentration of phantoms (P<0.001), and kind of solvents (P=0.007)
were statistically significant fixed effects terms. Spectral level (P=0.647)
did not have a significant effect on loD. Tube current-time product was
not a significant term by itself (P=0.311). However, two interaction terms
associated with the tube current-time product showed statistical
significance: interactions between true iodine concentration and tube
current-time product (P<0.001), and between tube voltage and tube
current-time product (P<0.001). Interactions between true iodine
concentration and tube voltage (P<0.001) and between true iodine
concentration and kind of solvents were also significant (P<0.001).

To be specific, loD was measured significantly higher with 140 kVp
(Table 8). Absolute differences of least squares means (LSMs) of
measured loD between 120 and 140 kVp, which ranged from 0 to 0.8
mg/ml, increased as true iodine concentration increased. loD at 140 kVp
was closer to the true iodine concentration than that at 120 kVp, except
for the 0 mg/ml tube. loD was also measured significantly higher (and
closer to the true iodine concentration) in water than in the amino acid

solution for tubes with iodine concentrations >5 mg/ml (Table 9). For
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tubes with iodine concentration <1 mg/ml, loD was measured lower and
less accurately (for 1 mg/ml) in water. LSMs were equal for both solvents
at an iodine concentration of 2.5 mg/ml. The difference of LSMs of loD
between water and amino acid solution ranged from 0.1 to 0.3 for tubes
with iodine concentrations >5 mg/ml and from -0.4 to -0.1 mg/ml for
tubes with iodine concentrations <1 mg/ml. With regard to the tube
current-time product, the estimated regression coefficients were smaller
than 0.0005. There was a significantly increasing or decreasing tendency
of loD depending on the interaction between the tube voltage and the
tube current-time product. Specifically, the measured loD decreased
significantly as mAs increased at 140 kVp for the tubes with true iodine
concentrations <2.5 mg/ml. loD measured at 120 kVp increased
significantly as mAs increased for tubes >5 mg/ml. Nevertheless, the
results implied that the variation in tube current-time product for 100
mAs would cause changes in loD measurements of smaller than 0.1

mg/ml (Table 10).

37



Table 8. lodine Density Measurement according to Tube Voltage

lodine kVp | LSM | 95% CI | Difference | 95% CI of
concentration of LSM of  LSM | difference
of phantoms between
(mg/ml) kVp
0 120 |0 0,0

140 |01 0.1,0.1 0 -0.1,0
1 120 | 0.9 0.9,09

140 1.0 1.0,1.0 -0.1 -0.1,-0.1
2.5 120 |24 24,24

140 |25 25,25 -0.1 -0.1,-0.1
5 120 |47 4.7,4.7

140 |49 49,49 -0.2 -0.3,-0.2
10 120 |94 94,94

140 |99 9.8,9.9 -0.5 -0.5,-04
20 120 18.6 | 18.6, 18.6

140 194 | 194,194 | -0.8 -0.8,-0.8

Cl, confidence interval; kVp, kilovoltage peak; LSM, least squares mean
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Table 9. lodine Density Measurement according to the Solvent for

Contrast Media Dilution

lodine Solvent LSM | 95% CI | Differe | 95% CI of
concentration of LSM | nce of | difference
of phantom LSM
(mg/ml) between
solvents
0 Water 0 0,0
Amino acid | 0.1 0.1,0.1 |-0.1 -0.1,-0.1
1 Water 0.8 0.8,0.8
Amino acid | 1.1 11,12 | -04 -0.4,-0.3
2.5 Water 2.5 25,25
Amino acid | 2.5 2525 |0 0,0
5 Water 49 48,49
Amino acid | 4.7 47,48 |0.1 0.1,0.1
10 Water 9.7 9.7,9.7
Amino acid | 9.6 9.6,9.6 |01 0.1,0.1
20 Water 19.2 | 19.2,
19.2
Amino acid | 18.9 | 18.9, 0.3 0.3,0.3
18.9

Cl, confidence interval; LSM, least squares mean
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Table 10. Coefficients of Tube Current-time Product according to

lodine Concentration and Tube Voltage (lodine Density Model)

lodine kVp | Coefficient | Standarderror | P-value

concentration of

phantom

(mg/ml)

0 120 | 0.00010 0.00008 0.224
140 | -0.00021 0.00008 0.008

1 120 | -0.00003 0.00008 0.658
140 | -0.00034 0.00008 <0.001

25 120 | 0.00009 0.00008 0.268
140 | -0.00022 0.00008 0.006

5 120 | 0.00019 0.00008 0.013
140 | -0.00011 0.00008 0.167

10 120 | 0.00029 0.00008 <0.001
140 | -0.00001 0.00008 0.881

20 120 | 0.00046 0.00008 <0.001
140 | 0.00015 0.00008 0.052

kVp, kilovoltage peak
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Effect of the acquisition parameters on RME

Among the fixed effects terms, tube voltage (P<0.001), tube current-
time product (P=0.023), and true iodine concentration (P<0.001) were
shown to be statistically significant (Figure 5). Kind of solvents
(P=0.053) and Spectral level (P=0.813) were not significant variables.
Among pairwise interaction terms, only the interaction between tube

voltage and kind of solvents was statistically significant (P<0.001).
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Figure 5. Box plots of relative iodine density measurement error (RME)

according to acquisition parameters.

The effect of (a) tube voltage and (b) tube current-time product on RME

was minimal. (c) Spectral level was not an influencing factor for RME.
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RME decreased significantly as true iodine concentration increased and
it was significantly smaller with 140 kVp than with 120 kVp for both
solvents (Table 11). The difference of LSMs of RME between 120 and
140 kVp was lower in the amino acid solution (1.0%) than in water
(4.2%). RME also reduced as the tube current-time product increased.
Given that the regression coefficient was -0.00601 (standard error,
0.00263), an increase or decrease of the tube current-time product for

100 mAs would cause changes in RME of +0.6%.
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Table 11. Relative lodine Density Measurement Error according to the

Solvent and Tube Voltage
Solvent | kVp | LSM | 95% CI of | Difference of | 95% CI of
LSM LSM  between | difference
kVp

Water 120 | 9.3 8.7,9.9

140 |51 45,57 4.2 33,51

Amino |120 |7.1 6.5, 7.7
acid

140 | 6.1 5.5,6.7 1.0 01,19

Cl, confidence interval; kVp, kilovoltage peak; LSM, least squares mean
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PART III. CLINICAL VALIDATION OF IODINE

DENSITY MEASUREMENT IN PATIENTS

MATERIALS AND METHODS

This retrospective analysis was approved by the Institutional Review
Board of Seoul National University Hospital, and the requirement of
written informed consent was waived.

Study population

Patients who underwent chest CT scans using a dedicated scanning
protocol for the evaluation of anterior mediastinal lesions between July
2017 and September 2018 were retrospectively identified through
searching electronic medical records (EMRs). Among 114 patients, 25
patients underwent surgical resection for the mediastinal diseases. Then,
three patients with diseases other than thymic cysts or thymic epithelial
tumors were excluded [ectopic thyroid tissue (n=1), mature cystic
teratoma (n=1), and schwannoma (n=1)]. Subsequently, 22 patients (12
males and 10 females) with surgically resected thymic cysts (n=14) or
thymic epithelial tumors [type A (n=3), AB (n=1), B1 (n=2), and B3
(n=1); subtype was not recorded in one patient] were included for

analysis. Median age was 57 years [interquartile range (IQR), 51-67
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years]. Median interval between CT scan and surgery was 29 days (IQR,
12-35 days).
CT acquisition

All patients underwent chest CT scans using a single CT scanner (IQon
spectral CT; DLCT). Detailed scanning parameters were as follows: 120
kVp; dose right index, 18; detector collimation, 0.625x64 mm,; slice
thickness, 3 mm; reconstruction increment, 3 mm; rotation time, 0.33 sec;
pitch, 1.0015; kernel, B (standard); field-of-view, 150 mm (covering
only mediastinum); and matrix size, 512x512 pixels. Patients initially
underwent non-enhanced CT scans (limited scan range for the
mediastinum to reduce radiation dosage). Then, a total of 1.2 mL/kg of
370 mgl/mL of a nonionic contrast material, iopamidol (Pamiray 370),
was injected into an antecubital vein. Contrast-enhanced CT scan was
obtained at a scan delay of 60 sec. Both non-enhanced and contrast-
enhanced CT scans were also reconstructed at a slice thickness of 1 mm
with field-of-view of approximately 350 mm covering the whole thorax,
but these were used only for the clinical practice. That is, these CT scans
(thin-section and full field-of-view) were not evaluated in this study.
Data collection

Patient characteristics (sex and age), surgery date, and pathological

information were recorded from EMRs. All pathological diagnoses were
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determined by the attending pathologists of Seoul National University
Hospital as a part of routine clinical practice according to the World
Health Organization classification (34). Thus, surgical specimens were
not reviewed particularly for this study.

Image analysis

CT images were analyzed using the Spectral CT Viewer application of
Spectral Diagnostic Suite software (Philips Healthcare). 1oD (mg/ml),
CT attenuation number (HU) at VME 70 keV (both non-enhanced and
contrast-enhanced CT), and CT attenuation number (HU) at VNE were
obtained by placing round ROIs on axial images (Figure 6). Mean values
were recorded and all measurements were performed once for each

patient.
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Figure 6. A representative case of a 51-year old male with a thymic

epithelial tumor (B3). (a) Non-enhanced VME 70 keV, (b) Contrast-
enhanced VME 70 keV, (c) iodine density (loD) map, and (d) virtual non-
enhanced image. Note that loD was measured as 0.50 mg/ml, which was
above the true enhancement cutoff (0.4 mg/ml).

VME, virtual monoenergetic image
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Statistical analysis

Continuous variables were described as either mean + standard
deviation or median with IQR after testing the normality with Shapiro-
Wilk test. Comparisons of the continuous variables between thymic cysts
and thymic epithelial tumors were performed using either independent t-
test or Mann-Whitney U test, as appropriate. To validate diagnostic
performance of the true enhancement cutoff (loD, 0.4 mg/ml) in patients,
lesions with loD >0.4 mg/ml were regarded as thymic epithelial tumors,
while those with loD <0.4 mg/ml were considered as thymic cysts. In
addition, two other diagnostic criteria were adopted for the comparison,
which were attenuation cutoffs at VME 70 keV (contrast-enhanced CT)
and IRA (HU at contrast-enhanced VME 70 keV minus HU at VNE).
Specifically, CT attenuation >20 HU (i.e., water attenuation) at VME 70
keV (35) and IRA >20 HU (36) were used as diagnostic criteria for
thymic epithelial tumors, respectively. Diagnostic sensitivity, specificity,
accuracy, positive predictive value (PPV), and negative predictive value
(NPV) for the differentiation of thymic epithelial tumors from thymic
cysts were calculated for each diagnostic criterion. Corrected predictive
values for the prevalence of 23.1% (malignant anterior mediastinal
disease) at screening chest CT scans, which was recently reported by

Yoon et al. (37), were also calculated (38). In addition, diagnostic
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sensitivity, specificity, and accuracy were also calculated based on the
CT reports, which reflected daily clinical practice of radiologists. When
multiple differential diagnoses were suggested at the report, the top
differential diagnosis was chosen. The diagnostic accuracies of the
attenuation-based cutoffs and the CT report were compared to that of the
loD using McNemar test. All statistical analyses were performed using
SPSS Statistics version 25.0 (IBM Corp., Armonk, NY, USA). P-values

<0.05 were considered to indicate a statistically significant difference.
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RESULTS

Median lesion diameter was 2.2 cm (IQR, 1.7-3.4 cm). Median loD was
0.22 mg/ml (IQR, 0.12-0.34 mg/ml) in thymic cysts and 1.75 mg/ml
(IQR, 0.82-2.67 mg/ml) in thymic epithelial tumors (P<0.001). Median
attenuation at non-enhanced VME 70 keV was 20.8 HU (IQR, 12.5-41.1
HU) in thymic cysts and 47.3 HU (IQR, 41.6-52.5 HU) in thymic
epithelial tumors (P=0.003). Mean attenuation (tstandard deviation) at
contrast-enhanced VME 70 keV was 29.2+16.5 HU in thymic cysts and
92.2+26.8 HU in thymic epithelial tumors (P<0.001). Median IRA was
5.6 HU (IQR, 3.3-9.2 HU) in thymic cysts and 44.5 HU (IQR, 20.9-67.8
HU) in thymic epithelial tumors (P<0.001).

Diagnostic performance of the suggested loD cutoff and attenuation-
based cutoffs

Diagnostic sensitivity, specificity, accuracy, PPV, and NPV were 100%,
85.7%, 90.9%, 80.0%, and 100% for loD (cutoff, 0.4 mg/ml), 100%,
35.7%, 59.1%, 47.1%, and 100% for CT attenuation at contrast-
enhanced VME 70 keV (cutoff, 20 HU), and 75.0%, 85.7%, 81.8%,
75.0%, and 85.7% for IRA (cutoff, 20 HU). Disease prevalence (thymic
epithelial tumor) was 36.4% (8/22). Corrected PPV and NPV were 67.7%
and 100% for loD, 31.8% and 100% for CT attenuation at contrast-

enhanced VME 70 keV, and 61.2% and 91.9% for IRA. Diagnostic
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accuracy of loD was significantly higher than that of the CT attenuation
at contrast-enhanced VME 70 keV (P=0.016). However, there was no
significant difference between loD and IRA (P=0.500).

Diagnostic sensitivity, specificity, and accuracy determined based on
the radiologist report were 100%, 71.4%, and 81.8%, respectively. The
difference in diagnostic accuracy between loD and the radiologist report
was not statistically significant (P=0.625).

Two cases of the thymic cysts were incorrectly diagnosed as thymic
epithelial tumors by loD measurement. In one case, attenuation number
at non-enhanced CT was 49.4 HU, although it was erroneously measured
as 34.5 HU at VNE, leading to increased oD (1.04 mg/ml). In another
case, a small lesion (1.0 cm) was closely abutting the wall of pulsating
ascending aorta and loD was measured as 1.00 mg/ml. None of the
thymic epithelial tumors were misdiagnosed as thymic cysts by loD
measurement. Table 12 is a contingency table for each diagnostic

criterion.
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Table 12. Differentiation of thymic epithelial tumors from thymic cysts

using several diagnostic criteria

Histopathologic diagnosis
(reference standard)
Diagnostic criteria | Cutoff | Thymiccyst | TET
loD (mg/ml) <0.4 12 0
>0.4 2 8
CT attenuation at | <20 5 0
contrast-enhanced
VME 70 keV (HU)
>20 9 8
IRA (HU) <20 12 2
>20 2 6
Diagnostic CT report | Thymic | 10 0
of radiologists cyst
TET 4 8

Data are number of patients.

HU, Hounsfield units;

loD, iodine density; IRA, iodine-related

attenuation; TET, thymic epithelial tumor; VME, virtual monoenergetic
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DISCUSSION

In Part I, this study revealed that loD measurement accuracy for the
simulated mediastinal cystic lesions was not significantly affected by
DECT systems, although the absolute measurement error was slightly
higher for SSCT. Fluid characteristics (solvents) did not have any
significant impact on loD, either. For the variability range of loD, the
cutoff for determining a truly enhancing lesion was 0.4 mg/ml, which
implied that the measured loD >0.4 mg/ml could be reproducibly
regarded as true contrast-enhancement on DECT scans. In Part 11, this
study found that tube voltage and tube current-time product had minimal
effects on loD and RME, although both reached statistical significance.
The estimated differences between kVp settings ranged between 0 to 0.8
mg/ml for loD and between 1.0% to 4.2% for RME. As for the tube
current-time product, alteration of 100 mAs caused changes in loD and
RME of approximately 0.1 mg/ml and 0.6%, respectively. In addition,
among the analyzed variables, Spectral level was not an affecting factor
for iodine quantification. In Part 111, diagnostic performance of the true
enhancement cutoff (loD, 0.4 mg/ml) was validated in patients who
underwent thymectomy and the suggested threshold showed diagnostic
sensitivity, specificity, and accuracy of 100%, 85.7%, and 90.9%,

respectively.
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Recently, Pelgrim et al. (25) performed comparisons between DLCT
and DSCT for the iodine quantification and reported that the lowest
measurement errors were observed for DSCT with the tube voltage
settings of 70/Sn150 kVp or 80/Sn150 kVp, of which the median relative
measurement errors for true iodine concentrations ranging from 5.0 to
20.0 mg/ml were 0.5% (range of median: -4, 1%) and -2.3% (range of
median: -4, 0%), respectively. The median measurement error for DLCT,
acquired with 140 kVp, was -3.3% (range of median: -6, -2%). In the
present study, the median relative measurement errors ranged from 5.0%
t0 8.0% for DSCT and from -7.0% to -4.5% for DLCT for the equal range
of iodine concentrations. The measurement errors for DSCT were more
overestimated and were higher than those reported by Pelgrim et al. (25).
Such discrepancy might be explained by the following reasons. First, the
uncertainty of true iodine concentration of the phantoms would be a
cause. Commercial contrast media was diluted in order to prepare the
iodine phantoms. The ground truth concentration of the contrast media
was not tested in both studies. Variation of the concentration of the
contrast media might have contributed to the inconsistency of the results.
To solve this issue, precise measurements of the true iodine
concentration using high-performance liquid chromatography is required.

Second, this study dealt with iodine solutions diluted in various solvents
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including amino acid solution, lipid emulsion, and calcium solution.
DSCT performs three-material decomposition in image space with pre-
specified material specific attenuation profiles. Thus, the analysis of
complex solutions would inevitably yield a higher measurement error.
Third, the CT system calibrations might have affected the loD
measurement. Material decomposition requires accurate system
calibrations, which establish the relationship between the projection
measurements and known densities of basis materials (2). A slight
difference in CT calibration status might have resulted in the disparate
results between the two studies. DSCT system was calibrated by the
manufacturer three days before the CT scanning in this study.

An interesting finding in Part | was that the absolute measurement error
of loD was not significantly affected by the solvent in which the contrast
media was diluted. Given that in vivo lesions such as bronchogenic cyst
or thymic cyst comprise complex proteinaceous fluid, it would be
possible to suggest that loD measurement is applicable to the differential
diagnosis of in vivo lesions. To my knowledge, this is the first study to
investigate the feasibility of loD measurement using simulated body
fluids. Past research on the accuracy of loD using DECT scanners
performed analysis with iodinated contrast media diluted in only water

(10, 23, 25, 39) and thus was not able to demonstrate whether the loD
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could be accurately measured for body fluids or body materials.

Considering the study results in Part I, iodine quantification is more
robust than attenuation measurement across various DECT platforms and
fluid characteristics. Present study results are promising given that the
CT scans were obtained from the three major vendors.

With regard to the measurement variability of loD, a non-parametric
form of 95% limits of agreement was calculated for the absolute
measurement error (31). This method is very simple but effective and
readily interpretable (31). Based on the study results, loD greater than
0.4 mg/ml can be interpreted as true contrast-enhancement. This would
be helpful for the differential diagnosis of a thymic cyst or a renal cyst
as demonstrated in Part Ill. Determination of an enhancing component
(i.e., viable tumor) is key to the diagnosis of these lesions and loD
measurement may facilitate radiologic diagnosis when using the
suggested cutoff value.

In Part 1l, DLCT was used for the image acquisition. DLCT enables
spectral separation of photons at a detector level (40). Therefore, this
scanner does not require setting up of a specific DECT mode for
acquisition with different photon spectra. Rather, all routine CT scans
achieved for clinical purposes are able to be reviewed retrospectively as

DECT when using dedicated software. Nevertheless, little has been
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known to date on whether iodine quantification can be affected by
changes in CT acquisition parameters with this scanner. Thus, to
guarantee that measured values are robust irrespective of the scanning
protocols (or acquisition parameters) used, investigation of the effects of
acquisition settings on quantification was warranted. Study Part 1l
covered an extensive variation of acquisition settings, especially mAs, to
simulate various CT protocols for the purposes of answering this
question.

An important finding of the Part 1l was that selection of 140 kVp yielded
higher as well as more accurate oD measurement; the higher tube
voltage may have resulted in more photons detected at the outermost
detector layer, which absorbed high-energy photons (25). Thus, a wider
spectral separation, leading to more accurate material decomposition,
became possible. Nonetheless, the estimated differences in 1oD between
the two kVp settings were 0.1 mg/ml for the 1 mg/ml tube, 0.1 mg/ml for
the 2.5 mg/ml tube, and 0.8 mg/ml for the 20 mg/ml tube. Based on the
in vivo measurements reported in the literature, the differences of loD
between the control and disease groups were approximately 0.93 mg/ml
for thymoma (median loD: low-risk thymoma, 1.92 mg/ml; high-risk
thymoma, 0.99 mg/ml) (8), 1.21 mg/ml for myocardium (mean loD:

normal myocardium, 2.56+0.66 mg/ml; infarcted myocardium,
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1.35+0.57 mg/ml) (9), and 3.89 mg/ml for a solitary pulmonary nodule
(mean loD: benign nodule, 15.30+6.25 mg/ml; malignant nodule,
19.19£6.44 mg/ml) (15). When compared to the differences in loD
between the control and disease groups in vivo, the alteration of oD due
to kVp would have little clinical impact on the differential diagnosis.
Similarly, the effect of tube current-time product on the measurement
of loD was minimal and was not considered to be clinically relevant
according to the present results. To be specific, increasing the tube
current-time product from 20 to 200 mAs would result in a change in
loD measurement of 0.1 mg/ml and RME of 1.1%. Thus, despite the
statistically significant regression coefficients of mAs, such minimal
influence would not bear clinical importance in the radiation dose range
of diagnostic CT scans.

With regard to the iterative reconstruction algorithm, noise reduction
levels had no impact on loD measurements. Among Spectral levels 0 to
7, two Spectral levels, 0 and 6, were empirically chosen as ‘low’ and
‘high’ levels of noise reduction, respectively. Nowadays, iterative
reconstruction is often incorporated in routine imaging as a dose
reduction strategy. Therefore, it is essential to investigate the potential
influence of iterative reconstruction on quantitative measurements. In

addition, one phantom study previously reported that noise was a critical
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factor for accurate iodine quantification on material-specific DECT
datasets (41). The present study result that the noise reduction level was
not associated with oD measurement is quite informative, given that the
heterogeneity in images caused by the various reconstruction algorithms
can be potentially put out of court. Pelgrim et al. (25) also reported a
similar result in which the grade of iterative reconstruction was not an
influencing factor for loD measurement in both third-generation dual-
source DECT and DLCT scanners. Some controversy remains, however,
as Marin et al. (39) stated that a higher grade of iterative reconstruction
provided significantly greater accuracy in iodine quantification in a
second-generation dual-source DECT scanner. Different iterative
reconstruction algorithms used might have caused the discrepancy
between the study results as the degree of noise reduction and the
underlying mechanisms of action vary substantially among the
commercial iterative reconstruction algorithms.

In Part 11, the true enhancement cutoff for loD was validated for the
differentiation of thymic epithelial tumors from thymic cysts and the
proposed criteria showed good diagnostic performance. McErlean et al.
(42) previously reported that intralesional fat, midline location, and
triangular thymic shape were more frequently associated with benign

thymic lesions including thymic cyst, thymic hyperplasia, benign thymus,
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thymolipoma, and benign nodular thyroid hyperplasia, compared with
thymic malignancy. However, iodine quantification was not performed
in that study. Chang et al. (8) measured iodine concentrations in thymic
epithelial tumors and reported that iodine concentration measurement
could be used in differentiating between low- and high-risk thymomas
and thymic carcinomas. Nevertheless, benign thymic lesions were not
included and diagnostic cutoff was not validated in an independent
cohort.

Notably, CT attenuation of the thymic cysts was higher than that of
water (20 HU) in 50% (7/14). Araki et al. (33) also reported that the mean
CT attenuation of thymic cysts was 38 HU on contrast-enhanced CT.
Therefore, differential diagnosis of a thymic lesion based on a single
phase CT scan is challenging and evaluation solely based on the cutoff
for water attenuation would result in substantial false positive diagnoses.
In this context, DECT can be a solution as this modality provides VNE
images from a single acquisition and enables iodine quantification, a less
variable measure as demonstrated in Part I. Nevertheless, corrected PPV
for loD measurement was below 70%, which might result in
overdiagnosis and subsequent overtreatment. Therefore, care should be
taken in medical decision making and treatment planning based on the

iodine quantification. Borderline lesions may require additional imaging
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tests such as positron emission tomography or magnetic resonance
imaging.

There were several limitations in this study. First, loD was not measured
in patients in Part | and Part Il. In vivo measurements were simulated
with four different solutions. However, the body material in vivo is more
complicated than that produced simply in the laboratory. Solid tumors
may comprise dense cellular component, water, blood, calcification, and
even gross fatty tissue. Thus, the actual measurement error in vivo would
be higher than that analyzed in this study. Second, there are multiple
other potential sources of variation for oD measurement including
patient body habitus and respiratory/cardiac motion. Past studies
reported that the iodine quantification was significantly influenced by
the patient size. (25, 39) Therefore, it is possible that the measurement
variability range is wider in large phantoms or patients. Accordingly, the
accuracy of loD measurement reported in the present study may alter for
the abdominal applications of DECT. Furthermore, iodine measurements
using DSCT and SSCT can be affected by the patient motion as there is
a minute gap between the acquisition of low and high energy data.
Although motion was not considered in the present study, this is an
interesting topic to be investigated in the future. Third, lesion size was

not analyzed as a variable in the phantom studies. Lesions that have
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smaller axial diameter than the tubes may be vulnerable to the acquisition
conditions. Fourth, the most recently developed SSCT, Revolution CT
(GE Healthcare), which was not commercially available at the time of
this study, was not included in the experiment. Therefore, the
performance of the most recent SSCT for iodine quantification was not
analyzed. Fifth, image quality assessment was not performed. Image
quality of DECT including VME and VNE has been investigated in a
number of previous studies (43-47). Comparison of the image quality in
terms of spatial resolution and noise spectrum between the three vendors
is warranted in the future studies. Sixth, intra- and inter-reader loD
measurement variability was not analyzed. Reproducibility is an
important aspect of any measurement analysis. However, this study
focused on modeling with acquisition factors to reveal their effects on
loD measurements. According to a previous study, Chandarana et al. (23)
had demonstrated that the inter-reader agreement of loD was excellent
(Pearson coefficient, 0.994) with dual-source DECT. Seventh, the
clinical validation was performed in a small number of patients and the
inclusion of surgically resected cases might have induced selection bias.
Thus, a prospective validation in a larger cohort is warranted in the future.
Lastly, the value of DECT was not compared with positron emission

tomography or magnetic resonance imaging. However, this issue is
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beyond the scope of the present study and each imaging modality has
distinct merits and demerits.

In conclusion, this study revealed that loD measurement accuracy was
unaffected by the DECT scanners, in contrast to CT attenuation number
measurement. loD measurement was feasible for the various simulated
body fluids and the effect of acquisition parameters was minimal in the
range of diagnostic CT scans. The variability cutoff for determining a
true enhancement was 0.4 mg/ml and this criteria exhibited diagnostic
accuracy of 90.9% in differentiating thymic epithelial tumors from

benign thymic cysts.
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