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Abstract
Objectives To assess the impact of scan- and patient-related factors on the error and the minimum detectable difference in iodine
concentration among different generations of single-source (SS) fast kV-switching and dual-source (DS) dual-energy CT
(DECT).
Methods Lesions having eight different iodine concentrations (0.2–4 mgI/mL) were emulated in a 3D-printed phantom of
medium and large size. Each combination of concentration and size was scanned in dual-energy mode on four different SS
and DS DECTs. Radiation doses were 7 and 10 mGy (medium size) and 10, 13, and 16 mGy (large size). Iodine maps were
reconstructed with filtered back projection (FBP) and vendor-specific iterative reconstruction algorithms (IRs). Absolute error of
iodine quantification (E) was measured. Multivariate regression models determined the influence of CT scanner, iodine concen-
tration, phantom size, radiation dose, and reconstruction algorithm on E. The minimum detectable difference in iodine concen-
tration (ICmin) under the same imaging conditions (intra-conditional) and among different imaging conditions (inter-conditional)
was calculated.
Results The error was significantly lower in current than in previous DECT generations (p < 0.001). For all CT scanner
conditions, the error was significantly higher with increasing phantom size and decreasing radiation dose (p < 0.001). Iodine
concentration only significantly affected the error for SS DECT (p < 0.001). ICmin depended on patient- and scan-related factors
and ranged from 0.4 to 1.5 mgI/mL.
Conclusions Patient- and scan-related factors have a significant impact on the error and minimum detectable difference in iodine
concentration within and among SS fast kV-switching and DS DECT.
Key Points
• Patient- and scan-related factors have a significant impact on the error and minimum detectable difference in dual-energy CT-
based iodine quantification.

• Third-generation DECTs outperformed second-generation scanners for both single-source and dual-source dual-energy CT.
• The minimum intra- and inter-conditional detectable difference in iodine concentration ranged from 0.4 to 1.5 mg iodine/mL.
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Abbreviations
DECT Dual-energy computed tomography
DECT-IQ Dual-energy CT-based iodine quantification
DS Dual-source
FBP Filtered back projection
ICmin Minimum detectable difference in iodine

concentration
IR Iterative reconstruction algorithm
IRB Institutional review board

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00330-018-5736-0) contains supplementary
material, which is available to authorized users.

* André Euler
and.euler@gmail.com

1 Department of Radiology, Duke University Medical Center, 2301
Erwin Road, Box 3808, Durham, NC 27710, USA

2 Carl E. Ravin Advanced Imaging Laboratories, Durham, NC, USA

European Radiology (2019) 29:2069–2078
https://doi.org/10.1007/s00330-018-5736-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s00330-018-5736-0&domain=pdf
http://orcid.org/0000-0001-5019-4585
https://doi.org/10.1007/s00330-018-5736-0
mailto:and.euler@gmail.com


RCC Renal cell carcinoma
SS Single-source

Introduction

Dual-energy CT-based iodine quantification (DECT-IQ)
has been shown to improve lesion detection and char-
acterisation and to enable monitoring of tumour treat-
ment response in oncologic imaging of the abdomen
and pelvis [1–6]. Several clinical studies demonstrated
its capability to distinguish malignant from benign le-
sions [7, 8] as well as metastatic from non-metastatic
lymph nodes [9]. Recently, the potential for DECT-IQ
as a predictive pre- and post-treatment imaging bio-
marker has been investigated [10, 11]. Additional bene-
fits have been observed in the response assessment of
different cancer entities that are treated with targeted
antiangiogenetic therapy [12, 13]. Here, DECT-IQ can
be used as a quantitative tool to assess tumour vascu-
larisation in order to distinguish responders from non-
responders [12]. DECT-IQ must be precise and repro-
ducible to ensure accurate diagnosis of disease as well
as interpretation of tumour treatment response in onco-
logic patients. However, recent clinical studies have
shown contradictory results regarding the thresholds of
iodine concentration that should be used for lesion char-
acterisation. A recent study reported a threshold of 1.9
milligram iodine per millilitre (mgI/mL) to differentiate
between benign and malignant renal lesions with the
latter demonstrating higher iodine concentrations
[14]. In a previous study, however, a threshold of
0.9 mI/mL enabled the discrimination between clear cell
and papillary renal cell carcinoma (RCC) [15]. Papillary
RCCs had a mean lesion iodine concentration of 0.8 ±
0.1 mgI/mL. Thus, by applying the most recent thresh-
old [14], these lesions would have been inaccurately
characterised as benign. This discrepancy could be ex-
plained by either the application of different amounts of
contrast medium or by the use of different DECT scan-
ners. The initial study was performed on a second-
generation dual-source (DS) DECT, while the latter used
a second-generation single-source (SS) fast kV-switching
DECT. This raises the question: to what extent is iodine
quantification biased by patient- or scan-related factors?
Although multiple former studies have investigated the
accuracy of DECT-based iodine quantification [2,
16–23], it remains unclear which inaccuracies should
be expected if (A) the same patient or (B) different
patients of different habitus are imaged under the same
or different imaging conditions. Based on this lack of
knowledge, Jacobsen et al recently proposed that future
work should include the determination of the minimum

detectable iodine concentration (ICmin) to compute the
error margin for each specific DECT platform [20].

The purpose of our study was to assess the impact of
patient- and scan-related factors on the accuracy and precision
of DECT-IQ and to determine the minimum detectable differ-
ence in iodine concentration for different generations of SS
fast kV-switching and DS DECT.

Materials and methods

Phantom design

A custom abdominal phantom was fabricated using a
3D printer. The phantom was composed of a large hol-
low chamber with a volume of 1.9 litres and a lid con-
taining 15 fillable cylinders (8 cm length in the z-
direction) of different diameters (5–20 mm) to simulate
variously sized focal lesions (Fig. 1). The chamber was
filled with distilled water and all cylinders were filled
with iodinated solutions of eight different concentrations
(0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 2.4, and 4 mg iodine per
mL [mgI/mL]). The iodinated solutions were prepared
b y m i x i n g d i s t i l l e d w a t e r w i t h i o p am i d o l
(300 mgI/mL, Isovue-300, Bracco Diagnostics). One
(4 cm total) or two (8 cm total) peripheral rings of
fat-equivalent material were added to simulate medium-
and large-sized patients, respectively (Fig. 1).

Scan setup

Each combination of iodine concentration and phantom
size was scanned three times in dual-energy mode using
the following five different CT scanner conditions: (A) a
second-genera t ion SS fas t kV-swi tch ing DECT
(Discovery 750HD, GE Healthcare); (B) a third-
generation SS fast kV-switching DECT (Revolution CT,
GE Healthcare); (C) a second-generation DS DECT at a
tube voltage combination of 100 kV and 140 kV with tin
filtration (100/Sn140) (Somatom Definition Flash,
Siemens Healthineers); (D) a third-generation DS DECT
at 100/Sn150 (Somatom Force, Siemens Healthineers);
and (E) a third-generation DS DECT at 80/Sn150
(Somatom Force, Siemens Healthineers).

Radiation dose levels (CTDIvol) were 7 and 10 mGy in the
medium phantom and 10, 13, and 16 mGy in the large phan-
tom. Vendor-specific scan protocols were applied to simulate
a common scenario in routine clinical practice. To achieve the
desired radiation dose levels, predefined scan pre-sets had to
be chosen for both SS fast kV-switching DECTs while the
tube current had to be adjusted for the DS DECTs (see
Table 1). Datasets were reconstructed with both FBP and
scanner-specific iterative reconstruction algorithms (IRs).
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Overall, 600 different CT scans (5 CT scanner conditions x
5 combinations of radiation dose and size x 8 iodine con-
centrations x 3 repeats) were performed and 1200 CT
datasets were reconstructed (2 reconstruction algorithms).
All CT scans for a certain iodine concentration were per-
formed during the same session. Each session was sepa-
rated by 1 week. Each CT scanner was calibrated in air
immediately before scanning each setup. Iodine maps
were created for each dataset on separate vendor-specific
software packages (AWServer2, GE Healthcare and
Syngo.via, VA20, Siemens Healthineers). For each of
those reconstructions, a section thickness of 5 mm with
an increment of 2.5 mm was used.

Measurement of iodine concentration

The iodine concentration was measured by drawing circular
regions of interest (ROIs) within each cylinder on ten contig-
uous axial sections in the centre of each dataset. A software
solution (MATLAB, The MathWorks Inc.) was used to write
an automated script to standardise the position and size of the
ROIs among all datasets. We chose to exclude the 5-mm and

6-mm cylinders from analysis in order to minimise potential
measurement errors produced by the wall of the cylinders. The
diameter of each ROI was 4 mm (area = 12.6 mm2) including
approximately 330 pixels. The measured pixel values for each
ROI in the exported DICOM iodine-water maps had to be
converted into units of iodine concentration (in mgI/mL).
This conversion is vendor-specific (see Appendix A1).

Quantitative assessment of iodine quantification
error

For each ROI, an absolute error of iodine quantification (E)
was computed as: |E| = |real iodine concentration - measured
concentration|. The absolute error was averaged across all 90
ROIs for each dataset. These measurements were used to es-
tablish whether the association between the E was associated
with the CT scanner condition. We conducted analysis of var-
iance (ANOVA) followed by a Tukey honest significant dif-
ferences (HSD) test to establish significance of pairwise dif-
ferences across different CT scanner conditions. In a sub-
analysis by CTscanner condition, we constructed multivariate
linear regression models with the individual variables (iodine
concentration, phantom size, radiation dose, and reconstruc-
tion algorithm) as the model input and the absolute error as the
dependent variable in order to determine whether the individ-
ual variables were associated with the error of iodine quanti-
fication. This enabled establishing the impact of each variable
on error while controlling for other variables. A statistical
software (R, version 3.3.2, R Foundation for Statistical
Computing) was used for the analysis.

Estimation of minimum detectable difference
in iodine concentration among different imaging
conditions

Individual measurements of iodine concentration from DECT
images are inherently associated with some degree of uncer-
tainty due to many factors such as image noise, image arti-
facts, variable scanner capabilities, and variable patient char-
acteristics. Given this uncertainty, how can one know if a
measured difference in iodine concentration corresponds to a
true difference? This analysis attempted to answer that ques-
tion by using the large number of measurements described in
the previous sections and statistically estimating the minimum
measured difference in iodine concentration that reliably cor-
responds to a true difference.

This statistical analysis is described briefly below and in
detail in Appendix A2. Consider the case where two measure-
ments of iodine concentration, mA and mB, have been made
from images acquired under different imaging conditions, A
and B. Here, an imaging condition corresponds to an unique
combination of patient- and scan-related factors (CT scanner
condition, phantom/patient size, radiation dose level, and

Fig. 1 Custom-made, 3D-printed abdominal phantom. a The phantom
consists of a fillable chamber (W) and 15 fillable cylinders (black arrow)
with diameters of 5–20 mm (the 5-mm and 6-mm cylinders were exclud-
ed from the analysis). The chamber was filled with distilled water and the
cylinders with iodinated solutions of different concentrations. One (F1) or
two (F2) rings of fat-equivalent material were applied to simulate
medium- and large-sized patients. b Schematic drawing of the phantom
demonstrating the distribution of the different cylinder sizes. c Iodinemap
with all cylinders filled with an iodine concentration of 4.0 mgI/mL
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reconstruction algorithm). Let the measured difference be
ΔmA, B =mA −mB and the true difference be ΔtA, B = tA − tB
where tA and tB are the corresponding true iodine concentra-
tions. Given the statistical distribution ofΔmA, B and the rela-
tionship betweenΔmA, B andΔtA, B, it is possible to determine
the minimum measurable difference, ΔmA, B, min, for which
ΔtA, B > 0, 95% of the time. This minimum measured differ-
ence can also be put in terms of the corresponding minimum
detectable true difference, ΔtA, B, min or ICmin (by using the
relationship between ΔmA, B and ΔtA, B). ΔtA, B, min is most

appropriate to determine which imaging conditions result in
more precise measurements whileΔmA, B, min is more useful if
one has made two measurements and needs to determine if
their difference is likely to correspond to a true difference in
iodine concentration.

Both ΔmA, B, min and ΔtA, B, min were estimated for each
pair of imaging conditions, including both intra- (A = B)
and inter-comparisons (A ≠ B). 95% confidence intervals
were also calculated for these estimates as described in
Appendix A2.

Table 1 Scan parameters of all five CT scanner conditions

A) Second-generation SS fast kV-switching DECT

Setup Phantom
size

Radiation dose
(mGy)

Tube voltage
(kVp)

Tube current
(mA)

Collimation
width (mm)

Total collimation
width (mm)

Rotation
time (s)

Pitch

1 M 7 80/140 275 0.625 40 0.6 1.375

2 M 10 80/140 375 0.625 40 0.7 1.375

3 L 10 80/140 375 0.625 40 0.7 1.375

4 L 13 80/140 630 0.625 40 0.5 1.375

5 L 16 80/140 375 0.625 40 0.7 1.375

B) Third-generation SS fast kV-switching DECT

Setup Phantom
size

Radiation dose
(mGy)

Tube voltage
(kVp)

Tube current
(mA)

Collimation
width (mm)

Total collimation
width (mm)

Rotation
time (s)

Pitch

1 M 7 80/140 320 0.625 40 0.6 1.375

2 M 10 80/140 440 0.625 40 0.6 1.375

3 L 10 80/140 440 0.625 40 0.6 1.375

4 L 13 80/140 440 0.625 40 0.8 1.375

5 L 16 80/140 435 0.625 40 1.0 1.375

C) Second-generation DS DECT

Setup Phantom
size

Radiation dose
(mGy)

Tube voltage
(kVp)

Tube current
(mA)

Collimation
width (mm)

Total collimation
width (mm)

Rotation
time (s)

Pitch

1 M 7 100/Sn140 78 0.6 19.2 0.5 0.6

2 M 10 100/Sn140 155 0.6 19.2 0.5 0.6

3 L 10 100/Sn140 155 0.6 19.2 0.5 0.6

4 L 13 100/Sn140 186 0.6 19.2 0.5 0.6

5 L 16 100/Sn140 232 0.6 19.2 0.5 0.6

D) Third-generation DS DECT at 100/Sn150

Setup Phantom
size

Radiation dose
(mGy)

Tube voltage
(kVp)

Tube current
(mA)

Collimation
width (mm)

Total collimation
width (mm)

Rotation
time (s)

Pitch

1 M 7 100/Sn150 60 0.6 76.8 0.5 0.6

2 M 10 100/Sn150 86 0.6 76.8 0.5 0.6

3 L 10 100/Sn150 86 0.6 76.8 0.5 0.6

4 L 13 100/Sn150 112 0.6 76.8 0.5 0.6

5 L 16 100/Sn150 138 0.6 76.8 0.5 0.6

E) Third-generation DS DECT at 80/Sn150

Setup Phantom
size

Radiation dose
(mGy)

Tube voltage
(kVp)

Tube current
(mA)

Collimation
width (mm)

Total collimation
width (mm)

Rotation
time (s)

Pitch

1 M 7 80/Sn150 97 0.6 76.8 0.5 0.6

2 M 10 80/Sn150 139 0.6 76.8 0.5 0.6

3 L 10 80/Sn150 139 0.6 76.8 0.5 0.6

4 L 13 80/Sn150 181 0.6 76.8 0.5 0.6

5 L 16 80/Sn150 222 0.6 76.8 0.5 0.6

Sn corresponds to the use of a tin filter (Sn) for the second tube in DS DECT. The tube current for the second tube is indicated for the DS DECTs
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Results

Quantitative assessment of iodine concentration error

The ANOVA revealed that E was associated with the CT scan-
ner condition (p < 0.001). The Tukey HSD test (pairwise com-
parison of individual conditions) demonstrated significantly
higher mean errors in second-generation DECTs (A and C in
Fig. 2) compared to third-generation DECTs (B, D, and E in
Fig. 2) for both dual-energy approaches (p < 0.001). When
averaged over all conditions, the mean error was 0.44 ± 0.24
mgI/mL for second-generation SS DECT, 0.44 ± 0.13 mgI/mL
for second-generation DSDECT, 0.28 ± 0.13mgI/mL for third-
generation SS DECT, 0.24 ± 0.07 mgI/mL for third-generation
DS DECT at 100/Sn150, and 0.28 ± 0.1 mgI/mL for third-
generation DS DECT at 80/Sn150 (Fig. 2). There was no sig-
nificant difference between the second-generation SS DECT
and the second-generation DS DECT (0.44 ± 0.24 mgI/mL
vs. 0.44 ± 0.13 mgI/mL; p = 0.18). Furthermore, there was no
significant difference between the third-generation SS DECT
and the third-generation DS DECT at 80/Sn150 (0.28 ± 0.13
mgI/mL vs. 0.28 ± 0.1 mgI/mL; p = 0.999). However, third-
generation DS DECTat 100/Sn150 demonstrated a significant-
ly lower mean error compared to third-generation SS DECT
and third-generation DS DECT at 80/Sn150 (both p < 0.008).

A) Single-source DECT

The multivariate regression models showed that the absolute
error was significantly associated with iodine concentration,
phantom size, and radiation dose for both scanner generations
(all p < 0.001; see Table A3 of Appendix A3). The reconstruc-
tion algorithm only had a significant impact on the second-

generation SS DECT (p < 0.006), while there was no signif-
icant impact on the third-generation SS DECT (p = 0.373).

Analysis of the individual variables showed that the error
was higher with increasing iodine concentration, and phantom
size and was lower with increasing radiation dose (see A1–3
and B1–3 of Fig. 3). This effect was more pronounced in the
second-generation DECT. For instance, the mean error in-
creased by 0.47 mgI/mL in the second-generation DECT and
by 0.28 mgI/mL in the third-generation DECTwhen increas-
ing the iodine concentration from 0.2 mgI/mL to 4.0 mgI/mL.
When changing the phantom size from medium to large, the
mean error increased by 0.3 mgI/mL in the second-generation
DECT but only by 0.06 mgI/mL in the third-generation
DECT. For the second-generation SS DECT, the error de-
creased slightly by 0.02 mgI/mL as compared to FBP when
applying IR (A4 of Fig. 3).

B) Dual-source DECT

The multivariate regression models demonstrated that the
absolute error was significantly associated with the phan-
tom size and radiation dose for both second- and third-
generation DS DECTs. The reconstruction algorithms had
a significant impact only on the second-generation and the
third-generation DS DECT at 100/Sn150 (all p < 0.001),
while being non-significant for the third-generation CT
scanner at 80/Sn150 (p = 0.06). There was no significant
association between the iodine concentration and the error
for both generations (p > 0.06).

Analysis of the individual variables showed that the error
increased slightly with increasing iodine concentration only for
the second-generation DS DECT while there was no increase
for both third-generation DS DECTs (see C1, D1, and E1 of
Fig. 3). The error was higher with increasing phantom size and
lower with increasing radiation dose (C2–3, D2–3, and E2–3).
For instance, the mean error increased by 0.18 mgI/mL in the
second-generation DS DECT, by 0.10 mgI/mL in the third-
generation DS DECT at 100/Sn150, and by 0.16 mgI/mL in
the third-generation DS DECT at 80/Sn150 when increasing
the phantom size from medium to large. With the application
of IR, the mean error decreased slightly by 0.05 mgI/mL in the
second-generation DS DECT, by 0.02 mgI/mL in the third-
generation DS DECT at 100/Sn150, and by 0.01 mgI/mL in
the third-generation DS DECT at 80/Sn150.

Estimation of minimum detectable difference
in iodine concentration among different imaging
conditions

Figures 4, 5, 6, and 7 of Appendix A4 show the results of the
analysis in terms of the minimum measured difference in io-
dine concentration ΔmA, B, min (Figs. 4 and 6) and the mini-
mum detectable difference in iodine concentration ΔtA, B, min

Fig. 2 Boxplots of the mean error of iodine quantification for each of the
five different CT scanner conditions. Pairwise comparison of the
individual conditions demonstrated significantly higher mean errors in
second-generation DECTs (A, C) compared to third-generation DECTs
(B, D, and E). A = second-generation SS DECT; B = third-generation SS
DECT; C = second-generation DS DECT (100/Sn140); D = third-
generation DS DECT (100/Sn150); and E = third-generation DS DECT
(80/Sn150)
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(Figs. 5 and 7). Figures 4 and 5 show bar plots ofΔmA, B, min

andΔtA, B, min, respectively, for the special case where A = B
(i.e., intra-conditional). Figures 6 and 7 (Appendix A4) show
the same as a heat map for all combinations of conditions
present in the data (i.e., inter-conditional).

For intra-conditional cases (A = B),ΔmA, B, min andΔtA,
B, min mainly depended on the CT scanner model, patient
size, and radiation dose. Both ΔmA, B, min and ΔtA, B, min
tended to be lower for the third-generation DECTs com-
pared to the second-generation scanners (under otherwise
similar imaging conditions). This was true for both SS and
DS DECT systems and implies that the newer scanner
models were able to detect smaller changes in iodine con-
centration compared to the older models. Overall, ICmin was
smaller when decreasing the patient size and increasing the
radiation dose. As an example, ICmin decreased from 1.19 ±
0.05 mgI/mL to 0.61 ± 0.03 mgI/mL when increasing the
radiation dose from 10 to 16 mGy in the large phantom for
the third-generation SS DECT (scanner B). Iterative recon-
struction only showed a minor reduction of ICmin compared
to FBP for all CT scanner conditions.

Discussion

In our study, we assessed the impact of scan- and patient-related
factors on the accuracy and precision of DECT-IQ for second-
and third-generation SS fast kV-switching and DS DECT. The
investigation of very low iodine concentrations allowed us to
calculate the ICmin that, in 95% of cases, corresponded to an
actual difference in iodine concentration unrelated to patient- or
scan-related factors. ICmin was defined for scans under the same
imaging condition (intra-conditional) as well as for scans of two
different conditions (inter-conditional).

Our results revealed multiple findings. Current DECT gen-
erations outperformed previous generations for both DECT
platforms. ICmin was up to 50% lower in third-generation scan-
ners. Radiation dose level and simulated patient size had a
major influence on ICmin, with decreasing values at increasing
radiation dose level and smaller patient size. Overall, SS DECT
showed comparable ICmin compared to DS DECT for both
scanner generations. The major differences were higher ICmin

values for both SS generations at the lowest radiation dose of
10 mGy in the large phantom. Interestingly, IRs showed only a

Fig. 3 Boxplots of the mean error of iodine quantification for each CT
scanner condition subdivided by patient- and scan-related factors.
Phantom size and radiation dose were significantly associated with the

error for all five CT scanner conditions. Note the significant impact of
iodine concentration on error for SS DECT which was distinct different
from the DS DECT platforms
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minor improvement of the average error compared to FBP for
all CT scanner conditions. However, IRs demonstrated consis-
tently lower ICmin compared to FBP. This improvement was
stronger for DS DECT and only minimal for SS DECT plat-
forms. The observed differences in the quantification error and
ICmin are most likely attributed to differences in image noise
among the scan conditions. Furthermore, technical advances in
third-generation scanners (e.g., more efficient detectors, im-
proved image reconstruction, and potentially improved spectral
x-ray properties) may contribute to improved DECT-IQ com-
pared to the second-generation.

Overall, the ICmin for intra- as well as inter-conditional
comparisons ranged between 0.4 and 1.5 mgI/mL.
Radiologists should be aware of these relatively high error
margins considering the reported small differences in iodine
concentration between normal and pathologic conditions [7,
9, 11, 14, 24–26]. Kim et al recently proposed a threshold of
0.4 mg/mL for a truly enhancing lesion in a chest phantom
[22]. This number appears to be overly optimistic given our
data. From a clinical standpoint, it is important to be aware of
the relatively high ICmin values in large patients, especially in
the second-generation DECTs. These may explain the

contradictory results of the two studies mentioned in the in-
troduction section which defined thresholds of DECT-IQ for
benign and malignant renal lesions (but were performed on
different second-generation DECTs) [14, 15].

Furthermore, we investigated the impact of iodine concen-
tration, patient size, radiation dose, and reconstruction algo-
rithm on the error of iodine quantification for each CT scanner
condition. Patient size and radiation dose were the most im-
portant factors and had a significant impact on the error for all
five scanner conditions. Increased error with phantom size has
been described previously in literature [16, 23]. Sauter et al
reported a considerable impact of phantom size on error at low
radiation dose levels in dual-layer (DL) DECT. The authors
observed a decreasing impact as the radiation dose increased
[23]. The same tendency was observed in our data.
Nevertheless, our results are in contrast to the study by
Chandarana et al which did not find significant error differ-
ences among phantoms with lateral diameters of 25, 30, and
35 cm [2]. Furthermore, our results differ from the study by
Kim et al who reported no significant influence of radiation
dose on iodine quantification for SS, DS, and DL DECTs.
However, this investigation was performed using a chest

Intra-condition minimum difference in measured
iodine concentration corresponding to a true difference
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GE 750 HD, M phantom, 80/140 kV, FBP, 7 mGy
10 mGy

ASIR40, 7 mGy
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L phantom, FBP, 10 mGy
13 mGy
16 mGy

ASIR40, 10 mGy
13 mGy
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GE Revolution, M phantom, 80/140 kV, FBP, 7 mGy
10 mGy

ASIR40, 7 mGy
10 mGy

L phantom, FBP, 10 mGy
13 mGy
16 mGy

ASIR40, 10 mGy
13 mGy
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SIEMENS Flash, M phantom, 100/Sn140 kV, FBP, 7 mGy
10 mGy

SAFIRE3, 7 mGy
10 mGy

L phantom, FBP, 10 mGy
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16 mGy

SAFIRE3, 10 mGy
13 mGy
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SIEMENS Force, M phantom, 100/Sn150 kV, FBP, 7 mGy
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ADMIRE3, 7 mGy
10 mGy

L phantom, FBP, 10 mGy
13 mGy
16 mGy

ADMIRE3, 10 mGy
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Fig. 4 Detailed bar plots showing the mean with standard deviation of the minimummeasurable difference in iodine concentration for each investigated
imaging condition (intra-conditional)



phantom, considerably higher iodine concentrations, and only
two different radiation dose settings. Interestingly, our study
found that iodine concentration significantly affected the error
only for the SS DECTs, with increasing error at higher iodine
concentrations. This was distinctly different from the DS
DECTs. In addition, the application of IRs only minimally
decreased the error for all five CT platforms. The same obser-
vation has been reported for IR of DL DECT [23].

Another interesting finding was that the kV combination of
100/Sn150 outperformed the kV combination of 80/Sn150 in
the third-generation DS DECT. This was mainly due to higher
mean errors in the large phantom at 80/Sn150. In theory, a kV
setting of 80/Sn150 improves the spectral separation and
should therefore decrease quantification errors. Our results
demonstrated, however, that this improvement is negated when
this setting is used in large-sized patients. We recommend
using 100/Sn150 as the default setting in clinical routine and
to consider 80/Sn150 only in small- to medium-sized patients.

Overall, the error ranges observed in our study were com-
parable to former studies for DS DECT [2, 17, 21, 22, 27], SS
DECT using a split filter [19], and DL DECT [23]. To date,
there are only a few studies assessing the accuracy of SS fast

kV-switching DECT, which report contradictory results with
smaller [28, 29] or higher measurement errors compared to
our results [20]. We hypothesise that these discrepancies are
due to major differences in study design and scan setups.

Several potential limitations of our studymerit consideration.
First, we limited our investigation to a phantom study and, thus,
our results may differ slightly in actual patients. We believe that
a clinical study assessing themeasurement errors of DECT-IQ is
hardly feasible because it is impossible to know the true iodine
concentration in a patient due to a lack of a gold standard. A
phantom study enables the evaluation of measurement errors in
a controlled environment. We hope that our results deliver the
fundamentals for potential future clinical studies. Second, the
scan parameters differed between the two DECT approaches
and among the different pre-sets for SS DECT. We aimed to
simulate a realistic clinical scenario in which the user has to
choose from vendor-specific pre-sets. Third, we did not inves-
tigate higher iodine concentrations. Instead, we purposely fo-
cused on low iodine concentrations in order to calculate the
minimum detectable difference in iodine concentration.
Furthermore, low iodine concentrations are likely to be clinical-
ly relevant in parenchymal organs or solid lesions. Fourth, we
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Fig. 5 Detailed bar plots showing the mean with standard deviation of the minimum detectable difference in iodine concentration for each investigated
imaging condition (intra-conditional)
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did not assess the full range of different strength or blending
levels within the IRs.We focused on the settings that are used in
routine clinical practice at our institution.

In conclusion, phantom size and radiation dose had the
largest impact on the accuracy and precision of DECT-IQ.
The minimum intra- and inter-conditional detectable differ-
ence in iodine concentration ranged from 0.4 to 1.5 mgI/mL.
Current generations of SS and DS DECTs outperformed pre-
vious scanner generations. These results should encourage
radiologists to be aware of the relatively high error ranges of
DECT-IQ, especially in large-sized patients. Future clinical
studies will be needed to determine if the impact of patient-
and scan-related factors on DECT-IQ will influence the diag-
nosis and treatment of patients.
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