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Background: To determine the spectral accuracy in detector-based dual-energy CT (DECT) at 100 kVp 
and wide (8 cm) collimation width for dose levels and object sizes relevant to pediatric imaging.
Methods: A spectral CT phantom containing tissue-equivalent materials and iodine inserts of varying 
concentrations was scanned on the latest generation detector-based DECT system. Two 3D-printed extension 
rings were used to mimic varying pediatric patient sizes. Scans were performed at 100 and 120 kVp, 4 and  
8 cm collimation widths, and progressively reduced radiation dose levels, down to 0.9 mGy CTDIvol. Virtual 
mono-energetic, iodine density, effective atomic number, and electron density results were quantified and 
compared to their expected values for all acquisition settings and phantom sizes.
Results: DECT scans at 100 kVp provided highly accurate spectral results; however, a size dependence was 
observed for iodine quantification. For the medium phantom configuration (15 cm diameter), measurement 
errors in iodine density, effective atomic number, and electron density (ED) were below 0.3 mg/mL, 0.2 and 
1.8 %EDwater, respectively. The average accuracy was slightly different from scans at 120 kVp; however, not 
statistically significant for all configurations. Collimation width had no substantial impact. Spectral results 
were accurate and reliable for radiation exposures down to 0.9 mGy CTDIvol.
Conclusions: Detector-based DECT at 100 kVp can provide on-demand or retrospective spectral 
information with high accuracy even at extremely low doses, thereby making it an attractive solution for 
pediatric imaging.
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Introduction

Dual-energy CT (DECT) (1-3), the first clinical realization 
of spectral imaging, is an imaging technology that enables 
unique quantification of clinically relevant materials 
based on their elemental composition. By utilizing data 
from two different X-ray spectra, DECT overcomes 
several limitations of conventional single-energy CT 
imaging. Dedicated decomposition algorithms that 
exploit the material-specific energy dependency of X-ray 
attenuation (2,4-6) provide energy- and material-selective 
reconstructions. These include virtual mono-energetic 
images (VMIs) (7), quantitative material density assessment 
and virtual subtraction of clinical contrast agents, as well as 
information on electron density (ED) and effective atomic 
number (Zeff) (8). 

Multiple solutions have been developed for generating 
spectral data based on different detection and source 
technologies (1,2). Among the commercially available 
DECT systems, dual-layer spectral CT has the unique 
property of creating the spectral separation at the detector 
level. This design uses a single X-ray source and two 
attached, but optically separated, scintillation detectors 
with different sensitivity profiles. While the upper (inner) 
layer selectively absorbs low-energy X-rays and serves as 
filtration, the bottom (outer) layer is more sensitive to 
higher energy X-rays (9,10).

This detector-based spectral data collection provides 
multiple advantages. First, both spectral and conventional 
anatomical images are generated simultaneously for every 
scan. Hence, one does not need to prospectively select 
studies for spectral acquisitions and the original imaging 
workflow can be maintained. Spectral imaging has only been 
possible at 120 and 140 kVp, but the latest generation of 
detector-based DECT also enables acquisitions at 100 kVp.  
Detector-based spectral separation also provides spatial 
and temporal alignment of both spectra, enabling efficient 
projection-space decomposition with an intrinsic reduction 
of beam-hardening artefacts (7) and better spectral denoising 
compared to image-space decomposition (9). 

While the general clinical benefit of spectral information 
is well established (11-13), there is less evidence concerning 
the potential of DECT for pediatric imaging. Current 
applications of DECT in children include improved 
automated bone removal for CT angiography, assessment 
of lung blood volume as a surrogate for perfusion imaging, 
reduction of metal artifacts originating from highly-
attenuating materials such as orthopedic hardware, and 
diagnosis of abdominal neoplasms (14-16).

One reason for the limited use of DECT in pediatric 
imaging is the unique requirements of this patient 
population. First, radiation exposure from medical 
procedures is a paramount concern for children and must 
be kept as low as reasonably achievable (17). Due to their 
longer lifetime expectancy and increased radiosensitivity 
of their cells compared to adults, children have a higher 
cumulative risk of developing radiation-induced cancers. 
Thus, pediatric CT protocols routinely use lower X-ray 
beam energies of 100 kVp for abdomen and chest scans to 
reduce the radiation exposure while maintaining or even 
improving diagnostic image quality (18). Second, young 
children are often unable to comply with instructions and 
do not remain still during extended scan times, which 
increases the likelihood for motion artifacts (19). The use 
of larger collimation widths and fast gantry rotation times, 
down to 0.27 s, allows reduction of the overall acquisition 
time, potentially avoiding the need for sedation. 

The aim of this phantom study is a quantitative 
investigation of the impact of using 100 kVp tube voltage 
and 8 cm beam collimation width on the spectral imaging 
performance for pediatric imaging using a state-of-the-art 
dual-layer DECT system.

Methods

Phantom configuration

In this study, we used a spectral CT phantom (QRM GmbH) 
with custom-made extension rings. The cylindrical 10 cm 
diameter phantom (Figure 1) is composed of water-equivalent 
plastic and contains tissue-equivalent inserts corresponding 
to liver, adipose, and 100 and 400 mg/mL hydroxyapatite 
(HA) materials. For iodine density quantification, four 
solid iodine inserts with properties equivalent to iodinated 
contrast media at concentrations of 0.5, 2, 5 and 10 mg/mL 
were also included. To incorporate the large variability of 
body size in children and adolescents and assess its impact 
on spectral quantification, two supplemental extension rings 
of 15 and 20 cm outer diameter were 3D-printed from a 
polylactate acid (PLA) filament. The rings were attached to 
the original phantom (Figure 1) and the selected diameters 
(10, 15 and 20 cm) reflect typical waist circumferences in 
children aged 2 to 18 years (20,21).

To evaluate the accuracy of the spectral results, the 
expected (i.e., ground truth) values for all inserts were 
calculated from the manufacturer material composition 
specifications. Nominal CT numbers in Hounsfield unit 
(HU) for a virtual monoenergetic images (VMI) of energy 
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where i ranges over the elements composing the material 
and wi is the normalized mass fraction of element Zi with 
atomic mass Ai. ρ represents the physical density and the mass 
attenuation coefficients (μi and μwater for element i and water, 
respectively) were obtained from the NIST database (22). 
The effective atomic number of an insert material is given 
by (8,23):

2.942.94
eff i i iZ f Z= ∑  [2]

fi corresponds to the fractional number of electrons of 
the constituent element Zi. The exponent 2.94 is selected 
based on published literature (8). ED values provided by 
the scanner are expressed as percentage relative to water  
(EDw =3.343×1023 cm−3) and can be calculated as:
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where NA is Avogadro’s constant. The nominal values for all 
insert materials used in this work can be found in Shapira 
et al. (23). 

Data acquisition

All acquisitions were performed on a commercial dual-
layer spectral CT scanner (Spectral CT 7500, Philips 
Healthcare). Institutional review board approval was not 
required because this was a phantom study. Scans used 
the default infant and child abdomen protocols with 
0.272 second gantry rotation time and a pitch of 1.234. 

Acquisitions were performed at 120 and 100 kVp tube 
voltages as well as 4 and 8 cm (total) collimation widths. 
The phantom was positioned in the iso-center and a 
similar positioning was maintained for all three phantom 
configurations. For each scenario (i.e., combination of scan 
parameter and phantom size), images were obtained at four 
different dose levels (CTDIvol) of 9, 6, 3 and 0.9 mGy. The 
CTDIvol was measured using a 32 cm phantom. Currently, 
achievable dose levels for examinations of abdomen and 
pelvis with contrast material in patients with effective 
diameter of 12–20 cm are 2.0–2.9 mGy CTDIvol (24); hence, 
3 mGy acquisitions will be severing as reference. Three 
repetitions were performed for each scan. 

The image series were reconstructed with the hybrid 
iterative reconstruction method iDose4 (spectral denoising 
level of 2) and a clinical standard kernel for body imaging 
(B). In total, 48 datasets (2 tube voltages × 4 dose levels × 2 
collimation widths × 3 repetitions) were collected for each 
phantom configuration. We did not investigate different 
spectral denoising levels as they have no substantial impact 
on the accuracy of spectral results (8,25). The resulting 
spectral base images contain all relevant information to 
generate VMIs, as well as iodine density, Zeff, and ED 
images. A summary of all acquisition and reconstruction 
parameters is presented in Table 1.

Image quality assessment 

Spectral accuracy was measured using circular regions 
of interest (ROIs) within each cylindrical insert on 26 
consecutive axial slices in the center of the phantom. 
For each configuration, ROIs were positioned semi-
automatically on the high dose 70 keV VMIs using an in-
house developed python code and covered only half of the 

10 cm

Figure 1 Spectral CT phantom. (A) Phantom consisting of a central part with eight inserts and two removable extensions rings; (B) virtual 
monoenergetic image at 70 keV (window level/width =50/500 HU) including regions of interest for image quality evaluations; (C) iodine 
density map (window level/width =5/10 mg/mL); (D) effective atomic number map (window level/width =10/10); and (E) electron density 
map (window level/width =110/50 %EDwater) images are shown. CT, computed tomography; HU, hounsfield units; ED, electron density.
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actual insert radius (i.e., ROI size of around 330 pixels per 
slice) to avoid inaccuracies originating from partial volume 
effects (Figure 1). Subsequently, these ROIs were used 
to extract pixel data from all datasets, i.e., conventional, 
VMIs, iodine density, Zeff and ED, and the mean value 
was obtained for each slice. Accuracy was calculated as the 
difference between DECT-estimated and nominal spectral 
result; hence, negative and positive values indicate an under- 
and overestimation of the nominal value, respectively. The 
average accuracy was calculated as the mean value of the 
absolute accuracies from all relevant materials (i.e., liver, 
adipose and HA for conventional images, VMIs, Zeff and 
ED, and 0.5, 2, 5 and 10 mg/mL iodine for iodine density). 
In addition, the precision of the spectral results (i.e., noise) 
for different dose levels was obtained as the standard 
deviation of the data obtained from aforementioned ROIs 
(cf. accuracy measurement). Results were subsequently 
averaged for all ROIs of the relevant insert materials.

Statistical analysis 

Statistical analysis was performed using MATLAB R2021b 
(MathWorks Inc., Natick, Massachusetts). Differences 
in spectral quantification accuracy (i.e., mean error) 
for different collimation widths and tube voltages were 
compared using Mann-Whitney U tests (26). The Kruskal-
Wallis test (27) was used to compare different dose levels 

and phantom sizes. In addition, we analyzed changes in 
spectral quantification variation (i.e., standard deviation of the 
measurement error) for different dose levels using Kruskal-
Wallis tests followed by a post hoc pairwise comparison with 
Dunn’s test [using the Šidák correction (28)]. In all cases a P 
value ≤0.05 was considered as statistically significant.

Results

We first present each individual spectral result at the 
reference dose level of 3 mGy CTDIvol. The impact of 
varying dose levels was evaluated separately in the last 
subsection. 

Virtual mono-energetic images

The accuracy of various VMIs (from 40 to 200 keV) is 
summarized in Table 2 for scans using the wide (8 cm) 
collimation width at 100 and 120 kVp. For both tube 
voltages, VMI CT numbers tend to increase with increasing 
phantom size. The average accuracy over all insert materials 
was 1.4, 5.6, and 7.2 HU for the small, medium, and large 
phantom configuration at 100 kVp. The corresponding 
results at 120 kVp were 1.3, 3.5, and 5.6 HU. However, 
differences between both tube voltages were not statistically 
significant (P=0.77). No difference between 4 and 8 cm 
collimation width was observed (P=0.57).

A VMI of 62 keV was selected for further comparison, as 
it most closely matched the CT numbers obtained from the 
conventional 100 kVp data for all phantom sizes. Figure 2 
shows the absolute CT number difference from the average 
value over the three phantom sizes for conventional and 62 keV  
VMI data. For the medium phantom size (15 cm), both 
conventional and VMI provide a comparably low deviation 
of less than 3 HU. The VMI accuracy for the small and large 
phantom configuration is only slightly degraded. In contrast, 
conventional images demonstrate a substantially larger size-
dependence with CT number variations of up to 28 HU.

Iodine density

The error in quantified iodine density is shown in Figure 3 
for inserts of increasing iodine concentration. A significant 
size dependence was observed for both tube voltages. Larger 
variations occurred for higher iodine concentrations and for 
smaller phantom geometries. The tube voltage of 100 kVp 
yields slightly higher absolute iodine density errors of 0.16, 
0.05, and 0.02 mg/mL compared to 120 kVp for the small, 

Table 1 Dual-energy CT acquisition and reconstruction parameters

Parameters Value

Tube voltage (kVp) 120, 100

Collimation width (mm) 40 (64×0.625), 80 (128×0.625)

Dose level (CTDIvol) (mGy) 9, 6, 3, 0.9

Tube current exposure  
time product (mAs)

• 120 kVp/40 mm: 109, 72, 36, 11

• 120 kVp/80 mm: 116, 78, 39, 11

• 100 kVp/40 mm: 175, 116, 58, 17

• 100 kVp/80 mm: 188, 125, 63, 19 

Pitch 1.234

Rotation time (s) 0.272

Slice thickness (mm) 3

Field-of-view (mm2) 250×250

Pixel spacing (mm) 0.488

CTDIvol, CT dose index.
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Table 2 Size dependence of the accuracy of virtual mono-energetic images (VMIs) for the small, medium, and large phantom configurations

Liver (HU) Adipose (HU) HA100 (HU) HA400 (HU)

100 kVp 120 kVp 100 kVp 120 kVp 100 kVp 120 kVp 100 kVp 120 kVp

40 keV

Small 15.5±2.7 12.0±2.3 4.4±1.7 6.6±1.9 9.4±3.2 0.6±3.6 1.4±3.1 −27.0±3.4

Medium 20.0±4.6 13.8±2.9 13.7±2.4 13.1±2.5 18.4±5.0 7.0±4.3 10.1±7.2 −26.7±5.7

Large 24.3±5.9 17.4±7.0 19.4±5.4 18.9±4.5 22.4±6.1 8.7±6.9 11.1±13.6 −26.2±13.1

50 keV

Small 9.8±1.5 8.8±1.4 −0.4±0.9 1.0±1.2 8.7±1.5 4.9±2.1 20.0±2.2 6.4±2.1

Medium 13.1±2.6 10.2±1.6 5.1±1.4 5.1±1.4 15.1±2.6 9.5±2.4 27.1±4.2 8.1±3.5

Large 16.3±3.1 13.3±3.8 8.4±2.8 8.7±2.6 17.6±3.2 11.2±4.0 28.9±7.8 9.5±7.7

60 keV

Small 6.9±1.1 7.2±0.9 −1.4±0.6 −0.2±0.7 5.4±0.9 4.5±1.3 16.9±1.9 11.8±1.5

Medium 9.3±1.5 8.5±1.0 1.8±1.0 2.1±1.0 10.1±1.4 7.9±1.4 22.8±2.7 14.4±2.3

Large 11.8±1.9 11.1±2.0 3.8±1.6 4.6±1.5 11.7±1.9 9.5±2.4 25.2±4.5 16.3±4.7

70 keV

Small 5.2±0.9 6.4±0.7 −1.3±0.6 −0.3±0.5 2.6±0.7 3.6±0.9 9.9±1.8 10.8±1.2

Medium 7.2±1.1 7.5±0.8 0.5±0.9 0.9±0.7 6.7±1.0 6.4±1.0 15.2±2.0 13.8±1.7

Large 9.3±1.7 10.0±1.3 1.5±1.4 2.7±1.1 7.7±1.7 8.0±1.7 18.1±2.7 16.0±3.0

100 keV

Small 2.2±1.0 4.5±0.8 −0.6±0.7 0.1±0.5 −4.1±1.2 −0.8±0.8 −7.8±1.9 −0.7±1.2

Medium 3.6±1.2 5.5±0.9 −0.7±1.1 0.0±0.8 −1.1±1.4 1.2±0.8 −3.1±1.8 2.9±1.3

Large 5.2±2.4 7.8±1.4 −0.7±1.9 0.8±1.1 −0.8±2.4 2.8±1.6 −0.1±2.5 5.6±1.9

150 keV

Small 1.0±1.1 3.8±0.9 −0.1±0.9 0.7±0.6 −8.2±1.4 −3.8±1.0 −20.4±2.1 −10.3±1.2

Medium 2.0±1.5 4.5±1.0 −0.5±1.2 0.3±0.9 −5.5±1.8 −2.3±1.0 −16.1±2.1 −6.4±1.4

Large 3.3±2.8 6.7±1.9 −1.2±2.4 0.4±1.4 −5.6±2.9 −0.5±1.9 −12.9±3.2 −3.5±2.3

200 keV

Small 0.4±1.2 3.1±0.9 0.6±0.9 1.1±0.7 −9.7±1.5 −5.3±1.1 −25.8±2.2 −14.5±1.3

Medium 1.4±1.7 4.1±1.1 −0.6±1.2 0.2±0.9 −7.6±2.0 −3.6±1.3 −21.6±2.1 −10.7±1.4

Large 2.8±3.0 6.6±2.1 −1.3±2.4 0.3±1.4 −7.6±3.1 −1.8±2.1 −18.3±3.5 −7.9±2.5

The table lists mean error and standard deviation of the CT numbers in Hounsfield units (HU). Results are reported for 100 and 120 kVp 

scans at a collimation width of 8 cm. Negative and positive errors indicate an under- and overestimation of the nominal value, respectively.

medium, and large phantom sizes, respectively. However, 
those differences were not significant for any configuration 
(small: P=0.65; medium: P=0.96; large: P=0.72). Moreover, 
no significant difference in measurement error was found 
when comparing 4 and 8 cm collimation widths (P=0.94).

Effective atomic number

Figure 4 shows the Zeff errors obtained for the various 
acquisition and phantom configurations. Overall, the size-
dependence is much smaller than for iodine density (Figure 3),  
except for adipose tissue. Both tube voltages showed no 
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Figure 2 Bar plot of the (absolute) CT number deviation from the size-averaged value for the conventional 100 kVp (blue) and the 
corresponding 62 keV VMIs (red) data. The bars and whiskers represent the mean error and standard deviation, respectively. Different 
phantom sizes are displayed in different shades. VMIs, virtual mono-energetic images; HU, Hounsfield units; HA, hydroxyapatite; CT, 
computed tomography.

Figure 3 Iodine density errors for scans acquired at (A) 100 kVp and (B) 120 kVp. Mean and median of the distribution are represented by 
the central white line and marker, respectively, the box corresponds to the first and third quartile, and each whisker indicates 1.5 times the 
interquartile range. Different phantom sizes and collimation widths are displayed in different colors and shades, respectively.

Figure 4 Effective atomic number (Zeff) errors for scans acquired at (A) 100 kVp and (B) 120 kVp. Mean and median of the distribution are 
represented by the central white line and marker, respectively, the box corresponds to the first and third quartile, and each whisker indicates  
1.5 times the interquartile range. Different phantom sizes and collimation widths are displayed in different colors and shades, respectively.
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significant differences when comparing the measurement 
error among the three phantom sizes (100 kVp: P=0.85, 
120 kVp: P=0.93). The mean accuracy was 0.24 and 0.16 
for 100 kVp and 120 kVp scans, respectively. No significant 
difference between both collimation widths was observed 
(P=0.93).

Electron density

The electron density quantification is displayed in Figure 5. 
All mean errors were within the uncertainty of the nominal 
electron density values of 2 %EDwater, except HA400 for 
the smallest phantom size at 100 kVp (2.1 %EDwater mean 
error). As for Zeff, there was no influence of phantom size 
on measurement error (100 kVp: P=0.94, 120 kVp: P=0.47). 
However, larger variations between different phantom 
sizes were observed for HA400 in particular with 100 kVp. 
The mean electron density error was 0.75 %EDwater and 
0.37 %EDwater for 100 kVp and 120 kVp, with the largest 
differences occurring for HA400. Difference between both 
collimation widths were not significant (P=0.78).

Radiation dose dependency

No significant differences in spectral accuracy (mean 
measurement errors) were found for both tube potentials 
and all phantom sizes when comparing results obtained at 
0.9, 3, 6 and 9 mGy CTDIvol. Variations in average accuracy 
between 9 mGy and 0.9 mGy scans for 100 kVp were 
0.09 mg/mL, 0.10 and 0.09 %EDwater for iodine density, 

Zeff and electron density, respectively. The corresponding 
changes for 120 kVp were 0.03 mg/mL, 0.03 and 0.04 
%EDwater. Figure 6 shows the standard deviation of the 
spectral results obtained from all relevant insert materials. 
As expected, higher values are observed for larger phantom 
configurations and with lower imaging doses. However, 
the results obtained at 0.9 mGy were significantly different 
only for the 20 cm phantom. The standard deviations 
for 120 kVp scans were lower by 0.02 mg/mL, 0.01 and  
0.05 %EDwater, for iodine density, effective atomic number, 
and electron density, respectively. Significant differences 
between 4 cm (not shown in Figure 6) and 8 cm collimation 
widths were only observed for iodine density (100 kVp and 
120 kVp) and electron density (120 kVp), and only with the 
smallest phantom configuration.

Discussion

While spectral imaging is becoming more widely utilized in 
clinical imaging, few studies have been published on DECT in 
the pediatric population and more experience is required for its 
adoption into clinical practice (14). Precise and reliable spectral 
quantification is a key requirement of DECT. However, for 
pediatric imaging additional factors need to be considered 
including dose and scan time. While larger collimation 
width and lower tube voltage could be beneficial, they might 
compromise spectral quantification. We present the first 
investigation of quantitative spectral imaging performance at 
100 kVp for a dedicated pediatric-sized phantom using the 
latest generation detector-based DECT.

Figure 5 ED errors for scans acquired at (A) 100 kVp and (B) 120 kVp. The uncertainty of the nominal electron density values is around 2 
%EDwater, which arises from the uncertainty of 0.02 g/cm3 in material density specified by the phantom manufacturer. Mean and median of 
the distribution are represented by the central white line and marker, respectively, the box corresponds to the first and third quartile, and each 
whisker indicates 1.5 times the interquartile range. Different phantom sizes and collimation widths are displayed in different colors and shades, 
respectively. No influence of the collimation on the electron density quantification was observed. HA, hydroxyapatite; ED, electron density.
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Figure 6 Impact of the dose level (CTDIvol) on the standard deviation of spectral results: (A) iodine density, (B) effective atomic number, and 
(C) electron density obtained for scans at 8 cm collimation width. CTDIvol, CT dose index.

The 62 keV VMIs demonstrated very similar attenuation 
values (within few HUs) compared to conventional 100 kVp  
images across all insert materials for the medium phantom 
size (Figure 2). Moreover, VMIs substantially increased the 
stability of CT numbers for varying patient geometries, 
which can be attributed to accurate correction of beam 
hardening effects (23,29). Hence, VMIs can enable 
consistent attenuation quantification for pediatric patients 
despite the variability of body sizes occurring during 
childhood. This can improve the characterization and 
increase conspicuity of abdominal pathologies (16).

Iodine quantification was affected by the phantom size 
(Figure 3). Similar findings have been reported for previous 
generations of dual layer (23,30) and dual source DECT (31). 
Overall, measured iodine densities systematically increased 
with phantom size and changes were larger for higher 
iodine concentrations. However, the error was always 
within 1 mg/mL. Hence, radiologists need to consider 
patient size when interpreting images based on quantitative 
iodine density information. Future work should aim to 
improve the stability of material decomposition algorithms 
or develop adequate correction methods. 

Effective atomic number and electron density results 
showed excellent accuracy (Figures 4,5) with an accuracy 
of better than 3% and 1%, respectively. Results generally 
demonstrated reduced phantom size dependence compared 
to iodine density (Figure 3) even though larger variations 
were observed for HA400. This can be utilized to improve 
the relative stopping power accuracy in proton therapy 
treatment planning (32), which faces inherent limitations 
when relying on conventional CT images. Proton therapy 

allows sparing of normal tissues and reduces the integral 
dose, thereby making it very appealing for radiotherapy 
treatment in children (33).

Scans acquired at 120 kVp provided slightly better 
accuracy than 100 kVp, which can be attributed to the 
reduced spectral separation at lower tube potentials, as has 
been reported by others for 120/140 kVp (34,35). However, 
it should be noted that results depend on phantom size and 
attenuation (30). Materials such as HA400 and 10 mg/mL  
iodine showed larger accuracy differences between both 
tube voltages and the size dependence appears stronger 
for 100 kVp (Figures 3,5). The collimation width did 
not significantly affect spectral results (Figures 3-5). A 
larger collimation not only improves dose utilization but 
also reduces scan time, both crucial aspects for pediatric 
patients. It should also be noted that scans in this study 
were acquired with a very fast rotation time of 0.272 s.

Compared with its predecessor (IQon Spectral CT, 
Philips Healthcare), the overall spectral accuracy was 
improved (23). For the same setting (medium phantom 
size, 9 mGy radiation dose, and 4 cm collimation width) 
the absolute error in VMI CT number, effective atomic 
number, and electron density are reduced by 8.69 HU, 
0.03 and 0.45 %EDwater, respectively, and the iodine density 
accuracy is comparable. The quantitative improvements 
between the two systems can be attributed to two 
technological advancements. First, the newer Philips 
Spectral CT 7500 is equipped with a next-generation dual-
layer X-ray detection system that is based on a higher-
efficiency detector array coupled with a two-dimensional 
anti-scatter grid. In contrast, the previous generation 
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detector array was based on a stick design that readout the 
scintillator from the side and necessitated a one-dimensional 
anti-scatter grid (10). A second reason for the improvements 
in spectral quantification is an updated physics model of 
the detector system that is utilized in the 2-base material 
decomposition process. These improvements include more 
accurate detector design inputs and the inclusion of second-
order physics effects, i.e., light-matter interactions, that 
occur within the detector system.

To the best of our knowledge there are no dedicated 
studies comparing the imaging performance of different 
DECT implementations for pediatric imaging. While many 
have compared the imaging performance of different DECT 
technologies in larger phantoms (36,37), results might differ 
for pediatric-sized phantoms. Moreover, the recent clinical 
implementation of the first commercial photo-counting CT 
(38-40) may open new possibilities for spectral imaging that 
can benefit pediatric patients; however, future studies are 
needed to investigate and compare the pediatric imaging 
performance. 

The findings of our work evidence the high image 
quality achievable using standard pediatric abdominal 
protocol doses. The use of lower tube voltage and dedicated 
CT protocols are critical to avoid high doses due to the 
smaller transverse body diameter in children, which 
highlights the need for a careful trade-off between dose and 
image quality (41). In fact, it has been demonstrated that 
DECT scans of the head and abdomen in children can be 
dose-neutral compared to single energy CT (42,43). We 
found that spectral quantification was robust with further 
dose reductions down to 0.9 mGy (Figure 6). Variations 
were slightly higher for larger phantom sizes due to their 
increased attenuation, which is in agreement with previous 
publications (23,35).

A limitation of our study is the use of a geometric 
phantom. This enables consistent evaluation of spectral 
results with known ground truth but does not include 
anatomical  features or organs.  Therefore,  future 
investigations should be extended to more realistic scenarios 
such as pediatric anthropomorphic or 3D printed (44) 
phantoms (ideally tailored to DECT applications). We also 
only employed a single scan protocol. However, results are 
not expected to vary much with scan parameters due to the 
simultaneous acquisition of both spectra (23).

Conclusions

Spectral imaging enables characterization of materials based 

on their attenuation at different energies and has resulted 
in various novel applications of CT imaging within the last 
two decades. Our initial phantom evaluation has shown 
that detector-based DECT imaging at 100 kVp maintains 
a high quality of spectral accuracy. Even though DECT 
offers several clear advantages, further clinical studies are 
needed for the broad integration of spectral information 
into pediatric imaging due to its unique requirements.

Acknowledgments

The authors would like to thank Michael Geagan for 
his help with 3D-printing the extension rings and Safaa 
Abdallah for her help with acquiring the data.
Funding: This work was supported by the National 
Institutes of Health (No. R01EB030494).

Footnote

Conflicts of Interest: All authors have completed the 
ICMJE uniform disclosure form (available at https://
qims.amegroups.com/article/view/10.21037/qims-22-
552/coif). HIL and PBN received a hardware grant from 
Philips Healthcare. PBN receives research grant funding 
from Philips Healthcare. SSH is an employee of Philips 
Healthcare. The other authors have no relevant conflicts of 
interest to disclose.

Ethical Statement: The authors are accountable for all 
aspects of the work in ensuring that questions related 
to the accuracy or integrity of any part of the work are 
appropriately investigated and resolved. Informed consent 
and institutional review board approval was not required 
because this was a phantom study. 

Open Access Statement: This is an Open Access article 
distributed in accordance with the Creative Commons 
Attribution-NonCommercial-NoDerivs 4.0 International 
License (CC BY-NC-ND 4.0), which permits the non-
commercial replication and distribution of the article with 
the strict proviso that no changes or edits are made and the 
original work is properly cited (including links to both the 
formal publication through the relevant DOI and the license). 
See: https://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1. Johnson TR. Dual-energy CT: general principles. AJR Am 

https://qims.amegroups.com/article/view/10.21037/qims-22-552/coif
https://qims.amegroups.com/article/view/10.21037/qims-22-552/coif
https://qims.amegroups.com/article/view/10.21037/qims-22-552/coif
https://creativecommons.org/licenses/by-nc-nd/4.0/


Quantitative Imaging in Medicine and Surgery, Vol 13, No 2 February 2023 933

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(2):924-934 | https://dx.doi.org/10.21037/qims-22-552

J Roentgenol 2012;199:S3-8.
2. McCollough CH, Leng S, Yu L, Fletcher JG. Dual- and 

Multi-Energy CT: Principles, Technical Approaches, and 
Clinical Applications. Radiology 2015;276:637-53.

3. McCollough CH, Boedeker K, Cody D, Duan X, Flohr T, 
Halliburton SS, Hsieh J, Layman RR, Pelc NJ. Principles 
and applications of multienergy CT: Report of AAPM 
Task Group 291. Med Phys 2020;47:e881-912.

4. Alvarez RE, Macovski A. Energy-selective reconstructions 
in X-ray computerized tomography. Phys Med Biol 
1976;21:733-44.

5. Johnson TR, Krauss B, Sedlmair M, Grasruck M, Bruder 
H, Morhard D, Fink C, Weckbach S, Lenhard M, Schmidt 
B, Flohr T, Reiser MF, Becker CR. Material differentiation 
by dual energy CT: initial experience. Eur Radiol 
2007;17:1510-7.

6. Maass C, Baer M, Kachelriess M. Image-based dual energy 
CT using optimized precorrection functions: a practical 
new approach of material decomposition in image domain. 
Med Phys 2009;36:3818-29.

7. Yu L, Leng S, McCollough CH. Dual-energy CT-
based monochromatic imaging. AJR Am J Roentgenol 
2012;199:S9-S15.

8. Hua CH, Shapira N, Merchant TE, Klahr P, Yagil Y. 
Accuracy of electron density, effective atomic number, 
and iodine concentration determination with a dual-layer 
dual-energy computed tomography system. Med Phys 
2018;45:2486-97.

9. Große Hokamp N, Maintz D, Shapira N, Chang H, 
Noël PB. Technical background of a novel detector-based 
approach to dual-energy computed tomography. Diagn 
Interv Radiol 2020;26:68-71.

10. Shefer E, Altman A, Behling R, Goshen R, Gregorian L, 
Roterman Y, Uman I, Wainer N, Yagil Y, Zarchin O. State 
of the Art of CT Detectors and Sources: A Literature 
Review. Curr Radiol Rep 2013;1:76-91.

11. Patino M, Prochowski A, Agrawal MD, Simeone FJ, 
Gupta R, Hahn PF, Sahani DV. Material Separation Using 
Dual-Energy CT: Current and Emerging Applications. 
Radiographics 2016;36:1087-105.

12. Albrecht MH, Vogl TJ, Martin SS, Nance JW, Duguay 
TM, Wichmann JL, De Cecco CN, Varga-Szemes A, 
van Assen M, Tesche C, Schoepf UJ. Review of Clinical 
Applications for Virtual Monoenergetic Dual-Energy CT. 
Radiology 2019;293:260-71.

13. Silva AC, Morse BG, Hara AK, Paden RG, Hongo N, 
Pavlicek W. Dual-energy (spectral) CT: applications in 
abdominal imaging. Radiographics 2011;31:1031-46. 

14. Siegel MJ, Ramirez-Giraldo JC. Dual-Energy CT in 
Children: Imaging Algorithms and Clinical Applications. 
Radiology 2019;291:286-97.

15. Rapp JB, Biko DM, Barrera CA, Kaplan SL, Otero HJ. 
Current and Future Applications of Thoracic Dual-
Energy CT in Children: Pearls and Pitfalls of Technique 
and Interpretation. Semin Ultrasound CT MR 
2020;41:433-41.

16. Kamps SE, Otjen JP, Stanescu AL, Mileto A, Lee EY, 
Phillips GS. Dual-Energy CT of Pediatric Abdominal 
Oncology Imaging: Private Tour of New Applications of 
CT Technology. AJR Am J Roentgenol 2020;214:967-75.

17. Voss SD, Reaman GH, Kaste SC, Slovis TL. The 
ALARA concept in pediatric oncology. Pediatr Radiol 
2009;39:1142-6.

18. Nievelstein RA, van Dam IM, van der Molen AJ. 
Multidetector CT in children: current concepts and dose 
reduction strategies. Pediatr Radiol 2010;40:1324-44.

19. Bastos Md, Lee EY, Strauss KJ, Zurakowski D, Tracy 
DA, Boiselle PM. Motion artifact on high-resolution 
CT images of pediatric patients: comparison of 
volumetric and axial CT methods. AJR Am J Roentgenol 
2009;193:1414-8.

20. Fernández JR, Bohan Brown M, López-Alarcón M, 
Dawson JA, Guo F, Redden DT, Allison DB. Changes in 
pediatric waist circumference percentiles despite reported 
pediatric weight stabilization in the United States. Pediatr 
Obes 2017;12:347-55.

21. Fernández JR, Redden DT, Pietrobelli A, Allison 
DB. Waist circumference percentiles in nationally 
representative samples of African-American, European-
American, and Mexican-American children and 
adolescents. J Pediatr 2004;145:439-44.

22. Berger MJ, Hubbell JH, Seltzer SM, Chang J, Coursey JS, 
Sukumar R, Zucker DS. XCOM: photon cross sections 
database. NIST Stand Ref Database. 1998. Available 
online: https://www.nist.gov/pml/xcom-photon-cross-
sections-database 

23. Shapira N, Mei K, Noël PB. Spectral CT quantification 
stability and accuracy for pediatric patients: A phantom 
study. J Appl Clin Med Phys 2021;22:16-26.

24. Kanal KM, Butler PF, Chatfield MB, Wells J, Samei 
E, Simanowith M, Golden D, Gress DA, Burleson J, 
Sensakovic WF, Strauss KJ, Frush D. U.S. Diagnostic 
Reference Levels and Achievable Doses for 10 Pediatric 
CT Examinations. Radiology 2022;302:164-74.

25. Lu X, Lu Z, Yin J, Gao Y, Chen X, Guo Q. Effects of 
radiation dose levels and spectral iterative reconstruction 



Meyer et al. Spectral accuracy in dual-layer CT for pediatric imaging934

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(2):924-934 | https://dx.doi.org/10.21037/qims-22-552

levels on the accuracy of iodine quantification and virtual 
monochromatic CT numbers in dual-layer spectral 
detector CT: an iodine phantom study. Quant Imaging 
Med Surg 2019;9:188-200.

26. Mann HB, Whitney DR. On a Test of Whether one of 
Two Random Variables is Stochastically Larger than the 
Other. Ann Math Stat 1947;18:50-60.

27. Kruskal WH, Wallis WA. Use of Ranks in One-Criterion 
Variance Analysis. J Am Stat Assoc 1952;47:583-621.

28. Šidák Z. Rectangular Confidence Regions for the Means 
of Multivariate Normal Distributions. J Am Stat Assoc 
1967;62:626-33.

29. D'Angelo T, Cicero G, Mazziotti S, Ascenti G, Albrecht 
MH, Martin SS, Othman AE, Vogl TJ, Wichmann JL. 
Dual energy computed tomography virtual monoenergetic 
imaging: technique and clinical applications. Br J Radiol 
2019;92:20180546.

30. Van Hedent S, Tatsuoka C, Carr S, Laukamp KR, Eck B, 
Große Hokamp N, Kessner R, Ros P, Jordan D. Impact of 
Patient Size and Radiation Dose on Accuracy and Precision 
of Iodine Quantification and Virtual Noncontrast Values 
in Dual-layer Detector CT-A Phantom Study. Acad Radiol 
2020;27:409-20.

31. Jiang X, Yang X, Hintenlang DE, White RD. Effects of 
Patient Size and Radiation Dose on Iodine Quantification in 
Dual-Source Dual-Energy CT. Acad Radiol 2021;28:96-105.

32. Bär E, Collins-Fekete CA, Rompokos V, Zhang Y, 
Gaze MN, Warry A, Poynter A, Royle G. Assessment 
of the impact of CT calibration procedures for proton 
therapy planning on pediatric treatments. Med Phys 
2021;48:5202-18.

33. Leroy R, Benahmed N, Hulstaert F, Van Damme N, De 
Ruysscher D. Proton Therapy in Children: A Systematic 
Review of Clinical Effectiveness in 15 Pediatric Cancers. 
Int J Radiat Oncol Biol Phys 2016;95:267-78.

34. Pelgrim GJ, van Hamersvelt RW, Willemink MJ, Schmidt 
BT, Flohr T, Schilham A, Milles J, Oudkerk M, Leiner T, 
Vliegenthart R. Accuracy of iodine quantification using 
dual energy CT in latest generation dual source and dual 
layer CT. Eur Radiol 2017;27:3904-12.

35. Sauter AP, Kopp FK, Münzel D, Dangelmaier J, Renz M, 
Renger B, Braren R, Fingerle AA, Rummeny EJ, Noël PB. 
Accuracy of iodine quantification in dual-layer spectral 
CT: Influence of iterative reconstruction, patient habitus 
and tube parameters. Eur J Radiol 2018;102:83-8.

36. Jacobsen MC, Schellingerhout D, Wood CA, Tamm 
EP, Godoy MC, Sun J, Cody DD. Intermanufacturer 

Comparison of Dual-Energy CT Iodine Quantification 
and Monochromatic Attenuation: A Phantom Study. 
Radiology 2018;287:224-34.

37. Sellerer T, Noël PB, Patino M, Parakh A, Ehn S, Zeiter 
S, Holz JA, Hammel J, Fingerle AA, Pfeiffer F, Maintz D, 
Rummeny EJ, Muenzel D, Sahani DV. Dual-energy CT: a 
phantom comparison of different platforms for abdominal 
imaging. Eur Radiol 2018;28:2745-55.

38. Liu LP, Shapira N, Chen AA, Shinohara RT, Sahbaee P, 
Schnall M, Litt HI, Noël PB. First-generation clinical 
dual-source photon-counting CT: ultra-low-dose 
quantitative spectral imaging. Eur Radiol 2022. [Epub 
ahead of print]. doi: 10.1007/s00330-022-08933-x.

39. van der Werf NR, van Gent M, Booij R, Bos D, van der 
Lugt A, Budde RPJ, Greuter MJW, van Straten M. Dose 
Reduction in Coronary Artery Calcium Scoring Using 
Mono-Energetic Images from Reduced Tube Voltage 
Dual-Source Photon-Counting CT Data: A Dynamic 
Phantom Study. Diagnostics (Basel) 2021;11:2192.

40. Rajendran K, Petersilka M, Henning A, Shanblatt ER, 
Schmidt B, Flohr TG, Ferrero A, Baffour F, Diehn FE, Yu 
L, Rajiah P, Fletcher JG, Leng S, McCollough CH. First 
Clinical Photon-counting Detector CT System: Technical 
Evaluation. Radiology 2022;303:130-8.

41. Goodman TR, Mustafa A, Rowe E. Pediatric CT radiation 
exposure: where we were, and where we are now. Pediatr 
Radiol 2019;49:469-78.

42. Zhu X, McCullough WP, Mecca P, Servaes S, Darge K. 
Dual-energy compared to single-energy CT in pediatric 
imaging: a phantom study for DECT clinical guidance. 
Pediatr Radiol 2016;46:1671-9.

43. Siegel MJ, Curtis WA, Ramirez-Giraldo JC. Effects of 
Dual-Energy Technique on Radiation Exposure and Image 
Quality in Pediatric Body CT. AJR Am J Roentgenol 
2016;207:826-35.

44. Mei K, Geagan M, Roshkovan L, Litt HI, Gang GJ, 
Shapira N, Stayman JW, Noël PB. Three-dimensional 
printing of patient-specific lung phantoms for CT 
imaging: Emulating lung tissue with accurate attenuation 
profiles and textures. Med Phys 2022;49:825-35.

Cite this article as: Meyer S, Liu LP, Litt HI, Halliburton SS,  
Shapira N, Noël PB. Phantom-based quantification of the 
spectral accuracy in dual-layer spectral CT for pediatric 
imaging at 100 kVp. Quant Imaging Med Surg 2023;13(2):924-
934. doi: 10.21037/qims-22-552


