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Abstract

Purpose: To determine the feasibility of performing dual-
energy CT with a single-source spectral detector system
in obese patients.

Materials and methods: Retrospective, IRB-approved
review of 28 patients weighing > 270 lbs (122 kg) who
underwent CT of the abdomen on a single-source
spectral detector system was performed. Two blinded,
independent radiologists rated relative preference be-
tween conventional CT images taken at 120 kVp
(CCT120) and monoenergetic 70 keV  equivalent
(MonoE70) as well as iodine map image quality in the
spleen, pancreas, kidneys, and liver. Signal-to-noise ratio
(SNR) and contrast-to-noise ratio (CNR) were com-
pared between conventional CT and MonoE70 images
and correlated with body habitus markers of weight,
height, and abdominal diameter.

Results: MonoE70 images were preferred by radiologists
100% of the time (1-sample ¢ test, p < 0.0001) over
conventional CCT120 images. Noise was significantly
lower; SNR and CNR were significantly higher in
MonoE70 images than in CCT120 images (paired
t tests, p < 0.0001). Mean iodine map rating (scale
1-5) was 4.54 £ 0.58, denoting near homogenous and
complete iodine mapping through the spleen, pancreas,
kidneys, and liver for the majority of patients. Body
habitus markers were not significantly correlated with
image preference score; noise; MonoE70 SNR;
MonoE70 CNR; change in noise, SNR, or CNR from
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CCT120 to MonoE70, or iodine map quality; ordinal
and linear regression, p = 0.2547, p = 0.6837, p =
0.1888, p = 0.5489, p = 0.9830, p = 0.8849, p =
0.8741, p = 0.1522, respectively.

Conclusion: The single-source spectral detector imple-
mentation of dual-energy CT provides viable, high-
quality imaging for obese patients.

Key words: DECT—Virtual monoenergetic
imaging—Obesity—Dual-layer detector DECT—Iodine
map

Abbreviations

CCT120  Conventional CT images taken at 120 kVp

CNR Contrast-to-noise ratio

DECT Dual-energy CT

MonoE70 Virtual monoenergetic 70 keV equivalent
dual-energy images

SNR Signal-to-noise ratio

Dual-energy computed tomography (DECT) has many
of the same limitations as conventional CT, particularly
in the imaging of obese and overweight patients [1]. The
tradeoff between higher radiation dose and lower image
quality remains an issue [2]. In addition, rapid voltage
switching and dual-source DECT implementations fun-
damentally rely on acquiring images at both high and
low tube voltages, and so increasing tube voltage is not
an option in dose reduction strategies for DECT [3].
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Dual-source DECT implementations are further
limited in imaging of obese patients. To accommodate
two detectors in the gantry, the second detector (usu-
ally the low-energy detector) must be smaller. The
smaller detector results in a decreased field of view; a
limitation which affects the obese almost exclusively
[4].

Rapid voltage switching implementations also have
several additional limitations which hinder imaging of
the obese. While high and low voltages can be rapidly
alternated, current cannot be correspondingly alternated
to provide adequate numbers of photons at low energy.
Higher current—and thus higher radiation expo-
sure—becomes necessary. The second limitation is that
automated current modulation algorithms cannot be
employed. Again, the resulting radiation exposure in-
creases are magnified further in the imaging of obese
patients [4].

Due to these limitations, rapid switching and dual-
source DECT implementations have been restricted to
patients with BMI less than 30 kg/m? and weight less
than 260 lbs (118 kg). In patients between 200 and
260 lbs, the low-energy acquisition is often performed at
100 kVp, rather than routine settings of 70 or 80 kVp,
leading to inferior energetic separation, and thus lower
quality DECT image series [5].

Single-source spectral detector implementations of
DECT are promising to overcome this difficulty in
imaging overweight patients. Because the separation of
signal from high- and low-energy photons is done at the
detector rather than at the X-ray source, imaging is
performed at a normal peak tube voltage, typically 120
or 140 kVp [6]. Thus, radiation dose is theoretically
equivalent to conventional CT [7]. However, it is un-
known if enough low-energy photons reach the detector
in this implementation to provide acceptable image
quality in obese patients.

Previous studies have shown that dual-energy CT
series—such as  virtual monoenergetic imaging
(VMI)—improve contrast-to-noise ratios (CNR), par-
ticularly at a reference energy of 70 keV. Again though,
none of these studies included patients heavier than
109 kg [8-10]. Additional studies have shown that qual-
ity and accuracy of iodine quantification are maintained
in phantom models simulating different sized patients;
however, no in vivo studies have been performed to date
[11].

The aim of this retrospective study is to qualitatively
and quantitatively determine whether single-source,
spectral detector DECT is feasible in the population of
patients weighing > 270 lbs (122 kg) through compar-
ison of conventional CT images taken at 120 kVp
(CCT120) to virtual monoenergetic 70 keV DECT ima-
ges (MonoE70), and by assessment of iodine maps gen-
erated by DECT.
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Materials and methods

A retrospective imaging review with waiver of informed
consent was approved by the institutional review board.
The study was compliant with the Health Insurance
Portability and Accountability Act.

Patients

Twenty-eight consecutive patients were identified for
review at a single medical center between December 2016
and August 2017 with the following inclusion criteria:
weight > 270 1bs (122 kg), CT images of the abdomen
and pelvis taken between 65 and 100 s after IV contrast
administration, and available raw DECT data. No
studies were excluded. The study population character-
istics were as follows: 12 men and 16 women, mean age
of 51, mean weight of 1399 + 13.0 kg (range
122.9-166.1 kg), and mean BMI of 48.8 + 7.8 kg/m>
(range 33.9-71.5 kg/m?).

Imaging

CT imaging was performed on a 128-slice single-source
spectral detector system (IQon Spectral CT; Philips
Healthcare, Cleveland, USA). Helical data were acquired
at 120 kVp and a tube rotation time of 0.5 s. Images
were acquired 65-100 s after 100 mL of Omnipaque 300
(GE Healthcare, Chicago, Illinois, USA) was injected.

Measurements were performed on Philips Intellispace
Portal version 9.2.15033.0 (Philips Healthcare, Haifa,
Israel). Pitch was 0.953, collimation was 64 x 0.625 mm,
and three-dimensional automated tube current modula-
tion was used (DosecRight, Philips Healthcare) set at an
index of 14. Conventional CT images were reconstructed
in the axial plane using an iterative algorithm (iDose*;
Philips Healthcare). Virtual monoenergetic images at a
reference energy of 70 keV and iodine density maps were
reconstructed from spectral base image (SBI) data using
a projection-based 2-material decomposition algorithm.
Images were reconstructed in the axial plane with a slice
thickness of 2.5 mm, resolution of 512 x 512 pixels, and
pixel spacing of 0.9766 mm/pixel.

Subjective measurements
CCTI120 versus MonoE70 image preference

CCT120 and MonoE70 images were prepared at the level
of the porta hepatis. Pairs of images from the same pa-
tient, one CCT120 and one MonoE70, were rated by two
blinded, board-certified abdominal radiologists (AT and
DS), each with 8 years of experience. The raters indi-
cated neutrality, weak preference for one of the images,
or strong preference for one of the images. Scores were
then tabulated to a S5-point Likert scale from — 2 to 2,
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where — 2 indicated strong preference for conventional
CT images, and 2 indicated strong preference for DECT
images.

Todine map quality rating

Todine concentration map images of the of the liver,
spleen, pancreas, and kidneys were prepared and pre-
sented to radiologists AT and DS, who scored the images
on a Likert scale from 1 to 5. The scale ranged from 1,
denoting homogenous and complete iodine map in none
or 1 of the above organs, to 5, denoting homogenous and
complete iodine map of all of the presented organs
(Table 1).

Objective measurements

Patient transverse diameter was measured at the level of
the porta hepatis.

Noise, signal-to-noise ratio, and contrast-to-noise ratio

Objective assessment of the CT image data sets was
performed by radiologist in-training, NA. A 1000 mm?>
region of interest (ROI) was placed in the posterior right
lobe of the liver at the level of the porta hepatis, away
from large vessels or ducts; mean pixel intensity (Sy) and
standard deviation (S,) were recorded. Additional iden-
tical ROIs measuring 1000 mm? were selected in subcu-
tancous fat in the adjacent right posterior abdominal
wall, and mean pixel intensity (Cy;) was again recorded.

Noise was defined as the standard deviation of
attenuation (noise = S,). Signal-to-noise ratio (SNR)
was calculated with the following formula: SNR = Sy/
S,. CNR was calculated as CNR = (Sy — Cwm)/S,-
Measurements and parameters were calculated with
identical locations and ROIs for CCT120 and MonoE70
images of the same patient. Relative SNR and CNR
changes from CCT120 to MonoE (ASNR and ACNR)
were calculated as ASNR = SNRwmonor70/SNRccT120
and ACNR = CNRwonor70/ CNRceT120-

Statistical analysis

Statistical analysis was performed in SAS version
6p.2.688de4662a09-1-1 (SAS Institute Inc., Cary, North
Carolina, USA).
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Radiologist image preference was analyzed using a
l-sample ¢ test.

Weight, height, and transverse diameter were used as
patient habitus markers. BMI was not used due to
dependence on weight and height.

Logistic regression was performed to evaluate the
relationship between radiologist average image prefer-
ence (AIP) and body habitus markers (weight, height,
and diameter). The following model was used: AIP = ¢,
weight + ¢, height + ¢;3 diameter. Wald Chi-squared
test was performed to determine model significance.

Noise, SNR, and CNR were compared between
CCT120 and MonoE70 with paired ¢ tests.

Multiple regression was performed to evaluate the
relationship between each of SNRyvonor70, CNRMonoE705
ASNR, ACNR, and body habitus markers of weight,
height, and diameter. The following models were used:
SNRMonog70 = €1 Wweight + ¢, height + ¢; diameter
and CNRMOH0E70 CNR = Cq Welght + (&) helght + C3
diameter, ASNR = ¢; weight + ¢, height + ¢3 diame-
ter, and ACNR = ¢; weight + ¢, height + ¢; diameter.
Wald Chi-squared test was performed to determine
model significance.

The relationship between iodine map quality (IMQ)
and the body habitus markers of weight, height, and
diameter was evaluated with logistic regression. The
following model was used: IMQ = ¢; weight + ¢,
height + ¢3 diameter. Wald Chi-squared test was per-
formed to determine model significance.

Results
Subjective image analysis
Radiologist image preference

Both readers preferred MonoE70 images in all 28 pa-
tients. The average preference score of R1 was
1.68 £+ 0.48. The average preference score of R2 was
1.61 £ 0.50. Scores for both radiologists ranged from 1
to 2. Interrater agreement was 78.6%, and all disagree-
ments were by 1 point on the Likert scale. Results for
average image preference are shown on Table 2, and
representative images are shown in Figs. 1 and 2.

The overall average image preference score was
1.64 £+ 0.43, which falls between moderate and strong
preference for MonoE70 images. Average image prefer-

Table 1. 5-point Likert scale for evaluating the quality of dual-energy CT (DECT) iodine maps of the abdomen

Score Criteria

1 Homogenous and complete iodine map of none or 1 of the following organs: liver, spleen, pancreas, kidneys

2 Homogenous and complete iodine map of 2 of the following organs: liver, spleen, pancreas, kidneys

3 Homogenous and complete iodine map of 3 of the following organs: liver, spleen, pancreas, kidneys

4 Homogenous and complete iodine map of the spleen, pancreas, and kidneys with incomplete iodine mapping of the liver
5 Homogenous and complete iodine map of the liver, spleen, pancreas, and kidneys
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Table 2. Average image preference and characteristics of the patients
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Average image preference score

Number of patients (%)

Weight (kg) Height (cm) Diameter (cm)

2.0-0 (preference for CCT120 or no preference) 0
1.0 (weak preference for MonoE70) 7 (25%)
1.5 (intermediate preference for MonoE70) 6 (21.43%)

2.0 (strong preference for MonoE70) 15 (53.57%)

1392 £ 13.4 173 + 12 48.9 + 8.9
143.6 £ 18.6 167 + 10 502 £79
138.7 £ 10.9 170 + 10 442 +33

Fig. 1.

Representative conventional 120 kVp CT (CCT120)
(A) and dual-energy CT Monoenergetic 70 keV equivalent
(MonoE70) (B) images showing substantially higher quality of
the MonoE70 image. Signal-to-noise ratio and contrast-to-

ence score was significantly different from 0 (no prefer-
ence) (p < 0.0001, 1-sample ¢ test).

No correlation between the body habitus markers
(weight, height, and diameter) and average image pref-
erence score was found (p = 0.2655, Wald Chi-squared
test of logistic regression model).

Noise, signal-to-noise ratio, and contrast-to-
noise ratio

Noise was uniformly lower in MonoE70 images than in
conventional CT images (lower is better). SNR and CNR
were uniformly higher in MonoE70 images than in
conventional CT images (higher is better). For conven-
tional CT noise was 26.81 £ 2.77, SNR was 3.11 £ 0.65,
and CNR was 7.21 £ 1.28 (Fig. 3). For MonoE70 noise
was 21.93 &+ 2.34, SNR was 3.83 &= 0.77, and CNR was
8.60 £ 1.42 (Fig. 3). Noise, SNR, and CNR were sig-
nificantly different between CCT120 and MonoE70
images (p < 0.0001 for all pairs, paired ¢ tests).

No correlation between body habitus markers
(weight, height, and transverse diameter) and noise-

noise ratio were 1.37 and 3.93, respectively, for CCT120 and
1.70 and 4.75, respectively, for MonoE70. Both radiologists
strongly preferred the MonoE70 image in this case.

MonoE70, SNRMonoE70» O  CNRponoe70  was  found
(p = 0.6837, p = 0.1888, and p = 0.5489, respectively,
Wald Chi-squared test).

The average relative decrease in noise from CCT120
to MonoE70 (Anoise) was 17 & 7%. The average rela-
tive increase in SNR from CCTI20 to MonoE70
(ASNR) was 24 4+ 10%. The average relative increase in
CNR (ACNR) from CCTI120 to MonoE70 was
20 + 9%.

No correlation between body habitus markers
(weight, height, and diameter) and Anoise, ASNR, or
ACNR was found (p = 0.9830, p = 0.8849, and
p = 0.8741, respectively, Wald Chi-squared test).

lodine map quality

The average iodine map score of R1 was 4.64 + 0.62.
The average iodine map score of R2 was 4.54 &+ 0.58.
Scores for both raters ranged from 3 to 5. Interrater
agreement was 75.0%, and all disagreements were by 1
point on the Likert scale. The overall average iodine map
score was 4.59 £ 0.54. The results of average iodine map
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Fig. 2. Representative conventional 120 kVp CT (CCT120)
(A) and dual-energy CT Monoenergetic 70 keV equivalent
(MonoE70) (B) images showing slight improvement of
quality of the MonoE70 image. Signal-to-noise ratio and

Conventional CT 70 keV Equi DECT C i (a3

Noise* Contrast to Noise Ratio**

Fig. 3. Noise (lower is better), contrast-to-noise ratio (CNR,
higher is better), and signal-to-noise ratio (SNR, higher is
better) measurements of conventional 120 kVp CT (CCT120,
in blue) and Monoenergetic 70 keV equivalent DECT
(MonoE70, in yellow) images. *Significant difference in

Table 3. Average iodine map ratings and characteristics of the patients

contrast-to-noise ratio were 4.01 and 9.25, respectively, for
CCT120 and 4.53 and 9.74, respectively, for MonoE70.
Both radiologists weakly preferred the MonoE70 image in
this case.

- I

70 keV i DECT Ce i cr 70 keV Equivalent DECT

Signal to Noise Ratio***

noise between CCT120 and MonoE70 images (paired f test,
p < 0.0001). **Significant difference in CNR between
CCT120 and MonoE70 images (paired t test, p < 0.0001).
**Significant difference in SNR between CCT120 and
MonoE70 images (paired f test, p < 0.0001).

Average iodine map rating Number of patients (%)

Weight (kg) Height (cm) Diameter (cm)

1-2.5 0

3.0 1 (3.57%)
3.5 1 (3.57%)
4.0 5 (17.86%)
45 6 (21.43%)

5.0 15 (53.57%)

127.0 178 47.0
163.3 178 57.0
142.0 &+ 13.9 173+ 9 50.0 £ 8.5
140.2 £ 14.8 179+ 9 41.8 £ 4.2
138.4 £ 11.7 165 £ 9 46.7 £ 5.7
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rating are shown in Table 3, and representative images
are shown in Fig. 4.

21 studies (75%) were given average ratings of 4.5 or
5.0 (optimal IMQ). 7 studies (25%) were given average
ratings of 4.0 or lower (suboptimal IMQ). No correlation
between the predictors (weight, height, and diameter)
and IMQ was found (p = 0.1400, Wald Chi-squared).

Discussion

Dual-energy CT acquisition in obese patients is often
limited due to effects of photon starvation, which has
hindered its clinical application; this study provides evi-
dence that single-source spectral detector implementa-
tions of DECT are not susceptible to this limitation.

In our patients weighing 270-366 lbs (122-166 kg)
and BMI from 33.9 to 71.5 kg/m?, single-source spectral
detector DECT produced lower noise, higher signal-to-
noise, and higher contrast-to-noise attenuation images
than conventional CT. These quantitative findings were
reinforced by universal reader preference for spectral
virtual monoenergetic images over conventional CT
images. In addition, single-source spectral detector
DECT produces diagnostically acceptable iodine maps in
the majority of cases. Subjective preference and objective
improvement in image noise, SNR, and CNR were
independent of patient habitus markers, indicating that
imaging performance may not degrade with increasing
patient obesity.

This study has several limitations. The primary limi-
tations were small sample size and retrospective nature.
Noise, SNR, and CNR analyses were limited to one or-
gan, and radiologist quality preference was based on a
single slice. Another confounding factor is that all
imaging was performed with automated exposure control
(AEC). The purpose of AEC is to maintain a consistent
level of noise between images in a series and scans on a
machine, no matter the patient habitus. Lack of statis-
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tically significant relationship between patient habitus
and noise, SNR, or CNR likely in-part reflects a properly
functioning AEC, as well as low sample size.

It was not clear why IMQ in some studies was sub-
optimal. Possible etiologies include poor patient cardiac
function resulting in delayed perfusion of abdominal
organs with contrast material or low-energy photon
starvation at the detector. The proportion of studies with
optimal IMQ in patients under 122 kg was not examined,
but a comparison is a topic of future study.

Lastly, the only limitations to CT examined were
those resulting from X-ray source and detector charac-
teristics.  Additional limitations exist, including
table weight limit and gantry bore size. At our institu-
tion, table weight limit for the IQon Spectral scanner is
450 1bs (204 kg), though the limit can be increased to
650 1bs (295 kg) with a bariatric table. Gantry bore si-
ze—and thus maximal patient diameter—is 70 cm. It is
unknown how often patients cannot undergo CT exam-
ination due to tertiary problems of this nature.

Future directions for study include evaluating virtual
monoenergetic images at lower reference energies
(40-50 keV). Due to greater weighing of the lower energy
data, low reference energy monoenergetic image quality
may degrade disproportionately in higher weight pa-
tients. From a clinical perspective, these image sets are
promising for their potential to reduce contrast dose
requirements, or even for just general radiologic appli-
cation when higher tissue contrast resolution is needed or
desired, such as in the pancreas [12, 13].

Several of the patients included in this study had CT
scans on both conventional CT and dual-energy CT
scanners. Due to differences in AEC settings, the radia-
tion exposure could not be directly compared. Phantom
work comparing radiation exposure adds credence to the
theory that spectral detector DECT is dose neutral, but
in vivo studies have not been formally conducted [14].
Comparing radiation exposure in vivo between scans

Fig. 4. Representative iodine maps showing various levels
of quality. Panels A, B, and C demonstrate average
radiologist quality ratings of 3, 4, and 5, respectively.

Window length and width were adjusted independently for
each image to maximize organ visualization.
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performed on a DECT scanner and conventional CT
scanner remains of interest, but is limited by the risks of
rescanning patients.

A study examining dose-to-quality ratio of conven-
tional CT and virtual monoenergetic DECT would more
completely define the relative advantages of the two
techniques. Metrics have already been established to
evaluate the tradeoff between dose and quality in prior
work comparing the quality of iterative model-based
reconstruction techniques to iterative statistically based
ones; these metrics may easily be applied to comparison
of virtual monoenergetic and conventional CT images
[15].

In summary, the single-source spectral implementa-
tion of dual-energy CT shows potential for imaging in
the obese population, with promising results in patients
between 270 and 366 1bs (122-166 kg). Generated iodine
maps were deemed optimally usable by radiologists in
most cases. Monoenergetic 70 keV equivalent images
were universally rated as superior to their conventional
CT equivalents; noise was lower, SNR and CNR were
significantly higher. None of the dual-energy-specific
series degraded with patient habitus markers, indicating
that no habitus threshold should keep a patient from
undergoing imaging of the abdomen on a single-source,
spectral detector implementation of DECT if it would
provide an advantage to patient care.
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