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Abdominal Imaging with
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Purpose: To evaluate the performance of a prototype photon-count-
ing detector (PCD) computed tomography (CT) system
for abdominal CT in humans and to compare the results
with a conventional energy-integrating detector (EID).
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Gregory Henderson, RT Materials and The study was HIPAA-compliant and institutional review
Elizabeth C. Jones, MD Methods: board-approved with informed consent. Fifteen asymp-
Ashkan A. Malayeri, MD tomatic volunteers (seven men; mean age, 58.2 years *
Les R. Folio, DO 9.8 [standard deviation]) were prospectively enrolled be-
David A. Bluemke, MD, PhD tween September 2 and November 13, 2015. Radiation

dose-matched delayed contrast agent-enhanced spiral
and axial abdominal EID and PCD scans were acquired.
Spiral images were scored for image quality (Wilcoxon
signed-rank test) in five regions of interest by three ra-
diologists blinded to the detector system, and the axial
scans were used to assess Hounsfield unit accuracy in
seven regions of interest (paired t test). Intraclass corre-
lation coefficient (ICC) was used to assess reproducibility.
PCD images were also used to calculate iodine concentra-
tion maps. Spatial resolution, noise-power spectrum, and
Hounsfield unit accuracy of the systems were estimated by
using a CT phantom.

Resuits: In both systems, scores were similar for image quality
(median score, 4; P = .19), noise (median score, 3; P =
.30), and artifact (median score, 1; P = .17), with good
interrater agreement (image quality, noise, and artifact
ICC: 0.84, 0.88, and 0.74, respectively). Hounsfield unit
values, spatial resolution, and noise-power spectrum were
also similar with the exception of mean Hounsfield unit
value in the spinal canal, which was lower in the PCD than
the EID images because of beam hardening (20 HU vs
36.5 HU; P < .001). Contrast-to-noise ratio of enhanced
kidney tissue was improved with PCD iodine mapping
compared with EID (5.2 = 1.3 vs 4.0 = 1.3; P < .001).

—— Conclusion: The performance of PCD showed no statistically signifi-
"From Radiology and Imaging Sciences, National Institutes cant dlfferen(:(? compared.wnh EID when the abdor'nen
of Health Clinical Center, 10 Center Dr, Bldg 10, Bethesda, was evaluated in a conventional scan mode. PCD provides
MD 20892 (AP, R.S.,V.S., M.M., G.H., E.C.J.,AAM., spectral information, which may be used for material
L.R.F, D.AB.); and Siemens Medical Solutions, Malvern, Pa decomposition.
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ommercially available computed to-

mography (CT) scanners use ener-

gy-integrating detectors (EIDs) to
convert x-ray photon energy to an elec-
trical signal. Photon-counting detectors
(PCDs) use high-speed semiconductors
to directly count individual photon inter-
actions and eliminate the need for scin-
tillator crystals, which limit spatial and
temporal resolution of x-ray detection.
PCDs may offer substantial benefits
over conventional EIDs, such as reduced
sensitivity to electronic noise, increased

Advances in Knowledge

B This study demonstrates initial
human results of photon-counting
detector (PCD) CT for contrast
agent—enhanced scans of the
abdomen.

B Phantom scans indicated similar
spatial resolution (in terms of mod-
ulation transfer function), noise-
power spectrum, and CT number
accuracy between conventional (ie,
energy-integrating detector [EID])
scans acquired at 120 kVp and
dose-matched PCD scans acquired
at 140 kVp (for PCD and EID, re-
spectively: 20% modulation trans-
fer function cutoff, 0.57 mm™"! vs
0.55 mm™!; and water attenua-
tion, —1 HU = 4 vs 2 HU = 3).

B Compared with dose-matched
EID CT images, PCD CT images
showed similar overall qualitative
scores for image quality (median
score, 4; P = .19), noise (median
score, 3; P = .30), and artifact
(median score, 1; P = .17).

® EID and PCD CT images showed
no significant difference in tissue
attenuation Hounsfield unit mea-
surements other than in the spinal
canal, where the mean Hounsfield
unit was higher in EID (20 HU vs
36.5 HU, P < .001), which is likely
because of beam-hardening arti-
fact on EID CT images.

B Jodine concentration maps and
virtual noncontrast images from
PCD CT showed greater contrast-
to-noise ratio than did EID scans
by an average of 32% (P < .001).

contrast-to-noise ratio, higher spatial
resolution, better material decomposi-
tion, and higher dose efficiency, which
lead to a decrease in radiation exposure
(1). With PCDs, each x-ray photon in-
teraction induces a pulse in the detector
and the height of the pulse is proportional
to the photon energy. This allows for si-
multaneous measurement of the energy
and number of photons. PCD technology
was demonstrated in breast tissue char-
acterization (2) and in contrast agent-
enhanced dual energy scans of the head
and neck in a human (3). Whole-body CT
scanning poses additional challenges, but
early results in phantoms and human ca-
davers demonstrated the potential for this
relatively new technology (4-6). The pur-
pose of this study was to evaluate the per-
formance of a prototype PCD CT system
for abdominal CT in humans and to com-
pare the results to a conventional EID.

Materials and Methods

This study was supported in part by a
collaborative research agreement with
Siemens Medical Systems (Forchheim,
Germany). Authors who are not em-
ployees of or consultants for Siemens
had control of inclusion of any data and
information that might present a con-
flict of interest for the authors who are
employed by Siemens.

Volunteer Population

The study was compliant with the
Health Insurance Portability and Ac-
countability Act and approved by our
institutional review board. Written
informed consent was obtained from
each patient before enrollment.

Fifteen asymptomatic volunteers
(seven men) older than 45 years were
prospectively and consecutively en-
rolled between September 2 and No-
vember 13, 2015, at the National Insti-
tutes of Health Clinical Center. Mean

Implication for Patient Care

® PCD CT can provide similar
image quality compared with
conventional CT while also pro-
viding spectral CT images for
material decomposition.

age for men, women, and all patients
was 66 years (age range, 46-73 years),
52 years (age range, 45-58 years), and
58 years (age range, 45-73 years), re-
spectively. Exclusion criteria included
renal failure, allergy to iodinated con-
trast material, pregnancy, known or
possible genetic disposition to cancer,
and CT scan within the last year.

CT Imaging System

Details of this prototype PCD system
were previously described (5). In brief, a
commercially available CT scanner (So-
matom Flash; Siemens Healthcare) with
two independent x-ray sources at 90°
separation was modified so that one of
the EIDs was replaced with a cadmium
telluride-based PCD. The EID and PCD
have, respectively, an effective field of
view of 500 mm and 275 mm and col-
limation X pixel pitch of 128 X 0.6 mm
and 32 X 0.5 mm at isocenter. The x-ray
beam for the PCD was from the x-ray
source of the commercial system and
had 32-cm coverage along the fan angle.
Up to four energy thresholds can be set
on the PCD at 1-keV resolution: two
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Abbreviations:

CTDI,, = volume CT dose index

EID = energy-integrating detector

ICC = intraclass correlation coefficient
PCD = photon-counting detector

ROI = region of interest
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between 20 and 50 keV and two between
50-90 keV. We set the energy thresholds
at 25 keV and 65 keV with a tube voltage
of 140 kVp, which resulted in two energy
bins (low, 25-65 keV; high, 65-140 keV)
to achieve roughly the same number
of photons in each projection bin; the
threshold setting was recommended by
the scanner manufacturer to achieve a
reasonable contrast-to-noise ratio, but it
is not necessarily the optimal setting.

We combined the energy bins to
reconstruct image volumes by using all
the detected photons for comparison to
the EID system. We use the term PCD
data to refer to projections or images
calculated from all detected photons.
Images of each energy bin were also re-
constructed separately for dual-energy
material decomposition.

CT Scanning Protocol

For all study participants, iodinated
contrast material (iopamidol 300 mg/
mL; Isovue-300, Bracco Diagnostics,
Melville, NY) was administered intrave-
nously (2 mL/kg, up to a maximum of
130 mL, per our routine clinical proto-
col) at a rate of 2 mL/sec. An EID spiral
scan of the abdomen was performed 70
seconds after injection of contrast ma-
terial, followed within 6 seconds by a
PCD spiral scan. Two minutes after con-
trast agent administration, additional
EID and PCD scans of the kidneys were
performed in axial mode in a single
breath hold both within a time interval
of less than 8 seconds, which therefore
minimized differences in the phase of
contrast enhancement. The axial scans
were added to the study protocol after
the fifth volunteer and were performed
on the subsequent 10 patients. We also
scanned an American College of Radiol-
ogy CT phantom (Gammex, Middleton,
Wis) in spiral mode on both systems
with scan techniques similar to those
of the clinical protocol (EID: 120 kVp,
100 mAs; PCD: 140 kVp, 60 mAs,
with matched volume CT dose index
[CTDI ]).

We used the vendor-supplied soft-
ware (Care Dose 4D; Siemens Health-
care) to calculate size-specific radiation
dose estimate of the EID system for a
contrast-enhanced abdomen protocol to

achieve image quality comparable to a
reference clinical setting of 210 mAs and
120 kVp in a so-called average patient
(7). The PCD scan was performed at
140 kVp to take advantage of the en-
ergy discrimination capabilities of the
system. Because the tube voltage set-
tings were different in the two systems,
we matched the CTDI | of the two scans
to ensure the same amount of radiation
dose was used to image each section.

Tube current-time settings were ad-
justed in three groups of five patients
each, with progressively lower radiation
exposure: 100%, 80%, and 60% of the
CTDI | estimates (Care Dose 4D; Sie-
mens Healthcare). The Table includes
the details of radiation dose and mil-
liampere-second values for the three
groups. The spiral pitch was set at 0.8
and 0.6 for the EID and PCD systems,
respectively; gantry rotation time was
fixed at 0.5 seconds.

CT Image Reconstruction

Weighted filtered back projection im-
age reconstruction was performed
(Recon CT version 13.8.3.0; Siemens
Healthcare). For each patient, the
spiral EID and PCD images were re-
constructed at a section thickness and
increment of 2 mm and 1 mm by using
two different kernels: B31f (medium
smooth+) to assess the liver and the
kidneys and B8Of (ultrasharp) to as-
sess the lungs and the pelvic bones.
In addition to the four series above,
images were reconstructed with B31f
kernel at section thickness of 5 mm
and increment 5 mm through the liver.
For the qualitative comparison, we
selected a series of images that were
S5 cm of z-axis coverage of the lungs,
liver, kidneys, and pelvis. Five series
of images were chosen per patient for
each detector system.

The 2-minute delayed enhanced ax-
ial EID and PCD (low-energy bin, high-
energy bin, and combined) images
were reconstructed with a quantitative
kernel (D30f) at section thickness of 1
mm and increment of 1 mm with no
bone or iodine beam hardening cor-
rection. All reconstructions were per-
formed with field of view of 275 mm
and 512 X 512 matrix.

Qualitative Image Analysis

Three radiologists (E.C.J. and L.R.F,,
each with >20 years of experience, and
A.A.M., with 6 years of experience) in-
dependently rated the quality of PCD
and EID images by using radiology
imaging software (VuePACS version
12.0.0; Carestream Health, Rochester,
NY). The readers were blinded to the
system used (EID or PCD), patient de-
mographics, and radiation dose. Image
series were presented in random order.
The images were set to correspond-
ing standard window center and width
values for evaluation of lung, soft tissue,
and bone. Image quality was evaluated
in terms of diagnostic acceptability,
subjective image noise, and presence
of artifacts. The images were reinter-
preted (L.R.F.) to assess intrarater
reproducibility.

The image quality scores were de-
rived from the European Guidelines on
Quality Criteria for CT, previously used in
similar CT studies (8,9). Diagnostic scan
quality was assessed with a yes-or-no
question followed by a four-point score.
Subjective image noise and image arti-
facts were graded on a five-point scale.

Quantitative Image Analysis
Spatial resolution and noise perfor-
mance of the systems were inves-
tigated by using scans of the Ameri-
can College of Radiology CT phantom
(Gammex). Noise-power spectrum and
radial modulation transfer function of
both systems were calculated as de-
scribed in Friedman et al (10) by using
software (Matlab; Mathworks, Natick,
Mass). Hounsfield unit accuracy of the
systems was also tested in module 1 of
the phantom in five regions of interest
(ROIs): bone, air, water, polyethylene,
and acrylic. Hounsfield unit compari-
son of EID and PCD systems was also
performed in seven paired -circular
ROIs that were approximately 1 cm?
in the 10 patients with 2-minute de-
layed enhanced axial scans (70 paired
ROIs) covering the paraspinal muscles,
kidney, liver, gallbladder, subcutane-
ous fat, spinal cord, and air in bowel
lumen.

We used vendor-supplied dual-en-
ergy material decomposition software

Radiology: \olume 279: Number 1—~April 2016 = radiology.rsna.org
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Baseline Demographic Data and Laboratory and Radiation Dose Parameters

Parameter All Participants (n = 15) Group 1 (n=15) Group 2 (n=5) Group 3 (7= 5) PValue
Physical examination and demographic data
Age (y) 58.2 9.8 65.4 =72 60.2 = 9.6 49.0 = 3.8* .003
Height (m) 1.71 = 0.09 1.74 £ 0.09 1.71 £ 0.11 1.67 = 0.08 234
Weight (kg) 79.3 = 16.8 735+ 140 789 =199 855+ 175 273
BMI (kg/m?) 27357 242 =40 2712+73 304 =43 .084
Systolic blood pressure (mm Hg) 130.3 £12.7 136.0 = 11.8 124.4 =154 130.4 =101 .505
Diastolic blood pressure (mm Hg) 73377 756 = 7.4 68.4 = 7.6 758 7.0 .969
Creatinine level (mg/dL) 0.81 =0.14 0.84 = 0.09 0.79 = 0.14 0.80 = 0.14 .670
Radiation dose parameters
Dose-length product (mGy - cm)
EID 420.9 = 168.6 583.0 = 89.1 380.3 = 133.9 299.4 + 142.5* .003
PCD 411.9 = 167.9 582.4 +91.9 372.6 = 12341 280.7 = 123.7* .001
Pvalug? 107 .694 .200 274
CTDlI,, (mGy)
EID 12.0 £ 3.7 143 £1.7 121 £ 47 9.7 = 3.1 .044
PCD 123+ 3.8 149 £1.2 122 £ 46 9.7 = 3.1 .022
Pvalugt 184 233 .388 .878
Tube current-time product (mAs)
EID 178.7 £ 54.9 212.6 = 25.9 179.6 = 69.1 143.8 * 46.1
PCD 110.5 = 34.2 135.2 £10.7 109.2 = 41.6 87.2 =283

Note.—Data are means =+ standard deviation unless otherwise indicated. Groups 1, 2, and 3 were scanned at 100%, 80%, and 60% of the recommended radiation dose, respectively. P values were

calculated by using the one-way analysis of variance.

* Significant post hoc with Bonferroni correction versus group 1.

T Significant post hoc with Bonferroni correction versus group 2.

* Post hoc pairwise comparison with student ¢ test.

(11) to quantify the amount of iodin-
ated contrast agent in tissue and cre-
ate virtual noncontrast images. The
contrast-to-noise ratios between kid-
ney and paraspinal muscle of the EID,
PCD, and iodine map images were
calculated.

Statistical Analysis

This was an exploratory experiment
and therefore a relatively small sam-
ple size was chosen and no prelimi-
nary statistical power analysis was
performed. Statistical analyses were
performed by using statistical soft-
ware (R Statistical Software version
3.2.0; R Foundation for Statistical
Computing, Vienna, Austria). Data
were tested for normal distribution
with the Shapiro-Wilk test. Continu-
ous data were expressed as means *
standard deviation. One-way analysis
of variance was used to assess the
trend among the dose groups, and

post hoc pairwise comparison of EID
and PCD was performed by using the
Student t test. Paired t test was used
to compare continuous variables. Wil-
coxon signed-rank test (paired) with
continuity correction was used to
compare the qualitative scores, and
McNemar test was used to compare
diagnostic acceptability. The
class correlation coefficient (ICC) was
used to determine interrater and in-
trarater reproducibility; ICC greater
than 0.75 indicated strong agreement
and ICC of 0.4-0.75 indicated average
agreement. A P value of less than .05
was considered to indicate statistical
significance.

The Table shows the demographics of
study participants and dose param-
eters of the CT scan. As we expect-
ed, effective radiation dose, CTDI

intra-

vol’

dose-length product, and tube cur-
rent significantly decreased with
lower dose groups; however, radiation
dose measurements were similar for
the EID and PCD system in all dose
groups.

Qualitative Assessment of Image Quality

The three readers each analyzed 150
series of images (five anatomic re-
gions X 135 patients X two detectors
X three readers = 450 readings). All
images were of diagnostic quality (P
> .999). The scores for image quality
(median score, 4; P = .19), qualitative
noise (median score, 3; P = .30), and
image artifacts (median score, 1; P =
.17) were similar for the EID and PCD
systems in all dose groups (Fig 1).
Image quality and noise scores were
significantly different among the three
dose groups, decreasing with the dose,
but not different between the detector
systems. Interrater agreement for the
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three readers was average-to-strong
for image quality (ICC, 0.84), qualita-
tive noise (ICC, 0.88), and image ar-
tifacts (ICC, 0.74), and the intrarater
agreement was strong (ICC, 0.94).

Quantitative Analysis

Phantom  experiments.—The PCD
had similar but marginally better per-
formance in noise power spectrum;
modulation transfer function mea-
surements showed slight advantage
of PCD in image resolution consistent
with smaller PCD detector size (Fig 2).
The Hounsfield unit accuracy measure-
ments in the phantom did not reveal a
significant difference between the two
systems.

Human data.—The difference in
the mean Hounsfield unit value of the
selected ROIs between the PCD and
EID images was not statistically signif-
icant except for the spinal cord (Fig 3).
The mean Hounsfield unit in the spi-
nal canal was significantly lower in the

PCD than EID images (20 HU vs 36.5
HU; P < .001). There was no signifi-
cant difference observed in Hounsfield

unit accuracy in different dose groups
between PCD and EID; however, the
noise measured in the ROI of the

Photon Counting Detector

Energy Integrating Detector

Overall _
Quality
l Excellent
Noise - Moderate
Poor
Artifact - I
T T T T T T T T T T
0% 25%  50% 75% 100% 0% 25%  50%  75%  100%

Figure 1:  Qualitative analysis scores. Near equivalence was noted for the EID and PCD systems for three

readers who each evaluated 150 series of images for image quality (P = .19), noise (P = .30), and artifact
(P=.17) by using Wilcoxon signed-rank test. Red = artifacts that affect the interpretation of a lesion or an
organ of interest, yellow = pronounced artifacts that interfere with diagnosis (but a diagnosis can be made),
light green = moderate artifacts that slightly interfere with diagnostic decision making, green = mild artifacts
that do not interfere with diagnostic decision making, and dark green = no artifacts.

MTF,

—EID —EID
—PCD —PCD

0 04

02 03 04 05 06 07 08 08 1.0
spatial frequency (mm™)

03 04 05 06 07 08 09 1.0
spatial frequency (mm™)

a. b.
150 0 10
100 5
) o} )
z £ -500 I
50 0
-1000 -5
EID PCD ACR EID PCDACR EID PCD ACR EID PCDACR EID PCDACR
bone PE acrylic air water

C.

Figure 2:  Quantitative assessment of the EID and PCD systems with an American College of Radiology (ACR) CT phantom. (a) Graph shows the radial modulation
transfer function (MTF) at 10 cm off the isocenter. (b) Graph shows the noise-power spectrum (NVPS). (c) Bar graphs show CT number (Hounsfield unit) accuracy in
five different calibrated regions of the American College of Radiology CT phantom: bone, polyethylene (PE), acrylic, air, and water.
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paraspinal muscle increased signif- Multienergy Analysis
icantly with dose reduction in both We used low- and high-energy PCD im-
systems. ages to calculate iodine concentration

250 =EID
= PCD
i 200
> 150 .

2

f o W

E 50 ’f ‘ ?¢

8 0 4

§ -50

= 100 &<

Paraspinal muscle  Air* Gall bladder Kidney Liver

Figure 3:  Distribution plots of the mean Hounsfield unit value of the 1-cm? circular ROIs selected from the

2-minute delayed contrast-enhanced axial EID and PCD images of 10 patients. Seven paired ROIs were selected
in each patient: paraspinal muscle, air in bowel lumen, gallbladder, kidney, liver, spinal canal, and subcutane-
ous fat. * The air Hounsfield unit values are subtracted from —1000 HU for easier visualization. #* P << .001.

Spinal canal Fat

Figure 4

maps and virtual noncontrast images for
delayed-enhanced axial scans. Figure 4
shows an example of a virtual non-
contrast image and the corresponding
iodine concentration map. The mean
contrast-to-noise ratios between kidney
and paraspinal muscle in EID, PCD,
and dual-energy iodine maps were 4.0
+ 1.3, 3.3 = 0.9, and 5.2 = 1.3, re-
spectively. As we expected, the con-
trast-to-noise ratio in PCD was signif-
icantly lower than that in EID because
of the higher tube voltage; however, the
contrast-to-noise ratios in the iodine
maps were 32% greater than in EID (P
< .001).

These results report initial contrast-
enhanced abdominal CT scans obtained
by using a whole-body PCD CT scanner

Figure 4:  Axial images in a 51-year-old woman.
Images acquired with (a) EID and (b) PCD show
no significant difference in qualitative image
analysis. Multienergy analysis of contrast-en-
hanced PCD CT images: (c) a virtual noncontrast
image, (d) an iodine concentration map, and (e)
an iodine map superimposed on the virtual non-
contrast image; the blue circles represent the ROI
used for contrast-to-noise ratio calculation.
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in a study of humans. The prototype
scanner, reported here, contained both
conventional EIDs and PCDs; this rep-
resents ideal conditions to directly com-
pare both detector systems in the same
patient with as little as a 1-second time
interval between EID and PCD scans for
axial and 6 seconds for spiral mode.

At the current stage of development,
the qualitative and quantitative image
quality analyses showed similar perfor-
mance in EID and PCD. In addition, the
current PCD system with two to four
adjustable energy thresholds can ac-
quire dual- and multienergy projections
from a single scan, which could be used
in multimaterial decomposition (12).
The higher Hounsfield unit of the spinal
canal in EID images can be attributed
to the slight beam-hardening artifact
caused by the vertebral body. The arti-
fact was less prominent in the PCD im-
ages likely because they were acquired
at a higher kilovolt-peak setting, and
because the PCD can detect individual
x-ray photons with spectral sensitivity
and lower background noise.

There are multiple technical ap-
proaches to acquire clinical dual-energy
images, including dual-source, fast ki-
lovolt switching, and dual-layer detec-
tor technologies (13). Compared with
these techniques, PCD has an advan-
tage in that both low- and high-energy
projections are acquired simultaneously
and in the same detector pixel, which
eliminates misregistration between the
two energy bin images. In addition,
the use of the same x-ray spectrum to
acquire both energy bins may lead to
more accurate and radiation dose-effi-
cient photon energy detection. It should
be noted that clinical PCD technology is
in its early stages of development and
many material decomposition, calibra-
tion, and artifact correction algorithms
that are developed for conventional EID
need to be optimized for PCD.

Pulse-pileup artifact is an impor-
tant limitation of PCD technology and
occurs when two or more photons are
detected as one higher-energy photon
because of their proximity in time.
Another PCD artifact is charge shar-
ing, which occurs when a photon is

erroneously detected by neighboring
detector pixels at lower energy levels;
pulse pileup occurs in high tube cur-
rents and charge-sharing artifact is
more prominent at very low tube cur-
rent settings. In this study we set all
milliampere values below the threshold
recommend by the scanner manufac-
turer to avoid the pileup artifact, but
high enough to reduce charge-sharing.
A detailed analysis of photon-counting
artifacts for the current prototype is re-
ported in the literature (5,6).

In summary, this report demon-
strates initial human results for con-
trast-enhanced abdominal imaging for
PCD CT technology. The PCD system
showed comparable performance to
clinical EIDs when the abdomen was
evaluated in a conventional scanning
mode with the added advantage of pro-
viding spectral information that may be
used for material decomposition.
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