Received: 29 May 2024 Revised: 15 January 2025 Accepted: 15 January 2025

DOI: 10.1002/mp.17661

RESEARCH ARTICLE MEDICAL PHYSICS

Technique selection and technical developments for 2D
dual-energy subtraction angiography on an interventional
C-arm

Ethan P. Nikolau’ | Joseph F. Whitehead' | Martin G. Wagner? |
James R. Scheuermann® | Paul F. Laeseke? | Michael A. Speidel’*

"Department of Medical Physics, University of Abstract
Jsgonsin - Madison, Madison Wisconsin Background: Dual-energy (DE) x-ray image acquisition has the potential
to provide material-specific angiographic images in the interventional suite.

2 Il i i . . . .
Department of Radiology, University of This approach can be implemented with novel detector technologies, such

Wisconsin - Madison, Madison, Wisconsin,

USA as dual-layer and photon-counting detectors. Alternatively, DE imaging can be
3Siemens Healthineers, Malvern, implemented on existing systems using fast kV-switching. Currently, there are
Pennsylvania, USA no commercially available DE options for interventional platforms.

4Department of Medicine, University of Purpose: This study reports on the development of a prototype fast kV-
\ljvgs;onsin-Madison, Madison, Wisconsin, switching DE subtraction angiography system. In contrast to alternative

approaches to DE imaging in the interventional suite, this prototype uses a
clinically available interventional C-arm equipped with special x-ray tube con-

Correspondence . . .

MichaerA_ Speidel, Department of Medical trol software. An automatic exposure control algorithm and technical features
Physics, University of Wisconsin — Madison, needed for such a system in the interventional setting are developed and
1111 Highland Ave, Rm 1005, Madison, validated in phantom studies.

WI 53705, USA.

Methods: Fast kV-switching was implemented on an interventional C-arm plat-
form using software that enables frame-by-frame specification of x-ray tube

Email: speidel@wisc.edu

Funding information techniques (e.g., tube voltage/kV, pulse width/ms, tube current/mA). A real-time
National Institutes of Health, Grant/Award image display was developed on a portable workstation to display DE sub-
Number: R21 EB023008; National Cancer . . . . . .. .

Insti : i traction images in real-time (nominal 15 frame/s). An empirical CNR-driven
nstitute of the National Institutes of Health, X . .

Grant/Award Number: T32CA009206: automatic exposure control (AEC) algorithm was created to guide DE tube
Siemens Healthineers technique selection (kV pair, ms pair, mA). The AEC model contained a look-

up table which related DE tube technique parameters and air kerma to iodine
CNR, which was measured in acrylic phantom models containing an iodine-
equivalent reference object. For a given iodine CNR request, the AEC algorithm
estimated patient thickness and then selected the DE tube technique expected
to deliver the requested CNR at the minimum air kerma. The AEC algorithm was
developed for DE imaging performed without and with the application of anti-
correlated noise reduction (ACNR). Validation of the AEC model was performed
by comparing the AEC-predicted iodine CNR values with directly measured
values in a separate phantom study. Both dose efficiency (CNR?/kerma) and
maximum achievable iodine CNR (within tube technique constraints) were
quantified. Finally,improvements in DE iodine CNR were quantified using a novel
variant to the ACNR approach, which used machine-learning image denoising
(ACNR-ML).

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2025 The Author(s). Medical Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists in Medicine.

3228 wileyonlinelibrary.com/journal/mp Med Phys. 2025;52:3228-3242.


mailto:speidel@wisc.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/mp

NIKOLAU ET AL.

MEDICAL PHYSICS——22

Results: The prototype system provided a continuous display of DE subtrac-
tion images. For standard DE imaging, the AEC-predicted iodine CNR values
agreed with directly measured values to within 3.5% + 1.6% (mean + standard
deviation). When ACNR was applied, predicted iodine CNR agreed with mea-
surement to within 2.1% + 3.3%. AEC-generated DE techniques were typically
(low/high energy): 63/125 kV, 10/3.2 ms, with varying mA values. When ACNR
was applied, dose efficiency was increased by a factor of 9.37 + 2.08 and max-
imum CNR was increased by a factor of 3.29 + 0.21 relative to DE without
denoising. Application of ACNR-ML yielded a greater increase in both the dose
efficiency (16.11 + 2.99) and maximum CNR (4.46 + 0.31) compared to DE
without denoising.

Conclusion: A prototype DE subtraction angiography system using fast kV-
switching was implemented on a clinically available interventional C-arm
platform without modification of system hardware. The technical features pre-
sented in this work include a real-time image display, noise-reduction strategies,
and a CNR-driven AEC algorithm. This prototype system demonstrates the
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1 | INTRODUCTION

Dual-energy (DE) imaging techniques employ two dif-
ferent x-ray spectra and exploit differences in material
attenuation coefficient versus energy in order to differ-
entiate, isolate, or quantify materials of interest within
the body." Established clinical applications include chest
radiography?> bone mineral densitometry;* and recently,
CT imaging.>~" Although there are currently no options
available for clinical interventional x-ray angiography
platforms, DE capability has been investigated? and
may offer several benefits to image-guided procedures.
These include quantitation of injected radiopaque mate-
rials, and removal of tissue components which may
move and cause artifacts during conventional digital
subtraction angiography?-1°

The simplest method of acquiring x-ray image data
at two distinct energies is sequential scanning, which
involves consecutively imaging the patient with two dif-
ferent tube voltages. This can be implemented on any
x-ray system, but is susceptible to misregistration arti-
facts, which manifest if there is internal or external
patient motion between the scans. In applications where
significant patient motion can occur (e.g., respiratory
motion, cardiac motion), it is desirable to minimize the
temporal separation between the low and high-energy
data used to form each DE image. Recent research
has focused on the use of novel detector technologies
such as dual-layer flat-panel detectors''~'2 and photon-
counting detectors'*'® as a means to simultaneously
acquire low- and high-energy projection images, among
other benefits. However, this detector hardware is not
yet available on clinical interventional platforms. Alter-
natively, DE imaging could be implemented on existing

feasibility of 2D dual-energy imaging for image-guided interventions.

angiography, dual-energy, interventional imaging

platforms using fast x-ray tube voltage switching, sim-
ilar to the strategy employed in some dual-energy CT
systems.>® Recently, software-driven fast kV-switching
at up to 30 Hz was reported on an interventional
system 19 This approach does not require hardware
modification and enables real-time 2D dual-energy
angiography or fluoroscopy imaging with minimal time
separation between low- and high-energy images.

This paper presents a prototype fast kV-switching DE
imaging system for 2D angiographic procedures within
the interventional suite. In previous work, the accuracy of
the software-driven x-ray tube control was reported, and
application to free-breathing pulmonary angiography
was proposed.'® The present study extends develop-
ment of this prototype DE system, with a focus on the
development of technical features expected in a clini-
cal system. The key contributions of this work are: (i)
development of a real-time DE imaging display and a
method for displaying material-subtracted images, (ii) an
investigation of two noise-reduction strategies, and (iii)
development of a contrast-to-noise ratio (CNR) driven
automatic exposure control (AEC) algorithm for deter-
mining the DE tube technique (kV, mA, and ms for high-
and low-energy beams) with the minimum air kerma
in a given imaging setting. Testing and validation are
reported in phantom studies.

2 | MATERIALS AND METHODS

The following sections outline the method for developing
features for an interventional x-ray platform with fast kV-
switching capability. First, the interventional platform and
fast kV-switching implementation are described. Next,
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(a) Siemens Artis zee interventional C-arm platform. (b) Portable workstation situated near the C-arm system, containing the

real-time display (showing a DE image of a phantom) and a user-interface. (c) User-interface which contains certain features related to the DE
image processing, including (1) the ability to view live images or load from file, (2) adjust the material-canceling weighting factor, and (3)

automatic image window/level adjustment.

image processing techniques are described, including
the formation of material-subtracted DE images, the
real-time display system, and two image noise reduc-
tion approaches: the anti-correlated noise reduction
algorithm (ACNR)'? and an ACNR variant which uses
machine-learning ° Finally, the development and valida-
tion of an automatic exposure control (AEC) algorithm
are described.

2.1 | Interventional platform and DE
source control

The interventional x-ray angiography system (Artis zee,
Siemens Healthineers, Forchheim, Germany) for this
work was equipped with a 30 cm x 40 cm flat panel
detector (0.154 mm native element pitch), and a Megalix
Cat+ x-ray tube capable of operating at up to 125 kV,
80 kW (nominal) power using the 1.0 mm focal spot.
In the prototype fast kV-switching DE mode, the mag-
nification factor was set to utilize the entire field of
view, and 2 x 2 pixel binning was used to achieve
a 0.308 mm element pitch. The anti-scatter grid was
a focused linear grid with 15:1 grid ratio and 80
lines/cm. This x-ray system (Figure 1a) is dedicated to
research.

The fast kV-switching implementation was based on
prototype x-ray tube control software previously devel-
oped by Mueller et al® In short, the software implements
a rotational acquisition mode that delivers an x-ray tube
technique specified by the user. The tube voltage (kV),
tube current (mA), and pulse width (ms) are specified on
a frame-by-frame basis. A fast kV-switching mode nor-
mally uses two kV values, two ms values, and a single
mA value for each pair of images. Validation of kV and
ms modulation at up to 30 Hz was performed in prior
work using a RadCal AccuGold meter with an AGMS-
D+ sensor.'® Using this approach, projection data can

be acquired at up to 30 Hz for arbitrary fast kV-switching
DE techniques (kV pair, mA, ms pair), as long as the
technique adheres to tube loading and operational con-
straints. DE images can be formed at 15 frame/s using
the unique pairs of low- and high-energy projections
acquired at 30 Hz.

2.2 | Dual-energy image formation and
real-time display

Real-time DE images were formed using the weighted
log subtraction method. This method can be used to
selectively subtract, or cancel the signal from materi-
als in projection images®?"! Following previous inves-
tigations of DE digital subtraction angiography, this
approach was used to subtract soft tissue signal and iso-
late iodine/bone signal ®'° Given a temporally adjacent
pair of logged low- and high-energy projection images,
L and H, the iodine/bone-only DE image was computed
as,

|=L—wH, (1)

where w; is the weighting factor that cancels tissue sig-
nal in the image. Theoretically, the material-canceling
weighting factor represents a ratio of mass attenu-
ation coefficients at low versus high energy for the
material to be canceled; materials having the same
ratio (e.g., soft tissues, blood, air) are subtracted at the
same time. In practice, automatic determination of this
factor is challenging due to scattered radiation, which
creates a bias in the expected value. Recently, an ana-
lytical approach for predicting DE weighting factors has
been discussed?? Alternatively, weighting factors can
be set empirically by minimizing the signal difference
between two neighboring regions which contain varying
thicknesses of the material of interest?3
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A tissue-only DE image was formed from the same
projection data with,

T=L-wH, )

where w; is the iodine/bone canceling factor. Although
this tissue-only image is not needed for angiographic
visualization of injected contrast agents, it was used for
the denoising method described in Section 2.3.

Real-time DE image subtraction and display were
implemented in C++ and OpenGL on a workstation
equipped with a real-time image feed from the x-ray sys-
tem. The workstation was a Dell 5810 XL tower equipped
with 72 GB RAM and a GeForce 1080Ti GPU. Live,
unprocessed image data were transmitted from the x-
ray system to the workstation using a packet-based
protocol over an ethernet connection to an Intel i217 net-
work controller in the workstation. On the reciever side,
the pcap library was used to retrieve packets of image
data from the network and reassemble the images. Cus-
tom software on the workstation provided the live DE
display as well as a user interface for adjusting the win-
dow/level, the material-canceling weighting factor, and
other aspects of image recording. Figure 1b shows
the real-time image display and user interface of the
portable workstation.

Performance of the real-time processing and display
was quantified by comparing the live frame rate against
the nominal frame/s of the scan for a total of five 30
frame/s rotational acquisitions (248 frames total, or 124
displayed DE frames) in a series of stopwatch timing
tests. As a point of comparison, this test was repeated
for the built-in display of the x-ray system when operated
in conventional single-energy mode. The precision of
each timing measurement was assumed to be 200 ms?*
Additionally, the total number of displayed DE image
frames was recorded within the software using 20 acqui-
sitions of varying durations (range: 3.2-10.1 s) for a
total of 2350 DE image frames. The difference between
the number of expected versus displayed image frames,
or the amount of dropped frames, was quantified for
each acquisition. Dropped frames were then reported as
the mean and standard deviation of the individual per-
centages of these differences. Finally, the maximum DE
image frame rate supported by the system was quanti-
fied by loading raw image frames into local memory and
programmatically recording the amount of time required
for the software to display a total of 1000 DE image
frames without restriction on display rate. The maximum
frame rate was reported as the mean and standard
deviation across 10 repeat trials.

2.3 | Dual-energy image noise reduction

A noise-reduction algorithm specific to the DE subtrac-
tion approach was investigated for use on the prototype
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interventional DE system. The approach was based
upon the ACNR algorithm,'%2> which exploits 2D noise
correlations in material-subtracted images to reduce
image noise. A simple implementation of ACNR suitable
for 2D angiography is,

lacnr = 1= p(T = TipF), (3)

where Iycnr is the denoised iodine/bone-only image, /
and T are the images formed by Equations (1) and (2),
pis an adjustable ACNR factor,and T, p¢ is the low-pass
filtered tissue-only image. In practice, T, p¢ is obtained
by convolving T with an averaging kernel of k x k pixels.
The ACNR factor p can be determined empirically by
maximizing the CNR of an iodinated structure.!”

The ACNR method of DE noise reduction??25-28 ig
well suited to the real-time nature of 2D angiographic
imaging due to its simplicity. Furthermore, this approach
carries the benefit that the iodine-filled vasculature is
theoretically unaffected by the denoising operation since
the filtering only occurs on a tissue-only image. However,
the technique allows low-frequency noise components
to remain in the final denoised DE image, which can
impact SNR improvement and noise texture.?® Addi-
tionally, the low-pass filtering operation risks blurring
edge-like features of the tissue image (e.g., tissue/air
boundaries), leading to inaccurate restoration of the
tissue signal. To address these issues, a variant to
the ACNR approach referred to as ACNR-ML was
developed.?? This alternative noise-reduction approach
utilizes machine learning (ML) to denoise the tissue
image rather than low-pass filtering. The formula for the
iodine/bone-only image with ACNR-ML denoising is

lacnr-me = 1=p (T = Tpy) - (4)

In previous work, it was found that ACNR-ML can
provide a further reduction in DE image noise com-
pared to using ACNR alone, while also maintaining a
noise texture more consistent with the original projec-
tion images2® Although the training of the ML model
can require significant training time, the inference times
for a trained model can be short and therefore suit-
able for real-time imaging applications. The ML model
used in this work was based on a U-Net architecture,?®
and was trained on synthetic hepatic angiograms with
and without simulated image noise. Details regarding the
ML model training and the analysis of ACNR-ML noise
texture can be found in previous work.20-30

2.4 | CNR-driven automatic exposure
control (AEC)

For each pair of images in a fast kV-switching DE
scheme, five x-ray tube parameters must be specified
as follows: tube voltage (kV) and pulse width (ms) for
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FIGURE 2

Overview of the AEC model used to generate fast kV-switching DE techniques. Both the iodine CNR request (determined prior

to the study) and the estimated patient thickness (determined at the start of the study) are inputs to the AEC model. The AEC then finds all DE
techniques which yield the CNR request for the given patient thickness using a look-up table. Finally, the AEC model selects the DE technique
with the minimum air kerma (if there are valid techniques), or the DE technique which yielded the highest CNR value (if there are no valid

techniques).

the high-energy image, kV and ms for the low-energy
image, and tube current (mA) for both images. An AEC
algorithm was developed to automate the selection of
these DE tube parameters. The AEC relies on an empir-
ical lookup table which relates DE tube techniques to
an achieved CNR with an iodine-equivalent reference
object and acrylic phantoms of varying thicknesses. In
practice, the user specifies a desired iodine CNR and
estimated patient thickness to the AEC, which then uti-
lizes the look-up table (LUT) to determine the DE tube
technique which delivers the requested CNR at the mini-
mum possible air kerma. An overview of the AEC model
used for fast kV-switching DE technique generation is
shown in Figure 2. In this work, DE tube techniques were
generated with and without the application of ACNR
denoising. Separate techniques were not generated for
the ACNR-ML algorithm; rather, ACNR-ML was used
to explore further improvements in CNR relative to the
ACNR algorithm, when using an ACNR tube technique.

241 |
thickness

Estimating acrylic-equivalent patient

The AEC algorithm used a pre-established LUT to esti-
mate the acrylic-equivalent patient thickness in a given
imaging geometry. Uniform acrylic phantoms of varying
thicknesses (18.6—30.3 cm acrylic, in steps of 2.3 cm)
were imaged at different tube voltage levels (55-125 kV

in steps of 5 kV). The mAs values were chosen such that
the image signal in the projection images remained con-
stant. For each combination of kV and acrylic thickness,
the image SNR was measured, and the squared SNR
divided by mAs was stored in a table. These normalized
squared SNR measurements were then interpolated
with 2D spline curves across both acrylic thickness
(0.1 cm increments) and tube voltage (1 kV increments).
To estimate the acrylic-equivalent patient thickness at
the beginning of a DE imaging sequence, a single tube
technique (kV and mAs) was used to acquire a refer-
ence x-ray projection image. The tube technique for the
reference image was guided by a conventional single-
energy AEC. A SNR measurement was made from the
reference image using an ROI placed over the target
anatomical region. The SNR value was then squared
and normalized by the mAs value used to acquire
the reference image. The acrylic-equivalent thickness
corresponding to the ROl was then inferred by compar-
ing the measured, normalized SNR value against the
corresponding values in the LUTs for the same kV.

2.4.2 | Tube technique constraints

The investigated tube parameter space was chosen
to adhere to vendor-provided x-ray tube rating charts,
which specify recommended tube technique constraints,
or operating limits that should not be exceeded. These
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maximum tube current as a function of tube voltage. The serial imaging limits define the maximum power as a function of duty cycle, scene time,

and focus spot size for single-energy imaging.

tube rating charts are shown in Figure 3 for single-
energy imaging (not kV-switched) and a large focal spot
size (1.0 mm). To determine the safety of an arbitrary
fast kV-switching DE technique, defined as a kV pair,
ms pair, and mA value, the instantaneous tube current
limits were first evaluated. This process involves com-
paring the candidate mA value with the maximum mA
allowed for each kV value in the DE kV pair, and reject-
ing the technique if the mA exceeds either maximum
value. Next, the serial imaging limits were evaluated.
First, the duty cycle was calculated, which was defined
as the sum of the DE ms pair divided by two frame
periods (2 x 33.3 ms). The maximum power was then
inferred from charts containing the relationship between
tube power, duty cycle, scene time (10.0 s), and focal
spot size (1.0 mm). Next, this power limit was compared
with the calculated power (kV x mA/1000) for both kV
values in the kV pair. The technique was rejected if
either calculated power value exceeded the maximum
power limit. Finally, the DE technique was compared to
prototype-specific limits.

2.4.3 | Lookup-table for CNR-driven AEC

Three phantom thicknesses were used in creating the
lookup table for the AEC model (18.6,23.3,and 28.0 cm
acrylic). CNR measurements were made using a refer-
ence object, which was a 1.5 mm thick, 6 mm diameter
disk of MgCd alloy formulated to provide the same atten-
uation versus kV as a 350 mg I/mL iodinated contrast
agent3"32 The signal difference created by the refer-
ence object approximates that of a 3 mm vessel filled
with a 1:1 mixture of contrast agent and blood. This
object was centered at the mid-thickness of the phan-

tom within a 2 cm air gap. Measurements of iodine
CNR in DE images were acquired using seven dis-
crete tube voltage (kV) values (55, 60, 65, 75, 85, 105,
125 kV). Finer sampling was performed at the lower
end of kV values as it was expected that the majority
of AEC-selected tube techniques would utilize values
in that range. For each kV value, six tube current—time
product (mAs) values were used. The full range of inves-
tigated mAs values was 0.032-5.0 mAs; however, this
range was adjusted in circumstances where detector
electronic noise dominated the overall signal (low tube
voltage, thicker phantoms), or if the detector became
saturated (high tube voltage, thinner phantom). For all
three phantom thicknesses, each unique combination
of acquired kV and mAs values that passed tube tech-
nigue constraints was used in forming the lookup table
for the DE AEC model. Technical details for the prototype
DE system are summarized in Table 1, including hard-
ware specifications, real-time display capabilities, and
the range of programmable x-ray tube parameters for
the prototype fast kV-switching system.

The air kerma for each DE tube technique was based
on tabulated air kerma measurements made at the inter-
ventional reference point (15 cm from the isocenter
toward the x-ray tube). Air kerma was measured using
eight discrete kV values (range: 55—-125 kV) with fixed
tube current (100 mA) and pulse width (10 ms) values.
All measurements were acquired using a RadCal Accu-
Gold meter with an AGMS-D+ sensor. To estimate the
air kerma for any arbitrary tube technique (kV, mA, ms),
air kerma measurements were interpolated across kV
values using 2D smoothing splines. Air kerma was also
assumed to scale linearly with mAs. The air kerma for a
given DE tube technique was then reported as the total
air kerma produced by a single DE image pair or the



2% | \EDICAL PHYSICS

NIKOLAU ET AL.

TABLE 1

parameters (third column) for the prototype fast kV-switching DE subtraction angiography system.

Summary of hardware (first column), real-time display capabilities (second column), and investigated range of x-ray tube

Prototype DE system hardware

Real-time display capabilities

Investigated range of
x-ray tube parameters

Siemens Artis zee system

Megalix Cat+ x-ray tube

1.0 mm focal spot

30 cm x 40 cm flat panel detector

0.308 mm element pitch (2 x 2 pixel binning)

Dell 5810 XL tower, 72 GB RAM

GeForce 1080Ti GPU

Intel i217 network interface controller

Display live images (nominal 15 frame/s), or load

from file

Adjust DE material-canceling weighting factors,

window/level

Low tube voltage:
55-85 kV

High tube voltage:
105125 kV

Tube current:
10-500 mA

Low pulse width:
3.2-10 ms

High pulse width:
3.2-10 ms

Acrylic phantom model

Single-energy image
(low energy)

Tissue/acrylic-only
(dual-energy)

lodine/bone-only
(dual-energy)

Additional
acrylic blocks

=

Nrony g . Reference object
: / (within air gap) I::)

(b)

=

(©)

FIGURE 4

(a) Example phantom model used in creation of lookup table. The reference object is positioned in the center of the phantom

within the air gap. Additional acrylic blocks placed on top of phantom facilitate determination of acrylic/tissue-canceling DE weighting factors.
(b) Example low-energy image of phantom. Arrows point to the two regions used for material-cancellation, including the reference object used
for measurements of iodine CNR. (c) Example tissue/acrylic only DE image. (d) Example iodine/bone-only DE image, which was used for

measurements of iodine CNR.

sum of the air kerma from acquiring a single low- and
high-energy projection image.

244 | DE image formation and iodine
CNR measurements

lodine/bone-only DE images processed with and with-
out ACNR denoising were formed for every combination
of the investigated imaging parameters. DE subtraction
of background acrylic was accomplished with an empir-
ically determined material-canceling weighting factor. In
this scheme, the acrylic signal difference was minimized
between an ROI containing background acrylic and
ROIs containing background acrylic plus an additional
2.3-cm-thick acrylic block. Two such blocks were placed
in opposite corners of the image. For every combination
of investigated imaging parameters, acrylic-canceling
weighting factors were computed for each corner of
the image, and then the factors were averaged. Sim-
ilarly, to form tissue/acrylic-only images, ROIls placed
within and adjacent to the iodine reference object were
used to empirically determine iodine-canceling weight-

ing factors. Figure 4 shows an example phantom and
single-energy image, as well as the corresponding
tissue/acrylic-only and iodine/bone-only DE images.

All CNR measurements were computed as

|po — ppl
\/ 95+ 02

where u,, up refer to the mean pixel values in ROIs
placed within the iodine reference object and nearby
background regions, respectively, and o is the pixel
standard deviation for the same ROlIs. The mean CNR
measurement (n = 20 frames) for every investigated
set of imaging parameters was recorded for DE images
processed with and without ACNR. The size of the aver-
aging kernel used in ACNR denoising has previously
been shown to correlate with the presence of high-
spatial frequency artifacts in the final image.'® Following
this work, a kernel size of 7 x 7 pixels was used in this
study. The ACNR factor p was determined by maximiz-
ing the CNR of the iodine reference object within the
phantom.

CNR = (5)
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FIGURE 5

Interpolation schemes used in AEC models. For all graphs, an origin point (0, 0) was specified for reference. (a) Tube current

product (mAs) pair interpolation uses a 2D spline interpolation versus CNR measurements to create a surface of CNR values. (b) Interpolation
between acrylic thickness values was accomplished by scaling surfaces of CNR measurements (fixed kV pair) according to an empirical
relationship describing CNR versus phantom thickness, which was separately measured for a single mAs pair. The scaled CNR surfaces were
then averaged to generate a surface of CNR measurements at the interpolated thickness value. (c) Interpolation across kV pairs was achieved
by plotting CNR measurements as a function of kV pair (kV low, kV high) for fixed combinations of mAs pair and phantom thickness. 2D spline
interpolation was then performed to generate a surface of CNR measurements as a function of DE kV pair.

245 | Interpolation schemes for AEC
look-up table

The measurements detailed in Section 2.4.4 provide
reference-object iodine CNR in the DE image for a
discrete number of DE tube techniques and phantom
thicknesses. To estimate CNR for tube techniques and
phantom thicknesses that were not directly measured, a
multi-step interpolation process was applied. The initial
step (Figure 5a) involves interpolating measured CNR
values across the full mAs range for a fixed kV pair,
in 0.01 mAs increments, using 2D smoothing splines.
This process was performed for all the investigated DE
kV pairs and phantom thicknesses. Next, these interpo-
lated CNR values were scaled for different assumed
acrylic thicknesses (Figure 5b). The scaling procedure
was based upon the relationship between iodine CNR
and phantom thickness, which was directly measured for
all investigated kV values using a single mAs pair in a
separate phantom experiment. Finally, kV pair interpo-
lation (1 kV increments) was performed on iodine CNR
measurements which have been scaled to the appropri-
ate thickness value (Figure 5c¢). This was achieved by

fixing the mAs pair and performing spline interpolations
on iodine CNR measurements across all possible kV
pair combinations. A schematic for this entire workflow
is shown in Figure 5.

2.5 | Characterization of DE iodine CNR
and dose efficiency

To validate the AEC model, the LUT was first used
to generate a list of DE techniques, as well as pre-
dicted iodine CNR values. Next, three CNR requests
(1.0, 2.0, 3.0) were specified for four acrylic thicknesses
(21.0, 22.1, 25.6, and 26.8 cm). All the CNR requests
and acrylic thickness values represented conditions that
were not directly measured when forming the AEC
LUT. To test that the AEC-selected techniques deliv-
ered CNRs that matched predictions, iodine CNR was
directly measured (n = 20 frames) in acrylic phantoms
containing the reference object (see Section 2.4). The
percentage error between the predicted and measured
CNR values was calculated for each CNR and thick-
ness condition, and the mean and standard deviation of
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Ti;sue/acrylic-only image

Reference ——»
object

FIGURE 6

lodine/bone-only image

(a) Anthropomorphic chest phantom. (b) Low energy image, showing two 2 mm ID plastic tubes containing iodinated contrast

agent and saline. (c) Tissue/acrylic-only DE image, which has been frame-averaged (n = 16). The image signal is associated with the greater
acrylic thickness in the spine and abdominal regions as well as the plastic tube walls. (d) lodine/bone-only image, which has been
frame-averaged (n = 16). The image signal is due to iodine in the tubes, the iodine reference object, and bones.

these errors across all conditions was recorded. Dose
efficiency was computed as the square of the mea-
sured iodine CNR divided by the dose*33* where the
dose was equal to the summed air kerma values for the
high- and low-energy images used to form the DE image.
Additionally, a dose allocation factor was reported for
each AEC-generated technique. This factor was defined
as the air kerma for the high-energy image divided by
the total air kerma corresponding to the high- and low-
energy image pair. Finally, DE techniques which yielded
the maximum iodine CNR were generated for all acrylic
thickness values.

This validation procedure was followed for the two
separate AEC algorithms designed for DE imaging with-
out and with ACNR denoising applied to the images.
In the latter case, the tube techniques are referred
to as DE+ACNR techniques. The ACNR-ML denois-
ing method was applied to images generated with
DE+ACNR techniques to assess potential increases
in iodine CNR, and therefore dose efficiency, using
ACNR-ML versus conventional ACNR denoising.

2.6 | Demonstration in anthropomorphic
phantom

An anthropomorphic chest phantom containing ribs,
acrylic,and a hollow chest cavity was imaged for demon-
stration purposes (Figure 6). Saline bags were placed
within the hollow cavity to simulate a higher attenuating
abdominal region. In the posterior—anterior projection,
the acrylic-equivalent thickness as determined by x-
ray transmission measurements was approximately
21.0 cm in the abdominal region, 16.2 cm in the lung
region, and 20.5 cm in the spine region not overlapped
by saline bags. Two 2 mm inner diameter (ID) iodine-
filled acrylic tubes were placed within the phantom.
Each tube was filled with a 1:1 by volume mixture of

350 mg I/mL Omnipaque and saline. The reference
iodine-equivalent object, used in the AEC studies, was
also placed in the phantom within the simulated abdom-
inal region. DE images were acquired using two different
tube techniques, corresponding to either a higher air
kerma (63/125 kV, 200 mA, 9.9/3.2 ms; 0.45 mGy per
DE image) or a lower air kerma acquisition (61/105 kV,
40 mA, 8/3.2 ms; 0.07 mGy per DE image). For both tube
techniques, DE images were generated with and with-
out application of both ACNR and ACNR-ML algorithms.
Noise-reduction performance was evaluated by compar-
ing the mean CNR value (n = 20 image frames) of the
reference object.

3 | RESULTS

3.1 | Real-time display of DE images

The real-time workstation provided a display of DE
images with a user-adjustable material cancellation fac-
tor. In stopwatch timing tests, the DE image display took
an average of 9.5 + 0.2 s to display all 124 DE image
frames, corresponding to an achieved DE frame rate
of 13.1 DE frames per second. When the same tim-
ing test was applied to the clinical system display, it
was found that the clinical system displayed images
at a rate of 12.9 frame pairs per second. Both frame
rates were slightly below the nominal 15 frame/s rate
because the prototype performs acquisition in a narrow-
angle rotational mode involving slower gantry motion
and lower frame rates at the beginning and end of the
C-arm movement. (This rotation would not be present in
a clinical implementation of 2D DE imaging.) The mea-
sured DE image frame rates were in close agreement
with previous measurements using the RadCal detec-
tor, where the x-ray pulse rate was 26.3 pulse/s, or 13.2
pulse pairs per second.'® The maximum processing and
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FIGURE 7 Validation of the AEC model, showing AEC-predicted CNR (closed circles) versus achieved CNR (boxplots) in phantom models.
Each subplot represents a unique CNR request specified to the AEC. Each boxplot represents the interquartile range (IQR) of the direct
measurements (n = 20). Median values are shown with solid horizontal lines, and outliers are represented using plus signs. CNR measured
using AEC-generated DE techniques (blue boxplots) are compared with DE techniques generated using the ACNR algorithm (DE + ACNR;
orange boxplots). The ACNR-ML algorithm (DE + ACNR-ML; yellow boxplots) was used to explore CNR increases relative to the ACNR
algorithm. AEC-predicted CNR values differ from requested values if the CNR was unachievable due to tube output constraints.

display rate of the real-time workstation when reading
images from local memory was 58.7 + 0.03 DE frames
per second. The measured percentage of raw frames
dropped was 2.2% + 0.5%.

3.2 | CNR-driven AEC model

AEC validation results are shown in Figure 7, for CNR
requests of 1.0, 2.0, and 3.0. Each boxplot shows the
spread of direct iodine CNR measurements (n = 20
image frames) for an imaging condition; the correspond-
ing AEC-predicted value is shown alongside the boxplot
as a closed circle. Note, the AEC algorithm is designed
to select the DE technique which yields the requested
CNR at the minimum air kerma, but if the requested
CNR is unachievable due to x-ray tube constraints, then
the algorithm instead selects the DE technique which
yields the maximum CNR. Therefore, the predicted CNR
in this validation study was either the requested CNR,
or the maximum predicted CNR. Also note that since
ACNR-ML denoising was only used to study potential
increases in CNR when using an ACNR technique, the
ACNR-ML boxplots do not have corresponding CNR
predictions. For all investigated phantom thicknesses
and CNR requests, the AEC-predicted CNR values
were within 3.5% + 1.6% (mean =+ standard deviation)
of measured values for standard DE tube techniques
and 2.1% =+ 3.3% for DE + ACNR techniques. With-
out ACNR denoising applied, the AEC-predicted CNR
matched the CNR request for the two of the investi-
gated cases (CNR request of 1.0, acrylic thickness of
21.0and 22.1 cm), but for other cases the predicted CNR

was below the requested CNR due to tube output con-
straints. In contrast, when ACNR denoising was applied,
AEC-generated DE techniques were able to deliver the
requested CNR in all but two cases (CNR request of
3.0, >25.6 cm acrylic thickness). Furthermore, when the
ACNR-ML algorithm was applied, every CNR request
across all acrylic thickness values was achieved. The
application of ACNR-ML increased iodine CNR by 1.23
—1.42x (mean increase: 1.32x) compared to processing
with standard ACNR.

3.3 | AEC-selected x-ray tube
techniques

Fast kV-switching DE tube techniques were generated
using the developed AEC model by iteratively varying
the CNR request and patient thickness model inputs.
For brevity, the techniques corresponding to the 21.0 and
26.8 cm acrylic phantom sizes are shown in Table 2 for
all three CNR requests (CNR of 1.0, 2.0, 3.0). These
techniques correspond to a portion of the DE tube
techniques which were validated in separate phantom
studies in Section 3.2.

Within the selected measurement conditions, DE and
DE + ACNR tube techniques showed similarities in the
chosen tube voltage pair values, which were typically
around 62-65 kV for the low energy and 125 kV for
the high energy. The reported kV pairs are generally
consistent with results published in recent work, where
low tube voltages are expected to be between 60 and
70 kV and high voltages at or above 120 kV.'® The pulse
widths were commonly 10 ms at low energy and 3.2 ms
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Selected DE tube techniques taken from the AEC validation study.

Phantom Tube voltage pair Tube Pulse width pair Kerma Dose allocation
thickness CNR request (kV low, current  (ms low, ms (mGy per factor
Technique (cm acrylic)  (reference object) kV high) (mA) high) DE image) (high/total)
Standard 21.0 1.0 63/125 200 9.9/3.2 0.45 0.57
dual-energy (DE) 2.0,3.0° 62/125 490 10/5.0 1.44 0.68
26.8 1.0,2.0,3.0° 65/125 480 10/5.8 1.62 0.69
Denoised 21.0 1.0 63/107 40 8.0/3.2 0.07 0.55
dual-energy 2.0 55/122 110 10/3.2 0.21 0.64
(DE+ACNR)
3.0 64/125 200 10/3.2 0.46 0.55
26.8 1.0 64/125 130 9.5/3.2 0.29 0.57
2.0 64/125 440 9.7/3.2 1.00 0.56
3.0@ 65/125 440 10/9.6 2.15 0.78

Note: Both standard DE and denoised DE (DE + ACNR) techniques are reported for the thinner (21.0 cm) and thicker (26.8 cm) acrylic phantom sizes, for all three
CNR requests. Tube technique information is displayed in terms of the low/high energy voltage pair, tube current value, and low/high pulse width pair. Air kerma is
reported per image pair used to form a DE image, at the interventional reference point.

aThe requested iodine CNR was not achieved; in these scenarios, the AEC selects the DE tube technique which yields the highest iodine CNR value for the given

acrylic thickness, while adhering to tube technique constraints.

at high energy. These pulse widths represent the upper
and lower limits of the DE prototype, respectively, and
indicate that the algorithm tends to allocate higher mAs
values to the low energy acquisitions. The mA value var-
ied depending on the phantom thickness, CNR request,
and whether or not ACNR denoising was applied. In the
DE+ACNR case, a greater range of reference object
iodine CNRs was achieved,and CNR requests were sat-
isfied with a lower tube current and lower air kerma per
DE image compared to the non-denoised, standard DE
case (e.g.,for 21.0 cm acrylic and CNR = 1.0,the ACNR
approach required 40 mA, 0.07 mGy versus 200 mA,
0.45 mGy). Techniques shown for DE + ACNR delivered
the requested CNR, apart from the CNR request of 3.0
for the 26.8 cm phantom.

3.4 | Dose efficiency and maximum
iodine CNR

DE tube techniques were also evaluated in terms of their
dose efficiency and maximum reference object CNR val-
ues (i.e., maximum achieved within tube constraints).
Figure 8 shows plots of both metrics, comparing stan-
dard AEC-generated DE techniques with DE techniques
that have been processed with ACNR (DE + ACNR)
and the ACNR-ML algorithm (DE + ACNR-ML). All cal-
culated dose efficiencies were grouped across CNR
requests for each acrylic thickness value (n = 60 mea-
surements per boxplot), whereas maximum iodine CNR
values (n = 20 measurements per boxplot) are shown
versus acrylic thickness.

When the dose efficiency of DE + ACNR was
compared to standard DE for individual imaging sce-
narios, the ratio of dose efficiencies was 9.37 + 2.08
(mean + standard deviation). When the dose efficiency

of DE + ACNR-ML was compared to standard DE, the
ratio was 16.11 + 2.99. When the ratio of maximum
CNR values for each imaging scenario was compared,
DE + ACNR increased iodine CNR by 3.29 + 0.21
(mean + standard deviation) compared to standard DE.
Using ACNR-ML, the iodine CNR was increased by
4.46 + 0.31 relative to standard DE.

3.5 | Phantom demonstration study
Figure 9 shows example iodine/bone-only chest phan-
tom images for standard DE, DE with ACNR denoising,
and DE with ACNR-ML. Equivalent windowing is applied
to all cases. For both the higher and lower air kerma
levels, the image noise was highest in the standard
non-denoised DE case. With the application of either
noise-reduction approach, image noise was reduced.
CNR measurements of the reference object showed
that DE images processed with ACNR-ML achieved the
highest iodine CNR values in both high and low air
kerma scans (4.97 + 0.21 and 1.84 + 0.16, respec-
tively) compared to conventional ACNR (4.12 + 0.19
and 1.45 + 0.24) and standard DE (1.24 + 0.07 and
0.31 + 0.05). The measured CNR improvement using
ACNR-ML over the conventional ACNR approach is con-
sistent with previously published comparisons of DE
noise reduction performance in a separate phantom
study2°

4 | DISCUSSION

This study reports on the development of a prototype
fast kV-switching DE subtraction angiography system.
The intended purpose of the prototype system is to



NIKOLAU ET AL.

MEDICAL PHYSICS 22

Dose efficiencies: all CNR requests

Maximum achievable DE iodine CNR

50 8 — .
S [__1DE (Dual-energy) I %
+ |C__IDE+ACNR AN i
40t [ |DE+ACNR-ML N
+ 6 S 1
: T
+ L ~ i
g 30 5 S
m ~
5 N
o~ (8] ~
0| t al el = |
ol 5
10 é : 27 ==~ ] T
I -
ToLb RS
I c—— ]
- . & = ]
0 : - - . oL . . . .
T T — — 18.6 21.0 233 256 28.0
21.0 221 256 26.8

Phantom thickness (cm acrylic)

FIGURE 8

Phantom thickness (cm acrylic)

(Left) Dose efficiencies of DE tube techniques generated during the AEC validation study. Each boxplot contains dose

efficiencies calculated across all three CNR requests (n = 60). (Right) Maximum achieved CNR, as a function of phantom thickness. Boxplots
show the spread of direct measurements (n = 20). Dashed lines indicate smoothing splines of AEC predictions.

Dual-energy (DE)
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0.45 mGy/DE pair
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FIGURE 9

_DE + ACNR

DE + ACNR-ML

lodine/bone-only DE images taken of the chest phantom. Columns show processing technique; rows correspond to higher dose

(top row), and lower dose (bottom row) acquisitions, where dose is reported as air kerma at the interventional reference point. ROls show the
reference object, ribs, and contrast-filled tubes in an abdominal region with a 21.0 cm acrylic-equivalent thickness.

investigate real-time DE imaging during image-guided
interventions. In contrast to alternative approaches to
DE imaging in the interventional suite, such as dual-
layer detectors and photon counting detectors, this
prototype uses a standard, clinically available interven-
tional C-arm equipped with special x-ray tube con-
trol software. Beyond its availability, fast kV-switching
may offer additional benefits such as improved iodine
signal-difference-to-noise ratio relative to multi-layer
detectors.'® This work presents necessary technical
developments including a means for real-time dis-

play, a strategy for noise-reduction, and a CNR-driven
automatic exposure control to guide DE technique
selection.

For this study, the ACNR algorithm was used as
the basis for image noise reduction. This algorithm is
well-suited for real-time angiographic procedures and
does not present the risk of altering the vascular signal
since the denoising operation occurs on the tissue-only
image. A variant of this approach, ACNR-ML, utilizes
machine-learning instead of a low-pass filter in the
denoising operation. Results from the characterization
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of the CNR-driven AEC model show large reductions in
air kerma using either denoising approach, resulting in
large increases in DE dose efficiencies. In this work, we
have also shown that ACNR-ML is capable of boosting
iodine CNR values relative to the conventional ACNR
approach. Previous work characterizing both denoising
approaches showed that the ACNR-ML approach main-
tains a noise texture more consistent with the original
projection images when compared to ACNR 2°

Several aspects of the prototype DE system warrant
further investigation. The reported AEC framework can
be expanded with additional measurements to include
acrylic thickness values above 28.0 cm, which may
be needed to account for larger patient sizes. Addi-
tionally, the AEC framework can also be expanded
upon to include factors such as blurring, imaging dif-
ferent materials of interest, or changing object size,
which has recently been the focus of AEC models for
single-energy imaging techniques.>36 While the expan-
sion of the current AEC framework could utilize the
experimental methods reported in this work, the use
of simulation-based studies may be needed to supple-
ment experiments as the number of free parameters in
the AEC model increases. When using the developed
AEC model in practice, the method outlined in Sec-
tion 2.4.1 could be used to estimate the thickness of
the patient in terms of an acrylic-equivalent thickness.
However, this approach does not account for differences
in the scatter conditions, which may affect CNR predic-
tion accuracy. Modeling of scatter for a heterogenous
patient is a potential way to address this issue. Addi-
tionally, the AEC model could be adapted to include
the performance of newer interventional platforms and
x-ray tubes, which may have different tube technique
constraints and therefore may enable higher DE iodine
CNR values.

In this study, a large increase in DE dose efficiency
was observed when using either the ACNR or ACNR-
ML noise-reduction approach. However, this study does
not compare the dose efficiency of DE techniques
with that of DSA imaging. Previous work has demon-
strated that parity in dose efficiency is achievable,
although this can be challenging to achieve under real-
istic scatter conditions, and detector electronic noise
must be low3’ Post-processing via the ACNR denois-
ing algorithm is one means of improving iodine CNR.
Another approach which may be used in conjunction
with denoising algorithms is the selective filtration of the
high-energy x-ray spectrum.3® To investigate this claim,
a uniform acrylic phantom (23.3 cm thickness) con-
taining the iodine-equivalent reference object (350 mg
I/mL density) was sequentially imaged using two dif-
ferent techniques (65 kV, 600 mA, 10 ms; and 125 kV,
430 mA, 10 ms) on the Siemens Artis zee platform. In
the high-energy acquisition, 0.9 mm of copper filtration

was applied to the x-ray spectrum. For this scenario, it
was found that the DE dose efficiency was increased
by 3.9 times the original value with the addition of the
copper filtration. While the current fast kV-switching pro-
totype does not have a means to selectively filter the
high energy projections, the use of a rapidly rotating or
translating filter system attached to the C-arm gantry
may enable this feature. In addition to selective filtration,
a fully realized clinical implementation of this prototype
DE system should integrate noise reduction strategies
and the AEC model into the real-time workstation for a
seamless user experience.

5 | CONCLUSION

A prototype DE subtraction angiography system using
fast kV-switching was implemented on a clinically avail-
able interventional C-arm platform without modification
of system hardware. The prototype system has capa-
bilities to display DE images in real-time, and the
investigated noise-reduction strategies show promise
to reduce image noise without compromising vascular
signal during 2D angiographic procedures. A CNR-
driven AEC algorithm was developed to characterize
the performance of both noise-reduction algorithms, and
guide future studies utilizing DE subtraction schemes.
The in-house denoising method, ACNR-ML, enabled
further increases in iodine CNR. Future experiments
should be performed to assess the performance of the
investigated DE platform in vivo.
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