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Abstract

Purpose: Conventional stenosis quantification from single-energy computed tomography
(SECT) images relies on segmentation of lumen boundaries, which suffers from partial volume
averaging and calcium blooming effects. We present and evaluate a method for quantifying per-
cent area stenosis using multienergy CT (MECT) images.

Approach: We utilize material decomposition of MECT images to measure stenosis based on
the ratio of iodine mass between vessel locations with and without a stenosis, thereby eliminating
the requirement for segmentation of iodinated lumen. The method was first assessed using simu-
lated MECT images created with different spatial resolutions. To experimentally assess this
method, four phantoms with different stenosis severity (30% to 51%), vessel diameters (5.5
to 14 mm), and calcification densities (700 to 1100 mgHA /cc) were fabricated. Conventional
SECT images were acquired using a commercial CT system and were analyzed with commercial
software. MECT images were acquired using a commercial dual-energy CT (DECT) system and
also from a research photon-counting detector CT (PCD-CT) system. Three-material-decompo-
sition was performed on MECT data, and iodine density maps were used to quantify stenosis.
Clinical radiation doses were used for all data acquisitions.

Results: Computer simulation verified that this method reduced partial volume and blooming
effects, resulting in consistent stenosis measurements. Phantom experiments showed accurate
and reproducible stenosis measurements from MECT images. For DECT and two-threshold
PCD-CT images, the estimation errors were 4.0% to 7.0%, 2.0% to 9.0%, 10.0% to 18.0%, and
—1.0% to —5.0% (ground truth: 51%, 51%, 51%, and 30%). For four-threshold PCD-CT images,
the errors were 1.0% to 3.0%, 4.0% to 6.0%, —1.0% to 9.0%, and 0.0% to 6.0%. Errors using
SECT were much larger, ranging from 4.4% to 46%, and were especially worse in the presence
of dense calcifications.

Conclusions: The proposed approach was shown to be insensitive to acquisition parameters,
demonstrating the potential to improve the accuracy and precision of stenosis measurements
in clinical practice.
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1 Introduction

Luminal stenosis is an important parameter used in determining patient management for patients
with atherosclerotic plaques.'™ Accurate quantification of stenosis severity by imaging tech-
niques is, therefore, fundamental to planning a correct therapeutic approach.® Conventional
angiography is considered the “gold standard” for the evaluation of stenosis severity.®’
However, it relies on a limited number of views (projections through the patient) and is known
to have poor intra- and inter-rater agreement with regard to stenosis severity.”'° Furthermore, it is
an invasive test associated with a small risk of infection, bleeding, stroke, or even death.''~!?
Noninvasive imaging techniques can avoid the risks of catheterization and are cost effective.'*!?

Computed tomography angiography (CTA) is a sensitive, specific, and fast quantitative im-
aging technique with high spatial resolution. It has high interoperator reproducibility and high
sensitivity and specificity for detecting high-grade stenoses compared with catheter angiography
and is more accurate than magnetic resonance angiography and ultrasound.®!*~° For mild steno-
sis, it was reported to achieve very high sensitivity, specificity, and accuracy.'®?' In addition,
CTA allows for three-dimensional imaging of stenoses from which percent area stenosis can be
measured. In contrast to the lumen diameter measurements from conventional two-dimensional
catheter angiography, area stenosis works for both circular and noncircular transverse luminal
profiles and reduces the underestimation of stenosis degree.”>** Furthermore, area stenosis was
reported to correlate better with hemodynamics of stenosis.>* Hence, it has been proposed as a
more accurate way to quantify arterial stenosis.”>>’

However, current CTA-based stenosis measurements rely primarily on the segmentation of
the iodinated lumen, the accuracy of which suffers from errors due to partial volume averaging
and, when dense calcification is present, calcium blooming effects, resulting in highly variable
results that are dependent on both operator and analysis software.”** In addition, due to lim-
itations in spatial resolution, the bright signal from dense calcifications alters the signal of the
adjacent iodinated lumen. This effect is referred to as calcium blooming and describes the con-
tamination of the iodine signal with the calcium signal due to the system blurring caused by
limited spatial resolution (i.e., linear and nonlinear partial volume effects). In addition, calcifi-
cations and the iodinated lumen may have similar attenuation properties (and therefore, similar
pixel intensities). These two effects make it challenging to accurately detect lumen boundaries
using segmentation-based methods and conventional CTA images.’** Although substantial
work has been performed to develop semiautomated lumen segmentation software to improve
reproducibility,***7 commercial software generally yields lower sensitivity than manual mea-
surements,”'*>** and accuracy is degraded in the presence of calcified plaques.®!??3%3436
Incorrect assessment of calcification and lumen boundaries result in erroneous stenosis measure-
ments and incorrect centerlines.*>*® Hence, overcoming the accuracy-degrading effects of vas-
cular calcifications is essential for accurate and reproducible stenosis quantification and, by
extension, appropriate disease management.

To overcome these limitations, we propose a method that utilizes material decomposition of
dual-energy CT (DECT) and multiple-energy CT (MECT) images to quantify percent area steno-
sis (more simply referred to as stenosis hereafter). The stenosis measurements were performed on
iodine density maps derived from the DECT or MECT image data, thereby eliminating the require-
ment of laborious and subjective segmentation of the iodinated lumen. Computer simulations were
performed to verify the premise of the proposed method and to assess the impact of partial volume
effects on the stenosis measurements. Accuracy and precision of the measurements were exper-
imentally assessed by phantom studies on a commercial dual-source system (DSCT) and a whole-
body research photon counting detector CT (PCD-CT) system. The accuracy and precision of this
method were compared to the conventional technique based on single-energy CT (SECT) images.

2 Method and Materials

2.1 Proposed Method to Determine Percent Area Stenosis

Our hypothesis is that percent area stenosis can be accurately and reproducibly estimated by
calculating the ratio between the lumen iodine mass at the point of the stenosis and that at a
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Fig. 1 Flowchart of the proposed method for the measurement of percent area luminal stenosis,
which uses the iodine density maps generated from material decomposition of DECT or MECT
images. ROlIs are drawn surrounding the vessel cross sections at locations with and without a
stenosis and iodine mass is calculated as the sum of all iodine density values multiplied by pixel
volume. Finally, the percent area luminal stenosis is calculated as the ratio of the iodine mass at
vessel locations sites with and without a stenosis.

proximal normal portion of the vessel. The measured attenuation in a DECT or MECT CTA
exam reflects the cumulative attenuation of primarily three different materials, referred to as
basis materials: calcium (calcifications), iodine (iodinated lumen), and water (surrogate for
blood, soft tissue/vascular wall, and fat). DECT or MECT CTA can exploit the energy-dependent
attenuation properties of the basis materials to extract the iodine signal and create quantitative
iodine density maps.**° By neglecting the iodine signal outside the blood vessels (e.g., small
amount of iodine in the myocardium), it can be mathematically proven that accurate stenosis
quantification can be achieved by taking the ratio of the iodine mass at vessel locations with and
without a stenosis (see Appendix). This method not only provides accurate stenosis quantifi-
cation, but also it is highly reproducible and has negligible dependence on scan acquisition and
reconstruction parameters, applied radiation dose, iodine concentrations achieved in the vessels,
image noise, spatial resolution, or user-drawn regions-of-interest (ROISs).

Figure 1 shows the proposed method for the quantification of percent area stenosis.
The process is described below:

41,42

Step 1: Perform material decomposition of DECT or MECT CTA data to obtain basis material
density maps (calcium, iodine, and water);

Step 2: Draw coarse ROIs in iodine density maps to surround vessel cross sections with and
without the stenosis and calculate the iodine mass at each location (the sum of all iodine
density pixel values multiplied by pixel volume);

Step 3: Quantify the percent area stenosis by calculating the ratio of the iodine mass at the
location with the stenosis to that at the location without the stenosis.

2.2 Computer Simulation

We first verified our hypothesis by computer simulation. Figure 2 is an illustration of the digital
phantom used to simulate a cross section of a carotid artery with ~66.6% area stenosis and a
reference blood vessel without a stenosis. The degree of stenosis was chosen to simulate a high-
grade stenosis (i.e., >70% diameter stenosis) with an ~81.6% diameter stenosis, where the diam-
eter stenosis is calculated by the ratio between the residual luminal diameter of stenotic segment
(A) and the reference luminal diameter within a normal segment (B) and calculated by
100 x (1 — A/B).*** The vessels were filled with a 13.6-mg/ml iodine solution, which yielded
contrast levels relevant to clinical contrast-enhanced CT exams (around 350 HU at 120 kV).
A cylinder containing 406.5 mg/ml of calcium chloride was placed in the vessel to mimic a
high-density calcification (around 1300 HU at 120 kV) and create a severe stenosis.

A CT simulation software package (DRASIM, Siemens Healthcare, Forchheim, Germany)
was used to generate projection data at four monoenergetic photon energies (30, 50, 70, and
90 keV). To assess the impact of the point spread function on the stenosis measurement accuracy,
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Fig. 2 lllustration of the digital phantom used to simulate a cross section of (a) a blood vessel
having a ~66.6% area stenosis and (b) a reference blood vessel without a stenosis. The outer
diameters of the lumen and calcification were 7.6 and 6.2 mm, respectively.

images with four different sharpness levels (i.e., spatial resolutions) were reconstructed using a
filtered-backprojection algorithm and different reconstruction kernels.

Material decomposition was performed on the four monochromatic, MECT images using an
in-house, image-based material decomposition method.* Two circular ROIs of the same size
were coarsely drawn around the vessels in the iodine density maps to calculate the iodine mass.
Finally, the percent area stenosis was determined as the ratio between the iodine mass value in
the stenotic vessel containing the calcium to that in the vessel without a stenosis.

The same analysis was performed on the three remaining data sets having different sharpness
levels and the accuracy of stenosis measurements was assessed.

2.3 Phantom Experiments

In this study, we performed a series of phantom experiments to test the proposed method. Four
phantoms with different degrees of percent area stenosis (30% to 51%), vessel diameter (5.5 to
14 mm), and calcification densities (700 to 1100 mgHA /cc) were fabricated using hydroxy-
apatite (HA) cylinders and plastic tubes filled with iodinated solutions (see Table 1, Fig. 3).
Three phantoms with 51% area stenosis (corresponding diameter stenosis: 71.4%) were used
to mimic hemodynamically significant lesions (>70% diameter stenosis) reported in various
CTA studies.”?****7 In addition, a nonsevere stenosis with 30% area stenosis (lumen diameter
reduction of 45.5%) was included to evaluate the performance of the proposed method on lower
degrees of arterial stenosis.*® The luminal diameters were chosen to represent a wide range of
relevant arteries, such as pulmonary artery (14.7 to 22.9 mm), iliac (7.5 to 11.8 mm), femoral
artery (8 to 10 mm), carotid artery (4.7 to 6.5 mm), etc.*”> We purposely chose four high-
density HA cylinders (at 120 kV, the CT numbers were 1478, 972, 1108, and 1108
Hounsfield unit (HU), respectively, for phantoms A, B, C, and D) to demonstrate that the pro-
posed method could accurately measure stenosis severity, even in the presence of very dense
calcifications. The tubes were filled with 30 mg/ml Iohexol solution (Iohexol, 350 mgl/ml

Table 1 Information about calcified stenosis phantoms used to experimentally validate the
proposed method.

HA cylinder

Lumen Area
Phantom #  HA density (mg/cc)  Diameter (mm)  Height (mm)  diameter (nm)  stenosis (%)

A 1100 10 19 14 51
B 700 10 19 14 51
C 800 5 5 7 51
D 800 3 3 5.5 30
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Fig. 3 (a) Four high-density HA cylinders used in the vessel phantoms. (b) HA cylinders were
placed in four plastic tubes, which were filled with an iodine solution and scanned in a 20-cm wide
torso-shaped water phantom.

[Omnipaque; GE Healthcare]) to approximate the attenuation of clinical contrast-enhanced CT
exams (e.g., about 350 HU contrast enhancement at 120 kV) and placed within a water-filled, 20-
cm-wide, acrylic phantom.

Conventional SECT images were acquired using a commercial DSCT system (SOMATOM
Definition Flash, Siemens Healthcare) operated in single-source mode and the routine carotid
CTA single-energy protocol used in our clinical practice. In addition, DECT images were
acquired using the same CT system, but operated in dual-energy mode at two different tube-
potential/beam filtration settings (Table 2).

MECT images were also acquired using a research PCD-CT scanner (SOMATOM CounT,
Siemens Healthcare) using two different acquisition modes. The two-threshold mode simulta-
neously measures all photons above each of two different thresholds for each detector pixel with
a single exposure. The four-threshold mode simultaneously measures all photons above each of
two different thresholds for every other detector pixel. Using different threshold values for every
other detector pixel allows simultaneous measurement of all photons above four different thresh-
old values with a single exposure, albeit at only half of the dose efficiency of the two-threshold
mode. Detailed information about the research PCD-CT system can be found elsewhere. >33

The radiation dose levels for DECT and PCD-CT two-energy-threshold acquisitions matched
the routine dose (RD) level used in our clinical SECT exam (Table 2). For the PCD-CT four-
energy-threshold acquisitions, the radiation dose was doubled to account for the 50% detector
dose efficiency of this mode.** This delivered the same photon fluence to the detector as the other
acquisitions in order to allow a fair comparison. A commercial PCD-CT system would not use
this dose-inefficient research mode and hence would not require this dose doubling. We assessed
the impact of image noise on the estimation accuracy using two different approaches. First, an in-
house image-domain noise reduction method, multienergy nonlocal means (MENLM),>® was
applied to the RD images to achieve around 80% to 90% noise reduction. Second, additional
scans with the highest dose (HD) levels achievable were performed for the DECT and PCD-CT
scan data.

For the SECT images, stenosis severity was analyzed with a commercial stenosis analysis
software package (Syngo Via CT vascular, Siemens Healthcare). This approach (also using
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Table 2 Acquisition and reconstruction parameters used in the phantom experiments.

PCD-CT PCD-CT
Scan parameters SECT DECT Four-energy mode  Two-energy mode
kV 120 80/Sn140 100/Sn140 140 140
Detector type EID EID PCD PCD
Collimation (mm) 128 x 0.6 32x0.6 32x0.5 32x0.5
Pitch 0.7 0.6 0.6 0.6

[20,31,55,90]
[20,25,57,77]

Thresholds (keV) N/A N/A [25, 65]
[20,39,64,89]

[25,45,65,85]
Image thickness/ 1.5/1.0 1.5/1.0 1.5/1.0 1.5/1.0
interval (mm)
Recon kernel B40 D30 D30 D30
Recon FOV (mm) 200 200 200 200
CTDIvol (mGy) RD: 3.82 RD: 3.52 RD: 3.53 RD: 8.68 RD: 3.88
HD: 18.50 HD: 28.13 HD: 60.74 HD: 60.74

Note: EID, energy integrating detector; PCD, photon-counting detector; FOV, field of view; RD, routine radi-
ation dose; HD, highest radiation dose. Dose values are in terms of volume CT dose index (CTDIvol) and are
based on the 32-cm diameter phantom.

different software tools from other manufacturers) is currently considered the clinical reference
standard for noninvasive assessment of stenosis severity. After loading CTA images, multiplanar
reformations images and volume rendering techniques images were created and displayed to the
operator. The evaluation of the vessel lumen was performed on the curved planar reformations
view. Digital calipers were used to quantify stenosis severity using default parameter settings
(lower threshold: 50 HU; upper threshold: 940 HU). One digital pointer was used to mark the
stenosis, and two reference pointers were used to mark normal regions proximal and distal to the
stenosis. Percentage area stenosis was then automatically calculated.

The proposed method was applied to all DECT and PCD-CT data: RD, MENLM-filtered RD,
and HD images. For DECT data and PCD-CT acquired with two energy thresholds, three-
material decomposition was performed using the assumption of volume conservation to decom-
pose the images into three basis materials (calcium, iodine, and water) from measurements using
only two energies.*’ Three-basis-material decomposition was performed directly on PCD-CT
four-energy-threshold images to generate calcium, iodine, and water image maps. For DECT
and PCD-CT data, the iodine density maps were used for stenosis measurements, which were
performed at several slices along the long axis of the calcium cylinder. The accuracy of the
measurements was determined by comparing the calculated and known values, and the precision
was estimated using the variation in calculated values along the long axis of the phantoms.

3 Results

3.1 Computer Simulation

Computer simulation results showed that MECT images with different levels of spatial resolution
caused large variations in the visual appearance of the same stenosis (Fig. 4). However, the
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Fig. 4 Validation simulation results. First row: MECT images with four different degrees of sharp-
ness. Second row: Corresponding images of the stenosis-free reference vessel. Third row: lodine
density maps (in mg/ml) were generated from material decomposition at the level of a stenosis and
without a stenosis. As spatial resolution was varied (from left to right), the size and densities of the
iodine map also varied. However, for all four sharpness levels, the proposed method achieved
accurate measurement of the percent area stenosis, with errors below 1.2% across all sharpness
levels (true percent area stenosis = 66.6%).

proposed method consistently estimated stenosis severity, with errors below 1.2% in all cases.
The consistency of the calculated values for the four different levels of spatial resolution dem-
onstrated that the partial volume effect had negligible impact on the stenosis severity measure-
ments using the proposed method. For the lowest spatial resolution, i.e., first column of Fig. 4,
the iodine concentration value in the iodine map is lower (yellow color coding rather than red)
than for the images with better spatial resolution. However, the iodine-containing pixels in the
first column cover a larger area than for sharper images. For the sharpest kernel, e.g., the fourth
column in Fig. 4, the opposite behavior is observed (higher iodine concentration over a smaller
area). The complementary nature of these effects of partial volume averaging is responsible for
the insensitivity of the total iodine mass to image sharpness.

3.2 Stenosis Quantification Accuracy

With the presence of heavy calcifications, errors in the percent area stenosis measurements using
SECT and the commercial software were very large (Fig. 5), ranging from 4.4% to 46%; these
were especially worse in the presence of heavier and larger calcifications, resulting in serious
misinterpretation of phantoms A, B, and C as being completely blocked, even though the actual
percent area stenosis values for all three phantoms were <100% (Fig. 5).
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Fig. 5 Stenosis quantification using the commercial stenosis quantification software and conven-
tional SECT angiographic data. The yellow lines on the grayscale maximum intensity projection
(MIP) images (far left of each panel) mark the location of the stenosis, whereas the green and red
lines mark the reference locations where a stenosis is not present. The software reported a one-
dimensional vessel profile as well as the percent area stenosis relative to the reference location
(red rectangular boxes).

The material decomposition method achieved good separation between iodine, calcium, and
water for both DECT and PCD-CT data, thereby facilitating the use of iodine density maps for
the quantification of stenosis severity; sample PCD-CT images are shown in Fig. 6. Stenosis
severity was calculated as the ratio of the iodine mass value at the location of the stenosis
to that of an adjacent nonstenotic location. As shown in Fig. 7, accurate and reproducible mea-
surements of stenosis severity were achieved using this method. For example, in phantom A
(51% area stenosis), percent area stenosis using PCD-CT images acquired with four-energy
thresholds [20, 25, 57, 77] keV yield was 55 & 2.6% over 19 adjacent images.

Further, stenosis severity measurements based on iodine density maps showed no depend-
ence on ROI size, providing that the ROI included the entire vessel. This demonstrates the inde-
pendence of the proposed method on lumen segmentation, which is a major source of variability
in current measurement techniques using SECT data. As shown in Fig. 7, the percent area steno-
sis estimated using two different ROI sizes yielded almost identical results, both of which agreed
very well with the true stenosis severity.

Compared to the SECT results (Fig. 5), the proposed method achieved more accurate esti-
mation of stenosis severity from DECT and PCD-CT images at RD levels (Fig. 8). For PCD-CT
four-energy-threshold images, the mean estimation errors were 1.0% to 3.0%, 4.0% to 6.0%,
—1.0% to 9.0%, and 0.0% to 6.0% for the four stenosis phantoms: A, B, C, and D, respectively.
For PCD-CT two-energy-threshold and DECT images, the errors were 4.0% to 7.0%, 2.0% to
9.0%, 10.0% to 18.0%, and —1.0% to —5.0%, for the four stenosis phantoms, A, B, C, and D,
respectively. The differences in errors across the four PCD-CT four-energy-threshold configu-
rations (n = 4) were small; the average errors were 0.0% to 6.0%, —1.0% to 6.0%, 3.0% to
8.0%, and 1.0% to 9.0% for the four configurations. However, estimations based on material
decomposition using a volume conservation assumption (PCD-CT two-energy-threshold mode
and DECT) generally yielded higher or more variable estimation errors. The average estimation
error for PCD-CT images acquired using four energy thresholds at the RD level was 3.8 + 2.8%
(maximum error = 9%); for RD PCD-CT images acquired using two energy thresholds and
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Fig. 6 Material decomposition of MECT images yielded good separation between iodine and
calcium, thereby facilitating the quantification of stenosis severity. (a) Low-energy-threshold CT
images of the four stenosis phantoms after MENLM filtering. (b) Corresponding color-coded iodine
density maps in the unit of mg/ml from the material decomposition (blue = background signal
containing no iodine). (c) Corresponding color-coded calcium density maps (blue = background
signal containing no calcium).
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Fig. 7 (a) Use of different diameter ROls resulted in negligible variation in (b) stenosis severity
measurements, demonstrating that the proposed method does not rely on accurate delineation
of the lumen boundaries.

RD DECT images, the average estimation errors were 2.8% =+ 5.4% (maximum error = 10%)
and 7.0 £ 7.2% (maximum error = 18%), respectively.

Finally, differences in image noise levels, achieved using image-based denoising or higher
radiation dose levels, had minimal impact on estimation accuracy (Fig. 9). For RD images
(including both PCD-CT and DECT images), the mean estimation errors were 1.0% to 7.0%,
2.0% to 9.0%, —1.0% to 18.0%, and —5.0% to 6.0% for the four stenosis phantoms, A through
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Fig. 8 The proposed method yielded more accurate estimation of percent area stenosis for both
DECT and PCD-CT images compared to the measurements made using conventional SECT
images and a commercial stenosis quantification software application. Data shown are for RD
levels.
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Fig. 9 The proposed method achieved reproducible measurement of percent area stenosis from
DECT and PCD-CT images, which was not strongly affected by image noise levels. The estimation
accuracy was similar for routine-dose, RD with MENLM filtering, and high-dose images.

D, respectively. The errors for MENLM-filtered RD images for the four phantoms were 3.0% to
7.0%, 6.0% to 9.0%, 1.0% to 19.0%, and —3.0% to 10.0%, respectively. For high dose images,
the errors for the four phantoms were 0.0% to 6.0%, 0.0% to 10.0%, 7.0% to 14.0%, and 3.0% to
11.0%, respectively.

4 Discussion

For both DECT and PCD-CT systems, the proposed method achieved accurate measurements of
the percent area stenosis at clinically relevant dose levels. For the four stenosis phantoms con-
taining dense calcifications, estimation errors were below 9% and 18% for PCD-CT four-energy-
threshold and DECT or PCD-CT two-energy-threshold images, respectively. These errors were
considerably lower than that achieved from conventional single-energy CTA exams and segmen-
tation-based analysis measurements. The proposed approach addresses variations due to changes
in spatial resolution or due to lumen edge blurring caused by postprocessing (e.g., digital refor-
matting) to reorient the vessel for analysis. Our approach does not require manual segmenta-
tion (tedious and subject to high interoperator variations) or use of semiautomated segmentation
methods, which, while efficient, are also subject to variations due to changes in segmentation
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thresholds or operators. This makes the proposed method accurate, robust, practical, and effi-
cient. Finally, because the proposed method measures stenosis severity based on the integration
of iodine densities over ROIs, the influence of noise is mitigated by the integration. Hence,
reducing image noise or increasing radiation dose did not affect the estimation accuracy. In the
study, we demonstrated that the proposed method is highly reproducible and robust for different
CT systems, i.e., DECT and PCD-CT systems; different scan mode (dual- and multi-energy);
different but clinically relevant radiation dose levels; different image slice locations; and differ-
ent phantom/vessel sizes and stenosis degree.

It should be noted that conventional single-energy CTA can already achieve high sensitivity,
specificity, and accuracy for mild stenosese (<50% diameter stenosis). As shown in Fig. 9, the
performance of the proposed method was actually on par with the existing SECT method for the
5.5-mm-diameter phantom with 30% area stenosis (45.5% diameter stenosis). However, for
more significant stenosis (>70% diameter stenosis) with heavy calcifications (i.e., similar to
those in phantoms A to C), the proposed method improved the performance over the existing
SECT method.

Although the proposed method demonstrated more accurate and reproducible stenosis
measurements than the conventional approach, estimation error still existed and was higher
than that of the computer simulation results, which were performed with monochromatic x-ray
beams. This error may have been caused by several possible sources. First, the CT numbers of
the HA cylinders used in this study were higher than those reported from dense calcifications
that caused overestimation of stenosis severity in clinical exams.*~° The high-density calci-
fications also likely caused beam hardening, which would degrade CT number accuracy. As a
result, the accuracy of the iodine map would be degraded, which would impact the accuracy of
the stenosis severity measurement. For the evaluated images, only the standard water beam
hardening correction available on the systems was performed. We expect that use of second-
order beam hardening corrections might improve the accuracy of the stenosis measurements.
Second, accurate material decomposition is essential to separate calcium and iodine for the
stenosis severity measurements. Material decomposition with an incorrect volume conserva-
tion assumption can cause bias in the basis material estimation.* In this study, we observed
that stenosis measurements based on only two unique energy measurements (DECT and PCD-
CT with two-energy thresholds), which required a volume conservation assumption for
material decomposition, generally yielded higher estimation error. Finally, small errors might
have been caused by slight misalignment of stenosis phantoms relative to the axial plane. In
spite of these potential sources of error, measured stenosis severity was markedly more accu-
rate using the proposed method relative to use of SECT data and analysis tools that rely on
lumen segmentation.

Validation of the accuracy of stenosis quantification is best performed in a phantom model,
where truth can be accurately established. Histomorphological estimation of stenosis severity is
itself limited due to the tearing/stretching/deformation of the vessel during the explantation, slic-
ing, and staining procedures. Clinical translation of the developed method can be readily
achieved by combining existing commercial software tools (e.g., for material decomposition
and for centerline tracing and stenosis quantification). With only small changes to existing soft-
ware packages, accurate and reproducible assessment of stenosis severity can be achieved using
DECT or MECT systems, providing more reliable information for the assessment and manage-
ment of patients with stenotic plaques secondary to coronary artery disease.

5 Conclusions

For both dual-source DECT and PCD-CT systems, the proposed method accurately and repro-
ducibly estimated the percent area stenosis for a variety of vessel sizes, calcification densities,
and stenosis degrees using clinically relevant dose levels. This approach requires no lumen seg-
mentation and is, therefore, independent of operator- and software-induced variations. It was
also insensitive to variations in important acquisition parameters and generated highly reproduc-
ible quantitative assessment of vascular stenosis values, demonstrating the potential to improve
the accuracy and precision of stenosis severity measurements in clinical practice.
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6 Appendix

Below is the mathematical derivation of the proposed method for the determination of percent
area stenosis from iodine density map:

1.

MECT measures the material-specific and energy-dependent attenuation properties of

materials with different elemental compositions and densities. From a material decompo-

sition point of view, the CT measurement of a pixel with a spatial coordinate (x,y) at
. . P 45

different energies E, CTg(x,y), can be expressed as

—

CTe(x,y) = Mgy X py(x.y). (D

Here, M is a material matrix of size E X N and it only depends on the basis material, the
x-ray spectrum, and the detector response. Here, we assume that M does not change with

_
spatial coordinates (x, y). py(x,y) is an N X 1 a vector and represents the measured den-
sities for NV basis materials.

Here we assume that MECT systems can be treated as linear, shift-invariant (LSI) sys-

60
tems or at least locally LSL.°” Therefore, the MECT measurement, CTg(x,y), can be
expressed as

B a—

s _
CTg(x,y) = PSF(x,y) * CTgr(x,y) = PSF(x, y) * [Mpuy X pyr(x,¥)]. (2)

Here, PSF(x, y) is the corresponding point spread function. CTg z(x,y) and py r(x,y)
represent the true signal 7 of MECT numbers and basis material densities.

. By combining Eqgs. (1) and (2)

—_— —_—
Mpxy X py(x.y) = PSE(x, y) * [M ey X py r(x,3)]. €)
With accurate material decomposition
—_— . _ -
pn(x,y) = inv(Mexy) X CTg(x,y) = PSF(x, y) * py r(x, y). “)

. In the iodine density map p;(x, y), we can measure the iodine mass inside an ROI, which is

equal to the integral of the iodine density inside the ROI multiplied by the pixel volume V:

Xmax Yll’]ﬂX Xmax Ymax
VX / / pi(x,y)dxdy = V x / / [PSF(x, y) * pyr(x,y)|dxdy

—Vx/ / PSnydxdyx/ m/ m\Xp,Txyd)cdy

—kax/ / " prr(x.y)dxdy, 5)

where k is the integral of point spread function inside the ROI and p; 7(x, y) represents the
true iodine density. Here, for simplicity, the ROl is defined as a rectangle with dimensions
(X min - Xmax> Ymin - Ymax) but Eq. (5) can be generalized for any shape ROIs.

. If we assume that iodine exists only inside the lumen and is uniformly distributed, the

iodine mass can be expressed as

VX/ d/ . 1(x, y)dxdy = kax/ m\x/ : prr(x,y)dxdy = Vkzp; 7, (6)

Xmin Xmin Y nin

where 7 represents the total number of iodine-containing pixels inside the lumen (or iodine
pixels) in the ROL
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6. From Eq. (6), we can demonstrate that the percent area stenosis (or %stenosis) can be
obtained using the ratio of the measured iodine mass between vessel locations with and
without a stenosis

[Vx [ [l pr (e y)dxdy]

[V X [z [y py (x.y)dx dy]

min

=(1= [VkTpl,T]Slenosis % 100%
[Vk’l'p]yr]

ostenosis = { 1 — Stenosis x 100%

Stenosis Free

Stenosis Free

= <T5tenosis Free — TStenosis) X 100%. @)

TStenosis Free

Hence, the proposed approach is equivalent to accurate segmentation of iodine pixels
(or luminal area) for the measurement of percent area stenosis.
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