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Abstract
Background: Peripheral arterial disease (PAD) is a chronic occlusive disease
that restricts blood flow in the lower limbs,causing partial or complete blockages
of the blood flow. While digital subtraction angiography (DSA) has tradition-
ally been the preferred method for assessing blood flow in the lower limbs,
advancements in wide beam Computed Tomography (CT), allowing successive
acquisition at high frame rate, might enable hemodynamic measurements.
Purpose: To quantify the arterial blood flow in stenotic below-the-knee (BTK)
arteries. To this end, we propose a novel method for contrast bolus tracking
and assessment of quantitative hemodynamic parameters in stenotic arteries
using 4D-CT.
Methods: Fifty patients with suspected PAD underwent 4D-CT angiography in
addition to the clinical run-off computed tomography angiography (CTA). From
these dynamic acquisitions, the BTK arteries were segmented and the region of
maximum blood flow was extracted. Time attenuation curves (TAC) were esti-
mated using 2D spatio-temporal B-spline regression,enforcing both spatial and
temporal smoothness. From these curves, quantitative hemodynamic parame-
ters, describing the shape of the propagating contrast bolus were automatically
extracted. We evaluated the robustness of the proposed TAC fitting method
with respect to interphase delay and imaging noise and compared it to com-
monly used approaches. Finally, to illustrate the potential value of 4D-CT, we
assessed the correlation between the obtained hemodynamic parameters and
the presence of PAD.
Results: 280 out of 292 arteries were successfully segmented, with failures
mainly due to a delayed contrast arrival. The proposed method led to physio-
logically plausible hemodynamic parameters and was significantly more robust
compared to 1D temporal regression.A significant correlation between the pres-
ence of proximal stenoses and several hemodynamic parameters was found.
Conclusions: The proposed method based on spatio-temporal bolus tracking
was shown to lead to stable and physiologically plausible estimation of quanti-
tative hemodynamic parameters, even in the case of stenotic arteries. These
parameters may provide valuable information in the evaluation of PAD and
contribute to its diagnosis.
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1 INTRODUCTION

1.1 Clinical context

Lower extremity peripheral arterial disease (PAD) is a
chronic atherosclerotic occlusive disease that causes a
reduced blood flow towards the lower extremities due to
partial or complete obstruction of one or more peripheral
arteries.1,2 It is the third leading cause of atheroscle-
rotic vascular morbidity after coronary heart disease and
stroke,3 and is associated with an elevated mortality risk
and significantly impaired quality of life.4 The European
prevalence is estimated at 7.99 %.5 If the arterial flow
further decreases, PAD degenerates into critical limb
ischemia, which is associated with high mortality, ampu-
tation and irreversible damage to the leg.6 A detailed
diagnosis of lower extremity PAD is therefore vital to
prevent further development and to devise an optimal
revascularization strategy.

Severity of occlusive disease in the lower extrem-
ities is determined by the aggregate assessment of
flow-limiting lesions, hence by taking into account loca-
tion and extent of the stenosis. Digital subtraction
angiography (DSA) has long been considered the gold
standard for evaluating PAD but has been replaced
by computed tomography angiography (CTA) and
contrast-enhanced magnetic resonance angiography
(CE-MRA).7–9 Both run-off CE-MRA and run-off CTA
are reliable non-invasive imaging modalities, providing
a high accuracy and sensitivity for detecting stenoses
in arterial segments from the aorta up to the popliteal
artery.10,11

In run-off CTA, a helical acquisition from the
diaphragm to the toes is acquired with intravenous con-
trast injection. A failure rate of 7.3% in providing an
acceptable diagnosis has been reported in the below-
the-knee (BTK) arteries.9 This is due to multiple reasons:
(i) delayed contrast bolus with respect to the CT acqui-
sition caused by proximal hemodynamically significant
lesions12 or patient-to-patient variations13; (ii) limited
spatial resolution to assess the residual lumen of the
BTK arteries (1–3 mm); (iii) presence of vessel wall
calcifications, often encountered in patients with dia-
betes or renal failure, causes artifacts which severely
hampers the assessment of lesion morphology as it is
difficult to differentiate between calcifications and con-
trast agent.14 In addition, the run-off CTA does not allow
for a detailed assessment of the effect of hemody-
namic significant lesions on the arterial blood flow. The
added benefit of flow measurements has however been
extensively examined in other, larger, arterial beds.15–18

Likewise, venous enhancement, motion artefacts, and

signal loss caused by severe calcifications or stainless
steel stents/implants might reduce the image quality and
diagnostic accuracy of run-off CE-MRA. Additionally,
achieving the high spatial resolution needed for assess-
ing the BTK arteries requires longer acquisition times or
even a dedicated acquisition with a separate injection of
contrast agent.

To overcome these limitations, there is a grow-
ing interest in adding dynamic series to the static,
single phase acquisition of BTK arteries using
dynamic or 4D-CT acquisitions. Previous studies have
reported an improved diagnostic accuracy for dynamic
CTA.19,20 However, these studies focused exclusively
on qualitative results of dynamic imaging, that is, the
improved assessment of lesion morphology and degree
of stenosis.

1.2 Hemodynamic assessment

A sequence of dynamic CT acquisitions at timed inter-
vals allows one to track the injected contrast bolus
propagating through the arterial conduit. A time atten-
uation curve (TAC), also called time density curve or
arterial input function (AIF)-the latter in the context of
tissue perfusion analysis- represents the local changes
in intensity over time, caused by the temporal passages
of the iodine contrast bolus.Reliably measuring the TAC
is essential to access the quantitative (hemodynamic)
parameters required to analyse the blood flow circula-
tion in the BTK arteries.21 These descriptive parameters
can however be affected by the instability of the curves
due to the presence of imaging noise and artefacts, or
due patient motion across the image sequence. If the
interval between two subsequent acquisitions, that is,
interphase delay, is too large, the propagating contrast
bolus can be partially or completely missed. In addition,
small vessel diameter and partial volume effect further
hamper the reliability of the TAC measurement. Esti-
mating the TAC and the parameters derived from the
TAC, is therefore highly challenging. Previous attempts
to assess the TAC have been made by several authors
(Table 1). Whereas their research is mainly focused on
assessing the AIF in order to quantify (cerebral) perfu-
sion, the algorithms could be applicable for assessing
the TAC in the BTK arteries.

Cheong et al.22 introduced two piecewise continu-
ous regression models to quantify the bolus arrival
time (BAT) using Monte Carlo simulation experiments,
respectively a linear-linear model and a linear-quadratic
model. Although both models were successful in accu-
rately assessing the BAT, it was noted by the authors
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TABLE 1 Overview of the related work regarding bolus tracking
and fitting of the time attenuation curves.

Reference Anatomy Algorithm

Cheong et al.22 Generic: Monte Carlo
simulations

Linear-linear,
linear-quadratic

Bennink et al.23 Cerebral arteries Gamma variate

Barfett et al.18 Internal carotid &
cerebral arteries

Gamma variate,
Gaussian, quadratic

Kasasbeh et al.24 Cerebral arteries Gamma variate

Giacalone et al.26 Numeric simulations Spatio-temporal
deconvolution

Boonen et al.29 BTK arteries Quadratic

Bendinger et al.27 Simulations & rats 1D smoothing splines

Peerlings et al.25 Cerebral arteries Gamma variate

Chakwizira et al.28 Simulations &
cerebral arteries

1D cubic Bézier
curves

Proposed Below-the-knee
arteries

2D Spatio-temporal
B-spline

Abbreviation: TAC, time attenuation curves.

that their performance could deteriorate for broad TAC’s.
Barfett et al.18 estimated the TAC with three different
functions (gamma variate function, Gaussian function
and local quadratic function) in order to assess the time
to peak (TTP) and flow velocity along a vessel cen-
troid, defined via mouse clicks, in different setups. The
Gaussian curve fitting produced the best result in a
simulated flow channel whereas the quadratic function
provided the best fit in the flow phantom experiment.
The authors reached no conclusion regarding the in
vivo studies. For stroke imaging, multiple authors23–25

used a gamma variate function to accurately fit the
TAC and to assess the mean blood volume (MBV), TTP,
cerebral blood flow (CBF), mean transit time (MTT),
BAT, area under the curve (AUC) and the amplitude.
Whereas most authors focus mainly on temporal reg-
ularization of the TAC, Giacalone et al.26 introduced a
deconvolution algorithm based on both temporal and
edge preserving spatial regularization in the context of
ischemic stroke using a numeric simulator. The authors
suggested that spatial organization of ischemic tissue
in the brain should be taken into account, contrar-
ily to the solely temporal regularization approach in
which each voxel is processed independently. The pro-
posed spatio-temporal model outperformed temporal
algorithms. Bendinger et al.27 proposed an approxima-
tion of the TAC by a smoothing spline and estimated the
parameters using generalized cross validation based on
the ratio of the mean squared error and the degrees of
freedom. The proposed method was deemed suitable
for accurate BAT estimation. Chakwizira et al.28 evalu-
ated the feasibility of applying a deconvolution method
based on 1D cubic bézier curves for perfusion quan-
tification in cerebral dynamic MRI using both simulated
data and one healthy volunteer.The cubic Bézier curves,

implemented in a Bayesian framework, provided accu-
rate perfusion estimates and smooth residue functions.
Higher-order curves did not improve the results while
elevating the computational cost.

We previously tested the feasibility of blood veloc-
ity quantification in BTK arteries using 4D-CTA in six
patients with clinical suspicion of PAD.29 We were able
to track the propagation of the contrast bolus through
the arteries and we assessed the TTP and the average
blood flow velocity by fitting a 2nd degree polyno-
mial to the TAC. No significant correlation between the
assessed parameters and the presence of stenoses
was found.

The current study seeks to quantify the arterial blood
flow in the BTK arteries in patients with PAD. Three
primary aims are envisaged: (i) to segment the BTK
arteries; (ii) to create a robust TAC fitting method; (iii)
to estimate quantitative hemodynamic parameters with
high precision and to examine how they are affected by
PAD. To this end, we propose a novel method based on
bicubic B-spline surface fitting to assess the blood flow
in patients suffering from PAD using 4D-CTA, taking into
account the spatio-temporal nature of the data.

2 MATERIALS AND METHODS

Ethical approval for this retrospective study was
obtained from the institutional review board,Ethics Com-
mittee (UZ Brussel, BUN 1432023000074). We selected
patients with suspected PAD which were referred for
standard run-off CTA and 4D-CT.

2.1 4D-CT image acquisitions

Patients underwent two subsequent CT acquisitions:
(1) A standard run-off CTA used for clinical diagnosis
and (2) an additional diagnostic 4D-CT examination at
the level of the calves. All scans were performed on a
256-slice wide beam CT (Revolution CT, GE Healthcare,
100 kV, auto mA) and patients were placed on the table
in a supine, feet-first position.

The run-off CTA was performed with a helical acqui-
sition from above the diaphragm towards the toes with
the following scan parameters: 40 mm (64 × 0.625) col-
limation, 39.4/s mm table feed, 0.98 pitch and 0.5 s tube
rotation.55 mL iodine contrast agent (370 mg I/mL,Ultra-
vist, Bayer Healthcare) was injected intravenously at a
rate of 5.0 mL/s, followed by 35 mL at 3.0 mL/s and a
40 mL saline flush at 3.0 mL/s. The run-off CTA was
triggered when the bolus tracker positioned on the aorta
reached a CT value of 125 HU.

After a 10 min delay, the 4D-CT data were acquired
by performing 18 repeated axial acquisitions on the
distal half of the tibia at a 2 s interphase delay with
160 mm (256 × 0.625 mm) collimation and 0.5 s tube
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HEMODYNAMIC ASSESSMENT PAD USING 4D-CT 6847

F IGURE 1 Proposed workflow for the automated segmentation of the BTK arteries from 4D-CT imaging. BTK, below-the-knee; CT,
Computed Tomography.

rotation. Incorporating the 2 s interphase delay allowed
longer total scanning times (34 s) without increasing
the number of acquisitions. This way, the patient dose
was reduced, but the acquisitions were still obtained
sufficiently fast to capture the passing contrast bolus
and assess the blood flow rate. A biphasic injection
protocol was used to administer 35 mL of iodine con-
trast agent at a rate of 5.0 mL/s, followed by 15 mL
at 3.0 mL/s and a 40 mL saline flush at 3.0 mL/s. The
first acquisition started 20 s after contrast injection. The
effective dose for the run-off CTA and the 4D-CT series
were respectively 5.1 mSv and 0.2 mSv (ICRP-103
guidelines).30

2.2 Arterial segmentation

All patient data were de-identified and the CT images
were transferred to an offline workstation. In-house
developed software, written in Python and C++ based
on the Insight Segmentation and Registration Toolkit
(ITK),31 was used for processing the images.

The following pipeline was considered to segment
the BTK arteries (Figure 1). This pipeline was created
and fine-tuned based on five arteries which were manu-
ally selected to depict different grades of stenoses and
different arterial structures such as branches.

2.2.1 Motion correction

To mitigate the effect of unwanted patient movement
during the 4D-CT acquisitions, a groupwise,32 non-rigid
registration approach based on B-splines was used in

the first step.For each patient,all 18 temporal sequences
were simultaneously registered to common reference
space, taking into account the information of all the
images during the process without having a bias towards
a manually selected reference image. As metric, the
variance over last dimension metric was applied as
suggested by Metz et al.33 for groupwise registration.
For the optimization process, the adaptive stochastic
gradient descent optimizer was used with 2000 sam-
ples, randomly selected in every iteration, and run for
2000 iterations.

2.2.2 Vessel segmentation

Secondly, a mask of bones and potential calcifications
was created and extracted from the registered 4D image
to facilitate segmentation of the arteries. To ensure no
iodine contrast was included in this mask, the minimum
intensity over the temporal domain was first calcu-
lated for each voxel, eliminating the propagating iodine
contrast. The mask was then obtained from this 3D
minimum intensity image by applying Otsu threshold-
ing,mathematical morphology (opening) and connected
component analysis, keeping the four largest compo-
nents. After removing bones and potential calcifications
from the 4D registration data set, a recursive Gaus-
sian filter34 was applied over the temporal dimension to
reduce image noise along the time axis while maintain-
ing spatial resolution to aid the segmentation process.
A standard deviation of 1 s was found to smooth the
passing contrast bolus sufficiently.

Next, to enhance the arteries, the vesselness filtering
algorithm was employed using the vascular modeling
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6848 HEMODYNAMIC ASSESSMENT PAD USING 4D-CT

F IGURE 2 (a) Parabolic velocity profile fitted over the mean blood flow velocities as a function of distance from the arterial centerline in an
artery. (b) Example of an arterial cross-section visualizing the TTP (s) by means of color-coding: early arrival is depicted in red, late in blue. TTP,
time to peak.

toolkit (VMTK35). This vessel enhancement filter, based
on Frangi’s method,36 highlights tubular vessel struc-
tures on the basis of eigenvalues of the Hessian matrix
while suppressing other shapes such as plates and
blobs. This particular vesselness filter requires an 3D
image as input and an optional list of seed points. As
input image, the maximum intensity projection (MIP) of
each voxel over the temporal domain was used. The
seed points were obtained by computing the local vari-
ance over time in each voxel, followed by a rough artery
segmentation using Otsu thresholding.

Finally, the BTK arteries, that is, anterior tibial
artery (ATA), peroneal artery (PL) and posterior tib-
ial artery (PTA), were segmented from the enhanced
vessel image applying a threshold of 0.1 (normalized)
Hounsfield Units (HU) and using connected component
analysis to segment the three largest vessels in each leg
and provide them with an unique label. The segmented
arteries were visually checked afterwards to validate the
segmentation method and to verify if the label matched
with the corresponding artery name.

2.2.3 Extraction of maximum blood flow in
the arteries

Figure 2a shows an example of the quantified mean
blood flow velocity over the entire length of the seg-
mented artery as a function of the distance to the
centerline.The measurements illustrate the characteris-
tics of a fully developed laminar flow in the BTK arteries,
and show fair agreement with the parabolic velocity pro-
file (R2 = 0.92) as described by Poiseuille’s law.37 Due to
wall shear stress, the mean blood flow velocity is high-
est in the center of the artery and decreases towards
the arterial wall. This effect also impacts other hemo-
dynamic parameters, as illustrated for TTP assessment
(Figure 2b). For this example, pixel-wise computation
of TTP over the cross-section revealed that the con-

trast arrived up to 3 s earlier at the centerline the artery
compared to one and two pixels distance from the center.

The previous example illustrates that averaging inten-
sities or hemodynamic parameters over the entire
cross-section may reduce the observed dynamics in
the observed TAC’s. To minimize this effect, we only
include intensities from a smaller sub region of interest
to extract TAC’s as opposed to including the complete
artery. A morphological centerline segmentation how-
ever is sensitive to errors and may not correspond to
the sub region representing substantial blood flow in
stenotic patients. Therefore, we identified the hemody-
namically dominant sub region where the passage of
the bolus is most apparent. A cross-shaped structuring
element was moved across each axial cross-section of
the segmented artery (xy-plane) and it’s position was set
to that for which the pixels yielded the highest median
variance in intensity over time.

2.3 Blood flow assessment

In order to assess blood flow in BTK arteries, we first
obtained the TAC’s in each arterial voxel. Then, we
assessed its descriptive parameters to characterize and
quantify the arterial blood flow in the BTK arteries.

2.3.1 TAC fitting

TAC curve fitting in the context of BTK arteries is highly
challenging. Arteries are small and suffer from partial
volume effect. At acceptable imaging dose, measure-
ments are noisy and further hampered by patient motion
or imperfect alignment after registration. To maximally
exploit the acquired data and improve robustness, we
propose a global, spatio-temporal regression approach,
enforcing both temporal (evolution of the bolus at loca-
tion of the artery over time) and spatial smoothness
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HEMODYNAMIC ASSESSMENT PAD USING 4D-CT 6849

(shape of the bolus over the imaged artery at a given
time). To this end we implemented a non-parametric
regression approach based on uniform 2D B-splines.38

Approximation B-splines of degree two or higher allow
to estimate continuous and smooth functions, their
extension to higher dimensions is straightforward and
allow to control the degrees of freedom per dimension.
The used formulation of the 2D B-spline surface is given
as follows:

S(t, x) =
m∑

i=0

n∑

j=0

di,jNi,k(t)Nj,k(x) (1)

Where the B-spline surface S(t, x) is generated as the
tensor product of two univariate B-splines curves,Ni,k(t)
and Nj,k(w), both of the same order (k), defined by (m +

1) × (n + 1) control points (di,j).
To evaluate the benefit of the spatio-temporal fitting

approach, we compare it to a 1D temporal B-spline
approach, inline with the commonly performed temporal
fitting of a TAC. The formulation for a 1D B-spline curve
of order k and (m + 1) control points (di) was as follows:

P(t) =
m∑

i=0

diNi,k(t) (2)

Both fitting method were carried out on the original
data (4D data set, after registration, without tempo-
ral smoothing) using the least-squares bivariate spline
approximation of scipy.39 All relevant parameters such
as the degree of splines and the number and coordi-
nates of the control points were determined using cross
validation with a 90-10 train-test distribution and 10 folds
on the complete data-set.

2.3.2 Hemodynamic parameter
assessment

From the fitted TAC’s, the following parameters, com-
monly studied in literature,17,21,40 were estimated: time
of arrival (TOA,s), TTP(s), mean velocity (mm/s), mean
blood flow rate (mL/min), slope, full width at half max-
imum (FWHM,s) or the transit time, peak intensity (PI,
HU) and blood volume or AUC. Figure 3 shows an
example TAC and its descriptive parameters. The TOA
and the TTP correspond to the time required for a voxel
to attain 30% of its maximum intensity41 and the time
required for a voxel to reach its maximum intensity,
respectively. These parameters measure the extent
of delay in contrast arrival time, which is expected to
be relatively consistent across all BTK arteries. The
mean blood flow velocity was computed fitting a linear
regression to the TTP values as a function of distance
along the artery (mm). The enhancement slope is an
indication for the contrast intake in the assessed region

F IGURE 3 A TAC and all descriptive parameters which are
assessed from the curve: TOA, (s), TTP,(s), slope, HWHM, (s), peak
intensity (PI, HU) and AUC. AUC, area under the curve; HU,
Hounsfield Units; HWHM, half width at half maximum; PI, peak
intensity; TAC, time attenuation curve; TOA, time of arrival; TTP, time
to peak.

and corresponds to the rising slope of the TAC. In
the case of heavily occluded proximal arteries, the
second half of the TAC, that is, the contrast washout,
could not always be obtained due to the delayed con-
trast propagation. Therefore, the half width at half
maximum (HWHM,s) was obtained from the TAC’s
instead of the FWHM. Similarly, we limited the AUC
to the first part of the TAC and implemented it from
sklearn.42 In order to determine the mean volumetric
blood flow rate (mL/min), the average blood velocity
was measured throughout the entire artery, rather
than solely focusing on the hemodynamically dominant
sub-region. Subsequently, the obtained mean velocity
was divided by the average cross-sectional area of
the artery, which was determined from the arterial
segmentations.

2.3.3 Reproducibility of hemodynamic
parameter assessment

As indicated before, the hemodynamic assessment
is highly challenging for several reasons, including,
relatively low temporal sampling, small arterial cross-
sections and the fact the contrast bolus is no longer
sharply delineated at the level of the calves, in particular
in the case of pathological arteries. To demonstrate the
robustness of the proposed pipeline, the reproducibility
of hemodynamic assessment with respect to interphase
delay and imaging noise was evaluated. To this end, a
subset was created by removing half of the original time-
points (nine temporal phases instead of 18),causing the
interphase delay to increase from 2 to 4 s. Additionally,
five subsets were created by adding Gaussian noise of
mean zero and increasing sigma value from 0 to 100 HU
in steps of 20 HU.
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6850 HEMODYNAMIC ASSESSMENT PAD USING 4D-CT

Hemodynamic parameter estimation was performed
on these deteriorated data sets and the results were
compared with the results of the original data-set using
Bland-Altman plots. The comparison was also per-
formed in case of 1D temporal fitting, to evaluate the
benefit of the spatio-temporal approach.

2.4 Clinical application

In order to demonstrate the potential of the hemo-
dynamic assessment in diagnosing PAD, we provided
a detailed description of a single patient’s case. We
conducted an analysis that involved comparing two
hemodynamic parameters (TTP and flow rate) with the
results of the clinical run-off CTA, thereby establishing a
correlation between these parameters and the severity
of PAD. Furthermore, we examined the impact of hemo-
dynamically significant lesions on the blood flow in the
BTK arteries across multiple patients. To this end, two
board certified radiologists (H.D. and Y.d.B., 14 years
of experience) independently reviewed the run-off CTA
and 4D-CTA and assessed all arterial segments dis-
tal from the aorta-bifurcation. In case of inconsistent
assessments, a final consensus was obtained. Occlu-
sive disease in each segment was graded based on the
most flow-limiting lesion using a three-point confidence
scale proposed by Sommer et al.43: 0=no significant
stenosis (<50%), 1=significant stenosis (50–99%) and
2=complete occlusion (100%). For each of the BTK
arteries,the scores of all proximal segments were added
up with the score of the respective BTK artery. Based
on these scores, two classes were created to differen-
tiate between non stenotic/occluded arteries (sum=0)
and stenotic/occluded arteries (sum≥1). Differences in
parameter values between both classes were evaluated
using the Mann-Whitney U test (IBM SPSS Statistics
V28).

3 RESULTS

The CT acquisitions of fifty patients (mean age 63 years
old, 23 male, 26 female) were included in this study.
One patient was excluded from the analysis as the con-
trast did not reach the BTK arteries during the 4D-CT
acquisition due to severe occlusions.One patient had an
absent ATA in both legs which was considered a normal
anatomical variant.

3.1 Arterial segmentation

The total amount of included BTK arteries was 292.
Applying the automated segmentation pipeline, 280
were successfully segmented (96%). Severe calcifica-
tions yielded an inadequate variance in intensity values,

causing the segmentation to fail for ten arteries. In one
artery, the contrast bolus did not arrive during the 4D-
CT acquisition. A last failure was due to a vein which
was segmented together with the artery caused by a
high cardiac output. The average diameter of the BTK
arteries was 2.99 mm ± 0.72 mm.

3.1.1 Extraction of maximum blood flow in
the arteries

Figure 4 shows a 3D comparison of the median inten-
sity value (HU) for each cross section as a function of
distance along the artery (mm) and time (s) using the
entire cross section (4a) and the extracted sub region
of maximum flow (4b). From these plots, it is clear that
a higher signal to noise is obtained using the hemody-
namic sub region. When averaging over the entire cross
section, the dynamics of the propagating contrast bolus,
needed for TAC fitting, are not apparent.

3.2 Blood flow assessment

3.2.1 TAC fitting

Using cross validation, the TAC fitting based on bicu-
bic B-splines yielded an optimal root mean square error
and coefficient of determination (R2) of the test data.
Relatively small differences between four, five and six
control points were found. To avoid over-fitting the TAC,
we selected four control points,uniformly placed over the
spatial- and temporal axis.

Figure 5a shows exemplary TAC’s, obtained from
bicubic spatio-temporal TAC fitting in a healthy artery.
The 2D approach results in a smooth time attenua-
tion surface (TAS) as opposed to the sharply delineated
TAC’s obtained using 1D temporal fitting (Figure 5d).
The TAC distortions are more apparent in a pathological
artery (Figures 5b and 5e) as the contrast bolus arrives
too late and the TAC is interrupted before reaching its
maximum intensity.

3.2.2 Hemodynamic parameter
assessment

Figure 5c visualizes the median TOA, TTP, slope and
HWHM for each cross section as a function of time,
superimposed on the 2D fitted TAC’s in a stenotic artery.
As can be seen from the 3D plot, the obtained hemo-
dynamic parameters are continuous along the distance
axis,with gradually increasing TOA and TTP values.The
same hemodynamic parameters derived from the 1D
fitted TAC’s are visualised in Figure 5f . Using the 1D
method, the estimation of the hemodynamic parameters
proved to be more unstable, leading to scattered values.

 24734209, 2023, 11, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.16755 by E

V
ID

E
N

C
E

 A
ID

 - B
E

L
G

IU
M

, W
iley O

nline L
ibrary on [23/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



HEMODYNAMIC ASSESSMENT PAD USING 4D-CT 6851

F IGURE 4 3D plot showing the original intensity signal (HU) as a function of distance along the artery (mm) and time (s) obtained using the
complete arterial cross-section (a) and the region of maximum flow (b). HU, Hounsfield Units.

F IGURE 5 3D visualization of the original intensity signal (HU) as a function of distance along the artery (mm) and time (s) (dots) and the
corresponding TAC fitting and parameter estimations. Top: results of TAC fitting using spatio-temporal 2D regression, superimposed on the
original intensity signal in a healthy (a) and pathological (b) artery. (c) Visualization of the obtained TOA, TTP, slope and HWHM from the 2D fit
within a pathological artery. Bottom: results of TAC fitting using temporal 1D regression, superimposed on the original intensity signal in a
healthy (d) and pathological (e) artery. (f) Visualization of the obtained TOA, TTP, slope and HWHM from the 1D fit within a pathological artery.
HU, Hounsfield Units; HWHM, half width at half maximum; TAC, time attenuation curve; TOA, time of arrival; TTP, time to peak.
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6852 HEMODYNAMIC ASSESSMENT PAD USING 4D-CT

F IGURE 6 Bland Altman plots to analyse the reproducibility of 1D temporal TAC fitting (orange) and 2D spatio-temporal TAC fitting (blue).
(a) comparison of fitted TAC’s between the original data (Δt = 2s) and temporal subset (Δt = 4s) for TTP. (b) Comparison between the original
data and the subsets with increased Gaussian noise (𝜎 = 20, 40, 60, 80, 100) visualized for TTP. TAC, time attenuation curve; TTP, time to peak.

3.2.3 Reproducibility of hemodynamic
parameter assessment

The Bland Altman plot in Figure 6a compares the
obtained TTP values from the original data (Δt = 2s) and
the temporal subset (Δt = 4s) applying the 1D temporal
(orange) and 2D spatio-temporal (blue) fitting method.
The comparison between the TTP values from the orig-
inal data and the noisy subset (𝜎 = 20, 40, 60, 80, 100)
is represented in Figure 6b. From these plots it is appar-
ent that both increasing the interphase delay and adding
image noise results in larger standard deviations for
the 1D method compared to the 2D method, indicat-
ing less precise estimations for the temporal fitting with
respect to the spatio-temporal approach. The results
for the other descriptive hemodynamic parameters are
provided in Table 2. The 1D temporal fitting approach
consistently introduced larger biases and standard devi-
ations compared to the 2D spatio-temporal method.
Increasing the interphase delay does not seem to have
a large impact on the hemodynamic parameters derived
from the 2D fitted TAC.Overall, the TTP proved to be the
most robust hemodynamic parameter.

3.3 Clinical application

Figure 7a shows the MIP derived from the run-off CTA,
used as standard of care in PAD diagnosis to provide a
complete overview of the vascular tree at a glance. The
BTK arteries on both sides are opacified but the con-
trast gets overtaken by the gantry more distally, resulting
in insufficiently delineated arteries in the left calf and
foot. This patient was diagnosed with two stenoses at
knee-level on the left side and one stenosis in both the
left ATA and left PL. On the right side, a local stenosis

was detected in the ATA. This resulted in a total grad-
ing score of 3,3,2 and 1,0,0 in respectively the left and
right ATA, PL, and PTA. Figure 7b visualizes a volume
rendering of the segmented BTK arteries. As a result of
the proximal stenosis in the left leg,higher TTP values in
the BTK arteries (21.0–25.0 s) are apparent compared
to the ones on the right (19.0–21.0 s) (Figure 7c).Based
on the highest mean flow rate (Figure 7d), the PTA is the
dominant BTK artery on both sides. For the left leg, this
corresponds to the artery with the lowest grading score,
that is, two. On the right side, the dominant artery cor-
responds with grading score zero. In addition, there is a
noticeable difference in both TPP and mean blood flow
rate compared to the the stenotic artery (ATA).

Out of 292 BTK arteries, 140 were evaluated hav-
ing no significant stenosis (48%) and 152 having one or
more significant stenoses and/or total occlusions (52%).
Table 3 provides an overview of the two grading classes
(0 & 1) and their corresponding hemodynamic param-
eters. For all hemodynamic parameters except velocity
and mean flow rate, the average values of the three
most distal slices along the artery are reported. The 2D
spatio-temporal TAC fitting led to physiologically plau-
sible values regarding all hemodynamic parameters.
Applying the Mann Whitney U test to test for differences
between the two groups, a significant increase in TOA
(p < 0.001) and TTP (p < 0.001) for the stenotic arteries
can be noticed.On the other hand,a significant decrease
in slope (p = 0.006) and PI (p < 0.001) can be observed.
No significant difference between the non-stenotic and
stenotic arteries could be found based on the mean
velocity (p = 0.276), HWHM (p = 0.653) and AUC (p =

0.434), although showing a slight tendency towards
decreasing values within stenotic arteries. Mean flow
rate values (p = 0.711) were slightly higher in stenotic
arteries compared to non-stenotic arteries.
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TABLE 2 Results of the Bland Altman comparison of reproducibility for the 2D spatiotemporal TAC fitting and 1D temporal TAC fitting.

σ = 20 σ = 40 σ = 60
2D 1D 2D 1D 2D 1D

TOA 0.08 ± 3.71 0.26 ± 4.47 0.04 ± 4.66 0.61 ± 5.02 0.14 ± 4.65 1.02 ± 6.91

TTP 0.00 ± 0.50 –0.07 ± 1.93 0.00 ± 0.67 –0.08 ± 2.59 –0.09 ± 1.26 –0.01 ± 3.24

Slope 0.03 ± 4.18 –1.42 ± 53.65 –0.26 ± 5.70 0.83 ± 8.74 –0.08 ± 7.16 1.51 ± 11.84

HWHM –0.02 ± 0.49 –0.05 ± 2.21 0.01 ± 0.66 –0.09 ± 2.44 –0.07 ± 1.33 –0.25 ± 3.25

PI 3.31 ± 105.43 –12.89 ± 651.63 –2.85 ± 146.74 16.59 ± 174.53 0.29 ± 161.96 34.33 ± 227.08

AUC –16.49 ± 383.16 –57.17 ± 913.96 2.13 ± 453.29 –109.78 ± 915.08 –39.54 ± 1002.22 –132.7 ± 1278.83

σ = 80 σ = 100 €t = 4s
2D 1D 2D 1D 2D 1D

TOA 0.5 ± 5.08 1.43 ± 7.22 0.83 ± 7.60 1.36 ± 8.21 –0.22 ± 2.60 1.45 ± 5.97

TTP –0.01 ± 1.00 –0.10 ± 3.73 –0.03 ± 1.96 0.01 ± 4.77 –0.02 ± 1.14 0.24 ± 0.64

Slope 0.16 ± 8.38 1.9 ± 13.68 0.39 ± 11.06 2.52 ± 15.95 –0.47 ± 6.30 3.21 ± 37.7

HWHM –0.11 ± 2.76 –0.26 ± 4.02 –0.16 ± 2.69 –0.30 ± 4.82 0.00 ± 1.39 –0.09 ± 3.58

PI 10.59 ± 225.14 32.55 ± 317.52 9.61 ± 293.35 44.49 ± 302.26 –9.34 ± 198.68 67.62 ± 498.33

AUC –19.36 ± 661.96 –201.91 ± 1490.97 –81.94 ± 1148.47 –196.21 ± 1614.62 15.07 ± 529.23 –126.22 ± 1265.42

Note:Mean difference ± standard deviation is given for each hemodynamic parameter between the original data set and the deteriorated data sets (σ= 20,40,60,80,20
& ∆t = 4 s).
Abbreviations: AUC, area under the curve; HWHM, half width at half maximum; PI, peak intensity; TAC, time attenuation curve; TOA, time of arrival; TTP, time to peak.

TABLE 3 Assessed mean hemodynamic parameters ± the standard deviation.

Class
Velocity
(mm/s)

Flow rate
(mL/min) TOA(s) TTP(s) Slope HWHM (s)

PI
(HU) AUC

0 54.49 ± 67.44 16.58 ± 44.17 9.26 ± 6.56 20.55 ± 6.04 26.82 ± 10.89 6.11 ± 1.96 464.27 ± 78.02 2571.76 ± 1012.36

1 51.24 ± 49.76 18.68 ± 32.93 12.81 ± 7.83 23.74 ± 6.87 20.77 ± 10.19 6.13 ± 1.88 409.37 ± 78.9 2382.98 ± 1279.78

p-value 0.267 0.711 <0.001 <0.001 0.006 6.53 <0.001 0.434

Note: Class 0: no stenoses/occlusions, class 1: at least one stenosis/occlusion. p-values obtained applying the Mann Whitney U test. A p-value of 0.05 or lower was
considered statistically significant.
Abbreviations: AUC, area under the curve; HWHM, half width at half maximum; PI, peak intensity; TOA, time of arrival; TTP, time to peak .

4 DISCUSSION

This study sought to implement a hemodynamic assess-
ment of the BTK arteries in PAD patients using 4D-CT.
To this end, three primary aims were envisaged: (i) arte-
rial segmentation, (ii) TAC fitting and (iii) hemodynamic
parameter assessment and correlation with PAD. Pre-
vious studies have shown the potential of 4D imaging
(MRI & CT) concerning the assessment of blood flow
velocity,15,17 slope16 and TTP.44 However, to date, no
study has quantified multiple hemodynamic parameters
and flow rate and correlated them with stenoses present
in the BTK arteries.The current study assesses 292 BTK
arteries, acquired from 4D-CT imaging.

With respect to the first envisaged aim, we proposed
an automated arterial segmentation method, combining
motion correction, vessel segmentation and extraction
of the the hemodynamic active sub region. 280 Out
of 298 arteries were successfully segmented. Fail-
ures were caused by delayed contrast propagation,
highlighting the challenge of dynamically imaging BTK

arteries due to patient-to-patient variations. Similar to
the findings of Metz et al.33 the groupwise approach for
motion correction yielded more robust and consistent
results compared to the pairwise approach. Extracting
the hemodynamically active sub region, as opposed to
using the complete segmentation, improved the signal-
to-noise ratio which, in turn,allowed for TAC fitting in less
enhanced arteries.

Regarding the second aim, a 2D spatio-temporal
method based on bicubic B-splines was introduced to
fit the TAC’s. The robustness of our approach with
respect to interphase delay and imaging noise was
assessed using simulated data. Based on these results,
the 2D method outperformed the more commonly per-
formed 1D temporal method as it consistently generated
smooth TAC’s and was less prone to introduce a bias.
This finding was also reported by Giacalone et al.26

who examined the robustness of a deconvolution algo-
rithm with spatio-temporal regularization in perfusion
MRI. The TASs provide the radiologist with an intu-
itive and quantitative visualization whereas before, it
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6854 HEMODYNAMIC ASSESSMENT PAD USING 4D-CT

F IGURE 7 (a) MIP of the run-off CTA used as standard of care to display the vascular tree. The BTK arteries on both sides are opacified
well but more distally, the arteries in the left calf and foot are less delineated. (b) Volume rendering of the segmentation of the BTK arteries.
ATA, PL, PTA. (c) Volume rendering of the parametric map indicating the TTP (s) of each voxel by means of color-coding: early arrival of the
contrast is depicted in red, late arrival in blue. (d) Volume rendering of the parametric map indicating the mean blood flow velocity (mm/s) by
means of color-coding: low velocities are depicted in blue, high in red. ATA, anterior tibial artery; BTK, below-the-knee; CTA, computed
tomography angiography; MIP, Maximum intensity projection; PL, peroneal artery; PTA, posterior tibial artery; TTP, time to peak.

could only be assessed separately in each arterial cross
section and visualized in 2D.

As contemplated by the third aim of this study, we
successfully derived hemodynamic parameters from the
TAC’s to characterize and quantify the arterial blood flow
in the BTK arteries.Proximal stenoses were found to sig-
nificantly hamper the blood flow, indicated by increased
TOA and TTP values. In addition, the decreased slope
and PI values demonstrate that proximal stenoses

alter the shape of the TAC significantly by dispers-
ing the contrast bolus. These findings are consistent
with literature16,45 as a non-obstructed flow will result
in a sharp TAC, that is, large slope, high PI and small
HWHM. The assessed mean blood flow velocities were
within the range of characteristic blood flow velocities
for stenotic and non-stenotic arteries (40–70 mm/s46).
Additionally, the obtained flow rates are consistent with
the literature.47
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As expected, proximal stenoses caused a decrease
in mean blood flow velocity. This decrease however
was not significant. Blood flow velocity is susceptible
to patient-to-patient variations and comparing velocities
across patients without normalizing should therefore
been done cautiously. Likewise, no significant difference
in blood flow rate was found. Additionally, no significant
differences between stenotic and non-stenotic arter-
ies were found for the HWHM and AUC. The authors
believe this is due to the incomplete TAC’s in case of
highly-stenotic arteries. The pseudo-clinical analysis of
one patient illustrated that hemodynamic parameters
not only support the results of the standard run-off
CTA but are able to provide additional information which
cannot be derived from standard run-off CTA. Firstly,
the TTP rendering provides an intuitive and quantitative
visualization of the differences in contrast arrival time
between both legs. Secondly, the dominant artery could
be selected based on the mean blood flow rate.This pro-
vides valuable information in order to devise an optimal
angiosome-guided revascularisation strategy to ensure
vascular inflow in the foot. The following limitations of
our study merit consideration. Firstly, no normalization
in terms of cardiac output, BMI, age or sex has been
carried out at this point. Secondly, there was no ground
truth available for the hemodynamic parameters and the
accuracy of the hemodynamic parameter assessment
could therefore not be determined. Current validation
of the parameters was limited to studies on repro-
ducibility and correlation with radiologically determined
stenosis. Finally, using the proposed 4D-CT acquisi-
tion protocol (18 phases, Δt = 2s), we were unable to
assess the complete TAC in heavily stenotic arteries.
Based on the results of the reproducibility study in which
data with larger interphase delay were simulated (nine
phases,Δt = 4s) the total scan duration could potentially
be increased while maintaining an equal patient radi-
ation by increasing the interphase delay and applying
spatio-temporal B-spline fitting for the TAC assessment.
Further research might explore the advantage of a
longer scan duration over a small interphase delay.

In conclusion, we proposed a segmentation method
and a robust spatio-temporal B-spline regression for
the automated assessment of hemodynamic parame-
ters in stenotic BTK using 4D-CT imaging. Our study
showcased the feasibility of extracting hemodynamic
parameters using 4D-CT to describe and quantify the
blood flow in the BTK arteries.Furthermore,our analysis
revealed the potential of integrating dynamic CT scans
into the PAD examination by correlating the hemody-
namic parameters with the presence of proximal lesions.
Among these parameters, the TOA,TTP,and PI emerged
as particularly relevant from a clinical perspective.
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