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Abstract

Synchronization of the contrast bolus peak and CT imaging aperture is a crucial issue for computed
tomography angiography (CTA). It affects the CTA image quality and the amount of contrast dose.
A whole-body CTA procedure means to scan from the abdominal aorta to pedal arteries. In this
context, the synchronization is much more difficult with the asymmetric arterial flow in lower
extremities than in the case of symmetric arterial flow. In this paper, we propose an adaptive optimal
controller to chase the contrast bolus peak while it propagates in the aorta and lower extremities with
symmetric flow. In the case of asymmetric flow after the contrast bolus splitting into two lower limbs,
we propose a dynamic programming approach to cover the lower limbs optimally. Simulation and
experimental results show that the proposed methods outperform the current constant-speed method
substantially.
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1. Introduction

Vascular disease includes any condition that affects the human circulatory system, such as
cardiovascular disease and peripheral artery disease. The former is related to the No. 1 cause
of the death of Americans, heart disease, and the later is affecting more than five million
Americans’ lives [1,2,3]. Recently, Computed Tomography Angiography (CTA) has become
an important investigative tool for vascular disease with the advent of multi-row CT [4,5]. To
better define the vasculature from its surrounding soft tissue, a dose of contrast medium (a
contrast bolus) is injected into a vein through an 1V (intravenous) tube. During the scanning,
the contrast bolus propagates in the artery, and meanwhile the patient is fed into the CT gantry
by translating the CT table. It is highly desirable to scan the blood vessels with the highest
density contrast bolus inside. Therefore, synchronizing the contrast bolus peak and CT imaging
aperture is crucial to the CTA scan results. Unfortunately, the contrast bolus dynamics are
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highly nonlinear, complicated, and influenced by many factors, e.g., patient weight, vascular
diseases, and injection patterns. In current clinical practice, the CT table moves at a preset
constant speed, and is very likely to miss the bolus peak. To compensate for this problem, a
large amount of contrast medium is needed; however, it is harmful to the patient’s kidney [6].

The currently existing bolus chasing techniques only mean to chase the bolus arrival, which
determines CT table starting time. Those techniques can be categorized into two main classes:
Region Of Interest (ROI) threshold triggering [7,8] and the timing bolus [9,10]. The former
technique sets a threshold (in the unit of Hounsfield Unit or HU, which represents the bolus
density) at a specific position, e.g., aorta, which is being monitored after the injection. When
the observed bolus density reaches the threshold, the CT table is automatically started.
Unfortunately, it is very difficult for the operators to choose the correct threshold [11]. If it is
set too low, the CT table will be started too early. If it is set too high, the CT table might not
be started at all. The other technique calls for an injection of a small amount contrast medium
prior to the main injection used for diagnosis. The time between the injection to the vein and
peak density appearance in the ROl is taken as the delay time (may be added by several seconds)
to start the CT table for the main injection. Obviously, it is assumed that the timing bolus and
actual bolus have the same peak arrival time, which may not be true in most cases [7].
Furthermore, it requires an additional injection and test time, which increases the contrast dose
and the diagnosis time.

Even when the accurate bolus arrival time to the designated ROI is obtained, there is no
guarantee of the synchronization of the bolus peak and imaging aperture during the CT exam
due to the complicated bolus dynamics. Consequently, many researchers try to make the
resulting bolus profile more conducive to the preset constant-speed method by means of
varying the injection rate and duration, called bolus geometry optimization method [8,12,13,
14,15]. It is expected that if a bolus keeps its maximum density for a longer time at a position,
then the synchronization is easier to be obtained. As a result, many injection protocols were
reported, such as multiple-injection method [16] and the inverse method [14]. However, these
methods require a priori knowledge of the patient vascular system to achieve the desirable
results and it is impossible to know that knowledge before a preliminary injection. To that end,
it may end up with a larger amount of contrast dose, which is not good for patients.

The importance of the synchronization of contrast bolus and imaging aperture has been realized
in [17,18]. In [18], Laswed and his colleagues used different table speed for different patient
based on the bolus aorta-popliteal transit time of each individual, and they reported that in such
a way, the vasculature CT image qualities are improved. However, this is not the ultimate
solution for bolus chasing, 1) the test bolus dynamics are different from that of the main bolus
and 2) constant speed during the scanning will not synchronize the bolus peak and x-ray
aperture optimally due to the nonlinear dynamics of the bolus.

The effective and robust way to chase the bolus peak is the adaptive method, which predicts
the bolus peak using the real time CT images and varies the CT table speed accordingly. This
concept has been studied in other imaging modalities, such as Digital Subtraction Angiography
(DSA) [19] and Magnetic Resonance Angiography (MRA) [20,21]. Preferable results have
been reported in these studies. However, there are few studies on bolus chasing CTA due to
the small field of view (z direction) for CTA and the complicated CT image reconstruction
algorithm with varying pitch. Recently, we have developed the CT image reconstruction
algorithms for varying pitch [22] and extensively studied the bolus characteristics [23,24].

To scan the whole body of a patient is more difficult due to the small diameter vessels in the
lower limbs and the asymmetric flow. Figure 1 shows the human arterial tree. It is easy to see
that there is one main artery, aorta, in part A, while there are two main artery branches in part
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B. For a patient with Peripheral Artery Diseases (PAD), it is likely that the arterial flow in the
lower limbs is asymmetric; hence, sticking to chase the contrast bolus in one lower limb means
missing to scan the other lower limb. Rubin and his colleagues are the pioneers to study the
CTA on peripheral arteries. In his study [25], seven of twenty-four patients have at least one
location where the difference in right-left (leg) arterial attenuation was greater than 38 HU,
and the maximum difference can reach 96 HU. Of all these seven patients, asymmetric arterial
diseases are present. The authors state “when severe asymmetries exist, the diagnostic quality
of the initial angiographic examination can be limited and thus necessitate repeated selective
injections of contrast medium”. Therefore, an effective CTA scan method is called for in
clinical.

The paper is organized as follows: in Section 2, adaptive bolus chasing algorithm is presented.
In Section 3, we discuss dynamic approach for asymmetric flow in lower limbs. Section 4 gives
the experimental results for whole-body CTA scan, followed by discussion and conclusion in
Section 5.

2. Adaptive optimal controller for bolus chasing computed tomography
angiography

An effective CTA scan method includes two parts: 1) optimally chasing the bolus peak in one
main artery, and 2) effectively switching to chase the bolus peaks in two artery branches when
asymmetric arterial flow happens. In this section, we focus on the first problem.

Problem Statement

The overall goal of the adaptive bolus chasing CTA is to design an adaptive controller to
synchronize the bolus peak and imaging (x-ray) aperture. It is achieved by instantaneously
processing the bolus CT images, dynamically predicting the bolus peak position, and adaptively
moving the CT table in the opposite direction of the blood flow. Let the bolus density function
be given by B(t, z), where t represents time (t=0 corresponds to the injection instant) and z
represents distance (z=0 corresponds to the initial monitored position). Also let the scan range

L
be divided into N segments, that is, Zk=kﬁ, k=1,-, N, where L is the scan distance. The control
objective is to find a time sequence, {t*(zk)}f’:l, such that

N
JC:ZB (" (zi), zi)
=

is maximized, under the constraint of maximum and minimum velocity of the CT table, or
equivalently

0<Ay < 1(zgs1) — U(zx) < Ap<oo (2)

where Agand Ay, are determined by CT table maximum and minimum speed, respectively. The
motivation behind (1) is to maximize the average enhancement over the whole scan length,
which results in overall better quality CTA images for every position of the blood vessel.
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Controller design

Before we design the adaptive optimal controller, the contrast bolus characteristics are carefully
studied [23]. Here, we give its most important property concerning the controller design: At
any given position z, the bolus density B(t, z) is monotonically (not necessarily strictly)
increasing in time t before it reaches the maximum and is monotonically (not necessarily
strictly) decreasing after that. Since this property is frequently used in the paper, we define
such a function as a class # function.

Definition 1—A differentiable function f(t) is said to belong to the class ~# if t«

. . - 1"=arg max (1)
There exists a maximum point t~ such that ' .

2. f(t) is monotonically (not necessarily strictly) increasing for t = (—oo, t*] and
monotonically (not necessarily strictly) decreasing for t = [t”, o).

In case that B(t, z) is known, Let

1*(zx)=arg maxB (1(zx), z¢) k=1,--- ,N
L

)
The control law is given by
. ’Z:t;l +Ay, iftf(zk) < t;l+AJ
L= ’Z%ZZ—'I +Ay, ift(z;) = l;_l+Ab
t=t"(zx), otherwise @

where t"(z,) is given in (3).

However, B(t, z) is unknown during the tracking, and we have to estimate it and modify the
control law as follows.

Let By_1 (t, z) be the estimated bolus model at step k —1 and

1(z)=arg maxEk_l (t,zx) k=1,--- ,N
4

(5)
The control law is modified as follows
=ti-1+As,  if1(zx) < o1 +A
k=1 L=t +Ap, ifH(zx) > 131 +Ap
1=1(z1), otherwise ®)

where f(zy ) is given in (5).

The final tracking error between B(z;, zx) and B(i, zx) bounded by the estimation error between
B(t, z) and By (t, z4), and the difference of #; and fx, See [26] for details.
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Online estimation of B(t, z)
Since B(t, z) is unavailable, calculation of the control law relies on the estimates By_1 (t, z).
As shown in the previous subsection, if the estimate By_1 (t, z,) is close to the true but unknown
B (t, z) locally, the effect of approximation is negligible. However, By 1 (t, z ) has to be
estimated in real time solely based on the observed local bolus information. On one hand, the
approximation error depends on how rich the structure of the approximation By_1 (t, zy) is that
incorporates well the local bolus information into its representation. On the other hand, the
structure should be simple enough so that it can be easily estimated on line. There is a trade
off between approximation ability and estimation accuracy. A natural choice of By _1 (t, z,) is
a polynomial. The order of the polynomial balances the ability to approximate B(t, z) and the
estimation simplicity. We consider a second order polynomial,
B(t,2) ~ Bt z)+V,B|, _ (t-1)+V.B| _ (z- zk)+%( Il ) V2B ( il )
(U] “ ez \Nz—u (e \ T

=a0+a1t+a2z+a312+a4rz+aszz (7)

for some ag, a1, ay, as, a4 and as, which will be estimated on line. Another important factor is
the selection of approximation data. Obviously, the smaller the region, the better a second order
polynomial can approximate B(t, z). On the other hand, we would like the approximation
function to give us some information about the bolus away from the observation points. This
implies that the approximation region cannot be too small. In addition, realistic CT
specifications have to be considered.

e CTis assumed to have multiple rows of detectors.

»  CT gantry rotation speed is set to AT = 1/3 second per rotation, a standard in modern
CT.

»  The maximum patient table speed in a modern CT is about 10 cm/sec [4], which sets
the lower bound Ag in the constraint.

*  The minimum speed is set to 0 cm/sec which ensures that the patient table does not
go back, a standard practice. This sets the upper bound Ayp,.

With these constraints, data points of B(t, z) at fy, fx —1 f—2 and z = z, z= zy £ Jz are collected
for each rotation of the gantry. These data are used to identify the a;’s in the second order
approximation in the least squares sense

3
— . 2
a;=arg min Z {B(z, 7) — (a0+a1 t+azz+a312+a41z+a5zz)}

a 5 o -
D 2= O LI= e k-2 ®)

Further, the next f 11 is determined from (6) with

Bl e N =2 =~ =~
By (1, zpr1) =ap+ait+ax g 1 +a3t” +ag1 2 1 +0a5%) - ()

Simulation results

The proposed adaptive optimal chasing algorithm has been tested on the actual clinical data
collected from UIHC and NU. In all the simulations, the upper and lower bounds Ay, As, AT,
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and L/N are set as 10 cm/s, 0 cm/s, 1/3 seconds and 5 mm, respectively. Both the proposed
method against the existing technology, constant-speed method, i.e., t, = czy + tg, (c is constant),
are evaluated in terms of performance index (PI), defined as

__XBE.%) _ X Bz w)
CEB@E@w B @).%) 10)

where ¢ is set to 1/3 sec/cm, i.e., the CT table speed is at 3 cm/sec [1]. ZB(t"(zy), z) is the
maximum achievable bolus density. ZB(t", z) and =B(czy, z) are the actually achieved bolus
densities for the adaptive method and the constant-speed method respectively.

Figure 2 shows the typical tracking results for both adaptive and constant-speed method, where
the top plot shows the bolus contour (solid thin curve: the inner the curve, the higher the
density), the bolus peak trajectory (dashed), adaptive bolus chasing trajectory (solid) and
constant-speed trajectory (dash dot); and the bottom plot shows the maximum achievable bolus
density at each position zy (dashed), the achieved bolus density by the adaptive method (solid)
and the achieved bolus density by the constant-speed method (dash dot). Table 1 summarizes
the PI for ten patients. Clearly, in all cases the proposed adaptive method outperforms the
current constant-speed method significantly.

3. Dynamic programming approach for asymmetric arterial flow in lower

limbs

Although the adaptive bolus chasing method ensures the highest possible contrast to noise ratio
(CNR) for every cross-sectional slice of a single artery, such as aorta, the method itself cannot
guarantee a good coverage when the contrast bolus splits into the lower limbs and asymmetric
arterial flow happens, which is very often for PAD patient. When the asymmetric flow happens,
it is very unlikely that the arteries in both lower limbs of the same position (z-direction,
especially in the distal position) are enhanced simultaneously; therefore, tracking the contrast
bolus in one lower limb consistently means a great chance to lose coverage for the other lower
limb. To that end, scanning strategy has to be modified while tracking the contrast bolus in the
lower extremities. In this section, we propose a dynamic programming approach for bolus
chasing CTA on asymmetric arterial flow in lower limbs.

Dynamic programming approach

The problem of scanning the lower extremities is due to the unbalanced contrast bolus
movement in both lower limbs, which basically makes it hard to obtain a good scan results for
both lower limbs. Theoretically, by moving CT table back and forth quickly enough, we can
scan both lower limbs with satisfactory enhancement. But unfortunately, there is a speed
constraint on the CT table, and when and how to move the CT table back/forth needs to be
determined carefully. The dynamic programming (DP) is then proposed to approach this
problem. Before illustrating the dynamic programming approach idea, we need to make some
assumptions.

e The contrast bolus peak velocities in both lower limbs are known, which makes it
easier to present the results. As for the scenario with unknown bolus velocities, it is
much harder and will be our future work.

e Our purpose at this moment is to scan each part of the lower limb with high
enhancement.
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*  Themaximum speed (vry,) of the CT table is known. The patients’ discomfort, related
to the acceleration, is not considered at this stage.

*  Physicians have a priori knowledge of the scanning priority of each part of the lower
limbs. For example, a PAD patient may have a higher chance to have stenosis in the
left thigh and therefore the resulted scanning strategy must ensure the left thigh to be
fully scanned. The scanning priority is realized by assigning weights to each part of
the lower limbs. The higher the weight of the part, the higher the scanning priori that
part is.

The dynamic programming approach is described as follows. First, we divide each lower limb
into N partitions as shown in Figure 3, and each part is represented by its center point/node,
denoted by Lj or Rj, i =1, 2 -, N. We assume that if a node is scanned, then the whole part
centered at that node will be scanned with a reasonable CNR. Further, each node is assigned
a weight according to its scanning priority (not order), W(L;) or W(R;), i =1, 2 -, N. Then the
problem of scanning two lower limbs is converted into an optimization problem with cost
function as

J= ) W(Py), where Py =/ (pi. k) tn

Under the constraint of causality and maximum speed of the CT table. In (11), f is the table
control strategy, which is the solution of the optimization problem and determines which node
Py € {L4, -, LN, Ry, - Ry } should be covered and when. This is a two branch dynamic
programming problem, which can be solved efficiently.

Since the contrast bolus velocities in both lower limbs are known, the bolus arrival time at each
node can be derived and denoted by t(L ;) or t(R ;). Now, we can put all the nodes on both lower
limbs in the ascending order of bolus arrival time, that is, t(P;) > t(P;) = i <. The cost function
value at node j is given by

|Pi - P -

— 'Tm

Ji=max {Ji+W(P;), W(P))},

(7]

It is a standard dynamic programming problem and numerical solutions are available in [28].

The algorithm is summarized as follows
1. Divide each lower limb into N parts and assign weight to each part.
2. Find the maximum cost function value at each node using algorithm (12).
3. The solution is obtained by tracking the highest cost function value node down to the
starting node.

Remark 1

1. Howto divide each lower limb and how many parts are optimal is the problem related
to the clinical practice. We will not discuss it here.

2. The solution may not be unique.
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3. Moving CT table back and forth results in additional radiation exposure compared to
the conventional scan. However, if asymmetric arterial flow happens, conventional
scan needs another scan for the uncovered leg. The proposed method actually helps
to minimize the radiation exposure to cover both legs in a possible way.

This dynamic programming approach is able to cover several scenarios for chasing the contrast
bolus into two lower limbs. If one is interested in the artery of the left lower limb, W(L ;) =

N and W(R ;) = 1 may be assigned and in such a way, the resulted scan strategy guarantees the
left lower limb be scanned fully only if the bolus speed is less than the maximum CT table
speed. If one is interested in one or several part a lower limb, the weights for those nodes could
be increased.

Simulation results

To demonstrate dynamic programming approach on the two-leg CTA scan problem, three
different scenarios are simulated. In all the following simulations, each lower limb is 100
centimeters, which is the average length of a normal male adult. Each lower limb is divided
into N = 10 parts and each part is represented by its center. The lower bolus velocity is set to
2 cm/sec, and the maximum CT table speed is 15 cm/sec. Without loss of generality, we assume
the bolus flows faster in the left lower limb and the slower bolus runs in the right lower limb.
Dynamic programming approach is applied for three cases of two-leg CTA scan problem: 1)
scanning priorities are the same for all nodes on both lower limbs. In this case, we also
compared the scanning scheme for different bolus speed ratio. 2) Higher scanning priority for
one lower limb (either the left lower limb or the right lower limb). 3) Higher scanning priority
for part of one lower limb.

Case 1: The same weights on all nodes of the both lower limbs—In this case, we
assume there is no scanning priority on both lower limbs, therefore; all the nodes of both lower
limbs are assigned the same weight, one. As expected, the dynamic programming approach
results depend on the speed ratio of faster and slower bolus. When the speed ratio is low (the
top plot of Figure 4), CT table is moving back and forth to cover both lower limbs as much as
possible; However, when the speed is high (the bottom plot of Figure 4), the left lower limb
(the faster bolus) is scanned first and then switch to the right lower limb (the slower bolus).
Simulation results for speed ratio between 1.2 and 2 are listed in Table 2. It is interesting that
the total weight is not monotonically decreasing as the speed ratio increase. The reason is that
the close bolus arrival times of two nodes on different lower limbs prevent them being scanned
one after the other.

Case 2: Higher weight on one lower limb—In some cases, physicians might have priori
information of the PAD and know which lower limb is likely to have diseases. Then this is
easy to approach by assign a higher weight on that lower limb. For example, if the left lower
limb is preferred to be covered fully, we can assign N to each node on the left lower limb and
keep weight 1 on the node on the right lower limb. The top and bottom plot of Figure 5 show
the dynamic programming results for higher weight on the right lower limb and the left lower
limb, respectively. In both cases, the speed ratio is 1.2. It is clear that all the nodes on the left
lower limb are scanned in the top plot and all the nodes on the right lower limb are scanned in
the bottom plot. Although the total weights for both cases are the same, 108, the locations (y
axis) of missing nodes are different.

Case 3: Higher weight on part of the lower limb—The weights of the nodes on one
lower limb can be different, which corresponds to the cases when physicians are interested in
some specific parts of the lower limbs and want to scan the rest of the lower limb as much as
possible. To simulate that, we first set the weights of the middle two nodes on the left lower
limb to 2, and use the dynamic programming approach. The result is shown in the top plot of
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Figure 6, and then we set the weights of the middle two nodes on the right lower limb to 2, the
corresponding result is shown in the bottom plot of Figure 6. In both cases, the higher weighted
nodes are scanned, and the rest of the nodes are covered as many as possible under the dynamic
programming approach.

4. Experimental results

Remark 2

The proposed adaptive bolus chasing CTA method including resulted scan strategy is
implemented on the vasculature phantom using our in-house Siemens SOMATOM Volume
Zoom CT scanner with four-detector rows. Figure 7 shows the vasculature phantom used in
the bolus chasing experiment. The contrast bolus is mixed with red dye and driven by a
programmable pump, which controls the flow rate inside the vasculature phantom. Haemostatic
forceps are used to vary the bolus speed ratio in two lower limbs for asymmetric flow. During
the scan, the bolus cross-sectional image is shown on the monitor by real time image
reconstruction algorithms. A frame grabber is used to capture the CT images and feed the bolus
information to the controller. The controller predicts the bolus peak position at the next
sampling time, and sends a command to move the table accordingly. Thus, the bolus peak is
kept right under the CT imaging aperture.

Due to the proprietary issues, we are unable to fulfill our control scheme fully. First, real time
raw data is not available, and secondly, CT table control is through the CANbus line, which
causes control delay [27]. To that end, we have to scale down the flow rate of the contrast and
we can not demonstrate the complicated tracking strategy. In this experiment, we will
demonstrate the tracking strategy to cover the left lower limb (faster bolus) and then cover the
right lower limb as much as possible. The results are shown in Figure 8, where the top plot
shows the scanned Hounsfield Unit of left and right lower limb and the bottom plot shows the
CT table movement trajectory. We can see that both lower limbs are covered well except some
misses between 460 ~ 520 mm of the right lower limb, while the constant speed method (set
as 2cm/sec, which is optimal for the faster bolus) misses the whole right lower limb (Figure
9).

It is noticed that the uncovered segment lies in the upper part of the right leg. This can be
explained as follows: when the contrast bolus splits into two legs, their peaks are not separated
immediately, but after a while, they are far away from each other due to the asymmetrical
arterial flow. The CT scans the faster leg till the end and then and then come back to scan the
right leg, in which the contrast bolus flows slower. However, as the CT table is moved back
for the right leg, the bolus contrast in the right leg already flows some distance ahead, though
slowly, and that distance cannot be covered any more in this scan.

1. Hounsfield Unit is transformed back from the pixel value on the screen. Because we
do not have real time raw data, a frame grabber is used, which transform the HU into
pixel values between 0-255. In order to have better resolution of the bolus, we set the
CT display center at 400 and window 150. To that end, any position with HU close
to 150 in Figure 8 top plot and Figure 9 means it is not enhanced well.

2. The HU curve in Figure 8 top plot is smoother than that in Figure 9. This is because
adaptive chasing method moves at a big step every time due to the control delay, while
the constant speed method moves the CT table continuously.
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5. Discussion and conclusion

The asymmetric arterial flow in the lower extremities is mostly caused by peripheral arterial
stenosis in only one leg or different positions in two legs. Arterial occlusion is the extreme case
of the stenosis. It blocks the arterial flow to the downstream. The proposed approach is also
applicable to the occlusion case though it is not demonstrated in the experiment. We can either
treat it as one main artery case (neglect the occluded leg) or set the velocity of arterial flow in
the occluded leg be very low and still use the DP approach. Both methods need some prior
information of the vasculature. The later one is more conservative but increases the radiation
exposure.

We simulate the asymmetric flow on a vasculature phantom. The flow pattern may not be the
same as that in the human body. Actually, it is unknown before/after the experiment. However,
it is good enough to demonstrate the control scheme, which claims to be able to track the bolus
peak without knowing the actual bolus dynamics.

In summary, we propose an adaptive optimal method to track the contrast bolus peak in one
main artery and dynamic programming approach for the asymmetric arterial flow in peripheral
arteries, which form awhole body CTA scan scheme. Simulation results show that the proposed
method outperforms the existing constant-speed method substantially. Experiments on the
Siemens CT scanner successfully demonstrate the proposed whole-body scan scheme, which
will be the promising CT techniques for vascular diseases.
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Figure 1.
The human arterial tree. Part A includes the aorta, and Part B includes common iliac artery,
femoral artery, popliteal artery, posterior tibial artery and anterior tibial artery.
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Figure 2.

Tracking result on a patient data collected from UIHC. Top plot: the adaptive (solid) and
constant-speed (dash dot) method trajectory on the bolus contour (solid thin curve). The bolus
peak trajectory is denoted by dashed curve. Bottom plot: the achieved bolus density by the
adaptive (solid) and constant-speed (dash dot) method, the maximum achievable bolus the
achieved density is denoted by dashed curve.
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Figure 3.
Each lower limb is divided into eight parts.
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Figure 4.

Scanning arrangement results of dynamic programming approach on two-leg scan problem for
speed ratio 1.2 (top plot) and speed ratio 2 (bottom plot). In both plots, dots denote nodes on
the left lower limb and triangles denote the nodes on the right lower limb. Numbers beside
each dot denote the accumulated weight from the beginning to that node.
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Figure 5.

Scanning arrangement results of dynamic programming approach on two-leg scan problem for
higher weight on right lower limb (the top plot) and higher weight on the left lower limb (bottom
plot). In both plots, speed ratio is 1.2, and dots denote nodes on the left lower limb and triangles
denote the nodes on the right lower limb. Numbers beside each dot denote the accumulated
weight from the beginning to that node.
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Scanning arrangement results of dynamic programming approach on two-leg scan problem for
higher weights of the middle two nodes on left lower limb (top plot) and the right lower limb
(bottom plot). In both plots, speed ratio is 1.4, and dots denote nodes on the left lower limb
and triangles denote the nodes on the right lower limb. Numbers beside each dot denote the
accumulated weight from the beginning to that node. The green arrows point to the node with

weight 2.
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Figure 7.
The vasculature phantom in the bolus chasing experiment.

Biomed Signal Process Control. Author manuscript; available in PMC 2010 October 1.

Page 18



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caietal. Page 19

500 -
400}
=2 300

200 |

100 1 Il 1 Il 1 1 ]
0 100 200 300 400 500 600 700
Distance (mm)

=3
[=
o

=23

[=

o
T

Distance (mm)
N L
8 8

10 20 30 40 50 60 70
Time (sec)

o
o

Figure 8.

Adaptive bolus chasing CTA experimental results. Top plot: scanned Hounsfield Units for the
aorta (blue thick solid), the left lower limb (red thick dashed) and the right lower limb (black
thick dash dot), both lower limbs are scanned under a relatively high HU. Bottom plot: the CT
table movement trajectory. It tracks the faster bolus first and then comes back to track the
slower bolus.
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Figure 9.

Constant-speed method results of CTA scan. CT table moves at 2 cm/sec, which is derived
from the Figure 8. Top plot: scanned Hounsfield Units for the aorta (blue thick solid), the left
lower limb (red thick dotted) and the right lower limb (black thick dash dot). Bottom plot: the
CT table movement trajectory. The constant-speed method covers the left lower limb well but
misses the right lower limb totally.
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Dynamic programming approach results for different speed ratio of faster and slower bolus.

Table 2

Speed ratio | Number of node NOT scanned | Total weight
1.2 2 18
13 3 17
14 4 16
15 4 16
1.6 4 16
17 5 15
1.8 5 15
1.9 4 16
2.0 4 16
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