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Low-dose CT Cardiac Imaging
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Abstract: Cardiac imaging with computed tomography (CT) is one of the most recent advancementsin
CT clinical applications. Because of thelow helical pitch employed in the cardiac acquisition protocols,
radiation dose to patient is high. In this paper, we present a different data acquisition and image
reconstruction technique that reduces dose to patient by 50%~89%. The key enabler for such technique
is the large volume coverage (40 mm) of the 64-slice scanner. Compared to an average heart size of 120
mm to 140 mm the new V CT scanner is capable of covering the entire organ in 3to 4 steps. In conjunction
with the new acquisition, we present a complimentary reconstruction algorithm that overcomes
incomplete projection samples. We conducted extensive phantom and clinical experiments to
demonstrate the efficacy of the proposed approach.
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Two magjor technologica advancements are key to the recent growth in cardiac
applications, such as coronary artery imaging (CAl), with conventional CT scanners™. Thefirst
is the faster scan speed of the state-of-the-art scanners capable of rotating at 0.35s or faster per
gantry rotation. Compared to a typical scan speed of one second per gantry rotation nearly a
decade ago, this represents a factor of three improvement in terms of tempora resolution.
Although the scan speed is still dower as compared to an electron beam scanner, advanced
reconstruction agorithms partially compensate for some of the deficiencies. The second
advancement is the introduction of multi-slice CT. State-of-the-art scanners collect up to 64
projections simultaneoudly. This allows a large portion of the heart to be scanned in a single
rotation at a sub-millimeter dlice thickness.

CAIl acquisition relies on EKG signals to locate the quiescent phases of the heart. Many
studies were conducted in the past to develop algorithms and protocols to reduce the impact of
cardiac motion and to optimize image quality!?*¥. To ensure that the reconstruction is
performed at the same phase in a cardiac cycle, reconstruction window is selected at identical
locations relative to the R-to-R interval of the EKG. Low-pitch helical mode is typicaly
employed to guarantee that the entire heart volume is properly covered. For illustration, we plot
the detector row position asafunction of timein Fig.1. Inthisfigure, different cardiac cyclesare
separated by horizontal dotted lines and the detector-row locations are depicted by the solid
diagonal lines. Every point on these lines represents a single-row projection collected at a
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certain z location and a particular time (therefore a particular projection angle). For simplicity of
illustration, we depict a four-row scanner. The shaded boxes in the figure show the temporal
windows of the reconstructed images. These boxes, therefore, depict a unique set of time
intervals and z-locations. Width of the box represents the volume in z that can be covered with
reconstructions corresponding to a particular cardiac cycle. If the combination of gantry speed
and helical pitch isnot properly selected, the entire heart volume will not be uniformly covered
in the reconstructed images. For example, if the table travels too fast (helical pitch is too high),
gaps are present between adjacent volumes as shown in the figure. Although small gaps can be
filled by image space interpolation, larger gaps will lead to discontinuities and artifacts in the
volume rendered images. This is particularly problematic when considering the heart rate
variation in atypical patient.

To ensure complete volume coverage, helical pitches between 0.1 and 0.3 are commonly
used to account for the worst-case scenario. Thistrandates to a higher dose to patients since the
X-ray is continuously turned on and regions exposed to the x-ray radiation are highly overlapped.
One of the methods of dose reduction isthe use of mA-modulation where the x-ray tube current
is modulated such that the x-ray flux is reduced outside the reconstruction window. Despite of
these efforts, cardiac imaging remains to be one of the highest x-ray dose applicationsin CT. In
this paper, we present adifferent acquisition technique that allows significant reduction of x-ray
dose to patient. Due to the non-uniform coverage of the scanned volume, a complimentary
reconstruction technique is developed to ensure the fidelity of the reconstructed images.
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Fig.1 Illustration of coverage gap due to inappropriate helical pitch selection

I. DATA ACQUISITION AND RECONSTRUCTION

The key advantage of the helical scan isthe elimination of the inter-scan delay (A patient is
trandated at a constant speed during the data acquisition). This feature, however, becomes a
disadvantage in physiologically gated studies due to the high-dependency between the
acquisition location and timing. Adjustment in the reconstruction window translates
automatically to ashift in the reconstruction locationin z.

With the introduction of 64-dlice scanners, the volume coverage is significantly increased
as compared to a 16-slice scanner. For example, a LightSpeed™ detector coversonly 10 mm in z
a iso-center when acquiring in 0.625 mm mode, while LightSpeed VCT® covers 40 mm,
Compared to atypical heart size of 12 to 140 mm the 64-slice scanner is capable of covering the
entire heart in 3 to 4 steps, as shown in Fig.2. Considering inter-scan delays of roughly one
second, the total non-data acquisition period due to inter-scan delay in a cardiac study is no
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longer prohibitive and helical acquisition is no longer a necessity. As a result, step-and-shoot
dataacquisition (SAS) becomes aviable candidate. In SAS mode, the patient remains stationary
during the data acquisition of a cardiac cycle and moves to the next heart location during the
subsequent cardiac cycles.
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Fig.2 Illustration of step-and-shoot cardiac scan

For analysis, let us compare the acquisition time at a gantry speed of 0.4s per rotation.
Helical dataacquisition completesa CAl study inroughly 5s. If SAS modeis used, the study can
be completed in 7s. A recent study of over 90 EKG signals has shown that by reducing the data
acquisition time from 20sto 7s, the standard deviation in heart rate reducesform 5.74t0 4.54, a
20% reduction. This trandates directly to an improved image quality and reduced motion
artifacts. As the detector coverage increases, the acquisition time difference between the two
scan modes reduces. When the volume coverage is sufficiently large, the SAS acquisition will
be superior to the helical mode in term of acquisition time*".

There are severad advantages of the proposed scan protocol. The first is the improved
ability to deal with arrhythmia or irregular heart rate. During arrhythmia, the quiescent time
period of the heart is significantly reduced or eliminated and the image quality during such
cardiac cycles are significantly compromised. In a helical acquisition, we are forced to make a
choice to either keep the images of suboptimal quality, or discard these images and leave a
coverage gap. For SAS mode, the patient table dose not index to the next location until a good
dataset is collected. When abnormal EKG signal is detected, the scanner simply waits for the
next cardiac cycle for data acquisition. This advantage comes from the separation of data
acquisition timing and location in SAS mode.

The second advantage is the significantly reduced x-ray dose to patient. Note that x-rays
are turned on only during the active data acquisition and reconstruction phases of the heart and
turned completely off during other phases. Because of the data acquisition timing and location
can be treated independently, the gating is more effective. Even for the casein which al cardiac
phases need to be acquired and reconstructed, the SAS acquisition ensures that thereis no x-ray
exposure overlap in the covered regions. That is, al the regions are scanned only once, unlike
the low-pitch helical case where majority of the volume is scanned multiple times.

Next, we perform a quantitative analysis on the dose reduction. For SAS acquisition, the
dose, &, isproportional to the x-ray “on” timeif weignore the x-ray tube current modulation as
afunction of the projection angle to obtain more uniform noise:

H
‘fs :C'a'trot '73—‘ (1)
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where H isthe heart sizein z, d isthe detector z-coverage, t is the gantry rotation period, o is
the angular coverage ratio of half-scan over full scan, and c is afactor that scales linearly with
the x-ray tube current. For “regular-pitch” helical mode, we consider a modulated x-ray tube
current as afunction of the cardiac phase. It can be shown that the total dose, &y, is:

(1 H , H
gh =C (lrg—l thrt +a'trot]+(c_c)a'trot |7F—l (2)

where ¢' isthe scaling factor for tube current outside the systole or diastole phase, and ty, isthe
cardiac cycle. We use the ratio of the helical over SAS dose to understand the dose increase in
helical mode (By definition, dose ratio is unity for SAS). The results are shown in Fig.3. It is
clear from the figure that even for the 80% mA-modulation (lower tube current is 20% of the
peak) and “regular pitch” helical, the dose saving of SASisstill more than afactor of two over a
wide range of heart rates.
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Fig.3 Helical doseratio relativeto SAS mode
squares. “regular pitch” helical without mA modulation
triangles: “regular pitch” helical with 80% modulation

Let us now consider the reconstruction algorithm. To improve temporal resolution,
haf-scan is typically used in image reconstruction. In half-scan mode, projections over the
projection angle of m+27yy, are used instead of 2w, where vy, is the fan angle of the detector. A
FDK-based reconstruction formula can be described by the following equation”:

2
1 r+2rm D o D .
f(xV,2) =5 jo [WJ dgx me(s, A a(s,v, B)h(s'-s)ds ©)]

where w(s, /) is the well-known half-scan weight!*:

w(s, ) = 362(y. 8)-26%(7. ) @)
and
s _
27m—27’ 0< f<2y,-2y,
0y, p)=11, 2y, —2y< f<m-2y,
z+2y,—p T-2y<fB<m+2y,.
2y.+2y

Here, D isthe source to iso-center distance, sand v are the projection channel and row locations
corresponding to the reconstructed pixel (X, Y, z), B isthe projection angle, and vy is the detector
fan angle corresponding to s.
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For step-and-shoot acquisition mode, it is well known that the completely sampled region
is less than a cylindrical disc with its height equal to the detector iso-center coverage’’®. The
cone beam geometry reduces the coverage of each projection to a region with its height much
narrower than the desired volume near the source, as shown in Fig. 4. Although in theory one
can reduce the reconstructed volume to the smallest coverage of the cone beam to avoid missing
samples, it resultsin an unnecessary increased doseto patient. Notethat for atypical CT scanner
geometry, a46% reduction in the reconstructed volume will result. To overcome this difficulty,
we propose the following approach. Because of the cone beam geometry, theregion closer to the
detector covers a z-extent that is significantly higher than the coverage at iso. Therefore, if we
consider two projections that are spaced one detector width (at iso) apart and their projection
angles differ by =, there islittle sampling gap in the reconstructed volume. The two projections,
therefore, form a complimentary pair.

desired volume
\,/’

Fig.4 Reduction in coverage due to cone beam geometry

In the reconstruction process, we combine the contributions of neighboring halfscans to
compensation for the missing sampling regions in any halfscan alone. The projection dataset
first undergoes a row-by-row fan-to-parallel beam rebinning. For each projection sample, pa(s,
v, B), we examine the neighboring projection sample, ps(s, V', B’), where |B'—BJ|=nr with n
being an odd integer. By comparing vand V', aweighting function, (X, Y, z), is defined during
the backprojection step of the reconstruction:

enlx Y, 2) (5)
gA(X! Y, Z) +€B(X, Y, Z)

gA(Xv Y, Z) =
The reconstruction equation is given by:

2
1 2 D - D " 6
fA(X1 yi Z)=Ej0 (mj §A(Xv yi Z)dﬁX _[m\/m W(Svﬂ) Q(SN,ﬁ) h(S S) dS ( )
Similar calculations are carried out for the gjacent scan that producesimage fg(X, y, 2). Thefinal
image, f(x, y, z), isthen the summation of the neighboring reconstructions:

f(xy.2)=fa(x vy, 2+ fg(xv.2) (7)
II. EVALUATION

To evaluate the proposed reconstruction agorithm, we performed computer simulations,
phantom experiments, and clinical studies. The goal of the experiment is to ensure that the
proposed reconstruction algorithm produces equivalent image quality as the traditional helical
scan acquisition under normal heart rate conditions. We first performed phantom experiments
with awater-filled balloon that inflates and deflates triggered by an EKG signal. The phantom
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was scanned with both helical and step-and-shoot mode. Little difference can be observed in
terms of image quality. We then scanned various stationary phantoms of more complex
structures to evaluate cone beam effects. Again, comparable image quality was obtained with
both modes.

For clinical evaluation, patients were scanned with both helica and SAS modes and
reformatted images were reconstructed for the entire heart volume. One such example is shown
in Fig.5. It is clear from the figure that the image quality of both acquisition modes is
comparable.

LightSpeed ¥CT SYSHANONYHMIZED LightSpeed VCT SYSHANONYHIZED
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Fig.5. Clinical comparison of helical (left) and SAS (right) scan techniques

Next, we evaluate the dose saving of the SAS protocol as compared to the helical mode. The
results for prospectively gated axial scans evaluated with £5% and £10% confidence margins
and the retrospectively gated helical scans evaluated with routine EKG modulated mA (70%~
80% R-to-R full mA, lowering to 20% of peak mA elsewhere) are shown in Table 1. The
results show that a significant dose reduction was achieved using the SAS scan mode. Similar
evaluation was carried out between the SAS mode and helical mode without mA-modulation.
Dose savings between 73% and 89% were achieved.
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Table1l Dosecomparisonfor SAS scans (500mA) and helical scans (450mA) with routine EKG
modulated mA (70%~80% R-to-R full mA, 20% of peak mA elsewhere).

Helical =+ 10% confidence margin +5% confidence margin
"R Prr?g Margin/ms Spﬁ]g? = ngsg t Margin/ms Dczitia:]r;&/ PSS:Q t
Reduction Reduction
40 132 150 58 56% 75 4.2 68%
45 115 150 5.8 49% 75 4.2 63%
50 11.0 125 5.3 52% 62.5 39 64%
55 111 125 5.3 52% 62.5 39 65%
60 10.7 100 4.7 56% 50 3.7 66%
65 105 100 4.7 55% 50 37 65%
I11. CONCLUSION

In this paper, we present a step-and-shoot (SAS) acquisition and reconstruction approach
for cardiac CT imaging. Compared to the traditional helical acquisition mode, the proposed
approach has the advantage of improved ability to handle arrhythmiaor irregular heart rateand a
significantly reduced dose to patient. Thefirst advantage comes from the fact that in SAS mode,
the data acquisition timing and location isindependent. Thisisin contrast to the helical modein
which a shift in the temporal acquisition window means an adjustment in the data acquisition
location in z. The second advantage comes from the fact that overlapped x-ray exposure to
patient can be eliminated in the SAS mode. Compared to the helical mode without x-ray tube
current modulation, a 73%~89% dose saving can be achieved. Even for helical scans with

70%~80% tube current modulation, the dose saving is still more than 50%.

Because of the cone beam geometry and the use of half-scan reconstruction, the
reconstructed volume is not completely samplesin all regions. To overcome this shortcoming,
we propose areconstruction algorithm that makes use of complimentary samplesin the adjacent
scans. The proposed reconstruction algorithm employs a weighting function to ensure the
contribution to the final image is scaled with the quality of the data. Extensive computer
simulation, phantom experiments, and clinical evaluations were conducted. Results have shown
that the proposed reconstruction provides excellent image quality comparable to that obtained
with the helical scan mode.
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Technique Advancements of Light Speed VCT and
Its Clinical Applications

L1 Jian-ying
(GE Healthcare Technologies, Beijing 100176, China)

Abstract: In this paper we introduced some of the technique advancements of GE Light Speed VCT in hardware,
software and reconstruction algorithm areas, and how these advancements improved image quality and brought
many advanced clinical applications into reality including 5-beat cardiac, emergency chest pain Triple Rule Out™
and total stroke work-up. We also discussed the need to balance image quality and X ray dose and what GE was
doing to achieve the goal of getting diagnostic CT images at the lowest possible dose.

Key words: VCT; reconstruction algorithm; clinical applications; X ray dose
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