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Subsecond spiral computed tomograpff! offers great potential for improving heart imaging.

The new multi-row detector technology adds signi®cantly to this potential. We therefore developed
and validated dedicated cardiac reconstruction algorithms for imaging the heart with subsecond
multi-slice spiral CT utilizing electrocardiogranrECG information. The single-slice cardiac
z-interpolation algorithms 180ECI and 180E@Med. Phys.25, 2417+24311998# were general-

ized to allow imaging of the heart fdvl-slice scanners. Two classes of algorithms were investi-
gated: 180EMCDmulti-slice cardio deltg a partial scan reconstruction of 180K data with ¢

, F ~fan anglé resulting in effective scan times of 250 mentral ray when a 0.5 s rotation mode

is available, and 180EMCulti-slice cardio interpolation a piecewise weighted interpolation
between successive spiral data segments belonging to the same heart phase, potentially providing a
relative temporal resolution of 12.5% of the heart cycle when a four-slice scanner is used and the
table increment is chosen to be greater than or equal to the collimated slice thickness. Data seg-
ments are selected by correlation with the simultaneously recorded ECG signal. Theoretical studies,
computer simulations, as well as patient measurements were carried out for a multi-slice scanner
providing M5 4 slices to evaluate these new approaches and determine the optimal scan protocol.
Both algorithms, 180EMCD and 180EMCI, provide signi®cant improvements in image quality,
including extremely arythmic cases. Artifacts in the reconstructed images as well as in 3D displays
such as multiplanar reformations were largely reduced as compared to the staimtargolation
algorithm 180EMLmulti-slice linear interpolation Image quality appears adequate for precise
calcium scoring and CT angiography of the coronary arteries with conventional subsecond multi-
slice spiral CT. It turned out that for heart ratigg> 70 mir? * the partial scan approach 180EMCD
yields unsatisfactory results as compared to 180EMCI. Our theoretical considerations show that a
freely selectable scanner rotation time chosen as a function of the patient's heart rate, would further
improve the relative temporal resolution and thus further reduce motion artifacts. In our case an
additional 0.6 s mode besides the available 0.5 s mode would be very helpful. Moreover, if tech-
nically feasible, lower rotation times such as 0.3 s or even less would result in improved image
quality. The use of multi-slice techniques for cardiac CT together with the nerpolation
methods improves the quality of heart imaging signi®cantly. The high temporal resolution of
180EMCI is adequate for spatial and temporal tracking of anatomic structures of thedikart
reconstructiohn ¢ 2000 American Association of Physicists in Medicine.
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I. INTRODUCTION spiral scanning for cardiac imaging’ The only methods
known to us that used dedicated cardiac reconstruction algo-

) AR mhms for heart imaging are the ones presented in a previous
in western civilizations: For example 13.7% of all deaths are ging P P

. . ) ) article: ElectrocardiogramECG data, recorded during the
caused by ischaemic heart diseasgherefore there is a scan, may be used to divide projection data into ranges that
strong need for early, preventive cardiac diagnosis, i.e., non- ’” yd forbidden t bp Jt'l' qf ; gﬁ
invasive imaging techniques. are allowed or forbidden to be utilized for reconstruction.

Most of the techniques available today, such as cardiad "€ results are promising, although further work has to be
ultrasound, Tuoroscopy, conventional computed tomographyon€ to improve image quality and to establish means for
~CT!, spiral CT, and electron-beam computed tomographyluanti®cation of coronary calcium. _ _
EBT!, suffer from several drawbacks: they fail to detect [N 1998 new CT systems have become available which
small amounts of calcium and some of them are not readilpimultaneously measuid parallel slices instead of a single
available-e.g., EBT.? slice. We will refer to these systems as multi-slice CT. In this

Since spiral CT offers many features such as excellen@rticle, we show that this new scanning scheme offers the
volume scanning capability, high rotation spesdbsecond possibility to further improve the quality of cardiac imaging
scanning, quantitative imaging, high resolution, and broadin computed tomography. The algorithms speci®ed here are a
availability>* there have been many attempts to use standardeneralization of the cardiac algorithms 180ECI and
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180ECD*® 180EMCI ~multi-slice cardio interpolation a  1l. MATERIALS
piecewise linear interpolation between adjacent spiral datg\
segments and measured detector slices, is the multi-slice
equivalent of 180ECI whereas 180EM@Rulti-slice cardio The relative temporal resolutiom, describing the fraction
deltd, a partial scan reconstruction of 180K data withg  of the cardiac cycle contributing to an image, is determined
, F ~fan anglé, is the corresponding adaption of 180ECD.as the full width at tenth maximurFWTM! of the phase
They aim at overcoming the disadvantages of their singlesensitivity pro®lePSR. The PSP contains the weighted con-
slice equivalents: broadened slice sensitivity pro@gp  tribution of the cardiac phases to the ®nal image. It is the

for 180ECI and introduction of parallel streak artifacts due tdemporal equivalent to the slice sensitivity pro®gSR.
the selection of different data segment$80ECI and Since the PSP is not a smooth functiém contrast to SSPs

180ECD casel®!! which are the result of a convolution with the beam pro®le
During the annual meeting of the RSNA 1999, other car-the full width at half maximum+WHM! is not a useful
diac |mag|ng approaches were presented by some grougéescriptor for temporal resolution whereas the FWTM
Basically they can be divided into partial scan algorithmsmore adequately describes the width of the PSP. The abso-
with a tempora| resolution O'[trot/Z and Segmented ap- lute temporal resolutiomeﬁ, describing the period of time
proaches with a temporal resolution better thaf2. Some  contributing to an image, is given Hyy5 w/f,.
of them use simultaneously acquired ECG data for gating
purposes. The ®rst article to mention is a partial scan recon-
struction with manual selection of the ““timing shift" to se- 5. Virtual motion phantomn
lect a temporal reconstruction position corresponding to" P
minimum cardiac motion given a reconstruction position To evaluate our algorithms we have used the virtual car-
zr. 1218 Using a simultaneously acquired ECG to automati-diac motion phantom of Fig.~&! which has ®rst been pre-
cally detect the optimal reconstruction position for a partialsented in Ref. 10. It consists of several calci®cations which
scan has been investigated as Welielding a method quite are located as a lattice 0f335 points~spacing: 15 mm iry
similar to 180EMCD. Phase-coded reconstruction with ““im-and 20 mm inx!. The three rows contain calci®cations with
proved sector size" selectidhis using data from more than a diameter of 3 mm, 2 mm, and 1 mm, respectively. The ®rst
one cardiac cycle for reconstruction. However, data segand the second column contain calci®cations which are in-
ments and the number of “sectors" are not chosen as dyvariant under translations iz +.e., cylindrical objects
namically as compared to 180EMCI. whereas the third through the ®fth column contain spherical
Our article presents the de®nitions of the algorithmsalci®cations. The calci®cations of the ®rst and third column
180EMCD and 180EMCI as well as profound theoretical corare not subjected to motion, the second and fourth column
siderations concerning resolution, image noise, patient dosepjects are moved horizontally and the ®fth column calci®-
and temporal resolution. The corresponding SSP predictionsations are moved iz-direction.
as well as simulations of a virtual motion phantom will be  To simulate motion, the empirical motion function of Fig.
presented in comparison to a standard multi-slicel-b! was used. We are aware of the fact that this kind of
z-interpolation algorithm. Moreover, the performance of themotion is not physiologic and not necessarily realistic. Nev-
new algorithms is demonstrated in patient studies and conertheless, since our intention is to prove that our algorithms
pared to the standaminterpolation algorithm 180EMLI. are able to provide a reconstruction using only a small frac-
A benchmarking of the cardiac algorithms in comparisontion w of the heart cycle, this kind of motion function is
to the multi-slice ®ltered interpolatiod80EMF!I and the  well-suited for our purposes.

Temporal resolution

multi-slice linear interpolatior180EMLI including cases of There are two advantages: During 20% of the cardiac in-
arythmic cardiac motion and phantom measurements will béerval there is no motion at all. Thus, if the algorithms are
presented elsewhet. able to depict the object without motion artifacts, it can be

This article is organized as follows: The materials sectionconcluded that at most 20% of the cardiac cycle have been
will introduce the concept of relative and absolute temporalused for reconstruction and that the algorithm's temporal
resolution, and present the virtual motion phantom used foresolution lies below that value. Moreover, the remaining
simulation studies. The algorithms section treats the standai®0% of RtR can be used to show how the algorithm deals
and cardiac algorithms involved: 180EMLI, 180EMCI, andwith cardiac motion and, in addition to this, it can be shown
180EMCD. The de®nitions of the dedicated cardiac algahat a temporal and spatial tracking of the calci®cations is
rithms and theoretical considerations concerrgmgsolution  possible.
and image noise are given there. The methods section intro- The amplitudeA of the motion function was chosen as
duces the experiments performed followed by the correA5 5 mm since from the literature it is known that cardiac
sponding results section. Temporal and spatial resolution, renotion -e.g., for the ventricular walldoes not exceed linear
constructions of the virtual motion phantom, noisedimensions of about 10 mif:*® Quantum noise was added
measurements, coronary calcium measurements, the patidot draw attention away from those reconstruction artifacts
study, as well as dose considerations are presented there. Tttt have nothing to do with the cardiac motion and to give
article ends with the discussion section and list of nomenclaan impression of the noise characteristics of the different
ture. algorithms. Polychromacity and nonlinear partial volume ef-
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a) The z = 0 section of the motion phantom b) Empirical motion function

Fic. 1 ~a The virtual cardiac motion phantom that is used throughout this article. Cylindrical as well as spherical calci®cations of varying diameter are
available. For this image a single-slice spiral scan withS5 1 mm was simulated without motion, 180EL| was used for reconstrue®s0d ~o! The

motion function that has been used to simulate cardiac motion. The function is composed of a sinusoidal motion with akptieniging over 80% of the

cardiac cycle and a constant pe20% of R+R! with no cardiac motion. In the article we refer to the slow motion phase, which is located at 8R%Fof

in this plot, to the medium motion phase at 10% and to the high motion phase at 30%.

fects were not simulated to reduce the computation time ogitherS5 1.0 mm orS5 2.5 mm and the table increment was
phantom data generation. chosen betweed5 S andd5 2S to allow a complete cover-
True cardiac motion is 3D in contrast to the 1D motion age of the hearitypically 12 cm to 15 crhduring a single
used by our phantom. Due to the enormous variety of pospreathholddess than 30!s
sible 3D trajectories we decided to break them down into 1D  An ECG monitor-Siemens Medical Systems, Erlangen,
trajectories and assume the results to be representative f@ermany was used to record the patient's electrocardiogram
the 3D case. In addition, measurements using a cardiac mend to automatically detect tHR-peaks-these are the most
tion and calibration phantom with a realistic 3D LA®eft pronounced peaks of the EC&om the ECG data. These
arterior descending coronary artemypotion functio® have  R-peaks then were used to perform synchronization with the
con®rmed our assumption quite well. projection numbers, yielding the cardiac phasas a func-
tion of a: c(a).
C. Measurements, simulations, and reconstruction

The reconstruction algorithms were implemented on dll- ALGORITHMS
standard personal computd?Cl with dedicated reconstruc- Multi-slice CT systems offer not only the possibility to
tion and image evaluation software Impacti®/AMP  select data points obtained at the same angle of rotation
GmbH, Mehrendorf, Germarnly the reconstruction time lies -360E algorithms, measured sgirahd points obtained from
below 5 s per image on a 450 MHz Pentium CPU with 250ppposite views~180E algorithms, calculated or rebinned
MB of memory. datd such as in single-slice spiral G*? but also to choose
Simulations of the virtual heart phantom were performedthe slice from which data points are obtained.
to evaluate the scan protoqub 1/M. The simulated scanner In general, a zinterpolated projection at position
geometry is equivalent to the SOMATOM Volume Zoom (p,a,zg) is a linear combination of suitable, measured pro-
-Siemens Medical Systems, Erlangen, Germaije dis- jections:
tance of the focal spot to the center of rotation R
5 570 mm, the distance of the detector to the center of rota- p_p 5 7.15 (b W P~by,a,,m!,
tion is Rp5 435 mm, and the radius of the ®eld of measure- kP Z
ment isRy5 250 mm. This corresponds to a fan angle
5 52E. We simulated3}672 detector elements with quarter Where the weightsv,,5 wym(zg) are real-valued and
offset corresponding to a collimation ®13 S5 43 1 mm. bS5 2 1b, a5 al 2dyqbl kp,

1160 views per rotation and a rotation time of 0.5 s were
simulated. with k running over integer valuekP Z) and < a, 2p

All measurements were performed on a subsecond Splréf;equence dataFurthermore, conservation of mass demands
four-slice CT scannetSOMATOM Volume Zoom, Siemens
Medical Systems, Erlangen, Germamging a rotation time (>z WimZr!5 1 ZgP R
of t,;;5 0.5s. The nominal slice thickness was selected to be ms1,.m

m5 1,..M
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A. Standard algorithm imposed limit concerning patient dose. On the other hand,
g' S is not always feasible since volume coverage or
z-resolution would be too low.

The above discussion shows that 180 EMCI must allow

As a standard algorithm for comparison we chose to us
the linear interpolation algorithm 180EMHinulti-slice lin-

ear interpolatioh* The more commom-®ltering approaches . ) . o .
such as the algorithm 180EMFinulti-slice ®ltered inter- for arbltr_ary table Increments, |_.ejP R .Thls is achieved by
polation* make use of all available data to accumulate dosé@i)‘f{ggxg'gg din(tjayi?:l[g:%i\{;fllgr':gnvsgr?:teirsmlgnjv?/ﬁrgﬁggd;-?gr
in case of overlapping data acquisition. For low pitch values, S ! b

bping d P tandard multi-slice algorithms such as 180 EMBIwell as

as used in this article, their temporal resolution is even wors . . . o
than 180EMLI and thus they are unsuitable for a fair com!” the cardiac phase This requires to de®ne two weighting
functions, wyis{z) and wypasfC), the ®rst responsible for

parison to our cardiac algorithms. For the caleS our ®ltering. the lat ible f di h ®lteri
implementation of 180EMLI is equivalent to the single-slicez' ering, Ihe 1atler responsible tor cardiac phase ®ienng.
Then we simply evaluate the weighting equation

algorithm 180ELI, and it allows to select one of Memea-
sured slices to be used for reconstruction. Moreover, we have,,,~b,a,zg,Cg!

the possibility to select a certain slice for other pitches as

well. This gqables_us to reconstrumtdifferent images gt a 5 (’ WinP~By @y ,m! Y (> Wi, 24
given z-position using the standard algorithm. Thédedif- Ke Z

ferent images correspond to a temporal offsettgfS/d
which is the time span between two adjacent slices to reacWith the total weight chosen as the product of the distance

m5 1,..M m5 1,..M

the reconstruction positions . and the phase weight
ka5 WimZRr ,CR! 5 WistZ~axk ,ml2 ZR! thasé‘C"‘ak! 2 CR! .
2b!
B. Algorithm 180EMCI The reconstruction is centered abagt+econstruction posi-

The basic idea of 180EMCI remains the same as for it§on! and about the cardiac phasg ~feconstruction phase
single-slice equivalent 180E&lonly data acquired in ac- It must be pointed out that this approach allows for arbitrary
cepted phases of cardiac motion are used for reconstructioRitches. Nevertheless, only a solution that complies with Eq.
The fact that we are now dealing witt slices complicates 1! will yield optimal image quality in terms of bote- and
the situation as compared to the single-slice case. True line&¢Mmporal resolution.
interpolation would be only reasonable for table increments The weight functions themselves can be chosen to be tri-
being a multiple of the slice thickness, i.elP NS. Other ~angular:
cases potentially result iimore complicatedsampling pat- WeisrZ!5 L /A, WphassC!5 L </,

tern alongz that require abrupt switches of the interpolation ) S

streaking artifacts in the imagesPa reason why the CT< 1/2 the ®lter width for the cardiac phase. These widths
manufacturers use weighting or ®ltering algorithms instead€términe the spatial resolution zrdirection and the tempo-

of true linear interpolation to assemble the planar data. Higti@l resolution of 180EMCI. Nevertheless, this correspondence
temporal resolution, as required for cardiac imaging, delS only approximate since the normalization proced@e-
mands overlapping scans and thus a low table increment p&@minator of Eq-2a#introduces deformations of the weight
rotation. For a four-slice scanner, for example, the abovdunction which will not allow for an analytic calculation of

requirement and the demand for overlapping data acquisitiod!® corresponding ®gures of meritbthe FWHM of the SSP
would result in the possibilitiegl5 S, d5 2S, and poten- determineszresolution and the FWTM of the phase sensi-

tially d5 3S. tivity pro®le PSP determines the temporal resolutiog;.

An approximate upper limit fod follows from the request 10 ensure at Ieas_t one_data point contributin_g for a given
for high zresolution. During the duration fif of one heart View anglea on either side of the reconstruction plane we
cycle the detector array should not advance by more Kan WlII_ addmpnally dernancﬁ? S. This Iower. limit fprAy|eIds
slice thicknesses in order to have full interpolation possibili-2 linear interpolation between two neighboring measured
ties for anyz and any cardiac phase Otherwise the algo- Slices and consequently the optimal achievasfesolution
rithm would have to wait for the next cardiac cycle and thusS Smaller settings for the-®lter width could potentially
would use data further away from the reconstruction planef€Sult in cases with only one data point on one sidezof

This upper limit evaluates to contributing to the image plane.
The width selection has been implemented as follows.
d< MSfyt . 41 Given zz and a ®Ilter widt&the algorithm seeks for the

minimal phase width&that allows for a complete data set.
Thus, for example, the settirdp 3S would be rejected, as- The completeness condition demands for eaéh@;2p)
suming a rotation time of,,5 0.5s and a heart rate of 60 and bP @ 3F ,3F #to have at least one data point on each
min? ! .e., fut,o5 1/2! for M5 4. Moreover, since typical side of the reconstruction plazg contributing to the image
heart rates lie in the range of 50 to 120 Atrone ®nds that ~rom the de®nition of, and by it is obvious that opposing
S< d< 2S is desirable where the lower bound is a self-rays are taken into account by rebinnin@hus, the phase
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width Ais a function ofzg to adaptively account for varying u 2p L:J
heart rates. It does not vary as a function6f a!. All W> Wopd D_azH U2 futou

reconstructions shown in this article were performed using

5s p1lF 2 DamaWop
The strategy for dynamic width selection ensures to ob- W> Wre> Wopid Da, ' 3!
tain the optimal achievable temporal resolution regardless of
the currentdocall patient heart rate. Thus arythmic heart plF
W< Wiy S w, 1

rates and other abnormal behavior are covered optimally by Day '’
the 180EMCI approach.

Although the parametef\is dynamically adapted by our Here, as compared to 180ECI, we have dropped the relation
implementation 180EMCI it pays to derive the optimal widthwhich ensures that data gaps due to forbidden ranges will be
settings theoretically under the assumption of a locally conmuch smaller than the slice thickness, since due to the multi-
stant heart rate: slice acquisition these gaps are no longer existent.

Equation-3! ensures optimal data scanning, i.e., data still
missing after one rotation will be at the right position during
the next rotation, and it excludes trivial cases, i.e., cases
where all data are allowed or cases wheres large enough
to collect complete data during less than one cardiac cycle.

The triangular distance weight collects contributions fromOf coursefy is assumed to be locally constant, i.e., during
zz2 Ao zz1 Al i.e., over a distance dhon either side of the  2n,,,, rotations.
reconstruction plane. The overlap between #isidth and The important parameter in cardiac imaging is the relative
the detecto@terpolatable width 12 1)S#corresponds to a temporal resolution of the algorithm and not the effective
table translation o4 (M2 1)S and thus is available for an scan timetg, sincetq; does not describe the fraction of the

1. Width settings and relative temporal resolution
of 180EMCI

angular increment of heart cycle that is depicted in the image. The relative tempo-
ral resolutionw is the portion ofR+R that contributes to a
Day.5 ZpA M2 1!S certain reconstruction. For exampké 15% means that the
ma d ' algorithm was able to depict the cardiac motion to within
. 15% of RtR.
or, equivalently, Figure 2 depicts the system of Eg8! for n,.,5 4 and
A M2 11S F5 0 ~central ray; we have introduced the abbreviatién
Nmax® —q p2t 5 (p1 F)/2p for the sake of convenience. The shaded areas
together with the bold lines represent the allowed and non-
rotations on either side o . trivial settings forw. Obviously the minimal achievable rela-

a. Optimal data ®llingFrom Ref. 8 we know that the tive temporal resolution i$/n,,, and it can be achieved only
width w of the allowed cardiac interval must exceetl If the heart rate and the scanner's rotation time satisfy the
2 ft,quto allow for optimal data ®lling. This quantity, re- €ondition fyteS 16 f/npg,. For all other values of it o
“ected by the baseline widttv5 2& 1 of the phase weights the temporal resolution is worse than this minimal value.

in our new ®ltering approach, must ful®Il As an example let us assume tidb6 4, t,,5 0.5s, and
& d5 S, i.e., np,5 4. Then only patients with a heart rate
W> Wop5 W2 fiytypu of 105 or 135 miA* would give the optimaiv5 12.5% -the

corresponding absolute temporal resolution regarding the
b. Range restrictionNow care has to be taken to collect a gnptral ray would betyy 71ms andtes 56ms, respec-
complete data set within the given ran@ s, i-e., t0 col-  tjyely!, Other heart ratesvhich are quite probablavould be
lect at leasfp1 F contiguous data on either side of the re- yaconstructed with a relative temporal resolution worse than
construction plane. Following the derivation in Ref. 8 we 15 504 From this point of view a high rotation speed is not
come to the result always optimal. It would rather be desirable to have a free
p1F2 Dagw choice oft,,, at least within a certain range. This, unfortu-
max”opt. nately, is not the case with scanners available today.

Day Nevertheless, high rotation speeds offer the chance to skip

one rotation until the next allowed data can be acquired: If
c. Trivial case Excluding the trivial case of collecting the patient's heart rate is relatively low, it might be the case

W> Wieed Woptl

more thanp1 F data during one heart cycle gives that during then,,,, rotations there are onlgi,/2 allowed
p1F data intervals available. This would correspond to substitut-
w< Wm\,S D—aH ing

Wopd W2 frtod Wod W2 2 fytgu

Summing up, the multi-slice equivalent of E§! in Ref.  Graphically, this substitution appears as scaling down the
8 yields plot in Fig. 2 by a factor two. Similarly, there are situations
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f/n ...................... 5 =

0 1/n (141 1=f/n 1 1+f/n 2 Furtror

Fic. 2. lllustration of the conditions set in E€Q!. The shaded areas together with the bold lines are the allowed valugesiégending ot 4t,;. The smallest
possible width settingsassuming thaf,t,,.. 1/n! for ®xedn5 n,, arew,,5 f/n. They occur whenevei,t, ;5 16 f/n. The lower bounds correspond to the

parabolic functionw,.sand thev-shaped functiomv,,, respectively. Upper bounds ang;, and 1. The plot is drawn fdf 5 0 entral ray, d5 S, andM5 4,

i.e., p5 1/4. The gray bars at the top map the inter@0, 126tmin?* of typical heart rates for ®ve different rotations times ranging from 0.3 to 0.75 s onto
the abscissa.

where it might be necessary to skip even two or three rotareconstruction plane. An analytic description of complicated
tions ~up to n,,,2 1. Then the analogue to the equation situations like the one described would be very complex due

above are the substitutions to the large number of different cases that have to be consid-
ered. Thus we will not try to analyze each possible case. As
w uz futed w u2 3fyt,qu . : . :
op® Hrol! Wopd Hrot will be shown below-Fig. 5 in the results sectibpour ana-
| Iytically derived minimal width settings and the correspond-

ing graphs describe the real situation very well.

Wopt W2 Fitrold WopS U2 A2 1! ftiod The meaning of Fig. 3 is the following: The graph depicts
Figure 3 depicts the minimum of the original graph and thethe relative widthw as a function of heart rate and rotation
scaled versions. Moreover, we have included the case of veftyme ~to be more precisey is a function off 4t,,!. As can be
high heart rates where it might be necessary to ““reorder” thelearly seen, the absolute minimal widt¥b f/n.,,, can be
allowed intervals in order to minimize the distance to thereached only for a few settings &f;t,,;. For other combi-

w
1
.
-
I 0.75 s |, -
I 0.6 s 2
. 0.5 s 7
I 0.4 s B
I 0.3 s "
-
-
T ho v o o miimin o woEom oA M momoE owoBm d
37d .
-
.
-
fnp 24 & CE SRR AR Voo )
L | v \\ : ”
\¥} N7 N/
0 ' A" N N t
0 % % 1 2 .erot

Fic. 3. lllustration of the conditions set in EeB! in combination with its scaled versions including the case of high heart rates. Only the minimal possible
widths for a givenft,, are plotted. The dashed lines correspond torthgs 4 different functionsw,, that have to be taken into accousee text The

guiding lines~dotted lines are the ones of Fig. 2. We left out the corresponding dotted lines of the scaled versions for the sake of clarity. The dashed-dotted
line depicts the minimal achievable temporal resolutiom the case oh,,,,5 1, i.e., when the complete data has to be acquired during one rotation.
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Fic. 4. Relative temporal resolution of 180EMCI as a function of the patient's heart rate-st®eb and 0.75 s ane! 0.5 and 0.6 s scan mode are available.
The dashed line corresponds to the 0.75 and 0.6 s mode, respectively. The dott@dHige 4-a only visible around 90 mih'#represents the 0.5 s mode.
The solid line is the minimum of both and thus represents the minimal achievable temporal resolution.

nations of heart rate and rotation time, the relative temporatoverage. Figure~4 shows the consequences of using either
resolutionw will not reach the optimal valué/n,... The the 0.5 s or the 0.75 s rotation: only for heart rates around 90
graph of 180EMCI lies almost always below the dashedmin?? the slower scan mode has an advantage over the high
dotted line which corresponds to a partial scanspeed mode. The reason why we hardly gain improvements
reconstructionbthis is a reconstruction using only 180Eby additionally considering the 0.75 s mode is the following:
1 F of contiguous data such as 180EM@mesented below since the greatest common divisor of 50 and 75 is quite
and the other partial scan approaches that have been riargebto be more precise, gcd(50,%pP5Pand since the
viewed in the introduction sectionband consequently theunwanted peaks of the graph represent resonance phenomena
temporal resolution of 180EMCI is superior to a partial scarof heart rate and rotation time, the probability that these phe-
reconstruction. Only for those cases where 180EMCI mustomena occur in both, the 0.5 s and the 0.75 s scan mode is
collect all data during one heart beat the temporal resolutiorery high.
is the same as for a partial scan approach and the two graphs To show that an alternative, slower scan mode can be
coincide. Phase selectivity, in addition, is always inherentlyadvantageous, if chosen properly, we have added Hu. 4
given. which gives the relative temporal resolution of a hypothetical
As has just been shown, the algorithm does not yield theCT scanner that possesses both a 0.5 s and a 0.6 s rotation
minimal relative temporal resolution for €}, . When thisis mode. As compared to Fig-d the additional 0.6 s mode
about to occur the best workaround is to simply choose @amproves the achievable relative temporal resolution consid-
different rotation time. Choosing a different rotation time erably while still allowing for high volume coverage. For
corresponds to a scaling of the plot along the abscissa, If example, the resonance peak at 80 ihas vanished com-
was freely adjustable one could, for any arbitrary heart ratepletely due to the use of the 0.6 s scan mode.
reach the optimal relative temporal resolutidm,,,, ~which Moreover, the algorithm 180EMCI can also bene®t from
has already been shown in Ref. 8nfortunately only a few lower rotation times such as 0.4 or 0.3 s. This can be easily
discrete values df,,; are selectable on medical CT scanners.seen from Fig. 3 which contains ®ve gray bars. These bars
On the SOMATOM Volume Zoom there is a 0.5 s and adepict the location of the interva®0, 12Gtmin®® of typical
0.75 s scan mode available; higher rotation times are not dfeart rates for the rotation timesP $.3,0.4,0.5,0.6,
interest here as they would not allow for suf®cient volume0.73s. Although for increasing rotation speed this interval
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moves more and more to the left of the grapimce fyt, Moreover, as long as the minimal possible setting for the

decreasdsthe linear region, wherev,;,, dominates and the cardiac width is usedba situation that will frequently occur

complete data must be acquired during one heart beat, is ngtnce the algorithm’s aim is to minimizebthe used amount

reached yet. Thus 180EMCI will be still advantageous over &f data will approach the 180ELI value. Thus the image noise

simple partial scan reconstruction even for shorter sca®f 180ELI cannot only be regarded as an upper limit but also

times. as a good approximation to the noise of multi-slice cardio
interpolation.

C. Algorithm 180EMCD

This algorithm-multi-slice cardio delthis the multi-slice

equivalent of the 180ECD algoritHhit aims at reducing the
in Eq. 24 imposed on the weight functionsyy(z) and effectiye scan tim_e by doing a partial scan re_constrgction. In
Sthe spiral case this corresponds to a next-neighbor interpola-

Wpnas&C). Choosing the weights as triangular functions, as. ) . S
proposed above, does not simplify the situation signi®cantl ion since the data are taken from the slice which is closest to

The normalization can, in principle, only be doaeposte- R AI ran%e ofplF conti%ucl)us datal Is ngzd?ﬂ tg gain a
riori, i.e., after knowing how many data points really con- complete data set. Nevertheless, only 1B@Ewith 4, F

tribute to each triangle. These dif®culties arise already iﬁffecgvely contribute to Fhe reconstruction .Of thg heart
noncardiac spiral multi-slice algorithms, which might be altself.” Of course, the considerations on scan time will be the

reason why no analytically calculated SSPs for standard sp?—ame as in the smgle-sllc.e case. since ]lg@ﬂatq contrib-
ral multi-slice interpolation algorithms are found in the lit- ute to the heart the effective scan time will be slightly larger

1,
eraturefor example Ref. 23 ends up with a convolution than 5ty

equation for the SSP which is not or cannot be further evalu- The main advantage of the mglti-slice technology con-
ated analytically cerning the 180EMCD algorithm is that the next-neighbor

In principle, the projection data of a delta peak located a{nterpolatlon can now become phase-selectl\{e. As long as
the origin the detector array needs longer than the duratiop &f one
’ heart cycle to pass a givenposition zz, a next-neighbor

1 D a D z-interpolation can be centered about the given cardiac phase
P-b,a,m!5 &-blaal mDag2 2—M1 Libasi as cr. We will denote the corresponding view angle about

which the partial scan reconstruction shall be centered by
5 %b!ll%a—l m2 14\/'1 1) D and we have(ac)5 cg. Since it might be the case that this
as 2 center-view exactly lies at the edge of the overlapping inter-
val between the detector arg it does not suf®ce to demand

d/fyt,< MS as it is the case for 180EMCI. An additional
data range o&(p1 F) must rather be available and thus the

SSP2z5,CRI5 Ea (D Wil $ ; 1m2 =M1 11 D corresponding restriction for the scan parameters is
kP Z S

2
1plF
ms LM S o|-Sthmt!2 11 —p—D MS. 4al
Here, we have assumed the original slice pro®le to be ad- 2 2p

equatly represented by a rectangle function. Since there is NQowever, our implementation of 180EMCD allows for ex-
way known to us to circumvent the normalizing problem anqation at the outermost slices to be able to do without
analytically we will present numerical results in the resultsnis aqditional data range. This feature yields the less restric-
section. tive pitch restriction

d< MSfyt,g- ~4b!

2. Prediction of 180EMCI slice sensitivity pro®les

The analytical derivation of 180EMCI's slice sensitivity
pro®le is far from trivial due to the normalization condition

must be inserted into Eg2! and integration with respect to
a and b must be performed:

3. Image noise of 180EMCI , , ,
The partial scan approach 180EMCD requires a sgt of

Due to the ®ltering technique the cardio interpolation useg F contiguous data. We will assume that the detector array
at Ieastpl F data on either side of the reconstruction planedoes not Comp|ete|y pass a givemosition during th|sp
for reconstruction. The exact amount of data contributing to] F angular increment. This ensures that the maximum dis-

an image depends on both the width of the cardiac weightgance of the center of a detector line to the reconstruction
and the width of thez-®ltering weight. An analytic descrip- positionz; does not excee8/2. We get

tion of this rather complicated situation cannot be given.

Nevertheless, the number of data points cannot fall be[ow the <MS 2p 4d
value used for the standard single-slice algorithm 180ELI and plF’ )

the interpolation used by 180EMCI is a two or more point

interpolation with equally distributed positive weights on theIn most cases EqAd is less strict than Eg4a. For ex-
average whereas the 180ELI interpolation uses two poin@mple using our settings,5 0.5s andF 5 52E we ®nd that
always. Thus the image noise will be equal to or lower tharas long asf;< 90/29 120 mirf ' 372mirf 1, i.e., for virtu-
180ELI which is thoroughly discussed in Refs. 3,4,22,24. ally any patient, Eq-4d is the dominating pitch restriction.
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As an example assunfg,5 60 mirf?, t,,5 0.5s, andF reaches the reconstruction position, Where§@ is the view
5 52E. Then the table increment is restricted by #¢. to  angle of the center of slicen reachingzg.

d& 1.72S or, equivalently,p& 0.43. Using Eq.4b! yields The product of the second and third rectangle function

d< 2S and p< 0.5. Increasing heart rates allow for higher can be simpli®ed and the slice sensitivity pro®le becomes

pitch values. 2 a

The algorithm 180EMCD can be given as SSPzg,cg!5 Ea ( 1 SJD

5Y,...M p

Pmep~b,a,zg,Cg! "
2 ag™1 %aRD

5 W mP~b m! Y w Sd 31l §
km k»@x,m: km> "Dasz LHRU uo
KP z Kp z

m5 1,..M m5 1,..M

. 2a™ ia
with 5 (1 ||&Du cC°R - 27R
m5\,..M p

~Dag2 uagu U0
1 b2 aCDQ-ﬁk,m!Z zRD
Wikmo WkmZRrCr!S 113 \J
p S 5 I1** o~ac2 ai™1 Lagl.
5hl ms ... M p.,~Dag2 waru U0 R 2

The weights are designed to contribute the necessary 180E Evidently, a further analytic description of the SSP in full
data range, i.e.ac2 3p< ail by, acl ;p and only the generality is not very instructive. Nevertheless, the integrand
nearest-neighboring detector lines, i.2g2 3S< z(a,,m)  above indicates that there are certain pitch values that allow
, Zgl 3S. for simpli®cation: forDagP p/N the shiftsmDag of the
second rectangle functio@iven bya(Rm)#exactIy divide the
o 3 ) o width p of the ®rst rectangle. Consequently, the rectangle of
1. Prediction of 180EMCD slice sensitivity pro®les width p overlaps@s long as Eq-4! is ful®lledt exactly

Inserting the projection data of the delta peak p/Dag rectangle functions of width@as2 uag) U0 which
p .
SSPzR,Cr!5 —,Dag2 laruUO...

gives a total area of overlap of
1 a
P~b,a,m!5 0‘~b!0’Sl mDag2 E-I\/Il 1!DaSDII%?D
S Dasﬂ

a 1
5aLb!||$)—1 m2 =-M1 1!D aRD RD
as 2 5pL 2 pL
S

into Eqg.-5! and integrating ovea and b yields

2 a This value is independent a@f; and thus independent of the
SSPzg,cr!5 Ea ( IIS—CD cardiac phaseg. The slice quality descriptorsbexact for
m53,..M p dP 2SN under the restriction Eq4!Dcan now be stated
Q-ami2 zRDQa 1 D FWHMS5 S5 1.008
_ 1 . ’
31 S % S1m2 2~M11.

FWTM5 2S5 1.808,

2 aCDS a
5 a IIS— Im N 1A
E m5(,___M p as FWTAS 2-12 A1/10S 1.375,

1 ZRD$a 1 D SPQb 3/45 75.0%.
— | — — |
2 ZMl 12 S asl m2 le 1 For pitch settings other than those derived above, the slice
sensitivity pro®le will depend ocg. The reason is that the
E 2 ac integrdl overlap of th les will be mod
5 a ( I ~now nonintegrdl overlap of the rectangles will be modu-
m5Y,..M p lated by the value ofi. Numeric results will be shown in
the results section.
QZ a;{mDQQ“’l aRD
31 [C,
Das Das
where we have used D. Image noise of 180EMCD
ZR 180EMCD is a partial scan reconstruction which means
ard> 2p d that in the center of the image only half of the data contribute
d to each image as compared to 180EMLI. Thus, in comparison
an

to a conventional step and shoot 360E CT scan, the image
a™5 a2 mDa<l ~M1 1!Dac: noise is expected to rise by a factor & ~360E datq are
R =R st 2 s redundant by a factor of 2 as compared to the 180E partial
ag is the angle under which the center of the detector arragcan reconstruction
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IV. METHODS cations relative to their motionless counterparts. For each

heart rate, algorithm, and phasslow, medium, and high

motion three numbers result: the relative score of the mov-
To con®rm our-quite complicatet] theorectical results ing cylinder and the relative scores of the spheres moving in

concerning the temporal resolution of 180EMCI we havex- and inz-direction.

simulated situations corresponding to heart rates ranging

from 40 to 150 miA* and regarded the algorithm's output of F. Patient study

the relative temporal resolutiow. The simulated scan pa- A patient study consisting of 25 patients scheduled for

rameters aréd5 4 andds S. cardiac chest exams was carried out to test the dedicated
Relative temporal resolution of 180EMCD has been cal-

culated asv5 .t since only half a rotation contributes to cardiac algorithms using clinical data. Informed consent was
i 2 Hirot = y obtained. Heart rates ranged from 50 to 120 ThinThe
each image, i.etg5 5tior-

clinical data were reconstructed with the dedicated recon-
struction algorithms 180EMCD and 180EMCI and the stan-
dard algorithm 180EMLI to evaluate the cardiac algorithms.
Since the pro®les cannot be determined analytically we

will rather present numerical results. SSPs and their ®gurds. Dose considerations

of merit are taken directly from our implementation of
180EMCI and 180EMCD where they are calculated automatg)—r
cally during eactz-interpolation process in a spinoff manner.

A. Temporal resolution

B. Slice sensitivity pro®les

To investigate patient dose and image noise values more
ecisely we have calculated the relative temporal resolution
w and the expected dose increase factors for both prospective
and retrospective gating for a wide range of heart rdtes
and possible table incremerdsFor the prospective trigger-

To compare the approaches presented in this article wi#@g we assume the reconstruction phageo be ®xed prior
have simulated the heart phantom for various heart ratet® the scan and we assume the radiation to be switched on
ranging from 50 to 135 mi'. The simulation parameters only for those projections that are used for reconstruction.
were d5 S5 1 mm andM5 4. The dedicated cardiac algo- One would then be able reconstruct images at arbiteary
rithms are compared to the standasihterpolation algorithm — but ®xedcg.

C. Virtual motion phantom

180EMLI which we modi®ed to use only one of Meslices The dose increase factors were calculated as follows. As a
for reconstruction. Axial as well as multiplanar reformationsreference algorithm we use 180EMfind not 180EMLI
~MPRd have been investigated. since 180EMFI uses data redundancies to accumulate dose.
This algorithm is the standard algorithm of multi-slice scan-
D. Image noise comparison ners and thus dose comparisons should be done relative to

180EMFI. We simulated noisy rawdata which then were re-

The reconstructed volumes of the simulated motion phanggnsirycted using 180EMFI and 180EMCI for various table
tom have been used to study the noise behavior relative tQ,.rements and heart rates. Image naisg, and s ye Was

the standard algorithm 180EMLI. An R@égion of interest  cqrrected by multiplying with the square-root of the accor-
was placed in the area above the calci®cations in the heart tint effective slice thicknesEWHM of the SSP S,

he noi h dard deviation of the CT val orLMF
measure the noise as the standard deviation of the CT valueg,gs .. . The relative dose factor for retrospective gating
Heart rates ranging from 40 to 135 rithhave been consid- ;

. X ) was then calculated as the square of the noise ratios
ered for the image noise comparison.

2
S MciSeft, Mcl
Died 20—

E. Coronary calcium scoring sf,lF,Seff'M,q '

To quantify the performance of the three algorithms, weMultiplying this value by the fraction of data used to recon-
have calculated a coronary calcium sce@CS for the 3  struct exactly one constant cardiac phagg const gives the
mm calci®cations. This was done as follows: for a completeelative dose value for prospective gating since, as men-
reconstructed volume of the virtual motion phanteenrre-  tioned before, here we assume the radiation to be switched
sponding to the volume shown in the results section below iron only for data needed for reconstruction. Although this
Figs. 8 and 9we placed ROIs around each calci®cation andeature is not readily available on commercial scanners the
integrated over all pixels above 130 HU. The underlyingcorresponding values may be of interest since they quantify
heart-50 HU! was taken into account by subtracting 50 HU the data utilization of 180EMCI.
from each pixel value prior to the integration. It must be
noted that the object of this article is not to propose or test/. RESULTS
calcium scoring algorithms; we simply chose the 130 HU
threshold since it is used for the well-known Agatston
score?® We are aware of the fact that this kind of threshold-  To validate the theoretical results of Fig. 4 we have in-
ing is not optimal but the volume score used here suf®ces faluded a plot of the relative temporal resolution achieved by
our purposes. Moreover, we are not presenting the absolutsur implementation of 180EMCI in Fig. 5. These results
scores achieved but rather the scores of the moving calci@gree well with the theoretical description. The steps in the

A. Temporal resolution
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B. Slice sensitivity pro®les

1. SSPs for 180EMCI

Some examples of slice sensitivity pro®les are shown in
Fig. 6. Obviously, the pro®les vary dependent on the recon-
struction phaseg. Nevertheless, since these variations are
not too instructive we have picked out four cases: Figl! 6
shows the casé,5 135mirf * where the highest temporal
resolution of 56 ms is achieved. The pro®le shows only little
variations for varyingcg. Figures 6b!, 6!, and 6d! give
Fic. 5. Relative temporal resolution achieved by our implementation ofa_n example of how the pitch in uencgslthe shape of t,he SSP,
180EMCl+bold ling plotted from 40 to 150 mfht for the 0.5 s scan mode  JiVeN a constant heart rateere: 80 miA ™. The plots given
~compare to Fig. 4 As has been predicted, the minimal relative temporal are similar to plots of other typical heart rates and table in-
L%S‘gUtiT%” ‘12"’5 rlf_-5°|/°rclart‘_ be tferiChfdl Or”'y Ifotr_ Cﬁ”?:;;g&g?*ﬁ-“v A crements which is the reason why only these four represen-
included ?or ceoom‘?)iacr‘iasor:3 Sljlyr?osiﬂ;s%:d—(?;t?elijlﬁneo % **Native ®gures are shown. . .
Obviously, the pro®les are unsymmetrical and biased to
one side for a given reconstruction phage However, these
distortions are of the order of one magnitude lower than the
graph are due to the fact that our implementation allows onlyFWHM of the pro®les and thus less than one-tenth of a reso-
for integer values of the cardiac phase. The other deviationkition element inz-direction. Moreover, the bias is zero on
from the theoretical curve result from those cases where thaveragetegarding all reconstruction phases 6g, 1 for a
selection of data requires a complicated reordering of aleonstantz-positionzg or, equivalently, regarding all possible
lowed data ranges. Those situations were excluded from thepositionszgP R for a given reconstruction phasg!. Thus
theoretical consideration as has been mentioned above. the fact that the pro®les are locally biased and unsymmetrical
The dashed-dotted line of Fig. 5 corresponds to the relawill have no impact on image quality.
tive temporal resolution achieved by 180EMCD. Its value is Evaluating the SSPs for all cardiac phasgsand a num-
worse than 180EMCI's value for almost every heart rate exber of typical table incrementsSg d< 2.5S) and a range of
cept for the resonance cases. typical heart rates50 to 120 mid!l has shown that the

Fic. 6. 3D-plots of 180EMCI's SSP for the cagés 135 mirf  andp5 1/4 yielding the highest achievable temporal resolution of 56ahand for the typical
heart ratef ;5 80 mir? * at varying pitch valuesh!, <!, <!. Te zresolution, measured by the FWHM of the SSP, lies in the order & 4r@l the pro®le's
SPQI is about 83%.
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Fic. 7. 3D-plots of 180EMCD's SSP fai5 1.5S and 2.5 as a function of the-position and the cardiac phasg which corresponds to the reconstruction
view centera. . SSPs are normalized 1@, 1# Sinced! 2SN the plots deviate from the perfect triangular SSP that has been derived in the text. These
deviations become negligible for larger table increments. The plot-rangg wias chosen to b@ p, p#to show all features of the SSP and to comply with

Eq. ~4! ~assuming a heart rate of 60 rfi for both pitch settingsd5 1.5S, and 2.5, andM5 4.

individual pro®les are quite similar, regarding their ®gures of-interpolation algorithm. Only for the standardinter-
merit. We found FWHM 1.35, FWTM' 2.3S, and SPQI polation 180EMLI these numbers were calculated theoreti-
' 83% -the slice pro®le quality index SPQI is the area withincally: the PSP of 180EMLI is a triangle function of full width
FWHM divided by the total SSP area and describes how, 5 0.5s and thus the FWTM is given b5 0.9,

close the pro®le's shape is to the ideal rectamtjiéhe varia- 5 450 ms. The corresponding relative temporal resolution
tions with respect teg, fiy, andd lie in the order of 10% of  was calculated a®/5 tegfy.

these values. As can be easily seen, for low heart rates all algorithms
i are able to depict the slowly moving calci®cations without
2. SSPs for 180EMCD apparent motion artifactaipper row. Nevertheless, the re-

Figure 7 gives an impression fob gs anddb gs’ pltCh construction in the h|gh motion phaS@WGr row shows
settings which yield SSPs varying with. . The 3D plot-a diffe[ences betwee'n the algorithms even for low heart rates:
function of bothz and ac! shows that deviations from a 180EMCI and 180EMCD are preferable over the standard re-
perfect triangle function will occur. Nevertheless, these deconstruction.
viations are negligible as compared to the single-slice For all simulated heart rates, ranging from 50 to 135
algorithmé and the above ®gures of merit are a good apmin’’, the cardiac algorithms areBnot surprisinglyD
proximation. Moreover, SSP()5 p for any value ofcy ~ superior to the standard linear interpolation. Especially
and arbitrary table increment This means that the achiev- 180EMCI shows good performance for high heart rates, even

able contrast does not depend on the cardiac phase. for tachycardic situations f(;. 100mirf1). It must be
pointed out again that for the standard algorithm 180EMLI
C. Virtual motion phantom we chose the-position to yield either best or worst image

guality whereas for the dedicated cardiac algorithm the im-
age quality remains the same throughout the complete vol-
me.

Figure 8 shows for each simulated heart rate six image
~wo rows, three columtsThe upper row of images corre-
sponds to the slow motion phase. The lower row is located ame
the high velocity phase of cardiac moti@f. Fig. 1hl# The Figure 9 d_emonstrgtes the perf(_)rmqnce of the standard
three columns correspond to thdnterpolation algorithms and the cardiac algorithms in thedirection by means of
180EMLI, 180EMCI, and 180EMCD. The standard linear inr_’nult[planar reformationsMPR!. It can be clearly seen that
terpolation algorithm is not ECG correlated. Thus we havet80EMLI does not display the objects continuously. Espe-
chosen the reconstruction positipgsuch that the upper row Cially the sphere moving alongappears to be noncontigu-
depicts the best case regarding motion artifacts and the low&Us. The cardiac algorithms, in contrast, display the calci®-
row shows the worst case. In general, this reconstructio§ations as expected. Only in the high motion phase problems
position does not coincide with the centez5(0) of the  With the sphere moving iz-direction become apparent. Nev-
spherical calci®cationghe 33 3 rightmost calci®catiohs ertheless, 180EMCI displays the respective sphere better in
and consequently some of them may not be depicted. the tachycardic model05 mirf 1! than it does in the 60

Each image is annotated with the relative temporal resomin®* mode. This is a result of the said resonance phenom-
lution w and the absolute temporal resolutiog. These —enon: During one 60 mint heart cycle the scanner rotates
numbers arenot taken from the theoretical results given in exactly twice and thus cannot gain any new information. The
the previous sections but rather were calculated as theffective scan times of 180EMCI and 180EMCD are the same
FWTM of the phase sensitivity pro®le, PSP,bthe pro®lein this case and the only major difference between these two
which contains the cardiac phase weighted according to italgorithms is the image noise. This is con®rmed by the 60
contribution to the central ray of the imageDdirectly by the min?? high motion phase images of 180EMCD and
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Fic. 8. Images of the cardiac motion phantom for a wide range of heart raté6d.
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Fic. 9. Coronal MPRs through the 3 mm calci®cations for 60 and 10% 'mi@ince 180EMLI is not phase-correlated the MPR depicts the moving
calci®cations in a sinusoidal fashion. The cardiac algorithms perform much better. For the medium motion phase it can be seen that the moving calci®cations
are displaced by the full amplitud&s 5 mm of the motion function from their origin. For the high heart rate only 180EMCI shows a good image quality. This

is due to its high temporal resolutior0/500.

180EMCI. The only remedy for this situation would be toclear that as soon as the resonance case occurs 180EMCI uses
chose a slightly different rotation time, as has been menredundant data for averaging and thus for noise reduction.

tioned previously. On the other hand, for heart rates which allow to reduce the
relative temporal resolution by collecting data from different
D. Image noise comparison cardiac phases during successive rotations no averaging

. . .__takes place, and image noise increases towards the image
These resonance cases are also manifested in the image

noise values of Table |. As has been predicted, 180EMC m(s)c: of 180EMLIH d h . . . h

shows slightly increased noise values as compared to course we have done t_ € noise comparison using the
180EMLI: 180EMCD increases noisedyand 180EMLI by ~Same spatial in-plane resolution for all algorithms. For the

A4/3 as compared to a step-and-shoot ahps the ex- clinical images below, however, we decided to use the re-
pected value of 180EMCD relative to 180EMLIAg/2  dundant dataopposing rays available for 180EMLI and

' 122%. 180EMCI's image noise lies below 180EMLI. Nev-180EMCI combined with the quarter detector offset of our

ertheless, for certain heart rates 180EMCI's image noise &canner to increase the spatial resolution of the images in-
very close to 100%, i.e., fofy5 105mirf! and for f stead of using it to reduce noise. For this reason the
5 135mirf !, whereas for heart rates which are in resonancd 80EMCD images of the clinical cases presented below will
with the scanner's rotation timenhere:t,,5 0.59 it is sig- appear smoother and less noisy than the 180EMLI and
ni®cantly lower-60, 80, and 120 mfn'l. Here it becomes 180EMCI images.
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TasLE |. Noise values obtained for the virtual cardiac phantom relative toF, Patient study
the value obtained in 180EMLp5 1/4.

Examples for patient data are presented in Figs+d@

fy 180EMCD 180EMCI heart rateé and 11-high heart rate The two dedicated car-

40 123% 69% diac algorithms are compared to the standangterpolation

50 125% 83% there. We simply regard the four-slice scan as being four
60 1242/0 572/0 single-slice scans with a temporal offsettqfS/d5 0.33s.

;8 EZ;; gé;; By picking out each one of the four slices separately and
90 126% 71% applying 180ELI we can reconstruct images at four temporal
105 126% 89% locations, separated by 0.33 s eatdft column. The tem-

120 125% 42% poral spacing of 0.33 s corresponds to an offset in cardiac
135 126% 91% phase of 28% for the 51 mfirt patient and to 52% for the 95

min?! patient. For both patients the image quality of the
standard reconstruction is surprisingly good, which is due to
the low rotation speed of 0.5 s. Nevertheless, especially the
_ ) left ventricle shows double contours due to the cardiac mo-
E. Coronary calcium scoring tion in Fig. 10~for m5 1, 2, and 4 and in Fig. 11 motion

The results obtained by our volume scoring algorithm areartifacts become apparent in the right ventrigteés 2, 3, and
given in Table Il. For each algorithrl80EMLI, 180EMCI, 4!. The most severe ®nding is that the display of the com-
and 180EMCDeach motion phasslow, medium, and high ~ plete volume by 180EMLI is discontinuous and shows ex-
and each heart ratérom 40 to 135 miR !l three numbers are treme stepping artifacts in the MPRottorm. 180EMLI is
given: the relative score of the 3 mm cylinder and the twonot phase selective and thus good transaxial image quality is
relative scores of the 3 mm spheres, one moving-imnd  given only by chance; an acceptable display of complete
one moving inz-direction. The ideal score is 100% and thosevolumes is not possible and the standaréhterpolation
values which are superior to the standard approach 180EMishould not be used for 3D displays.
are underlined. The partial scan approach 180EMCiiddle columm,

From these numerical results we can conclude that theeconstructed atg5 0%, 25%, 50%, and 75%, improves
calcium scoring will yield better resultéess deviation from this situation signi®cantly. Especially for the low heart rate
the optimal 100% for the cardiac algorithms than for the patient-Fig. 10 the image quality is superior to 180EMLI:
standard algorithm. Especially in the slow motion phase théhere are no double contours in the axial images and the
CCSs for 180EMCI and 180EMCD are clearly superior. HowMPR shows almost no stepping artifacts. In Fig. 11, how-
ever, a general underestimation of the trl80% score by ever, the heart rat€5 mir? ! is too high for 180EMCD and
the standard algorithm 180EMLI must not be deduced fronthe MPR, although much better than 180EMLI, shows dis-
Table 1l. Depending on the motion function used and de-continuities. These discontinuities result from the fact that
pending on the scan start it may also be the case that thbe tube positionsc, around which the partial scan is cen-
standard algorithm overestimates the true calcium store. tered, vary from heart beat to heart beat. Consequently, mo-

TaBLE Il. Coronary calci®cation score for various heart rates. Motion phase “slow" corresporgs ®80%, “medium" is located atg5 10%, and

““high" is centered aboutg5 30%. The triplesA B C, are relative numbergyiven in % as follows:A is the relative CCS of the moving and the stationary

3 mm calcium cylinderB is the score of the 3 mm sphere movingximelative to the score of the stationary 3 mm sphere, wheteiasthe relative score

for the sphere moving im-direction. Values greater than 100 mean that too much calcium has been detected. Underlined values denote that the respective
cardiac algorithms score equal or better than the standard algorithm. The average and standard deviation values are given additionally.

Undef. Slow Medium High

fy 180EMLI 180EMCI 180EMCD 180EMCI 180EMCD 180EMCI 180EMCD

40 92 88 84 99 99 103 101 101 102 99 9 89 101 103 95 96 94 58 105 100 86
50 80 82 67 100 102 97 101 102 99 99 100 92 100 96 97 101 76 62 117 102 61

60 8 91 59 99 101 95 100 94 94 98 93 89 100 99 97 103 82 21 109 104 45

70 88 8 49 99 93 103 97 8 90 100 94 91 107 106 93 94 79 65 119 100 36
80 87 85 53 99 100 89 99 95 85 105 100 85 109 109 92 122 79 62 127 99 38
90 90 84 45 100 100 96 101 95 73 95 103 101 120 104 84 77 55 45 121 97 23
105 9 1 91 38 101 97 100 110 87 60 99 99 93 130 115 72 83 68 77 115 104 41
120 8 3 74 39 91 86 47 95 93 55 120 82 52 135 101 67 112 74 14 136 110 33
135 8 3 75 41 101 104 97 114 97 52 99 96 90 132 96 62 84 65 67 114 89 40

Mean 87 8 53 99 98 92 102 95 79 102 96 87 115 103 84 97 75 52 118 101 45

Sigma 4 6 14 3 5 16 6 5 18 7 6 13 14 6 13 14 10 20 9 5 17
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Fic. 10. Patient with 51 mifi! reconstructed at constanposition. For the standaminterpolation 180EMLHeft columrl we have picked out the measured
slicesm5 1 throughm5 4 Heft column from top to bottofnand thus are able to reconstruct four images at the same position with an temporal offset of
t,3/d5 0.33s. For the cardiac algorithms 180EM@niddle columm and 180EMChight columr the reconstructions were centered about the cardiac
phases 0%, 25%, 50%, and 75%. The MPRs at the bottom demonstrate the performance of the algorithms for the complete volume. Collimation 4
31 mm,d5 1.5 mm.~0/500.

tion artifacts that depend on both, the cardiac motion and thportant for patients with high heart rates, can be achieved by
current view direction, will vary throughout the volume and 180EMCI.
result in these stepping artifacts. Another example for phase selectivity is demonstrated by
180EMCI~ight column of Figs. 10 and 11in contrast, Fig. 12 which depicts the heart throughout a complete cycle
achieves very good image quality for all heart rates. It is ablen steps of 15%. In the plane shown the cardiac motion can
to correctly depict the anatomic structures of the heart, theasily be traced. Moreover, it becomes clear that there is a
calci®cations, and the coronary arteries. Motion artifacts armotion component perpendicular to the image plane. For ex-
greatly reduced, even for high heart rates, and the multiplaample a calci®cation begins to appear at the second half of
nar reformations are of high quality. Phase selectivity to-the cardiac cycle. Except for image noise there is hardly any
gether with high temporal resolution, which is especially im-difference between 180EMCD and 180EMCI in this case,
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Fic. 11. Patient with 95 mifi reconstructed at constarposition. For the standaminterpolation 180EMLHeft columr we have picked out the measured
slicesm5 1 throughm5 4 +eft column from top to bottomand thus are able to reconstruct four images at the same position with an temporal offset of
t,xS/d5 0.33 s. For the cardiac algorithms 180EM@niddle columh and 180EMCHight column the reconstructions were centered about the cardiac
phases 0%, 25%, 50%, and 75%. The MPRs at the bottom demonstrate the performance of the algorithms in the complete volume. Callinmation 4

d5 1.5 mm.-0/700.

since the heart rate is close to the resonance €asg; few artifacts by 180EMCD. Although quanti®cation of coro-
5 1/2, i.e., close to 60 mfnt <.f. Figs. 3, 4, and’5 We thus  hary calcium is beyond the scope of this article one can
have simply omitted the MCI images here. easily tell that the 180EMLI reconstruction will in this spe-
Phase constancy, as given in Fig. 13 for the same patientj®c case yield a CCS that is too low. This has two reasons:
is important for 3D displays and, especially, for the quanti-& the contrast of the calci®cation is reduced due to the
®cation of coronary calcium. The images are reconstructed atotion artifacts-e.g., atzg5 0 rm! and-b! the calci®cation
®ve adjacentz-positions separated by 1 mm. The standardand the table probably move in opposite directions at that
z-interpolation shows the calci®cation only in one image. Imoment and the calci®cation is depicted in only one of the
contrast, the calci®cation is depicted clearly and with onlyslices. Of course the opposite may happen as well. If the
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Fic. 12. Heart images as a function of the cardiac pltasat ®xedz-position. The images are centered about the cardiac phases 0%, 15%, 30%, 45%, 60%,
and 75% with 180EMCD. The images are nearly artifact-free and the cardiac motion can be traced from image to image. The effectivetgcan time
5264 ms corresponds to a relative temporal resolution®f29%. Parametersi5 S5 2.5 mm. Patient's heart rate: 65 rith ~0/500.

calci®cation moved in scan direction it could possibly be A high temporal resolution together with full phase selec-
imaged too often and would thus lead to an overestimation ofivity is given especially by 180EMCI. Figure 14 again dem-
the real calcium score. The real score can obviously only benstrates this quite impressively: whereas the standard algo-
obtained using a phase-selective image reconstruction algoithm shows motion artifacts and thus overlapping structures
rithm such as 180EMCD or 180EMCI, a fact which is alsdl80EMCI clearly depicts the aortic valve at arbitrary func-
con®rmed by Table II. tional states. The valve is closed@is 0% and has opened

Fic. 13. Heart images as a function of th@osition at ®xed cardiac phasg. The upper line shows the standarihterpolation 180EMLI for ®ve different
z-positions. Obviously the anatomy is depicted in different, unde®ned phases of cardiac motion. A coronary calci®cation measurement in thesddmages

yield the wrong score, since the calci®cation is depicted clearly in only one of the images. Further on, the score would be dependent on the absolute time scale,
i.e., on the scan begin. In the lower row we show the corresponding images reconstructed at B&R with 180EMCD. Since the cardiac phase is
well-de®ned throughout the volume, these images can be used for the assessment of coronary calcium. As one can see, the calci®eatemdhafsaa

least 5 mm. Thus the correct calcium score is much higher than achieved by the standard algorithms. Effective slice thicknessdd®S5rrB.mm.

Patient's heart rate: 65 min. -0/500.
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Fic. 14. Patient with 90 mifi!, reconstructed at constantThe standard reconstruction 180EMLI shows motion artifamtsrlapping structures in the left

ventricle and the aortic valveMoreover, the cardiac phase is unde®ned. The dedicated cardiac algorithm 180EMCI depicts the heart in de®ned phases. At 0%,
the end of the diastolic phase, the aortic valve is still closed whereas shortly after the start of the systolic phase, aR2B%itohas opened. These
reconstructions are nearly free of artifacts except for the streak appearing in the valve at 20%. Collingafidhmdn, table incremernt5 3.8 mm.-0/700.

up atcg5 20% of R+R. Apparently, these images are nearly temporal resolution of 180EMCI, the dose increase factor for

artifact-free. A movie of the same slice can be viewed ancprospective triggering, and the dose increase factor for retro-
downloaded from http://iwww.imp.uni-erlangen.de/e/ spective triggering.
research/cardio/. Another example showing an oblique MPR  ag an example let us look af,5 70mir?! and d

of thehaortichvalve for a platient Wgh strongljly V‘?Izyi;g h(_eart5 1.5S. 180EMCI will yield a relative temporal resolution of
rate t roug out a complete cardiac cycle will be 9VeN 5 159 which corresponds ty5 w/f5 129 ms. Assum-
elsewheré! . : . )
ing retrospective gating we ®nd a relative dose factor of 5.8.
This means, if the image noise should remain the same as for
G. Dose considerations 180EMFI the operator had to multiply the tube current by
The results of the dose calculations are given in Table 1115.8. On the other hand, if the tube current was left at its

The table gives for each heart rafeom 40 to 150 miA!t  original value-standard scan protodothe image noise is
and some typical table increments three numbers: the relativexpected to increase by a factor 86.85 2.4.

TasLE lll. Relative temporal resolutionv n %!, the expected dose increase factor for prospective cardiac
triggering, and the expected dose increase factor for retrospective triggering are given asftfibl@sior the

cardiac algorithm 180EMCI for a number of table increments and heart rates. Empty entries correspond to pitch
values exceeding the allowed lim#ssuming#s S!.

d
Ty 1.08 1.255 1.508 1.755 2.0 2.25 2.505

40 mirt? 161248 161.25.1

45 mirf! 132.090 161869 171764

50 mirf?! 161466 171658 191451

55 mir?® 121459 171547 201443 211339

60 mirt?t 251134 241132 241131 251133 251132

65 mirt® 141467 171346 201242 221438 231336

70 mirt?t 131162 141151 151358 192153 221743 261333

75 mirtt 182277 241345 251449 271741 281537 291434 301333
80 mirt?t 331.027 331027 331027 331028 331028 331227 331126
85 mirt® 162272 251341 281134 281134 291236 301431 321329
90 mirt?t 151146 151348 191344 231241 241244 271734 311430
95 mirt® 181152 191146 201146 201241 201343 251732 281630
100 mirf' 141263 161463 161255 201641 231538 291527 331324
105 mirf! 121672 151648 211339 271431 331430 381324 401323
110 mif' 191645 281636 351228 391223 421122 451220 461219
115 mirf! 411224 451119 471119 491018 491018 491117 491117
120 mif! 501.016 511016 501117 501016 511016 501016 501116
125 mirf' 411123 451121 471119 481119 481018 491017 491118
130 mirf! 191448 281331 361226 391223 421222 451120 461219
135 mif' 131483 151352 211439 291430 341429 391222 421322
140 mirf! 141161 161356 181244 211637 251330 311227 351525
145 mirf! 191.047 191148 211147 211541 211336 241433 281628
150 mirf! 151248 171243 201243 231340 241340 261738 291832
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Although the resulting dose values seem to be quite high
it should not be forgotten that this is only the case for retro-
spective gating. As can be seen from the table a prospective
gating scan would yield dose values comparable to the stan-
dard method but would be limited to one prospectively se-
lected cardiac phasey. In the example above the relative
dose factor for prospective triggering would be 1.3 which is
only a 30% increase when compared to standard 180EMFI.

Using 180EMCI and 180EMCD together with prospective
cardiac triggering would not signi®cantly increase the dose
values as compared to a standard scan since radiation would
be switched on only for data contributing to the image. Of
course prospective triggering does not allow for a retrospec-
tive choice of the reconstruction phasg and thus no tem-
poral tracking of anatomic structures would be possible. In
addition, prospectively triggered scans cannot cope very Wels 15, SSD of the heart. The patient's heart rate was 86 fireconstruc-
with arythmic patients, a fact that is also known from tion was done using 180EMCI. Scan paramete3si 4nm collimation and
EBT.2527 Using retrospective triggeringespecially in com-  d5 1.5 mm table feed per rotation.
bination with 180EMGClarythmic cases pose no severe prob-
lem and yield high image qualif§’.

This is the maximal pitch allowed to have fatinterpolation

VI. DISCUSSION AND CONCLUSIONS possibilities at any cardiac phasg. For 180EMCI this
value corresponds # S. Of course higher pitch values are
possible for 180EMCI iAis chosen to be greater. Neverthe-
ss the demand for high temporal resolution requires over-
pping data acquisition and thus setting the pitch as low as

Cardiac imaging bynonelectron bealCT scanning has
been limited due to the fact that scan times achieved b
medical CT scanners have been too long to depict the heaé1

without degradation of image quality due to motion. EVenreasonably achievable, i.@! fyt,. is desirable. Moreover,

fjoarr(;ezl-’cilg':/eerlyols:t)i\gnn:l)tlgrri]thIn?s sIEﬁEZre fgéﬁtﬂgigga;%fasé;n choosing thez-®lter width signi®cantly larger than the slice
The card'ag al or'thrr?s resented in this article sho rOl;n'ghickness can be avoided by choosing a larger slice thickness
! gor P in thi ! wp rior to the scan. In this case the tube current should be

Srltri]f% ctr-?rsgétsés Eg?n r:rsta%egg\/t?]ergt(:;nndsat::i:ﬁg?n;asgi ar;_earl educed to reduce dose. Thus our recommendation is to
P P choosep' fyt,, for IB0EMCD and to usp! fut,; and a

gorithm. - . .
. . . : . reduced tube current for 180EMCI. Since the latter require-
The cardiacz-interpolation algorithms 180EMCD and ent is more restrictive it must be met for cases where one

180EMCI have been shown to be superior to standar\g\)ants to compare between 180EMCI and 180EMCD
z-interpolation algorithms. This is due to the better temporal Of course an overlapping data acquisition, i.p '1
resolgtion and due to the _phase selectivity_ of th? card_ia eans an increase in patient dose which is néJt 'aI;/'vag/s ac-
algorithms. They can effectively reduce mpt|0n artifacts 'n'ceptable and might be regarded as a drawback of 180EMCI.
plane and throughout the volume. For higher heart rate evertheless, it has been shown that, assuming a constant
however, the interpolation approach 180EMCI clearly outper-

scanner rotation time, for many heart rates image noise is
forms the partial scan approach 180EMCD. This is malnl)élgni®cantly lower for 180EMCI than for the standard
due to its high temporal resolutiomffective scan times of

z-interpolation algorithm 180EMLI and for 180EMCD. Re-
56 ms are potentially p055|ble for a four-slice scanner with ZInterpolat gor!

garding Table | it might be concluded that the image noise
d> S andt,,6 0.55 for 180EMCland due to the weighting reductions of 180EMCI lie in the order %/2 and thus the

approach which helps to smooth away motion and data tra'lube current could be reduced by a factor of 2 to gain noise
sition artifacts. In contrast to 180EMCD which yields gOOdvaIues equivalent to 180EMLI. This value, however, depends

results only for heart rate& 70 mirf ! there is no such limit e
z . ) - on the patient's heart rate and thus cannot be used as a stan-
for 180EMCI. This fact is clearly demonstrated in Fig. 15. : : o
dard for all fy;. Moreover, in case of optimal samplintn

Eyen for this kind Of.3D dlsp_Iay a temporal trackmg_ 'S POS" 101 ms of relative temporal resolutibffable | shows that the
sible and allows for impressive displays of the beating hear S - .
) . . : image noise is not signi®cantly lower since no data redun-
~http://www.imp.uni-erlangen.de/e/research/catdio/How-
dancies occur and thus the tube current should not be re-

ever, in contrast to MPRs, tedious 3D editing is required o duced. Moreover, the true noise and dose values, given rela-

obtain shaded surface displaysSD. tive to 180EMFI-which accumulates dose but has a very

The cardiac z-interpolation algorithms 180EMCI and | luti | itch val be tak
180EMCD limit the table incremedtper 360E rotation: Ac- ]E)oor El?nglpo:ﬁ resolution for low pitch vallesan be taken
rom Table IlI.

i 11! | i i i . .
cording to qu.l. and-4! the pitchp5 d/MSiis restricted to 180EMCD and 180EMCI have the potential to improve
the upper limit ) - -
coronary calcium scoring in multi-slice CT. It has been
p< futior- shown that the achieved calcium scores are closer to the true
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value than for nonphase correlated algorithfi80EMLI. xUy
However, future work is necessary to establish an exact calff
cium scoring method. The cardiac algorithms presented iy
this article can be a good basis for this algorithm, but, in
addition, there is a strong need for a calibration standard and

a calibration and motion phantom. This would enable thepg,,
user to calibrate the achieved calcium score to the true physi-
cal value as a function of the heart rate, patient diameterg
tube voltage, and scanner type.

The advantages of the new dedicated multi-slice cardla%(m)
algorithms over standard methods are evident. Phase selqga
tivity and high temporal resolutiofrelative toR+R andab-
solute in timé can be achieved for a wide range of heartDa
rates. Artifacts in the images, not only for the slow motion
phase, are signi®cantly reduced as compared to the standard
z-interpolation. Further on, the investigated cardiac algo-

max

rithms may allow for a drastic improvement of calcium scor- ko Pk
ing using spiral CT instead of EBT. However, more ~exibil-
ity in choosing rotation timessuch as an additional 0.6 s c(a)

rotation mode besides the available OLSw®uld further im-
prove the image quality for certain heart rates. Evidently, a
further increase in maximum rotation spe¢d below 0.5 &

would add tremendously to the quality of cardiac |mag|ngd
with multi-slice spiral CT. F

f
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NOMENCLATURE

Notations and de®nitions used throughout this article arp
given below. Where it is possible, they conform to the nota-P(b,a,m)
tions and de®nitions of Ref. 8, at least in the liMib 1. We
will express some quantities by the corresponding rotatiorPy(b,a,zg)
angle -e.g., slice thickness will not only appear 8s but
equivalently asDaghb 2pS/d! and switch, if convenient,

from one to the other representation. S
* convolution symbol SSPe!
o* N n-fold selfconvolution of functior
a(e) Dirac's delta function tesr
Ohddk indicator function: 1 ifk odd, otherwise 0
() rectangle function with suppor® 1/2, 1/  trot
and area 1 w
L (%) triangle function of characteristic widths
half width! 1, L5 II*1l
3% () ll(e/a)*1l(*/b), for explicit expressions cf.
Ref. 8, Eq.-B2!
135 () lI(=/a)*1I(+/b)*11(+/c), for explicit expres-
sions cf. Ref. 8, Eq-B1! Wais(2), A
bc “oor function, yields greatest integer lower or
equale
de ceiling function, yields smallest integer
) greater or equal WphaséC), &
xUy maximum functionxUy5 max(,y)
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minimum function,xUy5 min(x,y)

if and only if

projection angle,aP @,2p) for a sequence
~360F scan orz-interpolated dataaP R for a
spiral scan

angle of rotation during one heart beBtay

52p (futre)® "

angle associated with reconstruction position
Zr,agrb 2pzg/d

angle under which thenth slice reachegg
angle of rotation while advancing the table by
S Dagh 2pS/d5 2p/pM

to restrict the interpolation at positioag to
the range @gr2 Damay,arl Dama#tDamax
52pNna P1F

angles suitable for interpolation at 6 with
kP z

angle within fan,bP @ 3F ,3F #

cardiac phasewith respect toRtR! as a
function of the view angle¢(a)P @,1)

cardiac phase about which to center the recon-
struction

table feed per 360E rotation

fan angle, in our casE 5 52E

abbreviationf5 (p1 F)/2p

patient's heart rate, typically 50 nfif< f,

< 120 mirf?

~ractional number of heart beats per rotation
slice index and number of simultaneously
measured slices,<lm< M

maximal number of rotations on each of both
sides ofzg to be taken into account for inter-
polation,n.,P R

pitch, p5 d/SM

projection data for systems withl simulta-
neously measured slices5 1,..M

sequence raw data obtained from
z-interpolation at positioz5 zg for algorithm

X

nominal slice thickness

slice sensitivity pro®le, either as a function of
positionz or anglea

absolute temporal resolutibreffective scan
time, te5 W/

time for a 360E rotation

relative temporal resolutidnrelative width
~with respect tdR+R! of the successive inter-
vals in the cardiadk=R cycle. For measured
data, w is given as the full width at tenth
maximum ~FWTM! of the phase sensitivity
pro®le.wP (0,1#

weighting function of characteristic widt#
for 180EMCI that weights the distance of a
measured point to the reconstruction plade,
>S

weighting function of characteristic widté
for 180EMCI that weights the cardiac phase
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