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Subsecond single-slice, multi-slice or cone-beam spiral computed tomogt§BGT, MSCT,
CBCT) offer great potential for improving heart imaging. Together with the newly developed
phase-correlated cardiac reconstruction algorithms 180°MCD and 180k, Phys27, 1881—

1902 (2000)]or related algorithms provided by the CT manufacturers, high image quality can be
achieved. These algorithms require information about the cardiac motion, i.e., typically the simul-
taneously recorded electrocardiogrdBCG), to synchronize the reconstruction with the cardiac
motion. Neither data acquired without ECG informati@tandard patients)or acquisitions with
corrupted ECG information can be handled adequately. We developed a method to extract the
appropriate information about cardiac motion directly from the measured rawjptajaction data).

The so-called kymogram function is a measure of the cardiac motion as a function dfdinae

a function of the projection angle. In contrast to the ECG which is a global measure of the heart’s
electric excitation, the kymogram is a local measure of the heart motion atphsitionz(«) at
projection anglex. The patient’s local heart rate as well as the necessary synchronization informa-
tion to be used with phase-correlated algorithms can be extracted from the kymogram by using a
series of signal processing steps. The kymogram information is shown to be adequate to substitute
the ECG information. Computer simulations with simulated ECG and patient measurements with
simultaneously acquired ECG were carried out for a multislice scanner providling slices to
evaluate these new approaches. Both the ECG function and the kymogram function were used for
reconstruction. Both were highly correlated regarding the periodicity information used for recon-
struction. In 21 out of 25 consecutive cases the kymogram approach was equivalent to the ECG-
correlated reconstruction; only minor differences in image quality between both methods were
observed. For one patient the synchronization information detected by the ECG monitor turned out
to be wrong; here, the kymogram constituted the only approach that provided useful reconstruc-
tions. Patient studies with 12 and 16 slices indicate the usefulness of our approach for cone-beam
CT scans. Kymogram-correlated reconstructions also appear to have the potential to improve im-
aging of pericardial lung areas in general. 2002 American Association of Physicists in Medi-
cine. [DOI: 10.1118/1.1487861]
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I. INTRODUCTION peaks of the ECG. For example, 70% R¥R is a typical

. o . . . . selection of the reconstruction phase. Alternatively, absolute
Noninvasive imaging of the heart is an important issue be;

. . . tiing specifications may be used. Due to the synchronous
cause coronary artery disease is one of the leading causes of'ng sp y y

death in western civilizations. Since most of the cardiac im_recordlng of the ECG signal, the cardiac ECG phase) is

aging techniques available tod@gardiac ultrasound, fluo- kn?wtr;for each \Qe:N e;ngle. Thlstmf(z.rma?r?rl[ allows to luse
roscopy, conventional computed tomograpt@T), spiral only those raw data for reconstruction that are as close as

CT, electron-beam CT and magnetic resonance tomog]aphyOSSIble tocg. In other words, the phase-correlated recon-

provide insufficient information or are not readily availdble Struction algorithms use data windows that satisf(«)
dedicated reconstruction algorithms using the simultaneously Cr fOr reconstruction. _ _
acquired patient electrocardiografECG) as additional in- Two clgsses of phase-correlated algorithms are in use to-
formation for reconstruction have been developed in recerfi@y: Partial scan approaches that use 180° data intervals and
years?~® These algorithmic developments together with vastcardio interpolation approaches that combine data of adja-
improvements in CT technology, namely the reduced rotatio$€nt heart cyclesnd rotations to improve temporal resolu-
time down to 0.42 s per revolution and the introduction oftion. Advantages of the interpolation algorithms over the par-
multi-slice and cone-beam spiral CIMSCT and CBCT) tial scan algorithms have been demonstrated cléaf(§.
systems, allowed for the recent breakthrough of cardiac CThese findings are also reflected by current investigations of
imaging. other groups and by the manufacturers who recently started

For phase-correlated image reconstruction the user typto switch from half scan or partial scan to “multisector” or
cally specifies a reconstruction phasg relative to theR  “pulse-rate adaptive” reconstruction algorithrh8.
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1490 KachelrieR et al.: Kymogram detection and kymogram-correlated image reconstruction 1490

In this paper, we propose an alternative measure of cae (t) absolute cardiac phase given &s(t)
diac motion that may serve as a fall-back solution to substi- =n+c,(t) wheren denotes the number
tute the use of the cardiac ECG phas€«) or that may be of heart beats that have already occurred
applied in situations where no ECG is available or WhereACX constant phase offset to be added to the
using ECG acquisition is inconvenient. kymogram phase(modulo 1) to best

The motion detection shall be computationally efficient in agree withc,(t)
order not to increase the total reconstruction time. A rawy table feed distance per 360° rotation
data-based approach appears to be most promising. Thg fan angle, in our cas®=52°
function to be extracted from the raw data is called the ky-fH patient's heart rate, typically 40 i
mogram,; the synchronization information derived therefrom <f,=<120 min

is the cardiac kymogram phase and is denotedcpfe). L. (1)
X

phase lag function, L,(t)=C,(t)

(We have chosen the term kymogram to give credit to con- —C(t)

ventional kymogram methods that are available since the,

number of simultaneously scanned slices

mid-19th century and that use an instrument to graphicall pitch, p=d/MS

record variations or undulations, as of the heart and bloo (a,B)
vessels but also of the vocal chord. The name kymogram i
derived from kymo, the water nymph of greek mythology. (9,8
Further information can be found at www.kymogram.gom '

We derive the kymogram function using a raw data-base
COM (center of massjracking, followed by a few signal
processing stepsThis paper specifies the algorithms and X“’E.) )
demonstrates the performance of the kymogram detection in®* ”’ Ye
a simulation study, in one cadaver and in a patient study
including 25 individuals consecutively scheduled for coro-
nary CT angiography. Comparisons to ECG-correlated car-
diac imaging and to standarot phase-correlatedgcon-
structions are given.

fan-beam projection dateglecting the

z-component of the detector)

parallel-beam projection dataeglecting

the z-component of the detector)

nominal slice thickness

time for a 360° rotation

center-of-mass coordinates as a function

of the view angled, of time t, or of

z-position z (we have the equivalence

Y2m=tlt,=2/d)

Xuc(+)s Yue(+) coordinates of the unbiased center of
mass

Xoe(:)y Yie(+) coordinates of the unbiased center of

mass given in the local inertia coordinate

system

Il. MATERIALS AND METHODS Xpuel*), Youe(+) coordinates of the bandpass filtered, un-

Throughout this paper we use the notations and defini-,
tions stated in the list below. The variables(fan—beam
projection angle)y (parallel beam projection angle (time
of a projection), and (z position of a projectionare related

biased center of mass

Xpud(*)s Yhud(+) coordinates of the bandpass filtered, un-
biased center of mass given in the local
inertia coordinate system

Z axis axis of rotation
as . . .
ZR arbitrary selectable reconstruction posi-
@ 0 t z tion . . L
=== (CIW) notation used for the window settinG,is
2m 27 g d the window’s center in HUW its width
We will make use of this one-to-one correspondence to in HU
switch between these variables, if convenient. The freely selectable parameteg is used to select the
* convolution symbol desired cardiac phasey determines the relative center of
) Dirac’s delta function the time window with respect to eadR—R interval of the
1ne-) rectangle function with supporf—3,3 ECG or relative to the kymogram period. Arithmetics using
and area 1 the cardiac phase are meant to be modulo 1 to take into
%) (1a))l( -/a) account its periodicity.
sinc(-) sinc-function, sinc) = sin(mX)/mx Patient and cadaver measurements were performed on a
a projection angle, «e[0,27) for a se- SOMATOM Volume Zoom MSCT scanndSiemens Medi-
guence360°) scan orz-interpolated data, cal Solutions, Forchheim, Germanyrhe scan protocol used
aeR for a spiral scan for 25 cardiac patients is the MSCT coronary angiography
B angle within fan,Be[—3®,3®] protocol t,,;=0.5s, MXS=4X1mm, d=1.5mm (i.e., p
Cr cardiac reconstruction phagéhe center =0.375)which is established today as a standard scan pro-
phase of the data used for reconstruction)tocol for thin-section cardiac CTACT angiography)with
c,(t) cardiac phase as a function of time, 4-slice CT systemg®10:1!

Medical Physics, Vol.

c,()e[0,1). x=E for ECG, xy=K for We also performed standard thorax scans with 16-slices
kymogram, andy=S for simulated func- and coronary angiography scans with 12-slices on a SOMA-
tions TOM Sensation 16 CBCT scann&Biemens Medical Solu-
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tions, Forchheim, Germany). The standard thorax protocol cos® X
was t,=0.5s, MXS=16x0.75mm, d=6.0mm (i.e., p | sing /" f dxdy
=0.5) and covers a range of 360 mm in 30 s. The cone—
beam coronary angiography protocol we used wgas (conservation of first moment (1b)
=0.42s5,MXS=12X0.75mm,d=3.0mm (.e., p=0.333) . . .
and covers 160 mm in 22 s. Our Sensation 16 is a work-inJhese relations state that the COM of the object function
progress installation without ECG option and hence we canProjects onto the COM of the corresponding parallel projec-
not quantitatively assess the kymogram results for those palon ] o ]
tients scanned on the cone—beam CT. Therefore, it seems promising to use the measured projec-
Further, spiral cone—beam data for a 4-slice and a 12-slichon data to compute the projection COBL(9) for each
scanner of the cardiac motion phantdsee Ref. 3 for a parallel view angled and to estimate the object COM there-
description thereofyjwere simulated using the dedicated from. For moving objects, the object COM will also vary in
simulation software ImpactSIMVAMP GmbH, Mohrendorf, time—and thus as a function a—and hence the function
Germany). £c(9) should allow us to draw conclusions on the object
The kymogram detection algorithm is implemented as thénotion provided that a small range & say an interval of
hrendorf, Germany). The algorithm generates an ECG com@ontributing to the estimation procedure, suffices to perform
patible kymogram file from the raw data which is stored inthe estimation.

m(X,y)= f dé &p(9,¢)

the DICOM database of Syngo™Siemens Medical Solu- ~ The scan geometry is a fan—beam geometry with a single-
tions, Erlangen, Germany). The file is then used to synchroslice, multi-slice or cone—beam spiral trajectory, but we are
nize the phase-correlated reconstruction algorithms. in need of 2D parallel data to use the relations derived above.

Reconstructions are performed with the cardio interpolalience, we must convert the measured data accordingly. For-
tion approach 180°MCI(Multi-slice cardio interpolation) tunately, it suffices to regard the central slice only, and one
and ASSR Cl(advanced single-slice rebinning cardio inter- May neglect the fact that the table translates by a distance of
polation) for 4-slice and 16-slice data, respectivéh?. The  d(f+®/m) while acquiring the data needed for one COM
reconstruction algorithms are implemented on a standard Pestimation. Experiments showed that neither taking into ac-
using the dedicated image reconstruction and image evalu&ount more slices nor compensating for the table movement

tion software ImpactiRI\VAMP GmbH, Mohrendorf, Ger- by performing az-interpolation between adjacent detector
many). slices improve the outcome of our study. This can be ex-

plained by the signal processing steps that follow the COM
detection. They remove all biased dependencies along the
direction (see below)nd the algorithm becomes insensitive

to axial variations. Due to these reasons, the following con-

1. KYMOGRAM DETECTION siderations neglect the table movement and all but the central
) detector slice.
A. Center of mass tracking To perform the conversion between fan—beam and

The first step in the kymogram detection approach whichparallel-beam geometry we denote the measured projection
we present here is to compute an estimate of the center ¢fata asp(a,B) with «eR being the rotation angle of the
mass of the slice currently scanned. Our method is stimugantry andge 3 —®,®] being the angle within the fan. We
lated by and is a generalization of the algorithm published ifeed the center of mass of each projection in parallel coor-
Ref. 13. We make use of the well-known fact that the COMdinates as a function ob, i.e., §;(). Due to the known
of the object projects for each parallel view anglento the  relations{= — Re sin 8, whereRg denotes the distance of the
COM of the parallel projection. To establish this fact, we focal spot to the isocenter, and=9—g we can change the
denote the parallel projection through an objgdix,y) in  integration variable¢ to 8 by using the Jacobiardé

two dimensions as =—Rg cospdp and get
£ 9= JHEEP(D.E
p(f),f):j dx dyu(x,y)8(x cosd+ysind—&). ¢ Jdép(9,¢)
_ JdBREsing cospp(9—B.8)
Now, one can immediately validate the following properties JdB R cospp(9-4.5)
which hold V¢ o ER Jdgsin(2B)p(d—B,B)
~ 27 JdBcosBp(d—B.B)
j dx dy,u(x,y):j dép(9,¢) As mentioned, no correction for the shift indirection is

made. Further, one notes that the data contributing.(®)
stems from a gantry angle range of sideand therefore
(conservation of masgs (1a) contains temporal contributions of sizg® /27 which is far
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Aortic Arc Ventricle Liver

below the time of one cardiac cycle. Since the heart, as the For convenience, we will now switch from the indepen-
moving part of the object, occupies only a small fraction ofdent variabled to the variable =t,,;13/27 which denotes the
the complete field of measureménthich corresponds to the time or to the variable=dd/2# which denotes the posi-
fan angle®) the temporal contributions of the heart to the tion. Functions of§ are now overloaded and we also note

computation ofé. are even less and can be neglected. or z as the function’s argument. Thereby, we emphasize
Denoting the image center of massxsandy. we have  which parameter is of relevance. For example, when smooth-
shown that ing the function in thez direction we usez and when per-

forming a temporal filtering we usewhile being aware that
there is a one-to-one correspondence betwiety andz.
should holdv9. This can be solved in a least square manner Further, if thex component is the only component noted it
by minimizing is implicitly assumed that thg component and other motion
components are treated equivalently.

Xc COST+Yy.sind—&:(3)=0

1 I+fm
—f d9(xe cosI+ Yy, sind — £.(9,m))?
27f S—fm

in the rangd 9 — f 7r, 9+ f 7] with £>0. In the following we 1. Bias correction

will formulate the integral as a convolution withzl};(¥), The COM functionsx(t) and y.(t) are biased due to
for convenience. The minimizatiofderivative with respect (gjow) variations in the patient cross section introduced by
to x; andy.) yields the system of equations the continuous translation of the patient table during the spi-
14C S ) X, (Xc
S 1-C/lye) |Xs
with the solution
el e ndiX
Yo/ 1-C*-$?| —s 1+C/|Xg/’

where we use the abbreviations
C=cog2%)*15_(¥)=sinc 2f cos 29,
S=sin(29)*115_¢(¥) = sinc 2f sin 29,
Xc=2&(F)cod 9)*113,+( D),
Xg=2£,(9)sin(9)* 115 ().

It should be noted that the denominator, which is the deter-
minant of the coefficient matrix, yields 1C?—S?=1
—sin@ 2f which is always positive and thus indicates the
regularity of the coefficient matrix. The fractidrshould not

be chosen too small to avoid numerical instabilities. Values
between 10% and 50% turn out to be sufficient to yield ac-
curate results. The overall results do not depend on the exac
choice off; we usef =10% in the following.

FiG. 2. Parametric plotx,. vs y,. as a function ot) of the unbiased COM
. . for a complete scafmany heart cycles The grid spacing is 0.1 mm. The
B. Further signal processing corresponding cardiac ECG phasgt) has been used to set the hue of the
. . . lot. The legend shows the hue to phase mapping. Regions of similar hue
. The COM signal we have C_OmpUted n th_e preceding _Secgre spatiall)? relatively close. The IV\FIJO global g‘r)incgipal z?xes are shown as
tion needs to undergo a few signal processing steps until thgei. Their length was chosen proportional &j, and 0,,, respectively.
synchronization peaks of the cardiac motion can be detectedor this patient we have),=6.80), and ¢=29.5°.

Medical Physics, Vol. 29, No. 7, July 2002
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90° 4(:)

F 1 Fic. 3. The functiong(z) for the complete scan. Ticks
a5 | are spaced at 1 mm in thdirection and 22.5° in the
----------------- L T direction, respectively.

Aortic Arc Ventricle Liver

ral scan. To remove the bias we subtract the running mean of .
the COM using a rectangular filter of widtht. Thus, the 0y(1) = 13 (D* Xuc(DY uelt),
unbiased version of the signal is given as @,y ()= ”Zt(t)*yﬁc(t)'

Xue 1) =Xc(t) = Xe()* 13(1). Then, we perform a principal axes transformation such that
A value of At=1s is large enough to avoid averaging outthe transformed moment of inertia is diagonal,
components of the cardiac motion. The value is motivated by / 0
the fact that cardiac motion usually is of the ordy @)'(t):( o )(t).
=60 min *. Anyhow, frequencies below this are suppressed 0 0y,

smoothly by the bias procedure and heart rates down tqhe width At of the contributing running interval is chosen

about 30 bpm can be detected as well. asAt=10s to cover at least about 10 heart béatsuming
To illustrate the necessity of bias correction Fig. 1 shows, neart rate of at least 60 beats per minute).
the functionsy(z) andy,(2) for a typical patient. The un-  The diagonal values @’ are the eigenvalues 6. With-
t_)iased signa_l is of low ampl_itudesub_millimeter); its varia- oyt |oss of generality we demar@l,=©,, . We denote the
tions are mainly due to cardiac motion. corresponding rotation angle of the underlying orthogonal
2. Principal heart axes transformation agh(t) and we use the transformation matrix
The two available signals,(z) andy,.(z) represent an 0 express the COM coordinates in the new eigensystem
estimate of the in-plane cardiac motion as a function of time /- (t) cosp(t)  sing(t) | | x (1)
or of z position. We now seek to reduce the informationtoa | _;° ):( _ ) ue )
P Yie(t) —sing(t) cosg(t)/ | Yuc(t)

one-dimensional signal from which we can easily detect syn-
chronization peaks. Here, x,.(t) is expected to be the most pronounced signal
Assume that cardiac motion takes place in ytdirection  since it corresponds to the main inertia a{srgest eigen-
only. Then, the signal ix direction would be low and prob- value).
ably worthless. A parametric plot ofx(.(2),y..(2)) as a The advantage of computing the new coordinate system
function of z for a typical patient indicates that there is a adaptively, i.e., over a rangkt, is that the algorithm can
preferred axis of in-plane motiofFig. 2). Projecting the adopt to changing(e.g., slowly rotating)principal axes.
COM functions onto this principle axis of motion should
consequently yield a useful COM function even if the motion
takes place along one axis only.
We determine the principal axis of motidiand its or-
thogonal counterpart)y taking the inertia tensor

_(Gxx ®xy)
om=(g ¢ |O

O, (D =11% () *X5(1),

with the moments of inertia defined as %)
£

o

-~

| Xue(F)]
X A 0 60 120 180 240 300
0 120 240 360 . .1
f in min~! f in min

Fic. 4. Spectrum ok (t) scaled to arbitrary units for frequencies up to 400 Fic. 5. The windowed Fourier transfor¥,(f,t) for frequencies up to 300
min~L. Patient heart rate is 97 mih which obviously coincides with the min~1. The patient’s heart rate lies between 60 ntimnd 70 min®. For
dominating peak. further discussion of this specific patient see Sec. V C.
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...............................................................................................................
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Aortic Arc Ventricle Liver

Since this range constitutes the average of at least 10 cardi@urrently, we use
cycles, the determination of the heart axis is insensitive to o f 1 f
2 AfH)”(E AfH)'

extra systoles or arythmic behavior. H(f)=cog
For illustration purposes the principal axes shown in Fig.

2 are the global 4t= ) axes and do not reflect the adaptive where Af,; denotes the full width at half maximum of the

behavior of the algorithm. The functios(t) is shown in  bandpass filter function. A value @ f,=20min* turned

Fig. 3 for another patient. out to be sufficient. We have tested the method with varying
values ofAfy and found the method to be stable for values

o between 10 and 30 mift (which is also indicated by the
3. Bandpass filtering width of the peak in Fig. 4). An example of a windowed

The quality of the unbiased COM signal proved to beFOUrier transform for a typical patient is given in Fig. 5.
insufficient to directly detect periodicity information. The ~ The temporal domain signal is then reconstructed by
spectrum ofk,(t) andy,(t)—a patient example is given in Simple inversion:

Fig. 4—shows dominating peaks at the heart frequeigy .
and at the scanner’s rotation frequenct; 1/ xbuc(t)=f f dtgdf Xy, o f,tg)W(t—tg)e?™ .

Therefore, a bandpass filter must be centered ahpud
remove the undesired parts of the spectrum. Since the heafhe kymogram function,,(t) and the patient's ECG signal
frequency may change as a function of time, e.g., from g@re shown in Fig. 6; the close correlation of the periodicity
min~! at scan start to 100 mirf at scan end, a simple band- information of these two signals is apparent.
pass filter will not suffice. We rather perform a windowed
Fourier transform assuming a time window(t) with 4. Peak detection
fdtw?(t)=1:

Finally, the synchronization peaks are detected from
it Xpu(t) by simply detecting the ascending zero crossings of
Xuc(fvto):f dtx,(Hw(t—to)e : the first derivative. If we denote the location of the peaks as

. . . t, we construct the cardiac kymogram phase as
The window function used is

t—t
7t (1t ck(t)=———+Ac,mod 1
—— | =—]. the1— 1ty

2 At) |2 At

w(t)= co§(

2
V3At
An appropriate width, that allows to detect frequencies down_, . o . - .
to 20 min ' is At=3s. Hence, all clinically relevant cases SC‘ZI(SB der:‘mltlon N egplt\:alent t_c;_ the hdefllnltlo_n omehel cardiac
(fu>40minY) can be handled. phaseg(t) which quantifies the location dfrelative

From the modulus of these functions we detect the mainO the previous and nes peak. The constant offsech

mum. The frequencies taken into account lie between 46eflects the remaining degree_ of freedom in choosing the ky-
min~tand 1/t,;. The frequency where this maximum occurs mogram phase. If we do not intend to compare our results to

is denoted asy(t,) and bandpass filtering is performed by an ECG function, we set this offset to zero. For ECG com-

multiplying the windowed Fourier transform with a smooth parisons, however, we choose its value to minimi;e the
function H that is centered abou,(to). phase-lag between ECG and kymogrésee below). Doing

so, we can, for example, reconstruct ECG and kymogram
Xpud Fito) = Xue(Fito) H(F = f(to)). correlated at a reconstruction phasecqf=70% while en-
suring maximum consistency between the two reconstructed

with n such thatt,<t<<t,,,.

Fic. 7. An example ECG lag functiohg(z) corre-
sponding to the ECG and kymogram shown in Fig. 6.

Aortic Arc Ventricle Liver

Medical Physics, Vol. 29, No. 7, July 2002

Volkswagen Exhibit 1023, Page 6 of 15
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c¢) Transaxial slices (in cranio-caudal order)

Fic. 8. MPRs and transaxial slices of the complete patient thorax exemplify the behavior of the COM ¢ar8=mittal section ang(z). (b) Coronal
section andk.(z). The global behavior of the COM coordinates correlates well with the anatomy skomimansaxial slices for illustration purposes. Their
z positions correspond to the dashed lines ofthandy. plots. The images are reconstructed kymogram-correlated.

volumes. Without the offset correction it could happen that C(t)=n+c,(t) with nsuch thatt,<t<t,.;.
kymogram images at, say, 70% are best comparable to ECG

i 0,
Images at 43%. The integer part o€, counts the number of heart beats that

IV. TEST METHODS have occurred and the fractional part gives the relative posi-
tion between two synchronization points. ObviousDy, is
strict monotonically increasing ihand has an inverse which

We define the monotonically increasitigbsolute)phase  we denote aQ;l. Now, we can regard the phase lag func-
function tion

A. Comparing ck(t) and c,(t)

Medical Physics, Vol. 29, No. 7, July 2002
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1. Sine

| Xuc ()

As a simple test function we used a sine functionxin
direction defined in 8t<40s:

Xsim(t) =1.0 mmXsin(27t X fy),

Ysim(1) =0,

0 l 120 240 3é0 - . —
fin min-! the heart rates were chosen fs=60min%, 70 min %,

80 min %, and 100 min*. We define the sine’s sync peaks as

Fic. 9. Spectrum ok/(t) as a function of frequendifor the cadaver scan.  the ascending zeroes of the motior’somponent:
The peaks at 1/§ and multiples thereof are clearly visible. The ordinate is

scaled to arbitrary units. tp=n/fy with 0sn<f,X40s.
2. Chirp
Ly(1)=Cy(1) = Cx(D) As a more complicated test function we define a chirp

which should be constant for an ideal correlation between theignal in thex direction. The increasing heart rate helps to
ECG and the kymogram approach. The ECG lag for a typicakvaluate the performance of our kymogram algorithms with
patient is given in Fig. 7. Please note the plateau in the scapatients of slowly varying heart rate.

center which indicates a good correlation between ECG and
kymogram for the plateau region. The plateau’s height is
within 5% distance to 0% due to the offset correctiba, .
Since the heart is not reached fully at scan start and since the
scan has Ieﬁ the heart at scan end thgre are deviations fro@im(t):5.0 mm constant offset
the 0% optimum at the left and right side of the plot.

For 0<t<T=40s we define

+0.1 mmxsin(27t/(20t,)) low frequency bias

+1.0 mmxsin(2=t(at+b)) actual signal
B. Simulated motion functions

+1.0 mmXxsin(2t/t high frequency drop in
For test purposes, we simulated phantom data of our car- N(2mt/to) 9 q y P

diac motion phantom using various motion functions. It+1.0 mmXsin(4mxt/t,y,) first harmonic of drop in
turned out that the computation @f(9) based on these
simulated raw data yields exactly the same result as whe¥isim(t)=0
directly prescribing

£o(9) =Xginf ) COSI + Y 9)SIN D ) tq com_putegc_(l‘})=xsim(1‘))(_:osﬂ+ysim(ﬂ)sin f}.:ll'he actual

signal is a chirp starting witliy(0) =b=40min * and end-

with 9=2mt/t,, and the COM coordinategsim(9¥) and  jng with f,(T)=2aT+b=110min ! (a and b have been
Ysim(¥). Since our intent is to evaluate the kymogram detecthosen accordingly). Our aim is to observe the behavior
tion algorithm we will therefore not concentrate on the simu-gf the kymogram detection during the frequency sweep from
lated raw data but on the directly generated funcigrand 40 min™* to 110 miri*. The drop in at 1/t,= 120 min * and
its evaluation. its harmonic mimic the resonance behavior of the scanner.

Thus, we simulated a number of COM-functiong(t) The function’s sync peakss, are defined as the ascending
andyg(t) and used?2) to compute the projected COM. TO zeroes of the actual signal

complete our simulation, we had to additionally define the
sync peaks,, of the simulated motion. This defines the simu-  t,(at,+b)=n.
lated phaseg(t) and the absolute phasi(t).
Th(_a simu_lated input sign@c(ﬁ) was then used for the V. RESULTS
described signal processing steps that detect the kymogram
peaks. The detected peaks are compared to the simulated The following results are based on detecting synchroniza-
sync peaks by computing the phase lag functiqfit) for  tion information fromx;,. which has turned out, as ex-
simulated motion. pected, to be the most pronounced signal.

Le(z) ' ' T Fic. 10. The chirp’s lag functioh g(z). The frequency
of motion increases linearly with theposition from 40
min~* to 110 min %, The tick spacing irz direction is 1
mm.

1009 [T T

—100%,

...............................................................................................
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1497 KachelrieR et al.: Kymogram detection and kymogram-correlated image reconstruction

COM Kymogram—correlated

ECG-correlated

a) Transaxial

onap
/

b) Sagittal

onqg

¢) Coronal

Fic. 11. Transaxial and MPR images of a cardiac patient reconstructed with 180° MCI. The parametric COM plot range8.#i®mm to 0.75 mm for the
unbiasedk andy direction. The functions shown with the MPRs are aligned to the MPRglirection. Thex andy dimensions are scaled to fit the available
space. The lag functiohg(z) and the primedk coordinatex; ,(z) are identical for both MPR sections; they are repeated to show the correlation to the

anatomy. The patient's mean heart raté,is=65 min * and the reconstruction phase was chosenzas50%.

A. General results have prepared Fig. 8. It shows a sagittal and a coronal mul-
tiplanar reformatiofMPR) of the complete thorax cross sec-

To demonstrate the good correlation between the detectetbn (and not only of the heartpgether with the correspond-
ing COM estimation. In addition, three transaxial slices are

COM functionsx, andy, as a function of the position we
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1498 KachelrieR et al.: Kymogram detection and kymogram-correlated image reconstruction 1498

¢) Kymogram-based reconstruction

Fic. 12. Comparison of a standard reconstruction with the phase-correlated ECG based and kymogram based reconstructions. Transaxial, sagittal, and ¢
slices are shown. The patient's mean heart rafie;is 52 min™* and the reconstruction phase was chosenras50%.

shown. The COM’s slow variations, i.e., the bias that is to becadaver. As can be seen from Fig. 9 the resonance frequency
removed, corresponds to the patient's anatomy. The shift appears even for motionless objects. Tests with simulated
the lower end of the coronal plot, for example, is induced bymonochromatic raw datégure line integralsusing the sa-
the transition from the heart to the liver which introduces amescanner geometry showed no such resonance behavior.
shift of x. towards the patient’s right sid@ppearing left in  Consequently, nonlinear effects such as scattering and beam
the image). hardening have to be considered as the cause of this artifact.
To determine the source of the 120 miresonance fre- These nonlinearities violate the assumptionglofand there-
quency that was visible in the spectral plots of Sec. Il B 3fore introduce an artificial modulation into the COM curve.
and that appears for all patient data, we have scanned @wue to this intrinsic resonance, we cannot detect cardiac mo-
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1499 KachelrieR et al.: Kymogram detection and kymogram-correlated image reconstruction 1499
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¢) Kymogram-based reconstruction

Fic. 13. For this patient, th& wave was misinterpreted as Rpeak by the ECG monitor. The lag function therefore shows a strong increase, except for the
last fifth of the scan where the ECG monitor started to correctly interpret the ECG signal. Tick spacing is 1 mmdirebgon, 1 mm forx;,,. and 100%

for the lag function, respectively. The ECG is scaled to arbitrary units. The vertical dashed line indicates the slice position of the transexidltimag
reconstructions are performed in cardiac ECG- and kymogram-phase steps of 20%. The ECG-correlated images are blurred and show overlayed stru
since different cardiac phases are mixed into each image. The patient’s mean heart rate, as detected by the kymogram afgeri68miis * and the
reconstruction phases were chosen in steps of 20%.

tion atf= 1/t,,; and within a 10% window around this fre- almost linearly from—5% to +5%. This can be well ac-
quency. This disadvantage will become irrelevant with futurecepted regarding the facts th@) these small deviations are
scanners that rotate faster. not oscillating but change slowly over the scan dhyithe
range of heart rates covered with this experiment within a
B. Simulation study single scan is far from clinical reality.

The resulting lag functions for the simulated sine motions
show no lag between the detected and the simulated peak%
i.e.,Lg(2)=0. This is a first indication that the new method  To evaluate our approach we have studied data of 25 rou-
is free of systematic errors. tine patients scheduled for coronary CT angiography. Phase-

The chirp function, which is much more demanding, correlated reconstructions were performed using the ECG-
yields almost optimal results for the complete frequencybased and the kymogram-based approach for comparison. In
range. This is indicated by the chirp’s lag function in Fig. 10.addition, standard reconstructions which are not phase-
The lag values are not perfectly zero. They rather increaseorrelated have been carried out.

. Patient results
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1500 KachelrieR et al.: Kymogram detection and kymogram-correlated image reconstruction 1500

Fic. 14. Kymogram-based ASSR ClI reconstruction of 12-slice cardiac CT data. The images are spaced by 9 mm in caudo-cranial order from top left to bot
right. Arrows point at the right coronary artery which can be depicted clearly and at full length.

Figure 11 shows the ECG-correlated and the kymogrameorrelated reconstructions yield comparable image quality.
correlated reconstructions together with the COM plots andPlease note, the kymogram-based reconstruction and the
the kymogram functions. Image quality of both approachestandard reconstruction are both based on the same prereg-
appears to be the same although some discontinuities in thésites: A standard CT scan without additional ECG acquisi-
MPR displays differ. The kymogram functiongyc, Ypuc, tion. The improvement in image quality, however, is signifi-
andxy,,. nicely show the correlation of the cardiac anatomycant.
and the amplitude of motion: the aortic motion alone yields a For a few patient cases, the ECG signal may be defective
lower amplitude of the COM motion than the motion of the or the ECG monitor'R-peak detection algorithms may fail.
ventricles. The lag function is almost horizontal and indi- In the case presented in Fig. 13, tRepeak detection did not
cates a good correlation between ECG and kymogram.  only detect theR waves but also th& waves—theT wave

Another patient is shown in Fig. 12 which compares stantypically appears less pronounced than Bhevave—of the
dard, ECG-correlated and kymogram-correlated reconstrugatient. Therefore, the patient's heart rate appeared to be
tions. Both the ECG-correlated and the kymogram-correlatetivice as high. Since the ECG file was not corrupt, this error
reconstruction are, not surprising, clearly superior to theemained unnoticed during ECG-correlated reconstruction.
standard approach although substantial motion artifacts stillThe kymogram, in contrast, detected the cardiac motion cor-
remain for certain heart beats. Apart from slightly fewer dis-rectly. Results are shown in Fig. 13. The phase lag is strongly
continuities in the kymogram reconstruction the two phaseincreasing since the ECG signal reports a twofold increase of
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1501 KachelrieR et al.: Kymogram detection and kymogram-correlated image reconstruction 1501

TaBLE |. Patient mean heart rate, mean lag offaetz and lag function
variationo__ in relation to the gold standard ECG. The last two lines show
the mean and standard deviation over the respective colufasent 7 was
excluded because of disturbed ECG data.

Patient fu (ECG) fy (Kymo) Acg oL,
1 75 mint 75 min? 5% 3.05%
2 64 min?t 64 mint 1% 1.38%
3 69 mint 69 min ! 55% 5.45%
4 89 min* 87 min ! 4% 7.51%
5 75 mint 75 min* 97% 1.46%
6 70 mint 70 min* 1% 3.19%

7 68 min !
8 70 min* 69 min* 3% 4.40%
9 54 min?t 54 mint 41% 2.20%
10 101 mint 101 mint 53% 245 %
11 87 mint 87 min ! 15% 3.08%
12 79 mint 79 min* 30% 2.75%
13 61 mint 61 min* 38% 4.84%

il i1

Fic. 15. Kymogram-based ASSR ClI reconstruction of 12-slice cardiac CT ig gg 2::,1 gg 2::,1 2322 ‘112222

data viewed from anterior/caudal using volume rendering. The coronary Y S ’
arteries are nicely depicted at full length. 16 69 m!nil 69 m!nil 2% 2.52%
17 67 min 67 min 97% 1.45%
18 75 mint 74 mint 97% 2.18%
19 65 min* 65 min * 94% 4.65%
the cardiac phase as compared to the kymogram signal. 20 52 mirrt 52 mint 29% 2.72%
Close to the scan end the ECG monitor started to detect 21 84 min't 84 mint 2% 2.11%
correctly and, consequently, the lag function turns into a 22 70 m!”j 71 m!”ﬁi 47;’/" 3-752/0
horizontal line. Figures 13(kand 13(c)show the ECG cor- gi Z? 2:2-1 Z? 2:2-1 33;; iféo//z
related and the kymogram-correlated reconstructions of a o5 97 mir? 97 min-t 206 8_'81%
single slice for the phaséECG and kymogram10%, 30%, m— p— =y
0, 0, 0, - _mean: min min . (0]
50%, 70%, and 90%. Whereas the kymogram-correlated re sigma: 13 mint 13 mirt 4.85%

construction depicts the heart in a full cycle of motion, the
ECG-correlated images appear to be mixed and, even more
drastically, the artifact content is increased due to overlap-
ping structures. This can be explained by the fact that thetandard deviatiomr, _is a measure of the kymogram quality
reconstruction algorithm, based on the false ECG interpretgf one assumes the ECG to be the gold standard for cardiac
tion, combines data segments corresponding to differenfotion synchronization. Results of our analysis are given in
(true) heart phases. Figure 5 shows the windowed FourieTaple |. Please note that only 4-slice data enter this table
transform of that patient; the true heart rate between 6@ince we have no ECG available for the cone—beam scans.
min~* and 70 min™* can be clearly seen from this density  The table shows a good match between the ECG and the
plot. kymogram. The deviation of the lag function is below 5% in
As a further demonstration Fig. 14 gives an impression 0849 of all cases. This is also indicated by the good agree-
the kymogram performance on 12-slice cone-beam CT witfnent in detected heart rate. As patients 10 and 25 indicate,

a rotation time of 0.42 s. Unfortunately, we have no ECGthe kymogram tends to match the ECG less closely for
available with our CBCT scanner and cannot compare th@igher heart rates.

image quality of kymogram-correlated CBCT to ECG-
correlated CBCT. Nevertheless, the high quality of the tran-
saxial reconstruction and the high quality of the volume ren-VI' DISCUSSION AND CONCLUSIONS
dering in Fig. 15 indicate a good correlation of the The kymogram approach as presented in this paper in-
kymogram and the cardiac motion also for cone—beam CTolves a number of ad hoc steps, such as data windowing
data. and filtering, that are not strictly derived from theory. How-
ever, experience has shown that these steps are necessary
This fact and the overall results obtained justify our proce-
dure.

To quantify the kymogram algorithm in comparison to the In general, it has turned out that information nearly
ECG signal we performed a statistical evaluation of the lagequivalent to the ECG’s phase information can be obtained
function for 25 consecutive cardiac patients. First, 2lgp-  from the raw data at the level of the heart; slight deteriora-
sitions that did not cover the heart were excluded from thdions for heart rates that approach the scanner’s resonance
data. Then, the mean and the standard deviation of the lagequency have been observed. Regarding that the improve-
function’s values were computed. The mean values arenents in image quality obtained with the kymogram com-
equivalent to the offseAcg introduced in Sec. llIB4. The pared to standard reconstructions are equivalent to the im-

D. Statistical evaluation
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1502 KachelrieR et al.: Kymogram detection and kymogram-correlated image reconstruction 1502

b) Kymogram—correlated ASSR CI reconstruction

Fic. 16. Improvements that can be obtained for a standard thorax scan when using kymogram-correlated reconstruction.
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1503 KachelrieR et al.: Kymogram detection and kymogram-correlated image reconstruction 1503

provements obtained by reconstructing ECG-correlatedfor this lung imaging technique. Due to the high volume
which were the basis for modern cardiac €i§, highly im-  coverage of modern cone—beam scanners this means no re-
pressive and should stimulate further research on motionstriction to clinical routine.
correlated reconstruction.
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