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Declaration of Shauna L. Wiest

I, Shauna L. Wiest, state and declare as follows:
I. Introduction

1. I have prepared this Declaration in connection with the Petition for
Inter Partes Review of U.S. Patent No. 8,265,353, which I understand will be
filed concurrently with this Declaration.

2. I am currently a Senior Research Analyst with Finnegan, Henderson,
Farabow, Garrett & Dunner, LLP located at 3300 Hillview Avenue, Palo Alto, CA
94304.

3. I am over eighteen years of age, and I am competent to make this
Declaration. I make this Declaration based upon my own personal knowledge,
and my professional knowledge of library science practices.

4. I earned a Master of Science in Library Science degree from the
University of North Carolina at Chapel Hill in 1999, and a Bachelor of Arts in
Political Science degree from the University of California at San Diego in
1989. I have worked as a law librarian for twenty years. [ have been employed
at Finnegan, Henderson, Farabow, Garrett & Dunner, LLP since 2021. Before
that, from 2000-2015, I was employed as a Law Librarian at Stoel Rives LLP,
and from 2015-2016, I was employed as a Competitive Intelligence Specialist
for Nossaman LLP. Additionally, as a graduate student at the University of

North Carolina at Chapel Hill, I served as an intern at the Environmental
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Declaration of Shauna L. Wiest

Protection Agency at Research Triangle Park (“EPA-RTP”) where one of my
rotations included original cataloging for EPA technical documents, state
agency reports and documents, international organization documents,
dissertations, and, on occasion, monographs. In this role, I accessed OCLC,
MARUC records, and the EPA National Library Catalog daily.

II.  Standard Library Practice for Receiving, Cataloging, and Making

Materials, including Serial Publications, Publicly Available and
Accessible

5. I have knowledge of and experience with standard library practices
regarding the receipt, cataloging, shelving, and making materials, including
serial publications, available and accessible to the public. I have knowledge of
and experience with the Machine-Readable Cataloging (MARC) system, an
industry-wide standard that libraries use to catalog materials.

6. Based on standard library practice, when a library receives an item,
the cataloguer or cataloguer’s assistant will examine the item and stamp and/or
affix a label to the item with the library name and/or barcode with the date it
was received. Next, the library will catalog the item within a few days of
receiving it. As a general practice, cataloguing is centralized and performed by
a cataloguing department within a library or university setting.

7. Normally, after an item is cataloged, the public may access the

item by searching a library catalog, browsing the library shelves, and/or
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Declaration of Shauna L. Wiest

requesting the item from the library. Standard library practice is to make the
item available to the public within several days of cataloging it. If an item
requires original cataloguing, the item will be made available to the public up
to and including one week from the date of receipt.

III. Ownership and Date-Stamp

8. Libraries have different policies on whether or not to date stamp
publications. It is becoming increasingly common for libraries to no longer date
stamp the publications they receive. In the past, it was standard practice to affix an
ownership stamp somewhere within the publication, usually on the cover page,
verso of the cover page, or a designated page within the publication. The timing of
when an ownership stamp is entered on the monograph or periodical can vary from
one library to another. It could occur when the item is received in acquisitions after
shipment to the library, or at the time of cataloging. Therefore, it is possible for
there to be instances when the date of receipt precedes the cataloging date or vice
versa.

IV. MARC Records

0. The MARC system was developed during the 1960s to standardize
bibliographic catalog records so they could be read by computers and shared
among libraries. By the mid-1970s, MARC had become the international standard

for cataloging bibliographic materials and is still used today. Many libraries
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Declaration of Shauna L. Wiest

provide public access to their MARC records via their electronic cataloging
systems at the library. In a MARC record, each field provides specific information
about the cataloged item, including how materials are held and when they were
made available to the public.

10. The MARC record system uses a specific three-digit numeric code
(“field tags”) (from 001-999) to identify each field in a catalog record. For
example, field tag 008 provides the six-digit date an item was catalogued (Date
entered on file). The first six characters of field tag 008 are always in the
“YYMMDD” format. Descriptions and definitions of all of the character positions
of field tag 008 are outlined here:
https://www.loc.gov/marc/bibliographic/bd008a.html.

11.  Asisrelevant to this Declaration, MARC field tag 022 sets forth the
International Standard Serial Number (“ISSN”), a unique identification assigned to
every serial publication. MARC field tag 245 sets forth the title information (which
includes the title, other title information, and the statement of responsibility).
MARC field tag 362 sets forth the dates of publication and/or sequential date
designation for a work.

V. Cataloguing Treatment of Serials

12. A serial publication, also known as a “journal,” “periodical,”

“newspaper,” or “magazine,” is a resource that is issued in successive parts and
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Declaration of Shauna L. Wiest

has no predetermined conclusion. These successive parts are commonly
referred to as “issues,” and each issue is usually chronologically numbered,
bears a unique date, and is received on an expected, ongoing, routine basis.
The presence of enumeration, years of coverage, regular receipt, and/or other
chronological information, also indicates a serial publication.

13. There are differences between cataloging finite resources
(books/monographs) and continuing resources (serials). For serials, the catalog
record provides information about the serial, including the first or earliest
available issue available. It also provides information as to holdings — the
breadth of volumes and issues received, checked in, and held by a library,
including the public availability of those holdings. In serials cataloging, there
are identifying characteristics unique to serials that are slightly different from
monographs (books). The issue date for a serial publication, for example,
generally appears on the cover (front or back), the masthead page, the title
page (if any), the table of contents page(s), or on the pages of the individual
articles contained within the issue. More information regarding the unique
aspects of cataloguing serials can be found at this link:
https://www.loc.gov/aba/pcc/conser/scctppt/Basic-2014/Basic-Trainee-

Mannual.pdf.
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Declaration of Shauna L. Wiest
VI. Public Availability and Accessibility of Kachelriefp

14.  Section VI of this Declaration relates to the date of receipt and
public availability/accessibility for the following reference: Kachelrie3 M,
Sennst DA, Maxlmoser W, Kalender WA. “Kymogram detection and
kymogram-correlated image reconstruction from subsecond spiral computed
tomography scans of the heart.” Medical Physics 2002 July; Vol. 29 (No. 7),
Pages 1489-1503 (“Kachelrief3”’). 1 understand that Kachelrief3 has been
submitted as Exhibit Ex-1023 in this proceeding. This reference is appended
to my Declaration as Appendix A.

15.  As detailed below, I have reviewed the print Kachelrief reference,
which was supplied to me by Wisconsin Tech Search (a service of the University
of Wisconsin - Madison) on May 15, 2025, the University of Wisconsin Library
public holdings information and MARC record for Kachelrief3 to determine the
date of its public availability and accessibility.

16. Appendix A to this Declaration is a true and accurate copy of the
cover, front matter, table of contents, and date stamp for the print issue of Medical
Physics containing Kachelriefs held by the Health Sciences Library at the
University of Wisconsin. Appendix A includes pages 1489-1503, which comprise
the print Kachelrief3 reference. Appendix A includes a date-stamp on PDF page 1

indicating that the issue of Medical Physics containing Kachelriefs was received by
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Declaration of Shauna L. Wiest

the University of Wisconsin Health Sciences Library on July 19, 2002. Appendix
A also sets forth the ISSN for the print journal as 0094-2405 on PDF pages 2 and
3.

17.  Appendix B to this Declaration is a true and accurate copy of the
University of Wisconsin Library public catalog record for its copy of Medical
Physics containing Kachelrief3, which was downloaded from
https://search.library.wisc.edu/catalog/999483150302121 on May 28, 2025.

18.  The University of Wisconsin Library public catalog record (Appendix
B) sets forth the publication and holding details for its copy of Medical Physics
containing Kachelrief3. The public catalog record indicates that the Ebling Library
holds v. 42 (2015) through v. 43 (2016) in the Stacks at call number Q 7M4613 P5,
and that the Middleton Shelving Facility holds print Volume 1 (1974) through
Volume 41 (2014) of the print serial publication Medical Physics. Appendix B
also sets forth the ISSN number as 0094-2405.

19.  Appendix C to this Declaration is a true and accurate copy of the
University of Wisconsin Library MARC record for its holdings of the print journal
Medical Physics, which was downloaded from
https://search.library.wisc.edu/catalog/999483150302121 (Click on “Library Staff

Details” and then “Staff View”) on May 28, 2025.
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20. Appendix C confirms the fixed data elements of MARC field tag 008
as 741029¢19749999nyubrlp. As discussed above, the first six characters
“741029” are in typical “YYMMDD” format and indicate that the print journal
Medical Physics was first catalogued by the University of Wisconsin - Madison
Library on October 29, 1974, and that the journal began publication in 1974 and is
a continuing resource currently published with no end date noted.

21.  The University of Wisconsin - Madison Library MARC record
(Appendix C) field tag 245 sets forth the title as Medical Physics. MARC field tag
022 sets forth the ISSN number for Medical Physics as 0094-2405, which matches
the ISSN in Appendix A and Appendix B. MARC field tag 362 denotes the dates
of publication and/or sequential date designation for Medical Physics as Vol. 1, no.
1 (1974)-.

22. Based on the information set forth in Appendices A, B, and C
attached to this Declaration, standard library practices, and my experience as a
librarian, the issue of Medical Physics containing Kachelriefs was received by the
University of Wisconsin Health Sciences Library staff on July 19, 2002.

23.  Accordingly, the issue of Medical Physics containing Kachelriefs
would have been checked-in and catalogued by the University of Wisconsin Health
Sciences Library within a few days of July 19, 2002, and would have subsequently

been made available to the public within a few days of being checked-in and
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Declaration of Shauna L. Wiest

catalogued. Members of the interested public could have accessed the issue of
Medical Physics containing Kachelriefs by (i) searching the University of
Wisconsin Library catalog; (i1) visiting the Eberling library; or (iii) by asking a
Library staff member and requesting the print issue containing Kachelrief3
available at the Middleton Shelving Facility at Call Q 7M4613 P5 (23-D-6) no
later than July 26, 2002.

VII. Conclusion

24. In signing this Declaration, I understand it will be filed as evidence
in a contested case before the Patent Trial and Appeal Board of the United
States Patent and Trademark Office. I understand I may be subject to cross-
examination in this case and that cross-examination will take place within the
United States. If cross-examination is required of me, I will appear for cross-
examination within the United States during the time allotted for cross-
examination.

25. I declare that all statements made herein of my knowledge are true,
that all statements made on information and belief are believed to be true, and that
these statements were made with the knowledge that willful false statements and
the like so made are punishable by fine or imprisonment, or both, under Section

1001 of Title 18 of the United States Code.

10
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e

Executed on May 29, 2025.

Shauna L. Wiest

11
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AVAILABLE ONLINE—See http://www.medphys.org July 2002! Volume 29, Number 7

IEALTH SCIENCES L IBRARY
INIVERSITY OF Wis CONSIN

1305 Linden Drive
fiadison, Wi 53706

Reconstruction of 12-slice cardiac CT data viewed from anterior/caudal using volume rendering. The
coronary arteries are nicely depicted at full length. See “Kymogram detection and kymogram-correlated
image reconstruction from subsecond spiral computed tomography scans of the heart,” pages 1489-1503.

Published by the American Association of Physicists in Medicine (AAPM) with the association of the
Canadian Organization of Medical Physicists (COMP) and the Canadian College of Physicists in Medicine
(CCPM) through the American Institute of Physics. Medical Physics is the official science journal of the
AAPM and is an official science journal of COMP/CCPM. / /
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Kymogram detection and kymogram-correlated image reconstruction
from subsecond spiral computed tomography scans of the heart

Marc KachelrieB,? Dirk-Alexander Sennst, Wolfgang Maximoser, and Willi A. Kalender
Institute of Medical Physics, University of Erlangen-Nurnberg, Germany

(Received 11 October 2001; accepted for publication 18 April 2002; published 20 June 2002)

Subsecond single-slice, multi-slice or cone-beam spiral computed tomography (SSCT, MSCT,
CBCT) offer great potential for improving heart imaging. Together with the newly developed
phase-correlated cardiac reconstruction algorithms 180°MCD and 180°MCI [Med. Phys. 27, 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 electrocardiogram (ECG), to synchronize the reconstruction with the cardiac
motion. Neither data acquired without ECG information (standard patients) nor 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 raw data (projection data).
The so-called kymogram function is a measure of the cardiac motion as a function of time ¢ or as
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 at the z-position z(«) at
projection angle a. 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 providing M =4 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]

Key words: Computed tomography (CT), multi-slice spiral CT (MSCT), cone-beam spiral CT
(CBCT), heart, ECG, kymogram

I. INTRODUCTION peaks of the ECG. For example, 70% of R—R is a typical
selection of the reconstruction phase. Alternatively, absolute
timing specifications may be used. Due to the synchronous
recording of the ECG signal, the cardiac ECG phase cg( @) is
known for each view angle «. This information allows to use
only those raw data for reconstruction that are as close as
possible to cg. In other words, the phase-correlated recon-
struction algorithms use data windows that satisfy cp(a)
== ¢y for reconstruction.

Two classes of phase-correlated algorithms are in use to-
day: Partial scan approaches that use 180° data intervals and
cardio interpolation approaches that combine data of adja-
cent heart cycles and rotations to improve temporal resolu-

Noninvasive imaging of the heart is an important issue be-
cause coronary artery disease is one of the leading causes of
death in western civilizations. Since most of the cardiac im-
aging techniques available today [cardiac ultrasound, fluo-
roscopy, conventional computed tomography (CT), spiral
CT, electron-beam CT and magnetic resonance tomography |
provide insufficient information or are not readily available!
dedicated reconstruction algorithms using the simultaneously
acquired patient electrocardiogram (ECG) as additional in-
formation for reconstruction have been developed in recent
years.>~> These algorithmic developments together with vast
improvements in CT technology, namely the reduced rotation

time down to 0.42 s per revolution and the introduction of
multi-slice and cone-beam spiral CT (MSCT and CBCT)
systems, allowed for the recent breakthrough of cardiac CT
imaging.

For phase-correlated image reconstruction the user typi-
cally specifies a reconstruction phase cy relative to the R

1489 Med. Phys. 29 (7), July 2002
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tion. Advantages of the interpolation algorithms over the par-
tial scan algorithms have been demonstrated clc:arly.z"“6
These findings are also reflected by current investigations of
other groups and by the manufacturers who recently started
to switch from half scan or partial scan to “‘multisector” or
“pulse-rate adaptive™ reconstruction algorithms.”*3

© 2002 Am. Assoc. Phys. Med. 1489
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In this paper, we propose an alternative measure of car-
diac motion that may serve as a fall-back solution to substi-
tute the use of the cardiac ECG phase c;(«a) or that may be
applied in situations where no ECG is available or where
using ECG acquisition is inconvenient.

The motion detection shall be computationally efficient in
order not to increase the total reconstruction time. A raw
data-based approach appears to be most promising. The
function to be extracted from the raw data is called the ky-

mogram; the synchronization information derived therefrom -

is the cardiac kymogram phase and is denoted by cg(«).
(We have chosen the term kymogram to give credit to con-
ventional kymogram methods that are available since the
mid-19th century and that use an instrument to graphically
record variations or undulations, as of the heart and blood
vessels but also of the vocal chord. The name kymogram is
derived from kymo, the water nymph of greek mythology.
Further information can be found at www.kymogram.com)

We derive the kymogram function using a raw data-based
COM (center of mass) tracking, followed by a few signal
processing steps.” This paper specifies the algorithms and
demonstrates the performance of the kymogram detection in
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 standard (not phase-correlated) recon-
structions are given.

Il. MATERIALS AND METHODS

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

@ & t z

2m 2w g d

We will make use of this one-to-one correspondence to
switch between these variables, if convenient.

* convolution symbol

Q) Dirac’s delta function

II(-) rectangle function with support [—3,3]
and area 1

() (1]aD)Ti(-/a)

sinc(-) sinc-function, sinc(x) = sin(mx)/mx

a projection angle, ae[0,27) for a se-
quence (360°) scan or z-interpolated data,
aeR for a spiral scan

B angle within fan, Se[—3®,id]

CR cardiac reconstruction phase (the center

phase of the data used for reconstruction)

cardiac phase as a function of time,

c (1) e[0,1). x=E for ECG, y=K for

kymogram, and y==S for simulated func-

tions

c(0)
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C, (1) absolute cardiac phase given as C,(t)
=n+c,(t) where n denotes the number
of heart beats that have already occurred

Ac, constant phase offset to be added to the
kymogram phase (modulo 1) to best
agree with ¢, ()

d table feed distance per 360° rotation

(O} fan angle, in our case $=52°

fu patient’s heart rate, typically 40min !
<fy=<120min~"

L,(1) phase lag function, L,(t)=C ()
—Cx(1)

M number of simultaneously scanned slices

P pitch, p=d/M S

pla,B) fan-beam projection data (neglecting the
z-component of the detector)

p(9,€) parallel-beam projection data (neglecting
the z-component of the detector)

N nominal slice thickness

oot time for a 360° rotation

X (1), y() center-of-mass coordinates as a function

of the view angle 9, of time ¢, or of
z-position z (we have the equivalence
I2a=t/t,=2z/d)

coordinates of the unbiased center of
mass

coordinates of the unbiased center of
mass given in the local inertia coordinate
system

coordinates of the bandpass filtered, un-
biased center of mass

coordinates of the bandpass filtered, un-
biased center of mass given in the local
inertia coordinate system

xuc(')a yuc(‘)

x,:c( ) )s yx,w( )

xbuc( ' )a ybuc(')

xl’mc( ), YI’mc( 2

Z axis axis of rotation

2R arbitrary selectable reconstruction posi-
tion

(c/w) notation used for the window setting, C is

the window’s center in HU, W its width
in HU

The freely selectable parameter ¢, is used to select the
desired cardiac phase; cy determines the relative center of
the time window with respect to each R—R interval of the
ECG or relative to the kymogram period. Arithmetics using
the cardiac phase ¢ are meant to be modulo 1 to take into
account its periodicity.

Patient and cadaver measurements were performed on a
SOMATOM Volume Zoom MSCT scanner (Siemens Medi-
cal Solutions, Forchheim, Germany). The scan protocol used
for 25 cardiac patients is the MSCT coronary angiography
protocol ¢, =0.5s, MXS=4X1 mm, d=1.5mm (ie., p
=0.375) which is established today as a standard scan pro-
tocol for thin-section cardiac CTA (CT angiography) with
4-slice CT systems. %011

We also performed standard thorax scans with 16-slices
and coronary angiography scans with 12-slices on a SOMA-
TOM Sensation 16 CBCT scanner (Siemens Medical Solu-
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tions, Forchheim, Germany). The standard thorax protocol
was =055, MXS=16X0.75mm, d=6.0mm (i.e., p
=0.5) and covers a range of 360 mm in 30 s. The cone—
beam coronary angiography protocol we used was 7.y
=042s, MXS5=12X0.75mm, d=3.0mm (i.e., p=0.333)
and covers 160 mm in 22 s. Our Sensation 16 is a work-in-
progress installation without ECG option and hence we can-
not quantitatively assess the kymogram results for those pa-
tients scanned on the cone—beam CT.

Further, spiral cone—beam data for a 4-slice and a 12-slice
scanner of the cardiac motion phantom (see Ref. 3 for a
description thereof) were simulated using the dedicated
simulation software ImpactSIM (VAMP GmbH, Mohrendorf,
Germany).

The kymogram detection algorithm is implemented as the
Kymo taskcard of the Syngo Explorer (VAMP GmbH, Mo-
hrendorf, Germany). The algorithm generates an ECG com-
patible kymogram file from the raw data which is stored in
the DICOM database of Syngo™ (Siemens Medical Solu-
tions, Erlangen, Germany). The file is then used to synchro-
nize the phase-correlated reconstruction algorithms.

Reconstructions are performed with the cardio interpola-
tion approach 180°MCI (Multi-slice cardio interpolation)
and ASSR CI (advanced single-slice rebinning cardio inter-
polation) for 4-slice and 16-slice data, respectively.>'? The
reconstruction algorithms are implemented on a standard PC
using the dedicated image reconstruction and image evalua-
tion software ImpactIR (VAMP GmbH, Mohrendorf, Ger-
many).

lll. KYMOGRAM DETECTION
A. Center of mass tracking

The first step in the kymogram detection approach which
we present here is to compute an estimate of the center of
mass of the slice currently scanned. Our method is stimu-
lated by and is a generalization of the algorithm published in
Ref. 13. We make use of the well-known fact that the COM
of the object projects for each parallel view angle ¢ onto the
COM of the parallel projection. To establish this fact, we
denote the parallel projection through an object u(x,y) in
two dimensions as

P(ﬁ,§)=f dx dy u(x,y)8(x cos 9+ y sin 9 — &),

Now, one can immediately validate the following properties
which hold V9

f dxdy ,u,(x,y)=f dép(9,€)

(1a)

(conservation of mass),
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cos x
sind ]’ dxdy y

(conservation of first moment).

wulx,y)= J d& ép(9,€)

(1b)

These relations state that the COM of the object function
projects onto the COM of the corresponding parallel projec-
tion.

Therefore, it seems promising to use the measured projec-
tion data to compute the projection COM £.(¢) for each
parallel view angle { and to estimate the object COM there-
from. For moving objects, the object COM will also vary in
time—and thus as a function of Y—and hence the function
&.(9) should allow us to draw conclusions on the object
motion provided that a small range of {, say an interval of
length 27f with f denoting the fraction of a full rotation
contributing to the estimation procedure, suffices to perform
the estimation.

The scan geometry is a fan—beam geometry with a single-
slice, multi-slice or cone—beam spiral trajectory, but we are
in need of 2D parallel data to use the relations derived above.
Hence, we must convert the measured data accordingly. For-
tunately, it suffices to regard the central slice only, and one
may neglect the fact that the table translates by a distance of
d(f+ ®/m) while acquiring the data needed for one COM
estimation. Experiments showed that neither taking into ac-
count more slices nor compensating for the table movement
by performing a z-interpolation between adjacent detector
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 z
direction (see below) and the algorithm becomes insensitive
to axial variations. Due to these reasons, the following con-
siderations neglect the table movement and all but the central
detector slice.

To perform the conversion between fan—beam and
parallel-beam geometry we denote the measured projection
data as p(«,B) with aeR being the rotation angle of the
gantry and Be [ —®,®] being the angle within the fan. We
need the center of mass of each projection in parallel coor-
dinates as a function of ¥, ie., £.(). Due to the known
relations §= — R sin B, where R denotes the distance of the
focal spot to the isocenter, and o=9— 8 we can change the
integration variable ¢ to B by using the Jacobian d¢§
=—Rpcos Bdf and get

JdéEp(9,6)
Jdép(9,8)

JdB R}sin B cos Bp(d—B,5)
JdB R cos Bp(d—B.B)

1 fdBsin(2B)p(d—B.B)
~ 27" [dBcos Bp(9—B.B)

As mentioned, no correction for the shift in z direction is
made. Further, one notes that the data contributing to £,(9)
stems from a gantry angle range of size @ and therefore
contains temporal contributions of size t,,®/27 which is far

£(9)=
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3 Fig. 1. Biased and unbiased y coordinate of the esti-
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mated COM as a function of the z position. The tick
mark spacing is 1 mm in z and y direction.

Aortic Arc Ventricle

below the time of one cardiac cycle. Since the heart, as the
moving part of the object, occupies only a small fraction of
the complete field of measurement (which corresponds to the
fan angle ®) the temporal contributions of the heart to the
computation of . are even less and can be neglected.

Denoting the image center of mass as x, and y. we have
shown that

x,cos O+y, sind—E&(F)=0
should hold V. This can be solved in a least square manner
by minimizing
1 S+ fmr
2mf Jog—rx

in the range [ O~ far, O+ far] with £>0. In the following we
will formulate the integral as a convolution with II}, (),
for convenience. The minimization (derivative with respect
to x, and y.) yields the system of equations

oLl
S 1=C/\ye \Xs
with the solution
(xc)_ 1 (I—C -8 (Xc)
vl 1-C*=82\ -5 1+C/\Xs/’
where we use the abbreviations

C=cos(29)*ILf, () =sinc 2f cos 29,

d¥(x.cos O+y,sin O— &,(F,m))?

§=sin(29)*IL}, (¥)=sinc2f sin 29,
Xe=2&(F)cos(F)+IL, (),
Xs=2£,()sin(9)*11F, (D).

It should be noted that the denominator, which is the deter-
minant of the coefficient matrix, yields 1—C?—S%=1
—sinc? 2f which is always positive and thus indicates the
regularity of the coefficient matrix. The fraction f should not
be chosen too small to avoid numerical instabilities. Values f
between 10% and 50% turn out to be sufficient to yield ac-
curate results. The overall results do not depend on the exact
choice of f; we use f=10% in the following.

B. Further signal processing

The COM signal we have computed in the preceding sec-
tion needs to undergo a few signal processing steps until the
synchronization peaks of the cardiac motion can be detected.

Medical Physics, Vol. 29, No. 7, July 2002
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For convenience, we will now switch from the indepen-
dent variable 9 to the variable t=1t,19/27 which denotes the
time or to the variable z=d /27 which denotes the z posi-
tion. Functions of ¢ are now overloaded and we also note ¢
or z as the function’s argument. Thereby, we emphasize
which parameter is of relevance. For example, when smooth-
ing the function in the z direction we use z and when per-
forming a temporal filtering we use ¢ while being aware that
there is a one-to-one correspondence between U, ¢, and z.

Further, if the x component is the only component noted it
is implicitly assumed that the y component and other motion
components are treated equivalently.

1. Bias correction

The COM functions x.(¢) and y.(¢) are biased due to
(slow) variations in the patient cross section introduced by
the continuous translation of the patient table during the spi-

r ot ; .
571

el e

o
4

FiG. 2. Parametric plot (x,. vs y,. as a function of #) of the unbiased COM
for a complete scan (many heart cycles). The grid spacing is 0.1 mm. The
corresponding cardiac ECG phase ¢ g(r) has been used to set the hue of the
plot. The legend shows the hue to phase mapping. Regions of similar hue
are spatially relatively close. The two global principal axes are shown as
well. Their length was chosen proportional to ®;, and @;,y, respectively.
For this patient we have @, =6.80, and ¢=29.5°.
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90° #(z)

45° Abdd.

FiG. 3. The function ¢(z) for the complete scan. Ticks
are spaced at 1 mm in the z direction and 22.5° in the ¢
direction, respectively.

Aortic Arc Ventricle

ral scan. To remove the bias we subtract the running mean of
the COM using a rectangular filter of width A¢. Thus, the
unbiased version of the signal is given as

xuc(t) =)Cc(t) *xc(t)*HKt(ty

A value of At=1s is large enough to avoid averaging out
components of the cardiac motion. The value is motivated by
the fact that cardiac motion usually is of the order fy
=60 min"!. Anyhow, frequencies below this are suppressed
smoothly by the bias procedure and heart rates down to
about 30 bpm can be detected as well.

To illustrate the necessity of bias correction Fig. 1 shows
the functions y.(z) and y,.(z) for a typical patient. The un-
biased signal is of low amplitude (submillimeter); its varia-
tions are mainly due to cardiac motion.

2. Principal heart axes

The two available signals x,.(z) and y,.(z) represent an
estimate of the in-plane cardiac motion as a function of time
or of z position. We now seek to reduce the information to a
one-dimensional signal from which we can easily detect syn-
chronization peaks.

Assume that cardiac motion takes place in the y direction
only. Then, the signal in x direction would be low and prob-
ably worthless. A parametric plot of (x,.(2),y,.(z)) as a
function of z for a typical patient indicates that there is a
preferred axis of in-plane motion (Fig. 2). Projecting the
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 motion (and its or-
thogonal counterpart) by taking the inertia tensor

_(®xx ®xy)
0=lg o |®

xy yy
0, (1) =TI} (1) *x2(1),

with the moments of inertia defined as

| Xuc(f)]

0 120 240 360
f in min~!

FiG. 4. Spectrum of x,.(¢) scaled to arbitrary units for frequencies up to 400
min~!. Patient heart rate is 97 min~" which obviously coincides with the
dominating peak.

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

®xy(t) znxr(t)*xuc(t)yuc(t)v
0, () =1II% (1) *y2 ().

Then, we perform a principal axes transformation such that
the transformed moment of inertia is diagonal,

e, o
@’(r)=( o g |-

. yy
The width At of the contributing running interval is chosen
as Ar=10s to cover at least about 10 heart beats (assuming
a heart rate of at least 60 beats per minute).

The diagonal values of ®" are the eigenvalues of ®. With-
out loss of generality we demand ©;, =@/ . We denote the
corresponding rotation angle of the underlying orthogonal
transformation as ¢(t) and we use the transformation matrix
to express the COM coordinates in the new eigensystem

(x;c(t)) _( cos ¢(t)  sin ¢(z) ) (x,,c(t))

Yael)] \ =sinp(r) cos d(t) ) \Yuclt)]
Here, x, (f) is expected to be the most pronounced signal
since it corresponds to the main inertia axis (largest eigen-
value).

The advantage of computing the new coordinate system
adaptively, i.e., over a range A¢, is that the algorithm can
adopt to changing (e.g., slowly rotating) principal axes.

toin s

0 60 120 180 240 300
f in min~!
FiG. 5. The windowed Fourier transform X, .(f,?,) for frequencies up to 300

min~!. The patient’s heart rate lies between 60 min~' and 70 min~'. For
further discussion of this specific patient see Sec. V C.
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z4,.(2) and ECG

Aortic Arc Ventricle

Since this range constitutes the average of at least 10 cardiac
cycles, the determination of the heart axis is insensitive to
extra systoles or arythmic behavior.

For illustration purposes the principal axes shown in Fig.
2 are the global (At=o0) axes and do not reflect the adaptive
behavior of the algorithm. The function ¢(¢) is shown in
Fig. 3 for another patient.

3. Bandpass filtering

The quality of the unbiased COM signal proved to be
insufficient to directly detect periodicity information. The
spectrum of x,.(¢) and y,.(#)—a patient example is given in
Fig. 4—shows dominating peaks at the heart frequency fy
and at the $canner’s rotation frequency 1/¢,.

Therefore, a bandpass filter must be centered about fy to
remove the undesired parts of the spectrum. Since the heart
frequency may change as a function of time, e.g., from 60
min~! at scan start to 100 min~! at scan end, a simple band-
pass filter will not suffice. We rather perform a windowed
Fourier transform assuming a time window w(?) with
Jdtw*(H)=1:

Xuc(f,to): f dt-xuc(t)w(l‘_to)e_ZT’if’.

The window function used is

2 2( m ot ) ( 1t )

w(t)= \/mcos > A7 II > A7)

An appropriate width, that allows to detect frequencies down
to 20 min ' is Az=3s. Hence, all clinically relevant cases
(f>40min"") can be handled.

From the modulus of these functions we detect the maxi-
mum. The frequencies taken into account lie between 40
min ' and 1/¢,,,. The frequency where this maximum occurs
is denoted as fy(#o) and bandpass filtering is performed by
multiplying the windowed Fourier transform with a smooth
function H that is centered about fy ().

Xbuc(f7t0) :Xuc(f’IO)H(f_fH(tO))-

KachelrieB3 et al.: Kymogram detection and kymogram-correlated image reconstruction

TP P Y s

1494

T

FiG. 6. Kymogram x;,.(¢) and the ECG signal as a
function of z position/time. Tick spacing is 1 mm in the
z direction and in the x’ direction; the ECG signal is
scaled to arbitrary units.

Liver

Currently, we use

TS L f
H)=cos (2 AfH)H(z )
where Afy denotes the full width at half maximum of the
bandpass filter function. A value of Afy=20min"' turned
out to be sufficient. We have tested the method with varying
values of Afy and found the method to be stable for values
between 10 and 30 min~' (which is also indicated by the
width of the peak in Fig. 4). An example of a windowed
Fourier transform for a typical patient is given in Fig. 5.
The temporal domain signal is then reconstructed by
simple inversion:

xb“C(t):f fdtUdebuc(f’tO)W(t—to)ezmﬂ.

The kymogram function x,,,.(#) and the patient’s ECG signal
are shown in Fig. 6; the close correlation of the periodicity
information of these two signals is apparent.

4. Peak detection

Finally, the synchronization peaks are detected from
Xp,.(1) by simply detecting the ascending zero crossings of
the first derivative. If we denote the location of the peaks as
t, we construct the cardiac kymogram phase as

t—t,
cg(t)= f—+Achn0d1

R
with » such that ¢,<t<¢,,;.

This definition is equivalent to the definition of the cardiac
ECG phase cz(¢) which quantifies the location of ¢ relative
to the previous and next R peak. The constant offset Ac,
reflects the remaining degree of freedom in choosing the ky-
mogram phase. If we do not intend to compare our results to
an ECG function, we set this offset to zero. For ECG com-
parisons, however, we choose its value to minimize the
phase-lag between ECG and kymogram (see below). Doing
so, we can, for example, reconstruct ECG and kymogram
correlated at a reconstruction phase of ¢x=70% while en-
suring maximum consistency between the two reconstructed

100%

Lg(z)

b

—100%)

‘/_/ Fi6. 7. An example ECG lag function Lg(z) corre-
sponding to the ECG and kymogram shown in Fig. 6.

Aortic Arc Ventricle
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¢) Transaxial slices (in cranio-caudal order)

FiG. 8. MPRs and transaxial slices of the complete patient thorax exemplify the behavior of the COM curves. (a) Sagittal section and y.(z). (b) Coronal
section and x.(z). The global behavior of the COM coordinates correlates well with the anatomy shown. (c) Transaxial slices for illustration purposes. Their
z positions correspond to the dashed lines of the x, and y, plots. The images are reconstructed kymogram-correlated.

volumes. Without the offset correction it could happen that
kymogram images at, say, 70% are best comparable to ECG
images at 43%.

IV. TEST METHODS
A. Comparing ck(1) and ¢,(1)
We define the monotonically increasing (absolute) phase

function

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

C,(t)=n+c,(t) withnsuch that t,<1<t,,;.

The integer part of C, counts the number of heart beats that
have occurred and the fractional part gives the relative posi-
tion between two synchronization points. Obviously, C, is
strict monotonically increasing in ¢ and has an inverse which
we denote as C;l. Now, we can regard the phase lag func-
tion
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As a simple test function we used a sine function in x

1496 KacheirieB et al.: Kymogram detection and kymogram-correlated image reconstruction
1. Sine
| Xue(S)]
direction defined in 0=<¢<40s:
Xgm(1)=1.0mmX sin(2 7wt X f ),
ysim( t) = 0,
1] 120 240 360

f in min~!
F1G. 9. Spectrum of x, (1) as a function of frequency f for the cadaver scan.
The peaks at 1/, and multiples thereof are clearly visible. The ordinate is
scaled to arbitrary units.

L(1)=C (1) — Ci(2)

which should be constant for an ideal correlation between the
ECG and the kymogram approach. The ECG lag for a typical
patient is given in Fig. 7. Please note the plateau in the scan
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 correction Ac, .
Since the heart is not reached fully at scan start and since the
scan has left the heart at scan end there are deviations from
the 0% optimum at the left and right side of the plot.

B. Simulated motion functions

For test purposes, we simulated phantom data of our car-
diac motion phantom using various motion functions. It
turned out that the computation of &.(¥) based on these
simulated raw data yields exactly the same result as when
directly prescribing

fc('ﬁ) — Xsim(’ﬂ)COS 79+ysim( ﬂ)Sin & (2)

with §=2mt/t,,, and the COM coordinates xgn(7¥) and
Ysim(¥). Since our intent is to evaluate the kymogram detec-
tion algorithm we will therefore not concentrate on the simu-
lated raw data but on the directly generated function &, and
its evaluation.

Thus, we simulated a number of COM-functions x;,(¢)
and ygn(#) and used (2) to compute the projected COM. To
complete our simulation, we had to additionally define the
sync peaks t, of the simulated motion. This defines the simu-
lated phase c¢(f) and the absolute phase Cg(7).

The simulated input signal £.(9) was then used for the
described signal processing steps that detect the kymogram
peaks. The detected peaks are compared to the simulated
sync peaks by computing the phase lag function Lg(z) for
simulated motion.

1 i

the heart rates were chosen as fyp=60min ", 70 min °,
80 min~!, and 100 min~". We define the sine’s sync peaks as
the ascending zeroes of the motion’s x component:

ty=nlfy with 0sn<fy;X40s.

2. Chirp

As a more complicated test function we define a chirp
signal in the x direction. The increasing heart rate helps to
evaluate the performance of our kymogram algorithms with
patients of slowly varying heart rate.

For 0=t<T=40s we define

Xm(2)=5.0 mm constant offset

+0.1 mmXsin(27t/(20t,,)) low frequency bias
+1.0 mmXsin(27mt(at+b)) actual signal
+1.0 mmXsin(27t/t,,) high frequency drop in

+1.0 mmXsin(4t/t,,) first harmonic of drop in

ysim(t):o

to compute £.(9) = xgm()cos U+yg,(F)sin 9. The actual
signal is a chirp starting with f5(0)=5b=40min"' and end-
ing with f;(T)=2aT+b=110min ! (2 and b have been
chosen accordingly). Our aim is to observe the behavior
of the kymogram detection during the frequency sweep from
40 min”~' to 110 min~". The drop in at 1/f,,,= 120 min "' and
its harmonic mimic the resonance behavior of the scanner.

The function’s sync peaks ¢, are defined as the ascending
zeroes of the actual signal

ty{at,+b)=n.

V. RESULTS

The following results are based on detecting synchroniza-
tion information from x,,, which has turned out, as ex-
pected, to be the most pronounced signal.

Le(z)

FiG. 10. The chirp’s lag function Lg(z). The frequency
of motion increases linearly with the z position from 40

Medical Physics, Vol. 29, No. 7, July 2002
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min ! to 110 min~!. The tick spacing in z direction is 1
mm.
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ECG-—correlated COM Kymogram-—correlated

a) Transaxial

onqg
Iﬂqx

WV
Ty
VVRVAVY

b) Sagittal

Jsuqy
L

c¢) Coronal

FiG. 11. Transaxial and MPR images of a cardiac patient reconstructed with 180° MCI. The parametric COM plot ranges from —0.75 mm to 0.75 mm for the
unbiased x and y direction. The functions shown with the MPRs are aligned to the MPRs in z direction. The x and y dimensions are scaled to fit the available
space. The lag function Lg(z) and the primed x coordinate x,,.(z) are identical for both MPR sections; they are repeated to show the correlation to the
anatomy. The patient’s mean heart rate is f;=65 min™' and the reconstruction phase was chosen as ¢z=50%.

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

To demonstrate the good correlation between the detected  tion (and not only of the heart) together with the correspond-
COM functions x,. and y. as a function of the z position we ing COM estimation. In addition, three transaxial slices are

Medical Physics, Vol. 29, No. 7, July 2002
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a) Standard reconstruction

¢) Kymogram-based reconstruction

FiG. 12. Comparison of a standard reconstruction with the phase-correlated ECG based and kymogram based reconstructions. Transaxial, sagittal, and coronal

slices are shown. The patient’s mean heart rate is f=52 min~’

shown. The COM’s slow variations, i.e., the bias that is to be
removed, corresponds to the patient’s anatomy. The shift at
the lower end of the coronal plot, for example, is induced by
the transition from the heart to the liver which introduces a
shift of x, towards the patient’s right side (appearing left in
the image).

To determine the source of the 120 min~' resonance fre-
quency that was visible in the spectral plots of Sec. III B 3
and that appears for all patient data, we have scanned a

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

and the reconstruction phase was chosen as cz=50%.

cadaver. As can be seen from Fig. 9 the resonance frequency
appears even for motionless objects. Tests with simulated
monochromatic raw data (pure line integrals) using the sa-
mescanner geometry showed no such resonance behavior.
Consequently, nonlinear effects such as scattering and beam
hardening have to be considered as the cause of this artifact.
These nonlinearities violate the assumptions of (1) and there-
fore introduce an artificial modulation into the COM curve.
Due to this intrinsic resonance, we cannot detect cardiac mo-
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a) Kymogram, ECG and lag function

¢) Kymogram-based reconstruction

FiG. 13. For this patient, the T wave was misinterpreted as an R peak 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 mm in the z direction, 1 mm for x;,. and 100%
for the lag function, respectively. The ECG is scaled to arbitrary units. The vertical dashed line indicates the slice position of the transaxial images. The
reconstructions are performed in cardiac ECG- and kymogram-phase steps of 20%. The ECG-correlated images are blurred and show overlayed structures
since different cardiac phases are mixed into each image. The patient’s mean heart rate, as detected by the kymogram algorithm, is f;=68 min~' and the

reconstruction phases were chosen in steps of 20%.

tion at fy=1/t,, and within a 10% window around this fre-
quency. This disadvantage will become irrelevant with future
scanners that rotate faster.

B. Simulation study

The resulting lag functions for the simulated sine motions
show no lag between the detected and the simulated peaks,
i.e., Lg(z)=0. This is a first indication that the new method
is free of systematic errors.

The chirp function, which is much more demanding,
yields almost optimal results for the complete frequency
range. This is indicated by the chirp’s lag function in Fig. 10.
The lag values are not perfectly zero. They rather increase

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

almost linearly from —5% to +5%. This can be well ac-
cepted regarding the facts that (a) these small deviations are
not oscillating but change slowly over the scan and (b) the
range of heart rates covered with this experiment within a
single scan is far from clinical reality.

C. Patient results

To. evaluate our approach we have studied data of 25 rou-
tine patients scheduled for coronary CT angiography. Phase-
correlated reconstructions were performed using the ECG-
based and the kymogram-based approach for comparison. In
addition, standard reconstructions which are not phase-
correlated have been carried out.
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Fi. 14. Kymogram-based ASSR CI reconstruction of 12-slice cardiac CT data. The images are spaced by 9 mm in caudo-cranial order from top left to bottom
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 kymogram-
correlated reconstructions together with the COM plots and
the kymogram functions. Image quality of both approaches
appears to be the same although some discontinuities in the
MPR displays differ. The kymogram functions x,,., Ypuc >
and x;,, nicely show the correlation of the cardiac anatomy
and the amplitude of motion: the aortic motion alone yields a
lower amplitude of the COM motion than the motion of the
ventricles. The lag function is almost horizontal and indi-
cates a good correlation between ECG and kymogram.

Another patient is shown in Fig. 12 which compares stan-
dard, ECG-correlated and kymogram-correlated reconstruc-
tions. Both the ECG-correlated and the kymogram-correlated
reconstruction are, not surprising, clearly superior to the
standard approach although substantial motion artifacts still
remain for certain heart beats. Apart from slightly fewer dis-
continuities in the kymogram reconstruction the two phase-

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

correlated reconstructions yield comparable image quality.
Please note, the kymogram-based reconstruction and the
standard reconstruction are both based on the same prereg-
uisites: A standard CT scan without additional ECG acquisi-
tion. The improvement in image quality, however, is signifi-
cant.

For a few patient cases, the ECG signal may be defective
or the ECG monitor’s R-peak detection algorithms may fail.
In the case presented in Fig. 13, the R-peak detection did not
only detect the R waves but also the 7 waves—the T wave
typically appears less pronounced than the R wave—of the
patient. Therefore, the patient’s heart rate appeared to be
twice as high. Since the ECG file was not corrupt, this error
remained unnoticed during ECG-correlated reconstruction.
The kymogram, in contrast, detected the cardiac motion cor-
rectly. Results are shown in Fig. 13. The phase lag is strongly
increasing since the ECG signal reports a twofold increase of
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FiG. 15. Kymogram-based ASSR CI reconstruction of 12-slice cardiac CT
data viewed from anterior/caudal using volume rendering. The coronary
arteries are nicely depicted at full length.

the cardiac phase as compared to the kymogram signal.
Close to the scan end the ECG monitor started to detect
correctly and, consequently, the lag function turns into a
horizontal line. Figures 13(b) and 13(c) show the ECG cor-
related and the kymogram-correlated reconstructions of a
single slice for the phases (ECG and kymogram) 10%, 30%,
50%, 70%, and 90%. Whereas the kymogram-correlated re-
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 the
reconstruction algorithm, based on the false ECG interpreta-
tion, combines data segments corresponding to different
(true) heart phases. Figure 5 shows the windowed Fourier
transform of that patient; the true heart rate between 60
min~! and 70 min~" can be clearly seen from this density
plot.

As a further demonstration Fig. 14 gives an impression of
the kymogram performance on 12-slice cone-beam CT with
a rotation time of 0.42 s. Unfortunately, we have no ECG
available with our CBCT scanner and cannot compare the
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-
dering in Fig. 15 indicate a good correlation of the
kymogram and the cardiac motion also for cone—beam CT
data.

D. Statistical evaluation

To quantify the kymogram algorithm in comparison to the
ECG signal we performed a statistical evaluation of the lag
function for 25 consecutive cardiac patients. First, the z po-
sitions that did not cover the heart were excluded from the
data. Then, the mean and the standard deviation of the lag
function’s values were computed. The mean values are
equivalent to the offset Acg introduced in Sec. IIIB 4. The

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

TaBLE 1. Patient mean heart rate, mean lag offset Ac, and lag function
variation o, in relation to the gold standard ECG. The last two lines show
the mean and standard deviation over the respective columns. (Patient 7 was
excluded because of disturbed ECG ‘data.)

Patient fu (ECG) fu (Kymo) Acg oy,

1 75 min~! 75 min~! 5% 3.05%

2 64 min~! 64 min~! 1% 1.38%

3 69 min™’ 69 min~! 55% 5.45%

4 89 min~' 87 min™~! 4% 7.51%

5 75 min~! 75 min~! 97% 1.46%

6 70 min~! 70 min~! 1% 3.19%

7 68 min~!

8 70 min~' 69 min~’ 3% 4.40%

9 54 min~! 54 min~! 41% 2.20%
10 101 min~! 101 min™! 53% 24.5 %
1 87 min~! 87 min~! 15% 3.08%
12 79 min~' 79 min~! 30% 2.75%
13 61 min~! 61 min~! 38% 4.84%
14 64 min~! 64 min~! 93% 4.65%
15 66 min~' 66 min~! 49% 1.25%
16 69 min~! 69 min~' 2% 2.52%
17 67 min™! 67 min™! 97% 1.45%
18 75 min~! 74 min™! 97% 2.18%
19 65 min~! 65 min~' 94% 4.65%
20 52 min™* 52 min~! 29% 2.72%
21 84 min~! 84 min~’ 2% 2.11%
22 70 min~' 71 min~! 47% 3.75%
23 78 min~! 78 min~' 2% 2.13%
24 61 min~! 61 min~! 39% 4.15%
25 97 min~! 97 min~! 2% 8.81%
mean: 73 min~! 73 min~! 4.53%
sigma: 13 min~! 13 min~! 4.85%

standard deviation o7, _is a measure of the kymogram quality
if one assumes the ECG to be the gold standard for cardiac
motion synchronization. Results of our analysis are given in
Table I. Please note that only 4-slice data enter this table
since we have no ECG available for the cone—beam scans.

The table shows a good match between the ECG and the
kymogram. The deviation of the lag function is below 5% in
84% of all cases. This is also indicated by the good agree-
ment in detected heart rate. As patients 10 and 25 indicate,
the kymogram tends to match the ECG less closely for
higher heart rates.

VI. DISCUSSION AND CONCLUSIONS

The kymogram approach as presented in this paper in-
volves a number of ad hoc steps, such as data windowing
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.

In general, it has turned out that information nearly
equivalent to the ECG’s phase information can be obtained
from the raw data at the level of the heart; slight deteriora-
tions for heart rates that approach the scanner’s resonance
frequency have been observed. Regarding that the improve-
ments in image quality obtained with the kymogram com-
pared to standard reconstructions are equivalent to the im-
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b) Kymogram—correlated ASSR CI reconstruction

FIG. 16. Improvements that can be obtained for a standard thorax scan when using kymogram-correlated reconstruction.

Medical Physics, Vol. 29, No. 7, July 2002
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provements obtained by reconstructing ECG-correlated,
which were the basis for modern cardiac CT,? is highly im-
pressive and should stimulate further research on motion-
correlated reconstruction.

Although the studies have been presented mainly for ¢,
=0.5s, there is no loss of generality since our results scale
according to the rotation time of the scanner. Assume a scan-
ner witht),, then the results must be simply scaled according
0 f1=Ffrutwi/lio- Consequently, CT scanners with shorter
rotation times allow us to detect cardiac motion for heart
rates above 120 min~! as well. This is the case with our
CBCT scanner that shows the resonance at 143 min™ .

For most cases, comparable image quality has been
achieved with both phase-correlated approaches. There may
be cases (that have not occurred in our study) where the
kymogram approach fails due to severe arythmia of the pa-
tient which would violate the assumption of slowly varying
heart rate. But there are also cases where the kymogram is
superior to the ECG. In particular, the case of misinterpreted
T waves which happened in one of 25 consecutive cardiac
patients yielded superior images with the kymogram ap-
proach and where the kymogram gave the hint for detecting
the ECG monitor’s failure.

To summarize, the novel approach of motion detection
appears to be a viable alternative to ECG-based reconstruc-
tion. It is possible to use the kymogram to substitute the
ECG information but it also seems of high value to have both
approaches available since potential errors (that may occur
for the ECG but also for the kymogram) may be compen-
sated thus improving the overall image quality. A potential
disadvantage is that the kymogram cannot be used for pro-
spective triggering or dose modulation. Prospective methods
require the prediction of cardiac motion at least 180° in ad-
vance and the kymogram algorithm consists of signal pro-
cessing steps that involve more than 720° of data. Hence, the
kymogram detection is not as localized as a prospective op-
eration would require.

An important additional point is that the kymogram tech-
nique may be useful for thoracic and lung imaging since it
allows for motion compensation not only in the heart but
also in pericardial lung regions which often suffer from blur-
ring of diagnostically important details. To fortify this sug-
gestion we have used standard thorax data with 0.5 s rotation
and with a pitch of 0.5 acquired with a 16-slice CT scanner
to perform both a standard and a kymogram-based ASSR CI
reconstruction. The significant improvements obtained with
the new method are demonstrated in Fig. 16. A pitch value
lower than one is the only precondition that must be satisfied

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

for this lung imaging technique. Due to the high volume
coverage of modern cone—beam scanners this means no re-
striction to clinical routine.
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$aMed. phys.$b(Lanc. Online)

$aMedical physics$b(Lancaster. Online)
$aMedical physics.

$aMedical physics online

$a[Woodbury, N.Y.] :$bAmerican Association of Physicists in Medicine [by the American Institute of |

$3<2017-> :$aHoboken, NJ :$bJohn Wiley & Sons
$atext$btxt$2rdacontent
$acomputer$bc$2rdamedia

$aonline resource$bcr$2rdacarrier

$aBegan with vol. 1, no. 1 (Jan. 1974).

$aRefereed/Peer-reviewed

$aDescription based on first issue; title from pdf image of article (publisher's Web site, viewed N

$alatest issue consulted: Volume 43, Issue 7 (July 2016) (AIP website, viewed July 13, 2016).
$aMedical physics$vPeriodicals.

$aBiophysics.

$aPhysique médicale$vPériodiques.
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$aAmerican Institute of Physics.
$aAmerican Association of Physicists in Medicine.

$aJOURNAL

https://search.library.wisc.edu/catalog/999483150302121

Volkswagen Exhibit 1028, Page 38 of 39

5/6



5/28/25, 3:37 PM Medical physics - Catalog - UW-Madison Libraries

Document ID: 999483150302121

Network Electronic IDs: 9911025287002121
Network Physical IDs: 999483150302121
mms_ec_ids: 993263983402134, 99925642879302134
mms_lc_ids: 992194863402125, 991016458918102125
mms_mad_ids: 991693373602122, 991021973005802122
mms_ml_ids: 99584513402124, 991012396505902124
mms_gb_ids: 991006764787202123

mms_osh_ids: 991004583909702126

mms_pl_ids: 99901306823502127

mms_rf _ids: 991014192921702129

mms_sf_ids: 991015036825102130

mms_st_ids: 991013926952302131

mms_ww_ids: 991015503953802133

https://search.library.wisc.edu/catalog/999483150302121 6/6

Volkswagen Exhibit 1028, Page 39 of 39



	Kachelrieß PTAB Declaration FINAL 5-29-2025 (002)
	I. Introduction
	II. Standard Library Practice for Receiving, Cataloging, and Making Materials, including Serial Publications, Publicly Available and Accessible
	III. Ownership and Date-Stamp
	IV. MARC Records
	V. Cataloguing Treatment of Serials
	VI. Public Availability and Accessibility of Kachelrieß
	VII. Conclusion

	Kachelrieß Appendix A--
	Appendix B - Kachelrieß
	Appendix C - Kachelrieß



