DEVELOPMENT OF A METHODOLOGY TO CHARACTERIZE THE
DYNAMIC BIOMECHANICAL ENVIRONMENT OF THE HEART
OUTFLOW TRACT OF CHICKEN EMBRYOQOS
By
Aiping Liu
A DISSERTATION
Presented to the Department of Biomedical Engineering
and the Oregon Health & Science University
School of Medicine
in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

June 2011



School of Medicine

Oregon Health & Science University

CERTIFICATE OF APPROVAL

This is to certify that the Ph.D. dissertation of
Aiping Liu

has been approved

Sandra Rugonyi, Ph.D.
Assistant Professor, Thesis Advisor

Kent L. Thornburg, Ph.D.
Professor

Ruikang Wang, Ph.D.
Professor, University of Washington

Monica Hinds, Ph.D.
Assistant Professor

Stephen R. Hanson, Ph.D.
Professor



To my beloved parents, who always value educatidreacourage me
to pursuit my dreams of life.



Table of Contents

TaDIE Of CONENTS.....euiiiiiiiie i e e e e e e e e [
ACKNOWIEAGEMENTS ... e M
LISt Of TaDIES ... e Xi
LISt OF FIQUI S, ..ttt ettt ettt ettt be bttt mmmmme e e e e e Xii
LISt OF VIAEOS...... e e XXX
List of ADDreviations ... XHX
N o = To: PP TUUPPUPTP XXXV
Chapter 1: INtrOUCTION ... s
I = T Tod (o [ (o 11 ] o [P PPRTP 1
1.1 .1 Cardiac morphogenesis and congenital hesgases..............ccoooeeeeeeennn.
1.1.2 Biomechanical environment regulates cardiaphogenesis.................... 3
1.1.3 Chick embryonic heart and the outflow tract...................c. 6
1.1.4 Qutflow tract banding model...........cccouii e 8

1.1.5 Optical coherence tomography to visualize rtherostructure and blood

flow of embryoniC NEAItS.........ocoiiiiiiii e, 9

1.1.6 Computational fluid dynamics to quantify helyieamic forces in

EMDIYONIC NEAIS ..ottt 11
1.2 TheSiS ODJECHVES ... 13
1.3 THESIS OULIINE ...t 14



Chapter 2: Efficient post-acquisition synchronization of 4D nongated cardiac

images obtained from optical coherence tomography: application to 4D

reconstruction of the chick embryonic heart..............ccccvviiiiiiiiiiiiieeeeeeee 18
2.1 INErOAUCTION ...t ettt e e e e e e e e e e e 18
2.2 Imaging Strategy and 4D Image Reconstructi@tdtture...............cc.evvvevvvennnns 22

2.2.1 Nongated 4D Imaging Strategy .......cceuvevieeieeeeiieeeeeeeeeeeeeeeeee e 22
2.2.2 Post-acquisition Synchronization Procedure..........ccccccvvveveveevvevennnnnne. 23
2.3 Application to 4D Images of the Chick Heart QFET.............cuvvviviiiiiivivininennnns 30
2.3.1 EMDryo Preparation..............o.oo o e v vvveevevensnnsensnsnsssnenssnnsnssnnnnnnn 30
2.3.2 Image Acquisition With OCT ..........uummiiiiiiieiieiieieeiee e 30
2.3.3 Testing the Synchronization Procedure.............cccccvvviiiiiiiiiiiiiieieennee. 31
2.4 DISCUSSION ...ttt e e e ee e e e e e e e e e e e e e e e e e e e e e aaaaaaaaaeaaaaeaaaaaaaaaaaaaaaaaaaaaaas 40
2.4.1 Application Realm of the Synchronization Rga@re.............ccoevvvvveneeeee. 41
2.4.2 Accuracy of the Synchronization Procedur@............cooooeeeeieieeeiiieeenenn. 42
2.4.3 4D Reconstruction (Phase-Lag COrreCtion) . ..oooueeeeeeeeeieieeeieeeeeeen. 44
2.5 CONCIUSIONS ... e 45

Chapter 3: A robust 3D hybrid optical flow and deformable model segmentation

algorithm for 4D OCT images of the chicken heart outflow tract .............cccccecennnnnns 46
S.L INrOTUCTION ...t e e e 46
.2 METNOUS. ... e 49
3.2.1 Optical flow algorithm ...........oooiii e 49
3.2.2 Active contour algorithmMi..........cccivceee e 50
3.2.3 Active surface algorithm .........coooieeeee e, 53



3.2.4 Segmentation scheme for the heart OFT e eooooeeeiei.. 53

3.2.5 Algorithm validation ................ooi e eeeeeiiiiiiiiie e 61
3.3 Results and diSCUSSIONS...............ummmmmmm st 63
3.3.1 Segmentation evaluation ...........coooirriirririnie e 64
3.3.2 Application to 2D + time OCT images of theTOE............cccccvvvvvvvivinnnns 67
3.3.3 Application to 3D OCT images of the OF T......cccooeiiiiiiiiiiiieieeen e, 69
3.3.4 Application to a 4D OCT image dataset of @€ ...........ccoeeeeeeeeeeennnnnn. 71
3.4 CONCIUSIONS ...t 71
3.5 Data supplemental...........oooo oo ——————— 71

Chapter 4: Dynamic variation of hemodynamic shear stress on the walls of

developing chick hearts. computational models of the heart outflow tract .............. 74
vt R [ 1 {0 To [ To{ 1o o FA PSSP PP PP PPPPPPP 74
4.2 Biological problem..............eeiei e 76
4.3 METNOUS. ... ettt ee e e ee ettt ettt ee ittt eete e e e e te e seebesbe s beemneeeeaeeeeeaeeees 78

4.3.1 Heart morphology and blood flow imaging...........cccccccvvvvviiiiinieieennnns 79
4.3.2 Mathematical model and finite element diszadion...............ccccccennnnens 80
B4 RESUILS ...ttt e e e e e e e e e e e 91
4.4.1 Importance of inertial effects on blood flow............cccccviiiiiiiin 91
4.4.2 Blood velocity and volume floW rate ... ..o, 93
4.4.3 Wall SNEAI SIrESS ...cceiiiiiiiiiie ettt et e e e 97
4.4.4 Oscillatory shear iNdeX ..........oooiieeeeeei e 100
4.5 DISCUSSION ...eeiieieeeis ittt e e e e e e e e et r e e e e e e e e s bbb e e e e e e eeesrrereeeaeens 101
4.6 CONCIUSIONS ...ciiiiiiiiiie ettt e e e r e e e e 106



Chapter 5: Quantifying blood flow and wall shear stresses in the outflow tract of

Chick embryoniC hEarts..........oooviiiiiiii e 107
5.1 INErOAUCTION ...ttt et e et e e e e e e smmnn e e e e e e anne 107
5.2 Experimental Methods .............oovvvicemmemmeeviiiiiiiiiiiiiiiiiiieeenennne e 111

5.2.1 4D imaging and reconstruction of the OFT...........c.cccccvvvvvvviiiiiiinennnnn. 111
5.2.2 Measuring intracardiaC PreSSUIES .....cuuueueeeveereereerrereeeeeeeeesenenenenennne 14
5.2.3 Measuring blood flow iN the OFT .......cmiiiiiiiiii e 114
5.3 Finite element MOElS ..............coo e eeeeee e 115
5.3.1 2D dynamic models of the OFT .........comeeeiriiiniiininnein e 116
5.3.2 3D dynamic model of the OFT.........ummii 112
5.4 RESUIS .. 126
5.4.1 Wall motion of the OFT ... e 126

5.4.2 Blood pressure MeasUr€mMENLS ........ e ceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 2 A1

5.4.3 Centerline velocity Profiles ..., 127
5.4.4 2D FE models of the OFT ... 129
5.4.5 3D dynamic model of the OFT.........ummi 113
5.5 DISCUSSION ..ottt ettt e e et e e e e e et e e e e e e snmnne e e e e e e e e 133
5.5.1 Assumptions and limitations of the 3D FE Mode.....................o...... 134

5.5.2 Phase relationships between blood pressdrevaihmotion of the OFT136

5.5.3 Comparison of blood flow velocity between mlodnd experimental data

................................................................................................................. 139
5.5.4 Blood flIOW iN The OF T ..oooeieieeeeeeeeee et eens 141
5.5.5 WSS on the wall 0f the OFT ...coniii e 142

iv



5.6 CONCIUSIONS ....cuiiiiii et e e e e e e e e e e e e e e e e e 143
5.7 Data supplement (Unpublished) ..., 144

Chapter 6: Quantifying the dynamic biomechanical environment in the heart

outflow tract in HH18 chiCk embry0S.............uuiuiiiiiiiiiiiiiiiiiiiiiiiiiriieereeeeeeeeeeeeeeeeen 147
6.1 INErOAUCTION ...ttt e e e e e e snmnne e e e e e 147
6.2 Materials and Methods................ e e 149

6.2.1 Chick embryo preparation .............ceeeeeeeieeieeieeieeieeeeeee e 149
6.2.2 4D imaging USING OCT ....iiiiiiiiiii e 149
6.2.3 IMAJE PrOCESSING ..uvuuuruniniiiiiirrrraare e e e e e eeeaeaeaeaaeeaeaeaeaaaeeeaeaeaeaeaaaaas 150
6.2.4 Pressure MmeasuUremMENTS. ...........uueermeemmmiaeeeeeiiiiiae e e eeeeeeiiaa e e 153
6.2.5 Computational fluid dynamics modeling of @ET ...............cccoeeeeeeeen. 154
8.3 RESUILS ... 155
6.3.1 Characterization of OFT wall dyNamiCsS .ccceeevvvvvviiiiiiiiiiiiiianns 155
6.3.2 Changes in the intracardiac pressures andangial wall stresses........ 164
6.3.3 Characterization of blood flow dynamics.............ccccuiiiiiiiiiniininns 165
5.4 DISCUSSION ...ttt e e e e ee e e e e e e e e e e e e e e e e e e e e e e e e aaaaaaaaeaaaaaaaaaaaaaaaaaaaaaaans 169
6.4.1 Limitations and assumptions of our analyses...........ccccccvvvvvvevveernnnen. 170

6.4.2 OFT function is regulated by the interactimiween the cardiac wall and
DIOOA FIOW.....ceeiiiiieie et 173
6.4.3 Blood flow dynamics results in a non-unifodistribution of wall shear
stresses in the OFT endocardium. ..........coueeeeeiiiiiiiiiiiie e 181

6.5 Data SUPPIEMENT. .. .uuiiiiii i ememmen e sennnnnne 182



Chapter 7: Changes in wall dynamics and biomechanical environment in the heart

outflow tract after one hour banding in chicken embryos.............ccuveviviiieiiinininnnnn. 189
4% N (e To (8 Tex 1o o HA TSP P PP PPPPPPPP 189
T.2 MEENOGS. ... e snnnne e e e e 191

7.2.1 Chick embryo preparation .............eeeeeeeeeieeieeiesieeiee e 191
7.2.2 4D imaging USING OCT ...t 192
7.2.3 IMAJE PrOCESSING ..uvvuuruninniniiiiisrrrasseeaeeeaeeaaaaaeaaeeaaaeaeaaaeeeaeaeaereaaaans 192
7.2.4 Metrics for geometry and wall dyNamiCsS ceeeeevvvvvvvvreniiiimiiiiiiiniinnnns 193
7.2.5 Pressure MEASUIEIMENT ............... o seseesaeseaaaasanaeasaaaeaneeseesessenans 195
7.2.6 Doppler ultrasound flow measurement .....c.cc...eeeveeeiiiimiiiiinns 195
7.2.7 Statistical analySiS .......ccooooiiii 196
7.3 RESUIS .. 196
7.3.1 Changes in OFT geometry and wall dynamics............ccccceeeeiieniennnns 196
7.3.2 Changes in circumferential and radial strains................ccccoeevvvvvnnnnnnn. 202
7.3. 3 Changes in ventricular PreSSUIeS ........ccuuuuuueeeivimimemieinininiienininennnns 206
7.3.4 Changes in the wall stress in the myocardium................cooeeeeeieeeenn. 207
7.3.5 Changes in blood flow dyNamiiCs .......ccueeueieeiriiiiinieeein e 208
7.4 DISCUSSION .ottt e ettt e e e e e e r et e e e e e e s smmnne e e e e e e e e 210
7.4.1 Study limitatioNS.......coooiiiiiii e e 210
7.4.2 Changes in wall dynamiCsS .........couveececeeeieiiiiiiee e, 212
7.4.3 Changes in the biomechanical environment..............ccccoeeeeieieneeeeen. 216
7.5 CONCIUSIONS ..ottt e e e e e e e 219
7.6 Data SUPPIEMENT. .. .uiiiiicii e ememmmn e e sennnnnnes 220



Chapter 8: Summary and futUr @ WOrK ........ ..o
8.1 SUMIMAIY ...ttt ettt e e et e e e e e e e e s e e e e e e e e e 224
8.2 Major CONLIDULIONS ......ccoiiie e e 226
8.3 FULUIE WOIK ...ttt 227
8.3.1 Longitudinal study of the chick outflow tract..............ccccceviiiiiiiiniinnnnns 227
8.3.2 OCT imaging and image analysis .......ccccceeuerrereiirerieiieiieiineireneninennn. 228
8.3.3 Finite element Modeling ..o, 230
8.3.4 Correlation with the gene expression pattern...........ccceeeeeverienieniennnnns 232
RETEIENCES ...t et n e e e ee e 235
BiographiCal NOLE ... 260

vii



Acknowledgements

First and foremost | would like to express my sieogratitude to my advisor, Dr. Sandra
Rugonyi. Her patient guidance and persistent sduppave made this dissertation
possible. By working closely with Dr. Rugonyi, lalmed not only knowledge in

biomechanics and computational fluid dynamics, dab basic scientific methodology,
e.g., “the beauty of simplicity in scientific resela’ and “the difference between good
and great lies in the details”. She exemplifiessthondispensible qualities for scientific
research, such as intelligence, enthusiasm, ddgeand integrity, which will have a

long impact on my future career. Also, | greathpmagriate her efforts devoted to the

numerous discussions, paper revisions, as wetl asitancing my communication skills.

| would like to thank my thesis committee memMerstheir valuable suggestions and
careful assessment of my work throughout my Phibitrg. To Dr. Kent Thornburg, for
his foresight on the association of the biomeclaraavironment with embryonic heart
development, the fundamental hypothesis of my shdswould also like to thank Dr
Thornburg for encouraging me to think outside tb& bnd providing so many valuable
suggestions on my future career. To Dr. Ruikang §Vdor introducing me the
state-of-the-art optical coherence tomography &g@oatential applications to embryonic
heart research. To Dr. Monica Hinds, my first yasntor, for introducing me to the
exciting field of biomedical engineering. Dr. Stevidanson for carefully reviewing and
commenting on my dissertation. My thanks extendmiyp previous student progress
committee member, Dr. Sean J Kirkpatrick, now thaircof biomechanical engineering

in Michigan Technological University, for his sugiens on fundamental biomechanical
viii



concepts.

| would like to thank my previous advisors, Dnyang Zheng at Zhejiang University,
China, and Dr. Ying Zhang and Dr. Jane Liu at Tesae Technological University, for
helping me build a solid foundation in Engineeriagd distilled me with passion for

scientific research.

| am thankful to all of my colleagues and frievdso made my years of PhD study a
memorable and valuable experience. | would likthemk the people who ever worked in
or collaborated with Dr. Rugonyi’'s group during D program, including but not
limited to: Dr. Vicente Grau, now a research fellovith Oxford University, for his
guidance and contribution to developing segmemtattgorithm; Dr. Xin Yin, for
assistance on 4D image segmentation; Dr. lan Smgak; an assistant professor with
Pittsburg University, for inspirational discussion finite element modeling; Andrew
Nickerson, for his excellent work on ultrasound swament; Aaron Troyes and Dr.
Liang Shi for their outstanding work on pressureasugement. | would like to give my
special thanks to MS. Chuanmao Fan, MS. Lin An,Zbrenhe Ma for the assistance in
image acquisition with OCT system. Dr. Sandra Osfeserves my deepest
appreciation on carefully editing my papers andcheay me effective, scientific

communication skills.

| would like to acknowledge my funding sourcedHNRO1HL094570 (S. Rugonyi,
PI), AHA Beginning Grant in Aid (S. Rugonyi, Pl)né& AHA pre-doctoral fellowship

0910093G (A. Liu, PI).

Finally I thank my family for their years of supp and encouragement. To my father,

iX



Kangding, for teaching me hard work, humility, hstye and integrity. He always
encourage me not be afraid of taking risks and mesase to pursuit my dreams of life.
To my mother, Ning, for teaching me love, curiosigyd beauty of life. To my sister,
Aixia, for inspiring me to be strong and resolutken | was in doubt. Most of all to my
husband, Yuming, whose endless love, valuable jnmderstanding, unwavering faith

in me, help me to accomplish this milestone.



List of Tables

Table 2.1 Cardiac periods (in seconds) calculated from M-mioclgges extracted from
different lines (see Figure 2.6).

Table 3.1 Parameters in 2D active contour algorithm

Table 3.2 Parameters in 3D active surfaalgorithm

Table 3.3 Comparison of different segmentation methods

Table 3.4 Evaluation of segmentation over 3D volume images

Table 4.1 Finite element discretization of the OFT models

Table 4.2 Volume flow rates (Q) and wall shear stress (W38aioed from simulations
of the OFT models

Table 6.1 Summary of OFT dimensions at 5 selected crossesesctL1-L5)

Table 7.1 Comparison of ventricular pressures in normal antB(HH18 chicken

embryos

Xi



List of Figures

Figure 1.1 S-shaped chicken embryonic heart and the outftaet (OFT) at early stages:
(A) Scanning electron microscopic image showingemd! structures of the OFT,
reproduced from the literatufe (with permission); (B) histological section shogin
internal structures of the OFT, reproduced from literaturé® (with permission). E,
endocardium; CJ, cardiac jelly; M, myocardium.

Figure 1.2 Schematic procedures of finite element modeling.

Figure 2.1 Schematic representation of nongated 4-D imageisitiqn.

Figure 2.2 lllustration of M-mode image extraction from a Bxde image sequence: (a)
B-mode image sequence and (b) M-mode image extratdbag a linex = x;) from (a).
Figure 2.3 lllustration of how phase lags in OFT wall motiare estimated: (a) OCT
image of a longitudinal section of the OFT and Nbmode images extracted from the
longitudinal section at the locations | (close e OFT inlet) and Il (close to the OFT
outlet) in (a). Note that M-mode images were magdifand cropped for better
visualization.d is the distance between locations | andpll;and p, are the phases of
maximal OFT wall contraction identified from the iMede images extracted along lines |
and I, respectively.

Figure 2.4 Representative OCT images (in B and M modes) othteat OFT from an
HH18 chick embryo. Images show the OFT when itslavate constricted: (a) cross

section of the OFT at about its center and (b) itodghal section approximately
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perpendicular to the cross section in (a); and WOE&T walls are expanded: (c) center
cross section and (d) longitudinal section. Ingeyl (d), the dark areas in the lumen are
due to a transient fading of signals when imageiistpn rate is lower than the speed of
blood flow. () An M-mode image generated from thess-sectional image sequence
along the dotted line in (a). M, myocardium; C,diac jelly; L, lumen. Scale bar = 100
pm.

Figure 2.5 M-mode images extracted from cross-sectional inssgpiences of the OFT
along the dotted line in Figure 2.4(a). Shown M-madages were extracted from (a) the
acquired OCT image sequence, (b) the same OCT isegeence pooled to one cycle
using the cardiac period calculated by SLM= 0.8146 s), and (c) the same sequence
pooled to one cycle using the cardiac period catedl by FFT T = 0.7708 s). Note that
(a) corresponds to one cardiac cycle of Figuree2.4(

Figure 2.6 Lines chosen to perform sensitivity study in deterng cardiac periods using
SLM algorithm applied to M-mode (from the represgine sequence shown in Figure
2.4). The panels show the positions of the lineemwthe OFT walls were most (a)
constricted and (b) expanded.

Figure 2.7 Lines chosen to perform sensitivity study in defeing relative phase shifts
using similarity algorithms applied to M-mode imagérom the representative sequence
shown in Figure 2.4). The panels show the positiointhe lines when the OFT walls
were most (a) constricted and (b) expanded.

Figure 2.8 Comparison of M-mode images extracted from imaged @econstructed
longitudinal sections of the OFT. Lines selectedxtract M-mode images are show in (a)

and (b): close to the OFT inlet (I), middle OFT (M)nd close to the outlet (O). (a)
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Longitudinal sections acquired directly with OCT danb) reconstructed from
synchronized 4D image data. (c—e) M-mode images faosequence acquired directly
from OCT; (f~h) M-mode images from a reconstrudgtedge sequence without phase lag
adjustment; (i—k) M-mode images from the recons&diémage sequence with phase lag
adjustment.

Figure 29 OFT wall displacements close to the inlet and etutivall displacements
(showing the motion of the interface between theocaydium and cardiac jelly) were
traced manually from the M-mode images shown iuféd.8: (a) from images acquired
directly with OCT [Figures 2.8(c) and 2.8(e)]; (wdm reconstructed images without
phase adjustment [Figures 2.8(f) and 2.8(h)]; ar)dfrfom reconstructed images with
phase adjustment [Figures 2.8(i) and 2.8(k)]. Faseeof visualization, we present five
cardiac cycles extracted directly from the acquiredge sequence (a), and in (b) and (c)
generated by circular repetition of the reconsedgiooled cardiac cycle.

Figure 3.1 OCT images of the heart OFT of HH18 chick embry@s. Longitudinal
section showing the regions where 50 OFT crossesextvere extracted from 4D image
data. Purple lines showing the start (S), middlg, (&d end (E) locations. The OFT
middle cross-section at (B) its maximal expansiord gC) contraction states. M,
myocardium; CJ, cardiac jelly; L, lumen; and O, tinigin.

Figure 3.2 lllustration of the definitions of negative and fin® edges. The sign of an
edge is determined by a dot operation between getovs at a point on the edge, namely,
the intensity gradient vector (g) and a directioredtor (n) pointing from the center point
(C) to the point on the edge. a and b are a pairthe interior and exterior edges of the

myocardium, respectively.

Xiv



Figure 3.3 Flow chart in segmentation of the OFT.

Figure 3.4 lllustration of the evaluation measures of thensegtation. (A) The similarity
measure evaluates the degree of overlapping insaeealosed by two segmented
contours A and B; (B) maximal or mean absolute a#w between two contours
measures the maximal or mean distance (d) betwaeasponding points (such asaad
by) at two contours A and B.

Figure 3.5 Comparison of the performance of different segmigon methods: (A)
manual segmentation, (B) optical flow algorithm) ©@mbined active contour and active
surface algorithms, and (D) our hybrid algorithnmsisting of optical flow + active
contour + active surface algorithms. Performance sefmentation algorithms is
illustrated with the interior myocardium (greenktexior myocardium (purple), and the
lumen (yellow) overlaid on an OCT image of theyubntracted OFT.

Figure 3.6 Segmentation of a (2D+time) OCT image sequencehefmiddle OFT
cross-section. (A-J) show the exterior boundaryrgleu contour) and the interior
boundary (green contour) of the myocardium, and dbdine of the lumen (yellow
contour) at selected cardiac phases spanning eweahythe cardiac cycle.

Figure 3.7 Segmentation of a 3D volume OCT image dataséiefIFT at its expansive
state. (A-F) show the exterior boundary (purpletoar) and the interior boundary (green
contour) of the myocardium, and the outline of kinmen (yellow contour) at selected
cross-sections spanning evenly along the OFT,isgaftom the OFT inlet towards the
OFT outlet demarked in Figure 3.1A. (G) shows tlie Surface reconstruction of the
OFT from the segmented contours.

Figure 3.8 Segmentation of a 3D volume OCT image datasdteofXFT at its contracted
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state. (A-F) show the exterior boundary (purpletoar) and the interior boundary (green
contour) of the myocardium, and the outline of kinmen (yellow contour) at selected
cross-sections spanning evenly along the OFT,isgaftom the OFT inlet towards the
OFT outlet demarked in Figure 3.1A. (G) shows tlie Surface reconstruction of the
OFT from the segmented contours.

Supplemental Figure 3.1 Comparisons between automatic (red contour) anduaia
(green contour) segmentations of (A) the exterioyocardium, (B) the interior
myocardium, and (C) the lumen from a (2D+time) Oi@lge sequence of mid OFT
cross-section. Examples depicted have the largestatibns from the manual
segmentation (the ground truth).

Supplemental Figure 3.2 Surface reconstruction of OFT contours segmentenh fa
2D+time OCT images, showing the large and hetereges deformation of an OFT
middle cross-section over the cardiac cycle.

Figure 4.1 Sections of HH18 chick heart OFT obtained from O@ikges. The figure
shows OCT images of the OFT during the cardiacecy@) and (c) during ventricular
systole, when the OFT is most expanded, (a) isngitiadinal section and (c) is a
cross-section; (b) and (d) during ventricular ddéstwhen the OFT is most constricted,
(b) is a longitudinal section and (d) is a crossise. Point P marks the approximate
location where velocities were acquired with Doppl@CT (see Fig 4.5.b). The
white-dotted line corresponds to the directionhaf incident light beam of Doppler OCT;
the arrows indicate the direction of blood flow.acbar = 100 um. L, Lumen, M,
Myocardium; CJ, Cardiac jelly.

Figure 4.2 Two FEMs of the OFT. Left: Cushion model: (a) refece cross-section and
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(b) FEM discretization. Right: jelly model: (c) szEnce cross-section and d FEM
discretization (Cylindrical model not shown). In) gnd (c), the inner part corresponds to
the lumen and the outer part, to the wall. In (bYl &d), the lumen-wall interface is
marked with a thick line. Dimensions are: R = 083.87m, L4 = 0.077665 mm, L = 0.5
mm, h = 0.025 mm, and r = 0.03 mm. Points A andrérapresentative points where
WSS was analyzed in detail.

Figure 4.3 Blood pressure and myocardium displacements pbestras boundary
conditions on the OFT models. Top temporal varieiof ventricular pressurePf
prescribed at the inlet surface and pressure pbescat the outlet surfac®4). Bottom
radial displacement prescribed on the externabserbf the OFT models with amplitude
Di:. Note the different scales for blood pressure [(eft vertical axis) and radial
displacements (on right vertical axis).

Figure 4.4 Comparison of OFT lumen cross-sectional areasqimdd from our three
models when (a) OFT is most expanded, and (b) GFloist constricted.

Figure 4.5 Blood velocities calculated and measured inside @T. (a) Calculated
longitudinal velocities at the center of the midss-section obtained from the cushion
model with simultaneous and peristaltic wall mosiprwith prescribed wall motion
amplitude D1 (70 um). (b) Blood velocities measungtth Doppler OCT at a fixed point
located at the approximate center of the OFT luifsee point P in Figure 4.1a) in the
direction of incident OCT light beam (dotted limeRkigure 4.1a).

Figure 4.6 Volume flow rates (Q) at the mid-cross-sectiorief OFT obtained from the
OFT models. For cylindrical, cushion, and jelly rets] a simultaneous wall

displacement of amplitude D1 was prescribed. Feraylindrical SA model (Sect. 4.2),
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prescribed wall displacements were such that mdttemporal variations of the lumen
cross-sectional area calculated from the cushiodemo

Figure 4.7 Volume flow rates @) obtained from the cushion model. (a) Comparison
between simulations of simultaneous and perist@lfd@ wall motions, calculated using a
prescribed radial displacement amplitud@ = 70 pum. (b) Comparison between
simulations of simultaneous OFT wall motion, cadtad with prescribed radial
displacement amplitudd; = 70um andD, = 90um.

Figure 4.8 Temporal variations of WSS in the cushion modgants A and B (Figure
4.2a) in the mid-cross-section of OFT. Results espond to the case of simultaneous
wall motion with prescribed wall displacement arieD; = 70um.

Figure 4.9 Comparison of WSS obtained using the OFT modelSSWt (a) point A and
(b) point B. The cushion and jelly models were dated with simultaneous wall motion,
with prescribed wall displacement amplitua = 70 pm; the wall motion of the
cylindrical SA was prescribed such that temporatiateons of cross-sectional area
matched those of the cushion model.

Figure 4.10 WSS obtained from the cushion model. Left: WSSpaint A. (a)
simultaneous versus peristaltic motion, and (byqibed wall displacement amplitude
D1 (70 pm) versus D2 (90 pum). Right: WSS at point (8 simultaneous versus
peristaltic motion, and (d) prescribed wall disglaent amplitude D1 (70 pm) versus D2

(90 pm).

Figure 5.1 Stage HH18 chick embryonic heart and its outfloaet (OFT). (A) Sketch of
a chick embryonic heart with the OFT region marksgddotted black lines; the upper

right inset shows a sketch of the OFT cross-seclad arrows indicate the approximate
Xviii



locations where blood pressures were measureteimdntricle and aortic sac. The three
purple dots indicate the approximate locations wh#ood flow was measured (near the
OFT inlet, middle and outlet) using Doppler ultrasd. (B), (C) and (D) Optical
coherence tomography (OCT) images of the HH18 chét, showing: (B) a transverse
section of the OFT, (C) a cross-section of the @FThe most constricted state, and (D)
the same cross-section at the most expanded $tatadotted purple line in (B) indicates
the location of the cross-section in (C) and (D). malyocardium; C, cardiac jelly; L,
lumen; A, atrium; V, ventricle; OFT, outflow tradsS, aortic sac.

Figure 5.2 OFT wall motion. (A) Transverse sectional OCT imagf the OFT; the 5
lines show the locations where cross-sections weteacted from 4D OCT images. (B)
The 5 extracted cross-sections at their most dotestr state; the lines in image 1 show
the major and minor semi-axes of the lumen, assgiram elliptical luminal area. (C)
Calculated luminal areas (Al, A2, A3, A4, A5) foamch of the 5 locations over the
cardiac cycle. t, time; T, period of the cardiacley

Figure 5.3 2D axisymmetric model of the chick embryonic hgaRT. The three white
dots at the OFT centerline indicate the locationsen® centerline velocities were
extracted to compare with those measured with Dwppltrasound. B aortic sac
pressure; R ventricular pressure; AS, aortic sac; Tr, traositregion; OFT, outflow
tract; V, ventricle.

Figure 5.4 OFT lumen radius (R) over the cardiac cycle amh@lthe OFT used in our
2D models. R was calculated and interpolated floenlaminal areas obtained from the 5
cross-sections shown in Figure 5.2is the axial distance along the OFT centerlioenfr

the OFT inlet to the outlet.
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Figure 5.5 Pressure and wall motion phase lags. The figur@wshrepresentative
pressures measured at the ventricle and aortiofsstage HH18 chick embryos, as well
as the luminal area at the OFT inlet (Al from Feg&r2C). It also shows hypothetical
phase relationships among the pressures and OFTnaabn. ®y, is the phase lag of the
aortic sac pressure 4Pwith respect to the ventricular pressurg)(®y, is the phase lag
of the ventricular pressure [Rvith respect to the wall motion of the OFT in{AtL).

Figure 5.6 Temporal relationships among the representativeinal areas and the
pressure drop along the OFT for different phasectagbinations @, and®y,). Al, A3,
and A5, are the luminal areas at the 3 cross-secbbthe OFT (see Figure 5.2R)P, is
the pressure difference between the ventricle anitaac AP = R-Pay).

Figure 5.7 Geometric parameters used in 3D FE model of thé. @& shape index (e =
a/b) of the elliptical cross-section at the 5 seldcross-sections (see Figure 5.2) over a
cardiac cycle. (B) Major semi-axis (a), and (C) arisemi -axis (b), of the OFT elliptical
lumen cross-sections over a cardiac cycle and albagOFT.A, is the axial distance
along the OFT centerline from the OFT inlet to thxiet.

Figure 5.8 Comparison of velocities measured using Doppleasbund and calculated
using our 3D FE model of the OFT. The comparismresshown at 3 locations in the
OFT lumen (see Figures 5.1A and 5.11B): (A) near@#T inlet (location 1), (B) middle
(location M), and (C) near the outlet of the OF®dcéltion O). Measured centerline
velocities were represented as the average velo€igy (solid black line) + standard
deviations (dotted lines above and below the sbthid). The grey line in (B) was
obtained from the literaturé,and measured the centerline blood velocity at atiue

middle region of a representative HH18 chick OFihg®oppler ultrasound.
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Figure 5.9 Averaged peak forward velocities (top) and peatkilaw velocities (bottom)
measured using Doppler ultrasound. Velocities weeasured at about the 3 locations
shown in Figure 5.1A: near the OFT inlet (I), meldM) and outlet (O) of HH18 chick
embryos (n = 10). Data are presented as mean andast deviations.

Figure 5.10 Centerline velocity profiles calculated using 2B models under different
phase relationships between pressures and OFT matibn. VI, VM, and VO, are
centerline velocity profiles extracted at the cdite near the OFT inlet (1), middle (M)
and outlet (O), respectively (see also Figure..5.3)

Figure 5.11 Blood flow patterns calculated using our 3D modkthe cardiac OFT of
HH18 chick embryos. (A) Centerline velocities o@enormalized cardiac cycle, and (B)
velocity profile along the major axis of the ellgal lumen cross-sections. Centerline
velocities and velocities profiles are shown at3Hecations shown in Figure 5.1A: near
the OFT inlet (I), middle (M), and the outlet (O)he vertical lines in (A) indicate the
cardiac phase of the velocities shown in (B). Three dots in (B) indicate the locations
from where the centerline velocities in (A) werdragted.

Figure 5.12 Distribution of wall shear stresses on the OFTlaglpeak forward flow.
The flow rate depicted was calculated from the flatwthe middle cross-section of the
OFT (Location M in Figure 5.1A).

Supplemental Figure 5.1 The ventricular and aortic sac pressures use®iD dynamic
FE model of the OFTA) P and P/, and (B) P™%* and PI"%*,

Supplemental Figure 5.2 Predicted centerline velocities near the OFT imt@tdle, and
outlet, under pressure boundary conditions: @) and P™", and (B) P*** and

P, as shown in the Supplemental Figure 5.1. VI, VM, an@ Vére the centerline
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blood velocity near the OFT inlet, middle, and etjtrespectively.

Figure 6.1 OCT images of the OFT. lllustration of the OFT ddndinal and cross
sections (A) when the OFT is constricted, and (Blew the OFT is expanded. OCT
images of a OFT longitudinal section (A) when thETOs constricted, overlaid lines
showing the locations where 5 cross-sections weraaed from the 4D OCT images of
the OFT; (D) when the OFT is fully expanded. (E-he 5 cross-sections at locations 1-5
at OFT maximal contracted state, and the same -smg®ons (J-N) at OFT maximal
expansion state. The yellow lines in (E, F, G, &hdhowing the orientation of the
opposing cardiac cushions in the OFT. M, myocardiupumen; CJ, cardiac jelly; SPL,
splanchnopleure membrane. Scar bar = 200 pm.

Figure 6.2 Behaviors of the myocardium at 5 selected OFTszs&xtions. (A) Temporal
variations of radii, and (B) maximal expansion ammhtraction radial velocities of the
myocardium at the 5 selected OFT cross-sectiotiseofiormal chick embryonic heart.
Figure 6.3 Cyclic strains in the myocardium at 5 selected Qffdss-sections. (A)
Temporal variation of circumferential strains ire ttnyocardium, (B) temporal variation
of radial strains, (C) peak circumferential strairthe myocardium compared with that in
the endocardium, and (D) peak expansion and cdmnacircumferential strain rates.
Figure 6.4 Behaviors of the cardiac jelly at 5 selected OFdss-sections (L1-L5). (A)
Temporal variation of areas of cardiac jelly ovecadiac cycle; and (B-F) temporal
relationship between the areas of the OFT myocardiil), cardiac jelly (CJ), and
lumen (L) along the OFT from L1 to L5, respectively

Figure 6.5 Behaviors of the heart OFT lumen of HH18 chick eyob. (A) A OCT

image of the OFT cross-section, with segmented taies of the interior myocardium
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(green contour), exterior myocardium (purple contowand lumen outline (yellow
contour) overlaid on the image; and (B) an M-modéTGOmage extracted from the
yellow line in (C) to illustrate the metrics defohéor evaluating temporal behaviors of
the lumen in (D). (C) Temporal variation of OFT lwmal areas at 5 selected OFT
cross-sections of a representative HH18 chick emb() time spans for luminal
expansion (J), closing (), and closure (dosurd Over a cardiac cycle at 5 selected OFT
cross-sections of HH18 chick embryos.

Figure 6.6 Temporal variations of wall stress over a cardigcle at (A) the OFT inlet
and (B) outlet. WS, wall stress, P, intracardiamodl pressure, R, radius of the interior
myocardium, h, wall thickness of the myocardium.

Figure 6.7 Blood flow dynamics in the OFT. Temporal variatiohblood velocity near
OFT inlet (1), measured using Doppler OCT: (A) M-aeostructural image, (B) M-phase
image, (C) blood velocity trace over cardiac cyclie velocity data were calculated
using Eq 6.1 at the location of the horizontal edtline overlaid on (A). Note that the
perpendicular lines show the temporal relationsimmng the OFT wall motion, Doppler
phase, and blood velocity, and the horizontal tmerlaid on (C) indicates zero velocity.
Spatial distribution of blood flow calculated usiR§ modeling: (D) blood flow profiles
along the major axes of the elliptical cross-seioear the OFT inlet (1), middle (M)
and outlet (O). Doppler flow data analysis was @enied by Peng Lee.

Figure 6.8 Temporal and spatial distribution of wall sheaess (WSS) magnitude on the
OFT lumen surface. (A) Spatial distribution of nraal WSS magnitude on the OFT
lumen surface when the OFT is fully expanded; (B)TAumen surface showing 4

selected locations (1-4) at three cross-sectioasthe OFT inlet (I), middle (M), and the
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outlet (O). Points 1 and 3 are along the minor aisthe elliptical cross-section,
representing the cushion region; points 2 and 4kmeg major axis, represent the region
without cushion. (C-E) Temporal variations of WSEthe 4 selected locations at
cross-sections |, M, and O, respectively.

Supplemental Figure 6.1 Temporal variation of circumferential strains imet
endocardium at 5 selected OFT cross-sections.

Supplemental Figure 6.2 lllustration of image processing on OCT imageshef OFT.
Segmented contours of the OFT lumen (yellow), titerior boundary (green) and the
exterior boundary (purple) of the myocardium areertaid on cross-sectional OCT
images, when the OFT is fully (A) contracted angl éBpanded. An elliptical model (the
green curve) that fit the lumen is overlaid on @E€T images of the same OFT
cross-section, when the OFT is fully (C) contracted (D) expanded.

Supplemental Figure 6.3 Comparisons of predicted centerline velocity pesfibetween
the assumptions of a transient flow and a quasdstélow in FE modeling of the OFT:
(A) near the inlet, (B) middle, and (C) outlet. Tloeations correspond to L2, L3 and L4
in image analysis, respectively.

Supplemental Figure 6.4 OCT image of a longitudinal section of the OFTowing the
locations of two cross-sections L1’ and L2’ to estte the effects of longitudinal motion
on image analysis. The two cross-sections areagtidrom the 4D OCT image data that
are perpendicular to the OFT axial centerline angearwith the OFT longitudinally over
the cardiac cycle.

Supplemental Figure 6.5 Effects of phase relationship betweep dhd R on the wall

stress in the myocardium at (A) the OFT inlet aBYl the outlet. OT, 0.1T, 0.2T, 0.3T,
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and 0.4T are conjectured phase lags of pgakith respect to peak RyPthe ventricular
pressure; R, effective radius of the myocardiunth€,cardiac cycle.

Figure7.1 OCT images of the heart OFT. (A) A longitudinattsen of a normal OFT
when the OFT is constricted, overlaid lines shovilrgylocations where 5 cross-sections
were extracted from the 4D OCT images of the OBJ A longitudinal cross-section of
a banded OFT, arrows showing the band. The crag®se at locations 1-5 (C-G) at
OFT maximal contracted state, and (H-L) at OFT mmaiexpansion state. The yellow
linesin (C, D, E, and G) show the changes in tientation of the OFT lumen along the
OFT. M, myocardium; L, lumen; CJ, cardiac jelly;LlSBplanchnopleure membrane.
Scar bar = 200 pm.

Figure 7.2 Comparison of the maximal, minimal, and cyclic mp@s in the radium of the
interior myocardium at the 5 selected OFT crossises between (A) normal and (B)
OTB chick embryonic hearts. * indicates signifidgrdifferent from normal (p<0.05).
Figure 7.3 Maximal expansion and contraction radial velosité the myocardium at the
5 selected OFT cross-sections of (A) normal and @B chick embryonic hearts. *
indicates significantly different from normal (p€8).

Figure 7.4 Temporal variation of the interior radium of thé=DD myocardium over a
cardiac cycle at 5 selected OFT cross-section®\pfa(representative normal and (B) a
typical OTB chick embryo.

Figure 7.5 Comparison of the maximal, minimal areas and cyaliea changes of the
cardiac jelly at the 5 selected OFT cross-sectmmt&een (A) normal and (B) OTB chick
embryonic hearts.

Figure 7.6 Temporal variation in the areas of the cardiaty jat the 5 selected OFT
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cross-sections of (A) a representative normal aByl  representative OTB chick
embryonic heart.

Figure 7.7 Comparison of the areas and area changes of tenlat the 5 selected OFT
cross-sections between (A) normal and (B) OTB cheakbryonic hearts. * indicates
significantly different from normal (p<0.05).

Figure 7.8 Temporal variation of luminal areas at 5 sele€€d cross-sections of (A) a
representative normal and (B) a representative ek embryonic heatrt.

Figure 7.9 Temporal behaviors of the lumen at the 5 sele®Ed cross-sections of (A)
normal and (B) OTB chick embryonic hearts. (C) Ass-sectional OCT image and (D)
an M-mode OCT image extracted from the yellow IméC) to illustrate the metrics for
temporal behaviors of the lumen, Time span for luminal expansiong, Time span for
luminal closing, and dosure time span for luminal closure. * indicates sigrahtly
different from normal (p<0.05).

Figure 7.10 Temporal variations of circumferential straingre 5 selected OFT
cross-sections in a representative normal and & €iick embryonic hearts.
Circumferential strain in the myocardium: (A) noimaad (B) OTB; circumferential
strain in the endocardium: (C) normal and (D) OTB.

Figure 7.11 Peak circumferential strains in the myocardium #redendocardium over a
cardiac cycle at the 5 selected OFT cross-sectib(®) normal and (B) OTB chick
embryonic hearts. * indicates significantly diffatérom normal (p<0.05).

Figure 7.12 Peak expansive and contractive circumferentialrstiates in the
myocardium over a cardiac cycle at the 5 selecteédl @oss-sections of (A) normal and

(B) OTB chick embryonic hearts. * indicates sigeeintly different from normal

XXVi



(p<0.05).

Figure 7.13 Comparison of radial strain in the myocardium ketw normal and OTB
embryos. Time variations of the radial strainsA) & representative normal and (B) a
representative OTB embryo at the 5 selected logsitedong the OFT (L1-L5) over a
cardiac cycle.

Figure 7.14 Comparison of wall stress in the myocardium betwaermal and OTB
chick embryos. Time variations of the wall stre¥¢S), ventricular pressure (P), wall
thickness (h), and internal radium of the myocardim: (A) a representative normal
embryo and (B) a representative OTB embryo neaOtR€ inlet (prior to the band) over
a cardiac cycle.

Figure 7.15 Comparison of peak velocities near the OFT imretldle and outlet between
normal and banded chick embryos.* indicates sigaiftly different from normal
(p<0.05). Doppler flow measurement was performedbgrew Nickerson.

Figure 7.16 Comparison of centerline velocities near the O#H&ti(l), middle (M), and
outlet (O) between: (A-C) normal and (D-E) OTB d¢heambryos measured with Doppler
Ultrasound. Note that the velocities were acquseguentially at different OFT regions
and were not synchronized in a normalized cardyatec Vus, mean velocity measured
using Doppler ultrasound; Vusztstd, velocity varneith a standard deviation. Doppler
flow measurement was performed by Andrew Nickerson.

Supplemental Figure 7.1 OCT cross-sectional image of the OFT inlet of (&)
representative normal embryo and (B) a typical GarBbryo when the OFT is fully
closed. Note those extensive branches of the erdiaoa (End) towards the myocardium

in the OTB embryo.
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Supplemental Figure 7.2 Comparison of wall stress in the myocardium at@d inlet
between (A) a normal chick embryo and (B) an OTBbegm under different
combinations of phase relations betweepn &d R. OT, 0.1T,0.2T, and 0.4T are
conjectured phase lags of peak With respect to peak R at the OFT inlet, Bhe
ventricular pressure; R, effective radius of theooardium; T, a cardiac cycle.
Supplemental Figure 7.3 Temporal variation of the interior radius of thgonardium at

5 selected OFT cross-sections. This is anothecaypesponse to OTB, showing a slower
peristaltic motion than normal HH18 chick embryos.

Supplemental Figure 7.4 Temporal relationship between the areas of the OFT
myocardium (Ml), cardiac jelly (CJ), and lumen (@if)two locations: (A) L2 and (B) L4
in a typical OTB embryo. Large area of the cardelly usually occurs during early
myocardium relaxation and before fast increasenwiimal area, or when the OFT is fully
closed. The area of the cardiac jelly is small wtren OFT is fully expanded or during
fast myocardium contraction.

Figure 8.1 Temporal variation of the OFT surfaces extractechf4D OCT images of the
OFT with a 4D segmentation algorithm. Blue and greerfaces are the external and the
interior surfaces of the myocardium, respectivéted surface is the OFT lumen. 4D
segmentation on the OFT were performed by Dr. Xin fmage courtesy of Dr. Yin
Xin).

Figure 8.2 Level and spatial distribution of gene expressbmntegrino4 in a normal
HH24 chick embryo. (A-C) Examples of confocal mgropy images along the depth of
the embryonic heart, with image intensity indicgtthe level of gene expression. (D) 3D

voxel view of the gene expression of integu#h{the red color), showing a strong express
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in the compact ventricular myocardium, and a mu¥gress in the OFT myocardium and
trabeculae. The 3D voxel view was reconstructethftbe confocal image dataset in

(A-C) using Amira 5.2.2. Confocal imaging was penfied by Dr. Carley Shaut.
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List of Videos

Video 2.1 Voxel view of a beating chick-embryo OFT. The mosfews a frontal view
of the OFT for the first cardiac cycle and then8®-tleg rotation of the OFT along the
Z-axis for the second cardiac cycle. The dotted (inghe still image) encircles the OFT
region that connects the ventricle proximally andia sac distally. M: myocardium, L:

lumen (Quick-Time, 2 MB). [URL: http://dx.doi.orgd11117/1.3184462.1]

Supplemental Video 3.1 4D surfaces of the heart OFT of a HH18 chick emmb@FT
surfaces were generated from the segmentation @F30volume datasets over the
cardiac cycle, using the hybrid 3D segmentatiooritigm that we developed.
Supplemental Video 6.1 4D geometry of the OFT of a HH18 chick embryo,
reconstructed from the 4D OCT image data.

Supplemental Video 6.2 Tempo-spatial distribution of blood flow field the OFT of a
HH18 chick embryo. The blood flow field was preéttwith the 3D dynamic FE model
of the OFT. For simplicity, blood flow profiles weedepicted along the major axis of the
elliptical cross-sections near the OFT inlet (I)ddbte (M), and the outlet (O).
Supplemental Video 6.3 Tempo-spatial variation of wall shear stress (W&s)he OFT
endocardium of a HH18 chick embryo. WSS was predietith the 3D dynamic FE
model of the OFT.

Supplemental Video 6.4 OCT images of a OFT longitudinal section of a HHb&k
embryo. A landmark point (red point) shows the ltudjnal motion of the OFT over the

cardiac cycle.
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Supplemental Video 6.5 OCT images of an OFT longitudinal section of a 8Hhick
embryo, showing the wave-like motion of the cardgely along the OFT.

Supplemental Video 7.1 Longitudinal (A) and frontal views (B) of the OF3df a
representative HH18 chick embryo. Frontal view depa curve plane approximately
along the axial centerline of the OFT in (A). Noke wave-like motion of the cardiac
jelly. Ml, myocardium; L, lumen; CJ, cardiac jelly.

Supplemental Video 7.2 Longitudinal (A) and frontal (B) views of the OFSF an OTB
chick embryo. Frontal view depicts a curve plangragimately along the axial
centerline of the OFT in (B). Note that the londitual motion of the OFT is dramatically

reduced and that the wavelike-motion of the carphlfig is disrupted by OTB.
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CHD

CFD

CJ

FEM

HH

ME

Ml

OoCT

OFT

OPF

(ON]

oTB

WS

WSS

2D

List of Abbreviations

congenital heart disease
computational fluid dynamics
cardiac jelly

finite element model
Hamburg-Hamilton

lumen

exterior boundary of the myocardium
Interior boundary of the myocardium
optical coherence tomography
outflow tract

optical flow algorithm

oscillatory shear index

outflow track banding

wall stress

wall shear stress

two dimensional
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3D

4D

three dimensional

four dimensional (3D space + time)
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The biomechanical environment (e.g., stresses &maths) of embryonic cardiac cells
plays an important role in regulating intrinsic géa programming of these cells.
Disturbances in the biomechanical environment Haeen associated with congenital
heart diseases, which affect 36,000 newborns eaer in the US. However, the
underlying mechanisms by which the biomechanicakirenment affects heart

development remain unclear, partly due to the lafcjuantitative knowledge about the
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biomechanical environment the cardiac cells expeden the living embryonic heart.

To study the role of the biomechanical environtmen early heart development,
Hamilton Hamburg (HH) stage 18 chick embryos weseduas the animal model for
early heart development in this thesis. An intetien procedure performed on chick
embryos, outflow tract banding (OTB), was used éproduce disturbances in the
biomechanical environment that lead to heart dsfeSpecifically, we focused on the
dynamic biomechanical environment in the chickearheutflow tract (OFT), a distal
heart region that undergoes intensive morphogenetimodeling during heart
development. At early developmental stages (e.H18), morphogenesis of the OFT is
very sensitive to mechanical disturbances thatlresuOFT malformations at later

stages.

The objectives of this thesis were (1) to devetpnethodology to quantify the
dynamical biomechanical environment in the hearf @F chick embryosn vivo and
non-invasively; and (2) to characterize the physiaal biomechanical environment and
OTB-induced, acute changes in the biomechanicdat@mwent to which cardiac cells on

the OFT wall are subjected vivoin HH18 chick embryos.

First, we developed a methodology that integraiesaging, physiological
measurements, and computational fluid dynamics (CRiddeling to quantify the
biomechanical environment in the chick heart OF3ing optical coherence tomography
(OCT) and the 4D imaging strategy developed in thissis, we characterized the
dynamics of the OFT wall over the cardiac cyclepfrwhich cyclic cardiac wall strains

were extracted. Using the dynamic geometry of th@ @all from OCT imaging andh
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Vivo pressure measurements, we developed image-basedn@Bels of the OFT to
qguantify in vivo blood flow dynamics and flow-induced shear stresse the OFT wall

over the cardiac cycle.

Second, we characterized in detail the dynanambchanical environment in the OFT
of HH18 chick embryos and OTB chick embryos usimg integrative methodology. We
showed that cardiac cells in the OFT wall were sctigid to a distinct combination of
biomechanical stresses and strains that variedffateht spatial locations on the OFT
wall and over the cardiac cycle. We also found thatbiomechanical environment in the
OFT altered acutely in response to OTB. The hetregus and dynamic biomechanical
environment of the OFT are hypothesized to diffeéadly regulate cardiac cell behaviors
and gene expression critical for morphogenetic &vethat occur in later OFT

development.

Collectively, the methodology we developed pregic way to elucidate the dynamic
biomechanical environment in embryonic hearts. Tkeowledge of in vivo
biomechanical environment as well as its changdscamtribute towards understanding

the mechanisms by which biomechanical factors affeart development.
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Chapter 1. Introduction

In this thesis, a methodology is developed to attareze the dynamic biomechanical
environment to which cardiac cells are subjedtedivo in living chicken embryonic

hearts. In this chapter, | will provide some backgrd on the cardiac morphogenesis,
congenital heart diseases (CHD), the biomechasivaronment in the embryonic heart,
the chick embryonic heart, and the heart outflaactt(OFT). | will also briefly review

the intervention model that we used to disturb radrbiomechanical environment, the
imaging technique that we used to image chick eonicyhearts, and computational

fluid dynamics (CFD) that we used to quantify thedd flow dynamics.
1.1 Background

1.1 .1 Cardiac morphogenesis and congenital heart diseases

Mammalian and avian embryonic hearts undergo alaintomplex morphogenetic
process. Details of cardiac morphogenesis and associatlareand molecular events
have been characterized in recent rese@atdBriefly, after cardiac differentiation, the
functional heart begins as a straight tube withirtisiishable heart segments, e.g., sinus
venosus, primitive atrium, atrioventricular carn@imitive ventricle, and OFT connected
in series; the tubular heart then loops in the heidehd aligns the heart segments to their
definitive positions. Endocardial cushions, septa®l valves form to divide primitive
atria and primitive ventricles into a four-chamlzereature heart. Cardiac morphogenesis

is governed by genetic programs, which include regdegenes that act during critical



steps of cardiac morphogenesis and determine captianotypes, and transcript genes
that control the essential genes expressed in yhigistricted temporal and spatial

patterns’ 3 ¢ 7

Environmental factors, such as hypertheffrtigpoxia® '° and disturbed intracardiac

blood flow,"*"** have been shown to modulate the genetic prograneart development.
The biomechanical environment, such as strainsstredses that cardiac cells experience
in vivo, has been recently recognized as an importantanwiental factor that affects
heart developmenf*® Intrinsic genetic programs and environmental fetsuch as
biomechanical stresses and strains, interact tarenthe fidelity of spatiotemporal
genetic expression and thus normal cardiac morptesig” © ** *” *¥Any perturbation in
the biomechanical environment may disturb genetression patterns and eventually

lead to hearts with various defects.

Congenital heart diseasd€HD) are structural abnormalities of the heart thatearis
during cardiac morphogenesisin the US, CHDs affect approximately 1% or 36,000
live babies, and are responsible for 37% of inf@edths from congenital defects each
year’® ?° Evidence has shown that perturbed biomechanicaire@mment alter the
expression of genes that respond to biomechaniwale$, leading to CHDS: #
However, to what extent and how biomechanical factoodify the genetic expression
program that lead to CHDs are not known. One ambraa reveal the mechanisms of
biomechanical factors regulating genetic expresssoto correlate patterns of genetic
expression with distributions of biomechanical stes or strains in the embryonic heart.

This line of research has not been well studiedivo, partly because the biomechanical



environment in the living embryonic heart are oladling to quantify in the tiny, beating

heart(see Section 1.1.5%.
1.1.2 Biomechanical environment regulates car diac mor phogenesis

After the tubular heart starts to beat, intracardiood flow and wall motion create a
dynamic biomechanical environment which cardiaclsc&lxperiencein vivo. The

biomechanical environment includes cyclic stramshie myocytes and endocardial cells
exerted by blood pressures and myocardium conbdractvall stress developed in the
myocardium in response to transmural blood presswared wall shear stress (WSS)

exerted on the endocardium by the blood flow.
Evidence for the regulation of cardiac morphogesesi

Regulatory roles of biomechanical factors in cardi@rphogenesis are inferred from
vivo experiments in embryonic hearts of various speéié% **Hogers et al., in a venous
clipped chick embryo model, have shown that altenthcardiac blood flow patterns
result in heart malformations, especially in theTOE ** Hove et al., have shown that
significant reduction in WSS result in failed vdlvgenesis in zebrafish embryonic
hearts, suggesting that WSS is an essential eiigdaetor in cardiac morphogeness.
Groenendijk et al. have revealed a correlation betwthe spatial distribution of WSS
with expression levels of several shear stressrespe genes in embryonic chick
hearts’™ ?* Increased intracardiac pressure achieved by bgritim OFT accelerates the
maturation of myocardium architectures in the veldr indicating that wall stress
developed in the myocardium in response to theeas®d pressure modulates the

maturation of myocyteS: ?° In addition, the alteration in diameter of band2@T may
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produce changes in laminar flow at and beyond threstriction region, which may be
responsible for the dilation of the OFT downstrehim band and may contribute to OFT

abnormalities at later developmental stages.
Cellular level regulation

Endothelial cells (ECs) in the endothelium are aiyesubjected to WSS induced by
blood flow. ECs sense WSS through different meckansors, including integrins,
vascular endothelial growth factors (VEGF) recej@or(Flk-1), ion channels,

G-protain-coupled receptors (GPCRs) and trimetric pBoteins, and adhesion
molecules® ?’ The mechanosensors of ECs initiate intracelluigmaing pathways by

activating multiple signaling molecules, includipgptein kinase C (PKC), FAK, c-Src,
Rho family GTPases, PI3K, and MAPRS. Activated through the protein

phosphorylation cascades, transcription factoig,(e-fos, c-jun, Egr-1, SP1 and NFkB)
translocate into the nucleus to target cis-elementsiomechanically inducible genes,
and then up- or down- regulate gene expressios, tmdulating the EC behaviors and

functions®® *°

Evidence has shown that WSS regulate importgmasipathways for two important
functions of ECs in cardiac morphogenesis: (1) émel@l-mesenchymal transformation
(EMT), a essential process for valve formatibr?’ and (2) secretion of signaling
mediators (e.g. platelet-derived growth factor Biohand NG 3% modulating
cardiomyocyte proliferation, maturation, survivahd contractiod® ?° **In vitro studies
suggest that ECs can sense and differentiate wgrsabf WSS. ECs respond to different

spatial and temporal features of WSS (magnitudesntation, spatial and temporal
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variations) by activating different downstream silygmg pathways. ECs can detect WSS
as low as 0.1 P and respond as fast as millisecofitid®> which render ECs able to
sense variations within a cardiac cycle. ECs apalie of sensing the stretthAs a
response to stretch, ECs remodel cell morphology aientatiort® regulate paracrine
cytokine secretioli (endocardium-relaxing factors), and increase kegstne kinase
receptors involved in vasculogenesis and anigiogief® WSS and cyclic stretch has

been reported to regulate EC morphology and cyteskesynergistically”

Myocytes (MCs) are located in the myocardium aad sense wall stress and cyclic
stretch of the OFT wall induced by transmural blgoessures. A physiological level of
stretch has been shown necessary for maintainiygiglbgical phenotypes of MCs
including proliferation, differentiation, and coattile phenotype® Deviation from the
physiological level of stretch leads to myocyte éngpasia or hypoplasia that affects the
maturation of myofiber architecture in the myocand?> ** Besides the level of stretch,
MCs can also sense and respond to the amplitud¢hanchte of change in stretch , and

alter cellular behavior¥: *°

Current understanding of mechanotransductiomddrgonic heart ECs and MCs was
obtained mostly fronin vitro studies on mature vascular ECs or MCs in a simeglif
environment, such as a flow chamber. In the livamgbryonic heart, cardiac cells are
subjected to a combination of biomechanical steasd strains, which vary dynamically
over a cardiac cycle as the result of pulsatileotlflow and active contraction of the
myocardium. The variations and combinations of l@ohanical stimuli have not been

fully characterized in embryonic hearits vivo. Responses of MCs and ECs to the



biomechanical stimuli may be important for embryonheart function and
morphogenesi§: *® 4’ To understand the roles of biomechanical factorsheart
development, we need to quantify the biomechampaironment that embryonic cardiac

cells experiencen vivo.
1.1.3 Chick embryonic heart and the outflow tract

The chick embryo is a popular animal model for @rdlevelopment, because chick
embryos: (1) share similar morphological and geropatterns as mammaig2) grow
externally, isolated from the influence of the neath circulation, which allows easy
measurement and microsurgery; (3) develop rapiap(t 21 days of incubatioff).*°
According to Hamburg-Hamilton (HH) staging systethe development of a chick
embryonic heart is divided into 46 stages (21 ddyacubation); each stage is judged by

the appearance of external features of chick enstffy&’

At HH18 (3 out of 21 days of incubation, and apqmately corresponding to 28-day
human embryo), the chick heart is a tiny s-shappdd tube (< 2mm) with no valves and
a single primitive atrium and ventricle connecteaiseries (see Figure 1.1R)The OFT
is the distal region of the heart that connects @@etricle with the aortic sac in the
primitive heart tub&® The chick heart beats at 2-2.5 Hz, and dynamigaliyips blood to
support embryo development. At this early develapalestage, contraction of the heart
wall propagates along the heart wall towards thd @Fmaintain unidirectional blood

flow.>t %2



Figure 1.1 S-shaped chicken embryonic heart and tutflow tract (OFT) at early stages:)
Scanning electron microscopic image showing extestractures of the OFT, reproduced
from the literatur&® (with permission); (B) histological section shogimternal structures of
the OFT, reproduced from the literattiréwith permission). E, endocardium; CJ, cardiac
jelly; M, myocardium.

The OFT provides a good model system to studynbahanical factors in cardiac
morphogenesis, mainly because: (1) the OFT, wheréop of ventricular septa and
semi-lunar valves form, undergoes extensive morghetic remodeling during
development; (2) the morphogenesis of the OFT nisqodarly sensitive to biomechanical

11,21

disturbances, especially during early stages (elg18) and (3) malformations of

the OFT contribute to a large proportion of CHDs.

At HH18, the OFT is a slightly curved tube (30084.m in diameter and 600-8Q0m
in length) with a three-layered wall consisting ehdocardium, cardiac jelly, and
myocardium (see Figure 1.18).>*°® The endocardium is an EC monolayer lining the
lumen of the OFT. The myocardium is an external aleusayer that provides active
contraction. In between the myocardium and endagardis the cardiac jelly, an
amorphous extracellular matrix that contributesrgé portion of the OFT wall. Cardiac
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cushions in the OFT, which serve as primitive vajvare seen as localized protrusions
of the cardiac jelly toward the lumé&h.>® Most knowledge of the OFT geometry was
obtained from scanning electron microscopy andoltgtcal section slice¥: °” and
therefore reconstructed 3D geometries are staticaa® subjected to errors from sample
preparations. A 4D description of the OFT is cdtito characterize the dynamic
biomechanical environment and its roles in regatathe function and morphogenesis of
the OFT, but is difficult due to the small size (m2n) and fast heart rate (2.5 Hz) of the

chick embryonic heart at early stages.
1.1.4 Outflow tract banding model

To understand the roles of biomechanical factortigéart development, interventional
experiments performed on animal models are desigmédsturb hemodynamics or wall
dynamics in order to reproduce human-like hearectst? ** 2> **OFT banding (OTB) is

a common microsurgery procedure performed on chmkryonic hearts by constricting
OFT lumen area with a 10-0 nylon suture. With OMBntricular pressure increases
acutely and persistently with no significant chanigeheart rates or cardiac outptis®

In response to the persistent high blood presshesprimitive ventricle remodels, and
exhibits chamber dilation and elongatfSrihickening of the compact myocardidrand
heart wall stiffeninf at later stages. OTB eventually leads to a specwfistructural
defects in the chick heart, such as the doublesbuitjht ventricle, persistent truncus
arteriosus, and ventricular septal defect; mostthafse heart defects are associated
malformation of the OFT regiolf. However, other aspects of biomechanical changes,

such as wall dynamics and blood flow dynamics, wemeer- characterized in OTB



embryos, although the important roles of blood fidynamic$® **and wall dynamic¥
have been well recognized in heart developmenterafions in the diameter of the
banded OFT may produce a large change in lamioar dfter the band, and contribute to
OFT abnormalities at later stagésFrom our preliminary study, we have observed
changes in wall dynamics of the OFT in respons®T8.2° These changes lead to the
guestion of how OTB-induced alterations in the vagthamics and blood flow dynamics
of the OFT result in a biomechanical environmerat gventfully leads to heart defects.
Precise visualization and quantification of mormgital changes, wall dynamics, and
blood flow dynamics in the chick heart under nornmal altered developmental
environments is critical to determine the rolestloé biomechanical environment on

cardiac function and morphogenesis.

1.1.5 Optical coherencetomography to visualize the microstructure and blood

flow of embryonic hearts

Optical coherence tomography (OCT) is a powerfubgmg technique that offers
high-resolution, non-invasive imaging of microstures up to a depth of 2 mm in
biological tissue§® ®2 OCT is based on Michelson interferometry. OCT iinggis
similar to that of ultrasound B-mode imaging exctptt OCT measures the echo time
delay and intensity of coherently gated backscéditét instead of acoustic wav&s®
The advantages of OCT over other widely used intagnodalities in developmental
biology are: (1) compared to MRI and micro-CT, Ofrbvides real time, non-invasive
imaging without touching the sample; and (2) coredato confocal microscopy

and ultrasound biomicroscofyOCT combines them-scale high-resolution of confocal
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microscopy with the mm-scale large depth-of -fieldissues of ultrasound. Thus OCT is
especially suitable for imaging the dynamic struetof the embryonic heart at early

developmental stages (<1 mf)®®
Imaging the microstructure of embryonic hearts

The potential of OCT in visualizing and quantifyinige morphology and functional
properties of the embryonic heart has been denairdtrin many model systems

k> %% 772and mouse embryd§.Current development

including Xenopus laevi¥, chic
of OCT allows studies of the dynamics of the cheakbryonic heart in 26 " 7
Recently, Yelbuz et al. performed ex vivo 3D OCTagimg of fixed, nonviable chick
embryonic hearts, showing the changes in 3D miarokires of abnormal chick
embryonic heart$® A first demonstration of direct 4D OCT imaging wegerformed on
excised, electrically paced chick and mouse emlicybearts’® However, 3D dynamic
geometry of beating hearts in real time remaindlehging for OCT (and most imaging
systems) , because the current rate of image atiguigup to 20 cardiac volumes per
second) is not fast enough to study the dynamidbebeating embryonic hearts in 3D
(typical heart rate at 2.5 Hz for HH18 chick emk®)d A strategy for 4D (3D+time)

imaging is needed to extend the utility of OCT tetter visualize and quantify the

dynamics of embryonic heaiits vivo.
Imaging blood flow in the embryonic heart

Combined with laser Doppler flowmetry, OCT can dlitaeously measure blood flow
during structural imaging ®® " OCT and other flow-imaging techniques, such as

Doppler ultrasound, and particle image velociméRyV), have been used to measure
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intracardiac blood flow in chick embryonic hedfts*’® However, to my knowledge,
none of these techniques provides sufficient temdpamd spatial resolution of 3D blood
flow field in the tiny, dynamically beating embryiorheartin vivo, especially near the
moving heart wall, for accurately quantifying WSSe¢ Section 1.1.6%: "> ° To
circumvent the challenges in intracardiac flow ingg CFD modeling seems a more

promising alternative for quantifying flow field the embryonic heatrt.

1.1.6 Computational fluid dynamicsto quantify hemodynamic forcesin

embryonic hearts

Hemodynamic forcesncluding WSS and transmural pressure, are bftovd-induced
biophysical forces that act on the heart wall. Sraaral pressure, the component of
hemodynamic forces perpendicular to the wall, isiaéqto the difference of the
intracardiac blood pressure and the pressure eutdié heart wall. A servo-null
micro-pressure measurement system, a well-establigechnique in developmental
cardiovascular research, is used to measure bloessyres. (e.§%%). WSS is the
tangential component of hemodynamic forces to th# that blood flow exerts on the
endocardium. There is no direct way to measure \WS&vo. WSS is calculated from

intracardiac blood flow field using the equation:
T=u-dV/dn (1.2)

where | is the blood viscosity (i is constant fdteavtonian fluid);V is the blood flow
velocity vector;n is a unit vector normal to the lumen-wall surfaaad dV/dn is the

directional derivative of the velocity in the norindirection to the lumen-wall surface.
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CFD produces a detailed description of pressuré eelocity fields by solving
Navier-Stoke equations that governs blood flowha embryonic heart. Finite element
(FE) modeling is one common approach to solve CEiblpms. The general procedure
of FE modeling is shown in Figure 1.2. Using FElgsia, the complex geometry of the
embryonic heart is discretized into many regulament$: Partial differential governing
equations, i.e., Navier-Stokes equations, are spordingly discretized into a set of
algebraic equations and are solved at the elemsest.|To solve the partial differential
equations, boundary conditions (i.e., flow vel@stior pressures) are prescribed at the
inlet and outlet boundaries of the OFT. To simuldie transient blood flow within a
cardiac cycle, initial conditions (i.e., flow veltes and pressures) are prescribed over

the entire OFT fluid domain at time zero.

An image-based FE model is generated from aroemeal detailed geometry of the
OFT obtained from imaging. Given physiological bdary conditions, it can provide a
realistic representation of cardiovascular flow ayics®*®’ Another advantage of
image-based FE modeling is that it can be useduttyghe influence of hemodynamic
parameters such as geometry, wall motion, and bib@blogy on flow pattern®.
Image-based FE modeling has been widely used totifpahe blood dynamics in the
mature cardiovascular syst&h®® *°|mage-based FE models have also been applied to
simulate the blood flow and WSS in early human ahitk embryonic hearts: °*
However, those FE models assumed that the blood fMas steady-state, which
oversimplified the realistic blood flow in the embnic heart. A dynamic image-based
FE model is necessary to capture blood flow dynaraied temporal variations of WSS

within the cardiac cycle in the embryonic heart.
12



Physical problem:
« Geometry
+ Materia propertie:

1l

Mathematic problem:

< Assumptions

% Governing equations

% Boundaryconditions

+ Initial conditions(Transient)

!

Finite element solution:
< Discretization of the

geometry and the equations
% Solution procedure

]

Model validation

1.2 Thesis objectives

Figure 1.2 Schematic procedures of Finite Element modeling.

The research in this thesis is part of a largeaboltative research project in which the
roles of biomechanical factors in the developmehtcbick embryonic hearts are
investigated in different aspects. The microstrieetand blood flow of chick embryonic
hearts are measured using the state-of-the art §&€m, which was built and optimized
for imaging the chick embryonic heart by Dr. Ruigaivang’ lab. The physiological and
genetic responses of chick embryonic hearts areactaized by Dr. Kent Thornburg’'s
lab. The biomechanical behaviors of chick embrydmarts including blood pressure,
wall dynamics, and blood flow dynamics were chaazed by Dr. Sandra Rugonyi’s

lab. My thesis research focused on the OFT of kinekeembryonic heart at HH18.
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The objectives of this thesis were (1) to devebbpmethodology that combines
imaging, physiological data, and CFD to quantifg thall dynamics and flow dynamics
of the OFTin vivg, (2) to characterize the biomechanical environntenwvhich cardiac
cells on the OFT wall are subjected within the @arccycle. The specific aims of this

thesis were to

1. Develop a 4D imaging strategy to imagevivo the heart OFT in chick embryos

using OCT;

2. Develop image analysis algorithms (image reconStmcand segmentation) to
process 4D OCT image data of the OFT for bettemalizing and quantifying the

OFT wall dynamics;
3. Develop CFD models to quantify blood flow pattemmshe OFT,;

4. Characterize the biomechanical environment (strantsstresses) which cardiac cells

on the OFT wall are subjected to within a cardiadein vivo,

5. Characterize the acute responses in wall dynanmdsh@modynamics in the OFT

after one hour of OTB.
1.3 Thesisoutline

Chapter 2 presents a non-gated 4D imaging stratagg a post-acquisition
synchronization procedure for imaging the chickerbeyonic heart using OCT. The 4D
image strategy circumvents limitations on acqusitirate of current 4D imaging
techniques for embryonic hearts. We demonstratedetficiency and accuracy of the

synchronization procedure by reconstructing theliaar OFT of a chick embryo from
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OCT images. We also showed that the reconstruddeindges capture the dynamics of

the OFT wall motion.

Chapter 3 presents a 3D image segmentation #igofor delineating the OFT wall
from OCT image sequences. The segmentation algorgbnsists of the optical flow
algorithm for rough segmentation of the OFT,; anébdeable models (active contour
and active surface algorithms) for fine segmentatd the OFT. The performance of
algorithm was evaluated with a 2D+time OCT imaggueace and two 3D volume OCT
images of the OFT. The segmented results wereatatidagainst manual segmentation.
We applied the algorithm to a 4D OCT image datatéte OFT to segment the dynamic

3D geometry of the OFT of a HH18 chick embryo.

Chapter 4 presents a simplified 3D FE model efdhrdiac OFT of chick embryos at
HH18. The geometrical parameters of the FE modeéwestimated from time series of
OCT images of the OFT cross-section. Using thispmmodel, we investigated the
effects of wall motion pattern (instantaneous \exigtaltic motion), and cardiac cushion
(geometric shape of cross-section) on the blood flattern and distribution of WSS in
the OFT over the cardiac cycle. We found that tlegmitude and pattern of wall motion
affected blood flow dynamics in the OFT lumen. Wsoafound that the presence of
cardiac cushions altered the spatial distributibblood flow velocities in the lumen of
the OFT and resulted in an increase of WSS at ocangieigions. The finding suggests that
an image-based 3D dynamics FE model is necessagptare the flow dynamics in the

OFTin vivo.

Chapter 5 presents an image-based 3D dynamic &delnof the heart OFT of a
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normal chick embryo at HH18. The FE model took iatcount physiologically pulsatile
pressures imposed at the inlet and outlet of th&,G#d the dynamic wall motion
obtained from 4D OCT images. We validated the madéh flow measurement from
Doppler ultrasound. The 3D dynamic FE model rewealelistinct blood flow field and a
transient heterogeneous distribution of WSS overctirdiac cycle in a HH18 chick heart

OFT.

In Chapter 6, we characterized the dynamic bidraeical environment of the OFT
within a cardiac cyclen vivo. We employed a methodology that combiredsivo 4D
imaging, image analysis, and FE modeling (developé&thapters 2 to 5). From 4D OCT
image datasets of the OFT of normal chick embryascharacterized for the first time
the wall dynamics of the OFT over the cardiac cyeled analyzed the circumferential
and radial strains that myocardium and/or endouardéxperiencén vivo. From the FE
model of a representative chick OFT, we quantifted blood flow dynamics and
flow-induced shear stress on the endocardium. @sults showed that cardiac cells in
the OFT are subjected to a combination of biomeichhnstimuli, and that the
biomechanical environment to which the cardiacscelie subjected varies over the
cardiac cycle and over spatial locations on the GFll. The unique biomechanical
environment may be important for the extensive mehog and morphogenetic events

that occur later in the OFT.

In Chapter 7, we quantified the acute changeafenwall dynamics in the OFT after
one hour of OTB. From 4D OCT image datasets ofQR& after OTB, we analyzed the

wall dynamics and wall strains of the OFT. We fotinat the OFT has shown early signs
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of compensational changes in the wall dynamicskdodd flow dynamics after one hour
banding. Consequently, the spatial distributiorthef biomechanical stresses and strains
was altered in the OFT wall, especially near thedbgy site. The changes in the
biomechanical environment to which the cardiacscett the OFT wall may predispose
the functional and structural abnormalities in @ET reported in OTB chick embryos at

later developmental stages.

Chapter 8 summarizes our findings and contrilmsti@and provides recommendations

for future research.
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Chapter 2: Efficient post-acquisition synchronization of 4D
nongated car diac images obtained from optical coherence
tomography: application to 4D reconstruction of the chick

embryonic heart

Aiping Liu, Ruikang Wang, Kent L. Thornburg, Sanéagonyi

This chapter was originally published by SPIE
in Journal of Biomedical Optics, 2009(4), 044020.

Reprinted with permission

2.1 Introduction

During embryonic development, the heart undergoesnaplex morphogenetic process
that forms a primitive beating tubular heart, whidimately becomes a four-chambered
heart" ° Cardiac structure and function interact durings thiocess to ensure normal

cardiac development, and disturbances can lead to congenital hearctiefe.g.** **

>%). Four-dimensional (4-D) imaging [imaging of thrdienensional (3-D) structures over
time] of the embryonic heart at early stages ofettgyment, when the heart is an

unseptated tube, is challenging due to the smalédsions of the heart (e.g., typically <2

mm>% and the rapid cardiac motion (typically, morerthao heartbeats per sec6hd

Optical coherence tomography (OCT) is a poweirfuhging technique that can be
applied to the visualization and quantificatiomnodrphological and functional properties

of the heart during development. The technique reffieigh-resolution, noninvasive
18



imaging of microstructures up to a depth of 2—3 mrhiological tissue§:®* Compared

92 and

to other non-invasive imaging modalities, such amfacal microscopy
high-frequency ultrasourf§, OCT combines the high-resolution (at micrometealec

capabilities of confocal microscopy with the lamgpth of field in tissue (at millimeter
scale) of ultrasound. Thus OCT is especially slatétr imaging the embryonic heart at

early developmental stag®s®® "°OCT has been used to image the embryonic hearts of

frog,”® % chick®  "* "and mousé® %

OCT has been applied to 4-D imaging<ehopus laevand quail embryonic hearfs;
% however, the current rate of image acquisitiont@u@0 cardiac volumes per second) is
not fast enough to study the dynamics of the bgaimbryonic heart§ To circumvent
limitations in the image acquisition rate, 4D caalimages can be reconstructed by
post-processing two-dimensional (2-D) image segeerfB-mode images) that together
span the entire heart. This 4D cardiac imaging gutace requires synchronization of
B-mode images to enable proper reconstruction ef 3D geometry of the heart at
sequential phases (time points) over the cardiadecylo synchronize 2-D image
sequences, two approaches have been %iseill the prospective-gated (or
hardware-gated) approach, in which acquisition mége sequences is triggered at a
particular (known) phase of the cardiac cycle bgaadiac signal, and therefore, the
acquired image sequences are synchronized (in plzask(i) the retrospective-gated (or
nongated) approach, in which acquisition of imagquences is not triggered; hence,
image sequences start at random phases of theacandile and image post-processing is
required to synchronize them. Jenkins &’ glerformed prospective-gated OCT imaging

of the heart of an early developing chick embryiggering image acquisition with
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signals obtained by a laser Doppler velocimetemfi vitelline vessel. Mariampillai et
al®® performed retrospective-gated OCT imaging of aclchémbryonic heart using
Doppler velocities: during acquisition of B-modeustural images of the chick heart,
they simultaneously collected Doppler signals fram aortic arch with a separate
Doppler OCT system. Then, Doppler data were usedytwhronize B-mode image
sequences. The advantage of Mariampillai’'s imagtrgtegy was that imaging and
image reconstruction were uncoupled. However, ds thie prospective gated strategy,
cardiac gating signals were needed to provide tst@mps for post-acquisition
synchronization. Therefore, errors introduced bykvgating signals—often encountered
in the embryonic developing heart—affected the emxy of 4D reconstruction. To
eliminate the need of additional cardiac signalgéebling et af® °° developed a
retrospective-gated imaging strategy and imagensgoaction procedure, and applied
them to 4D imaging of the zebra-fish heart. In tlagiproach, nongated B-mode images
of the zebra fish heart were acquired using comfotaroscopy at different depths,
spanning the whole heart. Then, B-mode images vegrehronized by invoking
structural similarity between adjacent image seqgesn To achieve computational
efficiency of the synchronization algorithms, Lielg et al® °° used a subset of the

wavelet series representation of the images fa aatuction.

In this paper, we present an alternative nongéizdnaging strategy combined with a
simple and efficient post-acquisition synchroniaatprocedure to reconstruct 4D images
of the in vivo embryonic heart. B-mode images of transverse sectaf the heart are
acquired without gating. To achieve computationHiiciency, our post-acquisition

synchronization procedure uses M-mode images $liams over timef° extracted from
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the B-mode images; synchronization of adjacent ensgguences is then achieved by
applying structural similarity along a line. In ouprocedure, we found that
synchronization of image data based on similaritipcal structures alone does not fully
recover the peristaltic-like motion of the embryohieart wall, which introduces phase
lags in cardiac wall motion. Our synchronizationgadure accounts for this phase lag by
adjusting the phase of each image sequence aft@hynization based on structural
similarity was performed. We applied the nongateD #maging strategy and
post-processing synchronization procedure to OCdgas of the cardiac outflow tract
(OFT) of a chick embryo. We studied the chick emsbbgcause at early stages, cardiac
development in the chicken is similar to that inrtams! the chick embryonic heart is
also easy to access and develops faster than tihestamimal model¥* OCT images of
the OFT were acquireoh vivo at an early developmental stage, Hamburger—Hamilton
(HH) 18 (3 days of incubatiofi§. At this early stage of development, the chick héear
tubular and has no valves; the OFT is the distajiore of the embryonic
heart—connecting the ventricle with the arteriasteyn—and functions as a primitive
valve by contracting to limit blood flow regurgitan. The OFT is a crucial cardiac
segment to study because a large portion of cotajemeart defects originate in the
OFT>® The OFT is also a good region for testing the baipa of our reconstruction

procedure to capture peristaltic-like motions & Heart wall.

Section 2 of this chapter presents the 4D imagtrategy and image post-acquisition
synchronization procedure. Section 3 presents ppécation of the presented procedure
to images of the chick embryonic OFT and testst®faccuracy. Finally, Section 4

presents a brief discussion, and Section 5 givesahclusions to the paper.
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2.2 Imaging Strategy and 4D I mage Reconstruction Procedure

2.2.1 Nongated 4D I maging Strategy

The nongated 4D imaging strategy used (illustratelBigure 2.1) is similar to that used

by Liebling et af®
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Figure 2.1 Schematic representation of nongated 4-D imageisitign.

B-mode image sequences are collected at suceassaging planesX-Z planes along
the Y direction in Figure 2.1): starting a=0, OCT acquires a sequence of 2-D
cross-sectional imageX-Z plane) for approximately five cardiac cycles, ahdn the
imaging plane moves longitudinally an increménto the next cross section. Image
acquisition is then repeated until the whole regibmterest is spanned agdis reached.
The value of the distandebetween adjacent image planes is kept small sethattural
imaging data at adjacent locations are similar. ilvage sequence of a longitudinal
cardiac sectionY-Z plane in Figure 2.1) is also acquired to adjustsphiags later.
Therefore, a 4D image data set consistd afets of B-mode cross-sectional image

sequences acquired along thdirection and a B-mode image sequence of a lonigialid
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section. Because OCT image acquisition is nongategllired image sequences are out
of phase. To reconstruct 4D images of the hearfaigensequences need to be
synchronized; that is, the phase relationship b&twienaging sequences needs to be

determined.
2.2.2 Post-acquisition Synchronization Procedure

Our synchronization procedure assumes thanétion and deformation of the heart are
periodic and i{() changes in cardiac structural features are coatis (structural data in

B-mode images acquired at adjacent locations enites).
To synchronize the acquired image sequences, llog/fog steps are performed:

1. determination of the cardiac period for each imsgguence,

2. determination of relative phase shifts betweenht@ging image sequences,

3. determination of absolute phase shifts of imageseces relative to the first image
sequence,

4. estimation and adjustment of phase lags betweegesaguences introduced by
peristaltic-like motions of the heart wall,

5. synchronization of image sequences and 4D imagmséaiction.

Compared to Liebling’s synchronization procediireur procedure has three major
differences. First, to achieve computational edingdy, rather than using a subset of the
image wavelet series, our synchronization procedmayzes M-mode images that are
extracted from the image sequences (see Figure Reresenting a B-mode image

sequence at a locatiopy by the intensity functionl, = (x,zt), an M-mode image

23



extracted along a vertical line = x, of the B-mode sequence Iy, = L, (x,z1).

Second, to improve the accuracy of the synchromzgbrocedure, instead of keeping
image frames in a sequence in the order they weepeir@d and cropping image data to a
whole number of cardiac cycles (to apply the syoclmation algorithm), data from
image sequences (spanning approximately five acardiaxles) are pooled into one
normalized cardiac cycle. Third, to accurately kerahe dynamic motion of the heart,
we provide a procedure to estimate and adjust plage between adjacent image
sequences introduced by peristaltic-like contraxtiof the heart wall. This later step may
not be necessary, however, if imaging is perforaiedon-transversal planes of the heart
(such as longitudinal planes). In Sections 2.222.2.5, we describe each step of the

synchronization procedure.

B-mode image sequence

(a) (b)

Figure 2.2 lllustration of MV-mode image extraction from a-mode image sequence:
B-mode image sequence and (b) M-mode image extratbag a linex = x,) from (a).
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2.2.2.1 Determination of cardiac period

Because our synchronization procedure relies ompé¢nedicity of the cardiac cycle, the
cardiac period must be known to ensure proper spnitation of image sequences and
to pool data from image sequences to a normalizediac cycle. To adjust for small
variations in period that occur during imaging (thoslue to temperature fluctuations),
we calculate the cardiac peridd}y;), of each of thé. image sequences at locatiops

To calculateT(y;), we use a string-length method (SLM.2%SLM is particularly well
suited for determining periods in cases of reldyivew observations (a few cycles) when
conventional methods, such as the Fourier transféaihto provide reliable result$?
SLM assumes that periodic signals, discretely sadhpbver several cycles, are
continuous. Then, if the period of the signal iswm, the phase (time position within the
cycle) of each data point can be determined, amdngs” (line segments) that join
successive data points (arranged by their phases® the shortest total length. Hence,
the period minimizes the total length of strings. dur implementation of the SLM
algorithm, the cardiac period, of each image sequence is determined from theddem
image extracted from that sequence. Each vertioal ih the M mode consists o
pixels, and the horizontal line dfpixels, whereN is the number of images in a sequence
(each acquired at a distinct timg). Each pixel in the M-mode imag®/(x N pixels in
total) is a data point, and the magnitude of eacimtpis the intensity, denoted as

Ly, (zy, t,). Giving a candidate perio@d’, the phasep,, of each data point is
Pn=1t,—|t,/T'IT"(n=1,..,N) (2.1)

where |.] denotes integer part. Using,, vertical lines in the M-mode image are
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resequenced by their phases such that, < p, < p,+1. The total lengthp, of the

strings is

! A A 2 !
DZ()’L"T ) = 2%:1 Zrl\ljzz [llyi(zm' pn) - Iyi(zm'pn—l)l + |pn — pn—llz/T 2] (2.2)

The right-hand side terms in Eq. (2.2) are theeddfices in magnitudes and in phases of
two consecutive pixels in the re-sequenced M-moagge and are functions Gf'. To
give equal weights to both terrf§, L, and p, are normalized, such that their values lie

into the range[0, 1].
The cardiac period’(y;), is found by minimizing the string lengity;, T")
T(yi) = minTl Dz(yi;T’); T'c [Tmin; Tmax] (2-3)

The string lengthD(y;, T') is a nonconvex function df 'with several local minima.
Thus, searching algorithms based on gradient msthodht be trapped in local

extremes?® and direct searching fdrwas used here within a rand&,,;,, Tinax]-

2.2.2.2 Determination of relative phase shift between adjacent image sequences

To synchronize nongated image sequences, we detetim temporal relation (or phase
shift) between adjacent sequences assuming stalisiurilarity. We find the phase shift
by maximizing the similarity of M-mode images—extied along the same line
(x = x;) from two adjacent B-mode image sequences. Thuspavermed structural

similarity along a line of the image sequences.

To improve the accuracy of the synchronizatiohicl is limited by image acquisition

rate, we pooled M-mode image data (from severalesycinto one cardiac cycle,
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rearranging vertical lines by their phases. Theordlgns to determine phase shifts
(described below) require M-mode images with thenesanumber of vertical lines,
equally spaced in time. To accomplish this, we raized the cardiac cycle and
re-sampled each M-mode image with the same nunkeof(evenly phase-distributed
vertical lines. Re-sampling was performed usingicsbline interpolation, which offers

the best cost-performance tradeoff among availabdepolation method&® 1%/

Structural similarity between two re-sampled M-modeages, I, (z,p*) and

II

v, (Z "), extracted from adjacent image sequences waslagdwsing a correlation

coefficient C;;., between the M-mode images as the similarity index,

Cii+1(8) = X1 Zn=1 1y, Zm, )Ly, (Zin D1 — ) (2.4)

wheresis a candidate phase shift gofdis the phase in the normalized cardiac cycle. The
phase shift,S;;,,, between the two adjacent image sequences is finemd by

maximizing the similarity indexc; ;. (s),

I,i+1 i

S :mSaXC.J.H(S), s c[0,1] (2.5)

2.2.2.3 Deter mination of absolute phase shift with respect to a refer ence sequence

The next step is to synchronize the image sequenmitiesespect to a common reference
sequence. Taking the first image sequépce- 0) as the reference, the absolute phase
shift S; —the phase shift between a sequenceyatand the reference—is the

accumulated sum of relative phase shifts (betwdgrtant image sequences),
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S=>S5 with i =1,2,...,Land §; =0 (2.6)
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=

2.2.2.4 Estimation and adjustment of phase lag for all image sequences

During early developmental stages, contractile ieardiaves travel from the heart atrium

to the OFT2* producing a peristaltic-like motion of the heaslMand introducing phase
lags among different regions of the heart. To estiinthese phase ladp,,,) between

adjacent image sequences, we use data from théredtgomage sequence showing the
longitudinal section of the heart. Two M-mode imsigge extracted at two locations a

distanced apart along the longitudinal cardiac section (Sgere 2.3).

Figure 2.3 lllustration of how phas
lags in OFT wall motion are estimated:
(a) OCT image of a longitudinal section
of the OFT and (b) M-mode images
extracted from the longitudinal section
at the locations | (close to the OFT
inlet) and Il (close to the OFT outlet) in
(a). Note that M-mode images were
magnified and cropped for better
visualization.d is the distance between
locations | and Il;p; and p, are the
phases of maximal OFT wall
contraction identified from the M-mode
images extracted along lines | and II,
respectively.

The phases of maximal cardiac contractipnand p,, are then identified from the
M-mode images, and the phase |dg, between these two locations is calculated. To

minimize errors in the estimation &p, we averageAp over several cycles, i.e.,
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2p=Y (A~ B) @)

wherei represents théh cardiac cycle and is the number of sampled cardiac cycles.
Assuming that the velocity of the contractile wavgjs constant in the cardiac region

under consideration,
v=d/Ap (2.8)
The phase lag between two adjacent image sequardistancéd apart is then estimated
by
Piag = h/v (2.9)
The adjusted absolute time shifts),, are then calculated by
S =Si+ (= Dpuag (2.10)

The assumption of constantolds approximately true in relatively small regoof
the heart (such as the OFT), and hence to achiemgrae reconstruction, phase lags

should be evaluated at each individual region.

2.2.2.5 Reconstruction of 4D images

To reconstruct 4D cardiac images from a nongated skt, images in image sequences
are shifted in time according to adjusted phasksskf;). We then pooled the images to

a normalized cardiac cycle and resampled imagd3 salected equally spaced phases
over the cardiac cycle, using linear interpolatlmetween images. We then assembled
2-D images into 3-D image datasets atRhghases and reconstructed 4-D images of the

heart.
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2.3 Application to 4D Images of the Chick Heart OFT

Our imaging strategy and synchronization procedgree used in imaging the heart OFT
of chick embryos at stage HH18 (approximately thadags of incubation). OFT images
were acquired with OCT, and the algorithms to dakeucardiac period and phase shifts

were tested for accuracy and sensitivity to the thosen to extract M-mode images.

2.3.1 Embryo Preparation

Fertilized white leghorn eggs were incubated blemd-up at 38 °C and 85% humidity in
a horizontal rotation incubator to stage HH18.0 expose the embryonic heart, the egg
shell was opened and the membrane overlaying theyenwas removed. During egg
manipulation and imaging, temperature of the emhmas allowed to drop below its

normal physiological temperature (38 °C), whicloaid the heart rate to drop.

2.3.2 Image Acquisition with OCT

A spectral domain OCT system was used to acquiagé@® of the OFT of a chick embryo
at HH18. OCT acquired 40 B-scans (2-D image frarses,Figure 2.1) per second; with
each B-scan composed of 250 A-scans (line scahg).OCT system employed has 10
pm axial Z in Figure 2.1) and 16 um latera{ andY in Figure 2.1) spatial resolutions
and a light penetration depth of 2.0 mm in tissags@ming a refractive index of 1.35).
Because at the early developmental stages undey she chick tissue is almost
transparent, light penetration depth is furtheritieh only by blood, such that the
practical penetration depth when imaging the OFT ism (enough to image the OFT at

HH18).
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We used the nongated image acquisition strateggribed in Sec. 2.1 to obtain a 4D
image data set of the OFT. A total of 65 B-modegeaequences of OFT cross sections
were taken along the OFT, 12.5 um apart, spantaghtire OFT region (800 pum in
length). Each image was 250%x430 pixels, and eaadgensequence consisted of 185
frames (more than five cardiac cycles). A B-modagm sequence, corresponding to a
longitudinal OFT section approximately perpendicutathe center cross section of the
OFT, was also acquired to adjust phase lags dyeetigtaltic-like wall motion in the

OFT.

Figures 2.4(a)-(d) show representative OCT imadabhe OFT. The structure of the
OFT wall—the lumen interface, cardiac jelly, andaogrdium—is clearly demarcated.
We extracted an M-mode image from the dotted imEigure 2.4(a). The M-mode image
[Figure 2.4(e)] traces the periodic displacemerftshe OFT wall over the acquired

cardiac cycles.

2.3.3 Testing the Synchronization Procedure

Using the OFT images acquired with OCT, we tedtedaiccuracy of the synchronization
procedure and the sensitivity of the procedurehi® line chosen to extract M-mode
images. We performed the tests on a represeniatavge sequence of the OFT acquired

approximately at the center cross section of th& {(3Ee Figures 2.4(a) and 2.4(c)].
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Figure 24 Representative OC
images (in B and M modes) of the
heart OFT from an HH18 chick
embryo. Images show the OFT
when its walls are constricted: (a)
cross section of the OFT at about its
center and (b) longitudinal section
approximately perpendicular to the
cross section in (a); and when OFT
walls are expanded: (c) center cross
section and (d) longitudinal section.
In (c) and (d), the dark areas in the
lumen are due to a transient fading
of signals when image acquisition
rate is lower than the speed of blood
flow. () An M-mode image
generated from the cross-sectional
image sequence along the dotted
line in (a). M, myocardium; C,
cardiac jelly; L, lumen. Scale
bar=100 pum.

2.3.3.1 Deter mination of cardiac period

We used the SLM algorithm, applied to M-mode imagesietermine the cardiac period,
T, of the chick embryonic heart from each acquiredgde sequence (see Sec. 2.2.1).
Because during imaging embryo temperature was ldkgar physiological temperature
(see Sec. 3.1), calculatdd0.8 s, see below) was higher than normal (uswil$ s for

an HH18 embryo8). To quantif§ we used Eq. (2.3), with a search range of cardiac

periods from 0.7 to 0.9 s and searching step 268 s.

Accuracy To study the accuracy of the SLM algorithm applie M mode, we compared
cardiac periods calculated using SLM applied to ad B-mode images, as well as
calculated using fast Fourier transfdPfi{FFT) (FFT was performed on a curve showing

the correlation of the images in a sequence wipeaet to a reference image). To this end,
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we used the representative OCT image sequenceecOHT (Sec. 3.3). The cardiac
period calculated using FFT & 0.7708 s) was not expected to be accurate dtieeto
small data sampling size (only approximately fiwcles). The SLM algorithm, in
contrast, was accurate and predicted approximdkelysame solutionT(= 0.8146 s)
regardless of whether M- or B-mode images were (eddifference was less than the
searching step). SLM applied to M-mode images, aewewas >200 times faster than

SLM applied to B-mode images.

Figure 2.5 M-mode images extractt
from cross-sectional image sequences
of the OFT along the dotted line in
Figure 2.4(a). Shown M-mode images
were extracted from (a) the acquired
OCT image sequence, (b) the same
OCT image sequence pooled to one
cycle using the cardiac period
calculated by SLMT = 0.8146 s), and
(c) the same sequence pooled to one
cycle using the cardiac period
Y aa calculated by FFTT(= 0.7708 s). Note
YA that (a) corresponds to one cardiac

/ e ¢ .
1L, ,",’.'.,'_\‘_,‘..“.‘, A cycle of Figure 2.4(e).

AR EE Ry
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To verify the accuracy of the calculat€dwe pooled all the images in the sequence
into one cardiac cycle, arranging them by phaserdatg to the calculate®. From these
pooled sequences, we generated M-mode images #lendptted line shown in Figure
2.4(a). Figure 2.5 shows a comparison of M-modegesaextracted from an acquired
image sequence [Figure 2.5(a)] and from pooled @sddrigures 5(b) and 5(c)]. The

M-mode image from the acquired image sequence [€igilb(a)] shows a pixelated view
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due to the low image acquisition rate (40 fps). Mienode image obtained from pooled
images arranged according to thealculated from FFT [Figure 2.5(c)] shows that ik
inaccurate, the M-mode image looks discontinuodse M-mode image obtained from
pooled images arranged according to Thealculated using the SLM [Figure 2.5(b)] is
smooth looking and resembles Figure 2.5(a), ingligathat theT calculated using SLM

is accurate.

Sensitivity to M-mode lineTo test the sensitivity of the SLM algorithm thetline
selected to extract the M-mode image from the 2sidage sequences, we extracted
M-mode images along horizontal and vertical lineseé were 130-um apart, see Figure
2.6) from the representative OCT image sequencesLwere grouped according to the
following criteria: {) lines that overlay the OFT region over the cardigicle (H3—H5
and V3-V5); {i) lines that overlay the OFT region only for a tinméerval during the
cardiac cycle (V2, H2, V6, and H6); anid ) lines that lie outside the OFT region (H1,
V1, H7, and V7). We calculated using the SLM algorithm applied to these M-mode
images (see Table 2.1). We found that SLM waseimegal, robust, as long as the lines
from which M-mode images were extracted overlaiel @FT during the cardiac cycle
(i.e., H3—H5 and V3-V5); the maximum deviation frdnoccurred at V4 and was within
0.1%. The deviation at V4, however, was mainly thugransient fading of signals during
imaging (wash-out phenomendfij, which occurs when blood flow velocity is much
faster than image acquisition rates, resultinghterference signals that average out and
appear as a dark region in the lumen [see Figy®saad 4(d)]. Better reproducibility of
results was achieved when SLM was applied to M-madages extracted from

horizontal rather than vertical lines. The inferperformance of the M-mode images
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from vertical lines was due to both attenuationsmnals along the tissue depth and

transient fading of signals.

N AW - L

V:1234567 V: 1234567
(a) (b)
Figure 2.6 Lines chosen to perform sensitivity study in defeing cardiacperiods using SLN

algorithm applied to M-mode (from the representatequence shown in Figure 2.4). The panels
show the positions of the lines when the OFT walise most (a) constricted and (b) expanded.

Table 2.1 Cardiac periods (in seconds) calculated fro-mode images extracted from differ

lines (see Figure 2.6).

1 2 3 4 5 6 7
H 0.8180 0.8146 0.8146 0.8146 0.8146 0.8206 0.8146
\% 0.8206 0.8146 0.8146 0.8153 0.8146 0.8146 0.8125

Bold numbers show calculated periods that are withD1% accuracy with respect to the centerlineshin

Figure 2.4(a)] used to determine the accuracy ofl SL

2.3.3.2 Deter mination of relative phase shift

To calculate phase shiftSji+1, between adjacent image sequences, we usedlarisym
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algorithm that searched fdBii+1 by maximizing the correlation between M-mode
images [Eqg. (2.5)]. Because each image sequencssteh of 185 framesSii+1 was

expected to be at least accurate within one framaegooled sequence (or 0.005

Accuracy To study the accuracy of the similarity algoritapplied to M-mode images,

we first tested the algorithm using syntheticalngrated image sequences with known
relative phase shifts. To obtain the image sequenge chose the representative image
sequence [see Figure 2.4(a) and 4(c)] and, usiegiinterpolation between frames, we
then generated 10 image sequences that were shiftedase from the representative
sequence. Phase shifts were randomly chosen fréonTO Using these sequences, we
compared the performance of the similarity algonshapplied to B- and M-mode images
[extracted along the line shown in Figure 2.4(a){arms of accuracy and computational

efficiency.

We found small errors—with respect to known sh{fhaximum 0.3%)—when phase
shifts were calculated using similarity on eitherd® M-mode images. Calculation of the
phase shift using M-mode images, however, was 49@st faster than when using

B-mode images.

Sensitivity to M-mode linélo study the sensitivity of calculated phasetshid the line
selected to extract the M-mode images, we usedejiresentative image sequence [see
Figure 2.4(a) and 4(c)] together with its adjacentge sequence, and applied the
similarity algorithm to M-mode images extracted nfrothe two image sequences.
According to Sec. 3.3.T was more accurate when lines that overlaid the OFF the

cardiac cycle were used to extract M-mode imadesefore, we focused on M-mode
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images extracted from these lines. We generated/l-tbode images extracted from
horizontal and vertical lines (50-um apart, seeufég2.7), and found the phase shift
between the sequences by applying similarity, Ex), {0 these M-mode images.
Calculated phase shifts, ;. = (0.25 + 0.005)T, for all M-mode lines were within the

expected accuracy.

(b)

Figure 2.7 Lines chosen to perform sensitivity study in deteing relative phase shifts usil
similarity algorithms applied to M-mode images (frahe representative sequence shown in
Figure 2.4). The panels show the positions of theslwhen the OFT walls were most (a)
constricted and (b) expanded.

2.3.3.3 Reconstruction of 4D images of the OFT

To reconstruct 4D images of the OFT, we used thaldfa set obtained as described in
Sec. 3.2. For each OFT cross sectional image sequer® generated an M-mode image
from a horizontal line within the center regiontbé OFT cross section (e.g., line H4 in
Figure 2.6). Then, using the SLM algorithm [Egs2j2and (2.3)], we determinetfor
each image sequence. Orficeas determined, we used similarity [Egs.(2.4) &h8)(, to

determine the relative phase shift between eadtadf image sequence pair. Finally, we
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estimated the phase lag among image sequences the peristaltic-like motion of the
OFT wall [Egs. (2.8) and (2.9)] from the acquiretjgsence of OFT longitudinal section
images. This phase lag was found to be Df8@m the inlet to the outlet of the OFT, and
thus was non-negligible. After calculating absolygbase shifts with respect to a
reference sequence [Eq.(2.6)], we corrected fas fiiase lag [Eq. (2.10)], and then
synchronized image sequences according to thetadjabsolute phase shifts. We then
reassembled the 2-D images of the OFT into 3-D endata sets at 180 phases of the
cardiac cycle, and thus reconstructed 4D imageth@fOFT. To better visualize the
structure and motion of the OFT walls and theieniattion with blood flow over the

cardiac cycle, 4D images were further analyzedguie image software Amira 3.1 (see

Video 2.1).

Video 2.1 Voxel view of a beatin
chick-embryo OFT. The movie shows a
frontal view of the OFT for the first
cardiac cycle and then a 180-deg rotation
of the OFT along th&-axis for the second
cardiac cycle. The dotted line (in the still
image) encircles the OFT region that
connects the ventricle proximally and
aortic sac distally. M: myocardium, L:
lumen (Quick-Time, 2 MB). [URL:
http://dx.doi.org/10.1117/1.3184462.1]

Accuracy To test the accuracy of the 4D reconstructionexgacted image sequences
showing an OFT longitudinal section over the cardigicle from the reconstructed 4D
images with and without phase-lag adjustment. Byai inspection, the plane at which

OFT longitudinal sections were extracted from restarcted images was close to the
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plane where the OFT longitudinal image sequenceaggsired directly with OCT. We
then extracted M-mode images from three lines efréconstructed and imaged OFT
longitudinal sections (see Figure 2.8):lihe I, which was close to the ventricle (the OFT
inlet); (i) line M, approximately at the middle of the OFTida(ii) line O, which was
close to the aortic sac (the OFT outlet). The ex¢h M-mode images showed very
similar wall-motion patterns. To better visualizéfetences in wall-motion phase
relations, we manually traced the upper interfaeéwvben the myocardium and the
cardiac jelly from the M-mode images and plotteel displacement of this interface over
time (see Figure 2.9). We found that when the Od-Teconstructed without phase-lag
adjustment, phase relations between lines | and(@82 + 0.02)T—did not resemble
those observed from direct OCT imagin@11 + 0.02)T. When phase-lag adjustment
was introduced in the reconstruction, however,pghase relations between lines | and O
were recovered. Thus, our results indicate thasgtag adjustment is needed to properly

capture the dynamics of the OFT wall motion.

OCT Imaging | M o

Figure 2.8 Comparison of M-mode image
extracted from imaged and reconstructed
longitudinal sections of the OFT. Lines
selected to extract M-mode images are show
in (&) and (b): close to the OFT inlet (I),
middle OFT (M), and close to the outlet (O).
(a) Longitudinal sections acquired directly
with  OCT and (b) reconstructed from
synchronized 4D image data. (c—e) M-mode
images from a sequence acquired directly
from OCT; (f-h) M-mode images from a
reconstructed image sequence without phase
lag adjustment; (i—-k) M-mode images from
the reconstructed image sequence with phase
lag adjustment.
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Figure 2.9 OFT wall displacement
close to the inlet and outlet. Wall
f £ displacements (showing the motion
3 of the interface between the
(o | A \ myocardium and cardiac jelly) were
2 1 traced manually from the M-mode
: | _ _ images shown in Figure 2.8: (a) from
(@) images acquired directly with OCT
[Figures 2.8(c) and 2.8(e)]; (b) from
] reconstructed images without phase
adjustment [Figures 2.8(f) and
2.8(h)]; and (c) from reconstructed
images with phase adjustment
f [Figures 2.8(i) and 2.8(k)]. For ease
foA \ foA of visualization, we present five
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2.4 Discussion

In this paper, we present an imaging strategy tmgetwvith an accurate and efficient
post-acquisition synchronization procedure to aséenmongated 2-D cardiac image
sequences (B-mode images) into a synchronized 4igendata set. Phase shifts between
adjacent image sequences are calculated by marize similarity of M-mode images
extracted from B-mode images. In the proposed pareg the M-mode images function

as an optical cardiogram, providing gating data dustr post-acquisition
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synchronizatior?® Furthermore, our synchronization procedure pravide means of
estimating phase lags in the motion of cardiac syalhtroduced for instance by
peristaltic-like wall contractions, and adjustinghage lags for proper image
reconstruction. Because synchronization of imaggueseces is performed using line

scans (M-mode images), computational efficien@cisieved.

2.4.1 Application Realm of the Synchronization Procedure

Application of our procedure to 4D image recondimrtis subjected to two underlying
assumptions. The first assumption is the periodiaftcardiac motion and deformation.
For chick embryos at early developmental stages, déntral neural system, which
regulates heart rate, has not yet developed anketie rate is only a function of embryo
temperature. Although during our imaging acquisitibe temperature of the embryo was
lower than physiological, temperature was stablhiwil °C and temperature-induced
variations in the heart rate were small (<9% amongge sequences). Thus, during
imaging, motion of the OFT wall was approximatesripdic. The second assumption is
structural similarity of image sequences acquirédadjacent locations. To ensure
structural similarity, the distande (12.5 pum) between acquired cross-sectional image
sequences was less than the lateral spatial resolot our OCT system (16 pm), and
much smaller than the length of the OFT (~800 @i nongated 4-D imaging strategy
and synchronization procedure can be generalizeghptications involving other animal

models or organ systems, as well as other imagodgiities.
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2.4.2 Accuracy of the Synchronization Procedure

The accuracy of our synchronization procedure dépem the line chosen to extract
M-mode images from B-mode images. We found thatutalions of period and relative
phase shift from M-mode images are not too semsttivthe locations or orientations of
the lines as long as the lines overlaid the regibinterest (e.g., the OFT) over the entire
cardiac cycle. For OCT images, however, attenuatibthe imaging signal along the
tissue depth and the transient fading of signaltduast motion of blood flow affect the
accuracy of calculations. Therefore, lines contajnpoints within the same depth in
tissue (horizontal lines in Figures 2.6 and 2.7 aithin the center region of the OFT are

preferred.

OCT images of the OFT (B- and M-modes) containogec data from the OFT (our
region of interest), but also data from other paftshe heart and surrounding organs,
such as the head. To estimate the percentage oh#ége that contains OFT (useful) data,
we can use the average surface of the image octbyithe OFT over total surface area
for B-mode images, and the average OFT length ¢t line length for M-mode
images. For cross-sectional images, we can assuahéhe OFT external layer is a circle
with radiusR, and that the image is a square with side lehgfvith R<L). Then, the
ratio of OFT data to total imaging data goesR&)¢ for 2-D images and®/L for line
scans. Becaus®/L>(R/L)? using properly chosen lines for M-mode extractitime
algorithms to calculate period and phase shift ¢oathieve higher accuracy when

applied to M-mode rather than B-mode images.

We compared the performance of the algorithmsl igecalculate cardiac period and
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relative phase shifts applied to B- and M-mode iesagbtained from a horizontal line
within the center region of the OFT (see Figurésdhd 2.7). We found that, regardless
of whether the algorithms were applied to B- or Md®a images, similar accuracy was
achieved (see Sections. 2.3.3.1 and 2.3.3.2). Mereaalculations were significantly
faster (~400 times faster) when performed using dtlenrather than B-mode images.
Employing M-mode images dramatically improved tffecency of the synchronization

procedure without compromising accuracy.

Other factors that affect accuracy of our synolmation procedure are the number of
frames per cardiac cycle that the system can aequid the total number of cardiac
cycles acquired in a sequence. Our reconstructidtmased on ~30 frames per cycle and 5
cardiac cycles, thus about 150 frames in totacttueately reconstruct a cardiac cycle (as
all the images are pooled to one cycle). We vaetifieat this number of frames is
sufficient for correct reconstruction. We also dtext the accuracy of the reconstruction
if more or less frames were considered (resultsshoivn in the manuscript) and our
results suggest that 150 frames in an image sequer@robably close to optimal. Thus,
for other systems and faster cardiac rates, imagaisition should be such that at least
150 frames are acquired. A caveat, however, isittlhé number of frames acquired per
cardiac cycle is« 30, then each image frame might not be considerestditaneous”
(because it takes time for the system to scan thend) and this would introduce
inaccuracies. Our results indicate that acquirin@TOimages at a rate of ~30
frames/cardiac cycle for about five cardiac cyakesufficient to predict cardiac cycle

and time shifts with reasonable accuracy.
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2.4.3 4D Reconstruction (Phase-Lag Correction)

We found that synchronization of images based owucttral similarity alone is not

sufficient to capture the peristaltic-like motioh the heart walls of chick embryos at
early developmental stages. During early developmine embryonic heart does not
have valves and, to maintain unidirectional blooavf contractile waves travel along the
heart> These traveling waves produce peristaltic-likelwabtion and thus introduce
phase lags between different regions of the hé&arbur synchronization procedure, to

correctly recover the dynamics of the OFT wall, adjusted the phases of image

sequences from those obtained by structural sityilar

Because contractile waves travel from the indethie outlet of the heart, the need to
correct for the phase lag in our procedure largidpends on our choice of imaging
cross-sectional (transverse) planes. For our proeedwe acquired cross-sectional
images because they ensure similarity between eafjamage sequences (i.e., the OFT
always shows in the image frame, no matter whetireeOFT is expanded or contracted),
whereas with longitudinal images, there are imagplgnes from which the OFT
“disappears” when its walls contract and “reapgearsen its walls expand, making

similarity algorithms more difficult to implemenhd more prone to inaccuracies.

Currently, there is controversy about the nawfreardiac motion at early stages of
development, with some authors arguing that heatl motion is peristaltic:® ***
whereas others argue that the heart acts as arsyctmp*'? We certainly found that in
reconstructing the OFT motion from the nongated @dges we acquired, phase-lags
in wall motion between the inlet and outlet of BET (not accounted for by structural
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similarity) need to be considered. In other regiohthe heart, and/or at later stages, this
phase lag might be negligible. Application of oynchronization procedure, however,

will certainly aid in the characterization of caadimechanics during early development.

2.5 Conclusions

In this paper, we have presented a 4D nongatedimgajrategy and post-acquisition
synchronization procedure to reconstruct 4D imagfethe embryonic heart. We have
demonstrated the efficiency and accuracy of thequores by reconstructing the cardiac
OFT of a chick embryo from OCT images. Our nongad&l imaging strategy and
synchronization procedure can be generalized tdicapipns involving other animal
models or organ systems, as well as other imagindaiities, providing that the two
underlying assumptions, periodicity of the motiondasimilarity of adjacent image
sequences, are satisfied. The synchronization guweepresented is especially useful for
4D imaging when:ij reliable physiological gating signals are difficto acquire, i) the
acquisition rate of the imaging system employedinsted, and {ii) phase lags are

non-negligible.

45



Chapter 3. A robust 3D hybrid optical flow and defor mable
model segmentation algorithm for 4D OCT images of the

chicken heart outflow tract

3.1 Introduction

Chapter 2 has demonstrated that OCT is a poweofwdimvasive image technique that is
capable of visualizingn vivo the early chick embryonic heart development. The(3D
space + time) imaging and post-acquisition recoottn strategy that we developed
further extends the functional capability of OCTcapture the dynamics of the beating
heart within a cardiac cycle, which is important farly diagnosis and prevention
because function abnormalities usually precede sgstrictural malformation of the
heart™ 3 3Tg extract structural and dynamic information teé thick embryonic heart
from the OCT images, segmentation, a process ditipamg the anatomical structures
from images, is a critical step towards reliablamfification of the wall dynamics of the

embryonic heart.

In this thesis, our region of interest is theflowt tract (OFT), a distal region of the
heart that connects the primitive ventricle to aloetic sac, of stage HH18 chick embryos.
The OFT is a slightly curved tube that has a thagered wall (Figure 3.1): (1) the
myocardium, an external muscle layer; (2) cardadly,jthe extracellular matrix shown as
the dark region in-between the myocardium and lume®CT images; and (3) a thin

layer of endocardium (<10 pm), enclosing the OFda. In the OCT images, the
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endocardium layer cannot be distinguished fromluhgen because the blood within the
lumen and the endocardium have similar refractivéex. Here the endocardium is
defined as the outline of the lumen. To quantify tynamic structure of the OFT wall as
well as its interaction with blood flow within tH@FT, we need to segment the OFT from
the OCT images over cardiac cycles. As a first dtapards 4D segmentation, our
objective was to construct a 3D segmentation scheéhad partitions the OFT

myocardium and the lumen contours over the cardyate from a 2D+time OCT image

sequence or surfaces at any given cardiac phaseafi@D volume OCT image dataset.

Segmentation of OCT images generally faces twpmpaoblems:** First, the image
intensity decreases with the increase of imagimghgeand the intensity inhomogeneities
exclude those segmentation methods based on imagesity. Second, OCT images are
subjected to speckle noises, which decrease thgeirgaality. These typical drawbacks
with OCT images result in discontinuities and spusi edges, making the segmentation
task a challenging problem. Challenges associattid @CT image sequences of the
OFT further complicate the task of automatic segatén (Figure 3.1). First, the OFT
undergoes large deformation during the cardiacegyal particular, the lumen has large
shape change. Second, there is a transient faélsigrals (washout effett) in the OFT
lumen when the velocity of blood flow in the OFT lexge, which usually occurs at
maximal blood ejection from the ventricle (showntlas center dark region in the lumen
in Figure 3.1). Third, it is difficult to distingsh the edges of interest (OFT wall layers)
from other surrounding tissues, which are in clpseimity and have similar intensities

as the OFT wall in OCT images.

47



Deformable models (also referred to as activetaos in a 2D problef® or active
surfaces in a 3D probleft) offer a reasonable approach to handle thesegrahldue to
their major advantages: (1) ease of incorporatimpahness constraint on the object
shape, which offers robustness to both image nasels boundary gaps common in
medical images, and (2) capability of accommodatihg significant variability of
biological structures over time and across differebjects. Deformable models have
been a rigorous research area in medical imaggsasand covered by many excellent
reviews*'®1%! Briefly, deformable models are closed parametticves or surfaces
defined in an image domain that can move undemtiheence of internal constraints and
external forces. The internal constraints are aefiwithin the curve or surface to keep
the model continuous and smooth during deformatowl, external forces are computed
from the image data to drive the model towardsdiésired object boundaries. One major
disadvantage of the deformable models is its perdoice of segmentation is sensitive to
its initial contour location because the deformaivledel is usually formulated into a
minimization problem, and thus deformation of camfis easily tracked into local

minimums.

To address the sensitivity of initial contour lboa, Mikic and colleagues proposed to
incorporate the optical flow algorithm to guide tlaetive contours in segmenting
echocardiographic sequendésThe optical flow is a 2D displacement field conmgalt
from two consecutive image frames that traces tbeom of an object over time, based
on the assumption that the intensity pattern ofaing object is time invariart? Given
the 2D displacement field, the position of the abjgan be predicted in the subsequent

image frame without human supervision. Thus, thicapflow algorithm enables us to
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track and segment fast-moving objects such as #mdiac structures in an image

sequence.

In this Chapter, we have constructed a hybridi®Rage segmentation scheme that
consists of the optical flow algorithm for coarsegmentatioff* and the deformable
model algorithms (active contour and active surfaigerithms) for fine segmentatidfr,

In order to achieve robust segmentation of OCT msagyf the OFT, we also introduced a
number of enhancements and modifications to thendtations of deformable models.
By applying our algorithm to a 2D + time OCT imaggguence and 3D datasets of the
OFT, we have shown that our hybrid algorithm oficgdtflow and active contour/surface
renders a robust segmentation scheme for segmethén8D OCT images of the OFT.
The algorithm will be used to quantify the wall dynics of the OFT in normal chick
embryos in Chapter 6, as well as to quantify thenges in the wall dynamics of the OFT

in OTB chick embryos in Chapter 7.

3.2 Methods

3.2.1 Optical flow algorithm

The optical flow algorithm calculates a displacetfesid (u, V) that describes the motion
of a feature point a(y, ) in an image, I, to a new positiox{u, y + v, t+]) in the next

frame. Using the displacement field, we can tradgeat boundaries frame-by-frame in a
3D dataset. To determine the displacement figJd)(at each image point, we minimized

an energy functior¥, defined as follows"**

E(w,v) = [[, [Kp(lxu +1,v+ It)2 + w(|Vul? + IVvlz)dxdy] (3.1)
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where |, ly, and {are the derivatives of | (image intensity) withpestive to x, y, and t,
respectively,K is a Gaussian kernel of standard deviatigna is a weight parameter.
The first term is a data term that assumes theéhtimggs within some neighborhood of
sizep is constant over time. A large has better tolerance for noises, whereas small
values ofp better preserve the flow discontinuities at edgdése second term is a
regularization term that imposes a smoothness @nston the displacement field.
Larger values for the weight parameietead to a smoother flow field. Since the spatial
and temporal image derivatives, (l, and |) are sensitive to image noises, it is common
to smooth the image sequence prior to differemmaby convoluting a Gaussian kernel

with standard deviatioa to remove image noises.

The flow field (u,v) that minimizes the energy functio satisfies the

Euler-Lagrange equation&”

Au == [y ()2 + kp (L ) + ke (e 1)] = 0 (3.2)

v =2k (Ll Y + ko (1) v + +k,p (1, 1) | = 0 (3.3)

where A:= 0, + 0,, denotes the spatial Laplace operator. The equatiwere

implemented using a finite difference scheme by\Wicente Grau in Matlab platform,

following the procedures described*fif 1%

3.2.2 Active contour algorithm

Active contour is a parametric contodi(s) (0 < s < 1, where s is the arc-length
parameterization of the curve) that deforms andvedyes to the desired object

boundaries driving by the forces defined within timeage data under the internal
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constraint of smoothness and contindi‘t@/A deformable active contou€(s,t) is to

stabilize the equatiort®®

d ac 92 a%c ac
5 (e5) +5(A52) +rFO =3 (3.4)
where t is time;a f andy are weighting parameters. The first two terms iarer

force terms that control the elasticity and rigiditf the contour, respectively; the third
term is the external force term that is derivednrfrine image data and attracts the contour
to the desired object boundaries. Here, the eXteior@e term is expressed as a
superposition of several different forces to incogbe constraints from the prior

knowledge on the OFT and to improve the robustoéfise segmentation, as follows:

F=yqFs + prp + Vs Es + v By (3-5)
where F,; , F,, F;, and F, are distance force, pressure force, spring fand, volcano
force, respectively; yq,v,,¥s, @and y, are their weighting parameters.

Distance force

The distance force converges the contour to edda@shwhave the lowest distance

potential. Distance force is defined as foll6f@s?
Fd(x;)’) = —Vpd(x'J’) (36)

where P; is the distance potential ardl= aa_x + % denotes partial differential operator.

The distance potential is a function of the Eud@ilelistance between each pixel in the
image and the closest edges that the edges havdowest distance potential.
Minimization of the distance potential drives timéial contour to the closest edges. The
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definition of distance potential follows that " 122

Py (x,y) = —yqexp[—d(x,y)?], 3.7)
where d is the distance to the closed edges and is detechby an Euclidean distance
transformation of the edges detected by a Canng ddtector->’

Pressure force

To increase the attraction range of the active amontand reduce the sensitivity to

initialization, we used a pressure force defineifas
E,(C) =y, N(C), (3.8)

where N(C) is a outward unit normal vector of the contoureThflation and deflation
of the contour is determined by the signjygf which varies based upon whether C is

inside or outside the desired object.
Interactive forces incorporating geometric constitsi

Deformation of two contours such as the interiod axterior boundaries of the
myocardium has to satisfy certain geometric refatim the case of the OFT, the
thickness of myocardium is within certain rafigg;,, hmaxl- TO avoid distraction of

surrounding tissues and overlapping of interior arterior myocardium boundaries, we
constrained the deformation of the exterior myoemdwithin the range|h,,in, hmax]

using a “spring force” Fs(C) and a “volcano foréa/(C), defined as follows:

_ N(C)(hmax/d - 1)» if d > hmax
() = { 0, otherwise (3.9)
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_ N(C)(hmin/d - 1); if d< hmin
RO = { 0, otherwise (3.10)

where d is the distance between corresponding antthe contours of interior and
exterior boundaries of the myocardium. The two rextéve forces, namely the spring
force and the volcano force, pull or push a contoward or away from each other where

the distance between the contours is outside dd¢fieed range.

3.2.3 Active surface algorithm

Active surface is a generalization of active condan a 3D image domain. A deformable
parametric surface S (s,r) (0 <s < 1, 0 <r< 1mneteand r are two spatial variables of

the surface) is defined as follows:

=g (@5) (e 5) ~ 25 (Bigmr) ~ 5 (B 52) — 5 (B 52) + F )
(3.11)

where ; (i = 1,2) and 8;(j = 1,2,3) are weighting factors of internal forces, which
determine the relative importance of the elasti¢ity and a,), the rigidity 3, and 3,)
and resistancef{) on the shape of the surface; the external fo(& 5 defined as a
superposition of pressure force and distance fartethe active surface. The active

contours and surfaces were implemented using tiite ®lement methods, similar 1o

128

3.24 Segmentation schemefor the heart OFT

When applying our algorithm, we also incorporatexvesal strategies to achieve a

successful segmentation of the OFT. First we ektboon the major strategies and then
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summarize our procedures in a flow chart.

3.2.4.1. Extracting OFT cross-section

One issue associated with OFT segmentation isthieaOFT is a curved tube, whereas
the imaging plane was fixed in space when we aeduine OCT images f the OFT. A
2D cross-sectional image may not necessarily reftex cross-section of the OFT, and
the deviation between the imaging plane and OFBsesection increases towards the
distal OFT (refer to Figure 3.1A). To segment tHeéTQross-section, from the 4D OCT
image data of the OFT we extracted a longitudieatiesn of the OFT that runs roughly
through the centerline. From a static longitudisatction when the OFT was fully
contracted, we approximated the axial centerlinghef OFT with an arc shape and
estimated the radius and origin of the arc. Throtinghorigin of the arc, we defined 50
locations with 1 degree apart on the longitudiregdtion and extracted cross-sections of
the OFT from the 4D OCT image data (see the stpdimd ending locations in Figure
3.1A). Our segmentation were then applied to the t@e series of the OFT

cross-sections (see an example of an extractedo@iss-section in Figures 3.1.B and C).

Figure 3.1 OCT images of théhear
OFT of HH18 chick embryos. (A)
Longitudinal section showing the
regions where 50 OFT cross-sections
were extracted from 4D image data.
Purple lines showing the start (S),
middle (M), and end (E) locations.
The OFT middle cross-section at (B)
its maximal expansion and (C)
contraction states. M, myocardium;
CJ, cardiac jelly; L, lumen; and O, the
origin.
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3.2.4.2. Edge enhancement

The conformity of the active contour to the dedimndaries heavily depends on the
guality of the edge map (see Section 3.2.2). Taawvp the quality of the edge map, we
employed the following strategies:

(1) Distinguish internal and external edges ofadmective

To discriminate internal and external edges of &fed, we used the directional
information of the edg&® **°131132(Figure 3.2). A directional vectar= P(x,y) — P.
was defined as a unit vector that points from aified point Pc within the OFT lumen
to a point P(x,y) on a given edge. The gradient vectgfx,y) = VI(x,y) was
calculated at point(x,y). By comparing the direction of the gradient veatgth the
directional vector at each point on edges, we gedupdges into positive edges and

negative edges, as follows.

Positive edge map:

(1, if n-gxy >0
foGoy) = { 0, otherwise (3.12)

Negative edge map:

_(1, if n-gly) <0
oY) = { 0, otherwise (3.13)
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Figure 3.2 lllustration of the definitions of
negative and positive edges. The sign of an
edge is determined by a dot operation
between two vectors at a point on the edge,
namely, the intensity gradient vector (g) and
a directional vector (n) pointing from the
center point (C) to the point on the edge. a
and b are a point on the interior and exterior
edges of the myocardium, respectively.

According to this criterion, the interior edgetbé myocardium was classified iny§
and the exterior and the outline of the lumen wa@assified into f,,. The segmentation
was then based on the edge magpfor f,. The interferences between the neighboring

edges of the myocardium were avoided.
(2) Threshold by the length of the edge

To avoid the undesired effects of noises, we daeththe edges that were shorter than

certain length. Empirically, we chose 4 pixelsias threshold.
(3) Mask the edge map

To avoid segmentation to converge to the edges edfjhboring tissues, before
segmenting the lumen and external myocardium, veated a binary mask from the
segmented contour of interior myocardium; the miagk a value of 1 at image pixels
within the region enclosed by the contour and aieadf zero at pixels outside the
contour. To remove the edges that lie outside sidenof the interior myocardium, the

edges maps of the exterior myocardiyiy, and the lumenf,, ... Wwere generated by
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applying the mask to the negative edge nfapas follows:
fext = fn - Mask, (3.14)
fiumen = fo - ~Mask, (3.15)

where ~ is the logic negation operator; and ~Maak & value of zero at image pixels
within the region enclosed by the contour and aeaif one outside the contour. The
segmentation of the exterior myocardium and themelu was then based on the masked

edge maps of f,,; and fiumen-

3.2.4.3. Adaptive parameters

The shape of the lumen changes during the cardyate,cdeforming from a xxx.
Accordingly, we adapted weighting parameters ofrimil (¢ andp) and external forces
(y) of the active contour to the phase of the cardiate. The larger the values efand

B, the smoother the active contour and thus morastol® image noises; the smaller the
values ofa andp the more compliant the active contour and thutebeccommodate the
irregular shape of the lumen but easily distrattgdnage noise. The weight parameter
determine the strength of image force to attachattieve contour to the edge. A proper
choice of weighting parameters is important for #otive contour to converge to the

desired edges in noisy medical images.

We estimated the phase of the cardiac cycle utfirgarea (A) of the segmented

interior myocardium.

A = Wilexp + Wolcon (3.16)

B = Wlﬁexp + W2Beon (3.17)
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Y = WiVYexp + W2Vcon (3.18)

A_Acon

where w; = and w, = 1 — wy; the subscripts “con” and “exp” indicate the

exp—Acon

most constricted state and expanded states ofFffie @spectively.

3.2.4.4 3D surface reconstruction

Our segmentation provides series of contours thae lthe coordinates defined in each
2D image domain or a 2D local coordinate systemy) (refer to Figure 3.2). Given the
knowledge of the origin O (Yo, Zo) and angt® of the plane where the cross-sections
were extracted (refer to Figure 3.1A), the contowese reconstructed into 3D global

coordinate system(X,Y,Z)(refer to Figure 3.1), using the following transfation

equations:
X=x (3.19)
Y =ycos6 (3.20)
Z=—-aX-—-bY+c (3.21)

where a, b and c are the parameters of a gives-sexgion plane, determined by three

known points on the plane in the global coordirsatgtem.

3.2.45Flow chart

The scheme flow for segmenting the OFT is as fal¢galso summarized in a flow chart,

see Figure 3.3)

1. Extract 50 cross-sections that are approximatelspgyelicular to the axial

centerline of the OFT from 4D image data.
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2. Normalize the image sequences of cross-sectiomms one cardiac cycle to
improve the temporal resolution of OCT images. Hn@cedure reduces the maximal
displacement of the OFT wall between consecutivegienframes to the capture range
of optical flow algorithm (4 pixels in the imagehigh is important for optical flow

algorithm to accurately follow the deformation dbeating OFT.

3. Apply a Gaussian filter with a standard deviationto reduce speckle noises of

the OCT images.

4. Semi-automatically trace the outlines of the mydean and lumen using the
live-wire algorithm implemented in Amira 5.2.2. Heetraces are used as initial
contours in the optical flow algorithm. To avoidcamulating errors in computing
optical flow, we used three additional re-initiatioontours that evenly span over the
cardiac cycle when segmenting a image sequenceysattwo re-initiation contours

that span along the OFT when segmenting a 3D vollateset.

5. Apply optical flow algorithm on an image sequenarfe-by-frame to compute
the 2D displacement field between two consecutivage frames at each pixel in the
image domain. Based on the displacement fieldsloitetions of initial contours are
updated and follow the motion of OFT boundariesrdiree or over space. In this

way, the OFT wall is roughly segmented.

6. Enhance the edge map by distinguishing internalexternal edges of the OFT

wall layers (see Egs. 3.12-3.13) and thresholduegibisy edges.

7. Apply 2D active contour algorithm frame-by-frame am image sequence using

the segmentation solution from the optical flowaaithm as initial contours. Due to
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different properties of the OFT layers, the 2D alhons applied to the interior and
the exterior boundaries of the myocardium, andliuhgen were slightly modified in
terms of the formulation of external forces andparoparameters. Since the interior
edge of the myocardium is well defined, we firsplggal the 2D algorithm to segment
the interior boundary of the myocardium. Usuallg thressure force and distance
force are sufficient for the segmentation of irderinyocardium boundary. With the
knowledge of interior myocardium boundary, we fertlenhanced the edge maps for
the lumen and exterior boundary of the myocardisee( Eqs. 3.14-3.15). In
segmenting exterior myocardium boundary, additiogebmetry constraint on the
wall thickness was incorporated into the 2D aldonitas the spring and volcano
forces (see Egs. 3.9-3.10). For the lumen, adappasmmeters were used to

accommodate large shape changes (see Eqgs. 3.16-3.18

8. Apply 3D active surface algorithm on a set of camsoextracted from 2D active

contour algorithm.

9. Transform the 2D local coordinate system of corganto 3D global Cartesian
coordinate system if segmenting 3D volume datahef ®FT (see Eqgs. 3.19-3.21).

The contours were then lofted and interpolated $otdaces using Rhinoceros 4.0.
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Figure 3.3 Flow chart in segmentation of the OFT.

3.2.5 Algorithm validation

The evaluation of the segmentation is based ongmantitative measures (Figure. 3.4):
namely, similarity index (SI), and maximal or meahsolute distance (AD_max or

AD_mean). SI measures the degree of overlappirgdaas enclosed by two contours and
provides an indicator of the overall goodness @nsentation against the ground truth

(usually manual segmentation). Sl is defined #s*

_ . lanB|

SI =
|Al+|B|

(3.22)

where A and B are the areas from two segmentatwitis manual and automatic

segmentation, respectively.
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(A) (8)

Figure 3.4 lllustration of the evaluation measures of the seggation. (A) The similarit
measure evaluates the degree of overlapping irs amelosed by two segmented contours A and
B; (B) maximal or mean absolute deviation betweenm ¢ontours measures the maximal or mean
distance (d) between corresponding points (sueharsd b) at two contours A and B.

Maximal or mean absolute distance (AD_max or ABan) measure the maximum or
mean Euclidean distance between the target bour{danally through manual tracing)
and the contour extracted from algorithm, and tipusvides a local measure for
segmentation performance. AD_mean and AD_max betwse contours A and B are

defined ag?* 33
1(1wn 1 «m
AD_mean = (A,B) =2 {230, d(a;, B) + - X, (b, 4)] (3.23)
AD_max (4,B) = max{d(a;,B),d(b;,A)} (=12,...mj=12.,n) (3.24)

where A = {ay,a,,...,a,} and B ={b,,b,,...,b,,} represent coordinates of points
which define the contours from manual tracing algbrethm extraction, respectively.
d(a;, B) = min||b; — a;|| finds the distance between a poinba the contour A and its

closest point on the contour B.

62



3.3 Results and discussions

We tested our algorithm on a 2D + time image secgi@fi a middle OFT cross-section
and two 3D volume image sequences from a 4D OCTgéndataset of a HH18 chick
heart OFT. In our implementation, we empiricallyosbs = 0.5, p = 3,and w = 50 for
the optical flow algorithm. The parameters usedafttive contour and surface algorithms
are shown in Table 3.1 and Table 3.2, respectivélgrformance of different

segmentation algorithms was compared in Table 3.3.

Table 3.1 Parameters in 2D active contour algori

Region Parameters

Lumen Oexp = 2(1/N)%060n=0.5(1/n)?
Bexp =2(1/n)*; Beon=0.5(1/n)"
Yd exp=30; Yd con=40
Yp exp =0.005; Yy, c0n=0.001
Myo | a = 5(1/n)%B =5(1/n)*y4 =20; v, =0.002

Myo E a= 8(1/n)* ; B=10(1/n)* y4=10; y,=0.005; ys=y, =0.5;

n is the number of points in the contdire choice of parameters is referred?o
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Table 3.2 Parameters in 3D active surface algorithm

Region Parameters

Lumen Qexp = 200/[N x(M-1)]%0con=20/[N x(M-1)]?
Bexp =200/[n X(M-1)I*; Beon=20/[n x(m-1)]°
Yd exp =1; Ydcon=2
Yp exp =0.02; Yp con=0.01

Myo | (or MyoE) a1 =0,= 200/[n x(m-1)]*
B1 =B, =B3=200/[n x(m-1)]’

Ya=1; yp=0.1

n is the number of points in a contond & is the number of

frames in an image sequence. The choipamimeters is referred t&.

3.3.1 Segmentation evaluation

To evaluate our hybrid algorithm, we selected 5 gew from the middle OFT

cross-sections that evenly span over the cardiate;,cand we applied 4 segmentation
algorithms, namely, the optical flow algorithm, @xtined algorithm of active contours
and active surfaces, a combined algorithm of optic&v and active contours algorithms,
and our hybrid algorithm that consists of optidailM, active contour and active surface
algorithms to segment the interior and exterior caydium and the outline of the lumen.
Segmentations from different algorithms were qagliely compared (see examples
shown in Figure 3.5). We further evaluated quatiNiédy the performance of the

segmentation using SI, AD_max and AD_mean agaiasiual segmentation, the ground

truth (Table 3.3).
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Figure 3.5 Comparison of th

performance of different
segmentation methods: (A) manual
segmentation, (B) optical flow
algorithm, (C) combined active
contour and active surface
algorithms, and (D) our hybrid
algorithm consisting of optical flow
+ active contour + active surface
algorithms. Performance of
segmentation algorithms is
illustrated  with  the interior
myocardium  (green),  exterior
myocardium (purple), and the lumen
(yellow) overlaid on an OCT image
of the fully contracted OFT.

Table 3.3 Comparison of different segmentation meth

Method AD_mean AD_max Sl

Lumen Myo | Myo E | Lumen Myo | Myo E | Lumen Myo | Myo E

OPF 0.98 0.68 0.80 7.32 4.35 5.58 0.86 0.96 0.96

(0.30) (0.06) (0.17) |(1.94) (0.63) (1.60) | (0.03)  (0.006) (0.005)

AC+AS 1.32 0.39 0.61

©
I
©

2.78 3.42 0.88 0.98 0.98

(0.52) (0.07) (0.11) |(3.26) (0.32) (0.60) | (0.08)  (0.008) (0.001)
OPF+AC |0.97 096 070 |564 356 326 |0.90 0.96  0.98
(0.14) (0.19) (0.17) | (1.50) (0.36) (0.44) | (0.05)  (0.003) (0.005)
OPF+AC |1.20 069 063 |572 259 316 [0.89 098  0.98

*AS (0.13) (0.16) (0.09) |(1.35) (0.32) (0.49) | (0.06)  (0.004) (0.002)

Data are presented as mean (standard deviation)aéti@e contour algorithm; AS, active surf:
algorithm; OPF, optical flow algorithm. The besgsentations are bold; the worst are underlined.
AD_mean, mean absolute deviation; AD_max, maxirbabhite deviation; Sl, similarity index.

Our general observations are:
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1. Segmentations using the optical flow algorithm weoé smooth (Figure 3.5B), and
had the largest deviations from the manual segrtientan particular the exterior
myocardium (see Table 3.3). The contours of extarigocardium using the optical
flow algorithm were likely attracted by surrounditigsues.

2. The combined active contour and surface algorithats a comparable performance
as our hybrid algorithm in segmenting the myocardiwhich mainly attributed to
the geometric constraint on the myocardium thicknewever, the segmentation of
the lumen was poor, mainly because of the diffiealof algorithms in dealing with
the irregular shape of the lumen; the contour eflttmen was easily distracted by
spurious edges near the lumen (Figure 3.5C).

3. The combined optical flow and active contours athars showed a superior
performance on segmenting the lumen, which dematestrthe utility of the optical
flow algorithm in tracing the large deformation ohg the cardiac cycle. By
comparing the performance between the combineditigo (optical flow + active
contour) and our hybrid algorithm, we found that #ttive surface algorithm reduced
the instability induced by image noises and edgdigmities, and improved the
segmentation on the myocardium by imposing the shm&ss constraint over time.
However, the smoothness constraint over time comzed the segmentation of the
lumen which had large shape changes over time.

4. Our hybrid algorithm provided the best overall peniance on segmenting the OFT
wall layers (Figure 3.5D and Table 3.3). By comparihe performance of our hybrid
algorithm on different layers of the OFT, we foutitht the segmentation of the

lumen was less accurate than that of the myocardwutarms of SI, AD_max, and
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AD_mean. The largest deviation (AD_max) in the lanveas up to 7 pixels (or 35
pm) when the OFT was constricted; the contour cooldfully capture the branches
towards the myocardium (Supplemental Figure 3.he &veraged deviations of all

three contours were about 1 pixel or less, andvéren manual segmentation errors.

To quantify the performance of our hybrid algom on 3D volume data, we
evaluated 3 segmentations that span the OFT wherO#I was most expanded and
when the OFT was contracted respectively (Tablg 3V found that the performance
on the 3D volume datasets was consistent with #hatime series. The largest error

occurred at the lumen when the OFT was most caiesdri

Table 3.4 Evaluation of segmentation over 3D volume images

Region AD_mean AD_max Sl

Lumen 1.1(0.3) 5.2(1.8) 0.91(0.06)

Myol  0.5(0.1) 2.5(0.4) 0.98(0.004)
Myo E  0.6(0.2) 3.8(1.6) 0.98(0.01)

Data are presented as mean (standard devi:

3.3.2 Application to 2D + time OCT images of the OFT

Figure 3.6 shows the segmentation of the exterigoaardium (purple), interior

myocardium (green), and lumen (yellow) at middlessrsection of the OFT over the
cardiac cycle. The edges are superimposed on tgmarOCT images. The contours
followed the edges closely over time. The diffelaian of the positive and negative

edge prevents the interaction between the two praixedges of the myocardium, and
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ensures the successful segmentation of the intengocardium edge. The adaptive
parameters accommodate the large shape change hintlen. The enforcement of wall
thickness constraint on the external myocardiunvgmts the contours to be attracted by

the neighboring membrane or tissues.

s AR " e - -

()

Figure 3.6 Segmentation ca (2D4time) OCT image sequence the middle OFT cros-section.
(A-J) show the exterior boundary (purple contouryl #ghe interior boundary (green contour) of
the myocardium, and the outline of the lumen (yelloontour) at selected cardiac phases
spanning evenly over the cardiac cycle.

From the segmentation, we can observe the dynamicture of the OFT wall more
clearly. The lumen underwent large shape changas fin elongated slit-like shape
during fully contraction to an expanded circulaggé during maximal blood ejection.
Some irregular branches were seen to extend frarutimen during OFT contraction,
which are presumably the endocardium fdftfsThe large shape change and uneven
deformation is best illustrated when rendering t@ntours into 3D surface (see
Supplemental Figure 3.2). The myocardium remaimédatively circular over the cardiac
cycle. At maximal expansion, due to external caists, the shape of the myocardium

deviated from a circle. Moreover, the segmentatiemasble us to quantify physiological
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dimensions as well as the dynamics of the OFT wadtion. Quantification of wall
thickness of the myocardium and dynamic changear@as of the myocardium, the

cardiac jelly, and the lumen is presented in Chraptnd Chapter 7.

3.3.3 Application to 3D OCT images of the OFT

We applied the algorithm to 3D image datasets ef@FT. Figures 3.7 and 3.8 show the
3D segmentation of the OFT when the OFT at the rapganded and contracted states,

respectively.

Figure 3.7 Segmentation oa 3D volumeOCT imag: datase of the OFT at its expansive sta
(A-F) show the exterior boundary (purple contouryl ahe interior boundary (green contour) of
the myocardium, and the outline of the lumen (yelloontour) at selected cross-sections
spanning evenly along the OFT, starting from th& @fet towards the OFT outlet demarked in
Figure 3.1A. (G) shows the 3D surface reconstraatiothe OFT from the segmented contours.

When the OFT was most expanded, the bottom edgbeomyocardium became
blurred as the OFT lumen filled with blood, and hast effect in the lumen (seen as the
dark region) became prominent towards the distal QEfer to Figure 3.7). Despite the

degradation of image quality towards the distal O$€igmentation performance is superb
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as the algorithm makes the best estimate of thesdy imposing smoothness and
incorporating information from neighboring imagegvhen the OFT was most
constricted, the shape of lumen varied along th& @&fer to Figure 3.8). With the same
weighting parameters, the contour followed the shafpthe lumen along the OFT well,

indicating the robustness of the active contourasti/e surface algorithms.

Figure 3.8 Segmentation ca 3D volume OCT ima¢ datase of the OFT at its conacted state
(A-F) show the exterior boundary (purple contouryl @he interior boundary (green contour) of
the myocardium, and the outline of the lumen (welloontour) at selected cross-sections
spanning evenly along the OFT, starting from thd @ffet towards the OFT outlet demarked in
Figure 3.1A. (G) shows the 3D surface reconstraatiothe OFT from the segmented contours.

By reconstructing the segmented contours intéasas, we revealed the surfaces of
the 3D curved OFT tube. While the myocardium remdiproximally circular along the
OFT, the lumen varied its shape as well as itswtateon along the OFT, especially when
the OFT was constricted, indicating a spiral disttion of cardiac jelly along the OFT
(in-between the interior myocardium surface and lim@en surface). From the 3D
reconstruction, we can measure physiological patenmef the OFT in 3D such as the
curvature of the axial OFT centerline, the cyclalume changes of the lumen and the

myocardium.
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3.3.4 Application to a 4D OCT image dataset of the OFT

As a first attempt to 4D segmentation, we applieel 3D algorithm to 30 volume image
datasets of the OFT that span over a cardiac cwéeused the solutions of 3 (2D+time)
image sequences at 3 locations that evenly spaog #he OFT as initial contours. We
then applied the algorithms to 30 volume image datar the cardiac cycle and
reconstructed the segmented contours into 3D ssfaBrom the 4D surfaces (see
Supplemental Video 3.1), we observed the peristaftibtion of the OFT wall over the
cardiac cycle, which may be important for regulgtiiood flow in the OFT when the
embryonic heart has no valves. 4D segmentationwallos to study the dynamic

interaction of the wall and blood flow within thd=D.

3.4 Conclusions

We constructed a 3D hybrid segmentation algorithat tombines the advantages of
optical flow and active contour/surface algorithiiée also developed a set of strategies
to successfully delineate the heart OFT walls oflclembryos from OCT images. Our
segmentation algorithm allows better visualizatioh the dynamic geometry and
guantifying the wall dynamics of the OFT in theytiand beating embryonic heart over
the cardiac cycle for the first time (see Chaptend 7). In addition, the segmentation
allows us to generate image-based computationalelmag quantify the blood flow

dynamics in the OFT (see Chapters 4 and 5).

3.5 Data supplemental

Supplemental Video:
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Supplemental Video 3.1 4D surfaces of thheartOFT of a HH18 chick embn. OFT
surfaces were generated from the segmentation o©BU volume datasets over the
cardiac cycle, using the hybrid 3D segmentationriigm that we developec

Supplemental Figures:

(A) (B) ©

Supplemental Figure 3.1 Comparisons betweeautomatic (red contouranc manual (greel
contour) segmentations of (A) the exterior myoaardi (B) the interior myocardium, and (C) the
lumen from a (2D+time) OCT image sequence of mid @Foss-section. Examples depicted have
the largest deviations from the manual segmentdtienground truth).
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Supplemental Figure 3.2 Surface reconstruction OFT contour segmented from a 2D+time O(
images, showing the large and heterogeneous defomaf an OFT middle cross-section over the
cardiac cycle.
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Chapter 4. Dynamic variation of hemodynamic shear stresson
the walls of developing chick hearts. computational models of

the heart outflow tract

Aiping Liu, Ruikang Wang, Kent Thornburg, SandragBnayi

This chapter was originally published by Springer
in Engineering with Computers, 2009(1), 73-86.

Reprinted with permission
4.1 Introduction

The morphogenesis and growth of the developingtlaarinfluenced by hemodynamic
forces, which are exerted on the heart walls by fiv of blood’® Experiments on
embryos from chicks, zebra fish, and mice durindyedevelopment have shown that
deviations from normal blood flow in the embryo Hdaad to malformatiorts ** 4 1%
that resemble heart defects in human with congeméart diseases (CHD). CHDs affect

about 1% of all human live babies in the United&ta® 3¢

Bothin vitro andin vivo studies have shown that the cells that form thisved the
heart (and blood vessels) respond to alteratiorseemodynamic forces by generating a
cascade of signaling and gene expression everttsiltmately lead to changes in heart
morphology and growtfr: 2% 2% 28:29.45 13Qjamadynamic forces can be divided into: (1)
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blood pressure, which acts perpendicularly to tlad,vand (2) wall shear stress, which
acts tangentially to the wall. Wall shear stregginates from viscous (friction) forces
due to blood movement near the wall and is propoal to the gradient of blood
velocities in the direction normal to the wall. dnder to predict the effect of abnormal
blood flow on heart development, a better undedstenof the mechanisms by which
hemodynamic forces affect heart development is ested step towards achieving this
goal is to characterize the dynamic distributiorhefmodynamic forces (blood pressure

and wall shear stress) acting on the walls of theetbping heart over the cardiac cycle.

Inside the developing chick heart, blood pressare e measureid vivo (e.g.5% %,
and wall shear stress can be calculated from bletmtity profiles measureid vivo near
the heart wall. Blood velocities in the hearts bfck embryo$ and zebra fistt have
been measured using micro-particle imaging teclesqgiiowever, such measurements
present several challenges due to a combinatiorthef small length-scales of the
developing heart (2 mm) and the continuous movenwnthe heart walls. Such
difficulties, and their effect on the accuracy loé tmeasurements, affect the calculation of
wall shear stress in embryonic heaftsinite element models (FEM) have also been used
to predict wall shear stress on the chick embrybeirt °* 2**However, these previous
FEMs were static, neglecting the dynamic effectshef heart wall motion and pulsatile

blood pressure on wall shear stress.

Our objective is to determine how changes in tharthgeometry and wall motion
affect wall shear stress during the cardiac cyfdeysing on models of the outflow tract

(OFT) of the chick heart during an early developtakstage (Hamburger Hamilton stage
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18:*® HH18). To this end, we used dynamic FEMs, whidfediin the geometries of the
OFT, and that incorporated the effects of dynamall wnotion and pulsatile blood
pressure on blood flow. Geometric parameters antiom@atterns of the chick OFT
walls used in the FEMs were estimated from higloltg®n optical coherence
tomography (OCT) images. We chose the chick forasumal model because (1) chick
embryos are easy to access for imaging and megsuaimd (2) in early stages of
development, the chick heart resembles the humarti& We chose to focus on the
OFT of the chick heart at HH18 because at thisestag OFT has a relatively simple
geometry suitable for biomechanical modeltht’ and because the OFT is very sensitive
to changes in hemodynamic conditidisQuantification of the changes in wall shear
stress over a cardiac cycle in the OFT providetep ®wards elucidating the role of

hemodynamic forces on heart development.

4.2 Biological problem

During development, the morphology of the chick eyohic heart changes from a
tubular structure into a four-chambered héafthe chick heart starts beating at HH10
(36 h of incubationf® *** At HH18 (68 h incubation), the heart of the chielbryo
consists of a looped tube that pumps blood preslymad a peristaltic-like contraction
motion>> !*® Heart septation and chamber formation start afit21 (84 h of

incubation).

At HH18, the chick heart consists of contiguousnsewgts: the sinus venosus (inflow
tract), the primitive atrium, the atrioventriculgkV) canal, the primitive ventricle, and

the OFT?® *° Although the heart has no valves at HH18, the AWat and the OFT have
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cardiac cushions, which are protrusions of the theatls toward the lumen (domain
where the blood flows) that are located where heattes will form?® > ¢ These
cardiac cushions presumably increase the pumpiigegicy of the developing heart. At
HH18, the OFT is a slightly curved tube with anrage external diameter of 430 f{m
and an approximate length of 600 YiniTypical heart rates of chick embryos at HH18
are 2.2-2.4 beats per secéhd:® thus, the period of the cardiac cycle, T is 0.45 s
During ventricular systole (about 1/3 of the cacdizycle™®), when the ventricle is
contracting and ejecting blood into the chick aalesystem, the OFT is fully open,
allowing the flow of blood from the ventricle togtaortic sac (Figures 4.1a and 4.1c).
However, during ventricular diastole (about 2/3lué cardiac cycle), when the ventricle
is filling with blood mainly from the atrium, the &I walls contract (Figures 4.1b and

4.1d), limiting reverse blood flow (backflow).

The walls of the OFT are composed of three conizelatyers® endothelium, cardiac
jelly, and myocardium. The endothelium, a singhgetaof endothelial cells (ECs), lines
the internal part of the OFT wall and thus, itmsdirect contact with blood flow. The
cardiac jelly is comprised of an amorphous exttata matrix that constitutes the bulk
of the wall, including the cardiac cushions. Theoegrdium, consisting of a layer of
primitive myocardial cells (MCs), is in the outarpof the OFT and actively contracts to
limit backflow during ventricular diastole (noteathin contrast to the OFT myocardium,
the myocardium in the ventricle contracts to ejeltod during ventricular systole).
Previous research suggested that MCs respond ntairlyanges in blood pressdre?™
> whereas ECs respond mainly to changes in wallrstteess™™ 2% 2% 1¥|n vitro studies

of ECs further suggested that the response of E@srals on both changes in wall shear
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stress that occur over time (temporal variatiorg #re spatial distributions of wall shear
stresg’®: 29 137. 142,143 hetter understand the response of ECs to Hloadin vivo, we
need a more comprehensive characterization of stedhr stress acting on the cardiac

walls of the chick heart.

Figure 4.1 Sections of HH18 chick heart OFT obtained from O@iages. The figure shov
OCT images of the OFT during the cardiac cycleafa (c) during ventricular systole, when the
OFT is most expanded, (a) is a longitudinal sectind (c) is a cross-section; (b) and (d) during
ventricular diastole, when the OFT is most cont&dg (b) is a longitudinal section and (d) is a
cross-section. Point P marks the approximate locatvhere velocities were acquired with
Doppler OCT (see Fig 8.b). The white-dotted line corresponds to the dioacof the incident
light beam of Doppler OCT; the arrows indicate direction of blood flow. Scale bar = 100 um.
L, Lumen, M, Myocardium; CJ, Cardiac jelly.

4.3 Methods

To determine the influence of wall geometry and ioroton wall shear stress in the
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developing chick heart, we used dynamic FEMs ofahiek OFT at HH18. Our OFT
models were based an vivo 2D images of the chick heart that captured theananf
the OFT during the cardiac cycle. Simulations oésth models gave the temporal
variations and spatial distributions of wall shetiess on the OFT during the cardiac

cycle.

Previously, we developed a dynamic, 3D image-b&¥&d of the OFT based on the
assumption that the OFT has circular lumen crosteses™** However, at HH18 the
OFT has cardiac cushions that render the lumers®estion non-circula? (see Figures
4.1c and 4.1d). To study the effect of cardiac mmhon the distribution of wall shear

stress, we developed FEMs of the OFT with and witlzardiac cushions.

4.3.1 Heart morphology and blood flow imaging

An OCT imaging system with a spatial resolutionléf um was used to acquire 2D
morphological images of the OFT of chick embryosiBit18 (n = 4). Details of the OCT
system, which was based on a spectral domain aoafign, were reported

previously**>14’

To image the OFT of the chick heart, fertilized tgHeghorn eggs were incubated with
blunt end up at 10 and 85 to 87% humidity, in a horizontal rotatiocubator (No.
1536E GQF Mfg. Co., Savannah, GA) for 3 days. Taeas the embryonic heart, the egg
shell was opened, and the membrane that overlayshiick heart was removed. The egg
was then placed on a custom-made stage under the pbdbe and the embryo was
gently positioned so that the OFT could be easiyged. For each embryo, OCT

acquired 2D images of longitudinal and transversss:sections of the OFT (Figure 4.1)
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over a period of 5 s, at a rate of 20 images pevrsg Thus, we captured 10 frames per
cardiac cycle. The images revealed the contraeti@mhexpansion of the OFT wall during
the cardiac cycle and the presence of the cardighi@ns, which greatly reduced the

cross-sectional area of the lumen during contractio

In addition, velocity of blood flow inside the ORW¥as measured by the OCT system
configured in Doppler mod¥? Velocity data were acquired at a point locatedhat
approximate center of the OFT (point P in Figurbaftwith a time resolution of 0.1 ms.
Measured velocity data corresponded to the prajedcif the 3D blood velocity vector in
the direction of the incident OCT light beam (ddtténe in Figure 4.l1a). Although
measured velocity data did not provide an acculateription of the 3D velocity field
inside the OFT, they revealed temporal variationislaod flow velocity over the cardiac

cycle.
4.3.2 Mathematical model and finite element discretization

4.3.2.1 Mathematical model

Blood flow inside the chick OFT was modeled asraompressible Newtonian flow (i.e.,
using the Navier—Stokes equations). Because the Wl contract and expand during
the cardiac cycle, the lumen geometry (fluid domainanges continuously with time.
Dynamic changes in the geometry of the OFT luméecablood velocities and therefore
need to be incorporated into the equations of blfhod. This was done through an

arbitrary Lagrangian-Eulerian (ALE) formulation ofiotion (e.g*® 4,

in which
equations are expressed in terms of a moving mferérame (in the finite element

implementation, the moving reference frame is tledoning finite element mesh).
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Using the ALE formulation, the Navier—Stokes eqomdi (in Cartesian coordinates and

using indicial notation) are
plovi/8 + (v; +5)] = 1f} (4.1)
v j=0 (4.2)

where the indices andj indicate components (in the y andz directions) and “,”
indicates differentiation;p is density; v; indicates the (i)th component of the fluid
velocity vector (with respect to a frame fixed jmase); rfj is the (, j)th component of
the fluid stress tensov;/d; is the time derivative ofy; with respect to the moving
reference frame (as measured by an observer mathghe frame); andj, is the ()th

component of the velocity of the moving referereerfe (with respect to a frame fixed in

space).
The constitutive relations for a Newtonian fluieg ar
i) = —p&y; + 2ue;; (4.3)
ejj = %(vi'j + Vj,i) (4.4)
where p is hydrostatic pressure is viscosity, andd;; is the Kronecker delta.

In this study, the walls of the OFT were only ird#d in the models to simulate the
deformations of the lumen cross-section with tindéall motion was assumed to be

guasi-static (transient terms were neglected), wdherning equations of motion given
by:
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where rfj is the {, j)th component of the wall Cauchy stress tensor. @R& walls were
assumed to be elastic. For an elastic materiakahstitutive relations are:

s _ Ev
T =————=
J (1+v)(1-2v)

E
SkkSij + EEU (46)
1
Sij = E(ui'j + uj,i) (47)
where E is the material Young’s modulus (elastic modulus)js Poisson’s ratio, and

u ; is the ()th component of the wall displacement vector.

The coupling between the blood flow and wall equagi was accomplished by

satisfying two conditions (e.g>9:
i) equilibrium of forces at the interface,
in! = tonl (4.8)
and
i) compatibility
al =ul 4.9)
In Egs. (4.8) and (4.9), the supersctiphdicates interfacen} IS a unit vector normal

to the wall that points towards the lumeily, is the displacement of the lumen boundary,

and u/! is the displacement of the wall at the interfacthhie lumen.

In addition, a no-slip condition was imposed atititerface between the lumen and the

wall,

vl =il (4.10)



The no-slip condition ensured that blood partiagtesontact with the wall moved with

the wall (at the same velocity).

The force per unit interfacial area exerted byfibe of blood on the walls of the OFT,
the stress vector, twas obtained from the fluid stress tensq’@)(evaluated at the

lumen-wall interface (e.g™>9:
ti = ‘[Fnl (411)

where rfj is evaluated at the interface.can be decomposed into a normal vector and a
vector tangential to the wall. The normal stressaet,,;, is the projection oft; into nj’

and its magnitude is approximately equal to therbsttic pressurep; hence, the

normal vector is:
tni = (t]n]’)nf ~ —pni (4.12)
The tangential stress vector or “wall shear stressor”, 7,,, is the projection oft;
into the plane of the lumen-wall interface,
Tw, = t; — ty, (4.13)

Volume flow rate, Q, is the volume of blood flowathpasses through a lumen
cross-section per unit time. H# is a unit vector normal to the plane of the crasstien

(pointing towards the OFT outlet), and A is thesaoéthe lumen cross-section, then
Q= [, vnfdA (4.14)

Q is positive when blood flows from the ventriclettee aortic sac and negative during

backflow.
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4.3.2.2 Geometry of OFT models

To investigate the influence of cardiac cushionghenwall shear stress vectoy,, (eq.
4.13), we generated three models of the OFT: (19yéindrical model”, in which the
lumen was modeled as a straight circular cylintiez (valls were not explicitly modeled);
(2) a “cushion model” (Figures 4.2a and 4.2b)tthmcluded the OFT lumen and cardiac
cushions, and (3) a “jelly model” (Figures 4.20ca4.2d) that included the OFT lumen,
cardiac cushions, and an additional layer of wall §imulate additional cardiac jelly

material in contact with the myocardium).

a) 5 c) h i

A
b)z d) z
A A

Figure 4.2 Two FEMs of the OFT. Left: Cushion mod¢a) reference cro=-section anc(b)
FEM discretization. Right: jelly model: (c) refen cross-section and d FEM discretization.
(Cylindrical model not shown.) In (a) and (c), tinmer part corresponds to the lumen and the
outer part, to the wall. In (b) and (d), the lumeall interface is marked with a thick line.
Dimensions are: R = 0.1875 mm, £ 0.077665 mm, L = 0.5 mm, h = 0.025 mm, and rG30
mm. Points A and B are representative points wisS was analyzed in detail.

In all three models, the external surface of th&d @R&As modeled as a straight circular

cylinder. The cylindrical model, given its symmetrwas simulated using a 2D
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axisymmetric FEM of blood flow. The symmetry of theshion and jelly models allowed
us to represent only one quadrant of each modethwhere simulated using a 3D fluid
structure interaction procedure (see Figure 4.2)e Tylindrical, cushion, and jelly
models differed in the geometry of the lumen cremsstion, and therefore simulations of
these three FEMs were used to determine differemcegll shear stress due to OFT

lumen geometry.

In analyzing wall shear stress on the OFT usingdighion and jelly models, we
focused on two points (see Figures 4.2a and 482anhd B. Because of the symmetry of
these modelsz,,, at points A and B has always the same directielatfve to the “cell”
position) but changes in magnitude during the eardiycle. For the cylindrical model,
points A and B cannot be distinguished, and wakashstress is uniform at the
lumen-wall interface. We assumed that the “magtetuof the wall shear stress vector

7w, WSS was positive during forward flow and negativeing backflow.

4.3.2.3 Boundary conditions on the OFT models

4.3.2.3.1 Motion of the OFT wall To simulate the passive distension and active
contraction of the OFT myocardium during the cazdigicle, a radial displacement (see
Figure 4.3) was prescribed on the OFT externabserfwhich had cylindrical symmetry
for all three models. The temporal variation andpbtode of the prescribed radial
displacement were estimated from the OFT crossesedtimages acquired with OCT
over time (e.g., Figures 4.1c and 4.1d) and simedlifas shown in Figure 4.3. The
amplitude of the prescribed radial displacementwBs 70 um (see af¥®. The reference

geometry of the cushion and jelly models (when @ibed radial displacement was zero)
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is shown in Figure 4.2. Maximum OFT expansion cspoands to a radial displacement of
0.5 Dy, and maximum OFT contraction corresponds to ataiplacement of -0.5:DA
different amplitude, B = 90 um, was also used to assess the effect df mation

amplitude on blood flow and WSS.
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Figure 4.3 Blood pressure and myocardium displacements plestrs boundary conditions

the OFT models. Top temporal variations of ventecpressureR,) prescribed at the inlet surface
and pressure prescribed at the outlet surfRge Bottom radial displacement prescribed on the
external surface of the OFT models with amplitideNote the different scales for blood pressure
(on left vertical axis) and radial displacements (ight vertical axis).

To further study the influence of wall motion blood flow dynamics, we simulated
two types of wall motion: (1) Simultaneous motiom, which prescribed radial
displacements were the same along the OFT longilidiirection; that is, all points on
the OFT external surface moved the same amouheinaidial direction, at the same time.
Simultaneous motion was applied to all three FER23.Peristaltic motion, in which
prescribed radial displacements were modeled &péadement wave traveling along the
OFT longitudinal direction, at a velocity of 7 mmsin other words, peristaltic motion

involves time lags in the wall motions of contiggo@FT cross-sections. Peristaltic
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motion was applied to the cushion model. The sitedlavall motions were used to

determine the effect of wall motion on Q and WSS.

In our three OFT models, the walls were not alloviedexpand or contract in the
longitudinal direction. This was accomplished bgtrieting the longitudinal motion of

the OFT ends.

4.3.2.3.2 OFT Ilumen inlet and outlet conditionSor the boundary conditions on the
OFT lumen inlet, we used published ventricular bigpoessure datd® We prescribed a
simplified pulsatile pressure wave (see Figure dr8}he lumen inlet surface of the OFT

models, as a normal stress vector or normal tnactio

Since there were no available data for blood presatithe outlet of our OFT models
(close to the aortic sac), we used blood pressate ih the chick dorsal aoffato
estimate blood pressure at the outlet. Becauskdta#ion of the dorsal aorta is relatively
far downstream from the outlet of our OFT modeklng dorsal aorta pressure directly
would have resulted in an over-estimation of thespure difference between inlet and
outlet, AP. To overcome this difficulty, we prescribed a siifigd pulsatile pressure on
the surface of the lumen outlet that preserveddeh®oral variation of blood pressure in
the dorsal aorta, but in which maximum and mininpnessure values were increased to
reduce AP. The increase in maximum and minimum pressureega(trom dorsal aorta
measurements) was determined by assunfifgto be equal to 0 at the start of
ventricular ejection, and 33 Pa at ventricular @gstabout the same medP measured
in the AV canal during ventricular filling® This later assumption was made because the
AV canal and OFT apparently have similar rolesegulating blood flow through the
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developing heaft" **' Outlet blood pressures were prescribed as nonaztidns.

Blood pressures at the inlet and outlet surfacesioOFT model were the same for all

FEMSs. Therefore the temporal variation 8P was the same for all OFT models.
4.3.2.4 FEM implementation

In our OFT models, embryonic chick blood was asslitoebe a viscous, incompressible
Newtonian fluid with a density ofp = 1,060 kg/m® and a viscosity ofu = 3 x
103 kg/m s,”>***and the flow of blood was assumed to be lamifiafhe OFT walls
in the cushion and jelly models were assumed t@b&lmost incompressible elastic

material with a Poisson’s ratio af = 0.49 and a Young’s modulus of E = 1,000 Pa.

The lumen of our models was discretized using floamdition-based interpolation
(FCBI) element$>? with the mesh near the wall slightly refined tdteecapture velocity
variations near the wall and therefore, to caleulaall shear stress with greater accuracy.
Using FCBI elements to discretize our models isivadent to using control volume
methods to calculate blood floW? The specific FEM discretization used for each af o

OFT models are summarized in Table 4.1.
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Table 4.1 Finite element discretization of the OFT models

Model OFT lumen OFT wall

Cylindrical 100 4-node FCBI axisymmetric 2D Imposed wall displacement.

fluid elements

Cushion 1000 8-node FCBI 3D fluid elements  Imposed wall displacement and 675 4-node

3D solid elements (cardiac cushions).

Jelly 19660 4-node FCBI fluid elements Imposed wall displacement and 10200

11-node 3D solid elements.

Blood flow was assumed to be initially at rest séimebe cardiac cycles were simulated.
Each cardiac cycle (T = 0.45 s) was discretizedgi&00 time steps, with each time step
equal to4.5 x 10~3s. All of our OFT models were simulated using theMFEoftware

ADINA (Watertown, MA) 2

4.3.2.5 Convergence study

To ensure the accuracy of the results obtainedpaviormed a convergence study. We
focused on the convergence of the blood-flow sofutsince, in this study; we were
primarily interested in calculating WSS. The wallsthe chick OFT were simulated to
account for the approximate deformation of the loromss-section over a cardiac cycle,
but not to calculate strains and stresses in thik aczurately. For the blood flow
convergence study, we compared volume flow raten@\&SS at representative points
(points A and B in Figures 4.2a and 4.2c). Repoviades correspond to those obtained

at the mid-cross-section of the OFT models.
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Convergence of the cylindrical model was assessgdc@mparing the FEM
solution—using simultaneous wall motions and quaiic conditions (in which
transient terms in the fluid equations are negthetewith the solution of the
Hagen—Poiseuille flow under identicahP and model radius, R. Using the
Hagen—Poiseuille solutiolt; derived for a fully developed flow in a circulanbe,

volume flow rate Q) is equal to:

Q=R (4.15)

8u L

and wall shear stress (WSS) is:
WSS = "R (4.16)

where L is the length of the cylinder in the longitudindirection. The maximum
differences between the Hagen-Poiseuille solutr@hthe results of the cylindrical model
were 0.05% foQ and 2.5% foMWVSS suggesting that the FEM mesh that was used &or th

cylindrical model captured the behavior of the lldlow with accuracy.

To test the convergence of the cushion and jellgety) the results obtained with the
fluid mesh specified in Table 4.1 and a mesh welghkt times more fluid elements were
compared for the cases in which the OFT had theirmar expansion and contraction
(see Figure 4.4). Maximal differences found betwtenmeshes were 2.7% fQ and
3.2% forWSS suggesting that the meshes shown in Table 4.%ratdvere used in this

study were sufficiently dense.
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Figure 4.4 Comparison of OFT lumen cr¢-sectional areas, obtained from our three modelgn

a OFT is most expanded, and b OFT is most constiict

We also simulated the transient behavior of thehicusand jelly models using the
mesh specified in Table 4.1 but decreasing the -step to 2.25 x 1073 s (from
4.5 x 1073s used in the simulations). Maximal differences bemvesolutions obtained
with the two time steps were 0.5% for Q and 3% \W8S. Therefore, the time step

employed was sufficient to provide accurate sohgio

4.4 Results

We report results as a function of a non-dimendiome t/T, where t is time and T is the
period of the cardiac cycle (T = 0.45 s in our dations). For reference, in our models
ventricular systole is between t/T = 0 and t/T 88).and ventricular diastole from t/T =
0.38 to t/T = 1. We chose the cushion model asbasic OFT model, against which we

compared the cylindrical and jelly models.

4.4.1 Importance of inertial effectson blood flow

Blood flow in the chick heart is characterized bwIReynolds (Re) and Womersley (Wo)
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numbers?> ** Re—a measure of the ratio between inertial andous force§* --is
defined as:Re = pVR/u, where p is the fluid densityV is a characteristic velocityg

is radius (or a characteristic length), andis the fluid viscosity. A smalRe therefore
implies that flow inertial forces are negligible.owa measure of viscous effects in
oscillating flows*—is defined asWo = pQR?/u, where Q is a characteristic
frequency (in our case the frequency of the cardiamte—about 2 Hz). A smalWo
indicates that velocity is in phase with the presgiradient. Flow with small Re ardo

numbers is laminar (not turbulent).

For the cylindrical model, we compared the resaftsimulations under quasi-static
conditions with those of a transient analysis. Ehe®mparisons showed that the
temporal variation of the center velocity, and WSS were very similar for both cases
(results not shown). The maximal differences ocmirduring contraction of the OFT
wall, when the transient solutions presented alsina lag of about 0.003 s (less than a
time step). Differences between the solutions aktawith the two approaches when the
OFT was most constricted (t/T = 0.5) were 4% fer ¢enter velocity, 3.5% for Q and 2.8%
for WSS. These small differences were in agreemahtthe small Re (maximum ~27)

and Wo (maximum ~0.24) obtained from the transient soluti

Small Re and Wo numbers were obtained in all omukitions of OFT models.
Maximal Re = 17.9 and maximd/o = 0.26—for the cushion and jelly models, the
“radius” R in the definition of Re and Wo numbevgs assumed to be the distance
between the center of the model cross-section aimtt B (see Figures 4.2a and 4.2c).

Obtained Re and/o from our OFT models were consistent with previaemsort$> **
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and confirmed that inside the OFT inertial effeats negligible.

4.4.2 Blood velocity and volume flow rate

Figure 4.5a shows the axial velocity of blood flathe center of the OFT cross-section
during the cardiac cycle calculated from the cushmodel (with simultaneous and
peristaltic wall motions), and Figure 4.5b shows tlelocity measured using Doppler
OCT at point P in Figure 4.1a. Since the measuetdlcity is the projection of the blood
velocity vector in the direction of the inciderghit beam (the dotted line in Figure 4.1a),
we could compare only the shape of the velocityfile over time but not the absolute
values of measured and calculated velocities. Hheutated velocity (especially for the
cushion model with peristaltic wall motion) resestblthe temporal features of the
measured velocity. Both calculated and measuredcieds showed a peak during
ventricular systole and significant backflow durimgntricular diastole. However, the
ratio between the absolute values of the peakipesand negative velocities was smaller
for the calculated velocity (~1.4 for simultanecarsd ~2.0 for peristaltic wall motion)
than that of the measured velocity (~3.5), sugggsthat our models overestimated
backflow. In our OFT models, blood velocity jusfdre ventricular systole was negative,
whereas the measured Doppler OCT data showed smuodlations above zero.
Discrepancies between calculated and measured itvedocan be attributed to the
simplifying assumptions of the cushion OFT modell 40 experimental uncertainties
during velocity measurement, e.g., point P wasdfike space and therefore its relative
position inside the OFT changed due to rigid boayioms of the beating chick heart; the

same is true for the angle between blood flow &eddirection of the incident light beam.
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Given that our objective was to determine the mfice of wall geometry and motion on

WSS, the discrepancies between calculated and meehgalocities were not crucial for

our analysis.
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Figure 4.5 Blood velocities calculated and measured inside @f€T. (a) Calculatec
longitudinal velocities at the center of the midss-section obtained from the cushion model
with simultaneous and peristaltic wall motions,iwitrescribed wall motion amplitude D1 (70
pm). (b) Blood velocities measured with Doppler O@T a fixed point located at the
approximate center of the OFT lumen (see point Fignre 41a) in the direction of incident
OCT light beam (dotted line in Figureld).

Figure 4.6 show€) obtained from simulations of the cylindrical, cishand jelly
models. The temporal variation Qfobtained from the cushion model was very similar to
that from the jelly model (see also Table 4.2)cémtrast, the magnitude &f obtained
from simulations of the cylindrical model was abowb times larger tha® from the
cushion model during ventricular systole and abfautr times larger during peak
backflow. Differences iQ among the models, might be due to differencesiénlumen
cross-sectional areas of the OFT models. Simulstminthe cylindrical, cushion, and
jelly models resulted in variations in lumen cregstional areas during the cardiac cycle
(see Figure 4.4). Differences in the lumen crossiseal areas between the cushion and
jelly models were relatively small (about 5% di#face when the OFT was most

expanded). The cylindrical model, because of theeabe of cardiac cushions, had a
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significantly larger lumen cross-sectional areantii@e cushion and jelly models (about

33% difference from the cushion model when the @f&§ most expanded).

To determine whether the geometry of the OFT luralso affectQ, we varied the
radius of the cylindrical model over time so thet ¢ross-sectional area matched the
cross-sectional area of the cushion model (we ¢ahles resulting model the cylindrical
“same area” (SA) model). Simulations of the cyliical SA model showed th& was
greatly reduced, when compared to the originalndylcal model (see Figure 4.6).
However, absolute maximum and minimum value® abtained from the cylindrical SA
model were still larger than those from the custaad jelly models (see also Table 4.2).
These results suggest that cardiac cushions mieitrazkflow primarily by reducing the

OFT lumen cross-sectional area but also by changmgeometry of the lumen.
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Figure 4.6 Volume flow rates (Q) at the rr-cros«-section of the OFT obtained from the O
models. For cylindrical, cushion, and jelly modebs,simultaneous wall displacement of
amplitude D1 was prescribed. For the cylindrical 8wdel (Sect. 4.2), prescribed wall
displacements were such that matched temporaltiesrsaof the lumen cross-sectional area
calculated from the cushion model.
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Table 4.2 Volume flow rates (Q) and wall shear stress (WS8pioed from simulations of the

OFT models
Wall motion Simultaneous Peristaltic
Model Cylindrical Cushion Jelly Cushion
Wall displacement D1 SA D1 D2 D1 D1
Mean Q (mm®/s) 059  1.53 1.78 2.77 2.10 1.53
Max Q (mm?/s) 2111 1179 961 1265 10.34 9.61
Min Q (mm®/s) -19.15 -655  -410  -4.04  -401  -2.26
Mean WSS (Pa) A -4.05 -2.51 -1.17 0.31 -0.75 -1.18

B -1.60 -1.06 -1.53 -1.61
Max WSS (Pa) A 7.09 6.13 8.19 8.67 8.23 8.18

B 5.55 5.98 5.76 554
Min WSS (Pa) A -19.34  -13.28 -12.15 -10.78 -11.62 -12.82

B -9.65 -8.21 -9.63 -11.29
oSl A 0.25 0.29 0.40 0.46 0.43 0.39

B 0.33 0.38 0.34 0.31

Changes in the motion of the OFT wall also resuitedifferent temporal variations of
Q. Figure 4.7a shows differences @ obtained from the cushion model when the
prescribed wall motion was simultaneous and pdtist&eristaltic motion reduced the
absolute value of) during backflow (see Table 4.2) and smoothed thvep variations

of Q (produced by the non-smoothP prescribed). Increasing the amplitude of OFT
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prescribed displacement from; (70 pum) toD, (90 um), affectedQ (Figure 4.7hb).
During ventricular systoleQ was larger when the amplitude of the wall moticasw,
than when it was D(see Table 4.2) because of an increase in theoAtba OFT lumen.
During backflow, however, the differences @ between simulations of the two

displacement amplitudes were smaller than duringdod-flow.

13 1 Simultaneous
i1 1 — Penistaltic

T

Figure 4.7 Volume flow rates Q) obtained from the cushion mod(a) Comparison betwee
simulations of simultaneous and peristaltic OFT lwadtions, calculated using a prescribed
radial displacement amplitud®; = 70 pm. (b) Comparison between simulations of
simultaneous OFT wall motion, calculated with présd radial displacement amplitudes

= 70um andD; = 90pum.

4.4.3Wall shear stress

Variations in WSS were influenced by the geometiythe OFT models. While our
cylindrical models, due to their symmetry, presdrdeuniform WSS along the perimeter
of the lumen cross-section (and even along the DW& assume a fully developed blood
flow profile), our cushion and jelly models showadon-uniform distribution of WSS,

with maximal WSS at the cardiac cushion (Figurg.4.8
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Figure 4.8 Temporal variations of WSS in the cushioodel at points A and EFigure 4.2a)
in the mid-cross-section of OFT. Results correspmnthe case of simultaneous wall motion
with prescribed wall displacement amplitude= 70um.

To evaluate differences in WSS, for the cushion plig models two points were
considered: (1) point A, located at the centerhef tardiac cushion, at the lumen wall
interface; and (2) point B, located at the centghe lumen-wall interface where there is
no cardiac cushion (Figures 4.2a and 4.2c). Thepteah variations of WSS for the
cushion and jelly models at points A and B wereyv@milar (see Figure 4.9). Temporal
variations of WSS in the cylindrical SA model ditte from those in the cushion and
jelly models at points A and B, see Figure 4.9.Seheesults showed that the geometry of

the OFT affected the temporal variation and spdigttibution of WSS.
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Figure 4.9 Comparison of WSS obtained us the OFT models. WSS (a) point A and(b)
point B. The cushion and jelly models were simulatgth simultaneous wall motion, with
prescribed wall displacement amplitude = 70 um; the wall motion of the cylindrical SA
was prescribed such that temporal variations o$sgectional area matched those of the
cushion model.

Changes in OFT wall motion also resulted in vamiai of WSS. Peristaltic wall
motion in the cushion model smoothed the tempasahtion of WSS at points A and B
and introduced slight changes in the amplitude sdfillation of WSS compared to
simultaneous wall motion applied to the cushion elggdee Figures 4.10a and 4.10c; and
Table 4.2). Increasing the amplitude of the préscdiradial displacement froBy to Do,
using simultaneous wall motion, changed the mageritaf WSS at points A and B
(Figures 4.10b and 4.10d; and Table 4.2) with gdachange observed at point A during
ventricular diastole. Maximal WSS during systoled aninimal WSS during diastole;
however, did not change significantly, even tho@@bhanged significantly with changes
in wall motion amplitude (see Figure 4.7b and Tabl2). These results suggest that
changes in geometry affect the temporal variatioth spatial distribution of WSS more

than do variations in wall motion.
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Figure 410 WSS obtained from the cushion model. Left: WSSpoint A. (a)
simultaneous versus peristaltic motion, and (byqnibed wall displacement amplitude D1
(70 um) versus D2 (90um). Right: WSS at point B. qienultaneous versus peristaltic
motion, and (d) prescribed wall displacement am@étD1 (70 um) versus D2 (90 pum).

4.4.4 Oscillatory shear index

The oscillatory shear index (OSI), following Ku at.*® estimates the change in
direction of the wall shear stress vectoy, (defined by Eq. 4.13) with respect to a
“mean” direction. This change in direction occullsie to changes in the direction of
blood flow. Due to the symmetry of our OFT moddikod flow at points A and B is

either forward or backward (no cross-flow can ogctlihus, OSI was defined as:

_ fOTWWS*dt

0SI (4.17)

fOT|WSS|dt

With
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T

0, if sign(WSS) = sgn (f WSSdt)

WWS* = %

|WSss| , if sign(WSS) #+ sgn <f WSSdt)
0

whereT is the period of the cardiac cycle. Positive W88easponds to forward flow of
blood and negative to backflow. OSI then is thetfoa of the integral of |[WSS]| in which
WSS has a sign (+ or -) opposite to the sign ofrtiean. Note that if WSS is constant,

then OSI = 0, and when WSS oscillates in a sinaddadhion, 0SI — 0.5.

In all cases (except for the cushion model withspribed radial displacement
amplitudeD,), mean WSS was negative (Table 4.2). Thereforé,g@%e the ratio of the
integral in time of positive WSS (during forwaraw) and the integral in time of |WSS|
in a cardiac cycle. It also provided a means tornate the ratio between the integral of
|[WSS| during forward and reverse flow. We found t{s@e Table 4.2): (1) OSI was
smaller in the cylindrical model compared to thehian and jelly models; (2) OSI was
larger at point A (i.e. at the cushion) than atnpd@ (cushion and jelly models); and (3)

peristaltic motion had almost no influence on OSI.

4.5 Discussion

The cylindrical, cushion, and jelly models of thél8 chick heart OFT presented here
were developed to determine the influence of OFdngery and wall motion on WSS.

The OFT in the cylindrical model had a circular Bmcross-section, and the cushion and
jelly models (Figure 4.2) had non-circular OFT lumeross-sections because of the
presence of cardiac cushions. For each model, |rdidiplacements were prescribed on

the external surface of the models, to simulate gagdium contraction/distension and
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wall motion during the cardiac cycle. Also for eanbdel, a drop in blood pressur&p,
that changed over time was prescribed betweentbeand outlet surfaces of the OFT
lumen (by applying “pressure” boundary conditiotss the inlet and outlet surfaces,

Figure 4.3) to simulate the driving force for blotalv within the OFT.

Our OFT models were mainly based on three assungt{d) the pressure prescribed
at the lumen outlet was estimated: since measuresspre data at the aortic sac (the
outlet of our models) was not available, the piiescr outlet pressure was estimated from
measurements downstream of the OFT; (2) the gegrokthe FEMs was simplified: the
OFT was modeled as a straight tube (instead of malduk tube), with either circular
cross-sections (cylindrical model) or with a pafridentical and symmetric cardiac
cushions (cushion and jelly models); and (3) theionoof the OFT wall was simulated
by prescribing a radial displacement: the extesoalace of our models remained circular
at all times and the temporal variation of radiepthcements was estimated (from ten
sequential OCT images). Given these assumptionsmmaels of the OFT neglected

several aspects of actual blood flow inside the OFT

Regarding Assumption 1, the estimation of prescritatiet pressure affectefiP; and
since AP provides an important driving force for blood flothrough the OFT,
calculatedQ and WSS were also affected. Therefore, our mqutelsded only estimates
of Q and WSS. Furthermore, in our OFT models, presboredary conditions were
prescribed and hence uncoupled from the OFT dyrsaniit living chick embryos,
because cardiovascular circulation forms a clogstem, AP and the geometry of the

OFT lumen and wall motions are coupled. Uncoupthiese variables, however, allowed
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for less complex calculations and interpretatiomasiults. Regarding Assumption 2, the
FEMs neglected the influence of the OFT curvatunebtood flow, which affects the
local variation of WSS. In addition, actual card@agcshions are not as symmetric as in
our models (Figure 4.1), and therefore our modetgletted non-symmetric distributions
of WSS. Regarding Assumption 3, the motion of tHervall was assumed to go from
an open to a close state (Figures. 4.3 and 4.4¢hwh likely an oversimplification of the
actual wall motion. In addition, the external sadaf our OFT models was assumed to
remain circular at all times, and therefore the@! of the non-symmetric motion of the
myocardium layer, observed in the OCT images, weglected in our simulations.
Given these assumptions, our OFT models represestaing point to estimate
variations inQ and WSS during the cardiac cycle and to deterrhowe wall geometry

and motion change WSS in the chick developing heart

Our results showed that volume flow rate, Q, wasegaly in phase with the imposed
AP, but was also influenced by the motion of the Q¥ll. Small phase shifts betweén
and AP occurred due to wall motion, especially when tHeTQvas quickly expanding
or contracting. Given the small length scales efdbveloping heart (<2 mm), blood flow
inside the heart is strongly affected by viscougds. This is reflected by the small Re
(<30) andWo (<1) numbers obtained from the simulations. THRsyas expected to
generally be in phase with the imposa#, but with amplitude modulations and small
time shifts due to the effect of OFT wall motion blood flow. We found that the
amplitude of the wall motion contributed to the ditoe of oscillation ofQ (Figure

4.7b), as expected, and that peristaltic motiore (thu the time lags in the motion of
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contiguous cross-sections) altered the temporabtwam of Q with respect to that of

simultaneous wall motion (Figure 4.7a). The simala performed, indicated that a
peristaltic motion prevents backflow more efficigrthan a simultaneous motion. In our
models this is because for the simulated peristatibtion the inlet of the OFT started
contracting 0.036 s (0.08 T) before contractiomtsthin the simulated simultaneous wall

motion case.

Since WSS is affected 1 inside the heart, WSS depends &R and the motion of
the OFT wall. Changes of WSS over time were infagehby the amplitude of the wall
motion O, or D) (see Figures 4.10b and 4.10d). We found, howefat, wall motion
had a larger influence o@ than on WSS (compare Figure. 4.7b with FigureSktand
4.10d). For a cylindrical model, the Hagen—Poiseudolution (Eqgs. 4.15 and 4.16)
predicts that WSS is proportional to™® Thus, while variations irQ affect WSS,
changes in WSS are relatively smaller than chaimg€s This is consistent with results
from our models (although the proportionality widf* is no longer valid for the cushion

and jelly models).

Our results showed that cardiac cushions limit Baakin the OFT by constricting the
lumen area and affecting the distribution of bldlogv velocities in the lumen of the OFT.
When the OFT myocardium contracts and pressurdartbie OFT decreases, the cardiac
cushions bulge towards the OFT lumen (see Figute #deducing the area of the OFT
lumen cross-section. This decrease in area signiiic reduces) during backflow—a
reduction that is evident when comparing the caled Q in the cushion and jelly

models with the calculate® in the cylindrical model (Figure 4.6). The preseraf
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cardiac cushions also changes the geometry of ik I@men cross-section, which we
found to play a role in reducing backflow. Simubais of the cylindrical model, in which
the cross-sectional area changed over time likectghion model (cylindrical SA)
showed that the magnitude Qfin models with cardiac cushion was smaller thathan
cylindrical SA model, especially during backflonidire 4.6). These results indicate that
Q is influenced not only by the cross-sectional aseéghe OFT lumen but also by the
geometry of the lumen cross-section. Difference® ibetween models with and without
cardiac cushions were consistent with the incre@asiee area of the lumen-wall interface
in models with cardiac cushions (relative to cytindl SA models). A larger interface
increases the viscous resistance to blood flontl{erwalls of the OFT), and therefore for
the same appliedP and cross-sectional area, models with larger fenteal area result
in lower Q. Hence, the geometry of cardiac cushions is effedh reducing backflow by

reducing cross-sectional area and increasing gistaace to blood flow.

The presence of cardiac cushions also affects ehgpdral variation and spatial
distribution of WSS at the lumen-wall interface.cBase cardiac cushions change the
geometry of the lumen cross-section (from that af/lendrical tube), they affed® and
the distribution of blood velocities within the l@mand hence WSS (see Figures 4.8 and
4.9). The smaller OSI found for the cylindrical $fdel compared to that of the cardiac
and jelly models, indicates that the cardiac cushimcrease the ratio between the time
integral of |[WSS| during forward and backflow (m&&8S in our models was generally
negative). We also found that for models with cacdcushions, at point A (cardiac
cushion) the ratio of the integral of |WSS| duriagvard and backflow is smaller than at

point B (OSI at point A is larger than at point BYhether endocardial cells (ECs) can
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differentiate a positive from a negative WSS, orethler ECs respond to the magnitude
of WSS, the integral of WSS over time or some otle&ated variable is not yet known.
However, it is clear that the ECs that line thed@r cushion (where valves will later
form) are subjected to different mechanical stinthgin cells outside the cardiac cushions.
The biological implications of these spatial vadas in mechanical stimuli are not yet

fully understood, but WSS likely plays an esserntiéé on valve formation.

4.6 Conclusions

We developed OFT models of HH18 chick embryos tratterize patterns of WSS over
the cardiac cycle and to determine whether thetterpa are affected by OFT geometry
and wall motion (simultaneous and peristaltic walbtions were considered and two
amplitudes of wall motion were simulated). Our Oibdels showed that even though
backflow through the OFT is limited by the presenéeardiac cushions, WSS during
backflow can have a larger absolute value than \M8#g forward flow. WSS showed
significant oscillation over time and was asymnuoetity distributed, with larger absolute
values at the cushions. Therefore, ECs locatetieatardiac cushions are subjected to
different WSS than are ECs located elsewhere. ThHdgences in WSS may affect

valve formation.
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Chapter 5: Quantifying blood flow and wall shear stressesin

the outflow tract of chick embryonic hearts

Aiping Liu, Andrew Nickerson, Aaron Tryoer, Xin YjiRobert Cary, Kent

Thornburg, Ruikang Wang, Sandra Rugonyi

This chapter was originally published by Elsevier
in Computers & Structures, 2011(11-12), 855-867.

Reprinted with permission
5.1 Introduction

Stresses exerted by blood flow on cardiac wallsutaid growth and development of the
heart in such a way that altered blood flow paterould lead to cardiac defects, which
affect 1% of newborns in the US each yE¥&iUnderlying mechanisms by which blood
flow affects cardiac development remain elusivetlpaue to a lack of methodologies to
accurately quantify wall stresses in the beatindrgomic heart. In particular, wall
shear stresses (WSS) are known to regulate thenssmf endocardial cells (EC), which
line the lumen of the hedft.? ?* *%n vitro studies have shown that ECs sense and
respond to WSS by activating signaling pathways thadulate EC functioft® **’ To
understand the role of WSS in heart developmerantfication of spatial and temporal
distributions of WSS as the heart beats are needddre, we used the chick embryonic
heart as our animal model of cardiac developmemtding on the chick heart outflow
tract (OFT), and quantified the distribution of W88 the wall of the OFT during the

cardiac cycle using a combination of physiologutata, imaging, and finite element (FE)
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modeling.

The chick embryo is frequently used to study ieerddevelopment because of
structural and functional similarities between &@nd human embryonic hearts at early
developmental stage$®® and easy access of chick embryos inside theskgll™
157 At the early chicken developmental stage (i.emBlarger-Hamilton stage HHT %9
that we studied here, the chick embryonic headniss-shape tube, with no valves or
chambers, but with distinguishable heart segmehéssinus venosus, primitive atrium,
primitive ventricle, and OFf® *° The OFT is the distal region of the heart, which
connects the ventricle to the aortic sac, from wteterial branches bifurcate (see Figure
5.1A). The OFT wall has 3-layers: (i) myocardium,external muscle layer that actively
contracts; (i) endocardium, a monolayer of ECatinthe heart wall; and (iii) cardiac
jelly, an extracellular matrix that interposes bedéw the myocardium and endocardium.
In the OFT, the cardiac jelly forms cardiac cusbkiomhich are protrusions of the cardiac
wall toward the lumen (see Figures 5.1B and 5.11@@) w&hich distribute spirally along
the OFT**° During myocardial contraction, the cardiac cuskideform to close the OFT
lumen, acting as primitive valves to regulate bldm through the OFT® 6! At
HH18, the OFT, which will eventually develop intalves and septa of the heatrt, is very

sensitive to changes in blood flow dynamics.
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Figure 51 Stage HH18 chic
embryonic heart and its outflow tract
(OFT). (A) Sketch of a chick embryonic
heart with the OFT region marked by
dotted black lines; the upper right inset
shows a sketch of the OFT
cross-section. Red arrows indicate the
approximate locations where blood
pressures were measured: in the
ventricle and aortic sac. The three
purple dots indicate the approximate
locations where blood flow was
measured (near the OFT inlet, middle
and outlet) using Doppler ultrasound.
(B), (C) and (D) Optical coherence
tomography (OCT) images of the HH18
chick heart, showing: (B) a transverse
section of the OFT, (C) a cross-section
of the OFT at the most constricted state,
and (D) the same cross-section at the
most expanded state. The dotted purple
line in (B) indicates the location of the
cross-section in (C) and (D). M,
myocardium; C, cardiac jelly; L, lumen;
A, atrium; V, ventricle; OFT, outflow
tract; AS, aortic sac.

To understand how the blood flow dynamics affeetmorphogenesis of the OFT, it is
important to quantify the distribution of WSS oret®FT wall. WSS is a hemodynamic
force that blood flow imposes tangentially on theface of the heart wall.

measured directly in the OHill vivo, but can be derived from the flow velocity field:

T=yu-dV/dn

wherey, is the blood viscosity is the blood flow velocity vectort is a unit vector normal

to the lumen-wall surface; antV/dn is the directional derivative of the velocity tmet

direction normal to the lumen-wall surface.

Accurately quantifying the blood velocity field critical for estimating WSS. Several
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flow-imaging techniques, such as Doppler ultrasquanitl particle image velocimetry
(PIV), have been used to measure intracardiac Hlowdin the chick embryonic heait.

"*78 However, none of these techniques gives suffidiemiporal and spatial resolution of
3D velocity fields in the tiny dynamic beating emdanic heart for accurately quantifying

WSS.

Computational fluid dynamic (CFD) models haverbeeveloped to compute blood
flow in human and chick embryonic heafts® 11 139 192E5ry CFD models of
embryonic hearts assumed a steady-state flow arigicg simplified geometry>® %2
These simplified models suggested that blood flgwadhics is affected by the heart
morphology, which varies significantly as the heddvelops. Therefore, realistic
models of the embryonic heart at specific develapalestages are needed to understand
how blood flow dynamics affect heart developmemttdke the complex geometry of the
embryonic heart into account, DeGroff and colleajuepioneered the use of
image-based FE models to simulate the blood flogtages 10 and 11 human embryonic
hearts, followed by Groenendijk and colleagtiegho generated a FE model of an HH14
chick embryonic heaft °* Both image-based FE models showed 3D spatialitdlision
of WSS in early human and chick embryonic heaiitgh NVSS were identified at narrow
lumen regions and the inner curvature of the lurserface. However, the calculated
WSS corresponded to a static geometry of the emimyleeart. To study the effects of
the cardiac wall dynamics on the blood flow, Tadwed colleagues generated a simplified
2D dynamic model of the chick embryonic héatt.The model indicated that the
presence of cardiac cushions and peristaltic maifaihe heart wall in early developing

hearts renders pulsatile cardiac blood flow.
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In our previous study, we generated dynamic nwoaélthe OFT, which included
pulsatile pressures and dynamic wall motith.'®® Our previous models have
complementarily showed that the 3D curvature of @¥T, the shape of the luminal
cross-section, and the peristaltic wall motion g OFT affect the distribution of WSS
on the OFT wall. However, these models simplitieel geometry of the OFT, and thus,
they did not fully characterize blood flow dynamenxsd WSS in the OFT. In this study,
we present a methodology to quantify the tempandl gpatial distribution of WSS using

image-based FE models of the developing heart ©&hpined with physiological data.

5.2 Experimental methods

To develop image-based FE models of the OFT, wegéaahe OFT of an HH18 chick
embryoin vivo using optical coherence tomography (OCT) and dpesl image analysis
algorithms to extract the cardiac OFT wall geometnd motion. To provide proper
boundary conditions to our OFT model, we measurledd pressures in the chick
embryonic heart ventricle and aortic sac, which #me heart sections that are
immediately upstream and downstream of the OFTpeds/ely (see Figure 5.1A).
Finally, to validate the blood flow velocity fielgredicted by our FE models, we

measured blood flow at representative locatiorteenOFT using Doppler ultrasound.

5.2.1 4D imaging and reconstruction of the OFT

The OFT of chick embryos at HH18 was imaged vivo using OCT. Current
state-of-the-art OCT and 4D imaging techniquesraitudying heart dynamics in 4.

73.97.140CT is a high resolution (2-2@m) non-invasive (and non-contact) tomographic
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imaging technique that can image up to a 2-mm depthological tissue&? Therefore,
OCT is well suited for imaging the chick embryoheart during early development (<2
mm in size) %> ® For this study, we imaged the chick OfiTovousing a spectral OCY
with axial spatial resolution of 10m, lateral spatial resolution of 20 um, and image

acquisition rate of 140 frames per second.

Prior to imaging, fertilized White Leghorn eggene incubated to HH18 (~3 days of
incubation)*® A small window was opened on the egg shell andtrelying membrane
was removed to expose the embryonic heart and F3.@uring imaging, the
temperature of the chick embryo was maintained 7ab & 0.5°C within a warming
chamber, since temperature affects cardiac functi@D image sequences of the OFT
were obtained over a 2-second time interval, wisighnned 4-5 cardiac cycles. These
2D image sequences were acquired at contiguous €83s-sections 10m apart,
spanning the entire OFT. Since image acquisitidimgavas not used (i.e., the beginning
of image sequence acquisition was not triggerettheatsame phase during each cardiac
cycle) the image sequences were out of phase. yfAahsonize these imaging sequences
and reconstruct 4D images of the OFT (the OFT 3Dcaire over time), we employed
our developed image-based, post-acquisition symitation proceduré®® which uses
similarity of adjacent image sequences and a plaseection that accounts for
peristaltic-like wall motion. Reconstructed 4D mes were used to extract the

geometry of the OFT lumen over time and generatenbiels of the chick heart OFT.

112



©)

0.08

006 -

Figure5.2 OFT wall motion.(A) Transverse sectional OCT image of the OFT;ZHimes show
the locations where cross-sections were extraatemh 4D OCT images. (B) The 5 extracted
cross-sections at their most constricted state;littess in image 1 show the major and minor
semi-axes of the lumen, assuming an elliptical haharea. (C) Calculated luminal areas (A1, A2,
A3, A4, Ab) for each of the 5 locations over thediac cycle. t, time; T, period of the cardiac
cycle.

We developed a set of image-analysis algorithm®rder to extract the dynamic
geometry of the OFT from the 4D OCT image data.seWe first chose a 3D image
dataset corresponding to a phase in the cardiale dggcwhich the OFT was most
constricted, and using our algorithms we segmefdetineated) the OFT lumen-wall
surface and myocardium from the 3D image, and Gatlied the OFT centerline. To
characterize the wall dynamics of the OFT, we uded4D image reconstructions to
extract image sequences from 5 equally spaced-sexs®ons perpendicular to the OFT

centerline: (1) OFT inlet, (2) middle upstream, (3dle, (4) middle downstream, and
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(5) outlet (see Figure 5.2A and Figure 5.2B). Sagatens of the OFT lumen-wall
interface over time in these 5 cross-sections weesl to build the geometry of our FE

models of the OFT lumen (see Sections 5.3.1.1 &h@a.3).

5.2.2 Measuring intracardiac pressures

We used a servo-null micro-pressure system (Mod&ILN, Instrumentation for
Physiology and Medicine, San Diego, CA) to meadio®d pressures in the ventricle,
and in the aortic sac of normal chick embryos atlBilsee Figure 5.1A). Pressure data
were collected following standard procedut®avhile maintaining the chick embryos at
37.5 £ 0.5°C, real-time pressure traces were sahgil@00 Hz in the ventricle, and in the
aortic sac of normal chick embryos (n = 26 and 8, ¥espectively) over at least 10
cardiac cycles. Representative intracardiac pressthiat had peak values closest to

measured averages were used as boundary conditions FE models of the OFT.

5.2.3 Measuring blood flow in the OFT

We used a Vevo 2100 ultrasound imaging system \aith MS-550S transducer
(VisualSonics, Inc., Toronto, Canada) to measuovedflow in the OFT of normal chick
embryos at HH18 (n=10). In pulsed wave Doppler mode measured blood flow
centerline velocities over time near the inlet, dhéd and outlet of the OFT of chick
embryonic hearts (Figure 5.1A, dots along the OEiiterline). During data acquisition,
embryos were submerged in pre-warmed chick Ringsglstion, and temperature was
maintained with a heat lamp and temperature cdatrolrhe Doppler angle, the angle

between the sound wave and the blood flow directiaas adjusted within 30by tilting
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the angle of the transducer with respect to thergmiIhe acquired blood flow velocities
were corrected for the Doppler angle, approximatigdtermined from a static image of

the embryonic heart.

At each selected location of the OFT (inlet, negdutlet; I, M, O in Figure 5.1A),
centerline velocities were obtained by tracing Deppler ultrasound images. After
normalizing in time and aligning these velocitycea at their peak within a cardiac cycle,
we calculated the average velocity trace and @asdsard deviation over three cardiac
cycles and among 10 chick embryos. The averagecitgltvaces that represented the
blood flow at the OFT inlet, middle and outlet wetempared with the centerline

velocities predicted by our FE models of the OFTatesponding locations.

5.3 Finite dement models

We developed two FE models of the chick embryorgarh OFT at HH18: a 2D
axisymmetric model and a 3D model. Both modeldunhed the dynamics of blood
flow over the cardiac cycle, and featured OFT waditions that were extracted from 4D
OCT images of the OFT (Section 5.2.1). Because @@&Qes of the OFT, and pressure
measurements in the ventricle and the aortic saddmot be acquired simultaneously
nor in the same embryos (due to technical diffieg)t the 2D models were used as an
initial approximation of the blood flow in the enybnic OFT, to aid in the determination
of proper time phases among the measured OFT watiom OFT inlet pressure
(ventricular pressure) and OFT outlet pressuretiasac pressure). A 3D model of the
chick heart OFT was then developed to more acdyratentify blood flow dynamics in

the OFT of living embryos. 2D and 3D models wer@lemented using the FE software
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Adina (ADINA R & D, Inc. Watertown, MA)">?
5.3.1 2D dynamic models of the OFT

5.3.1.1 Model geometry

In our 2D FE models, the OFT was modeled as agéir&iibe with circular cross-sections
(see Figure 5.3). The geometrical parameters oOfRE model were obtained from OCT
images. Specifically, to extract geometrical pagtars, we used the 5 representative
cross-sections perpendicular to the OFT cente(see Figures 5.2A and 5.2B). After
segmenting the lumen-wall interface of each cressien over time, we calculated the
lumen area A’. Since it was difficult to distingbidlood and the thin layer of the
endocardium in OCT images due to their similareafl/e index, our segmentation
included the endocardium, and thus A’ overestimatedOFT luminal area. To correct
for the thickness of the endocardium, we approxathdhe area of the endocardium as
the minimal A’ assuming that the OFT lumen is ctbéeero luminal area) when the OFT
is fully constricted; thus we subtracted the miniar@a from A’ (see Figure 5.2C). Since
the OFT at location 5 does not close completelyestenated for this position the area of
endocardium from locations 1 to 4. Further, to dwitransient zero luminal area, which
would cause numerical difficulties in FE analysi® artificially added a very small area
(0.0003 mrf). From the corrected luminal are&, we calculated a model radifsas

follows,
R(t, A) = [A(t, ) /m1Y? (i =1,2,3,4,5) (5.2)
wheret = [0,T] is time, andT is the cardiac period; the subindexepresents each of the 5
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representative cross-section, with indicating the axial location of each cross-setcti
To remove discontinuities in wall motion, we smaathhe radii over time and space with

a moving average filter (see Figure 5.4)

OFT inlet OFT outlet
. Tr ., AS

.2 0.65 mm |
i fr———————————————————————————

1.0mm

Figure 5.3 2D axisymmetric model cthe click embryonic heart OFTThe three white dots
the OFT centerline indicate the locations wheretartine velocities were extracted to
compare with those measured with Doppler ultrasoBpdaortic sac pressure;,Rrentricular
pressure; AS, aortic sac; Tr, transition regionTQ&utflow tract; V, ventricle.

. AT
4 0 ol 406 0°
Ut 08 4 g 0277 A(mm)

Figure 5.4 OFT lumen radius (R) over the cardiac cycle anch@the OFT used in our 2
models. R was calculated and interpolated from lidmainal areas obtained from the 5
cross-sections shown in Figure 5\.2is the axial distance along the OFT centerlioenfthe OFT
inlet to the outlet.

To correctly impose measured pressure boundamgitbtons, we extended the axial
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dimensions of our 2D FE models of the OFT to al tetagth of 1.0 mm (see Figure 5.3).
The pressure boundary conditions were measureddeutse range of the imaged OFT
with an axial distance of ~1.0 mm, while the aXgaigth of the imaged OFT was ~0.6 mm
(see Figure 5.1A). To account for this discrepameyextended the model 0.2 mm before
the OFT inlet and ~0.2 mm after the OFT outlet. #8sumed that the extended ‘inlet
region’, which was the distal region of the verl&gjthad the same motion as the OFT inlet
(A1). Because the aortic sac does not actively conttaring the cardiac cycle, in the
extended ‘outlet region” we modeled a rigid aogar and a transition region from the
aortic sac to the moving OFT (Figure 5.3). We appnated the radius of the aortic sac as
the average of the mean and largest radius of tE @utlet over the cardiac cycle, as

observed from our CCD images of the chick heart.

5.3.1.2 Modd boundary and initial conditions

We chose representative pressure traces measurdte atentricle and aortic sac as
boundary conditions of the 2D FE models of the (df@e Figure 5.5). The measured
pressures were imposed on the extended inlet athet ofi the 2D FE models as normal
tractions. The wall motion of the OFT (moving boang was imposed as a displacement

(D) in the radial direction of the model, with regpto the initial configuration,
D(t,A) = R(t,A) —R(0,4) . (5.3)

A non-slip condition was applied at the moving bdary representing the lumen-wall
interface. An arbitrary Lagrangian-Eulerian foratidn was used to account for the

effects of wall motion on blood flow dynamics iret®FT models.
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Figure 55 Pressre and wall motion phase lagThe figure shows representative press
measured at the ventricle and aortic sac of stdgE8Hthick embryos, as well as the luminal area
at the OFT inlet (Al from Figure 5.2C). It also sl®hypothetical phase relationships among the
pressures and OFT wall motiob,, is the phase lag of the aortic sac pressu Wi#th respect to
the ventricular pressure (P @, is the phase lag of the ventricular pressugg \{ith respect to
the wall motion of the OFT inlet (A1).

In our 2D FE models of the OFT, resulting bloodiafleelocities depended on the blood
pressures imposed at the OFT inlet and outlet, taedprescribed OFT wall motion.
Due to measurement procedures we were uncertaiheophase lag between imposed
inlet and outlet pressure, as well as the phasedageen the ventricular (inlet) pressure
and the wall motion of the OFT. We used the 2D el®db test the effects of applying
different phase lags among pressure boundary d¢ongliand wall displacements. To
quantify phase lags for comparison, we defidgdas the phase lag between the peak
aortic sac pressure and the peak ventricular pressand definedb,, as the phase lag
between the peak ventricular pressure and the ipégtkcross-sectional area of the OFT
(see Figure 5.5). We assumég = 0 to 0.2T, andb, = 0 to 0.2T, which we will
discuss in Section 5.5.2. Figure 5.6 shows differmymbinations of the two phase

relationships. We assumed that the OFT was ilyiti@geference configuration) at its
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most constricted state with zero blood flow velpcit
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Figure 5.6 Temporal relationships among the representativéniairareas and the pressure d
along the OFT for different phase lag combinatighsand®,,). A1, A3, and A5, are the luminal
areas at the 3 cross-sections of the OFT (seed-B@B);AP, is the pressure difference between
the ventricle and aortic sasP = R-P,).

5.3.1.3 Material properties

The blood of chick embryos was modeled as a coatiauincompressible Newtonian
fluid with a densityp = 1060 kg/m3and a viscosityy = 3 x 1073 kg/(m s)***. The

non-Newtonian behavior of blood increases with theod hematocrit, and at 0%
hematocrit blood presents a Newtonian behavior. &3samption of Newtonian fluid is
justified for embryonic chick blood, because it has hematocrit (20 % for embryonic
blood vs. 45% for mature whole blood§® *’ The embryonic blood flow was modeled

as a laminar (Re<< 2000), transient, and incomfiiesBow.
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5.3.1.4 Finite dement discretization

The 2D blood flow model of the OFT was discretizeth axisymmetric 2D 4-node
quadratic flow-condition-based-interpolation (FCRflements>? >3 Mesh-independent
solutions were obtained with a mesh consisting 48 fiodes and 850 elements. Time
independent dynamic solutions were achieved with th@e steps per cardiac cycle (T =
400 msecAt = 2 msec). To fully damp initial transient effectve simulated two cardiac

cycles in the 2D FE models and used the secone egcbur results.

Blood flow velocities calculated with our 2D OFhodels were analyzed and
compared to measured blood flow velocity data. \&&duthese comparisons (see Section
4.4) to approximate the phase lapsand®, to impose as boundary conditions in more

accurate 3D models of the developing heart OFT.

5.3.2 3D dynamic model of the OFT

To more accurately quantify the blood flow dynamiosthe cardiac OFT of chick
embryos at HH18 and the distribution of WSS on@td walls, we developed a 3D FE
model of the OFT. This model included the 3D cuvatand non-circular cross-sections

of the OFT lumen, as well as the heart wall motod pulsatile pressures.
5.3.2.1 Model geometry

In our 3D models of the OFT, the OFT lumen (bloleivfdomain) was modeled as a 3D
curved tube with elliptical cross-sections, witlogeetrical parameters extracted from 4D
OCT images (Section 5.2.1). Specifically, to camdtrthe 3D models of the OFT, we

used the OFT centerline and image sequences frend ttepresentative locations (see
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Figure 5.2). Elliptical cross-sections were chodenrepresent the geometry of the
lumen-wall interface, as they approximately repnésiee shape of the lumen as observed
with OCT (see Figures 5.1C, 5.1D and 5.2B). Toofwllthe motion of the OFT
lumen-wall surface over the cardiac cycle, the flergf the ellipse major semi-axis,

and minor semi-axid), were allowed to change with time.

To determine the ellipse parameters from imagia, we used the segmented OFT
lumen-wall interface over time from the 5 repreaéimé cross-section image sequences
(see also Section 5.3.1.1). Using the segmentacesuwe calculated and corrected the
area of the lumenA(t, 4;), over time as explained in Section 5.3.1.1.Thentation of
the ellipse major and minor semi-axes in 3D weleutated (at a phase when the OFT
was most constricted), and initial values of thgamand minor semi-axesy'(t, 4;) and
b'(t,;), over time, were determined by fitting the segradritimen curve to an ellipse.
However, a'(t,4;) and b'(t,4;) did not preserve the lumen area. To enforce thetum
area, we first calculated eft,), the ratio betweer’ and b’ that describes the shape of
the ellipse at each; as it changes from a fully open OFT configuratijefnll, close to a
circle), to a contracted OFT configuration [(e2.5) over the cardiac cycle (see Figure

5.7A). We then calculated the ellipse model paransets follows,

a(t,A;) = JA(t, A e, A)/m (i = 1,2,3,4,5), (5.4)
b(t, Al) = a(t, )]'i)/e(tl }"1) (l = 112131415)1 (55)
wherea(t, A;) and b(t, 4;) are the major semi-axis and minor semi-axis ased in our

model.a(t,A) and b(t,A) were then smoothed in time and space to remove
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discontinuities (see Figures 5.7B and 5.7C).

The 3D geometrical model of the OFT was constdicstarting from the OFT
centerline. We first divided the centerline into @&hually spaced points (the 5
representative cross-sections were uniformly |latatecenter points i = 1, 16, 31, 46,
61). Then, at each of these points we generatess-@ections that were perpendicular to
the centerline. To describe the elliptical shapa ofoss-section, at a point(X, Z) in
the centerline, we built a local Cartesian coortirgystem based on the direction of the
major semi-axis (denoted as a unit vectgr the direction of the minor semi-axis
(denoted as a unit vect&®), and the tangential direction of the centerlidenpted as a
unit vector N) at this point. In the local coordinate syster ¥), the elliptical

cross-section was described using a general fotionlaf a 2D elliptical curve:
x(t) = a(t) cos(0)
y(t) = b(t) sin(6) (5.6)

where 6 = [0, 2] indicates a closed curve. To implement the 3D dureaof the OFT in
a global Cartesian coordinate system, we calcul#tedcoordinates of the elliptical

cross-sections in a global coordinate syst&my(, 4,
X, Y, Z]" =R [x+ X,y + Y., Z.]T (5.7)

whereR = [L,S,N]7 is the transformation matrix between the local giothal coordinate
systems at any given centerline point,(X., Z;). The 3D OFT lumen surface at any
given time was then generated from the 61 elliptczatours which were lofted and

interpolated between adjacent elliptical contonr3D space using Rhinoceros 4.0 (Robert
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McNeel & Associates, Seattle, WA).
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Figure5.7 Geometric parameters used in 3D FE model of the. @&Tshape index (e = a/b)
the elliptical cross-section at the 5 selected sg&stions (see Figure 5.2) over a cardiac cycle.
(B) Major semi-axis (a), and (C) minor semi -axti3, (of the OFT elliptical lumen cross-sections

over a cardiac cycle and along the OKTis the axial distance along the OFT centerlioenfthe
OFT inlet to the outlet.

5.3.2.2 Boundary and initial conditions

We used pressures and wall motion as boundary womslin our 3D model of the OFT.
The wall motion of the OFT was modeled by impogiigplacements on the lumen-wall
surface. We assumed that the displacement in tlaédirection was negligible. For each

elliptical cross-section, the displacement was wdated in the local coordinate system

using:
D,(t, 1) = x(t,A) —x(0,4)

D, (t, 1) = y(t,4) —y(0,4)
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D,(t,A) =0 (5.8)

Displacements were prescribed on the lumen seirfathe local coordinate system (i.e.,
skew system in Adin&%). To account for the motion of the wall and mayimesh
within the blood fluid domain, an arbitrary LagraagEulerian formulation was

employed.

The phase relationships between the pressureswahohotion (0, and®,) used in the
3D FE model were determined from the 2D models@ngical arguments (see Section
5.4.4). To account for the discrepancy in axiatahce of pressure measurement and
imaged OFT axial length (see Section 5.3.1.1 agdrEi5.3), we extracted pressures at
both OFT inlet and outlet from the 2D model witle ¥ameb, and®,, and imposed the
pressures uniformly at the inlet and outlet of 8i2 FE model as normal tractions.
Similar to our 2D models, we assumed that initislg OFT was at its most constricted

state with no blood flow.
5.3.2.3 Material properties

In our 3D FE model, we used the same material ptiggsefor the embryonic blood as in
the 2D models and assumed incompressible, Newtorgminar flow (see Section

5.3.1.3).
5.3.2.4 Finite e ement discr etization

The flow domain of the 3D FE model was discretineth 3D 4-node tetrahedral FCBI
elements. Mesh-independent solutions were obtausddg 66400 nodes and 353000

elements. To calculate WSS, we defined a veryltbumdary layer (a built-in function in
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Adina™? at the OFT wall in the fluid model. The thicknesfsthe boundary layer was

specified as 0.0004 mm, which was less than 1fheflement size in the fluid model.
We simulated two cardiac cycles and used 200 titepssper cardiac cycle (T = 400
msec;At = 2 msec). For further analysis, we extractedltest 3 cross-sections: near the
OFT inlet about 0.16 mm away from the inlet, at thieldle, and near the outlet about

0.16 mm away from the outlet (see Figure 5.11B).
5.4 Results

To quantify blood flow dynamics and WSS in the &hmembryonic heart OFT, we
generated 2D and 3D FE models of the OFT. Boundanglitions were obtained from
pressure measurement and 4D OCT imaging of the @©FVivo. Our 2D models
characterized the effects of different phase m@tatips among the pressures and wall
motion. We then used our 3D FE model to more atelyrguantify the blood flow field

and distribution of WSS in the OFT.
5.4.1 Wall motion of the OFT

Figure 5.2C shows the temporal variations of thaihal areas of the 5 representative
cross-sections of the OFT over the cardiac cydle; 3 cross-sections were extracted
about evenly spaced along the OFT from the 4D O@ages (see Figures 5.2A and
5.2B). Using the OFT luminal area as an indicatdhe OFT wall motion, we found that
the motion of the OFT wall changes from the intethe outlet. Towards the inlet (A1),
the OFT wall motion showed a gradual expansion stegp contraction; in contrast,
toward the outlet (A5), the OFT wall motion showadelatively steep expansion and

gradual contraction. The middle region of the @fad the greatest wall motion and the
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OFT outlet had the smallest wall motion. The traocésthe luminal areas at the 5
locations suggested that the entire OFT wall opesradi closed peristaltically, with a

phase lag with respect to the OFT inlet.

From each of the 5 cross-sections that we exiagiong the OFT, we found the OFT
lumen underwent eccentric deformation, deformirmgrfran almost circular shape when
the OFT was fully expanded, to a slit-like shapeswithe OFT was fully constricted
(e.g., Figures 5.1C and 5.1D). The lumen shape tb@mefore be approximately
represented by an ellipse. Due to the presencheotardiac cushions, the OFT lumen
was fully closed (slit-like shape in Figure 5.2B) lacations 1 to 4 during OFT
contraction, but not at location 5 (the OFT outld@f)e orientation of the major axis was
also observed to change counter-clockwise fromQR& inlet to the outlet (see Figure

5.2B), indicating helical distribution of the caadicushions along the OFT.
5.4.2 Blood pressure measurements

Figure 5.5 shows representative ventricular andiasac pressures used in our 2D
models. We found that the ventricular pressure aodic sac pressure were very
similar in shape and magnitude. Both pressure veanef were pulsatile and showed a

peak.
5.4.3 Centerline velocity profiles

Figure 5.8 shows the blood flow average velocigcéis and their variation ranges
measured with Doppler ultrasound near the OFT ,imtedidle and outlet, from 10 chick

embryos (Section 5.2.3).
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(A)

Figure 5.8 Comparison of velocitie
measured using Doppler ultrasound and
calculated using our 3D FE model of the
OFT. The comparisons are shown at 3
locations in the OFT lumen (see Figures
5.1A and 5.11B): (A) near the OFT inlet
(location 1), (B) middle (location M), and
(C) near the outlet of the OFT (location
0O). Measured centerline velocities were
represented as the average velocitys V
(solid black line) + standard deviations
(dotted lines above and below the solid
line). The grey line in (B) was obtained
from the literaturé, and measured the
centerline blood velocity at about the
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We termed blood flow ggositivewhen blood flowed from the inlet toward the outlet
(also referred to amrward flow) andnegativewhen blood flowed back towards the inlet
(backflow). At the OFT inlet (Figure 5.8A), the velocity fite exhibited a slow increase
(i.e.,a shouldey followed by a fast increase in velocity to a pethlen a gradual decrease
in velocity. At the OFT middle (Figure 5.8B), thelwacity profile first exhibited a sharp
increase in velocity and then a gradual decredse thie velocity peak. At the OFT outlet
(Figure 5.8C), a backflow was obsenisforethe velocity peak and a shoulder followed

the peak velocity. Deviations from these genaeids were observed in our Doppler
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ultrasound flow measurements due to the biologwealations of chick embryos and
operator’'s uncertainties (i.e., reproducible séd&ctof measurement locations and

determination of Doppler angles).

Figure 5.9 gives the average peak forward veloaind peak backward velocity
measured near the OFT inlet, middle and outlei@chick embryos. Although the peak
velocities were not significantly different, theemsge magnitude of the peak forward
flow tended to be higher near the OFT outletfT0 mm/s) than near the inlet 00
mm/s), this is consistent with the tapering of ET lumen towards the outlet. The

magnitude of the peak backflow exhibited the samect
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_ outlet (O) of HH18 chick embryos (n = 10).
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5.4.4 2D FE models of the OFT

Our 2D FE models were generated to study blood fi@locities under different
combinations of phase relationships within the eangf O to 0.2T between the
representative ventricular pressure and aortic gassure ¢p), and between the

ventricular pressure and wall motion of the OFEir{ld,,), see also Figure 5.5.
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Figure 5.10 Centerline velocity profiles calculated using 2D Fidels under different pha
relationships between pressures and OFT wall moYdnvVM, and VO, are centerline velocity

profiles extracted at the centerline near the QHdt i(1), middle (M) and outlet (O), respectively
(see also Figure. 5.3).

Figure 5.10 shows examples of the velocities ipted from our 2D models for
different phase relationships within the rangis: 0.1 to 0.2T an@d= 0.1 to 0.2T (see
Figure 5.6). For all combinations df, = 0 (data not shown), the magnitudes of the
predicted velocities were lower than those of tleoeities that we measured using
Doppler ultrasound. For all combinationsd@f, = 0 (data not shown), the 2D FE models
predicted a dramatic backflow that was not obsemébe velocity profile measurements
(Figure 5.8). For the particular cases depicte@ hehendy, is constant, a®, increases
AP increases, and thus centerline velocities incrtéd$end, is constant, the peakpP
moves towards larger t/T ds, increases, and the differences in the peak flowranthe

inlet, middle and outlet reduce because the difiegs in luminal areas at the peAR
130



reduce (see Figure 5.6).
5.4.5 3D dynamic model of the OFT

We chose the cases (@)= 0.1T andd,, = 0.15T, and (2¥,= 0.1T andd,= 0.2T, and
applied these phase lags in boundary conditiomsaie accurate but time consuming 3D
models of the OFT. We found that the case of bogyndanditions®,= 0.1T anddy, =
0.2T, yielded velocity profiles that better reseenbthose of ultrasound flow

measurement.

Figure 5.8 shows a comparison of blood flow vigjoprofiles between our 3D FE
model prediction®,= 0.1T andd,= 0.2T) and Doppler ultrasound flow measurement.
The centerline velocities predicted from our 3D RBdel captured some characteristics
of the velocity traces measured from Doppler utitasl. Near the OFT inlet and middle
region, the predicted peak forward and backwardeckme velocities were within the
ranges of our Doppler ultrasound measurementsnéat the OFT outlet the predicted

peak forward flow was higher than the measurem@ets Figures 5.9 and 5.10).

As shown in Figure 5.11, the 3D FE model predicieskewed distribution of velocity
profile at the OFT inlet towards OFT inner curvatuthe effects of the 3D curvature on
velocity profiles diminished towards the OFT middégjion. In-plane flow near the OFT
wall was also observed, reflecting the effectshefwall motion and helical orientation of

the elliptical cross-sections. No noticeable vomes observed.

Figure 5.12 shows the heterogeneous distributfdVSS magnitude on the OFT wall
at peak forward flow. When the OFT was expandingjgin level of WSS magnitude

transiently located at the outlet; the maximal WSEL Pa) occurred at the outlet of the
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OFT where the peak blood velocity was highest (Ggare 5.8). A low level of WSS
was found at the middle region of the OFT, whicd hdarge lumen area. At each OFT
cross-section, WSS were higher at the cushion @lte minor axis of the elliptical
lumen) than the region without the cushion (theanajxis). Near the OFT inlet, WSS
was higher towards the inner curvature than therocurvature, a result of the skewed

velocity towards the inner curvature.

OFTinlet

1

Inner curvature

Velocity (mm/s)
80
60
40

OFToutlet 20
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Figure 5.11 Blood flow patterns calculated using our 3D modethe cariac OFT of HH1E
chick embryos. (A) Centerline velocities over amalized cardiac cycle, and (B) velocity profile
along the major axis of the elliptical lumen crasstions. Centerline velocities and velocities
profiles are shown at the 3 locations shown inregllA: near the OFT inlet (1), middle (M), and
the outlet (O). The vertical lines in (A) indicatee cardiac phase of the veloegtishown in (B).
The three dots in (B) indicate the locations frorheve the centerline velocities in (A) were
extracted.
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Figure 5.12 Distribution of wall shear stresses on OFT wal at peak forward flowThe flow
rate depicted was calculated from the flow at thddte cross-section of the OFT (Location M in
Figure5.1A).

5.5 Discussion

In this paper, we present image-based 2D and 3@rdynFE models of the heart OFT
of normal chick embryos at HH18; these models vgeeerated based on our 4D OCT
images of the OFT anith vivo pressure measurements. Our 2D FE models of the OFT
were used to characterize the effects of phasediaeships in boundary conditions
(pressures and wall motion). Our 3D dynamic FE rhddek into account the 3D
curvature of the OFT, cardiac cushions, dynamic waidtion, and pulsatile pressures
imposed at the OFT inlet and outlet. Within thepeof the model assumptions, the 3D
FE dynamic model quantified the distinct blood fléeld and tempo-spatial distribution
of WSS in the normal chick OFT at HH18. Thus weestgthat our 3D models of the
cardiac OFT will contribute to understanding thder@f hemodynamics in heart
development.
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5.5.1 Assumptions and limitations of the 3D FE M odd

In our 3D FE model of the OFT, we simplified the O§eometry. To model the effects
of cardiac cushions, we assumed that the crosmsenft the OFT lumen was elliptical.
The shape of the OFT luminal cross-section doestniatly resemble an ellipse because
the cardiac cushions are not evenly distributediradothe OFT cross-section; and the
effects of the cardiac cushions become more ndileeahen the OFT contracts (see
Figures 5.1C and 5.2B). To minimize the effectshaf assumed elliptical shape of OFT
lumen on blood flow simulations, while we modelbd segmented lumen using ellipses,
the areas of the ellipses were kept the same as thb the segmented lumens. In
addition, the shape of the ellipses (see Figurd)5was allowed to vary during the
cardiac cycle and along the OFT to better modeldyreamic deformation of the OFT
lumen. Therefore, we expected that the ellipticedss-section might locally and
transiently affect the distribution of the bloodwl within the cross-section during OFT

contraction, but not the general pattern of bldoa/f

We also simplified the wall motion of the OFT. hwdel the OFT wall motion, we
obtained wall dynamics from the 4D OCT image ddtdne OFT. Full implementation of
the wall motion demands a 4D segmentation algorithmthe 4D image data of the OFT,
which is still under development. Therefore, weineated the wall motion from 5
representative OFT locations and captured the dggeeous wall motion along the OFT
at those points. We expected that our 3D FE modealitatively predicted the effects of
the heterogeneous wall motion on the blood flowtgoatand distribution of WSS in the

OFT.
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To prevent numerical difficulties in FE analysis,our 3D FE models we simulated
the closure of the OFT lumen using a very smalhafiéhis procedure might result in
blood flow (though low in magnitude) driven by theessure difference between the OFT
inlet and outlet when the OFT was closed. SinceQR& wall contracted sequentially
along the OFT from 0 to 0.5T, calculated blood flamd thus WSS during this time

period is not accurate.

In studying the effects of the 3D curvature af tOFT on blood flow distribution, we
assumed that the OFT was a curved tube and thaOfRE centerline was static.
However, the curvature of the centerline changetduhe cardiac cycle. To evaluate
the changes in the curvature of the OFT centeduréng the cardiac cycle, we extracted
and compared two OFT centerlines: one centerlinemthe OFT was fully contracted
and one, when fully expanded. We found that the imalx curvature of the OFT
centerline changes slightly (<15%). Therefore, w@eeted that the changes in 3D
curvature only modestly affected the skewed distiiim of the velocity profile, and thus

heterogeneous distribution of WSS during the cardiale.

In our FE models, we used blood pressures as ¢t and outlet boundary
conditions, rather than commonly used blood flowndest boundary condition. This was
based on the following two reasons: (1) detailedi @rcurate blood flow velocity data are
not available due to challenges of measuring thedflow in the tiny beating embryonic
heart (dimensionr=1 mm and heart rate at 2 to 2.5 Hz) and a lackosf measurement
techniques with sufficient spatial and/or tempor@solution; (2) the assumption of

Poiseulle- or Womersley-type blood flow, which is@nmon and good inflow condition
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for simulating vessels, may not be valid for thow to the OFT ejecting from the
primitive ventricle. At this time, we consider thatir pressure data are more accurate.
Our underlying assumption of using blood presswéda@undary conditions is that the
blood pressures reflect the effects of both upstreantricle and downstream aortic sac
on the OFT inlet and outlet, respectively. Howeussides increasing the ventricular
pressure, the contraction of the ventricle providesnentum driving the blood flow to
the OFT. The limitation might affect the magnitudethe velocities at the shoulder
region during ventricular contraction transien@@onsidering that the predicted velocities
captured the flow features observed from measuremenexpected our 3D models were

qualitatively valid.

5.5.2 Phase relationships between blood pressure and wall motion of the OFT

For the chick OFT, which is essentially a curvebetublood flow is regulated by two
factors: (1) the pressure difference between th& f@fet and outlet; and (2) the motion
of the OFT wall. However, we were uncertain of fiiease relationship between the
ventricular pressure and aortic sac press@g, @nd the phase relationship between the

ventricular pressure and wall motioh,() due to technical difficulties.

To determine a suitable range of valuesdigrand @, we used physical arguments.
Since during the cardiac motion blood pressure wdx@vel from the ventricle to the
aortic sac, the peak pressure at the aortic sate(phas to occur later than the peak
ventricular pressure (inlet). The magnitude of fnessure wave speed is on the same
order of the propagating speed of contractile waivibe OFT wall. Inspections of Figure

5.2C shows that the phase lag between the maxuman areas in the OFT inlet and
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outlet is about 0.2T; this finding is consistentthwthe reported impulse conductance
speed of the OFT wall (~7 mmf} that travels along the OFT (~1 mm), inducing
sequential contraction of the OFT wall from the GRIEt to the OFT outlet. From these

arguments, a reasonable rang@pis 0 to 0.2T.

We assumed that the peak radius of the OFT odetirred earlier in cardiac phase
than the peak ventricular pressure within the raoig®,= 0 to 0.2T. The assumption
was reasonable based on the following argumentst, Bie peak ventricular pressure has
been reported to occur during ventricular contoactiin other words, the largest
ventricular area occurs before the peak ventricplassuré®® Since the conducting
speed of depolarizing impulse, which induces com$e contraction of the embryonic
heart tube, is fast in the ventricle (V = ~40 mifiofsHH18 chick embryos?), the electric
impulse reaches the OFT inlet and induces the acidn of the OFT inlet almost
synchronized to that of the ventricle. Thereforeassumed that the peak area of the OFT
inlet occurs before the peak ventricular pressame, with approximately the same phase
lag as that of the ventricular walls. Second, wpraximated the pressure-area (P-A)
loops using the ventricular pressure and area ef @iT inlet with different phase
relationshipsd,, varying between [078, and compared them to the published P-A loop
for HH18 chick embryo$®™ We were aware that the areas used by Keller and
colleadge¥® were different from ours: the areas by Keller amalleadge¥® were
measured by tracing the epicardial border of thenae from light microscopic images,
while ours were measured by tracing the interiarfatary of the myocardium of the OFT
inlet cross-section in the OCT images. We expectemyever, that their temporal

relationship with the ventricular pressure wereilginover the cardiac cycle. We found
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that only P-A loops withinb,, = 0.1 to 0.2T were comparable to the reported IBefs.
Therefore we considered thét, = 0 to 0.2T was a reasonable range for the phase

relationship between the ventricular pressure aaltlmotion at the OFT inlet.

Given the assumed ranges @y and®, we generated 2D FE models of the OFT to
study the effects of different combinations of phaslationships among the imposed
pressures and wall motion on blood flow. We comgagealitatively the centerline
velocities predicted from 2D models with those noeed using Doppler ultrasound. We
expected the general patterns of the velocity l@®to be similar between the 2D and 3D
models since the luminal areas were the same Imrbotels. We also expected that the
magnitudes of centerline velocities predicted fl2Alnmodels would be higher than those
from our more accurate 3D models. This is becanskeiuthe same pressure conditions
blood flow in our 3D models with an elliptical lumespiral distribution of cardiac
cushions, and 3D curvature of the OFT tube woulkHarger momentum loss than that
in the 2D models that were essentially consistedaostraight tube with circular
cross-section. We found that the phase relatiossbfgb, = 0.1T andd, = 0.2T best
reproduced our flow measurement with Doppler uttual (see Fig 5.8), based on 2
selective criteria: (1) the shape of the centerietocities and (2) relative ratio among
peak velocities at three locations. We considehed the phase relationshipby(= 0.1T
and®,, = 0.2T) approximated well the coupled relationshyetween the pressures and

wall motion of the OFT for normal chick embryos-H#418.
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5.5.3 Comparison of blood flow velocity between model and experimental

data

Blood flow dynamics regulate the morphogenesishef ®FT+! To quantify blood flow
dynamics in HH18 chick heart OFT, we generated 8Drodels of the OFT based on in
vivo pressure measurements and the dynamic geometiyedieirom the 4D OCT
imaging data. Our FE models reproduced qualitatiseime trends and values (within the
same order of magnitude) of the centerline velogtygfiles over the cardiac cycle
measured from our Doppler ultrasound (see FiguB) &nd Oosterbaan’s Doppler
ultrasound,’ despite some discrepancies that we will discugkérfollowing paragraph.
Our 3D FE model also qualitatively reproduced tkewsed blood flow towards the inner
curvature of the OFT, which was previously obserusihg PIV’®> and using Doppler
OCT.”® In addition, our 3D dynamic FE model of the OFNealed a heterogeneous
flow field in the OFT, which is important for estating WSS distribution on the OFT

wall.

Discrepancies between Doppler ultrasound velocitgasurements and modeled
velocities (see Figure 5.8) could be due to expemtal errors in flow measurements,
simplifying geometrical assumptions of our FE madelind uncertainties in the phase
relationships between pressures and wall motionpeBmental errors in flow
measurements are mainly due to three factors., Higppler ultrasound acquires the
component of blood flow velocity in the directiofh the incident sound wave within a
small sample volume (30um x 30um x 30um) thatkediin space (rather than moving

with the heart); thus velocity data measured withppler ultrasound images reflect the
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flow within the small volume that is manually sdbst from a static image. Second, to
obtain the absolute velocity, measured velocitydegeds to be corrected for the Doppler
angle, which is difficult to determina vivo since the OFT is a curved tube. The Doppler
angle is also manually estimated from a static enddne Doppler angle was especially
difficult to determine accurately towards the OFuitlet where the OFT changes its
orientation sharply (refer to Figure 5.1A); thifidulty may partly explain discrepancies
with the model results (see Figure 5.8C). Thirdisidifficult to choose reproducible
locations along the OFinh vivo (center lumen point near the OFT inlet, middle #mel
outlet). Variations in flow measurements, as weltlge biological variations of the chick

embryos, may artificially broaden the average blfdod traces (see Figure 5.8).

The simplifying geometrical assumptions and utageties in the boundary conditions
of our 3D FE models also contributed to the disanefes observed. Our models did not
properly consider the contractile effects of thatvieular wall as well as the influence of
the curvature of the upstream ventricle on theoimfl The simplified OFT wall motion
may also affect blood flow. These limitations oktmodels may partly explain the
discrepancy between the model prediction and flowasnrement, especially, the
shoulder region after the peak flow. Considering éirors in blood flow measurements,
model limitations, and biological variations of ckiembryonic hearts, we did not expect
modeled and measured velocity traces to match lgxat to qualitatively capture the

characteristics of the flow.
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5.5.4 Blood flow in the OFT

The blood flow in the OFT is characterized by thdémensionless numbers: Reynolds
(Re), Womersley (Wo), and Dean (De) numbers. Re mseasure of the ratio between
inertia forces and viscous forces. Wo is a meastirthe ratio between pulsatile flow
frequency and viscous forces. De is a measure mhatwe effects (centrifugal forces)
with respect to flow viscous forces. Calculatednfrour 3D model of the OFT, the
maximum De (max De=~3.0) of the blood flow in thEToccurred near the OFT inlet
where the OFT centerline had the largest curvaiiiere the blood flow profile slightly
skewed toward the inner curvature, which is coasistwith in vivo flow
measurementS: ' The estimated Re (max Re= ~5.0) and Wo (max Web~@¥ the
blood flow in the OFT were low, which is consistevith the estimates from previous
flow measurement&and computational models of chick embryonic he4ft$®*Low Re
and Wo imply that blood flow in the OFT is laminarth viscous forces dominating the

blood flow.

The effects of initial or boundary conditions aur FE models only locally and
temporally affected the accuracy of the calculdileds field. Boundary effects were
limited to 0.1 mm, so the hemodynamic parameteas We extracted about 0.16 mm
away from the OFT inlet or outlet in our 3D FE mbdere not affected by boundary
effects. Initial transient effects were estimatedast for less than 0.03 cardiac cycles

(0.03T).

In our models, the blood flow pattern in the OBTmainly regulated by the pressure
difference imposed on the OFT from the ventricld aortic sac, and heterogeneous wall
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motion. We found that along the OFT the effectsthe pressure difference and wall
motion varied. At the inlet, the centerline velggtrofile followed closely the shape of
the pressure difference (see Figures 5.6, 5.8,584), indicating that the pressure
difference dominated the velocity profiles near @ET inlet. Towards the outlet of the
OFT, the effects of the heterogeneous wall motiorthe blood flow increased. Other
factors such as the 3D curvature, elliptical cresstions, and orientation of the elliptical
sections also locally affected the flow field inetl©FT, including the skewed flow
towards the inner curvature and in-plane flow, Wwhinay be important for the WSS
distribution on the OFT wall. These local and globHects affect the distribution of

WSS on the OFT wall.

555WSSon thewall of the OFT

To understand the role of WSS in the morphogenekithe OFT, it is necessary to
guantify the spatial distribution of the WSS on @Q&T wall over the cardiac cycle.
Compared to rigid wall, steady state mod&§" 139 %%he WSS distribution predicted
by our current 3D model was more realistic becaheegeometry and motion of the 3D
model were obtained from the 4D OCT images of th& Gand the pressures imposed at

the inlet and outlet were measuird/ivo at the ventricle and aortic sac.

From the 3D FE model of the OFT, we found the imak WSS (~11 Pa) occurred
near the outlet when the OFT was expanded (0.16amay from the outlet). Note that
the high level of the WSS at the inlet and outi.{ mm from the inlet/outlet surface)
may be due to the boundary effects and thus isumaltyzed. The magnitude of calculated

WSS was consistent with WSS derived from the blitmd field measured using PI¥?
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8 and Doppler OCT®® Our predicted distribution of the WSS was alsosistent with
the literaturé %% 144 1%the high level of WSS was located at the narroluenen
regions, inner curvature of the OFT wall, and &t ¢ardiac cushions. In addition, our 3D
FE model of the OFT predicted a transient variatibVSS along the OFT. The transient
heterogeneous distribution of WSS implies that E&s subject to differential
biomechanical stimuli, which may modulate diffeiahgrowth and morphogenesis in

the OFT.

5.6 Conclusions

This paper provides a methodology to quantify sttkgpecific distributions of WSS in
the living embryonic heart. We developed image-badgnamic FE models of the
cardiac OFT of normal chick embryos at stage HHI& FE models took into account
physiologically pulsatile pressures imposed atititet and outlet of the OFT, and the
dynamic wall motion obtained from the 4D OCT imagiThe 2D FE models of the
OFT, integrated with Doppler ultrasound and OCT ging techniques, aided in the
determination of the phase relationships betweenptiessures and wall motion, which
provided the boundary conditions for our 3D FE modiée 3D FE model of the OFT
revealed a distinct blood flow field and transi@eterogeneous distribution of WSS in
the OFT over the cardiac cycle. We found that en@FT wall the high level shear stress
was located at the outlet towards the inner cureadind at the cardiac cushions, and low
level shear stress was located at the middle regnontowards the outer curvature. In the
future, correlation of WSS and shear-response gepeessions (e.g?- %4 will lead to a
better understanding of the role of WSS in cardexelopment.
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5.7 Data supplement (unpublished)

Sensitivity study on the uncertainties in bloodsprees

The blood pressures imposed from the ventriclg #Rd aortic sac ¢Pon the OFT inlet
and outlet create a pressure gradient in the ORT dhves the blood flow through the
OFT from the ventricle to the artery system. In && models of the OFT, we used P
and R as our boundary conditions to predict the bloowvfln the OFT. However, due to
technical difficulties, the pressure measurementthe ventricle and in the aortic sac
were performed in different chick embryos. The utaigties in combinations of,R”and
P, would affect the pressure gradient in the OFT, #mgs the accuracy of blood flow
prediction using FE modeling.

To study the effects of the uncertainties in pues data on the predicted blood flow,
we used a 2D dynamic FE model of the OFT (refeFigure 5.3) and analyzed the
sensitivity of the centerline velocities to diffatechoices of pressure data as boundary
conditions. Here, we choose two sets of extremsspre data: (1) P™" and P™", and
(2) R  and P)"®  from our pressure measurements (see Supplenfégtake 5.1).
The phase relationship betweepdhd R (®p), and the phase relationship between P
and the effective radius of the OFT inléing) were kept the same as the 3D dynamic FE

model in Chapter 5, that i®p=0.1T anddm=0.2T (refer to Figure 5.5).
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Supplemental Figure 5.1 The ventricular and aortic sac pressures usedin dynamic FE mode
of the OFT(A) B™™ and P, and (B) B,*** and P"%*.
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Supplemental Figure 5.2 Predicted centerline velocities near the OFT inheicidle, and outlet

under pressure boundary conditions: (Bf** and P7", and (B) P*%* and P7***, asshown
in the Supplemental Figure 5.1. VI, VM, and VO #ne centerline blood velocity near the OFT
inlet, middle, and outlet, respectively.

Supplemental Figure 5.2 compares centerline védsgiextracted near the OFT inlet,
middle, and outlet (refer to Figure 5.3), betwede two extreme blood pressure

scenarios (Supplemental Figure 5.1). We found shktrge difference in the values of
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peak blood flow velocities, which was mainly duethe pressure difference imposed
between the OFT, the major driving force for theda flow in the OFT. We also found
that predicted centerline velocity profiles in ttveo extreme cases of blood pressure
conditions shows similar spatial and temporal \temes. Near the OFT inlet, the velocity
profile exhibited a transient backflow (~15 mm/slidwed by a shoulder; then the blood
flow rose fast to the peak and followed by a sheuktfter the peak. The velocity profile
at the OFT middle region was similar to that néa ©FT inlet, except that the transient
backflow occurred 0.1T later at the middle OFT. N&#ee OFT outlet, the centerline
velocity profile had a transient backflow immedIlgtieefore the fast rise of velocity, after
the peak a shoulder region followed. The maximalkgaood velocity occurred near the
OFT outlet.

Our results suggest that the magnitude of thedolow velocity is sensitive to the
uncertainties in pressure data. Validation of tHe prediction within vivo flow
measurement is essential to ensure the magnituddheofflow velocity within the
physiological range in the OFT. Our results alsggest that the predicted trend (spatial
and temporal variations) of the blood flow velod#yconsistent with different choices of
pressure data.

In the FE models in Chapter 5, we used repreeatpressures that were closest to
the averages of the group, and we compared thelrpoetdicted velocities with Doppler
ultrasound flow measurements at corresponding itmtat Further, the sensitivity study
on the pressure data ensures us that the concdugiawn from the FE models in Chapter

5 are reasonably accurate.
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Chapter 6: Quantifying the dynamic biomechanical
environment in the heart outflow tract in HH18 chick embryos

(Paper in preparation to be submitted to Circulafjo

6.1 Introduction

During early developmental stages, blood flow isseesial for normal cardiac
development? '™ and perturbations in blood flow dynamics leacstimctural defects
in the heart* Congenital heart defects occur in about 1% livethbj and are
responsible for about 10% stillbirths, and possiblp to 20% of spontaneous
miscarriages®® A big portion of the defects is likely due to abmal blood flow

conditions during the first weeks of developmenp td now, however, technological

difficulties prevented progress in the field.

The interaction between blood flow and cardiasue determines the biomechanical
environment (strains and stresses) to which cardiatis are subjected. This
biomechanical environment affects cardiac cellu&sponses, and thus further cardiac
development. Experimental difficulties in quantifgi the biomechanical environment to
which cells are subjected tm ivivo have hindered progress in the field. In this
manuscript, we used an integrative approach tamaie the biomechanical environment

to which cardiac cells are subjected during eamypm’yonic developmental stages.

We used the chicken embryo heart as our modetemmysbecause at early

developmental stages chicken and human hearts eage similar and developmental
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processes are highly conserve among vertebratéespecFurther, we focused here on
the heart outflow tract (OFT), the distal part bk theart connecting the primitive
ventricle to the arterial system. The OFT has d e@hposed of: (i) a myocardium layer,
which actively contracts; (ii) endocardium layer,menolayer of endothelial cells in
direct contact with blood flow; and (iii) a cardigaly layer, composed of extra-cellular
matrix, in between the myocardium and endocardidmn.the very early stage of
development that we are studying, HH18 (~3 dayimaibation), the heart is an s-shape
tube that have no valvé$*° The cardiac cushions in the OFT, the localizedrpsions

of cardiac jelly act as primitive valves to regeldiood flow from the ventricular to the
arterial system®’* At later stage, the OFT undergoes extensive maghesis, giving
rise to cardiac semilunar valves and septa, andteally developing into aortic and
pulmonary outlets> *° OFT morphogenesis is sensitive to the hemodynamic

environment* ?* and thus biomechanical stimuli, and heart defastociated with the

OFT contribute to a large number of congenital tdefects

To quantify the biomechanical environment of tteveloping heart, we used a
combination of imaging, physiological measuremgiigod pressure and blood flow
velocities) and computational fluid dynamics (CHDpdeling. Current state-of-the-art
optical coherence tomography (OCT) and 4D imageahhiques allow studying heart
dynamics in 4D% " 9 1% OCT is a high resolution (2-2Qmm) non-invasive
(non-contact) tomographic imaging technique that taage up to a 2-mm depth in
biological tissue§? Therefore, OCT is well suited for imaging smatieyonic hearts
during early development (<2 mm in si2&)°” Using OCT imaging of the chick OFT,

we first characterized thie vivo motion of the OFT wall over the cardiac cycle, and
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cardiac wall strains. Using the dynamic geometryhef OFT wall, obtained from OCT,
we then developed image-based (subject-specifi€) Gedels of the developing heart
OFT to quantifyin vivo blood flow patterns and wall shear stresses dvercardiac
cycle®*®” The combination of OCT imaging and CFD modelindowaéd us to
characterize, in more details than ever before, itherivo dynamic biomechanical
environment to which cardiac cells are exposedndutine cardiac cycle on the OFT of

chicken embryos.

6.2 Materialsand M ethods

6.2.1 Chick embryo preparation

Fertilized white Leghorn eggs (n = 7) were incudae 38 °C and 80% humidity to stage
HH18 (approximately 72 hours). Embryo staging feka standard procedur&sBefore
imaging or pressure measurement, a small windowopased on the egg shell and the
underlying membrane was removed to expose the embeart. Since temperature
affects cardiac function, during data acquisitioe temperature of the chick embryo was

maintained at37.5 + 0.5 °C within a warming chamber using a temperature cdletro

6.2.2 4D imaging using OCT

We used a spectral-domain OCT customized to imageattucture and blood flow of the
chick OFT inovo® The system used a superluminescent diode broadhgiridsource

with full-width-half-maximum of 56 nm centered aB10 nm (Denselight, Singapore),
which yielded an axial spatial resolution of 1@ pand a lateral spatial resolution of 16

pm. With a 1024 element infrared InGaAs line-scamera with 14 bit digital depth and
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a maximal line-scan rate of 47 kHz, the OCT sysadlows us to acquire images of 512

X 256 pixels (256 A-scans) at 140 frames per second

To capture the dynamics of the fast beating eoricyheart (typical heart rate is 2.5
Hz at HH18) from OCT images, we used our previowtyeloped 4D imaging and
reconstruction proceduré¥. Briefly, 2D image sequences (B-mode images) ofQfd
were acquired over 4-5 cardiac cycles at sequerrialk-sections that were B apart,
until the entire OFT was imaged. From the acquinegge sequences, 4D images of the
heart OFT (3D geometry over time) was then recaosd using our developed

post-acquisition synchronization algorithfi.

The unique advantage of spectrum domain OCTasdhring structural imaging the
flow information within the OFT is also obtainedhde images were obtained by
calculating the phase differencesp between two adjacent A-scans in a B-scan, this
phase difference is introduced by the movementisgué and cells, such as the
myocardial wall and blood. Phase images can bdyeesnverted to Doppler velocity

images’’

v, =——=A¢ (6.1)

where \, is the Doppler velocityl, is the central wavelength;is the refractive index of

tissue (~1.3);7 is the time difference between the two adjacestAns (~21is).

6.2.3 Image processing

To extract the dynamic geometry of the OFT wall &habd flow in the OFT from the

OCT images, we developed a set of image-analyg@itims using Matlab2009a (The
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MathWorks, Inc. Natick, MA).

Figure 6.1 OCT images of the OFTlllustration of the OFT longitudinal and cross semts (A)
when the OFT is constricted, and (B) when the OBTexpanded. OCT images of a OFT
longitudinal section (A) when the OFT is constritteverlaid lines showing the locations where 5
cross-sections were extracted from the 4D OCT imagfethe OFT; (D) when the OFT is fully
expanded. (E-I) The 5 cross-sections at locatiehalOFT maximal contracted state, and the same
cross-sections (J-N) at OFT maximal expansion .sfdte yellow lines in (E, F, G, and ) showing
the orientation of the opposing cardiac cushionhéOFT. M, myocardium; L, lumen; CJ, cardiac
jelly; SPL, splanchnopleure membrane. Scar barG-.24a.

Geometry and wall motion

To characterize the geometry and motion of the Q¥lll, we used segmentation
algorithms (see Chapter 3) to delineate the lagérhe heart OFT. For each embryo
image set, we first segmented the myocardium of @l from a reconstructed
3D-image dataset, at the phase when the OFT was guostricted, and calculated the
centerline along the axis of the OFT. We then exéh 2D image sequences at 5 evenly
spaced cross-sections perpendicular to the axmédme of the OFT (L1-L5, see Figure
6.1C) from the 4D reconstructed images. L1-L3 apipnately represented the OFT

proximal region (also referred to as colfls L4 and L5 represented the OFT distal
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region (or the truncus). From the extracted imaggusnces, we delineated the
boundaries of the OFT myocardium and lumen (e.guré 6.1E and refer to Figure
6.5A) frame-by-frame over the cardiac cycle, anttudated the boundary perimeters,

and the areas enclosed by these boundaries foefuahalysis.
Wall strains

Using the image segmentation, we characterizedumierential strains in the
myocardium and the endocardium over the cardiatecy@ircumferential strains were

estimated by:

g9 = (C — Cinax)/Cmax (6.2)

where C is the perimeter of either the interior tary of the myocardium or the

cushion-endocardium interface, calculated from iensggmentation.

Similarly, radial strains of the myocardium werdéiraated by:

&r = (h — hpmax) /Mimax (6.3)

where h is the average thickness of myocardiunh@tQFT cross-section considered,

calculated from the segmented inner and outer ngaga boundaries from the images.
Luminal behavior

To further quantify the behavior of the OFT, fralmee OFT cross-sectional image
sequences (L1 to L5, Figure 6.1C), we also extdadtemode images along a line
perpendicular to the cushion surface (see Figus#)6.M-mode images show the
structure of the OFT (image gray scale) along ithe dver time, and thus can be used to

visualize the dynamic motion of the structure owardiac cycles. From these M-mode
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images, we quantified the time spans in a cardratean which (i) the lumen was closed,
Teosed (i) luminal area was increasinge, Bnd (iii) luminal area was decreasing,(3ee

Figure 6.5 D).
Inter action between blood flow and wall motion

To characterize the interaction between cardialt motion and blood flow dynamics
within the OFT, we analyzed together structural &uwgpler velocity images from the
acquired 2D image sequences. From the structuraensequences, we then extracted
M-mode images along a vertical line that approxetyatut the OFT in two halves. From
corresponding phase images, we also extracted Mepimages (showing phase in the
vertical direction over time in the horizontal diten). We then chose a line from the
M-mode images that remains in the lumen at all sirffexcept when the OFT is fully
closed) and extracted the Doppler velocity, &long that line over time. \provides an
estimation of the component of blood flow centexlimelocity along the OCT beam

direction.

6.2.4 Pressur e measur ements

We used a servo-null micro-pressure system (Mod&ILN, Instrumentation for
Physiology and Medicine, San Diego, CA) to meaduoed pressures in normal chick
embryonic hearts at HH18. Pressure data were ¢tetlen the ventricle and in the aortic
sac, immediately upstream and downstream the Gifiowing standard procedure$®
Pressure traces were sampled at 100 Hz over atlleasardiac cycles in the ventricle (n

= 29) and in the aortic sac (n = 8).
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To evaluate wall stress in the myocardium, weiaesl that the OFT myocardium was
a thin wall cylinder with uniform wall thickness,n@ used the Laplace law to

approximate the circumferential wall stress, in the myocardium:
oy = PR/h (6.4)

where P is the intracardiac blood pressure, Rtesior radius of the myocardium, and h

is the average wall thickness of the myocardiuth@OFT cross-section considered.

6.2.5 Computational fluid dynamics modeling of the OFT

To quantify the 3D blood flow dynamics within thedrt OFT over the cardiac cycle, we
used a subject-specific CFD model of the chick @IEVeloped using the finite element
software Adina (ADINA R & D, Inc. Watertown, MA). e lumen geometry and wall
motion of the CFD model were obtained from the Q@iage data of a representative
HH18 embryo, with OFT dimensions and motions closeshe measured average of the
imaging group (n=7). A detailed description of ttBED model and assumptions is given
elsewheré’® For the CFD model, we assumed that the lumen ®fQFT was a 3D
curved tube with elliptical cross-sections. Bloddwf was modeled as a continuous,
transient and incompressible Newtonian fluid (dgngi= 1060 kg/m3and viscosity
=3 x 10~3kg/(ms)) since embryonic chick blood has low hemato@d% Ht).°®

%7 The OFT Ilumen was discretized using 4-node tethathe fluid-condition-
based-interpolation (FCBI) elemeritd A time-varying displacement was imposed on the
model surface representing the lumen-wall interface simulate the motion of the
cardiac OFT wall as quantified from OCT images. fieepntative ventricular and aortic

sac pressures, which had peak values closest tsuneeh averages, were imposed
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uniformly at the inlet and outlet of the OFT modet normal traction boundary
conditions. We assumed that initially the OFT wa#tsamost constricted state with no

blood flow. Mesh and time-step independent resudie obtained.

6.3 Results

6.3.1 Characterization of OFT wall dynamics

OCT images distinctly showed the microstructuretted OFT wall (Figure 6.1). The
myocardium and cardiac jelly layers (shown as tlekdregion in-between the
myocardium and lumen) of the OFT wall were readitinguished in OCT images. The
endocardium layer, however, was not distinguishédoe the lumen blood due to their
similar refractive index. Since the endocardiuna ighin monolayer of endothelial cells
that enclose the lumen surface, the endocardium apgsoximated by the cardiac

jelly-lumen interface.

Visualization of the 4D image reconstructiortted HH18 cardiac OFT from 4D OCT
images (e.g., Supplemental Video 6.1), showed aactexistic peristaltic-like dynamic
motion of the OFT wall. The OFT wall opened to allblood ejecting from the ventricle
to flow to the arterial circulation. After bloodegjtion, the OFT myocardium contracted,
and the cardiac cushions became in contact withh eatber closing the lumen
sequentially along the OFT to prevent backflow.dtlgh the distinct dynamics of the
OFT wall, the OFT acts as a primitive valve regaigtblood flow from the ventricle to

the aorta in the early developing heart.
To characterize OFT wall dynamics, we selectedBT cross-sections evenly
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distributed along the axis of the OFT (Figure 6.LC to L5), and quantified motions of
the myocardium, cardiac jelly, and endocardiumwati as their effects on the lumen

area over the cardiac cycle.

6.3.1.1 Myocardium

At each of the 5 cross-sections, the myocardiumaénatight ellipse-like shape (Figures
6.1 E-6.1N). The ratio of the length of the majod aninor axis, the shape factorwas

between 1 (circular shape), when the OFT myocardivas most expanded, and 1.3,
when the myocardium was most constricted (see Talile The minor axis of the ellipse
was found to be along the direction of maximal @ardcushion thickness (refer to
Figures 6.1E-I and 6.4C}? External constraints, such as the splanchnoplieembrane

that wraps and pushes against the heart tube,olesrved to slightly restrict myocardial

motion and altered deformation patterns of the raydiam (refer to Figure 6.1L).

Since the myocardium remained approximately trcduring the cardiac cycle, for

simplicity and to ease interpretation of data, nayd@al dimensional changes were

characterized by an effective myocardial radifss m where Ay was the area
enveloped by the segmented internal contour ofitiiecardium (refer to Figure. 6.4C).
At each of the 5 selected OFT cross-sections, kedaryclically over the cardiac cycle
(see Figure 6.2A). The peristaltic myocardial watition was manifested as a sequential
appearance of Ry followed by a sequential contraction from the ORIEt (L1) to the
outlet (L5). We found that the OFT wall exhibitefferent behaviors at its proximal and
distal regions (Figure 6.2A): proximally (L1), theyocardium exhibited a relatively long

period of expansion (relaxation) followed by a sraamtraction; while distally (L5), the
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myocardium exhibited a relatively short expansieniqgd followed by a long contraction
period. Further, while proximally contraction ofetmyocardium resulted in lumen
closure, distally the contraction of the OFT wa#lsrMrequently (6/7 embryos) not enough
to completely close the lumen (refer to Figure §.2Ahe amplitude of the radial

myocardium motionAR) decreased from L1 to L5.
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Figure 6.2 Behavios of the myocardiur at 5 selected OFT crc-section. (A) Temporal variation
of radii, and (B) maximal expansion and contractiadial velocities of the myocardium at the 5
selected OFT cross-sections of the normal chickrgomtic heart.

To further quantify myocardial wall motion, we aalated the rate of change of R,
dR/dt, which represents radial cardiac wall velesit Comparing the maximum rates of
myocardial expansion and contraction along the @Hgure 6.2B), we found that from
L1 to L5 rates of expansion seem to first increasd then decrease, while rates of
contraction decreased. Interestingly, while proXiyneates of contraction were larger

than rates of expansion, this behavior was revetsgdlly of the OFT (Figure 6.2B).
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Table 6.1 Summary of OFT dimensions at 5 selected crossesscfL1-L5)

Variables L1 L2 L3 L4 L5
Myocardium

Amax 1.27(0.06) 1.21(0.08) 1.2 (0.1) 1.26(0.07) 1.19(0.09)
Rinax 0.21(0.02) 0.20(0.02) 0.19(0.02) 0.17(0.03) 0.15(0.01)
Rmin 0.14(0.01) 0.13(0.01) 0.12(0.02) 0.11(0.01) 0.12(0.01)
AR pax 0.07(0.01) 0.07(0.01) 0.073(0.009)  0.06(0.01) 0.035(0.008)
ASF 0.55(0.06) 0.60(0.05) 0.63(0.03) 0.59(0.04) 0.41(0.08)
Lumen

Amax 2.7(0.4) 2.5(0.4) 2.1(0.4) 1.7 (0.3) 1.6(0.2)
Amax 0.09(0.01) 0.09(0.02) 0.09(0.02) 0.07(0.02) 0.05(0.01)
Amin 0.022(0.004)  0.019(0.004)  0.017(0.004)  0.014(0.005)  0.022(0.005)
AAmax 0.07(0.01) 0.07(0.02) 0.07(0.02) 0.06(0.02) 0.03(0.01)
ASF 0.75(0.05) 0.79(0.04) 0.81(0.03) 0.79(0.03) 0.60(0.08)
Cardiac jelly

Amax 0.06(0.02) 0.05(0.01) 0.03(0.01) 0.027(0.008)  0.026(0.006)
Amin 0.039(0.008)  0.028(0.008)  0.021(0.007)  0.013(0.005)  0.014(0.004)
AAmax 0.021(0.009)  0.014(0.006)  0.010(0.005)  0.009(0.005)  0.009(0.004)
ASF 0.33(0.07) 0.31(0.07) 0.29(0.09) 0.3(0.1) 0.4(0.1)

Data are presented as mean (standard deviatiahe shape factor; R, radius (mmJ, radius change over the cardiac
cycle; A, area (mf); AA, area change over the cardiac cycle (mm2); A& ahortening factor.
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Figure 6.3 Cyclic strains in the myocardium at 5 selected OFT cross-sections. (A) Temporal
variation of circumferential strains in the myocardium, (B) temporal variation of radial strains, (C)
peak circumferential strain in the myocardium compared with that in the endocardium, and (D) peak
expansion and contraction circumferential strain rates.

Circumferential strains over the cardiac cycle, measured relative to the maximal
expansion state of the OFT for each cross-section (Eqg. 6.2), showed the cyclic contraction
of the OFT myocardium, as expected (Figure 6.3A). We found that absolute maximum
values of circumferential strain decreased from L1 to L5, with peak contraction strains

higher at L1 to L4, and dropping significantly at L5 (Figure 6.3A). Thickening and

thinning of the myocardium layer over the cardiac cycle were analyzed by radial strains,
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measured relative to the maximal myocardial thiskn&q (6.3), which corresponded to
maximum OFT contraction for each cross-sectionmil@r to the circumferential strain,
the radial strain varied over the cardiac cycle ahohg the OFT (Figure 6.3.B).
Compression strains (negative strains) increasethg@OFT expansion (myocardium
thinning) and decreased during OFT contraction (Eaydium thickening). Peak
compression radial strains were larger at both efidee OFT with the maximal at the
OFT inlet (L1) and the smallest peak radial stratirthe middle region (L3) (see Figure

6.3B).

6.3.1.2 Cardiacjelly

The cardiac jelly was unevenly distributed acrdes®FT cross-section, and divided into
two opposing cardiac cushions (see Figures 6.1E-We follow the line that separates
the cardiac cushions when the OFT cross-sectionoist constricted, the orientation of
the line changes along the OFT, especially betw&eand L5. The orientation at L4 is

ambiguous since the lumen has a star appearamoataaction (in 5/7 embryos, refer to
Figure 6.1H). These findings that two pairs of alyrdistributed cardiac cushions with

the proximal cushion pair extending from L1 towakdsand a distal cushion pair starting
at L4 and extending towards L5were consistent withe HH18 embryos and similar as

the cushions observed in the OFT of HH21 chick gwear®

The area of the cardiac jelly, calculated asdifference between the area enclosed by
the inner myocardium boundary and the lumen areaaah cross-section, decreased
towards the OFT outlet (Table 6.1). Further, oweet the maximal area of the cardiac
jelly along the OFT, occurred sequentially from ®ET inlet to the outlet, describing a
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peristaltic-like change in areas (see Figure 6.4A)he area change of the cardiac jelly
was not in phase with the peristaltic motion of thgocardium (Figure 6.4B-F). In
general, at each cross-section, cardiac jelly ames relatively large when the
myocardium was contracted, and the OFT lumen clofiegl jelly area reached its
maximum when the myocardium started to relax. Maliroardiac jelly areas were
observed when the myocardium was most expandechgéban cardiac jelly area over

the cardiac cycle were about 30% for all crossigest(see Table 6.1).
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Figure 6.4 Behavior: of the cardiac jellyat 5 selected OFT cr¢-section (L1-L5). (A) Temporal
variation of areas of cardiac jelly over a cardigicle; and (B-F) temporal relationship between the
areas of the OFT myocardium (MI), cardiac jelly XGhd lumen (L) along the OFT from L1 to L5,
respectively.

6.3.1.3 Endocardium

Because the endocardium and the lumen cannot biegtlished from OCT images, we

will analyze the endocardium and lumen togetherfe(reéo Figure 6.5A). The

161



endocardium layer exhibited large shape changesglgardiac cycle: from a slit-like
shape during contraction (where observed slit ‘Ohas’ were likely known endocardial

folds'®%, to an almost circular shape during myocardigleasion.
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Figure 6.5 Behaviors of theheart OFTlumer of HH18 chick embryc. (A) A OCT imag: of the

OFT cross-section, with segmented boundaries ointieeior myocardium (green contour), exterior
myocardium (purple contour), and lumen outline leplcontour) overlaid on the image; and (B) an
M-mode OCT image extracted from the yellow line(@) to illustrate the metrics defined for
evaluating temporal behaviors of the lumen in (@) Temporal variation of OFT luminal areas at
5 selected OFT cross-sections of a representatiVe8Hhick embryo; (B) time spans for luminal

expansion (), closing (E), and closure (dosur¢ Over a cardiac cycle at 5 selected OFT
cross-sections of HH18 chick embryos.

Using the length of the segmented endocardiunmdiay, we quantified changes in
endocardium strain, measured as differences inthendgth respect to the maximum

length of the segmented curve, Eq (6.2). We obsetiat, over the cardiac cycle, the
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temporal variations of endocardial strains wereilamto circumferential myocardial
strains (see Supplemental Figure 6.1), but theegalf the endocardial strains were
larger (Figure 6.3C), indicating that changes ignsented length were larger in the

endocardium than inner myocardium boundary.

6.3.1.4 Lumen

Due to the irregular shape of the OFT lumen tiiedarge changes in luminal shape
observed during the cardiac cycle, we used thetardascribe the cyclic changes of the
OFT lumen (see Figure 6.5C, and Table 6.1). TheimaxXiumen area, and changes in
lumen area, were significantly larger at the pradimegion of the OFT (L1-L3) than at
its distal region (L5). During myocardium contractj the lumen area was minimal.
Since the endocardium and the lumen cannot bengisihed from OCT images, we
conjectured that during OFT contraction the luneefully closed, and the calculated area
corresponds to the area occupied by the endocardibimlumen however closed at all
selected cross-sections, except the L5 cross-sedtiowhich the lumen did not fully

close (in 6/7 embryos).

To further characterize and quantify the lumeapsh and the lumen shape change, we
assumed an ellipse-like shape for the lumen withrttajor axis of the ellipse aligning
with the opposing cardiac cushion and minor axigo@edicular to the cushions (see
Supplemental Figure 6.2). This is approximatelg timr most of the cardiac cycle, except
when the lumen is closed and ‘folds’ of the endditan are visualized. We then
calculated the shape factor of the ellipse thaebétted the lumen boundary and its area
(see Table 6.1). As expected, at any given crosisese the lumen shape factor increased
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during OFT contraction, and reduced during OFT espan. Shape factors also changed
along the OFT: maximal shape factor was found a{+2l7) and decreased towards L5

(~1.6). This elliptical fitted lumen shapes, welsaused in the CFD model of the OFT.

To better characterize the valvular behavior lnd OFT at HH18, we analyzed
temporal behaviors of the OFT lumen from M-modedmmextracted along a line that
approximately aligned with the minor axis of thépgical lumen (see Figures 6.4C and
6.4D, refer to Supplemental Figure 6.2C). M-modeagdes revealed that. Tncreased
towards the distal end of the OFT, whiledecreased towards the distal end of the OFT
(Figure 6.5D). The time span, over which the OFfén is presumably closed(Euro,
was highest at L3 and decreased proximally analtlissf L3. At L5, only 1/7 embryos
showed lumen closure. Since the OFT lumen alongbtlselected cross-sections was
closed sequentially at different phases of theiaardycle (see Figure 6.5C), overall the

OFT lumen was closed for ~0.5 T.

6.3.2 Changesin theintracardiac pressures and myocardial wall stresses

Ventricular pressures (n = 29) and aortic sac press(n = 6) were measured in the
ventricle and aortic sac that are immediately wastr and downstream of the OFT,
respectively. Obtained ventricular pressure data eamsistent with previously reported
blood pressures at HH18 embryd%!’* 113 We found that the aortic sac pressure was
similar to the ventricular pressure in shape, bl#is distinct systolic and diastolic
components (see Figure 6.6). The peak ventriculesspire was higher than the peak

aortic sac pressure (196 = 37 Pa vs. 180 + 35 Pa).

To evaluate wall stress in the myocardium, weluspresentative ventricular pressure
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and aortic sac pressure to approximate the pressitithe OFT inlet and outlet (L1 and
L5, respectively). We then estimated myocardial Iwsttess at L1 and L5 of a
representative embryo using Laplace law (Figurg.83ur results showed that at L1
(OFT inlet), wall stress in the myocardium was ldwing myocardium relaxation (0.1 to
0.6 T). Wall stress then significantly increasedl asached a peak during OFT wall
contraction. Similar behavior was observed at LET®@utlet), but the peak wall stress

occurred later in the cardiac cycle. The peak WiShawas larger than that at L1.
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Figure 6.6 Temporal variations of wall stress over a cardigclec at (A) the OFT inlet and (E
outlet. WS, wall stress, P, intracardiac blood gues, R, radius of the interior myocardium, h, wall
thickness of the myocardium.

6.3.3 Characterization of blood flow dynamics

6.3.3.1 Doppler OCT

Doppler OCT data revealed the timing of blood flogikthrough the OFT with respect to
the OFT wall motion. From the representative embstadied, we identified a
cross-sectional image sequence from the acquired @&a, which approximately

corresponded to the cross-section L2 (except treaplane for this image sequence was
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vertical, whereas the plane for the L2 sequenceratased about 30 degrees with respect
to the vertical). This image sequence was seldoteairther analysis because its Doppler
angle was about 60 degrees, the errors in the astignDoppler angles or phase noises
was less likely to affect the measurement. CompaNMimode and M-phase images
extracted from the selected image sequence (Figurésand 6.7B), we found that there
was no blood flow through the OFT for approximatedlf of the cardiac cycle. Blood
flow started when the OFT walls started to expagdand ended when the OFT fully
contracted. Blood flow rose fast when the OFT @pkehalf way and reached to peak

when the OFT wall at its maximal expansion. No sigant backflow was measured.
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. . ‘ W ‘ 80
- | 60

Figure 6.7 Blood flow dynamics in the OFT. Temporal variatiohblood velocity near OFT inle

(1), measured using Doppler OCT: (A) M-mode strugtumage, (B) M-phase image, (C) blood
velocity trace over cardiac cycles, the velocityadaere calculated using Eq 6.1 at the location of
the horizontal dotted line overlaid on (A). Notettithe perpendicular lines show the temporal
relationship among the OFT wall motion, Doppler g#haand blood velocity, and the horizontal line
overlaid on (C) indicates zero velocity. Spatiastdbution of blood flow calculated using FE
modeling: (D) blood flow profiles along the majotes of the elliptical cross-sections near the OFT
inlet (1), middle (M) and outlet (O). Doppler flodata analysis was performed by Peng Lee.
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6.3.3.2 FE modd

To further quantify the blood flow field, we gentsa subject-specific CFD models of
the OFT from the representative embryo (see Suppitah Video 6.2). Because flow
only occurs during 50% of the cardiac cycle, weduee CFD model to compute flow
from 0.43T to 0.93T when the entire OFT lumen ismofrefer to Figure 6.5C). Obtained
peak velocities along the OFT were consistent \Witdppler ultrasound measurements

reported previously’® and with our Doppler OCT measurement (Figure 6.7C)

In general, we found that computed blood flowotlgh the OFT was laminar, and did
not present re-circulation regions. We found tkatce the OFT is a tapered tube, during
ventricular ejection, maximal velocities occurrdadliee distal region of the OFT (Figure
6.7D). The OFT wall motion affected flow duringgdes in which the OFT walls were
either expanding or contracting (see Supplemenigliré 6.3), but not significantly
during peak flow. Because of the curvature of tHelrOcomputed blood flow velocities
slightly skewed towards the OFT inner curvaturg(iFé 6.7D). Further, the presence of
cushions, which rendered an elliptical lumen cresstion, resulted in a non-uniform
flow distribution: with maximum velocity around tleenter of the elliptical section, but
maximum gradients of velocity towards the directafnthe cushion (see Supplemental

Video 6.3).
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Figure 6.8 Temporal and spatial distribution of wall sheaest#(WSS) magnitude on the OF
lumen surface. (A) Spatial distribution of maxif#6S magnitude on the OFT lumen surface when
the OFT is fully expanded; (B) OFT lumen surfacewging 4 selected locations (1-4) at three
cross-sections near the OFT inlet (1), middle (&Hd the outlet (O). Points 1 and 3 are along the
minor axis of the elliptical cross-section, repres® the cushion region; points 2 and 4 are along
major axis, represent the region without cushid®xE} Temporal variations of WSS at the 4
selected locations at cross-sections |, M, ance€pectively.
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The described distribution of flow within the OHREsulted in a heterogeneous
distribution of WSS on the OFT endocardium. Figar@A shows that the largest WSS
occurs at the distal portion of the OFT during @ET maximal expansion. Temporal
variation of WSS was analyzed at 3 luminal crosdiges near the OFT inlet, middle,
and outlet (see Figure 6.8B). At each ellipticalss-section, 4 representative locations,
with 1 and 3 at the minor axis of the ellipse reprging the regions on the cushion
surface, and with 2 and 4 at the major axis reptesg the region without cushion. In
addition, location 2 further represent the regiowdrds the OFT inner curvature, and 4
the region towards the outer curvature. We fourat IWSS on the cushion surface is
larger than the regions without cushion, consigteat the 3 selected cross-sections
(Figures 6.8C-E). We also observed that near th& @Fet WSS in the OFT inner

curvature is larger than the regions towards theraurvature (Figure 6.8C).

6.4 Discussion

During early development, the OFT acts as a pruitralve: it allows blood ejection
from the ventricle to the arterial system duringitvieular systole, and prevents backflow
during ventricular diastole. Proper function of DET is thus critical for cardiac function
and further cardiac development. The biomechamicaironment to which the OFT cells
are subjected, determines the fate of the intraierdar septum and semilunar valves,
which develop from the OFT after stage HH24. Thaneeit is important to quantify this
biomechanical environment during the cardiac cydte.this paper, we focused on
characterizing then vivo cyclic motion of the OFT walls and blood flow dyn@s
within the OFT of chicken embryos at HH18.
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Analyses of 4D OCT images allowed us to quarthifydetails of thén vivo motion of
the OFT walls and their interaction with blood flowo characterize blood flow
dynamics within the OFTn vivo, we used Doppler OCT and CFD modeling. Phase
measurements from Doppler OCT allowed correlatietwben cardiac wall motion and
blood flow within the OFT. To further characteridetailed blood flow dynamics in the
OFT we employed a subject-specific CFD model of ¢heek OFT. This CFD model
allowed quantification of the details of blood flowithin the OFT as well as
guantification of the WSS exerted by blood flow the walls of the OFT. In what
follows, we will discuss each of these measurenierethods and their limitations, and

how they contribute to our understanding of the @&&chanics at HH18.

6.4.1 Limitations and assumptions of our analyses

4D OCT images were analyzed to characterize OFTomaluring the cardiac cycle. In
general, variations in imaging results came fromeeéhmain sources: (1) biological
variations of the embryos, (2) experimental condii, and (3) image quality and image
processing procedures, including 4D image recocstru and image segmentation.
Biological variations of embryos are inevitabledaour analyses aim to characterize
variations in cardiac OFT function among 7 nornrabeyos. Efforts have been made to
minimize variations in experimental conditions: e tightly controlled temperature
(within 1° C) during image acquisition, which resulted in rofpas of cardiac period
during acquisition of only up to 7%; and ii) we efully examine the status of embryos
prior to and after image acquisition; embryos smgaany signs of bleeding or abnormal
wall motion were excluded from the analysis. Tousashe accuracy of the 4D image
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reconstruction, we compared OFT wall dynamics fréongitudinal OCT images
extracted from the reconstructed images with thiogen direct OCT imaging. Phase
errors in the 4D reconstructed images were estanébe be 0.04+0.02T. We also
estimated errors in image segmentation by compargsplts from the employed
automatic segmentation procedure against manuamesggtion. We found that
maximum differences in calculated areas as wepesk contraction strains were about
10% and occurred in the middle region of the OFB)(IOCT image quality (signal to
noise ratio) deteriorated with increased penetnatiepth, and thus affected image and
image segmentation of the distal portion of the B4 and L5, see Figures 6.1M and
N), which also explains the large variations obedrin this region (see Table 6.1).
Overall, errors were small, and 4D OCT imaging \aéd us to accurately study the

motion of the chick heart OFT wall.

To simplify the analysis of the 4D reconstruciethges, we analyzed 2D image
sequences from 5 locations along the OFT (L1 toHi§ure 6.1C). For these locations,
image planes were fixed in space and were perpeladito the OFT centerline when the
OFT was most constricted. During the cardiac cyttle, motion of the heart slightly
changes the position of the OFT centerline. Thigt sh the centerline direction,
however, was calculated to be small (within 10 deg) at any of the chosen planes, so
that the analyzed 2D planes were approximately guehigular to the OFT centerline
during the whole cardiac cycle. More importantly,fixing the imaging planes in space,
the image sequences showed the combined effecFof épansion and contraction in
both radial and longitudinal directions. We obsedrtieat the longitudinal motion of the

OFT wall decreased distally towards the aortic sabjch seems to be tethered.
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Proximally, however, the contraction and expansibtine ventricle imposed a noticeable
motion on the OFT inlet. By tracking an anatomilzaddmark of the OFT, namely the
sharp curve that the cardiac wall forms at therssetion between the OFT and the
ventricle (Figure 6.1C, the yellow point), we foutite OFT wall moved longitudinally
(approximately along the centerline direction) abb#0 um over the cardiac cycle (see
Supplemental Video 6.4). This motion is significaansidering that the length of the
OFT is about 60@um. To more closely examine the effects of this ludinal motion,
we extracted cross-sectional images near the OBRmepl L1 and L2, but so that the
planes of these cross-sectional images approxindtdowed the OFT longitudinal
motion, estimated from the motion of the OFT landim@ee Supplemental Figure 6.4).
We found that the effects of longitudinal motionrevenainly confined to the proximal
region of the OFT (the OFT inlet). Without correcfifor the longitudinal motion, our
analysis slightly overestimated the amplitude & @FT wall motion (within 10%) with
largest deviations occurring during maximal OFT angion. While specific values

varied, general trends in the motion of the OF Tewest affected.

This simplified analysis also affected strainco#tions. The strains were analyzed
over cross-sections that were fixed in space, rdatte moving with the cardiac tissue.
Further, our approach could not resolve the residtrains (or morphogenetic strains)
that arise during cardiac development due to tiggosvth. '™ The strains quantified
here, however, give a good estimation of changestrains imposed on cardiac cells

during the cardiac cycle

A dynamic CFD model of the OFT was used to ¢barmlood flow dynamics
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within the OFT and the distribution of WSS in thedecardium. For this CFD model, the
motion of the cardiac walls was quantified from Bmawvall segmentations of selected
cross-sections (L1-L5) from a representative embhygart OFT. While lumen
cross-sections were assumed to be elliptical inGR® model, this assumption should
not significantly affect results, as blood flow acg when the OFT walls are open, and
lumen cross-sections most closely resemble theesb&@n ellipse (see Supplemental
Figure 6.2). Our models, further, were restrictedthte time span during which blood
flow could be measured within the OFT (~0.5T). ma&acies in flow calculations will
thus be more important in the initial and final fpams of the calculated flow time frame
within the cardiac cycle. Even though wall motiavere extracted from OCT images of a
single embryo, and thus were subject-specific, dlgessure measurements were
obtained from another embryo. This is becausenutdtions in performing both imaging
and pressure measurements procedures in the saongosmA more detailed, sensitivity
analysis of the effects of small changes in blomsgure and wall motion on blood flow
dynamics were performed in Chapter 4 and Chaptgefer to Section 4.4.2, Section
4.4.3, and Section 5.7). Given these limitations, 6FD model of the OFT, provided
valuable insights into the dynamics of blood flowthe OFT and estimations of the

temporal and spatial variations of WSS on the ORdoeardium.

6.4.2 OFT function isregulated by the interaction between the cardiac wall

and blood flow

OFT function is determined by the interaction of ttardiac wall layers (myocardium,
cardiac jelly and endocardium) with the flowing &b 4D images of the chick heart OFT
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at HH18 showed a peristaltic-like motion, in whitte OFT lumen closes with a phase
lag proximally to distally, in agreement with piews works>* Our analyses of 4D
OCT images of thén vivo heart OFT allowed us to visualize and quantify thog first
time the detailed motion of each layer of the HHABT wall and their interaction with

blood flow.

6.4.2.1 Myocardium

In the embryonic heart, the myocardium activelytcacts during the cardiac cycle to
pump blood through the heart. In the OFT, the mxdiaeh wall exhibited different
behavior proximally (inlet) and distally (outlet)Myocardial contraction rates and the
amplitude of myocardial wall motiod\R) decreased distally, resulting in circumferential
strains and contraction strain rates that wereifstgntly lower at the distal OFT than at
the proximal region. The different proximal/dista¢éhaviors of the OFT myocardium
layer observed from OCT images suggested that igtal FT wall may not actively
contract, but may simply expand and contract foilgnintracardiac pressure changes
(Figs 6.5F and 6.6). Two possibilities may explailack or reduced active contraction of
the OFT wall: (1) the OFT wall consists of proximatyocardium and distal
non-myocardium components; and (2) the myocarditirthe distal OFT is not fully
functional. Recently, immunofluorescent stainingpwhd that the entire OFT external
layer exhibited myocardial phenotype at HH18; noypoardium appears at the arterial
pole at HH24 (24 hrs latet® Further, from stage HH14 to HH20, the OFT lengghéf
cells migrate from the secondary heart field to @€T from the arterial pole, and are

then induced to differentiate into OFT myocarditifhTherefore, although the distal
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myocardium exhibits myocardial phenotype, the neadged myocardium may not be
fully functional because active contraction of thgocardium requires assembling and
organization of myofibrils> Immature myocardium has fewer and/or less-oriented
myofibrils that are incapable of coordinated coctitm’® Taken together, our results
suggest, along the cardiac OFT wall, the myocardiismat different levels of
development, with mature myocardium at the proximegion and relatively more

immature myocardium at the distal region.

Contraction and expansion of the OFT myocardiumcuged both in the
circumferential direction (changes in radius thaad to changes in myocardium
perimeter and thickness) and longitudinal directjonanges in axial length). From the
most constricted to the most expanded configuratitre myocardium stretches between
20 and 40% in the circumferential direction, andwt20% in the longitudinal direction.
Our estimation for the peak longitudinal stretciited OFT myocardium agrees well with
reported peak longitudinal strain of the primitiventricle (0.13-0.16) at HH18?
Further, our calculated circumferential strains evan agreement with reported
circumferential fractional shortening of sarcomspacing (0.40 +0.04) along the inner

ventricular myocardium of HH23 chick embry$s.

While we could quantify circumferential stretchasd their variation along the OFT
wall (e.g., peak compression strains were lowetattysthan proximally), we assumed
that longitudinal stretches were uniform. If thissamption is true, then, peak
circumferential strains at the proximal OFT (L1-Ldde larger than peak longitudinal

strains, indicating that the OFT is contractingwarily in the circumferential direction.
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This is in agreement with the preferential circurafeial orientation of the myocardium
fibrils found in the OFT#? In contrast, the distal OFT (L5) has a more iguitrtrain
pattern, with similar circumferential and longitodl strains, suggesting a less organized
myocardium fibril network. Due to the cyclic exp#&rs and compression of the
myocardium wall, and the incompressibility of thgaoardium, its thickness changes by
about 10%. Therefore, during the cardiac cycle eyiies are subjected to large cyclic

strains. These strains likely affect myocyte fumictand proliferation.

The cyclic motion of the OFT wall and its intetian with blood flow generates cyclic
wall stresses in the myocardium. In the vasculatameumferential wall stresses are
generally uniform along the radial direction, antk darger than radial stresses.
Frequently, vascular circumferential wall stresaes estimated using the Laplace 4.
184 The Laplace law, however, was derived assumingradylindrical structure that is
loaded with an internal pressure, under steade-stamditions. Although this is not true
in the developing heart, if we neglect stressethencardiac jelly and assume that the
myocardium bears the stress in the OFT wall, amtesithe structure of the OFT
myocardium resembles a cylinder, Laplace law candsel to estimate the magnitude of
wall stresses, and the magnitude of wall stressgd® over the cardiac cycle. More
accurate quantifications of wall stresses will iegjmore detailed models that are outside
the scope of this paper. Our results showed thdit stess in the OFT myocardium
increases towards the distal region of the OFTs Tkemained true even if the phase
between wall motion and blood pressure (which isuagertainty of our models) was
allowed to change (see Supplemental Figure 6.5% iBHbecause blood pressures along

the OFT decrease only slightly, while the myocantilayer tapered and its thickness
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decreased distally, resulting in larger distal watlesses. While this result will need
further confirmation, it suggests that, during nafndevelopment, the OFT wall is
subjected to a spatial (proximal to distal) gratliehwall stresses. Because wall stress
has been proposed to be a critical biomechanicatoifaregulating myocardium
proliferation in the embryonic hedn,'® this finding could have implications for normal

cardiac development.

6.4.2.2 Cardiacjelly

Consistent with previous studigsywe have observed evidence of two pairs of cardiac
cushions spirally distributed along the OFT (Figu6elE-I). The proximal cushions had
the largest cardiac jelly mass, especially near@#d inlet (Figure 6.6A). Over the
cross-section, cardiac jelly motion is constrair®d molecular tethers between the
endocardium and myocardium layers, typically lodaé regions of lower cardiac jelly
thickness, and that separate the cardiac jelly rmasswo opposite cardiac cushiofls.
134 Our OCT images showed folding of the endocardilmat twas consistent with
tethering regions (points in the OCT image crostises). OCT images further showed
that the spatial distribution of cardiac jelly (atidis cardiac cushions) was associated
with the eccentric deformation of the myocardiund @ahe shape of the lumen (Figure
6.1). The uneven distribution of cardiac jelly, fong opposing cardiac cushions
facilitates lumen closure during OFT myocardial tcaction, and thus presumably

enabled the OFT to function as an effective prieitralve.

Over the cardiac cycle, the area of cardiac f@lyneasure of cardiac jelly mass) at any
given cross-section changed by about 30% (see Tab)e This change in cardiac jelly
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area was about the same for all the cross-secaond/zed (L1 to L5) even though
cardiac jelly area, and thus cardiac jelly massretesed distally (from L1 to L5). Thus,
changes in cardiac jelly mass seem to occur lgcalith cardiac jelly mass displacing
only relatively short distances in the longitudigakial) OFT direction. OCT images of
the OFT further revealed a wave-like change of ieargelly mass along the OFT (see
Supplemental Video 6.5), similar to that observadthe AV canal of HH17 chick
embryos® These variations in cardiac jelly mass over timeelikely due to two factors:
(1) lateral motions of cardiac jelly due to hemoalyric forces (blood pressure and shear
stress); and (2) the longitudinal cyclic stretctirf myocardium, which also stretches the
jelly longitudinally. Lateral motions of the cardigelly due to hemodynamic forces, were
consistent with the characteristics and materiaperties of the cardiac jelly at early
developmental stages. At HH18, the cardiac jellytha OFT is mainly composed of
glycosaminoglycan¥’ which makes it very soft and easy to defdfi®® Thus lateral
motion of the cardiac jelly is feasible under tlaian of biomechanical forces. Larger
cardiac jelly areas mainly correlated with a closethen (see Figures 6.5B-F), when
blood pressure from the ventricle was low (FiguréA§. There was however a slight
increase in cardiac jelly area when the myocarditarted to relax, which might indicate
lateral motion of the cardiac jelly. This motioricaved the lumen to remain closed even
after myocardium relaxation started. The smallestdiac jelly area correlated with
maximal lumen expansion, when blood pressure an8 W&e high (Figure 6.6A). Thus
it is plausible that pressures and wall shear steproduced some longitudinal motion of
cardiac jelly mass. The large area changes extiliiethe cardiac jelly can also be

partially explained by the longitudinal deformatiohthe OFT. Upon OFT expansion the
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myocardium stretches about 20% in the longitudidiaéction, cardiac jelly had to
distribute along the stretched OFT length, prodg@rdecrease in the area of the cardiac
jelly at a given cross-section (which is fixed ipase). OCT images revealed that this
longitudinal expansion occurred approximately imgd with radial OFT expansion, and
thus minimum cardiac jelly area would occur durimgximal myocardium expansion
and maximal cardiac jelly areas during OFT wall tcaction, as shown in Figures
6.5B-F. The longitudinal stretch of the myocardiwould account for about 20%
variation in cardiac jelly at a given cross sectiand thus could account for most of the
changes in cardiac jelly observed, with lateraiggxmotion of cardiac cushions perhaps
accounting for the remaining 10% change, althobghis probably an overestimation, as
errors in cardiac jelly area quantification candsehigh as 0.005 nfniabout 50% of
cardiac jelly area at distal OFT). Our results fsjghat lateral motion of the cardiac

cushions in response to hemodynamic forces isvelgtsmall.

6.4.2.3 Endocardium

The circumferential strain in the endocardium wegeér than that in the myocardium,
especially at the middle region of the OFT (Figar&C). Compared to the myocardium,
the lumen undergoes larger cyclic area changesi@sg.2A and 6.4A), attributed to the
soft cardiac jelly in between the myocardium anchén. To avoid overstretch, during
maximal contraction, the endocardium folds withimegular shape to reduce the cyclic

change in its perimeter (Figure 6.1). This phenasnemas also been notic&d.

6.4.2.4 Lumen

The OFT lumen exhibits large changes in area fromptete closure to maximal wall
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expansion. A large lumen area allows blood to plassugh the OFT during ventricular
blood ejection; while lumen closure prevents bamkflduring ventricular diastole.
Locally (at each cross-section analyzed) the lumas fully closed for up to 0.3T, with
largest closure time found at the middle regionhef OFT, L3 (Figure 6.5D). However,
due to the peristaltic motion of the OFT walls, tB&T was closed for about 0.5T,
consistent with the ~0.5T duration of zero bloodwflin the OFT measured using
Doppler Ultrasountf® and Doppler OCT. The long closure time of the OBffen

suggests that the OFT functions as an effectiveeyalhich ensures sufficient ventricular

filling time while preventing backflow.

The uneven distribution of cardiac jelly arourige tmyocardium layer renders an
approximately elliptical lumen shape. Over the @ardcycle, the shape ratio of the
ellipse changes (see Table 6.1), so that upon naxivall expansion the OFT lumen
resembles a circle. Elliptical shape of lumen cismsgtion has been shown to be more
biomechanically efficient than a circular lumensgeection both to pump blood and to
achieve full lumen closur€? The interaction between the cardiac jelly and e

important for the OFT to function as an effectizve.

The mechanical behavior of the lumen reflects ititeraction between blood flow
dynamics and the OFT wall. The peristaltic-likehaettontraction of the myocardium not
only lengthens the closure time of the OFT lumen-@bT, but because the proximal
myocardium contracted before the blood fully pas$sedugh the OFT, the OFT active
wall contraction transmitted momentum to the blofbdwing through the OFT,

facilitating blood flow through the OFT (see Suppéntal Figure 6.3). On the other
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hand, blood flow within the lumen affects the babawf the OFT wall. When blood
exits the ventricle, the high pressure in the blbkely contributes to the fast expansion

of the OFT wall.

6.4.3 Blood flow dynamicsresultsin a non-uniform distribution of wall shear

stressesin the OFT endocardium.

Our CFD model of the OFT revealed the details eflitood flow velocity profile within
the OFT and the distribution of WSS. Maximum Rewsohumber in the OFT (a
measure of the ratio of inertial to viscous forogay about 5, and thus blood flow inertia
and the effect of OFT wall motion on blood flow kit the OFT could not be completely
neglected. This can be seen by comparing resuttnga from CFD models in which
inertial effects are fully considered, versus reswlbtained under ‘quasi steady-state’
conditions, when the wall moves but inertial effeetre neglected (see Supplemental
Figure 6.3). This shows that while CFD models veititic geometries can estimate blood
flow velocities and WSS during the ejection phasdynamic CFD model that accounts
for heart wall motion is needed to get more pregsantifications of WSS and its

changes during the cardiac cycle.

Our CFD models revealed a heterogeneous disoibof WSS in the embryonic OFT.
Calculated WSS were higher at the cushion surfaged, at the inner curvature and
narrow regions (see also in Chapter 4 and Chapteftte distribution of high WSS
correlated well in locations with shear respongieaes (e.g., KLF2 and eNOS) which
preferentially expressed at high shear stress megad the inner curvature and narrowest

part of the OF
181



In vitro studies have shown that endothelial cells canes&4SS as low as 0.1 Pa
within milliseconds.® 3¢ ECs then convert mechanical stimuli into intradell signals
that affect cellular gene expression and in turliulee functions, e.g., proliferation,
apoptosis, migration, permeability and remodelifgus, in the embryonic heart, ECs

can sense and respond to variations in WSS wikieircardiac cycle® 1%

Our results showed that cardiac cells in the OFF sarbjected to a combinations of
biomechanical stimuli (stress and strain). Furtttes biomechanical environment to
which cells are subjected vary in time over thedzar cycle and along the spatial
location in the OFT wall. This non-uniform distriiian of WSS, strains and wall stress in
the OFT wall likely generate regional-specific ol responses within the OFT, and
thus could contribute to the extensive remodelind morphogenetic events that occur

later in the OFT.

6.5 Data supplement
Supplemental Videos:
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Ventricle side

Aortic sac side

Supplemental Video 6.1 4D geometry ofhe OFT of a HH18 chick embryreconstructed from th
4D OCT image da.
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Supplemental Video 6.2 Tempc-spatial distribution of blood flow fielin the OFT of a HH18 chic
embryo. The blood flow field was predicted with 82 dynamic FE model of the OFT. For
simplicity, blood flow profiles were depicted alotitge major axis of the elliptical cross-sections
near the OFT inlet (1), middle (M), and the ouf@).
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Supplemental Video 6.3 Tempc-spatial variation of wall shr stress (WSS) on the Of
endocardium of a HH18 chick embryo. WSS was predigiith the 3D dynamic FE model of the
OFT.

Supplemental Video 6.4 OCT images of a OFlongitudinal sectiorof a HH18 chick embry. A
landmark point (red point) shows the longitudinaition of the OFT over the cardiac cycle.
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Supplemental Video 6.5 OCT images of ¢ OFT longitudinal section of a HH18 chick embi
showing the wave-like motion of the cardiac jellgreg the OFT.

Supplemental Figures
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Supplemental Figure 6.1 Temporal variatio of circumferential stras in the endocardium at
selected OFT cross-sections.
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(A) (B)

Supplemental Figure 6.2 lllustration of image processing on OCT ime of the OF1. Segmente
contours of the OFT lumen (yellow), the interiorubdary (green) and the exterior boundary
(purple) of the myocardium are overlaid on crosgieaal OCT images, when the OFT is fully (A)
contracted and (B) expanded. An elliptical modeé (green curve) that fit the lumen is overlaid on
the OCT images of the same OFT cross-section, vitberOFT is fully (C) contracted and (D)
expanded.
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Supplemental Figure 6.3 Comparisos of predicted centerlinevelocity profiles betweerthe
assumptions of a transient flow and a quasi-stdlasly in FE modeling of the OFT: (A) near the
inlet, (B) middle, and (C) outlet. The locationsrrespond to L2, L3 and L4 in image analysis,
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Supplemental Figure 6.4 OCT image of longitucinal section of the OFT, showi the location:

of two cross-sections L1’ and L2’ to estimate tfffects of longitudinal motion on image analysis.
The two cross-sections are extracted from the 40 @@age data that are perpendicular to the
OFT axial centerline and move with the OFT longitadly over the cardiac cycle.
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Supplemental Figure 6.5 Effects of phase relationship betweP, andR on the wall stress in t
myocardium at (A) the OFT inlet and (B) the outl®t, 0.1T, 0.2T, 0.3T, and 0.4T are conjectured
phase lags of peak,Rvith respect to peak Ry Pthe ventricular pressure; R, effective radiushef

myocardium; T, the cardiac cycle.
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Chapter 7: Changesin wall dynamics and biomechanical
environment in the heart outflow tract after one hour banding

in chicken embryos

7.1 Introduction

Cardiac development is governed by the dynamicraot®n of genetic program and
environmental factors. Disturbances in environmlerfectors may alter genetic
expression and lead to congenital heart diseasasgddital heart diseases affect about
1% live births, and are responsible for about 1@Mbisths, and possibly up to 20% of
spontaneous miscarriages in the ¥&Environmental factors include the biomechanical
environment (i.e., biomechanical stresses andnsiyawhich cardiac cells can sense and
respond with a cascade of genetic pathways, regglaellular behaviors and genetic
expressiorf:: 4% 47 192.19%y,dies on animal models have shown thaiivo disturbances

in wall dynamics or blood flow dynamics affect HhHedevelopment and reproduced
heart defects similar to human congenital heareaties! ** >8 19 9%owever, how
cellular adaptations that occur in response to a@vis from normal biomechanical
environment affect heart development remain ungfeatly due to paucity of knowledge

on the biomechanical environment which cardiacseetiperiencen vivo.

To study the roles of biomechanical factors inyelaeart development, we used chick
embryos as the animal model, which have the adgestaf fast development and easy
access. At an early stage of HH18, the chick hieaat looped S-shape heart tube with

five distinguishable heart segments: the sinus sw@®0 primitive atrium, primitive
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ventricle, and outflow tract (OFT) connected iniegt’ The tubular heart has been
dynamically contracting and pumping blood flow tgply embryo developmefit.The
heart tube has no valves; blood flow from the velgrto the arterial system is regulated
through the cardiac cushions and dynamic wall ot the heart OF T 2" %€ The
OFT, the distal region of the heart where futurmisenar valves develop, undergoes
intensive morphogenetic remodelitfy>® The morphogenesis of the OFT is sensitive to
perturbations in the biomechanical environment anohe to heart defectS.In this
thesis, we focused on the chick heart OFT to stilndy roles of the biomechanical

environment in early heart development.

Outflow tract banding (OTB) is a surgical proceglfrequently used to alter blood
flow dynamics through the heart at early developtalestages® *> *°In OTB, the OFT
is tied with a suture that restricts the OFT lurhiagea at the banding site, increasing
ventricular blood pressure and perturbing blooavflmttern within the OFT lume'i: >
OTB leads to a spectrum of cardiac defects assatiatith the OFT, including
ventricular septum defects, double outlet right ttiele, and persistent truncus
arteriosus> However, how OTB affect wall dynamics and hemodyita in the OFT
remain under-characterized. We focus here on bibarécal changes in the OFT wall
motion and hemodynamics that occur right after Ob&pre cardiac cells have time to

biologically adapt to them.

Our objective in this chapter was to quantify tbleganges in the biomechanical
environment introduced by OTB in HH18 chick embrydssing optical coherence

tomography (OCT), we acquired 4D images of thelcI&T in vivo and quantified the
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changes in wall dynamics of the OFT over the cardiaxle. To characterize the changes
in hemodynamics in the OFT, we measunedivo the ventricular pressures and blood
flow patterns in the OFT. Based on the images dydiplogical pressure measurements,
we estimated the changes in the biomechanicalnstrand stresses which the cardiac
cells in the OFT wall are subjected o vivo. Our findings allow us to understand

whether and how early changes in biomechanicaldtaetermine the fate of the heart.

7.2 Methods

7.2.1 Chick embryo preparation

Fertilized white Leghorn eggs were incubated 3 °C and 80% humidity for
approximately 72 hours to Hamilton-Hamburg (HH)g&td.8 (embryo staging followed
standard procedur®}. Right before imaging or pressure measuremesmall window
was opened on the egg shell and the underlying mermabwas removed to expose the
embryo heart. Since temperature affects cardiactifum during data acquisition the
temperature of the chick embryo was maintained7b + 0.5 °C within a warming

chamber or a heat lamp using a temperature coertroll

Two groups of chick embryos were studied: (1pemal control group (n = 7) and (2)
an OTB group (n = 5). For the normal control gromp, further procedures were
performed. For the OTB group, the stage HH18 ckitkryonic hearts were tied with a
10-0 nylon suture at the OFT inlet region whichtigdly constricted the luminal area at
the banding site. Immediately after OTB, the egegllshas resealed with a parafilm and

re-incubated for an hour before imaging and presswasurement were performed.
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7.2.2 4D imaging using OCT

We used a spectral-domain OCT customized to imagestructure of the chick OFT in
ovo.®® The OCT system yielded an axial spatial resolutibh0 pm and a lateral spatial
resolution of 16 pum. Using this system we acquiredges of 512x 256 pixels (256
A-scans) at 140 frames per second. To capture §fmantics of the fast beating
embryonic heart (typical heart rate is 2.5 Hz atll8{ we used a 4D imaging strategy
and synchronization procedure to acquire and reamis4D imaging data sets of the
chick OFT (see details in Chapter 2). 4D image datis of the OFT were visualized

using the software Amira 5.2.2.

7.2.3 Image processing

To extract dynamic geometric information of the Ofdm the 4D OCT images, we
developed a set of image-analysis algorithms udftaglab (Mathworks, details see
Chapter 3). We first segmented the lumen-wall fater of the OFT from a 3D-image
dataset at a phase when the OFT was most condteaote then calculated the centerline
along the axis of the OFT (details see ChapterF8)m the 4D reconstruction, we
extracted 2D image sequences at 5 evenly spacad-seations perpendicular to the
centerline near the OFT inlet, middle upstream,dheid middle downstream, and the
outlet (L1-L5, see Figure 7.1). From the extradm@dge sequences, we delineated the
boundaries of the OFT myocardium and lumen framérdaye during the cardiac cycle,

and calculated the areas and perimeters of thef@HUrther analysis.
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Figure 7.1 OCT images of the hea
OFT. (A) A longitudinal section of a
normal OFT when the OFT s
constricted, overlaid lines showing
the locations where 5 cross-sections
were extracted from the 4D OCT
images of the OFT. (B) A
longitudinal cross-section of a
banded OFT, arrows showing the
band. The cross-sections at locations
1-5 (C-G) at OFT maximal
contracted state, and (H-L) at OFT
maximal expansion state. The yellow
lines in (C, D, E, and G) show the
changes in the orientation of the
OFT Iumen along the OFT. M,
myocardium; L, lumen; CJ, cardiac
jelly; SPL, splanchnopleure
membrane. Scar bar = 200 pm.

7.2.4 Metricsfor geometry and wall dynamics

To quantify the OFT dynamic geometry and identifydhanges due to OTB, we defined
metrics based on the areas of the lumep) @nd interior of the myocardiunify),
calculated from the segmented contours of the mgaoa and lumen. The dimensional
changes were characterized by the internal radiukeomyocardiuR = m AL
and the area of cardiac jelly {4 over the cardiac cycle; A was calculated as the
difference in areas betweenyAand A. The wall thickness of the myocardium was

extracted as the difference between the exteridiiraerior contours of the myocardium.

To study the wall dynamics of the OFT myocardiwe,defined amplitude of the wall

motion (AR = R,4x — Rmin), @nd radial velocity of the wall (¥ = dR/dt). The
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deformation patterns of the OFT wall were charamter with circumferential and radial

strains. The radial strain in the myocardium wdied as

& = (h — hpay) /hmax (7.1)

where h is the average thickness of myocardiunh@tQFT cross-section considered,
calculated from images. The circumferential striairthe myocardium or endocardium

was estimated by:

g9 = (C — Cmax)/Crmax (7.2)

where C is the perimeter of the interior bounddrihe myocardium or exterior boundary
of the lumen, calculated from image segmentatidre €ircumferential strain rate was

defined asdgg/dt.

To quantify the valve-like behavior of the OFfigrh the extracted OFT cross-sections,
we also extracted M-mode images along a line pelipelar to the slit-like lumen when
the OFT is most constricted (refer to Figures 7Cland 7.11D). From these M-mode
images, we identified and quantified the temporatatdons of luminal expansion
(Te=to-t1), contraction (T=ts-ty), and closure (JosursT-Te-Tc), Where 1 is the onset of
expansion defined as the point that the two sidete lumen diverge in the M-mode
image, 1 is the onset of contraction defined at the maxilmalinal expansion, and ts
the onset of closure defined at the point thattthe sides of the lumen converge. The
closures of the entire OFT were calculated fromdifierence in 4 at positions L1 and

L5.
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7.2.5 Pressur e measur ement

We used a servo-null micro-pressure system (Mod&ILN, Instrumentation for
Physiology and Medicine, San Diego, CA) to measlwed pressures in normal (n = 29)
and OTB (n = 6) chick embryonic hearts at HH18.sBuee measurement followed
standard procedure¥? Briefly, pressure traces were sampled at 100 Hx avleast 10
cardiac cycles in the primitive right ventriculaggion, which is immediately upstream
the OFT. We used minimal pressures as zero presBalewing Hu and colleagues’
definitions’*® end-systole pressure.{Pwas defined as the pressure at the maximal rate

of pressure decreasing (minimal dP/dt). Here, wer@apmated end-diastole pressure

(Peg) With the pressure with the maximal rate of pressacreasing (maximal dP/dt).

We assumed that the OFT was a pressurized cylindéh thin wall. The

circumferential wall stress, in the myocardium was estimated using Laplace law:
op = PR/h (7.3)

where P is the intracardiac pressure, R is theianteadius of the myocardium, and h is

the averaged wall thickness of the cross-sectiosidered.

7.2.6 Doppler ultrasound flow measurement

We used a Vevo 2100 ultrasound imaging system eqdipvith a MS-550S transducer
(VisualSonics, Inc., Toronto, Canada) to measueebthod flow in the OFT of normal (n
= 11) and banded (n = 10) chick embryos at HH18per ultrasound imaging was
performed in pulsed-wave Doppler mode as previodskcribed®® 1’ Centerline blood

flow velocity was acquired at 3 locations along tieart OFT, near the OFT inlet (the
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banding site), middle, and outlet. The 3 locatiarese chosen roughly corresponding to
positions L2, L3 and L4 in the 4D OCT images (referFigure 7.1). At each selected
location of the OFT (inlet, middle and outlet), pagelocities were averaged over three

consecutive cardiac cycles and among at leastit@ embryos.

7.2.7 Statistical analysis

Image data, pressure data and velocities dataamailgzed between the normal and OTB
groups using Student’s t-test, with statisticailgngficance defined as a p valve <0.05.

Values were represented as mean =STD.

7.3 Results

7.3.1 Changesin OFT geometry and wall dynamics

7.3.1.1 Myocardium

Compared to the normal group, the dimensions ofrigecardium (both Rax and Ruin)
did not change significantly, except that the maimadius at L5 significantly reduced
(Figure 7.2). The amplitude of wall motion redudednediately after the banding site
(i.e., L3, Figure 7.2). We used the maximal expansiadial velocityV g, ,.x during
OFT expansion and maximal contractive radial v&yodi §, ,,.x during OFT contraction
to characterize the dynamics of the OFT myocardidi).,,.x Of the myocardium was
not affected (Figure 7.3V, nax Of the myocardium declined prior to the band (L1),

whereas at and after the band, change®g jn,.x was not found significant.
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Figure 7.2 Comparison of the maximal, minimal, and cyclic changes in the radium of the interior
myocardium at the 5 selected OFT cross-sections between (A) normal and (B) OTB chick
embryonic hearts. * indicates significantly different from normal (p<0.05).
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Figure 7.3 Maximal expansion and contraction radial velocities of the myocardium at the 5 selected
OFT cross-sections of (A) normal and (B) OTB chick embryonic hearts. * indicates significantly
different from normal (p<0.05).

A noteworthy change was the peristaltic motion of the myocardium, manifested as a
sequential appearance of Ry from the OFT inlet (L1) to the outlet (L5) (see Figure
7.4A). In normal embryos, a phase lag in Rmax between the OFT inlet and outlet was
estimated about 0.13T+ 0.03T. Out of the five OTB chick embryos studied here, two
embryos exhibited altered peristaltic motion, and among the OTB chicks, two opposite

phenotypes were observed: (1) an increase in phase lag in Rmax (0.29T) and (2) a decrease
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in phase lag in Rax (0.03T) between the OFT inlet and outlet. Theelatesponse was
depicted in Figure 7.4B, showing that,fR of the myocardium occurred almost

simultaneously along the OFT.
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Figure 7.4 Temporal variation of the interior radium of the Diyocardium over a cardiac cycle
5 selected OFT cross-sections of (A) a represertatirmal and (B) a typical OTB chick embryo.

7.3.1.2 Cardiacjelly

Similar to the control, along the OFT the OTB endsyrad more cardiac jelly (maximal
and minimal cardiac jelly areas in Figure 7.5) rilstted proximately (L1-L2) than at the
distal region; cardiac jelly reduced fast at L2 &3¢ and remained almost constant at L4
and L5. Consistent with the distribution of cardjatly, the proximal region had the
largest cyclic changes (the difference in maximad aninimal areas in Figure 7.5 and
Figure 7.6). We did not find the reduction in cadijelly areas and the cyclic area
changes due to OTB significant in any of the 5 fimees of OTB embryos (Figure 7.5). In
the particular OTB embryo shown in Figure 7.6, vatiged that dynamics of cardiac
jelly was distinctly different from that of the moal embryo: (1) the maximal area of the

cardiac jelly at L1 occurred right before maximajovardium expansion (refer to Figure
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7.4B), later in the cardiac cycle than its normahteol, which occurred at initial
expansion phase of the myocardium (refer to Figudd\); (2) the area changes of the
cardiac jelly reduced at and immediately afterlihad (L2-L3); (3) peristaltic occurrence
of maximal jelly area along the OFT was disturbBde changes in the dynamics of the
cardiac jelly were best visualized in a longitudimdew and a frontal view

simultaneously (see Supplemental Videos 7.1 and 7.2
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Figure 7.5 Comparison of the maximal, minimal areas and cyale&a changes of the cardiac jelly
the 5 selected OFT cross-sections between (A) danth(B) OTB chick embryonic hearts.

_ ®)
NE 0.06 0.06

‘g 0.05

> 0.05 .

O}

S o0m 0.04

8

T 003 0.03

©

(]

2 002 0.02

=)

Y

S 001 - 0.01 -

(5]

g

<< 0 T T T T 1 0 T T T T 1

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t/T t/T

Figure 7.6 Temporal variation in the areas of the cardiacyjadt the 5 selected OF
cross-sections of (A) a representative normal d@jdal representative OTB chick embryonic
heart.
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7.3.1.3 Lumen

The effects of OTB were apparent in luminal ar€@emparing to the control, the
maximal luminal area and cyclic area change ndbigeeeduced at and immediately after
the band (i.e., L2-L3, see Figure 7.7 and Figu®. mhe minimal luminal area increased
prior to the band (L1), whereas the minimal areh%Stvas seen significantly decreased
(see Figure 7.7 and Figure 7.8). The increase mmail area at L1 was partly attributed
to inability to empty the blood prior to the bandedo increased afterload; detainment of
blood in the OFT lumen at maximal constricted waseoved in 2 out of 5 OTB chicks.
The increase in minimal area at L1 was also paatyibute to the increase of
endocardium area at L1 (3/5 OTB chicks), seen a& madocardial branches towards the
myocardium (see Supplemental Figure 7.1). The dseein L5 luminal areas observed
in OTB was because the lumen at L5 was closeddut4f 5 OTB embryos, whereas in
normal embryos, the lumen was not fully closed at(&/7 embryos, refer to Chapter 6

Section 6.3.13).
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Figure 7.7 Comparison of the areas and area changes of thenlwahthe 5 selected Ol
cross-sections between (A) normal and (B) OTB chakbryonic hearts. * indicates
significantly different from normal (p<0.05).
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Figure 7.8 Temporal variation of luminal areas at 5 selected OFT cross-sections of (A) a
representative normal and (B) a representative OTB chick embryonic heart.

To reveal time spans for luminal expansion (Te), closing (T.), and closure (Tciosure)
within the cardiac cycle, we analyzed M-mode images at the 5 selected OFT cross-
sections (see Figures 7.9C and 7.9D). In OTB embryos, T, and T, had an opposite trend
with T, gradually decreasing and T increasing towards distal OFT, similar as normal
embryos (Figures 7.9A and 7.9B). In addition, we found that T at L4 and T, at L5
significantly reduced and that Teiosure at L2, L4 and L5 significantly increased in the OTB

embryos. However, the closure time of the entire OFT remained unchanged.
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Figure 7.9 Temporal behaviors of the lumen at the 5 selecte@ €ros-sections of (A) normal
and (B) OTB chick embryonic hearts. (C) A crosstiseal OCT image and (D) an M-mode OCT
image extracted from the yellow line in (C) to dittate the metrics for temporal behaviors of the
lumen. T, time span for luminal expansiong, Time span for luminal closing, and,kye time
span for luminal closure. * indicates significandifferent from normal (p<0.05).

7.3.2 Changesin circumferential and radial strains

Figure 7.10 compares temporal variations of cir@meritial strains in the myocardium as
well as the endocardium at the 5 selected OFT «esgons in a normal embryo and an
OTB embryo (the same embryo in Figures 7.4B, 7&R] 7.8B). The circumferential
strain was estimated using Eq. 7.2, which usedrtie@mal expansion of the OFT as the
reference (zero strain), thus the circumferentraliss were compressive (negative values)
and reflected the contraction of the myocardium.
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Strain in the Myocardium

Strain in the Endocardium

t/T t/T

Figure 7.10 Temporal variations of circumferential strainsta 6 selected OFT cr¢-sections ir

a representative normal and an OTB chick embrydmarts. Circumferential strain in the
myocardium: (A) normal and (B) OTB; circumferentitain in the endocardium: (C) normal and
(D) OTB.

Similar to the normal embryo, circumferentialagts in the myocardium of OTB
embryo varied markedly over the cardiac cycle dodgthe OFT, following a similar
temporal variation as the areas of the myocarditefel to Figure 7.4). The largest
compressive circumferential strain occurred atrttaximal contraction of the OFT. The
circumferential strain in the endocardium was larf@n that in the myocardium at
corresponding locations (see Figures 7.10 and .7.Cbmpared to the control, the
circumferential strain significantly decreased e tmyocardium and the endocardium

prior to the band at L1 in OTB embryos (see Figui®$l). The contractive

203



circumferential strain rate decreased prior toltaied at L1 and noticeable increased after
the band at L4, whereas the changes in expansii@ sate were not found significant

after one hour of banding (Figure 7.12).
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Figure 7.11 Peak circumferential strains in the myocardium #relendocardiu over a cardia
cycle at the 5 selected OFT cross-sections of Gknal and (B) OTB chick embryonic hearts. *
indicates significantly different from normal (p€8).
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Figure 7.12 Peak expansive and contractive circumferentiairstrates in the myocardium ovet
cardiac cycle at the 5 selected OFT cross-sectdrn@) normal and (B) OTB chick embryonic
hearts. * indicates significantly different frommmal (p<0.05).
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To analyze changes in wall thickness of the myaigan during the cardiac cycle, radial
strains at the 5 cross-sections were analyzedtbeerardiac cycle from the OCT images
of representative normal and OTB embryos (Figut8)7.At each cross-section, the
radial strain was the averaged strain over thesesestion; the local variations in radial
stain over the cross-section were not reported. Spatial pattern of radial strain along
the OFT was distinctly different between normal &i8B embryos. Here we used the
peak radial strain to demonstrate the spatial tarian radial strain. In normal embryo,
the peak radial strain had the maximum at the Q& (L1), reduced to the minimum at
the middle (L3), and increased again towards th& O#tlet. In the OTB embryo, the
radial strain reduced prior and at the band (L1\with a 50% reduction at the banding
site (L2), whereas, immediately after the band (ltBE peak radial strain increased.
Consequently, the OTB embryo had the largest padiklrstrain at the middle region (L3)

and the minimal peak strain at the band (L2).

Radial Strain

t/T

t/T

Figure 7.13 Comparison of radial strain in the myocardium bemeormal and OTB embryc
Time variations of the radial strains in (A) a reggntative normal and (B) a representative OTB
embryo at the 5 selected locations along the OATL&) over a cardiac cycle.
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7.3. 3Changesin ventricular pressures

Ventricular pressures were compared between ngmml29) and OTB (n = 6) embryos
with representative ventricular pressure tracesctlg in Figure 7.14. Although the
shape of ventricular pressure of the OTB chick wiasilar as that of the control, the
ventricular pressure increased in OTB chick embrafer one hour of banding,
consistent with the statement that one of rapid pmmeatory responses to OTB is an
increase in ventricular pressudre. The peak systolic pressure, end-diastolic pressur
and maximal rate of ventricular pressure changeifma dP/dt and minimal dP/dt) were
compared between normal and OTB embryo groupsdbiel7.1). The peak systolic and
end diastolic pressures were significantly highantthose of normal embryos, consistent
with the trend reported in HH21 OTB embryds:® ® Pressure changes did not found
significantly increased in the OTB embryos.

Table 7.1 Comparison of ventricular pressures in normal amé GIH18

chicken embryos

Control (n=20) OTB (n=5)
Pps (MMHQ) 1.47(0.28) 2.30(0.66)*
Peo (MMHQ) 0.72(0.23) 1.19(0.39)*
max (dP/dt) (mmHg/s) 15.2(4.7) 25.6(12.8)
min (dP/dt) (mmHg/s) 14.4(3.9) 26.3(15.6)

Data are presented as mean (standard deviationglicates significantly different
from normal (p<0.05). &, end diastolic pressurep&peak systolic pressure;
Pressure measurement was performed by Aaron Troyer.
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7.3.4 Changesin the wall stressin the myocardium

The wall stress in the myocardium was estimated aw&ardiac cycle near the OFT inlet
(L1, prior to the band) using Laplace law (Eq. 7Bjth the wall thickness and internal
radius of the myocardium were estimated from repregive normal and OTB embryos
(see Figure 7.14). We used representative verdgricpiessures to approximate the
pressures at the OFT inlet, and we assumed the pakdions between the pressure and
geometry did not change in OTB embryos. Similath®® normal embryo, the wall stress
in the myocardium at the OFT inlet varied markedlyer the cardiac cycle with the
minimum occurring during myocardium relaxation améximal during myocardium
contraction slightly before peak pressure (Figudely Both the peak wall stress (883 Pa
OTB versus 436 Pa Control) and end-diastole wadlsst (598 Pa OTB versus 367 Pa

control) dramatically increased in the OTB embryo.
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Figure7.14 Comparison of wall stress in the myocardium betwaamal and OTB chick embryc
Time variations of the wall stress (WS), ventricigeessure (P), wall thickness (h), and internal
radium of the myocardium in: (A) a representatieenmal embryo and (B) a representative OTB
embryo near the OFT inlet (prior to the band) aveardiac cycle.
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7.3.5 Changesin blood flow dynamics

We measured centerline velocities at the OFT imfetidle, and outlet (approximately
corresponding to positions L2, L3 and L4 in Figuré, L2 is closest to the band) in
normal and OTB embryos using Doppler ultrasoundyfé 7.15). We found that OTB
affected blood flow differently along the OFT. Thalient feature of blood flow in the
OTB embryos was a dramatic increase of blood vsi@tithe banding site (~4 fold) than
the normal control. Blood velocity after the banéswhigher than the control and

recovered to normal near the OFT outlet.

Doppler flow measurement was
performed by Andrew Nickerson.
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Besides large changes in magnitude, OTB alsaedlté¢emporal features of the
centerline velocity profiles along the OFT (Figurel6). Comparing to centerline
velocities at corresponding locations between nbamd OTB embryos, we noticed that
(1) across the band, centerline blood velocity nogeh sharply to the peak flow and
immediately after the peak followed a transientKfiagy, rather than a shoulder as

observed in normal embryos; (2) at the OFT midaigian, more embryos showed
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backflow before the peak velocity (5/10 OTB verdu$l Control); (3) near the OFT
outlet, few embryos showed backflow before the p@#kO OTB versus 9/11 Control),

and the shoulder after the peak reduced in magnéind duration.
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Figure 7.16 Comparison of centerline velocities near the OHR&tifl), middle (M), and outlet (C
between: (A-C) normal and (D-E) OTB chick embryasasured with Doppler Ultrasound. Note that
the velocities were acquired sequentially at déferOFT regions and were not synchronized in a
normalized cardiac cycle. Vus, mean velocity meagwsing Doppler ultrasound; Vusztstd, velocity
varied with a standard devion. Doppler flow measurement was performed by AadNickersor

209



7.4 Discussion

OTB is a useful model to study the changes in ibenbchanical environment that may
lead to heart malformations associated with the @fgjlon'* 2> We focused here on the
effects of OTB on the mechanical behavior of theTQ¥ll and hemodynamics in the
heart OFT of HH18 chick embryos. In the OTB grotig band partially occluded the
OFT lumen, resulting about 60% constriction at laading site. Ventricular pressures
increased dramatically as soon as 1 hour afteribgn(ee Figure 7.14 and Table
7.1). Both the physical constriction of the bandl ahe increase in the ventricular
pressure influence the behaviors of the OFT andodgmamics. Because we imaged the
OFT 1 hour after performing the OTB procedure, wpeet that changes in OFT
behaviors were mainly due to mechanical adaptatérnise chick cardiovascular system
to OTB, and not remodeling of the cardiovasculatesy, which would probably require

more time to happen.

7.4.1 Study limitations

The variations in the results were mainly from éhssurces: 1) biological variations of
the embryos, 2) variations in experimental procedyOTB), and 3) limitations of the
methods that we used to explore the biomechanmwarament in living embryonic

hearts, including imaging and image analysis proees] pressure and flow
measurement, and those simplifications made inukmlog stresses and strains.
Limitations and sources of errors in the methodsukhbe noted when interpreting our

data.

We have discussed errors associated with bloesspre measurements and Doppler
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ultrasound flow measurements, which involve theemainties in the placement of the
pressure probe in the embryonic heart and in thienason of the Doppler angle in
Chapter 5. We have discussed the errors resultorg the imaging and image analysis
(image reconstruction and segmentation) in ChaPtewe have also shown that the
longitudinal motion of the OFT in the normal embsyoompounds the comparison near
the OFT inlet. Image reconstruction resulted inheage error of 0.04 + 0.02T. The
segmentation procedure on the OCT images resulteerrbrs of about 0.002 nfm
0.0025 mm, and 0.005 mfin the estimated areas for the interior myocardiltmen,
and cardiac jelly, respectively. Further, the segtaison resulted in an error of 0.02-0.04

in estimating the peak circumferential strain.

Another major limitation in methods was that veeild not perform imaging, pressure
and Doppler flow measurements simultaneously antinvithe same embryo, due to
technical difficulties. The uncertainties wouldeditly affect the calculation of the wall
stress in the myocardium, which is a function o firessure, inner radius and wall
thickness of the myocardium according to Laplace. |AVe estimated the phase
relationships between the ventricular pressure, @&dmetry, and blood flow within the
OFT in normal chick embryd$? We then assumed that the phase relationshipsatid n
change in OTB embryos. Although we consider thatdktimated phase relations are a
good approximation for normal embryos, it is likéiat the phase relationships between
the pressure and wall motion change in respon€el®. To estimate the effects of phase
relations on wall stress, we calculated wall sees#t different phase relationships (see
Supplemental Figure 7.2). We found that despitevilaes of wall stress change with

phase relations, the general trend in wall strepsden the normal and OTB remains the
211



same.

The simplifications made in the definition of thieains and stresses are also worthy of
noticing when comparing to other relevant workthis thesis, we adopted the simplest
form of strain definition, engineering strain, tstimmate the averaged deformation over a
cross-section. Therefore, we were not able to tlebeclocal strain variations over the
cross-section. In addition, we neglected the residtrain generated by differential
growth!”® The simplest form of strain provides us insightithe changes in deformation
pattern along the OFT wall in OTB embryos with esdpto normal embryos over the
cardiac cycle.

We used Laplace law to estimate the averagedswrabs in the myocardium under a
assumption that is h/R<0.1 with h denoting the wratkness and r the internal radius of
the myocardium. However, the OFT has an h/R rdimut0.3-0.5. The violation of thin
wall assumption means that the regional gradientadf stress across the wall thickness
is not negligible. The transmural distribution ofallvstress may be important for
remodeling of the myocardium, and will be intenegtio study in our future work. In this
thesis, the averaged wall stresses provides ughineh how markedly large changes in
wall stress in the myocardium over a cardiac cydenell as between the normal and

OTB embryos.
7.4.2 Changesin wall dynamics

7.4.2.1 Myocardium

After one hour banding, we did not observe sigaificchanges in the dimension of the

myocardium with respective to normal HH18 chick eyals, except that the minimal
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radius at L5 significantly decreased (Figure 7T2)e band exerted physical constraint on
the wall motion near the band (i.e., L1-L3 in Figuv.2); the amplitude of wall motion
significantly reduced distal to the band at L3.0Piio the band at L1, the contractive
radial velocity reduced (Figure 7.3), suggestingt thhe contractility of the myocardium
was compromised prior to the band. Interestinglg, did not observed any significant
changes at L2 (closest to the band) due to largatians resulting from difficulties in

controlling exact locations and tightness of theda

A most noticeable change was the motion pattésngathe OFT. From the OTB
embryo depicted in Figure 7.4, the entire wall gpalmost simultaneously, distinct from
the normal embryos. The changes in wall motiongpataffect the luminal area changes
(Figure 7.8) and thus the blood flow pattern in theen, *** as well as the cyclic
circumferential strain over the cardiac cycle (Fegu7.10). Among other OTB embryos,
another phenotype of wall motion was also obserstech that the OFT exhibited a
slower peristaltic motion than normal embryos (refe Supplemental Figure 7.3). We
cannot explain the diverse behaviors in wall moti®TB embryos with such a limited
sample size and the methodology used in this sflidg.motion pattern may be affected
by a lot of factors including the conductance vejoof the electric impulse along the
OFT wall, material properties of the myocardiumg dhe dynamic interaction between
the wall and blood flow in the lumen. The differersponses observed in this study
may be associated with variations in the degreegbtness and placement of the band.
More studies based on a large number of OTB embwtis a grade of tightness and
locations, combined with investigation on resporetethe cellular and molecular level,

are necessary to understand the roles of biometdddiaictors on motion patterns of the
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myocardium. Collectively, our findings suggest thhé motion pattern of the OFT
myocardium is susceptible to changes and thaththeges of the OFT motion pattern is a
fast and sensitive adaptive mechanism to alterezksspre loads and/or external
constraints (e.g., the band). The wall motion patteay be potentially a good and

sensitive index for evaluating the OFT functionalit

7.4.2.2 Cardiacjelly

In the OTB embryos, we did not observe significatranges in cardiac jelly areas (Figure
7.5). However, the motion dynamics of the cardelty japparently changed over time
and along the OFT (Figure 7.6, also see Supplerin&fitieos 7.1 and 7.2). Cyclic
changes in cardiac jelly were presumably affectgdhoee factors: (1) biomechanical
forces exerted by the blood flow and contractionthe myocardium; (2) the physical
constraint of the band; and (3) the longitudinegtshing of the OFT wall. At early stages
(i.e., HH18), the major component of cardiac jaflyglycosaminoglycan®’ which is
very soft and easy to deform like a viscoelasti¢emial **® *** The biomechanical forces
such as the blood pressure in the OFT lumen andamion forces from the myocardium
may induce local lateral motion of the cardiacyjellong the OFT. We found a temporal
correlation among the area changes in the cardibg fhe lumen, and the myocardium.
The area of the cardiac jelly was larger when th& Qumen was closed (low blood
pressure) and the myocardium was relaxed (low aotitm force); and the area of the
cardiac jelly became smaller during the maximalaggion of the OFT lumen (large
blood pressure) and fast contraction of the myaaardlarge contraction force, refer to

Supplemental Figure 7.4). In the OTB embryos, bbthphysical band and changes in
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biomechanical forces, including increased bloodssuees (Figure 7.14 and Table 7.1)
and altered myocardium contraction (Figure 7.4)y ratiect the lateral motion of the
cardiac jelly and thus the cyclic changes in theliea jelly. In addition, when the OFT
expanded circumferentially, the OFT stretched lamdinal towards the ventricle. As a
result, the area of cardiac jelly reduced at amemicross-section, seen as thinning of
cardiac jelly layer (see examples in Figures 7.Jarfal 7.11). In the OTB embryos,
however, longitudinal deformation of the OFT wastrieted (refer to Supplemental
Videos 7.1 and 7.2), which may also contributeh® dynamic changes in the cardiac
jelly. To further understand the mechanical fact@sponsible for dynamics motion of
the cardiac jelly, a biomechanical model of the OtR&t incorporates the dynamic
motions of the three-layered OFT wall and fluidisture interaction is necessary to
identify the roles of the OFT longitudinal defornoat and biomechanical forces imposed

on the cardiac jelly.

7.4.2.3 Lumen

The effects of OTB on the OFT lumen behaviors wagparently different prior to and
after the band along the OFT (Figure 7.7). Priothe band (L1), the minimal area
increased, which is a sign of dilation due to blaethinment in some embryos. Chronic
OTB is known to induce mild and moderate ventricd@ation (prior to the band) after
24 hour banding® The minimal area at L5 reduced mainly as a resfilincreasing
contractility of the myocardium at distal OFT (nefe the discussion in Section 7.4.3.1).
The maximal luminal area and cyclic area changenifgigntly reduced at and

immediately after the band due to the physical wamg of the band (L2 and L3 in
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Figure 7.7).

Noticeably, the closure time of the lumen incesbparticular at and after the band, as
a result of reduced blood filling time {Tor myocardium contraction time {T(see
Figures 7.9A and 7.9B). The increase in luminakate time (Tiosurd €NSures the entire
OFT to close up to 0.5T, which may be a compenga&sponse to the changes in the

peristaltic motion of the myocardium or cardiadyjehotion.

7.4.3 Changes in the biomechanical environment

7.4.3.1 Strainsin the myocar dium and endocar dium

After one hour of OTB, circumferential strains eetmyocardium and the endocardium
significantly reduced prior to the band at L1 (Fgur.11). The observations of an
increase in minimal area of the lumen (Figure &A@l a decrease in circumferential
contractive strain rate at L1 (Figure 7.12) suggfest the reduction in the circumferential
strain is mainly due to a reduction in contragtilitf the OFT myocardium prior to the
band. In contrast, the contractive strain rateaased away from the band at L4 (Figure
7.12), suggesting an increase in myocardium catilttp@fter the band. There were no
obvious changes in the expansive strain rate (Eigud2), which suggest passive
material properties of the myocardium do not chaagi@n acute response to increased
blood pressures. An increase in the myocardiunine8s was reported 24 hours after
OTB. 16, 198

Because the myocardium is non-compressible, bwhcircumferential stretch and
longitudinal stretch change the wall thicknesshef imyocardium. The radial strain is an

indicator of this cyclic change in wall thicknesghe longitudinal stretch of the OFT
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myocardium reduced to 0.07 (about 50% less thamaloembryo¥?, estimated from a
typical OTB embryo; the circumferential stretch walso constrained near the band
(L1-L3). The combined effects resulted in a genegdliction in radial strain in the OFT
wall in the OTB embryo (Figure 7.13). We also neti@a change in radial strain pattern
along the OFT. The radial strain reduced prior anthe band (L1 and L2), and increased
immediately after the band at L3 (Figure 7.13).cBithe trend was observed in a typical
OTB embryo, more embryos need to be studied inrdaleonfirm the spatial variation

of the radial strain in the myocardium.

7.4.3.2 Wall stressin the myocar dium

OTB is an often used model to study the effectsimmreased afterload on the
morphologic changes and growth of the ventricle an increased (end-systolic) wall
stress in the ventricular myocardium has been lade® with an enhanced maturation in
ventricular myocardium® However, no study has been carried out to showcliamges

in the wall stress in the OFT myocardium, and iffeas on the OFT growth and
morphology. Here we estimated the wall stress enrttyocardium near the OFT inlet
prior to the band over a cardiac cycle, using Lepllaw. We found both end-diastolic
and end-systolic wall stresses in the OFT wall ptiothe band increased, mainly as a
response to the increased ventricular pressurgsr@=ir.14). The increases in wall stress
prior to the band correlated in space with the c&da in radial contractive velocity
(Figure 7.3) and circumferential contractive streate at L1 (Figure 7.12), suggesting
that increased wall stresses affect the contriaciilf the OFT (OFT function) before

extensive remodeling events occur. As we know,ritadure myocardium responds to
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increased wall stresses by wall thickening or itat®® In OTB embryos, both
myocardium wall thickening and dilation prior toetitband have been reported at later
developmental stagé3Our findings on the OFT wall stress further camfithe view that
the increases of end-systolic wall stress is aaseti with radial growth of the
myocardium and end-diastolic wall stress with améerential growth in embryonic

myocardium developmen§> 189200, 201

7.4.3.3 Blood flow dynamics and wall shear stress

The most noticeable observation on blood flow dyiwanras a dramatic increase of peak
velocity across and immediately after the bandyfégr.15), mainly as a synergic effect
of the decreased OFT luminal areas and increasatticidar pressures. The large
variations observed in the flow measurement ab#reling site among OTB chicks were
largely due to technical difficulties in rigoroustpntrolling the tightness and biological
responses to the band.

Although the time course of the centerline vdlesiin the OTB embryos exhibited
similar trend as that in the normal embryos, sohrenges in temporal variation in blood
flow dynamics reflected the changes in the OFT wigthamics and blood pressures
(Figure 7.16). In the OTB embryos, due to the retsbn of the band, we did not
observed the shoulder region before peak flow & dénterline velocity near the OFT
inlet as often observed in normal embryos. Instead, observed a small transient
backflow across the band (5/10 OTB versus 1/11robntwhich might result from the
transient local negative pressure gradient duearngel pressures drop across the band.

Large backflow across the band has been reported thie intensive remodeling and
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adaption has occurred in the OTB embr§f8sThe centerline velocities in normal
embryos also exhibited a shoulder region (secongeak) after the primary peak, driven
by the additional momentum from the contractiorthedf OFT upstream region; towards
the OFT outlet, the shoulder region increased irgmtade and duration (Figures
7.16A-C). In OTB embryos, however, the magnitudé daration of the shoulder region
at the distal region decreased (Figure 7.16F), vhias consistent with the reduced wall
dynamics upstream in OTB (a reduced radial conteagtlocity in L1-L3 see Figure

7.3).

The changes in flow dynamics are sensed by tdetbkalial cells on the OFT lumen

surface in form of wall shear stress. The wall ststigess exerted by the blood flow on

2UVmax

the OFT endocardium was estimated using the Hagesedllle law:r = , Wheret

is the shear stresg, the viscosity, Whax maximal centerline velocity, and R the lumen
radius. We found that the wall shear stress draatiincreased near the band region as
a result of the reduced luminal area and increa$moll velocity (Figures 7.7 and 7.15).
The abnormal high magnitude of wall shear stresg uparegulate expression of eNOs

203 and thus release of NO, which may be responsiimielater vasodilatation in the
myocardium before and after the ba&ndihe pronounced changes in wall shear stress
occurred at the proximal OFT, a region that is spible for emerging malformations in

the OTB chicks, such as ventricular septal defects.

7.5 Conclusions

Our study examined for the first time the acute ngfes in the biomechanical

environment within a cardiac cycle in the OFT ir tBTB embryos. To maintain the
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OFT function in regulating the blood flow from tkentricle to the arterial circulation,
the OFT shows early signs of compensational chamgeabe wall dynamics of the
myocardium and cardiac jelly, and the interacti@iween the wall and blood flow
dynamics after one hour of OTB. As a consequenhe, dpatial distribution of
biomechanical stresses and strains deviates frermehmal pattern, especially near the
band. The changes in the biomechanical environaectllular level may pre-dispose
the functional and structural abnormalities in thended OFT at later developmental

stages.

7.6 Data supplement
Supplemental Videos:

(A) (B)

Supplemental Video 7.1 Longitudina (A) and frontal view (B) of the OFT ¢ a representativ
HH18 chick embryo. Frontal view depicts a curvenglapproximately along the axial centerline of
the OFT in (A). Note the wave-like motion of therdiac jelly. MI, myocardium; L, lumen; CJ,
cardiac jelly.
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B)

Supplemental Video 7.2 Longitudina (A) and fronts (B) views of the OFT of n OTB chick

embryo. Frontal view depicts a curve plane apprexaty along the axial centerline of the OFT in
(B). Note that the longitudinal motion of the OF% dramatically reduced and that the

wavelike-motion of the cardiac jelly is disruptegd ®TB.

221



Supplemental Figures:

Supplemental Figure 7.1 OCT cros-sectional image of the OFT inlet of (A) a repreaéué
normal embryo and (B) a typical OTB embryo when @f€T is fully closed. Note those extensive
branches of the endocardium (End) towards the nmgaga in the OTB embryo.
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Supplemental Figure 7.2 Comparison of wall stress in the myocardium at@#€l inlet betweel
(A) a normal chick embryo and (B) an OTB embryo emdifferent combinations of phase relations
between R and R. OT, 0.1T,0.2T, and 0.4T are conjecturecs@hags of peak,Pwith respect to
peak R at the OFT inlet.,Pthe ventricular pressure; R, effective radiughaf myocardium; T, a

cardiac cycle.
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Supplemental Figure 7.3 Temporal variation of thinterior radiu: of the myocardium at 5 select
OFT cross-sections. This is another typical respdnsOTB, showing a slower peristaltic motion
than normal HH18 chick embryos.
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Supplemental Figure 7.4 Temporal relationship between the areas of the @kdcardium (Ml),
cardiac jelly (CJ), and lumen (L) at two locatioiid) L2 and (B) L4 in a typical OTB embryo.
Large area of the cardiac jelly usually occurs myreéarly myocardium relaxation and before fast
increase of luminal area, or when the OFT is falbsed. The area of the cardiac jelly is small when
the OFT is fully expanded or during fast myocardicontraction.
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Chapter 8. Summary and futurework

8.1 Summary

The objective of this thesis was to develop a nddlagy to quantify the dynamical
biomechanical environments in the early embryoseiartin vivo and non-invasively. The
methodology enabled us to characterize the phygidd biomechanical environment
(biomechanical stresses and strains) that embryantiac cells experienga vivo, and
pathological changes in the biomechanical envirarirtieat may lead to heart defects. In
this thesis, we used chicken embryonic hearts asmtbdel system and focused on the
chicken heart OFT, which provide us insight inte thiomechanical environment that
embryonic heart cells are exposéad vivo. In addition, we used an interventional
experiment OTB to simulate disturbances in the leidmanical environment during heart
development; OTB model has been reported to repteart diseases associated with

the OFT regiorf®

First, we developed a novel methodology that dag®4D imaging, image analysis,
physiological measurement, and CFD modeling to tiiyamon-invasively the wall
dynamics and blood flow dynamics within the chiclkambryonic heart OF1n vivo for
the first time. Specifically, we employed a highsakition, non-invasive imaging
technique, OCT, and developed an image synchrooizatrategy to visualiza vivo the
dynamics of the OFT of chicken embryonic heartaraearly stage (HH18). To extract
dynamic geometric information from the 4D images tbhé embryonic heart, we
developed a set of image analysis algorithms tmatbled us to analyze the wall

dynamics and biomechanical strains of the OFT wihin the cardiac cycle. To reveal
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the blood flow dynamics in the OFT, we generatedd3amic FE models of the OFT
based on the dynamic geometry of the OFT extrdcted the 4D image data amd vivo

ot 139 18%5yr FE models were

pressure measurements. In contrast to previousesti
capable of quantifying the blood flow dynamics asdiations of WSS over the cardiac

cycle.

Second, we characterized the biomechanical emvient in the heart OFT of normal
chicken embryos and acute changes in the biomemdlaenvironment in the OFT in
OTB embryos. Specifically, by employing the methiody we developed, we quantified
the wall dynamics and blood flow dynamics withinetlOFT, and we revealed a
heterogeneous distribution of biomechanical stsess® strains in the OFT wall that
vary dramatically over the cardiac cycle. The hegeneous and dynamic biomechanical
environment, which embryonic cardiac cells are sctigd toin vivo, may be associated
with the complex morphogenetic events occur in@ikd (such as semi-lunar valves and
septa development). Further, to understand whaigds in the biomechanical
environment that lead to heart defects, we focusethe changes in the wall dynamics
and blood flow dynamics in the OFT, and the alterst in the distribution of
biomechanical stresses and strains in the OTB aysbbgfore extensive remodeling

events initiate.

Collectively, the methodology that | developed tms thesis provided a way to
investigate the dynamic biomechanical environmérnabryonic heart development for
the first time. The knowledge of tha vivo biomechanical environment as well as its

changes will contribute towards understanding thechmanisms by which the
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biomechanical factors affect heart development.

8.2 Major contributions

The major contributions of this thesis are:

1.

| developed a 4D imaging strategy and an image-gosthronization algorithm that
enabled us to visualize and quantify 4D geometrthefOFTin vivo with OCT. Our
4D synchronization algorithm is fast and accuratalgtures the dynamics of the OFT
in vivo.

I developed a set of image analysis algorithms4for OCT images of the OFT.
Specifically, the segmentation algorithm enabledauslelineate the 3D surfaces of
the OFT myocardium and lumen at any given cardia&sp, and to demarcate the
OFT wall from 2D time series of OCT images overad@c cycle. Algorithms
developed to analyze the segmentation results atlays to extract the cyclic strains
from the OCT images. Further with pressure measemn¢rdata, we were able to

estimate wall stress in the myocardium of the OFT.

| developed 3D dynamic FE models of the chick h&d#fT. The FE models were
based on 4D OCT image data and pressure data radaswivo. The image-based
FE models of the OFT enabled us to quantify th@dltbow pattern within the OFT
lumen and blood-flow induced WSS on the OFT walar&bver, we investigated the
effects of biomechanical factors, such as bloodgrees, wall motion pattern, and the
geometry of the OFT on the blood flow dynamics #éemipo-spatial distribution of

WSS.
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4. |, for the first time, elucidated the biomechanieavironment in the heart OFT of
normal HH18 chick embryos. The most important firgdi were: (1) the OFT
function was regulated by the interaction of thell veynamics and blood flow
dynamics; (2) the wall dynamics and blood flow dymas in the OFT established a
unique biomechanical environment which embryonicliee cells on the OFT wall
are subjected to; and (3) the biomechanical enment dynamically varied over the

cardiac cycle and spatial locations of the OFT.

5. We, for the first time, characterized in detail @®cehanges in wall dynamics and
hemodynamics in the heart OFT of OTB chick embryidge notable findings were:
(1) the OFT showed compensatory changes in the dyadamics and blood flow
dynamics after one hour of OTB; and (2) the biona@atal environment (stresses
and strains) that the cardiac cells on the OFT w@gblerience was altered, especially

near the banding site.

8.3 Futurework

Current work is a preliminary step towards our goal understand the roles of
biomechanics factors in heart development. We ceutdnd this work in the following

directions:

8.3.1 Longitudinal study of the chick outflow tract

The OFT is a transient cardiac segment that unésrgatensive morphogenetic
remodeling and functional evolution during heartelepment. The cardiac cells on the

OFT wall are exposed to a constantly changing babaeical environment.
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Disturbances in the normal evolution of the bionaubal environment may impose the
OFT to various forms of malformation. We envisidratt the knowledge of the normal
changes in the biomechanical environment will b#&icat to understand how the
biomechanical factors affect cellular behaviors ajghe expression in the OFT at

different developmental stages.

This thesis has provided a methodology to quartie wall dynamics and flow
dynamics of the developing OFTn vivo. We have studies the biomechanical
environment of an important early stage of develepimwhen the morphogenesis of the
OFT is sensitive to the biomechanical changess Ifelasible to apply the current
methodology to follow the structural and functiorddvelopment of the OFT across
different stages. By doing so, we will reveal tloenplex morphogenetic events occurs in
the OFT, and developmental changes in the wall mhjcg and blood flow pattern.
Further we will characterize the evolution of therbechanical environment in the OFT,
which will provide insight into the roles of thedmnechanical factors in normal heart
development, and will establish the baseline fovestigating the changes in the
biomechanical environment in our intervention madslich as OTB or vitelline vein

ligation.

8.3.2 OCT imaging and image analysis

8.3.2.1 Blood flow measurement using OCT

One unique advantage of OCT is its capability tage the microstructure and blood
flow simultaneously. In this thesis, we used OCTintyafor visualizing and quantifying

the dynamics structure of the OFT. We encountereal tmajor obstacles in flow
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measurement in the OFT using Doppler OCT. First, tlaximal flow velocity in the
OFT was out of the measurement range of the cu®@&it system, which is constrained
by the integration time of the CCD camera in theTOsystem. When the blood flow
velocity in the OFT is beyond the maximal veloaitfythe OCT system, the measured
flow signal becomes phase-wrapped. Second, omyé#hocity component along the
laser beam was detectable. Drs. Ma Zhenhe andrg PeDr. Ruikang Wang'’s lab have
made great strides in developing the unwrappingralgn and estimating the absolute
velocity, which extend OCT to quantify the bloodvl in the OFTin vivo.?®* It will be
also valuable to directly measure the absolutedftaw velocityin vivo by configuring
the OCT image system and developing new signalgssing algorithms. With the
knowledge of absolute flow velocities in the OFTS®/exerted by the blood flow will be
directly derived. In addition, Doppler OCT will e us to validate our
subjective-specific FE model of the OFT with thedd flow measured in the same chick

embryo.

8.3.2.2 OCT image analysis

In this thesis, we have developed a 3D segmentatgorithm to delineate the OFT wall
from an image sequence over time or a 3D volumegéndataset. We applied the
segmentation algorithm to OCT image sequences wdragkcross-sections that evenly
span along the OFT. Our finding that the wall dym@nand biomechanical strains in the
OFT wall change along the OFT and over the cardigcle suggests that a 4D
segmentation algorithm will be a critical extenstorstudy the biomechanics of the OFT.

Dr. Yin Xin has made a huge progress in develogingbust 4D image segmentation
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algorithm that allows us to better visualize andamjify the morphology and wall
dynamics of the OFT within the cardiac cycle (Feg.1). We will apply the 4D
segmentation algorithm to all the 4D image datasktise OFT in normal and OTB chick
embryos that we have acquired to study biologieaiations and OTB induced changes

in the wall dynamics of the entire OFT. Furthermdhe biomechanical strains at each

material point on the OFT wall will be extractedrfr the 4D segmentation.
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Figure 8.1 Temporal variatio of the OFT surfaces extracted fredD OCT images of the OF
with a 4D segmentation algorithm. Blue and greefases are the external and the interior surfaces
of the myocardium, respectively. Red surface iSQR& lumen. 4D segmentation on the OFT were
performed by Dr. Xin Yin (Image courtesy of Dr. YXin)

8.3.3 Finite element modeling

In this thesis, we have developed a subject-speditt model of the OFT in a
representative HH18 chick embryo. The FE modelaksva distinct blood flow pattern
and heterogeneous distribution of flow-induced WSthe OFT wall. A FE model of

the heart OFT of OTB embryos will be important teagtify the changes in blood flow
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dynamics and WSS in the OFT due to OTB. However, hage encountered some
technical challenges in acquiring boundary condgionportant for accurately modeling
the OFT of OTB embryos: namely the aortic sac pmesslata and phase relationships
between the pressures and dynamic geometry of HfedDOTB embryos. Dr. Shi Liang
has made great advances and will continue to resblr problems. Specifically, we will
employ the OCT system to enhance the visualizatiothe pressure probe in the tiny
beating embryonic chick heart. We will employ EC{@nsls to synchronize phase
relationships between pressures and the dynamioefep of the OFT. After successfully
tackling these issues, we will generate FE modelguiantity in details the changes of

blood flow and WSS in the OFT of OTB embryos.

Further, to extend the quantitative powers ofnkdleling in embryonic heart research,

in particular the OFT, several improvements aremguended:

1. Use realistic subject-specific geometry of the Q#fien. With the 4D segmentation
algorithm that developed by Dr. Yin Xin, no assuimps on the OFT lumen
geometry and wall motion are necessary.

2. Use realistic boundary conditions with blood preesuand geometric data
synchronized within the cardiac cycle based on shwultaneous ECG signals
acquired with pressure measurement and imaging.

3. Incorporate flow-structure interaction in modelioigthe OFT. The FE model couples
the interaction of the blood flow dynamics and wblhamics of the OFT, which will

provide us insight into regulatory mechanisms eféimbryonic heart.
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4. Use OCT Doppler flow measurement to improve modgidation. Both the blood
flow used for validation and the geometry usedhe FE model will be acquired

simultaneously from the same chick embryo.

8.3.4 Correlation with the gene expression pattern

This thesis has provided quantitative knowledgdiofmechanical environment that the
cardiac cells on the OFT wall are subjedtedivo in HH18 chick embryos, as well as a
methodology that enables us to carry out longitaldinvestigation into the changes in
biomechanical environment with development . In Thornburg’s lab, exciting research
has been carried out in measuring gene expressieh df biomechanical sensitive genes
in chick embryos using microarray and real time YR®lymerase Chain Reaction
(PCR), and localizing gene expression using in diybridization (ISH) and

immunohistochemistry (IHC). After ISH or IHC, theFD was imaged using confocal
microscopy and the gene expression pattern on Eiev@ll was visualized using Amira

5.2.2 (see an example in Figure 8.2).
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Ventricle

Figure 8.2 Level and spatial distribution of gene expressibnntegrin-a4 in a normal HH2:
chick embryo. (A-C) Examples of confocal microscamyages along the depth of the embryonic
heart, with image intensity indicating the levelgeine expression. (D) 3D voxel view of the gene
expression of integrind (the red color), showing a strong express indhmpact ventricular
myocardium, and a mild express in the OFT myocandiund trabeculae. The 3D voxel view was
reconstructed from the confocal image dataset lCfAising Amira 5.2.2. Confocal imaging was
performed by Dr. Carley Shaut.

To determine the relationship between changésomechanical factors and associated
changes in expression of biomechanical sensitivemegethat modulate OFT
morphogenesis, we will first correlate the spatistribution of biomechanical indices
(e.g., maximal circumferential strains, wall stresmsd WSS) with spatial distribution of
expression levels of candidate genes such as ealtdlg(XI1V) and Integrin subunite4
on the OFT wall of normal embryos from HH18 to HHd4e genes are selected from
our microarray data whose transcriptions have hgeregulation as a response to OTB.
We will also correlate the alterations in the biactmnical indices to the changes in gene
expression levels and localizations on the OFT walDTB embryos from HH18 to

HH24.
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To understand the underlying regulatory mecmasisf biomechanical factors, we
will characterize the features of the biomechaniaators at specific regions of interest
such as the proximal and distal cardiac cushionwekas the inner curvature of the
OFT, where differential morphological events octater during development. We will
designin vitro experiments with well controlled biomechanical ieonment (such as a
flow chamber) that mimics the features of th@ivo biomechanical environment in order
to differentiate the roles of individual biomechaali factor and a combination of

biomechanical factors in OFT valve and septa deveént.
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