Hemodynamic Alterations Associated with
Coronary and Cerebral Arterial Remodeling
Following a Surgically-Induced Aortic

Coar ctation
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Abstract Computational models promise to aid in the interpretatibthe cou-
pled interactions between evolving wall geometry, stregstmaterial properties and
hemodynamics seen in arterial adaptations. Motivated bgnteaortic coarctation
models in animals, we used a computational fluid-solidradon model to study
possible local and systemic effects on the hemodynamid¢smiihe thoracic aorta
and coronary, carotid, and cerebral arteries due to a distdic coarctation and
subsequent spatial variations in wall adaptation. In paldr, we studied an initial
stage of acute cardiac compensation (maintenance of casdiput) followed by
early arterial wall remodeling (spatially varying wall thiening and stiffening).

1 Introduction

Although elevated mean arterial pressure (MAP) has tiathlly been considered
to be an important indicator or initiator of cardiovascutesk in hypertension,
mounting evidence suggests that increased pulse pressaseor more important
(Safar, 2000; Dart and Kingwell, 2001; Safar and Boudie@®0Data from surgi-
cally created aortic coarctations in animals reveal stglévolutions of wall geom-
etry, structure, and properties (Xu et al., 2000; Hu et 808 Eberth et al., 2010)
that appear to be driven primarily by increased pulse presswt MAP (Eberth et
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al., 2009). It also appears that the associated arterigtatians progress at different
rates and to different extents both temporally (first at besdas, then rapidly, then
back to normal values) and spatially (from proximal to disites), see Hayenga
(2010).

Although additional experimental data will be needed toarstand better these
spatio-temporal adaptations, computational fluid-sglowth (FSG) models
(Figueroa et al., 2009) offer considerable promise bothédesign and interpreta-
tion of such experiments and in implicating possible biohatgcal mechanisms.

Building on recent advances in computational modeling {€iga et al., 2006;
Vignon-Clementel et al., 2006; Kim et al., 2009a,b; Moireaal., 2012), the goal
of this work was to simulate possible effects of a surgicatlyated coarctation in
the descending thoracic aorta on the hemodynamics witlkiptoximal aorta and
the coronary, carotid, and cerebral arteries followindntaot acute cardiac compen-
sation (i.e., maintenance of cardiac output) and earlyiattwall remodeling (i.e.,
spatially varying wall thickening and stiffening).

2 Methods

2.1 Model Geometry

2.1.1 Basdline Model

Computed tomographic (CT) images were collected from twaltadale human
subjects free of cardiovascular disease to collectivebpepass all major arteries
from the brain to the diaphragm. Separate 3D geometric nsoglefe constructed
from the CT datasets using custom software based on a 2Dl\seggaentation
procedure, see Fig. 1. A finite element mesh was created byetisng the 3D
model coarsely, running a steady-state flow simulation,thad performing field-
based adaptive mesh refinement (Sahni et al., 2006). Thdfifiital element mesh
consisted of 2462 487 linear tetrahedral elements and 472 nodes.

2.1.2 Coarctation M ode

A thoracic aortic coarctation was modeled by introducing&diameter narrow-
ing in the aorta just above the diaphragm, consistent with tiee location and the
degree of a surgically induced coarctation in mini-pigstundges that provide in-
formation on temporal and spatial changes in arterial wathgosition (Hu et al.,
2008; Hayenga, 2010).
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1.CTA 2. Pathlines 3. Segmentation 4. Lofting 5. 3-D Model

Fig. 1 3D computational model of the human thoracic aorta, cosoageries, and head and neck
vessels based on CT images from two normal male subjects1 Eapgan et al. (2012).

2.2 Numerical Methods

Equations enforcing balance of mass and linear momentumi¢N&tokes) were
solved for the flow of an incompressible Newtonian fluid writlai deformable do-
main using a stabilized finite element formulation impleteerin the open-source
code SimVascular (Figueroa et al., 2006). Computations werformed on a super-
computer (276 Dell PowerEdge 1950) typically using 96 covés utilized a time
step size of MO01 seconds, and the simulations had an average resid0&I0.
Simulations were run for 7 cardiac cycles until achievingleyto-cycle periodicity
in the pressure fields.

2.3 Fluid-Solid Models

Blood density wagp = 1.06 kg/n? and blood viscosity wagi = 0.04 P. We as-
sumed typical baseline values for the linearized stiffreess$ thickness of the wall
of each of the four primary vascular segments: thoracicaaagt well as coro-
nary, neck, and cerebral arteries. A coupled momentum rdetlag used (Figueroa
et al., 2006) to model wall deformability and a coupled-naalinain formulation
(Vignon- Clementel et al., 2006) was used to link Windkessetlels for the heart
and distal vessels to the 3D vascular model. The overall irtbds required pre-
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scription of one inlet and 22 outlet boundary conditionsmvuical values for the
lumped-parameter coefficients were determined iteragtigceleach target values for
flow and pressure.

2.3.1 Heart Model

Overall function of the heart was simulated using a lumpedpater circuit model
(Kim et al., 2009a) that includes resistors and inductorsefaresent the mitral
and aortic valvesRay, Ry_art, Lav, Lv_art), @ pressure source that represents left
atrial pressurd) a, and a variable capacitance that represents left verdarields-
tance/contractilityg(t), see Fig. 2. The initial left atrial pressure was assumed to
be 10 mmHg. The final heart model parameters w&je= 11 mmHg, maximum
elastance of 25 mmHg/mL, and time-to-peak elastance af §. A Lagrange pro-
file constraint with a penalty number of D0 was used to stabilize the solution
during the systolic phase of the cardiac cycle (Kim et alQ3t).

2.3.2 Windkessel RCR Model

Hemodynamic conditions were prescribed at every outlehéndescending aorta,
neck, and head vessels in terms of a proximal (larger astané arterioles) resis-
tanceRyp, a proximal vessel capacitanCeand a distal (small arterioles and capillar-
ies) resistancBy (cf. Fig. 2). A Lagrange profile constraint was used at thetiahd
outlet of the aorta as well as at the outlets of the right aficiéoclavian and exter-
nal carotid arteries. Such constraints stabilize the caatpsolution while affecting
only the hemodynamics in a small region near the constriin ¢t al., 2009b).

2.3.3 Coronary Model

A lumped parameter model of the coronary vascular bed (Kiral.e2010) was
prescribed at the outlets of the large coronary vessel&igf2). In addition to the
resistors and capacitance of the Windkessel model, thishiocduded the venous
circulation and incorporated effects of left ventriculaegsure. The latter is criti-
cal since contraction of the heart is one of the main deteaanisof coronary flow.
The total resistance at each outiggi was again calculated assuming a MAP of
100 mmHg and that flow through each outlet scaled with cresiemal area, with
mean coronary flow comprising approximatel$% of cardiac output (Guyton and
Hall, 2006). The Windkessel portion of the lumped parameteonary model was
represented bRR,, C,, andRy_micro- The venous pressure defined the relationship
betweenR,, R micro, @aNdR, and was assumed to be 15 mmHg. Two parameters,
Ca_total andCim _total, Were defined as the sum of all coronary artei@) @nd intra-
myocardial Ci,,) compliances. An iterative tuning procedure was used to/éhges

of Ca_total @andCim_total that yielded physiologic coronary flow waveforms. For the
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Fig. 2 Various lumped-parameter models utilized to specify bampdonditions for the 3D com-
putational model. The Windkessel model was applied at dletaiexcept the coronary tree; the
heart model was applied at the aortic root. From Coogan €@1.2).

left coronary vessels, the left ventricular pressure foumthe lumped parameter
coronary model was equivalent to the pressure derived franheart model. The
boundary condition for the right coronary artery was based ecaling of left ven-
tricular pressure that was derived from the heart modetigpally Pry = 0.20R .
The final parameter values for the heart model and Windkessdels are listed in
Table 1.

2.3.4 Vessel Wall Properties

Given current limitations in experimental data on regioveliations in vascular
mechanical properties and thickness, four sections ofakeulature were endowed
with different but uniform wall properties, reflected by dfeetive constant stiffness
and thickness of the wall (Fig. 3). The stiffness of the tlearaorta was chosen
to yield physiologic levels of strain over normal ranges @fdd pressure (Red-
heuil et al., 2010) whereas moduli for coronary, neck, anglmal vessels were
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Windkessel Parameters Coronary Parameters

Outlet Ro Ry C Outlet | Ry | Ramicro | Ry Ca Cim
Desc Aorta 0.25 | 248 | 500 | LAD1 | 176 287 91 | 028 | 241

L Subclavian 188 | 190 | 447 | LAD2 | 131 214 68 | 0.37 | 3.14
R Subclavian | 1.88 | 19.0 | 483 | LAD3 | 126 206 66 | 0.38 | 3.26
L Ext Carotid | 4.39 | 444 | 150 | LAD4 | 75 123 39 | 061 | 519
R Ext Carotid | 4.39 | 444 | 139 | LCX1 48 78 25 .07 | 9.17
L Ant Cerebral | 112 | 113 [ 523 [ LCX2 | 159 260 83 | 041 | 3.50
R Ant Cerebral | 11.2 | 113 | 5.05 | LCX3 | 213 348 111 ) 0.32 | 2.78
L Int Carotid 3.18 | 321 | 110 | LCX4 | 167 272 87 | 0.39 | 3.38
R Int Carotid | 3.18 | 321 | 103 | RCA1 | 166 271 86 | 0.59 | 5.07
L Post Cerebral| 829 | 838 | 541 | RCA2 | 231 377 120 | 0.44 | 3.74
R Post Cerebrall 829 | 838 | 6.13 | RCA3 | 258 422 134 | 0.39 | 3.38

Table1 Parameter values for the lumped parameter Windkessel andary models. The unit of
resistance is fodynes s/cr and the unit of capacitance is 10crmP/dynes.

based directly on data (Gow and Hadfield, 1979; Hayashi e1@R0; Nichols and
O’Rourke, 2005). The thickness of the vessel in each seet@ms assumed to be
10% of the mean radius within that section (Nichols and O'iReu2005).

2.4 Acute Cardiac Compensation Following Coarctation

When first introducing the coarctation, parameters for te@&tmodel were modi-
fied to simulate an acute cardiac compensation. This motidicaccounted for the
increased work required of the heart to compensate for treased afterload due
to the coarctation. If the heart were not to adapt, then aarlutput would decrease
due to the increased resistance in the aorta. Thus, theredsl was modified by
iteratively increasing values of the maximum left venttégielastance and left atrial
pressure until cardiac output equaled that of the baselodeih({Taylor and Donald,
1960). We assumed that cardiac output remained unchangsgltkie aortic steno-
sis was moderate and that it is unlikely that either the #ofuor the metabolic
demands of the subject were altered significantly. It foidhat, in order to main-
tain cardiac output, contractility of the heart (i.e., thastance) must increase. In
addition, changes in elastance affect filling of the he&rtstrequiring an increase
in left atrial pressure to maintain the same end diastoliare. The final left atrial
pressure was 14 mmHg and the maximum elastance WsasyimHg/mL.

2.5 Early Arterial Remodeling

Early arterial vascular remodeling (i.e., within the fir& days or so) was simu-
lated by modifying wall properties to reflect stiffening atiickening of the tho-
racic aorta proximal to the coarctation, the coronary Mess@d the neck vessels.
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Fig. 3 Sections of the model with different wall properties. Thataaardiac compensation frame
refers to the introduction of coarctation and subsequertti@a compensation, the early arterial
remodeling shows the differential stiffening observed mmaal experiments in various vascular
regions. From Coogan et al. (2012).

These changes were based on findings that the pulse wavétyelmt increase by
as much as two-fold with aging and that many adaptive preseassociated with
aging are similar to those associated with hypertensiorlifiky, 1972; Nichols
and O'Rourke, 2005). Updated values of stiffness and tk@skrare illustrated in
Fig. 3. Briefly, the stiffness of the aortic arch, coronasetrand neck vessels was
increased by 100%, 50% and 50%, respectively, while th&mieiss was increased
15%. We assumed that the cerebral vasculature did not experiany changes in
stiffness or thickness during this early period (Hayendd,@. We also did not
prescribe any associated changes in vascular lumen laogebuse of the lack of
associated experimental data and the possible competeasbf changes in distal
resistances (e.g., cerebral autoregulation) and locarsiegulated vasodilatation.
The prescribed changes in vascular stiffness and thiclaffested cardiac afterload,
hence additional cardiac compensation was required totenaicardiac output after
arterial remodeling. The final left atrial pressure was 16Hignand the maximum
elastance was.82 mmHg/mL. All other outlet boundary conditions (artergald
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coronary) remained the same for baseline, acute cardiap@osation, and early
arterial remodeling.

2.6 Data Analysis

Simulation data were analyzed using the open-source satiRaraview (Kitware,
Inc. Clifton Park, NY). Pressure, flow, and cyclic wall stravere analyzed at five
different locations within the vasculature (see Fig. 4¢: phoximal descending aorta
(P-A0), left anterior descending (LAD) coronary arteryt tommon carotid artery
(LCCA), left middle cerebral artery (LMCA), and basilar eny (BA). Mean cir-
cumferential wall strain was calculated based on changi®ioross sectional area
of the vessel over a cardiac cycle using the following Greagrange type expres-
sionEgg = (A/Ap —1)/2, whereA is the cross sectional area at any given time
andAp is a reference diastolic value (note: using area effegtikegresents radius
squared as needed in the nonlinear measure of strain).

3 Results

The baseline simulation provided a prototypical humaniagntessure of 120
80 mmHg, cardiac output of 5L/min, and heart rate of 60 bpnsogtted pres-
sure, flow, and strain waveforms also had realistic shagestsie plots in Fig. 4).
The P-Ao had the highest mean and peak strain, followed bl@t@A, BA, LAD,
and LMCA. Conversely, the highest mean wall shear stressragah circumferen-
tial stress were in the LMCA, followed by the BA, LAD, LCCA, drP-Ao. The
coronary arteries exhibited realistic shapes and averagég flow, pressure, and
strain waveforms. In addition, equal regional blood flowsewebtained in the left
and right cerebral hemispheres, with mean and pulse peeksuer in the cerebral
arteries than in other areas of the vasculature. Thesasesalsummarized in Fig. 4
and Table 2.

Cardiac output would have decreased from 5.@64./min after introducing the
75% aortic coarctation if no changes were made in the lum@ednpeter heart
model. Increasing the maximum elastance of the heart fr@mtb 152 mmHg/mL
maintained cardiac output at 5L/min, but increased bloassgure in the entire
model (e.g., from 12080 to~ 150/90 mmHg in the P-Ao). The pressure, flow, and
strain waveforms exhibited more oscillations in each visdarritory, possibly due
to the additional reflection site at the coarctation (Fig.Sijnilar to the baseline
condition simulation, the P-Ao had the highest mean and g&aln, followed by
the LCCA, BA, LAD, and LMCA, all with values higher than in telse conditions.
Interestingly, while the % increase in MAP was approximatieé same throughout
the model; the % increase in pulse pressure was greatese iR-#o, followed
by the LCCA, BA, LAD, and LMCA (Table 3). Whereas flow incredstirough



Hemodynamic Alterations Associated with Coronary and BedeArterial Remodeling 9

CEREBRAL Basilar Artery
(Left Middle Cerebral Artery) (Left Common Carotid Artery)
_ 200 5 200
@
I S
£
E £ 150
v 2 100 4
2 2
8 _ £ s
& z &
0 0.2 0.4 0.6 0.8 1 -E'
10 ; 40
= oA g =
3 o 1IN M 3
LY Ew
s S —— _ 3 10
T T T
0 T T T e o T
o 0.2 04 0.6 08 1 g 0 0.2 0.4 0.6 0.8 1
3
15 15
0 0.2 04 0.6 0.8 1 —
g 10 Time(s) é:- 10
= £
g s LN\ o5 LA N
& «n
0 0
0 05 1 0 0.2 04 0.6 0.8 1
Time(s) Time(s)
CORONARY AORTA
(Left Anterior Descending Artery) (Ascending Aorta)
— 200
ES
E 150 AN
E
£ 100
2
8
£ 50

Flow (mL/s)

20
g g 1
£ £ s AN
g ° a3 o° v
0 02 04 06 08 1 0 02 04 06 08 1
Time(s) Time(s)

emm=» Baseline === Acute Cardiac Compensation esss== Early Arterial Remodeling

Fig. 4 Pressure, flow, and wall strain in baseline, acute cardiagpeasation, and early arterial
remodeling conditions. From Coogan et al. (2012).

the LAD, LCCA, LMCA, and BA, it decreased in the P-Ao, thus iceting an
early redistribution of flow due to the increased resisteatcne coarctation. This
redistribution also explained the smaller percentagesmse in wall shear stress in
the P-Ao compared to the other vascular territories. Candiarkload, as measured
by the area within the pressure-volume loop of the left veletr increased 17%
from 8476 to 9890 mmHg/mL.

In the early arterial remodeling case, had the heart modebeen modified,
the changes in arterial properties would have decreaseliacasutput from 5 to
4.59 L/min. Additional cardiac compensation was thus intietli(e.g., increased
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Baseline Acute Cardiac Compensation
Aorta| LAD | LCCA|LMCA | Basilar| Aorta| LAD | LCCA | LMCA | Basilar
Pmean(mmHg)| 102 | 102 | 101 89 96 121|121 | 120 | 105 114
PP (mmHg) | 42 | 40 42 33 38 70 | 60 65 a7 58
Qmean(ML/s) [ 545 | 1.2 | 75 34 21 | 477 15| 89 4.0 25
Eemeea”(%) 59 | 22 3.2 17 2.3 89 [ 32 4.8 2.4 3.6
Eg‘;ak(%) 120 | 43| 6.6 34 45 | 206 | 6.6 | 103 | 49 7.1
Tmean(Pa) | 0.98 | 1.12( 1.11 | 9.57 359 | 101|140 141 | 1182 | 456
Omean(kPa) | 94 [ 153 141 | 164 204 | 112 | 182 | 167 | 193 242

Early Arterial Remodeling
Aorta| LAD |LCCA | LMCA [ Basilar
Pnean(MmHg)| 124 | 124 | 123 | 106 116
PP (mmHg) | 101 | 97 | 97 74 88
Qmean(mL/s) | 456 | 1.5 | 9.0 4.0 2.6
Egg " (%) 58 | 29 | 44 3.7 5.3
EN (%) [126]62] 95 | 80 [ 109
Tmean(Pa) | 0.78 | 1.43| 1.58 | 1258 | 491
Omean(kPa) | 100 | 162 | 149 | 195 247

Table 2 Results for the three simulated stagBsean= mean arterial pressur®P = pulse pres-
sure; Qmean= flow; Egg = cyclic strain; Tmean= wall shear stressgmean= circumferential wall
stress.

Baseline vs. Acute (%) Baseline vs. Early Remodeling (%
Aorta| LAD | LCCA |LMCA | Basilar| Aorta| LAD | LCCA | LMCA | Basilar
APrean| 19 | 19 | 19 18 19 22 | 22| 22 19 21
APP 67 26 55 42 53 140 | 143 | 131 124 132
AQmean| —12 | 26 19 16 19 —-16| 28 20 19 24
AEREA 51 | 45| 50 | 41 52 | -2 [ 32] 38 | 118 | 130
AEgga" 72 | 53 | 56 44 58 5 | 44 | 44 135 | 142
ATmean| 3 25 27 24 27 —-20| 28 42 31 37
AOmean| 19 19 18 18 19 6 6 6 19 21

Acute vs. Early Remodeling (%)
Aorta| LAD |LCCA|LMCA |Basilar

Mool 2 [ 2 | 3 1 5
APP 44 62 49 57 52
AQmean| —4 2 1 2 4

AEQE 35| 9| 8 | 54 | 51
AED| —39] 6] -8 | 63 | 54
Almean| 23| 2 | 12 | 6 8
AOmean| 11| 11| —11| 1 2

Table 3 Percent changes between baseline and acute cardiac catipenbaseline and early
arterial remodeling, and acute cardiac compensation ayaterial remodeling.

maximum elastance ta82 mmHg/mL) to maintain cardiac output at 5 L/min. This
change resulted in yet another increase in blood pressungghout the model, with
aortic blood pressure reachirg180/80 mmHg. Additional oscillations were seen
in the pressure, flow, and strain waveforms compared withdliound in the acute
cardiac compensation stage (Fig. 4). The P-Ao again haddghes$t mean and peak
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strain, followed by the BA, LCCA, LMCA, and LAD. In this caseall strain re-
turned to near baseline levels in the P-Ao, whereas straittsei LCCA and LAD
were approximately the same as for acute cardiac compensigspite the stiffen-
ing and thickening experienced by these arteries. Ladthins in the LMCA and
BA were higher than those seen with acute cardiac compensdtie to the higher
mean and pulse pressures, but no changes in wall propértiesnean values of
circumferential stress were between those for baselineaante cardiac compen-
sation for the P-Ao, LCCA, and LAD, but higher in the basilateay and LMCA.
When comparing acute cardiac compensation and earlyartemodeling, the %
increase in mean pressure was nearly identical througheetttire model but the %
increase in pulse pressure differed regionally, see Tabléi8 finding emphasizes
that possible differential changes in pulse, not mean spreghroughout the vascu-
lature might be responsible for different time courses tdréal remodeling. Flow
throughthe LAD, LCCA, LMCA, and BA increased, whereas flowotigh the P-Ao
decreased further. Cardiac workload increased 12% fror @891059 mmHg/mL.

4 Discussion

Findings over the past few decades have revealed that gesghin the elastic,
muscular arteries, arterioles, capillaries, venules arsveespond markedly differ-
ently to altered biomechanical stimuli. For example, whsreall arteries and ar-
terioles tend to thicken in response to hypertension, tastiel arteries, muscular
arteries, and arterioles tend to do so while increasingntaising, and decreasing
their caliber, respectively (Humphrey, 2002). More rebgitthas become apparent
that differential remodeling responses can even occurinvitbssels of the same
general classification and within close proximity to onetaea For example, the
ascending aorta (an elastic artery) appears to be the finttatartery (i.e., of the
rest of the aorta and carotids) to manifest aging relatedgédmsin structure that af-
fect overall mechanical properties (Redheuil et al., 20A6)ongst the many effects
of aging on arteries, including increased endothelial alysfion and advanced gly-
cation endproducts (Lakatta et al., 2009; Safar, 2010ppears that fatigue-type
damage to elastic fibers is particularly important (Arriledsal., 2006; O’Rourke
and Hashimoto, 2007). Indeed, it may well be that the in@@asisceptibility of
the ascending aorta to an aging related loss of elastic fibegrity may explain in
part the increased susceptibility of the same region tdatitan and dissection in
Marfan syndrome (Pearson et al., 2008), which results frgyareetic mutation in
the fibrillin-1 gene (FBN1); fibrillin-1 appears to help siige elastic fibers, hence
mutations in FBN1 also result in decreased elastic fibegiitie

Understanding better the spatio-temporal progressioasdwar changes in both
adaptive and maladaptive G&R could impact clinical caraigicantly. For exam-
ple, being able to identify early indicators of vascularedise or subsequent risk
could allow earlier interventions, before the subsequésgate presents symp-
tomatically as heart attack, stroke, or other life thremtgicondition. A long-term
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goal of this work is to build a new class of computational nsdleat aid in under-
standing local and systemic effects of spatially and temlhoprogressive changes
in large portions of the vascular tree and attendant chaimgth® hemodynamics,
which in turn serve as strong mechanobiological stimuliobsequent vascular
growth and remodeling.

Toward that end, here we presented a zeroth order model inhpregres-
sive changes in large segments of the vasculature weralirdeal based on lim-
ited observations in the literature to study possible cqusaces on the associated
hemodynamics. Specifically, motivated by animal modelsoféased blood pres-
sure/pulse pressure (Xu et al., 2000; Hu et al., 2008; Eleréh, 2009; Hayenga,
2010), we studied the potential short-term effects of theiptbcreation of a 75%
coarctation in the human descending thoracic aorta.
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