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Abstract

Patients with repaired tetralogy of Fallot (TOF) account for the majority of cases with late onset
right ventricle failure. Comparing TOF patients with healthy people may provide information to
address this challenge. Cardiac magnetic resonance (CMR) data were obtained from 16 TOF
patients (patient group, PG) and 6 healthy volunteers (healthy group, HG). At begin-of-ejection,
better patient group (n=5, BPG) stress was very close to HG stress (54.7+38.4 kPa vs. 51.2+55.7
kPa, p=0.6889) while worse patient group (n=11, WPG) stress was 84% higher than HG stress
(p=0.0418). Stress may be used as an indicator to differentiate BPG patients from WPG patients,
with further validations.
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1 Introduction

With the recent development of modelling and imaging technology, computational
mechanical analysis and computer-aided procedures have become more widely used in
cardiac function analysis and patient-specific surgical design, replacing traditional empirical
and often risky experimentation to examine the efficiency and suitability of various
reconstructive cardiac procedures [McCulloch, Waldman, Rogers et al. (1992); Hunter,
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Pullan and Smaill (2003); Pfeiffer, Tangney and Omens (2014); Fan, Yao, Yang et al.
(2016)].

Tetralogy of Fallot (TOF) is a congenital heart defect which involves four anatomical
abnormalities of the heart: pulmonary infundibular stenosis, overriding aorta, ventricular
septal defect and right ventricular (RV) hypertrophy. With the introduction of TOF repair
surgery, survival of TOF patients has increased substantially starting from the 80s. One
recent report showed that long-term survival rate for repaired TOF patients decreased
significantly after the first two decades of the initial repair [Nollert, Fischlein, Bouterwek et
al. (1997)]. Pulmonary valve replacement (PVR) is one traditional surgical approach for
repaired TOF patients with failing RV. Although the current PVR surgical approaches are
meant to address pulmonary regurgitation issue, many patients do not experience an
improvement in RV function and some show a decline after PVR [del Nido (2006); Geva,
Gauvreau, Powell et al. (2010); McKenzie, Khan, Dietzman et al. (2014); Tweddell,
Simpson, Li et al. (2012)].

In our previous publications [Tang, Yang, Geva et al. (2008); (2010)], computational RV/LV
models were used in the comparison between regular PVR surgeries and PVR surgeries with
RV remodeling, and PVR surgeries with RV remodeling were found to result in reduced
stress/strain conditions in the patch area which may lead to improved recovery of RV
function. In [Tang, Yang, Geva et al. (2011)], RV/LV models with different patch materials
were constructed to evaluate the effect of patch materials on RV function. RV/LV models
with contracting band were built to investigate the impact of band material stiffness
variations, band length and active contraction [Yang, Tang, Geva et al. (2013)]. More
recently, [Tang, Del Nido, Yang et al. (2016)] introduced RV/LV models with different zero-
load diastole and systole geometries to reflect zero-stress sarcomere length changes in active
contraction. These results indicated that computational models were powerful in the
investigation of PVVR surgeries.

In this study, CMR-based computational RV/LV models were constructed for 6 healthy
volunteers and 16 TOF patients. The purposes of this study are: a) use RV/LV models to
obtain RV morphological and mechanical parameters (circumferential and longitudinal
curvatures, RV stress and strain) for healthy people which are lacking in the current
literature; b) identify the differences in morphological and mechanical stress/strain
characteristics between TOF patients and healthy people and see if these will help to
differentiate better-outcome TOF patients from worse outcome TOF patients.

2 Data acquisition, models and methods

2.1 Data acquisition

This study was approved by the Boston Children’s Hospital Committee on Clinical
Investigation. CMR data were obtained from 22 people (9 male, 13 female; median age, 36.6
years; 16 with TOF, 6 healthy) previously enrolled in our RV surgical remodeling trial with
written consent obtained [Geva, Gauvreau, Powell et al. (2010)]. For the 16 TOF patients,
CMR data before and 6 months after PVR were available for model construction and
analysis. Based on their RV ejection fraction (EF) changes, the patients were categorized
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into two groups, the Better-Outcome Patient Group (BPG, n=5) which had positive RV EF
changes (RV EF change: 3.94+2.20) and Worse-Outcome Patient Group (WPG, n=11)
which had negative RV EF changes (RV EF change: —8.88+5.30, p-value: 0.00015).
Demographic information, RV volumes, pressure conditions, and RV EF for the participants
are summarized in Table 1. CMR acquisition procedures have been previously described
[Tang, Yang, Geva et al. (2014)]. Each CMR data set consists of 30 time steps per cardiac
cycle, and each time step data has 9-14 slices covering ventricles in ventricular short axis
from base to apex. Three-dimensional RV/LV geometry and computational meshes were
constructed following the procedures described in [Tang, Yang, Geva et al. (2011)]. Figure 1
shows selected CMR images from a TOF patient before the PVR surgery with segmented
contours and re-constructed 3D RV/LV geometries. Our two-layer model construction and
fiber orientation information were also provided [Hunter, Pullan and Smaill (2003);
Sanchez-Quintana, Anderson and Ho (1996)].

Abbreviations: F: Female; M: male; EDV: end-diastolic volume; ESV: end-systolic volume;
EF: ejection fraction.

2.2 The active anisotropic RV/LV models

The ventricular material was assumed to be hyperelastic, anisotropic, nearly-incompressible
and homogeneous. Right Ventricular Outflow Tract (RVOT) material, patch and scar were
assumed to be hyper-elastic, isotropic, nearly-incompressible and homogeneous. The
governing equations for the structure models are:

Ay 1,2,3 (1)
P—F= =73 -1=1,4
or axj
1 Ou; Odu; du, du,

E..= j+

if f(a_ai aj‘i' la_aiwj)’ld=l’2’3 2

Here ois the stress tensor, e is Green’s strain tensor, u is the displacement, and p is material
density. The normal stress on the outer RV/LV surface was set to zero, and was set to the
imposed RV/LV pressure conditions on the inner RV/LV surfaces:

Plpy = Pry(®), Pl =Py (3)
The Mooney-Rivlin model was used to describe the nonlinear anisotropic and isotropic
material properties. The strain energy function for the isotropic modified Mooney-Rivlin

model (for patch, scar tissue and RVOT material) was given by [Tang, Yang, del Nido et al.
(2011, 2015)]:
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W =c,(I, =3) +cyl, —3) + D,lexp(Dy(, = 3) = D] (4)

1.2
1= Y Cinly =51} = C;Cil (9)

where /;and /,are the first and second strain invariants, C=[Cj]= XTXis the right
Cauchy—Green deformation tensor, X=[X;] = [dx /da], (x;) is current position, (&) is
original position), and ¢;and D;are material parameters chosen to match experimental
measurements [Tang, Yang, del Nido et al. (2015)]. The strain energy function for the
anisotropic modified Mooney-Rivlin model was used for the ventricle tissue [Tang, Yang,
del Nido et al. (2011); (2015)]:

W=c (I} =3)+cy(I, = 3)+ D [exp(Dy(I; = 3)) = 1] + K| /(K,)exp[K,(I, — 1)2 —-11 (6)

where /3 = Cj(ng)i(ng)j, Cjjis the Cauchy-Green deformation tensor, n¢ is the fiber direction,
K1 and K5 are material constants. The anisotropic strain-energy function with respect to the
local fiber direction was given below [McCulloch, Waldman, Rogers et al. (1992)].

W=32-1 (@

Q=bEy+byEr + En+ Eop+EL) + by(Ef + Ey+Ef + Ex)  (8)

where Egis fiber strain, £, is cross-fiber in-plane strain, £, is radial strain, and £,, Egand
Ejy. are the shear components in their respective coordinate planes, C, b, b, and bzare
parameters to be chosen to fit experimental data. It should be noted that Equations (7)—(8)
were used because it is desirable to use local coordinate system to identify material
parameters which are independent of fiber directions.

Biaxial mechanical testing of human myocardium was performed in Billiar’s lab and results
were reported in our previous paper [Tang, Yang, del Nido et al. (2015)]. Active contraction
and relaxation were modeled by material stiffening and softening. In our material model,
parameter values ¢;, Dy and Cin equations (6) and (7) were adjusted at every CMR time
step to match CMR-measured RV volume data for each patient. Fiber orientation was set the
same way as in our previous papers (see Figure 1) [Hunter, Pullan and Smaill (2003);
Sanchez-Quintana, Anderson and Ho (1996)].
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2.3 Geometry-fitting mesh generation

Ventricles have complex irregular geometries which are challenging for mesh generation. A
geometry-fitting mesh generation technique was developed to generate mesh for our models.
Figure 1 (g) gives an illustration of RV/LV geometry between two slices. In each slice,
“points” (ADINA mesh generation terms) were first defined based on the results of MRI
segmentation. Then, “lines” were defined to divide the slice into geometry-fitting areas
(called “surfaces” in ADINA). The neighboring slices were stacked to form “volumes”.
Using this technique, the 3D RV/LV domain was divided into many small “volumes” to
curve-fit the irregular ventricular geometry with patch and scar as inclusions. Finally,
meshes were generated in each small volume. 3D surfaces, volumes and computational mesh
were made under ADINA computing environment. Mesh analysis was performed by
decreasing mesh size by 10% (in each dimension) until solution differences were less than
2%. The mesh was then chosen for our simulations.

2.4 Pre-shrink process

2.5 Solution

Numerical simulation needs to start from an initial condition where the initial ventricular
geometry, pressure and stress/strain conditions of a working heart were provided. Since
stress is hard to measure in vivo, our numerical simulations started from zero-load
ventricular geometries with zero pressure and zero stress/strain distributions. Under in vivo
condition, the ventricles were pressurized and the zero-load ventricular geometries were not
known. In our model construction process, a pre-shrink process was applied to the in vivo
begin-filling ventricular geometries to generate the starting shape (zero-load ventricular
geometries) for the computational simulation. The initial shrinkage for the inner ventricular
surface was 2—-3% which was adjusted iteratively so that when begin-filling pressure was
applied, the ventricles would match their in vivo morphology as much as possible. The
ventricular out surface shrinkage was determined by volume conservation law so that the
total ventricular wall volume was conserved. Without this pre-shrink process, the pressurized
ventricle volume would be greater than its in vivo volume due to the initial expansion when
pressure was applied.

methods and morphological and stress/strain data for analysis

The RV/LV computational models (n=22) were constructed and solved by ADINA (ADINA
R&D, Watertown, Mass) using finite elements and the New-Raphson iteration method.
CMR-measured RV volume and pressure data were used to adjust model parameters so that
model-predicted RV volume matched CMR-measure data.

Each ventricle model had 9-14 CMR slices. Every slice was divided into 4 quarters, each
with equal inner wall circumferential length. Ventricular wall thickness (WT),
circumferential curvature (C-cur), longitudinal curvature (L-cur), maximal principle stress
(Stress-P1) and maximal principle strain (Strain-P1) were calculated at all nodal points (100
points per slice, 25 points per quarter). Their average values over the 25 points in each
quarter provided the quarter values of these parameters which were collected for analysis.
The formulas used for calculation of circumferential curvature («,) at each point was
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k=2 1Y (g
c (x/z + y,2)3/2

The formulas used for calculation of longitudinal curvature (x) at each point was

@Oy 0 =y O 0) + @O (1) — 2 Ox' D) + (" (OX (1) — X" ()Y (1)
K= , : . 37 (10)
020 +y A0 +220)

Details can be found from [Tang, Yang, del Nido et al. (2015)].

2.6 Statistical analysis

The mean and standard deviation values of RV volumes, WT, C-cur, L-cur, Stress-P; and
Strain-P; were summarized by Table 2. Unpaired Student #test was used to compare mean
RV volumes between different groups. Due to the small size of data, the quarter mean values
were used in the analysis of RV wall thickness, curvatures, Stress-P4 and Strain-P;. Similar
to what we did in [Tang, Yang, del Nido et al. (2015)], the Linear Mixed-Effect Model was
used to take care of data dependence structure and make comparisons between different
outcome groups.

3 Results

3.1 Comparison of geometrical parameters: TOF patients have noticeable differences in RV
volume, L-cur and C-cur from healthy group

Table 2 summarized the average values of the geometrical and mechanical parameters from
HG, BPG and WPG. These values were used in our group comparisons. Table 3 summarized
and compared the average values of geometrical parameters (RV volume, wall thickness, L-
cur and C-cur) between healthy group (HG) and patient group (PG = BPG + WPG). Bar
plots of the average values are given in Figure 2 showing group differences. At the
beginning of ejection, average Stress-P; of PG was 60.5% higher than that from HG
(82.2£79.4 kPa vs. 51.2455.7 kPa, p=0.1031). At the beginning of filling, mean Stress-P; of
PG was 143.7% higher than that from HG (7.31+8.49 kPa vs. 3.00+£2.30 kPa, £p=0.0831).
The high percentage should be discounted because the overall stress values were small. At
begin of ejection, average Strain-Pq from HG was 18% higher than that from PG. Noticing
that average Strain-P; values from both HG and PG at begin-filling were about the same,
higher strain from HG means that healthy ventricles had better contractibility, consistent
with our expectations. RV volume was the parameter with the most noticeable difference
between HG and PG. At the beginning of ejection, average PG RV volume was 87.9%
higher than that from HG (344.9+131.3 cm?3 vs. 183.6+69.4 cmS3, p=0.0102). At the
beginning of filling, average RV volume of PG was 151.5% higher than that from HG
(204.2+97.9 cm? vs. 81.2+34.6 cm3, p=0.0076). The high percentage difference at begin-
filling was due to the fact that RV of PG contracted much less that HG.
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C-cur and L-cur also showed large differences between HG and PG. At begin of ejection,
mean PG C-cur was 35.8% lower than mean HG C-cur, and mean PG L-cur was 38.4%
higher than mean HG L-cur. At begin of filling, average C-cur of PG was 22.9% lower than
that from HG, and average L-cur of PG was 23.2% higher than that from HG. It is worth
noting that the ratio of L-cur over C-cur for PG at begin-ejection is 2.29, compared to 1.06
for HG. At begin of filling, the ratio of L-cur over C-cur for PG is 1.90, compared to 1.19
for HG. RV WT did not show much difference between HG and PG.

3.2 HG may help differentiate BPG from WPG

Table 4 summarized and compared geometrical and mechanical parameter values of BPG
and WPG to HG. Figure 3 gave the bar plots of average Stress-P4, StrainP{, RV volume, C-
cur, L-cur and WT at begin-ejection, showing the differences among the three groups. Table
4 and Figure 3 showed that differences in wall thickness, C-cur and Strain-P; between BPG
and WPG may not be very useful in differentiating BPG patients from WPG patients. Stress-
P41 from BPG was found to be closer to that from HG, compared to Stress-P; of WPG. At the
beginning of ejection, mean Stress-P; of BPG was only 6.8% higher than that from HG
(54.7£38.4 kPa vs. 51.2455.7 kPa, p=0.6889), and the difference was not significant; while
average Stress-P1 of WPG was 84.1% higher than that of HG (94.3+89.2 kPa vs. 51.2+55.7
kPa, p=0.0418), and the difference was significant.

At the beginning of filling, average Stress-P; of BPG was 25% higher than that from HG
(3.76£4.17 kPa vs. 3.00£2.30 kPa, p=0.5968), while average Stress-P1 of WPG was 195.7%
higher than that of HG (8.87+9.39 kPa vs. 3.00+£2.30 kPa, £=0.0290). The results suggested
that comparing patient’s RV stress values with healthy RV stress values may help identify
patients with possible better outcome.

Similarly, BPG RV volumes at Begin-Ejection were closer to HG RV volumes (263 cm? vs.
184 cm3, 43% higher) compared to WPG volumes (382 cm3 vs. 184 cm3, 107% higher).
BPG L-curvature was much greater than HG L-curvature at Begin-Ejection (1.42 vs. 0.86
1/ecm, 65% higher) than WPG L-cur over HG (1.09 vs. 0.861/cm, 27% higher). Based on
these results, RV volume and L-cur could be useful in identifying better-outcome patients.

4 Discussion

4.1 Modeling techniques for models based on in vivo data with complex geometry

It should be emphasized that the pre-shrink and mesh generation techniques presented in this
paper are of general interest for models based on in vivo geometry and of complex
structures. In vivo data of organs such as ventricles and arteries are under pressure and
internal stress conditions. Most mechanical models require zero-stress geometry as their
starting point for stress/strain calculations. Our pre-shrink pressure presented in this paper is
a way to obtain the zero-load ventricle geometry as our model starting geometry. Without
the shrinking process, as soon as pressure is added to the ventricle, the ventricle will be
inflated and its volume will be greater than its in vivo size. This is a major difference
between models based on in vivo data and models based on ex vivo data.
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4.2 Motivation to construct models of healthy people

TOF patients have mixed results after PVR. It has remained challenging for the surgeons and
clinicians to differentiate patients with better outcome from those with worse outcome. This
work aims to determine if information from healthy people could be helpful in meeting that
challenge. At the same time, general mechanical stress/strain and morphological information
for healthy people will be good contributions since such data are still lacking in the current
literature. It should be explained that our purpose is not only looking for differences between
TOF patients and healthy people. We were also trying to find methods and indicators which
could help us to separate BPG from WPG by using HG information. As the main result of
this paper, it was found that BPG Stress-P4 and HG Stress-P4 were close to each other. In
fact, they were not statistically different. This indicates RV stress could be a biomarker to be
used for possible prediction of post-PVR outcome. RV volume and longitudinal curvature
could serve the same purpose in a similar way.

4.3 Limitations

One limitation of this study is the small sample size which results in limited statistical
power. The reason for the small sample size is the extensive amount of time required for
constructing each computational model. Currently, it would take a trained modeling
technician 2 weeks to generate one 3D patient-specific model. Thus, improving the model-
building technique to make the process less labor-intensive and more clinically applicable
will be a major effort for our future work.

Other limitations include: a) fluid-structure interactions can be added to obtain blood flow
velocity and shear stress which can be also included in the investigation of predictors for
good recovery after PRV; b) patient-specific and location-specific measurements of tissue
mechanical properties (such as MRI with tagging) will be very desirable for improved
accuracy of our models; c) inclusion of patient-specific fiber orientations; d) inclusion of
pulmonary valve mechanics in the current model will be an important addition.

5 Conclusion

Our results indicated that RV stress from the better-outcome patient group was close to
stress from the healthy group, and stress could be used as a potential indicator to
differentiate BPG patients from WPG patients, with further validations.
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(a) Pre-Operation CMR Images from a Patient, End of Systole

(b) Segmented Contours of RV-LV for Model Construction
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(c) Stacked Contours (d) Human Heart, (e) Fiber orientation, (f) Fiber orientation, (g) Two-layer construction
TOF patient Patient Model. healthy. Healthy.

Figure 1.
Model construction process using CMR image slices from a TOF patient. (a) Pre-operative

CMR images of a TOF patient; (b) segmented contours; (c) stacked contours; (d) fiber
orientation from a human heart; (e—f) fiber orientation from RV/LV models of a TOF patient
and a healthy volunteer; (g) two-layer construction.
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(¢) C-curvature
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Bar plots comparing RV volume, WT, C-cur, L-cur, Stress-P; and Strain-P4 values from
Healthy Group (HG) and Patient Group (HG) at Begin-Ejection (BE) and Begin-Filling

(BF).
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Figure 3.

Bar plots comparing average Stress-Pq, Strain-P1, RV volume, C-cur, L-cur and WT values
from Healthy Group (HG), Better-outcome Patient Group (BPG) and Worse-outcome Patient
Group (WPG) at Begin-Ejection (BE). Blue: HG; Green: BPG; Yellow: WPG.

Mol Cell Biomech. Author manuscript; available in PMC 2018 August 21.



Page 13

Tang et al.

Author Manuscript

0'G- sy £15T zLe zs z1 56 4 €1d
0'L- 0’6 80.T 8'vee €9 v TS W Z1d
ST zoe 0v9Y 1'699 59 L1 gey W 1Td
8- 90y £1eT 0T 9 o1 9711 W 01d
0'8T- 128 98T 7'G8€E 154 g 6'95 4 6d
62— e §'6€2 979 €€ € 005 W 8d
92— L'l 8'5Z 8'801 153 z L'y W Id
ve- oy 0'96T 8'8z¢ 8z 9 G'8e 4 od
(9dM) dnous usied aW0INO-8SI0M
YZCFC6E  CTVFGSy T99F00ST LL6F2€9Z LOTFS6Z 6C8Fe6L STIFLTL as T ues iy
0C STy £'80T £'88T 1z € 0'LT W Gd
99 LSy 7°50T L'€6T aT z £GT 4 vd
9g 8’8 €07 002 6¢ € €Yl 4 ed
oY 0'sy 8'..T 4 74 01 0'ey 4 zd
A Gle SYse 6'90% v'IE 912 522 W d
(9dg) dnoas 1sied swoanQ-1eaeg
- T9EFG9S  OVEFCTI8 V69F9EST E€6TFSYC 8YOFSIY CEIFGTL as T uesiy
- 85 78z 929 8y ey L9 W 9H
- 55 §'S0T IR x4 eve Ay LT W GH
- 95 Y6 gere 8'€C 6'c 7’61 W vH
- S 0°20T L'1€2 4 gy 80z W €H
- €5 ¥'S0T 9'922 6'LC g 9'€e W ZH
- €9 6'9 v'8ZT 2 9 Loy 4 TH
(9H) dnoio AyyesH
(%) (gwo) (swo) ainssald  aanssald
(%) 43 NS3 AQ3 uondaly Buili4 (A
43v Nd Nd Nd -uifeg -uibag aby X3S juaned
siuaired 4O pue s1331Unjon Ayljeay Joj elep JIAID pue aiydeibowsq
T9lgel

Author Manuscript

Author Manuscript Author Manuscript

Mol Cell Biomech. Author manuscript; available in PMC 2018 August 21.



Page 14

Tang et al.

6C'G¥88'8— [Z/FZTvy 20T¥6'82¢ TET¥2¢8E CEI*Geyr 28Vv+9¢. VVI*¥8Th ds F ues\
V'eT- 0'sE €T.LE TT.S 67 6 14 E| 91d
€¢T- 8'LE 0981 0'66¢ 0§ T 9y E| STd
96— 219 08T 0'99¢ (01 Z 8'.T N 1d
(%) (gwo) (swo) anssald  ainssaid
(%) 43 AS3 AQ3 uonoslg Bun4 ()
43v Nd Nd Nd -uifag -uibag aby X3S juaned

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Mol Cell Biomech. Author manuscript; available in PMC 2018 August 21.



Page 15

Tang et al.

99'0 L'T6T LT 160 9’0 S0 e1d
o 7°€8 gvee zL0 vr0 TL0 Z1d
€2°0 v'e8 17'99 650 9g'0 08'0 TTd
67°0 6'28 0T T ve'T 70 0Td
99°0 12T T7'G8¢ 16'0 o 8’0 6d
980 T'v9 9'v9¢ ¥S'T 50 6v°0 8d
€0 0Ty 8'80v 70'T 1£0 59'0 Ld
ev'0 €69 8'82¢ LL0 6£°0 v€0 9d

DdM

80'0F T¥'0 6'8IFESS LL6FCE€IZ OVOFZyT ¥OOF6V0 SOOFSGY0 S F Uesiy
ov'0 0'ey £'88T 681 €50 160 Sd
9’0 gee L'S6T ¥8'T €50 o vd
8y°0 6’19 002 0z'1 050 8’0 ed
7’0 v'e8 e'eee 96'0 7’0 L0 zd
62°0 6'9S 6'90 A 170 650 1d

9dg

OT'0FIS0 VIIFETIS V69FYEBT 620FG80 6TOFTR0 STOFTISO  AS F U
150 0’8y L£'99 11 06'0 €0 9H
1§50 6'SY 9'zeT 121 1§50 150 SH
650 095 1€l 190 290 150 vH
ov'0 €9 1922 89'0 110 ¥9°0 €H
85°0 91§ T'l2C 950 89°0 89'0 ZH
£9°0 zoL [ATAN 180 ST'T ge'0 TH

OH
(ed>) (swo) (wioyT) (wo/T) (wo)
Td-urens  Td-ssaas Ad3 NS ana- ana-3 1M

uonaals Jo u1baq 1e sanjen Jalawered urel)s/ssalls pue d11awWoah ueaw Jo Arewwns

¢ 9lqeL

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Mol Cell Biomech. Author manuscript; available in PMC 2018 August 21.



Page 16

Tang et al.

2.N1eAIND [eUIPNIBUO| 1IN~ BINJRAIND [RIUSIBIUNIIID 1IND-D) ‘SSAUNDIYY |[M ;1 A\ :SUONRIABIGQY

ET0F¥¥0 TO0S+086 T'IET+¢'¢8E €E0+80T 6¢0%¢S0 PI'0FESO dASFUeIN

¥€0 9L TTLS ST €€0 650 9Td
150 €VaT 0'66¢ €T 0 9’0 STd
1240 ¥'q9 099¢ 097 990 €0 ¥1d
(ea™) (gwo) (wort) (woyt) (wo)
Td-urens Td-ssals NA3I NA And-1 And-9 1M
Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Mol Cell Biomech. Author manuscript; available in PMC 2018 August 21.



Page 17

Tang et al.

Author Manuscript

"Z 3]qeL Ul Se aWes ay} aJe SUoNeINIqY

“UOITRIASD PIEPURISFUBSLI SE Passaldxa aie sanjen

9/€5°0  90°0FL00  L00F900  98YT0  LT'OFIS0  6T0FEYO Td-urens
TE0'0 0€ZFO0E  6V'8FTEL  TEOT0  L'GSFCIS  v'6.F¢e8  (edd) 'd-ssans
6857’0  99'0%66'0 ¢g’TFZZT 9500  TL0F98'0  TCTF6TT (wo/T) N2
6TST0  TS0¥E8'0 ETTFO0  L€200 SOTFIB0  TZT¥CS0 (woyt) In0-D
9T9€'0  2E0FY9'0  LT0FLG0  GTEE0  0S0FIS0  ¥2'0FISO (wo) 1m
9/000 OVEFZTI8 6.6FCV0Z 20T00 ¥69FOEST ETETFEPYE  (WI)oWNoA AY
anfend OH o9d anfend 9H od

Buifii4 jo uibeg uonoal3 Jo uibeg

€ 9lqeL

Author Manuscript

Author Manuscript

‘Buny Jo uibaq pue uonoals
10 u1baq 18 (9dM+9dg=9d) dnoub juaned pue (9H) dnob Ayijeay usamiaqg SanjeA uIRAS/SSalls pue ‘siajaweled o1118woah ‘sawnjoA AY Jo uosuedwo)

Author Manuscript

Mol Cell Biomech. Author manuscript; available in PMC 2018 August 21.



Page 18

Tang et al.

0986'0 90'0¥L0'0  L0'0¥80'0  €09¢'0  LT'O¥TIS0 0C'0¥EV'0 T4-urens
06200 0€¢+00€ 6E6+.88  8IVO0  L'SS¥C'TS C'68FEV6 (ed) Td-ssons
¥679°0 990660 00T+.0T 90020  TL0¥98°0 TT'T%60°T (woyt) no-
Leve0  TS'0¥€8'0 9V’ T+¥9'0 60L00  SO'T¥I80 SV T¥#vS0 (woyT) 4n2-9
80990 Z€0F¥9'0  6C°0¥09'0  0ST80  0E0¥2S0 92'0%€S'0 (wo) 1M
7000 9VEFCT8  ¥'¢OT+8¢C  8E00'0 ¥'69¥9'€8T T'IETF1'¢8E (gWwo) swnjon AY
anjend OH OdM anjeAd OH OdM
LyOT'0  90°0+L00 ¢0'0+€00  ¢vOT'0  LTO¥TIS0 8T'0¥Tv'0 Td-urens
89650 0€¢F00€ LT¥V+9L'€ 68890  L'GS¥C'TS V'8EFLYS (ed) Td-ssanis
0¢v0'0  99'0+66'0 99'T+8S'T  €9¢00  TL'0¥98°0 oV 1+ev'T (woyT) 4nd-7
¢8000 TS'0+€80 vE'0F¥E90  ¥6000  SOT+I80 9¢°0%61°0 (woyt) Nn2-9
660T°0 ¢E€0F¥9'0 TC'0+¥0S0  TvyP'0  0E0¥2S0 0C'0¥S1'0 (wo) 1M
¥EG00  OVEFZTS C99FO0ST Z8YT0 V'69F9EST  L/6Fce9z  (cwd) (€awnjon AY
anjend OH Odg anjeAd OH Odg

Buijji4 Jo uibag uonoal3 jo uibag

¥ alqeL

Author Manuscript Author Manuscript

‘((9dm) dnoub juaned swooino
-9s10M ‘(9dg) dnoib juaired swodano-ianaq) sdnoub juaned pue (9H) dnob Ayijeay usamiag SanjeA Uesw UIeJ1S/SSaaIS pue JLawoab Jo uosuedwo)

Author Manuscript

Author Manuscript

Mol Cell Biomech. Author manuscript; available in PMC 2018 August 21.



	Abstract
	1 Introduction
	2 Data acquisition, models and methods
	2.1 Data acquisition
	2.2 The active anisotropic RV/LV models
	2.3 Geometry-fitting mesh generation
	2.4 Pre-shrink process
	2.5 Solution methods and morphological and stress/strain data for analysis
	2.6 Statistical analysis

	3 Results
	3.1 Comparison of geometrical parameters: TOF patients have noticeable differences in RV volume, L-cur and C-cur from healthy group
	3.2 HG may help differentiate BPG from WPG

	4 Discussion
	4.1 Modeling techniques for models based on in vivo data with complex geometry
	4.2 Motivation to construct models of healthy people
	4.3 Limitations

	5 Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4

