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Abstract—The Fontan procedure is a common palliative
surgery for congenital single ventricle patients. In silico and
in vitro patient-specific modeling approaches are widely
utilized to investigate potential improvements of Fontan
hemodynamics that are related to long-term complications.
However, there is a lack of consensus regarding the use of
non-Newtonian rheology, warranting a systematic investiga-
tion. This study conducted in silico patient-specific modeling
for twelve Fontan patients, using a Newtonian and a non-
Newtonian model for each patient. Differences were quan-
tified by examining clinically relevant metrics: indexed power
loss (iPL), indexed viscous dissipation rate (iVDR), hepatic
flow distribution (HFD), and regions of low wall shear stress
(AWSS). Four sets of ‘‘non-Newtonian importance factors’’
were calculated to explore their effectiveness in identifying
the non-Newtonian effect. No statistical differences were
observed in iPL, iVDR, and HFD between the two models at
the population-level, but large inter-patient variations exist.
Significant differences were detected regarding AWSS, and its
correlations with non-Newtonian importance factors were
discussed. Additionally, simulations using the non-Newto-
nian model were computationally faster than those using the
Newtonian model. These findings distinguish good impor-
tance factors for identifying non-Newtonian rheology and
encourage the use of a non-Newtonian model to assess
Fontan hemodynamics.

Keywords—Non-Newtonian rheology, Patient-specific mod-

eling, Congenital heart defects.

INTRODUCTION

The Fontan procedure is a common palliation for
patients suffering from congenital single ventricle de-
fects. This procedure is a staged surgery that culmi-
nates in a total cavopulmonary connection (TCPC),
rerouting venous return from the subpulmonary ven-
tricle to the pulmonary arteries. The TCPC separates
oxygenated and de-oxygenated blood flow and, in
general, results in favorable short-term outcomes.
However, long-term complications such as limited
exercise capacity, pulmonary arteriovenous malfor-
mations (PAVMs), and underdeveloped pulmonary
vessels affect Fontan patients. Previous studies have
explored the relationship between these complications
and compromised Fontan hemodynamics while
emphasizing the importance of understanding the
hemodynamics to improve surgical techniques and
enhance outcomes for individual surgeries.

Both in silico and in vitro studies have been con-
ducted to assess hemodynamic metrics in the TCPC.
Despite being characterized as a non-Newtonian fluid,
several studies assume that blood is a Newtonian
fluid.7,14,36,38,39 This assumption is generally accept-
able for Fontan studies involving prevalent high shear
rates induced by high velocities,43 such as pump sup-
port of TCPC circulation35 or TCPC hemodynamics
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under exercise conditions.3,34 However, it is well
known that red blood cells induce non-Newtonian
rheology.30 In the size of the vessels comprising a
TCPC, this non-Newtonian rheology occurs for two
primary reasons: (1) red cell aggregation at low shear
rate regimes (shear-thinning effect), determining a
decrement of the apparent viscosity at high shear rate
regimes; (2) red-cell deformability and intercellular
collisions.1,49 The latter effect generally requires sub-
stantial modification of the mathematical model, with
an additional set of differential equations, e.g., Old-
royd-B models.1 The shear-thinning effect, which is
generally more important, can be addressed by Gen-
eralized-Newton models, which express the effective
viscosity as a monotonically decreasing function of the
shear rate. Therefore, many previous publications have
used Generalized-Newton models to incorporate the
shear-thinning nature of blood into cardiovascular
modeling. Some recent Fontan studies have begun to
utilize Generalized-Newton models to simulate blood
in Fontan patients, but the coefficients of these models
were derived from the healthy population.7,13 While
Chitra et al.12 attempted to examine the non-Newto-
nian effect on Fontan simulations, their findings were
based on an idealized two-dimensional model and flow
conditions. Recently, Cheng et al.11 conducted
hemorheological investigations in a cohort of Fontan
patients. Later, the same group experimentally
demonstrated the non-Newtonian impact on three-di-
mensional (3D) modeling of Fontan hemodynamics.10

However, considering the importance of patient-
specific modeling for Fontan hemodynamics,15,31 their
findings were limited by the use of an idealized Fontan
anatomy (number of patients = 1) and flow condi-
tions. Therefore, in this study, the effects of using a
non-Newtonian model for Fontan hemodynamic
assessment were systematically investigated using a
larger number of patient-specific models.

Twelve Fontan patients were included in this study.
Both patient-specific anatomy and blood flow data
were acquired from medical images. For each patient,
3D computational fluid dynamic (CFD) simulations
were performed using both Newtonian and non-New-
tonian models to describe the properties of blood.10,11

The Generalized-Newton shear-thinning model was
derived from the viscosity curve for a typical Fontan
patient, and its effect was quantified in terms of clini-
cally relevant TCPC hemodynamic metrics: indexed
power loss (iPL), indexed viscous dissipation rate
(iVDR), hepatic flow distribution (HFD), and regions
of low wall shear stress (AWSS).

MATERIALS AND METHODS

Patient Information

The patients included in this study were retrospec-
tively selected from the Georgia Tech Cardiovascular
Fluid Mechanics Fontan Database. Special efforts
were made to select datasets that included a range of
cardiac outputs and flow pulsatility. Informed consent
was obtained, and the protocol was approved by the
Georgia Institute of Technology and Children’s
Hospital of Philadelphia institutional review boards
(IRB: H05236).

Anatomical Reconstruction, Velocity Segmentation,
and Analysis

Both cardiac magnetic resonance imaging (MRI)
and phase-contrast MRI (PC-MRI) were acquired at
the Children’s Hospital of Philadelphia. 3D patient-
specific anatomies were reconstructed from cardiac
MRI using 3D Slicer (https://www.slicer.org).18 Then,
the anatomies were imported to Geomagic Studio
(Geomagic Inc., NC, USA) for surface mesh genera-
tion. Vascular Modeling Toolkit (VMTK, Orobix,
Bergamo, Italy) was utilized to obtain anatomical
characteristics of all TCPCs, including the mean
diameter of each vessel, as well as offsets and angles
between vessels. To eliminate the effect of inter-patient
variations, vessel diameters and offsets were normal-
ized by the square root of patient body surface area
(BSA) and mean IVC diameter of each patient,
respectively.

Blood flow velocities were extracted from PC-MRI
using Medviso Segment (https://segment.heiberg.se).20

The flow pulsatility (PI) of each vessel was calculated
as

PI ¼ Qmax �Qminð Þ=2Qavg � 100% ð1Þ

where Qavg, Qmin, and Qmax were the average, mini-
mum and maximum flow rates across the vessel over
one cardiac cycle, respectively. A total weighted pul-
satility index (wPI) was obtained to quantify the
overall flow pulsatility level of the individual Fontan
patient.

wPI¼
X

i¼allvessels

PIi �
QiP

k¼allvessels Qk

ð2Þ

CFD Model Solution

Transient CFD simulations were conducted using
ANSYS Fluent (v17.0, ANSYS Inc., Canonsburg,
PA). For simulations using the Newtonian fluid
assumption, the dynamic viscosity of blood, l¥ was set
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to be 3.3 9 1023 Pa-s, which is in the physiological
range for human blood. With standard notation, we
denoted the velocity and pressure of blood by u and p
respectively and the rate-of-deformation tensor by

D � ruþrTuð Þ. The shear rate _c is defined here as

the second invariant of the tensor D, i.e. _c �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2D : D

q
.

For the non-Newtonian fluid simulations, the dynamic
viscosity was modeled with a Carreau model expressed
in Eq. 3 and reported in Fig. 1 with viscosity g _cð Þand
the following coefficients: time constant k = 3.34 (s),
power-law index n = 0.3025, zero shear viscosity g0 =
0.06109 (kg m21 s21), and infinite shear viscosity g1=
0.0033 (kg m21 s21). It is worth noting that this rhe-
ological model may need to be changed when modeling
pediatric vs. adult patients.19 The model from Cheng
et al.11 was experimentally measured from Fontan
patients with similar age (10.8 ± 3.9 years), indicating
the validity of using this model in simulations of our
patient-cohort.

g _cð Þ ¼ g1 þ g0 � g1ð Þ 1þ _ckð Þ2
h in�1

2 ð3Þ

The vessel walls were assumed to be rigid, and blood
had a density of q = 1060 kg m23. The polyhedral
mesh with near-wall refinements was generated with
the ANSYS Meshing module. As suggested by Ref. 42
the mesh-independence study was conducted with two
mesh sizes: Davg/50 and Davg/62.5, where Davg was the
average diameter of all TCPC inlets and outlets. The
discrepancies between the use of these two mesh sizes
were 0.4, 4.6, 1.5 and 3.6% for power loss, viscous
dissipation rate, hepatic flow distribution, and AWSS,
respectively. It is, therefore, reasonable to conclude
that the former mesh size (Davg/50) can provide
acceptable grid-independent results. User-defined
functions were utilized to apply patient-specific, time-
varying flow rate waveforms to inlet boundaries and
time-varying flow ratios derived from clinical mea-

surement to outlet boundaries. All simulations were
run for 10 cardiac cycles, and the last cycle was used to
post-process results. Detailed meshing and numerical
setups can be found in Wei et al.45

Hemodynamic Metrics

Clinically relevant hemodynamic metrics involved in
this study include hepatic flow distribution (HFD),
indexed power loss (iPL), indexed viscous dissipation
rate (iVDR), and the low shear stress area of the TCPC
wall (AWSS<s). HFD is related to the formation and
progression of pulmonary arteriovenous malforma-
tions28,33 and was quantified by calculating the per-
centage of flow from the inferior vena cava (IVC) to
the left pulmonary artery (LPA). AWSS<s, a parameter
associated with thrombosis risk,24,48 was defined as the
time-averaged percentage of TCPC surface area where
the norm of the wall shear stress vector was lower than
a specified threshold; this study chose s = 0.5, 1, and 2
dyne cm22 as the thresholds. Previous studies have
additionally reported correlations between power loss
through the TCPC and a patient’s exercise intoler-
ance29,34 and quality of life.25 The definition of iPL is:

iPL ¼ PLavg

qQ3
s;avg

.
BSA2

ð4Þ

where Qs;avgis time-averaged systemic venous flow, and
BSA is body surface area. PLavg is a time-averaged
power loss, and the corresponding instantaneous value
was calculated by:

PL ¼
Z

InletsþOutlets

pþ 1

2
q uj jj j2

� �
u � ndA ð5Þ

where n is the outward normal unit vector and dA
denotes the infinitesimal integration area.

FIGURE 1. The Carreau model that fits the relation between viscosity and shear rate. The solid line is the Carreau model used in
this study, and the circles are from Cheng et al.11
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The indexed viscous dissipation rate (iVDR) serves
as a good surrogate of iPL.44 These two metrics are
highly correlated but not the same. Though very fine
mesh resolutions were adopted, iVDR still contains
~ 5% discretization error, while iPL has only ~ 0.1%.
iPL represents the true power loss through the TCPC,
but it does not have spatial distribution. This study,
therefore, calculates iVDR and plots its distribution
contours for additional engineering and clinical in-
sights. The definition of indexed viscous dissipation
rate is:

iVDR ¼ VDRavg

qQ3
s;avg

.
BSA2

ð6Þ

The instantaneous value of VDR was calculated by
using

VDR ¼
Z

Vol

leff D : Dð ÞdVol ð7Þ

where Vol represents the control volume, i.e. the TCPC
volume.

The effects of using a non-Newtonian fluid model
were quantified via discrepancies in the aforemen-
tioned hemodynamic metrics between the Newtonian
and non-Newtonian fluid models: DiPL, DiVDR,
DHFD, and DAWSS<s. The equations are:

DiPL ¼ iPLNF � iPLNNFj j
iPLNNF

%ð Þ ð8Þ

DiVDR ¼ iVDRNF � iVDRNNFj j
iVDRNNF

%ð Þ ð9Þ

DHFD ¼ HFDNF �HFDNNFj j %ð Þ ð10Þ

DAWSS<s ¼ AWSS<s;NF � AWSS<s;NNF

�� �� %ð Þ ð11Þ

where ‘‘NF’’ and ‘‘NNF’’ refer to the ‘‘Newtonian
Fluid’’ and ‘‘non-Newtonian Fluid’’ models, respec-
tively.

Four sets of non-Newtonian importance factors
were calculated to quantify non-Newtonian effects.
The first set includes VolSR<100/s and ASR<100/s, which
are percentages of TCPC volume and wall surface with
a shear rate (SR) lower than 100 s21, respectively.19,26

The rationale of using these two non-Newtonian
importance factors is that, in general, it is reasonable
to consider blood as Newtonian fluid when the SR >

100 s21. Another two sets are IL and IG, expressed in
Eqs. (12) and (13), which adhere to their definitions
from the previous literature5,21:

ILð ÞVol�
Z

Vol

leff
l1

dV; ILð ÞS�
Z

A

leff
l1

dA ð12Þ

IG � 1

N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
N leff � l1ð Þ2

q

l1
� 100

¼
ffiffiffiffi
1

N

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

P
N leff � l1ð Þ2

q

l1
� 100 ¼

ffiffiffiffi
1

N

r
CV� 100

ð13Þ

where CV is the coefficient of variation and leff was the
effective viscosity obtained from the non-Newtonian
blood model during the simulation. In Eq. (13), N is
the number of cells in the TCPC volume for (IG)Vol or
number of faces on the TCPC surface for (IG)S. It is
worth noting that this index can be regarded as the
percent quotient of the sampling standard deviation
between the non-Newtonian and the Newtonian vis-

cosities divided by
ffiffiffiffi
N

p
: Although widely used in many

previous studies,8,16,21 IG is clearly dependent on the
number of elements (either volumetric or superficial),
therefore reducing its significance, as a uniform
numerical refinement of the mesh would invariably
induce a reduction of the index, not to mention the
effects of non-uniform reticulations. Ideally, the nor-

malization factor 1=
ffiffiffiffi
N

p
should be discarded to obtain

a mesh-independent index. With an awareness of this
defect, a fourth factor, IG

* , was also calculated in this
study. This factor was derived from recent studies4 and
has not been widely used. However, it does not suffer
from the limitations of the previous index. This study
will compare the effects of these three importance
factors.

I�G
� �

Vol
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ

Vole

leff
l1

� 1

� �2

dV

vuut ; I�G
� �

S

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ

S

leff
l1

� 1

� �2

dA

vuut ð14Þ

Statistical Analysis

Statistical analyses were performed using IBM SPSS
Statistics (IBM, Inc., Aramark, NY). The metrics were
first analyzed for normality using the Shapiro-Wilk
test. Depending on normality results, either a Paired T-
test or a Wilcoxon-Sign test was used to determine
differences between results from the NF and NNF
models. Bivariate correlations were also analyzed using
either Spearman’s or Pearson’s correlation test. p <

0.05 was considered as statistical significance.
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RESULTS

Patient Cohort

Patient characteristics are shown in Table 1. This
cohort of patients possessed a wide range of outputs
(range = [2.1, 6.3] L min21) and weighted pulsatility
indices (range = [21.5, 117.1]%).

Flow Fields

Figures 2 and 3 illustrate flow fields and VDR dis-
tributions of representative patients using the NF and
NNF models. The primary flow patterns were similar
between these two models, while visible differences in
detailed flow structure can be observed. The flow
contours demonstrate that using the NNF model
diminishes flow unsteadiness, especially in the region
where the IVC and superior vena cava (SVC) flow
streams collide (the region circled by the dashed purple
line in Fig. 2).

Hemodynamic Metrics and Bland–Altman Plots

Table 2 tabulates results from statistical analyses
comparing the clinically relevant hemodynamic metrics
between simulations using the NF and NNF models.
No statistical significances were observed in iPL and
iVDR, and differences in these two metrics (DiPL = 2

2.1±3.4% and iVDR = 2 1.4±3.3%) do not have any
clinical significance neither. Significant differences
were observed for all metrics related to AWSS<s.
Though significance is also seen in the differences
between HFD values, the Bland-Altman plots in Fig. 4
show that the maximum difference in HFD is ~3%,
which would not result in any clinical difference.

Discrepancies in Hemodynamic Metrics and Importance
Factors

Statistical analysis was conducted to explore corre-
lations between the four sets of non-Newtonian
importance factors and discrepancies in the hemody-
namic metrics. No correlation was found between the

volumetric importance factors and DiPL, DiVDR, and
DHFD, as shown in Table 3.

Figure 5 exhibits the statistical correlations between
DAWSS<s and the area factors ASA < 100/s (30.2 ±

10.9%), (IL)S (1.27 ± 0.11), (IG)S (0.16 ± 0.07), and
(IG
* )S (0.58 ± 0.27). It is worth noting that (IL)S for all

cases was lower than 1.75, which was the cut-off value
for significant non-Newtonian effects introduced in
previous studies.5,21

Relationship with Anatomical and Flow Characteristics

Figure 6 illustrates the anatomical reconstructions
of the twelve patients included in this study. Visible
differences can easily be observed in these anatomies.
The anatomical characteristics are tabulated in Ta-
ble 4. The same table summarizes statistical analyses
that investigate the relationship between metrics rep-
resenting non-Newtonian effects and patient-specific
anatomical and flow characteristics. No statistical
correlations were detected.

Computational Time

The Bland-Altman plots in Fig. 7 show that using
the non-Newtonian model requires significantly less
computational time than using a Newtonian model (p
= 0.006).

DISCUSSION

Many previous studies have found that the use of
NNF models results in different flow fields when
compared to the use of NF models, e.g. in the mod-
eling of blood flow through axisymmetric stenosis,22 an
ascending aorta,19 and large arteries.2 Conversely,
others have found that the differences between NF and
NNF models were not significant, e.g. in the modeling
of abdominal aortic aneurysm,26 cerebral aneurysm,9

and left ventricle16 hemodynamics. However, not many
studies have investigated the impact of differences in
clinical practice. One study of the middle cerebral ar-
tery, though exhibiting notable differences in WSS
between NF and NNF models, concluded that the
evaluation of these differences against a set of risk
factors showed little to no significance.6

A common drawback for many previous studies
examining the non-Newtonian effect was a lack of
large patient cohorts. Most used only one to few cases
and could not, therefore, generalize their findings.
Moreover, the investigation of non-Newtonian effects
on Fontan modeling is limited, and the only existing
literature is based on single, idealized models either in
silico27 or in vitro.4 To overcome these limitations, the

TABLE 1. Patient demographic and hemodynamic
information (n = 12).

Fontan type

(Intra-cardiac:extra-cardiac)

9:3

Age (years) 13.5 ± 4.5

BSA (m2) 1.4 ± 0.4

Sex (male/female) 5/7

Cardiac output (L min21) 4.0 ± 1.4

wPI 50.5 ± 26.7%

Data reported as mean ± standard deviation..
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current study is the first to investigate the non-New-
tonian (Generalized Newton) effects on patient-specific
Fontan modeling using a larger patient cohort. It al-
lows statistical analysis and extrapolation of the find-
ings to clinical applications, such as Fontan surgical
planning.37

This study observed that the NNF model resulted in
altered flow details inside the TCPC and led to higher
AWSS<s where s = 0.05, 0.1, and 0.2 Pa. This increase

is intuitive and analogous to the Hagen-Poiseuille flow,
where the NNF model increases WSS. The Hagen-
Poiseuille law also indicates that an increase in flow
rate amplifies the difference in WSS between the NF
and NNF models, thereby enhancing power loss dif-
ferences. Interestingly, the results of this study did not
demonstrate a correlation between the cardiac output
(CO) increase and the difference in power loss between
the NF and NNF models, i.e. DiPL and DiVDR. The

FIGURE 2. Comparison of velocity contours between the a NF and b NNF models for two representative patients. The dashed
purple circle indicates the region where flow streams from the inferior and superior vena cava collide.
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FIGURE 3. Comparison of VDR contours between the (a) NF and (b) NNF models for two representative patients.
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primary explanation for this finding is that flow colli-
sion between the IVC and SVC flow streams also
contributes to power loss throughout the TCPC. The

higher viscosity in the NNF model may diminish the
unsteadiness of this flow collision and, therefore, re-
duce power loss. In the case of a higher CO, the flow in
TCPC became more unsteady, and the power loss

TABLE 2. Statistical results comparing hemodynamic
metrics between the Newtonian and non-Newtonian blood

models.

Newtonian Non-Newtonian p-value

iPL (91026) 24.22±18.46 24.54±18.30 0.173

iVDR (91026) 23.13±17.71 23.60±17.63 0.055

HFD 55.3±16.7% 56.0±16.4% 0.041*

AWSS<0.05Pa 2.0±1.8% 0.72±0.69% 0.002*

AWSS<0.1Pa 6.0±4.1% 3.3±2.6% < 0.001*

AWSS<0.2Pa 15.5±7.8% 11.6±6.2% < 0.001*

*p < 0.05..

TABLE 3. Bivariate correlation analyses between volumetric
importance factors and DiPL, DiVDR, and DHFD.

Values

Bivariate correlations (p-values)

DiPL DiVDR DHFD

VolSA<100/s 73.2 ± 10.2% 0.381 0.691 0.625

(IL)Vol 1.60 ± 0.18 0.781 0.996 0.344

(IG)Vol 0.037 ± 0.013 0.882 0.416 0.476

(IG
* )Vol 0.78 ± 0.27 0.675 0.884 0.507

FIGURE 4. Bland-Altman plots for clinically relevant hemodynamic metrics. AWSS<s{NF 2 NNF} indicates the result of AWSS<s from
using the NF model subtracted by the respective value from using the NNF model. AWSS<s{NF + NNF} indicates the summation of
AWSS<s from using the NF and the NNF models.
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reduction stemming from the flow unsteadiness sup-
pression could be more prominent. In other words, an
increase in CO leads to (1) more difference in power
loss because using the NNF model elevates WSS, and
(2) less difference in power loss because it generates
more flow unsteadiness for the NNF model to sup-
press. This compounding effect of CO on the difference
in power loss results in the fact that this study observed
no correlations between CO and differences in iPL and

iVDR. Similarly, wPI has a compounding effect on the
difference in power loss: the increase in wPI lessens the
non-Newtonian effect on WSS5 while potentially
enhancing the suppression of flow unsteadiness.
Moreover, no correlation between anatomical charac-
teristics and the difference in power loss may also be
caused by similar compounding effects. For example, a
decrease in vessel diameters leads to increasing WSS
based on the Hagen-Poiseuille law but also results in

FIGURE 5. Statistical correlations between areal importance factors and AWSS<s{NF 2 NNF}, which is the result of AWSS<s from
using the NF model subtracted by its value from using the NNF model.
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more flow unsteadiness and corresponding suppres-
sion. In conclusion, both anatomical and flow char-
acteristics have compounding effects on the differences

in power loss between the NF and NNF models.
Therefore, neither anatomical nor flow metrics obtain
correlations with the differences in power loss. Also,

FIGURE 6. Patient-specific 3D anatomies for all patients included in this study. The inferior vena cava and superior vena cava are
located at the bottom and top of each anatomy, respectively. The left pulmonary artery is toward the left side, and the right
pulmonary artery and right upper pulmonary artery are toward the right side of each model.

TABLE 4. Summary of statistical analysis exploring the relationship between non-Newtonian effects on hemodynamics and
anatomical and flow characteristics.

Value

Bivariate Correlations (p-values)

DiPL DiVDR DHFD DAWSS<0.05Pa DAWSS<0.1Pa DAWSS<0.2Pa

Normalized vessel diameter (mm/m)

DIVC 16.0 ± 3.4 0.84 0.57 0.87 0.06 0.11 0.86

DSVC 13.30 ± 1.52 0.44 0.71 0.64 0.48 0.63 0.83

DLPA 12.2 ± 2.5 0.53 0.80 0.81 0.22 0.35 1.00

DRPA 10.9 ± 2.1 0.48 0.75 0.90 0.11 0.12 0.42

The angle between vessels (degrees)

IVC-LPA 113.9 ± 19.2 0.23 0.18 0.83 0.54 0.63 0.73

IVC-RPA 83.3 ± 10.4 0.49 0.71 0.83 0.38 0.34 0.35

SVC-LPA 102.8 ± 13.1 0.31 0.41 0.23 0.90 0.83 0.95

SVC-RPA 102.5 ± 9.6 0.40 0.40 0.56 0.98 0.83 0.68

IVC-SVC 128.5 ± 16.2 0.43 0.49 0.81 0.28 0.19 1.00

LPA-RPA 117.2 ± 20.1 0.69 0.84 0.48 0.54 0.56 0.35

Offsets between vessels (mm/mm)

IVC-SVCa 0.13 ± 0.18 0.12 0.13 0.79 0.13 0.14 0.14

VC-PAb 0.39 ± 0.17 0.90 0.42 0.12 0.44 0.76 0.83

Flow characteristics

CO (L min21) 4.0 ± 1.4 0.43 0.28 0.57 0.34 0.47 0.59

wPI (%) 50.5 ± 26.7 0.72 0.44 0.98 0.53 0.78 0.37

IVC/SVC inferior/superior vena cava, LPA/RPA left/right pulmonary artery, CO cardiac output..
aOffset between IVC-SVC: the offset between IVC and SVC on the lateral direction (from left to right)..
bOffset between vena cava and pulmonary arteries (VC-PA): the offset between two centerlines from IVC to SVC and from LPA to RPA..
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the differences in power loss are not monotonic
amongst all patients involved in this study.

This study showed no statistically significant dif-
ference in iPL and iVDR between the NF and NNF
models. Also, the cohort-averaged DiPL and DiVDR
indicate no clinical significance between using these
two models at the population-level. These observations
support the rationale of using NF models for previous
large-cohort Fontan studies. However, remarkable
patient-to-patient variations exist in these differences,
which can reach 10% and may potentially be clinically
significant. Consequently, the NNF model is recom-
mended for future investigations, especially those
substantially relying on absolute values of Fontan
hemodynamic metrics, e.g. ‘‘future’’ Fontan surgical
planning.37 Clinical insights from previous Fontan
surgical planning cases are still valid as these cases
focused on comparing iPL and HFD between different
surgical options,37,40 i.e. relative values of iPL and
HFD. The non-Newtonian effect should not influence
the relative ranking of iPL and/or HFD because it is
much less than the effect of anatomy on iPL and HFD
from different surgical options.46 Furthermore, al-
though a statistically significant difference was de-
tected in HFD between the NF and NNF models, this
difference does not have any clinical implications, as
indicated by the Bland-Altman plot for HFD and the
value of DHFD.

In addition, four sets of non-Newtonian importance
factors were calculated, and their effectiveness in
identifying the non-Newtonian effect was investigated.
Volumetric importance factors,

VolSR<100=s; ILð ÞVol; IGð ÞVol; and I�G
� �

Vol
, did not ex-

hibit any statistical correlations with the discrepancies
in volumetric hemodynamic metrics between the NF
and NNF models: DiPL, DiVDR, and DHFD. This
lack of significant correlation can be primarily attrib-
uted to the insignificant differences in DiPL, iVDR,
and HFD between the models. In contrast, statistical

correlations were observed between area importance

factors, ASA<100=s; ILð ÞS; IGð ÞS; and I�G
� �

S
, and the

discrepancies in AWSS<s (s = 0.05, 0.1, and 0.2 Pa).
However, the correlation coefficients (R2 values) of
(IG)S were markedly lower than those of other factors.
Along with its mathematical defects described below
Eq. (13), IG is not recommended as a factor in identi-
fying the non-Newtonian effect due to its dependence
on the mesh size.

It is intriguing that previous Fontan studies10,12

witnessed a nearly two-fold increase in power loss
between the use of NF and NNF fluids while, for all
patients involved in this study, the difference in power
loss between the NF and NNF models never exceeded
15%. This discrepancy between the current work and
previous studies can be primarily attributed to the
selection of outlet boundary conditions. The current
study applied the same patient-specific flow conditions
for outlet flow boundaries (at pulmonary arteries) in
both simulations the NF and NNF models, isolating
the differences observed between these two models. On
the contrary, the change of flow distributions at pul-
monary arteries presented in previous studies may
contribute to the differences seen between the NF and
NNF models/fluids observed in their studies, as
demonstrated in Ref. 17.

Furthermore, it was found that the simulations
using the NNF model cost significantly less computa-
tional time than those using the NF model. This seems
counterintuitive, since solving the NNF model theo-
retically adds a computational burden. However, there
might be two primary reasons leading to the reduction
of computational time observed in this study. First,
though the NNF model introduces the non-linear
expression regarding the viscosity in the numerical
model, ANSYS Fluent treated it in a semi-implicit
manner. This means that at a generic time step, the
viscosity, g _cð Þ in Eq. (1), was obtained by using the
extrapolation of the shear rate _cð Þ at the current time
step based on the previous time steps. Consequently,
the calculation of the non-linear viscosity is simplified,
and the computational burden of the calculation
becomes minor. Secondly, the higher viscosity of the
NNF model mathematically improves the algebraic
properties of the linear systems and diminishes flow
unsteadiness from a physical point of view, thus
enhancing the convergence rate and computational
rate. This effect may not be able to overpower the
computational burden in simulations where low strain
rates barely exist in the main flow stream, e.g. under
exercise conditions. Another example is simulations of
blood flow through the aorta: previous studies have
shown that simulations using an NNF model were
slower.26 On the contrary, the collision caused by the
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flow streams from the IVC and superior vena cava
(SVC) creates a low shear rate region inside the TCPC.
In this scenario, the effect of diminishing flow
unsteadiness by an NNF model may overcome the
computational burden, and consequently, reduce the
computational time in comparison with using an NF
model. Similar findings were also reported in simula-
tions of abdominal aortic aneurysms.26

The authors acknowledge the limited number of
Fontan patients involved in this study. A large-cohort
study is essential to examine the generalization of the
findings, although the current study made special ef-
forts to cover a range of possible cardiac outputs and
flow pulsatilities. The rigid vessel wall assumption was
utilized for all simulations, considering the negligible
impact of compliant vessel walls on the hemodynamic
metrics involved in this study.23,32 Moreover, this
study investigated non-Newtonian effects on Fontan
hemodynamic metrics under resting conditions but not
exercise conditions. The primary change between
resting and exercise conditions is increased cardiac
output.41,47 No correlation was observed between
cardiac output and the effect of the NNF model on
simulated Fontan hemodynamic metrics; it is reason-
able to believe that the findings from this study can
also be applied to Fontan hemodynamics under exer-
cise conditions.

Furthermore, a cohort-averaged relationship
between the viscosity and shear rate for Fontan
patients was utilized in simulations for the current
study. Cheng et al.11 demonstrated that the inter-pa-
tient variation in viscosity for their Fontan patient
cohort is approximately ± 10% when shear rate = 50–
1000 s21 (the spectrum of shear rate values obtained
from simulations of this study). This 10% variation
would affect the values of WSS-related metrics but not
the population-level statistical results related to these
metrics. Also, viscosity has a compounding effect on
the difference in power loss: it increases (or decreases)
the WSS while enhancing (or suppressing) diminishing
flow unsteadiness. Therefore, inter-patient variation in
the relationship between viscosity and shear rate for
Fontan patients should not affect population-level
findings regarding power loss (both iPL and iVDR).
Lastly, the effect of this variation should not signifi-
cantly change the bulk flow, thereby affecting the
HFD. Nevertheless, the variation presented by Cheng
et al. confirmed that blood rheology varies consider-
ably from patient to patient due to multiple factors,
including variations in patient-specific hematocrit le-
vels, age, follow-up time after surgery. Therefore, fu-
ture studies are warranted to assess the effect of
patient-specific blood rheology on Fontan hemody-
namics. Similarly, when the shear rate is in the range of
[50, 1000] s21, the viscosities from the NNF model for

a ‘‘healthy population’’7,13 are around 10% higher
than the cohort-averaged viscosities for Fontan
patients. Therefore, using NNF models for ‘‘healthy
populations’’ is acceptable for population-level Fontan
studies but is not recommended for investigating pa-
tient-specific Fontan hemodynamics.

Last but not least, it is worth pointing out that the
NNF model employed in this study includes the shear-
thinning nature of blood and ignored other effects like
those induced by the red-cell collisions that require
more sophisticated NNF models. In general, shear-
thinning is the most apparent non-Newtonian effect.
Red-cell collisions may play a role in colliding flow
streams, like in the TCPC. Therefore, the effects of red-
cell collisions merit careful future investigations.

This study is the first to systemically investigate
non-Newtonian effects on patient-specific Fontan
hemodynamics. Using the non-Newtonian model (with
appropriate numerical treatments) demands less com-
putational costs and leads to significant impacts on
AWSS<s (s = 0.05, 0.1, and 0.2 Pa). With the twelve
patients involved, though no clinically significant dif-
ference was observed at the population-level regarding
iPL, iVDR, and HFD, large inter-patient variations
exist, and the differences in individual patients may
influence patient-specific clinical decisions. Therefore,
the use of a non-Newtonian model is recommended for
future patient-specific assessment of Fontan hemody-
namics. Additionally, statistical correlations were
observed between non-Newtonian area importance
factors and AWSS<s. However, (IG)S has mathematical
defects and weaker correlations in comparison with

ASA<100/s, (IL)S and I�G
� �

S
. This finding suggests that

the latter three factors are more effective in identifying
the non-Newtonian effect.
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