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Diabetes mellitus (DM) is a predisposing risk factor leading to macrovascular diseases. Changes in
haemodynamics of the diabetic aortas remain largely unclear and relevant computational analyses are
lacking in the literature. Ten adult rabbits (1.6–2.2 kg) were collected and the type I diabetic rabbit model
was induced by injection of alloxan. A total of five control and five diabetic rabbit aortas were considered
for subsequent numerical simulation. The CT scanning was performed to reconstruct three-dimensional
model of the individual rabbit descending aorta. The flow velocity waveforms were measured by ultra-
sound machine and were set to be the inlet boundary conditions. The reconstructed aortas were then
imported into ANSYS to perform mesh generation and computational analysis. Results showed that the
distributions of haemodynamic indicators time-averaged wall shear stress (TAWSS), oscillating shear
index (OSI) and transverse wall shear stress (transWSS) in the non-diabetic rabbit aortas were similar
to those in the diabetic rabbit aortas. However, the mean values of TAWSS and transWSS in the non-
diabetic rabbit aortas were significantly higher than those values in the diabetic rabbit aortas (TAWSS:
p = 0.04; transWSS: p = 0.02). The back of right renal artery tended to have high OSI in both the non-
diabetic and the diabetic rabbit aortas. Notably, the regions with high OSI tended to have intense dis-
turbed flow and low TAWSS in the most diabetic rabbit aortas. The results suggest that diabetes leads
to changes in haemodynamic parameters in the rabbit aortas. In particular, the lower TAWSS and the
higher OSI within the diabetic aortas may further contribute to aortic wall remodeling.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Diabetes mellitus (DM) is a major risk factor to cause macrovas-
cular diseases (Bachmann and Wang, 2018; Casanova et al., 2017;
Wijngaarden et al., 2017). Atherosclerosis is regarded as one of the
main complications of diabetes and has significant impact on the
health of diabetic patients. It has been well known that atheroscle-
rotic plaques frequently form in the bifurcation zone and the local
curved regions of the arteries (Feng et al., 2017; Lehman et al.,
2009; Seftel, 2017; Xu et al., 2018; Zhao et al., 2017). Because these
locations are highly susceptible to disturbed flow that may lead to
changes in haemodynamic parameters. Although the diabetes-
related atherosclerosis is relatively rare in the descending aorta, dia-
betes contributes to remodeling of the descending aorta (Akhtar
et al., 2014) and impairs the elastic properties of the aortas. (Tong
et al., 2018) It should be emphasized that increases in blood glucose
also contribute to alterations in haemodynamics in the aorta and
will directly or indirectly promote pathological changes to initiate
formation of atherosclerotic lesions (Beckman et al., 2002).

It has been well known that haemodynamic parameters are
important to reflect the effects of blood flow on the arterial wall.
For example, wall shear stress (WSS) is the frictional force induced
by the movement of blood flow on the endothelial cells (Caro et al.,
1971; Malek et al., 1999). Based on WSS, haemodynamic parame-
ters such as time-averaged wall shear stress (TAWSS), oscillating
shear index (OSI) are further computed to evaluate intensity of
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Fig. 1. Representative photograph of (a) a rabbit prepared to CT scanning after
anesthesia, (b) three-dimensional CT scanning image of an entire rabbit, and (c)
measuring the flow velocity waveforms of the diabetic rabbit aorta using
ultrasound machine.
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disturbed flow. Note that the OSI is closely correlated with the for-
mation of the atherosclerotic plaques (Gallo et al., 2016). In addi-
tion, the transverse wall shear stress (transWSS) plays a key role
in the formation of atherosclerotic plaque (Peiffer et al., 2012;
Peiffer et al., 2013). To the authors’ knowledge, studies regarding
numerical simulation of haemodynamics in the diabetic arteries
are rare in the literature. A recent study by Pinello et al. (Schierz
et al., 2018) investigated haemodynamics of the diabetic mothers
and babies by aid of echo- and electro-cardiography, showing that
maternal DM impaired neonatal transitional haemodynamics.
Khansari et al. (2017) investigated conjunctival microvascular
haemodynamics in stages of the diabetic microvasculopathy. These
authors measured several haemodynamic descriptors and sug-
gested that theWSS was identified as a potential marker of the dia-
betic microvasculopathy. Mora-Gutiérrez et al. (2017) utilized MRI
to measure haemodynamic changes in human diabetic nephropa-
thy, suggesting early renal haemodynamic impairment in DM.
Another study (Chytilova et al., 2009) suggested that the type 2
DM subjects had lower wall shear rate in carotid arteries than the
control ones. However, none of the above-mentioned studies has
used numerical simulation to analyze haemodynamics in the dia-
betic arteries. Thus, changes in haemodynamic parameters due to
DM remain largely unclear.

The aim of this study is to investigate changes in haemody-
namic parameters of the rabbit descending aortas in response to
DM. The type I diabetic rabbit model is raised by injection of
alloxan. By aid of CT scanning we reconstruct the three-
dimensional realistic models of the non-diabetic and the diabetic
rabbit aortas. Using ultrasound measurements and computational
tools in biomechanics, the key haemodynamic parameters such
as TAWSS, OSI, and transWSS will be computed and analyzed for
each rabbit aorta. These numerical data will provide us with a
more comprehensive understanding of the potential effects of
haemodynamics in high blood glucose on the growth & remodeling
(G&R) of the descending aortas.

2. Materials and methods

2.1. Animal model

The process of raising a diabetic rabbitmodel has been described
in a previous study. (Fu et al., 2016; Tong et al., 2018) In brief, ten
New Zealand white rabbits, 7 weeks old weighing 1.6–2.2 kg, were
purchased from the Experimental Animal Center of Tongji Univer-
sity, Shanghai, China. The rabbits were randomly assigned into
two groups, i.e. control and diabetic groups. Each group contains
five rabbits. The diabetic group was then injected by 5% solution
of alloxan monohydrate dissolved in sterile sodium chloride
(100 mg/kg of body weight) to raise a diabetic rabbit model, while
the control group was given equal amount of normal saline (0.9%
w/v of NaCl). The fasting blood glucose (FBG) was measured 72 h
later and the rabbitswith FBG levelmore than 15 mmol/Lwere con-
sidered to be diabetic. If FBG level failed to exceed 15 mmol/L, the
rabbits would be further injected by alloxan (130 mg/kg of body
weight) until the FBG level was reached. The rabbits were exposed
to diabetic condition (i.e. the FBG level over 15 mmol/L) for four
weeks prior to CT scanning andmeasurement of flowvelocitywave-
forms. All experimental procedures complied with international
guidelines for care and use of laboratory animals andwere approved
by the Animal Ethics Committee of Tongji University, Shanghai,
China.

2.2. CT scan and flow waveform measurements

To perform CT scanning, 20% of urethane solution was injected
into rabbits through ear vein (5 ml/kg). The rabbits after anesthesia
were connected to the indwelling needle and was injected devel-
oper on ear vein (Fig. 1(a)). The developer was fludeoxyglucose
(18F-FDG) with dose of 8 ml and the injection speed was main-
tained at 0.7 ml/s. (Benz et al., 2017) The layer thickness was set
to be 0.5 mm and the scanning was performed on AquilionTM
VISION 64 channel spiral CT machine (Toshiba, Japan) in the
Department of Radiology at Shanghai East Hospital. As shown in
Fig. 1(b), the raw image data of the entire rabbit was then obtained
from CT scanning.

The flow velocity waveforms in the rabbit aortas were mea-
sured using the color Doppler ultrasound machine (Vevo2100,
VisualSonics Co. Ltd, Toronto Canada). Using depilatory cream,
the rabbit abdominal hair was erased. The rabbits were fixed on
the ultrasound platform to smear the medical ultrasonic couplant
(Fig. 1(c)). Subsequently, we adjusted detection frequency of ultra-
sonic probe to acquire blood flow velocity waveforms. The mea-
sured location was approximately 2–3 cm above the celiac artery.
2.3. 3D reconstruction of aortic geometry

The CT images were imported into the Mimics software (Mimics
15.0 Materialise, Ann Arbor, MI, USA) to reconstruct three-
dimensional model of the rabbit descending aorta. First, we estab-
lished new masks for the descending aorta according to corre-
sponding threshold values (Fig. 2(a)). The redundant parts were
erased to form the three-dimensional model of the descending
aorta and then we smoothed the model preliminarily. The distance
to the celiac artery in the previous ultrasound measurements was
used to identify the cutoff point of the inlet based on the recon-
structed 3D model. The relevant inlet and outlets of the aorta were
cut off based on the centreline. The rabbit descending aorta had
one inlet and six major branches as outlets, i.e. celiac artery, cranial
mesenteric artery, left and right renal arteries, and two iliac arter-
ies (Barakat et al., 1997). The geometric model was imported into
3-matic software (3-matics 7.0 Materialise, Ann Arbor, MI, USA)
to perform local smoothing and the smoothing diameter was set
to be 0.5 mm. Subsequently, the accomplished geometric model,
as shown in Fig. 2(b), was imported into Solidworks (Dassault Sys-
tems S.A, USA) to lengthen the inlet and outlets. The inlet was
extended by 30 mm, while the outlets at celiac artery, cranial
mesenteric artery, right and left renal arteries were extended by
8 mm. The outlets of two iliac arteries were extended by 15 mm
respectively to satisfy the computational inlet and outlet boundary
conditions while ensuring smooth entry (see Fig. 2(c)) (Ene-
Iordache and Remuzzi, 2012; Javadzadegan et al., 2016;
Mahalingam et al., 2016).



Fig. 2. Representative images of (a) the location of a rabbit descending aorta in the CT scanning, (b) an accomplished rabbit descending aorta model after smoothing, (c) the
inlet and outlets of a rabbit descending aorta, and (d) meshed model of the rabbit descending aorta.
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The geometric model in Fig. 2(c) was further meshed by the
ICEM software (ANSYS, Inc. Canonsburg, PA, USA) with a mixture
of tetrahedral and prism volume meshes ranging from 578,947 to
1,259,043 elements (Fig. 2(d)). The maximum elements of inlet,
outlet and wall tetrahedral volume meshes were set to be
0.5 mm, 0.2 mm and 0.5 mm, respectively. The boundary layer
had the element adjacent to the wall of around 0.02 mm progres-
sively growing over 5 layers to a total thickness of one eighth of
the minimum outlet diameter (Li et al., 2017; Mahalingam et al.,
2016).

2.4. Governing equation

Blood was modelled as a continuous, homogeneous and incom-
pressible Newtonian fluid (Moore et al., 1994). The blood flow in
the rabbit descending aorta was governed by a three-
dimensional incompressible Naiver-Stokes equation (Anderson,
2002). Finite element method (FEM) based on commercial software
ANSYS (ANSYS 15.0, Inc. Canonsburg, PA, USA) was used to carry
out computational analysis (Mahalingam et al., 2016). The CFX
was utilized as the solver. The ensemble-averaged governing equa-
tions solved for mass and momentum conservation are:

{1} Momentum equation: the momentum equation was based
on the momentum conservation principle (Newton’s second law)
and the general form was written as:
q
@u
@t

þ u � rð Þu
� �

þrp� lr2u ¼ 0; ð1Þ

{2} Continuity equation: the continuity equation was based on
the mass conservation principle and the general form was written
as:

r � u ¼ 0; ð2Þ
where q and l indicated the density and viscosity of blood, respec-
tively. The parameters q and l were often determined to be 1050
kg �m�3 and 3:5� 10�3 kg �m�1 � s�1 in the literature. (Li et al.,
2017) The parameters u and p denoted the three-dimensional veloc-
ity vector field and the pressure field in the rabbit descending aorta,
respectively.

2.5. Boundary conditions

The flow was assumed as steady and periodical pulsatile vol-
ume flow (Alastruey et al., 2009). The measured peak velocities
of the non-diabetic and diabetic rabbit aortas were shown in
Table 1. The representative flow velocity waveforms based on
experimental measurements in the descending aortas of the non-
diabetic and the diabetic rabbits were shown in Fig. 3. The velocity
waveform of the periodical pulsatile flow was applied to the inlet
boundary condition. The maximum Reynolds number was calcu-



Table 1
The measured peak velocities of the non-diabetic (left) and the diabetic (right) rabbit
aortas.

Sample number
(non-diabetic)

Peak velocity
(mm/s)

Sample number
(diabetic)

Peak velocity
(mm/s)

No. 1 650.86 No. 2 512.13
No. 3 966.35 No. 4 757.76
No. 5 762.00 No. 6 614.52
No. 7 1046.95 No. 8 785.21
No. 9 991.67 No. 10 787.50
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lated to be 465 at the inlet (the maximum mean velocity was
384.14 mm/s for all samples). Hence, the flow was simulated as
laminar flow. The flow rate percentages of side branches in the rab-
bit descending aorta were reset according to the flow ratio
between each artery branch in the previous experimental mea-
surements (Barakat et al., 1997). In brief, flow splits into the celiac
artery was 30.8% of the inflow, 38.1% went into the cranial mesen-
teric artery, 8.1% went into the right renal artery, 7.2% went into
the left renal artery, 7.9% went into one of the iliac arteries and free
to the other one. In the present study the aortic wall was assumed
as no-slip rigid wall. The equation of distribution of outflow veloc-
ity was written as:

uout ¼ m � uin � Ain

Aout
; ð3Þ

where m was the coefficient of the distribution of different out-
flows, and Ain and Aout were the areas of inlet and outlet. Moreover,
uin and uout denoted the velocities of inflow and outflow,
respectively.
2.6. Haemodynamic indicators

In the present study three haemodynamic parameters, i.e.
TAWSS, OSI, and transWSS, were computed by the MATLAB soft-
ware (MATLAB R2014a Natick, MA, USA). The TAWSS showed the
distributions of the wall shear stresses on the aortic wall in one
cardiac cycle. The equation was defined as:

TAWSS ¼ 1
T

Z T

0
sx�!�� ��dt; ð4Þ

where sx�! was the time-dependent WSS vector and T was the
cardiac cycle period.
Fig. 3. Representative images of measured flow velocity wavefor
The OSI was used to measure the directional change of WSS
during the cardiac cycle and to describe the disturbance of a flow
field (Ku et al., 1985). The equation was defined as:

OSI ¼ 1
2

1�
R T
0 sx�!dt

��� ���R T
0 sx�!�� ��dt

0
@

1
A ¼ 1

2
1� smean

���!�� ��
TAWSS

 !
; ð5Þ

where smean
���! ¼ 1

T

R T
0 sx�!dt.

The transWSS averaged the transverse components of
the instantaneous WSS vectors in a cardiac cycle and was
defined as:

transWSS ¼ 1
T

Z T

0
sx�! � n!�

R T
0 sx�!dtR T
0 sx�!dt

��� ���
0
B@

1
CA

�������
�������dt; ð6Þ

where n! represented the normal to the arterial surface (Peiffer
et al., 2013). The transWSS was used to distinguish between uniax-
ial pulsatile flow and multidirectional flow, and was regarded as a
complement to the traditional haemodynamic metrics like TAWSS
and OSI (Li et al., 2017). Note that the transWSS was perpendicular
to the meanWSS vector in the plane of the endothelium (Mohamied
et al., 2015; Peiffer et al., 2012).

3. Results

3.1. Time-averaged wall shear stress (TAWSS)

The TAWSS distributions of the aortas of five non-diabetic and
five diabetic rabbits were shown in Fig. 4. Among these, Fig. 4(a)
(c)(e)(g)(i) represented the TAWSS distributions of five individual
non-diabetic rabbit aortas, while Fig. 4(b)(d)(f)(h)(j) indicated the
corresponding TAWSS distributions of five individual diabetic rab-
bit aortas.

The distributions of TAWSS in the diabetic rabbit aortas were
similar to those in the non-diabetic rabbit aortas. As can be seen
from Fig. 4, the red region represented TAWSS values that were
greater than 3.96 Pa. We found that the percentage of the TAWSS
values that were less than 3.96 Pa accounted for at least over 70%
of all the computed TAWSS values for the individual sample.
Therefore, we set the regions with the TAWSS values larger than
3.96 Pa to be red, namely the (relatively) high value regions. The
mean area percentage of the red regions for the five non-
diabetic rabbit aortas was 25.5% (left), while the mean area per-
centage of the red regions for the five diabetic rabbit aortas was
ms in the (a) non-diabetic and the (b) diabetic rabbit aortas.



Fig. 4. TAWSS distributions in the (a)(c)(e)(g)(i) five non-diabetic rabbit aortas and the (b)(d)(f)(h)(j) five diabetic rabbit aortas.
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15.5% (right). In general, the TAWSS in the diabetic rabbit aortas
was lower than that of the non-diabetic rabbit aortas. For all sam-
ples, the TAWSS values in the region from inlet to left renal artery
were larger than the TAWSS values in the abdominal aorta.

The local TAWSS distributions in the non-diabetic and the
diabetic rabbit aortas were representatively shown in Fig. 5(a)
and 5(b). It appeared that the TAWSS in the regions A, C, D
and region G (i.e. the flank of cranial mesenteric artery) were
relatively higher than the other regions such as B, E and F.

3.2. Oscillating shear index (OSI)

The OSI distributions of the non-diabetic and the diabetic
rabbit aortas were shown in Fig. 6. In general, the regions



Fig. 6. Representative images of OSI distributions in the (a) non-diabetic and the (b) diabetic rabbit aortas. The OSI in the regions B, E and F are relatively higher than the other
regions such as regions A, C and D.

Fig. 5. Representative images of the local TAWSS distributions in the (a) non-diabetic and the (b) diabetic rabbit aortas. The TAWSS in the regions A, C, D and region G (i.e. the
flank of cranial mesenteric artery) are relatively higher than the other regions such as B, E and F. By checking the color scale, the TAWSS in the (a) non-diabetic rabbit aortas is
higher than that of the (b) diabetic rabbit aortas.

Y. Zhou et al. / Journal of Biomechanics 91 (2019) 140–150 145
with low TAWSS tended to have high OSI. In particular, the
regions B, E and F in the diabetic rabbit aortas tended to have
high OSI. In contrast, the regions A, C, D and region G tended
to have low OSI.
Fig. 7. Representative images of transWSS distributions in the (a) non-diabetic and the (b
than the other regions such as D and F. By checking the color scale, the transWSS in the
3.3. Transverse wall shear stress (TransWSS)

Fig. 7 showed the transWSS distributions of the non-diabetic
and the diabetic rabbit aortas. We found that the region B tended
) diabetic rabbit aortas. The transWSS in the regions B, G and H are relatively higher
(a) non-diabetic rabbit aortas is higher than that of the (b) diabetic rabbit aortas.



Fig. 8. Representative images of streamlines in the (a) non-diabetic and the (b) diabetic rabbit aortas.
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to have high transWSS values in both non-diabetic and diabetic
rabbit aortas. For the diabetic rabbit aortas, the region E tended
to have (slightly) higher transWSS than the other regions.

3.4. Streamline

Fig. 8 showed streamlines in the non-diabetic and the diabetic
rabbit aortas. For the diabetic rabbit aortas, the blood flow gener-
ated intense disturbed flow in the regions B, E, H and F. More
importantly, these regions tended to have lower flow velocities
than the other regions.

3.5. Analysis of haemodynamic parameters

Fig. 9 displayed column plots of the computed haemodynamic
parameters in the different regions for five non-diabetic and five
diabetic rabbit aortas. Fig. 9(a)(c)(e) showed concrete values in
the regions of the non-diabetic rabbit aortas with high TAWSS,
OSI and transWSS. Fig. 9(b)(d)(f) showed values in the correspond-
ing regions with high TAWSS, OSI and transWSS for the diabetic
rabbit aortas. The TAWSS values were larger than 5 Pa in the
regions A, C and D for most rabbit aortas (Fig. 9(a) and 9(b)). More-
over, the regions A and C had higher TAWSS than the region D for
both non-diabetic and diabetic rabbit aortas. Notably, the regions
A, C and D had high TAWSS values larger than 15 Pa for most
non-diabetic rabbit aortas. The TAWSS values of the non-diabetic
rabbit aortas were higher than those of the diabetic rabbit aortas
except some regions of the sample No. 8 and No. 10. As can be seen
from Fig. 9(c) and 9(d), the regions B, E and F had the OSI values
larger than 0.4 for most rabbit aortas. The region E had the highest
OSI values for all the diabetic rabbit aortas. Fig. 9(e) and 9(f)
showed that the regions B, G and H had the transWSS values larger
than 1.5 Pa for the non-diabetic rabbit aortas. The transWSS values
of the non-diabetic rabbit aortas were higher than those of the dia-
betic rabbit aortas.

3.6. Statistical analysis

Table 2 showed the mean values of computed haemodynamic
parameters for five non-diabetic and five diabetic rabbit aortas in
the different regions. The regions A, C and D in the non-diabetic
rabbit aortas had significantly higher mean values of TAWSS than
the diabetic rabbit aortas (p = 0.04). The similar variation trend
was also observed for transWSS. The regions B, G and H in the
non-diabetic rabbit aortas had significantly higher mean values
of transWSS than the diabetic rabbit aortas (p = 0.02). There were
no significant differences in the mean values of OSI in the regions
B, E and F between the non-diabetic and the diabetic rabbit aortas
(p = 0.39).
4. Discussion

Numerical simulation of haemodynamics is an effective way to
advance understanding of the interaction between blood flow and
arterial wall (Adib et al., 2017; Filipovic et al., 2012; Lee et al.,
2009; Midulla et al., 2012; Moosavi et al., 2014; Qiao et al., 2015;
Song et al., 2013). In this study we perform experimental measure-
ments and computational analyses to the non-diabetic and the dia-
betic rabbit aortas in order to show changes in haemodynamic
parameters of the descending aortas in response to DM. The recon-
structed three-dimensional aortic model was smoothed in Mimics
and the local smoothing was further applied to the model in 3-
matics. This method could better keep the original geometry of
the lumen. The side branches were artificially prolonged in the pre-
sent study. The extension tubes could smoothly transform the
irregularly-shaped inflow and outflow boundary surfaces into
circular-shaped surfaces, and thus, would reduce the influence of
the artificial setting of the boundary condition on the numerical
results (Liang et al., 2016; Mahalingam et al., 2016). According to
flow velocity waveforms based on experimental measurements,
we find that blood flow velocities in the non-diabetic rabbit aortas
are higher than the velocities in the diabetic rabbit aortas. As a sin-
gle pathological factor, hyperglycemiamay lead to lower blood flow
velocities for the diabetic rabbit aortas (Wijngaarden et al., 2017).
By observing geometries of all rabbit aortas, there is no remarkable
difference between the non-diabetic and the diabetic rabbit aortas.
However, the distances between cranial mesenteric artery and two
renal arteries are different for individual rabbit aorta. This geomet-
rical feature might affect the distributions of TAWSS.

In general, the bifurcation site is susceptible to high WSS due in
large part to changes of flow directions (Wen et al., 2016). The
numerical results show that the bifurcation sites of the rabbit
descending aortas (i.e. regions A, C, D) tend to have higher TAWSS
than the other regions such as B, E, F (Fig. 5). These results are basi-
cally consistent with previous numerical simulations in human
carotid bifurcation and aortic arch. (Gallo et al., 2016; Lee et al.,
2009; Midulla et al., 2012; Wen et al., 2016) It should be empha-
sized that the rabbit descending aorta has more bifurcations and
outlets than carotid artery and aortic arch. Thus, the distribution
of TAWSS is more variable for different locations. As can be seen



Fig. 9. The quantified values of high TAWSS, OSI and transWSS regions in the (a)(c)(e) non-diabetic and the (b)(d)(f) diabetic rabbit aortas. The TAWSS and transWSS values of
the (a)(e) non-diabetic rabbit aortas are higher than those of the (b)(f) diabetic rabbit aortas for most samples. The OSI values in the region E is the highest for some non-
diabetic rabbit aortas (c). However, the OSI values in the region E is the highest for all diabetic rabbit aortas (d).
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from Fig. 5(a) and (b), the distributions of TAWSS in the non-
diabetic rabbit aortas are similar to those in the diabetic rabbit
aortas. The mean TAWSS values in the diabetic rabbit aortas are
significantly lower than those in the non-diabetic rabbit aortas
(Table 2). This can be mainly attributed to the lower velocity of
blood stream in the diabetic rabbit aortas.



Table 2
The mean values of computed haemodynamic parameters for five non-diabetic and five diabetic rabbit aortas in the different regions. The regions A, C and D in the non-diabetic
rabbit aortas had significantly higher mean values of TAWSS than the diabetic rabbit aortas. The regions B, G and H in the non-diabetic rabbit aortas had significantly higher mean
values of transWSS than the diabetic rabbit aortas. The mean values of OSI in the regions B, E and F had no significant differences in the non-diabetic and the diabetic rabbit aortas.
However, the region E in the non-diabetic rabbit aortas had lower mean values of OSI than the diabetic rabbit aortas.

TAWSS Non-diabetic rabbit (Pa) (n = 5) Diabetic rabbit (Pa) (n = 5) transWSS Non-diabetic rabbit (Pa) (n = 5) Diabetic rabbit (Pa) (n = 5)

Region A 26.191 13.233 Region B 2.020 1.285
Region C 26.348 18.982 Region G 2.530 1.486
Region D 14.766 7.466 Region H 2.266 1.127
p 0.04 p 0.02

OSI Non-diabetic rabbit (-) (n = 5) Diabetic rabbit (-) (n = 5)

Region B 0.466 0.384
Region E 0.475 0.481
Region F 0.455 0.443
p 0.39
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Our numerical results indicate that the back and the flank of
aorta outlets (regions B, E, F) tend to have high OSI (see Fig. 6).
Compared to the previous studies (Gallo et al., 2016; Midulla
et al., 2012; Tong et al., 2018; Wen et al., 2016), the descending
aortas have more complicated haemodynamic environment in
the back of several artery outlets (e.g., region E). More importantly,
the high OSI contributes to the formation of atherosclerotic pla-
ques (Peiffer et al., 2013). Therefore, the regions with high OSI
may have a higher propensity of forming the atherosclerotic pla-
que for the diabetic rabbit aortas. There are no significant differ-
ences in the mean values of OSI in the regions B, E and F
between the non-diabetic and the diabetic rabbit aortas (Table 2).
Thus, changes in the velocities of the diabetic rabbit aortas may not
affect the distributions of OSI.

The numerical results, as indicated in Fig. 7, suggest that high
transWSS are mainly located at the flank of aorta outlets, i.e.
regions B, G, H. We also observe that high transWSS appears in
some parts of the regions A and C (see Fig. 7). This phenomenon
is consistent with the previous study by Gallo et al. (2016) about
haemodynamic analysis in the carotid bifurcation. It suggests that
the bifurcation sites tend to have higher transWSS than the other
regions. The regions B, G and H in the non-diabetic rabbit aortas
have significantly higher mean values of transWSS than the dia-
betic rabbit aortas (Table 2). This can be attributed to the lower
velocities in the diabetic rabbit aortas when compared with the
non-diabetic rabbit aortas. It should be also emphasized that there
is a correlation between the transWSS and atherosclerotic lesion
prevalence (Peiffer et al., 2013). The regions with intense disturbed
flow tend to have high OSI (see Figs. 6 and 8). Such a haemody-
namic feature has been described in the previous studies
(Andersson et al., 2017; Fan et al., 2016; Gallo et al., 2016). Simi-
larly, these studies also indicate that the regions with low TAWSS
tend to have high OSI.

For all samples, the back of right renal artery (i.e. region E) tends
to have high OSI (Fig. 9). Note that the region E is a special site
located in the back of three artery outlets (i.e. the cranial mesen-
teric artery, the left and the right renal arteries). Therefore, flow
in this region may lead to velocity differences. This phenomenon
is consistent with the previous numerical simulations in the rabbit
aortic arch (Li et al., 2017). In the present study, we find that the
region E in the non-diabetic rabbit aortas has lower mean values
of OSI than the diabetic rabbit aortas. It suggests that the region
E is a location that may be highly susceptible to haemodynamic
changes for the diabetic rabbit aortas. As shown in Fig. 9(d), the
computed OSI values are high for the diabetic rabbit aortas in the
regions B, E, F. In particular, the consistently high OSI values in
the region E may contribute to local vascular remodeling in that
area. According to the results, we find that the distributions of
OSI may not be associated with the values of velocity and WSS.
In contrast, differences in the distributions of OSI may be depen-
dent on the aortic geometries.

This study has some limitations. First, some assumptions such
as incompressible Newtonian fluid, no-slip aortic wall were
included in the simulation to simplify the computational process.
These assumptions, however, were frequently used in the haemo-
dynamic simulation in the previous studies (Gallo et al., 2016; Liu
et al., 2009; Li et al., 2017; Peiffer et al., 2012; Peiffer et al., 2013;
Peiffer et al., 2013). Although a previous study (Lee and Steinman,
2007) suggested that the Newtonian fluid model would not affect
the numerical results significantly, the viscosity of blood needs to
be measured for the individual rabbit in order to perform a more
accurate haemodynamic analysis. The tapering of the descending
aorta in the inlet portion is also a very important factor that would
substantially influence the imposed inlet velocity and the related
numerical results. Second, the rabbit-specific variability in outlet
boundary conditions is not modelled. Because the velocities in
the side branches of the rabbit aortas were not measured with
ultrasound machine in the present study. The main problem is that
a large number of intestinal contents that are accumulated in the
abdominal cavity of supine rabbits may interfere with the ultra-
sonic detection. It is difficult to identify the specific location of each
side branch along the rabbit aorta and inappropriate location will
certainly affect the data measured for each side branch. Currently
we are working with experienced cardiologists to optimize the
method to measure the velocities in the side branches in a rabbit
aorta. Finally, changes in mechanical properties of the diabetic aor-
tas were not considered. A recent study reported that there was
pronounced tissue stiffening for the diabetic aortas when com-
pared to the control aortas (Tong et al., 2018). Therefore, we are
developing a more sophisticated fluid-structure interaction (FSI)
model to investigate haemodynamics of the rabbit aortas in health
and diabetes.

5. Conclusion

In the present study the distributions of TAWSS, OSI, and
transWSS in the non-diabetic rabbit aortas are similar to those in
the diabetic rabbit aortas. However, the mean TAWSS and
transWSS values in the non-diabetic rabbit aortas are significantly
higher than those in the diabetic rabbit aortas. For both the non-
diabetic and the diabetic rabbit aortas, the bifurcation zones tend
to have high TAWSS and the flanks of the aorta outlets tend to have
high transWSS. In addition, the back of right renal artery tends to
have high OSI in the non-diabetic and the diabetic rabbit aortas.
Thus, these regions may be susceptible to forming localized aortic
wall remodeling. As for future studies, more rabbit aortas are
needed to perform both experimental measurements and numeri-
cal simulation in order to eliminate individual differences caused
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by animal model. Moreover, FSI model will be used in the numer-
ical simulation to provide a more realistic haemodynamic analysis.
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