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Background and Objective: Blood flow assessment is an emerging technique that allows for assessment
of hemodynamics in the heart and blood vessels. Recent advances in cardiovascular imaging technologies
have made it possible for this technique to be more accessible to clinicians and researchers. Blood flow
assessment typically refers to two techniques: measurement-based flow visualization using echocardiography
or four-dimensional flow magnetic resonance imaging (4D flow MRI), and computer-based flow simulation
based on computational fluid dynamics modeling. Using these methods, blood flow patterns can be visualized
and quantitative measurements of mechanical stress on the walls of the ventricles and blood vessels, most
notably the aorta, can be made. Thus, blood flow assessment has been enhancing the understanding of
cardiac and aortic diseases; however, its introduction to clinical practice has been negligible yet. In this
article, we aim to discuss the clinical applications and future directions of blood flow assessment in aortic
surgery. We then provide our unique perspective on the technique’s translational impact on the surgical
management of aortic disease.

Methods: Articles from the PubMed database and Google Scholar regarding blood flow assessment
in aortic surgery were reviewed. For the initial search, articles published between 2013 and 2023 were
prioritized, including original articles, clinical trials, case reports, and reviews. Following the initial search,
additional articles were considered based on manual searches of the references from the retrieved literature.
Key Content and Findings: In aortic root pathology and ascending aortic aneurysms, blood flow
assessment can elucidate postoperative hemodynamic changes after surgical reconfiguration of the aortic
valve complex or ascending aorta. In cases of aortic dissection, analysis of blood flow can predict future aortic
dilatation. For complicated congenital aortic anomalies, surgeons may use preoperative imaging to perform
“virtual surgery”, in which blood flow assessment can predict postoperative hemodynamics for different
surgical reconstructions and assist in procedural planning even before entering the operating room.
Conclusions: Blood flow assessment and computational modeling can evaluate hemodynamics and flow
patterns by visualizing blood flow and calculating biomechanical forces in patients with aortic disease.
We anticipate that blood flow assessment will become an essential tool in the treatment planning and

understanding of the progression of aortic disease.
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Introduction

Aortic aneurysms and dissection are believed to be, at least
in part, induced by alterations in blood flow dynamics (1).
Rapid advances in imaging technology have allowed for
innovations in aortic and cardiovascular imaging (2).
The blood flow inside the aortic lumen can be visualized
and analyzed by processing the data obtained through
traditional modalities such as computed tomography
(CT) or echocardiography in order to reveal novel
hemodynamic information (3). Furthermore, blood flow
assessment can provide information on the mechanical
stress imparted by flowing blood on the aortic intima and
ventricular endocardium (3,4), and so can provide unique
clinical insights into the pathophysiology of aortic and
cardiovascular disease (5,6). In this article, we summarize
recent publications on blood flow assessment and discuss
potential clinical applications and the future outlook
of this novel approach. We then provide our unique
perspective on the technique’s translational impact on the
surgical management of aortic disease. We present this
article in accordance with the Narrative Review reporting
checklist (available at https://jtd.amegroups.com/article/
view/10.21037/jtd-23-1795/rc).

Methods

Searches of the PubMed and Google Scholar databases
were conducted to identify published literature on the
blood flow assessment for cardiovascular disease using the
following terms: “blood flow assessment”, “4D flow MRI”,

“computational fluid dynamics”, “vector flow mapping”,

“echocardiography flow visualization”, “aortic dissection”,

“aortic aneurysm”, “aortic root surgery”, “aortic surgery”,
“congenital aortic anomaly” and “aortic disease”. For the
initial search, articles published between 2013 and 2023
were prioritized. Original articles, clinical trials, case
reports, and reviews were also included. Following the
initial search, additional articles were considered based
on manual searches of the references from the retrieved

literature. The search strategy is summarized in Table 1.
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How does blood flow assessment work?

Blood flow assessment includes two different technologies:
first, image-based flow measurement and visualization,
such as echocardiographic flow visualization or four-
dimensional flow magnetic resonance imaging (4D flow
MRI); and second, computer-based flow simulation using
computational fluid dynamic (CFD) analysis (5,6). Below
we will provide an overview of each of these techniques and
discuss their applications to aortic disease.

Echocardiograpbic flow visualization

Several studies have reported on blood flow assessment
with echocardiography (7-18). Particle imaging velocimetry
(PIV), which uses tracer particles to measure the velocities of
fluids, was found to quantify flow patterns in vifro accurately
and precisely. Kim et 4/. first described its use in ultrasound
imaging (7). Subsequently, echocardiographic PIV was
utilized to evaluate blood flow patterns in patients with
cardiovascular disease (8-11). However, Prinz et al. revealed
that velocity estimation is accurate only up to a magnitude
of 42 cm/s; at higher velocities, the accuracy depends on
the acquisition parameters, such as the frame rate (12).
Another method, echocardiographic vector flow mapping
(VFEM), utilizes the color Doppler mode to measure blood
flow and assess flow dynamics in cardiovascular disease
applications (13-18) (Figure I). In VFM, the ultrasound
data is processed using cross-correlation analysis, a complex
mathematical process that compares the signals obtained
from different ultrasound beams to determine the velocity
of the blood flow in each direction. The data obtained from
VEM can be used to detect and quantify abnormalities
in blood flow, such as characterizing recirculation zones
and turbulence immediately post stenosis (13-15). VFEM
is has been validated in experimental models, and like
echocardiography, is non-invasive, easy to use, and available
at the point of care (16). However, its use is significantly
limited in patients who have complex 3-dimensional (3D)
flow patterns (6), and its effectiveness is highly dependent
on operator skill and variation in patient’s anatomy (e.g.,
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Table 1 The search strategy summary

ltems

Specification

Date of search
Databases and other sources searched

Search terms used

Timeframe

Inclusion and exclusion criteria

Selection process

March 1, 2023-August 31, 2023
PubMed, Google Scholar

” o«

“blood flow assessment”, “4D flow MRI”, “computational fluid dynamics”, “vector

” o« » o« ” o«

flow mapping”, “echocardiography flow visualization”, “aortic dissection”, “aortic

aneurysm”, “aortic root surgery”, “aortic surgery”, “congenital aortic anomaly” and
“aortic disease”

2013-2023

Inclusion: original articles, clinical trials, case reports, and reviews were also included.
Following the initial search, additional articles were considered based on manual
searches of the references from the retrieved literature

Exclusion: non-English articles were excluded

Y.H. conducted the initial literature search. All authors conducted additional literature
searches, reviewed the papers, and contributed to the final selection of paper

4D flow MRI, four-dimensional flow magnetic resonance imaging.

Echocardiography

Vector flow mapping (VFM)

Figure 1 Echocardiographic VEM. VFM technology can visualize blood flow patterns using echocardiographic data. Here, flow patterns

are shown before and after VSARR. A large vortex in the aneurysmal aortic root (highlighted in red) was identified on preoperative imaging

and was resolved after surgical repair. Figure adapted with permission from Hayashi ez a/. (18). VEM, vector flow mapping; VSARR, valve-

sparing aortic root replacement.

body habitus, chest deformity, lung disease, etc.). direct in vivo flow measurements. This non-invasive method

4D flow MRI

enables blood flow pattern visualization and quantification
of regional blood flow and velocity in all 3 spatial directions
resolved relative to the 3 dimensions of space and dimension

4D flow MRI is another flow imaging modality based on of time along the cardiac cycle 3D + time = 4D) (19). 4D
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Phase contrast imaging »
Lateral Longitudinal Vertical
direction direction direction

Helical spiral flow

Figure 2 4D flow MRI-based blood flow assessment. 4D flow MRI can provide hemodynamic information using anatomical and phase-

contrast imaging sequences. Transvalvular blood flow is shown here after surgical aortic valve replacement with a porcine valve. A helical

spiral flow was observed in the ascending aorta during the holosystolic phase. Figure adapted with permission from Hohri ez 4. (22). 4D flow

MRYI, four-dimensional flow magnetic resonance imaging.

flow MRI can visualize the blood flow inside the vascular
lumen by combining cine mode MRI, which captures the
structure and motion of the heart during a cardiac cycle, and
3D-phase contrast imaging, which measures the blood flow
velocity in every direction. By combining these methods,
4D flow MRI can extract a 3D velocity vector distribution
and the motion of the blood flow in a blood vessel or a
heart chamber throughout the cardiac cycle. It is currently
the only method that can measure 3D blood flow with the
vector component iz vivo, and as such is a powerful tool in
the evaluation of hemodynamics in cardiac disease. 4D flow
MRI can even comprehensively capture cardiac structure
and hemodynamic function in patients with complex
anatomy (6,20). Recently, several commercial tools utilizing
this imaging process have become available, leading to an
increase in publications and clinical applications regarding
4D flow MRI (6). Although 4D flow MRI has several
limitations, such as limited spatial and temporal resolution
and aliasing errors, its clinical applications in cardiac disease
have been published with acceptable reproducibility (21,22).
For example, our group has reported on the difference in
transvalvular flow between porcine and bovine pericardial
bioprosthetic valves after aortic valve (AV) replacement (22)

© Journal of Thoracic Disease. All rights reserved.

(Figure 2). A helical spiral flow, which is a flow with rotation
around an axis while moving forward (23,24), was observed
in the ascending aorta during the holosystolic phase. In
contrast, a straight transvalvular aortic flow was observed
in a bovine pericardial valve in the early systolic phase. Two
large vortical flows, which are rotating or swirling flows
with streamlines or pathlines that tend to curl back on
themselves (23,24), occurred on both sides of the greater
and lesser curvature of the ascending aorta after the mid-
systolic period.

CFD modeling and analysis

Blood flow assessment using CFD has powerful applications
in the predictive modeling of cardiovascular disease
progression. CFD analysis involves solving a system of
equations governing the blood flow derived from the first
principles, including mass and momentum conservation,
using complex numerical methods on geometries built
from cardiovascular images and employing physiological
flows or pressures as boundary conditions (6) (Figure 3).
It is, however, important to distinguish that CFD analysis
‘simulates’ the flow based on the underlying assumptions and
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Figure 3 CFD analysis using CT imaging. Complex blood flow patterns can be simulated using CFD analysis on 3-dimensional patient-

specific models constructed from CT imaging. CFD analysis can provide distributions of flow velocity, pressure gradients, WSS, or OSL

CFD, computational fluid dynamic; WSS, wall shear stress; OSI, oscillatory shear index; CT, computed tomography.

boundary conditions, and is sensitive to several parameters,
including the type of numerical discretization, convergence,
mesh resolution, etc., instead of providing the actual blood
velocity measurements. Nevertheless, the strengths of
CFD analysis are its ability to perform predictive modeling,
evaluate alternative surgical designs toward surgical
planning, design medical devices, and assess conditions that
are otherwise challenging to evaluate using conventional
image-based measurements, such as exercise intolerance
(25-27). Furthermore, a notable advantage of CFD analysis
is that it can be performed retrospectively on images that
have already been captured, making its implementation and
clinical utility more versatile as it does not require additional
imaging or tests. However, the methods employed in the
CFD analysis must be thoroughly validated using iz vivo
and in vitro data before successful adoption in the clinical
setting because CFD analysis is calculated from assumed
parameters (28). Another critical bottleneck of CFD analysis
toward clinical adoption is the computational cost and
the time-intensive workflow in patient-specific analysis.
Therefore, CFD analysis may be best utilized when there
is sufficient time before the operation. Machine learning
techniques may potentially be utilized to accelerate the
workflow and enhance objectivity (29).

© Journal of Thoracic Disease. All rights reserved.

How is blood flow assessment applied clinically?

Blood flow assessment can be clinically useful since it allows
for visualization of blood flow and evaluation of blood flow
patterns as well as quantitative evaluation of the dynamic
properties of blood flow. In general, blood flow assessment
enables the measurement of three clinically relevant
parameters: flow energy loss (EL), wall shear stress (WSS),
and oscillatory shear index (OSI).

EL refers to the viscous dissipation of kinetic energy. It is
calculated as below:

2
ou. ou,

EL (mW) = Iﬂzi,j( 8xj + a;:l J dv (1]
i J

where # is the coefficient of blood viscosity, u is the velocity
vector component, and 7 and j are coordinates on the

Cartesian coordinate system (21,22).

In cardiovascular disease, it describes the incremental
change in blood flow velocity distribution as blood moves
through the heart and vasculature and so is used as a
parameter of cardiac workload, with high EL signifying
excessive work on the ventricular chamber (5,6,22)
(Figure 4). This concept of kinetic energy dissipation has
been emphasized the assessment of hemodynamic severity
of aortic stenosis (AS) (30). It is well known that there can
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Figure 4 Flow EL. EL is defined as the loss of kinetic energy flow due to viscous dissipation enhanced by altered blood flow in a diseased

aorta, which may increase cardiac workload. Transvalvular blood flow is shown here after surgical aortic valve replacement with a bovine

pericardial valve. A straight transvalvular aortic jet was observed in the early systolic phase, and two large vortices were observed on both

sides of the greater and lesser curvatures of the ascending aorta post-mid-systole. EL is increased around these complex flow distributions in

the ascending aorta. Figure adapted with permission from Hohri ez 2. (22). EL, energy loss.

be discrepancies in the assessment of hemodynamic severity
in AS between echocardiography and catheterization
because echocardiography does not account for the extent
of pressure recovery that occur downstream of the stenosis
by dissipation of energy (31). When significant pressure
recovery occurs, the echocardiography-measured trans-
valve gradient can markedly exceed catheterization-
measured gradient (32). This irreversible gradient, which
is calculated taking into account pressure recovery, is
currently best estimated by catheterization; however,
this is invasive which limits its routine use. In contrast,
4D flow MRI permits noninvasive estimation of EL with
flow visualization. Previously, several studies reported
that EL measured by 4D flow MRI correlated strongly
with irreversible pressure gradient (33,34). These
studies concluded that EL can provide complementary
information to well-established method, helping assess AS
severity in patients whose diagnosis is challenging due to
subtle examination findings.

WSS is the shear force on the vessel wall caused by
blood flow and is calculated from the flow velocity profile
within the vessel lumen (6,35) (Figure 5). Previously, the
normal range of WSS was reported between 1 and 7 Pa
in the coronary artery. The WSS is reported to be closely

© Journal of Thoracic Disease. All rights reserved.

related to endothelial degeneration of the vessel wall in
atherosclerotic disease (36,37). Interestingly, both low and
high WSS have been reported as risk factors for aneurysm
formation (37,38). Salmasi et 4/. found that elevated WSS
was predictive of reduced wall thickness, elastin and
smooth muscle cell count, indicative of reduced vessel
compliance (38), whereas long-term exposure to low WSS
on the aneurysm wall was reported to increase intercellular
permeability and induces severe elasticity degradation in
the aneurysm (39). Moreover, a high WSS on the coronary
arterial wall promotes plaque rupture, whereas a low
WSS accelerates plaque progression and facilitates arterial
remodeling through apoptosis and proliferation (40-42).
On valvular leaflets, an elevated WSS activates the valvular
endothelium on the fibrosa via bone morphogenetic
protein-4- and transforming growth factor-betal-dependent
pathways, promoting the fibrosis and calcification of valves
that eventually result in progressive stenosis (43).

OSI measures the degree of fluctuation in shear stress
orientation over a cardiac cycle (5,35) (Figure 5). An OSI
value close to 0.5 indicates that WSS experienced a 180°
change in its orientation during the cycle, while an OSI
value of 0 indicates that the WSS vector did not change its
direction throughout the cycle. It is defined as follows:
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Wall shear stress (WSS)
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Oscillatory shear index (OSlI)
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Figure 5 WSS and OSIL. CFD analysis using pre-onset CT imaging in a patient with acute type A aortic dissection. WSS, or the stress

induced on the endothelial wall by the near-wall blood flow, is increased in the posterolateral segment of the proximal ascending aorta

(red arrows) due to the impingement of the transvalvular jet. OSI measures the three-dimensional fluctuation of the WSS vector during a

cardiac cycle. OSI is increased around the location of vortex flow on the side of the lesser curvature of ascending aorta (blue arrows). Figure

adapted with permission from Hohri ez 4/. (35). WSS, wall shear stress; OSI, oscillatory shear index; CFD, computational fluid dynamic; CT,

computed tomography.
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Fluid shear stress, such as OSI, has vital implications
on endothelial mechanotransduction (44). Hwang er al.
reported that oscillatory shear increases reactive oxygen
production in endothelial cells to a greater extent than
laminar shear. The increased reactive oxygen production
in endothelial cells due to high OSI results in fibrous tissue
regeneration following endothelial injury (5,45). Therefore,
high OSI can predict the occurrence of aortic dissection
and AV leaflet degeneration (35,46). Thus, mechanical
stress parameters measured by blood flow assessment can be
used as diagnostic parameters in the clinical management of
cardiovascular disease.

Clinical application of blood flow assessment in
aortic disease

AV and aortic root

More than a quarter century ago, a vortex (or recirculatory

© Journal of Thoracic Disease. All rights reserved.

flow) was demonstrated in the Sinus of Valsalva (SOV) using
4D flow MRI (47); the clinical relevance of this vortical flow
in aortic root surgery has since been explored (48). Keller
et al. observed that, in patients with root aneurysms and
altered aortic flow dynamics, helical and vortical flows in the
ascending aorta were significantly improved to physiological
levels after aortic root replacement (49). Oechtering ez al.
found that the flow pattern within a Valsalva-shaped graft
after valve-sparing aortic root repair (VSARR) with an
anatomically-shaped sinus prosthesis was closely related
to that in healthy volunteers (50). Subsequently, aortic
root surgery reduced abnormal blood flow within the
aortic lumen and mechanical stress on the aortic wall (51).
Moreover, Semaan et al. demonstrated that the parameters
of flow eccentricity normalized after VSARR for both
tricuspid and bicuspid aortic valves (BAVs); however, when
compared to preoperative values, they observed increased
peak systolic velocities and acceleration in the aortic root,
ascending aorta, and descending aorta, particularly in
patients with BAVs (52). Collins ez 4/. found that, compared
to the Bentall procedure with a bioprosthetic valve, a
VSARR resulted in more physiological hemodynamics with
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reduced forward flow impingement on the aortic wall of
the ascending aorta (53). Additional follow-up is warranted
to investigate the influence of these findings on vascular
physiology and patient outcomes (52).

VEFM is also helpful in evaluating hemodynamics in
patients with aortic root aneurysms. Our group reported a
unique approach to investigating the influence of aortic root
geometry on AV leaflets, using epi-aortic echocardiography
to measure the mechanical stress on the AV leaflet (17).
We also visualized vortex flow in aortic root aneurysms,
which were contributing to the high WSS and OSI on
AV leaflets; these abnormal mechanical stresses decreased
significantly after VSARR. Moreover, we revealed that an
aneurysmal aortic root exposes the AV leaflets to abnormal
fluid dynamics by correlating the size of the SOV with the
systolic WSS and OSI (18).

Ascending aorta and aortic arch

4D flow MRI has contributed to our understanding of the
association between BAV and ascending aortic aneurysms
(54-57). Eccentric flow, which is an abnormal transvalvular
flow caused by bicuspid valvular morphology, is thought to
be an important contributor to the aortopathy in patients
with BAV (58,59). Lorenz er al. showed that, compared
to the normal helical flow in the ascending aorta and
arch observed in patients with tricuspid AV, patients with
BAV had a significantly higher absolute peak helicity
throughout the thoracic aorta (54). The eccentric flow
during systole in the ascending aorta was found to have
a profound and asymmetrically elevated WSS, a known
risk factor for triggering ascending aortic aneurysms
(56,57). These 4D flow MRI studies suggest that abnormal
eccentric aortic blood flow contributes to the development
and growth of ascending aortic aneurysms. Previously,
Numata et a/. investigated the difference in systemic
and cerebral perfusion flow patterns between subclavian
artery cannulation and ascending aorta cannulation during
ascending aorta or arch replacement using CFD analysis;
they reported that right subclavian artery cannulation
produced a protective effect on the brain, especially on
the right side (60). Thus, blood flow assessment may play
an important role on the surgical management of aortic
disease.

Aortic dissection

Several previous studies have reported on the utility of

© Journal of Thoracic Disease. All rights reserved.
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blood flow assessment in aortic dissection (35,61-68). Our
group performed CFD analysis on pre-onset CT images
of patients with acute type A aortic dissection (AAAD) to
elucidate the mechanism of primary entry occurrence in
the AAAD (35). We found that shear stress fluctuations
were closely associated with the future occurrence of
AAAD (Figure 6). Baumler er al. proved that mobility of the
dissected flap substantially influences local hemodynamics
and therefore needs to be accounted for in patient-specific
simulations of aortic dissection (61). Furthermore, CFD
analysis can assist in predicting aortic dilation on follow-
up of patients with aortic dissection (62,63). Shang et al.
visualized blood flow using CFD analysis and found that
greater flow diversion to the false lumen and increased
WSS on the aortic wall were associated with rapid aortic
growth (63). Similarly, increased WSS was associated with
retrograde AAAD in patients with acute type B aortic
dissection (TBAD) (64).

There is growing interest in the distal aorta with
residual dissection after repair of the proximal aorta
for AAAD (69,70). Some studies have investigated
postoperative remodeling of the descending aorta using
CFD analysis (65-67). Zhu er 4l. reported that the pressure
difference between the true and false lumens could
predict progressive residual native aortic dilatation after
primary surgery in patients with AAAD. They found that
a pressure difference >5 mmHg may be related to unstable
aortic growth (67). Moreover, Liu er 4/. investigated the
differences in flow velocity and wall pressure (the force
on the vessel wall caused by blood flow) between patients
with two and multiple entry tears in patients with TBAD.
They showed that TBAD with two entry tears squeezes the
true lumen and expands the false lumen with higher wall
pressure, resulting in a new entry tear and deterioration into
multiple entry-TBAD. Therefore, they concluded that the
closure of the proximal entry tear was deemed ideal solution
for TBAD with two entry tears (68). Thus, CFD analysis
plays an important role as a predictor of the progression of
aortic disease leading to dissection.

Congenital aortic anomalies

The use of blood flow analysis in cases of congenital aortic
anomalies has shown promising results. Previous studies
have evaluated the hemodynamics of aortic coarctation
using 4D flow MRI and CFD analysis (71,72). Rengier ez al.
used 4D flow MRI to non-invasively compare the alteration
of pressure distribution in patients with and without aortic
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Primary entry

Oscillatory shear index (OSlI)

Figure 6 Result of CFD analysis using retrospective pre-onset
CT imaging in two patients with AAAD. A concentrated high OSI
area was observed around the recirculatory flow (blue arrows).
These hot spots with high OSI are near the primary entry site
of an impending AAAD (yellow arrows). Figure adapted with
permission from Hohri ez al. (35). OSI, oscillatory shear index;
CFD, computational fluid dynamic; CT, computed tomography;
AAAD, acute type A aortic dissection.

coarctation repair (71). Lantz et al. evaluated mechanical
stresses in a patient with coarctation before and after repair.
They concluded that these forces may be useful diagnostic
indicators for assessing the success of intervention (72).
Lastly, our group used CFD analysis to guide clinical
treatment in patients with double aortic arch (73). In this
complex physiology, various anatomical features such as the
shape and the angle of the aortic bifurcation and the aortic
diameter make it challenging to identify the dominant
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2631

arch; CFD analysis was used to evaluate the flow volumes
into each aortic arch and thus guide appropriate treatment
plan (72).

Current limitations of blood flow assessment

Blood flow assessment has several limitations. First,
although it can evaluate mechanical stress parameters,
including EL, WSS, and OS], there are no unified reference
or cut-off values because these parameters depend on mean
blood volume, flow velocity, its variation near the wall, vessel
diameter, and blood viscosity, resulting in wide variation
among vessels and the ventricular chambers (74). For
example, EL was different between left and right ventricles
even in healthy volunteers’ case (75). Thus, a statistical
baseline has yet to be established due to limited data.
4D flow MRI and echocardiographic VEM have limited
temporal and spatial resolutions, and accelerated jet flow
may cause aliasing artifacts, although they can be rectified
during post-processing. However, since 4D flow MRI and
echocardiographic VFM can visualize actual blood flow,
these modalities are advantageous in assessing complex
hemodynamics in the ascending aorta or the aortic root.
The aortic valvular complex significantly influences the
hemodynamics in the aortic root and ascending aorta. In
CFD analysis, fluid-structure interactions are required to
evaluate the influence of aortic valvular motion. Although
some studies have reported limited use of CFD across the
AV (76,77), it has not yet been clinically applied owing to
the computational cost and complexity. Moreover, in CFD
analysis, the aortic wall is typically assumed to be rigid
due to the difficulty in estimating the tissue properties of
individual patients. Further, while standalone CFD analysis
has been instrumental in revealing novel hemodynamic
insights in aortic disease, a clinically meaningful impact can
only be realized by applying CFD analysis to large patient
cohorts.

Future perspective of blood flow assessment in
aortic surgery

“Virtual surgery”

When combined with 3D computer graphics, CFD
analysis can enable aortic surgeons to perform “virtual
surgery” (6,78). Virtual surgery predicts postoperative
blood flow, which can supplement preoperative surgical
planning based on an individual’s hemodynamics in aortic
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CABG 190.1 ml/min CABG 65.4 ml/min

RCA flow volume

ml/min

300 Systole Diastole

200
100

0 Pre-operation 151.7 ml/min

In-situ reconstruction 145.0 ml/min
CABG 148.2 ml/min

Figure 7 Virtual surgery to guide preoperative planning in aortic root surgery. A Pre-op and two computer-based virtual postoperative

models were created: (I) iz situ coronary reconstruction with Carrel patch technique for root replacement; (II) CABG procedure

connecting the bilateral ITA to the LAD and Cx, and the saphenous vein graft connecting the ascending aorta to the RCA in addition to

root replacement. CFD analysis showed lower coronary pressure and a shortage of blood supply to the left coronary arteries in the CABG

model despite using the bilateral ITA. In contrast, in the in-situ revascularization model, the systolic coronary blood flow decreased due to

the reduction in the Valsalva pressure but with sufficiently increased coronary flow during diastole. Figure adapted with permission from

Hobhri et al. (80). Pre-op, preoperative model; CABG, coronary artery bypass grafting; LAD, left anterior descending artery; Cx, circumflex

branches; RCA, right coronary artery; I'TA, internal thoracic artery; CFD, computational fluid dynamic.

disease. In this method, the patient-specific geometry
acquired from preoperative CT imaging is morphed
into a predicted postoperative anatomy, and blood flow
is computed following the simulated repair (6). For
example, Fujisue er a/. utilized virtual surgery to guide
preoperative planning in patients with aortic coarctation.
They compared the postoperative hemodynamics
between three surgical approaches: ascending-abdominal
aorta bypass, descending-descending aorta bypass, and
descending aorta replacement; their calculations helped
guide the approach ultimately pursued in the operating
room (79). We used this technology to decide whether
to pursue concomitant coronary revascularization during
aortic root replacement for a patient with supravalvular
aortic root stenosis. After comparing postoperative
coronary flow volume following a Bentall procedure
with and without concomitant coronary artery bypass
grafting (CABQG), a preoperative decision to perform an
isolated Bentall was made (Figure 7) (80). Virtual surgery

© Journal of Thoracic Disease. All rights reserved.

with CFD analysis can help determine the optimal
surgical procedure personalized to an individual during
preoperative planning.

Conclusions

Blood flow assessment has been increasingly applied to the
clinical management of aortic disease. It can enable the
evaluation of hemodynamics by visualizing blood flow and
estimating the degree of mechanical stress on the aortic
wall or valve leaflets. Furthermore, blood flow assessment
can predict postoperative hemodynamics and future aortic
degeneration. In cases with complicated anatomy, such as in
congenital aortic disease, it can be valuable in understanding
the hemodynamics of individual patients. Moreover, “virtual
surgery” can help determine the optimal surgical strategy
for patients with complex anatomy. Thus, blood flow
assessment has the capacity to become an essential tool for
aortic experts.
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