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Do blood flow patterns in the left
atriums differ between left upper
lobectomy and other lobectomies?
A computational study

Wentao Yi', Tomohiro Otani'*, Shunsuke Endo’
and Shigeo Wada'

'Department of Mechanical Science and Bioengineering, Graduate School of Engineering Science,
Osaka University, Osaka, Japan, 2Saitama Medical Center, Jichi Medical University, Saitama, Japan

Background: Left atrial (LA) hemodynamics after lung lobectomies with
pulmonary vein (PV) resection is widely understood to be a risk factor for LA
thrombosis. A recent magnetic resonance imaging study showed that left
upper lobectomy (LUL) with left superior pulmonary vein resection tended to
cause LA flow patterns distinct from those of other lobectomies, with flow
disturbances seen near the PV stump. However, little is known about this flow
pattern because of severe image resolution limitations. The present study
compared flow patterns in the LA after LUL with the flow patterns of other
lobectomies using computational simulations.

Methods: The computational simulations of LA blood flow were conducted on
the basis of four-dimensional computed tomography images of four lung
cancer patients prior to lobectomies. Four kinds of PV resection cases were
constructed by cutting each one of the PVs from the LA of each patient. We
performed a total of five cases (pre-resection case and four PV resection
cases) in each patient and evaluated global flow patterns formed by the
remaining PV inflow, especially in the upper LA region.

Results: LUL tended to enhance the remaining left inferior PV inflow, with
impingements seen in the right PV inflows in the upper LA region near the PV
stump. These flow alterations induced viscous dissipation and the LUL cases
had the highest values compared to other PV resection cases, especially in the
LV systole in three patients, and reached three to four times higher than those
in pre-resection cases. However, in another patient, these tendencies were
weaker when PV inflow was stronger from the right side than from the left
side, and the degree of flow dissipation was lower than those in other PV
resection cases.

Conclusion: These findings suggest marked variations in LA flow patterns among
patients after lobectomies and highlights the importance of patient-specific
assessment of LA hemodynamics after lobectomies.
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1 Introduction

Left atrial (LA) thrombosis has received much attention as a cause of cerebral
infarction. Although LA thrombosis is thought to occur in pathological conditions such
as LA fibrillation (1), recent cohort studies have shown that lung lobectomy, which is a
common surgical treatment for lung cancer patients (2), is a significant risk factor for
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LA thrombosis even in patients with no prior history of cardiac
disease (3-5). A lobectomy requires an associated pulmonary
vein (PV) resection from the LA and thrombus formation in the
PV stump, where the remaining PV resected, was reported for
3.6% of 193 patients (6). Several potential factors of thrombus
formation have been proposed such as LA hemodynamic
alteration (7-11), PV stump morphologies (7), and inflammatory
responses (12). However, thrombus formation after lobectomy is
rare (approximately 5% of LUL cases (5)), and the mechanism of
the thrombosis in the PV stump therefore remains unclear.

Furthermore, several clinical studies reported that left upper
lobectomy (LUL) with left superior PV (LSPV) resection has a
relatively high risk of thrombus formation (5, 6, 13), while this
causal mechanism is unknown. To clarify the characteristic
differences of the LUL from viewpoints of LA hemodynamics,
Umehara et al. (14) compared LA flow patterns among four
types of lobectomies, i.e, LUL and left-lower, right-upper, and
right-lower lobectomies regardless of the thrombus formation by
four-dimensional flow magnetic resonance imaging (MRI). They
reported that LUL likely caused flow disturbances around the
LSPV stump, which was absent in almost all cases treated with
the other types of lobectomies. However, these findings were
based on flow pathlines derived from flow velocity fields on MRI
scans with severely limited spatiotemporal resolution. These LA
flow patterns were variable and complex, characterized by
multiple intermixing PV inflows, and little is known about them
given the limited MRI data.

To address this issue, computational fluid dynamics (CFD)
simulation of LA hemodynamics is a promising approach to
describe flow patterns after lobectomies and associated PV
resections. We previously investigated the possible effects of LUL
(15) (16) on LA
hemodynamics, remarkable LA flow changes

and associated physiological changes
and found
associated with left and right PV inflow impingement after LUL.
Because the computational approach can represent lobectomies
with PV resection virtually in each patient, CFD simulations of
LA hemodynamics with virtual PV resection could reveal the
distinctive LA flow patterns after LUL implied by MRI studies
through comparison with those after other lobectomies.

This study investigated LA flow patterns after different types of
lobectomies using four-dimensional computed tomography (4D-
CT)-based computational simulations and analyzed distinctive
flow patterns after LUL. Following CFD simulation of LA blood
flow and virtual PV resections, as developed in our previous
study (16), we compared LA blood flow patterns before and after
PV resection in four patients.

2 Material and methods

This study conducted CFD simulations of LA hemodynamics
using 4D-CT images of four lung cancer patients before
lobectomy. They received an LUL at the Department of Thoracic
and Cardiovascular Surgery at Jichi Medical University Hospital.
Thrombus formation in the PV stump was not found for each
patient after the LUL. CT images were acquired in previous
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studies (15, 16). The study was approved by the Institutional
Review Board of Jichi Medical University.

2.1 Preprocessing

First, 4D-CT images of four lung cancer patients (participants
1-4) were obtained using a 128-slice multi-detector CT scanner
(SOMATOM Definition Flash; Siemens, Berlin, Germany) at
Jichi Medical University Hospital and reconstructed over 20
phases of the cardiac cycle from ventricular end-diastole. The
cardiac length T in each participant was shown in Table 1.

LA surface shapes in each phase were reconstructed using
Mimics software (version 23; Materialise, Inc., Yokohama, Japan),
in which cuts were made in proximal parts of the PVs before the
first bifurcation, where the PV cross section was orthogonal to
the PV direction. Figure 1 shows a representative LA surface (a)
and time courses of the LA and left ventricle (LV) volume in
each participant (b). The PV cross-sectional area is shown in
Table 1. In each patient, the cross-sectional areas of the left and
right superior PVs (LSPV and RSPV, respectively) tended to be
larger than those of the left and right inferior PVs (LIPV and
RIPV, respectively), except for the LSPV in participant 4.

LA wall displacements in a cardiac cycle were estimated from
non-rigid point registration (17, 18) and temporally interpolated
by Fourier series expansion. Cylindrical tubes were attached to
sections of the PVs and mitral valve (MV) to reduce the effects
of artificially set boundary conditions on LA blood flow (19).
Furthermore, the time courses of LV volume were interpolated
using Fourier series expansion to compute the total flow rate
through the MV in LV diastole.

2.1.1 Virtual PV resection

To compare LA blood flow patterns with different PV
resections, each PV resection case was constructed for each
subject, as shown in Figure 2. Each one of the PVs was cut and
smoothly filling the incision to form a stump-like structure as in
Yi et al. (16). Consequently, a total of five cases (one pre-cases
and four PV-resection cases) was prepared in each participant.

2.2 Computational fluid dynamics
simulation

In the CFD simulations, LA blood flow was treated as a

prescribed moving-wall boundary problem using moving LA

TABLE 1 Participant information: cardiac length T (ms) and cross-
sectional area (mm?) of each pulmonary vein (PV) in each participant
(left superior PV: LSPV, left inferior PV: LIPV, right superior PV: RSPV,
right inferior PV: RIPV).

Cardiac cycle (ms) Cross-sectional area (mm?)

RIPV
Subject 1 212
Subject 2 145
Subject 3 1000 180 116 196 145
Subject 4 984 95.3 171 175 135
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FIGURE 1
Representative left atrium surface (anterior and posterior views) of participant 1 at phase 9(a), and time courses of the left atrium and left ventricle
volume (b)
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FIGURE 2

Representative left atrium surfaces with virtual pulmonary vein (PV) resections of the left-superior (LS), left-inferior (L), right-superior (RS), and right-

surfaces. The simulations were performed using a Cartesian grid
CFD solver developed in (15, 20). Blood was assumed to be an
incompressible fluid,
incompressible Navier-Stokes equations were adopted to yield the

Newtonian and  continuity and

governing equation:

V. .v=0, (1)

p(Ov+v-Vv)=—-Vp+ nVv, 2)
where v is the velocity vector, p is pressure, blood density
p=1.05x 10°kg/m®, and dynamic viscosity 1 =3.5x 1073
Pas. Governing equations are discretized using the finite
difference method in conventional staggered grids, and flow
velocities and pressure are updated in a step-by-step manner. For
details
discretization, please see our previous work (15).

of the computational schemes and spatiotemporal

The boundary conditions are as follows. The no-slip boundary
condition was assigned on the wall boundary using the boundary
data immersion method (21). The MV was assumed to be a wall
boundary when it was closed during LV systole, whereas a
uniform transient velocity profile was set at the MV when the

MYV opened during LV diastole. The MV flow rate profile was
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determined by the time course of the LV volume change shown
in Figure 1B. On each PV cross-section, we applied uniform
pressure boundary conditions of pressure Ppy, expressed as
Ppy = Py + K;Qpy, where P, is the baseline, K; is the terminal
resistance at each PV, and Qpy is the flux through the PV cross
section. We set Py = 0 Pa and K; to be inversely proportional to
the corresponding cross-sectional area of each PV, assuming that
the velocity was the same for all PVs (22).

The computational domain was discretized as uniform
Cartesian grids of 256 x 256 x 256, where the grid size was 0.6
mm in each direction in accordance with a test of grid size
dependencies conducted in our previous study (15). The time
increment was chosen to ensure that the Courant-Friedrichs-
Lewy number was less than 0.1. Each computational simulation
was conducted over three cardiac cycles, and the Results section
shows the solution in the third cycle unless otherwise noted.

2.3 Postprocessing
To clarify the global LA blood flow pattern in each PV

resection case from a fluid mechanical sense, we adopted
Lagrange-based flow descriptors which extract flow characteristics
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from flow velocity fields. First, the flow pathline from 0T to 0.35T
was depicted by mass-less tracers X, set in each PV section before
PV resection to confirm the PV inflow directions. Next, backward
finite-time Lyapunov exponents (FTLEs) in the cross-sectional
plane of the upper LA region were visualized in all cases to
capture PV inflow before and after each PV resection. The
backward FTLE can be understood as Lagrange coherent
structure, which is locally the most strongly attracting material
surface (i.e., flow boundaries) according to dynamical systems
theory (23, 24), and thus is effective in quantifying complex LA
flow topologies created by multiple PV inflows. The FTLEs were
ig“:xp(to) = Xp(ty +7) with
respect to mass-less tracers at initial time # by solving the

computed from the flow map ¢
advection in the LA blood flow in finite time 7 (23), given by

a ¢:g+7
ox

1
FTLE:—lnH
|7]

: (3)
2
Here, We adopted 7= 50 ms. For negative 7 (<0), the FTLE ridges
show directions of high flow stretching, known as attracting
Lagrange coherent structure. Trajectories of mass-less tracers were
computed by fourth-order Runge-Kutta method, and flow velocity
fields were linearly interpolated in space and time in each grid.
Furthermore, global flow characteristics in the LA were

evaluated on the basis of the flow kinetic energy and dissipation
rate, given by

1
Kinetic energy = J Ep(v -v)dQ), (4)

&

Dissipation rate = J 27m8:8dQ, (5)

&

where )y is the LA domain and S indicates the symmetric
components of Vv.

10.3389/fcvm.2023.1305526

3 Results
3.1 Flow pathlines

Figure 3 shows representative flow pathlines of participant 2
before the lobectomies. LSPV inflow entered along the LA roof
and LIPV inflows entered underneath the LSPV inflow. The
inflows from the right PVs flowed directly into the inferior
region of the LA, almost in parallel. These characteristics were
also observed in other participants.

The flow pathlines in each virtual PV resection are shown in
Figure 4. In LSPV resections, LIPV inflows entered directly, flowed
toward the anterior LA wall, and impinged on the RSPV inflows.
In RSPV resections, LSPV inflows also reached the right side of
the LA and flowed downward. The changes in the remaining
inflow patterns were relatively small in LIPV and RIPV resections.

3.2 Backward finite-time Lyapunov
exponents

Figure 5 shows the backward FTLEs in the cross-sectional
plane of the upper LA regions before PV resection, as well as
each PV resection at end-systole (t = 0.35T) and early-diastole
(t =0.55T). Supplementary Video 1 shows time courses of
FTLEs in all virtual PV resection cases over one cardiac cycle.
Here, boundaries between PV inflows are shown in a high-FTLE
region (attracting Lagrange coherent structure). In the LSPV
resection, flow impingement was found between LIPV and RSPV
inflows, and flow disturbances occurred near the LSPV stump.
In the RSPV resection, the LSPV inflows reached the right side
of the LA, while flow impingement was not found in the upper
LA region and flow in the RSPV stump was isolated. In LIPV
and RIPV resections, FTLE distributions generated by remaining
PV inflows were almost the same as those in pre-resection cases.

Posterior view

FIGURE 3

Representative pre-resection flow pathlines from OT to 0.35T for participant 2 (LSPV: left superior pulmonary vein, LIPV: Left inferior pulmonary vein,
RSPV: right superior pulmonary vein, RIPV: right inferior pulmonary vein). Colors of pathlines show each PV inflow and white arrows show the inflow

direction from the pulmonary veins.

Top view
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Same as Figure 3, but in cases with virtual PV resections.
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FIGURE 5

Spatial distribution of the backward finite-time Lyapunov exponent on the cross-sectional plane of the left atrial upper region, at t = 0.35T (systole)
and t = 0.55T (diastole) in participant 2 before PV resection (LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior
pulmonary vein; RIPV, right inferior pulmonary vein). Representative PV resection cases are also shown. These time courses are shown in a whole

cardiac cycle in Supplementary Video 1.
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Figure 6 shows the backward FTLE distribution in participant 4
at end-systole (t = 0.35T) and early-diastole (+ = 0.55T). Both
LSPV and LIPV resection caused flow disturbances in the center
region, whereas the flow boundaries of the right PV inflows were
almost the same as the pre-resection ones. Conversely, RSPV
resection enhanced the RIPV inflows, which extended to the
anterior side of the LA. Similarly, in the RIPV resection case,
RSPV inflows entered the posterior side of the LA.

3.3 Global energetic states

Figure 7 shows time courses of the flow kinetic energy and
dissipation rate in the LA before and after each PV resection in
each participant. Overall, the kinetic energy and dissipation rate in
a whole cardiac cycle showed similar trends in pre-resection and
PV resection cases, while in PV resection cases they were relatively
larger than the pre-resection ones in all participants. The kinetic
energy had three local maximum peaks at mid-systole, early to
mid-diastole, and late diastole. In participants 1-3, the kinetic
energy increased moderately during the LV systole phase and
reached at most 3m] in all participants, whereas those in the

10.3389/fcvm.2023.1305526

LSPV resection cases showed the highest values at systole peak
compared to other PV resection cases (approximately two to three
folds higher than those in pre-resection cases). Also, the
dissipation rate in the LV systole phase was almost constant in
pre-resection cases (at most 3 mJ/s), whereas those in the LSPV
resection case had the highest values at the systolic peak and
approached three to four folds higher than those in pre-resection
case. On the contrary, the values for LSPV were lower than those
for the other PV resections in participant 4, for whom RSPV
showed the greatest flow dissipation during a cardiac cycle.

4 Discussion

The effect of LUL on LA hemodynamics has received much
attention because of its association with LA thrombosis (5, 7). A
recent MRI study pointed out the distinctive blood flow patterns
in the LA after LUL compared with other lobectomies regardless
of thrombus formation (14), but detailed flow characteristics
remain elusive because of severe image resolution limitations.
Therefore, this study conducted CFD simulations with virtual PV
resections and analyzed the resulting LA blood flow patterns.

Pre-resection RSPV

PV stump

2(|) FTLE [1/s]

8|0
e

t=0.35T

LSPV-resection

RSPV-resection

LIPV-resection

PV stumpPV stump

RIPV-resection

PV stump

RSPV

Pre-resection

PV stump

2|0 FTLE [1/s]

8|0
 ___ a

LSPV-resection

RSPV-resection

t=0.55T

LIPV-resection

PV stump PV stump

RIPV-resection

PV stump

FIGURE 6
Same as Figure 5 but for participant 4.
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FIGURE 7

Time courses of the flow kinetic energy (left) and dissipation rate (right) in the left atrium over a whole cardiac cycle in the pre-resection case (Pre-res),
left superior pulmonary vein (LSPV) resection case (RLSPV), left inferior pulmonary vein (LIPV) resection case (RLIPV), right superior pulmonary vein
(RSPV) resection case (RRSPV), and right inferior pulmonary vein (RIPV) resection case (RRIPV), in each participant.

The blood flow pattern in the LA for each PV resection was  Before PV resection, the left PV inflow was horizontal and
visualized using Lagrange descriptors, especially in the upper  flowed toward the right side of the LA without impingement,
region of the LA, and the global energetic states were calculated. =~ whereas both right PV inflows flowed downward in parallel
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(Figure 3). This asymmetric flow pattern is well known, being shown
by existing measurements (25, 26) and CFD simulations (27). As a
representative case, in participant 2 in this study, LSPV resection
increased LIPV inflow, and the LIPV reached the anterior LA wall
with impingement of the right PV inflows causing flow
disturbances around the LPSV stump (Figure 5). In contrast, the
RSPV resection also enhanced the remaining LSPV inflow, while
flow disturbances in the upper LA region were relatively weak,
and the effects of LIPV and RIPV resections on the global LA
flow patterns were small. These tendencies were also reflected in
the global energetic states as relatively strong flow dissipation
(Figure 7) in participants 1-3, and these findings are consistent
with the clinical observation that LSPV resection tends to form
distinctive flow patterns with flow disturbances occurring near the
PV stump (14). Because these flow patterns may be induced by
asymmetric LA flow patterns originating from anatomically
complex LA geometries (25), the LA blood flow alteration after
LUL noted above is likely typical in clinical datasets.

However, LA and PV geometries varied markedly among
patients, and thus the resulting blood flow patterns also had large
variations, as seen in participant 4 in this study. In this case, the
LSPV cross-sectional area was the smallest among all PVs
(Table 1), and the effects of LSPV resection were smallest on the
global energetic state of the LA (Figure 7). In contrast, RSPV
resection induced strong flow dissipation, which may have
resulted from enhanced flow impingement between the left PV
inflows and the remaining RIPV inflows caused by the RSPV
resection (Figure 6). Although the LIPV tended to be smallest
PVs, in PV
morphologies have been documented (28). Given that PV

among all large patient-specific variations
location and flow rate balance have been considered as factors
influencing LA blood flow even for the MV plane and LA
(29-31),

morphologies and the remaining PV inflows are essential when

appendage patient-specific ~ variations in PV
considering patient-specific flow characteristics in the PV stump.

It should be noted that this study investigated global LA flow
patterns after PV resections, and thus evaluated the flow kinetic
energy and dissipation rate in a whole LA domain as indicators
of global hemodynamic states. Because the same total flow rate
through the LA was set in both pre and post-resection cases
based on measurements in our previous studies (15, 16), a PV
resection increased the inflow rate and associated flow velocity
through the
enhancement tended to induce flow impingement with viscous

remaining PVs. Furthermore, this inflow
dissipation (Figure 5). Therefore, we believe that the relatively
high kinetic energy and dissipation rate in post PV resection
(Figure 7) are reasonable from a fluid mechanical viewpoint.

This study had four main limitations. First, it aimed to clarify
the distinctive LA blood flow patterns after LUL observed in
clinical practice, and the association between LA flow patterns
and PV stump thrombosis was beyond its scope. Although global
LA flow patterns and its flow disturbances are considered one of
the risk factors for thrombus formation in the PV stump (7, 9,
14), thrombus formation in PV stump is rare (approximately 5%
(5)) depending on several influential factors not only the LA
hemodynamics but also PV stump morphologies (7) and

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1305526

physiological factors such as inflammatory responses (12). In
addition, due to shortages of patient datasets, four participants
recruited in this study are not cases of PV stump thrombosis
after LUL. Thus, systematic studies with large patient datasets are
necessary to identify the essential factors in PV stump
thrombosis. Second, lobectomies may cause physiological changes
in the remaining PV inflow, as well as in LA and LV function, as
discussed in our previous study (16). Thus, CFD simulation with
virtual PV resection may over- or underestimate LA flow
alteration after lobectomies. However, comparison of LA flow
patterns among PV resections within the same participant is
clinically infeasible, and computational modeling is a possible
alternative to estimate the effects of each PV resection on LA
hemodynamics. Third, this study assumed that the flow velocity
was identical among PV inflows and did not consider patient-
specific inflow rates. Flow rate balance among PVs is not only
determined by the lung lobe volume (32) but is also influenced
by body posture (33); therefore, it is difficult to identify even
within a single patient. Furthermore, lobectomies lead to
expansion of the remaining lung lobes to compensate for the
resected lobe function (34). Lobectomies may also alter the
inflow rate balance among remaining PV inflows, although to
our knowledge no studies have examined PV inflow rate changes
after lobectomies. Further clinical investigation of PV inflows
would provide valuable insights into the mechanisms underlying
the LA blood flow patterns associated with thrombosis. Fourth,
quantification of the global LA blood flow patterns by possibly a
single parameter is an interesting topic for clinical usage, while
these issues include multi-scale turbulent flow dynamics and are
still challenging, even in the turbulent research field, to our
knowledge. As an alternative approach, we considered visualizing
the flow topology from flow velocity fields and extracted the flow
boundaries formed by multiple PV inflows. Such postprocessing
is effective in interpreting characteristic behaviors of
varying  velocity  fields
quantitative discussion for further analyses using large patient

spatiotemporally while  limiting
datasets. For this issue, a data science approach that can handle
big data problems would be reasonable to quantify the complex

blood flow patterns.

5 Conclusions

This study considered the distinctive LA blood flow patterns
after LUL pointed out by recent MRI studies relative to those of
lobectomies performed in other sites. We performed 4D-CT-
based CFD simulations of LA blood flow without and with
virtual PV resections, which modeled the effects of lung
lobectomy, and compared the blood flow patterns, especially for
the remaining PV inflows. LSPV resection tended to enhance
LIPV inflow such that it reached the LA anterior wall, resulting
in impingement of the right PV inflows in the upper LA
region with relatively severe flow disturbances around the PV
stump. However, LA flow patterns after PV resections showed
large patient-specific variations because of the LA and PV
geometries, and the relative effects of each PV resection on
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the LA flow patterns differed among participants. These results
suggest the marked patient-specific variations and highlights the
assessment of the LA

importance of patient-specific

hemodynamics after lobectomies.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the
Institutional Review Board of Jichi Medical University. The
studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study.

Author contributions

WY: Writing - original draft, Data curation, Formal Analysis,
Investigation, Methodology, Visualization; TO: Writing — original
draft,
administration, Software, Supervision; SE: Data curation, Funding

Conceptualization,  Funding  acquisition,  Project
acquisition, Writing - review & editing; SW: Conceptualization,
Funding acquisition, Project administration, Supervision, Writing -

review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article.

This work was supported by the Japan Society for the
Promotion of Science Grants-in-Aid for Scientific Research (No.

References

1. Wolf PA, Abbott RD, Kannel WB. Atrial fibrillation as an independent risk factor
for stroke: the Framingham Study. Stroke. (1991) 22:983-8. doi: 10.1161/01.STR.22.
8.983

2. Hartwig MG, D’Amico TA. Thoracoscopic lobectomy: the gold standard for
early-stage lung cancer? Ann Thorac Surg. (2010) 89:52098-101. doi: 10.1016/j.
athoracsur.2010.02.102

3. Hattori A, Takamochi K, Kitamura Y, Matsunaga T, Suzuki K, Oh S, et al. Risk
factor analysis of cerebral infarction, clinicopathological characteristics of left upper
pulmonary vein stump thrombus after lobectomy. Gen Thorac Cardiovasc Surg.
(2019) 67:247-53. doi: 10.1007/s11748-018-1017-8

4. Wankhede D, Grover S, Awendila L. Left upper lobectomy for lung cancer as a
risk factor for cerebral infarction: a systematic review, meta-analysis. Lung. (2021)
199:535-47. doi: 10.1007/s00408-021-00480-4

5. Riddersholm S, Tayal B, Kragholm K, Andreasen JJ, Rasmussen BS, Segaard P,
et al. Incidence of stroke after pneumonectomy and lobectomy: a nationwide,
register-based study. Stroke. (2019) 50:1052-9. doi: 10.1161/STROKEAHA.118.
024496

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1305526

23K11830), the “Program for Promoting Researches on the
Supercomputer Fugaku” (Project ID: hp220161 and hp230208)
funded by the Ministry of Education, Culture, Sports, Science
and Technology, and Multidisciplinary Research Laboratory
System for Future Developments, Osaka University Graduate
School of Engineering Science.

Acknowledgments

We thank Michael Irvine, PhD, from Edanz (https://jp.edanz.
com/ac) for editing a draft of this manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.
1305526/full#supplementary-material

6. Ohtaka K, Hida Y, Kaga K, Kato T, Muto J, Nakada-Kubota R, et al. Thrombosis
in the pulmonary vein stump after left upper lobectomy as a possible cause of cerebral
infarction. Ann Thorac Surg. (2013) 95:1924-8. doi: 10.1016/j.athoracsur.2013.03.005

7. Ohtaka K, Hida Y, Kaga K, Takahashi Y, Kawase H, Hayama S, et al. Left upper
lobectomy can be a risk factor for thrombosis in the pulmonary vein stump.
J Cardiothorac Surg. (2014) 9:1-5. doi: 10.1186/1749-8090-9-5

8. Ohtaka K, Takahashi Y, Uemura S, Shoji Y, Hayama S, Ichimura T, et al. Blood
stasis may cause thrombosis in the left superior pulmonary vein stump after left upper
lobectomy. J Cardiothorac Surg. (2014) 9:1-7. doi: 10.1186/s13019-014-0159-8

9. Matsumoto M, Takegahara K, Inoue T, Nakaza M, Sekine T, Usuda J. 4D flow MR
imaging reveals a decrease of left atrial blood flow in a patient with cardioembolic
cerebral infarction after pulmonary left upper lobectomy. Magn Reson Med Sci.
(2020) 19:290-3. doi: 10.2463/mrms.ici.2019-0142

10. Nakaza M, Matsumoto M, Sekine T, Inoue T, Ando T, Ogawa M, et al. Dual-
VENC 4D flow MRI can detect abnormal blood flow in the left atrium that
potentially causes thrombosis formation after left upper lobectomy. Magn Reson
Med Sci. (2022) 21:433-43. doi: 10.2463/mrms.mp.2020-0170

frontiersin.org


https://jp.edanz.com/ac
https://jp.edanz.com/ac
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1305526/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1305526/full#supplementary-material
https://doi.org/10.1161/01.STR.22.8.�983
https://doi.org/10.1161/01.STR.22.8.�983
https://doi.org/10.1016/j.athoracsur.2010.02.102
https://doi.org/10.1016/j.athoracsur.2010.02.102
https://doi.org/10.1007/s11748-018-1017-8
https://doi.org/10.1007/s00408-021-00480-4
https://doi.org/10.1161/STROKEAHA.118.024496
https://doi.org/10.1161/STROKEAHA.118.024496
https://doi.org/10.1016/j.athoracsur.2013.03.005
https://doi.org/10.1186/1749-8090-9-5
https://doi.org/10.1186/s13019-014-0159-8
https://doi.org/10.2463/mrms.ici.2019-0142
https://doi.org/10.2463/mrms.mp.2020-0170
https://doi.org/10.3389/fcvm.2023.1305526
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Yi et al.

11. Sekine T, Nakaza M, Matsumoto M, Ando T. 4D flow MR imaging of the left
atrium: what is non-physiological blood flow in the cardiac system? Basic concepts
of 4D flow MRI assessment of left atrium (2022) 21:293-308. doi: 10.2463/mrms.
rev.2021-0137

12. Usui G, Takayama Y, Hashimoto H, Katano T, Yanagiya M, Kusakabe M, et al.
Cerebral embolism caused by thrombus in the pulmonary vein stump after left lower
lobectomy: a case report, literature review. Intern Med. (2019) 58:1349-54. doi: 10.
2169/internalmedicine.1962-18

13. Xie N, Meng X, Wu C, Lian Y, Wang C, Yu M, et al. Both left upper lobectomy,
left pneumonectomy are risk factors for postoperative stroke. Sci Rep. (2019) 9:1-7.
doi: 10.1038/541598-019-46989-w

14. Umehara T, Takumi K, Ueda K, Tokunaga T, Harada-Takeda A, Suzuki S, et al.
Four-dimensional flow magnetic resonance imaging study to explain high prevalence
of pulmonary vein stump thrombus after left upper lobectomy. J Thorac Dis. (2020)
12:5542-51. doi: 10.21037/jtd-20-1606

15. Otani T, Yoshida T, Yi W, Endo S, Wada S. On the impact of the left upper
lobectomy on the left atrial hemodynamics. Front Physiol. (2022) 13:830436.
doi: 10.3389/fphys.2022.830436

16. Yi W, Otani T, Yoshida T, Endo S, Wada S. Computational study on
hemodynamic effects of left superior pulmonary vein resection and associated
physiological changes in the left atrium after left upper lobectomy. Comput Methods
Biomech Biomed Engin. (2023):1-12. doi: 10.1080/10255842.2023.2178258

17. Myronenko A, Song X. Point set registration: coherent point drifts. IEEE Trans
Pattern Anal Mach Intell. (2010) 32:2262-75. doi: 10.1109/TPAMI.2010.46

18. Otani T, Shiga M, Endo S, Wada S. Performance assessment of displacement-field
estimation of the human left atrium from 4D-CT images using the coherent point drift
algorithm. Comput Biol Med. (2019) 114:103454. doi: 10.1016/j.compbiomed.2019.
103454

19. Otani T, Al-Issa A, Pourmorteza A, McVeigh ER, Wada S, Ashikaga H. A
computational framework for personalized blood flow analysis in the human left
atrium. Ann Biomed Eng. (2016) 44:3284-94. doi: 10.1007/s10439-016-1590-x

20. Otani T, Shindo T, Ii S, Hirata M, Wada S. Effect of local coil density on blood
flow stagnation in densely coiled cerebral aneurysms: A computational study using a
cartesian grid method. J Biomech Eng. (2018) 140:041013. doi: 10.1115/1.4039150

21. Weymouth GD, Yue DKP. Boundary data immersion method for cartesian-grid
simulations of fluid-body interaction problems. ] Comput Phys. (2011) 230:6233-47.
doi: 10.1016/j.jcp.2011.04.022

22. Garcia-Villalba M, Rossini L, Gonzalo A, Vigneault D, Martinez-Legazpi P,
Durén E, et al. Demonstration of Patient-Specific simulations to assess left atrial

Frontiers in Cardiovascular Medicine

10

10.3389/fcvm.2023.1305526

appendage thrombogenesis risk. Front Physiol. (2021) 12:1-14. doi: 10.3389/fphys.
2021.596596

23. Shadden SC. Lagrangian coherent structures. In: Transport and mixing in
laminar flows from microfluidics to oceanic currents. Wiley Online Library (2011).
p- 59-89. doi: 10.1002/9783527639748.ch3

24. Haller G. Lagrangian coherent structures. Annu Rev Fluid Mech. (2015)
47:137-62. doi: 10.1146/annurev-fluid-010313-141322

25. Kilner PJ, Yang GZ, Wilkest AJ, Mohladdlin RH, Firmin DN, Yacoub MH.
Asymmetric redirection of flow through the heart. Nature. (2000) 404:759-61.
doi: 10.1038/35008075

26. Fyrenius A, Wigstrom L, Ebbers T, Karlsson M, Engvall J, Bolger AF. Three
dimensional flow in the human left atrium. Heart. (2001) 86:448-55. doi: 10.1136/
heart.86.4.448

27. Vedula V, George R, Younes L, Mittal R. Hemodynamics in the left atrium and
its effect on ventricular flow patterns. ] Biomech Eng. (2015) 137:111003. doi: 10.1115/
1.4031487

28. Elliott M. Pulmonary vein anatomy: atypical is typical. J Cardiovasc
Electrophysiol. (2011) 22:8-9. doi: 10.1111/j.1540-8167.2010.01903.x

29. Dahl SK, Thomassen E, Hellevik LR, Skallerud B. Impact of pulmonary venous
locations on the intra-atrial flow and the mitral valve plane velocity profile. Cardiovasc
Eng Technol. (2012) 3:269-81. doi: 10.1007/s13239-012-0099-1

30. Duran E, Garcfa-Villalba M, Martinez-Legazpi P, Gonzalo A, McVeigh E, Kahn
AM, et al. Pulmonary vein flow split effects in patient-specific simulations of left atrial
flow. Comput Biol Med. (2023) 163:107128. doi: 10.1016/j.compbiomed.2023.107128

31. Lantz J, Gupta V, Henriksson L, Karlsson M, Persson A, Carlhill CJ, et al.
Impact of pulmonary venous inflow on cardiac flow simulations: comparison with
in vivo 4D flow MRI. Ann Biomed Eng. (2019) 47:413-24. doi: 10.1007/s10439-018-
02153-5

32. Cheng CP, Taur AS, Lee GS, Goris ML, Feinstein JA. Relative lung perfusion
distribution in normal lung scans: observations and clinical implications. Congenit
Heart Dis. (2006) 1:210-6. doi: 10.1111/j.1747-0803.2006.00037.x

33. Wieslander B, Ramos JG, Ax M, Petersson J, Ugander M. Supine, prone, right
and left gravitational effects on human pulmonary circulation. J Cardiovasc Magn
Reson. (2019) 21:1-15. doi: 10.1186/s12968-019-0577-9

34. Dai ], Xie D, Wang H, He W, Zhou Y, Herndndez-Arenas LA, et al. Predictors of
survival in lung torsion: a systematic review and pooled analysis. ] Thorac Cardiovasc
Surg. (2016) 152:737-745.e3. doi: 10.1016/j.jtcvs.2016.03.077

frontiersin.org


https://doi.org/10.2463/mrms.rev.2021-0137
https://doi.org/10.2463/mrms.rev.2021-0137
https://doi.org/10.2169/internalmedicine.1962-18
https://doi.org/10.2169/internalmedicine.1962-18
https://doi.org/10.1038/s41598-019-46989-w
https://doi.org/10.21037/jtd-20-1606
https://doi.org/10.3389/fphys.2022.830436
https://doi.org/10.1080/10255842.2023.2178258
https://doi.org/10.1109/TPAMI.2010.46
https://doi.org/10.1016/j.compbiomed.2019.103454
https://doi.org/10.1016/j.compbiomed.2019.103454
https://doi.org/10.1007/s10439-016-1590-x
https://doi.org/10.1115/1.4039150
https://doi.org/10.1016/j.jcp.2011.04.022
https://doi.org/10.3389/fphys.2021.596596
https://doi.org/10.3389/fphys.2021.596596
https://doi.org/10.1002/9783527639748.ch3
https://doi.org/10.1146/annurev-fluid-010313-141322
https://doi.org/10.1038/35008075
https://doi.org/10.1136/heart.86.4.448
https://doi.org/10.1136/heart.86.4.448
https://doi.org/10.1115/1.4031487
https://doi.org/10.1115/1.4031487
https://doi.org/10.1111/j.1540-8167.2010.01903.x
https://doi.org/10.1007/s13239-012-0099-1
https://doi.org/10.1016/j.compbiomed.2023.107128
https://doi.org/10.1007/s10439-018-02153-5
https://doi.org/10.1007/s10439-018-02153-5
https://doi.org/10.1111/j.1747-0803.2006.00037.x
https://doi.org/10.1186/s12968-019-0577-9
https://doi.org/10.1016/j.jtcvs.2016.03.077
https://doi.org/10.3389/fcvm.2023.1305526
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Do blood flow patterns in the left atriums differ between left upper lobectomy and other lobectomies? A computational study
	Introduction
	Material and methods
	Preprocessing
	Virtual PV resection

	Computational fluid dynamics simulation
	Postprocessing

	Results
	Flow pathlines
	Backward finite-time Lyapunov exponents
	Global energetic states

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


