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Four-dimensional flow magnetic resonance imaging study to 
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Background: Pulmonary vein (PV) stump thrombus, a known source of cerebral infarction, develops 
almost exclusively after left upper lobectomy; however, the mechanism remains unclear. We therefore 
evaluated the hemodynamics in the left atrium with four-dimensional flow magnetic resonance imaging 
(4D-flow MRI), which enables the simultaneous depiction of blood flow at three locations and the evaluation 
of hemodynamics. 
Methods: 4D-flow MRI was basically performed 7 days after lobectomy for cancer arising in the right 
upper lobe (n=11), right lower lobe (n=8), left upper lobe (n=13), or left lower lobe (n=8). We evaluated 
dynamic blood movement from the ipsilateral remaining PV, the resected PV stump, and the contralateral 
PVs into the left atrium using 4D-flow MRI. 
Results: There were some characteristic blood flow patterns that seemed to either promote or prevent 
PV stump thrombus. Promotive flow patterns were significantly more frequent and preventive flow patterns 
were significantly less frequent in patients who had undergone left upper lobectomy than in those who had 
undergone other lobectomy. Accordingly, the degree of blood turbulence near the vein stump, as measured 
by the extent of change in the blood movement, was significantly higher in patients who had undergone left 
upper lobectomy than in patients who had undergone other lobectomy.
Conclusions: Our study revealed that left upper lobectomy likely causes blood turbulence near the vein 
stump through complicated blood streams in the left atrium, which can play a part in the development of 
vein stump thrombus. Further study to identify patients at high risk of vein stump thrombus is warranted. 
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Introduction

Since Ohtaka et al. reported the frequent occurrence of 
pulmonary vein (PV) stump thrombus after left upper 
lobectomy in 2013 (1), many clinicians treating lung cancer 
have paid attention to this adverse condition. In accordance 
with the Ohtaka’s report (1), PV stump thrombus was 
exclusively found after left upper lobectomy or left 
upper division segmentectomy (2). Based on the fact that 
postoperative cerebral infarction predominantly develops 
after left upper lobectomy (3), many clinicians attempted 
to clarify the pathogenesis and preventive measures that 
are effective against PV stump thrombus. Some clinicians 
speculated that the exclusive onset of PV stump thrombus 
after left upper lobectomy could be attributed to the 
significantly longer length of the PV stump after left upper 
lobectomy in comparison to after any other lobectomy 
(1,4,5). Unfortunately, although surgeons have attempted 
to reduce the length of the PV stump after left upper 
lobectomy by proximal ligation, PV stump thrombus was 
still found to develop in a proportion of patients after left 
upper lobectomy (4,5). Because it appeared to be difficult to 
explain the pathogenesis of PV stump thrombus by simple 
anatomical evaluation of the PV stump, further studies—
including dynamic studies—may be necessary to evaluate 
the blood flow in the left atrium or PV stump, to investigate 
the presence or absence of blood stasis or turbulence that 
may contribute to thrombus formation. Recently, four-
dimensional flow magnetic resonance imaging (4D-flow 
MRI) played a significant role in visualizing dynamic blood 
flow in patients with major cardiovascular diseases (6),  
without need for radiation exposure or the usage of 
contrast agents. 4D-flow MRI also contributed to obtaining 
hemodynamic parameters, such as blood flow and flow 
rate in any section of the cardiovascular system (7). This 
modality revealed detailed hemodynamic properties in 
patients who had undergone endovascular stenting for 
aortic aneurysm (8) or aortic valve replacement for aortic 
valve stenosis (9). Importantly, this modality enables the 
simultaneous depiction of three different blood flows, 
which may be advantageous to evaluate interaction among 
blood streams from individual PVs. We performed dynamic 
studies of patients who had undergone lobectomy, using 
4D-flow MRI to depict the blood streams in three different 
locations: the ipsilateral remaining PV, the contralateral 
PV, and PV stump. The aim of the present study was to 
clarify the features of the hemodynamics in the left atrium 
and PV stump after lobectomy in order to explain the 

high prevalence of PV stump thrombus after left upper 
lobectomy. We present the following article in accordance 
with the STROBE reporting checklist (10) (available at 
http://dx.doi.org/10.21037/jtd-20-1606).

Methods

Patients 

The present case-control study included 40 patients who 
had undergone lobectomy [upper lobectomy (n=13), left 
lower lobectomy (n=8), right upper lobectomy (n=11), 
and right lower lobectomy (n=8)], in our institution 
from November 2017 to May 2019. To exclude the 
effect of cardiac functional variability on the pulmonary 
venous flow, patients with the following conditions were 
excluded: ejection fraction (EF) <50%, grade ≥III mitral 
valve regurgitation, asynergy in the ventricles, and atrial 
fibrillation. This study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). The study 
was approved by our institutional review board of No. 
190046E and informed consent was taken from all the 
patients.

4D-f low MRI was  bas ica l ly  performed on the 
postoperative day 7, along with the methodologies described 
below. The characteristics of the patients are shown in 
Table 1. Some patients had underlying diseases, such as 
hypertension and diabetes mellitus. However, no patients 
had blood coagulopathy or vascular endothelial dysfunction. 
None of the patients were treated with anticoagulants. 
Lobectomy was performed due to primary lung cancer 
(n=37), metastatic lung tumor (n=2), or benign lesion (n=1). 
We also obtained 4D-flow MRI images in three additional 
patients with primary lung cancer before surgery to evaluate 
the blood flow patterns in the left atrium. 

Operation

The operation was performed via 4 port sites (n=26) or 
open thoracotomy (n=14) under general anesthesia with 
endobronchial intubation. We used an endoscopic stapler 
(Ethicon, Cincinnati, OH, USA; or Covidien, Minneapolis, 
MN, USA) to divide the fused fissures as well as the 
pulmonary artery, vein or bronchus. During the early study 
period, postoperative PV stump thrombus occurred in two 
of the six patients who had undergone left upper lobectomy. 
Thus, in the latter half of the study period, we performed 
proximal ligation of the left superior PV before stapling the 



5544 Umehara et al. Pulmonary vein stump thrombus after left upper lobectomy 

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2020;12(10):5542-5551 | http://dx.doi.org/10.21037/jtd-20-1606

left superior PV in seven patients. We basically performed 
mediastinal lymph node dissection in a lobe-dependent 
manner (upper mediastinal dissection for upper lobe disease, 
and lower mediastinal dissection for lower lobe disease) for 
patients with primary lung cancer. 

MRI technique

All magnetic resonance examinations were performed 
using a 1.5- and 3-Tesla system (Aera and Prisma, Siemens 
Healthcare, Erlangen, Germany) with a 30-channel body 
array coil. Prospective electrocardiography-gated 3D 
phase-contrast MRI with 3-directional velocity encoding 
(4D-flow MRI) was acquired using a coronal oblique 
volume covering the heart. The magnetic resonance scan 
parameters were as follows: flip angle, 8°; echo time (TE),  

2.5–3.0 ms; repetition time (TR), 5.2 ms; acceleration factor, 
3; velocity encoding (VENC), 100 cm/s; field of view (FOV),  
360 mm × 360 mm spatial resolution, 2.0 mm × 2.0 mm ×  
2.5 mm; temporal resolution, 62.4 ms; phase, 13; and scan 
time, 11 min 20 s. To improve anatomical orientation, cine 
MR images in coronal views together with 4D flow data 
were acquired.

Postprocessing 

For the calculation and visualization of 3D velocity fields, 
4D-flow and magnetic resonance angiographic data sets were 
analyzed using iTFlow (Cardio Flow Design Inc., Tokyo, 
Japan). The PV planes were defined orthogonal to the 
vessels at their junction with the left atrium. To visualize the 
atrial flow patterns, streamlines were emitted from planes 

Table 1 Characteristic variables according to the site of resection

Variables Total
Operation

P
LUL Others

Number 40 13 27

Age (years) 71.0±7.7 67.8±10.8 71.5±5.7 0.17

Gender (M/F) 17/33 5/8 12/15 0.72

Disease, n [%] 0.68

Primary cancer 37 [93] 13 [100] 24 [89]

Metastatic 2 [5] 0 [0] 2 [7]

Benign 1 [2] 0 [0] 1 [4]

Underlying diseases

Hypertension (yes/no) 18/22 7/6 15/12 0.92

Diabetes (yes/no) 6/34 1/12 5/11 0.37

Cardiac ultrasound

EF (%) 69.0±6.5 69.0±3.2 68.9±7.8 0.96

Asynergy (yes/no) 3/37 0/13 3/24 0.21

MR (0/1/2) 7/21/12 4/6/3 3/15/9 0.30

Approach (port access/open) 26/14 6/7 20/7 0.08

Dissection of pulmonary vein (ligation/stapling) 7/34 7/6 0/27 <0.0001

Node dissection (hilar/mediastinal) 9/31 2/11 7/20 0.45

Operation time (min) 250±104 312±142 247±77.5 0.07

Blood loss (g) 28±225 162±336 81±153 0.29

Values are expressed as number or mean ± SD. EF, ejection fraction; MR, mitral valve regurgitation; LUL, left upper lobectomy; others, 
other operation including left lower lobectomy (n=8), right upper lobectomy (n=11), and right lower lobectomy (n=8).
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placed over each PV. We also evaluated the dynamic change 
in the flow velocity near the PV stump in each patient by 
measuring the instantaneous flow velocity at multiple time 
points during single heart beat (basically, 10 time points 
per patient). In order to grade the dynamic change of the 
flow velocity, we calculated the standard deviation of the 
instantaneous flow velocity values in each patient. We 
compared the standard deviation of blood flow velocity near 
the venous stump among each of the lobectomy groups. We 
also measured the length of the remaining venous conduit 
after lobectomy on oblique section images because the 
length of the remaining venous conduit is suspected to be 
associated with the risk of PV thrombus.

Statistical analysis 

The values were expressed as the mean ± standard deviation 
(SD). The unpaired Student’s t-test was used to test 
continuous variables. The χ2 test was used to compare 
categorical variables. A linear regression analysis was 
performed to determine the relationship between the 

numerical variables. P values of <0.05 were considered to 
indicate statistical significance. The Holm–Bonferroni 
method was used to adjust the P values in multiple testing. 
The statistical analyses were performed using the SPSS 
software program (SPSS statistics version 22, IBM, USA). 

Results

Table 1 shows characteristic variables according to the 
type of lobectomy (left upper lobectomy versus other 
lobectomy). There were no remarkable differences in the 
characteristic variables or operative factors of the two 
groups (Table 1). 

Figure 1A shows a representative blood flow pattern in 
the left atrium in a preoperative patient (Video 1). Blood 
flows from the right superior and inferior PV go smoothly 
to the left ventricle. Likewise, the blood flow from the 
left superior PV comes into contact with the flows from 
the right PVs in the left atrium and subsequently goes 
to the left ventricle. In contrast, blood flow from the left 
inferior PV goes cranially, forming an eddy stream in the 

Figure 1 Four-dimensional-flow magnetic resonance imaging of blood flow (arrows) in the left atrium from pulmonary veins in a 
preoperative patient (A). After lobectomy, five characteristic flow patterns were observed in the left atrium, as shown by representative cases: 
multidirectional flow (arrows) in a patient undergoing left upper lobectomy with pulmonary vein stapling (B), ascending flow (arrows) in 
a patient undergoing left upper lobectomy with pulmonary vein ligation (C), recurrent flow (arrows) in a patient undergoing left lower 
lobectomy with pulmonary vein stapling (D), retracting flow (arrows) in a patient undergoing right lower lobectomy with pulmonary vein 
stapling (E), and blowout flow (arrows) in a patient undergoing right lower lobectomy with pulmonary vein stapling (F). 

A B C

D E F
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atrium before going into the ventricle. These findings were 
observed in the three patients who underwent 4D-flow MRI 
preoperatively. 

After lobectomy, we found five characteristic flow 
patterns in the left atrium.
 Multidirectional flow: to-and-fro static blood 

movement near the PV stump (Figure 1B) (Video 2);
 Ascending flow: head on collision with two venous 

flows, forming small coil-like flows near the PV 
stump (Figure 1C) (Video 2);

 Recurrent flow: large eddy blood stream without 
turbulence in the left atrium (Figure 1D) (Video 2);

 Retracting flow: antegrade movement (washout) of 
the blood around the vein stump that is accompanied 
by the neighboring pulmonary venous flow (Figure 
1E) (Video 2);

 Blowout flow: blowout of the venous stump by blood 
streams derived from the diagonally located PV 
(Figure 1F) (Video 2);

Table 2 shows the incidence of each flow pattern 
according to the site of resection. 

Figure 2 shows the dynamic change in the blood flow 
velocity (mL/s) near the venous stump during a single stroke 
(R-R interval) in each patient. The blood flow velocity near 
the stump appeared to change extensively after left upper 
lobectomy, suggesting the development of blood turbulence 
within the remaining left superior venous conduit (Figure 
2A). According to a quantitative analysis, the standard 
deviation of the blood flow velocity near the venous stump 
in patients who had undergone left upper lobectomy was 
significantly higher than that in each of the other lobectomy 
groups (Figure 2E). 

Figure 3 shows the length of the remaining pulmonary 
venous conduit after lobectomy. The length of the remaining 
venous conduit was longest in patients who had undergone 
left upper lobectomy, with statistically significant differences 
from each of the other lobectomy groups (Figure 3).  

According to a linear regression analysis, the length of the 
remaining venous conduit was significantly correlated with 
the standard deviation of the blood flow velocity near the 
venous stump (r=0.671, P<0.0001) (Figure 4).

During the early study period, two patients developed PV 
thrombus after left upper lobectomy by PV dissection with 
an endostapler, although both patients recovered without 
developing cerebral infarction after the administration 
of anticoagulants. In these two cases, there were no 
characteristic findings on 4D-flow MRI, or with regard to 
the length of the remaining venous conduit, and standard 
deviation of the blood flow near the venous stump (Figure 4). 
For the purpose of preventing PV thrombus after left upper 
lobectomy, we ligated the hilar end of the left superior 
vein in seven patients undergoing left upper lobectomy. 
Thus, the patients undergoing left upper lobectomy were 
divided into two subgroups according to the procedure for 
dissecting left superior PV [stapler alone (n=6) vs. ligation 
followed by stapling (n=7)]. As a result, the length of the 
remaining venous conduit in the ligation followed by 
stapling group was significantly shorter than that in the 
stapling alone group, although the length of the remaining 
venous conduit after ligation of the left superior PV was 
still significantly longer than that after other operations 
(including left lower lobectomy, right upper lobectomy, and 
right lower lobectomy) (Figure 5A). Likewise, the standard 
deviation of the blood flow velocity near the venous stump 
in the ligation followed by stapling group was significantly 
lower than that in the stapling alone group, although the 
standard deviation of the blood flow velocity near the 
venous stump was still significantly higher than that after 
other operations (including left lower lobectomy, right 
upper lobectomy, and right lower lobectomy) (Figure 5B).

Discussion

The incidence of PV stump thrombus after left upper 

Table 2 Blood flow pattern in the left atrium after a lobectomy

Flow pattern LUL LLL RUL RLL

Retraction flow 0/13 (0) 1/8 (13%) 1/11 (9%) 3/8 (38%)

Blow out flow 0/13 (0) 0/8 (0) 0/11 (0) 5/8 (63%)

Recurrent flow 0/13 (0) 3/8 (38%) 3/11 (27%) 0/8 (0)

Multidirectional flows 10/13 (77%) 3/8 (38%) 2/11 (18%) 0/8 (0)

Ascending flow 11/13 (85%) 0/8 (0) 2/11 (18%) 0/8 (0)

LUL, left upper lobectomy; LLL, left lower lobectomy; RUL, right upper lobectomy; RLL, right lower lobectomy.
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lobectomy ranged from 3.4% to 17.9% (1,11-13). 
PV stump thrombus may be a major cause of arterial 
infarction of vital organs, including the kidney and brain  
(3,12-15). According to the relevant literature, the incidence 
of cerebral infarction after lung cancer surgery is below 
1% (16,17), which is not higher than that after general 
surgery (18,19). However, in the majority of cases, cerebral 
infarction occurred after left upper lobectomy, and thus, the 
incidence of cerebral infarction after left upper lobectomy 
was 4.2–4.5%, which was significantly higher in comparison 
to other types of lobar resection (3,12). Because the length 

of the PV stump after left upper lobectomy was longer than 
that after any other type of lobectomy, surgeons attempted 
to reduce the length of PV stump after left upper lobectomy 
by proximal ligation (4,5). Although proximal ligation of 
the left superior PV resulted in a significant reduction 
in the length of PV stump (5), PV stump thrombus still 
developed in a proportion of patients (4.1–12.5%) who had 
undergone left upper lobectomy (4,5). We used 4D-flow 
MRI to clarify the differences in the hemodynamic features 
between patients who had undergone left upper lobectomy 
and those who had undergone other types of lobectomy. As 

Figure 2 Dynamic change in the blood flow velocity (mL/s) near the pulmonary venous stump during a single stroke (R-R interval) in 
patients who underwent left upper lobectomy (LUL) (A), left lower lobectomy (LLL) (B), right upper lobectomy (RUL) (C), and right 
lower lobectomy (RLL) (D). The blood flow velocity near the stump appears to change extensively after LUL, suggesting the development 
of blood turbulence within the remaining left superior venous conduit (A). According to a quantitative analysis, the standard deviation of the 
blood flow velocity near the venous stump in patients who underwent LUL is significantly higher than that in each of the other lobectomy 
groups (E).
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a result, we found five characteristic blood stream patterns 
derived from remaining PVs that had not been found on 
preoperative 4D-flow MRI (Table 2). The five blood stream 
patterns could be classified into two groups according 
to whether the blood streams apparently contributed to 
washing out the PV stump conduit (thrombus-preventive 
flow) or apparently contributed to blood turbulence at the 

PV stump (thrombus-promotive flow), as below.
 Thrombus-preventive flow includes retracting flow 

and blowout flow.
 Thrombus-promotive flow includes recurrent flow, 

multidirectional flow and ascending flow.
As expected, the thrombus-preventive flow patterns were 

significantly less frequent after left upper lobectomy than 
after other types of lobectomy [0/13 (0%) vs. 9/27 (33%), 
P=0.018], while thrombus-promotive flow patterns were 
more frequent after left upper lobectomy than after other 
types of lobectomy [12/13 (92%) vs. 10/27 (37%), P=0.001]. 
These qualitative findings were strengthened by the 
quantitative analysis of the hemodynamics around the PV 
stumps. The blood was found to move extensively around 
the PV stumps in a to-and-fro manner after left upper 
lobectomy, suggesting the development of blood turbulence 
after left upper lobectomy.

We found that blood turbulence at the PV stump could 
be attenuated by reducing the length of the PV stump by 
proximal ligation (Figure 5). Considering that the PV stump 
thrombus did not develop in patients who had undergone 
proximal ligation in our series, it may be valuable to evaluate 
the effects of proximal ligation on the incidence of PV stump 
thrombus after left upper lobectomy in a multi-institutional, 
prospective study. Several retrospective studies with relatively 
small study populations have focused on this topic. Nakano 
et al. reported that PV stump thrombus developed in all 
patients (4 of 4 patients) who had undergone left upper 
lobectomy after cutting the PV with a stapler alone, while 
PV stump thrombus developed in 12.5% of the patients (1 of 
8 patients) who had undergone proximal ligation (P=0.01) (4).  
Miyoshi et al. reported that the incidence of PV stump 
thrombus was only 4.1% (4 of 98 patients) among patients 
who had undergone left upper lobectomy with proximal 
PV ligation (5). Unfortunately, this study did not have 
control patients in whom the PV had been cut by stapling 
alone, which compromised the assessment of superiority of 
proximal ligation over stapling alone. Importantly, they also 
showed that the PV stump was still significantly longer, even 
after proximal ligation of the left superior PV, in comparison 
to the PV stump (other than the left superior PV) after 
cutting without ligation (5), which was in accordance with 
our results. Thus, further attempts to reduce the length 
of the PV stump by intrapericardial ligation of the left 
superior PV could substantially reduce the incidence of PV 
stump thrombus, although further risk-benefit assessments 
are needed to determine whether the procedure should be 
routinely performed.

Figure 3 The length of the remaining pulmonary venous conduit 
after lobectomy according to the types of lobectomy. The length 
of the remaining venous conduit was longest in patients who had 
undergone left upper lobectomy (LUL) with statistically significant 
differences from each of the other lobectomy groups. LLL, left 
lower lobectomy; RUR, right upper lobectomy; RLL, right lower 
lobectomy.

Figure 4 Significant relationship between the length of the 
remaining venous conduit and the standard deviation of the blood 
flow velocity near the venous stump (r=0.671, P<0.0001). Solid 
circles; patients who underwent left upper lobectomy, Open 
circles; patients who underwent lobectomy other than left upper 
lobectomy, Arrow head; patients who developed pulmonary venous 
thrombus after lobectomy 
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Figure 5 Correlation among patients who underwent left upper lobectomy with division of the left superior pulmonary vein using ligation 
after stapling, patients who underwent left upper lobectomy with division of the left superior pulmonary vein using stapling alone, and 
patients who underwent other types of lobectomy with division of the pulmonary vein using stapling alone, with regard to the length of the 
remaining pulmonary venous conduit after division of the pulmonary vein (A) and the standard deviation of the blood flow velocity near the 
left superior pulmonary venous stump (B). 

Over a century ago, Virchow described three factors 
that are critically important in the development of venous 
thrombosis: venous stasis, activation of blood coagulation, 
and venous intimal damage (20). Thus, patients with 
supraventricular arrhythmia (which could result in blood 
stasis or turbulence at the PV stump) and patients with 
coagulation abnormalities were excluded from the current 
analysis. With respect to intimal damage, some clinicians 
may suggest that PV stapling can cause intimal damage 
because stapled metallic needles are exposed linearly at the 
venous lumen. However, we do not believe that the venous 
damage caused by stapling plays an important role in PV 
stump thrombus formation because of the fact that there 
have been few reports on PV stump thrombus after stapling 
at locations other than the left superior PV and because PV 
stump thrombus can develop more than six months after 
surgery (13-15), when intimal damage would be expected to 
be fully resolved. 

This is the first report to evaluate the dynamic blood 
movement to clarify the risk of PV stump thrombus 
by 4D-flow MRI. The usefulness of the 4D-flow MRI 
is already proven in the area of cardiovascular diseases  
(6-9). As shown in this study, we could simultaneously depict 
three different blood streams and their interaction in the 
left atrium, which cannot be achieved by other modalities, 
including cardiac ultrasound, contrast enhanced computed 
tomography, and perfusion scintigraphy. This non-invasive 
modality enables detailed qualitative and quantitative 
assessments of the regional hemodynamics, without requiring 

radiation exposure or the usage of contrast agents. Because 
this modality can quantify the regional blood flow, including 
blood flow of the main pulmonary artery and individual 
PVs, further study to clarify the usefulness of this modality 
in preoperative risk assessment for patients with lung cancer 
and a compromised pulmonary function is warranted.

The present study was associated with several limitations. 
First, 4D-flow MRI was mainly performed on postoperative 
day 7. Serial examinations, including examinations in the 
preoperative and late-postoperative period may reveal 
more detailed changes in the dynamic blood flow pattern. 
Second, the sample size was relatively small. Thus, we could 
not show characteristic findings in two patients with PV 
stump thrombus formation. Further studies with larger 
populations may contribute to identifying high-risk patients 
who require preventive measures, such as postoperative 
anticoagulant therapy.

In conclusion, our study revealed that left upper 
lobectomy likely causes blood turbulence near the PV stump 
through complicated blood streams in the left atrium, which 
can play a part in the development of PV stump thrombus. 
In addition, we showed the rationale for recommending 
proximal ligation of the left superior PV, because a longer 
PV stump revealed to exacerbate blood turbulence.
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