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Association between left atrial
function and pulmonary vein
stump thrombus after left upper
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The purpose of this study is to evaluate left atrial function using cine-magnetic resonance imaging
(cine-MRI) in patients with pulmonary vein stump thrombus (PVST) after left upper lobectomy (LUL).
The study population comprised 91 patients (30 with PVST and 61 without PVST) who underwent
LUL for pulmonary lesions and evaluation by cine-MRI. Left atrial functional parameters were
evaluated and compared between patients with and without the development of PVST after LUL
using the Mann-Whitney U test. The diagnostic capabilities of these parameters for predicting PVST
development were assessed using receiver-operating characteristic (ROC) curve analysis. Clinical

and left atrial functional parameters were analyzed by multivariate logistic regression models to
determine predictors of PVST. Left atrial end-systolic volume (LAESV), left atrial end-diastolic volume
(LAEDV), LAESV index (LAESVI), and LAEDV index (LAEDVI) were significantly greater in patients who
developed PVST than in those without PVST (p=0.009, <0.001, 0.004, and <0.001, respectively). Left
atrial ejection fraction (LAEF) was significantly lower in patients who developed PVST than in those
without PVST (p<0.001). The area under the ROC curve for predicting PVST was 0.668, 0.769, 0.688,
0.792, and 0.803 for LAESV, LAEDV, LAESVI, LAEDVI, and LAEF, respectively. In the multivariate
logistic regression analysis, only LAEF was identified as an independent predictor of PVST (OR 0.896;
95% Cl 0.846-0.950). In conclusion, left atrial enlargement and left atrial dysfunction were associated
with the development of PVST after LUL.
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Abbreviations

PVST Pulmonary vein stump thrombus
LUL Left upper lobectomy

PV Pulmonary vein

LA Left atrium

TTE Transthoracic echocardiography
cine-MRI  cine-magnetic resonance imaging
LAESV Left atrial end-systolic volume

LAEDV Left atrial end-diastolic volume
LAESVI Left atrial end-systolic volume index
LAEDVI Left atrial end-diastolic index

LAEF Left atrial ejection fraction

BSA Body surface area

ICC Intraclass correlation coeflicient
ROC Receiver-operating characteristic
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AUC Area under the ROC curve
SD Standard deviation
SEC Spontaneous echo contrast

Pulmonary vein stump thrombus (PVST) has been increasingly recognized as a frequent complication following
surgical treatment for lung cancer, particularly after left upper lobectomy (LUL)!~>. The occurrence rate of PVST
following LUL surgery ranges from 13.5 to 34.0% 1*%. This complication can lead to embolism in various organs,
including the brain*’, spleen®, and kidney®. Therefore, it is vitally important to understand the mechanism
that underlies PVST after LUL. Although the exact pathogenesis of PVST is unclear, several factors potentially
contribute to its development. Some recent studies have suggested that blood stasis and turbulent blood flow near
the pulmonary vein (PV) stump may contribute to the development of thrombus!-!2. However, it is clinically
challenging to assess the state of blood flow in the left atrium (LA) and the PV stump after LUL.

The LA appendage, the most common site of LA thrombus formation—particularly in patients with atrial
fibrillation—shares structural similarities with the post-LUL PV stump, suggesting that its pathogenesis may
similarly apply to PVST. LA enlargement has been linked to appendage dysfunction and thrombus formation!>14,
thereby elevating the risk of stroke and systemic embolization!*>!¢. Although LA size and function are routinely
assessed by transthoracic echocardiography (TTE), cardiac MR offers more reliable evaluations!”!%. We
hypothesized that LA size and function would be associated with PVST after LUL. The purpose of this study was
to clarify the association between LA function as evaluated by cine-magnetic resonance imaging (cine-MRI) and
the development of PVST after LUL. The novelty of this study lies in using cine-MRI to comprehensively evaluate
LA function and clarify its relationship with PVST formation after LUL. By leveraging cine MRI’s superior
structural and functional assessment capabilities over conventional echocardiography, our approach offers
unique insights into the hemodynamic mechanisms underlying PVST and may contribute to more effective risk
stratification and patient management.

Results

Interobserver agreement was excellent for all quantitative measurements (ICC=0.99 for LAESV, ICC=0.96
for LAEDV, ICC=0.99 for LAESVI, ICC=0.96 for LAEDVI, ICC=0.85 for LASV, ICC=0.90 for LAEF, and
ICC=0.98 for length of PV stump). Measured values were significantly greater in patients who developed PVST
than in those without PVST in terms of LAESV (74.2+34.3 vs. 58.7£18.6mL, p=0.009), LAEDV (49.5+30.0
vs.33.1+16.3 mL, p<0.001), LAESVI (45.8 +19.8 vs. 36.5+ 10.2 mL/m?, p=0.004), and LAEDVI (30.5+17.6 vs.
20.4+9.6 mL/m?, p<0.001) (Table 1). LAEF was significantly lower in patients with PVST (35.0+8.5%) than in
those without PVST (45.0+10.1%, p <0.001). There was no significant difference in LASV between patients with
and without development of PVST (24.6 +8.2 vs. 25.7 +8.3 mL/m?, p=0.627). PV stump length was significantly
longer in patients with PVST than in those without PVST (22.9+4.5 vs. 20.6+5.0 mm, p=0.033).

The AUC value for predicting the development of PVST was 0.668 for LAESV (95% confidence interval
(CI), 0.562-0.764), 0.769 for LAEDV (95%CI, 0.669-0.851), 0.688 for LAESVI (95%CI, 0.582-0.781), 0.792 for
LAEDVI (95%CI, 0.694-0.870), and 0.803 for LAEF (95%ClI, 0.706-0.879) (Fig. 1). AUC values for LAEDV and
LAEDVI, and LAEF were significantly greater than those for LAESV (p=0.001, 0.002, and 0.016, respectively)
and LAESVI (p=0.016, 0.002, and 0.031, respectively). ROC analysis yielded a cut-off value of 66.4 mL for
LAESV, 35.3 mL for LAEDV, 35.9 mL/m?2 for LAESVT, 23.3 mL/m?2 for LAEDVI, and 40.2% for LAEF.

In the univariate logistic regression analysis, PV stump length (OR: 1.103; 95%CI: 1.003-1.213), LAESV
(OR: 1.028; 95%CI: 1.005-1.051), LAEDV (OR: 1.044; 95%CI: 1.013-1.075), LAESVI (OR: 1.054; 95%CI:
1.011-1.099), LAEDVI (OR: 1.082; 95%CI: 1.025-1.141), and LAEF (OR: 0.896; 95%CI: 0.846-0.950) were
significantly associated with PVST (Table 2). In the multivariate analysis, variables such as LAESV, LAEDV,
LAESVIL, LAEDVI, and SV exhibited high VIF values (VIF=1591.596, 1418.090, 342.474, 821.579, and 166.538,
respectively) and were therefore excluded from the analysis. In the multivariate analysis with stepwise selection,
only LAEF remained significantly associated with PVST (OR: 0.896; 95%CI: 0.846-0.950).

Representative cases are shown in Fig. 2.

PVST + (n=30) | PVST - (n=61) | p
LAESV (mL) 74.2+34.3 58.7+18.6 0.009
LAEDV (mL) 49.5£30.0 33.1+16.3 <0.001
LAESVI (mL/m?) | 45.8+19.8 36.5+10.2 0.004
LAEDVI (mL/m?) | 30.5+17.6 20.4%9.6 <0.001
LASV (mL) 24.6+8.2 25.7+8.3 0.627
LAEF (%) 35.0+8.5 45.0£10.1 <0.001

Table 1. Left atrial functional parameters according to pulmonary vein stump thrombosis development
after left upper lobectomy. PVST, pulmonary vein stump thrombosis; LAESV, left atrial end-systolic volume;
LAEDV, left atrial end-diastolic volume; LAESVT, left atrial end-systolic volume index; LAEDVT, left atrial
end-diastolic volume index; LASV, left atrial stroke volume; LAEEF, left atrial ejection fraction. Continuous
values are presented as mean + SD. Significant values are in bold.

Scientific Reports | (2025) 15:6629 | https://doi.org/10.1038/s41598-025-91030-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

100 [

gromt e ————

x 1 ] s
- 1 o
80 V. ¥

smmund gumusss
.

60

—— LAESV

----- LAEDV
.......... LAESVI
~== LAEDVI
s - LAEF

40

Sensitivity

20

0 20 40 60 80 100
100-Specificity

Fig. 1. Receiver-operating characteristic curve analysis for predicting pulmonary vein stump thrombus after
left upper lobectomy. The area under the ROC curve values are 0.668, 0.688, 0.769, 0.792, and 0.803 for LAESV,
LAESVIL, LAEDV, LAEDVI, and LAEF, respectively.

Discussion
This is the first report to reveal an association between LA function and development of PVST after LUL.
The major finding of the present study is that LA enlargement and dysfunction, as evaluated by cine-MRI,
were significantly associated with the development of PVST after LUL. These results suggest that assessing LA
function using cine-MRI may be a critical step in identifying patients at an increased risk for development of
PVST. Understanding the relationship between LA function and PVST will potentially enable clinicians and
surgeons to improve patient outcomes through early intervention and more targeted treatment approaches.
Virchow described three critically important factors in the development of venous thrombosis: blood stasis,
activation of blood coagulation, and venous intimal damage'®. It is important to note that activation of blood
coagulation and venous intimal damage occur to some degree in all lung surgeries and are not exclusive to
LUL. In other words, it is possible that blood stasis might play a significant role in PVST formation after LUL.
Certain distinct regional blood flow patterns (blood stasis or turbulent blood flow) around the PV stump have
been observed more frequently after LUL than after other lung lobectomies, which could be related to thrombus
formation'%-12. Recent studies using 4D flow MRI have suggested that LUL probably induces blood turbulence
around the PV stump by complicated blood streams in the LA, and have also suggested that PVST is prone to
develop under certain hemodynamic conditions'!"'2. Ohtaka et al. found that slow blood flow and the presence
of spontaneous echo contrast (SEC) in the left superior PV stump on ultrasonography were associated with
PVST!. A long PV stump after LUL has been proposed as a significant risk factor for PVST as it can create
a procoagulant environment characterized by turbulent flow or blood stasis?®. The left superior PV stump is
reported to be significantly longer than other PV stumps, primarily because it has the longest intrapericardial
segment’. In our results, PV stump length was significantly longer in patients with thrombus formation than in
those without PVST formation, which is consistent with their findings. However, in the multivariate analysis
conducted in this study, it did not remain as an independent predictor. As shown in several reports, attempts to
prevent PVST after lobectomy by shortening the PV stump have not always been effective, and PVST has still

Scientific Reports |

(2025) 15:6629 | https://doi.org/10.1038/s41598-025-91030-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Univariate analyses Multivariate analyses
Odds ratio | 95% CI P Odds ratio | 95% CI P
Gender (female) 1.551 0.639-3.768 | 0.332
Age (years) 1.046 0.990-1.105 | 0.111
Atrial fibrillation 4.286 0.373-49.269 | 0.243
Hypertension 2.161 0.888-5.254 | 0.089
Diabetes Mellitus 1.156 0.351-3.809 | 0.812
Anticoagulant or antiplatelet drugs | 1.019 0.236-4.388 | 0.980
PV stump length (mm) 1.103 1.003-1.213 | 0.043
LAESV (mL) 1.028 1.005-1.051 | 0.017
LAEDV (mL) 1.044 1.013-1.075 | 0.005
LAESVI (mL/m?) 1.054 1.011-1.099 | 0.014
LAEDVI (mL/m?) 1.082 1.025-1.141 | 0.004
LASV (mL) 0.983 0.930-1.039 | 0.539
LAEF (%) 0.896 0.846-0.950 | <0.001 | 0.896 0.846-0.950 | <0.001

Table 2. Univariate and multivariate analyses for association with pulmonary vein stump thrombosis (PVST)
development after left upper lobectomy. PV, pulmonary vein; PVST, pulmonary vein stump thrombosis;
LAESV, left atrial end-systolic volume; LAEDYV, left atrial end-diastolic volume; LAESVT, left atrial end-systolic
volume index; LAEDVI, left atrial end-diastolic volume index; LASV, left atrial stroke volume; LAEE, left atrial
ejection fraction. Continuous values are presented as mean + SD. Significant values are in bold.

(@ (®)

Fig. 2. A 76-year-old man with lung cancer who underwent left upper lobectomy. Postoperative cine-MRI (a)
and contrast-enhanced cardiac CT (b) show thrombus in the left superior pulmonary vein stump (arrows).
Volumetric analysis of the cine-MR images reveals a large left atrial end-systolic volume (102.7 mL) (LAESV],
62.5 mL/m?), large left atrial end-diastolic volume (75.8 mL) (LAEDVI, 46.1 mL/m?), and low ejection fraction
(26.2%). LAESVI =left atrial end-systolic volume index; LAEDVI =left atrial end-diastolic volume index.

occurred in patients who underwent proximal PV ligation after LUL?"*2. Accordingly, factors other than long
PV stump length might cause blood stasis near the PV stump and development of PVST.

LA blood stasis is associated with LA enlargement and dysfunction, which have been reported to be
associated with an increased incidence of cardiovascular events such as LA appendage thrombus formation, atrial
fibrillation, ischemic heart disease, heart failure, stroke, and cardiovascular death!®2>2* Low LAEF has been
reported to have a significant association with SEC in LA and with LA appendage thrombus development!'*%, in
agreement with the present finding of an association between LAEF and PVST development. SEC in the LA has
also been observed in patients with a large LA?>?°, LAESVI and LAEDVI have been reported to be associated
with LA appendage thrombus'>. LAESVI, as an indicator of the largest LA volume, is a known predictor of
cardiovascular outcomes and is the recommended measure of LA size?”. LA enlargement can promote blood
stasis, which facilitates thrombus formation in the LA appendage!*. Similarly, PVST formation after LUL may be
affected by blood stasis associated with LA dilation. A previous study has reported that LA volume as measured
by preoperative non-ECG gated CT was significantly greater in patients who developed PVST than in those
without thrombus®. In the present study, LA volume and function were evaluated using ECG-gated cine-MRI,
which provides more accurate assessment than conventional non-ECG gated CT and does not require injection
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Variables PVST + (n=30) | PVST - (n=61) |p
Gender (M:F) 16:14 39:22 0.368
Age (years) 71.6+7.9 68.3+9.7 0.067
Preoperative medications

Anticoagulant or antiplatelet drugs | 10.0% (3/30) 9.8% (6/61) 1.000
Atrial fibrillation 6.7% (2/30) 1.6% (1/61) 0.252
Hypertension 56.7% (17/30) 37.7% (23/61) 0.116
Diabetes Mellitus 16.7% (5/30) 14.8% (9/61) 1.000

Congestive heart failure

0% (0/30)

0% (0/61)

Table 3. Clinical characteristics according to pulmonary vein stump thrombosis development after left upper
lobectomy. Continuous values are presented as mean + SD.

of contrast material. LAESVI>32 mL/m? and LA volume index (LAVI) 234 mL/m? are widely recognized risk
factors for cardiovascular events?®%. In the present study, LAESVI>35.9 mL/m? was significantly associated
with PVST development, which is similar to those reported values. According to a recent report, LAEDVT is also
a strong predictor of cardiovascular events®”. LAEDVI has been reported to be significantly higher in patients
with LA appendage thrombus than in those without thrombus®>.

To address potential biases and confounding factors, we conducted a multivariate analysis that included
age, gender, and underlying conditions such as hypertension, diabetes, atrial fibrillation, and medication of
anticoagulant or antiplatelet drugs. These factors were selected based on their known influence on LA function
and thrombus formation. The analysis demonstrated that LAEF remained the only independent predictor
significantly associated with PVST. This finding suggests that the observed relationship between LAEF and PVST
is robust and not confounded by these variables.

There are some limitations in the present study. First, there were fewer patients with PVST than those
without. Second, the present evaluation focused solely on the presence of PVST development on the seventh
postoperative day, and long-term assessment was not performed. Third, this study evaluated the LA function
using only LAEF. However, this approach does not account for other important aspects of left atrial function,
such as conduit function (left atrial passive ejection fraction, LAPEF) and pump function (left atrial active
ejection fraction, LAAEF), nor does it include advanced techniques such as strain analysis. Future research
should incorporate a more comprehensive assessment of left atrial function using these additional parameters
and advanced imaging techniques to provide deeper insights into the relationship between left atrial function and
PVST. Finally, we recognize that our study only evaluated the relationship between postoperative LA function
and PVST development. From a clinical perspective, it would be highly beneficial to determine patients” risk
of thrombus formation preoperatively. Nevertheless, this is the first study to focus on the relationship between
LA function and PVST after LUL, and we believe that our findings offer an important starting point and will
encourage future large-scale multicenter, prospective studies that include preoperative LA function assessments,
ultimately leading to improved risk stratification and patient management.

In conclusion, this study demonstrated a significant association of LA enlargement and LA dysfunction
with PVST after LUL, suggesting that LA dysfunction may contribute to the development of PVST. Therefore,
assessment of LA function by cine-MRI could be useful for predicting PVST development after LUL.

Materials and methods

This study was approved and the requirement for informed consent from the study subjects was waived by the
institutional review board (Ethics Committee on Epidemiological and its related Studies, Sakuragaoka Campus,
Kagoshima University; approval number, revised edition 1 of 220009) due to the retrospective study design. This
study was conducted in accordance with the Declaration of Helsinki and Ethical Guidelines for Medical and
Health Research Involving Human Subjects in Japan.

Patients

Our institutional ethics review board approved this retrospective study and the requirement for patients’
informed consent was waived. We reviewed the imaging database of our radiology department and patients’
electronic medical records to identify those who had undergone surgical treatment for lung neoplasm as well
as a postoperative MR examination between January 2018 and April 2024. Among the 294 consecutive patients
identified, 91 (36 women and 55 men; mean age, 69.3+9.2 years; age range, 41 to 85 years) met the following
inclusion criteria and were enrolled in the study: (1) treated with LUL, and (2) evaluated by cine-MRI for the
presence or absence of PVST at 7 days after surgery. One case was excluded due to poor image quality. PVST
was defined as a structure situated in the PV stump, possessing boundaries that are discernible from the PV
wall and can be distinguished from artifacts. For all cases of PVST suspected on cine-MRI, contrast-enhanced
ECG-gated CT was performed to confirm the existence of PVST. PVST was confirmed in 30 of the 91 patients.
Table 3 summarizes the patients’ clinical characteristics according to the presence or absence of PVST after LUL.

Cine-MRI protocol and evaluation of left atrial function
MRI examinations were performed on the seventh postoperative day, using a 3T system (Prisma, Siemens
Medical Systems, Erlangen, Germany) with a 30-channel body array coil. At our institute, cardiac cine-MRI is
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included in the routine clinical protocol for assessing potential PVST formation following LUL because it involves
no radiation exposure or contrast material injection, and has been recognized as a reliable diagnostic tool for
assessing thrombi in the LA or LA appendage®~*. Cine-MR images were obtained in the coronal plane using
a balanced steady-state free precession (bSSFP) sequence with short periods of breath-holding. The imaging
parameters were as follows: field-of-view=360x360 mm, in-plane spatial resolution=1.9x1.9 mm, slice
thickness =5 mm, number of slices =27, repetition time =40-80 ms, echo time = 1.1 ms, flip angle =48°, number
of cardiac phases=10-15, and number of signals averaged=1. All MR images were transferred and analyzed
using a 3D image-analysis system (SYNAPSE VINCENT; Fujifilm Medical Co., Tokyo, Japan). Two radiologists
with 21 and 2 years of chest radiology experience performed manual LA segmentation. They were blinded to
the final results concerning the presence or absence of PVST. LA functional parameters (LA end-systolic volume
[LAESV], LA end-diastolic volume [LAEDV], LAESV index [LAESVI], LAEDV index [LAEDVI], LA stroke
volume [LASV], and LA ejection fraction [LAEF]) were calculated. LAEF was calculated using the formula:
(the maximum LA volume - the minimum LA volume) / the maximum LA volumex100. LAESVI and LAEDVI
were calculated according to the body surface area (BSA) of each patient, as LAESV/BSA and LAEDV/BSA,
respectively. The radiologists also measured the length of the left superior PV stump.

Statistical analysis

Intraclass correlation coefficient (ICC) was calculated to assess inter-observer agreement of all LA functional
parameters (k=0.00-0.20, poor correlation; k=0.21-0.40, fair correlation; k =0.41-0.60, moderate correlation;
k=0.61-0.80, good correlation; k = 0.81-1.00, excellent correlation). Comparisons of all LA functional parameters
and PV stump length between patients with and without development of PVST were conducted using the Mann-
Whitney U test. Receiver-operating characteristic (ROC) curve analysis was performed to evaluate the predictive
accuracy of LA functional parameters for PVST. Optimal cutoff values were selected based on the maximum
Youden index for predicting PVST. Areas under the ROC curve (AUC) were compared using DeLong’s test.
Clinical and LA functional parameters were analyzed by univariate and multivariate logistic regression models
to determine predictors of PVST. For the multivariate analysis, the variance inflation factor (VIF) was calculated
to assess multicollinearity among the predictor variables. Variables with VIF values exceeding 10 were excluded.
Subsequently, a stepwise regression analysis was performed to identify the best predictor variables for PVST.
Continuous variables are displayed as the mean +standard deviation (SD). A P-value <0.05 was considered to
indicate statistical significance in all analyses. Statistical analyses were performed using MedCalc version 20.211
(MedCalc Software, Mariakerke, Belgium) and SPSS version 28.0 (SPSS, Chicago, IL).

Data availability
The datasets generated and/or analyzed during this study are available from the corresponding author upon
reasonable request.
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