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Background

Preoperative two-dimensional manual measurement of pulmonary artery diameter in a single-cut axial view computed tomography (CT) image is a commonly used non-invasive prediction method for pulmonary hypertension. However, the accuracy may be unreliable. Thus, this study aimed to evaluate the correlation of short-term surgical outcomes and pulmonary artery/aorta (PA/Ao) diameter ratio measured by automated three-dimensional (3D) segmentation in lung cancer patients who underwent thoracoscopic lobectomy.



Materials and methods

We included 383 consecutive lung cancer patients with thin-slice CT images who underwent lobectomy at a single institute between January 1, 2011 and December 31, 2019. Automated 3D segmentation models were used for 3D vascular reconstruction and measurement of the average diameters of Ao and PA. Propensity-score matching incorporating age, Charlson comorbidity index, and lobectomy performed by uniportal VATS was used to compare clinical outcomes in patients with PA/Ao ratio ≥1 and those <1.



Results

Our segmentation method measured 29 (7.57%) patients with a PA/Ao ratio ≥1. After propensity-score matching, a higher overall postoperative complication classified by the Clavien–Dindo classification (p = 0.016) were noted in patients with 3D PA/Ao diameter ratio ≥1 than those of <1. By multivariate logistic regression, patients with a 3D PA/Ao ratio ≥ 1 (p = 0.013) and tumor diameter > 3 cm (p = 0.002) both significantly predict the incidence of postoperative complications.



Conclusions

Pulmonary artery/aorta diameter ratio ≥ 1 measured by automated 3D segmentation may predict postoperative complications in lung cancer patients who underwent lobectomy.
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Introduction

Pulmonary lobectomy remains the standard treatment for early lung cancer (1). With rapid advancements in operation techniques, video-assisted thoracoscopic surgery (VATS) has been shown to cause fewer postoperative complications and a shorter hospital length of stay than conventional thoracotomy (2–5). However, despite an adequate preoperative assessment, complications may still appear after VATS lobectomy.

The presence of pulmonary hypertension (PH) has been reported to be an indicator of postoperative complications (6, 7). Nevertheless, confirmation of PH by catheterization or echocardiography is labor-intensive, time-consuming, and subject to inter-rater variability (6, 8). Consequently, considering the relationship between the elevated pulmonary artery (PA) pressure and size, recent studies have linked an enlarged PA with postoperative complications (9–11). However, previous studies used two-dimensional (2D) measurements on single-cut axial view contrast-enhanced computed tomography (CT) images. Thus, automatic three-dimensional (3D) segmentation methods to accurately calculate the mean 3D diameters of both the aorta (Ao) and PA on CT images have not been reported before.

Furthermore, with the emphasis on screening programs, lung cancer diagnosis on non-contrast CT has increased significantly (12). While this approach involves minimal radiocontrast exposure, it poses challenges in differentiating blood pool regions and surrounding tissues. Prior studies developed an automatic segmentation method to overcome the difficulty in identifying Ao; however, similar analyses have not been conducted on PA (13, 14). Our team previously developed a novel automated 3D segmentation method for both Ao and PA on non-contrast CT images (15). The proposed model may achieve a high level of segmentation performance, including 0.97 ± 0.007 and 0.93 ± 0.002 Dice similarity coefficient values for Ao and PA segmentation, respectively.

The present study aimed to evaluate the relationship between the PA/Ao diameter ratio measured by automated 3D segmentation and short-term surgical outcomes after thoracoscopic lobectomy in lung cancer patients.



Materials and methods


Study population

In this retrospective study, we collected clinical data and CT scans from 465 consecutive primary lung cancer patients who underwent thoracoscopic lobectomy performed by a single surgical team using the same clinical protocols, care patterns, and perioperative orders at the National Taiwan University Hospital between January 2011 and December 2019. Cases with non-thin-slice CT scans were excluded from our study. The final cohort consisted of 383 patients grouped according to the ratio of the PA and Ao diameters. The patient inclusion and exclusion flow diagram is demonstrated in Figure 1. The Research Ethics Committee of the National Taiwan University Hospital approved this study (project approval number 201712087RIND) and waived the need for obtaining informed consent because of the retrospective study design.




Figure 1 | Flow diagram of patient selection.





Clinicopathological features

Clinical data, including patient demographics, Eastern Cooperative Oncology Group performance status, family history of lung cancer, preoperative carcinoembryonic antigen level, preoperative pulmonary function test results, operation time, operative bleeding, postoperative chest tube placement duration, and hospital length of stay, were retrieved from our electronic medical records. Preoperative comorbidities were evaluated according to the Charlson comorbidity index (16). Postoperative complications were graded by the Clavien–Dindo classification (17). For patients presenting with multiple complications, the complication with the highest grade was adopted.

Information on tumor size, predominant histological type, degree of differentiation, visceral pleural invasion, lymphovascular invasion, pathological T and N stages, number of dissected lymph nodes, number of dissected lymph node stations, and resection margins were collected from pathological reports of operation specimens. Histopathological patterns were classified according to the 2015 World Health Organization criteria (18). Lung cancer staging was determined based on the eighth edition of the American Joint Committee on Cancer Tumor-Node-Metastasis staging system (19).



CT acquisition

Pulmonary CT images were obtained using scanners from GE (LightSpeed VCT, LightSpeed 16, and HiSpeed CT/i), Siemens (Definition AS+, Emotion 16, and Sensation 64), and Philips (iCT 256 and Ingenuity CT) Healthcare systems. The CT image parameters were as follows: 100–130 kVp; 47–351 mA; slice thickness, 0.6–1.25 mm; pixel spacing, 0.38–0.89 mm; reconstruction interval, 0.39–6 mm; and matrix, 512 mm × 512 mm.



Manual 2D PA/Ao diameter ratio measurement

A total of 383 CT scans were annotated by two of four physicians (HY Lee, XH Chiang, YC Lee, and MW Lin) blinded the patient’s postoperative course, and recorded after a consensus was reached. The PA and Ao diameters were determined on non-contrast CT. As previously reported, measurements were conducted in the axial view at the level of the main PA bifurcation, which generally represents the widest point of Ao. We then assessed the diameters of PA and Ao on the same image and calculated the PA/Ao diameter ratio as an indicator of PA enlargement. An example of manual 2D annotation is illustrated in Figure 2.




Figure 2 | Illustration of 2D manual measurement of the pulmonary artery (PA) and aorta (Ao) diameters.





Automated 3D segmentation and PA/Ao diameter ratio measurement

The details of the two-stage automated 3D PA and Ao segmentation model have been fully described in a previous study (15). In summary, both models applied the transfer learning from the enhancement model. Single non-contrast CT was used as the input for Ao segmentation, whereas an additional two-channel input was employed for PA. For Ao, the diameter was calculated from 0.5 cm after exiting the heart to the position of 2.5 cm, with the diameter estimated at 0.09 cm intervals. For PA, the diameter was measured on the main PA, between 0.5 to 1.5 cm, from the branching point. The PA diameter was calculated at 0.04 cm intervals. Examples of 3D annotation are illustrated in Figures 3 and 4.




Figure 3 | Illustration of 3D automated measurement of aorta (Ao) diameter. The centerline was marked on the 3D segmented image. The Ao diameter was measured from 0.5 cm after exiting the heart to a position of 2.5 cm. The Ao diameter was defined as the mean value of calculated diameters at every 0.04-cm interval.






Figure 4 | Illustration of 3D automated measurement of pulmonary artery (PA) diameter. The centerline was marked on the 3D segmented image. The PA diameter was measured on the main PA between 0.5 to 1.5 cm from the branching point. The PA diameter was defined as the mean value of calculated diameters at every 0.09-cm interval.





Statistical analysis

Categorical variables were presented as numbers (with percentages), while continuous variables were presented as means (with standard deviation). Chi-square test or Fisher’s exact test was performed for categorical variables. Student’s t-test or Mann–Whitney U test was utilized for continuous variables according to the normality. Spearman correlation was carried out to account for the relationship between 3D automated and 2D manual measurements of PA and Ao. To adjust the significant confounding factors in the univariate model, a multivariable analysis was performed by logistic regression. Propensity-score matching (PSM) was employed to minimize selection bias. The propensity score was calculated using a logistic regression model based on the following covariates: age, Charlson comorbidity score, and lobectomy performed by uniportal VATS. Patients in the PA enlarged group (PA/Ao ≥ 1) were matched with those in the PA non-enlarged group (PA/Ao < 1) in a 1:4 ratio and a standard deviation of <0.1 of the logit propensity score. All p values were two-sided, and p < 0.05 was considered statistically significant. The statistical software used for all analyses was SPSS (add-on for SPSS, version 3.04; IBM Corp., Armonk, NY) with the underlying R package (version 3.3.0; R Foundation, Vienna, Austria) and Statistical Analysis System version 9.4 software (SAS Institute Inc., Cary, NC, USA).




Results


Patient demographics and clinicopathological features

This study cohort contains 383 patients who were diagnosed with lung cancer and underwent lobectomy between 2011 and 2019. Of these, 29 (7.57%) patients presented with a PA/Ao diameter ≥ 1 on non-contrast CT by 3D automatic measurement. Only age and the Charlson comorbidity index were significantly different between patients with 3D-measured PA/Ao ≥ 1 and PA/Ao < 1. Patients with 3D-measured PA/Ao ≥ 1 were younger (54.4 ± 9.3 vs. 61.0 ± 9.7 years; p = 0.001) and showed a lower Charlson comorbidity index (1.7 ± 1.5 vs. 2.3 ± 1.7; p = 0.029). Patient demographics and clinical characteristics are presented in Table 1.


Table 1 | Demographic and clinical features of lung cancer patients undergoing lobectomy.



Patients with 3D-measured PA/Ao ≥ 1 and <1 showed no significant differences in pathological features. The most common histological type in both groups was adenocarcinoma (3D PA/Ao ≥ 1: 96.6%; 3D PA/Ao < 1: 95.8%). Among patients with 3D measured PA/Ao ≥ 1, 86.2% had a lung tumor of ≤3 cm, and 58.6% belonged to stage I. Detailed information on the pathological features is listed in Table 2.


Table 2 | Pathological features of the excised tumors of lung cancer patients undergoing lobectomy.





Perioperative outcomes before matching

The 30-day mortality in the study cohort was zero, and only two patients in the 3D-measured PA/Ao < 1 group converted from VATS to thoracotomy. Patients with 3D-measured PA/Ao ≥ 1 required a longer intensive care unit (1.4 ± 5.3 vs. 0.3 ± 0.8 days; p = 0.805) and postoperative hospital stays (6.9 ± 9.0 vs. 5.7 ± 3.6 days; p = 0.403), although the differences were not significant, while operative bleeding (34.3 ± 58.8 vs. 42.5 ± 106.7 mL) and chest tube placement duration (2.6 ± 1.9 vs. 3.2 ± 3.2 days) were non-significantly lesser and shorter in patients with 3D-measured PA/Ao ≥ 1. Other perioperative outcomes are presented in Table 3.


Table 3 | Perioperative outcomes of lung cancer patients undergoing lobectomy.



Clavien–Dindo classification showed significantly more postoperative complications in patients with 3D-measured PA/Ao ≥1 (69.0% vs. 46.0%; p = 0.018). Severe postoperative complications with grades greater than 3b were also more common in the 3D-measured PA/Ao ≥ 1 group. Four patients presented with postoperative complications above grade 3b: one patient developed empyema and required surgical decortication; one patient progressed to respiratory failure and underwent intubation and further tracheostomy; one patient developed pulmonary embolism complicated with pneumothorax and pneumomediastinum; and one patient had hemothorax and underwent reopening for stump ligation. Patients with complications of other grades are listed in Supplementary Table 1.



Correlation between 3D and 2D measurements

The 3D-automated and 2D-manual arterial diameter measurements were closely related, with a significant correlation coefficient of 0.720 for the mean PA diameter and 0.780 for the mean Ao diameter (Supplementary Figures 1, 2). The classification by 2D measurement showed fewer patients in the PA/Ao ≥ 1 group than that by 3D measurement (13 and 29 patients). Other perioperative outcomes in the PA/Ao ≥ 1 and <1 groups categorized by 2D measurement are stated in Supplementary Table 2, none of which showed significant differences.

3D measurements of PA diameter and PA/Ao showed no significant dissimilarity in the patients with or without complications and patients with complications lower or greater than grade 3a. However, the 3D-measured PA/Ao was significantly higher in patients with postoperative complications greater than grade 3b (0.9 ± 0.1 vs. 0.8 ± 0.1; p = 0.8 ± 0.1). Specific diameters and ratios of PA and Ao are described in Table 4.


Table 4 | PA measurements by automated 3D segmentation method relative to postoperative complications.





Propensity-matched analysis

Before PSM, patients in the 3D-measured PA/Ao ≥ 1 group were younger (p = 0.001), had a lower Charlson comorbidity index (p = 0.029) and a higher possibility of receiving uniportal VATS (p = 0.055) than those in the 3D-measured PA/Ao < 1 group. Using a 1:4 matching ratio, PSM identified 29 to 105 well-balanced patients in PA/Ao ≥ 1 and <1 groups for comparison of postoperative complications. After PSM, no significant differences were observed in the patient demographics and tumor clinicopathological features. After matching, the group with PA/Ao ≥ 1 still showed more postoperative complications of all grades (p = 0.016) and grade 3b or greater (p = 0.046). Moreover, higher proportions of patients with cough or dyspnea, regarded as grade 2 complications, remained after matching (p = 0.005). Other detailed numbers before and after matching are described in Tables 1-3. The distribution of the propensity scores and standard mean difference for both groups before and after PSM is shown in Supplementary Figure 3.



Correlations between clinical features and postoperative complications

In the multivariate analysis, age, sex, smoking status, Eastern Cooperative Oncology Group performance status, pulmonary function, Charlson comorbidity index, carcinoembryonic antigen value, histological type of lung cancer, differentiation of tumor, visceral pleural invasion, lymphovascular invasion, resection margin, and lung cancer staging did not affect the incidence of postoperative complications. Furthermore, only tumor size above 3 cm and 3D-measured PA/Ao ≥ 1 were associated with an increased risk of postoperative complications (odds ratios, 3.173 [p = 0.002] and 3.084 [p = 0.013], respectively) Table 5.


Table 5 | Multivariate analysis between clinicopathologic features and postoperative complications (all grade) in this cohort.






Discussion

Although lobectomy is considered the standard treatment for lung cancer, pulmonary hypertension (PH) remains a great challenge in preoperative risk assessments. We attempted to use the pulmonary artery/aorta (PA/Ao) diameter ratio with an automated 3D segmentation method on non-contrast CT scans to estimate PH (15). By matching patients with diameter ratios of ≥1 and <1, in terms of age, Charlson comorbidity score, and lobectomy performed by uniportal VATS we demonstrated that a larger PA diameter correlates with higher rates of overall postoperative complications and grade 3b or above severe complications. Multivariate analysis also revealed significant odds ratios for 3D-measured diameter ratio ≥ 1 and tumor size > 3 cm in predicting postoperative complications. Our 3D automated measurements showed a high correlation to manual annotation and demonstrated its usefulness in accurately predicting postoperative complications.

Although PH has been recognized as a comorbidity for patients undergoing anatomical lung resection, preoperative PH identification requires complicated diagnostic workups. Nevertheless, Ng et al. revealed that a PA/Ao diameter ratio > 1 indicated a high probability of PH (20). Multiple subsequent studies also identified the role of PA size in evaluating the prognosis of patients with chronic obstructive pulmonary disease and idiopathic pulmonary fibrosis (21, 22). In fact, a meta-analysis including 2134 subjects showed that the PA/Ao diameter ratio showed an area under the receiver operating characteristic value of 0.84 with median sensitivity and specificity of 74% and 81%, respectively, for predicting PH (23). Recent studies elaborated further on this topic by relating PA diameter to surgical complications by determining the PH through CT scans. Asakura et al. demonstrated an odds ratio of 2.3 for a 0.1-point increase in the PA/Ao ratio in predicting postoperative cardiopulmonary complications for patients undergoing pulmonary resection (10). Kneuertz simultaneously illustrated that an increase of 1 mm of surgical side PA yielded an odds ratio of 1.12 in predicting major complications for lobectomy patients (11). These findings correlated with our results, indicating that CT-based PA size evaluations could predict postoperative complications.

Although PH diagnosis based on CT scans is convenient, it still shows the inherent limitations associated with the use of 2D CT images to represent 3D geometry. Accordingly, a 3D segmentation method, which was previously applied for Ao, was developed to obtain accurate measurements of PA. Xie et al. first used 359 low-dose CT scans to develop an automated Ao segmentation model that showed a mean Dice similarity coefficient of 0.993 compared with the ground truth marking and an average boundary distance of 1.39 mm between manual and automated segmentation (24). Gamechi et al. further built an automated Ao segmentation model based on 100 CT scans and showed agreement with manual annotation for the Dice similarity coefficient, mean surface distance, and intra-class correlation (13). In both qualitative and quantitative evaluations, these two studies showed the plausibility of reconstructing 3D arterial morphology using flat CT images. Subsequently, this 3D segmentation technique was employed for PA measurements. Froelich et al. used a threshold-seeded vascular-tracing algorithm to reveal a high correlation between vascular volumes on CT and PA pressure, measured by right heart catheterization (with PH: Pearson correlation coefficient r = 0.90) (25). Additionally, Rengier et al. claimed an area under the receiver operating characteristic of 0.998 for predicting PH using PA volume on magnetic resonance angiography calculated by a 3D image analysis software (26). Nevertheless, unlike our study, which used PA diameter to determine PH, these studies utilized PA volume as an indicator, potentially hampering its practicality due to the non-intuitive technique nature.

Our study had several limitations. First, the inherent selection bias attributable to the retrospective nature could not be avoided. Although we tried to achieve a fairly random status through PSM, several noticeable differences still existed between patients with 3D-measured PA/Ao ≥ 1 and <1. Second, since this cohort only contained patients from a single center and a single surgical team, our result may not be generalizable to the entire population. Additional studies should be conducted on patients with different ethnicities or nations with distinguishable surgical considerations. Third, our 3D automated measurement method for PA and Ao was only validated in a relatively small population and was restricted to lobectomy patients. Additional investigations would be required to evaluate the performance on abnormal or tortuous artery shapes. However, since our method was an innovation based on previous literature and demonstrated outstanding prediction of postoperative complications, this technique could represent a cutting-edge change in the process of surgical planning.

In conclusion, higher overall and severe postoperative complications were observed in lobectomy patients with pulmonary artery/aorta diameter ratio ≥ 1 measured by our proposed 3D automated segmentation method. Moreover, the 3D-estimated diameter ratio and tumor size were significant predictors for postoperative complications. These findings may facilitate surgical planning and raise awareness for preoperative pulmonary hypertension assessment in patients with pulmonary artery enlargement.
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