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Abstract

:

Intraluminal pulmonary vein stenosis is a disease with significant morbidity and mortality, though recent progress has been made using multimodal therapy with antiproliferative agents. The aim of this study was to evaluate the association between aspiration and poor treatment response in patients with intraluminal pulmonary vein stenosis. A retrospective, single-center cohort analysis was performed of patients treated with a combination of imatinib mesylate and multimodal anatomic relief between March 2009 and November 2019. Analysis focused on 2-ventricle patients due to small numbers and clinical heterogeneity of single ventricle patients. Among the 84 patients included, 15 had single ventricle physiology and 69 had 2-ventricle physiology. Among the 2-ventricle group, multivariable analysis revealed that patients with clinical aspiration had nearly five times higher odds of poor treatment response than patients without aspiration (OR 4.85, 95% CI [1.37, 17.2], p = 0.014). Furthermore, male patients had higher odds of poor treatment response than their female counterparts (OR 3.67, 95% CI [1.04, 12.9], p = 0.043). Aspiration is a novel, potentially modifiable risk factor for poor treatment response in pediatric multi-vessel intraluminal pulmonary vein stenosis in patients with 2-ventricle physiology.
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1. Introduction


Intraluminal pulmonary vein stenosis (PVS) is a rare disease characterized by recurrent pulmonary vein obstruction due to overactivity of myofibroblast-like cells within the pulmonary vein wall [1,2]. PVS can lead to hypoxemia, pulmonary arterial hypertension, right ventricular failure, and death. Recent advances in surgical [3,4,5] and catheterization techniques [6,7,8] and use of targeted agents to suppress cellular activity [9,10,11] have markedly improved survival. Causal factors definitively leading to cellular overactivity remain unknown.



Even with aggressive, multimodal therapy, response to treatment varies among patients [6,12,13,14,15]. While some patients experience disease stabilization over time (evidenced by less frequent need for pulmonary vein re-interventions), a substantial proportion of patients continue to require frequent re-interventions despite maximal therapy. Several studies have evaluated risk factors for poor outcomes in PVS and have shown that patients with bilateral pulmonary vein involvement [13] and those who are smaller and younger at diagnosis have a higher risk of mortality [3]. Additionally, patients with lung disease have lower rates of disease stabilization, defined as no re-interventions at six months, when compared with patients without lung disease [9]. Differences in risk for various types of lung disease have not been characterized. However, since some types of lung disease are treatable, a better understanding of the role of lung disease may yield an opportune target for interventions aiming to improve PVS outcomes. To our knowledge, the relationship between aspiration associated lung disease and PVS outcomes has not been studied.



We have observed anecdotally that patients with PVS who show signs of oropharyngeal aspiration have worse outcomes, as evidenced by increased need for re-interventions and lower rates of disease stabilization. Untreated, chronic aspiration can cause significant lung damage, both by direct injury to lung parenchyma, and by repeated episodes of aspiration pneumonia [16]. We hypothesized that oropharyngeal aspiration may contribute to recurrence of PVS via damage to lung parenchyma and associated changes in pulmonary vein mechanics. Our aim for this study was to characterize the relationship between aspiration and PVS treatment response in order to identify a potential modifiable risk factor that could improve PVS outcomes.




2. Materials and Methods


2.1. Study Design


We performed a single center retrospective cohort analysis of all patients with multi-vessel PVS (gradient ≥ 4 mmHg by echocardiography or catheterization) and disease recurrence who received imatinib mesylate (Gleevec®, Novartis Inc., Basel, Switzerland) drug therapy from March 2009 to November 2019 as a part of a multimodal treatment plan. Patients who received bevacizumab (Avastin®, Genentech Inc., South San Francisco, CA, USA) in addition to imatinib mesylate at the start of therapy were also included. Patients were identified using our institutional PVS database and included those who participated in our prospective study [9] and those treated after the trial stopped enrollment. There have been no substantive changes to our therapeutic protocol for patients with PVS since the conclusion of the trial. Patients were categorized as either having single ventricle or 2-ventricle physiology at start of imatinib mesylate therapy. Patients who underwent a bi-ventricular conversion procedure prior to initiation of therapy were included in the 2-ventricle group. Only patients who had longitudinal follow-up at Boston Children’s Hospital were included. This study was approved by the Boston Children’s Hospital Institutional Review Board and was performed in accordance with the Declaration of Helsinki.




2.2. Outcomes and Data Collection


The primary outcome for this study was therapeutic response, assessed 12 months after initiation of imatinib mesylate, similar to the 48-week primary endpoint in the prospective clinical trial. For the current study, poor response to therapy was defined by any of the following: ongoing requirement of surgical and/or catheter re-interventions for pulmonary vein restenosis at a frequency of ≤12 weeks, PVS-related mortality or listing for lung transplantation, or the need to add bevacizumab to the treatment regimen due to PVS progression (≥2 veins with: new obstruction in a previously unaffected vein, proximal disease extending distally >5 mm, or new vessel atresia) [9]. Patients not meeting any of the above criteria were categorized as having good response to therapy. Data were collected retrospectively from review of the institutional PVS registry and patient medical records.



Clinically significant aspiration was defined as having any of the following at the time of initiation of imatinib: clinical aspiration observed by the speech and language pathology (SLP) consultation team, documented aspiration on videofluoroscopic swallow study (VFSS), or use of post-pyloric feeds due to intractable vomiting/feeding intolerance. Clinically significant aspiration had not been studied as a part of the clinical trial and was assessed for this study after careful review of SLP consultation notes, VFSS reports, and daily physician progress notes. Aspiration risk was subsequently managed at the discretion of the treatment team. Potential confounders included sex, prematurity (gestational age <37 weeks), presence of a genetic syndrome, presence and type of congenital heart disease, anatomy of pulmonary venous connections, bilateral disease at diagnosis, presence of lung disease other than aspiration (bronchopulmonary dysplasia, lung hypoplasia, airway malacia, interstitial lung disease, and/or congenital lobar emphysema), age at start of imatinib mesylate, and pulmonary artery to aorta (PA/Ao) systolic pressure ratio at the start of imatinib mesylate.




2.3. Statistical Analysis


Patient characteristics and outcomes were summarized using frequencies and percentages for categorical variables, and medians with interquartile ranges for continuous variables. Analysis of the effect of aspiration on poor treatment response was restricted to patients with 2-ventricle physiology because the single ventricle group was small, heterogeneous, and clinical trajectory may have been different (including catheterization and reintervention frequency, for example) due to disease complexity.



Logistic regression was used to quantify the relationship between poor treatment response and clinically significant aspiration, first unadjusted, and then in a multivariable model adjusting for known confounders and risk factors found to be significantly associated with the outcome. Odds ratios were estimated with 95% confidence intervals.



Among the 2-ventricle group, sub-analyses were performed comparing differences in individual components of the composite outcome variable between patients with and without aspiration. Sub-analyses were also performed comparing the differences in individual aspiration variables between the poor and good treatment response groups. Comparisons were performed using Fisher’s exact test and the Wilcoxon rank sum test. Analyses were performed using Stata version 16 (StataCorp LLC, College Station, TX, USA).





3. Results


3.1. Patient Population


We identified 104 patients who received imatinib mesylate for multivessel PVS, of whom 84 had longitudinal follow-up and comprised the study population. Of these 84 patients, 15 had single ventricle physiology at the start of imatinib mesylate therapy, and 69 had 2-ventricle physiology. For the 2-ventricle patients, the median age at start of imatinib mesylate therapy was 0.6 years (0.2, 4.3). Bilateral disease was present at diagnosis in 86% (59/69), and the median PA/Ao systolic ratio at start of treatment was 0.8 (0.4, 2.1) (Table 1).




3.2. Demographics and Outcomes for 2-Ventricle Patients


Of the 69 patients with 2-ventricle physiology, 19 (28%) met criteria for poor response to therapy. Patients who had poor response to therapy were significantly more likely to have clinically significant aspiration (74%, 14/19 vs. 34%, 17/50, p = 0.006). Patients with poor response were also more likely to be male (74%, 14/19 vs. 40%, 20/50, p = 0.016). No significant differences were found between groups with respect to prematurity, genetic diagnosis, presence and type of CHD, anatomy of pulmonary venous connections, presence of bilateral disease at diagnosis, lung disease, PA/Ao systolic ratio at start of treatment, and age at start of treatment with imatinib mesylate (Table 1).




3.3. Multivariate Risk Factors for Poor Treatment Response


In univariate logistic regression, patients with aspiration had an odds of poor treatment response that was 5.44 times higher than patients without aspiration (95% CI [1.68, 17.6], p = 0.005) (Table 2). After adjusting for confounders, aspiration remained significantly associated with poor treatment response, with an odds ratio of 4.85 (95% CI [1.37, 17.2], p = 0.014). Additionally, males had an odds of poor treatment response that was 3.67 times higher than females (95% CI [1.04, 12.9], p = 0.043) (Table 3).




3.4. Individual Outcomes in Patients with and without Aspiration


To further assess the impact of aspiration on specific treatment outcomes, additional analyses were performed and are detailed in Table 4. Patients with aspiration were significantly more likely to have poor response to treatment (45%, 14/31 vs. 13%, 5/38, p = 0.006), and were more likely to have died before completing 12 months of imatinib mesylate therapy (19%, 6/31 vs. 3%, 1/38, p = 0.04). Patients with aspiration were more likely to require pulmonary vein re-interventions at a frequency of ≤12 weeks after 12 months of therapy (13%, 4/31 vs. 5%, 3/38, p = 0.012). Patients with aspiration were also more likely to have received bevacizumab therapy either at the start of treatment or added to the treatment regime due to disease progression (p = 0.009). There was no significant difference in the number of patients who were listed for lung transplant (23%, 7/31 vs. 5%, 2/38, p = 0.068) or underwent lung transplantation (13%, 4/31 vs. 3%, 1/38, p = 0.17) in the first year of therapy. Lastly, patients with aspiration were more likely to have non-aspiration related lung disease (77%, 24/31 vs. 53%, 20/38, p = 0.045).




3.5. Individual Components of Aspiration


Individual variables included in the definition of “clinically significant aspiration” were evaluated in Table 5. Patients with poor response to treatment were significantly more likely to have aspiration observed on bedside SLP evaluation (47%, 9/19 vs. 18%, 9/50, p = 0.029), aspiration observed on VFSS (42%, 8/19 vs. 16%, 8/50, p = 0.03), and significant feeding intolerance requiring post-pyloric feeds (58%, 11/19 vs. 18%, 9/50, p = 0.002).




3.6. Sex Differences


Additional analysis was performed comparing male and female patients to explore differences between these groups (Supplemental Table S1). Males were more likely to require re-intervention at a frequency of ≤12 weeks after 12 months of imatinib mesylate therapy (18%, 6/34 vs. 0%, 0/35, p = 0.004). No sex differences were found for any other clinical variables.





4. Discussion


4.1. Aspiration and PVS Outcomes


Despite recent advances in both pharmacologic and anatomic management strategies, PVS remains a disease with significant morbidity and mortality [6,9,12,13,14,15,17]. Identification of modifiable risk factors for PVS recurrence and PVS treatment failure is an area of great need. By recognizing patients at risk of poor treatment response early in the disease course, strategies can be implemented to reduce risk and improve overall outcomes.



In our study, we identified a strong association between pretreatment clinical aspiration and poor response to multi-modal therapy in pediatric patients with recurrent multi-vessel intraluminal PVS. This finding was both highly significant and of large magnitude. Patients who aspirate were nearly five times more likely to have poor treatment response when compared with patients without aspiration, even when controlling for factors known to impact PVS severity such as bilateral disease, age, and the presence of lung disease. Furthermore, patients with aspiration were significantly more likely to die in the first year of therapy. While patients received treatment for aspiration at the discretion of treating providers, our findings suggest that clinically significant aspiration is a potentially important modifiable clinical risk factor associated with PVS outcome. Although patients with gastroesophageal reflux or oromotor dyscoordination commonly receive medications or thickened feeds, symptom thresholds for more aggressive strategies such as airway evaluation, discontinuation of oral feedings, institution of jejunal feeding, or Nissen fundoplication vary among providers. Furthermore, aspiration is a dynamic process, and frequent re-assessments are necessary to determine whether an intervention previously implemented remains successful at later time points. In light of the possible association between aspiration and poor response to PVS therapy, more aggressive strategies could be considered to mitigate aspiration in this population.




4.2. Proposed Mechanism


Chronic oropharyngeal aspiration is associated with significant pulmonary disease [16,18,19,20,21]. Autopsy specimens taken from patients with chronic aspiration predominantly show bronchiolar fibroblast proliferation and granulation tissue formation, inflammatory bronchiolitis, pneumonia, and occasionally interstitial pulmonary fibrosis [21]. In mouse models of aspiration, these histopathologic findings have been associated with decreased lung elastance, increased airway resistance, de-recruitment of lung tissue, and airway hyperresponsiveness [19,22,23,24]. In a study of infants with swallowing dysfunction, both obstructive and restrictive patterns of lung injury were seen on pulmonary function testing [25], and others have documented bronchoconstriction, airway hyperreactivity, and hyperinflation in children with chronic pulmonary aspiration [18,26].



We speculate that mechanical changes associated with chronic aspiration and hyperinflation may directly impact the cells that comprise pulmonary veins, leading to hyperproliferation and intraluminal obliteration (Figure 1). Lung hyperinflation and increased airway resistance resulting from chronic aspiration may generate increased traction on the pulmonary veins, sending mechanical signals to vessel fibroblasts. Increased vascular wall shear stress has previously been implicated in pulmonary vein stenosis [27]. Mechanical traction in the extracellular matrix can stimulate fibroblast to myofibroblast differentiation and promote myofibroblast proliferation through a TGF-β1-dependent mechanism [28,29]. Our group has previously implicated myofibroblast-like cell proliferation in PVS [2,30], and our current treatment is aimed at tyrosine-kinase receptor inhibition using targeted anti-proliferative pharmacotherapy [9]. If unfavorable mechanical forces generated by aspiration lung disease lead to a strong pro-proliferation signal, this could explain our finding that patients with clinically significant aspiration are at higher risk of treatment failure, and perhaps suggest a causal role for aspiration in PVS. Notably, although lung disease was not associated with vein restenosis in a sub-analysis [31] of our clinical trial population, the definition of lung disease used in the clinical trial focused on chronic lung disease, not aspiration, and was much broader, including chronic lung disease of prematurity, airway malacia, lung hypoplasia, interstitial lung disease, congenital lobar emphysema, and aspiration lung disease. Thus, the effect of aspiration lung disease may have been diluted. In contrast, this study focused exclusively on aspiration, and included a much larger population of patients with PVS treated with imatinib mesylate, thereby increasing the likelihood of detecting a significant association.




4.3. Male Sex and PVS Outcomes


One unexpected finding in our analysis was the association of male sex with poor treatment response. This association remained significant in our multivariable analysis, indicating an effect of sex that is independent of aspiration. Furthermore, the effect size was large; male patients were 3.7 times more likely to respond poorly to treatment than females. Sex differences in various respiratory outcomes have been described previously in the pediatric population. A robust body of evidence has shown that both premature and term male infants are at higher risk of respiratory distress syndrome and respiratory infections, and are more likely to require mechanical ventilation and supplemental oxygen after birth [32,33,34,35,36]. Interestingly, in a population of formerly premature children evaluated at one year of age, males were more likely to have higher functional residual capacity, airway resistance, hyperinflation, and evidence of air trapping than their female counterparts [36]. Taken together, these findings could suggest a similar pathophysiologic mechanism by which male sex negatively impacts treatment response in patients with PVS. However, our study was not designed to evaluate this risk factor, and more targeted studies are needed to further explore this relationship.




4.4. Strengths and Limitations


This study has several strengths. First, our definition of aspiration was very strict and included only patients with significant symptoms. Similarly, our definition of poor treatment response was limited to patients with objective findings such as death, frequent reinterventions, or lung transplantation at 12 months. Additionally, the cohort study design enabled us to target the entire population of patients treated with contemporary multimodal therapy including imatinib mesylate at our institution, which allowed us to calculate the true effect size of aspiration on treatment responsiveness. Our study also has several limitations. Due to the retrospective study design, there were limitations in how aspiration was identified and classified, which required us to only include more severe cases. Furthermore, treatment for aspiration was not standardized, and our study was not designed to evaluate optimum strategies for management. Last, our center is a quaternary care referral center and many of our patients with PVS were cared for at other centers prior to or after receiving care at our institution. This study only includes patients who were followed longitudinally at our institution, and thus may be biased towards the most severe cases and may not be representative of all patients with PVS.





5. Conclusions


In summary, two novel risk factors for poor response to multimodal PVS treatment including imatinib mesylate as an antiproliferative agent were identified for patients with 2-ventricle physiology: clinical aspiration and male sex. Despite limitations in our retrospective design, these findings have identified an important role for clinical aspiration in PVS. The effect of aspiration and male sex on PVS outcomes both warrant further study. Specifically, future studies are needed to determine whether early identification and more aggressive treatment of aspiration can improve PVS outcomes. Future studies are also needed to evaluate the role of aspiration in higher risk patients with single ventricle. In the meantime, assessment for aspiration and aggressive clinical treatment should be considered for all patients with significant PVS.




6. Clinical Outlook


	
2-ventricle patients with PVS and aspiration may respond poorly to multimodal PVS therapy



	
Aggressive aspiration surveillance and management is warranted in 2-ventricle patients with PVS



	
Close follow-up of 2-ventricle patients with PVS and aspiration may lead to earlier identification of poor responders











Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/children8090783/s1, Table S1: Sex Differences.





Author Contributions


Conceptualization, M.N., R.C., K.J.J.; methodology, M.N., R.C., K.J.J.; formal analysis, K.G.; investigation, M.N.; writing—original draft preparation, M.N., R.C., K.G., K.J.J.; writing—review and editing, M.N., R.C., K.G., K.J.J.; supervision, K.J.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Christina Capozzi and TJ Reynolds Memorial Funds, and the Ansley Walton Fund.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of Boston Children’s Hospital (IRB-P00037060, approved 11/18/2020).




Informed Consent Statement


Patient consent was waived due to retrospective nature of the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available in order to maintain patient privacy.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Riedlinger, W.F.J.; Juraszek, A.L.; Jenkins, K.J.; Nugent, A.W.; Balasubramanian, S.; Calicchio, M.L.; Kieran, M.W.; Collins, T. Pulmonary vein stenosis: Expression of receptor tyrosine kinases by lesional cells. Cardiovasc. Pathol. 2006, 15, 91–99. [Google Scholar] [CrossRef]

	



Sadr, I.M.; Tan, P.E.; Kieran, M.W.; Jenkins, K.J. Mechanism of pulmonary vein stenosis in infants with normally connected veins. Am. J. Cardiol. 2000, 86, 577–579. [Google Scholar] [CrossRef]

	



Quinonez, L.G.; Gauvreau, K.; Borisuk, M.; Ireland, C.; Marshall, A.M.; Mayer, J.E.; Jenkins, K.J.; Fynn-Thompson, F.E.; Baird, C.W. Outcomes of surgery for young children with multivessel pulmonary vein stenosis. J. Thorac. Cardiovasc. Surg. 2015, 150, 911–917. [Google Scholar] [CrossRef]

	



Kalfa, D.; Belli, E.; Bacha, E.; Lambert, V.; di Carlo, D.; Kostolny, M.; Nosal, M.; Horer, J.; Salminen, J.; Rubay, J.; et al. Outcomes and prognostic factors for postsurgical pulmonary vein stenosis in the current era. J. Thorac. Cardiovasc. Surg. 2018, 156, 278–286. [Google Scholar] [CrossRef]

	



Honjo, O.; Atlin, C.R.; Hamilton, B.C.; Al-Radi, O.; Viola, N.; Coles, J.G.; Van Arsdell, G.S.; Caldarone, C.A. Primary Sutureless Repair for Infants With Mixed Total Anomalous Pulmonary Venous Drainage. Ann. Thorac. Surg. 2010, 90, 862–868. [Google Scholar] [CrossRef]

	



Cory, M.J.; Ooi, Y.K.; Kelleman, M.S.; Vincent, R.N.; Kim, D.W.; Petit, C.J. Reintervention Is Associated With Improved Survival in Pediatric Patients With Pulmonary Vein Stenosis. JACC Cardiovasc. Interv. 2017, 10, 1788–1798. [Google Scholar] [CrossRef]

	



Balasubramanian, S.; Marshall, A.C.; Gauvreau, K.; Peng, L.F.; Nugent, A.W.; Lock, J.E.; McElhinney, D.B. Outcomes After Stent Implantation for the Treatment of Congenital and Postoperative Pulmonary Vein Stenosis in Children. Circ. Cardiovasc. Interv. 2012, 5, 109–117. [Google Scholar] [CrossRef]

	



Khan, A.; Qureshi, A.M.; Justino, H. Comparison of drug eluting versus bare metal stents for pulmonary vein stenosis in childhood. Catheter. Cardiovasc. Interv. 2019, 94, 233–242. [Google Scholar] [CrossRef]

	



Callahan, R.; Kieran, M.W.; Baird, C.W.; Colan, S.D.; Gauvreau, K.; Ireland, C.M.; Marshall, A.C.; Sena, L.M.; Vargas, S.O.; Jenkins, K.J. Adjunct Targeted Biologic Inhibition Agents to Treat Aggressive Multivessel Intraluminal Pediatric Pulmonary Vein Stenosis. J. Pediatr. 2018, 198, 29–35.e5. [Google Scholar] [CrossRef]

	



Callahan, R.; Esch, J.J.; Wang, G.; Ireland, C.M.; Gauvreau, K.; Jenkins, K.J. Systemic Sirolimus to Prevent In-Stent Stenosis in Pediatric Pulmonary Vein Stenosis. Pediatr. Cardiol. 2019, 41, 282–289. [Google Scholar] [CrossRef]

	



Patel, J.D.; Briones, M.; Mandhani, M.; Jones, S.; Suthar, D.; Gray, R.; Pettus, J.; McCracken, C.; Thomas, A.; Petit, C.J. Systemic Sirolimus Therapy for Infants and Children With Pulmonary Vein Stenosis. J. Am. Coll. Cardiol. 2021, 77, 2807–2818. [Google Scholar] [CrossRef]

	



Rito, M.L.; Gazzaz, T.; Wilder, T.J.; Vanderlaan, R.D.; Van Arsdell, G.S.; Honjo, O.; Yoo, S.-J.; Caldarone, C.A. Pulmonary vein stenosis: Severity and location predict survival after surgical repair. J. Thorac. Cardiovasc. Surg. 2016, 151, 657–666.e2. [Google Scholar] [CrossRef]

	



Rosenblum, J.M.; Altin, H.F.; Gillespie, S.E.; Bauser-Heaton, H.; Kanter, K.A.; Sinha, R.; Cory, M.; Alsoufi, B. Management outcomes of primary pulmonary vein stenosis. J. Thorac. Cardiovasc. Surg. 2020, 159, 1029–1036.e1. [Google Scholar] [CrossRef]

	



Backes, C.H.; Nealon, E.; Armstrong, A.K.; Cua, C.L.; Mitchell, C.; Krishnan, U.; Vanderlaan, R.D.; Song, M.K.; Viola, N.; Smith, C.V.; et al. Pulmonary Vein Stenosis in Infants: A Systematic Review, Meta-Analysis, and Meta-Regression. J. Pediatrics 2018, 198, 36–45. [Google Scholar] [CrossRef] [PubMed]

	



Kalfa, D.; Belli, E.; Bacha, E.; Lambert, V.; di Carlo, D.; Kostolny, M.; Salminen, J.; Nosal, M.; Poncelet, A.; Horer, J.; et al. Primary Pulmonary Vein Stenosis: Outcomes, Risk Factors, and Severity Score in a Multicentric Study. Ann. Thorac. Surg. 2017, 104, 182–189. [Google Scholar] [CrossRef] [PubMed]

	



Hu, X.; Lee, J.S.; Pianosi, P.; Ryu, J.H. Aspiration-Related Pulmonary Syndromes. Chest 2015, 147, 815–823. [Google Scholar] [CrossRef] [PubMed]

	



Drossner, D.M.; Kim, D.W.; Maher, K.O.; Mahle, W.T. Pulmonary Vein Stenosis: Prematurity and Associated Conditions. Pediatrics 2008, 122, e656–e661. [Google Scholar] [CrossRef]

	



Tutor, J.D. Dysphagia and Chronic Pulmonary Aspiration in Children. Pediatr. Rev. 2020, 41, 236–244. [Google Scholar] [CrossRef]

	



Raghavendran, K.; Nemzek, J.; Napolitano, L.M.; Knight, P.R. Aspiration-induced lung injury. Crit. Care Med. 2011, 39, 818–826. [Google Scholar] [CrossRef] [PubMed]

	



Prather, A.D.; Smith, T.R.; Poletto, D.M.; Tavora, F.; Chung, J.H.; Nallamshetty, L.; Hazelton, T.R.; Rojas, C.A. Aspiration-Related Lung Diseases. J. Thorac. Imaging 2014, 29, 304–309. [Google Scholar] [CrossRef]

	



Mukhopadhyay, S.; Katzenstein, A.-L.A. Pulmonary Disease due to Aspiration of Food and Other Particulate Matter: A Clinicopathologic Study of 59 Cases Diagnosed on Biopsy or Resection Specimens. Am. J. Surg. Pathol. 2007, 31, 752–759. [Google Scholar] [CrossRef]

	



Allen, G.B.; LeClair, T.; Cloutier, M.; Thompson-Figueroa, J.; Bates, J.H.T. The response to recruitment worsens with progression of lung injury and fibrin accumulation in a mouse model of acid aspiration. Am. J. Physiol. Cell. Mol. Physiol. 2007, 292, L1580–L1589. [Google Scholar] [CrossRef]

	



Allen, G.B.; LeClair, T.R.; Von Reyn, J.; Larrabee, Y.C.; Cloutier, M.E.; Irvin, C.G.; Bates, J.H.T. Acid aspiration-induced airways hyperresponsiveness in mice. J. Appl. Physiol. 2009, 107, 1763–1770. [Google Scholar] [CrossRef]

	



Amigoni, M.; Bellani, G.; Scanziani, M.; Masson, S.; Bertoli, E.; Radaelli, E.; Patroniti, N.; Di Lelio, A.; Pesenti, A.; Latini, R. Lung Injury and Recovery in a Murine Model of Unilateral Acid Aspiration. J. Am. Soc. Anesthesiol. 2008, 108, 1037–1046. [Google Scholar] [CrossRef] [PubMed]

	



Tutor, J.D.; Srinivasan, S.; Gosa, M.M.; Spentzas, T.; Stokes, D.C. Pulmonary Function in Infants with Swallowing Dysfunction. PLoS ONE 2015, 10, e0123125. [Google Scholar] [CrossRef] [PubMed]

	



Boesch, R.P.; Daines, C.; Willging, J.P.; Kaul, A.; Cohen, A.P.; Wood, R.E.; Amin, R.S. Advances in the diagnosis and management of chronic pulmonary aspiration in children. Eur. Respir. J. 2006, 28, 847–861. [Google Scholar] [CrossRef] [PubMed]

	



Hammer, P.E.; McEnaney, K.; Callahan, R.; Baird, C.W.; Hoganson, D.M.; Jenkins, K.J. The Role of Elevated Wall Shear Stress in Progression of Pulmonary Vein Stenosis: Evidence from Two Case Studies. Children 2021, 8, 729. [Google Scholar] [CrossRef]

	



Hinz, B. Tissue stiffness, latent TGF-β1 Activation, and mechanical signal transduction: Implications for the pathogenesis and treatment of fibrosis. Curr. Rheumatol. Rep. 2009, 11, 120–126. [Google Scholar] [CrossRef] [PubMed]

	



Zent, J.; Guo, L.-W. Signaling Mechanisms of Myofibroblastic Activation: Outside-in and Inside-Out. Cell. Physiol. Biochem. 2018, 49, 848–868. [Google Scholar] [CrossRef]

	



Kovach, A.E.; Magcalas, P.M.; Ireland, C.; Mcenany, K.; Oliveira, A.M.; Kieran, M.W.; Baird, C.W.; Jenkins, K.; Vargas, S.O. Paucicellular Fibrointimal Proliferation Characterizes Pediatric Pulmonary Vein Stenosis. Am. J. Surg. Pathol. 2017, 41, 1198–1204. [Google Scholar] [CrossRef]

	



Callahan, R.; Gauvreau, K.; Marshall, A.; Sena, L.; Baird, C.; Ireland, C.; McEnaney, K.; Bjornlund, E.; Mendonca, J.; Jenkins, K. Outcomes in Establishing Individual Vessel Patency for Pediatric Pulmonary Vein Stenosis. Children 2021, 8, 210. [Google Scholar] [CrossRef] [PubMed]

	



Zisk, J.L.; Genen, L.H.; Kirkby, S.; Webb, D.; Greenspan, J.; Dysart, K. Do Premature Female Infants Really Do Better Than Their Male Counterparts? Am. J. Perinatol. 2011, 28, 241–246. [Google Scholar] [CrossRef] [PubMed]

	



Binet, M.-E.; Bujold, E.; Lefebvre, F.; Tremblay, Y.; Piedboeuf, B.; Network™F.T.C.N. Role of Gender in Morbidity and Mortality of Extremely Premature Neonates. Am. J. Perinatol. 2012, 29, 159–166. [Google Scholar] [CrossRef]

	



Hu, J.; Ge, Z.; Xu, Q.; Shen, S.; Wang, Y.; Zhu, D.; Bi, Y. Influence of fetal sex on perinatal outcomes in women with gestational diabetes mellitus. Diabetes/Metabolism Res. Rev. 2019, 36, e3245. [Google Scholar] [CrossRef]

	



Anadkat, J.S.; Kuzniewicz, M.W.; Chaudhari, B.; Cole, F.S.; Hamvas, A. Increased risk for respiratory distress among white, male, late preterm and term infants. J. Perinatol. 2012, 32, 780–785. [Google Scholar] [CrossRef]

	



Thomas, M.R.; Marston, L.; Rafferty, G.; Calvert, S.; Marlow, N.; Peacock, J.L.; Greenough, A. Respiratory function of very prematurely born infants at follow up: Influence of sex. Arch. Dis. Child. Fetal Neonatal Ed. 2005, 91, F197–F201. [Google Scholar] [CrossRef]








[image: Children 08 00783 g001 550] 





Figure 1. Proposed Mechanism of PVS Recurrence. Schematic outlining a potential mechanism by which aspiration and male sex lead to PVS recurrence. 
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Table 1. Demographics for 2-Ventricle Patients.
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Poor Treatment Response (n = 19)

	
Good Treatment Response (n = 50)

	
p Value






	
Male Sex

	
14 (74%)

	
20 (40%)

	
0.016 *




	
Premature

	
11 (58%)

	
21 (43%)

	
0.29




	
Genetic Syndrome

	
4 (21%)

	
14 (28%)

	
0.76




	
Presence of CHD

	

	

	
0.40




	
None

	
4 (21%)

	
4 (8%)




	
ASD/VSD/AVSD/PDA

	
8 (42%)

	
18 (36%)




	
TAPVC/PAPVC

	
3 (16%)

	
11 (22%)




	
All others

	
4 (21%)

	
17 (34%)




	
Pulmonary Venous Connections

	

	

	
0.28




	
Normal

	
15 (79%)

	
32 (64%)




	
PAPVC

	
0 (0%)

	
7 (14%)




	
TAPVC

	
4 (21%)

	
11 (22%)




	
Bilateral Disease at Diagnosis

	
17 (89%)

	
42 (84%)

	
0.72




	
Lung Disease

	
15 (79%)

	
29 (58%)

	
0.16




	
Age at Start of Treatment (years)

	
0.8 (0.2, 2.0)

	
0.6 (0.2, 4.3)

	
0.97




	
PA/Ao Systolic Ratio at Start of Treatment

	
1.0 (0.4, 2.0)

	
0.7 (0.4, 2.1)

	
0.059




	
Clinically Significant Aspiration

	
14 (74%)

	
17 (34%)

	
0.006 *








Values shown are either number (percent) or median (interquartile range). Abbreviations: CHD, congenital heart disease; ASD, atrial septal defect; VSD, ventricular septal defect; AVSD, atrioventricular septal defect; PDA, patent ductus arteriosus; TAPVC, total anomalous pulmonary venous connection; PAPVC, partial anomalous pulmonary venous connection; PA, pulmonary artery; Ao, aorta. * p < 0.05.
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Table 2. Unadjusted Model.
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	Odds Ratio
	95% Confidence Interval
	p Value





	Clinically Significant Aspiration
	5.44
	(1.68, 17.6)
	0.005 *







* p < 0.05.
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Table 3. Multivariable Model.
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	Odds Ratio
	95% Confidence Interval
	p Value





	Clinically Significant Aspiration
	4.85
	(1.37, 17.2)
	0.014 *



	Age at Start of Treatment (years)
	1.39
	(0.50, 3.92)
	0.53



	Male Sex
	3.67
	(1.04, 12.9)
	0.043 *



	Bilateral Disease at Diagnosis
	1.48
	(0.23, 9.50)
	0.68



	Lung Disease
	1.84
	(0.47, 7.26)
	0.38







* p < 0.05.
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Table 4. Individual Treatment Outcomes for 2-Ventricle Patients.
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Patients Who

Aspirate (n = 31)

	
Patients Who Do Not Aspirate (n = 38)

	
p Value






	
Lung Disease

	
24 (77%)

	
20 (53%)

	
0.045 *




	
Frequency of Interventions after 12 mo of Imatinib Mesylate

	

	

	
0.012 *




	
≤12 weeks

	
4 (13%)

	
2 (5%)




	
>12 weeks

	
20 (65%)

	
35 (92%)




	
Not reported

	
7 (23%)

	
1 (3%)




	
Use of Bevacizumab

	

	

	
0.009 *




	
Received at Initial Treatment

	
7 (23%)

	
3 (8%)




	
Added during first 12 mo of Imatinib

	
6 (19%)

	
1 (3%)




	
None

	
18 (58%)

	
34 (89%)




	
Listed for Lung Transplant during first 12 mo of Imatinib Mesylate

	
7 (23%)

	
2 (5%)

	
0.068




	
Underwent Lung Transplant during first 12 mo of Imatinib Mesylate

	
4 (13%)

	
1 (3%)

	
0.17




	
Alive after 12 mo of Imatinib Mesylate

	
25 (81%)

	
37 (97%)

	
0.040 *




	
Poor Response to Therapy

	
14 (45%)

	
5 (13%)

	
0.006 *








Values shown are number (percent). * p < 0.05.
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Table 5. Individual Aspiration Variables for 2-Ventricle Patients.
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	Poor Treatment Response (n = 19)
	Good Treatment Response (n = 50)
	p Value





	Aspiration by SLP Evaluation
	9 (47%)
	9 (18%)
	0.029 *



	Aspiration by VFSS
	8 (42%)
	8 (16%)
	0.030 *



	Intractable Feeding Intolerance Requiring Post-Pyloric Feeds
	11 (58%)
	9 (18%)
	0.002 *







Values shown are number (percent). Abbreviations: SLP, speech language pathology; VFSS, videofluoroscopic swallow study. * p < 0.05.
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