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Abstract: Introduction: Pulmonary hemorrhage (PHm) is a life-threatening complication that can occur after catheter-based interventions in patients with pulmonary vein stenosis (PVS). Inhaled racemic epinephrine (iRE) and tranexamic acid (iTXA) have been used in other conditions, but a standardized approach in PVS has not been described. We aimed to describe the current management of PHm after PVS catheter-based interventions. Methods: We present a retrospective review of episodes of PHm from July 2022 to February 2024. PHm was defined as frank blood suctioned from the endotracheal tube including blood-tinged secretions and >3% decrease in saturations and/or ventilatory changes with or without acute chest X-ray changes. Each individual episode of PHm was considered a separate event. Incidence was calculated based on the total number of PVS interventions during the study period. Results: Eleven episodes of PHm were identified out of 108 PVS interventions, resulting in an incidence of 10.2%. Five (45.5%) had primary PVS, and seven (63.6%) had bilateral PVS. The median age at PHm was 23 months (3–91 months). Four episodes were treated with iRE, five with both iRE and iTXA, and two with only iTXA due to a history of suprasystemic right ventricular pressures. Median time on mechanical ventilation after PHm was 24 h (15–72 h) and a median ICU stay of 2 days (1–8 days). Hemostasis was achieved in all events. There were no adverse events after iTXA, however, transient hypertension was observed after iRE which was dose-related. Conclusions: The implementation of a standardized protocol for the treatment of PHm in PVS has the potential to improve procedural planning, has a wider availability of medications, and greater awareness by the providers involved, possibly leading to earlier detection of PHm and appropriate treatment.
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Nomenclature



	PVS
	Pulmonary Vein Stenosis



	PHm
	Pulmonary Hemorrhage



	iRE
	Inhaled Racemic Epinephrine



	iTXA
	Inhaled Tranexamic Acid



	PEEP
	Positive End Expiratory Pressure



	ETT
	Endotracheal Tube





1  Introduction

Pulmonary hemorrhage (PHm) is a life-threatening complication that can occur in a wide variety of conditions [1]. Patients with pulmonary vein stenosis (PVS) usually warrant recurrent transcatheter interventions for balloon or stent angioplasty, with a higher risk of procedural complications [2–4]. In addition to the intrinsic endothelial disorder that characterizes these patients, the need for recurrent interventions with drug-eluting stents, cutting balloons, and progressive balloon dilation of previously placed stents poses a significant risk for the development of PHm during these procedures [5–7]. Besides the risk of direct vascular injury, these patients may have an associated interstitial or parenchymal issue, to a different degree depending on the mechanism of PVS, that may contribute to the chronic state of pulmonary arterial and venous hypertension [5]. Chronically elevated pulmonary vascular pressures, or an acute change in the capillary hydrostatic pressures, may result in higher capillary wall stress resulting in PHm [8]. Moreover, the acute change in the distribution of flow after intervening on stenosed pulmonary veins, in the context of elevated intravascular pressures, contributes to the additional risk of acute reperfusion injury resulting in PHm. For this reason, prompt identification of PHm and initiation of the appropriate therapy is crucial to decrease post-procedural risks in this complex patient population.

There are several pharmacologic strategies used in the management of PHm in other conditions, however, a specific therapy in the context of PVS catheter-based interventions has not been described. Current treatment strategies in other conditions include inhaled or endotracheal administration of tranexamic acid (iTXA) [9–11]. iTXA is a lysine analog that acts by blocking the conversion of plasminogen to plasmin, preventing plasmin from binding to fibrin which results in a more stable fibrin matrix [10,11]. iTXA has been used in the treatment of hemoptysis in adults, as well as in children after congenital heart surgery, trauma or neurosurgery [9].

Direct endotracheal administration of epinephrine has been used to control acute bleeding during bronchospcopic interventions or acute PHm due to pulmonary vascular malformations [12,13]. On the other hand, the use of inhaled racemic epinephrine (iRE) in children has traditionally been linked to the management of acute upper respiratory infections through the sympathomimetic vasoconstriction effect of epinephrine to reduce airway edema [14]. Due to the fast availability of iRE, the relatively low cost when compared to iTXA and the alveolar-capillary vasoconstriction in the context of PHm is thought to offer direct control of the source of bleeding, however, with limited reports in neonatal PHm and no reports in PVS [15–17]. Finally, a transient increase in positive end-expiratory pressure (PEEP) has also been described as adjuvant therapy in acute PHm, especially in critically ill patients both in pediatric and neonatal populations [16,18].

With this in mind and considering the lack of evidence in the management of PHm in PVS interventions, in the last two years our center has implemented a standardized protocol for the management of PHm with iRE and/or iTXA. Our aim was to describe the current management of PHm in patients after PVS catheter-based interventions.

2  Methods

2.1 Patients

We reviewed a retrospective cohort of patients with the following inclusion criteria: at least one episode of PHm that were treated with iRE and/or iTXA at Children’s Hospital Colorado from July 2022 to February 2024. PHm was defined as frank blood suctioned from the endotracheal tube (ETT) during the case, including blood-tinged secretions, angiographic or fluoroscopic evidence of extravasated blood in the lung parenchyma or to the airway +/− one or more of the following: (1) >3% decrease in saturations, (2) acute ventilatory changes or (3) acute localized chest X-ray changes. No exclusion criteria were considered. The retrospective review was approved by our institutional review board (Colorado Multiple Institutional Review Board #20-2811). As it was a retrospective review, no individual patient consent was sought.

2.2 Institutional Protocol

The following standardized institutional protocol has been implemented since 2022 for the management of acute PHm in patients with PVS undergoing catheterization procedures using iRE and iTXA. All patients are presented weekly prior to the scheduled procedure in a multidisciplinary case conference discussion. At this point, the team decides if each patient qualifies for iRE or iTXA in the case of PHm. If the patient is planning to undergo a bronchoscopy prior to the catheterization procedure, pulmonary/ENT is included in the discussion.

iTXA needs to be ordered at least one hour prior to the procedure so it is available in case of a PHm event. Racemic epinephrine has been stocked in the catheterization laboratory since this protocol was implemented. This process might vary between institutions. Additionally, the drug of choice is mentioned during routine time-out before the procedure. At our institution, all patient’s PVS interventions are conducted under general anesthesia with ETT.

Fig. 1A shows the current algorithm for managing acute PHm. In case of a focal injury that needs bronchoscopy for bleeding control, epinephrine through the ETT should be administered at a dose of 2 mL (two aliquots of 0.1 mg/mL). In the case of PHm without focal injury, iRE should be administered at a dose of 0.05 to 0.1 mL/kg diluted in normal saline (see dosing chart, Fig. 1B). This can be repeated every 20 min, up to two doses. In the absence of adequate control, inhaled iTXA should be considered (≤25 kg 250 mg, ≥25 kg 500 mg). In both cases, the Aerogen® Nebulizer system and ETT adapter are used. If the patient has systemic or suprasystemic right ventricular (RV) pressure, moderately or severely depressed right or left ventricular function, has a history of untreated arrhythmias, or is currently receiving inotropic therapy, iTXA should be used as the first measure for bleeding control. A dosing chart is readily available in the catheterization suite for anesthesia to refer to as needed (Fig. 1B).

[image: images]

Figure 1: (A). Management of acute pulmonary hemorrhage in pulmonary vein stenosis (PVS). ##: 1) Patients with a history of arrhythmias currently on medications (controlled or uncontrolled). Patients with a history of arrhythmias, on no medications currently and without breakthrough arrhythmias in the last 2 years should not be included in this contraindication. RV: right ventricle, LV: left ventricle, TXA: tranexamic acid, NS: normal saline, CICU: cardiac intensive care unit. (B). Dosing Chart Available in the Catheterization Suite. RE: racemic epinephrine, NS: normal saline, TXA: tranexamic acid. *Dosing for racemic epinephrine should be based in ideal body weight to decrease the risk of adverse effects

It is important to note that as part of the general PVS protocol, a complete blood count is routinely performed prior to the procedure in order to rule out the presence of significant anemia or thrombocytopenia. Anemia is proactively treated as part of our multidisciplinary approach, and hematocrit is monitored intra-procedurally in case an acute change is noticed. Additionally, sirolimus levels are continuously checked during the overall follow-up of PVS patients within our program, as well as before catheterization procedures. Finally, as per institutional protocol, all patients are routinely anticoagulated on heparin for PVS interventions to aim for an activated clotting time (ACT) >250 s. ACT is subsequently checked every 15 min until an ACT of 250 s is reached, then every 30 min.

2.3 Statistical Analysis

Each individual episode of PHm was treated as a separate event. To calculate the incidence of PHm, events of PHm during catheter-based procedures for PVS were recorded in relation to the total number of catheter-based PVS interventions performed during the study period. Descriptive statistics of the cohort were analyzed using IBM SPSS v29 (Chicago, IL, USA). Data was tested for normality with a Shapiro-Wilk test. Non-parametric distribution was considered, thus, measures of central tendency for continuous variables are reported as median and range and categorical variables as absolute numbers and percentages.

3  Results

During the study period, eleven episodes of PHm were identified, for an incidence of 10.2% (11 episodes out of 108 PVS catheterization procedures in a total of 36 patients). Demographic and clinical characteristics of patients with PHm are presented in Table 1. Of these, six were female (54.5%), four had a history of prematurity, and 5 (45.5%) had primary PVS without underlying anomalous pulmonary venous return. Two patients had a repeated episode of PHm. Overall, the median gestational age was 37 weeks (range 25–39 weeks) and birth weight ranged from 400 to 4554 grams (median 2690 grams). The median age at PVS diagnosis was 2.5 months (range 1–4 months). Pulmonary arterial hypertension was present in 6 patients (54.5%). Only one patient had single vessel disease, seven (63.6%) had bilateral disease and five (45.5%) had four vessel disease. Five patients were receiving systemic sirolimus at the time of the bleeding episode.
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The median age at bleeding was 23 months (range 3–91 months). Four out of the eleven episodes were treated with only iRE, five with both iRE and iTXA, and two were treated only with iTXA due to a history of suprasystemic RV pressure. Cutting balloons had been used in five patients (45.5%) at the location of the bleed.

In terms of the hemodynamics at the time of PHm episode, the median left atrial pressure was 7 mmHg (range 4–12 mmHg). The median RV systolic pressure was 45.6 mmHg (range 23–75 mmHg), and four patients had an RV pressure that was more than 60% of the systemic pressure (from 67.6% to 125%). The mean pulmonary artery (PA) pressure ranged from 15–55 mmHg (median 26 mmHg) and the pulmonary vascular resistance ranged from 3–13 mmHg (median 5.7 mmHg). The gradient in the veins where the PHm episode occurred ranged from 4–24 mmHg (median 11 mmHg). After intervention the decrease in gradient ranged from 2–19 mmHg (median 8 mmHg). Finally, during balloon angioplasty at the site of hemorrhage, the maximum atmosphere balloons were inflated to range from 14–40 atm (median 20 atm). The latter in the context of a high-pressure balloon for previous stent fracture. None of the events presented required a bronchoscopy for bleeding control.

Seven patients required ventilatory support after the procedure, three were extubated in a catheterization suite and one had tracheostomy with ventilator at baseline with no changes in ventilatory settings after the procedure. The median time on mechanical ventilation was 24 h (range 15–72 h). Nine patients were admitted to the ICU, with a length of stay that ranged from 1–8 days (median 2 days) and a total hospital length of stay that ranged from 1–13 days (median 2 days). Six patients had record of a transient increase in PEEP during the bleeding episode, with a median increase of 3 cmH20 (range 2–5) for a median of 4.3 h (range 0.75–11 h). No patients died during the study period.

No adverse events were observed after iTXA. However, after iRE transient systemic hypertension was observed in two patients lasting <10 min. Event #8 had a significant increase in systemic and pulmonary arterial pressures that prompted to suspend the iRE. The increase in mean pulmonary pressures was from 40 to 60 mmHg (from two thirds systemic to suprasystemic) and an increase in systemic pressure to a systolic of 101 mmHg (percentile 95 +12 mmHg for this patient). This resolved after iRE was suspended. Additionally, event #4 had a significant increase in systemic blood pressure (a systolic up to 145 mmHg, percentile 95 + 12 mmHg for this patient), which resolved without treatment. Two patients (18%) had evidence of an upper respiratory infection around the time of the PHm event. In both, symptoms became clinically evident after the procedure, in one patient, respiratory syncytial virus was identified. No arrhythmias were noted after the administration of iRE.

Fig. 2 shows the distribution of patients with PHm and the relationship of specific characteristics; from their initial diagnosis (primary PVS vs. PVS after anomalous venous return correction), the presence of bilateral or single vessel disease, an elevated RV systolic pressure, and the chosen treatment for PHm.
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Figure 2: Sankey Diagram. It shows the relationship between the episodes of pulmonary hemorrhage, the presence of primary vs. secondary pulmonary vein stenosis (PVS), the distribution of disease and an elevated right ventricular systolic pressure (RVSP) as markers of severity of disease. This, in relation to the in-hospital length of stay and the treatment that was chosen for each event. TAPVR: total anomalous venous return, PPVS: primary pulmonary vein stenosis, LoS: length of stay. TXA: tranexamic acid

4  Discussion

We present a single center-experience on the management of PHm after PVS intervention with a standardized protocol. Here we present a varied group of patients with both primary and secondary PVS. It is important to note the presence of known markers of severity in PVS that can be found in the patients that had one or more episodes of PHm, such as the presence of bilateral disease or four-vessel disease, with only one of our patients having a single vessel involved. Additionally, all but two patients had a significant number of catheter-based PVS interventions in their lifetime (ranging from 4–22). The need for more frequent interventions may suggest a higher degree of endothelial progression with more severe disease, which in turn can suggest a chronic state of pulmonary capillary hypertension and a higher propensity to bleeding episodes, as well as a higher chance for direct vascular injury during repeated balloon angioplasty [6,7,19,20]. Although a larger sample size is needed to identify specific risk factors for PHm, it appears that it is more common in patients with a more severe disease, with higher number of lifetime catheter-based interventions and bilateral disease.

This is the first report, to our knowledge, of the use of iRE and iTXA regularly in the management of acute PHm in PVS interventions. In our institution, the establishment of a specialized PVS Program in 2019 led to the creation of standardized protocols for the diagnosis and treatment of patients with PVS; from follow-up imaging to the frequency and timing of catheter-based interventions and pharmacologic treatment [3,21]. The closer these patients are followed, the sooner re-stenosis is identified which results in more frequent interventional procedures to ensure vessel patency, possibly a higher complexity of the patient population treated and a speculated higher risk of PHm during interventions. Further data is being gathered to accurately describe the results of the PVS Program in our overall PVS patient population.

The lack of current evidence for the management of PHm with iRE and iTXA specifically in PVS interventions, as well as the wide variety of conditions in which they have been used separately, makes it challenging to compare our results with those published [8,11]. Nonetheless, considering the mentioned pharmacologic mechanism of both iRE and iTXA and comparing this to the known complications of PVS interventions, the most relevant direct outcomes from this acute intervention can be summarized with the following questions: Is this intervention (1) providing adequate hemostasis, (2) impacting the duration of mechanical ventilation after intervention, and (3) impacting the need for ICU admission and prolonged in-hospital stay? In our series, all events were adequately controlled with the chosen management. Three patients were extubated after the procedure and without major chest X-ray changes, one continued their baseline home tracheostomy ventilatory settings, and seven required additional ventilatory support for a median time of 24 h. Three patients were not admitted to ICU, and those who were stayed for a median of 2 days.

The dosing for iRE used in our protocol was derived from the management of Uniform Resource Identifier (URI) and for iTXA, it was based on data regarding the management of diffuse alveolar hemorrhage [8,14]. Currently, there are no reported adverse events associated with the use of nebulized iTXA [9,11]. However, iRE comes with a theoretical risk of sympathomimetic stimulation including a potential risk for hypertension, tachycardia, or arrhythmia [14,17]. For these reasons, and as mentioned within the protocol, specific risk factors have been identified to contraindicate the use iRE to reduce these risks. This was clearly observed in two of our patients, with transient, but significant pulmonary and arterial hypertension. Additionally, the use of a modified dosing chart based on ideal body weight (Fig. 1B) has decreased the risk of this sympathomimetic effect.

Other adjuvant strategies that can provide prompt hemostasis are protamine reversal and transient increase in PEEP. Regarding the first, and given the short half-life of heparin, we have rarely encountered the need to consider protamine reversal in our population, possibly due to how closely we monitor the ACTs during the cases. Moreover, due to the complexity of these interventions and the risk of stent thrombosis in a low-flow state with relatively small stents, protamine reversal needs to be cautiously considered, which is why it is not included in our PHm protocol. Finally, the transient increase in PEEP is part of the standard management of PHm in other scenarios and is routinely performed by anesthesia and ICU specialists as part of PHm management. This adjuvant strategy as acute management of PHm is variable and the duration may depend on the patient’s ventilatory status and lung function and time until the bleed is controlled, which is outside of the scope of the protocol described in this manuscript.

The implementation of this standardized protocol has allowed for better procedural planning, wider availability of medications, and greater awareness by the providers involved, possibly leading to earlier detection of PHm and appropriate treatment. Although further evidence is needed, qualitative assessment suggests that this has permitted an improvement in overall outcomes after a PHm episode.

Limitations

The small patient population, as well as the lack of a control group, limits our capacity to directly measure the impact of the presented treatment strategy. Additionally, the implementation of this specialized protocol may carry the risk of confirmation bias with the risk of overtreating earlier stages of PHm by early identification.

5  Conclusion

Frequent interventions in patients with PVS, as well as the increasing complexity, appear to carry a higher risk of PHm. Early detection and increased awareness about PHm are recommended to improve outcomes, thus, establishing institutional standardized protocols is potentially a good way to start. However, more studies with a larger sample size are needed to directly measure the true presence and size of these associations.
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Table 1: Demographic and clinical characteristics of patients

Event Sex Age at PVS Gestational ~ Diagnosis Bilateral Four # of PVS Age at Weight at  Height
Dx (mo) age (weeks) disease  vessel interventions event event (kg) at event

disease (mo) (cm)

1 Female 2 37 TAPVR  Yes Yes 18 78 239 115

2 Female 3 25 PPVS Yes No 11 67 13.7 100

3 Female 2.5 37 PPVS No No 5 11 7.4 68

4 Female 2 38 TAPVR  Yes No 16 74 142 100

5 Female 2 37 TAPVR  Yes Yes 22 91 24.5 118

6 Male 2.5 35 PPVS No No 7 18 12.8 77

7 Female 4 27 PPVS No No 23 9.2 69.2

8 Male 2 39 TAPVR  Yes Yes 1 3 5.7 58.5

9 Male 1 38 TAPVR  Yes Yes 13 77 15 113

10 Male 2.5 35 PPVS No No 8 22 12.9 84

11 Male 2.5 38 TAPVR  Yes Yes 1 5 6.1 63

Note: TAPVR: total anomalous venous return, PPVS: primary pulmonary vein stenosis, mo: months.
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