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Whole lung lavage in infants and children with pulmonary alveolar proteinosis
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Background: Pulmonary alveolar proteinosis (PAP) is a rare alveolar filling syndrome where the mainstay of treatment is therapeutic whole lung lavage (WLL). WLL techniques used in adults have to be modified for children due to their small diameter airways.

Aim: To describe a technique for WLL adapted for small children Methods: We describe a WLL technique which combines safe single lung ventilation with the use of an ageappropriate endotracheal tube and selective occlusion of the other main bronchus with a balloon catheter through which the lavage is performed. Effectiveness measured by change in oxygen requirements and adverse effects were noted.

Results: We performed 64 WLL procedures in 4 children (age 13 months to 7 years; body weight 4.7 to 14 kg).

Two children had idiopathic and 2 had secondary PAP. At referral all children had dyspnoea at rest and required continuous oxygen supplemention. Two patients showed significantly decreased oxygen demands and radiological improvement after WLL. Two patients showed no significant response. The only adverse effect observed was transient hypoxemia. Complications comprised fluid leak at the balloon (4), balloon rupture (1) and pneumothorax (1).

Conclusion:

This technique for WLL combining single lung ventilation with an endotracheal tube and lung exclusion for lavage with a balloon catheter can be safely and effectively performed in small children with PAP.

Regarding etiology, PAP is categorized into acquired, congenital, and secondary forms (2). Every age group from neonates to adults may be affected. The mainstay of treatment in symptomatic cases is therapeutic whole lung lavage (WLL).

In adult patients, WLL using a double-lumen tube is regarded as standard treatment [START_REF] Michaud | Whole-lung lavage for pulmonary alveolar proteinosis[END_REF]. For pediatric purposes, double-lumen endotracheal tubes are available but only down to a size of 26.0 Fr. This rarely fits a child under the age of 8 years.

Therefore, in pediatric patients several alternative techniques for WLL have been proposed ranging from endobronchial intubation combined with mask ventilation (4) to ECMO [START_REF] Mahut | Partial and massive lung lavages in an infant with severe pulmonary alveolar proteinosis[END_REF][START_REF] Mazyck | Pulmonary lavage for childhood pulmonary alveolar proteinosis[END_REF] and partial liquid ventilation [START_REF] Tsai | Liquid ventilation in an infant with pulmonary alveolar proteinosis[END_REF].

Recently, a technique using two endotracheal tubes in a 2 year old child has been described [START_REF] Pacquet | Technique of lung isolation for whole lung lavage in a child with pulmonary alveolar proteinosis[END_REF].

In an early report the use of an endobronchial balloon catheter for WLL introduced over a ventilating rigid bronchoscope has been described [START_REF] Moazam | Total lung lavage for pulmonary alveolar proteinosis in an infant without the use of cardiopulmonary bypass[END_REF]. We report a WLL technique which combines selective occlusion of a main bronchus with a balloon catheter through which the lavage is performed and single lung ventilation with the use of an age-appropriate endotracheal tube. We have successfully applied this procedure in four small children with severe hypoxemic respiratory failure due to PAP. We propose that this technique can safely be performed even in the smallest age group including newborns. Technique: Under general anesthesia the children were intubated with an age-appropriate cuffed endotracheal tube (ID 4.0 to 5.0 mm). Supine positioning was used during lavage. A second generation cephalosporin was given for antibiotic prophylaxis. Flexible bronchoscopy was performed to exclude lesions in the main bronchi. A balloon wedge pressure catheter (Arrow Inc., Reading, USA) sized 5 to 7 Fr was introduced into a main stem bronchus through the endotracheal tube using a tight-fitting swivel adapter (figures 1 and 2). Maximum flows through the 5 Fr catheter according to the manufacturer are 5 ml/sec and 6 ml/sec with 6 and 7 Fr catheters, respectively. Under continuous visual control using a flexible bronchoscope (Olympus BFN20, outer diameter: 1.8 mm; Olympus Medical, Japan) introduced together with the catheter the balloon was inflated until a tight fit was achieved. Balloon pressures were not measured. A trial using 1 ml/kg b.w. of warmed normal saline applied through the catheter was performed to test for a leak around the catheter balloon. Care was taken to keep a distance of at least a few millimetres between the balloon and the tracheal carina as during lavage the catheter tends to move proximally. If injecting or withdrawing of the saline met with high resistance such as caused by abutting of the tip, the catheter was repositioned. Normal saline warmed to body temperature was used as lavage fluid. A 50ml syringe was used by hand to inject and withdraw lavage fluid. At the start of the procedure small lavage portions of about 2 ml/kg were injected which were increased to a mean of 11 ml/kg (max. 17 ml/kg) under continuous observation of the balloon. Usually complete filling of the lung was indicated by slight proximal movement of the catheter balloon. With this finding no further increase in single lavage volumes was attempted. As an additional safety measure we continuously measured the pressure in the lavaged bronchial system by a water column technique. A vertically placed infusion line filled with sterile saline was connected via a three-way stopcock to the balloon catheter lumen. The line was opened to atmospheric pressure at the upper end. The height of the column relative to the midaxillary line was read during lung filling. An upper limit of 40 cm H2O was defined for the whole procedure. The lavage was terminated when the recovered fluid remained clear.

Anesthesia technique:

Total intravenous anesthesia with propofol, a muscle relaxant (vecuronium or atracurium) and fentanyl was Servo 300 ventilator (Maquet, Rastatt, Germany) was used. Because of the underlying restrictive lung disease and the high degree of artificial airway resistance created by introducing a catheter and a flexible bronchoscope through the endotracheal tube high inspiratory pressures were anticipated. Typically a pressure-controlled, high PEEP (8 to 14 cm H2O), low frequency strategy (to allow full expiration) was applied. Tidal volumes of 8 to 10 ml/kg b.w. were aimed for and hypercapnia up to 80 mmHg was tolerated.

Results:

We performed a total of 64 lavages. In 6 sessions both lungs were lavaged sequentially. In the other cases the interval between single lung lavages was 1 to 16 days (mean 2.9).

Total lavage volumes used were 0.3 to 8.6 liters (mean 3.5 l) equalling 35 to 610 ml/kg (mean 306 ml/kg). At the end of the procedure 0 to 474 ml (mean 124 ml) of lavage fluid could not be recovered and remained in the lung.

The length of the procedure was 1 to 5.8 hours (mean 2.49 hrs).

Clinical results: A good clinical response was obtained in 2 patients indicated by decreased oxygen demand and radiological improvement. Two patients showed no significant response. Three patients are alive after a maximum observation period of 2.8 years. One patient died of complications unrelated to the WLL procedure after lung transplantation (table 1).

Complications:

We did not encounter catheter obstruction due to thick secretions although our technique of manual aspiration was strenuous in the initial phases of a WLL procedure when the lavaged fluid is most tenacious.

The mean lowest oxygen saturation during the procedure was 86% (range 53% to 100%). Oxygen saturation values below 70% only occurred in the sickest patients for short periods of time and never led to hemodynamic compromise or discernible neurological sequelae. Desaturation episodes were correlated to the phase of the lavage: there often was a time period of desaturation immediately after excluding a lung from ventilation which Pressure lesions in the main stem bronchi were not encountered in follow-up bronchoscopies which were performed immediately before the next WLL procedure respectively. In the patients with only one WLL no bronchoscopic follow-up was performed. No infectious complications were encountered. No procedure was terminated because of complications.

Discussion:

In spite of progress in elucidating pathogenetic mechanisms in some forms of pulmonary alveolar proteinosis, WLL remains the standard therapeutic procedure in PAP associated with severe hypoxemia regardless of age and cause. We describe a technique of WLL which can safely be applied in infants and small children using a standard endotracheal tube and a balloon catheter. This technique allows controlled ventilation, permanent observation for fluid leaks and the opportunity to immediately deal with complications like balloon dislocation.

Both lungs can be lavaged in one procedure. We also demonstrate the safety and effectiveness in a series of 64 procedures. In adult patients with PAP, WLL using a double-lumen tube is regarded as standard technique [START_REF] Michaud | Whole-lung lavage for pulmonary alveolar proteinosis[END_REF]. The procedure has significant risks as the lavaged lung has to be temporarily excluded from ventilation. Lavage volumes up to 60 liters per lung of warmed saline have to be used [START_REF] Perez | Enhanced alveolar clearance with chest percussion therapy and positional changes during whole-lung lavage for alveolar proteinosis[END_REF]. Double-lumen endotracheal tubes are not available for infants and small children due to their small airways.

Another approach used in adults consists of performing a lobar lavage which can be done with a flexible bronchoscope introduced through an endotracheal tube. A modified bronchoscope armed with a distal inflatable cuff has been used for that purpose [START_REF] Brach | Alveolar proteinosis: lobar lavage by fiberoptic bronchoscopic technique[END_REF]. Another group has reported a sequential lobar lavage technique [START_REF] Cheng | Pulmonary alveolar proteinosis. Treatment by bronchofiberscopic lobar lavage[END_REF].

The use of a flexible bronchoscope for lavage in children is constrained by small-diameter suction channels with high resistance. Suctioning of the highly viscous lipoproteinaceous fluid found in PAP is very cumbersome and may obstruct the working channel. Nevertheless this technique in conjunction with a tracheostoma to secure the airway during the procedures has been reported in small infants [START_REF] Griese | Respiratory disease in Niemann-Pick type C2 is caused by pulmonary alveolar proteinosis[END_REF].

In order to allow sufficient ventilation, only small diameter bronchoscopes can be introduced through the endotracheal tube in children. Using mask ventilation would allow to introduce larger flexible endoscopes but entails significant risks in a lengthy procedure like WLL. High ventilation pressures including PEEP cannot safely be maintained and airway control is limited. Moreover, fluid leaks through incomplete wedging of the endoscope are difficult to deal with when mask ventilation is used. Therefore, in pediatric patients several alternative techniques for WLL have been proposed ranging from endobronchial intubation combined with mask ventilation (4) to partial liquid ventilation [START_REF] Tsai | Liquid ventilation in an infant with pulmonary alveolar proteinosis[END_REF].

As the majority of children with PAP are in severe hypoxemic respiratory failure ECMO has to be considered to perform WLL safely [START_REF] Mahut | Partial and massive lung lavages in an infant with severe pulmonary alveolar proteinosis[END_REF][START_REF] Mazyck | Pulmonary lavage for childhood pulmonary alveolar proteinosis[END_REF]. This is still a quite invasive procedure with significant adverse effects. Furthermore, most children with PAP require multiple WLL over the course of their disease which obligates alternative techniques.

Recently, a technique using two endotracheal tubes was reported in a 2 year old child [START_REF] Pacquet | Technique of lung isolation for whole lung lavage in a child with pulmonary alveolar proteinosis[END_REF]. Placing two tubes in a small child may not always be straightforward and much care has to be taken not to injure the laryngeal structures. In addition this technique is not applicable in infants due to their small laryngeal diameter. In an early report, the use of a Swan-Ganz catheter for massive lavage introduced through a rigid bronchoscope which was used for ventilation was reported [START_REF] Moazam | Total lung lavage for pulmonary alveolar proteinosis in an infant without the use of cardiopulmonary bypass[END_REF]. We have modified this technique to allow for longer procedure times without the risks of tracheal trauma induced by a rigid bronchoscope placed in the trachea for a prolonged period of time. Additionally, a more rigid control of ventilation could be achieved by using an endotracheal tube with cuff.

Our treatment was effective as 2 out of 4 patients experienced significant improvement of oxygenation after WLL which lasted for several weeks. Radiological short term improvement could be demonstrated. Two patients did not respond. Both did not have isolated PAP, one having a biopsy diagnosis of lipoid pneumonitis and one having a multisystem-disease which probably was a mitochondrial disease. Therefore, secondary forms of PAP may respond differently to WLL with less effect than primary forms although we cannot draw firm conclusions due to our small case numbers.

In our experience, the ratio of benefit versus adverse effects was acceptable when considering the severity of the childrens´ respiratory illness before the procedure. Significant adverse effects were confined to hypoxemia, one case of balloon rupture and one case of pneumothorax each without major sequelae. Airway perforation by the use of a Seldinger technique for catheter positioning caused the pneumothorax. By abandoning the use of a wire guide the procedure may have become even safer. Hypoxemic episodes were transient and did not lead to persistent sequelae. We did not encounter pleural fluid collections which have been reported. Monitoring of intrabronchial pressures in the lavaged part of the lung by the water column technique we used may have a role in averting this adverse effect. We did not encounter mucosal pressure lesions in the main stem bronchi corresponding to the site of catheter balloon position during earlier procedures although we did not measure balloon inflation pressure. Nevertheless bronchial strictures may be a conceivable and severe adverse effect of prolonged balloon pressure on the bronchial mucosa. Therefore, routine endoscopy follow-up is advisable.

In a high-risk procedure such as WLL a sophisticated ventilation strategy and close collaboration with the anaesthesiologist are essential. In our experience a high PEEP, low frequency mode of ventilation leads to sufficient oxygenation even with positive lavage fluid balances. To compensate for the high artificial airway resistance (caused by introducing an endoscope and a balloon catheter into the endotracheal tube) high peak inspiratory pressures are required which may be reduced by accepting a moderate degree of hypercapnia. In adult patients manual percussion physiotherapy during WLL increases the efficiency of the procedure [START_REF] Perez | Enhanced alveolar clearance with chest percussion therapy and positional changes during whole-lung lavage for alveolar proteinosis[END_REF]. In children dislocation of the balloon catheter into the trachea is a matter of millimeters due to the short length of the main stem bronchi. We initially used external percussion but abandoned it after this led to balloon dislocation in one patient.

In a study in adult patients with PAP change of positioning from supine to prone during WLL was suggested to yield better efficiency [START_REF] Perez | Enhanced alveolar clearance with chest percussion therapy and positional changes during whole-lung lavage for alveolar proteinosis[END_REF]. We did not carry out a systematic CT study to verify if preferentially nondependent lung regions are reached by WLL in the supine position. In one of our patients in whom a lung CT was done after WLL both dependent and nondependent regions appeared to be effectively cleared. This could be due to the significantly diminished pressure gradient in children compared to adults due to the smaller thoracic diameter. Another reason we did not use prone positioning was the perceived risk of balloon dislocation during position change.

Our technique may be further improved by the use of larger diameter catheters which could significantly shorten the procedure due to lower flow resistance. Additionally, cuff pressure monitoring may reduce the risk of bronchial pressure lesions which may be caused by the high pressure of the catheter balloon exerted on the bronchial mucosa.

In conclusion, we describe a technique of whole lung lavage adapted for infants and children which we performed without major adverse effects except one case of pneumothorax even in children with severe hypoxemic respiratory failure caused by pulmonary alveolar proteinosis. 

  proteinosis (PAP) is a rare disorder characterized by progressive hypoxemic respiratory failure due to the accumulation of lipoproteinaceous material in alveoli. Either production of abnormal surfactant proteins or decreased surfactant metabolism have been identified as possible pathogenetic mechanisms (1,2).

  have performed 64 WLL procedures in 4 children (see table1for clinical details). Further details of two patients have been described previously (10). Age at start of treatment was 13 months, 16 months, 20 months and 7 years; body weight ranged from 4.7 to 14 kg. At referral all children had dyspnoea at rest and required continuous oxygen supplement. The diagnosis of PAP rested on typical clinical and radiological signs as well as a lung biopsy in all cases. Infectious, autoimmune and malignant etiologies were excluded by in all children.

  used. Care was taken to ensure complete muscle relaxation during the whole procedure by the use of a peripheral nerve stimulator (Innervator NS 252, Fisher & Paykel, Auckland, New Zealand). For mechanical ventilation a

  several minutes. Afterwards in the sickest patients saturations were higher with a saline-filled lung compared to the withdrawal phase.By aiming at tidal volumes of 8 to 10 ml/kg b.w. we did not encounter pCO 2 -values exceeding 80 mmHg measured by capillary blood gases. Peak inspiratory pressures were widely divergent among patients and subsequent procedures in individual patients according to their lung function and ranged between 25 and 40 cmH 2 O.External percussion was initially used but abandoned after this led to balloon dislocation in one patient. In 4 sessions a leak occurred around the catheter balloon which could be corrected by additional inflation. On one occasion the balloon ruptured and lavage fluid reached the ventilated lung leading to transient ventilation problems. In one patient only a partial lavage (defined by termination before the recovery fluid completely cleared) could be performed because of severe respiratory instability requiring high ventilation pressures at the onset. In this patient, the balloon catheter was placed by using a wire guide (Cook Inc., Bloomington, USA) which led to pneumothorax. This was immediately drained and the procedure was continued. Afterwards we abandoned the use of a Seldinger technique for placing the balloon catheter.

Figure 1 and 2 .

 2 Figure 1 and 2. Technical setting: by means of a swivel tube adapter a balloon catheter and ultrathin flexible endoscope are introduced via a standard endotracheal tube into the left main stem bronchus and distal trachea respectively. The endoscope is used to control for position and leak tightness of the balloon catheter throughout the lavage of the left lung. For sequential lavage, the balloon catheter is positioned in the right main stem bronchus after completion of the left lung lavage. The swivel adapter is connected to ventilator tubing. 102x80mm (300 x 300 DPI)

  

Table 1 .

 1 Clinical patient data.

	Patients Diagnosis	Age	Number of	Age at	Endotracheal	Supplemental	Supplemental	Outcome
			at start	procedures	last	tube size/	oxygen	oxygen	
			of		WLL	bronchial	before WLL	after WLL	
			WLL			catheter size			
						(Fr)			
	Pt 1	Idiopathic PAP	20 m	24	31 m	4.5 to 5.0 /	6-10 l/min	2-3 l/min	needs WLL every
									3 -6 weeks
						6 Fr			
	Pt 2	Idiopathic PAP	16 m	38	42 m	4.5 to 5.0 /	6 l/min	2-4 l/min	stable on
									immunosuppression
						5 to 7 Fr			(developed chronic
									interstitial
									pneumonitis)
	Pt 3	Idiopathic lipoid	7 y	1	7 y	5.0 /	6 l/min	6 l/min	lung transplantation,
		pneumonitis							died
						6 Fr			
	Pt 4	Multisystem	13 m	1	13 m	4.0 /	2 l/min	2 l/min	stable
		disease,							
		probable				5 Fr			
		mitochondriopathy