Non-invasive ventilation in children with severe scoliosis
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Short title: Severe scoliosis and post-operative pulmonary complications

Summary.
 Objectives: After corrective for scoliosis, postoperative pulmonary complications lead to increases in morbidity, length of hospital stay and mortality. This study aimed to identify associations with such respiratory complications. 

Methods: This retrospective cohort study included all children aged ≤17 years who underwent spinal surgery for scoliosis between January 2009 and January 2012 at a quaternary paediatric hospital. Factors associated with severely compromised pulmonary function (SCPF) were established and correlations with the occurrence of postoperative pulmonary complications and length of hospital stay (LOS) were identified.

Rresults: Altogether, 133 children had corrective surgery for scoliosis, aged 12.7 (range 2-17) years at operation. Scoliosis causes were identified as: idiopathic (39.8%), neuromuscular disease (32.2%), syndrome (15.7%) and congenital (12%). Correlates with SCPF (FVC<40% predicted, n=10) included markers of sleep hypoventilation, including serum bicarbonate ≥29 mmol/L, morning pCO2 >50 mmHg (P=0.003), and overnight, episodic CO2 retention of >7 mmHg, thus an additional 8 children with SCPF were identified. Post-operative pulmonary complications were seen in 24 children (18%) and their occurrence correlated with higher Cobb angle (>90°), lower pulmonary function (FVC), higher serum bicarbonate and underlying neuromuscular disease. Amongst 18 children with SCPF, regular use of NIV pre-operatively was associated with reduced rate of post-operative pulmonary complications (P =0.02) and reduced LOS by 6.4 days (P =0.01). 

Conclusion: Nocturnal hypoventilation identifies children with SCPF. Use of NIV in children with SCPF was linked to fewer post-operative pulmonary complications and reduced duration of hospital stay.
 Keywords: Ventilation ; Pulmonary complications ; Scoliosis ; Polysomnography.

INTRODCUTION
The most common sequela of scoliosis is progressive pulmonary restriction leading to impaired pulmonary function.1 This contributes to pulmonary complications being the most common postoperative problem for patients undergoing corrective scoliosis surgery, particularly in patients with neuromuscular conditions.2,3,4 An FVC value less than 40% predicted indicates severe respiratory compromise that carries a high risk of postoperative pulmonary complications.5,3 
However, many paediatric patients with neurological disabilities are unable to perform Pulmonary Function Testing (PFTs) making the preoperative evaluation of these patients challenging. We postulated that evaluation of ventilation during sleep would offer the possibility of early detection of respiratory dysfunction as sleep disordered breathing is seen in patients with predicted vital capacity <60% and ventilation is further impaired as pulmonary function deteriorates.6 The most common sleep abnormality associated with scoliosis is hypoventilation,7 due to the chest wall deformity with further reduction in neural drive of the diaphragm during sleep times.8 Although severe scoliosis is linked to respiratory failure and sleep disordered breathing,9,7 one previous study did not find that infant pulmonary function testing or PSG were predictive of the need for prolonged post-operative mechanical ventilation in young patients undergoing scoliosis surgery.10 

In adult patients, there is evidence that “prophylactic” NIV support can provide benefits when it is provided in the immediate postoperative period. For example, Continuous Positive Airway Pressure (CPAP) postoperatively can maintain functional residual capacity at preoperative values,11 improve oxygenation post operatively ,12 and reduce the rate of atelectasis.13 Prophylactic use of non-invasive positive pressure ventilation (NPPV), for adults undergoing lung resection has also been shown to reduce postoperative pulmonary function dysfunction and shorten the hospital stay.14 Furthermore, Almenrader et al evaluated the need for routine postoperative ventilation among children with non-idiopathic scoliosis and found that two children with low FVC (18%,10%) who were on home nocturnal non-invasive positive pressure ventilation, did not require intubation.15 However, we found no studies using prophylactic NIV in children, nor prior to the development of daytime respiratory failure.
MATERIALS AND METHODS
Study design and variables collected

This retrospective cohort study was conducted at The Children’s Hospital at Westmead (CHW) in Sydney, NSW, Australia. Subjects were selected if they were aged ≤17 years, had scoliosis, and underwent corrective spinal surgery between January 2009 and January 2012. All patients had a preoperative evaluation of their respiratory status and fitness for surgery and all procedures were performed by one of three surgeons. Postoperative pain management and physiotherapy were provided to all patients by a specialist pain management and physiotherapy teams. 

Variables collected preoperatively 
Age at time of surgery, gender, diagnosis, venous blood gas values, pulmonary function testing parameters : (FVC, FEV1 and FVC/FEV1 ratio) expressed as percentage relative to the predicted value, curve magnitude (Cobb angle), overnight oxygen saturation (SaO2) and overnight transcutaneous carbon dioxide (TcpCO2) monitoring values with baseline and nadir oxygen values, baseline and maximum CO2 values, acute CO2 retention (measured as the difference between the peak transcutaneous CO2 and baseline CO2), and use of non-invasive ventilation (BiLevel). Polysomnographic (PSG) parameters that were included when available include: Apnoea Hypopnoea index (AHI) reflecting the total number of respiratory events per hour of sleep, and Obstructive Apnoea/Hypopnoea Index (OAHI) reflecting the total obstructive events per hour,
Variables collected postoperatively 
Blood gas values, serum blood bicarbonate (HCO3) value, curve magnitude (Cobb angle), type of procedure, paediatric intensive care unit (PICU) stay and length of hospital stay (LOS), date of extubation, NIV use and duration of use, pulmonary complications (pneumothorax, pneumonia, pleural effusion, atelectasis and acute respiratory failure), and other complications related to the surgery (wound infection, neurological complications) and deaths.

Pulmonary Function testing

Children who were able to perform PFT (n=100 or 75.2%) were tested in the pulmonary laboratory at the CHW. Pulmonary function measurements included FEV1 and FVC using a spirometer (Sensormedics 2000, Yorba Linda, CA). The calibration and performance of pulmonary function tests complied with American Thoracic Society Guidelines. 16 For this study we divided the participants into four groups according to the FVC: 1) Normal (FVC ≥80% predicted), 2) Mild restrictive pulmonary impairment (FVC ≥60% predicted, ≤80% predicted), 3) Moderate (FVC ≥40% predicted, ≤60% predicted and 4) Severe (FVC <40% predicted). 

Sleep studies

Participants unable to perform PFT because of neurological disorder or physical disability, and who were suspected to have pulmonary impairment, had a sleep evaluation either by performing an overnight SaO2- TcpCO2 screening test, or PSG in the sleep unit at CHW. PSG included sleep staging, respiratory events and ventilation. Sleep staging was monitored from four EEG leads (two each placed at central and occipital points) for electroencephalogram (EEG), bilateral electro-oculogram (EOG) and submental electromyogram (EMG). Eight respiratory channels included airflow using a pressure signal from nasal cannulae, diaphragm and abdominal EMG, plethysmography (thoracic, abdominal and sum channels) and SaO2 and TcpCO2 for analysis of discrete respiratory events and overall ventilation. Cardiac rhythm was monitored by ECG leads. American Academy of Sleep Medicine (AASM) criteria were used to analyse the studies with sleep stages of 1-3 for non-rapid eye movement (NREM) sleep and rapid eye movement (REM) sleep.17 Overnight SaO2 and TcpCO2 screening tests used continuous recordings of oximetry and transcutaneous CO2, with a morning blood gas that included pH, pCO2 and Bicarbonate values. 

NIV use

The decision to commence NIV support preoperatively was made according to the severity of sleep disordered breathing detected on PSG or the SaO2 and TcpCO2 screening. After commencing BiLevel NIV our practice is to use SaO2 and TcpCO2 screening to refine the initial settings, and PSG afterwards to detect and resolve any asynchrony as well as providing titration of support during different sleep stages (particularly ensuring that REM sleep is recorded). All patients on NIV were treated with nasal BiLevel pressure support, with the devices used included VPAP II, VPAP III, S9 from Resmed (ResMed, Bella Vista, NSW, Australia) and BiPAP Harmony and Harmony ST from Respironics (Phillips Respironics, North Ryde, NSW Australia). The most frequent interface was a nasal mask while some patients used nasal mask and nasal cushions in a rotating fashion on different nights. 

Ethics committee approval 
The study was approved by the Human Research Ethics Committee (HREC) at the Children’s Hospital at Westmead, NSW, Australia. 

Statistical analysis 
Descriptive statistical analysis were performed using SPSS software version 18.0 (Chicago, IL). All values are reported as means (SD) or as raw numbers. The t-test was used to evaluate associations between continuous variables and postoperative pulmonary complications, including age, Cobb angle, gender, PFT parameters, duration of postoperative PICU stay and total hospitalization. Chi-square test was performed to evaluate associations amongst markers of severely compromised pulmonary function (SCPF) and the preoperative use of NIV and the development of postoperative pulmonary complications. Multivariate logistic regression analysis was undertaken to evaluate the effect of multiple factors (e.g. FVC pre, NIV pre) on post-operative complications. A P value of ≤ .05 was considered significant. 

RESULTS
Cohort population data

In the period of review, we identified 133 children (90, 67.7% female) who underwent corrective spinal surgery for scoliosis under general anaesthesia. The most common cause of scoliosis was idiopathic (n=53, 39.8%). Other causes included: neuromuscular disease (n=43, 32.2%), syndromes (n=21, 15.7%) and congenital (n=16, 12%). The majority (n=117, 88%) underwent posterior spinal fusion, while 5 (3.8%) underwent anterior spinal fusion, and 7 (5.3%) underwent combined anterior and posterior spinal fusion, and a further 4 (3%) had growing rods inserted. The mean age at operation was 12.7 years (range 2 to 17 years). All procedures were performed under general anaesthesia by one of three surgeons. 

Pre-operative assessments included pulmonary function testing when possible, and overnight respiratory monitoring with PSG or continuous overnight recording of SaO2 - TcpCO2 screening. Of 100 children (75.2%) who were able to perform preoperative Pulmonary Function Testing (PFT) including 37 (27.8%) with normal results (FVC >80% predicted), 34 (25.6%) with mild restrictive lung disease (FVC >60% and <80% predicted), 19 (14.3%) with moderate restrictive lung disease (FVC >40% and <60% predicted), and 10 (7.5%) with severe restrictive lung disease (FVC<40% predicted). Amongst 24 children who had overnight (sleep) monitoring prior to surgery, 14 underwent PSG and 10 had SaO2- TcpCO2 screening. Table 1. 
We correlated the sleep study parameters in a group who could also perform PFTs, and subsequently with the occurrence of pulmonary complications. Measures that correlated with FVC <40% predicted (severe pulmonary dysfunction) are shown in Table 2. Amongst 33 (24. 8%) children who were unable to perform PFTs, mainly due to neurological disability, 8 (24%) had abnormal overnight screening and/or sleep study results. These included morning venous blood gas with high bicarbonate (>29mmHg) and/or pCO2 >50 mmHg, or on the overnight evaluation, episodic CO2 retention of >7 mmHg. These children were combined with those with FVC<40% and included in the group of children with severely compromised pulmonary function (SCPF). The majority of subjects with SCPF (10/18 or 56%) had scoliosis secondary to neuromuscular disease.

Post-operative complications 
The overall post-operative complication rate was 33.8% (n=45) including pulmonary complications in 24 (18%). Respiratory complications included: acute respiratory failure (n=8, 33.3%), surgical pleural effusion (n=5, 20.8%), atelectasis (n=4, 16.7%), pneumonia (n=3, 12.5%), pneumonia with pleural effusion (n=2, 8.3%), and pneumothorax (n=2, 8.3%). There were no deaths. Diagram 1
Correlates with post-operative pulmonary complications
Children with post-operative pulmonary complications had higher Cobb angles, lower pulmonary function (FEV1 and FVC), higher pre-operative bicarbonate levels (>29 mmHg) and were more likely to have neuromuscular disease. Table 3. Sleep parameters that correlated with post-operative pulmonary complications included: AHI (P =.001), OAHI (P = .02), nadir oxygen (p = .02), peak transcutaneous carbon dioxide (TCO2, P =.001), and the presence of episodic acute CO2 retention (P = .003). Using multivariate analysis, the main predictors were severe pulmonary dysfunction, bicarbonate >29 mmol/L and CO2 >50 mmHg. Age, gender, and type of surgery did not correlate with post-operative pulmonary complications.
Use and correlates with NIV 
All 18 children classified as having SCPF were recommended to use BiLevel NIV in the preoperative period, but only 9 (50%)  of them were compliant with therapy; for compliance we used the criteria of at least 4 hours daily for at least one month before the corrective surgery. Compliant patients were continued on NIV in the postoperative period. The other 9 (50%) were non-compliant in both pre- and post-operative periods. None had tracheostomy. Four received preoperative nutrition via gastrostomy. Amongst 14 children with high morning bicarbonate (HCO3) values (> 29mmol/L) pre-operatively, 8 used NIV before surgery and 6 did not. The children who were compliant with NIV had lower nadir SaO2 levels and higher peak TcpCO2 values on their initial studies than non-compliant patients. The majority of the children who were compliant with NIV preoperatively (6/9 or 67%) had scoliosis secondary to neuromuscular disease. Table 4.

Of the 9 children who used NIV preoperatively, only 2 (22%) had post-operative pulmonary complications compared to 6 of the 9 (66.7%) who were non-compliant. Pulmonary complications in the compliant group included atelectasis with collapse of the left lower lobe and acute respiratory failure. Amongst the non-compliant group, post-operative pulmonary complications included acute respiratory failure in 3 (33%), and 1 each with pneumonia, lung collapse requiring antibiotics and one with atelectasis.  Of the 6 children with postoperative pulmonary complications, 3 were unable to perform PFT and were non-compliant with preoperative NIV. Post-operative pulmonary complications led to prolonged intubation and ventilation in the intensive care unit (average 2.6 days, range 1-5).  Four children who required intubation were extubated to NIV and now continue using NIV. 

Amongst the 18 children with SCPF, pre-operative compliance with use of NIV was associated with lower incidence of postoperative pulmonary complications (p = 0.02) and shorter duration of hospital stay days 9.2 vs 15. 5 days (p = 0.01). Table 5. The difference in the duration of PICU stay (1.6 days) did not reach statistical significance (p = 0.06). Two children who required prolonged intubation and mechanical ventilation (>3 days) had neuromuscular disease. 

DISCUSSION
We evaluated a large cohort of children with scoliosis undergoing spinal surgery in their peri-operative period who are typical of those who require scoliosis surgery, in that the performance of PFT was precluded in a proportion (33/133 = 24.8%) because of their associated abnormalities. In this group, we found new correlates with post-operative risk for pulmonary complications. The first major finding was that overnight monitoring of SaO2 and TcpCO2 with morning blood gas identified markers of severely compromised pulmonary function (SCPF), reflecting nocturnal hypoventilation, in children who could not perform pulmonary function testing. The second important finding was that in children with SCPF, pre-operative implementation of nocturnal NIV was associated with lower rates of post-operative pulmonary complications and reduced length of postoperative hospital stay. 
We confirmed previously identified correlations with post-operative complications, including higher Cobb angles, lower pulmonary function (FEV1 and FVC), higher bicarbonate levels (≥ 29 mmHg), and underlying neuromuscular disease. Some differences in these markers were identified, for example in our group the Cobb angle cut-off was >900 whereas Kang, et al. found a relationship with Cobb angle > 690, although all their patients had neuromuscular diseases.18 Recently, Si Yin et al reported a cobb angle of >770 as a predicted factor for postoperative pulmonary complication.3 This difference in Cobb angle value could mainly be due to the fact that the majority of our subjects had Idiopathic scoliosis. A possible reason for the correlation between Cobb angle and postoperative pulmonary complication is that patients with significant curvature develop more severe restrictive lung disease as well as having higher risk for operative complications such as blood loss and prolongation of time under anesthesia.3 Patients with scoliosis are more prone to postoperative respiratory compromise than patients with other aetiology because of respiratory muscle weakness that will persist after correction of the deformity and restrictive pulmonary impairment.5,19,20 Our results, also showed that scoliosis of neuromuscular origin was associated with higher risk for postoperative pulmonary complications (p =.01).
Patients with severe restrictive lung disease are prone to postoperative pulmonary complications including abnormal gas exchange and decreased lung volumes.21 Many previous studies have shown the benefit of PFT in predicting the risk of post-operative pulmonary problems.3,5,18,22-25 Importantly, our study has demonstrated that such reductions in FVC are correlated with disturbances in gas exchange on overnight monitoring including Nadir SaO2, peak TcpCO2 and the occurrence of episodic CO2 retention and elevated morning bicarbonate levels. While restrictive lung disease is defined using pulmonary function testing (PFT) as a decreased forced vital capacity (FVC), decreased forced expiratory volume in one second (FEV1), and normal FEV1/FVC ratio, FVC is the most frequently parameter used to assess the severity of restrictive pulmonary impairment. Previous studies show that FVC <30% predicted is associated with higher risk of post-operative pulmonary complications in patients with neuromuscular scoliosis.19,26 We found positive associations between reduced pulmonary function the abovementioned parameters, while the overall rate of postoperative pulmonary complications in our group was 18%, among those with SCPF the incidence was 9/18 subjects (50%). This high percentage is consistent with other reports in patients with severe restrictive lung disease, for example Zhang et al reported 31.6% postoperative pulmonary complications in subjects identified with FVC < 40%.22 In addition, Nectoux et al in their report about complications of scoliosis corrective surgery in 28 patients with cerebral palsy, postoperative respiratory complication was 46.4% (13 patients had pulmonary complications: 6 children had lower lobe atelectasis and 7 children had segmental pneumonia.27 In contrast, Si Yin et al reported a post-operative rate of pulmonary complications of just 14.9%.3 The high rate (50%) of post-operative pulmonary complications in our group may be attributable to our inclusion of children unable to perform PFT due to neuromuscular conditions. 

Sleep-disordered breathing has been described in patients with early stages of scoliosis,28,29 even without associated neuromuscular disorders.30 However, no previous study has correlated sleep-associated parameters with severe pulmonary dysfunction nor linked them to postoperative pulmonary complications in children with scoliosis. Importantly, we found associations between pulmonary function and AHI and OAHI, not just with the correlates of overall ventilation such as Nadir SaO2, peak TcpCO2 and episodic CO2 retention. Charles et al investigated the impact of obstructive sleep apnoea (OSA) on the rate of perioperative pulmonary complications in patients who underwent spinal corrective surgery and found that patients with OSA had a higher rate of respiratory complications, but they did not specify any sleep study parameters. 31 Yuan, et al. undertook preoperative PSG in 110 patients (age 4. 0 ± 2. 9 years) who were unable to perform PFT but concluded that PSG did not predict the occurrence of prolonged postoperative mechanical ventilation.10 The positive findings in our study are likely due to different methods, since the majority of their patients had daytime PSG (potentially missing REM sleep), and their primary outcome parameter was prolonged mechanical ventilation. 

Use of nocturnal NIV was associated with reduced incidence of post-operative pulmonary complications and reduced duration of hospital stay. Non-invasive ventilation (NIV) is efficient in improving gas exchange in patients with different patterns of acute respiratory insufficiency31 and the main indication for NIV use in children is hypercapnic and hypoxic respiratory failure.32 An array of literature has documented the effectiveness of NIV in improvement of PFT,31 and respiratory failure,33 in patients with severe scoliosis prior to corrective surgery. Centres using this therapy report successful surgery in children with severe restrictive lung disease.31,33 However, data on post-operative outcomes are lacking. There is evidence in adult patients that “prophylactic” NIV support is of benefit if this is provided in the immediate postoperative period. Other studies in adults have shown that postoperative use of CPAP (Continuous Positive Airway Pressure) can maintain functional residual capacity at preoperative values,11 improve oxygenation post operatively,12 and reduce the rate of atelectasis.13 Prophylactic use of non-invasive positive pressure ventilation (NPPV), for adults undergoing lung resection, has also been found to reduce postoperative pulmonary function dysfunction and shorten the hospital stay.14 
The link between use of pre-operative NIV and a reduction in post-operative respiratory morbidity is important. Few studies have investigated the role of preoperative non-invasive positive pressure ventilation (NPPV) on postoperative outcomes, and most of the available studies have been in adults. Gill and colleagues studied eight children with severe restrictive disease caused by neuromuscular scoliosis with preoperative FVC value of ≤20% predicted. All were on NPPV for respiratory failure or hypoventilation and all had spinal fusion surgery with good recovery, and no cardiac or pulmonary complications.34 Mills et al reported the use of NIV that was restricted to the acute perioperative period, and found that it reduced pulmonary complications and avoided tracheostomy.35 Studies of adults have shown that use of CPAP postoperatively can maintain functional residual capacity at preoperative value,11 and improve oxygenation post operatively.12 Other authors have studied the prophylactic use of NIV on the post- operative respiratory alterations, for instance Perrin and his colleagues found that prophylactic use of NPPV in the pre- and immediate postoperative period in patients undergoing lung resection reduced postoperative respiratory dysfunction and shortened hospital stay. 14 Auriant et al also reported the role of NIV to improve oxygenation and reduce mortality from acute respiratory failure in patients undergoing lung resection. 31 Recently, Khirania et al studied the effect of pre-operative trained use of NPPV on post-operative outcomes among a group of 13 patients with non-idopathic scoliosis and observed no pulmonary complication perioperatively.36 In this research, patients pre-operatively trained, postoperatively used NPPV for a mean of 2.7 days following extubation. It is likely that the use of NIV in our patients provided a training effect that permitted early post-operative use of NIV, but this training effect does not fully explain the reduced rate of respiratory complications while patients remained invasively ventilated.
CONCLUSION
Our results support the use of overnight monitoring of gas exchange using oximetry, TcpCO2 and blood gases, since markers of nocturnal hypoventilation correlated with severe pulmonary dysfunction (FVC<40% predicted). These markers were also linked to the occurrence of postoperative pulmonary complications. Finally, we were able to demonstrate that the use of NIV in the pre-operative period was also associated with reduced incidence of post-operative complications and reduced length of post-operative hospitalization.  The study, therefore, supports the use of nocturnal ventilation (NIV) in children with scoliosis who have nocturnal hypoventilation but do not have daytime respiratory failure, as a means to improve outcomes of corrective scoliosis surgery. 
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