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Introduction

Noninvasive ventilation (NIV) is a common modality employed to treat acute respira-
tory failure. Most data guiding its use is extrapolated from adult studies. We sought to
identify clinical predictors associated with failure of NIV, defined as requiring intuba-
tion. This single-center retrospective observational study included children admitted to
pediatric intensive care unit (PICU) between July 2014 and June 2016 treated with NIV,
excluding postextubation. A total of 148 patients was included. Twenty-seven (18%)
failed NIV. There was no difference between the two groups with regard to age, gender,
comorbidities, or etiology of acute respiratory failure. Those that failed had higher
admission pediatric risk of mortality (p = 0.01) and pediatric logistic organ dysfunction
(p=0.002) scores and higher fraction of inspired oxygen (FiO,; p=0.009) at NIV
initiation. Failure was associated with lack of improvement in tachypnea. At 6 hours of
NIV, the failure group had worsening tachypnea with a median increase in respiratory
rate of 8%, while the success group had a median reduction of 18% (p=0.06).
Multivariable Cox’s proportional hazard models revealed FiO; at initiation and worsen-
ing respiratory rate at 1- and 6-hour significant risks for failure of NIV. Failure was
associated with a significantly longer PICU length of stay (success [2.8 days inter-
quartile range (IQR): 1.7, 5.5] vs. failure [10.6 days IQR: 5.6, 13.2], p < 0.001). NIV can
be successfully employed to treat acute respiratory failure in pediatric patients. There
should be heightened concern for NIV failure in hypoxemic patients whose tachypnea is
unresponsive to NIV. A trend toward improvement should be closely monitored.

variable. The heterogeneity of respiratory failure and lack of

Etiologies of respiratory failure in children are diverse and
include diagnoses such as asthma, pneumonia, postoperative
respiratory failure, bronchiolitis, neuromuscular weakness,
and indirect lung injury. There may be components of
hypoxemia, hypercarbia, or both. NIV is a modality to sup-
port children with respiratory failure' but its use is highly
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evidence-guiding NIV use in children can make it challenging
to optimize practice. Much of the data regarding the use of
NIV in children is extrapolated from adult studies which have
shown a benefit in patients with neuromuscular diseases,’
community-acquired pneumonia,’ severe hypoxemic respi-
ratory failure,* and obstructive processes.>* Other adult
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studies have shown that patients with acute respiratory
distress syndrome (ARDS) or community-acquired pneumo-
nia are less likely to benefit from NIV.>® There is likely a role
for NIV in the pediatric population; however, it is challenging
to determine which patients are most likely to be success-
fully treated with NIV.” Several studies, supporting NIV use,
have found that early NIV may prevent clinical worsening® or
decreased need for intubation.””'® Nevertheless, there has
also been a suggestion there is no reduction in intubations or
improvement in outcomes. "’

Further research is needed to understand which patients
yield the most benefit from NIV for optimal application of this
therapy. Identifying the predictors associated with failure of
treatment modalities like NIV is critical to avoid delaying life-
saving therapies. Previous studies have examined factors
associated with failure of NIV in adults and children.>'2~16
Risk factors for NIV failure in children, such as multiorgan
dysfunction, illness acuity scores, hemodynamic instability,
hypoxemia, fraction of inspired oxygen (FiO,), and underlying
oncology diagnosis have been reported.'?~'8 However, there is
even less pediatric information available than in adults where
the reported risk factors are variable and many of the sample
sizes are small (i.e., <100 patients). This study sought to
examine clinical predictors with specific consideration for
hypoxemia as a risk for NIV failure in the pediatric population
in a larger cohort of patients. Since patients with ARDS have
been recognized as potentially poor NIV candidates®'®'® and
as children with hypoxemia are at risk of developing pediatric
acute respiratory distress syndrome (PARDS), with a mortality
rate of up to 35%,20-22 we hypothesized that markers of
hypoxemia are associated with NIV failure.

Methods

This is a single-center retrospective cohort study of children,
age <18 years, admitted to a quaternary care pediatric
intensive care unit (PICU), who were treated with positive
pressure delivered noninvasively. We defined this a priori as
either bilevel positive airway pressure (BiPAP) or continuous
positive airway pressure (CPAP) between July 2014 and
June 2016 and will refer to these modes through the remain-
der of the manuscript generally as NIV. NIV was delivered
using a nasal mask, nasal prongs, or full-face mask. The
interface was chosen by respiratory therapist according to
the child’s size and to achieve minimal air leak. There is not
an NIV initiation protocol in use at this center; thus the NIV
settings were selected for each patient by the physician in
charge of that patient’s care. There is not an institutional
sedation protocol for patients on NIV. In general, it is the
practice at this institution to attempt NIV without sedation.
Children were excluded from the study if they were on NIV
postextubation, had a limited code status, had a tracheosto-
my, were on home NIV (on baseline settings and baseline
duration), and/or were admitted to the cardiac intensive care
unit. If a patient was admitted to the PICU requiring NIV on
multiple occasions, only the first admission was included.
Institutional review board approval (protocol number:
1702133310) was obtained and consent was waived.

Baker et al.

Demographic data including age, gender, weight, comor-
bidities, admission pediatric logistic organ dysfunction
(PELOD)?32% and pediatric risk of mortality (PRISM)?° scores,
and primary admission diagnosis was collected. Vital signs
and blood gases obtained at initiation of NIV, 1hour (if 1-
hour data were not available, we used data up to 2-hour post-
NIV), and 6 hours after initiation of NIV were also collected.
When a patient had both 1-hour and 2-hour vital signs, the 1-
hour vitals were included in the analysis. Failure of NIV was
defined as need for intubation and invasive mechanical
ventilation (IMV). Decisions for intubation were at the
discretion of the medical care team.

Markers of oxygenation were calculated to quantify hyp-
oxemia and as part of the diagnosis of PARDS for those that
failed NIV and required IMV. Saturation from pulse oximetry
(Sp0,):FiO, ratios were calculated when SpO, < 97%.2°
Oxygen saturation index (OSI) was calculated for patients
who were receiving IMV and had a SpO, < 97%. Oxygenation
index (OI) was calculated on patients receiving IMV and who
had an arterial blood gas.

Ol = (Paw x Fi05)/P,0>

OSI = (P, x Fi0,)/SpO, (where P,, is mean airway
pressure)

PARDS was defined using diagnostic criteria from the
pediatric acute lung injury consensus conference (PALICC).?’
Additional therapies, such as need for extracorporeal life
support, continuous renal replacement therapy, inhaled
nitric oxide, and high-frequency oscillatory ventilation
were also collected.

Statistical Analysis

Continuous variables are reported as medians (interquartile
ranges [IQRs]) and were compared with Mann-Whitney U-
test. Categorical variables are reported as frequencies (per-
cent) and were compared with Chi-square or Fisher’s exact
test. Variables were further evaluated for an association with
NIV failure using logistic regression, and odds ratios (OR) and
95% confidence intervals (CIs) were calculated. Due to non-
linearity in the logit for some continuous variables, Receiver
operating characteristics (ROC) curves were calculated, and
Youden'’s index was used to identify optimal cut points for
categorizing variables or variables were categorized by
accepted clinical age-related norms (i.e., normal heart rate
vs. tachycardia). Vital signs were analyzed as percent change
from initiation and then categorized as improving or wors-
ening. Unadjusted and adjusted Cox’s proportional hazards
models were used for the time to event analysis. Cumulative
incidence functions were also constructed for significant
variables. A p-value of less than 0.05 was considered statisti-
cally significant.

Results

In the cohort of 148 pediatric patients admitted to the PICU
and placed on NIV for acute respiratory failure or acute on
chronicrespiratory failure, 27 (18.2%) failed NIV and required
IMV. The median age was 7.2 years (1.4-13.6 years). Age,
gender, admission diagnoses, and underlying comorbidities
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Table 1 Demographics
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Demographics Entire cohort (n=148) NIV success (n=121) NIV failure (n=27) p-Value
Gender (female) n (%) 68 (44.6) 55 (45.4) 13 (48.1) 0.8
Age (y) 7.1 (1.4, 13.6) 7.2 (1.9, 14.0) 6.3 (0.5, 11.5) 0.14
Median (IQR)
Admission diagnosis n (%) 0.25
Pneumonia 31 (21.1) 26 (21.7) 5(18.5)
Bronchiolitis/viral illness 37 (25.2) 29 (24.2) 8 (29.6)
Sepsis 5(3.4) 3(2.5) 2(7.4)
Upper airway obstruction 17 (11.6) 14 (1.7) 3(11.1)
Post-op spinal fusion 7 (4.8) 7 (5.8) 0 (0)
Asthma 27 (18.4) 25 (20.8) 2(7.4)
Other 23 (15.6) 16 (13.3) 7 (15.6)
Comorbidities n (%)
Prematurity 27 (20.0) 21 (18.2) 6 (28.6) 0.37
pHTN 6 (3.9) 5(3.9) 1(3.7) 1.00
Chronic pulmonary disease 72 (48.6) 61 (50.4) 11 (40.7) 0.34
Heart disease 6 (4.1) 4(3.3) 2(7.4) 0.30
Oncologic disease 8 (5.4) 7 (5.8) 1(3.7) 1.00
Immunosuppression 12 (8.1) 8 (6.6) 4(14.8) 0.23
Neurologic condition 55 (37.2) 46 (38) 9 (33.3) 0.83
Genetic condition 24 (16.2) 20 (16.5) 4 (14.8) 1.00
Airway anomaly 10 (6.8) 9 (7.4) 1(3.7) 0.69
PRISM 0.0 (0.0, 3.0) 0.0 (0.0, 3.0) 3.0 (0.0, 3.0) 0.01
Median (IQR)
PELOD 2.0 (0.0, 10.0) 1.0 (0.0, 10.0) 10.0 (1.0, 11.0) 0.002
Median (IQR)

Abbreviations: IQR, interquartile range; NIV, noninvasive ventilation; pHTN, pulmonary hypertension; Post-op, postoperative; PRISM, pediatric risk of

mortality; PELOD, pediatric logistic organ dysfunction.

Note: Categorical variables are presented as counts with (%) and continuous variables are presented as medians with (IQR).

were not associated with failure of NIV. Patients who failed
NIV had higher PRISM and PELOD scores at admission
(=Table 1). The majority (83.8%) of patients were started
on BiPAP and with the remainder started on CPAP. The
starting mode of NIV was not associated with failure
(p=0.99). Starting median inspiratory and expiratory pres-
sures were not associated with failure. Starting median
inspiratory pressure for those that failed was 12cm H,0
(IQR: 10.0, 15.0) compared with those that were successful
treated with a median of 12cm H,0 (IQR: 12.0, 14.8),
p=0.897. Expiratory pressures were also similar with those
that failed having a median of 6 cm H,0 (IQR: 6.0, 8.0) versus
those who were successful having a median of 6 cm H,0 (IQR:
6.0, 6.0), p=0.129.

In a univariable analysis, those who failed had a higher
median FiO, at initiation of NIV than those who were success-
fully treated without IMV (p=0.01; =Supplementary
Table S1; available in the online version). Those who failed
NIV had a lower SpO,:FiO, ratio at initiation but did not
reach statistical significance: 158.3 (89, 194) versus

290.0 (143.8, 310; p=0.06). As early as 1hour of post-
NIV initiation, those who were successfully treated with NIV
demonstrated improvement in tachypnea. One hour follow-
ing initiation, the failure group had a median respiratory
rate of 36 (24, 52) versus the success group 29 (21, 40;
p=0.05). At 1 hour of NIV, the failure group had worsening
tachypnea with a median increase of 2.4% while the success
group had a median reduction of 15.8% (p =0.15). At 6 hours
of NIV, the failure group had worsening tachypnea with a
median increase in respiratory rate of 8%, while the success
group had a median reduction in respiratory rate of 18%
(p=0.06). The percent change in respiratory rate as an
isolated variable had an area under curve (AUC) of 0.67.
Changes in heart rate and oxygen saturations were not
associated with NIV failure. (~Supplementary Table S1;
available in the online version).

Unadjusted Cox’s proportional hazard testing was con-
ducted on variables at initiation, 1 hour of NIV, and 6 hours of
NIV (=Table 2). On unadjusted analysis, those on FiO, over
45% at initiation of NIV had an increased risk of failing
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Table 2 Unadjusted variables for risk of NIV failure

Vital sign Unadjusted p-Value
hazard ratio
(95% confidence
interval)
Heart rate (HR)
Tachycardia at 0.93 (0.41, 2.14) 0.863
initiation®
Worsening HR at 1.00 (0.42, 2.37) 0.991
1 hour
Worsening HR 2.32(0.78, 6.71) 0.130
at 6 hours
Respiratory rate (RR)
At initiation 0.83 (0.37, 1.84) 0.644
Worsening 2.91 (1.21, 7.00) 0.017
RR at 1 hour
Worsening RR 4.55 (1.44, 14.34) 0.010
at 6 hours
Saturation from pulse oximetry (SpO-)
At initiation 0.93 (0.84, 1.02) 0.102
Worsening SpO, 1.43 (0.53, 3.91) 0.484
at 1 hour
Worsening SpO, 0.60 (0.21, 1.73) 0.343
at 6 hours
Fraction of inspired oxygen (FiO,) > 45%
At initiation 3.77 (1.43, 9.95) 0.007
At 1 hour 1.74 (0.74, 4.11) 0.205
At 6 hours 2.67 (0.90, 7.98) 0.078
SpO5:Fi05°
At initiation 0.99 (0.98, 1.00) 0.075
Worsening SpO5: 2.26 (0.46, 11.19) 0.319
FiO, at 1 hour
Worsening SpO5: 9.45 (0.85, 105.12) 0.068
FiO, at 6 hours
Acuity scores
PELOD 1.04 (0.98, 1.10) 0.197
PRISM 1.06 (0.97, 1.61) 0.175

Abbreviations: NIV, noninvasive ventilation; PRISM, pediatric risk of
mortality; PELOD, pediatric logistic organ dysfunction.
*Tachycardia defined by being above age-specific norms.

bOnly 46 patients with valid data available.

(p=0.007; =Fig. 1A). Additionally, while tachypnea at initi-
ation was not associated with NIV failure, having a worsening
respiratory rate at 1 and 6 hours of NIV use was associated
with increased risk for NIV failure (~Fig. 1B and 1C). Heart
rate, SpO,, Sp0,:FiO,, PELOD, and PRISM were not significant
on unadjusted analysis (=Table 2).

Multivariable Cox’s proportional hazard models were
constructed for worsening respiratory rate (RR) at 1hour
and 6 hours of post-NIV initiation. While not significant on
unadjusted testing, PELOD was incorporated into the model
to adjust for level of acuity. In these models, FiO, > 45% at

Baker et al.

initiation and worsening respiratory rate at 1 and 6 hours
remained significant risks for failure of NIV (~Table 3).

Failure of NIV was associated with longer PICU stay
(p <0.0001) and longer hospital stay (p < 0.0001; ~Table 4).
Seventeen patients were diagnosed with PARDS. Of the
patients diagnosed with PARDS, 13 (76%) failed NIV and
required IMV. Of those who failed NIV, nearly half were
diagnosed with PARDS. There was a single mortality in the
cohort. Of note, this patient failed NIV and was diagnosed with
PARDS.

None of the patients in this cohort were documented to
have experienced adverse events such as skin breakdown,
emesis, aspiration, or epistaxis.

Discussion

This study of pediatric patients with acute respiratory failure
describes the practice regarding utilization of noninvasive
positive pressure ventilation at a single center. We found that
elevated FiO, at initiation, lack of improvement in tachypnea,
and low SpO,:FiO, ratio were predictors of failure. When
placed in a multivariable model to obtain a set of clinical
variables that could aid in predicting NIV failure, the best
multivariable model combined worsening tachypnea at
6 hours and FiO, at initiation of 45% or higher. There were
more patients who developed PARDS in the NIV failure
group. Also, those who failed NIV had longer PICU length
of stay and had increased mortality.

The use of NIV is common in the pediatric population with
a variable success rate of 55 to 96%.28 Several studies have
identified that patients with bronchiolitis, asthma, airway
obstruction, and sickle cell disease with acute chest syn-
drome generally respond well to NIV."1%28 However, there
are also disease- and patient-specific factors that influence
NIV failure and success. This study confirmed that patients
with higher illness severity are more likely to fail NIV.'%16.28

Similar to other studies that have shown hypox-
emia®'>1%25 or presence of ARDS' is a predictor for failure
of NIV, our study showed that FiO, at initiation was a marker
for failure. It is interesting that even though FiO, at initiation
is statistically different between the groups, both groups that
are successfully treated and those that failed have improve-
ment in FiO, by 6 hours and the FiO, at this time point is no
longer significantly different. This could be due to a sample
size or it could suggest that FiO, alone is not a strong
predictor of success. It may be that it is not FiO, but severity
of hypoxemia that is a key predictor of failure. While the
Sp0,:FiO,, ratio was not statistically different, this particular
analysis is challenged by the numerous missing data
points secondary to the SpO, > 97%, making the SpO,:FiO,
calculation invalid.2® In these cases, as we do not have Pa0,
data, it is difficult to determine the degree of hypoxemia.
With the numerous saturations over 97%, it is possible that
patients were delivered an unnecessarily high FiO, creating
the possibility of lung injury secondary to hyperoxia. How-
ever, we suspect that hypoxemia also likely plays arole in NIV
failure and this is supported by the high rate of PARDS in our
failure group.
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Fig. 1 Cumulative incidence functions of NIV failure by FiO, > 45% at NIV initiation (A), respiratory rate at 1 hour of NIV (B), and respiratory rate
at 6 hours of NIV (C). FiO,, fraction of inspired oxygen; NIV, noninvasive ventilation; RR, respiratory rate.

Table 3 Adjusted Cox’s proportional hazard models for NIV

failure
Model for risk of failing NIV | HR (95% Cl) | p-Value
Hour 1 of NIV
Increasing respiratory rate 3.5(1.4, 8.5) 0.006
from initiation to +1 hour
FiO, at initiation >0.45 3.0 (1.1, 8.5) 0.033
PELOD 1.1(0.99, 1.11) 0.110

Hour 6 of NIV

Increasing respiratory rate
from initiation to +6 hour

5.6 (1.7, 18.6) | 0.004

FiO, at initiation >0.45 10.8 (1.4, 85.4) | 0.025
PELOD 1.1(0.99, 1.2) | 0.087

Abbreviations: Cl, confidence interval; FiO,, fraction of inspired oxygen;
HR, hazard ratio; NIV, noninvasive ventilation; PELOD, pediatric logistic
organ dysfunction.

It has been reported the severity of hypoxemia at PARDS
diagnosis in those utilizing NIV was strongly indicative of
likelihood of intubation. Using the PALICC definition, we
found that NIV failure was associated with PARDS. Strikingly,
this study found the incidence of PARDS in those that failed
NIV was 48% which is much higher than an international

Table 4 Outcomes

study on the incidence and epidemiology of PARDS that
found an overall PARDS incidence of 3% for all PICU
patients.29 Clearly, there is an association between PARDS
and NIV failure. It is challenging to determine at what point
PARDS develops (i.e., before or after NIV failure) as PALICC
requires a full facemask for the diagnosis of NIV PARDS and
many of our patients were only treated with a nasal mask. It
is commonly accepted that PARDS involves a decreased
functional residual capacity, increased dead space, reduced
lung compliance, and impaired gas exchange, and that cur-
rently recommended management is focused on a high PEEP
strategy.30 While those that failed NIV were sicker at the
start given higher admission PELOD and PRISM scores, it is
possible that NIV may not be able to obtain the necessary
positive end-expiratory pressure (PEEP) to recruit the lungs
and prevent worsening lung compliance seen in PARDS.
Additionally, in this cohort, the median PEEP used was
only 6 but this was not associated with NIV failure. When
combining degree of hypoxemia as assessed by FiO, at
initiation and worsening respiratory rate at 6 hours, there
was a stronger multivariable model to predict NIV failure.
One potential explanation for this increased risk of PARDS is
that there may be more derecruitment in patients that are
tachypneic and hypoxemic. Another possible explanation is
patient self-inflicted lung injury described in adults with

Outcome Entire cohort (n=148) NIV success (n=121) NIV failure (n=27) p-Value
Diagnosis of PARDS 17 (11.5) 4(3.3) 13 (48.1) <0.0001
n (%)

Mortality 1(0.7) 0(0.0) 1(3.7) 0.03

n (%)

Hospital LOS (d) 8.9 (5.2, 15.7) 8.0 (4.8, 12.7) 16.3 (9.1, 22.8) <0.0001
Median (IQR)

PICU LOS (d) 3.7 (2.1, 6.8) 2.8 (1.7, 5.5) 10.6 (5.6, 13.2) <0.0001
Median (IQR)

Abbreviations: IQR, interquartile range; LOS, length of stay; NIV, noninvasive ventilation; PARDS, pediatric acute respiratory distress syndrome; PICU,

pediatric intensive care unit.
Note: Results for categorical variables are presented in counts (%).
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ARDS who are managed with NIV. This injury is thought to be
caused by the significant respiratory effort generated by the
patient resulting in unregulated tidal volume and swings in
transpulmonary pressures.>'-32 These variables may also just
reflect severity of lung injury. Either way, these simple and
readily available clinical predictors can be easily imple-
mented at the bedside.

Given that over 80% of patients in this study were suc-
cessfully treated with NIV, it represents an important mo-
dality in the treatment of acute respiratory failure in
pediatrics. However, it is imperative to have a mechanism
in place to identify those who are at the highest risk of failing.
We constructed two multivariable models that each incor-
porate two easily identifiable criteria at two time points.
Both models were predictive of failure. Importantly, the
model gains strength as the lack of improvement continues
illustrating the importance of trending an examination
overtime in those who have an elevated FiO, at initiation.
An initiation FiO, > 45 should heighten the concern of the
bedside nurse, respiratory therapist, or clinician that the
patient is at risk for failure especially in conjunction with a
worsening tachypnea at 1 hour or certainly 6 hours following
initiation. This simple model can be easily applied in differ-
ent PICUs with varying levels of resources and staffing.

Limitations

This study has some limitations. As a retrospective study and
not a standardized protocol, the specific factors that led to
intubation can be difficult to ascertain. The variables we
identified of FiO, and respiratory rate are also likely to influ-
ence the decision to intubate. Further, important variables
such as blood gas data and mask leak were not universally
available retrospectively. The sample size may not have signif-
icant statistical power to detect a difference for some variables
studied. The heterogeneity of disease processes and lack of an
NIV protocol also limit the conclusions of the study. While
some of the limitations are tempered by the large cohort and
the center encompassing patients from a large and diverse
catchment area, it would be important for future prospective
studies to consider these limitations in the design.

Conclusion

Overall, it is important to carefully consider each patient
when utilizing NIV. In this cohort, having an initial FiO, >
45% and an increasing respiratory rate at 1 hour and 6 hours
of NIV were associated with an increased risk of NIV failure.
While these markers deserve further investigation in a
prospective cohort, if validated, they have the benefit of
being simple clinical predictors that can be easily used at
the bedside.
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