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BACKGROUND: Congenital diaphragmatic hernia remains a complex disease with significant
morbidity and mortality. Hypercarbia is a common derangement in this population, which often
requires escalating ventilator support. By decreasing airway turbulence and enhancing CO, re-
moval, inhaled helium-oxygen mixture (heliox) has the potential to improve ventilation and thereby
decrease ventilator support and its associated lung injury. METHODS: Retrospective cohort review
of all neonates with congenital diaphragmatic hernia treated at Rady Children’s Hospital San Diego
during 2011-2015. Clinical characteristics were compared between the infants who were treated
with heliox and those who did not receive this intervention. To analyze the effect of heliox in the
subgroup that received this treatment, ventilator settings and arterial blood gas values were com-
pared before and after starting heliox by using paired ¢ tests. RESULTS: During the study period,
45 neonates with congenital diaphragmatic hernia were admitted to our neonatal ICU, 28 received
heliox, and 27 were analyzed. During heliox treatment, P,co, levels decreased from 68 to
49 mm Hg (P < .001), amplitude decreased from 33 to 23 cm H,O (P < .001), ventilator frequency
decreased from 28 to 23 breaths/min (P = .02), F, decreased from 0.52 to 0.40 (P < .01), and pH
increased from 7.3 to 7.4 (P < .001). CONCLUSIONS: The addition of heliox to the standard
practice of permissive hypercapnia facilitated improvement in gas exchange, which allowed a
decrease in ventilator settings and oxygen exposure, both of which are known to contribute to lung
injury in this population. A prospective trial is needed to more clearly define the acute and long-
term impacts of this treatment. Key words: congenital diaphragmatic hernia (CDH); heliox; pulmonary

hypoplasia; ventilation. [Respir Care 2018;63(9):1147-1153. © 2018 Daedalus Enterprises]

Introduction

Congenital diaphragmatic hernia is a complex disease
with unique pathophysiology. Clinical outcomes vary and
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are determined largely by the degree of lung hypoplasia
and the severity of pulmonary hypertension.! Effective
treatment strategies used to manage babies with congenital
diaphragmatic hernia have been largely unchanged over
the past 20 years. The cornerstone of today’s management
was heralded in the late 1990s, with strong evidence that
discouraged hyperventilation and alkalization, and that pro-
moted gentler approaches to ventilation.># This change in
management set a new benchmark in survival reported by
Kays in 1999, at 70-90%, which remains the standard
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1147



HELIOX ADJUNCT THERAPY FOR NEONATES

today.*° However, these improved outcomes belie a sub-
set of patients with congenital diaphragmatic hernia who
continue to vex clinicians. Patients in this group tend to
have larger hernias, frequently do not respond to standard
therapies, and, therefore, continue to have a mortality rate
near 50%.>7-10 New treatment strategies are needed to im-
prove outcomes and reduce the complications still present
in these patients.

Heliox, an inhaled helium-oxygen mixture, has a lower
gas density than traditional air, a nitrogen-oxygen mixture,
and results in decreased turbulence and increased laminar
flow. These properties, along with a higher CO, diffusion
coefficient, improve lung function by enhancing gas ex-
change in distal airways and alveoli.!'-13 CO, diffuses 4
times faster with heliox compared with the standard nitro-
gen-oxygen mixture.!3 Heliox also decreases the work of
breathing by decreasing the inspiratory pressure required
for a given gas flow. The effort required to move a volume
of gas to the alveolus is decreased by up to one third when
breathing helium. Clinically, heliox administration has been
shown to improve pulmonary mechanics in a wide variety
of respiratory conditions that affect all ages, from preterm
infants to adults.'>23 Helium is an inert gas, like nitrogen,
and has no biologic activity. However, with any change in
the mixture of inspired gases, there is a risk of inadvertent
reduction in oxygen concentration as well as the risks
associated with modification of commercially available
devices to function with heliox.?*

The unique pathophysiology caused by the congenital
diaphragmatic hernia malformation is characterized by ab-
normal lung parenchyma, in addition to abnormal airway
formation and vascular development in both the ipsilateral
and contralateral lungs.?> Due to this abnormal morphol-
ogy, the lungs of patients with congenital diaphragmatic
hernia may be particularly sensitive to ventilation and ox-
idative injury.*2027 Hypercarbia is a common clinical de-
rangement in this population, which often requires esca-
lating ventilator support. By improving ventilation with
decreased airway turbulence and enhanced CO, removal,
heliox may allow for lower ventilator settings and less
barotrauma, thereby decreasing both acute and chronic
pulmonary morbidity. In addition, the lower P, levels and
increased pH may further reduce pulmonary hypertension
and improve oxygen delivery without the need for increased
ventilator support or Fi, .
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Current knowledge

Congenital diaphragmatic hernia remains a complex dis-
ease with significant morbidity and mortality. Heliox is
a low-density gas mixture that decreases airway turbu-
lence and enhances CO, removal. Mixtures of 50-60%
heliox have been shown to improve gas exchange in a
number of respiratory conditions. Heliox use has not
been reported in the congenital diaphragmatic hernia
population.

What this paper contributes to our knowledge

The addition of heliox to the standard practice of per-
missive hypercapnia for subjects with congenital dia-
phragmatic hernia facilitated improvement in gas ex-
change, which allowed a decrease in ventilator settings
and oxygen exposure. Our experience with heliox in-
dicates a larger therapeutic window than previously re-
ported, with evidence of improved ventilation at levels
as low as 10% heliox.

Methods

A retrospective cohort study was conducted for all new-
borns with congenital diaphragmatic hernia admitted to
the Rady Children’s Hospital San Diego Neonatal Inten-
sive Care Unit from January 2011 to December 2015. All
patients with congenital diaphragmatic hernia admitted dur-
ing the study period were included. This retrospective co-
hort review was approved by the University of California
San Diego Institutional Review Board.

The first aim of this study was to characterize the dif-
ferences between the subjects who received heliox and
those who did not. The second aim was to determine whether
the addition of heliox was associated with improved pa-
rameters of ventilation. P, levels and ventilator settings
were chosen as markers of ventilation. The subject char-
acteristics and hospital outcomes were extracted from the
medical record. The heliox and non-heliox groups were
compared by birth weight, gestational age, sidedness of
congenital diaphragmatic hernia, time of repair, use of
inhaled nitric oxide, pulmonary hypertension by cardiac
echocardiography, extracorporeal membrane oxygenation
use, death, age at death, and congenital diaphragmatic her-
nia defect type.

To analyze the effect of heliox in the subgroup that
received it, blood gas values and associated ventilator set-
tings (pH, P,co , oscillator amplitude, conventional venti-
lator frequency Fig , and mean airway pressure) were eval-
uated at specified intervals over the first 24 h of heliox
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exposure. Each subject served as his or her own control.
The time intervals for analysis were the following: pre-
heliox (control) compared with post-heliox initiation at
1-2 h, 6 h, 12 h, and 24 h. Heliox concentration at initi-
ation was determined by the Fi requirement at that time
(ie, helium 30% if oxygen was 70%). Heliox was initiated
at the discretion of the neonatologist. Study subjects who
had multiple heliox exposures during their hospitalization
had each exposure analyzed separately. A heliox exposure
was excluded from analysis if the therapy was not main-
tained for a continuous 24 h or if there were an inadequate
number of arterial blood gas results.

Rady Children’s Hospital San Diego is the regional re-
ferral center for pediatric surgery and extracorporeal mem-
brane oxygenation. During the study period, these subjects
were cared for by a consistent group of neonatologists,
with practices that are in line with national standards for
congenital diaphragmatic hernia ventilator management,
including the following: goal pH of 7.3-7.4, P, of 5065
mm Hg, and pre-ductal pulse oximetry saturation of >88%.
In our practice, general indications for heliox use include
respiratory acidosis and escalating ventilator settings to
maintain goal P,cq .

Statistical Analysis

The Fisher exact test and a 2-sample ¢ test were used to
compare categorical and continuous variables, respectively,
between the heliox and non-heliox groups. For the heliox
analysis, a paired 7 test was used to determine if there were
any pairwise differences from the pre-heliox time point to
any of the other time points. Statistical tests were 2-tailed,
and P < .05 was considered significant.

Results

During the study period, 45 infants were admitted to the
neonatal ICU at Rady Children’s Hospital San Diego with
the diagnosis of congenital diaphragmatic hernia. Of these,
41 underwent surgical repair. Four died before repair: 2
due to cardiac comorbidities and 2 who experienced early
bleeding complications on extracorporeal membrane oxy-
genation. A total of 28 subjects received treatment with
heliox, and 27 subjects were included in the analysis. One
subject was excluded due to inadequate number of blood
gas results. No subjects required early discontinuation of
heliox due to intolerance.

Subject characteristics are displayed in Table 1. There
were no statistically significant differences in birth weight,
gestational age, sidedness of congenital diaphragmatic her-
nia, extracorporeal membrane oxygenation use, or death
between infants who received heliox and those who did
not. However, the 2 groups differed in a few key areas.
The subjects who received heliox underwent repair of their
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hernias later, at an average of 11 d versus 6 d for the
non-heliox group (P = .01). In addition, there were more
subjects with moderate-severe and severe pulmonary hy-
pertension by echocardiography in the heliox group
(P = .02). Consequently, this group also had increased
inhaled nitric oxide exposure (P = .02). Congenital dia-
phragmatic hernia defect types were defined by Interna-
tional Consensus Criteria.?® In our cohort, type B com-
prised the largest portion in the non-heliox group at 50%,
and type C comprised the largest portion of the heliox
group at just over 59%. In addition, the heliox group had
the majority of the right-sided defects (9 of the 12 total),
although this difference did not reach statistical signifi-
cance. Despite this difference in clinical severity, the sur-
vival to discharge was 75% for the heliox group and 76%
for the non-heliox group (P > .99). In addition, there was
a wider range in the time of death for the subjects who
received heliox treatment, between 14 and 309 d compared
with 2 and 18 d for the non-heliox group.

For the heliox analysis, each exposure was analyzed as
a separate event and each subject served as his or her own
control. Thirteen infants had more than one exposure to
this therapy during their hospital course. From the 27 sub-
jects treated with heliox, there were a total of 41 episodes
of heliox use: 15 preoperative for congenital diaphrag-
matic hernia repair, 8 perioperative (started within 24 h
pre/post-surgical repair), and 18 postoperative. High-fre-
quency ventilation was used in 28 of the heliox exposures,
and 13 heliox episodes occurred on conventional ventila-
tion. Helium concentration used at initiation was deter-
mined by the oxygen requirement of the subject at that
time and ranged from 10-70% (90-30% oxygen). Venti-
lator settings and P, were chosen as markers of venti-
lation. -

As depicted in Table 2, there was a statistically signif-
icant decrease in P,co_ levels from the pre-heliox baseline
to the first blood gas post—heliox treatment and the de-
crease was maintained during the 24-h analysis window.
Levels of P,co decreased from a mean of 68 mm Hg
pre-heliox to 48 mm Hg at 1-2 h post—heliox treatment
(P < .001); the nadir was a mean of 46 mm Hg at 6 h
(P <.001), and the P, stabilized between 12 and 24 h
of exposure, with means of 48 and 49 mm Hg (P < .001).
There was a significant increase in pH during this time
period from 7.3 to 7.4 (P < .001), which corresponded to
the change in P, .

In addition, ventilator settings decreased during heliox
treatment for both conventional and oscillator modes (Ta-
ble 2). For amplitude, this was statistically significant for
all time points. Before heliox treatment, the baseline mean
oscillator amplitude was 33 cm H,O. The nadir amplitude
was reached at 24 h, with a mean of 23 cm H,O (P < .001).
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Table 1.  Subject Characteristics

Heliox
Characteristic
No (n = 17) Yes (n = 28) Overall (N = 45) P

Birth weight, g (range) 2,866 (1,015-4,309) 3,003 (1,380-3785) 2,949 (1,015-4,309) 57
Gestational age, wk (range) 37.7 (29.0-41.4) 37.9 (31.3-41.4) 37.8 (29.0-41.4) .86
Diagnosis, n (%)

Bilateral 0(0) 1(4) 1(2) A7

Left 14 (82) 18 (64) 32 (71)

Right 3(18) 9 (32) 12 (27)
Age at time of repair, d (range)* 6 (1-18) 11 (3-27) NA .01
Pulmonary hypertension by echocardiography, n (%)t

Mild-moderate 5(29) 0(0) 5(11) .02

Moderate 5(29) 8(29) 13 (29)

Moderate-severe 1(6) 3(11) 49

Severe 6 (35) 17 (61) 23 (51)
INO, n (%) 10 (59) 26 (93) 36 (80) .02
ECMO, n (%)

No 14 (82) 22 (79) 36 (80) > .99

Yes 3(18) 6 (21) 9 (20)
Death before discharge, n (%)

No 13 (76) 21 (75) 34 (76) > .99

Yes 4.(24) 7(25) 11(24)
Age at death, d (range) 9 (2-18) 137 (14-309) NA .064
Congenital diaphragmatic hernia defect type, n (%)% .08

A 1(6) 2(7) 3(7)

B 7 (41) 5(18) 12 (27)

C 3(18) 16 (57) 19 (42)

D 3 (18) 4(14) 7 (16)

Unknown§ 3 (18) 1(4) 4(9)

* Three subjects in the no-heliox group unrepaired, 1 subject in the heliox group unrepaired.
7 Classification of pulmonary hypertension obtained from cardiac echocardiography performed within the first 72 h of life.

# Definitions per International Consensus Criteria: Type A defects are surrounded entirely by muscle; type B defects are considered small, with <50% of the chest wall lacking diaphragm tissue;

type C defects are large, with >50% of the chest wall devoid of diaphragm tissue; and type D defects describe complete or nearly complete absence of the diaphragm (from Reference 28).
§ The subjects were unable to have surgery due to clinical instability or compassionate care.

Heliox = helium-oxygen mixture

INO = inhaled nitric oxide

ECMO = extracorporeal membrane oxygenation

Table 2.  Paired ¢ Test Analysis: Changes Over Time During Heliox Treatment

Post—Heliox Treatment

Analysis Tr;rtt;gih"_?xSD 1-2h 6h 12h 2% h
+ SD P +SD P +SD P +SD P
P,co, mm He 675=13.6 47.5+113 <.001 460+87 <.001 483+88 <.001 492=80 < .00l
pH 7301 74200 <001 74x01 <001 74x00 <001 7T4x01 <.00l
Ventilator amplitude, cm H,0% 3B2E61  36+64 02 273+62 <001 245+59 <001 22860 <.001
Ventilator frequency, breaths/mint 279 = 68  280+72 78 245+75 08 233+69 030 227+62 .02
Fio, 052020 045+0.14 <.001 042+0.12 <.001 041=013 <.001 040=0.11 < .00l

Data from 41 episodes of heliox use.

* Data were collected for subjects on high-frequency oscillatory ventilation at the time of heliox administration. (n = 28).
F Shown for subjects on conventional ventilation (n = 13).

Heliox = helium-oxygen mixture
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Fig. 1. Composite changes over time during heliox (inhaled heli-
um-oxygen mixture) treatment. F,q, is displayed as percentage for
ease of comparison. P,,, = mean airway pressure.

For conventional ventilation, the effect became significant
by 12 h after initiation of heliox. Before heliox treatment,
the baseline mean ventilator frequency for those on con-
ventional ventilation was 28 breaths/min. The rate de-
creased to 23 breaths/min at 12 and 24 h (P = .030 and
.02, respectively). In addition, there was a small but sig-
nificant decrease in Fy,, from 0.52 to 0.40 (P < .001).
The mean airway pressure was unchanged throughout the
24 h of heliox treatment. Composite changes over time are
shown in Figure 1.

Discussion

In this cohort review, we found that the adjunctive use
of heliox corresponded with improved gas exchange and
reduced ventilator support in patients with congenital di-
aphragmatic hernia. Effects were maintained at 24 h of
heliox administration. The decrease in ventilator support
over the first 24 h seemed to be tolerated as evidenced by
the stable trend of P, seen at 12 and 24 h. This supports
a positive effect of heliox while on ventilation in our co-
hort.

We chose to focus on the initial 24 h of exposure given
the acute effect of heliox and the limitations of a retro-
spective analysis. We hypothesized that this interval would
allow enough time to demonstrate the clinical effects of
heliox, while decreasing exposure to possible confounding
variables that would increase over longer study periods.
The acute effect of heliox on gas exchange is demon-
strated by the significant change in P,co, shown within
1-2 h after exposure (this was the first arterial blood gas
drawn after initiation). This was the most dramatic change
in P o, during the study time period and could only be
explained by the addition of heliox because the ventilator
settings were largely unchanged during this short time
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interval. This acute improvement in ventilation was not
transitory but rather sustained over the 24-h period. The
stable trend of P, seen at the 12- and 24-h intervals was
continued, even while ventilator support was decreasing.
Although our analysis was limited to 24 h, it is our expe-
rience that heliox continues to improve airway dynamics
beyond 24 h of use. Theoretically, there is no reason why
this effect would be limited to 24 h.

The decrease in Fi over this study period was small
but statistically significant. This amount of change may
have uncertain clinical importance; however, it is impor-
tant to note that the improvement occurred over a rela-
tively short period and despite concurrent reductions in
ventilator settings. This reduced oxygen requirement oc-
curred without an increase in mean airway pressure. This
effect is likely multifactorial. Improved laminar flow leads
to better gas exchange in the distal airways, whereas lower
P.co, and increased pH allow for vasodilatation, which
improves pulmonary hypertension.

Although consensus from the literature indicates a min-
imum effective dose of 50—60% helium, there may be a
larger therapeutic window for heliox.2° Theoretically, there
is no minimum concentration at which heliox should not
provide some advantage because helium is lighter than
nitrogen.'3 Case reports'? and a small proof-of-concept
study demonstrated clinical effect with concentrations
down to 20-25% helium.?° In our study group, there was
a wide range of helium concentrations used at initiation of
treatment: 10-70%. Of note, no patients had to be taken
off heliox due to acute hypoxia after initiation. Heliox
concentrations could not be analyzed separately due to our
study size and heterogeneity. However, helium levels as
low as 10% were still associated with a progressive im-
provement in ventilation. Thus, heliox is a potentially vi-
able treatment, even for patients with congenital diaphrag-
matic hernia who have a very high oxygen requirement.

The heliox group was biased to include a greater amount
of high risk subjects, which is evident in the severity of
pulmonary hypertension by echocardiography, inhaled ni-
tric oxide use, age at repair, and defect type. It is our
experience that this population often has issues of hyper-
carbia, independent of oxygenation. Heliox is typically
initiated in patients who are not responding to standard
treatment or who are deteriorating from a ventilation stand-
point. The mean starting Fi of 0.5 and the mean starting
P,co, of 68 mm Hg support this. Although the clinical
severity differed between the group that received heliox
and the group that did not, the requirement of extracorpo-
real membrane oxygenation and mortality rates were sim-
ilar. In addition, the heliox group had a wider range in time
of death. Due to the retrospective design of this study,
these findings were limited to interpretation but were, at
the very least, encouraging trends for this more severely
affected congenital diaphragmatic hernia population.
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Given the limitations of a retrospective cohort review
with multiple confounding variables, including varied start
times (ie, pre-, peri-, and postoperative) and Fy, require-
ments, we were not able to directly compare the heliox and
non-heliox groups. We believed that the most rigorous
way to assess the effect of heliox in this historical cohort
was to use each individual as his or her own control. Thus,
each episode occurred with the same confounding vari-
ables, which limited interpersonal variation. Most of the
heliox episodes occurred in the first days of life or near the
congenital diaphragmatic hernia repair, as expected, given
that the respiratory status of these babies is quite tenuous
during that time frame. Eight episodes occurred more than
14 d after congenital diaphragmatic hernia repair. These
corresponded with acute deteriorations in respiratory sta-
tus related primarily to infection or subsequent surgeries.
Although these later exposures were not acutely related to
the congenital diaphragmatic hernia itself, the underlying
pathophysiology of the lung remained the same.

The initiation of heliox was clinically determined and
varied in timing and duration. Therefore, it is unlikely that
the changes in blood gas and ventilator data were simply
due to natural history. The short study period and analysis
of each individual exposure also diminished the likelihood
that these results could be explained by any other inter-
vention or change in clinical care. Concurrent therapies
were administered regardless of heliox administration, in-
cluding inhaled nitric oxide, steroids, and vasoactive med-
ications.

Patients with congenital diaphragmatic hernia have mul-
tiple long-term issues, including chronic lung disease, feed-
ing difficulty, and neurodevelopmental concerns. Recent
data reconfirmed a connection between pulmonary status
and developmental delay.3-3! Therapies that minimize the
degree and duration of ventilator support would be ex-
pected to decrease respiratory morbidity and improve out-
comes, both during the initial hospitalization and after
discharge.

Improved understanding of the unique pathophysiology
present in the patient with congenital diaphragmatic her-
nia, coupled with strategies to prevent ventilator-induced
lung injury, has led to dramatic changes in how we treat
these patients. The adoption of these therapies has resulted
in significant improvement in their survival. In building on
this knowledge, heliox offers a novel strategy to improve
flow dynamics and gas exchange through abnormal air-
ways with peripheral obstruction, which allows for lower
ventilator settings. Heliox may also improve oxygen de-
livery due to laminar flow dynamics and may enhance
pulmonary vasodilatation by minimizing hypercarbia and
normalizing pH. This effect could indirectly improve pul-
monary hypertension without requiring higher ventilator
settings or increasing oxygen exposure.
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The limitations of this study included retrospective data
collection and the lack of a formal protocol for heliox use,
patient heterogeneity, variable timing and concentration of
heliox therapy, and lack of a matched control group. De-
spite its limitations, this sort of retrospective analysis has
been an important method for advancing care in this unique
population.

Conclusions

At our institution, heliox has become an important ad-
junctive therapy in the clinical management of infants with
congenital diaphragmatic hernia. The addition of heliox to
the standard practice of gentle ventilation and permissive
hypercapnia allows for further improvement in gas ex-
change and thus a decrease in ventilator support and ox-
ygen exposure, which are known to contribute to lung
injury in this population. A prospective trial is needed to
more clearly define the acute and long-term impacts of this
treatment.
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