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Abstract

Background—High flow nasal cannula (HFNC) improves ventilation by washing out
nasopharyngeal dead space while delivering oxygen. Heliox (Helium-oxygen gas mixture), a low
density gas mixture, decreases resistance to airflow, reduces the work of breathing and facilitates
distribution of inspired gas. Excessive lung work and potential injury increases the workload on
the immature diaphragm predisposing the muscle to fatigue and can lead to inflammatory and
oxidative stress, thereby contributing to impaired diaphragmatic function. We tested the
hypothesis that HFNC with Heliox will decrease the work of breathing thereby unloading the
neonatal diaphragm and potentially reducing diaphragmatic injury.

Methods—Spontaneously breathing neonatal pigs were randomized to Nitrox (Nitrogen-oxygen
gas mixture) or Heliox and studied over 4 hrs following oleic acid injury. Gas exchange,
pulmonary mechanics indices and systemic markers of inflammation were measured serially.
Diaphragm inflammation biomarkers and histology for muscle injury were assessed at
termination.

Results—Heliox breathing animals demonstrated decreased respiratory load and work of
breathing with lower pressure- rate product, lower labored breathing index, and lower levels of
diaphragmatic inflammatory markers and muscle injury score as compared to Nitrox.
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Conclusion—These results suggest that HFNC with Heliox is a useful adjunct to attenuate
diaphragmatic fatigue in the presence of lung injury by unloading the diaphragm, resulting in a
more efficient breathing pattern and decreased diaphragm injury.

Keywords
High flow nasal cannula (HFNC); Helium-oxygen (Heliox); diaphragm injury; lung injury

Introduction

Premature infants are at increased risk for respiratory distress syndrome. Mechanical
ventilation has improved respiratory failure and survival in these infants; however, it has
also been associated with chronic lung injury or bronchopulmonary dysplasia (BPD).
Upwards of 25-42% of extremely low birth weight (ELBW) infants develop BPD and there
is no evidence that this incidence is on the decline.2 Lung injury can be caused by alveolar-
capillary membrane damage, surfactant inactivation or deficiency, inflammation and oxidant
injury leading to impaired gas exchange,? all of which increase thoraco-abdominal
asynchrony secondary to increased resistive and elastic load.# These alterations in work of
breathing lead to respiratory muscle contractile afterload causing fatigue and muscle injury,
characterized by inflammatory, oxidative and structural damage of the diaphragm leading to
respiratory failure. Due to developmental deficiencies in the chest wall and diaphragm, the
infant with lung injury is predisposed to respiratory failure. ®/ In this regard, the
composition of diaphragm muscle fibers and immature arrangement of reduced apposition
between the chest wall and diaphragm muscle contributes to respiratory fatigue in the face
of higher respiratory load imposed by lung injury and alveolar instability. High chest wall
compliance makes ventilation less efficient in the infant, adding to the increased load on the
diaphragm and increasing probability of respiratory failure.®

Continuous positive airway pressure (CPAP) is the most common form of non-invasive
respiratory support used in spontaneously breathing infants. Mechanisms by which CPAP
provides support is through alveolar recruitment, pressure delivery to the lung, increasing
functional residual capacity, improving ventilation, oxygenation and reducing work of
breathing. However, excessive CPAP can lead to adverse effects, including air leak
syndromes?, nasal injuries due to prolonged use and possible effect on renal dysfunction.10
Another mode of support is high flow nasal cannula (HFNC) which delivers warmed and
humidified gas at higher flow. Mechanisms of HFNC for support include nasopharyngeal
dead space washout with improved ventilation, warmed and humidified gas that improves
conductance and pulmonary compliance and decreased metabolic work needed for gas
conditioning, decreased inspiratory resistance and work of breathing and varying end-
distending pressure,11-14

Helium-oxygen gas mixture (i.e. Heliox) has been used for decades to reduce work of
breathing in the presence of high airway resistance. Helium is a biologically inert gas which
is seven times less dense than nitrogen. Being less dense, Helium decreases turbulence,
provides more laminar flow, thus decreases airflow resistance and requires less driving
pressure for distribution. In addition, Heliox has high diffusivity and can act as a carrier
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mixture, favoring gas exchange.15-19 Clinical and pre-clinical studies have shown Heliox to
decrease oxygen need, improve ventilation, improve thoraco-abdominal synchrony and work
of breathing and also reduce lung inflammation by reducing oxidative and mechanical

stress. 20-31

To test the hypothesis that an alternative gas delivery system, HFNC to deliver Heliox may
decrease the work of breathing and lung injury, we studied the use of HFNC to deliver
Heliox in a newborn porcine lung injury model in which we evaluated lung mechanics,
diaphragm inflammation and structure. These data were compared to a control group of lung
injured newborn pigs supported by Nitrox delivered by HFNC group.

Fourteen neonatal full-term, spontaneously breathing pigs (age 1-10 days, weight 2.4-4.5 kg)
were anesthesized (intramuscular injections of ketamine (23 mg/kg), acepromazine (0.58
mg/kg) and xylazine (0.8 mg/kg) separated by 10 mins. 12 Umbilical catheters (5 Fr) were
placed in a jugular vein and carotid artery. A saline- filled catheter (3.5 Fr) was placed
midway in the trachea, transtracheally at a perpendicular orientation and attached to a
pressure transducer for continuous dynamic tracheal pressure monitoring (Grass model 79D,
Grass Instruments, Co, Quincy, MA). The animals were supported with double prong HFNC
(\VVapotherm 2000i (Vapotherm, Inc, Stevensville, MD) at 4L/min at initial F|O5 0.5. In
addition to a calibrated blender for Heliox and Nitrox, gas concentrations were monitored
with an in-line MiniOX oxygen monitor. Control animals were placed on HFNC receiving
Nitrox (mixture of oxygen and nitrogen) and the experimental group received helium instead
of nitrogen (Heliox). Following instrumentation, respiratory distress was induced by
infusion of oleic acid (0.08 ml/kg; Sigma) that was emulsified in 0.5 ml/kg blood drawn
acutely from the animal’s venous line. This blood emulsion was infused into the central
venous line in four equal aliquots, each separated by 10 min to allow for physiologic
equilibration and stabilization between doses. The injury model and oleic acid dose was
refined in a pilot study by titrating oleic acid to achieve injury leading to a 50% reduction in
P,0O, and respiratory compliance while preserving spontaneous respiration. In addition, this
model has been previously reported by our group.39:32:33 Maintenance fluids were provided
by a continuous infusion of 5% dextrose solution per standard practice. Respiratory
parameters were assessed by respiratory inductance plethysmography (RIP) (SomnaStar PT;
SensorMedics, Yorba Linda, CA), including relative tidal volume, respiratory rate,
thoracoabdominal synchrony. Relative tidal volumes and minute ventilations were
determined prior to lung injury during manual bagging (via 3.0 endotracheal tube) at a fixed
rate (30 breaths/min) with low (2-4 ml/kg) and high (6-8 ml/kg) tidal volume strategies
using a pneumotachograph within a pediatric pulmonary monitoring system (NICO,
Cardiopulmonary Monitor, Philips HealthCare, Andover, MA.) in order to establish relative
calibration standards for inductive plethysmography (e.g. Labored Breathing Index).34
Analyses involved pneumotachography to determine integrated tidal volumes and utilized a
calibration algorithm for both Nitrox and Heliox. The bands containing inductance coils
were carefully positioned at the level of the axillae (i.e. rib cage band) and midway between
the umbilicus and xiphisternal junction (i.e. abdomen band). In the present study, we used an
uncalibrated RIP method for phase and synchrony evaluations and used an abbreviated two
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point RIP-tidal breathing calibration for evaluation of tidal breaths and minute ventilation
during the tidal breathing analysis. The Respitrace was used to construct Lissajous loops and
subsequent calculation of phase angles between the rib cage and abdominal movement using
RespiEvents software 5.2 (NIMS,Miami, FL)on at least 10 uniform breaths.>3536

At baseline, following injury and then every hour for 4 hrs , arterial blood samples were
obtained to measure gas exchange , vital signs, SpO», F|Oy, tracheal pressure monitoring and
pulmonary function were measured.. F|O, was titrated for SpO, 95 + 2% post injury from
hour 1 through 4. Animals were deeply sedated after completion of the experiment. The
diaphragm was perfused in situ via the vasculature with cold Millonig’s phosphate buffer.
The animals were then euthanized and consistent regional samples of the anterior and
posterior portion of right diaphragm were dissected, formalin-fixed and prepared for
histomorphometrical analysis. Consistent regional samples of the anterior and posterior
portion of left diaphragm were dissected, snap-frozen in liquid nitrogen and stored at —80°C
for subsequent analysis of interleukin-8 (IL-8) and myeloperoxidase (MPO).

Diaphragm tissue IL-8 ELISA was analyzed from the supernatant generated from
homogenized diaphragm tissue. Samples of fixed weight (100 mg) were washed twice with
phosphate-buffered saline and homogenized in 500 pl RIPA solution (50 mMTrisHCI, 150
mMNacCl, 1% igepal, 0.5% NaDOC, and 0.1% SDS) with Complete™ protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany). The homogenate was centrifuged at
12,00 x g for 10 min at 48°C to obtain a supernatant for measurement of 1L-8. ELISAs on
duplicate samples were performed using porcine-specific capture and detection antibodies
and respective recombinant porcine cytokine proteins as positive controls (DuoSet Porcine
IL 8, RD Systems, Minneapolis, MN). Optical density was read at 450 nm, and the limit of
detection was 31 pg/ml.

Myeloperoxidase (MPO) in diaphragm tissue was analyzed following tissue homogenization
(100 mg in 1 ml of 0.05 M potassium phosphate buffer, pH 6.0). The homogenate was
centrifuged at 1,70 x g for 30 min at 4°C. The supernatant was then incubated at 60°C for 2
hr on a thermostated water bath, and again centrifuged at 10,00 x g for 5 min at 4 °C to
obtain a supernatant for measurement of MPQ activity, using a colorimetric bioassay

( Schierwagen et al.16) Duplicate 10-ml aliquots of standard (human leukocyte MPO, ICN
Biomedicals, Aurora, OH) and samples were incubated in a 96-well plate with 100 ml of
substrate buffer (0.1M sodium citrate, 0.1% o-dianisidine, 1 mM hydrogen peroxide, pH
5.5) for 1 min. The plate was read immediately at 560 nm in an automated plate reader
(MRX RevelationTM, Thermo Labsystems, Franklin, MA), and the detection limit was
0.0625 U/ml. Total protein concentration in lung tissue homogenate was analyzed using the
microtiter assay of Bradford. IL-8 and MPO levels were normalized for total protein
concentration in the diaphragm.3’

For histomorphometrical analyses, tissues were formalin- fixed and embedded in paraffin.
Thin sections (5 um) were cut and stained with hematoxylin and eosin. The slides were
numbered with masking of treatment option such that all analyses were performed while
blinded to treatment group. Specimens were analyzed qualitatively with gross light
microscopy at x100 and x400 magnification. Diaphragm sections were first displayed under
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the microscope at low power, and then changed to higher power to randomize selection and
avoid preselection of areas. Images at both low and high power were photographed and
digitized. Histomorphometric quantitative assessments were performed using computerized
software (Image Pro Plus, Silver Spring, MD) and included measurements of muscle fiber
diameter and quantification of muscle damage. Myofiber diameter was defined as the
maximum diameter across the lesser aspect of the muscle fiber and was measured in muscle
fibers oriented in cross-section.38 The muscle damage score is a numerical scoring system
where a 48 point grid is superimposed on fixed cross-sections and grids are scored as either
normal or abnormal muscle morphology. A grid was categorized as abnormal based on the
presence of inflammatory cells, pale or variable staining of the cytoplasm or central
nucleated fibers. Grids were not scored if the space was empty or contained connective
tissue, nerve or vessels. The muscle damage score was calculated by dividing the number of
damaged grids by the total number of grids that were evaluated (muscle damage score (%) =
[abnormal/ abnormal + normal] x 100).39:40

Data analysis was performed using Graph Pad PRISM and Microsoft Excel. Values are
expressed as mean = SEM. Group differences were analyzed statistically using Analysis of
Variance (ANOVA) with Bonferonni post-hoc analysis to determine intergroup and time
dependent differences for physiologic parameters, pressure rate product and labored
breathing index. The Student t-test was used to analyze treatment group differences for
inflammatory markers and muscle injury score. Significance was accepted at P < 0.05.

The neonatal pigs averaged 9.1 + 1.8 postnatal days and 3.42 + 0.66 kg body weight. There
were no significant differences in age, gender, or weight between treatment groups.

Physiologic Parameters

As shown in Figure 1, gas exchange and blood chemistry values are presented for both
groups (Nitrox and Heliox) at post injury and for 4 hours of spontaneous breathing. Initially
all animals were on F|O, 50%, 4 L/min HFNC under baseline conditions (nho group
differences noted). As indicated, the oleic acid (OA) injury (immediate response) resulted in
a significant detriment in oxygenation (figure 1c) with little change in P,CO> (figure 1b).
With supplemental oxygen both groups were able to compensate effectively in response to
the OA injury. Over hours 1 through 4, the inspired oxygen concentration for both groups
was titrated to maintain oxygen saturation in the range of 95 £ 2% while the animals
controlled their own depth and rate of breathing. The P,CO, was lower in the Heliox group,
though over time it did not reach statistical significance (P = 0.34). There was no acidosis or
hypercapnia noted in either of the groups. F|O, requirement was similar in both groups (P
=0.43) and P,0, was higher in the Heliox group compared to Nitrox at similar FjO,
exposures (P = 0.64).

Figure 2 illustrates the pressure rate product and percent changes in this parameter for both
groups (Nitrox and Heliox) at baseline injury, post injury on 50 % F,0O,and for 4 hours of
spontaneous breathing. As shown, no group difference was noted at baseline for pressure
rate product (P > 0.05) and the product trended lower in the heliox group overtime post
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injury between 1 and 4 hours ( P=0.06). When pressure rate product was normalized to
baseline values (to reduce initial inter- animal variability), there was a significant decrease
in the Heliox group (P < 0.01) over time, with the 4 hour measurement showing the greatest
intergroup difference (P < 0.05).

Labored Breathing Index (LBI) values and percent changes in this parameter are illustrated
for both groups (Nitrox and Heliox) at baseline injury, post injury 50 % F;O, and for 4 hours
of spontaneous breathing in figure 3. As noted, LBI was lower in the Heliox group (figure
3a) (P < 0.01) and this improvement in work of breathing was maintained when LBI was
normalized as percent change from baseline injury (figure 3b), there was greater decrease in
LBI in the heliox group (P < 0.01). Heliox had a decrease in LBI over time compared to
increasing index in the Nitrox group (figure 3b).

Inflammatory Markers

MPO (figure 4a) and IL-8 (figure 4b) for diaphragm tissue are shown for both groups
(Nitrox and Heliox) after 4 hrs OA injury and spontaneous breathing. As noted, there was
less inflammatory damage to the diaphragm as shown by significantly lower IL-8 levels in
the Heliox group (P < 0.01). MPO levels trended lower in the Heliox group (P =0.07).

Histological Parameters

Histomorphology of cross sectional diaphragm sections showed evidence of injury in both
Nitrox and Heliox support, with Nitrox breathing animals showing a greater abnormal score
with uneven staining and fragmentation of fibers (figure 5a). In the Heliox sections there is
significantly less fragmentation and more uniform staining (as shown in figure 5b). There
was no centralization of nuclei noted in either group. The muscle injury score (MIS) (figure
5c¢) of the Heliox group (25%) was significantly lower (P < 0.01) as compared to the Nitrox
group (58%) There was no difference noted in the fiber diameter between Nitrox and Heliox
group (10.4 £ 0.9 and 10.6 + 0.7 respectively; P = 0.38) (figure 5d).

Discussion

Over the last 2 decades, there have been a handful of studies in the neonatal population
emphasizing the improvement in work of breathing when Nitrox is replaced with Heliox as a
carrier air mixture. These studies have mainly been limited to obstructive lung disease
processes in children. There have been very few studies in premature neonates since the
original observation in 1984 that showed reduced airway resistance, work of breathing, and
improved thoracoabdominal synchrony.?8 More recent clinical use of Heliox with non-
invasive ventilation in neonates has been limited to conventionally delivered CPAP.
Colnaghi et al.3! showed Heliox to be safe and effective in reducing the need for intubation
and decreased surfactant requirements. Migliori et al.28 noted reduced resistive work of
breathing and mean peak inspiratory pressure and improved gas exchange with lower
TcCO2 levels in preterm infants, but there was no control group in this non-blinded study.
Recent review of non-invasive ventilation approaches has described the advantages of
Heliox over Nitrox as a carrier gas for non-invasive ventilation.®2°

Pediatr Pulmonol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jassar et al.

Page 7

The airways in the premature neonate are especially vulnerable to high airway resistance due
to small caliber, increased secretions, airway edema, rapid breathing rates and collapsibility
of airway. Various modes of non-invasive ventilation have been used to maintain airway
patency and nasopharyngeal dead space washout. HFNC is becoming a commonly used
mode of noninvasive ventilation which has the above advantages and also provides warmed
and humidified gas which improves conductance and pulmonary compliancel3 decreases
metabolic work needed for gas conditioning, decreases inspiratory resistance and work of
breathing and can also provide varying end-distending pressure.11.14 These benefits of
HFNC are amplified with the use of Heliox, since it’s unique biophysical properties aid in
improving work of breathing, improves ventilation, decreases oxygen needs, may enhance
nasopharyngeal washout (more effective diffusion of Heliox) and further reduces lung
inflammation.30 In addition, Heliox provides an effective steady state thermal environment
during early development.!

In this study, spontaneously breathing lung injured newborn pigs supported with high flow
nasal Heliox demonstrated lesser effort and work of breathing compared to Nitrox breathing
animals. The benefit of lower density of helium gas mixture is proportional to the F;O,, with
the greatest density difference occurring at lower F|0, (20-40%).16:17.21.26.28.42 F, O,
requirement was <40% in the Heliox group. F;O, requirement and P,O,were similar in both
groups, but there was lower work of breathing in the Heliox group. This indicates greater
efficiency when exposed to helium as compared to nitrogen even when exposed to similar
oxygen concentration. The improved efficiency is likely related to decreasing turbulence,
decreased resistance to flow and greater diffusivity. Whereas P,CO» levels were similar in
both groups, as compared to the Nitrox group, the Heliox group had lower effort of
breathing and load to achieve similar level of ventilation. This is reflected by improvement
in thoraco-abdominal asynchrony and labored breathing index, Heliox showed a greater
decrease in resistive load with greater decrease in PRP. Similar results have been shown in
spontaneously breathing BPD infants where Heliox breathing decreased pulmonary
resistance, resistive work of breathing and mechanical power of breathing.26:28

The RIP Lissajous approach was developed for sinusoidal breathing patterns, and not
complex patterns associated with some distressed breathing patterns. However, it has been
shown by our group that even in distorted loops, the calculated phase angle is still a good
estimate of synchrony and the error has been estimated at <10%.*° In our experience, we
have found that the phase angle and pressure rate product, as well as several other
parameters (even with a two point calibration) provides very reliable and reproducible
information on breathing synchrony which in turn indirectly characterizes respiratory load.

The Heliox breathing group had more homogenously stained diaphragm fibers compared to
samples obtained from the Nitrox group in which there was a significantly greater muscle
injury mainly characterized by uneven staining and fragmentation of fibers. While there was
no difference in diaphragm fiber diameter, we posit that the absence of differences is likely
due to the short exposure time; longer injury time is most likely needed to note hypertrophy
or atrophy of the fibers with time. There are limitations to the comparison of the neonatal
pig diaphragm with premature human neonatal diaphragm muscle with a paucity of studies
assessing structure of human neonatal diaphragm. Nonetheless, during early development in
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both species the chest wall is relatively more compliant that the lung. Within this context,
given that a compliant chest wall, coupled with a stiff lung presents increased work of
breathing as a challenge to the easy fatigability of respiratory pump muscle in preterm
neonates makes the findings of this study in neonatal pig model clinically relatable to
preterm infants with RDS/BPD.

The greater muscle damage in the Nitrox group is likely due to greater initial mechanical
injury, followed by inflammatory cell infiltrate, cytotoxic injury and oxidant damage
compared to heliox group.39 IL-8, which is a neutrophil chemotactic factor*3 and an
established inflammatory marker was significantly lower in the Heliox group, thus
strengthening our contention that Heliox unloads the diaphragm, lessens muscle fatigue,
improves work of breathing resulting in decreased diaphragm inflammatory injury. While
the MPO levels were lower in heliox group, statistical significance at our stated level was
not reached, a finding that may be explained by similar oxygen exposure in the two groups
and similar oxidant injury.

Due to the non-invasive support (gas leaks around the nares and mouth), this study could not
directly determine the work of breathing. However, using inductance plethysmography and
the direct invasive determination of airway pressure (only possible in an animal model), we
were able to estimate indices of effort of breathing. More specifically, we determined
pressure rate product and labored breathing index. In this oleic acid lung injury model, we
showed that for the same oxygen requirement (F,0,), the Heliox group was able to maintain
oxygen saturation and arterial P,CO5 in a stable target range more efficiently than the Nitrox
group. This conclusion is based on the finding that work of breathing indices (pressure-rate
product and labored breathing index) were reduced in the Heliox group during the treatment
period (4 hours) as compared to the Nitrox group. Concomitant with this finding, there was a
reduction in diaphragmatic inflammatory biomarkers associated with the reduction in
breathing effort, thus supporting more efficient breathing effort.

In lung disease, in order to expand the lung, respiratory muscles must generate sufficient
force to overcome elastic forces associated with the low lung compliance and resistive
forces associated with high airway resistance. The diaphragm plays a greater role in the
work of breathing compared to the compliant chest wall. In neonates, the diaphragm is
flattened, has smaller apposition zone, low oxidative capacity and lesser percentage of
fatigue resistant fibers, thus less endurance to sustain increased work load.8 In the setting of
lung injury, Heliox with HFNC decreased resistive load, decreased thoraco-abdominal
asynchrony, caused less diaphragm inflammatory and structural damage. These findings
strongly suggest that Heliox via HFNC may be a useful adjunct to improve the energetics of
breathing and attenuate diaphragm fatigue in presence of lung injury. We speculate that the
use of Heliox will reduce the total cost of neonatal intensive care by substantially reducing
length of respiratory care and length of stay in the hospital.

In summary, this study suggests that Heliox with HFNC, by unloading the lung, decreases
the workload of the diaphragm, results in a more efficient breathing pattern and thereby
decreases diaphragm injury. This approach is supportive of attenuating respiratory failure in
the setting of premature lung predisposed to RDS or in injured lungs characterized by BPD.
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Future studies need to focus on reciprocating similar results of Heliox with noninvasive

ve

ntilation in human neonates over a longer duration to assess the impact on reducing RDS

severity and/or BPD, and decreasing calories expended on work of breathing, thereby
improving growth and also possibly shortening length of stay.
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Figure 1.

Lung physiological profile (mean £ SEM) in Heliox group (solid line with open triangles) vs
Nitrox group (dashed line with open squares) from post lung injury and over 1 through 4
hours. (a) No significant difference in pH between the two groups (P = 0.21). (b) P,CO, was
lower for Heliox group, though over time did not reach statistical significance (P = 0.34). (c)
P,O, level was higher for Heliox group at all time points from hour 1 through 4, though not
statistically significant (P = 0.64). (d) F,O, requirement was similar between both groups (P
=0.43).
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Figure 2.

Pressure rate product (PRP) and percentage change of this parameter from baseline injury
(BI) over time (post injury-50% FO5 and over hour 1 through 4) in Heliox group (solid line
with open triangles) vs Nitrox group (dashed line with open squares). (a) Pressure rate
product values trended lower in the heliox group (P = 0.06). (b) Percentage change in PRP
normalized to baseline injury on y-axis plotted against post injury and over 4 hours of
spontaneous breathing. Heliox group has significantly greater percentage drop in pressure
rate product over time (* P < 0.01).
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Figure 3.
Labored Breathing Index (LBI) and percentage change of this parameter from baseline

injury (BI) over time (post injury-50% F;O5 and over hour 1 through 4) in Heliox group
(solid line with open triangles) vs Nitrox group (dashed line with open squares). (a) Heliox
group compared to Nitrox group had significantly lower LBI values over time (* P < 0.01).
(b) Percentage change in LBI normalized to baseline injury on y-axis plotted against time
from post injury and over 4 hours of spontaneous breathing. Heliox group has significantly
greater percentage drop in LBI over time (* P < 0.01).
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Figure4.

Diaphragm Myeloperoxidase (MPO) and interleukin 8 (IL-8) levels after 4 hours of oleic
acid injury in Heliox and Nitrox groups are presented as normalized for total protein
concentration in the diaphragm. (a) MPO trended lower in the Heliox group compared to
Nitrox group, not statistically significant (P 0.07). (b) IL-8 levels were significantly lower in
the Heliox group after 4 hours of spontaneous breathing, post oleic acid injury (* P < 0.01).
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Figure5.
Diaphragm muscle injury score (MIS), cross-sectional muscle fiber diameter and H & E

stained cross-sections of diaphragm. (Clear bars are Nitrox breathing animals and dashed
bars are Heliox breathing). (a) Muscle injury Score comparing nitrox to heliox sections.
Muscle Injury was attenuated in heliox breathing pigs compared to nitrox group (* P <
0.01). (b) Muscle fiber diameter was similar between both groups (P > 0.05). (¢ & d) H&E
stained cross-sections of diaphragm (magnification 400x) obtained from one newborn pig in
each group. (c) Nitrox section, arrows points to uneven staining and fragmented fibers. (d)
Heliox section showing more uniform staining and less fragmentation.
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