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BACKGROUND: High-flow nasal cannula (HFNC) is commonly being used to provide noninvasive
respiratory support in newborn infants. Continuous distending pressure generated by these devices
in preterm infants has not been elucidated. The aim of this work was to determine the association
between HFNC flow in L/min and end-expiratory esophageal pressure in cm H,O in premature
infants. METHODS: In a prospective observational study, end-expiratory esophageal pressure
measurements were conducted in clinically stable premature infants who required HFNC. The
end-expiratory esophageal pressure generated by the HFNC was measured by a regular feeding
tube overlying the lower esophagus and connected to a pressure transducer. Each infant had
different end-expiratory esophageal pressure measurements at different high flows ranging from 2
to 8 L/min. RESULTS: Nineteen premature infants were studied. Their birthweight (mean * SD)
was 904 = 574 g, and gestational age was 26.6 = 3.1 weeks. Overall, 93 end-expiratory esophageal
pressure measurements were conducted. At the time of the end-expiratory esophageal pressure
measurements, infants were 1,458 * 828 g and 7.2 * 4.8 weeks old. At HFNC flows ranging from
2 to 8 L/min, the corresponding esophageal pressures ranged from 2 to 15 cm H,O. There was a
statistically significant association between esophageal pressures and flows. In a linear regression
model with the end-expiratory esophageal pressure as the dependent variable and HFNC flow as the
independent variable, there was a significant correlation between the 2 variables: end-expiratory
esophageal pressure (cm H,0) = 1.18 X HFNC (L/min) (r? = 0.95, P < .001). CONCLUSIONS:
HFNC-associated end-expiratory esophageal pressure is measurable in premature infants. There is
a significant association between flows and generated esophageal pressures. There is also variability
in the amount of end-expiratory esophageal pressure generated. These observations should be kept
in mind when using high HFNC flows in preterm infants. Key words: very low birthweight; prema-
turity, infants; high-flow nasal cannula; end-expiratory esophageal pressures. [Respir Care
2016;61(3):285-290. © 2016 Daedalus Enterprises]

Introduction

Noninvasive respiratory support has gained ground in
recent years as an important tool to reduce long-term re-
spiratory morbidity in preterm infants. Noninvasive respi-
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ratory support is usually provided by devices that provide
pressure (ie, nasal CPAP) or high flow (>2 L/min).! De-
vices using high-flow nasal cannula (HFNC) improve ef-
ficiency of breathing by injecting fresh heated humidified
gas, thereby reducing the nasopharyngeal dead space.?
HENC also provides a continuous distending pressure, and
it has been shown to be comparable with distending pres-
sure produced by nasal CPAP.!3-> The distending pressure
produced by HFNC is unknown at the bedside when it is
not continuously monitored. Monitoring this distending
pressure is paramount, since this continuous pressure
changes with changes in pulmonary mechanics, such as
resistance and compliance, and it is extremely variable
between patients. An inability to provide the right amount
of individualized respiratory support and titrate the dis-
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tending pressures to effect will lead to failure of noninva-
sive ventilation. On the other hand, providing a higher
than needed pressure can cause excessive end-expiratory
distending pressures that can cause adverse effects, such as
air leaks (pneumothorax, pneumomediastinum) and gas-
trointestinal perforations.® Some of the reasons for not
monitoring and titrating distending pressures tailored to
individual patients might be related to the fact that mea-
surement of intrathoracic pressures often requires special
tools, it is time consuming at the bedside, and the exact
optimal distending pressure for preterm infants is un-
known.37

In this study, we sought to determine the relationship
between HFNC and generated end-expiratory esopha-
geal pressures in premature infants. We also sought to
determine the feasibility of end-expiratory esophageal
pressure measurement using a regular feeding tube to
titrate HFNC flows and avoid both insufficient and ex-
cessive distending pressures.

Methods

The study was approved by the Institutional Review
Board at Metro Health Medical Center. In this prospective
observational study, the inclusion criteria consisted of pre-
mature infants (<37 weeks gestational age) who were felt
to be stable enough to undergo the study by their treating
physicians on an HFNC, who had a nasogastric or orogas-
tric feeding tube in place, and whose parents provided
written informed consent to participate in the study. The
exclusion criteria consisted of infants who had facial, oral,
or nasopharyngeal anomalies that precluded the placement
of an orogastric or nasogastric feeding tube as well as
infants who were nil per os or who did not have a feeding
tube in place.

Measuring Continuous Distending Pressures

Procedures that did not require any special equipment
were used in the study. End-expiratory esophageal pres-
sure, which represents end-expiratory pressure in the esoph-
agus, correlates with intrapleural pressure and has been
used as a surrogate for measurement of continuous dis-
tending pressures applied to the airways.>#° The end-ex-
piratory esophageal pressure measurement can be achieved
by using a feeding tube (nasogastric or orogastric), over-
lying the lower portion of the esophagus, filled with water
and connected to a pressure transducer. This technique is
practical and reproducible in a neonatal ICU setting, and it
has been used for nearly 3 decades.®® The pressure de-
tected at the tip of the water-filled feeding tube is trans-
duced (using an arterial line setup) to the bedside monitor,
and it represents the end-expiratory esophageal pressure.
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Current knowledge

Heated and humidified high-flow nasal oxygen (HFNC)
is a noninvasive means of respiratory support that im-
proves oxygenation by meeting patient demands with
high inspired oxygen concentrations and low-level end-
expiratory pressure. HFNC reduces the required minute
ventilation by washing out the upper respiratory dead
space. In neonates, the use of large bore cannula in a
small naris may result in significant increases in mean
and end-expiratory airway pressures.

What this paper contributes to our knowledge

In a group of premature infants receiving HENC oxy-
gen at 2-8 L/min, end-expiratory pressures of
2-15 cm H,O were measured using esophageal ma-
nometry. There was a significant correlation between
flow and end-expiratory pressures. These results sug-
gest caution in the application of HFNC because the
pressures developed can result in a risk of barotrauma
and/or hemodynamic embarrassment.

The infant’s existing nasogastric/orogastric tube was
used for the study. Polyurethane enteral feeding tubes (Foot-
print Medical, San Antonio, Texas) were used to measure
end-expiratory esophageal pressure. Routine nursing guide-
lines were used to determine the size of the feeding tube.
In general, 40-cm-long enteral feeding tubes size 5 or 6
French were used for infants <1,500 g, and size 8 French
tubes were used for infants >1,500 g. Before feeding and
while the infant was in a quiet state, the infant was placed
in a supine position. The infant’s mouth was gently closed
during the study procedures.!:'° The orogastric or naso-
gastric feeding tube was flushed initially with air and then
filled with 0.2-0.5 mL of sterile water. Based on previous
estimated measurements, the water-filled feeding tube was
pulled out of the stomach by a few cm to reach the lower
part of the esophagus. The estimated measurements of the
feeding tube from the lips or nostrils to the lower esoph-
agus were calculated based on the length of the feeding
tube from the lips (for orogastric tubes) or nostrils (for
nasogastric tubes) to the ear tragus to 1-2 cm above the
xiphoid notch. The water-filled feeding tube was then con-
nected to a transducer using a routine arterial line mea-
surement setup, and transduction signals were verified us-
ing a BTR 24-30 pressure transducer (Biosensors
International, Newport Beach, California). The pressure
transducer and nasogastric tube setup were zeroed to the
atmospheric pressure in the same way an arterial line is
zeroed using the same routine procedure.!' The feeding
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tube was withdrawn until the typical negative tracing de-
flections associated with inspiration were noticed.”

After the feeding tube was transduced, the intra-esoph-
ageal pressure waves were monitored until a regular and
steady breathing pattern was observed for at least 3—5 min.
After reaching steady state waveforms, the displayed end-
expiratory esophageal pressure values were recorded.

For each HENC flow, the corresponding end-expira-
tory esophageal pressure was recorded. A stepwise,
non-randomized increase or a decrease of the flow by
1 L/min was performed every 10 min. The HFNC flow
was changed in a sequential order, rather than a random
order, to reduce the chance of physiologic decompen-
sation. To further reduce the chance of physiologic de-
compensation during the study, HFNC flows were al-
tered by no more than 4 L/min for an individual subject.
For example, for an infant with initial HFNC flow of
8 L/min, the minimum flow setting used during the study
was 4 L/min. The flows ranged between a minimum of
2 L/min and a maximum of 8 L/min. Treating physi-
cians retained the ability to limit the number of obser-
vations to <4/subject. The study procedure was stopped
if the infant developed apnea, bradycardia (heart rate
<80/min), oxygen desaturation (pulse oximeter <88%),
tachypnea (breathing frequency >60/min), or signifi-
cant intercostal or subcostal retractions. Subjects did
not receive any sedatives during the measurement of
their end-expiratory esophageal pressure.

After the measurements were done, the nasogastric or
orogastric feeding tubes were pushed back into the stom-
ach to the original site. The position of the tip of the
feeding tube was verified by the nursing staff before the
next feeding (by listening with a stethoscope to the area
overlying the stomach while flushing the feeding tube with
air).

A Vapotherm 2000i (Vapotherm, Exeter, New Hamp-
shire) was the HFNC system used during the study. The
nasal interface used during the study was the standard
Vapotherm cannula, preterm/neonate size (1.5-mm outer
diameter) that accompanies the Vapotherm 2000i. The aim
of sizing the nasal cannula was to have no more than 50%
occlusion at the nasal interface. Leak around the nasal
interface was not specifically measured. Because HFNC
was used over the recommended and approved flow range,
we did not add any pressure relief devices to the HFNC
system.

Respiratory distress syndrome was defined as respira-
tory distress with need for oxygen and classical chest ra-
diograph findings (air bronchogram, ground glass appear-
ance, low lung volumes) within 24 h after birth.!?
Bronchopulmonary dysplasia was defined as a require-
ment for >21% oxygen for >28 d.!3
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Table 1.  Subjects’ Demographics

Parameters Values (N = 19)
Birth weight, mean = SD g 904 = 574
Weight at observation, mean = SD g 1,458 = 828
Gestation at birth, mean = SD wks 26.6 = 3.1
Gestation at observation, mean = SD wks 33.3*+49
Male sex, n (% male) 9 (47)
Ethnicity, n (% )
Caucasian 4 (21)
African-American 12 (63)
Hispanic 3(16)
Antenatal steroids, n (%) 13 (68)
Surfactant, n (%) 18 (95)
Apgar scores at 1 min, median (range) 5(1-9)
Apgar scores at 5 min, median (range) 7(1-8)
Length of invasive mechanical ventilation, 16.8 = 11.2
mean + SD d
HFNC setting at the time of testing, median 5(3-8)
(range)
Fio,» mean * SD 0.29 = 0.04

Statistical Analysis

Sample size was estimated as 19, for a correlation be-
tween HFNC setting and end-expiratory esophageal pres-
sure of at least 0.6, power of 80%, and significance level
of 0.05. Data were expressed as mean = SD and as per-
centages. To determine the association between end-expi-
ratory esophageal pressure and HFNC, a linear regression
analysis was conducted with the end-expiratory esopha-
geal pressure as the dependent variable and the HFNC
flow as the independent variable. To determine whether
there is any association between weight and end-expira-
tory esophageal pressure, another linear regression analy-
sis was conducted with end-expiratory esophageal pres-
sure as the dependent variable and with HFNC and weight
as independent variables. An analysis of variance using a
general linear model was conducted to determine a differ-
ence in end-expiratory esophageal pressure between sub-
jects at different HFNC flows. To determine whether weight
has an effect on end-expiratory esophageal pressure, weight
was added to the general linear model analysis as a cova-
riate. P values of <.05 were considered statistically sig-
nificant. The statistical analysis was performed using SPSS
10.0 (SPSS, Chicago, Illinois).

Results

A total of 19 premature infants were studied. Subjects’
demographics are displayed in Table 1. All infants had a
history of respiratory distress syndrome with evolving or
established bronchopulmonary dysplasia. During the study,
93 different HFNC-generated end-expiratory esophageal
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Table 2.  End-Expiratory Esophageal Pressures Generated by

Different High-Flow Nasal Cannula Flows

HFENC (L/min) EEEP (cm H,0) n
2 2(2-2) 1
3 4(2-5) 4
4% 5(3-7) 18
5% 5(5-8) 18
6% 7 (5-10) 18
7* 8 (6-13) 17
8% 9 (6-15) 17

Data are expressed as median (range).

* There was a significant difference in end-expiratory esophageal pressure in infants on
4-8-L/min high-flow nasal cannula (general linear model, P < .001).

EEEP = end-expiratory esophageal pressure

HENC = high-flow nasal cannula

pressure measurements were conducted. On average, each
subject had a mean (range) of 5 (1-6) end-expiratory esoph-
ageal pressure measurements. Each subject had one end-
expiratory esophageal pressure measurement per HFNC
flow rate level documented. All subjects tolerated the pro-
cedures well.

For each level of HFNC flow, there was a range of
esophageal pressures that were generated. Table 2 shows
the end-expiratory esophageal pressure levels generated
by different HFNC flows. An analysis of variance using a
general linear model analysis was conducted to compare
subjects receiving different HFNC flows ranging between
4 and 8 L/min. There was a significant difference in end-
expiratory esophageal pressure in infants on 4—8-L/min
HEFNC (general linear model, P < .001).

To determine the association between HFNC and end-
expiratory esophageal pressure, a linear regression was
conducted with the end-expiratory esophageal pressure as
the dependent variable and the HFNC flow as the inde-
pendent variable. There was a statistically significant as-
sociation between flows and esophageal pressures. End-
expiratory esophageal pressure (cm H,O) = 1.18 (95% CI:
1.14-1.25) X flow (L/min) with an r* of 0.95 and P <
.001 (see Fig. 1). For example, for an HFNC flow of
5 L/min, the corresponding end-expiratory esophageal pres-
sure will be 1.18 X 5 = 6 cm H,0.

To determine whether weight has an effect on end-ex-
piratory esophageal pressure, a linear regression analysis
was conducted with end-expiratory esophageal pressure as
the dependent variable and with HFNC and weight as
independent variables. There was no significant correla-
tion between weight and end-expiratory esophageal pres-
sure. Weight had a 8 coefficient of 5.8 X 1075 (P = .32).
However, the correlation between HFNC and end-expira-
tory esophageal pressure persisted with a 8 coefficient of
1.18 (P < .001).
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Fig. 1. Association between high-flow nasal cannula (HFNC) and
generated end-expiratory esophageal pressures (EEEP) in prema-
ture infants. EEEP = 1.18 X flow (r? = 0.95; P < .001). Each point
represents an individual EEEP measurement in a subject on a
given HFNC flow.

ECG

EEEP WNW\*Expiratory phase
<Inspiratory phase

Fig. 2. Arepresentative end-expiratory esophageal pressure wave-
form of 4 cm H,O corresponding to a high-flow nasal cannula of
4 L/min. ECG = electrocardiogram; EEEP = end-expiratory
esophageal pressure.

We also conducted a variance analysis using a general
linear model to determine whether there was any differ-
ence in end-expiratory esophageal pressure at different
HENC flows ranging between 4 and 8 L/min with weight
as a covariate, and the result of our analysis showed no
statistically significant effect of weight on end-expiratory
esophageal pressure (P = .72). A representative end-ex-
piratory esophageal pressure measurement at 4-L/min
HENC flow is provided in Figure 2.

Discussion

We have shown in this study that there is a significant
association between HFNC flow and end-expiratory esoph-
ageal pressure in premature infants. We have also shown
that end-expiratory esophageal pressure measurements are
feasible at the bedside by using regular nasogastric or
orogastric feeding tubes. Such a technique will help prac-
titioners to titrate HFNC flow to avoid both insufficient
and excessive distending esophageal pressures.

HFNC (flows >2 L/min) devices are increasingly being
used with no documented benefits for clinical outcomes.
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With the use of heated and humidified air, higher flows of
up to 8 L/min have been used in newborn infants. Concern
for inadvertent delivery of excessive lung distending pres-
sure, especially in premature infants, led us to conduct this
study. Our results confirm that the delivery of significant
lung distending pressures (measured as end-expiratory
esophageal pressure) are seen with HFNC in premature
infants.

The proposed mechanism of action of HFNC is the
reduction of dead space by nasopharyngeal wash out.
Because of relatively larger head size, infants have larger
nasopharyngeal dead space compared with older chil-
dren, which reduces the efficiency of breathing and im-
poses additional work of breathing.!# In an experimen-
tal model, HFNC has been shown to reduce CO, and
improve oxygenation with increasing flow. In such a
model, improvement of oxygenation and ventilation hap-
pened without delivery of pressure higher than nasal
CPAP, thereby indicating the positive role of nasopha-
ryngeal washout.?

Pressures generated by HFNC have been studied previ-
ously in experimental models and in infants. Studies con-
ducted on lung models (artificial lungs and animal models)
have shown that pressure delivery was directly propor-
tional to HFNC flow and inversely affected by the amount
of leak at the nasal interface.!>!¢ Studies in infants have
shown that the amount of pressure delivered to the phar-
ynx, and possibly to the lungs, is associated with higher
flows and lower infant weight.!3-> These human studies
have also documented significant interpatient variability in
measured pressures. Lampland et al® reported a 161—
1,885% interpatient coefficient of variation in their study
comparing pressures generated by HFNC with nasal CPAP.
Collins et al'7 also showed that pressures delivered by 2
different HFNC systems were variable and unpredictable.
Our study confirms the association between HFNC flow
and end-expiratory esophageal pressure in premature in-
fants. We also confirmed in our study the significant vari-
ability of high flow-generated esophageal pressures noted
in previous studies. For example, in our study at 6 L/min
flow, the end-expiratory esophageal pressure ranged from
5 to 10 cm H,0.

Our study has limitations. We did not study the effect
of open versus closed mouth on end-expiratory esoph-
ageal pressure. Similarly, we did not study the effect of
leak size at the nasal interface on end-expiratory esoph-
ageal pressure. Our study included infants with wide
range of size and weight at the time of the study, and it
is likely that the percent occlusion at nasal interface was
variable. We believe, however, that the effect of leak at
the nasal interface and mouth are better standardized
and studied in in vitro models. In our study, we could
only standardize the leak amount by closing the mouth
passively. We did not use any special equipment for the
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study and were therefore unable to quantify tidal vol-
ume, pressure-time product, and measures of work of
breathing. We did not measure simultaneously airway
or gastric pressures or thoracic volumes, and therefore
positive end-expiratory pressures may not be reflective
of increased end-expiratory lung volume. The end-ex-
piratory esophageal pressure measurements were likely
to have been subject to normal variations of transpul-
monary pressures across the length of the esophagus.
Nevertheless, the linear trend of increasing end-expira-
tory esophageal pressure with increasing HFNC flow
was demonstrable in our observations.

Conclusions

HFNC is associated with the generation of a variable,
and in some cases very high, level of lung distending
pressure. This finding is especially important for very low
birthweight infants who are at high risk of developing
barotrauma. Therefore, caution should be used while using
HENC in preterm infants.
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