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CLINICAL RESEARCH ARTICLE
Oscillatory respiratory mechanics on the first day of life

improves prediction of respiratory outcomes in extremely
preterm newborns

Chiara Veneroni', Linda Wallstrdm?, Richard Sindelar? and Raffaele L. Dellaca’’

BACKGROUND: We aimed to evaluate if lung mechanics measured by forced oscillatory technique (FOT) during the first day of life
help identify extremely low gestational age newborns (ELGANS) at risk of prolonged mechanical ventilation (MV) and oxygen
dependency.

METHODS: Positive end-expiratory pressure (PEEP) was increased 2 cmH,0 above the clinically set PEEP, then decreased by four
5-min steps of 1 cmH,0, and restored at the clinical value. At each PEEP, FOT measurements were performed bedside during MV.
Changes in respiratory mechanics with PEEP, clinical parameters, and chest radiographs were evaluated.

RESULTS: Twenty-two newborns (241* + 17* wks gestational age (GA); birth weight 653 + 166 g) on assist/control ventilation were
studied. Infants were ventilated for 40 + 36 d (range 1-155d), 11 developed severe bronchopulmonary dysplasia (BPD) and one
died before 28 d. Early lung mechanics correlated with days on MV, days of respiratory support, and BPD grade. Effects of increasing
PEEP on oscillatory reactance assessed by FOT together with GA and radiographic score predicted days on MV (multilinear model,

r* =0.73). A logistic model considering the same FOT parameter together with GA predicts BPD development.
CONCLUSIONS: FOT can be applied bedside in ELGANs, where early changes in lung mechanics with PEEP improve clinical

prediction of respiratory outcomes.

Pediatric Research (2019) 85:312-317; https://doi.org/10.1038/s41390-018-0133-6

INTRODUCTION

Despite improvements in the management of extremely low
gestational age newborn (ELGAN) infants, they are at high risk of
requiring prolonged mechanical ventilation, prolonged oxygen
dependency, and developing bronchopulmonary dysplasia
(BPD)."?

Many studies have tried to identify early risk factors and
prediction models for respiratory outcomes®™ in order to
personalize treatment in infants at high risk of developing
respiratory disease. Despite several efforts, the prediction models
based on available clinical data show inadequate accuracy,
suggesting the need of identifying other variables to improve
their performance.?

Among the functional parameters proposed as additional risk
factors, studies have shown that altered lung mechanics in the
first days of life identify infants at risk of needing prolonged
respiratory support or developing BPD.°™'® Unfortunately, the
techniques used for assessing lung function in these studies are
often time and effort demanding, require trained personal,
interfere with ventilation, and cause discomfort to the infant."
These limitations prevent lung function tests being applied for
screening preterm infants in clinical practice.

The Forced Oscillation Technique (FOT) is a non-invasive
method suitable for monitoring lung mechanics without interfer-
ing with the breathing activity of the patient or ongoing

ventilatory modes.?® It is based on the application of high-
frequency low-amplitude pressure oscillations at the airway
opening while measuring the resulting flow. FOT has been
successfully applied in studying changes in lung mechanics in
ventilated preterm newborns?'?? and, as it can be easily
integrated into a mechanical ventilator without modifying the
hardware of the device, it can be performed without additional
external equipment.?

The aim of this study is to assess if lung mechanical parameters
obtained by FOT during the first day of life provide useful,
independent information from other easily available clinical
parameters for identifying ELGANS at risk of prolonged mechanical
ventilation (MV), oxygen need and development of BPD.

MATERIALS AND METHODS

This study was performed in the Neonatal Intensive Care Unit of
Uppsala University Children Hospital, Uppsala, Sweden, between
2011 and 2014. The study was approved by the local Ethics
Committee and informed parental consent was obtained for each
infant (D:nr 99092).

Study population and protocol
Preterm infants born before 28 weeks gestational age (GA) and
assisted by invasive MV during the first day of life were eligible for
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Table 1. Patients’ characteristics

Parameter Mean + std or median (IQR) Range

GA (wk) 244 £ 22+3.p7%6
BW(q) 653+170 423-1050
Sex 16M: 6F

APGAR at 5 min 6 (2) 2-10

Ol 26+07 1.7-4.2

VI (mmHg*bpm*cmH,0) 25.0+7.7 14.4-45.1
IRDS/DH 0.35+0.13 0.11-0.58
BPD grade® 6no: 3moderate : 11severe  0-3

Days on MV 40+ 36 1-155
Days on MV + CPAP 87 +66 11-309
Days with oxygen need 99+ 67 11-267

GA = gestational age, BW = birth weight, O/ = oxygenation index,
VI = ventilation index, IRDS/DH = infant respiratory distress syndrom
stage/rib level of diaphragm, BPD = bronchopulmonary dysplasia,
MV = mechanical ventilation, CPAP = continous positive airway pressure
?0One died before 28 days post-natal age

the study. Exclusion criteria were the presence of major congenital
anomalies or hemodynamic instability.

All infants were ventilated (Stephanie ventilator, Fritz Stephan
GmbH, Germany) with assist control (A/C) mode.

During the first day of life, lung mechanics were measured in
supine position by FOT at different PEEPs. Prior to study
measurements, all infants had received surfactant and chosen
PEEP (“clinical PEEP”) was set according to oxygenation and
auscultation criteria by the attending physician. Therefore, our
FOT PEEP trial was not designed for lung recruitment but rather
for probing changes in lung mechanics over a small range of PEEP
values, in order to quantify lung distensibility (pressure depen-
dence of lung compliance) and tendency to derecruit (instability
of lung periphery).

The measurements were performed by starting from the
clinically set PEEP value. PEEP was initially increased by 2 cmH,0
and then gradually decreased by four steps of 1 cmH,0. At the
end of the decreasing trial, PEEP was restored to clinically set
value (Supplemental Figure S1 (online)). Each step lasted 5 min
and FOT was applied for 2 min after 3 min of stabilization. FiO,
was adjusted by the attending clinician when needed for
maintaining SpO, within clinically set range. All the other
ventilatory parameters were kept constant.

Measurements

SpO,, heart rate, and blood pressure were monitored continuously
with the patient data management system (IntelliVue Clinical
Information Portfolio, ICIP, Philips Healthcare, Eindhoven, Nether-
lands) during the study.

The FOT signal was generated by the ventilator by super-
imposing a sinusoidal HFOV waveform (Inspiratory/Expiratory
time = 1:1) with an amplitude of 2 cmH,0 to the A/C one without
interfering with settings made by the attending clinician.
Measurements were performed after setting HFOV frequency at
10Hz and then at 5Hz for 1min each. PEEP was manually
adjusted to match the preset one as the ventilator could not
control it properly when set in this modality.

Pressure was measured at the inlet of the ETT by a differential
pressure transducer (PXLAOO75DN, Sensym, Milpitas, CA) and the
airflow signal at the airway opening was provided by the
ventilator as analog output. This set-up did not increase dead
space nor equipment resistance sensed by the patient.
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Flow and pressure signals were sampled at 300Hz and
stored on a personal computer. The frequency response of
the measurement set-up was computed and digitally compen-
sated. The accuracy of the measurements was verified in vitro
(errors < 8%).

Clinical data were collected from both medical records and
computerized surveillance sheet (detailed list reported in Table 1
and Supplemental Table S1 (online)). Chest radiographs, routinely
performed during the first hours after birth in patients in need of
MV, were also collected.

Data analysis

Clinical data. Oxygenation index (Ol) and ventilation index (VI)
were computed as FiO, X MAP x 100/Pa0, and PaCO, X respira-
tory rate x (PIP-PEEP)/1000 [mmHg x bpm x cmH,0], respectively.
FiO, is the fraction of inspired oxygen, MAP is the mean airway
pressure, PaO, and PaCO, are the partial pressure of O, and CO, in
arterial blood, and PIP is peak inspiratory pressure.

Severity of infant respiratory distress syndrome (IRDS) was
determined from chest radiograph evaluation according to the
grading scale (1-4) described by Paetzel®* (grading description in
Supplemental Figure S2 (online)). Two radiologists, masked to
patient identity and clinical data, graded independently and twice
each (separated by at least 2 weeks) the chest radiograph of the
subjects. Rib level of the diaphragm were also evaluated consider-
ing the right side of the frontal chest radiograph. The average of
the four gradings was divided by the rib level of the diaphragm
(IRDS/DH) to account for differences in inspired air at the instant
when the X ray was taken.

BPD was defined as oxygen dependency at 36 weeks post-
menstrual age (PMA) and was graded as 1-3 (mild, moderate, and
severe, respectively).?>?°

FOT data. Respiratory system input impedance was computed
using the least squared method'* at the two frequencies
considered and expressed as resistance (R) and reactance (X),
accounting for the resistive and the elastic/inertial properties,
respectively.?

The impedance of the ETTs used by patients was measured
in vitro and subtracted from the impedance data measured on
infants.?’ Ten breaths were automatically selected at each
frequency and PEEP and their end-expiratory R and X values were
averaged to provide one data point per patient per PEEP. We
selected the end-expiratory impedance values for two reasons: (1)
X values at this volume reflect the amount of alveoli open
throughout the whole respiratory cycle (therefore excluding the
contribution from intra-tidal recruitment) and (2) R values are not
affected by the possible increase due to the development of
turbulent flow within the airways as in this moment the
respiratory flow is close to zero.

Definition of FOT-based lung function parameters. As X is related
to dynamic compliance, it accounts for both lung volume
derecruitment and lung (over) distension. In order to specifically
characterize the elastic properties of lung parenchyma and the
stability of lung periphery we defined a set of FOT-based
parameters measured at different PEEPs. X values were considered
at the following PEEPs: (1) the clinical PEEP before the trial (Xp_p),
(2) the highest PEEP of the trial (Xpp), and (3) the PEEP providing
the maximal X value during the decreasing limb of the trial (Xy).

Difference in X between the PEEP levels of the trial were
computed to describe: (1) the possible lung volume recruitment
occurred as consequence of rising PEEP by the difference between
X measured at the clinical PEEP during the decremental trial and
Xpel b (BXged) (X measured at the same distending pressure but
with different volume history); (2) the possible lung volume
derecruitment occurred as consequence of lowering PEEP by the
difference between X at the clinical PEEP during the decremental
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Fig. 1 Graphical representation of FOT-based lung function para-
meters on the X vs PEEP curve of a representative subject. Arrows
indicate the temporal sequence of the measurements. Xpy , = X at
the clinical PEEP before the trial; Xpp = X at the maximal PEEP; Xy, =
maximal X value; AXge. = difference between X at the clinical PEEP
during the decremental trial and Xpq b AXgerec = difference
between X at the clinical PEEP during the decremental trial and X
at the clinical PEEP after the trial; AXgy;s = difference between Xpg
and Xpm

trial and X at the clinical PEEP after the trial (AXgerec) (X measured
at the same distending pressure but with different volume
history), (3) the distensibility of the lung parenchyma by the
difference between Xp¢| 1, and Xpm (AXgis) (X measured at different
distending pressures).

Graphical representation of these parameters is reported in
Fig. 1. To avoid possible bias, the clinicians involved in this study
were blinded to these data.

Statistical analysis

Data were tested for normality using the Kolmogorov-Smirnov
test. One-way ANOVA for repeated measurements was used to
test the significance of differences in impedance among PEEP
levels.

Spearman’s correlation was performed to test whether there
was a statistical dependence between respiratory outcomes, lung
mechanics and clinical parameters and p was used to test the
correlation strength.

Differences between infants that developed BPD and the ones
without BPD were tested by t-test.

Significant independent variables associated with days of MV
before discharge, days of oxygen dependence, and BPD
development were identified by multilinear regression and
logistic regression analysis, respectively. Complete-case analysis
was performed. Demographical data that are commonly
considered risk factors for BPD (GA, Z-score of the birth weight
[z_BW] and sex) perinatal factors (type of delivery, chorioam-
nionitis, administration, and duration of prenatal steroids
treatment, prolonged premature rupture of the membranes
[PPROM], time and dose of surfactant) together with parameters
describing respiratory condition (APGAR at 5 min, Ol, VI, IRDS/
DH) and lung mechanics (Rpci b Xpcl_br Xm: Xpmtr AXgecr AXderecs
AXgqis) were considered as input variables. Ventilator settings
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were not used as input variables because they are related to Ol
and VI and dependent on local clinical practice. Multilinear
models with statistically significant variable coefficients were
compared on r’. Models with r* <0.70 were excluded. Logistic
models with statistically significant variable coefficients and able
to correctly predict BPD development were compared on
pseudo-R> and on the areas below the receiver operator
characteristic (ROC) curves. Differences were considered statis-
tically significant for p < 0.05.

The desired sample size was computed in G x Power (linear
multiple regression: fixed model, single regression coefficient, one
tail). To assess effects of adding a FOT parameter in a 3-inputs
multiple regression models with alpha = 0.05, power = 0.80, and a
large effect size (0.35), 20 patients are needed.

RESULTS
Twenty-two newborn infants were studied during the first day of
life (16 +8 h from birth) (Table 1).

All infants received early surfactant. Six infants (27%) had
PPROM, and all but one received prenatal steroids (further clinical
characteristics in Supplemental Table S1 (online) and Supple-
mental Table S2 (online)).

Infants were ventilated for 40+37d (range 1-155 d) before
discharge, 4 and 11 developed BPD grade 2 and 3, respectively,
and one died before 28 days.
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Fig. 2 Changes in lung mechanics with PEEP in all infants (mean +
std) at 5Hz (circles) and 10 Hz (squares). Xpyy =X at the maximal
PEEP; Xpq_a =X at clinical PEEP after the trial; Xpg,1 =X at clinical
PEEP + 1 cmH,0; Xp,, = X at the minimal PEEP. Arrows indicate the
sequence of the measurements
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Table 2. Correlation coefficient p and correlation p-value between respiratory outcomes and clinical parameters

Outcomes GA z-BW Xpel b Xm Xpm AXgis

Days on MV —0.63 (0.002)* —0.70 (<0.001)* —0.65 (0.001)* —0.65 (0.001)* —0.75 (<0.001)* 0.53 (0.014)*
Days on respiratory support —0.51 (0.017)* —0.76 (<0.001)* —0.44 (0.043)* —0.48 (0.025)* —0.52 (0.014)* 0.34 (0.121)
Days with oxygen support —0.49 (0.022)* —0.82 (<0.001)* —0.32 (0.157) —0.37 (0.101) —0.39 (0.075) 0.33 (0.141)
BPD grade —0.39 (0.080) —0.54 (0.011)* —0.17 (0.462) —0.15 (0.502) —0.24 (0.284) 0.46 (0.034)*

*p < 0.05

Only the parameters showing correlation with outcomes are reported. BPD grade: 0 = no BPD; 1 = mild BPD; 2 = moderate BPD and 3 = severe BPD
GA = gestational age, z BW = z-score of the birth weight, Xp; , = X at the clinical PEEP before the trial, X)y = maximal X values during the trial, Xpy = X at the
maximal PEEP applied, AXy; = difference between Xp p and Xpy, MV = mechanical ventilation

Measurements were well tolerated by all infants indicating that
FOT is feasible even in the first hours after birth. Quality of
measurements was good for all patients.

Figure 2 shows changes in respiratory mechanics with PEEP. As
the clinical PEEP range was 4-5 cmH,0, the decremental PEEP trial
range was 6-2 or 7-3 cmH,0. The difference between absolute X
values at the different frequencies was expected, as X depends
not only on lung mechanics but also on the oscillation
frequency.”® R and X presented similar trends with PEEP at 5
and 10 Hz, with 5 Hz showing the largest changes but also higher
variability due to interference of spontaneous breathing activity.
Therefore, measurements at 10 Hz were chosen for the analysis.
R presents a tendency to decrease with PEEP. X shows marked
dependence on PEEP. R and X at the clinical PEEP at 10 Hz ranged
from 19 to 72 and from —23 to —88 cmH,0 X s/I, respectively. No
significant differences were found in SpO,/FiO, with different
PEEPs.

Median (IQR) of AXpegec resulted in 3.90 (1.83;8.39), indicating
that lung volume derecruitment occurred in some infants during
the trial. Median (IQR) of AXgec resulted in 0.02 (-2.20;2.89), and
indicated that increasing PEEP during the trial did not recruit lung
volume.

GA correlated with R and X values, showing the highest
correlation with Xy, but not with AX parameters. z-BW didn’t
correlate with FOT parameters. Correlation between respiratory
outcomes and measured parameters are shown in Table 2. Days
on MV and days on MV + CPAP correlated with GA, z_BW, Xpc|_p,
Xm and Xpm. Days on MV correlated also with AXgs. BPD grade
(0-3, where 0 =no BPD) correlated with z_BW and AXg;s. Hospital
days with oxygen dependence correlated only with GA and z_BW.

We did not find any multilinear models for predicting days on
MV with statistically significant coefficients and r*>0.70 when
using one or two inputs among the considered ones (see
methods). We found one multilinear model using three-inputs:
GA, the radiographic parameter IRDS/DH and the functional
parameter AXy;s (days on MV =0.002 - 14.2 X GA + 86.7 x IRDS/
DH + 3.0*AXg4is). Normalized coefficients indicated that GA fol-
lowed by AXg4s were the parameters that had the strongest
influence on days on MV (Fig. 3). Using four inputs did not
improve the prediction.

We did not find any multilinear models with statistically
significant coefficients able to predict the total hospital days of
oxygen dependency even when using up to 4 inputs.

Infants that did or did not develop BPD differed in GA (24.0 £ 1.5
vs 26.1+1.0 wks; p<0.01), z BW (—0.94+0.52 vs —0.33+0.74;
p=0.04) and AXgis (12.1£5.4 vs 5.8 £7.0 cmH,0 x s/l; p = 0.04).

One logistic model using one input (GA; logitP = —27.4 4+ 1.1 x
GA) and one logistic model using two inputs were identified
for BPD prediction (logitP = —2682.7 4+ 119.8 X GA-44.4 X AXyjs)-
X-normalized coefficient, pseudo-R? and ROC curves of these
models are presented in Fig. 4. Both Pseudo-R? and ROC curves
did not improve adding a third input to the model.

Pediatric Research (2019) 85:312-317

Estimated days of MV

Inputs(coefficients):
GA (-0.62); IRDS/DH (0.29); AX,

(s (0.44)
r’=0.73

80 100 120 140 160
Days of MV

Fig. 3 Relationship between the actual days of MV and the
estimated ones for the developed multilinear model. Ir:j)uts of the
model with the respective normalized coefficients and r* values are
reported

120 ~
100 A ———
r——="
801 [T~
%‘ 60 - ——— Inputs (coefficients): GA (1.7);
= Area under the curve = 0.89;
S 40 - Pseudo-r” = 0.38.
@ 20 - Inputs (coefficients): GA (194.3); AX;(—240.9)
Area under the curve = 1;
0 - Pseudo—r® = 1.
0 20 40 60 80 100 120
1-specificity

Fig. 4 Receiver operating characteristic (ROC) of the developed BPD
prediction models. Input parameters with the respective partial-
normalized coefficients (as proposed by Agrestizg), the area under
the ROC curves, and pseudo-r? are reported

Perinatal factors, such as prenatal steroids, PPROM, chorioam-
nionitis, and surfactant administration and doses, together with
APGAR at 5min, Ol, and VI did not affect days on MV and BPD
severity in our material.

DISCUSSION

The main results of this study are: (1) lung function assessment by
FOT in clinical practice in mechanically ventilated ELGANs during
the first day of life is feasible, (2) X parameters and AXy;s correlate
with respiratory outcomes, (3) AXyis in the first day of life in
combination with a demographic and a radiographic parameter
allow predicting days on MV, (4) considering AXy;s together with
GA improved prediction of BPD development compared to
models obtained with standard clinical data in the first day of life.
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Our results confirm that lung mechanics in the first day of life is
related to respiratory outcomes, as reported earlier using the
interrupter or occlusion techniques,®”?''=131318 or the equation
of motion of the respiratory system, which implies either
measuring esophageal pressure or sedation of the infant.%'4'6
The use of FOT allowed us to successfully measure lung mechanics
at bedside, non-invasively and without interfering with ventilation
nor requiring disconnection of the patient from the ventilator at
any time. This is not only relevant for clinical usability, comfort,
and safety of the patients but also for avoiding possible changes
in lung function caused by disconnection.?®

Even if FOT is not yet widely available (to our knowledge it is
currently implemented in only one commercial neonatal ventilator),
it can be applied in clinical practice by using any commercial
ventilator able to combine CMV and HFOV, and that allows
exporting flow and pressure data to a computer for data analysis.

In our patient population, respiratory outcomes correlated with
GA, z-BW, X values and AXgs but not with R or other clinical
parameters. While R mainly reflects the condition of the central
airways, X is related to the elasticity of the lung that is influenced
by lung volume, alveolarization, recruitment, and distention.
Therefore, it depends on the development of the lung periphery
and disease condition. For these reasons, X values correlated
highly with GA and depended on PEEP level.

While Xpy , has the advantage of being measured without
requiring any intervention, Xy is more independent from the
clinical PEEP as it reflects the best mechanical condition of the
respiratory system achievable over a wide range of PEEPs,
explaining why Xy, had the strongest correlation to GA.

Compared to previous studies, we considered not only single
assessments of mechanical properties but also how lung
mechanics change with PEEP.

Measuring X at a single PEEP value has two limitations: (i) it
requires the availability of reference equations for the absolute
values to correct for anthropometric characteristics of the subjects;
(i) it is impossible to distinguish if low X values are mainly due to
lung volume derecruitment or (over) distention.

The PEEP trial we used was designed to facilitate the interpreta-
tion of X measurements through the evaluation of the relative
changes as a consequence of modifying the PEEP instead of
evaluating absolute values. Considering that there are several
physiological/pathophysiological mechanisms that strongly influ-
ence the relationship between X and PEEP value, it is important to
carefully identify the appropriate PEEP range for performing the trial
in order to properly interpret the meaning of these data. We decided
therefore to perform the test starting at the clinically set PEEP, i.e.,
the minimal PEEP able to provide optimal SpO,, which means a PEEP
value which may be different for each infant but provides a
standardized condition (best recruitment) for each patient.

We assessed lung mechanics three times at the clinical PEEP: at
baseline, after higher PEEPs and after lower PEEPs. As these
measurements are performed at the same distending level (same
PEEP), differences in X are mostly due to the lung volume
recruitment/derecruitment occurring during the trial. As expected,
increasing PEEP by 2 cmH,0 did not result in lung recruitment
(AXRec close to zero) while decreasing PEEP by 2 cmH,0 resulted
in derecruitment in some infants (AXperec > 0). We did not find any
correlation between the parameters quantifying this (AXgec,
AXperec) @and respiratory outcomes.

Lung volume derecruitment occurring during the trial pre-
vented distinguishing the relative contribution of decreasing lung
distention at low PEEP and lung volume derecruitment to changes
in X. On the contrary, as the lungs were recruited before the trial
and AXgec confirmed that minimal or no lung recruitment
occurred during the maneuver, we considered that recruitment
had no or minor impact on the X changes with increasing PEEPs
that we quantify by AXy;s. Therefore, AXy;s reflects a reduction in
compliance due to tissue distention and is related to the degree of
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lung mechanical stress around the operating volumes. An
increased AXy;s suggests a less compliant lung that can be easily
overdistended by PEEP. Healthy lungs show almost no decrease in
compliance with PEEPs within the clinical range of PEEPs.?’

Interestingly AXg;s did not correlate with GA, but did correlate
with days on MV and BPD grade and, therefore, it was included in
the prediction models for both days on MV and BPD development.
On the contrary, despite the higher correlation of absolute X
values with total days on MV in comparison with AXy;, they were
not included in the prediction models because they add little
information to the prediction model containing GA.

Limitations of the study

Even though the sample size of our population could identify
parameters related to days on MV and BPD development,
the prediction models need to be tested on a larger population.
Our findings are applicable to this particular population of steroid
and surfactant treated ELGANs and need to be tested in
other populations. Also, our population was relatively homoge-
neous, and the high incidence of BPD requires further studies to
better evaluate the sensitivity and specificity of this method in
predicting BPD. However, the good prediction of the days of MV
(which ranged between 1 and 155 days) suggests that the
characterization of lung mechanics by FOT provides relevant
independent information for characterizing the severity of the
disease.

CONCLUSION

In mechanically ventilated ELGANs, changes in lung mechanics
with PEEP on the first day of life combined with other commonly
available clinical variables identify infants at risk of negative
respiratory outcomes. Future studies are required to evaluate the
prognostic value of this parameter in a larger population.
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