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Abstract

Objective We investigated if volume guarantee (VG) ventilation in babies with hypoxic-ischemic encephalopathy (HIE)
during interhospital transport decreases tidal volumes and prevents hypocapnia.

Study design We computationally collected and analyzed ventilator data of babies ventilated with synchronized intermittent
mandatory ventilation (SIMV) with VG (n = 28) or without VG (n = 8).

Result The expiratory tidal volume of ventilator inflations was lower with SIMV-VG (median [IQR]: 4.9 [4.6-5.3] mL/kg)
than with SIMV only (median [IQR]: 7.1 [5.3-8.0] mL/kg, p = 0.01). Babies receiving SIMV-VG had lower peak inflating
pressures (median: 10.7 cmH,0, versus 17.5 cmH,0, p = 0.01). There was no significant difference in minute ventilation or
in pCO,. Babies with strong spontaneous breathing had a mean PIP < 10 cmH,O but this did not result in adverse events or
worsening of acidosis.

Conclusions The use of VG ventilation in babies with HIE reduces tidal volumes and frequently results in very low inflating

pressures without affecting pCO,.

Introduction

Hypoxic-ischemic encephalopathy (HIE) of the newborn is
brain injury due to lack of oxygen around birth [1]. Despite
many advances in obstetric and neonatal intensive care it
remains a cause of significant mortality and long-term
morbidity [2, 3]. Therapeutic hypothermia for term and late
preterm infants with moderate to severe HIE reduces mor-
tality and neurodevelopmental disability [4] and the pro-
tective effect is maintained throughout childhood [5].
Beside therapeutic hypothermia, optimal intensive care
support is essential to improve neurodevelopmental out-
come and to prevent injury progression. Respiratory
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management of these babies poses a challenge [6]. The
majority of them receive mechanical ventilation [7] for
apnea or seizures, respiratory or cardiovascular co-
morbidities or sedative effects of anticonvulsant medica-
tions. There is a significant risk of hypocapnia due to lower
CO,; production caused by the lower metabolic rate and to
hyperventilation caused by metabolic acidosis [8]. Hypo-
capnia is associated with poor neurodevelopmental outcome
[9, 10]. While a causative relationship has not been
fully proven [6], several mechanisms have been suggested
including cerebral vasoconstriction, reduced cerebral
blood flow, increased neuronal excitability facilitating
apoptotic cell death and seizures [11-13]. Maintaining
normocapnia is important because hypercapnia may also be
deleterious [14].

Volume targeted ventilation, also known as volume
guarantee (VG), has been used increasingly in neonatal
intensive care [15]. Systematic reviews comparing VG with
standard pressure limited ventilation have shown that VG
ventilation has tighter tidal volume and carbon dioxide
control, lower mortality or bronchopulmonary dysplasia,
fewer pneumothoraces and serious intraventricular hemor-
rhage, and fewer days of ventilation [16, 17]. However,
most studies recruited very preterm infants and the benefits
of VG ventilation in term babies are much less well
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established. In a randomized study of 40 infants born at
>34 weeks of gestation Bhat et al. found fewer episodes of
hypocapnia during VG but no other benefits; however, the
infants did not have HIE [18].

Maintaining tidal volume during VG in hyperventilating
infants with Kussmaul breathing can be difficult. If the baby
is taking a strong breath during a ventilator inflation and the
inspiratory tidal volume significantly exceeds the target VT,
many VG ventilators immediately reduce the pressure to
PEEP level and end ventilator inflation. However, the baby
can continue breathing from the continuous gas flow in the
ventilator circuit. Moreover, VG ventilation in babies with
normal lungs and breathing above the set tidal volume
causes the PIP to be reduced to just above the PEEP level,
making the ventilator’s driving pressure (PIP-PEEP), and
hence its contribution to the work of breathing, minimal
[19]. It has been suggested that this may cause exhaustion
and acidosis [20] although we found no report presenting
original data to support this hypothesis.

We were interested in the tidal volumes and inflating
pressures during VG ventilation of babies undergoing
therapeutic hypothermia for HIE and how these para-
meters correlated with the spontaneous breathing effort of
these infants. We hypothesized that despite the above
considerations the use of VG will reduce tidal volumes
and the incidence of hypocapnia. We also reasoned that
the use of VG in these babies will result in low PIPs used
by the ventilator, but their use will not have deleterious
effects.

Subjects and methods
Patients

Clinical and ventilator data were collected from all infants
transferred by the Neonatal Emergency and Transport Ser-
vice of the Peter Cerny Foundation (NETS-PCA, Budapest,
Hungary) over a 29-month period (between 20 March 2017
and 4 September 2019) who received invasive or non-
invasive respiratory support during interhospital transport
using a fabian 4 ncpap evolution neonatal ventilator (Acu-
tronic Medical Systems, Hirzel, Switzerland, software ver-
sion: 4.0.1). The transport team comprised a fully trained
neonatologist experienced in neonatal transport and an
experienced neonatal transport nurse practitioner. Respira-
tory management, including the choice of ventilator mode
and settings, was at the discretion of the transport team
without an explicit protocol.

Of the 667 infants transferred during the period, we
enrolled babies who were born after 36 completed weeks
of gestation, received therapeutic hypothermia for HIE
and were ventilated via an endotracheal tube during the

transfer which lasted for at least 15 min (n =49). Elig-
ibility criteria for introducing therapeutic hypothermia
was in accordance with the total body hypothermia for
neonatal encephalopathy trial protocol [21]. Prior to
transfer all infants received passive hypothermia at the
referring unit which included reducing or turning off the
heat source of the incubator or the resuscitation equipment
and monitoring the rectal temperature. We excluded two
infants who had major congenital abnormalities and one
atypical case where hypothermia and transfer happened
after a postnatal collapse at 20 h of age. Of the remaining
46 infants, we analyzed clinical and ventilator data from
those receiving synchronized intermittent mandatory
ventilation (SIMV) with VG (n = 28) or without VG (n =
8). The transport service’s guideline suggests the use of
SIMV in infants suffering from HIE; the choice of whe-
ther to use VG or not was left to the clinician during the
study period. When VG was used, the guideline was to
use 4-6 mL/kg as target tidal volume, but clinicians could
reduce that below 4 mL/kg if needed to avoid or reduce
hypocapnia. The ten infants ventilated with other modes
(SIPPV with or without VG or SIMV-VG with pressure
support) were excluded. The study was approved by the
Scientific and Medical Research Council Ethics Com-
mittee of Hungary (reference number: 40158/2018/EKU).
All procedures were performed in accordance with the
ethical standards of the Research Ethics Committee and
the amended Helsinki Declaration (1983).

Data retrieval

We downloaded ventilator data using a data logger devel-
oped by the ventilator manufacturer for research purposes.
The software downloaded all ventilator parameters and
settings including peak inspiratory pressure, positive end-
expiratory pressure, inspiratory and expiratory tidal volume,
inspiratory and expiratory time, and fraction of inspired
oxygen at a 0.5 Hz sampling rate. Data were retrieved with
millisecond time stamps and exported as text files. The
ventilator parameters correspond to the last inflation that
occurred before the time stamp. Minute ventilation is cal-
culated by the ventilator directly from the flow signal and is
reported as a rolling mean over 30s and includes both
ventilator inflations and spontaneous breaths between
inflations, if present. The software did not download the
number of spontaneous breaths between SIMV inflations;
however, their contribution to the total minute ventilation
was reported as percentage. Clinical data were collected
from electronic health care records. Blood gases were
obtained via capillary sampling using heel pricks in all
cases, as babies did not have arterial catheters. Gases were
temperature corrected. Hypocapnia was defined as pCO,
below 35 kPa (4.65 mmHg) [10].
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Data analysis

Data were analyzed using Python (version 3.7.4, https:/www.
python.org) and its add-on packages. Anaconda (Continuum
Analytics, http://docs.continuum.io/anaconda/pkg-docs) was
installed on a MacBook Pro 2019 version, 2.4 GHz quad-core
15 processor and 8 Gb RAM memory. Programming was done
using Jupyter Notebook (version 7.10.2, http://ipython.org/
notebook.html). Data were represented, manipulated and ana-
lyzed using the NumPy (version 1.17.4, http://www.numpy.
org) and pandas (version 0.25.3, http://pandas.pydata.org).
Statistical analysis was performed using SciPy (version 1.3.1,
www.scipy.org). For ventilator parameters showing normal
distribution, arithmetic mean and standard deviation (SD) was
calculated in each recording. For ventilator parameters with
nonparametric distribution, median and interquartile range
(IQR) was calculated in each recording. As these aggregate
(mean or median) values themselves were not normally dis-
tributed within the two groups, the two groups were compared
using nonparametric Mann—Whitney U tests. Visualization was
done using matplotlib (version 3.1.1, http://matplotlib.org). All
software is open source and freely available. The Jupyter
notebooks containing and explaining all steps of data proces-
sing and statistical analysis can be viewed on GitHub code
repository at https://github.com/belteki/transport HIE.

Results

We analyzed ventilator parameters and blood gases of
infants ventilated using SIMV ventilation with VG (n = 28)
or without VG (n=28). The two groups were not sig-
nificantly different for gestation, postnatal age, birth weight
and basic clinical characteristics including Apgar score,
respiratory severity score [22], or sedation (Table 1). Some
infants received passive cooling by reducing the transport
incubator’s temperature; their proportion and temperatures
were not different between the groups.

The median duration of ventilator recordings was 81 and
55 min in the SIMV-VG and SIMV group, respectively,
with a total duration of 46.8 h. As we collected the venti-
lator data with 0.5 Hz (1 data point every 2 s) sampling rate,
our analysis is based on ~84,000 data points. Descriptive
statistics about the various ventilator parameters in the
individual recordings are shown in Supplementary Tables 1
and 2. Comparison of the parameters between the two
groups is shown in Table 2.

The expiratory tidal volumes of the ventilator inflations
(VTemand) were significantly (p = 0.01) lower in the group
receiving SIMV-VG (median: 4.9 mL/kg, IQR: 4.6-5.3 mL/
kg) than in the group receiving SIMV without VG (median:
7.1 mL/kg, IQR: 5.3-8.0 mL/kg).

SPRINGER NATURE

Table 1 Demographic and clinical details of the infants receiving
SIMV-VG or SIMV ventilation.

Ventilation mode SIMV-VG SIMV
Number of cases Count Count
28 8
Duration of recordings Median (IQR) Median (IQR) Pt
(minutes)
81 (57-101) 55 (37-74) 0.12
Demographic details Mean (SD) Mean (SD) pb
Gestational age (weeks)  38.9 (1.4) 38.9 (1.3) 0.92
Birth weight (grams) 3463 (584) 3342 (474) 0.60
Postnatal age (hours) 2.8 (2.4) 2.2 (1.7) 0.53
Apgar score Median (IQR) Median (IQR) Pt
At 5 min 4 (3-4) 5 (3-5)
At 10 min 7 (4-7) 7 (6-8)
Respiratory illness
Respiratory severity 1.7 (1.1-2.1) 1.7 (1.5-3.3) 0.05
score (RSS)®
Capillary blood gas at the
beginning of transfer
pH 7.08 (6.98-7.20) 7.07 (7.02-7.13) 0.37
pCO, (mmHg) 48.6 (39.6-61.2) 48.9 (36.2-59.5) 0.29
Actual base excess —15.0 (=215 —16.0 (—18.6 0.46
(mmol/L) to —11.1) to —11.0)
Therapeutic hypothermia Count Count Pe
during transport
Active cooling 22 6 0.99
Passive cooling? 6 2
Rectal temperature Mean (SD) Mean (SD) pb
At the start of transport 34.8 (1.6) 34.8 (1.6) 0.41
At the end of transport 34.1 (0.7) 33.9 (0.9) 0.39
Sedative medication® Count (%) Count (%) P°
None 8 (29%) 2 (25%) 0.99
Opioid (fentanyl/ 20 (71%) 5 (63%)
morphine)
Benzodiazepine 1 (4%) 2 (25%)
(midazolam)
Anticonvulsant
None 19 (68%) 7 (88%) 04
Phenobarbital 9 (32%) 1 (13%)
Muscle relaxants
None 25 (89%) 5 (63%) 0.17
Atracurium/rocuronium 3 (11%) 3 (38%)

For parametric variables arithmetic mean and standard deviations (SD)
are shown. For nonparametric variables, median, and interquartile

range (IQR) are given.

*Mann-Whitney U test.

Student’s ¢ test.

Fisher’s exact test.

dpassive cooling included reducing or turning off the heat source of the
incubator or the resuscitation equipment with monitoring of deep rectal

temperature.

°The respiratory severity score is calculated as FiO, x MAP [22].

fSome of the infants received more than one sedative medication.
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Table 2 Comparison of ventilators parameters in infants with hypoxic-
ischemic encephalopathy during SIMV ventilation with or without
volume guarantee.

SIMV-VG

Group
median (IQR)

Parameter SIMV P

a
Group value

median (IQR)

VTemand (mL/kg) 4.9 (4.6-5.3) 7.1 (5.3-8.0) 0.01
VTset (mL/kg) 4.4 (3.9-4.8) n/a

PIP (cmH,0) 10.7 (7.8-172) 175 (16.6-19.4)  0.02
MVspon (%) 42 (14-59) 32 (18-42) 0.29
FiO, (%) 21 (21-26) 21 (21-46) 0.29
MAP (cmH,0) 6.2 (5.1-7.7) 7.0 (6.7-8.1) 0.08
MV (L/kg/min)  0.25 (0.21-0.29)  0.23 (0.19-0.28)  0.38
PEEP (cmH,0) 5.1 (5.0-6.0) 5.8 (5.0-6.0) 0.20

RR (1/min) 253 (18.7-34.6)  23.2 (16.9-27.3)  0.25

For each patient, the mean (VTemand, VTset, PIP, PEEP, MAP, RR,
MV) or median (FiO,, MVspon) of ventilator parameter was
calculated in the individual recordings (see Supplementary Tables 1
and 2). Data shown in this table are group medians and interquartile
ranges (IQRs) of these aggregate (mean or median) values.

FiO;, fraction of inspired oxygen, MAP mean airway pressure, MV
minute volume, MVspon contribution of spontaneous breaths to total
minute volume in percentage, PEEP positive end-expiratory pressure,
PIP peak inflating pressure, RR ventilator rate, SIMV synchronized
intermittent mandatory ventilation, SIMV-VG synchronized intermit-
tent mandatory ventilation with volume guarantee, VTemand expira-
tory tidal volume of ventilator inflations, VTset set tidal volume target,
n/a not applicable.

*Mann-Whitney U test. p values < 0.05 were considered as significant,
after correcting for multiple comparisons using the Benjamini—
Hochberg method.

Babies receiving SIMV-VG had significantly (p = 0.02)
lower PIP with a larger variation (median: 10.7 cmH,0,
IQR: 7.8-17.2 cmH,0) than those ventilated without VG
(median: 17.5 cmH,0, IQR: 16.6-19.4 cmH,0).

Spontaneous breathing between the SIMV inflations
contributed considerably to the total minute ventilation in
both groups: its contribution to the total minute ventilation
during SIMV-VG was 39% (IQR: 18-52%) and 30% (IQR:
20-38%) during SIMV without VG (p = 0.29). The target
tidal volume, ventilator rate, minute ventilation, FiO,,
positive end-expiratory pressure, and mean airway pressure
(MAP) were not different between the two groups (Table 2).
In both groups, the majority of infants were ventilated with
FiO, <40% and MAP < 10 cmH,O (Supplementary Fig. 1).

There was no significant difference between the two
groups in capillary pCO, at the end of the transport: the
median [IQR] pCO, was 46 [26-55] mmHg and 49 [27-59]
mmHg for the SIMV-VG and SIMV groups (p =0.42),
respectively. Only 5 (18%) infants ventilated with SIMV-
VG and 2 (25%) infants ventilated with SIMV had an
arrival pCO, <35 mmHg (4.65 kPa). An arrival pCO, <30
mmHg (4 kPa) was only seen in three infants, two in the

SIMV-VG group and one in the SIMV group. The change
in pCO, during transport was also not significantly different
between the groups: the median [IQR] difference was 0.5
[-9.0 to 8.0] mmHg for SIMV-VG recordings and —6.4
[—12.3 to 4.6] mmHg for the SIMV recordings (p = 0.21).
Babies with severe hypo- or hypercapnia at the beginning of
transport tended to have larger changes in their pCO,
(Supplementary Fig. 2).

We further analyzed the SIMV-VG recordings to explore
how close the actual expired tidal volumes were to the
target values. For every inflation we determined VTdiff, the
difference between the actual expiratory tidal volume and
the target tidal volume and calculated the mean VTdiff for
each recording. The group median [IQR] of the mean
VTdiff was 0.33 [—0.12 to 1.27] mL/kg. The mean VTdiff
was >1 mL/kg in 9 (32%) recordings. We also calculated
Pdiff, the difference between the maximum allowed inflat-
ing pressure (Pmax) and the peak inflating pressure (PIP).
The median Pdiff of the recordings ranged between —1.9
and 27.9 cmH,0. There were only 2 (7%) recordings when
the Pmax was within 5 cmH,O of the PIP.

Among the babies ventilated with SIMV-VG there was a
moderate but statistically significant inverse linear correla-
tion between the contribution of the spontaneous breaths to
the total minute ventilation and the mean PIP of the volume
targeted ventilator inflations (Fig. 1). Babies who had >50%
of the total MV from spontaneous breathing (n =9) had
lower average PIP (group median: 7.7 cmH,0, IQR:
7.1-8.1 cmH,0) than babies (n = 19) who had <50% of the
MYV from spontaneous breaths (group median: 12.2 cmH,0,
IQR: 10.0-18.9 cmH,0, p <0.01). In babies with PIP < 10
cmH,O (n=13), the VTemand and VTdiff were sig-
nificantly (p <0.01) larger than in babies with PIP> 10
cmH,O (n=15) (Fig. 2a, b). Interestingly, 11 (85%) of
these infants received sedation during or shortly before the
transfer and 2 (15%) had also received muscle relaxant
before the transport. These babies did not have adverse
clinical events during transport and their pCO, and pH
immediately after transport was not different than that of the
babies with higher (>10 cmH,0) mean PIP (Fig. 2c, d).

Discussion

In this retrospective study based on prospective computa-
tional data collection we analyzed ventilator parameters and
blood gases during VG ventilation in infants undergoing
therapeutic hypothermia for HIE; we compared babies
receiving SIMV-VG with babies ventilated with SIMV
only. To our knowledge this is the first report of VG ven-
tilation in babies with HIE. Dassios et al. [23] studied
ventilator parameters in babies with HIE and therapeutic
hypothermia; however, the authors did not discuss if the
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Fig. 1 Pearson’s correlation between the infants’ contribution to
the total minute ventilation (MV) and the mean peak inflating
pressure (PIP) during the transport in infants receiving SIMV-VG
ventilation. Most babies whose spontaneous breathing accounted for
over 50% of the total minute ventilation had very low (<10 cmH,0)
PIP. Regression line, correlation coefficient (r) and its 95% confidence
interval is also shown.

infants received volume targeted or pressure limited venti-
lation and their analysis was based on eight observations
recorded manually over a 72-h period. We collected data
computationally with 0.5 Hz sampling rate; therefore, our
analysis is based on a dataset with thousands of data points.
VG ventilation of babies with HIE is potentially difficult
for two reasons. First, these babies frequently hyperventilate
to compensate for metabolic acidosis caused by the
asphyxia and may develop hypocapnia. During VG venti-
lation the ventilator stops an inflation if the inspiratory tidal
volume significantly exceeds the target VT; however,
babies can continue breathing from the continuous flow in
the ventilator circuit [19]. Despite this, we found the babies
ventilated with VG had lower tidal volumes and maintained
their average tidal volume close to the target value.
Despite the lower tidal volumes, minute ventilation and
pCO, at the end of transfer was not different between the
groups. There are several possible explanations for this.
First, during SIMV babies can breathe spontaneously
between the ventilator inflations, particularly if the venti-
lator rate is set low. The tidal volumes of these spontaneous
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breaths are controlled solely by the infant even when VG is
used. In our dataset the SIMV rate was <30/min for most
babies. We found that in some babies, spontaneous breaths
contributed more than 50% to the total minute ventilation
even when sedation was used. Therefore, the lower tidal
volumes of ventilator inflations during SIMV-VG may have
had a limited effect. However, using a higher SIMV rate or
using SIPPV ventilation mode (which delivers a ventilator
inflation with each attempted breath) would have been
likely to result in a higher minute ventilation and lower
pCO, irrespective whether VG is used or not. Second, it has
been reported during SIMV-VG infants breathe more
between ventilator inflations than during SIMV with the
same rate but without VG [24]. Third, the study was short,
limited to the transport period. Finally, our study may have
been underpowered to detect the potential benefit of VG on
pCO, at the end of transport. Based on data from a previous
study [8] from the same transport service, and assuming the
variability of pCO, seen in our data, even if there was a
50% reduction in hypocapnia after of transport, it would
have required a balanced sampled size of 120 patients.

The second concern with VG ventilation in term infants
with HIE and strong breathing effort is that the VG algo-
rithm lowers the PIP to try and maintain the VTemand near
the set level and hence the ventilator’s driving pressure
(PIP-PEEP) and contribution to the work of breathing in
these babies, is frequently minimal [19]. Concerns have
been raised in review articles that this leads to exhaustion,
hypercapnia, and metabolic acidosis [20], although we
could not find any report presenting data to support this
hypothesis. We also point out that while this situation is
superficially similar to endotracheal continuous positive
airway pressure, during VG the ventilator compares the
actual expired tidal volume to the target at every inflation
and if the set VT is not delivered with minimal PIP due to
exhaustion or other causes, the PIP is increased immedi-
ately. In our dataset we found that PIPs below 10 cmH,0
(driving pressure <4-5 cmH,0) occurred mostly in babies
whose spontaneous breathing contributed to their ventila-
tion by more than 50%. These babies frequently exceeded
the set VT due to hyperventilation and did not develop
hypercapnia or acidosis. However, based on these data we
cannot rule out these adverse events during longer ventila-
tion periods or in babies with different clinical character-
istics (e.g., in preterm infants).

The main strength of our study is the prospective com-
putational data collection. Moreover, our cohort was uni-
form as all recordings happened on the first day of life
during ex utero transfer to a cooling center.

A limitation of our study is that it was a retrospective
analysis, the sample size was relatively low, and it was
limited to the duration of interhospital transfer lasting no
more than 1-2 h. Also, we had only two capillary gases for

each transfer (one at the beginning and one the end) rather
than serial arterial blood gases. Capillary pCO, values may
have been significantly higher than arterial pCO, values in
babies who had peripheral vasoconstriction due to ther-
apeutic hypothermia. Although there was no difference
between the groups in the number of babies receiving
sedation, the actual level of sedation and spontaneous
breathing effort could have been different. Finally, no
clinical or long-term outcomes have been studied. The use
of VG ventilation in these babies needs to be established in
future clinical studies.

In summary, we found the VG ventilation in babies with
HIE and therapeutic hypothermia reduces the tidal volume
of ventilator inflations but does not influence minute ven-
tilation or CO, elimination. Using VG in babies with HIE
leads to low PIP, particularly in babies with strong breath-
ing effort; however, the low PIPs did not result in wor-
sening of the acidosis in these infants.
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