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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Pressure support ventilation (PSV) is a most common available
mode of supporting spontaneous breathing

e Technical efficiency of PSV is rated by the ventilator’s response and
pressure increase times

e Pediatric intensive care ventilators showed relevant differences in
these measures depending on the ventilator type and technology of
trigger detection

e Moreover, changes of gas concentration in anesthesia breathing
circuits depend on fresh gas flow, internal volume of the breathing
circuit, and ventilator technology to various extents

What This Article Tells Us That Is New

e Ahbench study of six modern anesthesia workstations using PSV in mod-
els for premature infants, neonates, infants, and toddlers found that most
demonstrated good trigger response rates even at minimal trigger effort

ABSTRACT

Background: Modern anesthesia workstations include various ventilator
technologies, but the effects on pediatric ventilation are unclear. The hypothe-
sis of this study was that performance during pressure support ventilation and
times to increase oxygen concentrations depend on the type of anesthesia
workstation.

Methods: Six modern anesthesia workstations (GE HealthCare Carestation
650; Mindray Bio-Medical Electronics Co. Ltd. Wato EX-65 Pro and A9; Dréger
Medical Atlan A350 and Perseus A500; and Getinge Flow-c) were evaluated
in respiratory models of a preterm baby, a neonate, an infant, and a tod-
dler. Trigger response rates, trigger delay, and time to reach 50% of peak
inspiratory pressure during pressure support ventilation were compared.
Furthermore, the times required to increase oxygen concentration from 21 to
90% during pressure-controlled ventilation at fresh gas flows of 1, 3, and 10
|- min~" were assessed in a compartment of the lung models with the volume
corresponding to the respective model’s functional residual capacity.

Results: Trigger response rates were above 90%, with few exceptions.
Trigger delays ranged between 73+6 and 145+0ms. Times to reach 50%
peak pressure ranged between 161 +1 and 312 + 1 ms, with decreasing vari-
ability in the larger patient models. Oxygen rise time varied between 94 +3
and 615+60s at the lowest fresh gas flow and decreased with increasing
fresh gas flow to 3 | - min=" and less so with further increasing fresh gas flow
to 10 | - min~". Activation of oxygen flush did not generally increase oxygen
concentration but caused relevant airway pressure increases in some devices.

Conclusions: Modern anesthesia workstations show an overall good
performance during pressure support ventilation of children. During
pressure-controlled ventilation, a moderate increase of fresh gas flow accel-
erated the rise in oxygen concentration, depending on the device. Oxygen
flush brings no advantage in this regard but may put the patient at risk of high
airway pressure.

(ANESTHESIOLOGY 2026; 145:954—-65)

e The trigger delay and pressurization varied considerably between
devices

e |ncreasing fresh gas flow from 1 to 3 | - min~' accelerated the
rise of oxygen concentration more than a further increase to 10
| - min~', and activation of the oxygen flush during pressure-
controlled ventilation did not generally accelerate an increase
in oxygen concentration but resulted in high airway pressure in
certain devices
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entilating children during surgery puts high demands on
Vthe performance of the anesthesia workstation (AWS).
Ventilator technology, characteristics of integrated pressure
and flow sensors, and the breathing circuit volume determine
the quality of ventilation." Assisted spontaneous breathing
bears the advantages of maintaining physiologic respiratory
mechanics and providing further insights into the patient’s
current conditions by monitoring breathing frequency and
strength. Pressure support ventilation (PSV) is probably the
most common available mode of supporting spontaneous
breathing with a modern AWS.? Technical efficiency of PSV
is generally rated by the ventilator’s response and pressure
increase times.*" Pediatric intensive care ventilators showed
relevant differences in these measures depending on the ven-
tilator type and technology of trigger detection.* Accordingly,
it can be assumed that the efficiency of PSV during intraoper-
ative pediatric ventilation depends on the type of AWS.

Oxygen concentration during ventilation is another
factor needing consideration when ventilating children.
The need for an adequate oxygen reserve during airway
management and unforeseen intraoperative respiratory
events must be carefully weighed up against the potentially
harmful effects of high oxygen concentrations.>® For this
reason, it is recommended to reduce the inspiratory oxygen
concentration to a minimum after securing the airway.”®
However, a sudden need to increase oxygen concentrations
may then be time consuming. This time delay may depend
on technical characteristics of the AWS, such as the type of
ventilator and the principle of fresh gas supply.

Since little is known about the performance of mod-
ern AWS in these regards, we examined six AWSs for
their trigger performances during PSV and the time
required to increase alveolar oxygen concentration during
pressure-controlled ventilation (PCV). The experiments
were performed in physical models designed to mimic
physiologic conditions of preterm babies, neonates, infants,
and toddlers. We hypothesized that modern AWSs with var-
ious ventilator technologies differ in their performance of
ventilation when parameters are set in the pediatric range.

Six modern AWSs were investigated: Carestation 650 (soft-
ware version 2.00.01; GE HealthCare, USA), Wato EX-65
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Pro (software version 05.05.00; Mindray Bio-Medical
Electronics Co. Ltd., China), A9 (software version 01.17.00;
Mindray), Atlan A350 (software version 2.00.01; Driger
Medical, Germany), Perseus A500 (software version 2.03;
Driger Medical), and Flow-c (software version 04.09.00;
Getinge, Sweden). The included AWSs contain different
types of ventilator technology: Tidal ventilation was driven
by a bellow with the Carestation and the Wato, by a pis-
ton with the Atlan, by a turbine with the Perseus, and by
a volume reflector with the Flow-c and the A9. According
to manufacturers’ specifications, each AWS has a specific
system volume in the controlled ventilation mode (includ-
ing recommended single-use absorber canister; approxi-
mated for the maximum volume of each ventilator unit):
Wato EX-65 Pro (4,350ml), Atlan A350 (3,440ml), A9
(3,300ml), Carestation 650 (3,006 ml), Flow-c (2,800 ml),
and Perseus A500 (2,180 ml). For specifications on machine
setup, please refer to the accompanying article.” Device-
specific compliance tests and leakage tests were performed
according to the manufacturers’ advice before measure-
ments with the respective breathing system in place.

Model characteristics were adjusted to mimic the respiratory
system of four different patient categories (with approxi-
mated body weight): preterm baby (about 2kg), neonate
(about 3.5kg), infant (about 10kg), and toddler (about 14kg;
fig. 1). Ventilation was simulated at targeted end-expiratory
carbon dioxide partial pressure of 35 to 45 mmHg, mea-
sured in the AWSs. Single-use breathing systems were used
with the size appropriate for the patient model in question.
For simulated ventilation of preterm babies and neonates,
10-mm-inner-diameter breathing tubes were used (150 cm;
reference No. 305/8173; Medtronic, Ireland) with a 0.5-1
breathing bag attached. For simulated ventilation of infants
and toddlers, 15-mm-inner-diameter breathing tubes were
used (150 cm; reference No. 305/8926; Medtronic) with a
1.0 1 breathing bag attached. Endotracheal tubes (Microcuff,
Avanos Medical GmbH, Germany) of 3.0-, 3.5-, 4.0-, and
4.5-mm inner diameters were used for simulated ventilation
of preterm babies, neonates, infants, and toddlers, respectively.
No additional filters or heat and moisture exchanger were
used to prevent the additional resistance from obscuring
potential differences in the performance of the devices. More
information on the model setup, as well as pressure and flow
measurements, can be found in the accompanying article.’

During PSV, triggering was realized using a custom-built piston
pump, driven by a digitally controlled linear motor specifically
programmed for this purpose (supplemental fig. S1, https://
links.Ilww.com/ALN/E563; fig. 1D). Impulses for spontaneous
breaths were given model specifically at random time intervals
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Fig. 1. Experimental setup. (Left side, A) Schematic drawing of the lung model simulated by a glass bottle with the volume corresponding
to the respiratory system compliance of the simulated patient. The bottle includes a heating wire (red), copper wool (orange) and central
opening for the endotracheal tube. Sealing of the bottle includes boreholes for lung pressure and temperature measurement, leakage out-
flow (blue tube), carbon dioxide (CO,) inlet, and outlet (green tubes), as well as inlet and outlet for gas concentration measurements (yellow
tubes). Please note the thin-walled plastic foil within the bottle (bright blue) separating the ventilated compartment from the bottle’s volume
without contributing to the compliance of the model. Moreover, tubes for inflow and outflow of CO, within the inner compartment end at dif-
ferent heights to ensure uniform gas mixing. (Right side) Lung model (bird’s eye view) with the breathing system and anesthesia workstation
attached to the endotracheal tube. Pressure (P), flow (V), temperature, and humidity were measured at several points in the breathing circuit.
Please note the heating wire (red /ine) around the inspiratory limb of the breathing system. (B) Technique of insufflation of CO, including
cylinder, regulation of supply pressure (Pco,) to mean airway pressure with an underwater tube, moistening CO, with an active humidifier,
and insufflation of CO, into the lung model using a roller pump. Please note that the tubes intended for inflow and outflow of CO, are inserted
in opposite directions to ensure volume exchange in equal parts. (C) Throttle valve and mechanical positive end-expiratory pressure valve to
regulate leakage flow according to the measured flow (V). (D) Piston pump for the generation of trigger impulses. (E) Sidestream gas analyzer
for the analysis of oxygen and CO, concentration within the inner compartment of the lung model.
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(temporal pauses from end expiration to start inspiration: 0.01
to 3.0s) to simulate spontaneous breathing variability. Time
intervals for the impulse were constant: negative flow for 0.2s,
followed by a pause of 0.8s, and slow piston return to starting
position (0.8s; positive flow). In preliminary experiments, neg-
ative trigger airway pressures (and corresponding flows) were
determined as —1.0+0.0cm H,O (=0.9920.01 1 - min™") in
the preterm baby model, =1.4£0.1cm HO (=1.34£0.03
1 - min') in the neonate model, —1.2£0.2cm H,0O
(—=1.85+0.011- min™") in the infant model, and —2.1+0.0cm
H,0 (=2.07£0.00 1 - min™) in the toddler model. Flow rate,
pressure, and an electronic signal of the trigger impulse were

ANESTHESIOLOGY 2026; 145:954—65

recorded synchronously at a sampling rate of 200/s to discrim-
inate between simulated efforts and machine self-triggers. For
experiments with PSV, breathing gas was conditioned target-
ing physiologic temperature and humidity. For examining the
effects of leakage around an airway device, leakage was gen-
erated targeting 20% of delivered minute ventilation during
volume-controlled ventilation.’

For PSV, the inspiratory trigger of the AWS in ques-
tion was set at the maximum sensitivity without causing

Copyright © 2026 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.
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autotriggering before starting the experiments. The inspi-
ratory pressure support was set to 6cm H,O above pos-
itive end-expiratory pressure (PEEP) of 5cm H,O, and
inspiratory ramp and minimal ventilation frequency were
switched off. Termination of inspiration was set to 25% of

! and frac-

peak flow. Fresh gas flow was set to 0.5 1 - min~
tion of inspired oxygen (F10,) was set to 0.4.To mimic clin-
ical use as much as possiblé, each measurement consisted
of the following steps: disconnecting the breathing system;
starting the recordings with the sensors open to ambient air;
connecting the breathing system; starting the trigger pump;
and starting PSV at the set parameters. The recordings were
performed for a minimum of 2 min.

Trigger performance and pressurization were evalu-
ated via established parameters.>® Trigger response rate was
determined as the ratio between breaths in response to the
electronically detected trigger signal and all trigger signals
during the interval. Trigger delay was defined as the time
between the electronic trigger signal and the nadir of the
pressure trace (fig.2). Further, the pressure—time product
(PTP), i.e., the area under the airway pressure time curve,
was determined for the interval of trigger delay, with lower
values indicating less breathing effort. Moreover, in terms
of performance on pressurization, the times required for
pressure increase to 50% (T, ) and 90% (T,
imum airway pressure were determined, and the difference

) of the max-

by WAS calculated. The time

delay between the electronic trigger signal and the pneu-

between trigger delay and T

matic consequence, i.e., a measurable pressure drop at the
site of the airway pressure sensor in the breathing model,
was determined as 40 ms. All times on trigger performance
were corrected respectively.

TP90

A
\
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A

« 1D ATesy,
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Fig. 2. Schematic drawing of the airway pressure curve with
pressure support ventilation. Vertical dashed lines show time
points for the assessment of trigger delay (T,) and pressure at
50% (T,) and 90% (T,,,) of maximum airway pressure. AT,
represents the time difference between T, and T,. The horizontal
dashed line indicates the positive end-expiratory pressure. The
area bounded by T, positive end-expiratory pressure, and the air-
way pressure curve represents the pressure time product (PTP).

Oxygen concentration was measured within an inner com-
partment of the lung model corresponding to the functional
residual capacity (FRC) of the respective patient category
using a gas analyzer (Scio Four Oxi plus; Driger, Germany;
fig. 1E). To ensure volume consistency and thereby maintain
homogeneous gas mixing, the sample gas was extracted in
the lower part of the inner compartment and returned to
the upper part with a flow rate of 200ml - min™".The delay
of the gas analyzer was determined to be 6.5s in preliminary
experiments. Time-based results were corrected accordingly.

During PCV, the oxygen concentration rise time from 21
to 90% was determined. Ventilation frequencies were set
to 40/min, 35/min, 30/min, and 25/min in the preterm
baby, neonate, infant, and toddler models, respectively. PEEP
was set to 5cm H,O, inspiratory to expiratory ratio was set
to 1:2, and peak inspiratory pressure was set to 6cm H O
above PEEP in all models.

For the measurements, the inner compartment of the
lung model was evacuated. F10, was set to 0.21. The lung
model was connected to the breathing circuit to generate
a volume within the inner compartment corresponding to
the functional residual capacity, and the lung models were
pressurized with constant 5cm H,O in the beginning of the
experiment to generate volumes within the FR C of approx-
imately 50, 90, 250, and 350ml for the preterm baby, neo-
nate, infant, and toddler models, respectively. Subsequently,
Fro, was set to 1.0, and ventilation was switched to PCV.
Measurements were performed at fresh gas flows of 1, 3,and
101+ min™' and with activated oxygen flush.

During measurements on the oxygen flush function,
a fresh gas flow of 11 - min™" and a Fio, of 0.21 were
set, and the oxygen flush button was pushed continuously.
Pressure, flow, and gas concentrations were recorded until
90% oxygen concentration was reached or, if no changes
were detected, after a minimum of 60s. Three measure-
ments were performed for each measurement after com-
plete dismantling and rebuilding of the setup.

The data were analyzed using MATLAB (version R2019a;
MathWorks Inc., USA) and GraphPad Prism (version 9.0.2;
GraphPad Software Inc., USA). The results are expressed as
means = SD based on the three repetitions of the experi-
ments; no statistical comparisons are presented.

During PSV, the Carestation, the Perseus and the Flow-c
responded to patient trigger in more than 90% of the
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given breathing efforts with all patient models without
leakage (table 1). In the other devices, the minimum
response rate without leakage was 69 7% in the Wato,
81+ 3% in the Atlan, and 391£5% in the A9, whereas

in the A9, most failed triggers occurred in the preterm

baby model. Trigger efforts without response were often

associated with trigger impulses in quick succession.

The presence of a leak reduced the percentage of trigger

Table 1. Trigger Performance and Pressurization during Pressure Support Ventilation without and with Leakage Depending on the

Patient Model and Type of Anesthesia Workstation

Workstation in Patient Model Leakage Resp.,%  T,ms Tos MS Tog MS AT, .,ms PTRcmH,0-ms
Preterm baby
Carestation Without 100£0 1450 1890 208+0 44+0 -56+1
With 100£0 1372 1833 203+3 46+0 -51+1
Wato Without 98+2 102£2 1881 247 £1 862 261
With 992 1135 192+2 253+2 793 -33£2
Atlan Without 813 73+6 1781 219+2 104£7 —-14£2
With 70£3 75£5 183+9 22811 1131 -12£3
Perseus Without 98+4 1182 257+3 289+3 1381 -32+1
With 100£0 123£2 252+2 2851 128+4 -34+1
Flow-c Without 100£0 110£0 1631 274+2 531 =311
With 100£0 97+£2 1501 260+0 532 221
A9 Without 39+5 1282 309+5 405+4 180+4 -41£2
With 427 135+4 306+1 4031 171+5 —47+1
Neonate
Carestation Without 100+0 120£0 170£0 1931 50+0 —69+2
With 100+0 110+0 159+2 184+2 492 —55+1
Wato Without 100+0 120+4 2152 278+2 95+3 ~78+6
With 975 112+2 2052 268+2 955 -55+4
Atlan Without 94+3 876 198+11 2434 1119 -31+5
With 9%6+4 9011 2044 247+3 114212 -32+10
Perseus Without 992 133+2 238+3 264+6 105+2 712
With 100=0 132+2 2333 2627 102+3 —67+2
Flow-c Without 100=0 103+2 1681 2840 642 -50+2
With 100=0 882 1551 2761 671 -32+1
A9 Without 940 138+6 3121 4141 1747 -86+5
With 940 140=4 3121 4152 172+5 -85+5
Infant
Carestation Without 100=0 107+2 1611 3055 541 -70+3
With 992 922 1431 2903 522 -49=+3
Wato Without 922 137+2 2409 3137 1049 -124+5
With 825 118+8 2092 2891 918 ~76+12
Atlan Without 100+0 107+2 245+2 355+2 1381 -72+5
With 85+5 125+4 260+6 364+6 135+8 -85+3
Perseus Without 1000 135+0 232+2 257+2 97+2 -95=+1
With 1000 135+0 223+3 2472 88+2 -93=+1
Flow-c Without 1000 113+2 2091 324=+3 95+3 ~75+4
With 1000 822 1940 305+2 112+2 -34=+2
A9 Without 927 125+0 2621 367+2 1361 -89=1
With 89+2 125+0 259+4 362+3 133+3 -82=+1
Toddler
Carestation Without 912 125+0 1941 336=2 69+0 -135+1
With 83+0 982 188=1 314=0 89=+2 -79+6
Wato Without 69+7 137+2 247=+3 334=3 110+3 -162+5
With 63+6 122+5 225+4 321=1 103+6 -118+8
Atlan Without 892 115+4 257+1 365+5 1424 1117
With 827 128+6 277+6 385+6 149+2 -130£12
Perseus Without 982 133+2 240=+3 266=3 107+3 -136+4
With 1000 135+0 225=+2 249=3 90=+2 -132+1
Flow-¢ Without 1000 90+0 210=1 327=0 120=0 -66+3
With 94+0 85+0 216+2 331+2 131£1 -51+£3
A9 Without 93+2 125+0 286+3 386+0 1612 —124+1
With 94+0 123£2 2801 3831 1562 -119+4

Carestation, GE HealthCare, USA; Wato, Mindray Bio-Medical Electronics Co. Ltd., China; Atlan, Drdger Medical, Germany; Perseus, Drager Medical; Flow-c, Getinge, Sweden; A9,

Mindray.

PTP, pressure—time product; Resp., response rate; T,

airway pressure; AT,

P50’

difference between T and Tz;n.
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response rate in some devices, particularly in the larger
lung models.

The trigger delays ranged between 73+ 6ms (Atlan) and
145+ 0ms (Carestation). Leakage reduced trigger delay in
most devices to a minor extent (fig. 3).

The 50% pressure rise time was shortest with the Flow-c
in the preterm baby and the neonate models and with the
Carestation in the infant and the toddler models, without
leakage (fig. 3). The 50% pressure rise time was longest with
the A9 with all tested models. Leakage had no relevant impact.

The differences between trigger delay and pressure rise
time were comparable between different lung models per
tested device. The mean difference for all lung models
without leakage was lowest in the Carestation (54 +9ms),
followed by the Flow-c (83 =27 ms), the Wato (99 = 11 ms),
the Perseus (112117 ms), the Atlan (124 =18 ms), and the
A9 (162%18ms; table 1). The PTP varied considerably
between devices and increased with increasing lung model
volume (table 1).

During PCV, the times to increase simulated alveolar oxy-
gen concentration to 90% varied considerably between
devices, lung models, and fresh gas flow (table 2). At fresh
gas flow of 1 1+ min™ 90%, oxygen concentration was
achieved the fastest in the preterm baby model with the
A9 (1457 35s), in the neonate model with the Carestation
(94 £ 35),and in the infant (364 + 7s) and the toddler model

(306 £95s) with the Flow-c.

In the preterm baby and the neonate model, increasing
fresh gas flow from 1 to 10 1 - min™' decreased the oxygen
rise time the most in the Perseus (mean decrease: 4955s)
but considerably less so in all other devices (mean decrease:
59s). In the infant and the toddler models, increasing fresh
gas flow from 1 to 10 I - min™" decreased the oxygen rise
times in all devices (mean decrease: 200s). In most devices,
the rise of oxygen concentration was sped up more with an
increase in fresh gas flow from 1 to 31 min™' compared to
an increase from 3 to 101+ min™', particularly in the infant
and toddler models (supplemental fig. S2, https://links.Iww.
com/ALN/E564).

The oxygen flush function did not generally reduce
time to reach 90% oxygen concentration compared to
increasing fresh gas flow from 1 to 10 1 - min™". In terms
of respiratory mechanics, activation of the oxygen flush
resulted in a relevant initial increase in airway pressures
compared to baseline ventilation in the Carestation, the
Wato, and the A9 and a relevant initial increase in PEEP in
the A9 but continuous increase in PEEP in the Carestation
(fig. 4; supplemental table S1, https://links.Iww.com/
ALN/E562). No relevant changes were observed in the
Atlan and the Perseus. In the Flow-c, cyclic ventilation was
interrupted during the oxygen flush. Therefore, oxygen
rise times and respiratory mechanics could not be analyzed
in this device.

The main findings of the current study are (1) most anes-
thesia workstations demonstrated good trigger response
rates even at minimal trigger effort; (2) trigger delay and
pressurization varied considerably between devices during
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Fig. 3. Trigger performance and pressurization for different patient models (from /eft to righf) and anesthesia workstations (x-axis) during
pressure support ventilation. Trigger delay without leakage (filled black dots) and with leakage (open black dots); Time at 50% maximum
airway pressure without leakage (filled red dots) and with leakage (open red dots). Symbols indicate a single measurement. (CS [Carestation]
650, GE HealthCare, USA; Wato EX-65, Mindray Bio-Medical Electronics Co. Ltd., China; Atlan A350, Drager Medical, Germany; Perseus A500,
Drager Medical; Flow-C, Getinge, Sweden; A9, Mindray.)
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Table 2. Time to Increase Oxygen Concentration in the Lung Models from 21 to 90% at 1, 3, and 10 | - min=" Fresh Gas Flow, as Well
as during Activation of the Oxygen Flush Function during Pressure-controlled Ventilation

Oxygen Rise Time, s

Workstation in Patient Model 11-min™ 31-min™ 101- min™ 0, Flush
Preterm baby
Carestation 149+2 136+1 127+14 378+31
Wato 188+5 159+4 164+6 192+10
Atlan 442 +10 400+ 35 43229 299+48
Perseus 61560 131+3 12011 136+ 31
Flow-c 228+30 245+13 195+8 NA
A9 145+3 138+9 129+5 130+3
Neonate
Carestation 94+3 78+1 59+1 101+5
Wato 133+1 1171 113+2 152+2
Atlan 214+20 17011 155+4 120+2
Perseus 562+32 86+2 64+2 65+2
Flow-c 100+2 88+4 93+2 NA
A9 126+3 113+1 114+3 116+1
Infant
Carestation 47417 101+7 967 338+76
Wato 551+12 111+17 108+6 190+6
Atlan 598 +31 139+1 123+3 127+6
Perseus 568+16 129+4 103+2 133+19
Flow-c 3647 153+4 160+4 NA
A9 399+4 100+9 92+10 135+9
Toddler
Carestation 476 £74 63+5 79+2 288+112
Wato 535+10 46+4 48+1 98+7
Atlan 540+6 98+2 82+1 83+2
Perseus 574+40 123+15 69+7 84+2
Flow-c 306+9 58+1 65+3 NA
A9 388+8 561 481 54+1

The data are given as means =+ SD. Carestation, GE HealthCare, USA; Wato, Mindray Bio-Medical Electronics Co. Ltd., China; Atlan, Dréager Medical, Germany; Perseus, Dréger Medical;

Flow-c, Getinge, Sweden; A9, Mindray.
NA, not applicable.

PSV; (3) during PCV, increasing fresh gas flow from 1 to 3
1 - min~" accelerated the rise of oxygen concentration more
than a further increase to 10 1 - min™'; and (4) activation of
the oxygen flush during PCV did not generally accelerate
an increase in oxygen concentration but resulted in high
airway pressure in certain devices and interrupted ventila-
tion in the Flow-c.

The model developed for the specific purpose of this
study aimed at achieving the best approximation to physio-
logic conditions in the targeted patient group. Whereas glass
bottles filled with copper wool and artificial resistances have
been used to simulate respiratory system conditions in sev-
eral studies with excellent quality,'™!" this is the first model
study working with humidified breathing gas in an experi-
mental setup for semiclosed ventilation, to our knowledge.

Simulating irregular trigger impulses allowed us to deter-
mine trigger response rates beyond device-specific trigger
thresholds. We are not aware of other bench studies having
investigated neonatal ventilators in this regard during inva-
sive assisted ventilation. The trigger response rates found
in our study would be most comparable to clinical data
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reflecting patient—ventilator asynchrony. Patient—ventilator
asynchrony is extremely common in mechanically ven-
tilated children, and the predominant cause is ineffective
triggering.'? In contrast, most of the tested AWSs in our
study detected breathing efforts with high reliability. Similar
to the highly variable efficiency of flow trigger settings in
mechanically ventilated neonates and children," we found
no systematic correlation between ventilator type, flow
sensor, and trigger response rate. For example, both the
Wato and the A9 use differential pressure sensors for flow
measurement, but with the A9, the majority of breathing
efforts were not detected in the preterm baby model. Our
analyses revealed that the majority of failed responses fol-
lowed shortly after responded triggers. Moreover, trigger
response rates were superior with the Perseus compared to
with the Atlan, although both machines use hot-wire ane-
mometry. The Atlan simultaneously uses a pressure trigger
to discriminate a breathing effort from flow artefacts. We
assume that the low trigger flows in our experiments did
not translate into sufficient pressure changes, confirming a
genuine inspiratory effort.
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Fig. 4. Respiratory mechanics during activation of the oxygen flush function during pressure-controlled ventilation. Exemplary airway pressure (biue)
and pulmonary pressure (red) curves for the onset of oxygen flush (left panels) and the end of oxygen flush (right panels) in the neonate patient model
at a fresh gas flow of 1| - min~". The oxygen flush button was pressed at time 0, kept pressed until oxygen concentration in the neonatal patient model
reached 90% or did not change within 60s during pressure-controlled ventilation (ventilation frequency of 35/min, positive end-expiratory pressure
of 5¢m H,0, and inspiratory pressure of 6¢m H,0), and released thereafter (between 2 and 4s in the curves). (Carestation, GE HealthCare, USA; Wato,
Mindray Bio-Medical Electronics Co. Ltd., China; Atlan, Drager Medical, Germany; Perseus, Drager Medical; Flow-c, Getinge, Sweden; A9, Mindray.)
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Interestingly, lower trigger response rates also occurred
in the toddler model, although absolute trigger flow was
higher. We attribute this difference to the larger volume of
compressible breathing gas in the respiratory system. Higher
compliance of the larger systems may attenuate the trans-
mission of the trigger signal. In this regard, flow sensors
positioned close to the patient, as available in some intensive
care ventilators, may be advantageous.

Delay of trigger response varied between AWS and lung
models. This measure depends on the sensitivity of the
respective flow sensors and the device’s ability to regulate
pressurization. Pressurization of the breathing system starts
before we are able to detect the machine’s response in the
airway pressure signal. High airway resistance counteracts
the pressurization and may therefore explain the observed
greater variability of trigger delay in the smaller patient
models.

Times for trigger delay corresponded to the ranges
found in intensive care ventilators intended for use with
adult patients, pediatric patients, and neonates,* although
some authors estimate the best performance being less than
100 ms." In this regard, only the Flow-c met this criterion
in all models. The performance of the other AWSs can be
considered appropriate for the intended application for spe-
cific patient categories only. The comparison with respira-
tors for specific use in neonates and infants shows, however,
that trigger delay can be as low as 40 ms, potentially increas-
ing patient comfort by decreasing the work of breathing.*!

Times to 50 and 90% increase include the period of
trigger delay and therefore reflect the effect of sensor
sensitivity and data processing. Remarkably, due to the
physical interaction of volume, resistance, and compliance
with decelerating flow during PSV, the time for 50% pres-
sure increase more closely reflects the early response and
thus maximal pressurization performance of the devices
than the time for 90% pressure increase. Accordingly, we
determined the difference between trigger delay and
50% pressurization to discriminate between the devices’
performances during pressurization. Investigation of the
pressurization performance during volume-controlled
ventilation and PCV already demonstrated considerable
differences between the devices (supplemental table S3
in part 1,° https://links.lww.com/ALN/E559). In addi-
tion, during PSV, the Carestation consistently showed
the fastest pressurization. Interestingly, the Wato did not
keep up with the Carestation, although the two devices
use the same ventilator technology. Similarly, pressuriza-
tion differed considerably between the Flow-c and the
A9, although both machines drive ventilation by volume
reflector technology. Moreover, resistances of the inter-
nal inspiratory pneumatic elements of the AWS influence
pressurization performance but could not be deter-
mined by the current experimental setup. Airway leak-
age influenced trigger performance and pressurization in
an unpredictable fashion but to a minor extent only. We
assume that the fresh gas flow set in these experiments

ANESTHESIOLOGY 2026; 145:954—65

compensated for the relatively low volume deficiency, thus
ensuring the devices’ performance.

The simulated breathing effort needed was considerably
lower than reported in other studies evaluating ventila-

tors for children and adults.>*!>1

Different methodologic
approaches in the calculation of the PTP may account for
the observed differences. We decided to incorporate the
area under the pressure time curve from the start of trigger
to the curve’s nadir, as we believe that this figure represents
the patient’s net breathing effort. Other studies calculate
the entire area under PEEP*'"® or additionally include the
area under the pressurization curve until a certain point in
time.4,15,16

During PCV, oxygen rise times varied widely for the
different models. This can be attributed to age-dependent
differences in the simulated FRC, to the relationship
between ventilation minute volume of the model and fresh
gas flow, and also to different breathing system volumes in
the respective patient categories. Interestingly oxygen rise
times did not primarily depend on the relationship between
FRC and minute volume. A relevant influence of these
factors would have resulted in faster oxygen rise times in
smaller patient models at the same fresh gas flow. In contrast,
independent of the type of AWS, we observed a consider-
ably slower increase in oxygen concentration in the infant
and toddler lung model than in the preterm baby and neo-
nate model at the lowest fresh gas flow. The explanation lies
probably in the volume of the breathing system attached
to the AWS. Indeed, the volume of the 15-mm-inner-
diameter breathing system used in the infant and toddler
model has more than double the volume of the 10-mm-
inner-diameter system used in the smaller models, given
the same length.

Opverall, the best improvement of oxygen rise occurred
when increasing fresh gas flow to 3 1 - min™". A fresh gas
flow of 31 min~! already exceeded the range of delivered
patient minute volumes in our study (0.5 to 2.3 1 min™").’
Consequently, only a moderate increase in fresh gas flow
was sufficient to accelerate oxygen concentration rise in the
lung model.

Device-specific differences in oxygen rise times necessi-
tate the discussion of variation in system volumes and dif-
ferent technologies for fresh gas supply. Depending on the
ventilator technology in use, the volume of the breathing
circuit, which is relevant for changes in gas concentrations,
can be much lower than the absolute volume indicated in the
manufacturers’ information. For example, the absolute cir-
cuit volume of the Atlan is 3,440 ml during controlled ven-
tilation. The piston contributes to this figure with 1,500ml
at the most extended position. Setting a pediatric patient
category leads to stepwise lowering of the pistons volume to
a limit necessary for provision of the set tidal volume. Thus,
in the preterm baby model, the effective system volume of
the Atlan approximated 1,950 ml after a couple of breaths.

Consequently, the observed long oxygen rise times
with the Atlan rather result from the principle of fresh gas
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decoupling then from system volume. Fresh gas decoupling
in the Atlan diverts low backwards into the reservoir bag
during inspiration. The piston fills from the reservoir bag,
and the gas is transported in portions corresponding to
the set tidal volume. Although this approach provides an
advantage in terms of tidal volume precision,” changes in
gas composition require equilibration of the gas concen-
trations in the reservoir bag and the piston.'” Consequently,
the oxygen increase is delayed and depends on tidal vol-
ume but not on fresh gas flow. This can be derived from
the saturation curves in the Atlan, the courses of which are
independent of the fresh gas flow.

The Perseus showed the lowest absolute system vol-
ume but long oxygen rise times at a fresh gas flow of 1 1
-min' in all models. For the Perseus, the fresh gas flow is
fed continuously into the breathing circuit but is separated
into a forward flow to the patient and a reverse flow to
the turbine. Thus, distribution of fresh gas flow depends on
the resistive counter pressures from each direction of flow.
Times to change gas concentration in the breathing circuit
rather depend on fresh gas flow than on tidal volume in
this device. The Perseus’s low circuit volume promoted an
initial steep rise in oxygen concentrations. However, the
low backward-directed fresh gas flow impedes proper gas
mixing in the volume of the ventilation bag, which serves as
a reservoir in the circuit. Emptying of the poorly saturated
reservoir starts late at low set minute volume, which leads
to the late flattening of the oxygen concentration curve
in the preterm baby model. With the higher minute vol-
ume (but the same breathing hose volume) in the neonate
model, emptying of the reservoir starts earlier, which leads
to an earlier decrease in the rate of rise of the oxygen con-
centration. When further increasing the minute volume,
these effects become insignificant, resulting in an overall
good performance as also demonstrated in models of adult
patients."” As a clinical consequence, using a short breath-
ing bag hose and an appropriately small breathing bag in
the Atlan and the Perseus may be advantageous in terms of
time required to increase oxygen concentration, particularly
with low tidal volumes.

The Carestation and the Wato inject fresh gas into the
circuit between the ventilator and the inspiratory limb
(please see fig. 1 in the accompanying article’). Although the
point of injection is similar to that of the Perseus, inspiratory
fresh gas flow is only directed forward in these devices. The
breathing bag is not part of the circuit during automatic
ventilation. Accordingly, changes in oxygen concentration
were generally faster. To enable precise control of the tidal
volume, the volume accelerated by the bellow is reduced
by the amount of fresh gas flow. This accounts for approxi-
mately one third of the set fresh gas flow given an inspira-
tory to expiratory ratio of 1:2. The ratio between fresh gas
flow and patient minute volume thus determines the speed
of gas concentration rise. The slightly faster rise in oxygen
concentration with the Carestation compared to the Wato
may be a consequence of the difference in delivered minute

volume. Comparison of precision of PCV revealed that
with the same ventilator settings as applied in the experi-
ments for gas changing times, the Carestation generated up
to 15% more minute ventilation, which is attributable to an
inaccuracy of the inspiration time regulation.’

The Flow-c and the A9 performed oxygen rise times
in the middle, although their system volumes were the
lowest of all devices. Moreover, from the volume of the
Flow-c reflector (1,200 ml) and the A9 reflector (1,500 ml),
only a portion equaling the set tidal volume contributes
to functional system volume during controlled ventilation.
Differences between both AWSs may be explained by reg-
ulation of the fresh gas flow. In the preterm baby model,
the oxygen rise time with the Flow-c was slower than with
the A9, but it was faster at higher minute volumes. In the
Flow-c, a fresh gas flow exceeding the patient’s minute vol-
ume is automatically down-regulated to match this figure
for more efficient gas usage. Minute volumes were about
0.5 1 min~' in the preterm baby and 0.8 1 - min™' in the
neonate model. Consequently, we could observe faster oxy-
gen rise times with the neonate compared to the preterm
baby model but no improvements in both models with
increasing fresh gas flow. In contrast, increasing fresh gas
flow at higher minute volumes allow for a more efficient
rise in oxygen concentration, without needing to increase
the flow above 2.3 1 min™! in our study.

Testing the hypothesis that activation of the oxygen flush
button can accelerate an increase in oxygen concentration
in the lungs yielded important information. In the Atlan
and the Perseus, the oxygen flush accelerated the oxygen
concentration in the lungs compared to static fresh gas flow
in most cases. Fresh gas decoupling and backwards filling of
the breathing circuit, as discussed above, may explain faster
oxygen enrichment in the ventilation bag. In the Flow-c,
cyclic ventilation was discontinued. An electronically con-
trolled safety function opens the exhalation valve to main-
tain the current PEEP value. Due to the absence of filling
and emptying of the lungs, we could not detect a relevant
change in oxygen concentration.

In the Wato and the A9, the oxygen flush function did
not lead to a relevant improvement of oxygen rise times
considering all patient models and fresh gas flows. However,
activation of the oxygen flush increased airway pressures in
these devices to a relevant extent. The difference between
airway and pulmonary pressure indicates the resistive pres-
sure drop across the pediatric endotracheal tubes,'® which
in this case attenuates overinflation of the lungs. After the
initial pressure rise, flow is regulated down, resulting in
decreasing peak pressure and PEEP over a couple of breaths.
By contrast, the Carestation continuously increased PEEP
and decreased driving pressure while the oxygen flush was
active. As a result, oxygen concentration rise times were
worse than in comparison to 3 and 10 1 - min™' fresh gas
flow.

It is important to note that the oxygen flush function
is intended to serve for a brief refilling of the breathing
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circuit only. Therefore, the flush button is designed to be
self-closing and to minimize unintended operation.” Our
results show that its use during pediatric ventilation can
lead to dramatically high pulmonary pressures and does not
result in a relevant improvement in oxygenation. Therefore,
it is strongly discouraged during pediatric ventilation.

With regard to the potential for technical development,
our results suggest that the ideal AWS for pediatric venti-
lation should contain a low system volume and allow for
using low-volume breathing hoses. A flow sensor covering
a pediatric range and positioned close to the airway device
may be advantageous regarding precision of measured and
displayed volumes and response times to breathing efforts.?
The combination with a mainstream carbon dioxide sensor
can improve end-expiratory carbon dioxide measurements
and would enable volumetric capnography, with its poten-
tial for clinical decision-making beyond setting of ventilator
parameters.?"* The combination of precise and fast volume
acceleration, leakage compensation, and low time constants
for gas concentration changes may be best achieved with a
ventilator driven by an injection valve. However, our results
demonstrate that this technology has to be well integrated
in the circuit. The oxygen flush function could be disabled
in the mechanical ventilation mode. Alternatively, the gen-
erated peak flow should be downregulated depending on
the set patient category. Display of continuously calculated
tracheal pressure is technically feasible and would allow for
better estimating the pressure reaching the patient’s lungs,
particularly during pressure-regulated ventilation.'

There are few options for users to overcome the tech-
nical limitation of the AWSs evaluated in our study, when
used in small children. However, most above-mentioned
technical advantages are already available in ventilators for
specific use in neonates. Accordingly, the intraoperative use
of a neonatal intensive care ventilator should be considered
in the most vulnerable patients. Modern drugs for sedation
and analgesia may allow for intravenous maintenance of
anesthesia even in preterm babies.” Active humidification
may support appropriate humidity and temperature of the
breathing gas.* Above that, an increasing number of neo-
natal ventilators can be used during transport, eliminating
the risk of changes in alveolar ventilation caused by switch-
ing between ventilators with different performances.?
Moreover, with a neonatal intensive care ventilator, high-
flow nasal oxygen may become available for airway man-
agement and procedures performed under sedation.*

Anesthesia workstations behave differently when it
comes to the ventilation of young children. Standardized
comprehensive device tests were unable to identify a spe-
cific system that performed best in this respect. Knowledge
of the devices’ individual strengths and shortcomings may
support clinical treatment, risk management, and invest-
ment decisions. Moreover, these results could encourage
manufacturers to push ahead with their developments in
the field of pediatric ventilation.
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