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BACKGROUND: In adults and children, patient-ventilator synchrony is strongly dependent on
both the ventilator settings and interface used in applying positive pressure to the airway. The aim
of this bench study was to determine whether different interfaces and ventilator settings may
influence patient-ventilator interaction in pediatric models of normal and mixed obstructive and
restrictive respiratory conditions. METHODS: A test lung, connected to a pediatric mannequin
using different interfaces (endotracheal tube [ETT], face mask, and helmet), was ventilated in
pressure support ventilation mode testing 2 ventilator settings (pressurization time
[Timey; edl s00s/Cycling-off flow threshold [Tr ] o504, TIMEyresspo06/ T expooss)s Fandomly applied. The
test lung was set to simulate one pediatric patient with a healthy respiratory system and another
with a mixed obstructive and restricted respiratory condition, at different breathing frequencies (f)
(30, 40, and 50 breaths/min). We measured inspiratory trigger delay, pressurization time, expira-
tory trigger delay, and time of synchrony. RESULTS: At each breathing frequency, the helmet
showed thelongest inspiratory trigger delay compared with the ETT and face mask. At f5,, theETT
had a reduced T s The helmet had the shortest T, . in the simulated child with a mixed
obstructive and restricted respiratory condition, at f,, during Time,, esss006/ TT expases @Nd at fsg
during Timey esss006/ TT expsoss - I the simulated child with a normal respiratory condition, the ETT
presented the shortest T, Value at f5, during Time,, essgoos/ T expsoss- CONCErNing the expiratory
trigger delay, the helmet showed the best interaction at f,, but the worst at f,y and at f,. The
helmet showed the shortest time of synchrony during all ventilator settings. CONCLUSIONS: The
choice of the interface can influence patient-ventilator synchrony in a pediatric model breathing at
increased f, thus making it more difficult to set the ventilator, particularly during noninvasive venti-
lation. The helmet demonstrated the worst interaction, suggesting that the face mask should be
considered asthefirst choicefor delivering noninvasive ventilation in a pediatric model. Key words:
noninvasive ventilation; patient-ventilator interaction; pressure-support ventilation; endotracheal tube;
helmet; face mask. [Respir Care 2015;60(4):498-507. © 2015 Daedalus Enterprises]

Introduction

The role of noninvasive ventilation (NIV) in children
with acute respiratory failure is well known.1-10 Several
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studies have described the effectiveness of NIV in pedi-
atric patients affected by exacerbation of chronic respira-
tory failure, due to restrictive chest wall deformities and
neuromuscular diseases,3# as well as in children with pneu-
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monia,>® pulmonary edema,’ cystic fibrosis,® and status
asthmaticus.9-10

NIV is usually delivered to pediatric patients during the
acute phase in pressure support ventilation (PSV) with
different interfaces such as a face mask and, in the past
several years, a helmet. Compared with adults, children
have a relatively higher breathing frequency, which can
adversely affect patient-ventilator synchrony during
PSV.1112 However, ventilator settings and interfaces used
affect patient-ventilator synchrony in both cases.!3

Although neurally adjusted ventilatory assist (NAVA)
has been proposed as a partial ventilatory support mode to
improve patient-ventilator synchrony,1.14.15 jts use has been
limited by the elevated cost of the catheter and need for
specific equipment. Therefore, PSV still remains, in most
adult and pediatric ICUs, the accepted standard for deliv-
ering partial ventilatory support during invasive and non-
invasive ventilation.

Both the use of a comfortable interface to improve pa-
tient comfort and appropriate ventilator settings, to opti-
mize patient-ventilator interaction, are needed to increase
the tolerance of NIV application. However, few studies
have investigated the role of different interfaces on pa-
tient-ventilator interaction in children.

The aim of this bench study was to determine whether
different interfaces and ventilator settings may influence
patient-ventilator interaction (using the simulator as a pa-
tient) in pediatric models of normal and mixed obstructive
and restrictive respiratory conditions.

M ethods

Study Protocol

The Respiratory Mechanics Laboratory of Catholic Uni-
versity (Rome, ltaly) carried out this study.

An active test lung (ASL 5000, Ingmar Medical, Pitts-
burgh, Pennsylvania) was connected to a pediatric man-
nequin through 3 different interfaces: an endotracheal tube
(ETT, size 6 mm inner diameter, Covidien, Mansfield,
Massachusetts), a face mask (Koo Medical Equipment,
Alpharetta, Georgia), and a helmet (CaStar, Mirandola,
Italy). The ETT and the face mask were connected to the
ventilator using a standard circuit, and the helmet was
connected to a double circuit.26 A standard ICU ventilator
ventilated the mannequin (Puritan Bennett 840, Covidien)
in PSV, without using the air leak compensation software.
PSV was 12 cm H,O, and PEEP was 5 cm H,O. The in-
spiratory flow trigger was set at the lowest level to avoid
autotriggering. A value of 1.5 L/min was set with all in-
terfaces, as air leaks were eliminated during NIV by tight-
ening the soft collar of the helmet to the mannequin’s neck
or the mask to its face.
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QUICK LOOK

Current knowledge

Noninvasive ventilation success often comes down to
patient comfort, including tolerance of the interface and
patient-ventilator synchrony. The higher breathing fre-
quencies in children further complicate synchrony, par-
ticularly during pressure-support ventilation.

What this paper contributes to our knowledge

The patient-ventilator interface influences patient-ven-
tilator synchrony in a pediatric model breathing at an
elevated breathing frequency. Synchrony was best us-
ing a face mask and worst with the helmet. The face
mask should be considered as the first choice for de-
livering noninvasive ventilation in a pediatric model.

The test lung was set to simulate the following dif-
ferent clinical conditions in a pediatric patient of 25 kg
body weight: (1) normal respiratory condition (compliance
1.2 mL/cm H,0O/kg, airway resistance 5 cm H,O/L/s);
(2) mixed obstructive and restricted respiratory condition
(compliance 0.7 mL/cm H,O/kg, airway resistance
10 cm H,0/L/s, inspiratory muscle pressure 10 cm H,0).
The simulator was set to breathe at 3 different breathing
frequencies (f, 30-40-50 breaths/min).

During PSV, 2 different combinations of pressurization
time (Time,.s;) and cycling-off flow threshold (Tr,,) (ie,
Timepresss006/ Texpzsoe: defined as the default setting, and
Timepressao0s/ Texpoooe: defined as fast setting and charac-
terized by fast pressurization time and fast cycling-off
flow threshold), were applied in random order. Each test
condition lasted 20 min, and the last 5 min of each trial
were recorded for further analysis.

Data Acquisition and Analysis

Air flow (V) was measured with a pneumotachograph
(Fleish No. 2, Metabo, Epaliges, Switzerland), while air-
way pressure (P,,,) was measured by a pressure transducer
with a differential pressure of = 100 cm H,0O (Digima
Clic-1, ICULab system; KleisTek Engineering, Bari, Italy),
placed distally from the pneumotachograph.

When the mannequin was ventilated through the endo-
tracheal tube or the face mask, the pneumotachograph and
the pressure transducer were positioned at the Y of the
ventilator circuit, whereas, during helmet NIV, the 2 were
located at the distal end of the inspiratory limb of the
double circuit.16

All the signals were acquired, amplified, filtered, and
digitized at 100 Hz, then recorded on a dedicated personal
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Fig. 1. Inspiratory trigger delay, pressurization time, and expiratory trigger delay with 2 ventilator settings applied at 3 breathing frequencies
(30 [A], 40 [B], and 50 [C] breaths/min), in a pediatric model with mixed obstructive and restricted respiratory condition. Endotracheal tube
(ETT, black columns), face mask (dark gray columns), and helmet (white columns). Delay,,,s, = inspiratory trigger delay; T, ss = Pressur-
ization time; Delayy,.,,, = expiratory trigger delay; Time,.ss50 = pressurization time of 50%; Time, .80 = pressurization time of 80%;
Tre 25 = cycling-off flow threshold of 25%; Tr,,,60 = cycling-off flow threshold of 60%; T = ETT versus face mask; £ = face mask versus

exp exp

helmet; * = ETT versus helmet. 1, *, £ = < .05; t1, **, ¥ = < .01.

computer, and analyzed through specific software (ICULab Patient—ventilator interaction was evaluated by deter-
2.7; KleisTek). mining: (1) pressurization time (T ,.s), defined as the time

Ventilator inspiratory and expiratory time (mechanical necessary to achieve the pre-set level of pressure support;
T, and mechanical T, respectively), and ventilator rate of (2) inspiratory trigger delay, calculated as the time lag
cycling were all determined on the flow tracing. The in- between the onset of inspiratory muscle effort negative
spiratory duty cycle (mechanical T,/T,,;) was calculated as swing and the start of the ventilator support (ie, P,,, pos-
the ratio between mechanical T, and the total mechanical itive deflection); (3) expiratory trigger delay, assessed as
breath duration (T,,). the delay between the end of the inspiratory effort and the

Air flow and tidal volume (V) delivered to the simu- end of the mechanical insufflations (ie, flow deflection);
lator, airway opening pressure (P,,,), and inspiratory mus- (4) time of synchrony, defined as the time during which
cle effort were displayed online on the computer screen. inspiratory muscle effort and P,, are in phase (ideally
The signals obtained with the ASL were transmitted to a 100%); (5) neural V{/mechanical V4, intended as the
PC host via 10/100MBit Ethernet, sampled, and processed percentage of V1 delivered during inspiratory muscle effort
in real time by means of specific software (Lab View, negative deflection; (6) wasted efforts, ie, ineffective
Ingmar Medical). The signals obtained with the ASL were inspiratory efforts not assisted by the ventilator; and
integrated with the signals from the ICULab system by (7) autotriggering, ie, mechanical insufflation in absence
using a specific application of the ICULab (ICULab 2.7, of inspiratory effort.
KleisTek).

The numerical integration of flow over time determined Statistical Analysis

the mechanical tidal volume (mechanical V). The amount
of tidal volume delivered to the simulator during its active
inspiration (ie, the neural tidal volume [V+]) was calcu-
lated as the volume generated from the onset of inspiratory
muscle effort negative deflection to its nadir.

Interface performance was evaluated using the follow-
ing parameters: (1) trigger pressure drop (APy;gger), de-
fined as the pressure drop generated during the ventilator
triggering; (2) inspiratory pressure-time product (PTP),
defined as the area under the P,,, curve relative to the time
between inspiratory effort onset and mechanical assistance; Results
(3) pressure-time product at 300 and 500 ms (PTP5,, and o ] ) .
PTPsy0), defined as the integral P,,, area over insufflation Pediatric Model With a Mixed Obstructive and

All data are expressed as mean = SD. The analysis of
variance for repeated measures was used to detect signif-
icant differences between the various experimental condi-
tions. When detected, post hoc analysis was performed
using the Bonferroni test; for categorical data, the Mantel-
Haenszel extended chi-square test was used. P values
= 0.05 were considered statistically significant.

time from simulated effort onset, at 300 or 500 ms, re- Restricted Respiratory Condition

spectively; and (4) PTPg,, index, expressed as a percent-

age of ideal PTP, which is unattainable because it would In all tested ventilator settings, the helmet showed
imply a APy;qqer OF Zero and an instantaneous pressuriza- the longest inspiratory trigger delay compared with the
tion of the ventilator. ETT and face mask (P < .01) (Fig. 1). At f5,, with each
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Fig. 2. Time of synchrony with 2 ventilator settings applied at 3
breathing frequencies (30, 40 and 50 breaths/min) in a pediatric
model with a mixed obstructive and restricted respiratory con-
dition (A) and in a pediatric model with normal respiratory con-
dition (B). ETT - endotracheal tube. ¥ = ETT vs face mask;
1 = face mask vs helmet; * = ETT vs helmet. 1, *, £ = < .05; 11,
* 1t = < .01.

ventilator setting, and at f5, and Timeresss006! Trexp2s9e:
the ETT had a shorter T, than face mask and helmet
(P <.01). At f,o at Timepesss006/ Texpasos aNd at fsq during
Timepresssoos! Tlexpoooe: the helmet had the shortest T, s
(P < .01).

At f;, during each ventilator setting, the helmet pre-
sented the shortest expiratory trigger delay compared
with the ETT and face mask (P < .01); at f,, at
Timepresss006/ Tlexpzsoes the ETT showed the highest expi-
ratory trigger delay compared with the face mask and hel-
met (P < .01), whereas no difference was observed during
Timepressgoos! Trexpoooe: At fso, the helmet demonstrated
the worst expiratory trigger delay compared with the face
mask and ETT (P < .01). The helmet showed the shortest
time of synchrony compared with the ETT and face mask
at all tested ventilator settings (P < .01) (Fig. 2A).

Mechanical T, was significantly affected by ventilator
setting, level of simulated f and interface used (Table 1).
At f5, and f,,, the helmet had a shorter mechanical T, than
the ETT and face mask (P < .01), whereas at f5,, the face
mask had the longest mechanical T, compared with the
ETT and helmet (P < .05).

All interfaces showed a significant decrease of mechan-
ical V1 when increasing simulated f (P < .01), irrespective
of the ventilator setting. At f;, and f,,, the face mask

RespIrRATORY CARE @ APRIL 2015 VoL 60 No 4

had the highest neural V{/mechanical V; compared
with the ETT and helmet (P < .01). At fy, during
TiMepresss00e/ Trexpasoss NO difference was found among
the tested interfaces, whereas at Timep essg006/ Trexpsooe:
the helmet showed the lowest neural VV/mechanical V+
(P < .01).

At f;, and f,,, the helmet presented the shortest me-
chanical T,/T,,, compared with the ETT and face mask
(P < .05), but at f5,, the face mask had a shorter ratio than
the other interfaces (P < .01).

Wasted efforts and autotriggering did not occur with
any interface or tested ventilator settings.

The helmet had the shortest APyqqe, (P < .01) (Table 2)
and the face mask demonstrated the shortest inspiratory
PTP compared with the helmet and ETT (P < .05) at each
breathing frequency and ventilator setting. The helmet had
the worst performance in terms of PTPg,, index at all
frequencies and tested settings (P < .01). Conversely, no
difference was observed in PTPg,, index between ETT
and face mask.

Pediatric Model With a Normal Respiratory
Condition

During all tested settings, the helmet had the longest
inspiratory trigger delay (P < .01) (Fig. 3). Regarding
Toresss at f3o, the ETT showed the lowest value (P < .01),
whereas at f,,, the helmet presented the shortest value
(P < .01). At fsq, during Timep esssoos! Trexpzsos NO differ-
ences were found between the tested interfaces, but during
TiMe,resssoos! Tlexpson: the ETT presented the shortest T pes
value (P < .01).

At f5,, the helmet showed the shortest expiratory trigger
delay compared with the ETT and face mask (P < .01).
Conversely, at f,, and fz,, during all conditions, the helmet
had the longest expiratory trigger delay value (P < .01).
At these frequencies, no difference was found between the
ETT and face mask in terms of expiratory trigger delay
value.

As in the pediatric model with a mixed obstructive
and restricted respiratory condition, the helmet showed
the most asynchrony, represented by the shortest time of
synchrony (P < .01) (Fig. 2B). No difference has been
reported between the time of synchrony with the ETT
and face mask.

Increasing frequency and using a rapid pressurization
time decreased the mechanical T,; at f5,, the helmet had a
shorter mechanical T, than ETT and face mask with all tested
settings (P < .01) (Table 3). During TimMepresss006/ Trexpasoer
at f, and f5,, no difference was found between the interfaces
in terms of mechanical T, values. At TiMe,essg006/ TVexps0os:
there were no differences at f,, whereas at fs,, the ETT
presented the shortest mechanical T, value compared with the
other interfaces (P < .01). As observed in the simulated child
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Table 1.  Effects of Different Breathing Frequencies and Ventilator Settings on Mechanical Inspiratory Time (Mechanical T,), Mechanical Tidal
Volume (Mechanical V), Percentage of Mechanical Tidal Volume Delivered During Inspiratory Muscle Pressure Negative Deflection

(Neural V{/Mechanical V), and Respiratory Pattern (Mechanical T,/T,,,) with an Endotracheal Tube, Face Mask, and Helmet

Pediatric Model With Mechanical T, Mechanical V Neural V- /Mechanical V+ Mechanical T /T,
Mixed Obstructive ©) (mL) (%) (%)
ReSS:}gtORI‘E)‘/Stg:)::]edc:tlon Tirpfpressso%/ Tir_}qureSSSO%/ Tir_]ljreprESSSO%/ Tir_]ljrepressso%/ Ti$fpre5550%/ Tir_prepressso%/ TianfprESSSO%/ TinT’]repress8O%/
exp25% exp60% exp25% exp60% exp25% exp60% exp25% exp60%
4o (breaths/min)
ETT 0.65 = 0.01 0.51 = 0.01* 444 = 17* 421 = 5* 51 £ 0* 60 = 0* 36*0 270
Face Mask 0.64 = 0.01t  0.46 = 0.02f 396 = 107 366 = 2 60 = Ot 70 = Of 35+ 0t 25 + 0f
Helmet 0.39 = 0.00f 0.28 + 0.01% 362 * 5% 341 * 6% 47 = 08 57 = 0§ 23 + 0% 17 = 0%
4o (breaths/min)
ETT 0.52 = 0.01 0.40 = 0.02 342 = 10* 334 x 3* 39 = 0* 49 = 0* 390 300
Face Mask 051+ 001t 0.40*002t 301+ 5t 309 + 3 43 + 0t 53 + 0t 39 + 0| 29 + 0
Helmet 043 =0.01f 0.32 = 0.01% 320 = 0% 309 = 0% 35+ 08 39 = 0t 34 + 08 26 = 08
fso (breaths/min)
ETT 0.40 = 0.011  0.31 = 0.01Y 327 = 0* 232 = 3* 35*0 49 +0 63 + 0* 83 + 0*
Face Mask 0.44 = 0.01| 0.33 = 0.01| 244 =0 254 =3 330 45 = 0t 56 = Of 77 = 0f
Helmet 0.40 = 0.00 0.31 =0.01 240 = 0% 254 + 3% 320 33 = 0% 64 =0 840

*ETT vs face mask, P < .01.

T Face mask vs helmet, P < .01.

FETT vs helmet, P < .01.

§ETT vs helmet, P < .05.

|| Face mask vs helmet P < .05.

fETT vs face mask, P < .05.

T, = inspiratory time

V7 = tidal volume

Tiot = total mechanical breath duration
Timepresssoos = Pressurization time of 50%
Timepressgoss = Pressurization time of 80%
Trexpasys = cycling-off flow threshold of 25%
Trexpsoss = cycling-off flow threshold of 60%
30 = breathing frequency of 30 breaths/min
f40 = breathing frequency of 40 breaths/min
fso = breathing frequency of 50 breaths/min
ETT = endotracheal tube

with mixed obstructive and restricted respiratory condition,
mechanical V1 value decreased when increasing the frequency
(P < .01), irrespective of the ventilator setting. This was also
true during the simulation of the child with normal respira-
tory condition.

Regarding neural V{/mechanical V4, at f;; and f,,
the helmet presented the shortest value compared both
to ETT and face mask (P < .01). At fg, during
TiMe,resssoos! Tlexpasos: NO differences were found between
the interfaces in terms of neural VV{/mechanical V values,
but during Time,essgoos/ Texpsoss the helmet showed a sig-
nificantly reduced value compared with the ETT and face
mask (P < .01).

In terms of mechanical T,/T,, at f5,, the helmet had a
lower value compared with the ETT and face mask, whereas
at s, it had the highest value (P < .01). At f,,, no dif-
ference was found between the tested interfaces.

Wasted efforts and autotriggering did not occur with
any interface or tested ventilator settings.

At all frequencies and settings, the helmet showed the
shortest APyqqer COmpared with both the ETT and face
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mask (P < .01) (Table 4). In terms of inspiratory PTP,
at f5,, no significant difference was observed, whereas
at f,, and fg,, the helmet had the longest inspiratory
PTP value compared with the other interfaces at each
setting tested (P < .01). The helmet showed the worst
performance, expressed by the shortest PTPg,, index
(P < .01) at all tested frequencies and settings; no differ-
ence in PTP5,, index was reported between the ETT and
face mask.

Discussion

The main result of this bench study is that the choice of
the interface can remarkably influence patient-ventilator
synchrony both in a pediatric model with normal respira-
tory condition and that of mixed obstructive and restricted
respiratory condition. To the best of our knowledge, this is
the first study aimed at evaluating different interfaces at
different rise times, expiratory trigger thresholds, and
breathing frequencies in a simulated pediatric patient.

Patient-ventilator synchrony was significantly better
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Table 2. Evaluation of Performance Expressed by Trigger Pressure Drop, Inspiratory Pressure-Time Product, and Percentage of Ideal Pressure-
Time Product at 500 ms With Different Interfaces (Endotracheal Tube, Face Mask, and Helmet) During 2 Ventilator Settings and 3
Different Breathing Frequencies

g : Inspiratory PTP PTP5q index
Pediatric Model With AP, 500
Mixed Obstructive rigger (cm H,0/s) (% of ideal PTP)
and Restricted ; ; ; ; ; ;
Respiratory Condition Tlr_preprSSSSO%/ TIr_FfpressBO%/ Tlr_}qureSSSO%/ Tlr_llj"epressBO%/ TIr_I_]fpressSO%/ TInT’]repress8O%/
exp25% exp60% exp25% exp60% exp25% exp60%
4o (breaths/min)
ETT 1.8 = 0.0* 1.4 £ 0.0* 0.14 + 0.01t 0.08 + 0.00t 49+0 64 +1
Face Mask 1.3 = 0.0% 1.2 £ 0.0F 0.07 = 0.008 0.05 + 0.008 56 = 0% 68 = 1%
Helmet 1+0.1 0.9 = 0.0] 0.11 +0.01 0.08 * 0.00 37+ 1] 42 + 1|
4o (breaths/min)
ETT 23 0.1t 1.9 £0.0* 0.21 = 0.01* 0.11 = 0.01t 47 = 2 630
Face Mask 2.0 = 0.0% 1.7 = 0.0f 0.17 = 0.00 0.09 = 0.00 48 = 2% 63 = 0
Helmet 1.4 +0.0| 1.2 +0.0| 0.16 = 0.01]| 0.12 =+ 0.00 38 + 1] 40 + 0
fso (breaths/min)
ETT 27+01 25+ 0.0* 0.25 = 0.01t 0.17 = 0.01t 47 =1 50 =1
Face Mask 2.5 * 0.0 2.3 = 0.0 0.20 = 0.018 0.14 = 0.008 50 + 1% 55 + 1%
Helmet 1.9 + 0.0 1.8 + 0.0| 0.25 + 0.02 0.19 + 0.01] 36 + 1 36 + Q|
*ETT vs face mask, P < .01.
TETT vs face mask, P < .05.
* Face mask vs helmet, P < .01.
§ Face mask vs helmet, P < .05.
|[ETT vs helmet, P < .01.
TETT vs helmet, P < .05.
APyigger = trigger pressure drop
PTP = pressure-time product
PTPsqo index = Percentage of Ideal Pressure-Time Product at 500 ms
Timepresssoos = Pressurization time of 50%
Timepressgoss = Pressurization time of 80%
Trexpasys = cycling-off flow threshold of 25%
Trexpsoss = cycling-off flow threshold of 60%
30 = breathing frequency of 30 breaths/min
f40 = breathing frequency of 40 breaths/min
fso = breathing frequency of 50 breaths/min
ETT = endotracheal tube
0.80{ A 0.80{ B 080{C WETT
0.70 = 0.70 0.70 E FHaeC|r?1 g;ask
. 0.60 . 0.60 # 0.60
£ 050 £ 050 - s £ 050
[0} [0} . - [0}
g 0.40 g 0.40 i B g 0.40
k= 0.30 = 0.30 . . ] = 0.30
0.20 0.201 _#¥ - 0.20
0.10 0.10 0.10
Delayiinsp Tpress Delairexp DelaYiringp Tpress Delayiexp Delayiinsp Tpress Delaiexp DelaYiingp Tpress Delayirexp Delayyinsy Tpress D€laYuep Delayuinsy Tpress DelaYyexp
TimepreSSSO/Trexp25 TimepreSSBO/Trexp6o Timepress5O/Trexp25 TimepreSSSO/Trexpeo Timep,ESSSO/Tre,(DZS Timep,esSSO/Tre,mGO

Fig. 3. Inspiratory trigger delay, pressurization time, and expiratory trigger delay with 2 ventilator settings applied at 3 breathing frequencies
(30[A], 40[B], and 50[C] breaths/min), ina pediatric model withanormal respiratory condition. ETT = endotracheal tube; Delayy,;,s,, = inspiratory
trigger delay; Time,,.ss and T,..ss = pressurization time; Delay,.,, = expiratory trigger delay; Time,,ss50 = pressurization time of 50%;
Time,,ess80 = pressurization time of 80%; Tr,,25 = cycling-off flow threshold of 25%; Tr,,,60 = cycling-off flow threshold of 60%;
1 = ETT vs face mask; ¥ = face mask vs helmet; * = ETT vs helmet. 1, *, £ = < .05; 11, *, ¥ = < .01.

with the ETT and face mask, compared with the helmet, as In accordance with the results of our adult bench study,3
indicated by the lower values of inspiratory trigger delay we found the shortest time of synchrony by using the
and expiratory trigger delay at higher f and at each venti- helmet during both pathological conditions and at each
lator setting. tested f and ventilator setting.
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Table 3. Effects of Different Breathing Frequencies and Ventilator Settings on Mechanical Inspiratory Time (Mechanical T,), Mechanical Tidal
Volume (Mechanical V), Percentage of Mechanical V; Delivered During Inspiratory Muscle Pressure Negative Deflection (Neural V4/
Mechanical V), and Respiratory Pattern (Mechanical T,/T,,) With an Endotracheal Tube, Face Mask, and Helmet

Mechanical T, Mechanical V+ Neural V/Mechanical V Mechanical T, /T,
Pediatric Model (s) (mL) (%) (%)
With Normal
Respiratory Condition  TiMeyesss006/  TiMEpressgoos!  TiMEpresssoos  TIMEpressgoos’  TiMEpresssons]  T1MEpressaoos  TIMEpresssoos/  TIMEpressgoos/
Trexp25% Trexpeo% TrepoS% Trexpeo% TrepoS% TrexpGO% Trexp25% TrexpGO%

4o (breaths/min)

ETT 0.63=0.01 050 = 0.01 415+ 0 416 + 3* 50 =0 62+0 36+0 28+0
Face mask 0.68 = 0.01t 0.52 = 0.00T 449 = 16 442 + 3t 52 = 0% 62 + 0t 38 = 0t 28 + 0t
Helmet 0.45 +0.01§ 0.32*+0.028 459 + 34 403 £ 17 46 = 0| 53 + 08 26 + 08 19 = 0§

4o (breaths/min)

ETT 0.50 =0.01  0.41 *=0.02 324 + 31 333+8 40+0 51+0 38+0 31+0

Face mask 0.52 =0.01 0.44 *=0.01 366 + 3t 357 = 3t 44 + 0Ot 48 + 0t 40*0 32+0

Helmet 0.49 =0.01 042 =*0.01 289 + 108 301 * 24| 33 £ 08§ 34 + 08 39+0 34+0
fso (breaths/min)

ETT 0.45*+0.01 033=*003] 257 =31 299 + 48 30+0 55 + 0f 44 +0 32+0

Face mask 0.46 =0.01 038 *=0.01f 274 =3t 286 + 3 28+0 37 = 0% 44 + ot 36 + 0t

Helmet 0.46 =0.01 041 *=0.01§ 248 =38 241 = 1 32+0 33+ 08 48 * 08 42 * 08

*ETT vs face mask, P < .05.

T Face mask vs helmet, P < .01.

F Face mask vs helmet, P < .05.

§ETT vs helmet, P < .01.

[[ETT vs helmet, P < .05.

fETT vs face mask, P < .01.

T, = inspiratory time

V7 = tidal volume

Tiot = total mechanical breath duration
Timepresssoos = Pressurization time of 50%
Timepressgoss = Pressurization time of 80%
Trexpasys = cycling-off flow threshold of 25%
Trexpsoss = cycling-off flow threshold of 60%
30 = breathing frequency of 30 breaths/min
f40 = breathing frequency of 40 breaths/min
fso = breathing frequency of 50 breaths/min
ETT = endotracheal tube

Interestingly, the progressive increase in frequency pro-
duced a trend toward a worsening in patient-ventilator
interaction with all the tested interfaces with a significant
reduction of the time of synchrony.

In accordance with previous studies,12.13.16-18 our results
showed that the helmet does not perform as well as the
face mask or ETT. Racca et al*® demonstrated in 6 healthy
volunteers that PSV delivered by a helmet was less effec-
tive in unloading the work of breathing compared with a
face mask using the same level of support. Their results
showed that the mechanical characteristics of the helmet,
with its large inner volume and high compliance, could
slow the rate of pressurization during mechanical inspira-
tion. Moreover, helmet NIV, compared with face mask,
showed an increase in end-inspiratory asynchrony,3 thus
delaying expiration.

Our results collected in a pediatric model agree with
previous results showing that during helmet NIV, mostly
at high frequencies, a significant increase of the expiratory
trigger delay may be observed compared with the other
tested interfaces.
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Various strategies have been proposed to minimize hel-
met drawbacks and optimize its performance, including
the choice of specific ventilator settings.1317.20 Vargas
et al20 showed that a significant improvement in patient-
ventilator interaction was achieved in adult patients ven-
tilated by a helmet. This was achieved by increasing both
PSV and PEEP levels by 50% and using a high pressur-
ization rate. Costa et al,13 evaluating patient-ventilator in-
teraction during PSV delivered with different interfaces
(endotracheal tube, face mask and helmet), concluded that
an appropriate ventilator setting can significantly improve
patient-ventilator interaction during helmet N1V, especially
at a high breathing frequency.

In the last several years, many technological efforts have
been made to improve interfaces, including helmets. This
has involved interface physical characteristics, materials,
and design.

Vaschetto et al*4 tested a new helmet (Next, CaStar) on
healthy volunteers. This new device features an opening
ring placed underneath an inflatable cushion that secures
the helmet without the need for armpit braces. Moreover,
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Table 4. Evaluation of Performance in Terms of Trigger Pressure Drop, Inspiratory Pressure-Time Product, and Percentage of Ideal Pressure-Time
Product at 500 ms With Different Interfaces (Endotracheal Tube, Face Mask, and Helmet) During 2 Ventilator Settings and 3 Different

Breathing Frequencies

Inspiratory PTP PTPsqo index

AP

Pediatric Model trigger (cm H,0/s) (% of ideal PTP)
With Normal
Respiratory Condition Time,ressso0e/ Timeresssoos/ Time,ressso0e/ Timeresssoos Timeressso00/ Time, essgooe
TrepoS% Trexpeo% Trexp25% TrexpGO% TrepoS% TrexpGO%
4o (breaths/min)
ETT 2.2 + 0.0 1.7 £ 0.0 0.21 +0.01 0.11 = 0.00t 42 +1 61+1
Face mask 2.0 £ 0.0 1.6 = 0.0F 0.18 = 0.00 0.08 = 0.008 47 + 1% 65 = 1%
Helmet 1.3 = 0.0 1.1 £0.0| 0.15 = 0.021 0.12 = 0.01 37 2| 41 + 1
4o (breaths/min)
ETT 24 +0.1 24 +0.1 0.25 = 0.02 0.17 = 0.01 43+0 60 =1
Face mask 2.4 = 0.0 23+ 0.1% 0.23 = 0.01% 0.15 = 0.00% 45 + 0% 60 = 1%
Helmet 1.8 = 0.1 1.6 £ 0.0| 0.32 = 0.03| 0.22 = 0.01) 25 + 1] 31+ 1]
fso (breaths/min)
ETT 3.0+0.1 2801 0.29 = 0.02 0.22 +0.01 42 =1 51 +3
Face mask 2.8 = 0.0 2.7 *+0.1% 0.28 = 0.018 0.19 = 0.00% 45 + 1% 55 + 0f
Helmet 2.1 +0.1) 2.0 = 0.0/ 0.32 = 0.01 0.30 = 0.02|| 27 = 1] 29 = 0|

*ETT vs face mask, P < .01.

T ETT vs face mask, P < .05.

¥ Face mask vs helmet, P < .01.

§ Face mask vs helmet, P < .05.

|[ETT vs helmet, P < .01.

fETT vs helmet, P < .05.

APyigger = trigger pressure drop

PTP = pressure-time product

PTPsqo index = Percentage of Ideal Pressure-Time Product at 500 ms
Timepresssoos = Pressurization time of 50%
Timepressgoss = Pressurization time of 80%
Trexpasys = cycling-off flow threshold of 25%
Trexpsoss = cycling-off flow threshold of 60%
30 = breathing frequency of 30 breaths/min
f40 = breathing frequency of 40 breaths/min
fso = breathing frequency of 50 breaths/min
ETT = endotracheal tube

compared with a standard helmet, the Next helmet allows
a reduction of pressure dissipation due to the downward
displacement of the soft collar during insufflation. The
authors showed that the Next helmet significantly improved
patient-ventilator interaction compared with a standard type
in most of the simulated conditions. The authors concluded
that this new interface performs as well as a face mask.
These results agree with the findings of another bench
study in adults by Olivieri et al,2* showing a better per-
formance by the Next helmet during NIV in terms of trig-
gering, patient-ventilator synchrony, and pressurization rate
compared with a standard helmet. Unfortunately, this new
helmet has not yet been manufactured for pediatric use.
There are few data regarding the role played by the
circuit connecting the helmet to the ventilator during NIV.
Ferrone et al*® in a bench study compared the use of 2
different circuits (a double tube circuit vs a standard cir-
cuit with a Y-piece) for helmet NIV. The authors con-
cluded that a double tube circuit showed significantly bet-
ter patient-ventilator interaction with shorter inspiratory
and expiratory delays, longer time of synchrony, absence
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of wasted efforts, and better ventilator performance. This
suggests that a double circuit (as used in the present bench
study) should be preferred in clinical practice.

A mode of partial ventilatory support (NAVA) was pro-
posed to enhance patient-ventilator interaction and to min-
imize the risk of over- and under-assistance. NAVA de-
livers mechanical assistance in proportion to patient effort,
allowing the tailoring of the mechanical support to patient’
respiratory characteristics. Several studies!®22-26 showed
that NAVA is a safe and reliable mode in the pediatric and
infant population. It improved synchrony and patient com-
fort, reduced ventilator drive, and increased breath-to-
breath mechanical variability. Few studies have been per-
formed using proportional assist ventilation in children.27.28
Proportional assist ventilation use is limited during NIV
due to air leaks hindering its correct functioning.

To date, no study has evaluated the effects of varying
the inspiratory rise time and cycling-off criteria during
noninvasive PSV in a pediatric population. Our results are
in accordance with those reported in adults by Prinianakis
et al.2® They evaluated the effects of variable pressuriza-
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tion rates on patient’s breathing pattern, inspiratory effort,
and arterial blood gases in a group of patients with COPD
receiving PSV through a face mask. Faster pressurization
rates resulted in a reduction of pressure-time product of
the diaphragm. This reduction was greater with the fastest
rate, but was associated with an increase in air leaks and
intolerance.

Our results showed that by using a faster pressurization
rate and cycling-off criteria, the performance of all inter-
faces increased, as demonstrated by the highest value of
PTPgq, index. Chiumello et al®® evaluated the effects of
different rise times and cycling-off criteria on breathing
patterns and work of breathing in adult patients receiving
invasive PSV for acute lung injury. They showed that a
shorter inspiratory rise time and longer cycling-off criteria
caused an increase in neural V/mechanical V.

Further studies are needed to assess the influence of
different pressurization rise times and cycling-off cri-
teria during NIV in children. Of note, in adult patients,
the choice of interface with appropriate ventilator set-
tings can improve patient-ventilator interaction, as dem-
onstrated when the helmet is used with a fast setting (ie,
TiMe,ressaoos! Tlexpsos)3; NOWever, in pediatric models us-
ing higher breathing frequency, a fast setting does not
improve patient-ventilator interaction during helmet ven-
tilation.

Limitations of the Study

The major limitation of the present study is its bench
study design. In fact, these results need to be clinically
confirmed. However, it is technically and ethically impos-
sible to perform a direct comparison between different
interfaces in the same pediatric patient.

Conclusions

This study suggests that, in a pediatric model receiving
NIV, the optimal choice of the interface can be crucial, as
it can significantly influence patient-ventilator synchrony.
The high breathing frequency, characterizing pediatric
breathing pattern, makes it more difficult to set the venti-
lator, particularly during noninvasive ventilation.

The helmet showed the worst mannequin-ventilator in-
teraction, as demonstrated by the longest inspiratory trig-
ger delay and expiratory trigger delay and shortest time of
synchrony, suggesting that the face mask should be con-
sidered as the first choice for delivering NIV in a pediatric
model.
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