Chenetal European Journal
European Journal of Medical Research (2023) 28:195

https://doi.org/10.1186/s40001-023-01146-y of Medical Research

Lo . ®
Accuracy of the estimations of respiratory =

mechanics using an expiratory time constant
in passive and active breathing conditions:
a bench study
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Abstract

Background Respiratory mechanics monitoring provides useful information for guiding mechanical ventilation, but
many measuring methods are inappropriate for awake patients. This study aimed to evaluate the accuracy of dynamic
mechanics estimation using expiratory time constant (RC,,,,) calculation during noninvasive pressure support ventila-
tion (PSV) with air leak in different lung models.

Methods A Respironics V60 ventilator was connected to an active breathing simulator for modeling five profiles: nor-
mal adult, restrictive, mildly and severely obstructive, and mixed obstructive/restrictive. Inspiratory pressure support
was adjusted to maintain tidal volumes (V;), achieving 5.0, 7.0, and 10.0 ml/kg body weight. PEEP was set at 5 cmH,0,
and the back-up rate was 10 bpm. Measurements were conducted at system leaks of 25-28 L/min. RC,, was esti-
mated from the ratio at 75% exhaled V; and flow rate, which was then used to determine respiratory system compli-
ance (C,) and airway resistance (R,,,).

Results In non-obstructive conditions (R, < 10 cmH,0/L/s), the C,, was overestimated in the PSV mode. Peak
inspiratory and expiratory flow and Vy increased with PS levels, as calculated C,, decreased. In passive breathing, the
difference of C,, between different V; was no significant. Underestimations of inspiratory resistance and expiratory

resistance were observed at V; of 5.0 ml/kg. The difference was minimal at V; of 7.0 ml/kg. During non-invasive PSV,

the estimation of airway resistance with the RC,,, method was accurately at Vy of 7.0 ml/kg.

Conclusions The difference between the calculated C,, and the preset value was influenced by the volume, status
and inspiratory effort in spontaneously breathing.
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Background

Mechanical ventilation is a lifesaving intervention that
has become widely used in the management of critically
ill patients [1, 2]. The exact settings of the ventilator must
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for guiding the ventilator setting under the conditions of
lung-protective mechanical ventilation [4].

In the past 15 years, the focus on respiratory mechanics
analysis changed from the static to the dynamic condi-
tions [5]. “Static” or “quasi-static” conditions mean that
the analysis of the respiratory mechanics is performed
under conditions of zero airflow, which is typically car-
ried out using an end-inspiration and an end-expiration
pause [6]. “Dynamic” conditions mean that the measure-
ment is performed under conditions of no flow interrup-
tion during mechanical ventilation [7]. The advantage of
the dynamic analysis is that respiratory maneuvers such
as zero-flow occlusion and the interruption of the patient
spontaneous breathing are not required.

Non-invasive positive pressure ventilation (NPPV) is
used in patients with mild to moderate respiratory fail-
ure, since relatively stable spontaneous breathing is nec-
essary, and air leaks are always present when using a face
mask [8]. Pressure support ventilation (PSV) is one of the
most used modes of non-invasive ventilation, which also
requires the patient’s breathing effort to trigger. Despite
the wide use of PSV, the accurate estimation of the res-
piratory mechanics during PSV is still a problem, and the
static methods are applied to PSV, since airflow is always
present and variable both in inspiration and expiration
[9, 10].

Recently, some dynamic approaches have been intro-
duced, considerably refined by the improvement of static
measurement, and addressing the need for accurate
estimation of lung mechanics [11, 12]. One of the new
continuous methods is based on estimating respiratory
system compliance (C,) and airway resistance (R,,),
which do not depend on end-inspiratory occlusion. Al-
Rawas et al. [13] proposed the expiratory time constant
(RC,y) for the determination of C,; and total R,,,. RC,,,
contains information about the mechanical properties of
the respiratory system, but it still refinement, particularly
under the condition of air leaks.

We hypothesized that real-time sampling of the respir-
atory data obtained from the inspiration and expiration
phases would improve the precision of the estimation of
the respiratory system mechanics. Hence, the purpose of
this bench study was to evaluate the accuracy of dynamic
mechanics estimation using RC,,,, calculation during
PSV with air leak in different lung models.

Methods

Lung models

The ASL 5000 Breathing Simulator (IngMar Medi-
cal, Pittsburg, PA, USA) features a computerized lung
simulator comprising a piston moving in a cylinder. The
simulator is a single-compartment model [14]. Respira-
tory mechanics conditions were adjusted to simulate an
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adult patient (65-70 kg body weight) placed in the semi-
recumbent position (inclination of 45°). Five respiratory
mechanics conditions were preset: mildly obstructive
(R,y=10 ¢cmH,O/L/s, static C, =50 mL/cmH,0O, and
rate=15 breaths/min); severely obstructive (R, =20
c¢cmH,0/L/s, static C =50 mL/cmH,0O, and rate=15
breaths/min); restrictive (R,,=10 c¢mH,O/L/s, static
C.=25 mL/cmH,0, and rate=30 breaths/min); mixed
obstructive and restrictive (R,,=20 c¢cmH,O/L/s, static
C.,=25 mL/cmH,0, and rate =15 breaths/min); and nor-
mal adult (R,,,=5 cmH,0O/L/s, static C,;=50 mL/cmH,0,
and rate=15 breaths/min). The inspiratory time was set
at 0.8 s for the restrictive conditions and 1.6 s for the
other conditions [15-17]. The patient’s inspiratory effort
was —5 ¢cmH,O for the normal, obstructive, and mixed
obstructive/restrictive conditions and —10 cmH,O for
the restrictive condition. Pressure reduction produced
300 ms following initiation of an obstructed inspiratory
effort was —3.6 cmH,0. A semi-sinusoidal inspiratory
waveform was chosen, with the rise and release times
each of 50%, and an inspiratory hold time of 0%. The
simulator integrates user-controlled leaks using a pla-
teau exhalation valve (PEV). In the current study, air leak
was controlled between 24 and 26 L/min with 20 cmH,O
peak airway pressure [18]. The inspired oxygen fraction
(F0,) was maintained at 0.21.

The patient-mask interface was simulated using a
mannequin head. Endotracheal tubes (inner diameter,
22 mm) placed in the mouth and nostrils directed the gas
from the facemask to the simulator. An oro-nasal face-
mask without exhalation ports (BestFit "; Curative Medi-
cal Inc., Santa Clara, CA, USA) was fastened firmly to the
mannequin head using standard straps. A leak flow below
1-2 L/min was obtained at 20 cmH,O positive pressure
after PEV removal [20].

Ventilator settings

This bench study was performed using a dry circuit
without a humidifier. First, five passive conditions with
zero breathing frequency and zero inspiratory muscle
pressure (P, ) were simulated. A Hamilton C3 ventila-
tor (Hamilton Medical AG, Bonaduz, Switzerland) was
linked to the lung simulator without facemask and PEV.
The ventilator was calibrated and configured in the vol-
ume-controlled ventilation (VCV) mode. Then, it was
configured in the pressure-controlled ventilation (PCV)
mode. Finally, active conditions with a spontaneous
effort were simulated. A Respironics V60 Bilevel Ventila-
tor (Philips, Best, The Netherlands) was also connected
to the lung simulator via a 1.8-m-long single-use, single
limb, corrugated circuit with facemask and PEV. The
V60 ventilator was calibrated and configured in the PSV
mode. The ventilator’s parameters were set according to
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respiratory mechanics profiles: positive end-expiratory
pressure (PEEP). The PC and PS levels were adjusted to
obtain tidal volumes (V), achieving 5.0, 7.0, and 10.0 ml/
kg body weight outputted by the ventilator using a back-
up respiratory rate of 10 breaths/min and maximal
duration of the inspiratory phase of 2.0 s. The shorter
inspiratory rise time was selected but avoiding overshoot
[19, 20]. The trigger sensitivity and cycling criteria were
auto-adjusted in the PSV mode (digital Auto-Trak'") [21].

Data collection

After baseline pressure stabilization, air leaks from the
PEV were supplemented to the system, with >5 min
allowed for ventilator/simulator synchronization. In the
case of synchronization failure, sensitivity, and/or inspir-
atory effort were changed. If synchronization remained
unachievable, the ventilator was regarded as unfit for
assisted ventilation at that level of the leak. Upon stabi-
lization, eight breaths were recorded at 1-min intervals.
The offline assessment of all breaths was carried out
with the software provided with the ASL 5000 Breathing
Simulator.

In the inspiratory phase, peak inspiratory flow (PIF),
end-inspiration pressure (EIP), inspiratory time (T)),
expiratory tidal volume (Vyg) were measured by the
simulator. The peak expiratory flow (PEF) and total PEEP
were sampled in the expiration phase.

The RC,,,, was estimated by the ratio between volume
and flow at 75% of the expiratory V (TEF75) [22]. The
quasi-static two-point compliance of the respiratory sys-
tem (C,) was calculated as the ratio between Vi ; and
driving pressure (AP). The driving pressure was calcu-
lated as the difference between EIP and total PEEP, meas-
ured at end-inspiration and end-expiration, respectively.
Because subjects were ventilated in the pressure support
mode (with exponential decay of inspiratory flow wave-

form), the inspiratory resistance (R;,,,) was estimated

using Eq. 3, and the expiratory resistance (R,,,) was cal-
culated using Eq. 4 [13, 23]:
Crs = Vre / (EIP — PEED) 1)
RCexp = 75%VtE / TEF75 2)

Rinsp = (EIP — PEEP) / (PIF + V1 /RCeyp) (3)

Rexp = RCexp/Crs (4-)

Statistical analysis

Continuous data were presented as means =+ standard
deviations. The normality of the data was assessed
by the Shapiro—Wilk test. Comparisons of variables
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at different settings were performed by one-way ran-
domized block ANOVA. Statistical analysis was car-
ried out with SPSS 19.0 (IBM, Armonk, NY, USA).
Two-tailed P<0.01 was considered statistically sig-
nificant. Differences between calculated values with
RC,,, method and preset values were expressed as the
percentages of preset values. The smaller the error,
the more clinically significant the parameter. The pur-
pose of this study was to observe the error size, which
should be optimally <10%.

Results

Measured airflow and airway pressure at different VT
ventilation in the various models

The results of the dynamic mechanics at different V.
levels are summarized in Tables 1, 2, 3, 4 and 5. The V60
ventilator was able to adapt to the system leak (25-28 L/
min) without adjustment. Increasing the PS and PC lev-
els was associated with higher PIF and PEF and larger
tidal volume. In all lung models, PIF was always higher
than PEF in the PSV mode. PIF in the PSV mode was
also higher than in the PCV model (Figs. 1 and 2). Com-
pared with passive breathing, the driving pressure was
much lower than in active breathing conditions at V. of
5.0 to 10.0 ml/kg.

C,s and RC,,, at different VT ventilation in the various
models

C,s and RC,,, were calculated according to Eqgs. 1 and 2,
respectively, as described above, with PEEP kept constant
at end-expiration. In the passive breathing conditions,
the calculated C, were close to the preset value, except
in the severely obstructive model. When an inspiratory
effort was present, the calculated C,, was always overes-
timated grossly at Vi of 5.0-7.0 ml/kg in non-severely
obstructive conditions (R,,<10 ¢cmH,0O/Les), and the
calculated value was decreased as V increased (Fig. 3
and Tables 1, 2, and 4).

In the passive breathing condition, the calculation of
RC,,, in the PCV mode exceeded the value in the VCV
mode (P<0.01). During assisted ventilation, the calcu-
lated value was slightly affected by Vi in all four lung
disease models, and no difference was observed at dif-
ferent Vi in the mixed obstructive and restrictive model
(P=0.403) (Fig. 4).

Estimated inspiratory and expiratory resistance at different
VT ventilation in the various models

R, and R,,,, were calculated according to Egs. 3 and 4.
During assisted ventilation, R;,,, was underestimated at
Vr of 5.0 ml/kg in all five models. The calculated value
generally increased with increasing Vp. The estimated

error might be minimal at Vi of 7.0 ml/kg, regardless of
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Table 1 Comparison between VCV (test), PCV, and PSV in the normal adult lung model

AP PIF PEF C. RCexp Rinsp Rexp
(cmH20) (L/min) (L/min) (ml/cmH,0) (ms) (cmH,O/L:s) (cmH,0/L:s)
\av 8.80+0.03 30.13+£058 49.72+0.73 50.83+1.31 541.96+7.74 4.74+0.54 10.66+0.15
7.0 ml/kg
PCV 6.16+0.16 22.76+0.13 2465+0.13 5133+1.39% 590.33+6.82 16.21+043 11.51+032
5.0 ml/kg
PCV 842+0.05 31.31+£2.12 3326122 51.66+1.34 61836+7.11 16.11+£0.12 11.97+0.16
7.0 ml/kg
PCV 1244 +£0.06 39.70+2.11 40.10£1.61 4931+0.77 725.1947.65 18.78 £0.54 1471013
10.0 ml/kg
PSV 2.13+0.07 33.70+0.16 27.61+£0.22 152.44+5.07 57421 +£430 3.78+0.12 3.77+0.13
50 ml/kg
PSV 416+0.05 46.63+2.17 37.0641.34 100.23+1.36 508.62 +648 535+0.08" 5.07+0.05
7.0 ml/kg (P=0.007)
PSV 8.18+0.09 71344217 58.97+387 74.26+0.84 465.96 +4.36 6.87+0.08 6.28+0.08
10.0 ml/kg
F 13,152.430 31,222.510 9316.271 2748.197 1414.282 4396.553 4846.627
ANOVA p-value ~ <0.0001 <0.000 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Ve expiratory tidal volume, N.S not significant, AP driving pressure, PIF peak inspiratory flow, PEF peak expiratory flow, C,, respiratory system compliance, RCep
expiratory time constant, R;,,, inspiratory airway resistance, R, expiratory airway resistance

*P values (Student t test) are for comparisons between PSV, PCV, and VCV. Data are shown as means + standard deviation and are the results of eight measurements/
case

Table 2 Comparisons between VCV (test), PCV, and PSV in the mildly obstructive lung model

AP PIF PEF Cs RCeyp Rinsp Rexp
(cmH,0) (L/min) (L/min) (ml/cmH,0) (ms) (cmH,0/L:s) (cmH,0/L:s)
VCV 8.99+0.02 29.12+0.05 4176046 49.80+0.38 446.50+29.94 899+0.56 1292+0.17
7.0 ml/kg
PCv 6.37+0.15 1861£0.11 19.70+0.15 47.40+1.36 53102845 2049+0.11 11.20+0.13
5.0ml/kg
PCVv 9.34+0.22 2849+1.13 28.79+0.85 4724+1.25 533.90+15.02 2165+0.12 11.30+0.30
7.0 ml/kg
PCV 13.39+034 3581+£136 34.86+1.62 4723+0.75 544101552 22394025 11.52+0.14
10.0 ml/kg
PSV 3944021 3045+0.25 2581026 81.73+4.20 586.49+11.95 7.75+044 7.19+039
5.0 ml/kg
Y 6.09+£041 3838+1.15 31.60+1.25 7027 +£1.37 620.37+9.19 951+0.16" 883+0.13
7.0 ml/kg (P=0.025)
pSV 11.11£073 57464216 4488 +249 5265+0.79 590.68+8.14 1159+0.13 1122+0.19
10.0 ml/kg
F 7605.032 30,430.430 7160.243 518.120 118.773 3433.043 571.931
ANOVA p-value  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Ve expiratory tidal volume, N.S not significant, AP driving pressure, PIF peak inspiratory flow, PEF peak expiratory flow, C,, respiratory system compliance, RCop
expiratory time constant, R;,,, inspiratory airway resistance, R, expiratory airway resistance

*P values (Student t test) are for comparisons between PSV, PCV, and VCV. Data are shown as means + standard deviation and are the results of eight measurements/
case

the change of respiratory mechanics. In passive breath-  The difference between the calculated and preset values
ing, R;,,, was always overestimated despite the alteration ~ was reduced remarkably at V; of 7.0 ml/kg in the PSV
of V. Similar results were obtained for calculated R,,,.  model (Fig. 5).
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Table 3 Comparisons between VCV (test), PCV, and PSV in the severely obstructive lung model

AP PIF PEF C,. RCexp Rinsp Rexp

(cmH,0) (L/min) (L/min) (ml/cmH,0) (ms) (cmH,0/L:s) (cmH,0/L:s)
VCV 8.88+0.05 30.97+0.50 2504+033 50.81+1.28 918.19+1533 18.07+0.30 21.27+0.30
7.0 ml/kg
PCV 8.15+0.07 16.06+0.09 16.64+0.16 40.86+1.39 1239.64+9.87 3037+033 30.35+044
5.0 ml/kg
PCV 11.24+£0.27 23.38+0.17 23.33+0.51 40.23+045 1180.38 +£15.61 28.83+0.22 29.34+0.29
7.0 ml/kg
PCV 16.15+£042 2892+1.27 2747 +£0.53 39.06+£0.32 1331.78+14.15 33474047 34.09+0.38
10.0 ml/kg
PSV 6.08+0.07 23.75+£0.19 1591+£0.17 5097 +1.65 933.50+£10.57 1533+0.18 1832+0.26
5.0 ml/kg (P=0550)
Y% 9.09+0.13 30.34+1.09 20.30+0.33 4548 +0.61 964.31+10.83 17.96+0.24 21204032
7.0 ml/kg (P=0.421) (P=0.652)
PSV 1529+045 4373212 29.36+0.55 38.76+0.52 94545 +14.97 20.96+0.20 2440+0.34
10.0 ml/kg
F 11353.663 11293.037 7544.748 1004.536 1610.687 4818.595 2341453
ANOVA p-value ~ <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Ve expiratory tidal volume, N.S not significant, AP driving pressure, PIF peak inspiratory flow, PEF peak expiratory flow, C,, respiratory system compliance, RCep
expiratory time constant, R;,,, inspiratory airway resistance, R, expiratory airway resistance

*P values (Student t test) are for comparisons between PSV, PCV, and VCV. Data are shown as means + standard deviation and are the results of eight measurements/

case

Table 4 Comparisons between VCV (test), PCV, and PSV in the restrictive lung model

AP PIF PEF Cs RCeyp Rinsp Rexp
(cmH,0) (L/min) (L/min) (ml/cmH,0) (ms) (cmH,0/L:s) (cmH,0/L:s)
VCV 1729+0.18 27294035 7937054 25914021 22623+13.63 8734049 13.07+0.12
7.0 ml/kg
PCv 13.56+0.09 3299+0.86 3327128 2402015 450.90+2.68 2464+0.70 18.77+0.18
5.0ml/kg
PCv 1861+0.17 49.33+0.99 45.00+343 24354025 458.16+4.86 2262+048 19.82+0.12
7.0 ml/kg
PCv 2680121 62.09+2.74 54.66+3.73 2441+£0.16 551.27+£7.03 2587+0.28 22.58+0.13
10.0 ml/kg
PSV 546+0.05 49.15+0.12 4514 +1.11 5759+0.54 29531+287 6.66+0.07 547+0.06
5.0 ml/kg
pSV 11.46+0.09 7044 +1.20 61.74+3.21 36.46+0.25 304.89+0.53 9.75+£0.07 836+0.06
7.0 ml/kg
Y 1864+1.18 94.54+3.19 79.66+£4.35 3167+£033 316.04 £0.64 11.82+0.10 10.52+0.10
10.0 ml/kg
F 25751725 11948.118 22445.061 14010.828 3032487 3647.883 23177.344
ANOVA p-value  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Ve expiratory tidal volume, N.S not significant, AP driving pressure, PIF peak inspiratory flow, PEF peak expiratory flow, C,, respiratory system compliance, RC

expiratory time constant, R;,,, inspiratory airway resistance, R, expiratory airway resistance

exp

P values (Student t test) are for comparisons between PSV, PCV, and VCV. Data are shown as means + standard deviation and are the results of eight measurements/

case

Discussion
Currently, static measurements are performed at end-
inspiration and end-expiration occlusion, as provided

by many mechanical ventilators, which is a standard
and classic method, and the data represent the static
mechanical properties of the respiratory system. The
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Table 5 Comparisons between VCV (test), PCV, and PSV in the mixed obstructive and restrictive lung model

AP PIF PEF C. RCeyp Rinsp Rexp
(cmH,0) (L/min) (L/min) (ml/cmH,0) (ms) (cmH,0/L:s) (cmH,0/L:s)
ey 1744 +0.24 2761011 4561+0.34 25544038 496.51+12.31 19444025 22944034
7.0 ml/kg
PCV 13.37+0.04 23.74+0.31 2397+0.15 24.22+0.09 646.27 +£8.22 33.76+0.37 26.68+032
5.0 ml/kg
pPCv 1846+1.16 34.95+0.36 32.89+042 24.26+0.20 653.59+7.43 3466+0.53 26.94+0.46
7.0 mil/kg
pPCv 25.58+2.21 4377117 4211+£1.20 23.92+0.10 720.08 +£6.41 35.05+0.88 30.10+£0.31
10.0 ml/kg
PSV 10.24+0.07 29.21+0.06 24444022 31.02+£0.22 585.39+642 21.00£0.16 18.87+0.14
5.0 ml/kg
PSV 15.34+1.09 39.69+043 31.60+047 26.83+0.22 586.99 +5.37 23.16+0.11 21.88+0.30
7.0 ml/kg
PSV 2334+2.14 5875+ 1.31 46.06+2.33 2535+0.16* 582.84+6.38 23.81+0.21 23004029
10.0 ml/kg (P=0.215) (P=0.732)
F 12318.047 4617.549 8138.969 1056.317 659.218 1737.310 1117.010
ANOVA p-value ~ <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Ve expiratory tidal volume, N.S not significant, AP driving pressure, PIF peak inspiratory flow, PEF peak expiratory flow, C,, respiratory system compliance, RCep
expiratory time constant, R;,,, inspiratory airway resistance, R, expiratory airway resistance

*P values (Student t test) are for comparisons between PSV, PCV, and VCV. Data are shown as means + standard deviation and are the results of eight measurements/
case
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occlusion method should be fulfilled with no flow and end-inspiration and end-expiration [27, 28]. In reality,
a static tidal volume. It is essential that the patient is  during assisted ventilation, an inspiratory effort always
not allowed to force during static measurements, exists in spontaneously breathing patients. The change
whether due to disease, sedation, or paralysis [24-26]. in airway pressure generated by P . mainly depends
Furthermore, it is assumed that C,, is linear between on diaphragm activity and the driving pressure out-

put by the ventilator. Since P, varies with time and



Chen et al. European Journal of Medical Research ~ (2023) 28:195 Page 7 of 11
A Normal Adult B Mild Obstructive C Severely Obstructive
70,00 5000 L
opsv oresv arsv
- Py 500 LY 3000 upcv
= g =
E 50.00- E 35.00 £
E 2 e 2
S ~ 2000
s S sw 2
R § - § o
% 200 ¥ 10 T w0
H L W s
1000 s
sw
oo 0w oo
5.0 mi/kg 7.0mifkg 10.0 mi/kg 5.0mifkg 7.0mi/kg 10.0 mifkg 5.0 mi/kg 7.0 mi/kg 10.0 mi/kg
D Restrictive E Mixed Obstructive and Restrictive
e oesv 5000 aesv
3000 mPey 4500 mPcy
£ oo g o
E E o
3w ; o
s wo = B
o
D o -
% 5 e
& 200 &
a0 6
o om
5.0ml/kg 7.0 mifkg 10.0 mi/kg 5.0 mifkg 7.0 mifkg 10.0 mi/kg

Fig. 2 Comparisons of peak expiratory flow (PEF) in various models during controlled and assisted ventilatory mode. Normal adult (A), mildly
obstructive (B), severely obstructive (C), restrictive (D), and mixed (E) models. Data are presented as mean +SD. P<0.01 vs. PSV for all pairwise

comparisons

A Normal Adult B Mild Obstructive (o] Severely Obstructive
18000 W 5.0mi/kg W 5.0mi/kg $000; : i:g ::5:
= 7.0mi/kg - " 7.0 mi/kg.
iz O mw00mke  Q = 100mi/kg = 100mi/kg
g H ) T
£ £ 5 o
£ S 2
2 E E
E ‘é’ S
Kl 2 miwe E
s E ool o . £
5 5 Volue ]
s £ 5
£ 8 s
g § §
H 3 H
° B

D Restrictive E
usomiig
w7.0ml/kg

o " 100

g g

z I

§ H
=3 =

E E

£ E
H i
£ £
£ g
G preset G
£ e g
£ £
& &

PSSV

PCv

vev

= 5.0mi/kg
" 7.0mi/kg
™ 10.0 mi‘kg.

Fig.3 Comparisons of system compliance (C,) in various models during controlled and assisted ventilatory mode. Normal adult (A), mildly
obstructive (B), severely obstructive (C), restrictive (D), and mixed (E) models. Data are presented as mean +SD. P<0.01 vs. PSV for all pairwise

comparisons. The dotted line represents the preset value of C

among individuals, sampling and analyzing such respir-
atory system mechanics is very difficult [29].

Dynamic estimations might assess the mechanical
characteristics of the respiratory system during assisted
ventilation with the variable gas flow. With recent
advances in monitoring technology and sophisticated

software, real-time estimation at the bedside is a help-
ful diagnostic tool for assisting therapeutic decisions and
adjusting the ventilator settings [9, 30]. The least-square
fitting (LSF) technique is one type of dynamic measure-
ments. Recursive least squares (RLS) is a modified LSF
technique that derives values for C and R, by solving
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a linear regression equation in which P,,, V|, and flow
measurements are multiple recorded times (up to 100—
200 Hz) during the respiratory cycle [31].

Another dynamic estimation technique is based on
RC,,, calculation. RC,, contains information about
the mechanical properties of the respiratory system
(elastance and resistance) and is defined as the product
of the total respiratory system compliance and expira-
tory resistance. RC,,;, is expressed in units of time (s),
and 1 RC,,, represents the time required for the res-
piratory system to reach 63% of its equilibrium value
and is an indication of the time required for the lung

to empty during exhalation [32, 33]. A study showed
that C;, Ry, and R, could be estimated in real-time
using RC,,, calculation and combined with some equa-
tions during mandatory controlled ventilation and
assisted ventilation, such as PSV [13]. Candik et al. [34]
observed the relationship between RC,,, and breathing
cycle time (T during PSV and provided the equa-
tion: Teyqe=5.2625XRC,,+0.1242(R?=0.85). In this
bench study, the pressure and flow datas were obtained
by the sensors built in the ASL5000, and off-line analy-
sis using some specical equations. The RC,,, was calcu-
lated by the volume/flow ratio at 75% of the exhaled V.

cycle)
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During pressure support and PCV, the calculated RC,,,
value varied with tidal volume alteration in all lung mod-
els. Only in the severely obstructive condition, the differ-
ence of RC,,, value between different tidal volume was
not significant in the PSV mode (P>0.05). Similarly, the
calculations of R, and R,,, were also affected by the V
in all lung conditions. The difference between the calcu-
lation and preset value was minimal at V. of 7.0 ml/kg.

During pressure-preset ventilation, such as PSV, the
airway pressure waveform is rectangular, and the inspira-
tory flow varies; the dynamics of lung filling and empty-
ing can be exactly described by exponential equations
and is affected by ventilatory parameters and respira-
tory system characteristics [16]. The advantage of PSV is
that the variable inspiratory flow can meet the patient’s
demand and improve comfort. PSV must be triggered
by the patient’s inspiratory effort. Usually, the patient’s
effort is detected by a pressure trigger or a flow trigger.
During non-invasive ventilation, the most used trigger
mechanism is the flow shape-signal technique, which
applies a mathematical model derived from the flow
and pressure signals, with better tolerance and reduced
trigger asynchrony [14, 35]. The dynamic approach was
selected, because it requires neither special maneuvers
nor particular flow patterns and does not rely on the
amplitude and shape of inspiration effort (P, ). In this
bench study, the simulator was ventilated in the pres-
sure support mode with exponential decay of inspira-
tory flow waveform. The driving pressure was calculated
as EIP-PEEP, with EIP obtained at the end-inspiration
phase after the inspiratory flow is deduced from the PIF.
C,, calculation is restricted to the tidal volume and driv-
ing pressure [36]. Iotti et al. [37] found that calculated
C,, could be affected by the PS levels. With low PS levels
and high spontaneous breathing activity, calculated C,
was overestimated, while R,, was underestimated; simi-
lar C, values were obtained at equal V during PSV with
mandatory controlled ventilation (CMV) at a constant
flow. In this bench study, the lung simulator was set to
simulate an adult with normal body weight (65-70 kg),
considering C and R, remained constant throughout
any given breath. We demonstrated that the calculated
C,, gradually decreased with increasing PS levels and V.
With normal-mild obstructive (R,,<10 cmH,O/L/s)
and/or strong inhalation effort, the estimation of C,
always exceeded the preset value. This may be due to the
patient’s spontaneous effort, rather than to the changes
in Vp. Only in the severely obstructive conditions, the
patient’s breathing pattern was dependent upon the
ventilator parameters setting, not on the effort. The dif-
ference of C,, between the calculated and preset values
might be minimal at V1 of 7.0 ml/kg.
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The present study has some limitations. First, all tests
were performed on the ASL 5000 Lung Simulator and
under several typical lung mechanics setting. The one-
compartment linear model was selected, which assumes
that static C, and R,, remain constant throughout
the respiratory cycle. Intrinsic PEEP (auto-PEEP) was
also not preset in this study. Nevertheless, it is clear
that compliance depends on the volume status, and the
resistance is both volume and flow-dependent [38]. The
value of compliance throughout the inspiration changes
with increasing airway pressure. Stahl et al. [39] found
that compliance appears to decline at higher levels of
inspiratory pressure during tidal breathing. The quasi-
static compliance is increased until the airway pressure
reaches 30 cmH,O; nevertheless, dynamic compliance is
decreased when the airway pressure is above 15 cmH,O.
Second, resistance changes with the level of flow through
the tube on which it is being measured. The higher the
flow through the resistive path, the higher the resistance
in the path and vice versa. In this way, the information
presented to the user represents the maximum resist-
ance experienced by the patient during the phases of the
breath. Third, an ICU ventilator (Hamilton C3) was used
in this bench study to obtain the quasi-static respiratory
mechanics with the occlusion method. During volume-
controlled ventilation, the inspiratory flow was kept con-
stant in the inspiration phase, and the circuit was airtight
without the mask and accessories. Since the gas flow is
always variable and air leaks are found during non-inva-
sive ventilation, the dedicated NPPV ventilators (such as
V60 bi-level ventilator) with especially designed electro-
magnetic valves and leak compensation algorithm exhibit
more homogeneous behavior than ICU ventilators on
patient—ventilator synchrony [40]. As a bench study, it is
unclear if the scheme can be fully translated in a clinical
setting such as rapid shallow breathing. Therefore, addi-
tional studies are needed to confirm our findings.

Conclusions

In conclusion, the application of the concept of RC,,,
to spontaneously breathing subjects is feasible. Using
simple calculation equations, the estimation of respira-
tory mechanics could be accurately and continuously
by adjusting the PS levels in spontaneously breathing
patients. Different from the occlusion method, monitor-
ing of the RC,,, allows assessing the overall respiratory
mechanics without interrupting the patient’s breathing
flow. The estimated accuracy of the system compliance
clearly depends on the volume status and inspiratory
effort in spontaneous breathing patients, whereas resist-
ance calculation error might be minimal at a V| of
7.0 ml/kg.
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Abbreviations

NPPV Non-invasive positive pressure ventilation
PCV Pressure-controlled ventilation

PSV Pressure support ventilation

\av Volume-controlled ventilation

PEV Plateau exhalation valve

FIO2 Inspired oxygen fraction

PEEP Positive end-expiratory pressure
VTE Expiratory tidal volume

AP Driving pressure

PIF Peak inspiratory flow

PEF Peak expiratory flow

TEF75 The flow at 75% of the expiratory VT
Crs Respiratory system compliance
RCexp Expiratory time constant

Rinsp Inspiratory airway resistance

Rexp Expiratory airway resistance

N.S Not significant
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