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Abstract We describe a real time, noninvasive method of

estimating work of breathing (esophageal balloon not

required) during noninvasive pressure support (PS) that uses

an artificial neural network (ANN) combined with a leak

correction (LC) algorithm, programmed to ignore asyn-

chronous breaths, that corrects for differences in inhaled and

exhaled tidal volume (VT) from facemask leaks

(WOBANN,LC/min). Validation studies of WOBANN,LC/min

were performed. Using a dedicated and popular noninvasive

ventilation ventilator (V60, Philips), in vitro studies using PS

(5 and 10 cm H2O) at various inspiratory flow rate demands

were simulated with a lung model. WOBANN,LC/min was

compared with the actual work of breathing, determined

under conditions of no facemask leaks and estimated using an

ANN (WOBANN/min). Using the same ventilator, an in vivo

study of healthy adults (n = 8) receiving combinations of PS

(3–10 cm H2O) and expiratory positive airway pressure was

done.WOBANN,LC/minwas comparedwith physiologicwork

of breathing/min (WOBPHYS/min), determined from changes

in esophageal pressure and VT applied to a Campbell dia-

gram. For the in vitro studies, WOBANN,LC/min and

WOBANN/min ranged from2.4 to 11.9 J/min and therewas an

excellent relationship between WOBANN,LC/breath and

WOBANN/breath, r = 0.99, r2 = 0.98 (p\ 0.01). There

were essentially no differences between WOBANN,LC/min

and WOBANN/min. For the in vivo study, WOBANN,LC/min

andWOBPHYS/min ranged from 3 to 12 J/min and there was

an excellent relationship between WOBANN,LC/breath and

WOBPHYS/breath, r = 0.93, r2 = 0.86 (p\ 0.01). An ANN

combined with a facemask LC algorithm provides noninva-

sive and valid estimates of work of breathing during nonin-

vasive PS.WOBANN,LC/min, automatically and continuously

estimated, may be useful for assessing inspiratory muscle

loads and guiding noninvasive PS settings as in a decision

support system to appropriately unload inspiratory muscles.

Keywords Work of breathing � Noninvasive � Facemask �
Real-time corrections � Tidal volume

1 Introduction

Noninvasive ventilation has been shown to be beneficial in

select patients with acute lung injury by improving arterial

oxygenation, reducing the need for endotracheal intubation, as

well as complications related to intubation, especially venti-

lator-associated pneumonia, preserving a patient’s ability to

cough, and improving survival [1, 2]. Goals of noninvasive

ventilation include appropriate alveolar ventilation, pul-

monary gas exchange, and work of breathing (WOB; the load

on inspiratory muscles to spontaneously inhale) [3, 4].

Increased WOB caused by increased elastic loads (lung

and chest wall compliance) and/or resistive loads
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(physiologic airways resistance) [5] may be assessed by

evaluating the breathing pattern; for example, a rapid

shallow breathing pattern, dyspnea, and excessive stern-

ocleidomastoid accessory inspiratory muscle contraction.

A shortcoming of using the above assessments to infer

WOB is that they are qualitative, not quantitative, deter-

minations of inspiratory muscle loads. Qualitative bedside

assessments may be somewhat clinician dependent, pre-

disposing to errors in inferring inspiratory muscle loads [6].

Recent advances in the application of artificial neural

network (ANN) technology to critical care medicine [7–9]

allow WOB per minute to be accurately estimated nonin-

vasively and in real time for intubated patients receiving

pressure supported (PS) breaths, obviating an esophageal

balloon catheter for determination of esophageal pressure

[10]. This approach simplifies assessments of inspiratory

muscle loads, allowing practical, clinical use of WOB data

at the bedside.

Estimating WOB is predicated on accurate measurement

tidal volume (VT) and being the same during inhalation and

exhalation [5, 10]. With facemask leaks [11, 12], and

depending on the magnitude of the leak, inhaled VT may be

substantially larger than exhaled VT, precluding the esti-

mation of WOB. Correcting for facemasks leaks, i.e.,

exhaled VT equivalent to inhaled VT, is needed to estimate

WOB. We describe a real time, noninvasive method of

estimating work of breathing during noninvasive PS that

uses an ANN combined with a leak correction (LC) algo-

rithm that corrects for differences in inhaled and exhaled

VT from facemask leaks (WOBANN,LC/min). We hypothe-

sized that WOBANN,LC/min is a valid estimation of inspi-

ratory muscle loads.

2 Methods

2.1 Leak correction algorithm

Facemask leaks cause a bias flow out of the facemask to the

atmosphere, resulting in an upward shift of the flow and

volume waveforms during noninvasive PS (Fig. 1). The

increased flow causes exhaled VT to be smaller than it

should be, inhaled VT that is larger than it should be, and a

volume curve that ‘‘resets’’ itself after every breath because

it does not return to zero (Fig. 1). A leak correction (LC)

algorithm that corrects for the facemask leak, as well as

flow and VT waveforms was developed (Convergent

Engineering, Gainesville, FL, USA). The LC algorithm

applies a two-step process in real time to correct the VT

offset per breath:

Step 1 Flow Conductance through the facemask leak is

determined using the following equation:

FlowConductance ¼
P

breaths flow � dt
P

breaths

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Facemask pressure

p

Step 2 After Flow Conductance is determined, the

measured flow waveform is corrected in real time using

Fig. 1 Facemask leak correction algorithm is shown in operation on

facemask flow, tidal volume (VT), and pressure waveforms during

noninvasive pressure support, for example 10 cm H2O with expira-

tory positive airway pressure at 4 cm H2O and peak facemask

pressure is 14 cm H2O. Three runs, superimposed on one figure, are

shown. First, the control run with no facemask leak is shown (blue

waveforms). Next, a facemask leak was simulated with no flow

correction (green waveforms); inspiratory flow rate and VT are

spuriously high. Simultaneously, the facemask leak correction

algorithm is shown (red waveforms), providing leak corrections of

flow, VT, and pressure. Note that the ‘‘No Leak’’ and ‘‘Leak

Corrected’’ waveforms are nearly identical
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the following equation so that the leak corrected VT may

be determined (Figs. 1, 2):

FlowCorrected ¼ FlowMeasured � FlowConductance

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Facemask pressure

p
:

While developing the LC algorithm that is combined

with the ANN, it was realized breathing asynchrony con-

founded estimated work of breathing values. Accordingly,

by using pressure and flow waveform tracings, software

was written to identify different types of breathing asyn-

chrony as described by Vignaux et al. [13], i.e., ineffective

breaths, double triggering, auto-triggering, premature

cycling, and late cycling and ignore these breaths. The key

point is the ANN estimates work of breathing using only

breaths that are in synchrony with the ventilator. Thus, the

aforementioned forms of breathing asynchrony do not

affect the estimated values for work of breathing.

Two in vitro studies were done using a two-lung com-

partment model (TTL, Michigan Instruments, Grand

Rapids, MI, USA) composed of a driving lung inflated by

a ventilator (Puritan-Bennett 7200, Covidien, Dublin, Ire-

land) that simulated inspiratory muscles, which caused a

second lung that simulated a patient lung, to inhale

(Fig. 3). Compliance was decreased from the normal adult

value of 0.1 L/cm H2O to 0.05 L/cm H2O (50 % decrease)

and resistance was increased from the normal value of

2 cm H2O/L/s to 5 cm H2O/L/s (150 % increase). This

was done to simulate a patient with a degree of compro-

mised pulmonary mechanics associated with increased

elastic and resistive work of breathing. Spontaneous VT of

0.4 L, breathing frequency of 20/min, and sinusoidal peak

inspiratory flow rate (PFR) demands of 30 and 60 L/min

were set by adjusting the ventilator of the driving lung

(Fig. 3). These parameters were chosen because they are

similar to those used for evaluative research [4, 12]. Via a

facemask (Performax mask, Philips, Murrysville, PA,

USA) attached to a model of a face and head, a nonin-

vasive ventilation ventilator (V60, Philips) was connected

to the patient lung. A calibrated and fairly stable leak flow

rate of approximately 20 L/min at driving pressures of

10–15 cm H2O (akin to facemask pressures used in the

study) was created by drilling an appropriately sized hole

in an adapter placed between the facemask and end of the

ventilator breathing circuit tubing. This leak flow rate is in

accordance with reported ranges of facemask leak flow

rates that have been evaluated for use with noninvasive

ventilation [11, 12]. The facemask leak flow rate was

recorded from the value displayed on the ventilator (dis-

played as ‘‘Patient Leak’’); this is the same procedure that

is done clinically. As described in the ventilator’s oper-

ating manual, this value is estimated after entering a cal-

ibration factor into the ventilator on start-up which allows

the ventilator to estimate the intentional leak flow rate

through the exhalation port and ports on the facemask.

From an algorithm, it estimates the total leak flow rate, the

sum of intentional leak flow rate and facemask or unin-

tentional leak flow rate. Facemask leak flow rate is then

estimated as the difference in total leak flow rate and

intentional leak flow rate.

Noninvasive PS at 5 and 10 cm H2O with expiratory

positive airway pressure (EPAP) at 5 cm H2O were

applied, similar to settings previously used [4, 12]. A

pressure/flow sensor, connected to the facemask at the end

Fig. 2 Facemask leak

correction algorithm is shown in

operation on facemask flow,

tidal volume (VT), and pressure

waveforms for noninvasive

mandatory breaths. Three runs,

superimposed on one figure, are

shown. First, the control run

with no facemask leak is shown

(blue waveforms). Next, a

facemask leak was simulated

with no flow correction (green

waveforms); inspiratory flow

rate and VT are spuriously high.

Simultaneously, the facemask

leak correction algorithm is

shown (red waveforms),

providing leak corrections of

flow, VT, and pressure. Note

that the ‘‘No Leak’’ and ‘‘Leak

Corrected’’ waveforms are

nearly identical
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of the ventilator breathing tubing at Site 1, and another

pressure/flow sensor, positioned after the facemask and

before the patient lung at Site 2 (Fig. 3), directed data to a

respiratory monitor (NM3, Philips) and laptop computer

containing ANN WOB software [10] (see ‘‘Appendix’’)

and the aforementioned LC algorithm software. At Site 1,

the algorithm measures the differences in inhaled and

exhaled VT (facemask leak) and applies the LC software to

determine the corrected VT allowing WOBANN,LC/min to

be estimated. At Site 2, inhaled and exhaled VT were

equivalent because at this site, there was is no flow leakage

to adversely affect the pressure, flow, and volume wave-

forms. WOB at this site, also estimated using the ANN

software [10], was the actual work of breathing per minute

(WOBANN/min). WOBANN,LC/min data were compared

to WOBANN/min data to validate estimations of

WOBANN,LC/min.

The second in vitro studywas performed at PS 10 cmH2O

and EPAP 5 cm H2O, common settings that have been

reported [4, 12]. Employing the same model as above, PFR

demands of 30, 50, 65, and 75 L/min were simulated. The

same monitoring and methods of determining the leak-cor-

rected VT, WOBANN,LC/min, and WOBANN/min as previ-

ously described were used for this study. WOBANN,LC/min

and per breath data were compared toWOBANN/min and per

breath data.

An in vivo study was performed with IRB approval, and

after obtaining informed consent from healthy adults

(n = 8, 8 males, weight 187 ± 23 lbs, age 38 ± 8 years).

PS ranging from 3 to 10 cm H2O with EPAP from 4 to 5 cm

H2O was applied with a noninvasive ventilator (V60, Phi-

lips). Subjects were coached to breathe at two frequencies,

at approximately 10 breaths/min and then at approximately

20 breaths/min. Breathing at different frequencies is asso-

ciated with different peak flowrate demands and values for

work of breathing. This was purposely done to vary face-

mask leak flowrates and PFR demands which were needed

to assess estimates of WOBANN,LC/min. A combined pres-

sure/flow sensor, positioned between the facemask (Per-

formax mask, Philips) and the end of the ventilator

breathing tubing, directed data to respiratory monitor

(NM3, Philips) and laptop computer containing the ANN

WOB software [10] and LC algorithm software (Conver-

gent Engineering, Gainesville, FL, USA). An esophageal

balloon catheter was orally inserted into the esophagus and

appropriately positioned using the occlusion test [14].

Changes in Pes were integrated with changes in VT,

obtained from the VT LC algorithm, to form a Pes VT loop

that, in turn, was applied to a Campbell diagram for deter-

mination WOB per breath. These data were averaged over

1 min for determination of physiologic work of breathing

per minute (WOBPHYS/min), i.e., the reference WOB

Simulated
Pa�ent

Lung
Driving

Lung

Li�ing Bar : Engaged 
during inhala�on, 
disengages during 
exhala�on to allow 
passive exhala�on of 
pa�ent lung

Driving
Ven�lator

Facemask with leak

Fig. 3 In vitro model used to simulate spontaneous breathing is

shown. The driving lung on the right simulates a patient’s inspiratory

muscles by driving/lifting a patient lung on left. A noninvasive

ventilator (V60, Philips) was set to provide various levels of

noninvasive pressure support and expiratory positive airway pressure

(see Sect. 2). A facemask with a leak was positioned between

pressure and flow sensors at Site 1 (S1) and Site 2 (S2). Data from the

sensors were directed to a respiratory monitor (NM3, Philips). Tidal

volume at S1, proximal to the facemask leak, was determined using

leak-correction algorithm software in a laptop computer connected to

the monitor (not shown), which in turn, was used to determine

noninvasive, leak-corrected work of breathing/min using artificial

neural network software. The actual work of breathing per minute was

also determined using artificial neural network software at S2, distal

to the leak; at this site inhaled and exhaled tidal volume were

essentially the same and were unaffected by the leak
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(Fig. 4). Chest wall compliance for the Campbell diagram

was set at a normal value of 0.2 L/cm H2O [5]. Simulta-

neously, the same VT as obtained from the LC algorithm

used for determining WOBPHYS/min was also used for

estimating WOBANN,LC/min with the ANN WOB software

[10]. WOBPHYS/min and per breath data were compared

PFM WOB PHYS /min:  5.0 J/min       
PES WOB ANN,LC /min:  5.3 J/min15 0.8

10 0.6

5 0.4 Exh

0 0.2
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Fig. 4 Changes in facemask (PFM) and esophageal pressures (PES)

are shown (left) with the associated Campbell diagram, which was

used to determine physiologic work of breathing (WOBPHYS/min)

(right) for a subject receiving noninvasive pressure support 6 cm H2O

with expiratory positive airway pressure at 4 cm H2O (Inh inhalation,

Exh exhalation). For this condition, work of breathing estimated

noninvasively using an artificial neural network (ANN) combined

with a facemask leak correction (LC) algorithm (WOBANN,LC/min)

was comparable to WOBPHYS/min

PFR 30 L/min PFR 60 L/min
Non-Invasive Non-Invasive Non-Invasive Non-Invasive
PS 5 cm H20 PS 10 cm H20 PS 5 cm H20 PS 10 cm H20
EPAP 5 cm H2O EPAP 5 cm H2O EPAP 5 cm H2O EPAP 5 cm H2O
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3 * *
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1

0

WOB LC/min : WOBANN/min :

Fig. 5 Where WOBANN,LC/min work of breathing estimated nonin-

vasively using an artificial neural network (ANN) combined with a

facemask leak correction (LC) algorithm and WOBANN/min is the

actual work of breathing per minute estimated from the ANN and not

affected by facemask leaks. p\ 0.05 compared to noninvasive

pressure support (PS) 5 cm H2O at a peak flow rate (PFR) demand of

30 L/min (asterisk symbols); compared to noninvasive PS 5 cm H2O

at PFR 60 L/min (dagger symbols); compared to noninvasive PS

5 cm H2O at PFR demand 30 L/min (X); compared to noninvasive PS

10 cm H2O at PFR demand of 30 L/min (triangle symbols); compared

to WOBANN,LC/min at PFR demand of 60 L/min during noninvasive

PS 10 cm H2O (double dagger symbols). Data are mean ± SD
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with WOBANN,LC/min and per breath. All data were ana-

lyzed with ANOVA, regression, and Bland–Altman analy-

ses; alpha was set a 0.05 for statistical significance.

3 Results

For the first in vitro study, WOB values ranged from 2.4 to

7.6 J/min. At a PFR demand of 30 L/min during nonin-

vasive PS 5 and 10 cm H2O, there were no differences

between WOBANN,LC/min and WOBANN/min (Fig. 5). At a

PFR demand of 60 L/min during noninvasive PS 5, there

were no differences between WOBANN,LC/min and

WOBANN/min (Fig. 5); during noninvasive PS 10 cm H2O,

WOBANN,LC/min was 6.2 ± 0.09 J/min and WOBANN/min

was 6.7 ± 0.05 J/min (p\ 0.05). At a PFR demand of

30 L/min during noninvasive PS 5 cm H2O compared to

noninvasive PS 10 cm H2O, WOBANN,LC/min and

WOBANN/min decreased significantly from an average of

3.3–2.4 J/min (p\ 0.05), a 27.3 % decrease (Fig. 5).

Similarly, At a PFR demand of 60 L/min during noninva-

sive PS 5 cm H2O compared to noninvasive PS 10 cm

H2O, WOBANN,LC/min and WOBANN/min decreased sig-

nificantly from an average of 7.05–6.45 J/min (p\ 0.05),

an 8.5 % decrease (Fig. 5). At a PFR demand of 60 L/min

during noninvasive PS 5 and 10 cm H2O compared to a

PFR demand of 30 L/min during noninvasive PS 5 and

10 cm H2O, WOBANN,LC/min and WOBANN/min were

significantly higher (Fig. 5).

For the second in vitro study, WOBANN,LC/min and

WOBANN/min values ranged from 2.6 to 11.9 J/min.

WOBANN,LC/breath correlated with increases and decreases

in WOBANN/breath at the different PFR demands, i.e., as

PFR demands increased,WOB increased and vice versa. The

relationship between WOBANN,LC/breath and WOBANN/

breath at all PFR demands was positive and very strong,

r = 0.99, r2 = 0.98 (p\ 0.01) (Fig. 6a). Bias was slightly

negative and small at-0.15 J/breath, precision was small at

±0.26, and the limits of agreement was ±0.53 (Fig. 6b).

For the in vivo study, VT ranged from 0.4 to 0.75 L,

breathing frequency ranged from 12 to 22 breaths/min, and

PFRdemands ranged from20 to 60 L/min. Facemask leak flow

rates were 13.5 ± 8.7 L/min; in accordance with reported

clinical values (Table 1) [12]. WOBANN,LC/min and

WOBPHYS/minvalues ranged from3 to12 J/min.WOBANN,LC/

breath correlated with increases and decreases in WOBPHYS/

breath at different levels of noninvasive PS. The relationship

was positive and strong, r = 0.93, r2 = 0.86 (p\0.01)

(Fig. 7a). Bias was small at -0.01 J/breath, precision was

±0.07 J/min, and the limits of agreement was±0.15 (Fig. 7b).

4 Discussion

The primary finding of this research is that WOB estimated

using an ANN combined with a LC algorithm provided valid

estimations of WOB during noninvasive PS. The findings

appear to be clinically relevant because WOB values in this

study ranged from approximately 2–12 J/min—typical of

values we have observed while treating adults with respiratory

failure for 20 years. For the in vitro studies, essentially no

differences were found comparing WOBANN,LC/min to

WOBANN/min at different levels ofnoninvasivePSorat higher

and lowerPFRdemands.Although small statistical differences

between WOBANN,LC/min and WOBANN/min were found
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Fig. 6 a Relationship of in vitro actual work of breathing per breath

estimated from an artificial neural network (ANN) and not affected by

facemask leaks (WOBANN/breath) and work of breathing estimated

noninvasively using an artificial neural network (ANN) combined

with a facemask leak correction (LC) algorithm (WOBANN,LC/breath)

at simulated spontaneous peak inspiratory flow rate (PFR) demands of

30, 50, 65, and 75 L/min during noninvasive pressure support at

10 cm H2O and expiratory positive airway pressure at 5 cm H2O;

commonly used settings is shown. (Multiple points are clustered at

each PFR condition, causing the amorphous-appearing shapes).

b Corresponding Bland–Altman plot for (a) is shown, note bias and

precision values
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during one test condition, a 0.5 J/min difference, this was not

considered to be clinically significant. As noninvasive PS was

increased, WOBANN,LC/min and WOBANN/min decreased,

and vice versa. As PFR demands increased, WOBANN,LC/min

and WOBANN/min increased by similar amounts, most likely

due to increases in resistive WOB, not elastic WOB because

VT was essentially unchanged with the mechanical model. A

highly significant relationship was found between

WOBANN,LC/breath and WOBANN/breath and WOBANN,LC/

breath predicted or explained 98 % of variance in WOBANN/

breath, an excellent predictor of WOBANN/breath (p\0.01).

A slight negative bias of-0.15 J/breath for WOBANN,LC/min

was found and considered to be negligible, whereas precision

was small at±0.26 and deemed clinically acceptable. For the

in vivo study, WOBANN,LC/breath correlated highly with

WOBPHYS/breath at various levels of noninvasive PS. For the

range of noninvasive PS used, as WOBPHYS/breath increased

and decreased, WOBANN,LC/breath changed in the same

manner. A significant relationship was found between

WOBANN,LC/breath and WOBPHYS/breath and WOBANN,LC/

breath predicted or explained 86 % of variance in WOBPHYS/

breath, a very good predictor of WOBPHYS/breath (p\0.01).

Regarding the remaining 14 % of the variance, factors

explaining this variance are unclear. It may be related to

equipment calibrations of the various pieces of equipment

used. A small negative bias of -0.01 J/breath for

WOBANN,LC/min was negligible, whereas precisionwas small

at ±0.07 and deemed clinically acceptable.

A goal of noninvasive PS for patients with respiratory

insufficiency is to unload inspiratory muscles, which

allows patients to breathe easier and to help relieve dysp-

nea. WOB and patient effort decreased on average by 60 %

at inspiratory PS settings of approximately 15 cm H2O and

there were near uniform decreases in dyspnea scores [15].

At noninvasive ventilation settings that provided maximum

efficacy, WOB was reduced to a range of 5.4–10.2 J/min

(essentially the normal adult range) [4, 16–18]. In patients

with acute lung injury, noninvasive PS was shown to

reduce neuromuscular drive, unload inspiratory muscles,

and improve dyspnea [4]. In that study, WOB/min and

transdiaphragmatic pressure decreased significantly from

8.7 to 6.5 J/min (25.3 % decrease) and from 10.3 to 5.8 cm

H2O (43.6 % decrease), respectively, as noninvasive PS

was increased from continuous positive airway pressure

[4]. These findings are in accordance with intubated

patients receiving PS [19].

The aforementioned studies provide clues as to how

WOBANN,LC/min data may be useful for treating patients

receiving noninvasive PS; for example, by assessing

inspiratory muscle loads and guiding ventilator settings to

appropriately unload inspiratory muscles. Applying insuf-

ficient or not enough noninvasive PS predisposes to

abnormally increased values of WOB and inspiratory

muscle fatigue [19], while applying too high a level of

noninvasive PS over a long time is associated with

abnormally low values of WOB and may predispose to

disuse atrophy [19]. Unloading the inspiratory muscles so

that the WOB/min for adults is in a clinically tolerable
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Fig. 7 a Relationship of in vivo physiologic work of breathing per

breath (WOBPHYS/breath) and work of breathing estimated noninva-

sively using an artificial neural network (ANN) combined with a

facemask leak correction (LC) algorithm (WOBANN,LC/breath) at

various combinations of noninvasive pressure support and expiratory

positive airway pressure in adults is shown. b Corresponding Bland–

Altman plot for (a) is shown, note bias and precision values

Table 1 Facemask leak flow rates during noninvasive pressure sup-

port (adult subjects)

Subject Leak flow rate (L/min)

1 9

2 8

3 10

4 16

5 34

6 12

7 8

8 11

13.5 ± 8.7
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adult range of approximately 5–10 J/min [6, 20] may be an

appropriate goal for setting noninvasive PS.

Real time monitoring of WOBANN,LC/min may also

allow clinicians to determine a proper rate of inspiratory

pressure rise setting during noninvasive PS, i.e., while at a

specific PS level, set the rate of inspiratory pressure rise to

achieve an appropriate WOBANN,LC/min. Many noninva-

sive ventilators permit a range of inspiratory pressure rise

settings. The rate of pressurization to a preselected non-

invasive PS level is related to the interaction of the non-

invasive ventilator’s flow rate output and the patient’s

inspiratory flow rate demand. When using a slower rate of

inspiratory pressure rise setting, the noninvasive ventila-

tor’s flow rate output may be substantially less than the

patient’s inspiratory flow rate demand, resulting in a slow

pressure rise time; this is associated with increased WOB

and patient discomfort [21]. Conversely, when using a

faster rate of inspiratory pressure rise setting, the nonin-

vasive ventilator’s flow rate output may better match the

patient’s inspiratory flow rate demand, resulting in a rapid

pressure rise time, associated with lower work of breathing,

leading to improved comfort [21].

Our ANN with LC algorithm for estimations of work of

breathing was functional for the facemask leak flow range in

this study, i.e., up to 34 L/min, which is in excess of reported

values in clinical practice using noninvasive PS [12, 13]. It

has been reported that facemask leaks[40 L/min are likely

to impair the efficiency of ventilators used to provide non-

invasive ventilation [22].Althoughnot evaluated at leak flow

ratesC40 L/min, we speculate that such large facemask leak

flow rates may also compromise the functionality of our LC

algorithm.

Limitations of the study may be that fairly commonly

applied levels of noninvasive PS and EPAP were used. To

study all possible combinations of noninvasive PS and

EPAP we speculate may have achieved findings compa-

rable to those revealed in this study. A second limitation is

that it is unclear if a ventilator other than the dedicated

noninvasive ventilation ventilator used in the study affects

the findings. Another potential limitation is that part of the

study was conducted using a human patient simulation,

raising the concern of clinical relevancy. The simulated

pulmonary mechanics chosen, as well as the range of WOB

values measured were comparable to conditions treating

adults with respiratory insufficiency, suggesting that the

findings may be relevant for patients receiving noninvasive

PS. A clinical study using our method of estimating work

of breathing on patients treated with noninvasive PS with

respiratory failure, with and without chronic obstructive

pulmonary disease, is recommended.

In summary, an LC algorithm, programmed to ignore

asynchronous breaths, directs pressure, flow, and tidal

volume data to an ANN to provide noninvasive and valid

estimates of work of breathing during noninvasive PS.

WOBANN,LC/min, estimated automatically and continu-

ously, may be useful in a decision support system for

assessing inspiratory muscle loads and guiding noninvasive

PS settings to unload inspiratory muscles.
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Appendix: Artificial neural network for estimating
noninvasive work of breathing (previously
published10)

Five predictor variables/input elements, used in a multi-

layer perceptron artificial neural network (ANN) model

(figure below), found to be highly correlated with nonin-

vasive work of breathing (WOB) per minute, were chosen

because they produced the best (lowest mean squared

error) possible predictive value. Incorporating inputs in

addition to those five variables did not increase predictive

performance, thus this set was considered sufficient for

predicting/calculating noninvasive WOB per minute. (1)

Minute ventilation, the spontaneous minute ventilation (not

including mandatory breaths), was found to be closely tied

to noninvasive WOB per minute; the larger the minute

ventilation, the greater the workload and vice versa. (2)

Intrinsic positive end expiratory pressure (PEEPi), is the

parameter estimated from the exhalation portion of a flow-

volume loop. In patients for whom PEEPi was suspected,

we observed that exhaled flow did not reset/return to zero

but to some discrete value at end-exhalation on a flow-

volume loop. By linearly extrapolating this value to the

zero flow axis on the flow-volume loop, an estimate of air

trapping or excess volume remaining in the lungs at end-

exhalation is made. By knowing this volume and respira-

tory system compliance, a pressure is calculated (pres-

sure = volume/compliance), a reflection of PEEPi. The

larger the estimated PEEPi value, the larger the workload

and vice versa. Respiratory system compliance and resis-

tance were estimated in real time using the expiratory time

constant method (Al-Rawas et al., Expiratory time constant

for determinations of plateau pressure, respiratory system

compliance, and total resistance. Critical Care 2013; 17:

R23). (3) Airway pressure trigger depth is a parameter that

measured the decrease in pressure below baseline airway

pressure (Paw) at the Y-piece of the breathing circuit just

before the ventilator triggers ‘‘ON.’’ Large inspiratory

efforts tend to decrease this pressure more rapidly, causing
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a large decrease in pressure or trigger pressure depth. The

larger the decreases in trigger pressure depth, the larger the

workload and vice versa. (4) Inspiratory rate of flow rise is

the parameter that assessed how rapidly the inspiratory

flow waveform rose during a pressure supported breath. An

actively breathing patient with a strong inspiratory effort

and demanding a high flow rate from the ventilator tends to

display a rounded or sinusoidal-shaped inspiratory flow

profile; peak flow occurs during the mid to latter portion of

the breath. It takes a longer time for flow to reach maxi-

mum during inhalation. In contrast, a patient who inhales

passively while receiving a pressure-supported breath

typically displays a rapid rise in flow very early in the

breath. Flow reaches maximum at nearly the onset of the

breath in a very brief time and then decelerates for the

remainder of inhalation. A coded value for inspiratory rate

of flow rise was devised to range from zero to one. The

higher the value, the more rounded or sinusoidal the

inspiratory flow profile, and the greater the workload. The

lower the value, the more a decelerating inspiratory flow

profile, and the lower the workload. (5) Pmus is the res-

piratory muscle pressure; it is the sum of elastic and

resistive pressures and was determined using the equation

of motion, i.e., Pmus ? Paw = (tidal volume/respiratory

system compliance) ? (respiratory system resis-

tance 9 inspiratory flow rate). This is a reflection of the

pressure generated by the inspiratory muscles during

spontaneous inhalation; the larger the value, the larger the

estimated effort to inhale and vice versa.
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