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1 Introduction

Expiratory flow limitation (EFL) is a well-defined, phenom-
enon in which the flow of air during expiration is limited, 
leading to incomplete exhalation of the lung volume dur-
ing a respiratory cycle [1–3]. EFL can occur in individuals 
with respiratory diseases such as chronic obstructive pul-
monary disease (COPD) and asthma, as well as during exer-
cise and in certain body positions. Several mechanisms as 
an increased airway resistance, lung compliance (with aug-
mented cholinergic bronchial tone), and excessive airways 
collapsibility contribute to the EFL [4, 5].

Excessive EFL is common in patients with chronic 
obstructive pulmonary diseases (COPD) [6–8], affecting 
more than half of patients with moderate or severe airway 
obstruction [1, 2, 9]. It is functionally relevant in these 
patients because it is associated to air trapping which leads 
to disabling symptoms such as exercise limitation and dys-
pnea [1, 2, 7].

Some airway clearance techniques are used under 
the assumption of reducing EFL. For instance, positive 
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Abstract
Introduction The intermittent intrapulmonary deflation (IID) technique is a recent airway clearance technique that intends 
to delay the onset of expiratory flow limitation (EFL) during exhalation. We showed in a previous study that IID increased 
the expiratory volume of COPD patients compared to quiet breathing and positive expiratory pressure (PEP) therapy. We 
hypothesized that it was due to the attenuation of the EFL.
Objectives To verify the physiologic effects of IID and PEP techniques on EFL with a mechanical lung model.
Methods A mechanical lung model was created to assess the effects of IID and PEP techniques. The thorax was simulated 
by a plexiglas box in which an adult test lung was connected. A calibration syringe simulated the inspiratory phase. Later, 
with activation of the IID, the expiratory phase was driven by the deflation generated by the device. With PEP, the expiration 
occurred maintaining an expiratory pressure between 5 and 10 cmH2O. A pneumotachograph and a pressure transducer were 
placed in series for flow, volumes and pressure measurements.
Results The model reproduced physiological characteristics of EFL. However, the deflation of the model was slowed by IID 
and PEP, and flow remained almost constant, so flow limitation was reduced.
Conclusion The IID and PEP attenuate EFL and increase exhaled volume in the in vitro model.
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expiratory pressure (PEP) therapy involves an active exha-
lation against a pre-defined resistance via an external device 
[10]. The induced physiologic effects have been referred 
to the slowing down of expiratory flow that decreases the 
pressure drop across the airway wall, preventing prema-
ture airway closure but also to the increased intrabronchial 
pressure that maintains the airways open during exhalation 
[11–13]. The increased expiratory volume occurs due to the 
decreased airway collapse that results in a greater lung emp-
tying, lower functional residual capacity (FRC), improved 
ventilation distribution, and gas exchange [10]. However, 
breathing against an expiratory resistance may be difficult to 
tolerate for severe patients with COPD, since their respira-
tory muscles are already exposed to high resistive loads by 
airway obstruction [12].

In response to the drawbacks of techniques requiring 
active exhalation, new technologies are being developed, 
one example of which is intermittent intrapulmonary defla-
tion (IID), designed to aid the elimination of bronchial 
secretions during relaxed expiration [14]. The IID technique 
generates intermittent negative pressure, interrupted at a fre-
quency of 12 Hz during the expiratory phase, thereby gener-
ating consecutive low-frequency vibrations [14]. Moreover, 
the lung deflation is performed passively. Because of the 

passive and relaxed expiration required by the device, the 
IID technique intends to delay the onset of early bronchial 
collapse in patients with obstructive lung diseases. In a 
previous study [15], we observed that IID increased the 
expiratory volume of moderate to severe COPD patients 
compared to quiet breathing and PEP. Our hypothesis was 
that the greater expiratory volume was due to the attenua-
tion of the EFL.

Therefore, the aim of this study was to verify the physi-
ologic effects of IID and PEP technique on EFL with a 
mechanical lung model.

2 Methods

2.1 Experimental lung model

An experimental lung model was built to assess the effects 
of IID and PEP techniques (Fig. 1). The thorax compartment 
was simulated by a Plexiglas box (27 cm x 27 cm x 40 cm) 
in which an adult test lung (RÜSCH antistatic – Teleflex, 
Wayne, USA) (1 l; compliance 0.04 l.cm H2O-1) was con-
nected. The airway compartment included a Starling resis-
tor: a 12 cm polypropylene tube (inner diameter: 3 cm) 
in which a rubber airway (compliance 0.01 l.cm H2O− 1; 
resistance 5.7 cm H2O.l− 1.s) was placed in. A calibration 
syringe (3 l) was connected to the thorax compartment to 
simulate the inspiratory phase. In order to maintain the lung 
and the airway under the same “pleural” pressure, a con-
nection was placed linking both compartments. At the top 
of the system, we connected a one-way valve to allow air 
intake during inspiration. Between the airway compartment 
and the one-way valve, a pneumotachograph connected to 
a pressure transducer (MP100 System and AcqKnowledge 
software, BIOPAC Systems, Santa Barbara, California) 
were placed in series to measure the flow, volume and pres-
sure at a sampling rate of 1000 Hz. The IID device (Simeox 
– PhysioAssist - Aix-en-Povence, France) or the PEP device 
(PARI-PEP systems II, PARI, Starnberg, Germany) was 
connected to the other end of the pressure transducer via 
a T-piece (Fig. 1). The measurements were also taken after 
inserting a resistance component (20 cm H2O.l− 1.s) placed 
between the Plexiglas and the Starling resistor simulating 
the expiratory resistance of patients with COPD.

Six experimental conditions were studied: control expi-
ration (i.e., expiration without any device), expiration with 
PEP and expiration with IID, all of them measured with and 
without the added resistance.

Fig. 1 Experimental lung model with IID. 1: 3 l calibration syringe; 
2: connections; 3: Plexiglas box; 4: Adult test lung; 5: polypropylene 
tube; 6: connection linking lung and airway compartments; 7: rub-
ber band; 8: pneumotachograph; 9: pressure transducer; 10: One-way 
valve; 11: IID circuit; 12: IID device. 5 and 7 correspond to the starling 
resistor. For the measurements with PEP, it was connected at the loca-
tion of the IID circuit and device in the figure replacing number 11 and 
12 in the figure
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Fig. 3 In vivo study. System assembly with IID: 1: IID tube; 2: connections; 3: pressure transducer; 4: pneumotachograph; 5: IID mouthpiece. PEP 
was connected instead of IID tube [1] during PEP measurements and without IID tube or PEP for measurements without any device

 

Fig. 2 System assembly: 1: to IID or PEP device; 2: pneumotachograph 3: pressure port; 4: IID or PEP mouthpiece
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limitation (Fig. 4, left). By contrast, the addition of resis-
tance caused a decrease in expiratory flow and extreme flow 
limitation, up to and including airway closure (Fig. 4, right).

However, no airway collapse was observed with IID 
and PEP as they reduced the expiratory flow throughout 
expiration.

Expiratory volumes were comparable between both 
devices, but they decreased in the control when com-
pared with the added resistance settings. The volumes 
without added resistance were 0.99 ± 0.02 l, 1.03 ± 0.01 l 
and 0.96 ± 0.02 l (p > 0.05) and with added resistance: 
0.69 ± 0.03 l, 1.03 ± 0.05 l and 1.02 ± 0.02 l, p < 0.05 for 
respectively, spontaneous, IID and PEP.

The characteristics of two patients with COPD from an 
ancillary study [15] are shown in Table 1. The flow-volume 
curves of each condition (i.e.: slow vital capacity maneu-
ver without devices, with IID, and with PEP) were super-
imposed and displayed in Fig. 5. In both participants, the 
expiratory volume obtained with IID was visually greater 
than that obtained in slow vital capacity (SPONT).

The left side of Fig. 5 shows Participant 1 with a very 
severe COPD according to GOLD [4] (FEV1 = 19.2%pre-
dicted), without any device (SPONT), with IID and with 
PEP. With IID, expiratory flows were visually greater than 
in SPONT expiration for most of the expiration. His spon-
taneous expiratory flows were low and we assume that they 
were lower than those determined by the IID and PEP. The 
right side of Fig. 5 shows Participant 2 had a severe COPD 
(FEV1 = 38.7%predicted). The spontaneous (SPONT) expi-
ratory flows were clearly higher comparing with IID and 
PEP condition, with the result that they exceeded those 
imposed by the IID.

In both participants, the expiratory volume obtained with 
IID was higher than that obtained in slow vital capacity (see 
SPONT in Fig. 4).

4 Discussion

Our study demonstrated that the higher expiratory volume 
with IID comparing to PEP and control condition observed 
in COPD patients, is due to the attenuation of the expiratory 
flow limitation. With IID technique, expiratory flow is kept 
constant, and any flow limitation was observed in in vitro 
model. This study confirms the results of the ancillary study 
[15] in patients with COPD in which the expiratory volume 
obtained with IID was greater than that obtained in other 
conditions analyzed.

Expiration is driven by the pressure gradient from alve-
olar pressure to atmospheric pressure at the airway open-
ing. During a quiet expiration, the alveolar pressure is only 
determined by the elastic recoil forces of the rib cage and 

2.2 Measurements and outcomes

The measurements in control condition (without devices) 
were done as following: an experimenter (JRFFDM) dis-
placed the syringe piston during inspiratory phase which 
caused a pressure decrease inside the Plexiglas box (equiva-
lent to a decrease in pleural pressure) and the air was, in 
turn, aspirated into the lung bag. During the active expi-
ration phase, the experimenter operated the syringe piston 
until the lung was completely deflated or when no expi-
ratory flow was measured (i.e. during airway closure). A 
respiratory rate of 12 breaths per minute was considered to 
the measurements.

To allow measurements with IID and PEP, the devices 
were connected as described beforehand and showed in 
Fig. 1. Independently of the experimental condition tested, 
the inspiratory phase occurred by displacement of the 
syringe piston. The expiratory phase with IID was driven by 
the deflation generated by the IID after its activation. With 
PEP, expiratory phase occurred via the experimenter who 
displaced the syringe piston while maintaining an expira-
tory pressure between 5 and 10 cm H2O during the whole 
expiratory phase. Inspiratory and expiratory phases were 
standardized using a metronome. Flow, pressure and volume 
signals were obtained as described before and used as out-
come to verify the impact of IID and PEP devices on airway 
collapse. Three maneuvers were analyzed in each setting. 
High-amplitude flow oscillations were filtered out using a 
moving average filtering with Matlab R2020b software.

Data from a previous study [15] were taken and repre-
sentative flow-volume curves of patients with COPD were 
superposed and analyzed. In this previous study, the sub-
jects randomly performed a slow vital capacity maneuver 
either without any device, with IID, or with PEP devices. 
Data from two patients who had severe or very severe 
COPD according to GOLD [4] were randomly selected.

2.3 Statistics

The Kruskal-Wallis ANOVA test was used to compare expi-
ratory volumes between devices and conditions. Data are 
reported as mean ± standard deviation (SD). All analyzes 
were performed using SPSS v.27 (IBM SPSS Statistics soft-
ware 27, Armonk, NY). A p-value less than 0.05 was con-
sidered as statistically significant.

3 Results

The effects of IID and PEP on experimental lung model are 
shown in Fig. 4. The expiratory flow-volume curve with-
out added device or resistance (SPONT) shows no flow 
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when the pressure inside the airways is equal to the intra-
pleural pressure is reached in the airways, resulting in expi-
ratory flow limitation [5]. In COPD patients, both increase 
in airway resistance and compliance lead to more severe 
flow limitation, occurring in the more severe patients, even 
during quiet breathing.

In the lung model, the IID limits expiratory flow and pre-
vents flow limitation once flow rate decreases below 0.2 l/s. 
However, this mono-compartmental model cannot repro-
duce the behavior of several small and large airways, which 
explains why expiratory flow decreases abruptly in our lung 
model with resistance. The abrupt decrease in expiratory 
flow is due to the complete collapse of the airway with the 
Starling resistor at the end of balloon emptying in the con-
trol maneuver (right panel, Fig. 4).

In the patient with very severe COPD, the IID reduces 
expiratory flow limitation for flows below 0.25 l/s. Finally, 

lungs [3]. Below the FRC, the expiration becomes active 
which involves the active use of expiratory muscles, thus 
increasing pleural pressure [16]. As this pressure also acts 
on the airways, the “equal pressure point”, which occurs 

Table 1 Characteristics of both participants
Participant 1 Par-

tici-
pant 
2

Sex (F/M) M M
Age (years) 57 68
BMI (kg/m2) 18.6 25.1
Package-year 8.0 52.0
FEV1 (L) 0.59 1.01
FEV1 (% predict) 19.2 38.7
FEV1/FVC 23.46 36.01
BMI: body mass index. FEV1: forced expiratory volume in one sec-
ond. FVC: forced vital capacity

Fig. 4 Flow-volume curves obtained in the experimental lung model 
without resistance (up left panel) and with added resistance (up right 
panel). SPONT-curves represent the measurements without device (i.e. 
control); IID-curves represent the measurements with IID and PEP-

curves represents the measurements with PEP. High-amplitude flow 
oscillations caused by the IID have been filtered out. Corresponding 
pressure curves output from PEP (down left panel) and IID device 
(down right panel)
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4.1 Perspectives

In this study, IID and PEP attenuate the EFL in the mechani-
cal lung model, increasing the expiratory volume. In our 
ancillary study, the expiratory volume obtained with IID 
was greater when compared to spontaneous breathing or 
with PEP. In this case, the positive expiratory pressure 
imposed by PEP requires an added work of the expiratory 
muscles since expiration is active and therefore dependent 
on expiratory muscle strength. The expiratory phase in 
the mechanical lung model was not dependent of expira-
tory muscle force, and it represents a mono-compartmental 
model that cannot reproduce the behavior of several small 
and large airways. Future research could take it in consider-
ation in order to simulated small and large airways.

5 Conclusion

In conclusion, we demonstrated that, IID and PEP decreased 
the EFL, preventing airway closure in in vitro model, 
thereby replicating what is observed in patients with COPD.

5.1 Quick look

5.1.1 Current knowledge

Therapies involving active exhalation against a pre-defined 
resistance have been referred to reduce expiratory flow lim-
itation. Breathing against an expiratory resistance may be 
difficult to tolerate in severe patients with COPD. The inter-
mittent pulmonary deflation technique produces an intermit-
tent intrapulmonary air deflation in the bronchial tree during 
a relaxed expiration.

in the patient with severe COPD, the effect is only notice-
able at the end of expiration, again, when the spontane-
ous flow is lower than that imposed by IID. It can also be 
noticed that the increase in exhaled volume related to IID is 
less important in the moderate COPD patient.

The IID acts by generating an intermittent intrapulmo-
nary air deflation during relaxed exhalation [17] i.e., by 
expiratory flow control. The gas flowing through the air-
ways are not only determined by the resistance of these 
bronchi, but also by the pressure gradient. This implies that 
expiratory flow rates also represent the pressures devel-
oped by the expiratory muscles [18]. Owing to the slow and 
passive expiratory flow intermittently interrupted with the 
IID, the device minimizes the expiratory pressure required 
to empty the lungs. Therefore, early airway collapse is 
delayed, which may explain the greater expiratory volume 
observed under the IID condition when compared with con-
trol SPONT maneuver.

The development of EFL is functionally relevant in 
patients with chronic obstructive diseases, with an increase 
in end-expiratory lung volume and a decrease in inspiratory 
capacity with a concomitant increase in respiratory work 
[1]. These factors together with dynamic airway compres-
sion during expiration may contribute to the sensation of 
dyspnea [1, 19]. In physical therapy, techniques that provide 
expiratory positive pressure are used in order to slow expi-
ratory flow which decreases the pressure drop across the air-
way wall, keeping the airways open during expiration and 
increasing exhaled air volume [20]. However, this therapy 
requires active exhalation against a pre-defined resistance 
[10–12] which may be difficult to tolerate in patients with 
severe COPD, since their respiratory muscles are already 
exposed to high resistive loads by airway obstruction [10].

Fig. 5 Flow-volume curves from participant 1 (left side) and 2 (right side). Measurement in slow vital capacity without any device (SPONT), with 
IID and with PEP are demonstrated. The flow oscillations caused by the IID have been filtered out. See text for details
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5.1.2 What this paper contributes to our knowledge

The expiratory flow limitation was reproduced in the in 
vitro model. The IID and PEP maintain a constant expira-
tory flow which limit the airway collapse. The IID increase 
the expiratory volume in COPD patients and its effect on 
flow limitation varies with COPD severity.
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