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Abstract. – OBJECTIVE: Determining the re-
spiratory system’s mechanical properties with 
minimal patient effort has been an important 
field of investigation addressing patients un-
able to perform pulmonary function testing and 
in light of the preventive measures due to the re-
cent pandemic. The current study aimed to pres-
ent an alternative method for total respiratory 
resistance measurement during tidal breathing, 
compare it with airway resistance (Raw), mea-
sured by body plethysmography, and validate 
the procedure in three groups of subjects with 
normal, constrictive and obstructive respiratory 
patterns in spirometry. 

PATIENTS AND METHODS: We developed 
an alternative method of assessing total respi-
ratory resistance during quiet breathing. After 
manufacturing the appropriate hardware appa-
ratus, we applied a steady extrinsic resistance 
(ΔR) for 100-200 m/s during tidal breathing. Α 
theoretical mathematical model allowed mea-
surement of total respiratory resistance (Rtot) 
during inspiration (Rin) and expiration (Rex). 
To validate the method, 15 individuals were en-
rolled and assigned to the normal, obstructive 
and restrictive groups based on their spirom-
etry patterns. All groups participated in two 
sets of measurements, the plethysmograph-
ic and novel method. Finally, respiratory resis-
tance measurements were compared between 
groups and methods.

RESULTS: The method was successfully de-
veloped, and Rtot measurements were record-
ed in five normal subjects and in five obstruc-
tive and restrictive subjects. Mean Rin and 

mean Rex were 4.99 cm H2O/L/sec and 4.42 cm 
H2O/L/sec in the healthy, 4.87 cm H2O/L/sec, 
and 6.63 cm H2O/L/sec in the obstructive and 
5.97 cm H2O/L/sec and 4.12 cm H2O/L/sec in the 
restrictive group, respectively. Rex was notably 
higher than Rin in the obstructive group and 
was positively correlated with Raw (p<0.005, 
r=0.47).

CONCLUSIONS: This method provides the 
theoretical background for a plausible alterna-
tive tool for accessing a mechanical parameter 
of the respiratory system, which is easy to per-
form and requires only passive patient cooper-
ation while enabling rough differentiation be-
tween obstructive and restrictive disorders. The 
model’s feasibility potential in a real-life setting 
was studied in a small sample, and additional 
implementation and validation of the method in 
a larger population are guaranteed.

Key Words:
Lung mechanics, Mathematical models, Respirato-

ry resistance, Lung function tests, Tidal breathing, In-
spiratory phase, Expiratory phase.

Introduction

Pulmonary function tests (PFTs) are invalu-
able in disease diagnosis, severity grading, and 
treatment response. Although spirometry is read-
ily available and performed routinely, being a 
forced manoeuvre, its results suffer significant 
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variability, often depending on patient cooper-
ation1,2. Furthermore, children, elderly patients, 
and patients with end-stage disease, neuromus-
cular disorders or cognitive impedance are usu-
ally unable to perform PFTs. In light of the Sars-
COV2 pandemic, lung function laboratories have 
implemented strict pre-procedure standards and 
preventive measures to limit the spread. This led 
to a significant decrease in patients undergoing 
lung function evaluation.

Measuring the mechanical properties of the 
respiratory system during quiet breathing, in-
cluding total respiratory resistance (Rtot), has 
been proposed as an alternative in the above 
populations and can be helpful. Various effortless 
modalities exist, the most popular being the body 
plethysmography, the complete occlusion tech-
nique (Roc) and the impulse oscillometry system 
(IOS). 

Currently, insight into respiratory resistance 
in everyday clinical practice is provided by the 
body plethysmography method3. However, it re-
flects only airway resistance (Raw) and requires 
specific respiratory maneuvers performed by 
the patient. The shutter technique for measuring 
Roc is based on a total occlusion of the patient’s 
expiratory flow4. Despite being effortless, rec-
ognizing the occlusion from the patient may 
alter the neuromuscular status and, therefore, 
temper the results. Moreover, Roc fails to dif-
ferentiate various pathologies and has not been 
used for partitioning inspiratory and expiratory 
resistance.

The most often applied test that can measure 
airway resistance and reactance, requiring only 
passive patient cooperation, is the impulse oscil-
lometry technique (IOS)5,6. This method’s main 
drawback is the lack of standardized normal val-
ues and specificity and the inability to accurately 
differentiate between the major types of function-
al respiratory impairment.

To the authors’ knowledge, there is currently 
a scarcity of methods that examine lung func-
tion and particularly respiratory mechanics under 
conditions of resting breathing, a rising necessity 
in light of the recent pandemic.

Therefore, the current study aimed to develop 
a novel model to measure total respiratory re-
sistance during quiet breathing and describe the 
model’s theoretical background and mathematical 
equations. Furthermore, the study aimed to ex-
amine the potential to differentiate between ob-
structive and restrictive respiratory impairment 
and validate the procedure.

Patients and Methods

Theoretical Background and 
Mathematical Model

Respiratory System’s Equation of Motion
The respiratory system can be represented with 

several theoretical analogues (physical, electrical, 
mathematical) of variable complexity according 
to the number of compartments of each model 
and their relative positioning (i.e., parallel or in 
series)7. Each compartment substitutes an ana-
tomical or, most frequently, a physiological unit 
of the respiratory system, such as the alveolar 
space, the airways or the chest wall. A set of de-
pendent (pressure, volume, flow, acceleration of 
flow) and non-dependent variables (compliance, 
resistance) can be applied to each of these parts to 
describe the model’s viscoelastic properties under 
various conditions8. 

The respiratory system’s equation of motion 
relates its pressure conduct to the different vol-
ume and airflow values and its mechanical char-
acteristics (elastance and resistance).

During quiet inspiration in a non-ventilated 
subject, the driving pressure (Pdrive) equals the 
pressure difference across the entire respiratory 
system and is mainly generated by the diaphragm 
(Pmus). 

Pdrive = Patm - Pmus
Eq. (1)*, 

where Patm = 0

This pressure increment must overcome the 
opposing pressures generated by the system’s 
moving parts’ tendance to return to their equilib-
rium point once deformed by a spatial quantity 
(i.e. volume in the case of the respiratory system). 
This elastic behaviour can be studied both from 
a static and dynamic perspective, although in-
stantaneously when airflow is 0, the static recoil 
pressure (Psr) can be easily assessed.

All the moving parts of the respiratory system 
resist motion. Thus, the input energy (force of mus-
cles) and the dynamic energy stored in the tissues 
(elasticity) dissipate and are released as heat due to 
resistance. Pressures generated due to resistance 

*: In this equation, the transabdominal and rib cage com-
partments connected in parallel to the system are consid-
ered negligible.
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(Pres) are always dynamic, mainly attributed to the 
column of moving air through the airways and the 
deformation of the tissue parenchyma.

Finally, the moving parts’ resistance to direc-
tion changes, and their ability to store kinetic 
energy is called inertia. It produces pressures 
(Pin) that correlate with the flow’s acceleration 
and the mass of the moving parts, but they can be 
negligible in the setting of low frequencies such 
as tidal breathing. Combining the above, 

Pdrive = Psr + Pres + Pin 
Eq. (2).

The respiratory system’s equation can be writ-
ten as:

-Pmus = V(t)E + V′(t)R + V′′ (t)I + P0 
Eq. (3).

V′′(t) is the flow acceleration, and P0 is positive 
end-expiratory pressure (usually added during 
mechanical ventilation and generally considered 
zero unless there is severe hyperinflation, i.e. 
emphysema). The term I is the coefficient of flow 
acceleration.

During passive expiration, Pdrive equals the 
elastic recoil pressure of the lungs and tissue pa-
renchyma (Pel) and needs only to overcome the 
resistive elements of the system (Pres), thus 

Pdrive = Pel = V′(t)R + V′′ (t)I 
Eq. (4).

Single Compartment Model of 
the Respiratory system

Our study is based on the viscoelastic sin-
gle-compartment model proposed by Bates et al10 
in 1985. The respiratory system can be depicted 
as a single airway connected to an expandable 
elastic chamber in this model. The addition of 
mechanical properties of the tissues (Known as a 
Maxwell body) can be seen in Figure 19. When a 
ramp-pressure is applied, the equation describing 
it during inspiration is:

V(t) E + V’(t) R = at 
Eq. (5).

Where V(t) is volume, V′(t) it’s time derivative 
(flow), E is Elastance (the reciprocal of compli-
ance), and R is Resistance. And 

V(t) = (ατ/Ε) e-t/τ + αt/E – ατ/Ε 
Eq. (6).

Where a is the slope of the pressure-volume 
curve, and τ= R/E is the time constant of the 
system.

This is very close to the description of qui-
et breathing, especially mid-quiet inspiration, 
where the flow is steady, the resistance is close to 
linear, and the exponential term of Eq. (2) fades 
away. Since Pdrive is proportional to time (Pdrive 
= at), Eq. (5) can be rewritten as

P(t) = V(t)E + Pres
Eq. (7).

Also, in mid-inspiration with a steady (or near 
steady) flow and the resistance reaching constant 
values:

Pdrive = V(t)E + V’(T)R 
Eq. (8).

This is the same equation of motion (Eq. 3) if 
we neglect the inertive element (V′′(t)I) and P0= 0.

A Mathematical Model for 
Measuring Total Resistance 

To evaluate total respiratory resistance in the 
current study, we measured respiratory flow 
changes by applying an extrinsic resistance 
during tidal breathing. A rapid, instantaneous 
flow decrease is observed when a standard ex-
ternal resistance is applied during inspiration or 
expiration. This enables the application of the 
equation of motion at two specific time points; 
the first right before the implementation of the ex-
ogenous resistance and the second during its ap-
plication when the peak mouth pressure (Pmouth) 
is observed. Given that the flow decrease is rapid 
(100-200 m/s), the neuromuscular system can-
not identify the extrinsic “obstacle” and does 

Figure 1. Bates model. The single compartment linear 
model consists of a single pulmonary pathway and the ad-
dition of a Maxwell body (R2, E2) (airway and bicompart-
mental viscoelastic unit).
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not change its driving pressure; thus, the Pdrive 
remains virtually unaltered10. Changes in expi-
ratory or inspiratory volume between the two 
instances can also be negligible. 

By applying equation (1) in those two separate 
time points, given the Pdrive, V(t) and compli-
ance (C) remain constant, we can solve it with 
the only unknown independent variable being the 
total respiratory resistance (Rtot).

Rtot = V′(t2) ΔR/ [V′(t1) - V′(t2)] 
Eq. (9)

Where Rtot: Total respiratory resistance, ΔR: 
The stable extrinsic resistance applied, V′(t1): 

flow measured just before the application of ΔR 
and V′(t2): flow measured immediately post ΔR 
application (Figure 2).

It should be noted that Rtot is the sum of all re-
spiratory resistances, including airway resistance 
(Raw), lung tissue resistance (Rl), and chest wall 
tissue resistance (Rcw), regardless of their rela-
tive configuration (series/parallel).

Equation (9) can be applied during inspiration 
or expiration, and hence when Rtot is measured 
in either phase of the respiratory cycle, it reflects 
the coefficient of the thermal energy loss due 
to the resistive properties of the moving parts. 
Rtot is subsequently marked as Rex if measured 
during expiration and Rin if measured during 
inspiration.

Study Design

Development and Connection of 
Apparatus in the Real-Life Setting 

To generate and apply a rapid extrinsic ΔR, we 
developed new hardware connected in series after 
the subject and the flow sensor. The configuration 
used for measuring total respiratory resistance by 
applying the above theoretical model in a real-life 
setting is shown in Figure 3 and consists of two 
separate apparatuses. 

The first is a Y-shaped connector tube used to 
divert flow from the subject and add the afore-
mentioned external resistance (Figure 4). By oc-
cluding one branch of the Y apparatus (Point B 
in Figure 4) with a remote electrical activator, 
airflow is redirected to the other branch (point 

Figure 2. Theoretical flow-volume curve during application 
of rapid extrinsic resistance (ΔR) during expiration. 
Expected flow drop (V′1 to V′2) in an iso-volumic point 
(V1).

Figure 3. Study model setup.



N. Anagnostopoulos, A. Tzortzi, K. Cholidou, V. Evangelopoulou, et al

6636

A), where a steady known resistance is fixed. 
The back-pressure generated in the area of partial 
occlusion results in a sudden drop of the flow and 
a spike rise in the pressure signal recorded by the 
transducer. 

The main stem of the Y-connector is stabi-
lized at the open end of the pneumotachograph. 
The tube volume (considered an added dead 
space) was measured at 95 ml, and the radius 
of the main tube was 1.4 cm while the radius 
of the branches was 0.7 cm. The length of the 
arms and central stem and the bifurcation angle 
of the Y apparatus were minimized (split angle 
45ο) to keep Reynolds number to a minimum and 
maintain as laminar flow as possible. A lateral 
port was used at the wall of the main stem to 
obtain pressure readings. Thin (1 mm) metal 
disk-shaped mesh sheets acted as the added 
resistance and could be stabilized in the open 
branch of the Y-connector via a screwed mesh 
holder. The mesh sheets’ radius and thickness 
measured 0.6 cm and 1 mm, respectively.

The second apparatus is the shutter. It consists 
of an electrically activated moving metal part 
occluding the tube’s opening. The investigator, 
with a button, manually operates the shutter. The 
time lag between the manual activation and the 
airway occlusion is negligible, and the occlusion 
duration was automatically set to 100ms. Contin-
uous recording of flow and mouth pressure was 
performed.

Equipment, Procedure and Recordings
All measurements took place at the George D. 

Behrakis Research Lab®, Hellenic Cancer Soci-
ety (Athens, Greece).

Spirometry and body box plethysmography 
measurements were performed by a specialist 
technician using a MedGraphics® Elite Series™ 
Plethysmograph system according to the ERS/
ATS task force standards11. The equipment was 
calibrated as per the manufacturer’s guidelines.

The resistance of the respiratory system was 
evaluated in two separate sessions through two 
methods. First, body plethysmography (Pleth) was 
used to measure total, and specific airway resis-
tance (Raw/sRaw)12. Consequently, we applied the 
novel method to measure total respiratory resistance 
during inspiration (Rin) and expiration (Rex). 

The subjects were allowed to breathe normally 
in an upright sitting position until the software 
automatically scored the FRC line, and three 
identical breaths in tidal volume were obtained13. 
Then the shutter was activated during multiple 
breaths, whether in the inspiratory or expiratory 
phase. The investigators monitored the flow–time 
and flow-volume loops. During the partial instan-
taneous occlusion, there was a distinct momen-
tary drop of flow in accord with the increase of 
mouth pressure and a rapid ‘rebound’ afterwards 
to the normal flow when the added resistance was 
removed. This produced a distinctive ‘denting’ in 
the flow-time curve as depicted in Figure 5.

Figure 4. Schematics of customized mechanical 
extension connected to the plethysmographs’ 
flow sensor. A, Added resistance arm where 
multiple fine mesh sheets can be applied. 
B, Open-end arm where a rapid electrically 
operated shutter can be attached. When the 
shutter is activated, flow is diverted to the added 
resistance arm (A). C, Connection to flow sensor 
and subject
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When this ‘dent’ was identified, we established 
two points in the curve: the first located just be-
fore the drop of flow (point A) and the other when 
Pm reached its peak value (point B). By applying 
equation (9), and given that Pdriving remains 
steady, we could calculate Rtot. 

ΔR represents the fixed extrinsic resistance 
generated by the sheets of fine mesh. Each time 
ΔR was calculated by the difference of Pmouth 
peak (Pmouth) and atmospheric pressure (Patm, 
considered 0) divided by the flow plateau after the 
occlusion, represented by point B.

ΔR = (Pmouth – Patm) / V′(tB) 
Eq. (10)

Where tB is time point B shown in Figure 5.
Since the partial occlusion was performed at 

the same phase of expiration or inspiration and 
the flow variability was minimal (between 1 and 
1.5 L/sec), air turbulence and added dead space 
were considered constant.

Data Analysis
Raw digital data of flow, mouth pressure 

and volume signals were directly obtained from 
the MedGraphics® Elite Series™ Plethysmograph 
system software. The time interval between 
each digitized point measurement of each signal 
was 0.56 m/s. Using Matlab R2010, LabView®, 
the signal was processed through a low frequen-
cy-pass filter to eliminate background noise and 
heartbeat oscillations. Continuous waveforms of 
flow and mouth pressure were synchronized and 
plotted.

Participants
Fifteen non-ambulatory subjects were enrolled 

(7 males, mean age 70 ± 15) and assigned to three 
groups according to their spirometry pattern.

Five individuals (2 males, mean age 67 ± 9) 
who showed FEV1 and FVC parameters >85% 
of predicted values and normal FEV1/FVC ratio 
were assigned to the healthy group. All healthy 
group subjects were non-smokers with no respira-
tory disease history and no apparent radiographic 
abnormalities in the chest X-Ray.

Five individuals (3 males, mean age 65 ± 9) 
with an obstructive flow-volume curve pattern 
and FEV1/FVC ratio <70% were enlisted in the 
obstructive group14. This group included a male 
ex-smoker, clinically diagnosed with asthma 
with fixed obstruction, and four individuals with 
chronic obstructive pulmonary disease (COPD) 
based on the Global Initiative for Obstructive 
Lung Disease (GOLD) criteria15 and compatible 
radiological abnormalities in previous CT scans16. 
According to the GOLD criteria, COPD severity 
was stage 1 (mild) for one subject, stage 2 (mod-
erate) for two, and stage 3 for two, with a mean 
FEV1/FVC ratio of 59%. CT scans of obstructive 
patients with COPD revealed mainly emphysem-
atous abnormalities of various severity with or 
without coexisting bronchiectasis but no indica-
tion of concurrent interstitial disease. 

Five patients (2 males, mean age 77 ± 9) were 
enrolled in the restrictive group; four presented 
with idiopathic pulmonary fibrosis (IPF) and one 
with obesity hypoventilation syndrome diagnosis. 
IPF was diagnosed according to the ATS/ERS 
classification criteria17, and all patients had CT 
scans with compatible abnormalities18. Spirom-
etry and flow-volume loop showed a restrictive 
pattern with FEV1/FVC ratio > 85% and FVC 
<70%. 

Participants were informed of the study’s 
scope and their right to access and withdraw at 
any time. Each participant gave his/her written 
informed consent before beginning the study. 
Ethics approval was granted from the Ethics 
Committee of the School of Medicine, National 
Kapodistrian University of Athens.

Validation of Method
The repeatability of Rtot measurements was 

validated with three approaches. First, multiple 
partial occlusions were performed during quiet 
breathing in at least six respiratory cycles (three 
inspiratory and three expiratory) and mean Rtot 

Figure 5. The actual recording of the subject. Flow–Time 
curve and Mouth Pressure curve during quiet expiration. 
Point A: Flow before the partial occlusion where 
P(t1)=VC+V’ (t1)Rtot. Point B: Flow ‘dent’ when Pm=peak 
and P(t2)=VC+V’ (t2)(ΔR+Rtot). Arrow: Rebound Flow.
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was calculated in each one. Second, an increasing 
number of fine mesh sheets were added, and the 
procedure was repeated each time the applied 
ΔR changed. The minimum number of fine mesh 
sheets that needed to be applied to detect a flow 
‘denting’ was 7, generating a mean resistance of 
1.2 cm H2O/L/sec using Eq. (10). Two more mea-
surements were then obtained with a 2-fold and 
3-fold increase of the added resistance (i.e. 14 and 
21 mesh sheets producing 1.9 and 2.5 cm H2O/L/
sec respectively). If more sheets were added, the 
subject was able to perceive the occlusion.

Finally, using Rtot as a known variable, equa-
tion (9) was solved with the unknown variable 
being the ΔR (ΔR1) and was then compared with 
the actual measured extrinsic resistance (ΔR2).

Figure 6 shows three different ΔR1 vs. ΔR2 
coefficient plots for three subjects- one from each 
group- using the computed Rtot as a fixed vari-
able and changing the value of added resistance.

Statistical Analysis
Comparison between Raw, Rin and Rex among 

groups was performed using Welch paired t-test. 
Statistical significance between R measured and 

R Validated was performed for each added re-
sistance increment using paired t-test. Linear 
regression analysis was performed between Rin 
and Rex with Raw and sRaw parameters obtained 
from the plethysmography.

Results

Fifteen subjects were investigated: five healthy, 
five with obstructive and five with restrictive 
spirometry patterns. Table I summarizes the sub-
jects’ characteristics and measurements. The re-
strictive group showed the lowest FVC, and the 
obstructive group had the lowest FEV1. The high-
est Raw and sRaw were noted in the obstructive 
group at 5.01 (±1.04) cm H2O/L/sec and 18.66 
(±2.65) cm H2O/L/sec/L, respectively.

The mean Rin in the healthy group was 4.99 
cm H2O/L/sec, and the mean Rex was 4.42 cm 
H2O/L/sec. The obstructive group exhibited a 
mean Rin of 4.87 cm H2O/L/sec and a mean Rex 
of 6.63 cm H2O/L/sec. In the restrictive group, 
mean Rin was 5.97 cm H2O/L/sec, and mean 
Rex was 4.12 cm H2O/L/sec. Rex was notably 
higher than Rin exclusively in the obstructive 

Figure 6. ΔR Validation. Within each subject, we compared the measured ΔR (ΔR Measured) with the predicted ΔR (ΔR 
Validated) if Rtot was fixed and Eq.(2) was solved, considering ΔR the unknown variable. No statistical significance was noted 
between ΔR Measured (ΔR1) and ΔR Validated (ΔR2) in all patients and with the increase in the number of fine mesh sheets. 
Mean ΔR (both measured and validated) showed a homogenous decline with the rise of fine mesh sheets.
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group (p<0.001). Rin was significantly higher in 
the restrictive group compared to the healthy and 
obstructive group (p<0.001) (Figure 7).

Rex was positively correlated with Raw and 
sRaw in the obstructive group with a p-value of 
0.0235 and r=0.47. Although no statistical signif-
icance was proved (p>0.05), Rin was positively 
correlated with sRaw within the restrictive group. 

The mean absolute difference between expi-
ratory and inspiratory resistance (δRrs = |Rex|-
|Rin|) was 0.6 cm H2O/L/sec in the control group, 
0.9 cm H2O/L/sec and 1.6 cm H2O/L/sec in the 
obstructive and restrictive group, respectively. 
Although Rin was higher than Rex in the control 
and the restrictive subgroup of subjects, δRrs was 
significantly higher in the latter (p<0.001).

Table I. Participants’ characteristics and Spirometry/Plethysmography results. 

	 Groups	 Healthy	 Obstructive	 Restrictive

N	 5	 5	 5
Age	 67 (+/- 9)	 65 (+/- 6)	 77 (+/- 9)
Sex (male/female)	 2/3	 3/2	 2/3
BMI (Kg/m2)	 26 (+/- 6)	 25 (+/- 2)	 28 (+/- 15)
Smoking (Current/ex/never)	 0/0/0	 4/1/0	 1/2/2
Diagnosis		  4: COPD, 1: Asthma	 4: IPF, 1: OHS
FEV1 (% predicted)	 101 (+/- 2)	 62 (+/- 2)	 79 (+/- 6)
FVC (% predicted)	 102 (+/- 3)	 82 (+/- 6)	 65 (+/- 2)
FEV1/FVC	 75 (+/- 1)	 61 (+/- 3)	 86 (+/- 2)
SVC (% predicted)	 97 (+/- 3)	 89 (+/- 2)	 67 (+/- 3)
TLC (% predicted)	 98 (+/- 4)	 92 (+/- 4)	 60 (+/- 5)
FRC (% predicted)	 100 (+/- 2)	 110 (+/- 2)	 63 (+/- 3)
RV (% predicted)	 86 (+/- 4)	 107 (+/- 3)	 56 (+/- 5)
Raw (cm H2O/L/sec)	 2.77 (+/- 0.023)	 5.01 (+/- 0.102)	 2.59 (+/- 0.067)
sRaw (cm H2O /L/sec/L)	 6.83 (+/- 0.13)	 18.66 (+/- 0.26)	 6.22 (+/- 0.19)

BMI: body mass index, FEV1: forced expiratory volume in 1s, FVC: forced vital capacity, SVC: slow vital capacity, TLC: total 
lung capacity, FRC: functional residual capacity, RV: residual volume, Raw: airway resistance, sRaw: specific airway resistance, 
COPD: chronic obstructive lung disease, IPF: idiopathic pulmonary fibrosis, OHS: obesity hypoventilation syndrome.

Figure 7. Comparison between Raw, Rin, Rex and absolute difference of the two (δRrs) in the three subject groups (Healthy, 
Obstructive, Restrictive). Raw: Airway respiratory resistance, Rin: inspiratory resistance, Rex: expiratory resistance, δRrs: 
the absolute difference between inspiratory and expiratory resistance.
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Validation analysis did not show a significant 
statistical difference between ΔR1 and ΔR2 in 
3 randomly selected patients from all groups in 
three separate measurements with increasing ex-
ternal added resistance. 

A comparison of ΔR1 (measured) vs. ΔR2 (val-
idated) revealed no significant difference for all 
pairs of values within each resistance increment 
(r=1, p=0.786).

Discussion

The current study is the first to present a nov-
el method for respiratory mechanics evaluation 
during resting breathing.

We developed a mathematical model applied 
in a real-life setting during tidal breathing. Total 
respiratory resistance was measured, requiring 
minimal patient cooperation, while our results 
were validated with acceptable repeatability in 
healthy and individuals with respiratory disor-
ders.

The new method succeeded in capturing dis-
tinct alterations of the inspiratory and expiratory 
components of resistance that allow the differ-
entiation between an obstructive and restrictive 
pattern of impairment. Furthermore, as it only 
requires resting breathing, it offers an easy alter-
native for total resistance measurement, especial-
ly for patients unable to undergo the forced ma-
noeuvres of routine pulmonary function testing.

Three different resistance response patterns 
were observed, corresponding to the healthy, 
obstructive and restrictive groups. In healthy sub-
jects, the total respiratory resistance, including 
airways, lung tissue and chest wall, was slightly 
increased during inspiration. The opposite effect 
was noted in patients with obstructive diseases 
such as asthma or COPD, where the expiratory 
Rtot was elevated. This can be logically attribut-
ed to the increased resistance of narrowed air-
ways in these patients (i.e. increased Raw)19. In 
contrast, patients with restrictive diseases such as 
interstitial lung disease or obesity hypoventila-
tion syndrome displayed an increased inspiratory 
Rtot that can be attributed to the increased lung 
tissue (RL) or chest wall (Rcw) resistive proper-
ties, respectively.

Rtot is the sum of the resistive elements that 
govern all the respiratory system’s moving parts 
(i.e. column of air in the airways, lung paren-
chyma, chest wall etc.). Since the novel method 
requires only a partial instantaneous interruption 

of flow, and the glottis remains open, the pres-
sure measured at the mouthpiece reflects both the 
elastic recoil pressure (Pel) and the resistive flow 
pressure of the airways (Paw). 

Our results are in coherence with the findings 
of previous studies reflecting the main pathophys-
iological changes in obstructive and restrictive 
disorders20,21. As expected, obstructive patients 
present an increase of Rex, mainly reflecting the 
increase in airways’ expiratory flow resistive 
pressure (Raw)22. Rex and Raw of the obstructive 
group were positively correlated in our analysis.

Restrictive patients exhibited increased Rin, 
which mirrors the potential increase in lung 
parenchyma’s elastic recoil pressure. However, 
such measurement is not routinely performed and 
requires special invasive instruments and setting 
to determine transpulmonary pressure and lung 
compliance (i.e., oesophageal balloon catheter). 
Thus, there is no available comparative index to 
correlate with Rin measurements.

Our study has several limitations, including a 
limited number of subjects and observations. How-
ever, this study was not designed as a prospective 
one and aimed mainly to describe the methodolo-
gy and investigate feasibility. The technical appa-
ratus applied was developed and realized by our 
team and has not been standardized yet. 

Conclusions

This technique can be used in other settings, 
albeit we recognize that this might be challeng-
ing. Future studies might provide more exten-
sive evidence of this method’s clinical value and 
compare it with other modalities such as impulse 
oscillometry systems.
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