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A B S T R A C T

Background: Chronic obstructive pulmonary disease (COPD) is characterised by airway obstruction with an in-
crease in airway resistance (R) to airflow in the lungs. An extreme case of expiratory airway resistance is
expiratory flow limitation, a common feature of severe COPD. Current analyses quantify expiratory R with linear
model-based methods, which do not capture non-linearity’s noted in COPD literature. This analysis utilises a
simple nonlinear model to describe patient-specific nonlinear expiratory resistance dynamics typical of COPD
and assesses its ability to both fit measured data and also to discriminate between severity levels of COPD.
Methods: Plethysmographic data, including alveolar pressure and airway flow, was collected from n=100 subjects
(40 healthy, 60 COPD) in a previous study. Healthy cohorts included Young (20–32 years) and Elderly (64–85
years) patients. COPD patients were divided into those with expiratory flow limitation (FL) and those without
(NFL). Inspiratory R was treated as linear (R1,insp). Expiratory R was modelled with two separate models for a
comparison: linear with constant resistance (R1,exp), and nonlinear time-varying resistance (R2,exp(t)) using b-
splines.
Results: Model fit to PQ loops show inspiration is typically linear. Linear R1,exp captured expiratory dynamics in
healthy cohorts (RMSE 0.3 [0.2 - 0.4] cmH2O), but did not capture nonlinearity in COPD patients. COPD cohorts
showed PQ-loop ballooning during expiration, which was better captured by non-linear R2,exp(t) (RMSE 1.7
[1.3–2.8] vs. 0.3[0.2–0.4] cmH2O in FL patients). Airway resistance is higher in COPD than healthy cohorts
(mean R2,exp(t) for Young (1.9 [1.6–2.8]), Elderly (2.4 [1.4–3.5]), NFL (4.9 [3.9–6.6]) and FL (13.5 [10.4–21.9])
cmH2O/L/s, with p ≤ 0.0001 between aggregated measures for Young and Elderly healthy subjects and NFL and
FL COPD subjects). FL patients showed non-linear R2,exp(t) dynamics during flow deceleration, differentiating
them from NFL COPD patients.
Conclusions: Linear model metrics describe expiration dynamics well in healthy subjects, but fail to capture
nonlinear dynamics in COPD patients. Overall, the model-based method presented shows promise in detecting
expiratory flow limitation, as well as describing different dynamics in healthy, COPD, and FL COPD patients. This
method may thus be clinically useful in the diagnosis or monitoring of COPD patients using Plethysmography
data, without the need for additional expiratory flow limitation confirmation procedures.

1. Introduction

Chronic obstructive pulmonary disease (COPD) describes a collec-
tion of chronic inflammatory lung diseases, and is a common cause of
death and disability globally [1,2]. COPD is also one of the most com-
mon reasons for intensive care unit (ICU) admission [2]. COPD is esti-
mated to cost the United States upward of $72 billion (~ 0.35 % of GDP)

per annum [3] in direct costs alone, but is often overlooked by gov-
ernments, healthcare systems, and the pharmaceutical industry [4].
Recent studies show 3.2 million deaths per year were due to COPD, and
COPD is the 7th leading cause of years of life lost [5].

Although COPD is is strongly related to tobacco smoking, its un-
derlying causes are more widespread. Factors increasing COPD risk
include a history of respiratory infection, including HIV or tuberculosis,
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and exposure to dust, indoor pollution, or chemical agents and fumes [1,
6–8]. Respiratory illness is classified by restrictive and obstructive lung
function, where restrictive diseases affect both inflow and outflow, and
obstructive diseases primarily affect exhalation. Pulmonary function is
commonly assessed with spirometry or full body plethysmography [9].

Airway obstruction is observable as an increased resistance to
airflow in the lungs [10]. While healthy subjects airway resistance in-
creases slightly with age [11], it rises markedly in COPD subjects,
especially during expiration [12–16]. An extreme case of expiratory
flow resistance is expiratory flow limitation (EFL), where a maximum
flow exists such that an increased pressure gradient cannot achieve
higher flow [17]. When EFL occurs not only during a forced expiration,
but also during tidal breathing, tidal EFL (tEFL) is present. EFL is a well
defined mechanical-pathophysiological condition in COPD subjects at
rest or during exercise [16–19]. EFL is a major determinant of exercise
limitation in COPD [12], since patients with EFL exhibit decreased
inspiratory capacity (IC) throughout exercise [13,20]. Bronchodilation
is a common treatment, but its use in COPD patients is affected by the
presence and severity of EFL [21–26].

Subjects presenting with tEFL often have more advanced COPD, but
EFL can be difficult to diagnose, requiring the negative expiratory
pressure (NEP) technique or surrogate techniques, such as forced os-
cillations or plethysmography [17]. During NEP, negative pressure is
applied at the mouth during tidal expiration, and the resulting flow
volume loop is compared with the previous measured control loop [14].
There is no current standardised method for NEP loop interpretation,
relying instead on investigator experience [25].

Spirometry is commonly performed in patients with respiratory
diseases. Plethysmography can provide added information, such as total
lung capacity (TLC), and functional residual capacity (FRC) [27]. In
comparison, Plethysmography provides added information, such as total
lung capacity (TLC) and functional residual capacity (FRC) [27].
Breathing manoeuvres are used to asses whether a patient has reduced
airflow or lung capacity, indicating possible respiratory disease. How-
ever, results are highly dependent on the patient’s ability to cooperate
correctly and participate in the test [28]. Use of NEP, or other tEFL
detection methods [26], require further additional procedures, specialist
equipment, patient-cooperation during breathing manoeuvres, and/or
clinical expertise for result interpretation [26,29]. Overall, it is thus
difficult to diagnose or assess, limiting diagnosis and monitoring of
response to care overtime.

Model-based, non-invasive, patient-specific methods can identify
pulmonary mechanics and dynamics where other invasive methods fail
[30–35]. They have potential to capture varying disease states within
COPD pathology from easily measured airway pressure and flow during
tidal breathing. Previous model-based approaches have assumed resis-
tance changes linearly with flow. However, in contrast, clinical and
physiological literature show strong non-linearity in expiratory resis-
tance with respect to flow [27,29,36–38]. Other clinical analyses have
attempted to quantify disease state using the shape or area of the
pressure-flow or pressure-volume loop [29,36].

This analysis combines the linear approach and a new nonlinear
expiratory resistance model to capture the nonlinear, patient-specific
expiratory resistance dynamics typical of COPD. There is thus a new
nonlinear modeling approach taken to capture those dynamics not
captured by linear resistance. Plethysmographic data obtained from
previous studies [29,39] is used to validate a model-based approach
based on bothmodel fit to measured data, as well as ability to potentially
discriminate between clinically assessed COPD severity levels. In
particular, the nonlinearity of expiratory resistance in healthy young
subjects, healthy elderly patients, non-flow-limited COPD patients (NFL)
and flow-limited COPD patients (FL) is explored to assess a potential
model-based diagnostic and metric based on commonly acquired
Plethysmographic data, where healthy individuals would be expected to
have minimal nonlinearity beyond the linear expiratory resistance ex-
pected, NFL patients moderate to more severe nonlinearity, and FL

patients the most nonlinearity captured by the new nonlinear expiratory
resistance model term. This outcome is important as a model-based
method for diagnosis, which did not require FVC or similar maneuver,
could enable easier diagnosis and reduce misdiagnosis of those less able
to perform these maneuvers.

2. Methods

2.1. Clinical data

Plethysmographic data from 100 subjects, including 40 healthy
subjects and 60 COPD patients, was collected in previous studies [29,39]
focused on COPD and pulmonary function testing [29,36]. Full study
methodology and details can be found in [29,36], describing 4 cohorts:
20 Young (20–32 years) and 20 Elderly (64–85 years) healthy subjects,
and 60 COPD patients (age > 50 years), 25 with no expiratory flow
limitation (NFL) and 35 patients with expiratory flow limitation (FL).
Flow limitation was assessed by the NEPmethod [17], where a -5 cmH2O
pressure was applied at the mouth during quiet breathing, and
flow-volume (Q-V) loops of control and applied NEP breaths were
compared. Standard FVC tests were also performed, as shown in Table 1,
and show the expected decreasing trend with age, COPD status, and flow
limitation. Patient demographics can be found in Table 1. Both healthy
cohorts were confirmed to have no flow limitation via NEP.

Plethysmographic data was collected using a constant volume
Plethysmograph (MasterScreen Body Plethysmograph, Erich Jaeger
GmbH,Wurzburg, Germany) and includes alveolar pressure (Palv(t)) and
flow at the airway opening (Q(t)). Intrathoracic gas volume (ITGV) was
measured near end-expiration during quiet breathing. [29,36]. Palv is
derived from changes in barometric pressure inside the plethysmog-
raphy box using Boyle’s law [27] and shift volume. Data from COPD
patients includes plethymographic measurements from before bron-
chodilator administration. Long- and short- acting bronchodilators were
withdrawn 24 and 8 hours before the study, respectively [29].

2.2. Model-based analysis

2.2.1. Linear single compartment model
Pressure drop across the airways is typically defined as a function of

flow rate:

Paw(t) − Palv(t) = RQ(t) (1)

Where Paw(t) [cmH2O] is airway pressure, Q(t) [L/s] is airflow, and R
[cmH2O/L/s] is airway resistance. In current standard analyses, R is
assumed constant with time. In plethysmography, Palv is calculated
relative to the atmospheric pressure [29,36], which also represents the
pressure at the airway opening. Thus, Eq. 1 reduces to:

− Palv(t) = RQ(t) (2)

Airway resistance is known to differ between inspiration and

Table 1
Demographic data is median [Inter-quartile range] where relevant. FRC =

functional residual capacity; VT= tidal volume; VC= vital capacity TLC= Total
lung capacity; FVC = forced vital capacity; ITGV = intra-thoracic gas volume.

Young Elderly NFL FL

# Subjects 20 20 25 35
M/F 13/7 17/3 15/10 22/13
AGE (years) 22 [21–24] 71 [69–72] 71 [67–74] 72 [69–78]
BMI 23 [20–25] 26 [24–28] 27 [24–29] 25 [23–27]
FRC (L) 3.3 [2.6–3.9] 3.5 [3.2–4.3] 4.0 [3.3–4.5] 5.0 [4.2–5.9]
VT (L) 0.8 [0.3–1.3] 0.7 [0.3–1.1] 0.9 [0.4–1.5] 0.7 [0.3–1.1]
VC (L) 5.4 [4.1–5.9] 4.1 [3.5–4.8] 2.4 [3.0–3.7] 1.8 [2.3–3.1]
TLC (L) 7.3 [5.8–8.2] 6.7 [6.0–8.0] 6.4 [5.7–8.0] 7.3 [5.8–8.1]
FVC (L) 5.3 [5.0–5.9] 3.8 [3.4–4.5] 2.4 [1.9–3.1] 1.7[1.4–2.2]
ITGV (L) 3.5 [2.7–4.1] 3.5 [3.0–4.1] 4.0 [3.3–4.6] 5.0[4.2–6.0]
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expiration [40,41]. Thus, airway resistance is identified separately for
inspiration and expiration, yielding R1,insp and R1,exp.

− Palv(t) =
(
R1,inspQ(t) tinsp
R1,expQ(t) texp

(3)

Model identification is carried out in Matlab (The Mathworks, Inc.,
Natick, Massachusetts, United States.) using its built in linear least
squares function ’lsqlin’, which constrains all identified parameters
positive, which is physiologically realistic [42]. This linear model
formulation still holds resistance constant over the inspiratory and
expiratory periods. It thus may not fully capture airway dynamics in
COPD patients, where expiratory resistance can be volume dependent
and nonlinear [12,27,29,36,37].

2.2.2. Nonlinear single compartment model
It is hypothesised a non-linear resistance is required to capture the

non-linear airway behaviour during expiration in flow limited patients,
which is critical to diagnosis and further monitoring. The non-linear
resistive model incorporates the constant linear term (R1,insp) identi-
fied during inspiration (Qinsp) alongside an additional dynamic resistive
term (R2,exp(t)), during expiration. Thus, Eq. 3 becomes:

− Palv(t) =
(
R1,inspQ(t) tinsp
R2,exp(t)Q(t) texp

(4)

R2,exp(t) is modelled using a summation of M 2nd order (d = 2) b-spline
functions (Φ1(t): ΦM(t)) to fit the unknown shape function, capturing
any non-linear, time-varying dynamics during expiration:

R2,exp(t) =
∑M

i=1
aiΦi,d=2(t)

− Palv(t) =

⎛

⎜
⎜
⎝

R1,inspQ(t) tinsp
[
∑M

i=1
aiΦi,d=2(t)

]

Qexp(t) texp

(5)

Where ai are constant coefficients of the splines (Φi(t)) identified using
the linear least squares method from plethysmographic data. The second
order b-splines are defined over time [33,43–45]:

Φi,0(t) =

(
1 Ti ≤ t ≤ Ti+1

0 otherwise

Φi,d(t) =
t − Ti

Ti+d − Ti
Φi,d− 1(t) +

Ti+d+1 − t
Ti+d+1 − Ti+1

Φi+1,d− 1(t) for d ≥ 1

(6)

The number (M) of 2nd order (d = 2) splines with knots (Ti) of width
kw=0.01s and time span Tmax = expiratory duration is defined:

M(n) = ceil
(
Tmax(n)

kw

)

+ d (7)

Linear least squares is again used for model identification of R1,insp to
identify the ai coefficients of R2,exp(t) =

∑
aiΦi(t) using the regression

equation defined:

[
Qinsp ∅ … ∅
∅ Φ1,Qexp … ΦMQexp

]

⎡

⎢
⎢
⎣

a1
a2
⋮
aM

⎤

⎥
⎥
⎦ = [− Palv] (8)

2.2.3. Analyses
The identified parameters and model fit of the linear model of (Eq. 3)

are compared to those of the nonlinear model of (Eq. 5), where the R1,exp
constant changes to a nonlinear, time-varying R2,exp(t). Both models are
fit to the plethysmographic pressure and flow data over expiration to
yield expiratory resistances R1,exp and R2,exp(t)= P(aiΦi), respectively, for
each subject. R1,exp and R2,exp(t) are expected to be similar for healthy

subjects, as both terms are capturing the same linear, constant param-
eter dynamics. However, larger values of mean R2,exp(t) are expected for
NFL and FL COPD subjects with their expected, clinically observed
larger and nonlinear expiratory resistance. In both cases, inspiration is
modelled with a linear resistance, R1,insp. Model fit is assessed via root
mean squared error (RMSE).

Inspiratory and expiratory resistance are compared, and expected to
be strongly linearly related with R1,exp > R1,insp [40]. PQ loops are pre-
sented, as they are used clinically to evaluate COPD [12,29,36,37,39].
Where inspiratory and expiratory resistance is purely linear, the PQ loop
reduces to two straight lines with slopes of Rinsp and Rexp respectively. As
non-linearity in airway resistance increases, one or both halves of the PQ
loop balloons out.

The shape of R2,exp(t)) with time and flow is assessed to examine the
time and potential flow dependence of airway resistance during expi-
ration, where previous clinical work suggests a flow or volume depen-
dent resistance [6,24,41]. The following metrics are used to assess
nonlinear resistance differences between cohorts: 1) Mean non-linear
expiratory resistance: mean(R2,exp(t)) =mean(P(R2Φ)); and 2) Area
under the QR curve: AUCRQ = R

exp QdR. The student’s t-test is used
where relevant to assess likely statistically significant differences be-
tween comparators (p ≤ 0.05), thus assessing diagnostic potential met-
rics across sub-cohorts.

3. Results

PQ loops with clinical data and model-fit to data in Fig. 1 show linear
resistance models are acceptable across inspiration and expiration for
healthy Young and Elderly cohorts. In contrast, the FL COPD patient is
not well captured by the linear model, and significant expiatory dy-
namics are missed. In particular, the expiratory looping is completely
missed by the linear model in Fig. 1.

As a result, model error in Table 2 increases with COPD for the linear
model, and is significantly higher (p ≤ 0.0001) in the FL cohorts. This
outcome for the linear model indicates significant limitations on the use
of this model in FL COPD patients, as well as for some NFL subjects.
Expiratory resistance values in Table 2 are higher than inspiratory
resistance, irrespective of whether the model is linear (R2 = 0.85) or
non-linear (R2= 0.70), as expected. Equally, these results match the FVC
values for these cohorts in Table 1, where the more severe the COPD, the
lower the FVC, again, as expected. Thus, the results for R2,exp(t) the
nonlinear resistance term capture a measure of the progression of COPD,
particularly in delineating FL from NFL and healthy cohorts, supporting
the FVC values found in Table 1 in the original experimental study.

Fig. 2 shows R2,exp(t) increases nonlinearly over expiration in COPD
cohorts, particularly in FL cohorts. Plotting non-linear R2,exp(t) against
flow shows the non-linear dynamics mostly occur during decelerating
exhalatory flow, particularly towards the end of the breath. This
behaviour matches expected patterns for end-expiratory flow limitation
[29,37,39]. Typical patients are shown alongside patients with the
highest and lowest mean R2,exp(t) from each cohort. Fig. 3 shows while
R2,exp(t) can overlap in magnitude between FL patients and NFL patients
with very high airway resistance, the dynamic shape is different. In
particular, the NFL subject with high R2,exp(t) exhibits significant
nonlinearity across all expiratory flow, in contrast to the predominantly
decelerating flow dynamic of FL patients. One Elderly patient (outlier)
appears to show resistance dynamics more typical of FL patients.

Healthy patients have overlapping R1,insp ([1.3 [1.1 - 1.6] vs. 1.8 [1.2
- 2.2] cmH2O/L/s, p = 0.04) and R1,exp resistance (1.8 [1.2 - 2.2] vs. 2.4
[1.5 - 2.9] cmH2O/L/s, p = 0.62) outcomes across the Young and Elderly
cohorts, with airway resistance slightly higher, on average, in the
Elderly cohort. Resistance is higher in COPD cohorts (mean R2,exp = 2.1
[1.5 - 3.1] vs. 10.3 [5.4 - 16.2] cmH2O/L/s, p ≤ 0.0001, for healthy and
COPD cohorts respectively), with meanR2,exp most pronounced in the FL
cohort in Fig. 3 (mean R2,exp = 13.5 [10.4–21.9] vs. 2.1 [1.5 - 3.1]
cmH2O/L/s in healthy subjects, p≤ 0.0001). Cohort overlap in resistance
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values in Fig. 3 demonstrates resistance values (R1,insp, meanR2,exp) alone
are insufficient as a clinical marker to accurately distinguish patients
with COPD and/or tEFL, despite FL and NFL cohorts having statistically
different mean R2,exp (p ≤ 0.0001) values.

Fig. 4 shows AUC-RQ is more effective at distinguishing between
COPD patients with and without FL (p≤ 0.0001), although some overlap
remains. Fig. 1 suggests these overlapping NFL patients with high AUC-
RQ can be visually differentiated by the shape of the PQ plot. In
particular, by the size of the balloon or loop evident in FL subjects in
comparison with NFL subjects, as well as the change in slope seen, both
as shown in Fig. 1 and in starker comparison to healthy young and
elderly subjects.

Fig. 4 shows strong linearity and inter-cohort consistency between
the young and old healthy subjects and even the NFL subjects when
comparing R1,exp and mean R2,exp (R2 = 0.85). However, many FL sub-
jects show a divergence from this linear best fit trend, indicating
nonlinear dynamics in expiration are most apparent in this cohort,
matching Fig. 2 and as expected, clinically. Thus, overall, NFL patients
show higher airway resistance than young and elderly otherwise healthy

cohorts, and FL patients are distinguishable by their significantly non-
linear expiratory resistance.

4. Discussion

This study presents a model-based method for examining nonlinear
expiratory resistance in COPD patients using standard spirometry PQ
loops. The novel finding in this analysis is COPD patients with FL can be
distinguished from healthy and NFL COPD cohorts by their significant
nonlinearly increasing airway resistance at end-expiration, particularly
during decelerating flow. This outcome matches and objectively quan-
tifies previous work [29] analysing PQ loop ballooning in patients with
tEFL, providing additional descriptive metrics enabling identification of
patients with tEFL via Plethysmographic data alone.

The results presented here indicate limitations in the relatively
common use of linear, or averaged, airway resistance models, an
assumption underlying most clinical literature in this area to date [12,
15,25,29,36–39,46–48]. Appendix A includes an example of a patient’s
plethysmographic data (Fig. 5; Appendix A), and every result for each
patient is shown in Table 3, including identified model parameters for
every patient in each respective cohort. Such models show good
model-fit to data in healthy subjects, and may even be reasonably
reflective of underlying airway dynamics in some NFL COPD patients, as
shown in Figs. 1, 2 and Table 2. In contrast, FL COPD patients had sig-
nificant PQ loop ballooning, not captured by the linear model, particu-
larly during decelerating flow. Previous work [29] has captured these
PQ loop abnormalities via geometric metrics, such as PV loop areas
(work of resistance) combined with peak flow. This study adds to pre-
vious work through quantification of time and flow-varying effective
airway resistance over expiration, and does so within a model-based
framework used in respiratory digital twins [30,49,50].

By definition, tEFL indicates a decoupling of flow from applied
airway pressure gradients, with flow limited to some maximum value.
This behaviour is reflected in the non-linear resistance as sharply
increasing resistance, denoting greater pressure gradient per unit flow.

Fig. 1. PQ loops for alveolar pressure (Palv) with the linear and nonlinear model fits. The linear model only shows every 10th data point for clarity and ease of
reading the plot. The results show the clear growth of an expiratory loop and loss of slope in the PQ plot as COPD presents and becomes more severe for FL cases.

Table 2
Median [IQR] of model parameters and fit error for linear and nonlinear models
for the Young (Y), Elderly (ELD), and COPD subjects (NFL and FL).

Linear Nonlinear

R1,insp R1,exp RMSE Mean R2,exp(t) RMSE
[cmH2O/
L/s]

[cmH2O/L/
s]

[cmH2O] [cmH2O/L/s] [cmH2O]

Y 1.3
[1.1–1.6]

1.7
[1.5–2.8]

0.3
[0.2–0.3]

1.9 [1.6–2.8] 0.1
[0.1–0.1]

ELD 1.8
[1.2–2.2]

2.4
[1.5–2.9]

0.3
[0.3–0.4]

2.4 [1.4–3.5] 0.1
[0.1–0.1]

NFL 3.0
[2.7–3.6]

4.2
[3.7–6.6]

0.6
[0.4–1.0]

4.9 [3.9–6.6] 0.1
[0.1–0.2]

FL 5.9
[4.6–7.9]

5.9
[8.6–15.4]

1.7
[1.3–2.8]

13.5
[10.4–21.9]

0.3
[0.2–0.4]
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This nonlinearity is greatest during decelerating flow, as shown in Fig. 2.
Such behaviour during decelerating flow was not apparent in NFL COPD
subjects, even those with high expiratory resistance. Nonlinearity in the
Elderly subjects with the highest expiratory resistance, such as the
outlier in Fig. 4, suggests this patient may be beginning to experience
COPD-like dynamics. Overall, Fig. 4 shows FL COPD patients can be
distinguished from healthy patients with high specificity.

NFL COPD patients can be thought of as an ’intermediate’ disease
stage in the healthy to severe progression, with higher resistance
compared to healthy subjects and different expiatory resistance shape
dynamics compared to either healthy or FL COPD subjects. Thus, model-
based nonlinear expiratory resistance derived from plethysmographic
data may be a clinically useful tool in the diagnosis and monitoring of
COPD progression. This outcome results from the ability of models to
better quantify dynamics which might be less directly apparent in the
data.

Several mechanisms contribute toward the progression of EFL by
reducing the expiratory flow reserve in the tidal volume range [18].
Increased airway resistance, age, obesity, augmented cholinergic bron-
chial tone, decreased lung elastance, airway- parenchyma uncoupling,
and airways collapsibility are all mechanisms of EFL [18]. Predominant
reduction of maximal expiratory flow rates at lower lung volumes ap-
pears more crucial in promoting EFL [18]. In the presence of EFL,
deformation of airways at choke points and downstream segments,
coupled with local high air velocity, and possibly with small airways
collapse, may cause peripheral airway and parenchymal injury [20].

Pecchiari et al [29] suggest tEFL contributes significantly to PQ loop
ballooning in COPD, adding to other mechanisms, such as lung hetero-
geneity, air trapping, and lung recruitment [29]. They show highly
correlated (R2 = 0.8))inspiratory and expiatory PV loop area under the
curve (AUC-PV) in NFL patients, where AUC-PV corresponds work of
resistance, since the PV loops in this case utilise relative alveolar

Fig. 2. Time (top) and flow-course (bottom) of nonlinear expiratory resistance (R2,exp) for three example patients from each cohort.

Fig. 3. Inspiratory and mean non-linear expiratory resistance R2,exp for all four patient cohorts.
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pressure (Eq. 2). By contrast, variance of expiratory AUC-PV was not
well explained by inspiratory AUC-PV (R2 = 0.25)) Similarly, Fig. 4
shows deviation from the tight linear correlation between inspiratory
resistance and mean expiatory resistance in FL COPD patients. In Fig. 4,
of patients with COPD, only those with FL move away from the line of
best fit, suggesting NFL patients have some consistency in underlying
mechanistic dynamics contributing to overall increased resistance be-
tween inspiration and expiration, and may thus capture an intermediate
condition.

Hence, overall, the results presented support the model-based R2,

exp(t) term in its ability to capture the nonlinear dynamics of expiratory
resistance in Figs. 1, 2 and Tables 1, 2. The results in Figs. 3 and 4 show
good discrimination of FL versus NFL and healthy subjects, but only
moderate discrimination with no p-value for discriminating the evolu-
tion of NFL to FL patients. In all cases, flow limitations were assessed
using NEP, but the results found track well with the FVC results for each
cohort in Table 1 with FVC decreasing with age, COPD, and flow limi-
tation. There is thus consistency between the model-based results and
the clinical data for discriminating between FL and healthy subjects.
However, the discrimination of NFL subjects from either FL or healthy
cohorts was not clear.

The results presented here build on those of D’Angelo et al [11], who
utilise (implicit) linear resistance models of inspiratory and expiratory
resistance, and their ratio, to discriminate between healthy and COPD
patients. Such an approach exploits the higher average expiratory
resistance seen in Fig. 4, which is exacerbated by the sharp rise in
resistance at end expiration (Fig. 2). While some ratio of expiratory and
inspiratory resistance shows promise in discriminating between healthy
and COPD patients in their analysis, the authors note that the 95th
percentile confidence interval on their analysis is wide [11,29,39]. The
advantage of a nonlinear approach to describing expiratory resistance is
that all shape dynamics are captured, providing additional information
that may add to clinical diagnoses, giving greater insight to more
borderline or complex conditions and better describing disease
progression.

One study limitation is NEP cannot be applied within the Plethys-
mograph, requiring separate procedures [29]. In addition, NEP detects
the presence of FL at a set additive pressure gradient, and may miss tEFL
under higher pressure gradients, or diagnose tEFL is not significantly
present under the breathing conditions and methodology for

Plethysmography. These issues may explain why some FL subjects have
resistance values falling close to the line of best fit in Fig. 4, as it is
possible they were not as significantly flow limited during the Ple-
thesmographic breathing recording. Alternatively, deviation from this
line of best fit may indicate some specific underlying mechanism, such
as airway collapse, which could be investigated in future work. Pro-
spective future studies should also explore the different underlying
COPD conditions and their effects on expiratory R dynamics, as
modelled here.

A limitation of using plethysmographic data includes the assump-
tions made to calculate alveolar pressure from shift volume with the
application of the ideal gas law, but are mitigated by the specific ma-
noeuvres and/or clinical conditions used during plethysmography [27].
The alveolar pressure surrogate derived from plethysmographic mea-
surements represents an average alveolar pressure across the entire
lung, rather than a anatomically specific measurable pressure. However,
the assumptions inherent in this derived alveolar pressure match the
underlying assumptions of a single compartment lung model, as used
here.

A limitation of the single compartment model is the inability to
capture heterogeneity. Lung geometry differs for each side of the lung
even in normal healthy people, and heterogeneity in underlying lung
mechanics and disease progression may mask some clinical disease
manifestations in plethysmographic data. However, Plethysmography is
a widely-used and well understood analysis tool, and this analysis aims
to improve its utility by providing extra model-based insight from the
existing data it provides.

The nonlinear model-based airway resistance and resulting metrics
presented here, may be of clinical utility in the diagnosis and monitoring
of COPD conditions using Plethysmography alone. Use of NEP requires
additional procedures and clinical expertise for result interpretation [26,
29]. Other tEFL detection methods are summarised elsewhere [26], but
require specific breathing manoeuvres, and therefore patient
co-operation, or specialist technology. Thus, a method to suggest or
detect the presence of tEFL during standard Plethysmographic mea-
surements has the potential to improve clinical diagnosis and moni-
toring of COPD conditions, without adding clinical or patient burden.

Fig. 4. (left) Correlation of inspiratory and expiratory resistance around the 1:1 line. (right) Distributions of the area under the expiratory resistance-flow curve
(AUC-RQ) for all four cohorts.
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Table 3
Identified model parameters for each patient, with an identifier for the 4 cohorts, old (O), young (Y), non-flow limited COPD (NFL), and flow limited COPD (FL), with
inspiratory resistance (R1,insp), expiratory resistance (R1,exp), mean R2,exp(t), root mean squared error for the linear model, and root mean squared error for the nonlinear
model per subject. Table 3a: subjects 1–40, Table 3b: subjects 41–80, Table 3c: subjects 81–100.

Patient Category R1,insp R1,exp Linear RMSE Mean_R2,exp(t) Nonlinear RMSE

1 Y 1.6 3.0 0.6 2.9 0.2
2 Y 1.7 3.5 0.5 3.8 0.1
3 Y 1.5 2.6 0.4 2.5 0.1
4 Y 2.3 3.0 0.3 3.3 0.1
5 Y 1.1 1.2 0.2 1.0 0.1
6 Y 1.2 1.0 0.2 0.7 0.1
7 Y 1.1 2.0 0.3 2.2 0.1
8 Y 1.1 1.6 0.2 1.2 0.0
9 Y 0.9 1.7 0.3 1.6 0.1
10 Y 1.6 1.6 0.3 1.6 0.2
11 Y 1.2 1.3 0.2 2.0 0.1
12 Y 1.0 1.8 0.2 1.7 0.1
13 Y 1.5 1.7 0.3 1.6 0.1
14 Y 0.7 1.5 0.2 1.5 0.1
15 Y 1.9 3.1 0.4 3.6 0.1
16 Y 1.6 2.3 0.2 2.7 0.1
17 Y 1.4 1.6 0.3 1.9 0.2
18 Y 1.2 2.1 0.3 2.1 0.1
19 Y 1.1 1.5 0.2 1.5 0.1
20 Y 1.8 3.0 0.3 3.0 0.1
21 Eld 2.8 2.7 0.4 6.2 0.2
22 Eld 1.8 2.6 0.3 2.6 0.1
23 Eld 2.4 2.9 0.6 3.5 0.2
24 Eld 2.3 2.9 0.3 3.5 0.1
25 Eld 0.8 0.7 0.2 0.9 0.1
26 Eld 1.6 1.9 0.3 2.1 0.1
27 Eld 1.8 3.4 0.4 3.7 0.2
28 Eld 2.2 2.7 0.3 2.6 0.1
29 Eld 1.3 1.1 0.2 1.3 0.1
30 Eld 2.1 3.1 0.6 3.0 0.1
31 Eld 2.4 1.7 0.3 2.0 0.1
32 Eld 2.1 4.6 0.5 8.0 0.1
33 Eld 2.1 3.0 0.3 3.1 0.1
34 Eld 0.9 1.5 0.3 1.4 0.1
35 Eld 1.1 0.4 0.3 0.6 0.2
36 Eld 1.7 2.1 0.2 2.2 0.1
37 Eld 1.4 1.8 0.3 2.1 0.1
38 Eld 1.1 1.5 0.2 1.5 0.1
39 Eld 0.6 1.2 0.2 1.2 0.1
40 Eld 2.1 2.8 0.4 3.5 0.1
41 NFL 2.8 4.8 0.5 5.4 0.1
42 NFL 7.7 11.8 1.2 11.7 0.4
43 NFL 2.8 4.0 0.5 4.1 0.1
44 NFL 1.7 3.1 0.5 3.0 0.2
45 NFL 3.0 4.0 0.4 4.3 0.1
46 NFL 3.1 6.1 0.7 6.1 0.1
47 NFL 3.5 5.1 0.4 4.9 0.1
48 NFL 8.0 15.2 2.2 15.0 0.4
49 NFL 1.9 2.0 0.3 2.4 0.1
50 NFL 2.8 3.6 0.3 3.5 0.1
51 NFL 2.9 5.2 0.7 5.8 0.1
52 NFL 4.4 7.1 1.0 7.6 0.2
53 NFL 6.5 15.1 2.4 14.9 0.4
54 NFL 3.2 6.4 0.9 6.3 0.1
55 NFL 3.7 3.7 0.9 4.6 0.3
56 NFL 5.6 8.7 1.0 9.0 0.2
57 NFL 2.6 3.9 0.6 4.3 0.1
58 NFL 2.2 2.8 0.4 2.8 0.1
59 NFL 2.2 1.6 0.4 1.7 0.1
60 NFL 3.0 3.9 0.4 5.3 0.1
61 NFL 3.2 4.2 0.4 4.9 0.1
62 NFL 2.7 7.8 1.3 7.8 0.2
63 NFL 3.3 4.0 0.6 4.6 0.1
64 NFL 2.8 4.6 0.8 4.9 0.2
65 NFL 1.6 2.9 0.4 3.1 0.1
66 FL 7.8 12.9 1.5 13.7 0.3
67 FL 6.2 12.5 2.7 21.9 0.2
68 FL 5.1 8.7 1.8 9.8 0.3
69 FL 5.8 8.3 1.3 9.6 0.3
70 FL 4.4 11.0 1.7 13.0 0.1
71 FL 13.4 19.0 3.3 22.3 0.8
72 FL 9.4 18.2 2.6 25.6 0.4

(continued on next page)
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5. Conclusions

A model-based method is presented which quantifies nonlinear
expiratory resistance in healthy and COPD patients, and is compared to
the linear model typical of current clinical analyses. A linear resistance
term generally described inspiratory airway resistance well, but only
described expiratory resistance in healthy cohorts. COPD patients with
and without expiratory flow limitation showed nonlinear dynamics in
expiratory resistance, which were most significant in the presence of
flow limitation. FL COPD patients showed nonlinear dynamics in airway
resistance with decelerating expiratory flow, and in particularly had
increasing resistance near end-expiration. FL COPD patients are clearly
separated from healthy patients when the area under the resistance-flow
curve was compared. Overall, this model-based analysis was able to
differentiate COPD and healthy patients, and capture disease progres-
sion. Thus, a non-linear expiratory resistance derived from plethysmo-
graphic data may be a clinically useful tool in the diagnosis and
monitoring of COPD progression.
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Appendix A

Fig. 5

Table 3 (continued )

Patient Category R1,insp R1,exp Linear RMSE Mean_R2,exp(t) Nonlinear RMSE

73 FL 7.7 16.7 3.6 31.6 0.3
74 FL 3.7 12.0 3.8 31.0 0.2
75 FL 9.1 13.7 3.3 18.8 0.6
76 FL 4.2 7.3 1.2 8.0 0.1
77 FL 9.3 22.6 3.5 24.7 0.5
78 FL 4.5 13.1 3.3 20.3 0.3
79 FL 4.2 7.4 1.6 9.0 0.2
80 FL 5.4 8.9 1.0 10.4 0.2
81 FL 5.9 10.1 1.5 10.2 0.2
82 FL 4.7 7.0 0.9 8.9 0.2
83 FL 5.3 10.1 1.1 12.0 0.1
84 FL 3.0 5.2 0.7 5.6 0.1
85 FL 12.8 18.8 1.8 23.4 0.4
86 FL 9.8 12.5 1.7 17.3 0.5
87 FL 5.3 11.4 1.4 12.2 0.2
88 FL 6.4 12.3 2.8 23.3 0.3
89 FL 4.2 10.0 2.6 13.2 0.1
90 FL 10.1 18.2 2.0 21.8 0.3
91 FL 6.8 13.5 2.9 14.8 0.4
92 FL 10.2 16.4 1.5 18.1 0.4
93 FL 7.7 8.6 1.3 13.5 0.6
94 FL 3.8 9.5 2.6 13.3 0.2
95 FL 5.1 16.2 5.0 23.6 0.2
96 FL 7.8 8.5 1.1 11.5 0.4
97 FL 4.6 8.5 1.4 9.8 0.2
98 FL 7.7 16.0 2.5 18.2 0.3
99 FL 4.9 7.9 1.3 10.5 0.2
100 FL 8.0 10.3 1.2 11.0 0.4
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Fig. 5. An example of a patient’s plethysmographic alveolar pressure (Palv) data as a function of time, plotted against the linear (black dotted line) and nonlinear (red
dotted line) models of alveolar pressure. Flow (Q) as a function of time, volume (V) as a function of time, resistance (R) as a function of time with the linear model
constant resistance (blue dotted line), and the nonlinear model dynamic resistance term, R2Φ (red dotted line), a pressure-flow loop with model comparisons, a
pressure-volume loop, resistance as a function of flow, and resistance as a function of volume.
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