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Abstract Objective: Although com-
puterized methods of analyzing res-
piratory system mechanics such as
the least squares fitting method have
been used in various patient popula-
tions, no conclusive data are avail-
able in patients with chronic obstruc-
tive pulmonary disease (COPD),
probably because they may develop
expiratory flow limitation (EFL).
This suggests that respiratory me-
chanics be determined only during
inspiration. Setting: Eight-bed multi-
disciplinary ICU of a teaching hospi-
tal. Patients: Eight non-flow-limited
postvascular surgery patients and
eight flow-limited COPD patients.
Intervention: Patients were sedated,
paralyzed for diagnostic purposes,
and ventilated in volume control
ventilation with constant inspiratory
flow rate. Measurements: Data on
resistance, compliance, and dynamic
intrinsic positive end-expiratory
pressure (PEEPi,dyn) obtained by
applying the least squares fitting

method during inspiration, expira-
tion, and the overall breathing cycle
were compared with those obtained
by the traditional method (constant
flow, end-inspiratory occlusion
method). Results and conclusion:
Our results indicate that (a) the pres-
ence of EFL markedly decreases the
precision of resistance and compli-
ance values measured by the LSF
method, (b) the determination of res-
piratory variables during inspiration
allows the calculation of respiratory
mechanics in flow limited COPD pa-
tients, and (c) the LSF method is
able to detect the presence of PE-
EPi,dyn if only inspiratory data are
used.
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Respiratory mechanics by least squares fitting
in mechanically ventilated patients: 
application on flow-limited COPD patients

Introduction

Computerized methods of analysis of respiratory system
mechanics such as the least squares fitting (LSF) have
been used in various patient populations [1, 2, 3] and
have provided data that substantially agree with those
obtained by conventional methods [4]. However, no con-
clusive data are available in patients with chronic ob-
structive pulmonary disease (COPD), probably because
they may develop expiratory flow limitation (EFL) [5].
This could lead to erroneous measurement of the respira-

tory mechanics parameters since expiratory flow be-
comes independent of the downstream pressure. To test
this hypothesis we assessed the LSF method in a popula-
tion of flow-limited COPD patients compared with a
population of a homogeneous non-flow-limited ICU pa-
tients. Since flow limitation pertains to expiration, we
reasoned that the agreement between data obtained by
the conventional and the LSF method could be improved
by calculating data during inspiration.

C.A. Volta (✉ ) · E. Marangoni · V. Alvisi 
M. Capuzzo · R. Ragazzi · L. Pavanelli 
R. Alvisi
Department of Surgical, 
Anesthesiological and Radiological Sciences,
Section of Anesthesia and Intensive Care,
Ospedale S. Anna, University of Ferrara,
Corso Giovecca n. 203, 44100 Ferrara, Italy
e-mail: vlc@dns.unife.it
Tel.: +39-532-206570
Fax: +39-532-206570



49

Patients and methods

Eight flow-limited COPD patients and eight patients following
vascular surgery patients (control group) were prospectively com-
pared. Their clinical characteristics are given in Table 1. The diag-
nosis of COPD was based on clinical history and lung function
tests [6]. The eight COPD patients were admitted to our ICU for
management of acute respiratory failure while the patients of the
control group were admitted for postoperative management. The
research was approved by our institutional ethics committee, and
informed consent was obtained from all subjects.

Patients were tracheally intubated and ventilated with volume-
controlled ventilation (CMV) with constant inspiratory flow rate
by means of a Servo 900C ventilator (Siemens-Elema, Solna,
Sweden). Flow (V′) was measured with a heated pneumotacho-
graph (3700, 0–160 l/min, Hans Rudolf, Kansas City, Mo., USA)
placed between y-piece and endotracheal tube connected to a dif-
ferential pressure transducer (DP55±3.5 cmH2O Raytech Instru-
ments, B.C., Canada). Airway pressure (Paw) was measured
through a side port on the connector between the respiratory cir-
cuit and the endotracheal tube using a differential pressure trans-
ducer (DP55±100 cmH2O Raytech). As previously described [5],
the presence of EFL was assessed by the application of a pulse of
negative pressure during the tidal expiration (NEP test).

Study design and data analysis

The presence of EFL was verified during mechanical ventilation
while patients were lying in a semirecumbent position. Patients
were studied on zero end-expiratory pressure, heavily sedated,
paralyzed, and subjected to CMV with no inspiratory pause.

Least square fitting method

Approximately 12 consecutive breaths were analyzed. Tidal 
volume (VT) was calculated by the digital integration of the flow
signal. Respiratory mechanics parameters were calculated by fit-
ting the equation:

Paw=R×V′+VT/C+PEEPi,dyn (Eq)

on a linear single-compartment model using multiple linear re-
gression. In this equation the parameters R and C are constants re-

ferring to, respectively, resistance and compliance; PEEPi,dyn is a
constant that represents any distending pressure at zero flow and
volume and can be regarded as dynamic intrinsic positive end-ex-
piratory pressure [4, 8]. Equation 1 was applied during inspiration,
expiration, and the whole breathing cycle. Hence three different
values for resistance (Rrsinsp, Rrsexp, Rrswhole), compliance (Crsinsp,
Crsexp, Crswhole) and PEEPi,dyn (PEEPi,dyninsp, PEEPi,dynexp, 
PEEPi,dynwhole) were obtained.

Conventional method

Static intrinsic positive end-expiratory pressure (PEEPi,st) was
measured by occluding the airway for 5 s by means of the end-
expiratory hold function of the ventilator [9]. Each value was an
average of 3 maneuvers. CMV breaths were analyzed by the con-
stant flow, end-inspiratory occlusion method [9], obtaining a con-
ventional measurement of minimum (Rmin,rs) and maximal inspi-
ratory resistance (Rmin,rs) and dynamic compliance (Cdyn,rs).
For this purpose the airways were occluded for 5 s at end inspira-
tion until, after the initial drop from the peak value to a lower 
value (P1), a plateau was observed, which was read as P2. Resis-
tance and compliance were calculated as follows, with V′ being
the inspiratory flow immediately preceding the occlusion:

Cdyn,rs=VT/P1-PEEPi,st

Rmin,rs=(Ppeak-P1)/V′Rmax,

rs=(Ppeak-P2)/V′

Statistical analysis

Results are expressed as mean ±SD. Data were analyzed using the
Wilcoxon signed rank test. Compliance, resistance, and intrinsic
positive end-expiratory pressure were compared using linear re-
gression analysis. Also, bias and precision were calculated [10]
and the differences compared using the Wilcoxon signed rank test.

Results

The NEP test detected EFL only in COPD patients,
which in turn exhibited higher resistance and PEEPi,st
than the control group (Table 1).

Resistance and compliance

Results are shown in Table 2. In the presence of EFL, re-
sistance and compliance weighted on the whole breath-
ing cycle exhibited high bias and low precision, while
those calculated on expiration gave unrealistic data (i.e.,
negative value). In contrast, data weighted on inspiration
were acceptable in both patient populations (Table 2).
The results of the linear regression analysis indicate a
good agreement between Rrsinsp and Rmax,rs, and be-
tween Crsinsp and Cdyn,rs.

In the absence of EFL, Rrsinsp always overestimated
Rrsexp (11±4 vs. 9±3 cmH2O l–1 s--1), although determi-
nation of resistance and compliance assessed on expira-
tion markedly decreased precision compared to inspira-
tion (Table 2).

Table 1 Patient clinical characteristics and ventilator setting. Data
of respiratory mechanics were calculated by conventional method
[VT tidal volume, V’ constant inspiratory flow, f respiratory rate,
Ti/TTOT duration of inspiration/duration of breathing cycle (duty
cycle), Rmax,rs/Rmin,rs/Cdyn,rs maximal resistance/minimal re-
sistance/ dynamic compliance of the respiratory system, PEEPi,st
static intrinsic positive end-expiratory pressure, COPD patients
with chronic obstructive pulmonary disease)

Control group COPD

FEV1/FVC (% predicted [7]) 84±4 46±11
VT (l) 0.71±0.08 0.49±0.06*
V′ (l s–1) 0.66±0.15 0.52±0.11*
f (min–1) 12±1.4 13±1.5
Ti/TTOT 0.33±0.07 0.26±0.03*
Rmax,rs (cmH2O l–1 s–1) 12.1±4.1 20.3±5.8*
Rmin,rs (cmH2O l–1 s–1) 7.6±2.4 13.1±2.7*
Cdyn,rs (ml cmH2O–1) 49±12 44±19
PEEPi,st (cmH2O) 1.8±1.8 5.4±3.9*

*p<0.05
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PEEPi,dyn

In the presence of EFL, the LSF method detected the
presence of PEEPi,dyn only when analysis was restricted
to inspiratory data since its application during the whole
breath and expiration yielded unrealistic results. In addi-
tion, PEEP,dynexp values were negative and hence clini-
cally unacceptable (Table 3). Although PEEPi,dyninsp
always underestimates PEEPi,st (Fig. 1), the results of
the linear regression analysis indicate a good agree-
ment between the two parameters (PEEPi,st=0.76+
1.45×PEEPi,dyninsp; r2=0.85). 

Table 2 Mean and standard deviation of difference between LSF
measurements and conventional method of respiratory mechanics
determination during CMV; values are given in cmH2O l–1 s–1 (resis-
tance) and ml cmH2O–1 (compliance) (Rrsinsp/Rrsexp/Rrswhole/
Crswhole/Crsinsp/Crsexp resistance and compliance calculated by LSF

method during inspiration, expiration, and whole breathing cycle;
Rmax,rs/Rmin,rs/Cdyn,rs maximal resistance, minimal resistance,
and dynamic compliance of the respiratory system; COPD patients
with chronic obstructive pulmonary disease)

Mean difference: “bias” Standard deviation: “precision”

Control group COPD Control group COPD

Rrswhole–Rmax,rs –1.9 –2.9 1.1 4.9
Rrswhole–Rmin,rs 2.8* 7.4* 1.6 4.1
Rrsinsp–Rmax,rs –0.7 0.3 1.1 2.6
Rrsinsp–Rmin,rs 3.9* 6.7* 2.1 2.7
Rrsexp–Rmax,rs –3.1 –a 1.5 –a

Rrsexp–Rmin,rs 1.5 –a 2.5 –a

Crswhole–Cdyn,rs 3.5 –6.6 3.1 4.7
Crsinsp–Cdyn,rs 3.1 2.0 2.2 4.9
Crsexp–Cdyn,rs 2.0 –a 5.2 –a

*p<0.05
a No values are reported since data weighted on expiration were negative

Table 3 Mean and standard deviation of difference between dy-
namic intrinsic positive end-expiratory pressure calculated by LSF
during the whole breathing cycle (PEEPi,dynwhole), inspiration
(PEEPi,dyninsp), and expiration (PEEPi,dynexp), and static intrinsic

positive end-expiratory pressure (PEEPi,st) measured by conven-
tional method; values are given in cmH2O (COPD patients with
chronic obstructive pulmonary disease)

Mean difference: “bias” Standard deviation: “precision”

Control group COPD Control group COPD

PEEPi,dynwhole–PEEPi,st –0.7 –5.1* 0.5 1.7
PEEPi,dyninsp–PEEPi,st 0.8 –1.9 0.6 1.5
PEEPi,dynexp–PEEPi,st –0.9 –a 0.5 –a

*p<0.05
a No values are reported since PEEPi,dynexp values were negative

Fig. 1 Static intrinsic positive end-expiratory pressure (PEEPi,st)
calculated by conventional method plotted simultaneously against
dynamic intrinsic positive end-expiratory pressure (PEEPi,dyn)
measured by the LSF method both during the whole breathing cy-
cle and inspiration (for further explanations, see text). Solid line
Identity line

▲
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Discussion

This study explored the LSF method of assessing respi-
ratory system mechanics in two patient populations that
differ mainly in the presence or absence of EFL. It is
typical of this clinical condition that the expiratory flow
is independent of downstream pressure. Hence the air-
way pressure that the LSF method considers for data de-
termination is not related to the pressure that is driving
the expiratory flow (i.e., the pressure before the flow-
limited segment).

To verify the importance of EFL, data obtained by the
conventional method were first compared with those ob-
tained during the whole breathing cycle. In presence of
EFL, resistance and compliance exhibited higher bias
and lower precision than in the control group (Table 2),
and hence it was tempting to explore the application of
the LSF method only during inspiration.

Resistance and compliance

Application of the LSF method during inspiration mark-
edly reduced bias and increased precision in flow-limited
COPD patients, without any remarkable effect in the
control group.

Crsinsp exhibited a good agreement with Cdyn,rs,
while Rrsinsp with Rmax,rs. The latter finding is partially
at odds with that of Iotti and coworkers [4] who reported
the best agreement between the resistance assessed over
the entire breath and an intermediate value of Rmax,rs
and Rmin,rs. However, the results of the two studies are
almost identical if patients with EFL are excluded, and
the whole breathing cycle is considered, as in the other
study [4].

The importance of EFL is confirmed by the applica-
tion of the LSF method during expiration, which was
successful only in the control group, although with high-
er bias and low precision than during inspiration. The
expiratory resistance obtained was lower than that calcu-
lated during inspiration. This is not surprising since our
values for resistances included endotracheal tube resis-
tance, which varies greatly with flow. If the average flow
decreases, as during expiration compared with inspira-
tion, resistance should decrease.

PEEPi,dyn

The presence of EFL implies the analysis to be restricted
to inspiratory data. However, the values of PEEPidyninsp
were always lower than those of PEEPi,st (Table 3,
Fig. 1). This underestimation could be due to the mathe-
matical significance of PEEPi,dyn, which represents the
minimal value of PEEPi,st that patients should over-
come to initiate the ensuing breath [8]. In our case 
PEEPi,dyninsp represented 64% of PEEPi,st.

Clinical implications

The LSF method provides some clinical advantages over
the conventional method because it allows the continu-
ous determination of respiratory mechanics without the
need for constant inspiratory flow rate, end-inspiratory
hold, and end-expiratory occlusion [4]. Moreover, by ap-
plying it only during inspiration, measurements of resis-
tance, compliance, and PEEPi,dyn are possible continu-
ously at the bedside, even in presence of EFL. This sug-
gests the ability of testing different ventilatory strategies
and the efficacy of the drugs administered, such as bron-
chodilating agents.

Calculation of PEEPidyn is of particular clinical in-
terest since this parameter has a breath by breath vari-
ability, varies considerably during the day and among
ventilatory strategies and can be responsible of deleteri-
ous effects on hemodynamics [8].

The same reasoning could be applied to PEEPi,st, al-
though with some differences since PEEPi,st cannot be
measured continuously and can differ from PEEPi,dyn
[11]. Whereas PEEPi,st represents the average PEEPi
present within a nonhomogeneous lung characterized by
regional differences in mechanical properties, PEEPi,dyn
reflects the lowest regional value of PEEPi within the
lung and underestimate PEEPi,st in the presence of sig-
nificant time constant inequalities [11]. In this connec-
tion it should be noted that the ratio between PEEPi,dyn
and PEEPi,st, an index of inhomogeneity of PEEPi in-
equality, can be used to help detect the presence and se-
verity of airways obstruction in mechanically ventilated
patients [11].
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