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ABSTRACT:  Respiratory mechanics, using flow interruption, was previously stud-
ied during the complete breath in healthy ventilated man, with numerical techniques
relieving constraints regarding flow pattern. The classical linear model of non-
Newtonian behaviour was found to be valid. The present study was extended to
subjects with critical lung disease.

Subjects with acute lung injury (ALI; n=2), acute respiratory distress syndrome
(ARDS; n=4), and chronic obstructive pulmonary disease (COPD; n=3) were stud-
ied with and without positive end-expiratory pressure (PEEP).  Functional residual
capacity (FRC) was measured with sulphur hexafluoride (SF6) wash-out.

The static pressure-volume (P-V) curve was linear at zero end-expiratory pres-
sure (ZEEP), but nonlinear at PEEP.  Its hysteresis was nonsignificant.  In ALI/
ARDS, PEEP increased lung volume by distension and recruitment, but only by
distension in COPD.  In ALI/ARDS, resistance was increased, at ZEEP.  In COPD,
resistance became extremely high during expiration at ZEEP.  In ALI/ARDS at
ZEEP, non-Newtonian behaviour, representing tissue stress relaxation and pendel-
luft, complied with the classical linear model.  At PEEP, the non-Newtonian com-
pliance became volume-dependent to an extent correlated to the nonlinearity of the
static P-V curve.  In COPD, non-Newtonian behaviour was adequately explained
only with a model with different inspiratory and expiratory behaviour.

The classical model of the respiratory system is valid in ALI/ARDS at ZEEP.
More advanced models are needed at PEEP and in COPD.
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The flow interruption method has been used for stud-
ies both in ventilated humans and animals.  The analy-
sis has been based on a classical model. This model
includes a Newtonian resistor (R) representing mainly
airway resistance [1], a Newtonian capacitor (C) repre-
senting the static pressure-volume (P-V) relationship and
a unit, that comprises a resistor (Rve) and a capacitor
(Cve) (fig. 1), which reflects non-Newtonian behaviour
due to ventilation inhomogeneity (pendelluft) and tissue
viscoelasticity (stress adaptation).  It is well-known that
these two phenomena cannot be distinguished on the
basis of pressure and flow measured at the airway open-
ing [1, 2].  It will be discussed below that Rve and Cve
probably represent tissue viscoelasticity to a greater ex-
tent than pendelluft in the present context.  Rve and Cve
will together be denoted the viscoelastic unit, to be con-
sidered in a broad sense.  Due to methodological limi-
tations, most studies have been limited to inspiration and
constant flow [2–16].  Recently, we modified the flow
interruption technique to improve accuracy of data acqui-
sition and analysis [17].  Rve and Cve were estimated
with a numerical iterative method.  This method is not
limited to a particular flow pattern.  This enabled an
analysis of the complete respiratory cycle.  In normal sub-
jects, the static P-V curve was linear.  The static P-V

curve did not show any hysteresis over the tidal volume.
R was independent of flow and volume during inspira-
tion but increased during expiration.  Non-Newtonian
behaviour, thought to represent tissue viscoelasticity, fully
accorded with the model in which Rve and Cve are con-
stant during a breath.
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Fig. 1.  –  The model of the respiratory system.  A "Newtonian unit"
incorporates a resistor (R), which mainly represents airway resistance,
and a capacitor (Cst), which defines static compliance.  A "visco-
elastic unit" comprises a capacitor (Cve) and a resistor (Rve).  At a cer-
tain moment (t) the pressure gradients within the system are denoted
Pres(t), Pel,st(t) and Pve(t).  R, Cst, Rve and Cve may be constant or vari-
able.  Pres: resistive pressure; Pel,st: static elastic recoil pressure; Pve:
pressure over the viscoelastic unit.
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The aim of the present study was a comprehensive
analysis of the mechanical behaviour of the respiratory
system, over the complete respiratory cycle, in a spec-
trum of subjects with critical lung disease.  Nonlinear
behaviour of the Newtonian components in subjects with
lung disease is known [8–10, 14–16, 18].  However, the
validity of a linear model of the viscoelastic unit has not
been systematically analysed.  Therefore, the validity of
the classical model with constant Rve and Cve, was test-
ed.

More composite, nonlinear models were tried when
the classical model failed.  Numerical techniques that are
well-suited for analysis of nonlinear systems [19] were
applied.

Material and methods

Subjects and ventilation

The study was approved by the local Ethics Commit-
tee.  Nine intubated subjects (table 1), ventilated for criti-
cal lung disease, were studied in the supine position.
Two of them met the criteria for acute lung injury (ALI)
and four for acute respiratory distress syndrome (ARDS)
according to American-European consensus [20].  Three
subjects had been treated for chronic obstructive pul-
monary disease (COPD) for years. They were ventilat-
ed during an acute exacerbation.

The study was performed after traditional initial sta-
bilization for 1 day or more in all subjects.  Treatment
included dehydration, administration of cardiotropic
drugs and bronchodilatation, according to clinical needs.
Pulmonary capillary wedge pressure was below 1.5 kPa
and cardiac output was normal.  The patients had no

pleural effusion or pneumothorax at the time of the study.
Clinical and haemodynamic conditions were stable.  The
subjects were sedated with fentanyl (5 µg·kg-1) and mida-
zolam (0.15 mg·kg-1). Paralysis was maintained during
the study with pancuronium bromide, 0.15 mg·kg-1.
Routine care, such as tracheal aspiration, was performed
some minutes before the study.  Volume-controlled ven-
tilation was delivered with a Servo Ventilator 900C
(Siemens-Elema AB, Solna, Sweden), using a constant
inspiratory flow pattern.  The inspiratory time was 25%
and the postinspiratory pause 10% of the respiratory
cycle.  Respiratory frequency, tidal volume, and frac-
tional inspiratory oxygen (FI,O2) were individually set as
required.  In ALI/ARDS a positive end-expiratory pres-
sure (PEEP) was set according to "the best PEEP" level.
The level was determined from the "inflection" point of
the P/V curve at which compliance is observed to increase
rapidly during the super syringe test, that was used as a
part of the clinical routine [21, 22].  In subject No. 8,
PEEP was needed to avoid hypoxia.  Lung mechanics were
studied at that level of PEEP and at zero end-expiratory
pressure (ZEEP).  Subject No. 5 became hypoxic at ZEEP
and, therefore, PEEP was only reduced from 1.3 to
0.6 kPa.  In subjects Nos. 7 and 9, who did not require
PEEP, an arbitrary level of PEEP was temporarily set
during the study.

Modelling of the respiratory system

The respiratory system was modelled for Newtonian
resistance and compliance and for non-Newtonian beha-
viour (fig. 1). The Newtonian resistor (R) represents main-
ly airway resistance [1].  The static elastic properties
of lung and chest wall are represented by a capacitor

Table 1.  –  Subject characteristics and diagnosis

Sub.                   Height        Weight         Age                                              VT PEEP*      Pa,O2/FI,O2

No.       Sex           cm            kg             yrs                 Diagnosis                 mL·kg-1 kPa          mmHg

1 M 156 63 81 ALI, 10.7 1.0 260
pneumonia

2 M 165 78 70 ARDS, 10.2 1.2 110
coronary insufficiency

3 M 176 75 22 ALI, 11.7 1.0 217
chest trauma

4 M 170 54 45 ARDS, 10.7 1.0 88
pneumonia

5 M 167 69 60 ARDS, 9.5 1.3 78
coronary insufficiency,
sepsis

6 M 164 50 38 ARDS, 18.3 0.8 88
Pneumocystis

7 M 169 88 74 COPD, 10.2 0 289
lymphangitis
carcinomatosa

8 F 145 33 51 COPD 13.6 0.8 168
exacerbation

9 M 162 70 75 COPD 9.1 0 44
exacerbation

*: the value represents PEEP applied clinically based upon the "best PEEP level" [12].  Sub: subject; M: male; F: female; ALI:
acute lung injury; ARDS: acute respiratory distress syndrome; COPD: chronic obstructive pulmonary disease; VT: tidal volume;
PEEP: positive end-expiratory pressure; Pa,O2/FI,O2: arterial oxygen tension over fraction of inspired oxygen.



(Cst).  The non-Newtonian properties of the respiratory
system are represented by a capacitor (Cve) and a resis-
tor (Rve) mounted in parallel.  The product Rve·Cve defines
the time constant of the viscoelastic unit (τve).  The pres-
sure over the viscoelastic unit will be denoted Pve.  For
a linear viscoelastic unit, which implies that Rve and Cve
are constant, the rate of change of Pve with time can be
expressed as:

dPve(t) / dt = V '(t) / Cve - Pve(t) / [Rve·Cve]    (1)

Equation (1) is well known [2] and was recently ex-
plored using a numerical iterative technique [17].  The
equation can be extended to nonlinear models with vari-
able values of Cve and Rve.  For instance in this study,
we have allowed Cve to vary with volume charge of the
capacitor, which is a function of time (Vve(t)):

dPve(t) / dt = V '(t) / Cve(Vve(t)) - Pve(t) / [Rve·Cve(Vve(t))]

(2)
Equations (1) and (2) are valid at any moment and apply
to any flow pattern.  Equation (2) cannot be rearranged
to give an explicit expression for V '(t). Hence, parameter
estimations based on these equations require numerical
iterative techniques [17].  Variation of Cve with respect
to its volume charge was accomplished by letting Pve
vary nonlinearly with Vve(t):

Pve(t) = k1,ve·Vve(t) + k2,ve·Vve(t)2 (3)

Equation (3) is differentiated with respect to volume:

dPve(t) / dVve(t) = k1,ve + 2·k2,ve·Vve(t)      (4)

By definition dPve(t)/dVve(t) is the viscoelastic elastance
at volume Vve(t).  Accordingly, Cve(Vve(t)) becomes:

Cve(Vve(t)) = 1/ [k1,ve + 2·k2,ve·Vve(t)]       (5)

The flow interruption technique

The classical flow interruption method was modified
as described in detail in a previous paper [17].  Only key
features of the method will be reported here.  The ven-
tilator system was carefully checked for leaks.  A num-
ber of "study breaths", each preceded by some identical
undisturbed breaths, were interrupted at various mom-
ents of the respiratory cycle (fig. 2).  Each study breath
gives information about R, static elastic pressure (Pel,st),
and Pve. After the interruption, no further information is
retrieved from the breath.  The volume reference point
for expiratory study breaths was obtained at onset of
inspiration before the interrupted expiration.  A device
for external control of the ventilator [17] overrides the
frequency set on the ventilator, but only during the inspi-
ratory phase for an inspiratory study breath and vice versa
for an expiratory study breath.  It allowed interruption
of a study breath without any influence on ventilation
before the moment of interruption.  Ventilator tubings

of minimal resistance and compliance were used.  Each
value of flow rate sampled was corrected with respect
to gas compression in the connecting tubes.

Intratracheal pressure was measured with a Validyne
transducer (MP45) and a catheter ending about 4 cm
beyond the tip of the tracheal tube, where effects of
changing diameter of the conduit have died away.  Flow
was measured with the transducers of the ventilator.  The
10–90% response time to a square-wave pressure or flow
change was 5 ms.  The time lag differed between sig-
nals less than 3 ms.  Both pressure and flow measuring
systems were optimally dampened.  Anti-aliasing filters
with a cut-off frequency of 100 Hz were applied before
the signals were recorded with a computer after ana-
logue-to-digital (A/D)-conversion at 200 Hz.  During
expiration, lung volume returns to the same volume as
before inspiration.  In spite of this, measured expiratory
volumes may differ from measured inspiratory volumes
because of technical limitations, gas humidification, and
effects of the respiratory quotient. The calibration of
expiratory flow was, therefore, adjusted so that expired
volume was identical to inspired volume for ordinary
breaths.  After interruption of the study breath, pressure
was analysed during a pause of 3 s.  Heart artefacts were
corrected for by fitting a polynomial equation to the pres-
sure signal recorded during 3–4 heart cycles occurring
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during the pause following interruption as described pre-
viously [17]. The pressure immediately before interrup-
tion (measured at t 0) was denoted total pressure (Ptot).
It comprised resistive pressure (Pres), static elastic recoil
pressure (Pel,st), and the pressure over the viscoelastic
unit (Pve).  Ptot was corrected for the volume change
taking place during the finite closing time of the expi-
ratory valve of the Servo Ventilator, as described previ-
ously [23].  The volume change during closure was
measured for each study breath.  The change of pressure
that would occur during the same volume interval if the
breath had not been interrupted was added to Ptot (t0)
and, thereby, to Pres (fig. 2) before calculation of resis-
tance, as described previously [17].

The dynamic elastic recoil pressure (Pel,dyn), which is
the sum of Pel,st and Pve, was read immediately after
flow cessation (at instant t1).  Pres was calculated as the
difference between Ptot and Pel,dyn.  Pel,st was measured
2 s after flow cessation (at instant t2).  The amount of
gas trapped in the lung above the elastic equilibrium
point, Vtrap, was assessed by clamping the inspiratory
valve for a few cycles, during which expired volumes
were recorded and summed [24].  The start of a study
breath and t1 were, under computer/observer interaction,
defined from moments of flow transition, whilst t0 was
defined as the moment preceding flow deceleration.  All
values were then read by the computer program.  Obser-
vations were limited to the tidal volume range.

Resistance (R) was calculated as Pres/V '(t0).  The vol-
ume relative to functional residual capacity (FRC) (V)
at the moment of flow interruption, was calculated by
integration of flow from the start of inspiration.  Work
dissipated within the respiratory system during a breath
was calculated from the area of the Ptot/V loop.  FRC
was determined with the wash-in/wash-out technique of
sulphur hexafluoride (SF6) [25].  To reach a stable alveo-
lar concentration of SF6 10 min of equilibration were
allowed in ALI/ARDS patients and 20 min in COPD
patients.

Analysis of non-Newtonian behaviour

Calculation of τve, Cve, Rve, and non-Newtonian work
was performed as follows.  Firstly, we analysed data
from all subjects using the linear model, i.e. a model
with constant non-Newtonian parameters. τve was calcu-
lated from a polynomial describing the pressure curve
during the pause.  This was the polynomial used for heart
artefact correction.  Pel,st was subtracted from this curve
to obtain an estimate of Pve(t), that was fitted to the fol-
lowing equation to estimate τve.

Pve(t) = Pve(t1)·e-t/τve (6)

The value of Pel,st used in this procedure is slightly over-
estimated because of the fact that Pve(t) has not reached
zero after 2 s.  As Pve is considered to fall to this in-
exact value of Pel,st, an error is introduced in the calcu-
lation of τve.  This error will cause a bias toward lower
values.  The error will depend on the interval of the poly-
nomial that is used for calculation of Pve(t).  Theoretical
analysis shows that for intervals of up to 1 s the error

will be 4–10%.  If up to 2 s had been used, the error
would increase rapidly to about 33%.  We used the poly-
nomial equation up to 1 s in order to minimize the error
and yet use as much as possible of the original infor-
mation.

Calculation of Cve was performed with a previously
described numerical iterative technique [17].  The value
of Cve was estimated according to the principle of the
least sum of squares between observed values of Pve and
the calculated theoretical course of Pve.  Rve was finally
calculated as τve/Cve.

A nonlinear model, in which Cve varied according to
Equation (5), was also tested.  Then τve is a variable that
cannot be defined as above.  Therefore, each of the co-
efficients, k1,ve, k2,ve and Rve was estimated in an itera-
tive process.  For each moment represented by a recorded
value of flow the value of Cve(Vve(t)) was calculated
according to Equation 5.  The change of Pve(t) for the
same moment was then calculated according to Equation
(2).  This process was repeated for each flow sample of
the normal breath and the sum of squared differences
was determined in the same way as for the linear model.
One of the coefficients was then changed by a small
amount and the process was repeated until the combi-
nation of values of k1,ve, k2,ve and Rve that gave mini-
mal sum of squared differences was obtained.  The whole
process was repeated with various initial values of the
coefficients to guarantee a homogenous convergence and,
thereby, a unique solution. The significance of the
improved fit between observed and calculated values of
Pve obtained with the nonlinear model, was evaluated
according to an F-ratio test.  If an adequate fit was still
not obtained, as was only the case in obstructive lung
disease, we considered that non-Newtonian properties
might differ between inspiration and expiration.  Accordin-
gly, we estimated separate parameters of the viscoelas-
tic unit for inspiration and expiration.  This model was
denoted "the composite model".

The total work dissipated within the viscoelastic unit
during a breath (Wve) was calculated from the area of
the Pve/V loops (fig. 3).

Results

Newtonian behaviour

Heart beat induced variations in tracheal pressure were
on average 0.055 kPa and were of the same magnitude
as Pres and Pve.

To evaluate static hysteresis, the mid-tidal difference
between the inspiratory and expiratory Pel,st was analy-
sed.  There was no significant difference either at ZEEP
or at PEEP (0.044±0.096 kPa and 0.060±0.12 kPa, res-
pectively). Figure 4 shows typical Pel,st-V curves.  In each
subject, data from all inspiratory and expiratory study
breaths were pooled and fitted to a first or second degree
polynomial:

Pel,st = k0,st + k1,st·V + k2,st·V2 (7)

The linear equation provided an adequate fit to obser-
ved data in each of the eight subjects studied at ZEEP.
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Fig. 3.  –  The calculated trajectory of Pve compared to data observed in five subjects (subjects Nos. 1–4 and 8) in whom the linear model was
accepted at ZEEP.  ❍ : inspiration;    : postinspiratory pause; ● : expiration.  Expiratory data were lost in subject No. 4.  ZEEP: zero end-expira-
tory pressure; Pve: pressure over the viscoelastic unit.

Fig. 4.  –  Pel,st and Pve data during inspiration (❍) and expiration (●) plotted against volume for subject No. 2 at PEEP 1.2 kPa, subject No. 6 at
PEEP 0.8 kPa and subject No. 9 at ZEEP.  Upper panels: the Pel,st/V relationship showed no significant hysteresis.  Middle panels:  in each of the
subjects the trajectory deviated systematically from the data points.  Lower panels:  in subjects Nos. 2 and 6 the nonlinear model improved the
visual fit and reduced the sum of squared differences between calculated trajectory and data points observed to less than a third compared to the
linear model.  In subject No. 9 only the composite model improved the fit significantly.  PEEP: positive end-expiratory pressure.  For further abbre-
viations see legends to figures 1 and 3.
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When a second degree polynomial was tried, the im-
provement in the fit was trivial and the sign of the qua-
dratic term was randomly distributed between positive
and negative values.  Hence, the linear equation was used
to describe the Pel,st-V curve at ZEEP (table 2).  At PEEP,
however, a nonlinear Pel,st-V relationship was evident in
most subjects (fig. 4).  A second degree polynomial was
applied.  The quadratic term was found to be positive in
all nine cases (both at low and high PEEP in subject
No. 5).  Accordingly, a second degree polynomial was ac-
cepted to describe the Pel,st-V relationship at PEEP.  The
positive quadratic term indicates that compliance fell
with lung volume.

In ALI/ARDS (subjects 1–6), PEEP caused an increase
of FRC to 1.6 times the value at ZEEP (range 1.3–1.8).
In COPD (subjects 7–9), the corresponding value was
1.1 (table 2).  (The lower value of PEEP in subject No.
5 is regarded as ZEEP in this and the following two para-
graphs).  The measurement of FRC made it possible to
display the Pel,st-V curves at ZEEP and PEEP on a com-
mon volume scale. PEEP caused a displacement of the
curve towards higher volumes (fig. 5). This displace-
ment, measured as indicated in figure 5, was on average
0.44 L (range: 0.12–0.71 L) in ALI/ARDS and 0.07 L in
COPD.  The compliance at the lowest part of the Pel,st-V
curve, i.e. k1,st, at PEEP was, in ALI/ARDS, 1.5 times
higher than the constant compliance at ZEEP.  At the
end of inspiration, however, compliance at PEEP was
only 0.6 of the value at ZEEP. Compliance in COPD
was at PEEP at the start of inspiration similar to the
value at ZEEP but fell during insufflation to 0.6 of that
value.

The intercept of the static Pel,st-V curve corresponded,
within 0.1 kPa, to measured total PEEP in all instances

except in subjects Nos. 3 and 8 at ZEEP.  Their mea-
sured auto-PEEP was 0.26 and 0.22 kPa lower than the
intercept, respectively.  Auto-PEEP was in ALI/ARDS
at ZEEP on average 0.16±0.04 kPa and unaffected by
PEEP.  In COPD auto-PEEP reached 0.3, 1.4 and 1.6 kPa
at ZEEP and fell at PEEP in the two latter cases to 0.5
and 0.8 kPa (table 2).

In ALI/ARDS, inspiratory resistance at mid-inflation
was 0.38 and 0.30 kPa·L-1·s at ZEEP and PEEP, respec-
tively (table 2).  The corresponding values of expira-
tory resistance were 0.36 and 0.23 kPa·L-1·s.  At ZEEP,
subjects Nos. 1 and 2 showed higher resistance at end-
expiration (fig. 6).  Conversely, at PEEP, subjects Nos.
2, 5 and 6 disclosed a rise of resistance at maximum
inflation. In COPD, mid-inspiratory resistance was 2.0
kPa·L-1·s at ZEEP and 1.9 kPa·L-1·s at PEEP.  Expiratory
resistance at the same volume was 5.0 kPa·L-1·s at ZEEP

Table 2.  –  Volumes and static elastic properties

Pel,st Cst

Mid-tidal Mid-tidal
Sub     PEEP  Auto-PEEP    VT FRC      Vtrap k0,st k1,st k2,st Preinsp. Postinsp.      RI RE

No.      kPa        kPa          L          L         mL        kPa      kPa·L-1 kPa·L-2 L·kPa-1 L·kPa-1 kPa·L-1·s  kPa·L-1·s

1 - 0.19 0.68 1.8 187 0.19 1.34 - 0.75 * 0.43 0.33
1.0 0.10 0.68 3.2 8 1.12 1.48 0.55 0.68 0.45 0.27 0.23

2 - 0.20 0.79 1.5 136 0.30 1.84 - 0.54 * 0.58 0.56
1.2 0.08 0.78 2.4 12 1.28 1.13 1.05 0.89 0.36 0.28 0.26

3 - 0.20 0.88 1.0 29 0.46 3.05 - 0.33 * 0.48 0.59
1.0 0.20 0.92 1.4 28 1.30 2.24 0.61 0.45 0.30 0.47 0.37

4 - 0.14 0.59 - 93 0.14 2.35 - 0.43 * 0.49 -
1.0 0.17 0.71 - 20 1.17 1.34 1.78 0.74 0.26 0.41 0.22

5 0.6 0.15 0.66 1.9 - 0.75 1.52 1.43 0.66 0.29 0.12 0.13
1.3 0.10 0.65 2.5 - 1.40 1.27 2.42 0.79 0.23 0.15 0.11

6 - 0.10 0.92 1.9 113 0.11 1.69 - 0.59 * 0.20 0.20
0.8 0.20 0.91 3.2 0 1.10 0.50 1.88 1.99 0.25 0.24 0.18

7 - 1.40 0.90 1.7 478 1.40 1.40 - 0.71 * 1.4 4.0
1.0 0.50 0.85 2.1 310 1.50 1.42 0.32 0.70 0.51 1.1 1.6

8 - 0.30 0.45 2.5 0 0.52 1.99 - 0.50 * 1.9 4.1
0.8 0.29 0.44 2.9 - 1.09 1.96 1.72 0.51 0.29 1.9 2.9

9 - 1.63 0.64 3.2 605 1.63 2.56 - 0.39 * 2.7 7.0
1.2 0.81 0.64 3.1 - 2.01 1.64 2.30 0.61 0.22 2.8 3.9

FRC: functional residual capacity; Vtrap: the volume of gas trapped in the lung above the elastic equilibrium point; Pel,st: static elas-
tic recoil pressure; (Pel,st=k0,st + k1,st·V + k2,st·V2 where V is volume); Cst: static compliance; RI: inspiratory resistance; RE: expi-
ratory resistance; Preinsp.: preinspiratory; Postinsp.: postinspiratory.  *: postinspiratory Cst equals preinspiratory Cst in linear models.
For further abbreviations see legend to table 1.
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Fig. 5.  –  The Pel,st/V curves were for subjects Nos. 2, 3, 6 and 8 plot-
ted on an absolute volume scale common for ZEEP (        ) and PEEP
(-------) according to the calculated polynomials and FRC (table 2).
The curves at PEEP were displaced toward higher volumes as indi-
cated by horizontal lines.  FRC: functional residual capacity.  For fur-
ther abbreviations see legends to figures 1, 3 and 4.
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Fig. 6.  –  Resistance was plotted on an absolute volume scale com-
mon to ZEEP and PEEP.  The tidal volume is indicated with a thick
line along the abscissa.  In subject No. 9 the tidal volume covered
similar absolute volume range at ZEEP and PEEP. ❍ : ZEEP inspira-
tion; ● : ZEEP expiration; ❏ : PEEP inspiration; ■ : PEEP expiration.
For abbreviations see legends to figures 1, 3 and 4.

Table 3.  –  Non-Newtonian properties:  linear model

Sub       PEEP       τve Cve Rve MSD
No.        kPa          s        L·kPa-1 kPa·L-1·s      kPa2

ALI 
1 0 0.63 2.4 0.26 0.0001
1 1.0 0.52 2.2 0.24 0.0009
2 0 0.67 1.5 0.44 0.0009
3 0 0.67 0.9 0.73 0.0044
4 0 0.42 1.1 0.37 0.0001
6 0 0.65 1.7 0.37 0.0012
COPD
8 0 0.49 1.0 0.48 0.0015

τve: viscoelastic time constant; Cve: viscoelastic compliance;
Rve: viscoelastic resistance; MSD: mean squared deviation
between observed data points and the calculated curve of the
pressure over the viscoelastic unit-volume (Pve-V) loop.  For
further abbreviations see legend to table 1.

Table 4.  –  Non-Newtonian properties:  nonlinear model and composite model

Pve Cve

Sub           PEEP          k1,ve k2,ve Preinsp.        Postinsp.          Rve Cve,E Rve,E MSD
No.            kPa          kPa·L-1 kPa·L-2 L·kPa-1 L·kPa-1 kPa·L-1·s       L·kPa-1 kPa·L-1·s        kPa2

ARF
2 1.2 0.29 0.56 3.4 0.86 0.71 - -  0.0007
3 1.0 0.88 0.77 1.1 0.44 1.05 - - 0.0033
4 1.0 0.56 0.98 1.8 0.51 0.50 - - 0.0004
5 0.6 0.35 0.65 2.8 0.83 0.65 - - 0.0005
5 1.3 0.77 1.56 1.3 0.36 0.95 - - 0.0012
6 0.8 0.72 1.13 1.4 0.36 0.87 - - 0.0009
COPD
7 0 0.12* 0.54* 8.2* 0.92* 0.45* 1.11 0.62 0.0007
7 1.0 0.66* 0.79* 1.5* 0.50* 0.52* 0.98 0.62 0.0003
8 0.8 0.39* 2.28* 2.6* 0.42* 1.17* 0.44 1.17 0.0006
9 0 0.68* 1.09* 1.5* 0.48* 1.18* 0.41 0.95 0.0009
9 1.2 0.81* 1.42* 1.2* 0.38* 1.22* 0.49 1.07 0.0010

Pve=k1,ve·Vve + k2,ve·Vve2 where Vve is volume charge over capacitator (Cve); Cve,E: expiratory compliance; Rve,E: expiratory resis-
tance; MSD: mean squared deviation between observed data points and the calculated trajectory.  *: the composite model.  Data
are valid for inspiration only.  For further abbreviations see legends to tables 1–3.

and increased further to much higher values during late
expiration (fig. 6).  At PEEP, inspiratory and expiratory
resistance did not significantly vary with lung volume
in COPD.

Non-Newtonian behaviour

The linear model gave a proper fit between observed
and calculated values of Pve in five subjects studied at
ZEEP (subjects Nos. 1–4 and 8) (fig. 4).  According to
the F-test, no significant improvement of the fit could
be obtained with a nonlinear model.  The linear model
was then accepted. In these cases, average Cve was 1.4
L·kPa-1, Rve 0.46 kPa·L-1·s and τve 0.58 s (table 3).  The
mean squared deviation between observed data points
and the calculated Pve-V loop was 0.0014 kPa2.

In the remaining recordings in ALI/ARDS patients,
i.e. one at ZEEP and all seven at PEEP, the mean squared
deviation between observed Pve data points and the tra-
jectory based on the linear model was larger, on aver-
age 0.0039 kPa2.   Furthermore, the shape of the calculated
trajectory differed systematically from the experimental
data points (fig. 4).  By allowing the value of Cve to be
volume-dependent, the mean squared difference fell to
on average 0.0010 kPa2.  The systematic deviation in
shape between observed data points and the calculated
trajectory disappeared.  According to the F-test, the high-
er order model, based on a volume-dependent capacitor,
offered a significant improvement (p<0.01). Accord-
ingly, the model based on a volume dependent capaci-
tor was accepted with the results given in table 4.

In the remaining five records, which were obtained
in COPD patients, the linear model resulted in large and
systematic deviation between data points and calculated
trajectory.  The nonlinear model did not improve the fit
in any of these records. When the composite model was
applied, the mean squared difference fell to on average
0.0007 kPa2.  The systematic difference between data
points and trajectory disappeared (fig. 4) (p<0.01). The
coefficients of the composite non-Newtonian model are
given in table 4.

Absolute volume  L
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There was a significant correlation between the coef-
ficients relating to nonlinearity of Cst and Cve, i.e. k2,st
and k2,ve (p<0.05) (fig. 7).

Pve reached, on average, a maximum of 0.36 kPa dur-
ing inspiration and a minimum of -0.14 kPa during expira-
tion (table 5).  At the end of expiration, Pve was consistently
negative and, on average, -0.1 kPa.  The work dissi-
pated in the viscoelastic unit averaged 0.18 kPa·L (J).
In ALI/ARDS the non-Newtonian work amounted to an
average of 34% of the total work dissipated in the res-
piratory system (range 19–45%), and only 12% in COPD.
The energetics of the respiratory system may be illus-
trated efficiently by a composite diagram depicting Ptot,
Pel,dyn, and Pel,st during the full respiratory cycle (fig. 8).

Discussion

Methods

The method applied in this study extends the infor-
mation of mechanics to the complete breathing cycle
[17].  The determination of FRC [25], at the prevailing
pattern of ventilation, allows deeper analysis, e.g. of the
effect of PEEP.  The ventilation of the patient is undis-
turbed during all measurements, apart from interruptions
during study breaths.  The numerical technique allowed
us to test the validity of the classical model for non-
Newtonian behaviour during inspiration as well as dur-
ing expiration, and to test modifications of that model
with nonconstant values of Rve and Cve.  It is noteworthy
that the analysis of such more composite models was
based on simple mathematics, Equation (2).

We used a device for external control of the ventila-
tor frequency that was only active during the particular
phase of a study breath to be analysed.  Thereby, we
maintained the volume history preceding all study breaths
to be unaffected.  This may be particularly important in
studies of patients in whom the situation is not static
before inspiration, i.e. in patients in whom flow con-
tinues until the end of expiration because of auto-PEEP.

Fig. 7.  –  Regression between coefficients relating to nonlinearity of
Cst and Cve, k2,st and k2,ve, respectively (tables 2 and 4).  For abbre-
viations see legend to figure 1.

Table 5.  –  Pressure and work of the viscoelastic unit
and total work

Pve

Sub PEEP VT max min Wve Wtot Wve/Wtot

No. kPa L kPa kPa kPa·L kPa·L %

1 - 0.68 0.14 -0.06 0.07 0.32 22
1.0 0.68 0.17 -0.07 0.08 0.27 30

2 - 0.79 0.26 -0.13 0.14 0.76 19
1.2 0.78 0.39 -0.04 0.14 0.51 29

3 - 0.88 0.56 -0.32 0.44 1.05 42
1.0 0.92 0.74 -0.23 0.43 0.99 44

4 - 0.59 0.23 -0.13 0.12 0.39 30
1.0 0.71 0.34 -0.08 0.14 0.42 33

5 0.6 0.66 0.26 -0.05 0.06 0.20 29
1.3 0.65 0.48 -0.09 0.13 0.29 45

6 - 0.92 0.33 -0.09 0.18 0.44 42
0.8 0.91 0.57 -0.12 0.28 0.67 41

7 - 0.90 0.28 -0.20 0.22 2.07 11
1.0 0.85 0.37 -0.20 0.24 1.25 19

8 - 0.45 0.18 -0.07 0.06 0.76 9
0.8 0.44 0.29 -0.18 0.10 0.67 16

9 - 0.64 0.42 -0.26 0.20 2.64 8
1.2 0.64 0.50 -0.23 0.23 2.39 9

Wve: work of breathing of the viscoelastic unit; Wtot: total work
of breathing; max: maximum; min: minimum.  For further
abbreviations see legends to tables 1 and 3.

Auto-PEEP
= 1.6 kPa

Static
equilibrium

Trapped gas = 0.6 L
FRC

-0.6 0.6

4

2

Pel,dyn

Pel,st

P  kPa

Volume  L

Subject 9

Fig. 8.  –  Mechanical behaviour of the respiratory system can be comprehensively illustrated by a composite pressure-volume (P-V) diagram, subject
No. 9.  The total tracheal pressure (outer loop) comprises Pres, Pel,st and Pve. (Pel,st + Pve) represents dynamic elastic recoil (Pel,dyn) (inner loop).  This
loop is cut by the Pel,st curve.  In this example, the Pel,st-V curve when extrapolated hit the static equilibrium point of the volume axis, which was reached
after expiration of 0.6 L of trapped gas.  This was not observed in each case.  FRC was 3.17 L.  For abbreviations see legends to figures 1 and 5.
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A description of the device is available from the auth-
ors.  Heart artefacts in tracheal pressure were five times
larger than in normal subjects [17], and of similar size,
as shown by D'ANGELO and co-workers [5, 6].  We regard
heart artefact attenuation as an important measure for
accurate measurements.  Likewise, direct measurement
of tracheal pressure is favourable to avoid errors asso-
ciated with subtraction of pressure across the tracheal
tube [26].

Continuing gas exchange during a pause of lung ven-
tilation may lead to artefacts in determination of Pel,st
and Pve, since the respiratory quotient (RQ) differs from
zero.  A value of RQ lower than 1.0 implies that the lung
loses volume and that Pel,st falls.  During a prolonged
pause, RQ may fall to low values, as has been discussed
by SHARDONOFSKY et al. [27].  Pel,st will be underesti-
mated, whilst Pve will be attributed a numerical value
that is too high. If oxygen consumption in a relaxed
subject is 200 mL·min-1 and RQ during the first 2 s after
flow interruption is assumed to be in the range 0.85–0.5,
the error will be 0.004–0.012 kPa at a static compliance
of 0.25 L·kPa-1.  Errors of this magnitude would affect
all values of Pel,st and Pve, which means that the whole
P-V curve would be slightly displaced.  In nonlinear sys-
tems, the displacement of individual points of observa-
tion may vary within these limits.

Pel,st was read 2 s after flow interruption.  This inter-
val is shorter than in most other studies [5–7, 10].  The
pause should be long enough to allow Pve to decay to
insignificant values but not so long that continuing
absorption of oxygen leads to a volume change.  If the
pause was too short, Pel,st during inspiration would have
been overestimated, whilst during expiration it would have
been underestimated.  This would have led to an arte-
factual hysteresis of Pel,st-V that we did not find.  It is,
nevertheless, unquestionable that the short pause after
which Pel,st was read means that Pve has not completely
decayed.  The error of Pel,st thereby introduced leads to
errors of determinations of Pve as has been mentioned.
As the latter error is within 10% according to theoreti-
cal estimates the pause is still two or three times longer
than τve that would allow 90–95% of Pve to decay dur-
ing the pause (Equation (6)). As gas exchange motiva-
tes shortest possible pause after which Pel,st is read a
pause of 2 s is rationally motivated.

Resistance was determined from the pressure change
occurring at interruption of flow rate.  Flow interruption
was performed with the Servo Ventilator 900C valves,
as in several other studies [8, 11].  To compensate for
the volume change occurring during the interruption, this
volume change was measured.  This was possible with
the flow measurement system that has an adequate fre-
quency response to record events during valve closure.
This technique, which has been described previously
[17], represents a development of previous techniques
for correction of finite closing time of the valve [23, 28].
Nevertheless, particularly in the presence of serial pen-
delluft in obstructive disease, resistance determined in
conjunction with flow interruption may be frequency-
dependent [1] and, therefore, to some extent related to
dynamic properties of valves and recording technique.

This can hardly invalidate variations in resistance observed
in specific cases.

The behaviour of the linear model at constant inspi-
ratory flow can be described with solvable equations
[5–8, 10].  Non-Newtonian behaviour has been expres-
sed in terms of concepts such as "additional resistance",
∆Rrs.  ∆Rrs is defined as the quotient Pve/V ' and is sup-
posed to increase from zero during insufflation [5, 8].
This is not the case in healthy [17] or, as we have shown,
in diseased subjects. Pve/V ' is negative during early
expiration and inspiration.  This implies that Pve contri-
butes to drive flow and that ∆Rrs would be negative.  We
therefore avoided expressing our data in terms of ∆Rrs.

Patients

We have focused on those patient groups which are
associated with the greatest problems related to ventila-
tion.  This is in agreement with many other studies [4,
12–14, 18, 29]. The number of patients is small.  However,
the results show a notable consistency from many as-
pects, such as absence of static hysteresis, nonlinearity
of non-Newtonian behaviour at PEEP, and nonvalidity
of the traditional lung model when PEEP is applied in
ALI/ARDS. This suggests that the results are valid in
important groups of patients.  Further studies in comple-
mentary groups are needed, such as patients in the most
acute stage of critical disease.

Static elastic recoil

In conformity with reports concerning humans and
dogs [17, 27, 30], no significant hysteresis of Pel,st over
volume was found.  An important hysteresis has previ-
ously been observed with the super syringe technique in
acute respiratory failure [21].  It has later been shown
that this technique gives rise to a hysteresis mainly due
to continuing gas exchange [30, 31].  Our technique elimi-
nates this problem.  In addition, with our technique there
is no pause before the study breaths during which clo-
sure of lung compartments might consolidate.  Consider-
ing differences in recording technology, our results are
not in conflict with previous reports.  The absence of
hysteresis suggests that surfactant hysteresis is unimpor-
tant for stability of the lung under tidal breathing in
disease as has been shown in health [17]. Absence of
hysteresis implies either that significant closing and
reopening of airways during tidal breathing does not
occur, or that opening of lung units during inspiration
occurs at the same volume as that at which they close
during expiration.  The latter mechanism may be possi-
ble as reopening forces caused by interdependence between
lung units are very important [32].

At ZEEP we observed a linear Pel,st-V relationship.
The curve did not pass the origin.  In ALI/ARDS the
intercept with the Pel,st axis equalled 0.24 kPa.  The devi-
ation from zero can represent auto-PEEP [33].  The value
of the intercept was much smaller than "best PEEP" deter-
mined with the super syringe technique.  This might be
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explained by the different volume history preceding the
two sets of data.  Before inflation with the super syringe,
the lung is allowed to return to the elastic equilibrium
volume at which airways have ample time to close and
alveoli to collapse.  The insufflation will then initially
lead to reopening of closed units leading to the inflec-
tion point described by MATAMIS et al. [22].  Before our
Pel,st-V data were recorded, the lung did not completely
return to the elastic equilibrium volume.  This implies
that our volume reference corresponds to a volume greater
than zero for the super syringe technique.  Furthermore,
no pause existed before the study breaths.  The finding
of a linear Pel,st-V curve from the first recorded static
P-V point may be evidence that due to these factors breath-
by-breath airway closure and recruitment was minimal
even at ventilation with ZEEP.

In ALI/ARDS, PEEP caused a recruitment of lung units
as indicated by the shift of the Pel,st-V curves to higher
lung volumes and by higher preinspiratory compliance
values compared to ZEEP (table 2).  At PEEP, the non-
linearity of the Pel,st-V curve was so important that post-
inspiratory compliance was much lower than compliance
at ZEEP (table 2).  When PEEP was set according to the
super syringe measurement [21] and ordinary tidal vol-
umes were used, a notable nonlinearity of the Pel,st-V
curve was observed. Similar observations have been
regarded as evidence of lung overdistension [34]. In
COPD, PEEP caused neither a significant displacement
of the Pel,st-V curve nor an increase of compliance.
Accordingly, PEEP did not cause significant recruitment
in COPD.  This is in agreement with common findings
of overdistension and auto-PEEP in COPD [24].

Newtonian resistance

In ALI/ARDS, resistance at ZEEP was about twice as
high as in health [17].  This accords with previous obser-
vations [9, 14].  The particularly high resistance that we
observed at very low lung volumes during inspiration
and expiration probably reflects closure or narrowing of
small airways [9].  Lower resistance at PEEP may be
another effect of recruitment.  The increase of resistance
toward the end of inspiration at PEEP supports the hypo-
thesis of overdistension related to longitudinal stretch-
ing of airways, as suggested by EISSA et al. [9].

In COPD, PEEP did not affect inspiratory resistance
but dramatically reduced expiratory resistance.  Pel,dyn
that was not increased by PEEP drives expiratory flow
from alveoli to atmosphere.  At PEEP, the braking effect
of the expiratory valve moderates the expiratory flow
rate and, thereby, attenuates dynamic compression of
intrathoracic airways. This explains the lower expira-
tory resistances observed under PEEP.

Non-Newtonian behaviour

In ALI/ARDS and at ZEEP, the linear model usually
adequately explained non-Newtonian behaviour of the
respiratory system during the complete breathing cycle,

as in healthy subjects [17].  τve was lower than in nor-
mal subjects because of lower values of Cve, whilst Rve
was in the normal range.  Pve and non-Newtonian work
reached higher values than in normal subjects. This reflects
lower Cve, but also larger tidal volumes. In ALI/ARDS
at PEEP, the linear model of the viscoelastic unit was
shown to be invalid.

In the choice between alternative models, we were
guided by the fact that values of Pve observed during
inspiration deviated more and more in the positive direc-
tion compared to a course calculated according to the
traditional model.  The data observed even showed an
upward concavity during a part of inspiration.  We con-
sidered that this might be due to multiple linear viscoelas-
tic units connected in series.  However, the observations
cannot be explained by such a model as each of such
compartments must obey Equation (1), which at constant
inspiratory flow implies that the rate of increase of Pve
will always decrease with time and with volume.  If a
nonconstant Rve should explain the observation during
inspiration, it appears from Equation (2) that Rve only
affects its second term that can be regarded as a descrip-
tion of spontaneous relaxation within the viscoelastic unit
[17].  A constant or accelerating build-up of Pve during
inspiration at constant flow could, in theory, be due to
an increasing Rve that would limit this rate of relaxa-
tion.  However, a hypothesis that Rve should behave in
such a way cannot be founded on any other observation.
In contrast, the static elastic properties of the respira-
tory system showed a nonlinearity in the cases with a
poor fit between observed and theoretical Pve values.
This observation was the basis for the hypothesis that in
the presence of nonlinear static elastic elements the capa-
citor of the viscoelastic unit might be nonlinear.  The
introduction of a nonlinear capacitor (Cve) was found to
provide a good fit between observations and model
behaviour in ALI/ARDS. The validity of such a non-
linear capacitor in ALI/ARDS at PEEP can obviously
not be proved. However, the model represented by a
nonconstant capacitor gave a significantly better fit as
compared to that obtained with the linear model.  The
significance of the observation is enhanced by the fact
that the sign of the quadratic term k2,ve was always posi-
tive rather than randomly distributed.  The observation
that k2,ve showed a significant correlation to k2,st gives
support to the hypothesis that these two factors are linked
to the elastic properties of the tissues of the respiratory
system that are overdistended at PEEP.  Considering that
the value of the capacitor, Cve, fell during inflation to
29% of its preinspiratory value, nonlinearity is prom-
inent.  The swing of Pve during the respiratory cycle was,
in each subject, higher at PEEP than at ZEEP and in one
patient (subject No. 3) reached 0.97 kPa. Hence, the
viscoelastic unit is much involved in the energetics of
the respiratory system in ALI/ARDS and particularly at
PEEP.

Non-Newtonian behaviour is usually considered to
reflect stress relaxation of tissue and pendelluft.  In addi-
tion, shifts of intrathoracic blood pools during the res-
piratory cycle may contribute.  A study of the present
kind cannot prove the basic nature of non-Newtonian



phenomena.  However, as concerns the nonlinearity of
the capacitor, Cve, this was statistically correlated to the
nonlinearity of Cst.  The nonlinearity was only promi-
nent when the lung volume was increased by PEEP, at
which ventilation inhomogeneity is expected to be less
than at lower volumes.  These findings provide circum-
stantial evidence that the nonlinearity of Cve reflects tis-
sue stress relaxation rather than pendelluft.

In COPD, non-Newtonian behaviour did not accord
with either the linear or the nonlinear model.  As pen-
delluft may contribute to non-Newtonian behaviour, parti-
cularly in COPD, we hypothesized that high expiratory
airway resistance might lead to high expiratory Rve.  With
different inspiratory and expiratory values of Cve and
Rve, the model did concur with the data observed.  How-
ever, Cve rather than Rve differed between expiration and
inspiration.  This unexpected finding weakens the foun-
dation of the "composite model".  Information from other
types of experiments is needed to establish a basis on
which modelling of non-Newtonian behaviour of COPD
can progress.  Nevertheless, the composite model allows
adequate simulation of the course Pve during a breath
and is useful for calculation of non-Newtonian work of
breathing.

Work of breathing

Non-Newtonian work per breath was about three times
as high in ALI/ARDS and COPD as in normal subjects
[17].  In ALI/ARDS at PEEP, it constituted a high frac-
tion of total work of breathing.  In COPD, the impor-
tant work against airway resistance reduces the relative
weight of non-Newtonian work to about 10% of total
work.  A postinspiratory pause of 0.4 s at a τve of 0.5 s
will lead to a decay of Pve of about 50%, Equation (6).
This release of elastic recoil represents a loss of energy,
which without a pause would have served to promote
expiratory flow.  It will also lessen the elastic widening
forces on intrathoracic airways during expiration.  Fur-
thermore, the pause implies that less time is available
for ventilation. It is not known whether these negative
effects of a pause are balanced by improved gas ex-
change.

Conclusion

In conclusion, in a spectrum of patients with critical
lung disease, static elastic hysteresis of the respiratory
system is insignificant and does not contribute to stable
lung inflation. PEEP causes an important recruitment
of lung units in ALI/ARDS but not in COPD.  When
"best PEEP" in ALI/ARDS was combined with ordinary
tidal volumes, we observed signs commonly thought to
indicate overdistension. The classical model of non-
Newtonian behaviour usually applies in ALI/ARDS at
ZEEP but not at PEEP, when the elastic elements are
overdistended.  Then, a nonlinear elastic element of the
viscoelastic unit must be taken into consideration.  In
COPD, PEEP reduces expiratory resistance by decreasing

dynamic compression.  Non-Newtonian behaviour is com-
posite in COPD.  A model with different properties dur-
ing inspiration and expiration mimics non-Newtonian
behaviour in COPD but needs further exploration.
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