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ABSTRACT: The interrupter technique is commonly adopted to monitor respiratory
resistance (Rrs,int) during mechanical ventilation; however, Rrs,int is often interpreted
as an index of airway resistance (Raw).

This study compared the values of Rrs,int provided by a Siemens 940 Lung Mechanics
Monitor with total respiratory impedance (Zrs) parameters in 39 patients with normal
spirometric parameters, who were undergoing elective coronary bypass surgery. Zrs
was determined at the airway opening with pseudorandom oscillations of 0.2-6 Hz
at end inspiration. Raw and tissue resistance (Rti) were derived from the Zrs data by
model fitting; Rti and total resistance (Rrs,osc=Raw+Rti) were calculated at the actual
respirator frequencies. Lower airway resistance (Rawl) was estimated by measuring
tracheal pressure.

Although good agreement was obtained between Rrsosc and Rrs,int, with a ratio
of 1.07+0.19 (meantsp), they correlated poorly (r?=0.36). Rt and the equipment
component of Raw accounted for most of Rrsosc (39.8111.9 and 43.0£6.9%, res-
pectively), whereas only a small portion belonged to Rawl (17.2+6.3%).

It is concluded that respiratory resistance may become very insensitive to changes
in lower airway resistance and therefore, inappropriate for following alterations in
airway tone during mechanical ventilation, especially in patients with relatively normal
respiratory mechanics, where the tissue and equipment resistances represent the vast
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The accurate bedside monitoring of anaesthetised
or critically ill patients involves a careful assessment
of respiratory mechanics. Most of the recent com-
mercially available ventilators are able to display the
flow, pressure and volume changes throughout the
respiratory cycles. From these signals, respiratory com-
pliance (Crs) and resistance (Rrs) are also calculated
on-line.

Crs is a combined index characterising the elastic
properties of the lung parenchyma and the chest wall.
Many diseases, including emphysema and interstitial
oedema [1], alter the elasticity of the lung parenchyma
directly. Furthermore, Crs is primarily affected by a
loss in functional lung volume resulting from an
increased closing capacity [2] leading to air trapping,
or by abdominal distension [3].

Rrs is often considered to be a marker of airway
resistance (Raw) [4-10] and is therefore, used to follow
the respiratory strategy [8] and the effects of broncho-
active agents [5-7, 9, 10]. Nevertheless, it has been well
established that a significant proportion of Rrs can
be attributed to energy loss in the respiratory tissues
(tissue resistance (Rti)) [11-21]. Since the parameter
Rrs is complex in nature, alterations in it may reflect

pathological changes at different sites in the lungs.
An increased Rrs may reflect an elevated Raw resulting
from chronic obstructive pulmonary disease (COPD),
an acute bronchospasm or mucus deposit in the
airways. Alternatively, increases in Rti in diseases
affecting the pulmonary parenchyma, such as adult
respiratory distress syndrome [4, 5, 22-24], COPD
[20], cardiac failure [1] or congenital heart disease
[25, 26], also elevate Rrs. Additionally, Rrs is often
measured in such a way that it includes the resistance
of the endotracheal tube (ETT), the connectors, the
filters and the connecting tubing of the respirator
[7-9, 22], i.e. the equipment resistance (Req).
Although it is evident that Raw, Rti and Req are
all included in Rrs, their relative contributions have
not been quantified. Accordingly, this study was
performed in order to determine the airway, respira-
tory tissue and respiratory equipment components
of Rrs displayed on a commonly used bedside venti-
latory monitor. Since exact monitoring of the Raw is
crucial in following the response to bronchodilator
therapy, the authors also aimed to verify whether Rrs
calculated by the monitor during tidal ventilation
adequately indicates changes in bronchial tone.
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Methods
Subjects and preparations

Thirty-nine patients (23 males, 16 female, 62+9
(meantsp) yrs of age (range 40-78 yrs)) undergoing
elective coronary bypass surgery were studied in
the supine position before the surgical procedure.
The protocol was approved by the Human Research
Ethics Committee of Szeged University (Szeged,
Hungary), and the patients gave their informed con-
sent to the study. None of the patients had a history
of COPD, and they did not have any respiratory
problems at the time of the study. Indices of forced
expiration were established 1 day before the surgery
with a portable spirometer (Model PDD-301/s; Piston
Ltd, Budapest, Hungary); the mean values of the
predicted forced vital capacity and forced expiratory
volume in one second of the group were 10020
and 93+19%, respectively. The patlents were preme-
dicated with zm morphine (0.1 mg-kg™), midazolam
(0.07 mg-kg") and atropine (0.5 mg) 1 h before the
operation. Anaesthema was induced with i.v. fentanyl
(5-15 pg-kg!) and midazolam (0.05-0.07 mg-kg™).
Muscle paralysis was achieved w1th an v. bolus of
pipecuronium bromide (0.1 mg-kg™'). The trachea was
intubated with a cuffed ETT 7, 8 or 9 mm in internal
diameter (ID), and the patients were ventilated with
a Siemens 900C Servo Ventilator (Solna, Sweden) in
the constant flow mode by adjusting the inspiratory/
expiratory ratio to ~1:3. The ventilator frequency
was set to 12 17 min™', and a tidal volume (¥'T) of
8-12 mL-kg™ and a positive end-expiratory pressure
(PEEP) of 2 cmH,O was applied. Maintenance
doses of the anaesthetics and muscle relaxants were
administered as needed.

Oscillatory measurements

The set-up used for the impedance measurements
during short intervals of suspended mechanical venti-
lation is shown schematically in figure 1. Two col-
lapsible latex tube segments (A and B) were clamped
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Fig. 1.—Schematics of the measurement set-up. V”: central airflow;
Pao: airway opening pressure; Pu: tracheal pressure; A and B:
collapsible segments; PTG: pneumotachograph; F: antibacterial
filter.

alternately to switch the ETT from the respirator
to the oscillatory device and back as follows. During
mechanical ventilation, A was open and B closed.
Before the first oscillatory measurement, the lungs
were inflated to a pressure of ~30 cmH,O to standard-
ise the volume history. Segment B was then opened
for a few ventilatory cycles before data acquisition,
in order to equilibrate the pressures in the lungs and
the loudspeaker chambers. The respirator was stopped
during the end-inspiratory plateau and segment A
was clamped. In the resulting apnoeic period, small-
amplitude (<2 cmH,O peak-to-peak) pseudorandom
pressure excitations were introduced into the trachea.
The forcing signal contained 30 integer-multiple com-
ponents of the 0.2-Hz fundamental frequency, in the
frequency range 0.2-6 Hz. The component amplitudes
were progressively enhanced with decreasing fre-
quency so that a sufficient signal-to-noise ratio was
provided over the whole frequency range. In order
to decrease the involvement of nonlinear phenomena,
the phases of the components were optimised so as
to give the minimum pressure excursion at the airway
opening [27].

Tracheal flow (V) was measured with a 28-mm
ID screen pneumotachograph connected to a differ-
ential pressure transducer (ICS model 33NA002D;
ICSensors, Milpitas, CA, USA). Airway opening
pressure (Pao) was detected with an identical pres-
sure transducer. To estimate the contribution of the
impedance of the ETT and the antibacterial filter
to the measurements, the tracheal pressure (Ptr) was
measured with a third ICS sensor through a 1.5-mm
OD polyethylene catheter, the tip of which was
furnished with several lateral holes and which was
positioned 1.5-2 cm beyond the distal end of the
ETT.

The recordings of oscillatory flow and pressures
lasted for 15s. Four to five measurements were
recorded, and >2-min intervals of ventilation were
interposed between successive measurements. The
input respiratory impedances (Zrs) of the total and
the lower respiratory system (Zrsl) were computed
from the power spectra of Pao and V' and Ptr and
V', respectively. The Zrs and Zrsl data were then
ensemble-averaged separately and the data points
at frequencies close to the cardiac frequency or its
harmonics, and hence exhibiting large scatter, were
discarded in both. The mean Zrs data were fitted by
a four-parameter model [13] containing a frequency-
independent Raw and inertance (/aw) and a constant-
phase tissue compartment characterised by the
coefficients of damping (G) and elastance (H):

Zis(f) = Raw +j(2nf) [aw+ (G—jH) /21f )" (1)

where f is fre(iluency, j is the imaginary unit and
o=(2/B)tangent™ (H/G). The Rti and the total respira-
tory resistance (Rrs,osc) at the frequency of mechanical
ventilation (fg) were respectively calculated as:

Rii(fB)=(2nfB)* (2)

and

Rrs,0sc(fg) = Raw + Rui(fp) (3)
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The Zrsl data were evaluated analogously to
determine lower airway resistance (Rawl), lower
airway inertance (fawl), efc. pertinent to the lower
respiratory system. Req was calculated as:

Req = Raw— Rawl (4)

The effective oscillatory compliance of the respiratory
system at fB was also computed, as:

Crs,osc(fB) = — 1/((27‘CfB)Iaw—H/(27TfB)(X) (5)

Conventional mechanics

The mechanical parameters were monitored by a
Siemens Servo Computer Module (Type 990) attached
to the respirator. The Rrs,int and Crs,int values were
read before and after the collection of impedance
data, and their respective mean values were applied.
According to the manual of the module, Rrs,int was
calculated as the ratio of the pressure drop (dP) due
to the interruption of inspiratory flow to the flow
before interruption; dP was determined according to:

d P = Pmax — Pplateau (6)

where Pmax is the pre-interruption pressure and
Pplateau was established at the end of the interruption
interval (10% of the ventilation period time). Crs,int
was calculated as follows:

Crsjint= VT/(Pplateau—PEEP) (7)

Statistical methods

Scatters in the parameters were expressed as sb
values. Paired t-tests and linear regression analysis
were used to study the relationships between oscil-
latory and ventilatory mechanical parameters. Bland-
Altman analysis [28] was performed to determine
the agreement between the respiratory resistances
measured by the ventilatory monitor (Rrs,int) and by
the forced oscillations (Rrs,osc). A p-value <0.05 was
considered to be significant.

Results

Figure 2 displays typical Zrs and Zrsl spectra
obtained from a representative patient, with the
best-fitting model curves, in terms of the real (Rrs)
and imaginary part (reactance (Xrs)). The successive
measurements yielded reproducible data at all
frequencies except those coinciding with the heart
frequency and its harmonics. Overall, the model was
consistent with the measured data; only the slight
increase in the measured Rrs>~4-5 Hz, presumably
a consequence of the frequency-dependent inertial
distortion of the velocity profile and/or shunt effects
in the central airways [29], led to systematic
fitting errors. The decreases in both Rrs and Rrsl
with frequency are attributed to the common tissue
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Fig. 2.— An example of respiratory input impedance data in one
subject. Mean values from five successive measurements of a) total
respiratory resistance (Rrs,osc: @) and lower respiratory resistance
(Rrslosc: W) and b) total respiratory reactance (Xrsosc: @), and
lower respiratory reactance (Xrslosc: ) with the best-fitting model
curves (continuous and dashed lines for the total and lower imped-
ances, respectively). fB: frequency of ventilation. For clarity, the
SD values are indicated for total impedance only. Open symbols
indicate values corrupted by cardiac noise, exhibiting higher SD
values and omitted from the model fitting. The difference between
Rrs,0s¢(fB) and Ruslosc(fB) corresponds to the equipment resistance.

component, whereas the asymptotic levels of Rrs
and Rrsl correspond to the airway components; the
difference between them reflects the largely frequency-
independent contribution of the equipment resistance.
The Xrs and lower airway reactance (Xrsl) curves
depart from each other with increasing frequency:
the steeper increase in Xrs resulting in a resonant
frequency at ~3 Hz is a consequence of the substantial
inertance of the equipment components.

The relationships between the interrupter and oscil-
latory resistance values are illustrated in figures 3
and 4. The mean values of Rrs,int and Rrs,osc(fB) were
very similar (10.1£1.9 and 10.6+1.9 emH,O-L!-s, res-
pectively). Although the correlation between Rrs,int
and Rrs,osc(fB) was statistically significant (p<0.005),
the correlation coefficient was rather low, and
Bland-Altman analysis revealed a lack of agreement
between the two parameters, with limits of agreement
of 3.1 cmH,0O-L!s and 4.1 cmH,O-L s (fig. 4). The
values of Raw (5.97+1.19 cmH,O-L":s) and Rawl
(1.76+0.81 cmH,O-L's) were much lower than those
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Fig. 3. —Relationship of interrupter resistance (Rrs,int) to lower air-
way resistance (Rawi=-0.43+0.22 Rrsint; 1°=0.263), b) total airway
resistance (Raw=3.0+0.30 Rrs.int; 1°=0.240), and c) total oscillatory
resistance at ventilation frequency (Rrs.osc(fB)=4.140.6 Risint; r°=
0.365). Solid line: linear regression; dashed line: line of identity.

of Rrs,osc(fB) and Rrs,int. Additionally, the correlations
between the forced oscillatory airway resistances
and Rrs,int were weak, although statistically significant
(p<0.002 for both). Rti and Req accounted for most
of Rrs,osc (39.8+11.9% and 43.0+6.9%, respectively),
whereas only a much smaller portion of the total
resistance could be attributed to the lower airways
(17.246.9%). There was a stronger correlation (p<
0.001) between the compliance estimates (fig. 5), with
Crs,int values being significantly higher (p<0.0001)
than Crs,osc(fB) (a ratio of 1.4+0.19).
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Fig. 4.—The differences between interrupter resistance (Rrs,int) and
total oscillatory resistance at ventilation frequency Rrsosc(fB)
plotted against the mean of Risint and Rrs,osc(fB) (Bland-Altman
plot). The mean (solid line) +2 SD levels (dashed lines: mean+2
SD=3.09; mean-2 SD=-4.11) indicate the limits of agreement.
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Fig. 5.—Relationship of dynamic respiratory compliance from tidal
ventilation (Crs,int) to forced oscillatory compliance (Crs,osc) calcu-
lated at ventilation frequency (fB). Solid line: linear regression;
dashed line: line of identity. r*: 0.803; Crs,int=1.14+1.40 Cis.osc.

Discussion

Previous investigations reporting total respiratory
or pulmonary resistance often associated these para-
meters with the airways only [4-10]. Accordingly,
the present study was designed to quantify the com-
ponents of total respiratory resistance measured by
a common bedside monitor. The results demonstrate
that, during tidal ventilation of an intubated patient,
a very high proportion of the dissipation in the res-
piratory system originates from the respiratory tissues
and the flow resistance of the equipment. Rawl, the
resistance component that can change because of an
alteration in airway tone, comprised only a small
fraction of the monitored resistance.

The low-frequency forced oscillation technique has
been applied to partition total respiratory impe-
dance into airway and tissue components in intubated
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patients free of cardiorespiratory disease [11], in
normal subjects [15], COPD patients [20] and asth-
matic patients receiving the optimal ventilatory wave-
form [21], and in healthy sedated infants [17, 18]. The
interrupter technique has also been demonstrated
to provide separate estimates for both airway resis-
tance and tissue viscoelasticity [23, 24, 30-32]. If
the flow in the central airway is interrupted rapidly,
the tracheal pressure responds with a transient of
two distinct phases, a sudden drop and a subse-
quent quasi-exponential decay. The initial change
in pressure results from the cessation of flow in
the Newtonian resistances, whereas the slow decay
corresponds to the combined process of stress relaxa-
tion of the respiratory tissues and the interregional
equilibration of inhomogeneous alveolar pressures.
The interruption method is therefore a potential tool
with which to separate the mechanical properties
of the airways and the tissues in a similar manner
as offered by the low-frequency oscillation technique
[12, 20]. Identification of these two phases, how-
ever, requires a fast interruption and a good-quality
pressure recording for further analysis, both made
as close to the airway opening as possible [30-32].
Since the long closure time and the proximal place-
ment of the shutter in the respirator available for this
study precluded the identification of the two phases,
the current authors applied low-frequency oscillations
for the separation of the airway and tissue com-
ponents, and the intratracheal pressure recording to
identify the instrumental component.

Although the Rrsosc and Rrsiint values were
obtained at the same end-inspiratory position, there
are essential differences between these methods, and
the relevance of the oscillatory ratio Raw/Rti in Rrs,int
is therefore not straightforward. Rti was overesti-
mated, with the oscillatory signal being smaller than
the tidal deformation because of the negative ampli-
tude dependence of tissue resistance [16]. However,
Raw was underestimated because of the use of oscil-
latory flows smaller than the inflation flow rate,
which may have exceeded the limits of linearity (this
is also true for Req, and especially its ETT compo-
nent). These two opposing factors possibly cancelled
each other out in the total resistance, which may
explain the good agreement between the mean values
of Rrs,int and Rrs,osc(fB), but they must have modified
the proportions of the tissue and airway components
in Rrs,int from those predicted from the oscillatory
data. Nevertheless, it is unlikely that these nonlinear
effects could have led to a substantially higher airway/
tissue resistance ratio in Rrsint than in Rrsosc(fB).
It should also be noted that Rrsint was calculated
from a relatively short (0.4-0.5s) end-inspiratory
pause, which most likely resulted in overestimation
of the values of Pplateau and hence Rrs,int that would
have been obtained by more accurate interruption
techniques with longer (3-5 s) end-inspiratory pauses
[32].

Although the frequency-independent resistive com-
ponent of Zrs is fundamentally determined by the
pulmonary system [14, 19], the chest wall has also
been shown to have a frequency-independent resistive
component (Rw) with a relative contribution reported

to be 10-37% of the total Newtonian resistance [14,
19]. Since Zrs spectra were used for the estimation
of the resistive parameters of the airways in the
present study, both Raw and Rawl included Rw. Hence,
the contribution of the intrathoracic airways to Rrs,osc
and thus to Rrs,int is likely to be even smaller than the
modest figure of 17.2%.

Whereas the mean values of Rrs,int and Rrs,osc(fB)
were very similar (Rrs,os¢/Rrs,int=1.07+0.19) and their
correlation was significant, Bland-Altman analysis
revealed unacceptably wide limits of agreement between
these parameters. Since the difference between the
total resistance values obtained by the two methods
did not display any systematic tendency (fig. 4),
a random error was most probably responsible for
this substantial discrepancy. Although the reasons
for the inconsistency are not completely clear, tem-
poral changes in the respiratory mechanics between
the Rrs,int and Rrs,osc recordings, the poor resolution
of the monitor displaying Rrs,int without showing
decimals, or the noisy pressure signal limiting the
accuracy of the estimation of the pressure drop
following the occlusion might all have played a role.

The major finding of the present study is the very
small contribution of the intrathoracic airways to the
total resistance value displayed by the respiratory
monitor. To estimate the specificity and sensitivity of
Rrs,int in the detection of changes in airway calibre,
the maximum possible change in Rawl that may
remain hidden in the Rus,int value monitored with
poor resolution, as in the present case, was calculated
For a typical value of Rus,int of 10 cmHzO -L's, this
round figure may represent any value between 9.51
and 10.50 cmH,O-Ls (a range of 0.99 cmH,O-L"'s). By
assuming the mean contribution of Rawl to Rrs,int
to be the same  as that to Rrsosc (ie. 17% of
10 cmH,O-L" s) increases in Rawl not exceeding
0.99 cmH,0- -L's may reach up to 67% and still
remain undetectable in the monitored Rrs,int. It can
therefore, be concluded that Rrsint may become a
rather insensitive measure of the airway properties,
especially when the studied population, as in the
present investigation, is free of airway diseases.

It is noteworthy that estimations of respiratory
compliance were not subject to the problems asso-
ciated with the measurement of resistance. A good
correlation was found between the total respiratory
compliances measured by forced oscillation and the
respiratory monitor, though the latter were sys-
tematically greater (fig. 5). This difference can be
explained by the principles of the two measurement
methods. Crs,osc was estimated from the oscillations
applied around the end-inspiratory plateau and
characterises the incremental elastic properties at
that level. By contrast, Crs,int represents an average
compliance for the tidal excursion between end-
expiration and end-inspiration at lower mean airway
pressures (Paw,mean). Both the lower Paw,mean [18] and
the larger excursions [14, 16] result in higher Crs,int
than Crs,osc, whereas, as noted above in connection
with Rrs,int, the short end-inspiratory pause has an
opposite effect on Crs,int. Since the contributions
of these factors depend on the subject and the res-
pirator settings, they may explain both the systematic
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difference and the random scatter in the relationship
of the compliance values.

To conclude, the results of the present study
demonstrate that the total respiratory resistance
displayed by a standard bedside respiratory monitor
in intubated patients with normal respiratory mecha-
nics is primarily determined by the viscous resistance
of the respiratory tissues and the flow resistance of
the devices of the ventilatory circuit, the contribu-
tion of the airway resistance being relatively small.
The present data imply that the poor accuracy of
the bedside monitor may even result in the changes
following a severe increase (by more than two-thirds)
in the lower airway resistance remaining undetected.
In the event of heterogeneous narrowing of peripheral
airways, elevations in Raw are accompanied by
increases in Rt [13, 16, 19, 21], which would augment
the changes in Rrs,int; however, it is also possible that
the alterations in Raw and Rt are independent [19].
Accordingly, both in routine clinical practice and
under experimental conditions, much improved bed-
side monitoring techniques are advocated in order
to follow the changes in airway tone and tissue
mechanics during mechanical ventilation.

Besides a knowledge of the instrumental resistance
component, a prerequisite for higher measurement
sensitivity, it is of primary importance to choose
methods with the ability to separate the airway and
tissue components of total respiratory resistance, such
as low-frequency forced oscillations [11, 17, 20, 21]
and appropriately instrumented airway interruptions
[12, 23, 24, 32].
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