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ABSTRACT:  Techniques for measuring flow,  for example through perfused bron-
chial segments, frequently use a flow head as the sensing device.  The sensitivity of
these instruments to changes in airway resistance is dependent on the flow head
resistance.  This study aims to quantify the effect of flow head resistance on sensitivity
and flow, allowing optimization of flow head resistance.

A mathematical model of the perfused bronchial segment preparation was
constructed and used to explore the effect of flow head resistance on sensitivity.
The model's assumptions were experimentally tested using segments of pig bronchus,
perfused through the lumen with Krebs solution.

The model suggests a complex relationship between flow head resistance and
sensitivity that has a distinct maximum when approximately half of the total resistance
is present in the flow head.  Furthermore, the maximum sensitivity was found to
be proportional to the resting flow.  Regression between experimentally derived sens-
itivities and modelled predictions was linear, with a correlation coefficient of 0.93.

We have defined the optimum recording conditions for study of flow through
isolated bronchial segments.
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In vivo, bronchoconstriction is dependent not only on
smooth muscle force production but also on the mechani-
cal, geometrical and morphological properties of the in-
tact airway wall [1–3].  Mechanical properties of the
airway wall affect the load that the airway smooth mus-
cle contracts against and the degree of the muscle short-
ening [4].  Airway narrowing may be affected by the
geometrical arrangement of the smooth muscle;  contin-
uous or discontinuous, spiralled or circular [5].  Several
aspects of airway morphology may influence bron-
choconstriction, such as invagination of the mucosa, into
the bronchial lumen [1], wall area [1, 6], and airway size
[7].  Hence, many factors present in the intact airway wall
other than contractile force can affect airway narrowing.

The above mechanical and morphological properties
are not present in isolated strips of airway normally used
to study airway function in vitro.  Narrowing and flow
through intact airways has largely been studied using
mathematical models of bronchi [1, 5, 8].  MITCHELL and
co-workers [7, 9–11] and others [12] have reported on
a preparation that allows the measurement of flow through
perfused bronchial segments, in vitro, preserving the
structure of the airway wall.

Direct measurement of flow through isolated airways
allows current theoretical relationships between muscle
shortening and airflow [1, 5, 8] - including some with
direct clinical importance - to be tested.  For example,
the mechanisms hypothesized by JAMES et al. [6] to exp-
lain asthmatic hyperresponsiveness would also produce

hyperresponsiveness in perfused bronchi in vitro, but not
in airway strips.  The understanding of other diseases
may also be improved through better knowledge of the
function of the airway wall.  MARTINEZ [13], for example,
has hypothesized that peripheral airway obstruction, cau-
sed in part by the infant's airway geometry, may be an
important event in the sudden infant death syndrome.

The perfused bronchus apparatus measures flow by
recording the pressure drop across a flow head of known
resistance, as does a pneumotachograph [10].  Respiro-
logists appreciate that pneumotachograph resistance must
be high enough to produce a signal, but low enough not
to inhibit flow.  When low flow rates must be accurately
measured - as with perfused bronchi - the choice of flow
head resistance is critically important.  Hence, there is a
need for a method of determining the best flow head or
pneumotachograph resistance for a particular application.

The aim of this investigation was to develop a mathe-
matical model of the effect of flow head resistance on
flow measurements.  This model was then used to determine
the flow head resistance for optimum recording sensitivity.
The effects that driving pressure and other resistances
present in the preparation have on sensitivity was also
determined.  Assumptions of the mathematical model
were experimentally tested using the perfused bronchial
segment preparation as an experimental model.  Finally,
sensitivities predicted from the mathematical model were
validated against estimates experimentally derived from
perfused bronchi.
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Model

We consider the perfused bronchial segment preparation
in terms of the equivalent circuit diagram in figure 1.
The bronchial segment is represented by the variable
resistance (R2), the flow head by resistance (R3), all other
system resistances (e.g. reservoirs, taps, cannula, etc.) by
(R1), and the driving pressure by (Ptot).

Assuming that resistance is independent of driving
pressure then:

P = ΦR (assumption 1)

Where,  P=pressure, Φ=flow, and R=resistance.  Hence:

P3 = ΦR3 (1)

Thus, the pressure drop across the flow head (P3) is the
product of the flow head resistance (R3) and flow rate
(Φ).  Increasing flow head resistance (R3) will produce
a greater flow head pressure drop (P3) and a higher
measurable signal for any given flow rate (Φ).  However,
a high value of R3 will reduce the flow rate for any given
driving pressure (Ptot) (fig. 2) as:

Ptot
Φ= (from ohmic flow)

Rtot 

Where, Rtot=total resistance.
Rtot = R1+R2+R3 (assumption 2)

Therefore:

Ptot
Φ = (2)

R1+R2+R3

Equation (2) implies that the change in flow (Φ) for a
given change in airway resistance (R2) is dependent on
the flow head (R3) and other system (R1) resistance.
Hence, high resistances in series with the airway will be
rate limiting and will mask the biological response.

Flow head pressure drop (P3), the signal directly measu-
red by the apparatus, can be related to airway resistance
(R2), the biological variable under investigation, by com-
bining equations (1) and (2):

Ptot R3P3 = (3)
R1+R2+R3

Differentiating equation (3) with respect to R2 gives the
rate of change in P3 (the measured variable) with resp-
ect to change in airway resistance (R2).

∂P3 –Ptot R3= (4) 
∂R2 (R1+R2+R3)2

The value ∂P3/∂R2 is the sensitivity of the apparatus,
i.e., the change in the measured pressure drop (P3) with
respect to the change in airway resistance (R2) (sensitiv-
ity (∂P3/∂R2) is negative as both Φ and P3 fall as the air-
way resistance (R2) rises).  Apparatus sensitivity is directly
proportional to pressures (Ptot) and inversely proportio-
nal to system resistance (R1).

Whilst driving pressure and system resistance have
simple effects on sensitivity, the relationship between
sensitivity and flow head resistance is complex.  Figure
3 illustrates the effect of flow head resistance (R3) on
sensitivity (∂P3/∂R2) (calculated from equation (4)) for a
number of airway resistances (R2) typical of relaxed
bronchial segments.  The most prominent feature of figure
3 is the pronounced turning point, where sensitivity
(∂P3/∂R2) is maximized.  This implies that there is a flow
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Fig. 1.  –  a) Perfused bronchial segment preparation showing the
reservoir, bronchial segment, flow head and differential pressure
transducer.  b) Equivalent circuit diagram showing the variables used
in the model:  driving pressure (Ptot), system resistance (R1), airway
resistance (R2), flow head resistance (R3), flow head pressure drop (P3)
and flow (Φ).
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Fig. 2. – Plot of model equation (2) showing flow (Φ) versus airway
resistance (R2) for a range of flow head resistances (R3).  Values used
for driving pressure (Ptot=5 cmH2O) and system resistance (R1=0.04
cmH2O·ml-1·min) were close to those measured in perfused bronchial
segments. ❍ ; R3=0.025;    ∆ : R3=0.1;       ▲ : R3=0.25;

■ : R3=0.5.
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head resistance (R3) that gives maximum sensitivity
(∂P3/∂R2) for each value of airway resistance (R2).  The
flow head resistance that gives maximum sensitivity for
a given airway resistance can be found by taking second
derivatives of equation (4) (with respect to R3) and equating
to zero:

∂2P3 d   
= [-PTR3 (R1+R2+R3)-2] = 0

∂R2R3 dR3

2PTR3 PT⇒ =
(R1+R2+R3)3 (R1+R2+R3)2

R3 = R1+R2 (5)

In general, the flow head that gives maximum sensitivity
(∂P3/∂R2) for a given airway will have a resistance (R3)
equal to the sum of airway (R2) and system (R1) resistances.

Figure 3 shows that the depth as well as position of
the turning point is dependent on airway resistance,
implying that maximum sensitivity will be different for
different airways.  Maximum theoretically achievable
sensitivity can be found by substituting equation (5) into
equation (4) and setting R1 to zero:

∂P3 -PT= (6)
∂R2max 4R2

Thus, the maximum sensitivity achievable by a pneumo-
tachograph apparatus is dependent on driving pressure
and airway resistance.

So far, the model has only dealt with a constant pressure
flow source, such as gravity feed.  The model can easily
be extended to include a semi-sinusoidal pressure
source, such as the ventilation of spontaneously breath-
ing animals.  If the driving pressure (Ptot) is sinusoidal,
then equations similar to (1)–(4) but containing sine terms,
can be developed using the same methods as for the

constant pressure case.  The sine terms of these equations
cancel during the derivation of equation (5), leaving
equations (5) and (6) unchanged by using a sinusoidal
pressure source.

Methods

Lungs were removed from freshly slaughtered pigs and
segments of main stem bronchus (35 mm long and 2.5
mm internal diameter (ID) at the distal end) dissected
free of parenchyma, as described by MITCHELL and co-
workers [9].  Bronchial segments were cannulated and
mounted in the perfused segment apparatus described
by SPARROW and MITCHELL [10] (fig. 1).  Airway seg-
ments were bathed in Krebs solution (heated to 37°C)
and the segment lumen perfused with Krebs from a
reservoir.  The driving pressure (Ptot) was set by the
height of the Krebs column in the reservoir, this was
normally 5 cm.  A custom-built flow head (R3) was placed
downstream of the segment and the flow head pressure
drop (P3) measured with a differential pressure trans-
ducer (Motorola MPX10DP).  Flow rate (Φ) through the
segment could then be determined as it is with pneumota-
chographs, or by collecting perfusate over a known time.

System resistance (R1) was measured by removing the
flow head and replacing the bronchial segment with 5
mm ID tubing.  Flow head resistance (R3) was estimated
by measuring resistance with the flow head connected
and subtracting the system resistance (R1).  Resistance
of bronchial segments (R2) was similarly estimated.  In
a limited number of experiments, bronchial segment resis-
tance was estimated by measuring the pressure drop across
the airway using side ports on the cannula.

Electrical field stimulation (EFS) from a Grass S44
stimulator (70 V, 1 ms pulse width) was used to gene-
rate frequency response curves in bronchial segments.
Drug responses were generated by the addition of
acetylcholine or carbachol (when a prolonged contrac-
tion was required) to the bathing solution.

Drugs and solutions

The Krebs solution used had the following composi-
tion (in mM): 121 NaCl, 5.4 KCl, 1.2 MgSO4, 1.2
NaH2PO4, 25 NaHCO3, 11.5 glucose, 2.5 CaCl2.  The
solution was aerated continually with 5% CO2 and 95%
O2.  The drugs used were carbamylcholine chloride
(carbachol Sigma) and acetylcholine chloride (Sigma).
All drugs were dissolved in distilled water and diluted
with Krebs solution.

Statistics and analysis

Results are reported as mean±standard error.  Signifi-
cance between treatments was established using analysis
of variance (ANOVA) with Newman-Keuls post hoc test.
Correlation coefficients (r), coefficients of determination
(r2) and lines of best fit (by method of least squares)
were calculated for linear relationships.  Calculation of
derived data (such as apparatus sensitivity) and mathemati-
cal modelling was carried out using Microsoft Excel.
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Fig. 3. – Plot of model equation (4) showing apparatus sensitivity
(∂P3/∂R2) versus flow head resistance (R3) for a range of airway
resistances (R2).  For driving pressures (Ptot) and system resistance
(R1) see legend to figure 2.   ❍ : R2=0.01;   ∆ : R2=0.05;

▲ : R2=0.1;    ■ : R2=0.5.
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Results

Testing model assumptions

Carbachol challenge [10-6 M] approximately halved flow,
with total resistance rising from 0.17±0.01 cmH2O·ml-1·min
(n=9) in relaxed segments to 0.51±0.09 cmH2O·ml-1·min
after contraction.  Flow was linearly dependent on driv-
ing pressure (fig. 4) both for relaxed (r2=0.99±0.01;  n=9)
and contracted segments (r2=0.97±0.03).  This indicates
that the resistance of the preparation was independent of
perfusion pressure over the range tested.

Model equation (1) predicts that pressure drop across
the flow head (P3) is linearly dependent on flow (Φ), with
a slope equal to the flow head resistance (R3).  The meas-
ured relationship between flow head pressure drop (P3)
and flow (Φ) was linear (r2=0.96) for 10 bronchial seg-
ments, each of which was challenged with a range of
acetylcholine doses.  This relationship had a slope of
0.058±0.002 cmH2O·ml-1·min, close to the measured flow
head resistance of 0.046±0.002 cmH2O·ml-1·min.

From the model (equation (2), fig. 2) flow (Φ) should
be inversely proportional to bronchial segment resistance
(R2).  Measured values of flow and segment resistance
from 13 airways, each of which was contracted with a
range of acetylcholine doses, are plotted in figure 5.
Superimposed on the data is a plot of equation (2) from
the model using measured values of system (R1=0.071
cmH2O·ml-1·min) and flow head (R3=0.046 cmH2O·ml-1·min)
resistance.  An extremely good fit was obtained between
the predicted and real data.

Effect of varying flow head resistance on apparatus
sensitivity

Apparatus sensitivity (∂P3/∂R2) was estimated and
compared to predictions from the model (see model
equation (4)).  Sensitivity (∂P3/∂R2) was estimated by
dividing change in flow head pressure drop (P3) by change

in calculated bronchial segment resistance (R2) (see model).
Predicted sensitivities were calculated from equation (4)
using the value of flow head (R3) and system (R1) resistance
determined for each experiment.  The regression line of
measured to predicted sensitivity (fig. 6) had a correlation
coefficient of 0.93, demonstrating an extremely strong
relationship.  The slope of the regression line was 1.3±0.04,
higher than the expected unity.  This discrepancy could
result from a systematic underestimation of airway res-
istance.

Effect of changing flow head resistance on the response
of bronchial segments is illustrated in figure 7.  Flow
reduction to EFS was greatly diminished when the high
resistance (R3=0.90 cmH2O·ml-1·min, 1 mm ID) flow
head was used in place of a low resistance (R3=0.05
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Fig. 4. – Effect of driving pressure (Ptot) on flow (Φ) through a
representative bronchial segment, before and after contraction with
10-6 M carbachol.  Over the pressure range from 0–10 cmH2O flow
was linearly dependent on driving pressure.       :relaxed;   ◆   : con-
tracted.
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Fig. 5.  – Scatter plot of pooled data from 13 bronchial segments, each
of which was challenged with a range of acetylcholine dose, showing
flow (Φ) (measured by collecting perfusate) versus airway resistance
(R2) (measured by connecting the pressure transducer to side ports on
the segment cannula).  The line through the figure is a plot of equation
(4) from the model using the measured values of system (R1=0.071
cmH2O·ml-1·min) and flow head (R3=0.046 cmH2O·ml-1·min) resistance.
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Fig. 6. – Measured apparatus sensitivity (∂P3/∂R2) versus predicted
apparatus sensitivity (∂P3/∂R2) derived from equation (5) in the model
(r=0.93; β=1.3±0.04).  Apparatus sensitivity (∂P3/∂R2) was expressed
as the change in flow head pressure drop (∂P3) divided by the change
in airway resistance (∂R2).
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cmH2O·ml-1·min, 2.15 mm ID) flow head (n=5;  p<0.01).
The gradient of the curve in figure 7 for the low resistance
flow head was about 2.5, and approximately 0.81 for
the high resistance flow head.  Replacement of the high
resistance flow head with the original flow head retur-
ned the response to its previous level.  Hence, the appa-
rent responsiveness of the bronchial segment was strongly
affected by flow head resistance.

Discussion

Two mathematical assumptions were made in the model:
that resistance is independent of driving pressure and
series resistances are additive.  Flow through relaxed and
partially contracted segments was linearly dependent on
driving pressure, validating equation (1) and the first
assumption of the model.  Independence of resistance
and pressure has previously been reported for both porcine
[9] and human airways [12].  The good fit between
measured and predicted flow for varying airway resistances
validates equation (2) and the model's second assumption
(i.e. series resistances are additive).

An extremely high correlation was found between
measured and predicted values of apparatus sensitivity
(∂P3/∂R2).  However, measured sensitivity was higher
than predicted.  This may be due to an underestimation
of airway resistance producing an overestimation of
sensitivity.  Alternatively, sensitivities predicted by the
model are for infinitesimally small changes in airway
resistance, whereas finite changes in airway resistance
were used to estimate sensitivity from experimental data.
The extremely high correlation coefficient of figure 6
demonstrates that the model is useful for predicting the
behaviour of the real apparatus.

One of the model's most significant results was quanti-
fying the attenuation of flow (Φ) and sensitivity (∂P3/∂R2)
by system (R1) and flow head (R3) resistance.  Equation
(4) shows that apparatus sensitivity is inversely proportio-
nal to the square of the total resistance, so that resistance
in the apparatus will attenuate the measured response and
underestimate the extent of narrowing.  Attenuation was
observed experimentally (fig. 7) where a high resistance
flow head reduced the apparent response of the bronchial
segments to EFS.  This attenuation effect is applicable
to any instrument used to measure flow, whether or not
a flow head is used.

Pneumotachographs and the perfused bronchial segment
apparatus use flow head resistance (R3) to measure flow
(Φ), and a reduction in flow head resistance (R3) prod-
uces a proportional reduction in signal strength.  Hence,
extra resistance is added to generate a signal and some
attenuation of the response (flow reduction) will be caused
by the flow head resistance.  The most sensitive flow
head will give the greatest signal for the least attenua-
tion of response, i.e., the largest change in pressure drop
for a given change in airway resistance.  The model states
that this will occur when the flow head resistance is equal
to that from all other sources (equation (5)).  Equation
(5) applies both to the in vitro perfused bronchus prepara-
tion and to pneumotachographs used to measure ventila-
tion in vivo.

Equation (6) predicts that even with optimum flow
head resistance and no other system resistances, apparatus
sensitivity would be limited by low driving pressure and
high airway resistance.  Thus, sensitivity will be highest
for preparations with high flow rates.  During tidal
breathing even small animals have flow rates an order
of magnitude higher than those through isolated bronchi.
Hence, pneumotachographs used in clinical and experi-
mental procedures have comparatively few problems with
sensitivity.

The limitations placed on sensitivity by flow head
resistance are not present in some alternative methods
for measuring flow.  HULSMANN et al. [12] have recently
reported the use of electromagnetic blood flow sensors
to measure flow through isolated bronchi.  However, the
model indicates that the output of any type of flow sensor
will be subject to attenuation if a high system resistance
is present in the experimental apparatus, such as at cann-
ulae.
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