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Noninvasive pulmonary function measurements made on rodents are commonly used for studies where
quick, relatively easy end-points are required. These types of measurements are of particular advantage for
studies where large numbers of animals are involved. Using tests that are simple to administer generally
translates to more efficient and more accurate data collection. Noninvasive measurements result in less stress
placed on the animal and allow repeated testing of the same animals at multiple time points. This review
focuses on several noninvasive methods that have been developed for pulmonary function screening, which
are analyzed from an engineering systems perspective. An analog model of the respiratory system of a
conscious, freely respiring animal is presented in terms of an equivalent electrical circuit. This model is used as
a basis to demonstrate the relationship between pulmonary parameters derived from circuit analysis.
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1. Introduction

Many methods have been developed for measuring pulmonary
function in small laboratory rodents. The subset of these methods that
are noninvasive in nature provides important screening tools for
pharmacological and toxicological studies. There are many instances
where relatively quick and easy pulmonary measurements are
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required. This includes cases involving large numbers of animals,
where there is not time to perform more complicated or invasive
testing. Noninvasive methods are also beneficial for longitudinal
studies where the same animals can be measured repeatedly over the
time-course of a treatment or exposure. There are also many cases
where the measurements provided by these screening tools are not
the primary endpoints. However, these measurements can still
provide valuable supporting data for studies involving more invasive
and/or destructive testing following some pharmacological or
toxicological exposure or intervention.

Several groups have reviewed the spectrum of noninvasive and
invasive testing methods commonly used. Bates and Irvin (2003)
discuss several pulmonary function measurement types, both
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noninvasive and invasive, and their respective tradeoffs between
natural conditions and measurement precision. Glaab et al. (2005)
compared a noninvasive measurement (mid-expiratory flow) with
invasive measures of lung resistance and dynamic lung compliance in an
allergic model of airway responsiveness in mice. Hoymann (2006)
focused on these same measures while also reviewing several other
commonly used pulmonary function measurements, both noninvasive
and invasive. Similarly, Glaab et al. (2007) reviewed several noninvasive
and invasive systems used to assess pulmonary function in mice.

This review is focused on screening methods that are noninvasive in
nature, including some recently developed techniques that have not
been reviewed previously. Additionally, these techniques are presented
using an engineering systems approach. This type of approach, including
the use of electric circuit analog models and the Laplace transform is
certainly not novel in regard to the respiratory system. We believe
that this approach not only simplifies the analysis, but also promotes
a more intuitive understanding of the relationships between the
different screening methods and the parameters they measure.

2. Overview

A simple model of the respiratory system is shown in Fig. 1. A
pressure at the body surface, Pys(t), produces a flow of gas, I,(t), that is
forced through the respiratory system, RS. As this flow moves through
the system it is filtered by the mechanical properties of RS, resulting in
a flow, I,(t), and a pressure, Py,(t), at the airway opening. Here, [,(t) is
defined as the volumetric flow at body temperature and saturated
humidity.

A common representation of RS is the respiratory model (DuBois et
al., 1956) shown in Fig. 2.

In this model, Py, is the alveolar pressure, R, is airway resistance,
L, is the inertance of the gas in the airways, and C, accounts for gas
compressibility in the alveolar space. Similarly, the chest wall and
muscle tissue impedances are represented by R;, Ly, and ;. For the
freely respiring animal, the breathing frequencies are low enough
such that there are very minimal air or tissue mass momentum effects.
That is, the impedances of the inductors L; and L, are usually
negligible (see, for example, Gomes et al., 2000).

In later models, the lung tissue parameters, R;; and C;;, have been
shown to be frequency dependent, and can be described by the
constant phase model (Hantos et al., 1992) at low frequencies
generated in the breathing pattern of a freely respiring animal. In
the steady-state s-domain, the constant phase model describes a filter
of the form:

G M)

where Z;; is tissue impedance. This model can also be written in the
Fourier (frequency) domain as:

Zuw) = = @

where G represents tissue damping (reflecting energy dissipation)
and H is a parameter closely related to tissue elastance (reflecting
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Fig. 1. Simple input-output model of the respiratory system.
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Fig. 2. Dubois respiratory model.

energy conservation). The fractional exponent « can be written in
terms of G and H as follows:

(61 = <%> arctan (g) 3)

Additionally, if the relationship between the real and imaginary
parts of Eq. (2) is equated to the impedance of a series combination of
R;i and Cy, it can be shown that:

G

Ri= o= (4)
and

o 1
Ci = Hol—o (5)

Models like the one in Fig. 2 were developed for systems where a
driving pressure was induced at either the thorax or the airway
opening. In these types of applications, spontaneous respiration is a
confounding factor. In humans, this is often dealt with by having the
subject hold their breath. When dealing with animals, the animal is
either anesthetized and paralyzed and kept on a ventilator which is
temporarily stopped during the test, or the driving signal is designed
such that the breathing frequencies do not interfere with the test. In
any case, these models assume I, and I,, are due to the driving
oscillations, not spontaneous respiration.

In the model presented in Fig. 3, an ideal pressure source represents
the pressure, P, developed internally by the muscles to produce
spontaneous respiration. When pressure is applied at the thorax or at
the airway opening, the pressure Py, is added to the driving pressure.
Note that the current, I;, can be measured, while the pressure Py, is a
generalized internal pressure source.

As the warmed humidified gas leaves the respiratory system, it
cools as it mixes with the ambient air. There is evidence that this
cooling process has a significant time constant associated with it (i.e.,
it is not instantaneous) in humans (Peslin et al., 1995, 1976). Tests in
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Fig. 3. Respiratory model of a freely respiring animal.
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our laboratory indicate that this effect is nearly instantaneous in rats,
and presumably in smaller animals such as the mouse. Schmid (1975)
studied the exit temperature of respired air for many small mammals,
including several species of mice, and found that, due to design of
the nasal cavity, the exit temperature is approximately 1 °C above
ambient.

On inspiration, the reverse takes place. That is, the ambient gas
expands as it is warmed and humidified. When the thermal effect is
instantaneous, it simply acts as a gain, G, on the airway flow. The
value of G, (Drorbaugh & Fenn, 1955; Peslin et al., 1995) is:

T; |Pa—Py,0 ;
Go=1 e 6)
: Ta [Pi_PHZO, (

where the subscripts i and a denote conditions of inspired and
alveolar gas, respectively, and T and P are temperature and pressure,
respectively. This effect can be modeled using a dependent current
source as shown in Fig. 4. The current I,, represents the current at the
airway opening at atmospheric conditions.

Summing the currents at the two nodes in Fig. 4 gives:

laa(t) = Ia(t)_tha(t) = (1_Gt)la<t) (7)
and
I(t) = I.(t) + I4(t) (8)

where I(t) is the current through C; and is given by

dP,,(t
i = e ©)

Alveolar pressure is
Palv(t) = Ia(t) Ra r Pao(t)~ (]O)
For an animal respiring outside of a plethysmograph (short
circuit), or in a plethysmograph with a properly designed impedance,

Pai(t) > P,o(t) such that

Palv(t) = Ia(t)Ru- (11)

Substituting Eqs. (9) and (11) into Eq. (8)

L) = R,c, 2al0

oCe—gp + lal®). (12)
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Fig. 4. Respiratory model of a freely respiring animal with temperature and humidity
effects.

Taking the Laplace transform

I(s) = (Rans i 1)1,,(s) (13)

—

S 1
[ENRIC SEE (14)

Substituting Eq. (7) gives the transfer function:

—

e =G

=7t it
I,(s) RaGs =1 ()

Again, we note that the pressure, P, cannot be measured, while
thoracic flow, I, often can be. Egs. (14) and (15) provide a basis for
analyzing a spontaneously breathing animal in a variety of systems in
the following sections.

2.1. Specific airway resistance

In many pulmonary function screening situations, there is a desire
to measure airway resistance, R,. With most current noninvasive
techniques, one cannot measure R, alone. It is possible, however, to
measure the product R,Cs. The compliance of the gas in the lung is
defined as:

i (16)

L =

1

where V,, is thoracic gas volume. This gives:

BC = Ry, (17)

Since Pg—Py,0, is known (can be measured), it can be removed
from the right hand side above by multiplication. The result is known
as specific airway resistance, sRaw.

sRaw = R,V;; = R,C, (PB—PHzon). (18)

For measurements made over a relatively short span of time, the
pressure term Pg—Py,0, can be considered a constant which relates
R,C, directly to specific airway resistance.

2.2. Open versus closed chamber impedance

In general, the impedance, Z, of a chamber can be described with a
parallel combination of a resistor and a capacitor. The resistor, R,
represents the viscous resistance of airflow from the chamber to the
outside environment, and the capacitor, C., represents the compliance
of the gas in the chamber. The general expression for chamber
impedance is:

R
Ti—N—————}
¢ RCs+1 (1)
In a closed box, where R.— «, the expression in Eq. (19) reduces
to:
T 1
(S C_CS (20)
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The pressure measured across this impedance is P=1Z. Because of
the integral term (1/s), the pressure is proportional to changes in
volume.

In an open box, or semi-open box, the chamber is often designed
such that the R.C.s term in the denominator is much less than one. In
this case, the chamber impedance can approximated as:

2= R (21)

This is usually true at low frequencies and when the impedance
presented by C. is much larger than R. because the majority of the
flow is shunted through R.. This being the case, the pressure measured
in the box is proportional to box flow.

Note that systems that supply fresh air to an animal in a box use a
bias flow supplied through a very high impedance so that the chamber
impedance is largely unaffected. Also, with proper calibration and
compensation, flow or volume can be measured with either type of
chamber. For an in-depth discussion of the advantages, disadvantages,
and signal handling techniques of each type, see for example (Bates et
al,, 1996; Butler et al., 1986; Peslin & Fredberg, 1986; Stocks et al.,
1996). In this review, we simply assume the box is optimally designed
so that when the pressure is measured across a known impedance, the
flow signal is accurately calculated.

3. Double chamber plethysmography

Using the double chamber plethysmograph (DCP), an animal is
placed in a chamber in which a neck or nose seal separates the flow
produced by external volume changes at the thorax and flow from the
nares. Each chamber presents an impedance between the animal and
the atmosphere as indicated in Fig. 5. The pressure across each
chamber impedance can be measured and related to airflow. The
transfer function between thoracic flow and head chamber flow is
described by Eq. (15) and is illustrated in Fig. 6.

3.1. Tidal volume

Tidal volume can be measured directly from the head chamber
flow and estimated from the thorax flow signal. Tidal volume is
typically given in terms of body temperature pressure saturated
(BTPS) conditions. By definition, the tidal volume signal can be
written as a function of time as:

Vo) = [ I,(t) dt. (22)
P
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Fig. 5. Respiratory model of a freely respiring animal constrained in a double chamber
plethysmograph.
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Fig. 6. Transfer function model of a freely respiring animal.

Using Eq. (7), the tidal volume can be calculated from the head
chamber flow as:

1
Vy(t) = 1——61'[ I, (t)dt. (23)

It should be noted that tidal volume is sometimes defined in terms
of the change in volume of the thorax:

Vi(t) = [ I(t)dt. (24)

The difference between V;(t) and V,(t) can be expressed in terms
of the filter described by Eq. (14). At the limits as R,C,® approaches
zero, Vo(t) = V,(t), but as R,C,w approaches infinity then V,(t)=0.
Over most physiologically relevant ranges of R,Cg and o, there will be
a phase shift between V,(t) and V,(t), but peak-to-peak amplitude
(static tidal volume) differences are small under normal conditions.

3.2. Specific airway resistance

In the most common implementation of the double chamber
plethysmograph, the phase shift of the transfer function shown in
Fig. 6 is utilized to measure sRaw (R.Cy).

After reaching steady state s=jw, and the phase shift 6 of the
transfer function is:

tan § = R,G,0. (25)

If the breathing signal is considered sinusoidal, the specific airway
resistance can be estimated from the phase shift at the fundamental
breathing frequency (Pennock et al., 1979), fi:

tan(9) tan(0)

RuCg = 5 == 2ﬂfbr 5 (26J

3.3. Pros/cons

The main advantage of the DCP is that specific airway resistance
can be measured directly. Additionally, the pressure signals associated
with these measurements are appreciable and are not as susceptible
to measurement noise as compared with some other types of
plethysmography. The flow signals measured in the DCP allow direct
computation of tidal volume. Finally, it is possible to configure the DCP
to enable the introduction of aerosols or gases into the head chamber
for inhalation exposures. By estimating tidal volume from the thoracic
flow, an estimate of the dose received by the animal can be acquired if
the exposure concentration is known.

The main disadvantage of the DCP is related to the neck or nose
seal since it is difficult to determine if the seal leaks. In addition,
animal cooperation can be problematic. Animals can become agitated
and may be difficult to position in the plethysmograph. The increased
animal handling and physical constraint increases animal stress.
Although the stress may not affect specific airway resistance, it
certainly is capable of producing changes in respiratory rate and depth
of breathing. Therefore, calculated values of tidal volume, respiratory
rate, and minute ventilation using a DCP system may differ
significantly from that of a calm, unrestrained animal. Obviously,
the additional stress can also be a confounding factor when other
biological markers are measured.
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4. Head-out plethysmography

The head-out plethysmograph (HOP) is similar to the double
chamber plethysmograph in that the head and body of the animal are
separated in some manner by a seal. However, in the head-out
plethysmograph, no provision is made to measure either pressure or
airflow at the airway opening. Only the single measurement of
thoracic flow is made using the HOP.

Now, consider the impedance seen by the pressure source Py,
generated by the muscles of the thorax illustrated in Fig. 4. Since the
impedance of the dependent current source, G, is infinite, and the
impedance presented by the compliance, C,, of the gas in the lung
airways is much larger than R, the model for the HOP can be
approximated by that shown in Fig. 7a. When the breathing pattern is
approximately sinusoidal, the model can be represented with fixed
parameters as shown in Fig. 7b.

Using the general form for tissue impedance (see Eq. (1)) the
system model corresponding to this circuit is shown in Fig. 8.

4.1. Tidal volume

Tidal volume measurements from the HOP are identical to those
made from the body chamber of the DCP. That is, tidal volume is taken
as the integral of thoracic flow (Eq. (24)).

4.2. Mid-expiratory flow

The most common parameter reported using the HOP is mid-
expiratory flow (EFsp). A decrease in EFso has been reported as an
indicator of airway hyperresponsiveness (AHR) and bronchoconstric-
tion in the mouse (Glaab et al., 2001; Neuhaus-Steinmetz et al., 2000;
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Fig. 7. (a) Respiratory model of a freely respiring animal in a head-out plethysmograph.
(b) Single frequency model of a freely respiring animal in a head-out plethysmograph.
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Fig. 8. Transfer admittance model of a freely respiring animal in a head-out
plethysmograph.

Vijayaraghavan et al, 1993) and in the rat (Glaab et al., 2002).
Calculation of EFso (illustrated in Fig. 9) is performed by first
calculating tidal thoracic volume, V(t) by integrating the flow signal,
I(t). The peak-to-peak volume excursion gives the thoracic tidal
volume, V7. Next, the flow during the expiratory phase corresponding
to the midpoint of V; yields the parameter EFso. Analyzing the circuit
in Fig. 7:

1
Pu(t) = = [ L(t)dt + (Ry + Ry)I(t). (27)

G

When the inspiratory and expiratory volumes are equal, then the
midpoint of V; occurs when:

V(t) = [I(tydt = 0. (28)

Then Eq. (27) reduces to

P = (Ry + Ry)EFs,. (29)
Flow
th
\
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Fig. 9. lllustration of the calculation of EFsq.
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Rearranging:
_ _ bn
EFsy = R+ Ry’ (30)

If it is assumed that P,,(t) remains constant when V,(t) =0, then
EFso would be inversely proportional to pulmonary resistance
(Rt=R¢+Ry).

4.3. Pros/cons

The HOP shares most of the advantages of the DCP. Although it
does not provide a direct measure of sRaw, it can be used to measure
the EFso parameter. Additionally, since no efforts need be made for
measuring flow in the head chamber, this system should be slightly
easier to use compared with the DCP method while exposing animals
in a plethysmograph.

The HOP shares the same disadvantages with the DCP with respect to
the integrity of the neck seal. Another disadvantage of the HOP is related
to the parameter EFs,. Although EFs, has been shown to correlate with
measurements of lung impedance under some experimental conditions,
the single measurement of flow in the HOP is not sufficient to make a
quantitative estimate of pulmonary impedance. As pointed out
previously, one must assume that the internal driving pressure
generated by the animal remains constant when V, = 50%V+. It remains
unclear how well these conditions are met. Even when the above
assumption is met, however, according to the model of Eq. (30), a
change in frequency would produce a change in EFs since tissue
resistance is frequency dependent (see Eq. (4)). This implies that EFsq
could change without a change in the underlying tissue properties,
damping (G), and elastance (H).

5. Whole-body plethysmography

Unlike the previously mentioned systems, an animal in the whole-
body plethysmograph (WBP) has no restraints and no seal to separate
the interactions between thoracic and nasal flows. A representation of
this interaction is shown in Fig. 10. Flow into the WBP is:

Iy(6) = 1(£) =g () (31)
Taking the Laplace transform of Eq. (31) and replacing I4,(s) with

the expression given in Eq. (15) results in the following transfer
function between I,(s) and I,(s):

(32)

I(s) _RCs+ G, _ RGs 5 G,
I(s) ~ RCGs+1 RG+1 RCG+1°

Fig. 10. Respiratory model of a freely respiring animal in a whole-body plethysmograph.

The system model is shown in Fig, 11.
At typical breathing frequencies

Ip(s) _

115 = RaGes + G (33)
such that

15(5) = RyCysI(s) + Gl (s). (34)

The first term on the right of Eq. (34) represents gas compression
while the second represents gas conditioning effects.

5.1. Tidal volume

The WBP has been used to measure tidal volume (Drorbaugh &
Fenn, 1955; Epstein & Epstein, 1978; Jacky, 1980). In those cases, the
gas compression component of the signal was either ignored or
assumed to be negligible. If the gas compression component is
sufficiently small, which may the case for animals with normal lung
function, the equation above reduces to:

Iy(s) = G(s) (35)

and tidal volume can be written as:

. [ 1,(t) dt. (36)

Vi) = & |

5.2. Enhanced pause

The other measurement commonly made with the WBP is the
enhanced pause parameter, or Penh (Hamelmann et al., 1997).
Penh is a dimensionless parameter defined as:

PEF

Penh = ﬁ{

=T
e 0
where PEF is peak expiratory flow, PIF is peak inspiratory flow, T, is
expiratory time, and T, is relaxation time, defined as the time to reach 64%
of expiratory volume (see Fig. 12). Note that the flows in this equation
represent the expiratory and inspiratory portions of box flow, Ij,.

Penh of the airflow pattern into and out of the WBP has been shown
to correlate with changes in lung resistance and dynamic lung
compliance in response to methacholine (Hamelmann et al, 1997)
and has been used by numerous investigators in studies of airway
responsiveness or for long-term (hours and days) measurement of
changes in pulmonary function. As an empirically-derived shape index,
itis difficult to relate Penh directly to the system model shown in Fig. 11.
However, Frazer et al. (2011) have recently shown that in some
circumstances, changes in Penh can be related to changes in sRaw based
on the shape of the thoracic flow pattern, I,. The interpretation of Penh
measurements has proven to be controversial, and many investigators
have shown that changes in Penh do not always correlate with changes

in lung mechanics.

Adding to the controversy is that there appears to be some
discrepancies in the analysis of Penh. In the original research, Penh was
applied to the pressure signal produced by an animal in a semi-open

R.C.s+G,
R.C sl

It(s) Iao(s)

Fig. 11. Transfer function model of a freely respiring animal in a whole-body
plethysmograph.
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Fig. 12. lllustration of parameters for calculating Penh.

WBP, where the pressure signal is proportional to flow into and out of
the box (see Section 2.2). This is the reason that Penh has been defined
in this review in terms of the WBP flow signal. However, it has been
pointed out (Lomask, 2006) that some have analyzed Penh in terms of
the signal from a closed WBP, where the pressure signal is
proportional to the integral of the box flow(see Section 2.2). Because
the integral is a smoothing function, Penh does not respond to the
volume signal in the same way it does to the flow signal.

Other investigators have applied Penh to the thoracic flow signal
(Flandre et al., 2003). It can be shown that Penh of the thoracic flow
would normally be inversely related to Penh of the WBP box flow
(Frazer et al., 2011).

5.3. Pros/cons

The main advantage of the WBP is that it is extremely simple to use.
Of all the systems, the WBP requires the least technician interaction and
is the least stressful on the animal. Because of this, if food and water are
provided, the WBP can allow long-term monitoring of the animals.

The main disadvantage of the WBP is that the signal acquired from
the system is difficult to interpret. From Eq. (34), it can be seen that
the box flow measured using a WBP is a function of gas conditioning,
specific airway resistance, and the thoracic flow. As demonstrated in
the section on the HOP, thoracic flow is a function of the driving
pressure, tissue impedance, and airway resistance. So there are a
number of factors that combine to determine the shape of the WBP
signal. Because of this, a number of investigators have questioned the
validity of the Penh measurement (Adler et al., 2004; Drazen et al.,
1999; Enhorning et al, 1998; Lundblad et al., 2002; Mitzner &
Tankersley, 2003; Sly et al., 2005).

6. Restrained whole-body plethysmography

The restrained whole-body plethysmograph (RWBP) (Agrawal,
1981; Lofgren et al, 2006) is basically a DCP contained within a
traditional WBP. In this system, the animal is restrained such that airflow
from the airway opening is measured with a heated pneumotach.

6.1. Tidal volume

Tidal volume measurements in the RWBP are taken directly from
the flow measured with the pneumotach:

V,(t) = [ Lt dt. (38)

365

6.2. Specific airway resistance

After passing through the pneumotach, the air interacts with the
air in the chamber as in the WBP. Substituting Eq. (13) into Eq. (32):

lb(s) = (Rucgs = Gt)’u(s)~ (39)

Although the data could be fitted to the equation above, a different
strategy has been applied in the past (Agrawal, 1981). It is assumed
that G, is minimized during the transition from expiration to
inspiration. If G,=0, then Eq. (39) reduces to:

Iy(s) = Ia(s) RGeS (40)

or

’Q = 1,(5) R,C, (41)

V(s = 1SRG (42)
In the time domain

V() = I,(t) R,G,. (43)

Therefore, specific airway resistance can be estimated from the
slope of a plot of box volume versus airway flow during the segments
of time when G, is minimized (i.e., airflow during the transition from
expiration to inspiration (Agrawal, 1981)).

6.3. Pros/cons

This plethysmograph provides an alternative to the traditional
double chamber plethysmograph. Because this system is essentially a
restrained plethysmograph with a neck or nose seal, this plethysmo-
graph shares the same advantages and disadvantages as the DCP.

7. Video-assisted plethysmography

The video-assisted plethysmograph (VAWBP) (Bates et al., 2008)
is essentially a whole-body plethysmograph that estimates the
change in volume of the thorax using video cameras.

7.1. Tidal volume

In this system, two cameras provide images of the silhouette of an
animal from orthogonal angles. Volume is inferred from these
silhouette images assuming the mouse has an elliptical cross-section.

7.2. Specific airway resistance

Several groups of pulmonary physiologists have shown derivations
of the relationship between thoracic volume change, the WBP
pressure signal, and airway resistance (Bates et al., 2008; Lai-Fook &
Lai, 2005; Lundblad et al., 2002). An alternate derivation can be
illustrated starting with Eq. (32).

Li(s)  R.Gs + G,
GETRRNREC S

At low frequencies, Eq. (32) reduces to:

Iy(s)
P ARG +C, (44)



366 J.S. Reynolds, D.G. Frazer / Pharmacology & Therapeutics 131 (2011) 359-368

In the VAWBP, the plethysmograph interior is heated and

humidified to minimize the effects of G,. As G, approaches zero:

Iy(s) _
I R.G,s. (45)
Since, the impedance of a closed chamber is
1 Pb(S)
Zy(S) = — = =——. 46
== e (46)
This results in the following expression:
Iy(s) = Py(s) Cys. (47)
Combining Egs. (45) and (47) gives:
Py(s) CpS _
e RiCs (48)
or
R,C,
Py(s) = —=E1L(s). (49)
Gy
Since compliance is volume divided by pressure
RV,
5] = =21 (50)
Vbox
or
R ;
Pyls) = 2 1(5). (51)
vbox

Integrating both sides gives:

This can be written in the time domain as:

[Pyt dt = SRaWV[m (53)
Vbox

which is coincident with the expressions derived by Lundblad et al.
(2002), Lai-Fook and Lai (2005) and Bates et al. (2008). sRaw can then
be determined by fitting the data measured by the VAWBP to the
equation above (Bates et al., 2008).

7.3. Pros/cons

The obvious advantage of video-assisted plethysmograph is that it
can provide a direct measure of specific airway resistance in an
unrestrained, freely respiring mouse. The disadvantages of this system
include a somewhat slow (25 Hz) sampling resolution (presumably
from the camera speed and/or the image processing speed), and the fact
that animal motion would appear to be problematic. Additionally, the
authors of this technique chose to heat and humidify the system. While
this has the advantage of eliminating the thermohygrometric gain from
the model, it does make the system somewhat more complicated.
Additionally, it is not clear what stresses the heat may place on the
animal in the system. However, it seems possible that this system could
be implemented by modeling the heat/humidity effect as described by
Peslin and Duvivier (1999).

8. X-ray plethysmography

Lai-Fook et al. (2008) have used x-rays to complement a traditional
WBP. This system is similar to the VAWBP in that it utilizes a closed
chamber and conditioned gas to mitigate the effects of temperature and
humidity. Bates et al. (2008) have pointed out some practical limitations
of the x-ray method, including the fact that this system cannot collect
images rapidly throughout a breath, and that image segmentation has to
be performed manually. These limitations, and perhaps the cost of the x-
ray system itself, make this method an unlikely candidate as a screening
tool. An advantage of this system, however, is the ability to estimate
thoracic gas volume, allowing separate measurements of R, and C,.

9. Acoustic plethysmography

Acoustics have been used to measure tidal volume in mice (Reynolds
& Frazer, 2006) and in neonatal mice (Daubenspeck et al., 2008). In
these whole-body systems, the plethysmograph impedance, Z,, is
minimized in order to maximize the fidelity of the thoracic volume
measurement. Reynolds et al. (2008) later extended the acoustic
plethysmograph so that both thoracic volume and plethysmograph
flow could be measured, allowing an estimate of specific airway
resistance.

9.1. Tidal volume

This system sets up the whole-body plethysmograph as a resonant
cavity so that changes in the volume of the animal produce a modulation
of the sound amplitude within the chamber. The acoustic excitation
frequency is much higher than the breathing frequency, and the
demodulated signal provides a direct measure of the tidal volume as a
function of time.

9.2, Specific airway resistance

Similar to methods utilized with the DCP, the acoustic plethys-
mograph estimates sRaw from the phase angle between thoracic flow
and box flow. This is shown by rewriting Eq. (32):

I(s) _ RGeS+ G,
IE) F RGsH1

where the phase angle, 6, between thoracic flow and box flow is given
by

1—G,) oR,C
tan® = % (54)
G, + 0°R;C;
Rearranging Eq. (54) gives:
2 2
o’ tan0(R,G, ) — @(1=G,) R,G, + G, tan6 = 0. (55)

The higher order term is small over physiologically-relevant
ranges and can be ignored. Solving for R,Cg results in the following
solution

RC — G, tan 6

d=8 2“(1—Gr)f (56)

9.3. Pros/cons

Like the VAWBP, the advantage of the acoustic plethysmograph is
that it provides a direct measurement of specific airway resistance in
an unrestrained, freely respiring animal. A disadvantage of the system
is the fact that it is susceptible to noise induced from ambient noise



J.S. Reynolds, D.G. Frazer / Pharmacology & Therapeutics 131 (2011) 359-368 367

frequencies near the excitation frequency. Additionally, while the
acoustic excitation is outside the hearing range of the mouse, it is not
known if the vibration produced by the acoustic resonance places any
additional stresses on the animal.

10. Discussion

Several techniques commonly used for pulmonary function
screening have been reviewed here using a simple mathematical
and electrical equivalent model of the respiratory system as a basis.
While we believe the models presented are generally appropriate,
there are some drawbacks. First, these models assume the lung
behaves as a linear system that can be described by lumped parameter
impedances. While this may be reasonable for animals with normal to
moderately-diseased lung function, it may not be accurate under
severe respiratory conditions. Similarly, a model of the lung assuming
a single airway connected to a single air space is likely to be inaccurate
under severe conditions.

Additionally, many parameters of these models are assumed to be
constant even though they have some variance with respect to volume
or flow. For instance, the impedance of thoracic gas is described by a
constant compliance, C, ignoring the fact that it varies with the change
in lung volume during respiration. Likewise, the thermohygrometric
gain, G, likely has some variance between inspiration and expiration
(Epstein & Epstein, 1978; Lomask, 2006; Mitzner & Tankersley, 2003;
Reynolds et al., 2008), but is assumed symmetric in the models
presented here.

It should be emphasized that the focus of this review is noninvasive
pulmonary function testing. While noninvasive methods have many
advantages that have already been discussed (i.e., repeatability in the
same animal, natural conditions, etc.), there are also limitations.
Notably, they lack the accuracy of conventional invasive methods
where the frequency and amplitude of perturbations applied to the lung
are precisely controlled. Additionally, invasive methods by-pass (via
tracheostomy) the upper airways, whose mechanical properties must
certainly be included in any noninvasive measurement.

Each of the systems that have been reviewed can be classified as
either restrained or unrestrained, and as a one- or two-measurement
system. In general, the systems that restrain the animal to make
measurements tend to be more difficult to use and likely produce more
stress than unrestrained systems. On the other hand, restrained systems
tend to produce higher-level signals and are less prone to motion-
induced or environmental noise. The one-measurement systems tend to
be easier to implement and use than the two-measurement systems, but
sometimes unwarranted assumptions are necessary to relate the
derived parameters to lung mechanics. In contrast, two-measurement
systems make it possible for the direct determination of specific airway
resistance. With respect to this issue, it is important to note that none of
these systems provides a direct measure of lung tissue impedance,
which can only be directly determined by invasive means.

In summary, we have reviewed several methods for pulmonary
function screening in small laboratory rodents. It has been shown how
each of these systems interfaces to a common pulmonary model of a
freely respiring animal, providing a unified approach to the many
manifestations of noninvasive lung mechanics measurement. It is our
hope that the analysis presented here elucidates relationships among
methods and provides a reasonable basis for the appropriate choice of
a screening tool and the interpretation of the results.

Disclaimer

The findings and conclusions in this report are those of the authors
and do not necessarily represent the views of the National Institute for
Occupational Safety and Health.
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