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Abstract
An analysis introduced by the authors in 2011 examining the robustness 
of the isovolume method for the calibration of the Respiratory Inductive 
Plethysmograph based on the Connected Cylinders particular model of Konno 
and Mead’s generalized two-compartment model of respiration is extended. It 
is demonstrated that extending this to a more physically realistic geometrical 
model, termed the Connected Prismatic Elliptical Segments model, does not 
enhance the earlier analysis, and that the analysis can easily be proven to 
cover all area-based transduction sensors, irrespective of the actual geometry 
of the compartments.
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The authors published a paper in Physiological Measurement in 2011 (Augousti and 
Radosz 2011) in which they extended work carried out earlier (Augousti 1997). This 
work examined the relative robustness of the isovolume method of calibration for the 
Respiratory Inductive Plethysmograph (RIP) (Cohn et al 1975, 1982, Sackner et al 1980), 
which is based on transduction of a cross-sectional area, and compared it to a similar 
analysis that was conducted for the Fibre Optic Respiratory Plethysmograph (FORP), 
which by contrast is based on transduction of circumference (Raza and Augousti 1994, 
Davis et al 1997, 2000, Babchenko et al 1999, Augousti et al 2005, 2006). One of the 
key outcomes of this analysis was that the procedure was, to first order, essentially more 
robust for the RIP than for the FORP, manifested as a dependence of calibration coef-
ficients on the value of the compartmental volume in the case of the FORP whereas by 
contrast the coefficients obtained for the RIP were independent of compartmental volume. 
The notion of a two compartment model, and hence two degrees of freedom, was intro-
duced by Konno and Mead (1967), one representing the thoracic cavity (usually referred 
to as the ribcage compartment) and the other the abdominal cavity, although the shape of 
each of the compartments was not specified. The idea of two separate compartments is 
not physically realistic from an anatomical perspective, however this model does provide 
a very useful conceptual framework for analysis of measurements based on two channels, 
which is helpful in terms of permitting the equivalent of ‘common-mode’ rejection of spu-
rious values (which may arise from flexing of the torso). One of the authors of this paper 
devised a model termed the Connected Cylinders Model (Augousti 1997) which provided 
an analysis of the calibration of the FORP using this model based on first-order changes. 
The coefficients in question determined the relative contribution of each compartment to 
the total inspired volume. A second result demonstrated in the latter paper (Augousti and 
Radosz 2011) that the effect of neglecting second-order terms, as would be included in an 
exact analysis of area-based transduction based on the Connected Cylinders model, was 
negligible for realistic assumptions regarding the functional interdependence of compart-
mental heights and areas.

In the Further Work section  of that paper it was suggested that this analysis could be 
extended to more physically realistically geometries for the two compartments, proposing, 
for instance, two compartments with elliptical segment cross-sectional areas. A preliminary 
analysis based on the following geometry has been carried out. The abdominal compartment 
consists of a right-angled prism of elliptical cross-sectional area, whose major and minor axes 
can both vary, and the thoracic compartment consists of a prismoidal shape, also of ellipti-
cal segment cross-sectional area, but in this case this it is not a right-angled prism. The angle 
of inclination of the cross-sectional area to the normal axis varies during breathing, thereby 
changing the volume (figure 1). The height of both compartments remains fixed during breath-
ing. Such a geometrical model would provide a somewhat more realistic framework for analy-
sis, providing a model that is more akin to the pump- and bucket-handle motions, as well as 
the caliper motion in the lower ribs, that occur during normal breathing (De Groote et al 1997, 
Rib Cage Biomechanics link 2014).

Following some work devising an analysis based on this Connected Prismatic Elliptical 
Segments Model, it has become clear that in fact the analysis is independent of the cross-
sectional area of each compartment, subject only to the constraint that the height of each com-
partment is fixed. In fact this can be shown by a relatively trivial analysis, which is reproduced 
below.

Using the same terms to represent quantities as introduced by Augousti and Radosz (2011)
=V hA and hence =  V h Ad d . If Δ = F K Adi i i then
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where h represents compartmental height, Ki represents a channel calibration constant 
incorporating the channel sensitivity, Δ  Fi  represents changes in the signal recorded in channel 
i (where i = RC, ABD represents the thoracic or abdominal compartment respectively) and 

=  k h K/ .i i i  The ensuing analysis then proceeds as in ∮ 2.3 in Augousti and Radosz (2011).

In conclusion, this strengthens the outcomes of the previous analysis, and extends them 
easily to arbitrary compartmental geometries, subject to the constraint of fixed height, for 
systems whose transduction depends on the area of cross-section ther than the perimeter.

The clinical significance of this work is to establish why such a relatively simple calibra-
tion method, compared, for instance to least-squares fitting techniques, should work so well. 
For example Raza (1997) has demonstrated that isovolume-based techniques differ from least-
squares fitting methods for the inference of tidal volume by as little as 3%, even under extreme 
tidal excursions. This extension of the original analysis carried out by Augousti and Radosz 
(2011) demonstrates that it is no coincidence that this calibration technique works so well, 
largely as shown above due to the fact that the method does not depend on the particulars of 
the compartmental geometries (subject to the constraint of fixed compartmental height), for 
area-based transduction systems.

Figure 1. The prismatic elliptical segments model, showing only the upper (thoracic) 
compartment. The first part shows the cross section  of the elliptical segment, and 
the latter shows the motion as this compartment changes shape. In order to calculate 
the volume, of the prism, and more importantly the change in the volume ΔV as a 
change in the angle of inclination Δθ, the elliptical cross-sectional area of the prism 
must be determined in terms of w. It can be shown using elementary calculus that 

π= + −A ab w a( / 2 cos / 2 ).1
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