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AIR CIRCULATION APPARATUS AND METHODS
FOR PLETHYSMOGRAPHIC MEASUREMENT
CHAMBERS

FIELD OF THE INVENTION

[0001] This invention relates generally to apparatus and
methods for providing accurate measurement of human
body composition using a plethysmographic measurement
chamber. More specifically, the present inventions relate to
apparatus and methods for plethysmographic measurement
of human subjects in which air within a plethysmographic
measurement chamber is circulated and renewed with air
from outside the chamber.

BACKGROUND OF THE INVENTION

[0002] The assessment of body composition, including
measurement of fat and fat-free mass, provides physicians
with important information regarding physical status.
Excess body fat has been associated with a variety of disease
processes, such as cardiovascular disease, diabetes, hyper-
tension, hyperlipidemia, kidney disease, and musculoskel-
etal disorders. Low levels of fat free mass have been found
to be critically adverse to the health of certain at-risk
populations, such as infants, the obese, and the elderly.

[0003] Similarly, body composition has been shown to be
useful as a diagnostic measurement for the assessment of
physical status. Disturbances in health and growth, regard-
less of origin, almost always affect body composition in
newborns and infants. For example, for very low birth
weight infants, body composition and variation in body
composition are relevant both in determining infant energy
needs and in evaluation of health progression and physical
development.

[0004] A variety of methods are currently used in the
assessment of body composition. One common method is a
skin fold measurement, typically performed using calipers
that compress the skin at certain points on the body. While
non-invasive, this method suffers from poor accuracy on
account of variations in fat patterning, misapplication of
population specific prediction equations, improper site iden-
tification for compressing the skin, poor fold grasping, and
the necessity for significant technician training to administer
the test properly.

[0005] Another method employed is bioelectric imped-
ance analysis (“BIA”). Bioelectric impedance measure-
ments rely on the fact that the body contains intracellular and
extracellular fluids that conduct electricity. In particular,
BIA involves passing a high frequency electric current
through  the subject’s body, determining the
subjects’measured impedance value, and calculating body
composition based on the subject’s measured impedance and
known impedance values for human muscle tissue. How-
ever, this method can be greatly affected by the state of
hydration of the subject, and variations in temperature of
both the subject and the surrounding environment. More-
over, BIA has not been successfully applied with infant
subjects.

[0006] The most common method used when precision
body composition measurements are required is hydrostatic
weighing. This method is based upon the application of
Archimedes principle, and requires weighing the subject on
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land, repeated weighing under water, and an estimation of
air present in the lungs of the subject using gas dilution
techniques. However, hydrodensitometry is time consum-
ing, typically unpleasant for the subjects, requires both
significant subject participation and considerable technician
training and, due to the necessary facilities for implemen-
tation, is unsuitable for clinical practice. Further, the appli-
cation of hydrodensitometry to infant, elderly, and disabled
populations is precluded by the above concerns.

[0007] One technique offering particular promise in per-
forming body mass measurement is the use of air displace-
ment plethysmography. Air displacement plethysmography
determines the volume of a subject to be measured by
measuring the volume of air displaced by the subject in an
enclosed chamber. Volume of air in the chamber is calcu-
lated through application of Boyle’s Law and/or Poisson’s
Law to conditions within the chamber. More particularly, in
the most prevalent method of air displacement plethysmog-
raphy used for measuring human body composition (such as
disclosed m U.S. Pat. No. 4,369,652, issued to Gundlach,
and U.S. Pat. No. 5,105,825, issued to Dempster), volume
perturbations of a fixed frequency of oscillation are induced
within a measurement chamber, which perturbations lead to
pressure fluctuations within the chamber. The amplitude of
the pressure fluctuations is determined, and used to calculate
the volume of air within the chamber using Boyle’s Law
(defining the relationship of pressure and volume under
isothermal conditions) or Poisson’s law (defining the rela-
tionship of pressure and volume under adiabatic conditions).
Body volume is then calculated indirectly by subtracting the
volume of air remaining inside the chamber when the
subject is inside from the volume of air in the chamber when
it is empty.

[0008] Once the volume of the subject is known, body
composition can be calculated based on the measured sub-
ject volume, weight of the subject, and subject surface area
(which, for human subjects, is a function of subject weight
and subject height), using known formulas defining the
relationship between density and human fat mass. For
example, Siri’s equation defines fat mass as

Percent Fat Mass=((4.95/Density)-4.5)*100)
[0009]
subject weight/subject volume.
[0010]
Percent Fat mass=((4.57/Density)-4.142)*100)
[0011]

subject weight/subject volume.

[0012] In contrast to hydrodensitometry, air displacement
plethysmographic methods generally do not cause anxiety or
discomfort in the subject, and due to the ease and non-
invasiveness of the technique, can be applied to subjects for
whom hydrodensitometry is impractical. For example, co-
pending U.S. patent application Ser. No. 10/036,139,
entitled Apparatus And Methods For Plethysmographic
Measurement of Infant Body Composition, applied for by
Philip Dempster, and filed on Dec. 31, 2001, describes
apparatus and methods for plethysmographic measurement
of body composition of infant subjects.

where Deunsity is defined as

Similarly, Brozek’s equation defines fat mass as

where Density is defined as

[0013] However, plethysmographic systems require very
accurate measurements of volume to yield valid body com-
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position results. In particular, plethysmographic measure-
ment of infant body composition requires even more accu-
rate measurement of volume given the higher metabolic
activity of infant subjects as a proportion of body size, and
the longer measurement periods required for infants on
account of larger breathing artifacts. Due to this required
accuracy of volume measurement, current plethysmographic
measurement systems, while effective at measuring the
volume of inanimate objects, have suffered from secondary
effects that limit the accuracy of those systems with human
subjects. For example, accumulation of water vapor and
CO, in the measurement chamber can significantly affect
results on account of the differing adiabatic compression
properties of triatomic gasses (such as CO, and H,0) and
diatomic gasses (such as O, and N,,). Similarly, variations in
chamber temperature due to body heat produced by a test
subject may also affect the accuracy of volume measure-
ment.

[0014] Further, the composition of air within the measure-
ment chamber has an effect on the comfort and safety of the
test subject. Specifically, accumulation of CO, beyond cer-
tain levels may adversely affect the infant subject. Thus,
current plethysmographic systems that do not account for
accumulation of triatomic gasses tend to be less suitable for
determining infant body composition.

[0015] In view of the foregoing, it would be desirable to
provide a plethysmographic measurement chamber that pre-
vented the accumulation of water vapor and CO, in the
chamber, resulting in improved accuracy of body composi-
tion measurement.

[0016] It would further be desirable to provide a plethys-
mographic measurement chamber and air circulation system
that addressed variations in chamber temperature on account
of body heat produced by the test subject.

[0017] It would further be desirable to provide a plethys-
mographic measurement chamber and air circulation system
that maintained a safe and comfortable air composition for
infant test subjects.

SUMMARY OF THE INVENTION

[0018] In view of the foregoing, it is an object of the
present invention to provide a plethysmographic measure-
ment chamber that prevents the accumulation of water vapor
and CO, in the chamber.

[0019] Tt is another object of the present invention to
provide a plethysmographic measurement chamber that
addressed variations in chamber temperature on account of
body heat produced by the test subject.

[0020] Tt is another object of the present invention to
provide a plethysmographic measurement chamber and air
circulation system that maintains a safe and comfortable air
composition for infant test subjects.

[0021] These and other objects of the present invention are
accomplished by providing systems and methods for circu-
lating and renewing air within a plethysmographic measure-
ment chamber, while maintaining the acoustic properties of
the measurement chamber at the perturbation frequency
used to conduct volume measurements.

[0022] The present invention generally consists of a
plethysmographic measurement system that includes an air
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circulation system. The air circulation system comprises a
pump assembly of one or more pumps coupled to the
measurement chamber via one or more inlet tubes and one
or more exhaust tubes. The lengths of the inlet tube(s) and
exhaust tube(s) are selected such that the acoustic properties
of the measurement chamber are not affected by the air
circulation system.

[0023] In one embodiment of the present invention, the
source of air for the air circulation system is a controlled
temperature environment, such that chamber temperature
can be maintained relatively constant in spite of body heat
produced by the test subject.

[0024] 1In another embodiment of the present invention,
the inlet tube and exhaust tube further comprise multiple
parallel tubes to provide for quieter, laminar flow within the
tubes.

[0025] 1In another embodiment of the present invention, a
single inlet tube and a single exhaust tube are coupled
between the pump assembly and an inlet manifold and
exhaust manifold, respectively. The inlet manifold and
exhaust manifold are then coupled to the chamber via
multiple parallel tubes, providing for less flow resistance
than full lengths of multiple parallel tubes, while still
attenuating noise generated by turbulent flow.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The foregoing and other objects of the present
invention will be apparent upon consideration of the fol-
lowing detailed description, taken in conjunction with the
accompanying drawings, in which like reference characters
refer to like parts throughout, and in which:

[0027] FIG. 1 is a representation of an infant sized
plethysmographic chamber and air circulation system of the
present invention.

[0028] FIG. 2 is a representation of an adult sized plethys-
mographic chamber and air circulation system of the present
invention.

[0029] FIG. 3 is a detailed view of one embodiment the air
circulation components of the present invention.

[0030] FIG. 4 is a detailed view of another embodiment of
the air circulation components of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0031] Referring to FIG. 1, a representational view of the
infant sized plethysmographic measurement chamber and
air circulation system is shown. Plethysmographic system
20 is composed of plethysmographic measurement chamber
22, chamber door assembly 24, plethysmographic measure-
ment components 26 (including volume perturbation ele-
ment 28, and air circulation component chamber 30. Air
circulation component chamber 30 houses air circulation
components 31, which provide the mechanism for air cir-
culation within chamber 22.

[0032] Plethysmographic measurement components 26
are coupled to computer 32, which includes software 34 for
controlling the operation of plethysmographic measurement
components 26.
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[0033] Air circulation component chamber 30 is coupled
to measurement chamber 22 via inlet tube 36 and exhaust
tube 38. Inlet tube 36 and exhaust tube 38 allow for air to be
continuously circulated and renewed within measurement
chamber 22 through the operation of air circulation compo-
nents 31. As described in more detail in connection with
preferred embodiments of the invention, inlet tube 36 and
exhaust tube 38 could comprise multiple parallel tubes in
accordance with the present invention. Such an arrangement
would result in quieter, laminar flow within the tubes,
thereby generating less acoustic noise, at the expense of
increased flow resistance.

[0034] Referring to FIG. 2, a representational view of an
adult sized plethysmographic measurement chamber and air
circulation system is shown. Plethysmographic system 50 is
composed of plethysmographic measurement chamber 52,
chamber door 54, plethysmographic measurement compo-
nents 56 (including volume perturbation element 58), and air
circulation component chamber 60, which houses air circu-
lation components 62. Plethysmographic measurement com-
ponents 56 are coupled to computer 64, which includes
software 66 for controlling the operation of plethysmo-
graphic measurement components 56.

[0035] Air circulation component chamber 60 is coupled
to measurement chamber 52 via inlet tube 68 and exhaust
tube 70. Inlet tube 68 and exhaust tube 70 allow for air to be
continuously renewed and circulated within measurement
chamber 52 by air circulation components 62. As described
in more detail in connection with preferred embodiments of
the invention, inlet tube 68 and exhaust tube 70 could
comprise multiple parallel tubes in accordance with the
present invention.

[0036] One of ordinary skill in the art would understand
that air circulation component chamber 60 could alterna-
tively be housed within measurement chamber 52, so long as
air circulation components 62 had access to ambient air
outside of measurement chamber 52.

[0037] Referring now to FIG. 3, a view of one embodi-
ment of the air circulation components of the present inven-
tion is described. Pump assembly 80 (shown housed within
air circulation component chamber 82) is coupled to mea-
surement chamber 84 via inlet tube 86 and exhaust tube 88.
Pump assembly 80 both pumps ambient air through inlet
tube 86 into measurement chamber 84, and pumps air
contaminated with triatomic gasses (such as water vapor and
CO,) out of measurement chamber 84 through exhaust tube
88. Thus, air is continuously circulated and renewed within
measurement chamber 84, preventing buildup of triatomic
gasses that could affect the accuracy of plethysmographic
measurement.

[0038] While in a preferred embodiment pump assembly
80 is housed within air circulation component chamber 82,
one of ordinary skill in the art would recognize that pump
assembly 80 could be physically located anywhere in rela-
tion to measurement chamber 84, so long as pump assembly
80 provided for circulation and renewal of air within cham-
ber 84.

[0039] Pump assembly 80 is further comprised of one or
more pumps for pumping air into and out of measurement
chamber 84. In a preferred embodiment, pump assembly 80
further comprises inlet 89, inlet pump 90, exhaust 91 and
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exhaust pump 92. Tnlet pump 90 pumps ambient air from
inlet 89 through inlet tube 86 into measurement chamber 84,
and exhaust pump 92 pumps contaminated air out of mea-
surement chamber 84 through exhaust tube 88 and out
exhaust 91.

[0040] Inlet pump 90 and exhaust pump 92 are preferably
turbine or centrifugal pumps. However, one of ordinary skill
in the art would recognize that other types of pumps suitable
for pumping gasses could be used in accordance with the
present invention, including fan pumps, diaphragm pumps,
peristaltic pumps, and piston pumps.

[0041] Preferably, inlet pump 90 and exhaust pump 92 are
placed at the ends of inlet tube 86 and exhaust tube 88 distal
from measurement chamber 84, respectively. This place-
ment allows for maximum attenuation of noise generated by
inlet pump 90 and exhaust pump 92. However, inlet pump
90 and exhaust pump 92 may be placed at any point in the
airflow between measurement chamber 84 and atmosphere
in accordance with the present invention.

[0042] As one of ordinary skill in the art would under-
stand, pump assembly 80 could also be comprised of a single
pump, as opposed to a combination of input and exhaust
pumps. While such a pump assembly would result in cham-
ber pressure somewhat different from ambient, this may well
be acceptable in some plethysmographic measurement sys-
tems. One of ordinary skill in the art would further recognize
that inlet pump 90 and exhaust pump 92 do not have to be
placed within a single pump assembly. For example, inlet
pump 90 and exhaust pump 92 could be mounted separately
within air circulation component chamber 82. Further, one
or both of inlet pump 90 and exhaust pump 92 could be
mounted outside of air circulation component chamber 82.

[0043] Tt is also preferable that inlet 89 and exhaust 91 be
kept separate from one another. Such a placement of inlet 89
and exhaust 91 ensures that contaminated air pumped out of
measurement chamber 84 is exhausted away from inlet 89,
in order to prevent contamination of incoming air by excess
CO, and water vapor being discharged from exhaust 91.

[0044] The physical properties of inlet tube 86 and exhaust
tube 88 are important to maintain the acoustic properties of
measurement chamber 84, such that accurate measurement
of chamber volume can be attained in spite of the coupling
of measurement chamber 84 to the external environment.
More particularly, by coupling measurement chamber 84 to
the environment, acoustic noise could pass through inlet
tube 86 and exhaust tube 88 into measurement chamber 84,
thereby affecting the accuracy of the body composition
measurement. Further, acoustic energy at the frequency of
perturbation could also leak outside measurement chamber
84, again affecting the accuracy of measurement.

[0045] However, the air within inlet tube 86 and exhaust
tube 88 possesses inertia, which acts to resist movement of
air within the tubes in response to pressure fluctuations (such
as acoustic noise from outside measurement chamber 84, or
the periodic perturbations generated during plethysmo-
graphic measurement). This property can be maximized
through selection of the length of inlet tube 86 and exhaust
tube 88.

[0046] As a first approximation, measurement chamber 84
and inlet tube 86 (or exhaust tube 88) can be modeled in a
combined manner as a Helmholtz resonator. The Helmholtz
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resonator realized by the combination of measurement
chamber 84 and inlet tube 86/exhaust tube 88 acts as a
low-pass filter, attenuating acoustic noise above the resonant
frequency of the system (which is inversely proportional to
the square root of the length of the tube). Thus, the length of
inlet tube 86 and exhaust tube 88 can be selected such that
the acoustic low-pass filter properties of the chamber/tube
system attenuate frequencies at or above the perturbation
frequency. In a preferred embodiment of the invention, the
lengths of the inlet tubes and exhaust tubes were selected
such that the resonant frequency of the chamber/tube system
was an order of magnitude below the perturbation frequency.

[0047] As a second approximation, the acoustic properties
of inlet tube 86 and exhaust tube 88 can be looked at
independently from measurement chamber 84. In so doing,
the length of the tube would preferably be set at one-quarter
the wavelength corresponding to the perturbation frequency
in order to minimize transmission of pressure fluctuations
through inlet tube 86 and exhaust tube 88 at the perturbation
frequency. While adopting this model has been found to
yield some benefit, in practice it has been found that simply
ensuring that inlet tube 86 and exhaust tube 88 are of
sufficient length to attenuate periodic signals at or above the
frequency of perturbation (typically, between 3 Hz and 20
Hz, depending on the type of plethysmographic measure-
ment system used) produces satisfactory results.

[0048] In a preferred embodiment, air circulation compo-
nent chamber 82 further includes heater element 98, tem-
perature monitoring circuitry 100, and controlled tempera-
ture inlet 102. In this embodiment, temperature monitoring
circuitry 100 monitors the temperature of controlled tem-
perature inlet 102, and varies the operation of heater element
98 to maintain a constant temperature within controlled
temperature inlet 102. Controlled temperature inlet 102 acts
as the source of air for inlet pump 90; thus, air is pumped
from temperature controlled inlet 102 through inlet tube 86
into measurement chamber 84 by means of inlet pump 90.
By providing for a controlled temperature environment
within measurement chamber 84, the potential effects of
temperature fluctuation in measurement chamber 84 due to
body heat generated by the test subject are minimized.

[0049] Alternatively, heater element 98 can be used to heat
the air within inlet tube 86 via conduction. In this embodi-
ment, inlet pump 90 draws air through inlet 89 from the
environment outside air circulation component chamber 82.
Temperature monitoring circuitry 100 monitors the tempera-
ture of air within inlet tube 86, and varies the operation of
heater element 98 to maintain a constant temperature of
incoming air within inlet tube 86.

[0050] As another alternative, heater element 98 could be
coupled to inlet pump 90, and used to directly heat the air
within inlet tube 86.

[0051] Tt has also been found in practice that the flow rate
of the air circulation system of the present invention can
have an effect on the calibration of the plethysmographic
measurement system. Systems and methods for calibrating
plethysmographic measurement chambers are described in
co-pending U.S. patent application Ser. No. 10/036,161,
entitled “Calibration Methods and Apparatus for Plethys-
mographic Measurement Chambers,” applied for by Philip
Dempster, and filed on Dec. 31, 2001 (attorney internal
docket no. LM-003), which application is incorporated
herein by reference in its entirety.
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[0052] More particularly, as flow rate varies, dynamic
resistance to pressure fluctuations also varies (under turbu-
lent conditions). Stability of the system therefore can be
improved by controlling flow rate. Thus, in a preferred
embodiment, coupled to inlet tube 86 and/or exhaust tube 88
are one or more pressure transducers 104, which monitor the
pressure drop across the inlet and/or exhaust tube. Pressure
transducers 104 are further coupled to pump assembly 80 via
feedback circuit 106. Feedback circuit 106, based on the
input from pressure transducers 104, controls the operation
of pump assembly 80 to provide for constant flow rate in the
air circulation system. In a preferred embodiment, feedback
circuit 106 varies the electrical power to pump assembly 80
to control flow rate.

[0053] One of ordinary skill in the art would recognize
that other methods of maintaining flow rate may be used. For
example, if pump assembly 80 comprises one or more rotary
pumps, constant flow rate may be achieved by controlling
the angular velocity of the rotary pump(s). One of ordinary
skill in the art would also recognize that pressure drop may
be measured across part or all of the tubing system com-
prised of inlet tube 86 and exhaust tube 88.

[0054] Further, while the particular flow rate selected must
be sufficient to maintain acceptable levels of CO, and water
vapor in measurement chamber 84, lower flow rates result in
less acoustic noise being generated by the air circulation
system. Thus, the particular flow rate selected should bal-
ance these two competing considerations. In practice, a wide
range of flow rates were found to work successfully.

[0055] Referring now to FIG. 4, a detailed view of a
second embodiment of the air circulation components of the
present invention is described. Pump assembly 120 includes
inlet pump 122 and exhaust pump 124. Inlet pump 122 is
coupled via inlet manifold tube 126 to inlet manifold 128.
Inlet manifold 128 is coupled via parallel inlet chamber
tubes 130, 132, 134, and 136 to measurement chamber 138.
Similarly, exhaust pump 124 is coupled via exhaust mani-
fold tube 140 to exhaust manifold 142. Exhaust manifold
142 is coupled via parallel exhaust chamber tubes 144, 146,
148, and 150 to measurement chamber 138.

[0056] As with the previously described embodiments,
pump assembly 120 both pumps ambient air through inlet
manifold tube 126, inlet manifold 128, and inlet chamber
tubes 130, 132, 134, and 136 nto measurement chamber
138, and pumps air contaminated with triatomic gasses
(such as water vapor and CO,) out of measurement chamber
138 through exhaust chamber tubes 144, 146, 148, and 150,
exhaust manifold 142, and exhaust manifold tube 140. By
coupling both inlet manifold 128 and exhaust manifold 142
with measurement chamber 138 via multiple, parallel tubes,
this embodiment both provides for reduced flow resistance
in comparison to full lengths of multiple parallel tubes
between the manifolds and measurement chamber 138,
while at the same time providing quieter, laminar flow at the
entry of measurement chamber 138 compared to the single
inlet and exhaust tube embodiment described in connection
with FIG. 3.

[0057] While preferred illustrative embodiments of the
invention are described above, it will be apparent to one
skilled in the art that various changes and modifications may
be made therein without departing from the invention. The
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appended claims are intended to cover all such changes and
modifications that fall within the true spirit and scope of the
invention.

1. A plethysmographic measurement system, comprising:
a plethysmographic measurement chamber;

plethysmographic measurement components coupled to
the measurement chamber; and

an air circulation system coupled between the measure-
ment chamber and the environment outside the mea-
surement chamber,

wherein the air circulation system renews air within the
measurement chamber using air from the environment
outside the chamber during plethysmographic measure-
ment.
2. The system of claim 1, wherein the measurement
components are housed within the measurement chamber.
3. The system of claim 1, further comprising a chamber
door coupled to the measurement chamber.
4. The system of claim 1, wherein the measurement
components comprise:

a volume perturbation element, and

means for determining pressure within the chamber.

5. The system of claim 4, wherein the means for deter-
mining pressure comprises one or more pressure transduc-
ers.

6. The system of claim 4, wherein the volume perturbation
element is an oscillating diaphragm.

7. The system of claim 4, wherein the volume perturbation
element generates pressure oscillations within the measure-
ment chamber at a first frequency.

8. The system of claim 4, wherein the frequency is
between 3 and 20 Hz.

9. The system of claim 1, wherein the air circulation
system comprises:

a pump assembly;

an inlet tube coupled between the measurement chamber
and the pump assembly, and

and an exhaust tube coupled between the measurement
chamber and pump assembly.

10. The system of claim 9, wherein the pump assembly
comprises an inlet pump and an exhaust pump.

11. The system of claim 9, wherein the pump assembly
COmPprises one or more rotary pumps.

12. The system of claim 9, wherein the pump assembly
comprises one or more turbine pumps.

13. The system of claim 9, wherein the pump assembly
comprises one or more centrifugal pumps.

14. The system of claim 9, wherein the pump assembly
comprises one or more fan pumps.

15. The system of claim 9, wherein the pump assembly
comprises one or more diaphragm pumps.

16. The system of claim 9, wherein the pump assembly
comprises one or more piston pumps.

17. The system of claim 9, wherein the pump assembly
comprises one or more peristaltic pumps

18. The system of claim 9, further comprising: a plurality
of parallel inlet tubes.

19. The system of claim 9, further comprising a plurality
of parallel exhaust tubes.
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20. The system of claim 10, wherein the inlet pump is
placed at the end of the inlet tube distal from the measure-
ment chamber.

21. The system of claim 10, wherein the exhaust pump is
placed at the end of the exhaust tube distal from the
measurement chamber.

22. The system of claim 1, wherein the air circulation
system comprises:

a pump assembly;

an inlet manifold tube coupled between the pump assem-
bly and an inlet manifold,

an inlet chamber tube coupled between the inlet manifold
and the measurement chamber,

an exhaust manifold tube coupled between the exhaust
manifold and the measurement chamber, and

an exhaust chamber tube coupled between the exhaust
manifold and the pump assembly.

The system of claim 22, further comprising: a plurality of
parallel tubes coupled between the inlet manifold and
the measurement chamber.

23.The system of claim 22, further comprising: a plurality

of parallel tubes coupled between the exhaust manifold and
the measurement chamber.

24. The system of claim 22, wherein the measurement

components comprise:

a volume perturbation element; and

a pressure transducer.

25. The system of claim 25, wherein the volume pertur-
bation element generates volume perturbations at a first
perturbation frequency.

26. The system of claim 26, wherein the inlet tube and
exhaust tube attenuate noise at the perturbation frequency.

27. The system of claim 26, wherein the length of the inlet
tube is one quarter of a wavelength corresponding to the
perturbation frequency.

28. The system of claim 26, wherein the length of the
exhaust tube is one quarter of a wavelength corresponding to
the perturbation frequency.

29. The system of claim 9, further comprising:

a pressure transducer; and

a feedback circuit coupled between the pump assembly
and the pressure transducer, wherein the pressure trans-
ducer measures a flow rate of the air circulation system,
and wherein the feedback circuit maintains a constant
flow rate in the air circulation system.

30. The system of claim 29, wherein the pressure trans-

ducer is coupled to the inlet tube.

31. The system of claim 29 wherein the pressure trans-
ducer is coupled to the exhaust tube.

32. The system of claim 29, wherein the feedback circuit
varies the operation of the pump assembly.

33. The system of claim 33, wherein the pump assembly
comprises one or more rotary pumps, and wherein the
feedback circuit varies the angular velocity of the one or
more rotary pumps.

34. The system of claim 1, further comprising:

a controlled temperature environment, wherein the air
circulation system pumps air from the controlled tem-
perature environment into the chamber.
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35. The system of claim 35, wherein the air circulation
system comprises:

a pump assembly coupled to the controlled temperature
environment;

an inlet tube coupled between the measurement chamber
and the pump assembly, and

an exhaust tube coupled between the measurement cham-
ber and pump assembly.
36. The system of claim 36, wherein the controlled
temperature environment comprises:

a heater element; and

temperature monitoring circuitry coupled to the heater

element.

37. The system of claim 37, wherein the temperature
monitoring circuitry maintains a constant temperature
within the controlled temperature environment.

38. The system of claim 38, wherein the temperature
monitoring circuit controls the operation of the heater ele-
ment.

39. The system of claim 1, further comprising:

a pump assembly coupled to the controlled temperature
environment;

an inlet tube coupled between the measurement chamber
and the pump assembly, and

an exhaust tube coupled between the measurement cham-
ber and the pump assembly;

a heater element; and

temperature monitoring circuitry coupled to the heater

element.

40. The system of claim 40, wherein the temperature
monitoring circuitry maintains a constant air temperature
within the inlet tube.

41. The system of claim 41, wherein the temperature
monitoring circuit controls the operation of the heater ele-
ment.

42. A method of conducting plethysmographic measure-
ment of a test subject, comprising:

placing the subject to be measured in a plethysmographic
measurement chamber,

sealing said chamber;

conducting plethysmographic measurement of the sub-
ject, and

renewing air within the chamber using air from the
environment outside the chamber.
43. The method of claim 43, wherein conducting plethys-
mographic measurement comprises:

generating pressure oscillators within the chamber,

measuring the amplitude of the pressure oscillators;
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calculating a volume of air within the chamber based on
the measured pressure oscillations; and

determining a body composition of the test subject based
on the calculated volume of air within the chamber.
44. the method of claim 44, wherein generating pressure
oscillations comprises:

oscillating a diaphragm at a fixed frequency.
45. The method of claim 43, wherein renewing air through
the chamber comprises:

pumping air though an inlet tube into the chamber; and

pumping air through an exhaust tube out of the measure-
ment chamber.
46. The method of claim 46, wherein pumping air through
an inlet tube comprises:

establishing a controlled temperature environment; and

pumping air from the controlled temperature environment
through the inlet tube.
47. The method of claim 47, wherein establishing a
controlled temperature environment comprises:

measuring the temperature of an enclosed environment;

comparing the measured temperature to a desired control
temperature,

varying the operation of a heater element in response to
the comparison of the measured temperature to the
desired temperature.
48. The method of claim 46 further comprising: heating
the air with the inlet tube to a controlled temperature.
49. The method of claim 49, wherein heating the air with
the inlet tube to a controlled temperature comprises:

measuring the temperature of air within the inlet tube;

comparing the measured temperature to a desired control
temperature; and

varying the operation of a heater element in response to
the comparison of the measured temperature to the
desired temperature.

50. The method of claim 43, further comprising;

maintaining a constant flow rate of air being circulated
through the chamber.
51. The method of claim 51, wherein maintaining a
constant flow rate comprises:

measuring a flow rate;

comparing the measured flow rate to a desired flow rate,
and

varying the operation of an air pump in response to
comparing the measured flow rate to the control flow
rate.
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