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(7) ABSTRACT

According to one embodiment of the present invention, a
method of determining respiratory parameters comprises
determining a ratio of pressure changes to flow changes
induced in the breathing of a patient by an airflow perturba-
tion device ateach ofa plurality of perturbation frequencies to
form a dataset. Resistance, compliance, and inertance param-
eters of a model of a respiratory system are determined by
comparing a predicted frequency dependence of the model to
the dataset. Embodiments of the present invention further
include a system and computer program product for deter-
mining respiratory parameters in substantially the same man-
ners described above.

by

&3
SN

R R

{

a .\\J\ .
<3
i

i
RTINS,

3
4
-

S Ny

¥
3
3
X
N
3
STV -
&

s



Patent Application Publication  Feb. 11,2016 Sheet 1 of 10 US 2016/0038057 A1

3
3
WA
3
: SRR A R :
i 3 3 t ¥
: o ¥ 3 ) o b L
3 o X 3 kd M, H e
R Lo g 3 b ?
B ~ H
SRR i g
N i : i} .
i i R N RA AR Rl
i B i e £ R
: ot i T e Y \
1 e Bows LR RSP RIRE %
B 1 P FRR oo
B : 3 Re Y d
N h E) AR R T s
H } v 3 X
H ! L3
N W T ]
N W ] ] :
R e S Y : )
A, . E 1 g
z»- ¥ POW 3
] RO i
Q""‘% H i R,
i fS——
a i 3 SRR
S .
) NRALALARAIN
" Ay
* i
va.\\- pey
o S
et oy
K w0 N 1 {
tRy
t
® 3
N 3~ %
¥ X I
RSN S
WM o
NS A 5‘ |, X
R 3 2
» ¥ X
X o
W
. w
N W
wy

[



Patent Application Publication  Feb. 11,2016 Sheet 2 of 10 US 2016/0038057 A1

FIG. 2B

?

i
L £
o 54
e ™

FIG. 2A

240




US 2016/0038057 A1

Feb. 11,2016 Sheet 3 of 10

Patent Application Publication

OGT
240y — 0Pkt
SNDOW JdyY — Z0¢
“““““ AW — O5E
108530044 0OF%
4/1a0m3aN — (1

wiz1sAS Jsmndhuion

¢ D4




Patent Application Publication  Feb. 11,2016 Sheet 4 of 10 US 2016/0038057 A1




Patent Application Publication  Feb. 11,2016 Sheet 5 of 10 US 2016/0038057 A1

FiG. 5

(ap1ys sseyd _pg)
sy ArpuiBeusy



Patent Application Publication  Feb. 11,2016 Sheet 6 of 10 US 2016/0038057 A1

resistarce,
ponstant

ingrtance,
linear

Frequency (w)

compliance,
hyperbolic

3

F 3

apnyubew souspediuy



US 2016/0038057 A1

Feb. 11,2016 Sheet 7 of 10

Patent Application Publication

SHIBUBOD

BUEA BOURISISH

sanB puod 38a080] ~,

Gl s AL

L "Dl

BEIBUILIOD
pouepdums

e

Bupess Qdy



US 2016/0038057 A1

“““““““““““““““““ ON
m%\mgms Ev um

BT = 3
B o Fi

Feb. 11,2016 Sheet 8 of 10

. O
F RuBIAND = PN BIORE TUYR BIANSUSW 074
fppuptndp zog ’
@$+H§+Nwmﬁ.ﬂ%
3TE 30 BATOR 088
p 0Ty M
iy

T =%
PHef g e £
SLETRSTRS I UorDS JI0% N%8

Patent Application Publication

8 Ol



LEurneny i

US 2016/0038057 A1

e, STRWOT 036
t«-\..i.vll)t-nﬂfu(.l ®

I
A
B - -
oy oy ms pp o e s o oe g iy rpege o amn tmen iy Bhmstar  2n g eaeiyy of o oy oo e o
= R %) LR ATV IS LAY OBODDUT SSPRNVITTUDLE UTNIs sl L4
A

Feb. 11,2016 Sheet 9 of 10

BIRE 9387 MoOTI pur sanss2ad 3o ucrtirtstnbhow uthag 0746

SuTtyaesig peaginyIsd oTbag oTs

A

N e
»,\\\!l\l e W5

=

{ EdWLE

6 "Oid

Patent Application Publication



Patent Application Publication  Feb. 11,2016 Sheet 100f10  US 2016/0038057 A1

)
£8

8

e

[/

\&}
o

FlG. 10

o
& ‘;*
e




US 2016/0038057 A1l

MEASURING RESPIRATORY MECHANICS
PARAMETERS USING PERTURBATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 62/033,506, titled “Measuring
Respiratory Mechanics Parameters Using Perturbations” and
filed on Aug. 5, 2014, which is incorporated herein by refer-
ence in its entirety.

BACKGROUND

[0002] Present invention embodiments relate to measuring
parameters of respiratory mechanics, and more specifically,
to techniques for measuring respiratory resistance, compli-
ance, and inertance using an airflow perturbation device
(APD).

[0003] The respiratory system at rest is dominated by two
physical components: resistance and compliance. Resistance
is the relationship between pressure and flow rate, compli-
ance is the relationship between lung volume and pressure.
Both of these components are useful for disease detection,
and they may be related. In normal lungs, higher values of
resistance usually accompany lower values of compliance, in
diseased lungs, both may increase together, although this is
not always the case.

[0004] Airflow perturbation devices were developed to
measure resistance. An APD periodically inserts a resistance
in the flow pathway from the mouth. Typically, this is done
using a rotating wheel with open and closed segments. As the
wheel rotates, changes (or perturbations) occur in both mouth
pressure and respiratory flow. The depths of these perturba-
tions depend on the respiratory resistance of the person
breathing through the APD and the resistance of the APD
itself.

[0005] Primary measurements made by the APD are mouth
pressure, measured at the location of the APD closest to the
mouth, and respiratory airflow, measured with a flowmeter in
the flow pathway. The mouth pressure measurement repre-
sents the difference in pressure between the mouth and the
atmosphere. If the side of the APD distal to the mouth is open
to the atmosphere, the mouth pressure measurement divided
by the flow measurement represents the resistance of the
APD. Thus, APD resistance is known and respiratory resis-
tance of the person using the APD can be inferred. Resistance
of the respiratory system may be obtained noninvasively by
dividing the mouth pressure perturbation magnitude by the
flow perturbation magnitude.

[0006] Measurements with the APD have been confirmed
to be those of respiratory resistances, consisting of the air-
ways, lung tissue, and chest wall resistance components. APD
resistance measurements have been compared to resistance
measurements made with the body plethysmograph, forced
oscillation, and esophageal balloon.

[0007] However, conventional APD techniques do not pro-
vide a measurement of compliance. Compliance depends on
volume, whereas resistance depends on flow. If the flow rate
perturbation is sinusoidal, then the corresponding volume
perturbation may in principal be obtained by integrating sinu-
soidal flow. The result is a cosine function 90° out-of-phase
with the sinusoidal flow. This is the manner in which resis-
tance and compliance are obtained using the forced oscilla-
tion (FO) method of pulmonary testing and its variants,
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forced random noise (FRN) and impulse oscillometry (I0S).
But compliance cannot be obtained in this way with the APD.
The APD perturbation is not completely sinusoidal, nor does
it need to be sinusoidal. Moreover, the APD makes measure-
ments in the time domain with time series data, but the detec-
tion of phase angles requires frequency domain measure-
ments based on complete sine waves. The APD mouth
pressure and flow measurements are always in phase because
all APD elements between the mouth and the APD opening
exposed to the atmosphere are resistive in nature. These char-
acteristics provide the APD with rapid response and the abil-
ity to separate resistance during the inhalation phase of
breathing from resistance during the exhalation phase, but
render the APD poorly suited for measuring a phase differ-
ence between pressure and flow to determine compliance.

SUMMARY

[0008] According to one embodiment of the present inven-
tion, a method of determining respiratory parameters com-
prises determining a ratio of pressure changes to flow changes
induced in the breathing of a patient by an airflow perturba-
tion device ateach ofa plurality of perturbation frequencies to
form a dataset, Resistance, compliance, and inertance param-
eters of a model of a respiratory system are determined by
comparing a predicted frequency dependence of the model to
the dataset. Embodiments of the present invention further
include a system and computer program product for deter-
mining respiratory parameters in substantially the same man-
ners described above.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0009] Generally, like reference numerals in the various
figures are utilized to designate like components.

[0010] FIG. 11is a diagrammatic illustration of an example
airflow perturbation device according to an embodiment of
the present invention.

[0011] FIGS. 2A and 2B are block diagrams of an example
perturbation mechanism in cross-sectional side-view and
front view respectively according to an embodiment of the
present invention.

[0012] FIG. 3 is a block diagram of an example computing
system for data acquisition and analysis according to an
embodiment of the present invention.

[0013] FIG. 4 is a diagram of an example model of a respi-
ratory system according to an embodiment of the present
invention.

[0014] FIG. 5isaphase diagram of impedance components
of a respiratory system according to an embodiment of the
present invention.

[0015] FIG. 6 is a graph depicting magnitudes of imped-
ance components as functions of frequency according to an
embodiment of the present invention.

[0016] FIG. 71isa graph depicting values of APD results or
total impedance magnitudes as a function of frequency
according to an embodiment of the present invention.

[0017] FIG. 8 is a flow diagram illustrating an example
manner of using an airflow perturbation device to determine
respiratory resistance, compliance, and inertance by scanning
different perturbation frequencies according to an embodi-
ment of the present invention.
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[0018] FIG. 9 is a flow diagram illustrating an example
manner of estimating an impedance magnitude for a given
perturbation frequency according to an embodiment of the
present invention.

[0019] FIG. 10 is an illustration of example pressure and
flow signals for an individual perturbation according to an
embodiment of the present invention.

DETAILED DESCRIPTION

[0020] Present invention embodiments provide techniques
to determine a plurality of respiratory parameters (e.g., resis-
tance, compliance, and inertance) by operating an airflow
perturbation device (APD) at a plurality of different frequen-
cies. The respiratory parameters may be determined by com-
paring a model of the respiratory system to APD results for
the different frequencies.

[0021] An example APD for measuring respiratory param-
eters according to an embodiment of the present invention is
illustrated in FIG. 1. In particular, APD 100 comprises pneu-
motachometer 110, perturbation mechanism 120, pressure
sensor 140, pressure tap 144, flow sensor 150, and patient
interface 160. Aspects of the APD may operate in manners
similar to corresponding aspects described in U.S. Pat. No.
6,066,101, which is hereby incorporated by reference in its
entirety.

[0022] Patient interface 160 provides an aperture via which
a patient may breathe through the APD. Example patient
interfaces may include a mouthpiece, an oronasal mask, or the
like. Pressure sensor 140 measures the pressure at or near the
patient’s mouth, via pressure tap 144, relative to another
location 142 (e.g., the atmosphere). By way of example,
perturbation mechanism 120 may be implemented using a
rotating wheel 210 with open and closed segments.

[0023] Pneumotachometer 110 and flow sensor 150 mea-
sure airflow to and from the patient through the APD. Pneu-
motachometer 110 comprises airflow resistance 114 (e.g., a
fine metal mesh, an array of capillaries, etc.) and may include
airflow elements 112 to facilitate laminar airflow across air-
flow resistance 114. In one embodiment, airflow elements
112 are meshes disposed before and after airflow resistance
114. Pneumotachometer 110 further comprises pressure taps
152 and 154 disposed with respect to the patient substantially
on the distal and proximal side, respectively, of airflow resis-
tance 114. Flow sensor 150 may be implemented using a
differential pressure sensor to measure the difference in pres-
sure across airflow resistance 114 using pressure taps 152 and
154. This pressure difference is related to the airflow across
airflow resistance 114. The pressure-airflow relationship may
be modeled as a proportional or linear relationship, and may
be calibrated using standard techniques.

[0024] Signals from pressure sensor 140 and flow sensor
150 may be sent to a data acquisition system. Example data
from pressure sensor 140 and flow sensor 150 over time are
depicted in graphs 148 and 158, respectively. The larger
period structure depicted in the graphs corresponds to the
patient’s inhalations and exhalations. The perturbation
mechanism induces the smaller time-scale structure with
resulting changes in the mouth pressure having a typical
magnitude indicated by A, and the corresponding changes in
the air flow having a typical magnitude indicated by B. The
ratio of a pressure change (e.g., A) to a flow change (e.g., B)
for a given perturbation is referred to as R .. According to
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an embodiment of the present invention, R , ., may beused as
an estimate of the magnitude of the patient’s respiratory
impedance.

[0025] An example perturbation mechanism 120 is illus-
trated in FIGS. 2A and 2B in cross-sectional side-view and
front view, respectively, according to an embodiment of the
present invention. In particular, the perturbation mechanism
may comprise wheel 210 disposed between opposing aper-
tures 220. Air flowing through the APD passes into perturba-
tion mechanism 120 through a first aperture 220, across wheel
210, and out of perturbation mechanism 120 through a second
aperture 220. Wheel 210 is rotatable about shaft 212 and
comprises regions of different airflow resistance such that the
rotating wheel presents periodically varying resistance to the
airflow between the patient and atmosphere. For example,
wheel 120 may comprise a screen containing at least one open
region 214 having a size and location to substantially cover
apertures 220 during a portion of the wheel’s rotation. Alter-
natively, region 214 may be screened and the remainder of the
wheel may be substantially open or have a screen of another
gauge than region 214 to provide a different airflow resis-
tance. Alternatively, the wheel may comprise one or more
solid regions that block the airflow.

[0026] Rotation of wheel 210 may be driven by motor 240,
using pulley 242, and drive belt 244. Motor 240 may be a
commercial or custom variable frequency drive. The motor
may be contained within a sealed APD housing. Power for the
motor may be supplied by batteries residing within the hous-
ing. Alternatively, the APD housing may be sealed around a
pass-through for a power chord to provide power from an
external source. In addition, the motor may couple to an
external control signal (e.g., an electrical signal) or a
mechanical actuator to control the drive frequency.

[0027] Inalternative embodiments, perturbations to the air-
flow may be produced in a manner other than with a wheel
(for instance, by pinching a tube or using a shutter). In an
embodiment using a pinching mechanism, the mechanism
may be configured to pinch a tube at most partly closed in
order to ensure a pathway in the event the mechanism fails. A
pinching mechanism may be implemented using an electrical
function generator and electro sensitive material that con-
tracts as applied voltage increases, or in any other electrical or
mechanical manner. In an embodiment using a shutter mecha-
nism, the shutters may be implemented using screens to avoid
complete blockage of the airflow. In any embodiment, the
perturbation mechanism may include a plurality (e.g., two,
three, etc.) of pathways (e.g., tubes), some or all of which are
perturbed (e.g., pinched or obstructed by a shutter or wheel).
[0028] An example computing system for data acquisition
and analysis according to an embodiment of the present
invention is illustrated in FIG. 3. In particular, computing
system 300 may be implemented by a conventional or other
computer system preferably equipped with a display or moni-
tor, a base (e.g., including at least one processor 320, memo-
ries 330, analog-to-digital converter (ADC) 340, and/or other
external or internal network interface or communications
devices 310 (e.g., modem, network cards, etc.)), optional
input devices (e.g., akeyboard, mouse, or other input device),
and any commercially available and custom software (e.g.,
APD module 302 software, database software etc.)).

[0029] APD module 302 may include one or more modules
or units (e.g., ApplyCalibration module, FindPerturbations
module, GetVirtualData module, CalcResistance module,
SetFrequency module, FitData module, SolveParameters
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module, Display module, etc.) to perform the various func-
tions of present invention embodiments described below
(e.g., calibrating transducer signals, detecting begin and end
points of perturbations, interpolating between perturbation
begin and end points, calculating R ,,,, varying the pertur-
bation frequency, fitting a parameterized curve, solving for
respiratory parameters, etc.), may be implemented by any
combination of any quantity of software and/or hardware
modules or units, and may reside within memory 330 of
computing system 300 for execution by processor 320. The
APD module may be implemented across plural computing
systems. The computing system(s) may present any graphical
user (e.g., GUI, etc.) or other interface (e.g., command line
prompts, menu screens, etc.) to receive commands from users
and interact with the APD module, APD, and/or other mod-
ules, devices, or services.

[0030] Computing system 300 communicates with APD
100 to receive signals from pressure sensor 140 and flow
sensor 150, and may communicate with other systems (e.g.,
database systems, client systems, server systems, etc.) over a
network implemented by any number of any suitable com-
munications media (e.g., wide area network (WAN), local
area network (LAN), Internet, intranet, etc.). In addition,
computing system 300 may communicate with motor 240
(e.g., via a control signal line) to control the drive frequency.
Computing system 300 may utilize any local or remote data
sources implemented by any conventional information stor-
age system (e.g., relational database, file system server, etc.).
[0031] A model of the respiratory system is shown in dia-
gram FIG. 4. There are three elements in this model: a resis-
tance (R), a compliance (C), and an inertance (I). The resis-
tance is a flow-limiting element; the greater the resistance, the
less the flow for any given respiratory muscle pressure. Con-
versely, maintenance of a given flow requires higher pressure
if the resistance is greater. Resistance is of primary interest to
pulmonary health. It increases during various diseased states,
such as asthma or chronic obstructive pulmonary disease
(COPD). This can be a life-Threatening condition.

[0032] Respiratory compliance may also be of interest.
Compliance is a measure of the relationship between lung
volume and pressure. Compliance acts in a similar manner to
a balloon. When the lung inflates, its pressure rises. Just as
with a balloon, this pressure can be used to expel gas from the
lung. Thus, compliance stores an amount of energy propor-
tional to the product of pressure and volume, but compliance,
unlike resistance, does not dissipate energy. Compliance can
increase in certain diseased conditions, such as COPD.,
[0033] Inertance is a measure of the inertia of airflow and
lung tissue movement, and is the ratio of pressure and rate of
change of flow. Inertance, like compliance, is an energy-
storage element. Inertance is usually of little interest at nor-
mal breathing frequencies, but may be relevant in cases of
high-frequency ventilation or sudden lung flow change
events.

[0034] If the respiratory system has a sinusoidal flow per-
turbation imposed upon the normal breathing waveform, then
there will be a resulting perturbation concomitantly occurring
in the mouth pressure. The resistance element causes a mouth
pressure perturbation in phase with the flow perturbation.
Compliance causes a mouth pressure perturbation lagging
90° from the flow perturbation. Inertance causes a mouth
pressure perturbation that leads the flow perturbation by 90°.
In other words, if a sinusoidal flow perturbation is imposed,
resistance results in a sinusoidal mouth pressure perturbation,
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compliance results in a negative cosinusoidal mouth pressure
perturbation, and inertance results in a cosinusoidal mouth
pressure perturbation. A combination of these three elements
results in a phase angle between pressure and flow some-
where between 90° and -90°.

[0035] The APD does not impose a sinusoidal flow pertur-
bation on the breathing waveform. Instead, it uses an imposed
resistance change that has a similar effect. The APD is only a
resistive device, and a phase angle cannot be developed across
a pure resistance. As a result, the APD does not directly
measure the phase difference between pressure and flow.
Rather, according to an embodiment of the present invention,
respiratory parameters may be determined with the APD
based on variation in R , ., with perturbation frequency.

[0036] impedance is the general term relating pressure to
flow in a mechanical flow system. Impedance can include
effects of resistance, compliance, and inertance. Impedance 7
is defined as

Z=p/V"

where p represents the pressure and the V' represents the flow
(e.g., the rate of change of lung volume). The quantities p and
V' may be complex values and may vary with time t; e.g., p
and V' may vary in proportion to ¢/** where j is the imaginary
unit V=1, and w is the angular frequency. The physical pres-
sure is the real part of p, denoted Re(p). The physical flow is
the real part of V', denoted Re(V").

[0037] Impedance for a resistance element is
Zp=R=Re(p)/Re(V).
[0038] Impedance for a compliance element is

Ze=X=1/(joCy=—j/(0C)

where X is referred to as the compliance reactance, and C is
the compliance.

[0039]

Z=Xjol

Impedance for an inertance element is

where X, is referred to as the inertance reactance, and I is the
inertance.

[0040] A phase plane plot showing relationships of the
impedance components R, X, and X is illustrated in FIG. 5.
The imaginary axis denotes a 90° phase shift from the original
perturbation. Both X and X, lie along the imaginary axis,
with X;in the +j direction and X . lying along the direction. R
has no phase shift and so lies along the real axis. Combination
ofall three components is accomplished vectorially, affecting
both the magnitude and phase angle of the resultant. From the
phase plane plot, it can be seen that the resultant total imped-
ance is the vectorial combination of the three individual com-
ponents 7, Z -, and Z,, and has a magnitude

Zror=lZg2H 2+ 221 V2= [R2+{0l-1/(0 )2 V2.

[0041] The quantity R , »,, determined by the APD is a mea-
sure of the magnitude Z .

[0042] The dependence of Z,, Z., and Z; as a function of
angular frequency is illustrated in FIG. 6. Z is constant (no
change with frequency). The plot of Z .. versus frequency is a
hyperbola (Z. varies inversely with frequency). Z; is a
straight, sloped line (direct dependence on frequency).

[0043] Thedependenceofthe magnitude Z ;,ras a function
of frequency is illustrated in FIG. 7. At low frequencies, X
dominates and 7, decreases with frequency. At high fre-
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quencies, X,;dominates and 7, -increases with frequency. At
the minimum point, X ==X, and R is the only component to
contribute to R, .

[0044] Working with Z,,,,* avoids having to take a square
root:

Zor = B+ (jwl = jlC)
= R + Pl I = 2 (0w + jHw C?

= RY - 1P+ 2(1/0) - U CR,

Multiplying by (1/w?) gives
Zrof o’ =—1/o* C+(R2+2I/C)/o’-P.

This is a quadratic equation, having the form
y=axra x4

where Z o2 /0”, x==1/0%, a,=-1%, a,=R*+2I/C, and a,—-1/
C.

[0045] An example manner of determining respiratory
resistance, compliance, and inertance by fitting APD results
to a quadratic curve is illustrated in FIG. 8. Initially, APD
measurements are collected at different frequencies. For
example, the lowest frequency may be in the range of 2-4 Hz
and the highest frequency up to 18 Hz or higher. In one
embodiment, measurements are collected at ten to sixteen
frequencies in 1 Hz increments. Alternatively, the number of
different frequencies may be greater or as few as three and
may have any spacing. For example, an embodiment may
perform measurements at five frequencies evenly spaced on a
logarithmic scale.

[0046] In particular, at step 810, the perturbation mecha-
nism may be configured to operate with a perturbation fre-
quency f. APD module 302 may send a control signal to motor
240 to set the rotation frequency of wheel 210. Alternatively,
an administrator of the test may manually set the frequency
(e.g., via a mechanical actuator of a variable speed drive).
[0047] At step 820, the APD measures pressure and air flow
changes due to perturbations at the current frequency, deter-
mines R, from those changes, and stores the result.
[0048] At step 830, the APD module determines whether
another frequency remains in the set of frequencies at which
to measure R 5. If s0, processing returns to step 810. Oth-
erwise, processing proceeds to step 840.

[0049] At step 840, the APD module calculates =1/ and
y=R_,pp2/0” where w=2af, from the data saved at step 820 for
each tested frequency f. At step 850, the APD module fits (or
solves) y=a,x*+a,x+a, to the (x, y) values calculated at step
640 to determine the coefficients a,, a;, and a,. At step 8§60,
the APD module solves for I, C, and R in terms of the coef-
ficients: I=—/a,, C=-1/a,, and R=y/a, —2aj/a,. At step 870,
the APD module may display the results, including, the deter-
mined values of], C,and R. In addition, the APD module may
determine these three component values separately in the
inhalation and exhalation directions.

[0050] An example manner of determining an R , ,, value
for a given perturbation frequency according to an embodi-
ment of the present invention is illustrated in FIGS. 9 and 10.
Testing is initiated at step 910. The patient breaths through the
APD with the airflow perturbed at the given frequency.
[0051] At step 920, acquisition of pressure and flow rate
data begins. The pressure transducers of pressure sensor 140
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and flow sensor 150 send electrical signals to computer sys-
tem 300. ABC 140 digitizes the signals. APD module 302
continually monitors and records the digitized signals from
the pressure transducers for mouth pressure and pneumot-
achometer flow sensor. The APD module may apply prede-
termined calibrations to the data (e.g., converting digitized
pressure transducer data from pressure sensor 140 to units of
pressure, converting digitized pressure transducer data from
flow sensor 150 to units of volume per time based on a
measured resistance of airflow resistance 114, etc.).

[0052] At step 930. APD module 302 determines the pres-
sure and flow changes due to an individual perturbation and
performs a calculation of R, ,, based on those changes. Typi-
cally, the APD module operates in real-time. Example mouth
pressure and air flow data for an individual perturbation are
illustrated in 10. The APD module interpolates (e.g., linearly)
the mouth pressure and flow rate data between the points
when the signals are essentially unperturbed (e.g., when the
wheel resistance is zero) immediately preceding the pertur-
bation and immediately following the perturbation. These
interpolated signals are referred to as virtual signals and are
indicated by the dashed lines in FIG. 10. Changes in mouth
pressure and flow rate induced by the perturbation mecha-
nism are measured with respect to the corresponding virtual
signals. In particular, the changes may be computed as the
observed signal minus the virtual signal. The APD module
determines the time (t;) at which the magnitudes of the
changes are greatest. The pressure change magnitude (A) and
flow change magnitude (B) at t, may be used to calculate
R, »»=A/B. These results may be separated, based on flow
signal polarity, into R , », during inspiration and R , ,, during
expiration. This separation can be useful for determining
abnormalities that affect one or another of the breathing
phases.

[0053] At step 940, the APD module may update the dis-
play to indicate the calculated R , .. For example, the display
may show the most recent respiratory resistance calculation,
a list of the most recent respiratory resistance calculations, a
graph of the most recent respiratory calculations versus time,
or the like. Respiratory resistance is normally calculated once
for each perturbation.

[0054] Atstep 960, adetermination is made as to whether to
continue testing at the current frequency. For example, testing
may continue for a predetermined period of time (e.g., 1
minute, 1.5 minutes, etc.). Alternatively testing may continue
until a desired accuracy of the R,,, measurement is
achieved. If the determination is to continue testing, process-
ing returns to step 930, and the next perturbation is detected
and analyzed. Otherwise, testing at the current frequency
ends.

[0055] It will be appreciated that the embodiments
described above and illustrated in the drawings represent only
a few of the many ways of implementing embodiments for
measuring respiratory parameters of patients by performing
APD measurements at a variety of different frequencies.
[0056] For example, resistance and compliance may be
determined with or without directly determining inertance. In
general, compliance impedes flow inversely with frequency
and magnitude. As frequency increases up to the point at
which R , ,, reaches its minimum, the upstream impedance,
comprising resistance and compliance, decreases. That mag-
nifies the effect of the downstream added APD resistance.
Both pressure and flow perturbations generally increase as a
result. The ratio of pressure and flow perturbations deter-
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mines the APD measurement R, ,,,. Flow perturbations
increase proportionality more than pressure perturbations
because the flow perturbation is initially smaller than pressure
perturbations. Thus APD readings at higher frequencies
decrease in magnitude compared to those at lower frequen-
cies, until the minimum R , ,, is reached.

[0057] Impedance of compliance is determined by the
inverse of frequency and compliance. Therefore, changes in
compliance generally change APD resistance in the same way
as changes in frequency. Because there are two variants
affecting APD measurements, at least two different frequen-
cies must be used. However, inertance may be taken to have a
predetermined value or be constrained by another measure-
ment.

[0058] The results may depend on perturbation shape, but
as long as perturbation shapes at different frequencies remain
consistent, compliance measurements can be made without
signal phase differences.

[0059] An alternative approach to determining compliance
values from signals provided by an APD is to use exponential
changes in pressure and flow signals within the perturbation
period. If the perturbation were to be made into a square wave,
for instance, then responses to the pressure and flow increases
and decreases would be exponential curves with time con-
stants given by the product of respiratory resistance and res-
piratory compliance. This approach provides very rapid resis-
tance and compliance determinations, but uses a more
complex perturbation shape and yields a response related to,
but not directly obtainable from, an exponential curve. More-
over, the perturbation is formed as resistance in the flow path
changes, which may dynamically change the exponential
time constant.

[0060] Using the APD to measure compliance as well as
resistance will give physicians all the tools they need to diag-
nose common pulmonary diseases. Compliance information
can distinguish between pulmonary restrictive and obstruc-
tive diseases better than can respiratory resistance. At present,
pulmonary compliance is not easily or inexpensively mea-
sured, Including pulmonary compliance capability within the
APD can become very important for pulmonary function
testing of respiratory-impaired individuals.

[0061] Anembodiment of the present invention may utilize
any conventional or other pneumotachometer technology,
pressure sensors, and perturbation mechanism (e.g., rotary
wheel, shutter, pinch techniques, etc.).

[0062] The environment of the present invention embodi-
ments may include any number of computer or other process-
ing systems (e.g., client or end-user systems, server systems,
etc.) and storage systems (e.g., file systems, databases, or
other repositories), arranged in any desired fashion, where the
present invention embodiments may be applied to any desired
type of computing environment (e.g., cloud computing, cli-
ent-server, network computing, mainframe, stand-alone sys-
tems, etc.). The computer or other processing systems
employed by the present invention embodiments may be
implemented by any number of any personal or other type of
computer or processing system (e.g., desktop, laptop, PDA,
mobile devices, etc.), and may include any commercially
available operating system and any combination of commer-
cially available and custom software (e.g., database software,
communications software, etc.). These systems may include
any types of monitors and input devices (e.g., keyboard,
mouse, voice recognition, touch screen, etc.) to enter and/or
view information,
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[0063] Ttisto beunderstood that the software of the present
invention embodiments may be implemented in any desired
computer language and could be developed by one of ordi-
nary skill in the computer arts based on the functional descrip-
tions contained in the specification and flow charts illustrated
in the drawings. Further, any references herein of software
performing various functions generally refer to computer sys-
tems or processors performing those functions under soft-
ware control. The computer systems of the present invention
embodiments may alternatively be implemented by any type
of hardware and/or other processing circuitry.

[0064] The various functions of the computer or other pro-
cessing systems may be distributed in any manner among any
number of software and/or hardware modules or units, pro-
cessing or computer systems and/or circuitry, where the com-
puter or processing systems may be disposed locally or
remotely of each other and communicate via any suitable
communications medium (e.g., LAN, WAN, intranet, Inter-
net, hardwire, modem connection, wireless, etc.). For
example, the functions of the present invention embodiments
may be distributed in any manner among the various end-
user/client and server systems, and/or any other intermediary
processing devices. The software and/or algorithms
described above and illustrated in the flow charts may be
modified in any manner that accomplishes the functions
described herein. In addition, the functions in the flow charts
or description may be performed in any order that accom-
plishes a desired operation.

[0065] The software ofthe present invention embodiments
may be available on a non-transitory computer useable
medium (e.g., magnetic or optical mediums, magneto-optic
mediums, floppy diskettes, CD-ROM, DVD, memory
devices, etc.) of a stationary or portable program product
apparatus or device for use with stand-alone systems or sys-
tems connected by a network or other communications
medium.

[0066] The communication network may be implemented
by any number of any type of communications network (e.g.,
LAN, WAN, Internet, intranet, VPN, etc.). The computer or
other processing systems of the present invention embodi-
ments may include any conventional or other communica-
tions devices to communicate over the network via any con-
ventional or other protocols. The computer or other
processing systems may utilize any type of connection (e.g.,
wired, wireless, etc.) for access to the network. Local com-
munication media may be implemented by any suitable com-
munication media (e.g., local area network (LAN), hardwire,
wireless link, intranet, etc.).

[0067] Thesystem may employ any number of any conven-
tional or other databases, data stores or storage structures
(e.g., files, databases, data structures, data or other reposito-
ries, etc.) to store information. The database system may be
implemented by any number of any conventional or other
databases, data stores or storage structures files databases,
data structures, data or other repositories, etc.) to store infor-
mation. The database system may be included within or
coupled to the server and/or client systems. The database
systems and/or storage structures may be remote from or
local to the computer or other processing systems, and may
store any desired data.

[0068] The present invention embodiments may employ
any number of any type of user interface (e.g., Graphical User
Interface (GUI), command-line, prompt, etc.) for obtaining or
providing information, where the interface may include any
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information arranged in any fashion. The interface may
include any number of any types of input or actuation mecha-
nisms (e.g., buttons, icons, fields, boxes, links, etc.) disposed
at any locations to enter/display information and initiate
desired actions via any suitable input devices (e.g., mouse,
keyboard, etc.). The interface screens may include any suit-
able actuators (e.g., links, tabs, etc.) to navigate between the
screens in any fashion.

What is claimed is:

1. A system for measuring one or more respiratory param-
eters comprising:

an airflow perturbation device comprising:

a perturbation mechanism to periodically alter air flow
resistance in a pathway at a plurality of frequencies;

a pneumotachometer comprising a flow sensor to mea-
sure airflow in the pathway; and

a pressure sensor to measure a pressure in the pathway;
and

acomputing system comprising at least one processor con-

figured to:

receive data from the flow sensor and pressure sensor
and determine a ratio of pressure changes to flow
changes induced by the airflow perturbation device at
each of the plurality of perturbation frequencies to
form a dataset; and

determine at least one respiratory parameter by compat-
ing a predicted frequency dependence to the dataset.

2. The system of claim 1, wherein the at least one processor
is timber configured to:

display the determined at least one respiratory parameter.

3. The system of claim 1, further comprising:

a control line communicatively coupling the computing

system and the perturbation mechanism;

wherein the at least one processor is further configured to

control the perturbation mechanism to operate at the
plurality of frequencies via the control line.

4. The system of claim 1, wherein the perturbation mecha-
nism comprises a variable frequency drive.

5. The system of claim 1, wherein the perturbation mecha-
nism comprises a rotating segmented wheel.

6. The system of claim 1, wherein the perturbation mecha-
nism comprises a selected one of a mechanism for pinching a
flexible tube and a shutter.

7. The system of claim 1, wherein determining the ratio of
pressure to flow changes comprises determining changes in
the pressure and airflow expected in the absence of the
induced changes by interpolating signals between perturba-
tions.

8. The system of claim 1, wherein determining the at least
one respiratory parameter comprises:

determining a compliance of the respiratory system; and

constraining an inertance of the respiratory system to a

predetermined value.

9. The system of claim 1, wherein the predicted frequency
dependence comprises a quadratic dependence of a first quan-
tity proportional to a square of a quotient of the ratio and the

Feb. 11,2016

frequency on a second quantity proportional to a square
inverse of the frequency; and the at least one processor is
configured to:

determine quadratic coefficients by fitting to the dataset;

and

determine at least a resistance and compliance of the res-

piratory system from the quadratic coefficients.

10. The system of claim 1, wherein the predicted frequency
dependence comprises an exponential response of pressure
and flow to perturbations in the pathway, and the exponential
response has a time constant given by a product of respiratory
resistance and respiratory compliance.

11. A method of measuring a respiratory parameter of a
respiratory system comprising:

determining a ratio of pressure changes to flow changes in

a pathway induced by an airflow perturbation device at
each of a plurality of perturbation frequencies to form a
dataset;

determining at least one respiratory parameter by compar-

ing a predicted frequency dependence to the dataset.

12. The method of claim 11, wherein determining the at
least one respiratory parameter includes determining a resis-
tance of the respiratory system.

13. The method of claim 11, wherein determining the at
least one respiratory parameter includes determining an iner-
tance of the respiratory system.

14. The method of claim 11, wherein determining the at
least one parameter includes constraining an inertance of the
respiratory system to a predetermined value.

15. The method of claim 11, wherein the predicted fre-
quency dependence comprises a quadratic dependence of a
first quantity proportional to a square of'a quotient of the ratio
and the frequency on a second quantity proportional to a
square inverse of the frequency; and determining the at least
one respiratory parameter comprises:

determining quadratic coefficients by fitting to the dataset;

and

determining at least a resistance and compliance of the

respiratory system from the quadratic coefficients.

16. The method of claim 11, wherein the plurality of fre-
quencies includes at least ten frequencies in the range two
hertz to eighteen hertz.

17. The method of claim 11, wherein the plurality of fre-
quencies includes at most five frequencies.

18. The method of claim 11, wherein the frequencies have
non-uniform spacing.

19. The method of claim 11, further comprising:

displaying the determined at least one respiratory param-

eter.

20. The method of claim 11, wherein the predicted fre-
quency dependence comprises an exponential response of
pressure and flow to perturbations in the pathway, and the
exponential response has a time constant given by a product
of respiratory resistance and respiratory compliance.
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