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(57) ABSTRACT

A device for recording and displaying a pressure-volume
curve, in which a gas stream is generated by a gas source
under control of a control unit and conveyed via a hose to a
patient, wherein a flow sensor determines the gas stream and
the control unit computes and records the administered gas
volume and wherein a pressure sensor determines the gas
pressure and the control unit records the pressure and
determines a pressure slope and determines a pressure-
volume curve from the pressure and the volume and displays
it on a display screen or stores it for a display.
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DEVICE FOR RECORDING AND GRAPHIC
REPRESENTATION OF PRESSURE-VOLUME
CURVES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority under 35
U.S.C. § 119 of German Patent Application No. 10 2018 001
909.9, filed Mar. 9, 2018, the entire disclosure of which is
expressly incorporated by reference herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to a device for record-
ing and displaying pressure-volume curves.

2. Discussion of Background Information

[0003] The recording of a pressure-volume curve (P/V
curve) is a routine method for describing the respiratory-
mechanical conditions of the respiratory tract. PV curves can
typically be divided into three segments, which are sepa-
rated from one another by two inflection points. There is
usually a first segment having low compliance. This is
adjoined by a middle, linear segment having greater com-
pliance (CLIN). These two segments are separated by the
lower inflection point (LIP). The middle steep component is
ended by the upper inflection point (UIP), following which
the curve becomes flatter again.

[0004] The accuracy of the measured values is presently
poor and the recording of a pressure-volume curve requires
a large amount of expert knowledge.

[0005] It would therefore be desirable to simplify and
improve the recording of pressure-volume curves.

SUMMARY OF THE INVENTION

[0006] The invention provides a device for recording and
displaying a pressure-volume curve, in which a gas stream
(flow or volume) is generated by a gas source under control
of a control unit and conveyed via a hose to or from a patient,
wherein a flow sensor determines the gas flow and the
control unit computes and records the gas volume or the flow
and wherein a pressure sensor determines the gas pressure
and the control unit records the pressure and determines a
pressure slope and determines a pressure-volume curve from
the pressure and the volume or flow and displays it on a
display screen or stores it for a display. The control unit
computes the pressure-volume curve for the inspiration
and/or expiration in consideration of the gas stream and the
pressure slope and computes and displays steep components
or straight lines of the pressure-volume curve.

[0007] According to the invention, the gas stream can
correspond to an inspiration (or inflation) and/or an expira-
tion (or deflation). The pressure slope can be positive or
negative.

[0008] Gas stream and gas volume and pressure and flow
can be positive or negative.

[0009] The hose can be a double-lumen or multi-lumen
hose or a simple hose.

[0010] The gas source can comprise a controllable fan
and/or valves and/or a pressurized gas source.

[0011] The invention furthermore provides a device for
recording and displaying a pressure-volume curve, in which
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a gas stream is generated by a gas source under control of a
control unit and conveyed via a hose to a patient, wherein a
flow sensor determines the gas stream and the control unit
computes and records the administered gas volume and
wherein a pressure sensor determines the gas pressure and
the control unit records the pressure and determines a
pressure slope and determines a pressure-volume curve from
the pressure and the volume and displays it on a display
screen or stores it for a display. The control unit computes
the inspiratory compliance as a quotient of the gas stream
and the pressure slope, wherein the inspiratory compliance
is displayed on the display screen and wherein the control
unit computes an LIP (lower inflection point, 21) and a UIP
(upper inflection point, 20), and uses the LIP and the UIP in
the pressure-volume curve for the display of a straight line,
which is defined or delimited by the LIP and the UIP.
[0012] According to the invention, the display screen can
be a component of the device (of the respirator) or it can be
an external display screen, which at least temporarily com-
municates with the device.

[0013] The device may also be characterized in that the
control unit generates a uniform, continuous gas stream (3).
[0014] The device may also be characterized in that the
control unit generates a discontinuous gas stream (3).
[0015] The device may also be characterized in that the
control unit (2) computes an LIP (lower inflection point)
and/or a UIP (upper inflection point) as 67% of the maxi-
mum inspiratory compliance (14).

[0016] The device may also be characterized in that the
straight line through LIP and UIP on the display screen (9)
is displaceable or changeable by user selection.

[0017] The device may also be characterized in that if LIP
and/or UIP are not determinable, a replacement straight line
(12) having the slope of the maximum inspiratory compli-
ance (14) is displayed.

[0018] The device may also be characterized in that the
value of the LIP and/or UIP is numerically displayed on the
display screen (8).

[0019] The device may also be characterized in that the
control unit (2) carries out the computation of the pressure
slope by means of linear regression over at least 200,
preferably 500, measurement points.

[0020] The device may also be characterized in that the
computation only begins 200, preferably only 500, ms after
the start of the inspiration.

[0021] The device may also be characterized in that the
control unit (2) computes the gas volume (5) as the sum-
mation of the volume stream components.

[0022] The device may also be characterized in that the
recording of the pressure-volume curve (8) is started by user
selection.

[0023] The device may also be characterized in that the
control unit executes an automatic analysis of the pressure-
volume curve (8) to determine at least one parameter and at
least temporarily takes this parameter into consideration for
the control of the gas source (1) by the control unit (2).
[0024] The device may also be characterized in that the
control unit executes an automatic analysis of the pressure-
volume curve (8) to determine at least one parameter, and
computes a setting value for the control unit (2) for this
parameter for the control of the gas source and displays it on
the display screen (9).

[0025] The device is alternatively or additionally also used
according to the invention for recording and displaying a
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pressure-volume curve in which a gas stream (3) is gener-
ated by a gas source (1) under control of a control unit (2)
and conveyved via a hose (13) to or from a patient, wherein
a flow sensor (4) determines the gas stream (3) and the
control unit (2) computes and records the gas volume (5),
and wherein a pressure sensor (6) determines the gas pres-
sure (7) and the control unit (2) records the pressure and
determines a pressure slope (17) and determines a pressure-
volume curve (8) from the pressure (7) and the volume (5)
and displays it on a display screen (9) or stores it for a
display. The control unit (2) uses the breath volume VT (37)
from the present or the prior respiration to compute a
pressure-volume curve j (38) and determines the pressures
Pawj (34) and/or Pawj80 (35) using the value of j (38).
[0026] The device may also be characterized in that the
control unit uses the breath volume VT (37) from the present
or the prior respiration to compute a pressure-volume curve
1 (38).

[0027] The device may also be characterized in that the
control unit determines the pressures Pawj (34) and/or
Pawj80 (35) using the value of j (38).

[0028] The device may also be characterized in that the
Pawj80 (35) is a percentage value (the 80% value) of the
pressure Pawj.

[0029] The device may also be characterized in that the
control unit connects the PEEP (23) and Pawj (34) by means
of a straight line (41) as Cdyn and displays it on the display
screen.

[0030] The device may also be characterized in that the
control unit connects 0.8 Pawj (35) and Pawj (34) by means
of a straight line (42) as C20 and displays it on the display
screen.

[0031] The device may also be characterized in that the
control unit determines the pressure slope (36) in the range
between 0.8 Pawj (35) and Pawj (34) (preferably by means
of linear regression) and displays a corresponding straight
line on the display screen.

[0032] The device may also be characterized in that the
control unit computes a stress index (36) and displays it or
stores it from the pressure slope (36) between 0.8 Pawj (35)
and Pawj (34).

[0033] The device is alternatively or additionally also used
according to the invention for recording and displaying a
pressure-volume curve, in which a gas stream (3) is gener-
ated by a gas source (1) under control of a control unit (2)
and conveyed via a hose (13) to or from a patient, wherein
a flow sensor (4) determines the gas stream (3) and the
control unit (2) computes and records the gas volume (5),
and wherein a pressure sensor (6) determines the gas pres-
sure (7) and the control unit (2) records the pressure and
determines a pressure slope (17) and determines a pressure-
volume curve (8) from the pressure (7) and the volume (5)
and displays it on a display screen (9) or stores it for a
display. The control unit (2) records a pressure-volume
curve (31) for the expiration or determines it, wherein the
pressure slope (17) is a negative pressure slope and gas
stream and/or volume can also be negative.

[0034] The device may also be characterized in that the
control unit determines the pressure-volume curve (31) from
the quotient of the mean flow and the specified pressure
ramp.

[0035] The device may also be characterized in that the
control unit determines the points P(Cmax) (33) and PMC
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(32) from the pressure-volume curve (31), wherein PMC
(32) is a component or fraction of P(Cmax) (33), for
example at 0.67 Cmax.

[0036] The device may also be characterized in that the
control unit effectuates a numeric display of PMC (32)
and/or a graphic display of C(p) and V(p) with overlay of
displaceable lines on the display screen.

[0037] The device may also be characterized in that the
control unit displays the pressure-volume curve (31) for the
expiration on the display screen and displays a straight line
which intersects the points P(Cmax) (33) and PMC (32).
[0038] Subject matter of the invention is also the auto-
matic determination of the inflection points of a pressure-
volume curve.

[0039] Subject matter of the invention is also the auto-
matic derivation of important characteristic variables, which
are relevant for respiration, from a pressure-volume curve.
[0040] Subject matter of the invention is also a respira-
tory-mechanical maneuver which displays a quasi-static P/V
curve (pressure/volume) both in the inspiration leg and also
in the expiration leg. During the maneuver, the airway
pressure is slowly increased to a maximum level (Pmax) in
the inspiration by a uniform flow and then slowly reduced to
a minimum level (Pstart) by an adapted pressure setting
(linear speed analog to set flow).

[0041] The total time of the maneuver is calculated and
displayed at the beginning.

[0042] The overlay of lines enables the graphic analysis of
the curve, including identification of the inflection points.
[0043] At the same time, the differential compliance and
the respective ratio between PAW and compliance (separate
inflation/deflation) are displayed in tabular form, and also
C20/C stress index as values.

[0044] PV curves have a linear to sigmoid profile. The
expiratory tidal volume is typically plotted on the abscissa
and the transpulmonary pressure is plotted on the ordinate.
The LIP is the first point of the PV curve having maximum
curvature. Up to this point, the pressure per volume step
increases particularly strongly. The LIP is then the point at
which the lung opening pressure is exceeded and after
reaching it, the curve rises linearly. The LIP can be over-
come by setting the PEEP.

[0045] The UIP is accordingly the second point having
maximum curvature of the curve. At the UIP, the limit of the
lung distensibility is reached, so that following this the
pressure slope per volume unit becomes greater again.
[0046] The compliance of the lung is a measure of its
elastic distensibility and corresponds to the slope of the
linear component of the curve (CLIN); it is thus defined as
the volume change per pressure change.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047] In the appended drawings:

[0048] FIG. 1 shows a device according to the invention
for recording and displaying a pressure-volume curve;
[0049] FIG. 2 shows the low flow P-V Tool in the inspi-
ration phase;

[0050] FIG. 3 shows the low flow P-V Tool in the expi-
ration phase;

[0051] FIG. 4 shows the low flow P-V Tool in the inspi-
ration phase having a curve display and curve analysis of the
stress index; and
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[0052] FIG. 5 shows the low flow P-V Tool in the inspi-
ration phase having a curve display and curve analysis of the
distention index.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0053] The particulars shown herein are by way of
example and for purposes of illustrative discussion of the
embodiments of the present invention only and are presented
in the cause of providing what is believed to be the most
useful and readily understood description of the principles
and conceptual aspects of the present invention. In this
regard, no attempt is made to show details of the present
invention in more detail than is necessary for the fundamen-
tal understanding of the present invention, the description in
combination with the drawings making apparent to those of
skill in the art how the several forms of the present invention
may be embodied in practice.

[0054] FIG. 1 shows a device for recording and displaying
a pressure-volume curve (8), in which a gas stream (3) is
generated by a gas source (1) under control of a control unit
(2) and conveyed via a hose (13) to a patient, wherein a flow
sensor (4) determines the gas stream (3) and the control unit
(2) computes and records the administered gas volume (5),
and wherein a pressure sensor (6) determines the gas pres-
sure (7) and the control unit (2) records the pressure and
determines a pressure slope (17) and determines a pressure-
volume curve (8) from the pressure (7) and the volume (5)
and displays it on a display screen (9) or stores it in a
retrievable manner. The control unit (2) computes the
inspiratory compliance (10) as the quotient of the gas stream
and the pressure slope, wherein the inspiratory compliance
(10) is preferably displayed on the display screen (9). The
control unit (2) computes an LIP (lower inflection point)
and/or a UIP (upper inflection point) as a (positive and
negative) fraction of, for example, 50-70%, preferably 67%
of the maximum inspiratory compliance (14). The control
unit (2) uses the LIP (21) and/or the UIP (20) in the
pressure-volume curve (8) for the display of a straight line
(11), which is defined or delimited by the LIP (21) and the
UIP (20). The maximum inspiratory compliance (14) is
located, for example, in the middle of the straight line (11).

[0055] FIG. 2 shows the low flow P-V Tool in the inspi-
ration phase.
[0056] 1. Computation of the pressure slope during the

inflation by means of linear regression over 500 measure-
ment points.

[0057] The computation only begins, for example, 500 ms
after the start of inspiration. The value 500 ms is variable in
this case.

[0058] The computation is stopped before ending the
inflation procedure and the value is kept constant.

i+500 i+500  i-500

SODZ [jPaWj_ Z[J‘Z Pawj
=

dPaw; _ _ ==
da |77 4500 500 Y2
500 3 t%—[ > tj]
J=i J=i
[0059] 2. Computation of the inflationary compliance as a

quotient of constant inflationary flow and pressure slope and
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display of the curve of the inflationary compliance. Deter-
mination of the points LIP and UIP as 0.67 Cmax. Numeric
display of LIP and UIP

Vi
C;(t;) = —, in ml/mbar

ij

V; = const.

[0060] 3. Computation of the volume as a summation of
the volume stream components

J
V)= 0.00152 v,
=0

[0061] 4. Recording of the pressure-volume curve for the
inflation—drawing a straight line through LIP and UIP

[0062] 5. The straight line through LIP and UIP is to be
displaceable according to the invention. If LIP and UIP
cannot be determined, a replacement straight line having the
slope Cimax is displayed (also displaceable). This straight
line is then to go through the point PEEP+(Pmax-PEEP)/2.

[0063] FIG. 3 shows the low flow P-V Tool in the expi-
ration phase.
[0064] The graphic display of C(p) and V(p) is performed

with overlay of displaceable lines as shown in the region of
the display screen.

[0065] 1. The computation of the present flow is per-
formed from the sliding mean value (over 0.5 s).

[0066] The computation only begins 500 ms after the start
of expiration. The end of the computation is 500 ms before
the end of expiration. The value 500 ms is variable in this
case.

1+500

- 1 .
Ve, = ﬁ; Ve,

[0067] 2. Computation of the deflationary compliance
from quotient of the mean flow and the specified pressure
ramp (presently 1 mbar/s). Determination of the points
P(Cmax) (33) and PMC (32) at 0.67 Cmax.

[0068] The control unit effectuates a numeric display of
PMC (32) and/or graphic display of C(p) and V(p) with
overlay of displaceable lines on the display screen, (as
shown).

V..
Cl1j)= L ml/mbar

Paes

P, = const.
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[0069] 3. Computation of the volume from summation

J
V)= 0.00152 v,
=0

[0070] 4. Recording of the pressure-volume curve for the
expiration—drawing a straight line through P(Cmax) and
PMC.

[0071] 5. The straight line through P(Cmax) and PMC is
displaceable.
[0072] FIG. 4 shows the low flow P-V Tool in the inspi-

ration phase with a curve display and curve analysis of the
stress index (36).

[0073] 1.Thebreath volume VT (37) is inferred from prior
or present respiration and j (38) of VT is computed (at a
sampling rate of 1 ms). j is the pressure-volume curve of the
studied respiration. The flow is n I/min

Vi
f=—=

3
T .
V 7%, j|vT = IOOOVT% = 60VT

[0074] 2. Using the present j (38), the pressures Pawj (34)
and Pawj80 (35) are determined. Pawj80 (35) is the 80%
value or a fraction in the range 65-90% of the pressure Pawj.
[0075] It is proposed according to the invention that the
PEEP level (23) be selected above the LIP (21) to avoid an
end-expiratory collapse of the lung alveoli.

[0076] It is proposed according to the invention that the
plateau respiration pressure (17) be selected such that the
UIP (20) is not exceeded, since the UIP indicates the
beginning of the lung distension.

[0077] 3. The computation of the pressure slope (as in the
case of the dynamic compliance) in the range between 0.8
Pawj and Pawj is performed, for example, by means of linear
regression.

i+500 i+500 i+500

SO0 Y 1Payi= 1 > Py
dPaw; _ _ =i ==
di |, T 500 fisso0 Y2
Wi {5
J=i J=i
[0078] 4. Logarithmic expression of the values of time and

dp/dt in the range 0.8 Pawj and Pawj and substitution as T
and P.

[0079] 5. Computation of the stress index from the slope
of the function P(T) in the range 0.8 Pawj and Pawj

HPa) (Pawy) HPaw)
500 Z T,P; - Z 'y Z P
j(O-BPaWj) j(oyg awj‘,‘ j(0-8P0wj)
bj= 3 +1
j(Pawj) j(Pavvj)
00 ¥ TH-| % T
10.8Pa) 70.8Pa)
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[0080] The time windows of the pressure-time behavior at
constant flow are approximated as a power function accord-
ing to:

p=at’+c
[0081] In this case, the power factor b is significant.
[0082] If b<l, there is recruitment,
[0083] if b=1, the lung is fully open,
[0084] if b>1, the lung is distended.
[0085] To carry out a potential regression, the pressure

slope is expressed as a logarithm:

ln(dp]—l b) + (b — Dlnf,
)= @b + b - iy

[0086] if one substitutes In(dp/dt) with P and In(t) with T,
the following is thus true:

P=In(ab)+(b-1)T

[0087] Now one applies the equation for the slope from
the linear regression and obtains b=1 and thus b.

[0088] FIG. 5 shows the low flow P-V Tool (8) in the
inspiration phase with a curve display and curve analysis of
the distention index (40).

[0089] 1. The control unit computes the distention index
(40) C20/Cdyn in the pressure curve (n corresponds to n
I/min inspiration flow, i.e. n*50/3 ml/s)

Cho _ slope straight line through 0.8P,, and P,
ayn "~ slope straight line through PEEP and P,

with:
Cy = Vi-Viso _ nﬂ =10
PaWj_PanO 3 P(ZWJ'_PGWSD
and
Vj — Vperp 50 I

Cam = =n>
= Po, ~PEEP "3 Py, — PEEP

&_ 1 —1;80 Pawj_PEEP—(l_@]M’
Con  Paw; - P .

awgg L

i i

[0090] 2. The control unit uses the breath volume VT (37)
from the present or the preceding respiration to compute a
pressure-volume curve j (38). The present breath volume VT
(37) is inferred from prior respiration and j (38) is computed
at a sampling rate of 1 ms. The flow is n /min.

Y3 = 1000V o = 60V
f—7—7%a/|vr— T35 =60Vr

[0091] 3. Using the present j (38), the pressures Pawj (34)
and Pawj80 (35) are determined. Pawj80 is the 80% value of
the pressure Pawj.

[0092] 4. The factor or the ratio or a numeric value of the
distention index C20/Cdyn (40) of the present breath or
breath volume is displayed as a numeric value on the display
screen or stored.

[0093] 5. The distention index C20/Cdyn (40) of the
present breath or breath volume is computed as a value from
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the straight line (41) and the straight line (42), for example
from the slopes of the straight lines.
[0094] 6. The slope through the points present PEEP (23)
and Pawj (34) is represented by means of a straight line (41)
as Cdyn.
[0095] 7. The slope through the points 0.8 Pawj (35) and
Pawj (34) is represented by means of a straight line (42) as
C20.
1.-24. (canceled)
25. A device for recording and displaying a pressure-
volume curve, wherein a gas stream is generated by a gas
source under control of a control unit and conveyed via a
hose to or from a patient, wherein a flow sensor determines
the gas stream and the control unit computes and records an
administered gas volume, wherein a pressure sensor deter-
mines a gas pressure and the control unit records the gas
pressure and determines a pressure slope and determines a
pressure-volume curve from the gas pressure and the admin-
istered gas volume and displays it on a display screen or
stores it for a display, and wherein the control unit
(a) computes the pressure-volume curve for inspiration
and/or expiration as a function of the gas stream and the
pressure slope and computes and displays steep por-
tions or straight lines of the pressure-volume curve;
and/or
(b) computes an LIP (lower inflection point) and a UIP
(upper inflection point) and uses the LIP and the UIP in
the pressure-volume curve for the display of a straight
line which is defined or delimited by the LIP and the
UIP; and/or

(c) uses a breath volume VT from a present or prior
respiration to compute a pressure-volume curve j and
determines pressures Pawj and/or Pawj80 using value
of j; and/or

(d) records a pressure-volume curve for an expiration or

determines it, wherein the pressure slope is a negative
pressure slope and the gas stream and/or the adminis-
tered gas volume may be negative as well.

26. The device of claim 25, wherein at least (a) applies.

27. The device of claim 25, wherein at least (b) applies.

28. The device of claim 27, wherein the control unit
computes an LIP (lower inflection point) and/or a UIP (upper
inflection point) as 67% of a maximum inspiratory compli-
ance.

29. The device of claim 27, wherein the straight line
through LIP and UIP on the display screen is displaceable or
changeable by a user selection.

30. The device of claim 27, wherein, if LIP and/or UIP are
not determinable, a replacement straight line having a slope
of a maximum inspiratory compliance is displayed.

31. The device of claim 27, wherein a value of the LIP
and/or UIP is numerically displayed on the display screen.
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32. The device of claim 25, wherein the control unit
carries out a computation of the pressure slope by means of
linear regression over at least 200 measurement points and
the computation only begins 200 ms after start of inspiration
or expiration.

33. The device of claim 25, wherein a recording of the
pressure-volume curve is started by user selection.

34. The device of claim 25, wherein the control unit
executes an automatic analysis of a pressure-volume curve
to determine at least one parameter and at least temporarily
takes this parameter into consideration for the control of the
gas source by the control unit.

35. The device of claim 25, wherein the control unit
executes an automatic analysis of a pressure-volume curve
to determine at least one parameter and computes a setting
value for the control unit for this parameter for the control
of the gas source and displays it on the display screen.

36. The device of claim 25, wherein at least (c) applies.

37. The device of claim 36, wherein the control unit uses
a breath volume VT from a present or prior respiration to
compute a pressure-volume curve j.

38. The device of claim 37, wherein the control unit
determines the pressures Pawj and/or Pawj80 using a value
of j.

39. The device of claim 36, wherein the control unit
connects PEEP and Pawj by means of a straight line as Cdyn
and displays it on the display screen and/or connects 0.8
Pawj and Pawj by means of a straight line as C20 and
displays it on the display screen and/or determines a pres-
sure slope in a range between 0.8 Pawj and Pawj and
displays a corresponding straight line on the display screen
and/or computes a stress index from a pressure slope
between 0.8 Pawj and Pawj and displays it or stores it.

40. The device of claim 25, wherein at least (d) applies.

41. The device of claim 40, wherein the control unit
determines the pressure-volume curve from a quotient of
mean flow and specified pressure ramp.

42, The device of claim 40, wherein the control unit
determines the points P(Cmax) and PMC from the pressure-
volume curve, PMC being a component or fraction of
P(Cmax).

43. The device of claim 40, wherein the control unit
effectuates a numeric display of PMC and/or a graphic
display of C(p) and V(p) with overlay of displaceable lines
on the display screen.

44. The device of claim 40, wherein the control unit
displays the pressure-volume curve for an expiration on the
display screen and displays a straight line which intersects
the points P(Cmax) and PMC.
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