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DEVICES AND METHODS FOR MANAGING CHEST DRAINAGE

CROSS-REFERENCE TO RELATED APPLICATIONS

{0001} This application claims the benefit of priovity to U.S. Provisional Application No.

3 62/303.361 filed March 3, 2016 and 1.8, Provisional Appfication Ne. 62/32& 360 filed
April 27", 2016 and U.S. Provisional Application No. 62/365,770 filed July 22™, 2016 and
U.5. Provisional Application No. 627448546 filed January 20, 2017, cach of which is
incorporated horein by reforence i its ontircty.
Y FIELD OF THE INVENTION
{6002} The present mvention relates to wound and surgical drainage.
INCORPORATION BY REFERENCE
{60031 All publications and patent applications mentioned in this specification gre heremn
153 incorporated by reference to the same extent as 1f cach such individual publication or patent

apphication were specifically and individually indicated to be so incorporated by reference.
15! ¥ K 2 A

BACKGROUND OF THE INVENTION

[0004] Chest tubes ave required any time ar anddor ligud scowmalates mw the chest cavity,
20 disrepting normal pudmonary or cardine function. Suction is applicd continuously to remove

gxeoss air andfor fluid from the chest untll the interal wounds have healed, at which point

the chest tubes can be removed. One of the most common uses of chest tubes 1s to drain the

area around the heart after cardiac surgery.

{0005] Despite thewr benefits, current chest tube systems suffer from two njor faws. First,
2% as liquid drains fron the chest toward the suction container, it can pool i the diginage fubing

and prevent the applied negative pressure from being transmitted to the chest. When this

oceurs, the pressure in the chest can be reduced o zero or oven become positive. Sccond,

clogs can form that obstruct the chest tube, which provent the negative pressure from being

transimifted to the chest and intubit dranage. In fact, 36% of cardiac swgery patients
30 experience chest tube clogging. When proper dramage is inhibited duc to these factors,

pationts are af increased risk fior acowmnulation of flaid around the headt, known as pericardial
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tamponade, which resalis in shock and can be fatal Adduionally, the lungs may be
compressed, which can lead to respizatory compromise and can be fatal as well.
{0086] Pooling of hquid m the drammage hine can theoretically be remedied by keeping the

nehing straight from the patient to the collection container. However, this is nearly impossible

T4y

i practice, as some stack i3 requived to prevent accidental dislodging of the tube from the
body. To combat clogging, clinicians use two methods known as milking and stripping.
Mitking refers to Hine manipulations such as Hfting, squeezing, or kneading. Stripping refers
to 2 pulling along the length of the tube with the thwb and forefinger to increase the amount
of suction at the end of the tube. However, these nethods have not been shown o be
16 effective at improving chest tube suction or dramnage. In fact, stnipping has actually been
discoaraged because it is possible to create extremely high negative pressures {gp to 370
cmH20) that may damage the tssee.

[0087] In addition to these functonal flaws, cwrent systems also rely on measwres of

collected fhud vohume and rate of chest air leak, which are subjective and lead to tmprecision

o,
4

and Inaccuracies i the measurements. As a result, chinicians make cagtious chinical decisions

basod out these measurements, keeping paticnts mt the hospital longer thas necessary,

SUMM

ARY OF THE INVENTION
[0008] A chest dramage systern s needed which reduces or elinunates poolng of
20 blooddiguid andior dogmngiclotting i the draimage tube andéor chegt tabe, and provides
abjective and sccurate measures of coltected fuid volimae and chest'thoracic ar feak.
[G089] o onc vartation, the draivage systerm may generally comprise a tube configured for
wsertion into a body of a subjeet, whersin the tube defies a tube mhiof lomen and tube
drainage lumen in fhad compwnication with one another; and 3 tube relict lumen valve in
25 flud communication with the tube rehief lumen such that a pressure differential s formed
between an ambient pressure and the tube relief hunen, wherein the tube relief lamen valve is
configured to close at a first pressure differential and to open at a sccond pressure differential
which is different from the first wessure difforential.
{0010 In one cxemplawry method of mantainmg the dramage systemy, the mcthod may

30 generally comprise providing a tube having a tube relief fumen and tube dramage fomen in
fliid conmmanication with one another and configured for insertion mto a body of a sulgect,
and a tube relef lumen valve In fuid conmmunication witly the tubhe relief hunen; and

configuring the wbe relief hunen valve from a closed configuration into an open

2]
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between an ambiont pressure and the tube relief lumen is oreated and where the open
configwration 18 formed when a second pressure differential between the ambient pressure
and the tube rebief Jumen is created, wherein the fivst pressure differential is different from
the second pressare differential,

0011} in another variation of the drainage system, the system may generally comprise a tube
configured for nsertion nto a body of a sebject, wherein the tube defines a tibe relief tumen
and tabe drainage tomen in floid communication with one another, a tbe relief lumen valve
m flud communication with the tube rehief lumen; a suetion puwmp in fhad communication
with the tube drainage lumen; and 3 controlier In communication with the tube, wherein the
controfler ks programmed to actuate the suction pump at a first level of saction which
maintans the tube rebief fomen valve i a closed configuration and at a second fevel of

suction which reconfigures the tube relief lanren valve o an open configuration.

BRIEF DESCRIPTION OF THE DRAWINGS
{0012 Fig. 1 shows an embodiment of the chest dramage system that does not mclude a
rehief himen.
{013} Fig 2 shows another emabodiment of the chest dramage systemt with active valves in
the tube-tube interface area.
[00314] Fig. 3 shows an embodiment of the chest drainage system with an active dronage
fubhe rehiet valve and a passive chest tube relief valve.
[0015] Fig. 4 shows an embodiment of the chest tuibe shown 1 Fig. 3
[0016] Fig. 3 showws a magaetic embodiment of the chest tube valve,
[0017] Fig. 6A shows the chest drainage systemy’s abilify to deteet and clear pooled liquid in
the drainage tube.
[6018] Figs 6B-6F show the chest draage system’s ability to detect and clear pooled hquid
i the chest wube.
[8019] FIG. 715 a block diagram of o data processing system.
[0620] Fig. ¥ shows a balloon with a compliant layer and a non~compliant layer.
{0021] Fig 9 shows a tapered balloon.

{8822} Fig. 14 shows an accordion shaped balloon,
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[0G23] Figs. H1A and 11B show chest tubes with incorporated balloons.
[6024] Fig. 12 shows an embodiment with a2 balloon valve including enevgy delivery.
[0025] Fig 13 shows an embodiment which include a magnetic wire.
[0026] Figs. 14A-14C show an crubodiment of a chest tube.
S [9027] Figs, 15A-15D show an cimbadiment of a valve device.
[028] Figs. 16A-16B show an embodiment of a chest tube with a flash port
[0029] Figs, 1TA-17D show an embodiment of a valve device,
[8030] Figs. 18A and 13B show a method of measuring 8 chest'thovracic air leak using the
chest dratnage svstem,

1 J0631] Fig 19 show a method of measuring a chest'thoracic atr feak using the chest druinage
system.
[0032] Fig. 20 illusiraics an cmbodiment of the chest tube.
{0033 Fig. 21 shows an embodiment of the valve device.

[0034] Fig 22 shows an cmbodiment of the vabee device with the chest tube and dranage

Momnmy
L

futhe,

[0035] Fig. 23 shows an embodiment of the chest dramage system in use.

[6036] Fig. 24 shows the connection between the pacumatic connecters conung from the
valve device and the mouitor,

>

(8037} Fig. 23 shows the connection between the pueumantc connecter and the monitor,
20 0838} Fig. 26 shows an embodiment of the chest drainage svstom.
[0839] Figs. 27A-27D show an embodiment of the valve device.
[6040] Figs. 28A-28C show a method of measuring chestithoracic air keak.
[0041] Fig. 29 depicts presswre over ume for two different low flow aw leak rate
measurements.
25 [0842 Fig 30 shows a conversion of rate of pressare change to aty eak.
[0043] Fig. 31 depicts pressare over time for two difforent high flow air leak rate
measwements,
[0044] Fig. 32 shows a conversion of rate of pressure change to an leak.
[0045] Fig. 33 shows the relationship between color and reflectance readings.

30 [8046] Fig. 34 shows the relation between swrface angle and reflectance readings.
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[0647] Fig.
16048} Fig.
[0049] Fig.
[0050] Fig.
[0651] Fig.

35 shows a display of chest/thoracie air leak information.

36 shows a display of chestthoracic awr feak mformation.

Lad

7 shows a display of chest//thoracie air leak information.
38 shows a display of chest//thoracie abr leak mformation,

39 shows a display of clog removal information.

[HOS82] Fig. 40 shows a display of clog removal information.

[0053] Fig. 41 shows a display of suction presswre mdormation.

[0054] Fig.

42 shows a display of clog removal information.

PCT/US2017/020791

[O05S] Figs. 43A-43F show manufachuring steps and components of balloon valves,

[0056] Fig.
[6057] Fig.
[0038] Fig.

44 shows an embodiment of & mounting device.
43 shows an embodiment of a2 mounting device.

46 shovws an embodiment of a mounting deviee,

{0039 Figs. 47-30 show an embodiment of a dusl-tomen chest tube.

66l Fig.

51 shows an embodiment of a dual-lumen chest fubc.

{0061} Figs. 32A-532B show conncction states between the pnouwmatic connecter and the

monitor.

{0062} Fig.
o063} Fig
[0064] Fig.
[0065] Fig.
jB066] Fig
{0067} Fig.
[0068] Fig.
[0669] Fig.

[0079] Fig.

[0071] Fig.
16672] Fig

[8073] Fig.

53 shows a manifold design.

34 shows a shiding mechamsm.

35 shows an alternative configuration to the system depicted m Fig. 24

56 shows a spring activated valve.
37 shows an embodiment of a valve device.
38 shows g mongtorfcontrotier.

34 shows an embodiment of a collection reservoiricamsieor.

60 shows a latchung mechanism between the eanmsterreservodr and the monitor,

&1 shows a modular attachment receptacle.
62 shows an embodiment of 3 conneetion barb.
£3 shows a display.

64 shows a display.
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DETAILED DESCRIPTION OF THE INVENTION
[6074] Disclosed 15 a chest dramage system which reduces or climinates pooling of
hloodiliquid andior clogging/clotting i the drammage tube andfor chest tube, and provides
objective and accuwrate measures of drained flutd vohane and chest air leak.
[075] The chest drainage system continuousty monttors chest tube and drainage tube status
and clears pooled Hquid m the drainage tube, andfor n clogged chest tube when necessary fo
restore nogative pressure o the chest. The system may inchude active andfor passive valve
functions, as well as a controller (also reforred to herein as & monitor) for montoring the
pressures in the system. The controller may control & pump for assisting in clearance of
pooled Hauid andfor clots in the drabnage tube andfor chest tube. The controller may also
control any active valves andfor suction device in response to measured pressare signals. The
chest drainage system performs four primary mctions:
[8076] 1. The chest dramnage system detects pooled Hiquid in the drainage tube by monitoring
the pressure at or near the chest tube-drainage the mterface {the nhe-tube interface area).
Pooled hqueid m the drainage tube 1y indicated by a decrease v vacyum {increasing pressare).
The chest dranage system gy measure pressure with a sensor incorporated into the
controller. The sensor may be 1o fhad communication with the tube-tube interface area via a
fhad filled hamen {the relief lumen). The relief hunen mav be open to atmosphere on the
other ond, and be filled with air. A valve (drainage tube valve or dealnage tube relicf lumen
valvey may be used to open and close the rehef lumen, and may immchide a vent which
prevents the transmission of bacteria and vivuses from the atmosphere mte the relicf honen.
The drainage tube valve may be opened and closed by the controller hased on the measwred
pressure at the tube~tube interface area.
[0077] Alternatively, the presswe sensor may be placed st the tube-tube mierfiace area,
connceted  directly fo atmosphere. In this cmbodiment, the pressure sensow 15 m
conmmnumication with the controlier and no reliel husaen 15 present. Alternatively, the dramage
tube valve may be passive, either with or without a relief lumen.
{6078 2. When pooled fiquid is detected, the chest drainage system clears the drainage wibe
bv opening the drainage tube rehiel hamen valve which s m flaid communication with the
tube-tube interface area. Opening the drainage tube velief humen vabve allows ar o sweep
away the hguid m the dramnage tebe ito the dramage containerfreservoir. A pump which may
be mtegrated with the controller, applies negative presswre to the drainage tube (via a

collection reservoirfcassette/chamber). Optionally the pump may also apply positive pressure
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to the rehef bunen (rather than is being open to atmospheric presswre) to help clear the
blockage. Proper negative pressure at the chest is then restoved. Optionally, the svstom may
apply negative pressure {or an increased negafive pressure) to the dramage tube withow

opeming the relief hunen valve. This serves as a temporary measare 1o restore proper suction

B

and may or may not clear a blockage. This measure may he performed when the controHer
senses a blockage in the drainage nibe, or sy be performed at limited temporal infervals,

{00791 3. Clots or clogs may form in the chest tube. To clear them, the section magnitude
applied at the whe-tube interface may be increased by the controller. A passive valve, in fluid
conumuncation with 3 chest tube relief lomen, may be configured o open when the pressure
16 in the twbe-tube interface drops below a set level. This valve (chest tube relief valve) may be
open to atmospheric pressure and include a filter or vent to prevent bacteria ete. from entering
the systenm. Once the chest tube relief valve is open, the chest wbe will be cleared. The chest
tube rehief valve may be configured o elose At a pressure difforential which s less thao that

of the opening pressure, to ensure the valve stavs open long enough for the chest tbe 1o be

S
B

cleared and to minimize the flow resistance of the valve. Alternatively, the chest wbe rehief
valve, may be an active valve, which opens and closes based on presswres measured i the
tube-tube intor arca andfor in the chest tube relief fumen. An active chest tube relief valve
may open and close at the same pressure differential or open and close at different pressure
differentials.

26 |0680] In sormee cmbodiments, one of more of the valves arc passive and sef to opon at a sot
pressure and stay open untl the same, or another, set pressure is reached. In some
embodiments, one or more of the valves ave active. In either case, one or more valves may be
set to open at one wessure, and close at another prossure.

[8081] Fig. 1 shows an embodiment of the chest drainage system that does not include a

e
T4y

relicl hamen. Patient chest 102 15 drained using the chest drainage system. Chest wubg 104 i
m direct fhad commmumcation with the chest cavity, Dranage tube 106 15 m fhad
communication with collection chamber 116 which may be connected to suction
device/controtler 108, Valve device 110 whuch mcludes vent/valve 112 is between chest tube
104 and drainage tbe 106 Alternatively, ventfvalve 112 may be incorporated into the chest
30 tube andior dramnage tube. Valve device 110 1 in fluid communication with both chest tube
104 and drainage tube 106, Valve device 110 may be controlied by a controller or may be
controlled manuoally (this controlier may be the same as, or different than, contoller 108).

The valve device may be used to periodically close off fluid flow from the chest twbe andior
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open ventfvalve 12 to allow aly to enter the drainage tube and clear any obstructions or
restrictions in the drainage tube.
[0182] Pressure sensor(s) {4 may reside at vartons locations in the systemt. Here, a pressure

sensov is shown incorporated within the valve device near chest tube 104, and also near

T4y

suction device 108, Pressure sensors may alse be located i other places in the systom, for
example, near the chest. Pressure sensed at one or more location may be used to determine
whether there 1s a change in pressure anywhere o the system, which may be wsed to idontify
drainage tube blockages andfor chest tube blockages. H an impediment is detected, an audible
alarm may sound, andfor the controlier may automatically control the valve device to clear
16 the drainage tibe andfor chest tube. More detail on this is provided below,

{8083} Suction device 108 creates a negative prossure, or suction, foree on the drainage tube
(possibly via collection reservoir 116) which s in fluid commumication with the valve device
and chest tube. In this way, soction may be mamtained on the chest cavity to promote chest

fluid drainage and aid with patient breathing. The mechanism for creating the negative

o,
4

pressure may be a pump or any other suitable mechanism.
{0084] The controller may be incorporated into the suction device andior the valve device
and/or be separate. Any conmmunucation between the controller and the suction device andior
vadve devige may be wired or wircless.
{0085] Fig 2 shows another embodiment of the chest dratnage system with active valves in
2 the tibe-tube interface area. In fus cmbodiment valbve device 202 is located newr, or
meorporated into, suction device'vontrolier 204, The valve device 1s conneeted to drainage
ade relief hunen 206, Pressare seusor(s) (not shown) may be located anywhere in the system,
mchudimg near the tube~tube interface 205, 1F dramage tube 208 becomes blocked, as sensed
by the pressure sensor(s), controller 204 opens valve 212 to allow clearmy of the drainage
25 hne. This may alse ocour at regular fomporal micrvals gs a proventative measure, Valve 210
may also be closed fo seal off the chest tube, I a pumyp is used, # can assist with drainage by
applving positive pressure to relicf hamen 206 andfor negative pressure to drainage tube 208
in this embodiment, valves 210, 212, valve device 202 and suction device 204 are controlled
by a vontroller which may be incorporated inte the suction device and or valve device, or

30 may be separate. Compunications with the controlier may be wired or wireless.

[B086] Fig. 3 shows an embodiment of the chest dranage svstem with an active dramnage

tube relief valve and a passive chest tube relief valve, Chest tabe 104 18 connected to dramage

tabe 208, Drainage tube rehief umen 206 15 in fluid communication with both chest tabe 104

[es]
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and drainage tube 208, The connection among the 3 lumens — chest tabe, dramage tube and
dramage tbe relief, occurs at tube-tube junction 203, which is af or near the chest
fube/drainage tube junction. in some cmbodments, the rebiel umen may conneet to the

drainage tube or chest tbe at a different focation. The chest tube, drainage tube and drainage

B

tabe rehief lamen may be comnected with connection barb 314, Chest tobe relief valve 302
may be incorporated into the chest tube, or a separate adapter designed to connect to the chest
tube, for example, mto connection barb 314, In this embodiment, the chest tube has at least
two tumens, as shown i Fig. 4 Pressure sensor 310, dramage tobe rehief tumen valve 304,

<

and fillervent 312 are i fhud commonication with drainage tube vebief humen 200
16 ControHler 308 includes pump 316, pressure sensor 310, dramage tube rehief valve 304,

filter/vent 312, and fluid reservoir {or suction canister) 306, which s in flaid communication

with drainage wbe 208

[0087] Controller 308 may alse welude pressure sensor 318 on the canister side of the preup,

n-fine flow sensor 320 on either side of the pump, andior one-way valve 322 on either side of

S
B

the pwmp,

Lad

{088 Pressure sensor 310 senses the pressure i tube-tube interface area 203 (via drainage

-

fube relief hamer 206} When the dratnage tube s blocked or restricted, the prosswe in the
tube-tube interface aren ncreases, When this pressure inoveases 1o a set pressurs {generally, a
negative pressurs), controlicr 308 opens drainage tube valve relief 304 (which iy normally
26 cdlosedy o allow fillered atospleric prossure awr to onter dratnage tube relief hunen 206,
This fnflux of air, in combination with the negative pressure in the drainage tube cansed by
purap 316, acts to clear the drainage tube of blockagesfestrictions. Onee the pressure i the
tubo-tube toterface area rehons (o normal, andfor affer a set time, the controller closes

drainage tebe rehief valve 304, Alternatively, the drainage tube valve may be a passive valve

)
W

set to open and close at sot pressures.

[0089] The momitor/controller may monitor presswge mthe drainage tube relie lumen and
may pull additional suction n the fluid reserviir/suction canister as needed to maintain the
suction pressure in the proper range at the tebe-tube interface area. For example, when the
desived pressure i set to ~20 omH20, the monitor may activate the suction pumyp (o keep the
3 presswre at the tube-tube mierface area between ~15 emH20 and ~25 emH20 or between -8
emH20 and <22 emMH20. In another embodiment, the monitor may activate the pump and
drainage tube relief valve 304 at regular temporal intervals as a preventative measure to clear

any pooled Hguid from the drainage line, This is done by the controller activating suction
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pump 316 while sinmsltancously opening drainage tibe reliof valve 304 to allow aw to sweep
accwmulated Boguid mio the suction cantster via the dramage fube,

[0094] The chest tube may become blocked or restricted. To clear restrictions, the suction
nagnitude applied by the controller to the drainage tbe and experienced by the tube-tube
mterface may be incrcascd. When the pressure in the tube-titbe mterface reaches a set fow
kevel, chest tube relief valve 302 opens and allows filtered atmospheric air to enter the relief
tomen of the chest atbe (see Fig. 4 for detaid). This influx of air, in combination with the
negative pressure in the drainage tube and tube-tube interface area cansed by pump 316, acts
o clear the chest tube of blockages/restrictions. A passive valve is shown here, although an
active valve, controlled by the controller, may be used. Alternatively, a valve which is
operated manually, may be wsed. Any of the operations disclosed berein which nay be
controlled by the controlier, may alternatively be controlled passively, or mamusally. For
example, valve functions, suction functions, ote,

[0091] The chest tube relief valve may have a different opening pressure and closing
pressure. For example, the chest wbe relief valve may open &t a higher pressuve differential
{i.c. & morc negative pressure i the tube-tube terface area), and close at o lower pressurs
ditferential, This allows the valve to stay closed untill a clear chest tube Blockage is prosent
and 1o minimize the flow resistance of the valve. Once the valve s open, this alfows the valve
o sfay opon to completely clear the chest fube blockage, sven if the tube-tube mterface arca
pressure ereases so that the pressure differential across the chest tube valve drops below the
vabve opening pressure. By other words, the pressure within the wbe-tabe interface area may
be more negative when a chest tube blockage 1¢ created, but less negative, as the chest tube
blockage is being cleaved.

[0092] Fig. 3 shows one chest tube in use with the chest drainage system, but in some
cmbodiments, oiore than one chest tube may be vsed with the system. Each chest tobe may
have ifs own drainage famen and relicf famen and valve.

[0893] Fig. 4 shows an cmbodiment of the chest aibe shown in Fig 3. Chost mbe 104
inchedes drainage lumen 408 and chest tube relicf fomen 406 incorporated into the chest tube
Chest tube reliof valve 402 and filtler'vent 404 are also shown in flaid conmmanication with
chest tube relief lumen 406, which is in fhud conynunication with chest fube drainage hunen
408 via opening 412, Drainage openings 410 allow fluid from the chest cavity o enter the

chest whe and drain throogh chest tube dratnage tomen 408



WO 2017/152125 PCT/US2017/020791

[0894] During successfal chost drainage, chest tube relicf valve 402 1s in the closed position.
In this position, fluid dramning from the chest generally does not enter chest tube relief lumen
406 because of the flukd column in the chest tube velief lamen. A smaller diameter chest whe

rehief humen may help prevent fud from entering the chest tube rehief homen. The pressure in

B

chest tube relief lumen 406 15 slightly negative during chest tobe drainage due to the negative
pressure exerted by the pump on the drainage line, the chest tebe dramage femen, and tw©
some extent, the chest tube rebief lumen. The chest wibe may become blocked or restricted,
because of blood clots ete. To clear them, the monitor may apply additional suction to
decrease the pressure in the chest tube dranage hanen, and wltimately, the chest wibe relief
10 hemen, fo a more negative pressure. As this negative pressure drops below a set valve
opeming pressure, chest tube relief valve 402 opens, allowing atmospherie (Le., move positive
pressure) 1o enter the system. Thas, in combination with the negative pressure exerted on the
drainage fomen, clears the chest ftube deminage hunen. Ooce the pressure i the chest wbe
relief lumen moereases back to a set valve closing pressure, chest tube relief valve 402 closes
15 and normal dramage continucs. The chest tube relief valve opeming pressure may be different
than the chest tudbe relief valve closing presswre o allow drainage of the chest tebe. For
example, the chest tube relief valve opeming pressure may be at a higher pressure than the
chest tube relief valve closing pressure.
[6095] For example, the chest tube rebief valve may open when the presswre differential
20 across the valve i abowt ~10 emH20, about <20 cmH20, about <3¢ cmH20, abowt 40
emH20, about -30¢ cmH20 or as even high as abowt 100 emH20. Or for example, the chest
about ~10 cmH20 to about <20 emH 20, or within a range of aboat -20 ¢ 20 1o about -30
cmH2Q0, or withi 3 range of about ~30 cmH20 to about <30 emH20, or witlun a range of
35 showt ~40 a2 o about -40 cnaH20, or within a range of about ~50 emHIO o about 100
emH20.
[0096] The chest tube relief valve may close at the same range, ot at a lower difforential than
the opening pressure. For example, the chest tabe relief valve may close at a presswre
differential of about to O o220, about -3 emb20, about ~ 10 emB20, about ~15 em#20, or
36 abouwt -20 anH20, Or for example, the chest tube reliel valve may close at a presswre
differential range of about to 0 codH2O o about -5 cmH20, or a range of about -5 emH20 1o
about -10 20, or a range of about -10 cmiH2O to about <15 eodH20, or a range of about -

15 cmb20 o about -20 omH20,
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(6697} The chest tube relief valve may take a variety of koown forms, tcheding bat not
himited 0 a chock valve, umbwella valve, ball valve, Bellevilie valve, X-fragm valve, cross-
shit valve, or dome valve. The valve svstem preferably bas a filter i place to provent the
entrance of bacteria or vivuses from the atmosphere into the patient.

[0098] in anothey embodiment of the chest tube, chest tube relief valbve is active, not passive,
and is controlled by the controller.

{6099} In some embodiments of the chest tube, chest tube relief valve is incorporated nto the
chest tobe. In some cobodiments, the chest tube relief valve i3 incorposated ke a conpecter
which is connected to the chest tube. In some embodiments of the chest tube, both the chest
tabe relief lumen and the chest tobe relief valve are fncorporated into a connecter which may
b connected to a chest tube.

[G188] in some embodiments, chest tube relicf valve 402 takes the form of a magnetic cheock
vabve that has a sebstanual difference in the pressure differential required to open the valve,
and the pressure differential requored to keep the valve open {or close the valve), thereby
ampdifving the toggling effect of the valve, This 1 preferable to increase the effectiveness of
the clog clearance cvele, because it allows for a greater pressure differential when the aw is
sweeping the dramage lumen via the rehef lumen than if the valve opened and closed at the
same presswre, The valve is nomally closed in order {0 moaximize drainage of Hguad as &
enters the chest tube and to reduce the need for continuous pumping.

Fig. S shows a magnctic embodiment of the chest tube valve. The magnetic chest tube valve
inchedes housing 302, filier 364, forrous plate 506, gasket 508, magnet 510, seal plate 312,
and positioning lip S14. When the pressave differential across the valve increases above a
desired threshold, for example ~30 emH20, the force caused by the pressure differential
enough fo overcome the magnetie force between the magnet and the ferrous plate, thereby
moving the two away from cach other. Onee the magnet and the ferrous plate move away
from each other, the magoetic foree mapidly diminishes, as the magnetic foree is proportional
to {1 /1), As a result, the amount of pressure neeessary to keep the valve open is Jess than the
pressure that was requsred to open i This sceond presswre vahue, for example <10 cmH20, 15
determined by the maximem distance the magnet and seal plate can fravel away from the
ferrous plate, which is in the exomplary embodiment shown in Figwe 5 determined by
positioning lip 314 in the bousing that sets this distance,

8101} ¥ig. 6A shows the chest dranage system’s ability to detect and clear pooled liquad in

the drnage tube. In section "A7, a -10 emMH20 vacuum is properly transmitted to the chest.
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In scction "B, hguid begins to pool In the botiom of the tube, rosulting in & docreased
npegative pressure {or an increased pressure). H unresolved chinically, dramage woudd be
mpeded. However, in section "€ the drainage tube rehef valve is opened and the bquid 1s

flushed nto the dratnage container, resulting is restoration of proper suction m Section "D,

B

as well as proper negative pressure as measured. The wvalve s closed after normal
drainage/pressures have been restored. in this example, the pressare 15 measured at the tube-
tube merface area, however pressure may be measured 1 other andfor additional focations in
the system, For example, pressure may be measured at or near the chest or chest tube and also
at or near the saction device, and the differcatial prossure measarement may boe used fo detect
10 flow impediments or pooling or clotting of blooddthud.

{6182} The controller can identify mmpediments fo thud deainage via a measured absolate
presswre, change in pressure, pressure differential between or among 2 or more focations, of
at one location. Whee an opedinent to fhad dratnage s wentificd, an alans may sound

and/or the controller may imtiate clearing procedures, ncluding opening andior closing

S
B

valve(s) in the chest drainage svstem, as described elsewhere herein. The negative pressure in
the dramage tube may be increased, or changed i other ways, such as pulsed, reversed ete.
[HL83] For cxample, if pressure measwred af the tube-tibe interface aven is reading around -
1 emH20 to around -20 omH20 and the reading changes 1o zero fo -5 cmH20, the controler
may open the dratnage tube valve to filicred atmospherie air, The controlier may {eave the
26 valve m this position for a st penod of time, say 5-10 secouds or 16-30 scoonds and then
may repurn the vabve to is regular position. Alternatively, the controller may close the valve
when a set pressure 18 measured at the tobe-tube mterface area or elsewhere. The controller
may then cheek the pressure readings and #f they bave returned to normal, do nothing more. i

they have not returned to normal, indicating a blockage or showing condition is still present,

)
W

the controlier may repeat the clearing procedure. This may be done repeatedly wntil the
tubing is clearcd, Altomatively or additionally, the procedure mayv change if repeat cleanangs
are necessary. For example, the magnitude of negative pressure used by the suction dovice to
clear the wbing may be increased, andfor the negative pressure may be pulsed. The clearing
procedure may be performed In response to the pressure readings andior it may be done
30 automatically on g periodic basis.

[0104] Figs. 6B-6F shows the chest dramage systemt’s ability o deteet and clear pooled

hguid in the chest wbe. Fig 6B shows the pressure in the chest dradnage systent over fime,

P
52
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This prassure may be measured by the controller, preferably via the drainage tabe relief
humen, but can alternatively be measured elsewhere.
[0185] Scction A of Fig. 68 shows normal dramage at a negative pressure, created by the

suction pump of the chest drainage systens. Section B shows additional suction being pulled

T4y

by the controller'mongtor, This additional suction may be pulled periodically, or may be
pulled based on pressure readings in the system. For example, additional suction may be
pulled when the presence of gdal oscillations 15 no longer detected in the drainage system by
the controller.  The addidonal suction wansfers negative pressare to the drainage tube
drainage lumen, the chest wbe deainage lumen, and ultimately the chest tube relief lamen and
10 chest tube relief himen valve. When the presswre differential across the chest mbe relief
homen valve reaches the valve opening pressure, the chest tube relief humen valve opens. The
valve may open astomatically if the valve is passive, or by the controlfer, if the valve is
active. Scetion C shows the prossare when the valve 1s open. The valve may remain open for

a set peri.od of time. Alterngtively, the valve may remain open until the controller senses that

S
B

the clog has been cleared. The negative pressure, or suction, within the system may renain
steady during this phase, as shown i Fig, 68, or the negative presswre nay becone more
negative, as shown i Fig. 6C, or the pressure may become less negative, as shown n Fig.
383

{0106} Scotion D shows the magnitude of the negative pressure decreoasing as a mosult of a
26 reduction in suction being pulled by the controlicr/montior, Whon the pressura in the sysiin
reaches the valve’s set closing presswre, the valve closes {or 15 closed) and fluid drainage
continues m 2 nornal manner. The valve closing pressure may be at a lower magitude
aegative pressare than that of the opening pressure, as shown here, The valve closing

pressure may be at or near nonnal drainage negative pressure.

e
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(6167} Figs. 6B-6D show different slopes of nogative pressures in different situations, In Fig.
68 the rate o which air 15 omtoring e systom via the chest fube rehief homen valve 18 the
same as the rate at which the suction pump is draining the system duning the open valve
section . In Fig. 6C, the rate of drainage 1s higher than the rate of air entering the system. In
Fig. 6D, the rate of drainage is tower than the rate of aiv entering the systeny. The slope of the
30 pressure awrve in section O may be controlied by the controller and the amount of suction that
it 1s pulling.

[8108] Fig. 6F shows an embodiment where the controtler “overshoots” the normal draining

suction pressure (o close the chest tube relicf lumen valve. The valve closing prossure in this
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cmbodiment may be around the normal draining pressure, or it may be al a loss megative
pressure {lower differential pressurel.

{81069 Fig. 6F shows an cmbodiment where there 1s more than one chest twbe. In this
embodiment, the first chest tube relief valve opens when the pressure in the system reaches
valve | opening pressure. It may be necessary to inerease the magnitude of the negative
pressure in the system further to open the second chest tube relief humen valve. This is shown
as valve 2 opening pressure on the graph, There may be 1) 2, or move valve opeming pressures
depending on how many chest tobes are ysed on a single pavent. The closing presswres of the
multiple chest tobe relief valves may be the same, or they may be different, The ability to
detect the opening of the valves may be useful to determing whether one or more of the chest
tubes 1s clogged, in which case an alarm or notification may be provided.

{8110} In some cobodiments, the chest drainage system nry inchude a pH sensor, Post
surgery infection and empyema are of particular concern to clinicians. The pH of fhud
dramed from the body can be usehd i dingnosing these, and other, conditions. To aid in the
diagnosis, the chest drainage system may include a pH monitor I the confroller, with a
sensor in the reservolr, in the ubing, the pump, the valve device, or anvwhere in the systom.
The results may be displayed on the display deviee. The system may also include a sampling
port 1o sample the fleid drained from the chest. The system may also include an mfusion port
1o infise an additive mte the dromage flnd. These ports may be i the reservour, tubing,
controller, valve device, or slsewhere in the svstom, for example af the chest tube / dramage
fube nterface

{111} In an embodiment of the device shown in Fig 3 {or other embodiments disclosed
herein}, the system i3 capable of measuring the flow rate of aw ovacuated fromr the
canisterireservolr, in addition to pressure in the canister and pressure in the drainage twbe
relief hanen. Evacuation flow rate may be wsed o determine the presence and rate of an air
feak from the chest cavity. The evacaation flow rate necessary to mamiain the systom at the
prescribed suction level is equivalent to the flow rate of aw entering the system {air leak), as
the flows of air into and out of the systen nusst be equal in the presence of steady pressure.
Evacuation flow rate may be determined by the flow rate of the air being evacuated from the
canister via the unegrated suction manp and the volume of liguid in the camster. These
parameters may be tracked over time by the controller to deternune chest air teak presence
and other parameters, such as alr feak rate and changes o the air leak rate over time. Flow

tale measwreniends are preferably made with any number of off-the-shelf sensitive alr flow
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sonsors that are known in the art. Flow rate may alternatively or additionally be measuwred by
measuring the revolutions of the pump motor necessary to keep the suction at a preseribed
tevel via a tachometer. Collected fluid volume measwements are preferably made with 3 non-
contact capacitive sensor, bot may aliernatively be made with optical sensors, pressure
sensors, acoustic (sach as ultrasonic) sensors, or any other ligud fevel sensing methods
known 1t the art, In some embodiments, a capacitive sensor is mounted on the inside of the
suction monitor and may use out-of-phase techmiques to reduce interference from within the
proximity, such as a human hand near or 1 contact with the container. Such a technique uses
a level cloctrode, reference clectrode, enviromment slectrode, grovmd electrode, and two
shueld cleetrodes. In another embodiment, a compliant faver of material is present on either
the suction monttor or the suction canister in the area of the capacitive electrode in order to
mimnuze or eliminate any air gaps between the suction monitor and the suction canister.
[#112] Drainage fluid volume may be mwasured and tracked i the presence or absence of aw
teak determination,

[0113] BExample of Data Processing Systom

{0114] FIG. 7 is a block diagram of a data processing systemy, which may be vsed with any
embodiment of the invention. For exanple, the system 700 may be used as part of a
controller’monitor. Note that while FIG. 7 illustrates varous components of a computer
system, It is not intended to ropresent any particular architectre or manner of iferconuecting
the components; as such details are not germane fo the present invention. It will also be
appreciated that network computers, handbeld computers, mobile devices, tablets, cell phones
and other data processing svstems which have fewer components or perbaps more
components may also be used with the present mvention.

[B115] As shown i FIG. 7, the computer system 700, which 1s a form of 8 data processing
system, includes a bus or interconnect 702 which is coupled 0 one or more MICIOProCessors
3 and a2 ROM 707, a volatile RAM 703, and a non-volatile memory 706, The
microprocessor 703 is coupled fo cache momory 704, The bus 702 inferconnects these
vartous components together and also gerconngcts those components 703, 707, 703, and 706
to a display controlfer and display doevice 708, as well as to mpatioutput (1O) devices 710,
which may be mice, kevboards, modems, network interfaces, printers, and othey devices
which are well-known in the art.

[0116] Typically, the inputfoutpat devices 710 are coupled to the system through inputioume

controllers 709, The volatile RAM 705 15 typically mplemented as dynamic RAM {DRAM)

i6
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which requires power continuously 1 order {o rofresh or maintain the data in the memory.
The non-volatile memory 706 1s typically 2 magnetic hard drive, a magnetic optical drive, an
optical drive, or a DVD RAM or other type of memory system which mantains data even

after power i removed from the system. Typically, the non-volatile memory will also be o

B

random access memory, although this is not requared.

{0117 While FIG. 7 shows that the non-volatile memory is a local device coupled directly to
the rest of the components in the data processing system, the present mvention may atihize a
non-volatile memory which is remote from the system; such as, a network stovage device
which i coupled fo the data processing system through a network mterface sach as a modem
16 or Ethernet interface. The bux 702 may include one or more buses connected to each other
through varous bridges, controllers, andior adapters, as 15 well-known i the art. In one
embodiment, the O controller 709 includes a USB (Universal Serial Bus) adapter for
confrolling USE peripherals. Altematively, O controller 709 may include IEEE-1394

adapter, also known as FuoeWire adapter, for coatrolling FueWire deviees, SP (serial
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peripheral interfacey, RO (inter-integrated civesit) or UART (universal asynchronous
recetvertransnutter), or any other suntable technology.

[0118] Some portions of the preceding detarled descriptions have heen presented in forms of
algorithms and symbolic representations of operations on data bits within a computer
memory. These algorithoue descrptions and ropresentations are the ways used by those
20 skilled i the data processing arts o most effectively convey the substance of ther work to
others skilled in the art. An algorithm is here, and generally, concerved to be a self-consistent
sequence of operations leading to a desired resalt. The operations are those requiring physicat
manipulations of physical quantitics,

{8119 K should be bome in mind, however, that all of these and sinular terms are 1o be

e
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associated with the appropriate physical quantitics and are merely convenient labels applicd
to these gquantibies, Unless speaifically stated otherwise as apparent from the above
discussion, 1t 1s appreciated that throughout the description, discussions utilizing terms such
as those set forth i the claims below, refer to the action and processes of & computer system,
or sinufar electromic computing device, that mampelates and transforms data represented as
36 physical (clectronic) quantitics within the compter systom's registers and memories into
other data similarly represented as physical quantities within the computer system memories

or registers or other such information storage, transpussion or display deviees.
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(0120} The techniques shown in the figwes can be smplomaonted wsing code and data stored
and executed on one or more electronie deviees. Such electrome devices store and
communicate (nfernally andfor with other clectronic devices over a netwwk) code and data
using computer-readable media, such as non-transitory compater-readable storage media
{e.p., magnetic disks: optical disks; random access memory; read only memory; flash
memory devices; phase-change memory) and transitory computer-readable transmission
media (e.g., electrical, optical, acoustical or other form of propagated signals—such as carrier
waves, infrared signals, digital signals).
[#121] The processes or methods depicted in the preceding fies may be performed by
processing logie that comprises hardware (e circanry, dedicated logic, efe)), firmware,
software {e.g., embodied on a non-transitory compater readable medivm}, or a combination
of both. Although the processes or pethods ave deseribed above in erms of some sequential
operations, it should be approaiated that some of the operations deseribed may be porformed
w a different order. Moreover, some operations may be performed wn paraliel rather than
sequentially.

{6122} Various cmbodiments

{0123} In one embodiment of the chest drainage system, a balloon or balloons may be used to
clear the chest tobe of clogs. In the normal deainage configuration, the balloons are deflated
o mimmize the space they oceupy within the chest fube lumen and maximize drainage. For
some examples, see PCT apphication PCT/USISS2960 which is meorporated herein by
reference in its entivety. Clogs may be detected by sensing pressure andfor pressare changes
within the system. Clogs may be cleared when they are sonsed, or on a timed interval bases.
To clear clogs, the balloon(s) are ntlated fo urge clogs through the chest tube and foward the
suction canister. The balloons may be compliant ov now~compliant, or a hyvbnd of the two.
Compliant balloons may be used to conform to the shape of the inner chest tde lomen,
which may be wssed to provade a2 scalimg of the chest tube 1f the dramage tobing 15
subsequently Hushed wath flwd {gas or hquid) toward the suction canister. This seal prevents
the flushing fluid from entering the chest cavity. Altermatively, non-compliant balloons may
be used to generate significant forees in order to compress and clear clogs. This is especially
uscfal with robust. or firmer, clogs.

[0124] A combination of these balloons may be used 1o actueve both objectives. For
example, a non-compliant balloon may be coupled with a comphant tayer as lustrated in

Fig. 8. Fig. 8§ shows a balloon with comphiant layer 882 and von-comphiant layer 804, In
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another embodiment, the balloons may nflate divectionally via valves boebwean the balloons,
or may cach have separate inflation lumens to nflate them cach sequentially. Alternatively,
the balloons may he tapered v shape and semi-compliant such that they directionally mflate
against the inner chest tobe lumen wall as they are inflated. This is shown in Fig. 9 which
shovws batloon 902 as it s inflated aganst the inside of the drainage tumen of chest tube 904,
0125} The balloon may also inflate directionally in an accordion-like fashion. with the shape
of the balloon and/or pleats to conwol the direction of nflation, as Wustrated i Fig 10, whach
shows batloon 1002 and the 1oner wall of the drainage homen of the chest tube 104,

[0126] in another cmbodiment, the balloon may be built into the chest tube iiself, such as a
coextruded inner wall that compresses inward as 1t inflates or expands to &l the chest wbe
drainage lumen, as Hlastrated m Figs, 11A and 1B, The figures show deflated balloon 1102,
wnflated balloon 11027, and chest tabe drainage lamen 1104, Fig. 11A shows a concentnic
configuration where Fig. 118 shows an offset configuration.

[8127] In another embodiment, a balloon may be used to deliver encrgy to the chest tube and
1o any clogs within the dratnage lumen of the chest wbe o break up or disselve the clogs.
This may mclude thermal energy, light energy, acoustic energy, or nucrowave energy. In
some embodiments, the balloon may have a remforeing structure, such as a Nitinol coil, 1o
increase the compression force agmast clogs, act as a chopping/breaking mechanism, andfor
act as a spring o control mflation direction/shape as discussed above. Balloon mflation fhud
may be a gas or & ligud. The mflation fhad may be sterile. If stenile, for example by
dedivering the fhad across a sterile membrane (for example one with pore size of 0.2 um) or
storing the fuid in a sterile reservoir for inflation and deflation eycles, Hhustrated as 1202 in
Fig. 12.

[0128] Another embodiment of the drainage system makes use of a magnetic guidewire o
clear the chest tube of clogs. The guidewwre is activated by cnabling an oxternal
clectromagnet such that the guidewire intormittently moves in and out of the chest mbe,
similar fashion 1o a soleonid. This cmbodiment is iHustrated w Fig. 13, which shows
magnetic guidewire 1302 and electromagnet 1304, as well as clog moving feature 1306 at the
end of the guidewire.

{8129 Other embodiments of the chest drainage system provent adherence of clogs to the
chest tube wall, In one embodiment, vibration energy, such as ultrasonic energy, s used. In

ancther embodiment, the chest tube s made from, or conted with, 8 material fo prevent
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adherence, such as, PTFE. In another embodiment, adherence provention 1s accomplished by
reducing the viscosuty of the elois using coatings or drugs such as heparin or a thrombolytic,
{6130} In another embodiment, a flushing mechanism iy incorporated mto a balloon at the
patient end of the chest tube, such that once the balloon s folly inflated, a flush port is
cxposed to allow fluid o fush pooled Biquid through the dratnage tebing and into the suction
camster, as lustrated in Figs. 14A-14C. Balloon 1412 with flush port 1414 is shown in chest
tube 1410, In one case, the fhush port comprises microholes i the wall of the balloon. Fig.
14A shows the balloon deflated. Fig. 14B shows the balloon partially inflated. Fig. 14C
shows the balloon fully wflated and shows the fhesh fnd divection within chest tube 1410,
[0131] in another embodiment, multiple valves, such as balloon valves, are used to seal, or
essentially seal, the chest tube so that suction can be applied 1o the drainage tebing andfor the
chest tube to clear clotstdockages. The balloon(s) may alse provide positive pressure (o the
chest wbe andfor drainage tubing to flush pooled lquid into the collection reservoir while
scaling the chest cavity from the positive pressure, as illustrated i Figs. 15A-D Fig. 15A
shows valve device 1300 with tnner humen 15302, The valve device may be part of the chest
fube, or the drainage tube, or nay be a separate device, preferably between the chest tube and
the drainage tube. Balloon valves 15304 and 1306 are shown, i addition to opening/povt 1308,
Lumen 1302 of the valve device 15 shown open in Fig, 15A. The valve device sy operate
with the following steps:

{0132 Step 10 Lumen 1502 s closed to the dramage tube by mflaung {or closing) balloon
vatve 15306, The lumen remains open to the chest tube. A vacuum i3 exerted on the chest tube
lumen by applving a negative pressure to banen 13502 via opeonming 15308 The negative
pressure apphied o the chest tube fumen 15 used o clear any blockage within the chest tbe.
This step is shown 1n Fig, 13B.

{6133} Step 2: Balloon valve 1306 is deflated {or opened) and balloon valve 1504 15 mflated
{or closed). Positive pressure is applied to lamen 1502 via oponing 1308, This serves to force
the blockage down through the dramage tube, without cxerting any positive pressure within
the chest cavity. This step s shown in Fig. 13C.

[0134] Step 3. Balloon valve 1504 15 deflated (or opencd) atlowing chest drainage to proceed
normally. A vabve anddor filter may be used in Juid communication with opening 1508, This

step is shown in Fig. 138,
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[0135] These steps may be repeated multiple times to clear the chest tube. The repetitions
may be based on a pre-set schedule, of they may be set hased on whether the existence of a
chest tube blockage is sensed.
[8136] In some embodiments, the patient end of the chest tube 15 vented to atmosphere, for
example, via a chest fube rolief lamen, to allow sterile air to purge clogs from the chest whs
during step 1.
{6137} Another cmbodiment of the drainage systomy makes use of a fhush port for manaat
auermittent flushing of the chest wbe and drainage e, as shown i Fig. 16A. Chest tabe
1602 includes flush port 1604 and flash openmyg 1606, In one embodiment, the flush port is
swabbable to ensure sterility prioy t0 Hushimg. In one embodiment, the drainage tubing is
clamped and the flushing flaid iy infused into the chest twbe and into the pleural cavity, but
subscquently dramed once the drainage tding 15 unclamped and the chest tube patency is
restored. In one embodiment, the flush port connects to a tumen, such as a chest wbe relief
humen, that ternunates at the patient {(proximal) end of the chest tube such that the flushing
fuid 15 wmfused through the chest wbe toward the dranage fubing and suction canister with
the drainage tubing unclamped by, scaling the chest tube prioy to fushing, This may be
accomplished by balloon 1608, or other valve, located within the chest tube lunen, as shown
w Fig. 168B. The fhehing flaid may be air, water, saline, hepanin, a thrombolvtic agent such
as tissue plasminogen activator, or any other suitzhie fhud.
{0138] Another embodiment of the chest drainage system monitors phyvsiologic parameters of
wierest. in one embodiment, pressare 15 monttored. For example, internal chest pressare may
be sensed and monitored to ensure the applied negative andfor positive pressure is being
property transmitted fo the chest eavity. Or, for example, pleural anddor pericardial pressures
may be monitored to track healing. Or, for example, differential pressure between the distal
arnd proximal ends of the chest tube may be monttored to enswre chest tube patency. O, for
example, the pressure at the distal {non-patient) end of the chest tebe, for example atl the
proximal and/or distal end of the dramage tubing or collection canister, may be monitored for
tidal oserflations, which are indicative of tbe patency.
{6139} In some embodiments, the volame and/or flow rate of the drained chest flaid {either
liquid, or both) may be measwed and monitored over tinre. In another embodiment, the
volume andfor flow rate of an air feak (from the patient’s tung) is measured to momtor woand
bealing. In another embodiment, pH of the drained thud s measured to monitor for

mfections. Additional parameters, such as conductance, spectroscopic signatures, protem
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content, and specific gravity of the drained flutd may also be measured to monitor pationt
recovery. Any of these measwoments may be oue thne measwroments of measurements made
over time. For measurements made and collected over thime, the controfler may analyze these

data for rends. These data miay be integrated with the hospral's electronic medical record

B

systent {either convnunicated to, or data may be obtained from}) andfor displayved on a screen
on the device or on a connccted monttor, which may be connceted cither by wire or
wirelessly. In some embodiments, alarms or notifications may be activated by the controller
when the parameters surpass ceriain thwesholds, which may be preset or set by the user. These
may be visual andfor audible alarms or notfications. These data may also provide input to the
10 line-purgmng and clog-clearing functions of the deviee, such that, for example, line purging is
activated when the suction at the chest drops below a certain level, or clog clearing is
activated when tidal oscillations are dinunished.

[0 140] Another embodiment of the drainage system makes use of safety features to prevent

dangerous pressures from occurring when inflating the balloons or flushing the chest tube

S
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andfor drainage tubing as described herein. In one embodiment, the pemps ased to mflate or
flush are connected to safety valves with crack pressures that are in the range considered to
be physinlogically safe, for example preventing suction below about -20 emH20, 40
embH20, or <70 emH20. The pumps may be connecied 1o pressure sensors with control
systems to turn off the pumps if pressures ave cutside of the safe range.

20 [0141] Another embodiment of the valve device wmchades a suction reservoir to provide
additional saction to clear potential clogs from the chest wbe, as shown in Figs. 17A-17D.
Shown in these figuwres 18 valve device 1700, which may be placed between the chest tube and
the drainage wbe, or may be iegrated into the drainage tabe, or the chest tube. Valve device

1700 mehudes inney lumen 1716 with lumen port 1706, chest-side valve 1702 with chest-side

)
W

valve port 1704, drainage-side valve 1712 with drainage-side valve port 1714, chamber 1710
with chamber port 718 and within the chamber is expandable valve 1708,

[0142] In this cmbodiment, cxpandable vabve 1708 15 expanded by pulling saction {m
applving negative presswre) within chamber 1710 via chamber port 1718 In this way,
expandable valve 1708 can generate additional suction within the chest tabe. This suction 1s
30 divected by additional valves 1702 and 1712, illustrated as mnflatable/deflatable balloon valves
to temporanly seal lumen 1716, The sequence of events is:

{8143} Step 12 Lomen 1716 1s sealed via valve 1712 o seal off chest tube from the drainage

tabe. This is done by applying pressure fo vabve 1712 via port 1714, inflating valve 1712 to0

o]
2
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close off hunen 1716 on the drainage tube side of valve device 1700, Tlas is shown i Fig

&

[0144] Step 20 Additional suction is applied to the chest tbe by expanding valve {708, This

is done by applying suction o chamber 17H) via port 1718, This is also shown in Fig. 178

T4y

This applics additional suction to the chest tabe, as indicated by the sodid amow in houen
{716 m Fue 17B.

{0145] Step 3: The chest tube side of the valve device 15 then sealed via vabve 1702 by
applying pressure to the valve via port 1704, This s shownin Fig 17

[0146] Step 4 The dramage tube side of the valve device s then opened by releasing the
My presswe apphed (or applying a vacwwm) to vabve 1712 Expandable valve 1708 is also
retarned o s neutral state by releasing the vacoum applied (or applyving pressure} to
chamber 1710 via port 1718, Port 1706 {also described herein as deainage tube rebief lumen
port) allows filtered atmospheric air o enter hanen 1716, The release, or pressorization, of

expandable valve 1708 may be enough to flush the draimage famen of any blockage, so that

Py
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floid agam may dram sormally into the collection reservoir. I necessary, addittonal pressure

may be applied to lumen 1716 via port 1706 to flush the drainage tube. Alternatively orn

addition, the negative pressure apphed to the drmnage tube may be increased {(made more
negative). Thas step is also shown in Fig. 17C.

{0147 Step 50 Valve 1702 1s opened by releasing the prossure applied (o applying vacuun)

Yy via port 1704, Lumen 1716 is now fully open and dratpage may resume as pormal. This is
shown in Fig. 17D,

{6148} These steps may be repeated as necessary to clear the drainage tube, They may repeat
at & set time interval, They may repeat continuousty until the drainage Hoe is cleared. They
may repeat oudy as necessary, when the drainage tube is blocked.

25 [0149] Port 1706 may be always open or may be controlled, for example by a solenoid, by
the controller to openiclose as needed. The humen to port 1706 is also deseribed herein as the
dramage tube relief hamen.

{01508] All the ports shown in Figs, 17A-17D may comneet to hines which are controlied by
the controller. The ports and/or lines may inchude fihers/mambranes 1o provent contanunntes

30 from enforing the systom,

{0151} In some ombodiments, chamber 1710 and wvalve 1708 are not used and the

components of the steps associated with the chamber and chamber valve are not taken.

o]
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[O152] Figs. 18A and 158 show a method of measuning air leak using the chest drainage
system. If the chest tube and drammage tube are clear of blockages, presswre within the chest
can he measured and monitored by the controlier to caleulate the rate of air leak, As shown i

Fig. 184, the chest may be scaled off from the dramnage canister, for example, using

B

drainage-side vahve 1712, and pressure way be meassared using a lumen in fluid
copmnumication with the drainage lomen, such as via port 1706, or any other lumen in fluid
conununication with the chest tube lomen, for example a chest tube or drainage wbe relief
hamen. When the chest tube is sealed off form the vacuum source, the negative pressure in the
chest tube lumen can be measured by the controller, and will attonuate i the paticnt has s aur
10 leak. The attenuation can be measured by the controlier over time and converted to a rate of
air leak (mbfmin). A graph of the pressore within the chest tabe over time in the presence of
an air leak is shown in Fig. 18B.

{153 An atr leak may sltermatively be measured by keeping both valves {1702 and 1712)

open as shown in Fig, 19, and monitoring the pressure for spikes that result from bubbles in

S
B

the water seal chamber in the section camister. Pressure may be measared via opening 1706 or
any other arca in Huid compuuucation with lumen 1716, In a preferred cmbodiment, this
method makes use of a sensitive prosswre sensor that 1z connected in line with a high-pass
filter 1 order to make the spikes from bubbling easter to detect. The various methods of aw
leak detection described herein may be used independently or in combination,

20 [0154] In another embodinment of the device, clog detection is performed by comparing the

pressure measared within the chest {(via the chest tobe rehief hanen) and the pressare just
distal to the chest tube (via the drainage tube reliet fumen}, 1.¢. in the tube-tube interface area.
These pressures may be compared to one ancther, and when they differ by certain amount,

for example 3 omH2O, thiy is indicative of a clog in the chest tube. Altematively, the

)
W

pressure within the chest alone may be monttored, and when #t ineresses by a cortain amow,
for example to above abowt 0 cmH20, tus may also indicate that a clog i the chest tube
exists, When a clog is detected, for example by cither of these methods, the controller ny
automancally activate any of the clog-clearing mechanisms desertbed herein. Addionally,
similar mstomation may be applied o the drainage line purging mechanisny, by monitoring
3 the pressure distal to the chest wbe {via the drainage tebe relief hunen), and activating a
purge of the drainage line when the pressure increases above a certain threshold, for exanple

<33, -3, 525, 20, 15, ~10, -5 or O omH20.
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[O185] When a clog is datected, the device may also wam the clinmicioan of impending cardiac
tamponade.
[0136] Fig. 20 ilustrates an embodiment of the chest tube cross-section in move detail,

showing chest tube relief lumen 22 and chest tube dranage humen 2004, In some

T4y

cmbodiments, relief honen 2002 mav be significantly smaller in cross sectional arca than
drainage lumen 2004, The same may be true for the drainage tube relief lumen and drainage
fumen. For example, the cross scotional area of the drainage lumen of either the chest tube or
the drainage tube may be about § to abowt 16 times larger than the cross section of the
assoctated rehief lumen, Or for example, the cross sectional area of the drainage temen of
16 either the chest tibe or the drainage tube may be about 10 to about 20 umes larger han the
cross section of the associated relief fomen. Or for example, the cross sectional area of the
dramnage humen of either the chest tube or the drainage tube may be about 20 w0 30 times
targer than the cross scetion of the associated relief lumen. Or for example, the cross

sectional areg of the drainage lumen of cither the chest tube or the drainage wbe may be

S
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about 30 to 41 tiees larger than the cross section of the assoctated relief lumen.

{157} Fig. 21 shows an embediment of the valve device. Within the cyhindrical housing are
the balloon valves (including expandable valve) ay Hlustrated m Figs. 17A-D. Fig. 21 shows
the valve device connecting points o the chest tabe and draibage tube, as well as the rehef
lamens, Barh 2102 conneets to the dramage lumen of the chest wibe, barb 2106 connects
26 the chest tube reliet lumen, the 5 pnoumatic connecters 2108, 21149, 2112, 2114, and 2116
connect to chest tube relief fomen barh 2106, chest-side valve port 1714, homen port 1706
{also desertbed as the dramage tube relief port herein}, chamber port 1718, and dramage-side
vatve port 1714 of Fig. 17A respectively, The paowmatic connecters may be in any order.

Barb 2118 connects to the drainage tube drainage fumen, The other end of the pnowmatic

)
W

comecters comnect {0 the monitov'controller and the proumatios are controlled by the
controller.

{158 Fig. 22 further llustrates these relationships by showing chest tube 2202, rebief lumen
barb 2106, drainage tabing 2204 and preunatic conmecters 2106-2116,

[0159] Fig 23 shows an cmbodiment of the chest drainage system in use, including chest
300 wbe 2302, drainage tube 2318, valve device 230 and monitorfcontrolier 2366, In #his
embodiment, the system s connected to standard suction device/canister 2308, In this
embodiment, the valve device 1s comnected in Hoe between the chest tebe and drainage tube,

with leads to the suction canister, and the momtor may bo placed wherever s most

{3
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convenicnt, mchding but not hmited to the patient’s badside, IV pole, or mwounted to the
suction canister directly.
{8160} The comnection between the pneumatic connecters conunyg from the valve device and

the mowmtor is tustrated 1n Fig. 24, which shows the monitor-side preumatic connecter 2402,

T4y

which connects to poowmatic connecters 2106-2116 in Fig. 21, Pocumatic comnecter 2402
comnects the relief humens and balloon vabves of the valve device to the pumps and solenoids
housed within monitor 2404, The connecter preferably suaps mto place, and seals against the
monitor with gaskets 2302 as shown in Fig. 25, Preferably, the connections include
membranes that got as stertfe andfor higuid harrers to separate the hymens on the patient side
16 of the system from those on the monitor side, thereby preventing contammation or hquid
infrusion.

[EL61] In vet another cmbodiment, the chest tube ¢log clearance and drainage line purging
activities may be accomplished using a system shown in Fig. 26, in which a foll length relief

humen 2604 runs the length of the system, from suction camster/reservorr 2606, through

15 drainage tube 2610, through valve device 2602, through chest tube 2608 to the proximal tp
{paticat side} of the chest fube, In this embodiment, clogs are cleared from the chest tube and
pooled lupd is cleared from the dratnage line in the same step, by applying suction at the
suction camister and opening the fidl lenpth relief humen to allow air fo clear the entire

system. Clearance of the line may be performed at set intervals, or when the pressure i the

26 choest (measured via the reliet humen) increases above a certain threshold, for example <35, -
30, ~23, 220, <15, <10, -3 or § omH20, or a combinavon of these approaches. Also in this
embodiment, balloon valves niay or may not be present in valve device 26020 I not present,
air feak measuroment can be accomphished by measuring the pressure in the entive system and
watching for atfenvation as described herein. Alternatively, air leak can be measured by

23 monitoring for bubbles ay sdlustrated in Fig. 19, Alternatively, or in addition, alr leak may be

measured by measwring the air dureetly as it flows through the system with either an in-line
flow sensor or by mcasuring/determiung the volume of air moved by the suction pump o
maintan adequate suction m the systern. For example, a tachometer yoay be used to measure
the number of revolutions of the motor driving the suction pump.

30 0162 In some cmbodiments, the controller is connected to a network, cither wired or
wireless, 1n order fo transmit data for example to andfor from the patient™s electronic medical
record {EMR}). The controlier sy also provide notifications of patient statss on the

condrolier/monitor iself sndfor by transmitiing noetifications gudfor safety alarms o the EMR

26
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or the climcian’s phone, tablet, waich, oo, Additionally, the sysiem may miterface with other
systoms via wireless or wired technology, and there mav be wireless commumication between
the components, for example between the monttor shown in Fig. 24, the pneumatic connecter

showr m Fig. 24, and/or the valve device shownin Fig. 21

T4y

[#163] in anothor cmbodiment, the number of balloon valves may be reduced anddor the
relief hunen port may be integrated with the vabve device at & different location, as shown in
Figs. 27A-27D. The steps associated with this embodiment are:

{8164} Step 1. Inner lumen 2716 is sealed to seal the chest tibe from the dramage tube. This

s done by applving positive pressure to chamber 2710 via chamber port 2718, This closes

10 expandable valve 2708 sealing off lumen 2716, as shown in Fig. 27B.

[8165] Step 2: The drainage tobe 1s flushed by opening flush fumen port 2706 to atmospheric
pressure of applving positive pressure o hamen port 2706, This is also shown s Fig, 27B.
[8166] Step 3. drainage-side balloon valve 2712 i then closed by applying pressure o the
batloon via drainage-side valve port 2714, This is shown it Fig. 27C.

15 |0167] Step 4 The chest tube Is exposed to addinonal negative pressure by applving negative
pressure fo expandable valve 2708 via chamber port 2718 of chamber 2710, Lumen port 2706
will be closed during this step. This is shown in Fig. 7C. The chest tube (not shown) i this
step preferably has a relicf hamen that is controllably opened to allow stenile air to enfer the
chest tube drainage lumen from the patient end as addiional negative pressure is apphied,

20 which increases the effectiveness of clearance. Luwen 2716 1 now fully open and drainage

may resume as normal. This is shown m Fig, 270,

[0168] in another cmbodiment, balloon valve 2712 may be romoved such that the steps are:

[0169] Step 1 Inner Tumen 2716 is sealed {0 seal the chest tube from the drainage tsbe. This

s done by applying positive pressure (0 chamber 2710 via chamber port 2718, This closes

b
Lt

expandable valve 2708 scaling off tumen 2716, as shown in Fig. 27B.

{8179 Step 2: The drainage tobe 1s fushed by opening flush fumen port 2706 w atmospheric
pressure or applving positive pressuwre o hamen port 2706, This is also shown in Fig. 27B.
{0171} Step 3: Clear the chest tube by returmng the expandable valve 2708 to s neutral
position and opeming the chest tabe relief tamen (ot shown) (via a valve, cither passive or
3 active, not shown) to alow abr to sweep the drainage humen of the chest tube.

{0172} This approach chnunates the need for balloon 2712 and valve port 2714, which are

only used when additional negative suction 1s pulled. Both of these steps may be performed

3
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by the controller af regular mtervals, Alicrnatively, the chost tube relief lumen andfor the
dramage tube rehief lumen may be kept open at all times, or optionally closed when manually
capped by the user as destred ot by the controller.

[8173] In other embodiments, the action of seahing the balloon valves and generating suction,
as disclosed in any of the embodiments hereimn, may be porformed manoally by the wser, for
example, similar to the system shown i Fig. 12. In some embodiments, the manual valve
compecter alfows for attachment of one or more syringes, which can be used 0 seal the
haltoon valves and generate additional soction andfor positive pressure for purging the
drainage Hne. In some embodiments, the mamual valve device employs a valve that can be
configured to be 1) closed, 2) m communication with a chest-side or dramage-side halloon
valve, or 33 in communication with the larger expandable valve. In this manner, the aser nay
first connect to a balloon valve and apply positive pressure to create a seal, then connect to
the larger expandable valve to geserate additional suction. The relicl lumen deseribed herein
{either the chest tube relief lumen of the dramage tube relief lumen) can glso be activated
agtomaticatly or manually, or alternatively can be activated passively by means of a check
valve that cracks once the pressure rises above a certain threshold, as described in detasl
heren,

HHL74] In an alternate embodiment, the means of gonerating positive pressure and suchion 1s
within the valve device itselfl such as a fhud reservorr, so that a scparafe syringe is not
required for activation.

PELTS] I Figs, 28A-28C, a mothod of measuring chest aiy leak is presomted in move detail. In
this embodiment, the chest tube and drainage tbe are kept clear through the methods
described herein. An aw leak may be monitored and quantified at both relatively high and low
air leak flow mtes. The applied standard suction causes the pressure i the chest o be
noegative,

[176] In the presence of relatively low flow ratey, posttbve pressure is applicd o chamber
2810 via chamber port 2818 to close expandable valve 2808 to scal fomen 2816 asshown'in
Fig. 288 The pressure in the chest is then monitored via hunen port 2814; if there &5 an aw
teak, the measured negative pressure will become less negative as the inconung air enters the
pleural space. Fig. 29 depicts an example pressure over e for two different low flow air
feak rate measurements. The apper graph represents prossure aftenpation over thne 1o the
presence of & small air leak while the lower graph represents pressure atfersation over time

in the presence of a farger awr leak (still relatively fow flow). The magmitude of the change w
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presswre s mdicated by the slope of the line indersecting points | and 2. The rate at which the
presswre ncreases {AP/AL may be converted to volumetric air feak rate (AV/at). Pomis 1
and 2 may be deternuned based solety on time, for example taking measurements 0.5 and 1
sec after creating the seal as shown in Fig. 28B. Alternatively, they may be based on pressure
vatues, aither absolute {c.g. once the pressure goes above -10 and -§ emH20) or relative {e.g.
once the pressure increases by 2 and 4 cmH20 relative to basehine). Sample bhenchtop data
tlustrating this technique 1s presented in Fig, 30, which utilizes a second degree polynomial
it o convert rate of prossure change to air leak.

[R177} B the presence of relatively high flow rates, positive pressure 15 applied via balloon
vatve port 2804 fo close balloon valve 2802 (o seal lumen 2816, sealing off the drainage
humen of the chest twbe from the dranage lumen of the drainage tube. This 15 shown i Fig.
28C. The pressure is then monitored via lumen port 2814 to determune a bascline pressure
value duc to the applicd suction ondy {via negative presswie applied to the drainage tubel
Then, balloon valve 2807 is opened and a now pressure value is measured, once again via
homen port 2814, If the air leak rate s high, there will be a farger detectable difercnce
hetween the two aforementioned pressore measurements due to the rapid infhux of air. Thig is
shoven m Fig, 31, The upper graph represents @ pressure differential in the presence of a
relatively small air leak {though still high flow), while the lower graph represents @ pressure
differental m the presence of a larger ar feak. The magnitude of the difference between
these two measurements {AP) may be converted to volumetrie anr leak rate (AV/AD. Sample
benchiop data illustrating this fechnique is presented in Fig. 32, which uses a hnear fit fo
convert rate of pressure change to air leak.

[0178] The same methods of determining air leaks shown for low and high flow scenarios
may also be performed by swapping the positions of the balloon valves in Fig. 28, relative to
hamen port 2814, In this ease. the balloon valve seal s iflatedfclosed when measweing low
floow and the larger expandable valve 15 inflated/closed whon measuring high fow.

[0179] One embodiment of the device may include a method for detccting the presence, as
well as proper placement, of the pnoumatic cassette module (2402 in Fig. 24) in the monitor
{2404 in Fig. 24). This detection information may be used to start or stop functionality of the
device, activate or deactivate certain features of the device, sound alarms andfor display alent
messages on the device, ete.

[$188] One method for cassette detection may use an Infrared (IR) emitter and receiver to

detect the presence and proper placement of the cassette. This TR sensor may measure the

A
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reflectivity of the cassctte surface; the information may be used fo inform device function.
The reflectivity of the cassette may be modified to allow for a wide variety of reflectance
vatues, The reflectivity of the cassetie may be controlled by changing the color, geometry, or
any combination of color and geometry 1o adjust reflectance. In Fig. 33, the relavonship
hetween color and reflectance readings 1s shown, where the possible range of values may be
--100%, In Fig. 34, the relation between surface angle and reflectance readings s shown for
& white surface where again, the possible range of values may be (-100%.
{8181} Another method for cassette detection may use a color sensor with attached LED to
Hlumnate the surface to be measured. This color sensor may be capable of detecting various
tevels of a specific color, such as red andfor eyan, hpht intensity, light temperatare, as well as
any combination of these metries. In one embodiment, the color of the cassette may be used
to differentiate between two or more desired function settings of the device. o another
cmbodument, the casseite may have features which allow a cortain amount of ight to reach
the sensor, thus, variable hight intensity may be used to control fimction setiings of the device.
In another embodiment, the cassette may have features which modify the temperatare of the
hipht reaching the sensor, 8 lght filter for exaople; thus, variable light teroperature mav be

usad to control funciton scitings of the device,

HH82] Another method for casseite detection may use a Hall Effect sensor to detect the
presence of 3 magnet, focated m the cassette. This magoetic sensor may be used o enswe

complete and propor placoment of cassciie fo locked-postion i mowutor by defining
placement of the magnet and Hall Effect sensor, such that detection only occurs when the
cassette is fully seated and locked m place.

{0183} Another method for cassetfe detection may ase an IR gate sensor to detect both the
presence of the cassetie in the montor, ag well as ensuring proper placement in the monitor.
The cassette nwy include a feature or feabres which may interact with the IR gate sensor,
providing information regarding the placement of the cassctic in the monior,

[0184] Another method for casseite detection may wtilize a UV light sensor to deteet the
presence and proper placement of the cassette in the momior. To allow for variability
between casseties, featiwes may be added to the cassette which modiy the amount of UV
light permitted to reach the sensor. This may be accomplished using, for example, UV filters,
passageways within the cassette, openings, nurrors, or some combination of these featres.
[0185] Another method for cassette detection may invelve capacitive sensing, whereby the

cassetie has varying levels of diclectric strength depending on, for example, the size of a strip
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of metal embodded 1o or moumed to the cassette. A capagitive sensor within the monitor may
then be able to distinguish between the various cassettes depending on this varving level of
capacitance.

[8186] One embodiment of the device may inclade a method for measuring and guantfying
air leak metrics which are then displaved via a soreon -on the monitor or ¢lsewhere. This
mformation may be used to start or stop functionality of the device, activateideactivate
certmn features of the device, sound alarms andfor display alert messages on the device,
provide information to attending physicians, as well as other actions related to proper
removal of fhuds from the chest, These actions may be performed maneally or astomatically
e the controller.

{8187] One method for displaving air leak das may include desenbing the oceurrence of a
particular air leak qualifier by showing the porcentage of measiwements over the previous X
hours for which that qualifier cccurred. The air leak qualifiers may include/be equivalent to
“Persistent” for high flow, “Internuttent” for moderate to low flow, and “None™ for no flow,
As shown m Fig. 33, this information may be presented, for example, graphically as a bar
graph 3302 or circular chart 3304, or in a display using text and pumbers (3306),

{0188] Anpother method for presenting atr leak data may mclude grapbing trending flow rate
data over a peried of time, for example 1 4% howrs. The afr keak flow rate information may
be collocted, for cxample, using an in-Hoe flow sonsor, prossure sensors, of pump tachometer.
As shown in Fig. 36, the air leak flow rate trending data may be expressed as {mlfmin) with
respect to time in howrs past, for example. The pressure shown here Is measwred at the barb
{or tube-tabe mierface) area.

{189 Another method for presenting air keak data may wnclude graphing trending air leak
qusalifiers over a period of time, for example | — 48 hows. The air leak qualifier information
may be calculated, for cxample, wsing algorithins o relate changes in chest or chest wbe
pressure to vohwmettic flow rate, or defining a pressure threshold, for exanple -8 contH2(3,
and relating the time to reach that value with a qualificr. As shown i Fig 37, the air leak
gualifier trending data mray be expressed as, for example, “Porsistent”™, “hutermittent”, and
“None™ with respect to time in past, for example, for the past x hoars.

{8190} Another method for presemting adr lesk data may include an instantancous
measurement imtiated by, for example, poshing 4 button. As shown 1 Frg. 38, the prompt for

fstantancons measarement may be a highlighted arrow, a physical button, a virteal bution,
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graphic cte. The information provided may be i the form of, for cxample, flow rate (mi‘min)
or an aw leak gqualifier, such as “Persistent”, “intermuttent”, “None™, or an equavalent term.,
{0191} One embodiment of the device may mehude 3 method for measurmng and quantifving

clog clearance metrics o be displaved via a display or screen. This information may be used
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to start or stop functionahity of the device, activate/deactivate cortain features of the device,
sound alarms andior display alert messages on the device, provide information to attending
physicians, as well as other actions related to proper removal of fluids from the chest,

[$192] One method for prosenting clog clearance data may inclade displaying the nember of
clogs cleared over a certain amount of time, for example 1 — 48 howrs — the range may be set
10 by the user or may be pre~set. As shovn in Fig. 39, the nformation displayed may include a

[

description of the displayed metrie, for example “Clogs Cleared”, @ number or quantifier
assoctated with the metric, for example, the namber of clogs cleared, and the Hme ingerval
over which the metric ocoutred.

{8193} Another method for presenting clog clearance data may include, for example,

Py
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displaying the time for when the fast clog occurred, the date on which the last clog occurred,
whether the clog was cleared, the time passed since the last clog occurred, or some
combination of these or sinular metnics. As shown n Fig. 40, the mformation displayed may
indicate what metric is being shown, for example "Last Clog™.
{0194} Another method for presenting clog clearance data may wclude a graph displaving
2 wonding pressure data from the tube-tube interface area, or clsewhere in the system, over a
cerfain amoant of time, for example 1 — 48 hows, for a cortain range of pressures, for
cxanyple -500 - 300 cmH20. As shown in Fig. 41, one or more presswre values may be
plotted stmuliancously with respect to ime, for example, pressures measured at different
tocations within the systont. For example, the graph may display the applied suction level set
28 by the user, shown by the solid line, andfor the graph may display the pressure measured m
the fube-tube nterface area, shown by the dashed line,
[B195] Another methoed for presenting clog clearance data may include a graph displaving
srenching clog clearance data for a specific ume interval (for example, 1 hour), over a certam
amennd of time, for example 1 - 48 hours. &s showivin Fig. 42, a bar graph may be utilized
3 to convey information regarding the smember of clogs cleared cach howr over the past 10
hours, for example. The total munber of clogs cleared over the total duration of device use for

a particelar patient may also be shown.

L]
2



WO 2017/152125 PCT/US2017/020791

(0196} Some cmbodiments disclosed herein include a balloon, ar pnowmatic, valve, which
uses prossure vartance to occlude or open the passageway by inflating or deflating a flexible
membrane, or balloon. Figs. 43A-43E show an cmbodiment of these types of valves. The

valve includes rigid housing 4302 and thin~walled silicone extrusion 4304, as shown in Figs

B

43A-E. Silicone extrusion 4304 nwy be either an extrusion or 3 mold out of any soitable
material, meluding stlicone, Iatex, polymer, oo, The durometer of the silicone may be, for
example 20A-704 and the wall thickness, for example (L.0057 — Q.03 The wall thickness
may be adjusted to achieve the desired sealing pressure. The wall thickness may be consistent
along the length or vary slong the length, The fength of the silicone extrasion may be .37 ~
{0 L7 and the inner diameter of the silicone extrusion may be 8,17~ 0.507 In one embodiment
example of the balloon valve, assenbly beging by inserting the sthicone extrusion through the
center of the balloon housing. Next, the extrusion 15 folded op and over the edge of the
housmg on both ends as shown s Figs. 438 and 43C. This process may be done several
ways, for example, manually folding the extrusion. Another process may tnclude nserting a
15 balloon thwough the center of the extrusion; upon placement, this balloon could be mnflated,
cffectively expanding the silicone membrane ontil it folds over the edge of the housing.
Another process my incorporate a fixtwre which has two or more grasping featwres that
expand radially in and out; the grasping features are used to grab and expand the silicone
extrusion; once the extruston is stretched, the housing may be moved forward to accomplish
20 the folding process. As shown in Fig 43C and 43D, once the extnusion is folded over the
housing, fwo Owrings are placed over the sibcone oxtrusion o ensure that the siicone
miembrane reramns m place and 1s sealed with respect to the housing. Figs. 43 D and 43E
show the finished balloon valve.
{8197} One embodiment of the chest dramage system may include vent'filter membranes in
35 hine with the pneamatic tubing for the purpose of controlling quality of the ar or adding
dampening to the system. These membranes may have variable thickness, for example 0.0017
-~ 00107, have variable pore sizes, for cxample 0.2 ~ 106 micron, bhave variable cross
sectional areas, for example 0.01 - 0.1 in2, and have different cross sectional shapes, for
example cirevdar or rectangular. The membranes may be placed within the cassette, i hine
30 with the pacumstic tubing via barh connection, within the momtor, or within the valve
device. These vent membranes may be attached in many ways, for example ulirasonic

welding, via a separate housing, or UV cure adbesive.

L]
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[0198] One ombodiment of the chest drainage system may include a featuee which allows the
monitor f be mounted in a2 convenient and offective location during use i various hospital
settings. This comnection feature may be modular: the monitor may have a feature that can
comnect o many different attachments that offer different mounting solutions. One steration
of the modelar destgn may include a snap-and-tock feature, where the attachment locks into
place and can be released, for example, by pushing 3 button to discngage the lock. Another
teration may include a threaded hole in the monitor that interfaces with a threaded rod on the
attachment. Yot another Heration may inchude a sliding mechanism where the attachment
grabs onto ratls or tracks to commect with the momitor. Another Hioration may include a push-
and-lock feature, where the attachment can be locked and unlocked by pushing it farther into
the connection, simitay to an SD card. Another teration may include a single or series of
magnet(s) which properly orient and bold the atachment firmly to the monitor.

{6199 One method for creating a mouwnting feabre may include the use of a rigid bracket on
which a pair of hook features are comnected. As shown in Fig. 44, bracket assembly 4402
may connect to the monitor via one of the modular woenting options 4404, Hooks 4406 may
be attached in such a way that they are able to pivot to provide incrcased adaptability.

[B288] Anothor mcthod for creating a mounting featiwe may inchude the use of flexible straps
i combination with a hook feature. As shown in Fig. 43, straps 4302 may be attached to the
hase of mowyor 45304 and cover the sides of the monitor, with hook features 4506 integrated
with the strap. These straps may be fixed or moveable, for example, they may be able to
retract inside of the mounitor when not m use. In this case, the hook featares may have a place
to be stored as well, for example external wells into which the hooks elick in place.

[0261] Another method for creafing a mounting feature may include the use of flexibie
tubing to provide a highly adaptive solution with many potential uses. As shown o Fig. 46,
tubing 4602 may be able to take many shapes by simply beading the tabe 10 oreate a desired
shape or feature, such as hook shape 4604, These tubes may be attached to the momtor on the
back or sides. using one of the modudar mounting options described herein. The fores
required to bend the wibing is low enough to not reqaive a special tool, while simultancously
betng stff enough to bold its shape wader the loads placed on it by the momitor and additional
pxternal foregs.

{0202} Fige. 47, 48, 49 and 50 show an embodimoent of a doal-hanen chest tube, Chost wbe
4702 may be made using sihicone, PVC, or other suitable material with a suitable dyrometer,

for example 20A ~ BOA. The effective outer diameter of the chest tube may vary between 8Fr
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- $0Fr. The chest tube shown w Fig. 47 way include three scofions: a chest tube rogion, as
shown in Fig. 48, a tragsition region, as shown m Fig. 49, and a pull-through region, as
shown in Fig. M) The chest tube region comprises 3 dual-lumen extrasion with holes 4802

near the patient side for dramage of fluid from the body. The chest tabe region s preferably

B

capped with roonded tp 4804, but may also have an open patient end without a cap. The
transttion region separates the two chest tube humens, for example chest tabe drainage lumen
and the chest nibe relief humen, nto separate tube sections that are more casily attached to
harbed connectors. Fig. 49 shows chest tube dramnage humen tube section 4902 and chest wbe
relicl hanen tube section 4904, Specifically, at the non-paticnt end of the fransition region,
i both hamen preferably become cuealar to allow for proper attachment to standard barbs. The
pull-through region shown in Fig. 50 includes chest tabe drainage homen tabe section 4902
and chest nibe rehef lumen tube section 4904, The two tube sections may also be joined, for
example with webbing or adhesive, The ends of the two tubes may he fapered to allow for
easier insertion into the chest and also casier pulling of the chest tube through, from the
15 mside to the outside, the chest wall. Alternatively, the tubes may not be tapered or only one
of the tubes may be tapered. In some enbodiments, the relicf fomen tobe may “dive” info the
larger tube so the outer profile on the non-patient end is just that of the drainage wbe. This is
shown in Fig. 51 The relief tube is also proferably scaled nrar the now-paticnt end, for
cxample with a plug of silicone, in wrder to mevent flaid ingress into the relief hunen as the
20 wbeis pulied through the patient wall.
{6203} In some cmbodiments, the device is configured such that when the pneuwmatic
conneeter s disconnected from the monttor, the hamens enter a safe state. This safe state way
inclade closing off cither or both of the chest tube relicl hanen and the drainage tube relief
fumen to provent air from continuously entering the system. The safe state may also melude
35 opening the balloon valves and expandable valve i the vabve device so that the tnner lumen
remains open allowing fleid drainage to continne withowt obstraction. To easure the balloon
valves onter and romain in 8 safe state, their ports are fluidly tied to the chest twbe relief
tumen and/or the drainage tube rebief himen when disconnected from the montor. In ths
way, the pressures on both sides of the balloon valves are equal and the balloon valves
30 therefore remain in an open state, This 1s llustrated in Fig. 52A and 528, where Fig. S2A
shows the connections in the connected state and Fig. 32B shows the comnections i the

discomnocted state.

L]
(%4



B

o,
4

26

e
T4y

WO 2017/152125 PCT/US2017/020791

[0264] In one combodimoent, the mechamsm ithsstrated in Figs, 32A and 32B is accomplished
by means of 2 manifold design shown in Fig. 33, In this design, mantfold 3302 may be used
to cither: A} mdependently connect the fumens to thetr vespeetive gasket when connected to
the momtor, or B) tie the balloon seal humens ¢ the flush andfor vellef lumens when
discomnected to the momtor by means of a shding mechanism that is activated when
disconnected from the monitor. This mechanism is shown in Fig. 54 and may include springs
within the connecter that keep the honens in a safe state unless connected to the monitor. The
safe commection/disconnection may also be achieved by other means.

[6205] Fig. 55 shows an altermative configuration to the system depieted n Fig. 24, Fig, 3§
shows a preumatic connecter which comnects to the monitor by being placed into its
receptacle and then shd into place, thereby making the independent lamen connections. The
connecter 1s held i this position by means of a latch that can be disengaged by the user when
removing the conmecter. This allows the vartous humens o eaier the safe stalte when
disconnected,

[3266] In another embodiment, the same effect of providing a safe state for the lumens is
achicved by spring-activated valves that cither provide independent paths for the humens to
conuest o their respootive gaskets, ov seal or tie the lumens together. An example of an
wndividual such vabve is shown i Flg, 36, and inclades O-ring 3602 and spring 3604 m both
the connected and discomuected (safe) state. Flud path 5606 15 closed in the connected state
and open in the disconnected {safe) sigte.

{8207} In another embodiment, the monitor is capable of keoping the prewmatic connecter
connected antil the device is i a safe state (Lo balloon valves are open). Anocither way of
saying this is that the poeumatic connecter cannot be disconnected until the monitor has
determined that the system is in safe mode. This may be achieved by mechanical means, such
as a latch that the monior itself engages with the pneomatc connecier when sealing the
balloon valves. This may be accomphished usmg a solenocid valve, motor, or any other
suitable means.

[G288] in anothor combodiment, the proumatic connecters may be disconnected from
vatve device shown in Fig. 21 to achieve a safe disconnetted state as deseribed above. This is
preferably achieved by the mechanism shown n Fig. 57, To remove pncumatic connecters

5702 from valve device 3704, for example when transfernng the patient from the ICU fo the

step-dovwn anit when active clog clearance and Hne purging 1s no longer requived, preamatic

o)

connoeters 3702 may be disconnoeted from the valve deviee 57T, In this embodiment, slider
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06 is moved to tie the hamens to their respeetive safe siates as shown in Fig, 52, The same
shder also discngages a latch that keops the ppeumatic connecters in place, thereby allowing
the connecter fo bo removed from the valve device while altowing the lumens in the valve
device to repain in a safe sate. In some embodiments, once the prewmatic connecters have
been removed, the valve device andfor the pneumatic connecters are locked to prevent re-
attachment of the poeymatic connecter affer # has been disconnected. This may be
accomplished, for example, by a latching mechanism that only engages when the shider 1s 10
its fully open position.

(6209} In some embodiments, the chest dranage system includes the monttor/controtler
shown in Fig. 38, In one embodiment, the momtor includes sareen 3862, integrated pump
{not shown} and mating ports between suction canisterfeservoir 3804 and monitor 3R06,
inchiding ports to provide saction to the reservorr, open the drainage tabe relief Tumen valve
via miegrated selenoid or other means, and capturedseoure the drainage tubing and suction
camster. In some emboduments, the pneumatic lines are protected by filiers integrated into the
camster itself o prevent egress of hguid from the canister.

{6210} in some embodiments, the suction canister/reservoir 1s protected from hquid cgress by
means of a tortuous path created by the mtemal geometry of the suction canisterTeservoir as
shoven in Fig, 39, The torteous path may inchade a series of ribs 3904 and channels 3902 {0
separate the fluid collection chamber of the reservoir from the vacwsw/suction port which
connects to the momutor. The fortucus path goometry makes 1t more difficult for hguid to
reach the suction port regardless of monitor orfentation.

[B231] In some embodiments, an accelerometer is used o monitor orientation of the monitor
and the controller provides an alert when the monitoy i3 i a postiion that may compromise
the suction port. In this example embodiment, the drinage tubmy is fst conpected to the
drainage canister and the desinage capistor is thon connected to the monitor. Alicmatively,
the drainage tubmg drainage hamen andfor dramnage tube relief lumen may be connected to
the monitor tiself, andiior the two tubes {(draipage tube drainage lumen and drainage tube
rehef humen) may be comected separately. In the exemplary embodiment shown, the
camsterreservolr s connected fo the front of the monitor, bat i other embodiments may be
vonngeted fo the back or wther side of the monitor, or be separate. In one cmbodiment, the
suction canisterreservolr has a latching hinge that mates with a lateh oo the suction monitor

as shown i Fig. 60, sach that once the canister is connected to wonitor 6008, hinge 6004

a3
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must be mamsally depressed in order to disengage latch 6002 and remove camster 6606 from
momtor 600K,
[0212] In ancther cmbodiment of the device shown in Figo 61, the monitor has modular

attachment receptacte 6102 for accepting any number of accessories for mounting or handling

T4y

the device, including but not limited © bed mwounts, IV pole mounts, carrying straps, or
handle 6104, as shown in Fig. 61, In another embaodiment, the device may have multiple such
attachment receptacles to allow for maltiple accessories to be connected at once, for example
but not hmited to 3 bed mownt and a handle or a handle and carrying straps.

{6213} in some cmbodiments, the chest dramage system may be used with a standard chest
10 tabe withowt a chest tube relief humen. In this case, the drainage whbe vehief huwen and

drainage tobe lomen join together at 2 connection barb between the dramage tube and the
chest tube. An example of this type of conncction barb is shown m Fig. 62. The connecter
inchudes chest tube connecter 6202, drainage humen connecter 6204 and dramage hmen relief

humen connecter 6206, Thas connecter arangement may be particularly appropriate

o,
4

thoracic surgery where theve is less concern of clogging within the chest tube, and clearance
of the diainage line to mauidain suction presswrs is the primary concorn, In another
cmbodiment, the same type of conncction harb may be used with a chest tube with a chest
tube relief lamen that mnchedes any of the passive valves deseribed above and in Figs. 4 and 5.
In this configuration, the passive valves are aonmally closed, but the puop in the monitor
20 may generate additional suction at teruporal intervals {or when a blockage s sensed) in order
to surpass the crack pressure of the valve such that it opens and air canr sweep the chest wbe
dramage lumen clear via air from the chest wbe reliet hanen. This activation may
altcrnatively or additionally ocear when the monitor detects that the magnitude of tidal

oscillations has diminished. indicating that a blockage 1s formung within the chest tube. The

)
W

suction monitor may also mporandy reduce the suction magnitude after such an activation is
performed in order o ensure that the passive valve closes agam.

{6214} In one embodiment of the chest drainage svstem, controller/monitor screen 6302 has
touch capability for aser input. Alternatively the monitor may employ an array of buttons. An
example touchscreen image 18 shown in Fig. 63, Toaching this screen will resalt in an
30 appropriate response by the monitor, for example touching “suction” takes the user v a
sereen fo adpst the suetion value, touching “mode” allows the wser 1o switch between
drainage and air leak modes, and touching “dramage™ or “air leak™ takes the user fo a plot of

that metric over time, 85 shown in Fig, 64, When the monstor s showing a graph, touching
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the x-axis may change the time scale and touching the y-axis may change the Bovw male or
volume scale (depending on which plot is shown).

{6215} In annther embodiment of the pneumatic conpecter/monitor interface, the device may
check for proper seating of the pnawmatic connecter with the monitor by performing a self-
pressurization check and monttoring for a pressure response that is indicative of a properly-
seated connecter. This technique may also be used to deteet various sizes of canisters.

{0216} In come embodiments of the chest drmnage svstem, the monttor provides pulsatile
suction {whether via the valve device or via the pump i the monitor 1o maintain chest tabe
pateney, This suction may be in the form of a sine wave, square wave, or any other suttable
oscillatory waveform, and mav oscillate between, for example but not limited to 0 to 40
cHZO, G o -80 e 20, O 0 -80 emH20, ¢ to - 106G anH20, -18 o 40 conH20, <280 10 60
cmH20, and so on. These embodiments may or may pot inchude a chest tabe reliof hunen,
[8217] Any of the embodiments disclosed herein may be adapted to function with more than
one chest tube, for example, by connecting more than one chest tube to the valve device or

the connection harb.
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CLAIMS
What 15 clatmed is:
i, A dramage system, cCOmprising:
a tube configured for mscrton mio a body of a subject, wherein the tube defines a
tabe relief tumen and tube drainage fumen in flatd communication with one another; and
a tube relief lnmen valve In floid commanication with the tube relief honen such that
a prosswwe differential s formed bebween an ambiont presswre and the tube relief hanen,

wherein the tube relief lumen valve 1s configured to close at a first pressure differential and to

apen at @ second pressure differential whach is different from the first pressure differential.

2. The system of claim | wheremn the tabe comprises a chest wbe defining one ov

more drainage openings in fluid communication with the tube deainage tumen.

3. The system of claim 1 further comprising a dramage tbe in fuid compumication

with the tube drainage lomen.

4. The system of ¢laim 3 further conywising a2 dratnage fube relief lumen in fluid

conmmuication with the tube dramage honen or the drainage tabe.

&

3. The sydem of clam 4 futher comprising a drainage tube rebief lumen valve m

fhuid communication with the drainage tube relief hunen

6. The system of clatm 5 wherewn the drainage tube relief femen valve comprises a

passively operated valve,

7. The system of claim § wherein the drainage tube relief {fumen valve comprises an

actively operated valve.

8. The systom of claim 3 Aother comprising a fhud reserveir in fluid communication

with the drainage wbe.

44
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9, The systom of clamm | wherein the sccond pressure diffurential to open the tbe

relief lumen valve 18 greater than the first prossure differential to close the tube relief lumen

valve,

§ B The systentof elaim 1 wheretn the tube relief lumew valbve comprises a passively
aperated valve.
1. The system of claim 1 wherein the tube relief Tumen valve comprises an actively
operated valve,
10
{2, The system of clamn | wherewn the tube relief lumen valve compnises a magnetic
valve,
13, The systom of claim 12 wherein the magncetic valve conprises a bousing having a
i3 first clement scoured with the howsing and 2 second olement attached 1o a seal, wherein the

seal has a first poxition in which a magnetic force between the first and second attractive
clements is greater than the first pressure differcntial and maintains the magnetic valve in a
closed configuration, and wherein the seal bas a second position in which the magnetie force
in less than the second pressare differential and mabstaing the magnetic valve in an open

20 configeation,

14, The systerm of claim 13 wheretn one or both of the first and second elements

COMYMISEs @ magnet.

25 15, The system of claim 1 further comprising a controlier in communication with the
tube.
16, The system of claim 13 wherein the controller is configured (o monttor a rate of
air flow from the tube drainage lumen as an indicator of a thoracie air leak.
30
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17, The systom of claim 16 wheroin the controller is configured to determine at least

ong parameter of the arr leak.

18, The systom of claim 16 further comprising a flow meter In commimication with

LA

the controller.

19, The system of clum 16 wheren the controlier is configured to monitor 3 mumber

of revedutions of 3 vacuunm pump in Huid communication with the tube dramage humen.

in 20. A method of maintaining a drainage system, comprising:
providing a tube having a tube relief lumen and tube drainage lumen in fluid
conwmuncaton with one another and configured for msertion ifo a body of a sebject, and &
tube relief tumen valve in fluid communication with the tube relict humen; and

configuring the tube rclief lumen valve from a closed configuration info an open

s
L

configaration, where the closed configaration s formed when a first pressure differential
between an ambient pressure and the tabe relic banen is created and where the open
configuration is formed when a second pressure differential between the ambient pressure
annd the tube relief humen s created,

wherein the fisst pressure differential is different from the sceond pressure

20 differentinl

21, The method of clamn 20 further comprising draming a fud froana body cavity of
the subject via one or more drainage openings in the tube draimage humen and through a

drainage tube.

-
¥

22, The method of claim 20 further comprising controlling a flow through the tbe

relief lomen via the tube relief lumen valve.

230 The method of claim 20 further comprising a drainage wbe vebief {omen in fluid

30 commmuncation with the tebe drainage hamen,
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24, The method of claim 23 further compeising a dratnage tube rehiof lumen valve in

fluid compunncation with the drainage tube relief lumen.

25, The method of claym 24 whoerein the drainage tube relief lumen valve comprises a

§ passively operated valve,
26. The method of claim 24 whereny the draimage tube relief Tumen valve comprises
an actively operated valve,
10 27, The method of claim 24 wherein the sccond prosswre difforential to open the tube
relief humen valve is greater than the first pressure differential.
28, The method of clim 20 wherein the tube relief lumen valve comprises g
passively operated valve,
is

29, The method of clmm 20 whercin the tube relief lumen valve comprises an

actively operated valve,

30, The method of claim 20 wheren the tube relief hunen valve comprises g

20 magnetic valve.

31, The method of claim 36 wherein the magnetic valve comprises a housmg having
a first element secured with the housing and a second element attached 1o a seal, wherein the

seal has a first position in which a magunetic force between the first and second elements is

B3
L

greater than the second pressure differential and mamtaing the pagnetic valve in 3 closed
configuration, and wherein the seal has a second poesition in which the magnetic foree is less

than the first pressure differential and mamtaing the magnetic valve in an open configeration.

2

32, The methed of claim 31 wheren one or hoth of the first and sccond clements

P comprises 3 magnet

£
i
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33, The method of clam 20 further comprising a controller in commuuication with

the tube drainage hnnen.

34, The method of clanm 33 figther comprising monitoring a rate of aiy flow from the

LA

tabe drainage honen via e controlfor az an indicstor of a thoracie adr feak:

35, The method of clam 34 further comprising determining at least one parameter of

the air keak via the controller.

in 36. The method of claim 34 further conprising a flw meter it commmuncation with

the controller.

37, The method of clamim 34 further comprising monitoring a number of revolutions

of a vacuum pump in fhud convmwnication with the tube drainage hunen win the controller.

s
T4y

38. A drainage system, comprising:

a tube configured for imsertion info a body of a subject, wherein the tobe defines &
tabe relief fumen and tube dramnage hanen in flaid commuonication with one another;

a tube rehief homen valve 1 fluid communication with the tube relief lumen;

20 a suction pump in fluid copmanication with the tube drainage hanen; and

a controfler in communication with the tube, wherein the confrolier is programmed to
actuate the suction pump at a first level of suction which maintains the tube rehef lumen
valve in a closed configuration and at a second level of suction which reconfigures the tbe

refief lamen valve to an open configuration.

39, The systom of claim 38 wherein the fube relief lumen valve is configured such
that a pressure differential is formed between an ambient pressure and the tube rehief humen,
wherein the tube relief lumen valve 1s configured to close at g first pressure differential and to

open at a second pressure differential which is different from the first pressare differential
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40, The system of claim 38 wherein the sceond leved of suction is more negative than

the first level of suction.

41, The svstem of clato 38 wherein the controller is configired o actuats the suction

§  pump at the sccond level when tidal oseillations deteeted by the controdier are dinunished.
42, The systen of olaim 38 wherein the controller 1s configured to actoate the suction
punip at the second level automatically on a periedic basis.
10 43, The system of claim 38 wherein the second level of suction s convmunieated to
the fube reliet lumen valve via the fibe drainage lumen (o open the fube relie! lumen valve,
44, The system of claim 38 wheretn the wbe comprises a chest tube defining one ov
more drainage openings 1 fluid communication with the be drinnage lumen,
is

45, The system of claim 38 further comprising a draipage twbe w flud

communication with the aube dramage homen

46, The svstom of claim 45 further comprising a fuid seservonr m fluid

20 conmmuication with the drainage tabe.

47. The system of clamm 45 further comprising 2 drainage tube relief lumen in fhud

communication with the tube drainage lumen or the dratage tube.

e
ped

23 48. The system of claim 47 further comprising a drainage tube relief lumen valve in
fluid commmunication with the drainage tube rehiet lumen,
49, The system of claim 48 wherein the drainage tube relief honen valve comprises a
passively operated valve.
3M3



WO 2017/152125 PCT/US2017/020791

50. The sysiem of clhim 48 wherein the dranage twbe relief lamen valve comprises

an actively operated valve,

§1. The system of claim 39 wherein the second pressure differential to open the tube
5 relief tummew vabve i weatsr than the first pressare difforential @ close the tube relief lanen
valve.
32, The system of claim 38 wherein the tube relief lumen valve comprises a passively
operated valve.
10
33, The system of claim 38 wheren the tube relief fomen valve comprises an aetivaly
aperated valve.
34, The systom of claim 38 wherein the tube relief lumen valve comprises a magnetic
15 walve,
35, The systen of claim 54 wherein the magnetic valve comprises a housing having a

first element secured with the bousing and a second clement attached to a seal, wherein the
seal has a first position iIn which a magaetic force betweon the first and second clements s
20 greater than the first pressure differential and mumniains the magnetic valve in 8 closed
configoration, and wherein the seal has a second position in which the magnetic force 15 less
than the second pressure differential and mabstains the magnetic valve v an open

configaration.

25 36, The system of claim 55 wherein one or both of the first and second clements
comprises a magnet,
§7. The system of claim 38 wherein the controller is configured (o monitor a rate of
air flow from the tube drainage lumen as an indicator of a thoracie air leak.
30

46
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38, The systom of claim 57 wherein the controller is configured to determing at teast

ong parameter of the arr leak.

OV

580 The system of claim 37 further comprising 3 flow mcter in communication with

5 the controller,

60, The system of clum 37 wherem the controlier is configured to monitor 3 mumber

of revedutions of 3 vacuunm pump in Huid communication with the tube dramage humen.
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