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(57) Abstract: Systems, devices and methods for sensing physiologic data and draining and analyzing bodily fluids are described
which are capable of sensing physiologic data based on sensors incorporated into a catheter adapted to reside in any of a urinary
tract, gastrointestinal tract, rectal location, pre-peritoneal, pleural space or other body cavity. The devices aid emptying of the blad -
der, measure urine output and various urine parameters such as oxygen tension, urine conductance and urine specific gravity, monit -
or renal function, analyze urine parameters, including urine content, including the presence of infection, and track and/or control flu -
id administration.
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SYSTEMS, DEVICES AND METHODS FOR SENSING PHYSIOLOGIC DATA AND
DRAINING AND ANALYZING BODILY FLUIDS

CROSS-REFERENCE TO RELATED APPLICATIONS
{6001 This application claims the benefit of priority to ULS. Provisional Application No,
62/056,563 filed September 28, 2014 and ULS. Provisional Application No. 62/056,564 filed
Scptomber 28, 2014 and ULS. Provisional Application No. 62/062,924 filed October 12, 2014
and 118, Provisional Apphbication No. 62/4076,725 filed November 7, 2014 and US,
Provisional Application No, 62/4083,463 filed November 28, 2014 and U.S. Provisional
Application No. 62/129.899 filed March 8, 2013 and U.S. Provisional Application No.
627145241 filed April 9, 2015 and U8, Provisional Application No. 62/175 237 filed hune
13, 2015 and is related to PCT Application No. PCT/US2014/44565 filed June 27, 2014 and
PCT Application No. PCTAUS2015/010830 filed Jamaary, 7 2015, cach of which is

fncorporated herein by reference in its entirety.

TECHNICAL FIELD OF THE INVENTION
[0082]  The present invention relates to the field of medical devices, in particular devices
that ard emptying of the bladder, measwre urine outpwt and varous wne parameters such as
oxygen tension, wrine conductance and arine specific gravity, momitor renal function, analyze
uring parametors, inclading erine content, including the presence of infection, and track
andfor control fluid adounistration. The present invention further relates to medical devices
capable of sensing physiologie data based on sensors mcorporated into a catheter adapted to
reside I oany of a urinary fract, gastromtestinal tract, rectal location, pre-peritoneal, pleural

space of other body cavity,

INCORPORATION BY REFERENCE
[6003F Al publications and patent applications mentioned tn this spectfication are herein
incorporated by reference to the same extont as if each such mdividual publication or patent

application were specifically and individually mdicated to be so incorporated by reference.

BACKGROUND OF THE INVENTION

[6064] It is estimated that 0% of all bospitalized md long-term care patients reeeive an
m-dwelling arcthral catheter. Almost all oritically 13 pationts receive one, and 1o the 10U s
routing procedare to monitor wringe oatput every howr. The amoent of wine produced is an
incheator of fhuid status and renal function. However, numerous sources of ermor can cause

crroneons measurements of this important indicator.

| 21
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[0003]  The most common device used to dran the bladder is the Foley catheter. Since its
fntroduction, the design of g Joxible tube with an anchoring balloon and evelets that allow
urine to drain through a central lumen has remained largely unchanged. However, it has been

found that the current design of Foley catheters caw result i a large residual volume

LA

remaming in the bladder, for example greater than S0ml. in supine patients. See Fallig,
Wendy M. Indwelling Foley Catheters Is the Current Design a Sowrce of Emoneous
Measarement of Urine Qutpat? Critical Care Nurse 252 (2003). 44-51. In one study, mean
residual volume was 96 ml in the ICU and 136 mb in the general ward. See, Garcia ¢t al,
Traditional Foley Dranage Systems—Do They Drain the Bladder?, T Urol. 2007 Jan;
10 1770002037, discussion 207, A large residhial volume of urine is also often found in the drain
tube that commects the Foley catheter to the drainage bag, or elsewhere m the dralnage system.
{8006}  The residual urine i the bladder and dramn tube 15 a result of large abr bubbles (air
flocks}) that are formed #i the tube and provest the flow of urine from the bladder to the

drainage bag. As a result, if has become routine procedure for murses 1o mampulate the

ot
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drainage tube prior to measuring arinary outpud, which helps empty the tubing. In the ICU
where measwroments are made as often as overy hour, this is a very repetitive and inpreciss

process. A need exists for more sccurate and autonsatic urine outpul measurement.

[0007] 1o addition, an opportunity exists, within the wrine collection system, o measwre

and analyze uring parameters.

20 [8008]  In addition to improving urine output measwement and urine parameter analysis,
the urine drainage catheter itself offers an wntapped opportunity to deteet, colfect and analyze

additional patient parameters.

[6003] in addition, many types of medical devices are designed to controd treatment andfor
mamtenance of a patient. For example, a respirator can control patient respiration rate,
25 volwme, andfor gas nuxture, among other things. An IV (intravenous delivery) can debiver
fiaid andfor other substances, such as drugs, to a patient. Other devices include those that can
deliver drugs or perform other actions. These types of medical devices can be tightly
controlled via various sethings cte. A muse or other practifioner may check various patient
parameters and adyust the medical treatment device settings accordingly. A controller which
3 sutomatically or somt-automatically uses patient parameters to control the settings of medical

freatment devices 1s needed.
SUMMARY OF THE INVENTION

[0818] A Foley tvpe catheter, widespread in use, having a low cost, and easily pat n place

by health care professionals may be used as a vehicle for deriving cnitical diagnostic

[5
LA

nformation, by modifving a Foley type catheter, andior by adding functionality to a Foley
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tvpe catheter. The technology disclosed herein provides for the delivery of highly resolved
and previowshy wavatlable disgnostic imfornation, a8 may be derived from 3 Foley type

catheter with mtra~abdonunal pressure (and other) sensing capability.

[B011]  In addition, the development of air locks has been found fo significantly shew intra-
S abdominal pressure readings. In addition, a bladder which s not cmpty can also adversely
affect pressure readings within the bladder. The technology disclosed herein also provides for
the detection and removal of ar locks in the seting of mtra-abdominal pressure
measuwrements or otherwise, as well as more complete bladder drainage.
[0612]  The technology disclosed heroin secks to more effcctively drain the bladder,
10 prevent anlocks from forming in the dramage tube and clearing them when they do, and
increase the accuracy with which wme output is measwred in an automated way. The
disclosed technology also secks io incorporate additional measwwements of the arine,
mchiding oxygen tfenston, condactance, and specific gravity, gas prossures, burbidity,

mfection, sediment and others to improve the monitoring of fhud status, renal fimction, and

s
Lo

other important patient parameters.

[06813] The disclosed twehnology also relates 1o a Foley type catheter for sensing
physiclogic data from the bladder andéor urinary tract of a patient, the physiologic data
particelarly including those gathered by high fidelity pressure sensing and fansduction into
signals suitable for processing. In some cmbodiments, the pressure-sensing Foley type
20 catheter may farther be enabled to sense temperature and analytes of clinical significance.
Examples of physiological parameters that the sensing Foley catheter systeny may measure
{time gpecific measurcments and wrends of values over time} include: uring output, respiration
rate, heart rate, heart rate variability, stroke volume, stroke volume varability, mtra-

abdominal presswre (JAP), tissue oxygenation, lssue gas content, pulse fransit time,

B
5

pulmonary blood volame variabibity, temperature, blood content and other patient parameters

{8014}  Certain patient parameters which may be measured andior determined by the
disclosed technology are smpacted by, andfor impact, a patient’s featment by medical
treatment deviees. For example. a patient’s uring output, respiration rate, heart rate, stioke
volume, stroke volume variahility, intra-abdonunal pressure (AP}, tissue oxyvgenation, tssue
3 gas content, femperature, blood content and other patient parameters may be impacted by,
andfor 1mpact, medical freatment. Some examples of medical freatments, which may be
controlled by medical devices include respiration raie and content, controlied by respirators,
IV rate and content controlled by an IV drip controller, drug delivery controlled by a drug

delivery device or IV controller, wrine output controlled by 3 urine outpat pump, abdominal

L
A

flaid volame controlled by drain puamps, and other treatments controlled by other medical

tregtment devices.
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[0018]  One embodiment of a system for analvzing bodily hads may generally comprise an
elongate catheter having an expandable balloon posttioned near or af a distal end of the
catheter and further defining one or more openings 1 proxunity fo the balloon, a venting

mechanism coupled fo a proximal end of the catheter, the venting mechanism configured to

LA

pass air therethrough when negative pressure 15 applied to the venting mechanism, a fst
fumen coupled to the venting mechanism and m fluid compumication with the ong or more
openings, a second lhumen i fluid communication with the balleon, a reservoir coupled o a
proximal end of the first emen and in fluid communication with the one or more openings,
and a controller which is configured fo connect to the reservoir and 1s programmed to control
10 a prossure withun the first hamen, wherein the controller is futher programmed to wonitor a
grine owutpet received in the reservoir Hom a pationt and determiine an intra-abdominal
pressure of the patient based in part upon changes in pressure within the balloon, and wherein

the controfler s further configured to store patient data.

[0816] In one cxemplary method for analyzing one or more body parameters from a

ot
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paticat, the mothod may generally comprise positioning an clongate catheter having an
expandable balloon positioned near or at a distal end of the catheter within a body hamen
filled at feast partially with a body fluid, receiving the urine through one or more apenings
defined along the catheter in proximity to the balloown, firther recciving the body fleid within
a reservolr located external to the body humen and which 1s in fluid commusication with the
20 one or nore openings via a fhuid lumen, vonding air through a verting mechanisim which is i
communication with the fuid humen when vegative presswe is applicd to the fhnd homen,
analvzing a volume of the urine received within the reservor via a controlfer which is
prograpuned to control the negative prossure to the venting mechanism, determining an mtra-

abdonunal presswre of the patient based in part upon the changes in pressare within the

]
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baltoon, and storing one or more parameters of patient data via the controller,

{0017}  Somec cmbodiments of the seasing Foley catheter system include a loop controller
which receives one or more pieces of data relating to patient parameters, and uses dus
iformation to control one or more medical treatment device or devices. The loop controller
amy be integrated with cither the device measuring the pationt paramcter, or the medical

30 treamment device, or both

[0018] A pressure measuring balloon on a catheter, such as that disclosed in international
patent appheation number PCTAUS 14/445635, titled Sensing Foley Catheter {which is herein
imcorporated by reference in its entirety) 1s an example of a device which measares patent

parameters. Additional embodiments are disclosed herein. A sensing Foley catheter system,

s
LA

may include a pressure measuring balloon andior other sensors, as well as the ability to

measure wringe owiput and content 1o determine patient parameters such as urine output rate,
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IAP, respiratory rate, hear rate, stroke volwme, tssue oxygenstion, wing composition,

temperature and other patient parameters.

{0019]  Other parameters that may be measured and/or determmed via a Sensing Foley tvpe

Catheter inchede wrine specific gravity and pulse pressure variability, These parameters may
S be used to help control a medical treatment device such as a ventilator andifor infusion andior

hvdrating deviee,

{0020  Urne speafic gravity 1s a measure of the number and weight of solute particles in
urine. Novmal ranges are around 1010 to 1.030. Measurements that are higher than this may
mdicate dehydration or other conditions. Measuraments that are lower than this may indicate
10 fluid overload or other conditions. Measurements may be done by sensors on a Sensing Foley
Catheter. Measwroment results may indicate increasing (o the case of debydration) or
decreasing {in the case of fhad overload) the infusion rate for a patient. Measarement resalts

may also mdicate a change in ventilation parameters or drug infosions ctc.

{6021}  Pulse pressure variability can be a predictor of fluid responsiveness to a medical

o
3

treatoient device such as a veatilator andfor fluid mifusion device, A Scnsing Foley Catheter
can record a pressare waveform and the controller can identify the maxinmm and mininum
pressure pudses, which coincide with the respication oycle. The controller can caleulate pulse
pressure variability. Pulse pressure varabidity can belp determine whether a given patient will
or will not respond to fluid therapy. Pulse pressure variability can also be used by the
20 controller to control therapy n a feedback loop. If pulse presswre varnability is high, more
floid may be required by the patient. If pulse pressure variability s tow, less flaid may be
required.
A Sensing Foley catheter system can measure cavdiac activity via prossure sensing i the
bladder. Because a Sensing Foley Catheter is capable of measuring respiratory activity as well
25 as cardiac activity, and the frequency of the respiratory rate and the cardiac rate of a patient
can be similar to each other, 2 paticnt’s rospiratory measurements can distort the cardiae
measurements. To overcome s issue, some cmbodiments of a comtroller may pause the
respirator at the end of one or more inspiration points, and’or pause the respirator at the end of
ong or more expiration points (for just a fow seconds each ume, for example 1 to 3 seconds,
30 or for example, 1 o 4 seconds) so that the cardiac waveform can be captwred without
respiratory  distorfion. Capteing detailed cardiae waveforms i this mmwmer allows the
controller to determine stroke volume variability (SVV) which 15 useful in the detection of
sepsis and the prevention of fluid overload. As an alternative embodiment, the patient may be

asked to hold his/her breath at an inspivation point andfor an expiration pons.

[
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BRIEF DESCRIPTION OF THE DRAWINGS

(0022 The novel featares of the mvention are set forth, & better understanding of the

featares and advantages of the present mvention will be obtained by reference to the
fellowing detailed description that sets forth illastrative embodiments, in which the principles

of the mvention are wilized, and the accompanying drawings of which:

{0023 Fig | shows an embodiment of a sensing Foley type catheter,

[8024]  Tig. 2 shows an example of respiratory rate sensing data.

[0025]  Fig. 3 shows a deatled portion of a respiratory profife.

[0026] g 4 shows an exsnple of eardiac rate and relative cardiac output sensing data.

{80271 Fig 5 shows data related to relative cardiac output sensing in a huwman leg rasing

CXCICise.
[BO28]  Fig 6 shows an example of peritoneal sensing data.
{6029}  Fig 7 shows an example of peritoncal sensing data,

[8030] Fig & shows the relationship among intrasbdominal pressare, respiratory wave

pressure, and cardiac prossure,
[0631] Fig 9 provides a flow diagram of an cmbodiment of the methoed,
[0032]  Fig 10A shows an embodinent of the sensing Foley catheter system.

[0633]  Fig 10B shows a detasl view of aulock clearing mechanism and fluid collection &

anabysis system of Fig. 1A

[0034]  Fig10C shows the disposable components of an cmbodiment of the seasing Foley

catheter system.

[0835] Fig 11 shows anothor embodiment of the sensing Foley catheter system.

(0036}  Fig. 12 shoves another embodiment of the sensing Foley catheter svstem.

[6837] Fig 13 shows anothor embodiment of the sensing Foley catheter system,

{6038}  Fig 15 shows an example of a clearing mechanism of the seasing Foley catheter
systont

[0039] Fig. 16 shows an example of a clearing miechanisie of the sensing Foley catheter
systemn.

{0040  Fig 17 shows an cmbodiment of the sensing Foley catheter system with a dramage

tube with 2 gas-sampling hanen.

~3
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{0041}  Fig 19 allustrates an cmbodiment of the sensing Foley catheter system with

addittonal vents for pressuwe relief und sterility.

{6042}  Fig. 20 illestrates an embodiment of the sensing Foley catheter system with a

pressure relief vent and relief valve.

[0043] Fig. 21 shows an cmbodiment of a colleetion vessel, chamber or casscite which
may be included in the sensmyg Foley catheter svstem to deteet bacterta, blood andiother

substances in the wrine using UVight spectroscopy.

[B044]  Fig 22 shows the various absorpion wavelengths of E. coli, red blood cells, and

b

plasma in wring to light,
{8045} Fig 23 shows an embodiment of the cassette which nclades baftle or fap.

fed6]  Figs. 24 and 25 show graphs representing presswre balloon prming methods i

some embodinionts.

[00847]  Fig. 26-28 show flow charts of possible logic in various cmbodiments of the

fvention.

[0048]  Fig. 29 shows mn embodiment of the sensing Foley catheter system with a loop

controller in a patient cnviromment.

[8049]  Fig 30 shows an embodiment of the sensing Foley catheter system with a loop

comntrofler in a pationt coviromment.,

[B0560]  Fig. 31 shows an cmbodiment of the sensing Foley catheter system with a loop

controller m a patient eavironment,

{0051}  Fig. 32 shows an embodiment of the sensing Foley catheter system with a loop

controfler in & patient enviromment,

{80521  Fig 33 shows details of a loop controller with possible input paramecters and output

acfions.

{80531 Fig 34 is a plot of ultrasonic and pressure measurements of volume divergence.
[0054]  Frg. 35 shows the distal end of an embodinrent of the sensing Foley catheter.
{6055} Fig 36 shows an embodiment of a filter within a balloon.

{8856 g 37 shows an cmbodiment of a filter within a balloon wath the balloon inflated.
{60571 Fig 3% shows an embodiment of a filter within a balloon with the balloon deflated.
[0058]  Fig 39 shows an cmbodiment of a filter within g balloon,

{60591 Fig 40 shows an embodiment of a filter within a balloon.

[0068  Fig 41 shows an cmbodinient of a filter within & balloon.

3
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[0061]  Fig 42 shows an embodiment of a filter within a balloon,
0062  Fig 43 shows an embodiment of a filter within a balloon.
[8063] Fig 44 shows an embodiment of a filter within a halloon.

[B064]  Fig 45 shows an embodiment of a filter within a balloon.

4

{8065 Fig 46 shows an embodiment of a filter within a halloon.
[B066]  Fig 47 shows an exmbodiment of g balloon with maltiple access hunens.
[8067] Figs. 48 and 49 show embodiments of a balloon.

{8068}  Figs. S0-53 show various embodiments of a balloon catheter with an gas permeable

membrane,
10 [006Y9]  Fig. 534 shows a conirodlor for measuring gas condent via 3 balloon catheter.

[M78]  Figs. 35 and 536 are schomatic diagram of gas mcaswring catheter/controller

syslems.
[8071]  Figs. 57A and 578 show embodiments of a gas mweasuring add~on component.

{80721  Fig. 384 shows a table that Hsts combinations of parameters that allow for possible

ot
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signatures for identifyving Acete Kidney Iyjuary and UTH based on patient paramcters.

[8073F Fig SEB shows a table that lists combinations of parameters that allow for possible
signaturcs for dentifying Acute Kidoey Injury, sepsis, amd acute respiratory distress
syndrome, based on patient parameters.

[0074] Fig 59 shows a prossure signature curve within the collection chamber dwmg
20 cleavance of an airlock.

[0075]  Fig 60 is a block disgram of a data processing system, which may be used with any

embodiments of the vention.

DETAILED DESCRIPTHON OF THE INVENTION

25 [8076]  The preferred embodiments of the present mvention are described in detatl herein,
However, altemative embodimenis of vanous features of the device are also possible.
Examples of these embodiments are provided below, but the scope of the mvention 1s not
hmuted to these speeific configurations,
{80771 Sensing Foley catheter

30 [6078]  Fig 1 shows an cbodiment of a seasing Foley cathoter and several of its features,
A catheter may be anderstood to have various sections according to its disposition when the

catheter has been mserted into a human subject, such as 3 proximal portion that remaing

9
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external to the subject, a contral or urethra-residing portion, and a distal or winary bladder-
resyding povtion.
{60797  Varions mternal {umens traverse the length of the catheter, sach as an aiv or fhad
fumen that conumunicates with 2 bladder retention balloon 104 and a retention balloon port
S 118 A urine dramnage lumen has a distal opening or openings 106 that resides in the bladder
portion of the catheter, and has an opening at the proximal end 114 of the catheter. The wrine
drainage lomen may be comnected to a urine draimage tabe that conveys the unne o a
coftecting receptacke. The wrne drainage tube may be separate from, or integral with, the
sensing Foley catheter. In some embodiments, the dramage lumen and distal apening in the
10 bladder may alse serve as an infusion conduit by which medicinal agents may be infused, or
through which heating or cooling fluid may be nfused. Analvte sensor(s) (not shown) or
tenperature sensor(s} (not shown} may be disposed on the catheter, cither on the urcthral
portion or the bladder-residing portion of the catheter, Electrical or optical fiber feads may be

disposed 1 a lomen that allows conununication of sensing signals between distally disposed

ot
T4

sensors and the proximal portion of the catheter, and then further commanication o a data

processing apparaius or controller.

[0088] As mflatable ressurc-scosing balloon 108 {or g prosswre sensing membrane
arranged across an opening) may be positioned at or near the distal end of the catheter.

Embodiments of a pressurc-sensing halloon or pressure sensing membrane

20 [B8081]  may be understood as comprising a pressure interface having a distal-facing surface
exposed to pressure from within the bladder, and a proximal-facing surface exposed to a
proximal fluid column. The pressure-sensing bafloon or membrase is in fluld compumication
with a fluid column or humen which s i fhud conwnunication with a pressure port 116 at or

near the proximal end of the catheter. Embodiments of the fluid columm (filled with a fhad,

B
5

erther lquid or gas) may comprise a dedicated lumen, ov a shared lamen.

{3682}  In some cmbodiments, 2 (omperature sensor may oxist at or near the distal end of
the catheter. Temperatore port 110 may inchede tomperature communication wire 112 which

conneets the temperatie sensor to a display, conneetor andfor controller,

[0083] Notc that although Fig. | shows the proximal end of the catheter comprising
30 multiple separate ports, some or all of the ports may be integrated into a single port, or
integrated inte a urine dminage line which travels 0 a wine drainage systom andfor

controller. Other humens and/or ports may also exist.

[00B4]  Pressure-based physiologic paramcters that the sensing Foley catheter system may

sense, andfor determine via a controller based on the sensed parameters, may include, by way

[5
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of example, perttoncal pressure, respiratory rate, and cardiac rate, relative pulmonary tidal

16



LA

10

ot
T4

B
5

e
<

L
A

WO 2016/049654 PCT/US2015/052716

vilume profife, cardiae output, refative cardiac output, and absolute cardiac stroke volame.
Some embodiments of the Foley type catheter may be further eguipped with any of a
femperature sensor, one of more analyte sensors, clectrodes, and patred hght sources and
sensors, Embodiments thus further cquipped are capable of delivering other forms of
physiologic data, as for example, blood pressure, oxygen saturation, pulse oximetry, EKG,

and capillary fill presaure,

[6085]  Embodiments of the sensing Foley catheter may be able to sense any one or more
of a plurality of climically relevant parameters, such as included m the following examples:
arine pH, wine oxygen content, urine nitrate content, respiratory rate, heart rate, perfusion
pressure of the bladder wall or the wrethral wall, temperatore mside the bladder or the urethra,
clectro-cardiography via seusors on the bladder wall or the wrethra, respiratory vohume,
respiratory prossure, peritonceal pressure, wrine ghuose, blood glucose via urethral mucosa
and/or bladder mwcosa, urine proteins, urme hemoglobin, blood pressure. In sonwee
embodiments, the cathetor can sense nultiple parameters, but some cmbodiments may be
hmsted to as fow as a single parameter for focosed applications (for example, respiratory rafe

i a patient m respiratory distress).

[8086]  The disclosed technology captures a high-resolution chronological profile (prossure
as a function of time) of peritoncal pressure from within the bladder that can be transduced
and processed into distinet pressure profiles assignable to panticular physiologie sowrees,
inchading peritoneal pressure, respiratory rate, and cardiac rate. By fracking the pressare
profile at a safficiently rapid sampling rate, as provided by the fechnology, the pressure
profile can be further resobved, and/or analyzed, nto relative pulmonary tidal volume, cardiac

output, relative cardiae output, and absolute cardiac stroke volume.

{0087 Accordingly, aspects of the disclosed technology relate to fidelity and resolution of
a pressure stgnal generated i respouse {0 changes in pressure within the bladder, such
changes being reflective of a pressure profife withan the perdoneal cavity, such pressure
profile including cumulative input from the aforementioned physiologic sources. Aspects of
the technology further selate to fidehty and resolution of the transduction of the pressure
signal into a highly resolvable clectrical signal. Aspects of the technology relate still further to
processing the totality of the clectrical signal profile, a swrogate for the presswwe profile
within the peritoneal cavity, mto component profiles that can be assigned to the physinlogic

SOUTCEs.

[0088]  The scasttivity of an inflated balloon as a pressure sensor 1s a function, m part, of
the pressure differential across the balloon membraae as a baseling condition. The halloon has
the greatest sensitivity to presswre when the baseline pressure differential is near zero. As the

haseline pressure differensial increases, the sensitivity of the presswre-sensing balloon

t—
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degrades. Accordingly, the disclosed technology provides an automatie priming method that

niaintaing the balloon in an mflated state, bt with & nunimal pressure differential.

{60891  To cifectively capture physiologie pressare profiles, the profiles need to be sampled

at a rate that is sufficient to resolve the imhevent frequency of changes in the profile. This

S consideration is informed by the Nyquist-Shannon sampling theorem, which states that a
samphing frequency of at least 2B samples/second is required to resobve an event that nuns at a
requency of B eyclesisecond. As applied to a physiologic pressure oyele, for example, a
cardiac rate of 70 beats/ininufe requires a samypling rate of at least 140 samplesiminute to
cffectively capture the oyele. This relationship underhics aspects of the disclosed techiology

10 that specify the samphing rate particularly required to captare physiologic pressure cycles such
as relative pulmonary tidal volome, cardiae ouiput, relative cardiac outpuat, and absohse

cardiac stroke volume,

[00%0] Embodiments of the fechnology include a pressarg interface as may be represented

by a balloon having cither a compliant membrane or a non~compliant membrane.

o
3

[0091]  Expandable pressure sensing halloons, per embodiments of the technology, may
assume one of more of at least two basic forms, compliant or non-compliant. In compliant
balloon tvpes, which may be generally likened to a conventional party balloon, the pressure-
sensing balloon is formed from or includes a compliant membrane. Accordingly, the serface
area of the membrane expands or confracts as a fimetion of the expansion of the balloon. The
20 comphance of the membrane determines variows features of the balloon, as a whole, at
different levels of expansion. Upon expansion, the balloon, if enconstrained, maintains a
substantiaily constant or preferred form or shape, as detormined by the vandred upon which
the balloon is formed. Upen expansion of the balloon from a nunumal volume fo its maxunal

violume, the membrane of the balloon maintams g level of tautmess. Within the hinuts of

B
5

compliance of the compliant membrane, an increase in pressure danng oflation resalts na
consequent expansion of velume. The balloon, oo the whole may be considered partially
compliant in that #ts shape responds to spatial constramis that # may cncounter upon
expansion or inflation, however the balloon does have a preferred or native shape, and such

shape preference prevents a level of shape comphliance or conformability such as that

e
<

cxhibited by & non-compliant balloon.

6052 In a non-compliant balloon, the expandable pressare-sensing balloon is formed
from or mchides a non~compliant membrane, or ¢ membrane that s substantially non-
compliant. Accordmgly, the surface area of the membrane does not expand or contract in

accordance with the level of balloon expansionw/pressurization. Non-comphiant pressure-

L
A

sensing balloons may be generally likened to a conventional Mylar™ balloon. The lack of

compliance of the membrane determines various featwres of the balloon, as & whole, at

3]
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different levels of expansion. Upon expansion of the balloon from a nunimal vohune to a
level near s maximal volume, the mombrane of the balloon is supple, and has a level of
slackness. Expansion of a non-compliant balloon occurs by way of outwardly directed

smoothing of wrinkles and folds in the membrane. Deflation or compression of a non-

LA

compliant balloon occurs by way of generally imwardly directed wrinkhing and infolding.
When a non-compliant balloon is fully nflated {or substantially nflated) without being n a
confining space, it assames a preforred or native shape as determined by the geometry of the
mombrane or fabyic of the balloon. However, in a state of partial inflation. the balloon, as a
whole, 1s highly supple and conformable, broadly taking the shape as may be dictated by a

10 confing space.

{00931  Expandable pressare sensing balloons, per embodiments of the technology, may
atse include teatures of both of the two basic forms, compliant and non-comphiant. n these
cmbodiments, the membrane may include regions that are compliant and regions that are non-

compliant. A balloon of this hybrid type would, as a whole, behave i a manner drawing from

ot
T4

behavioral aspects of both compliant and non-compliant balloons, as desceibed above.
Further, comphiant balloons may be formed with a membrane that is not of a homogencous
composition or thickness. In such embodinments, regions of different thickness or compaosition
could have varying degrees of compliance, thus affecting the behavior of these regions during
expansion of the balloon. In stilf other embodiments, comphance of the membrane may have
20 2 Wias or polarity that tends to permit compliance in one or more directions, and fends to

disallow conpliance m one or move other ditections.

[0094] Embodiments of the sensing Foley catheter include a device utilizing a very small
pressure humen for aiv ransnuission. Pressure readings using wnner lumen dineters of 3 mm,
1 rom, and 0.5 mm have been mweasured. Littde degradation of the signal was seen when the air

25 famen dismeier was decreased from 3mm to Tinm and 8%mm,

[0095]  These data indicate the approprintencss of using the embodinwent of the pressare
transduction system in g small diameter pediatric catheter down 1o a size as small as 4F. In
this embodiment, as well, the tip of the catheter can be lower profile than the rest of the

catheter to allow for 3 consistently small diameter ¢ven with addition of the pressure sensing

e
<

balloon. Thus, the catheter of the presemt invention is umiguely suited to the pediatric
indication where there is 3 dire need for more appropriate, less ivasive monitoring methods.
In another embodiment, the retention balloon uself can be used as the pressure balloon, in
order to mininsze the number of required lumens. In one embodiment, the retention balloon i

ased in i fully nfisted state, and 3 only wsed to track macre trends i IAP, In another

s
LA

crnbodiment, the retention balloon is only shightly mflated v order to morease balloon

sensitivity to small changes in pressure. This embodiment allows for finer measurements of
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migre parameiers, such as heart rate, welative stroke volume, relative cardiae ouiput,
respirstory rate, and refative tidal volume. A smaller pressure hanen also allows for more

space w a larger catheter for other technologies, such as sensors cic.

[3096]  In cmbodiments of the sensing Foley catheter where the retention balloon is ased as

S the pressure balloon, the pressure measwred within the retention balloon is offset by the
pressure reguived to fust inflate the balloon larpe enough for it to serve as a retention batloon.

As a result, the inflation pressure, and possibly the pressure resulting from the retention
batloon boing in contact with the mner surface of the bladder, needs to be subtracted trom the
pressure readimg. In tlus way, smaller pressure changes may be tracked similarly to those

10 measured by the separate pressure balloon. The nflation pressure offset way be determined
by measuring the pressure within the retention balloon when it is first nserted mto the patient,

ar by measwring the refeudion balioon mflation presswre outside the patient, or by other neans.

The retention balloos may be filled with fhaid, alr or any other appropriate gas.

{0097  Embodiments of the disclosed technology may include embodiments i which the

s
Lo

pressure sensor 1s a mechamcal pressure sensor, such as those using fiberoptic, strain gage,

magnetic, resonant, andfor other suitable wehmologies.

[6098] Fig. 2 shows an example of rospiratory rate sensing data from a hweman subject, as
provided by an embodiment of the sensing Foley catheter systom. Dusing this test perind, the
subject porforms a respiratory sequence as follows: (1) breath being held af the end of an
20 expiration, (2) valsalva, (3) byperventilation, {4} valsabva, and (8) breath being held at the end

of an expiration.

[6899] Fig. 3 shows a detailed portion of the normal respication period in a respivatory
profile similar to that shown in Fig. 2. Note that the pressure cwrve ckearly shows the
respiratory peaks, and therefore respiratory rate can be deternuned, and heart rate peaks, and

25 therefore heoart rate can be deternuned.

(6168 g 4 shows an example of cardiac rate and relative cardiac ouipwt seasing data
from a human subject, as provided by an embodiment of the sensing Foley catheter system,
and an EKG trace as measured simelancousty and independently. This graph clearly shows
that the heart rate peaks as measured by the sensing Foley catheter are aligned with the heart

30 pae

{181} Fig 5 shows data related to relative cardiac outpat sensing n & human leg raising
exercise m which cardiac output increases, as demonstrated by an mereased amphitude of the

cardiac pulse.

[4162]  The data shown in Figs. 6 and 7 were derived from studies done with Yorkshire

2¥
el

35 pigs under TACUC-approved protocols. Fig. 6 shows an example of peritonenl sensing data,
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with a focus on respiratory rate from a pig, as provided by an embodiment of the sensing
Foley catheter system. Fig. 7 shows an example of pig study that demonstrates the capability
of an cwhodiment of the sensing Foley catheter system fo deteet intra-abdominal
hypertension. In this study, the peritoneal cavity was aceessed with a Smm Tenamian trocar,
The woear was then attached to a 5L bag of Lactated Ringers solution via a peristaltic pump,
and the sobsion was infused af a rate of abouril per munete, Fluid flow was discontimued
onee a pressure of about 20 mmBg was obtained afier which there was no net fluid Bow inor

out of the cavity.

[0103F Fig. 8 shows intraabdonunal pressure, respiratory wave pressure, and cardiac
pressure schematically arvayed as a two duvensional plot of pressure {(mm Hg on a
togarithonie scaled v, frequency (Hz). Tt can be seon that there is an inverse relationship
hetween pressure and frequency, and the various physiologic pressurc-related paramcters
aecupy distinet sectors when arrayed o this manoer, 18 is by the distinctess of both these
pressure andfor frequency profiles that embodiments of the method, as disclosed berein, can
resolve a single overall chronclogical pressure profile into the distinet subprofiles, in
accordance with their physiologic ongin. Intra-abdommal pressare mecaswwements may be
resofved in the frequency range of about { Hz to abeut 0.5 Hz Respuratory pressure
measurements may be resolved m the frequency range of about 0.25 Hz (o abont 8.75 Hz
Cardiac pressure measurenments may be resolved in the frequency range of abowt 0.75 Hz ©
about 3.0 Hz, Intra-agbdoninal pressure measwrements may be resolved i the amphitude range
of about 5 mm Hg to about 30 nun Hg. Respiratory pressure measurements may be resolved
in the amplitude range of about 0.5 mm Hg to about § nun Hg Cardiac pressure
measwrements may be resolved in the amplitude range of about 6 mum Hg o sbowt 0.5 mm
Hg. Sampling frequencies — the frequency with which pressure measurements are taken — are
preferably abowt twice that of the resolution frequency. For example, sampling frequency may
be about O Hz ~ 1 Hz for intra-abdominal pressure measurements, 6.5 Hz - 1.5 Hz for

respiratory pressure measuremnents, and 1.5 Hz - 6 Hz for cardiac pressure measurements.

[184] Fig 9 provides a flow diagram of an embodiment of the method of monitoring
presswre as it ocowss dymanucally as waves of vaned frequency and aswpltede i the
intragbdonunal cavity, as detected from within the urinary bladder. Through the agency of a
pressure mierface, a high fidelity pressure profile 15 gencrated and transmitted proximally
through a flaid colume. More proximally, a prossure transducer converts the high Ddelite
pressure wave into a high fidelity clectrieal signal that is informative of pressure frequency
and amplitude. The generated high fidelity electrical signal is then processed by a controller

to yield data subsets that ave reflective of components within the overall pressure profile, such
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subsets being attributable to particalar physiologic sources, such as peritoneal prossure,

respiratory rate, cardiae rate, relative cardine cutput, and patient motion or activity.
[8185]  Sensing Foley catheter system

[6186] Fig 10A shows an cmbodinwnt of the sensing Foley catheter used i3 conjenction

L

with an embodment of an airlock clearing mechantsm and fluid collection & analysis system,
Both urine dramage and presswre readings benefit from the ehinunation or reduction of

atrfocks in the urine dramage line.

{81871  Scasing Foley catheter 1000 is similar 1o the sensing Foley catheter shown in Fig.
{. The sensing Foley catheter is shown i use in bladder 1014 Note that several of the ports at
10 the proximal end of the catheter shown i Fig. 1 are combined in the embodiment shown in
Fig. 10A. Urine dramnage tabe 1001 s alse shown here. The wine drainage tube may be
combined with the sensing Foley catheter or may be a separate component. Urine drainage
tabe 1001 andfor sensing Foley catheter may also mclade vent harb HH6, or the vent barb

may be a scparate component. Airlock clearing mechanism and fhuid collection & analysis

o
3

system 1002 is also shown here, and 1s i fhuid comumupncation with urine drainage tube 101
which is in fluid communication with sensing Foley catheter 1000, Awlock cleanng
moechanism and fluid collection & asalysis systom includes bascicontroller 1018, flaid
collection bag 10320 and reservoir or cassette 1022, The combination of the sensing Foley
catheter HIBO. the urine dramnage tube 1001, and the andock clearing mechanism and Haid
20 collection & analysis systems 1002 are also referred to herein as the sensing Foley catheter

systept. The sensing Foley catheter, urine drainage ling, and reservoiricassette may be

inclades sensing Foley catheter 1000, voine drainage tabe 1001 {including vent barb) and

reservoirfcassetie 1022

25 [0108]  Vent barb 1016 may mclade vent, or vents, 1006 as well as urine sampling port
104, In this embodiment, vent 1306 18 preforably made from a membrane that perauts the
transnussion of gases, but not fiqudds, such as hydrophobic membranes. An example of one
such exemplary vent is a PTFE (Polytetratluoroethylene), ¢PTFE (Expanded PTFE), or
Versapor® (from Pall Corporation of Port Washington, NY), membrane, although other

30 matecials may o used. The vent allows air to enter the system when negative presswre is
applied to the drinage tube, and may allow air to exit the system when positive presswre s
created due o atrlocks 1n the dramage hine. Such o mechamsm prevents suction traurng, for
example at the bladder wall. Vents 106 may incorporate a one-way valve which prevents air

from exiting the drainage lne, or cotering the drainage bine. In & preforred embodiment, a

[
¥

ane-way valve is used to provent air from exiting the drainage Hue, but allows air to cuter the
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drainage Hue, via vents 1006, In this manner, the valves also prevent urine from coming into

contact with vents 1006,

[0169]  Urine dramnage tube 1001 may inclode several humens, including pressure lumen
HHO, omperature lumen 100, and wing hunen 1012, Pressure lwmen 1010 &5 in fhd
conupunication with pressure sensing balloon 108 as well as pressure transducer interface
1026 in controlier 1018, Temperature fomen 1008 compuunicates with the temperate sensor
{not shown} in the sensing Foley catheter and also temperature connecter 1024 in the
controfler. Urine humen 14012 15 i fluid communication with opening or openings 106 and

Yrine reservolr or casscite 1022,

{0110}  Disposable measurement vessel, collection vessel, chamber or cassette component
1022 is designed to it into cassetie mount, base or controller 118 and to interface with the
components of the controller. Controller puanp interface (behind cassctic pumyp interface
1148) connects to pump 1134 and to cassctte puamnp mterface 1148 on the disposable cassetic
component. The pump is designed to create a vacwun inside the cassette component, which is
then transferred to the urine dranage hanen in the drainage Hne. Preferably, the colleetion
vessel is rigid in order to maimain a constant volume when the pump applies negative
pressure. The kevel of negative pressure applicd may be montiored by a prossure Senser.
Dhaing clearance of an arrlock, the pressure follows 3 signature curve as shown i Fig. 39
The pressure decreases as suction 15 applied, eventually reaching an inflection point when the
meniscus of the urine passes the lowest point i the drainage tubing. At this point, less saction
is required to continue clearing the airlock, so the pump power can be redeced in order to
minimize the amount of suction transmitied to the bladder onece the atrlock s completely
cleared. A larger vessel without this pressure-sensing feature for example, would transnut
substantial negative pressore 1o the bladder once the airlock s cleared and the before the
vessel has time to cquilibrate with atmosphere. Controller presswre tnterface (behind cassette
pressure interface 1150) connects to a pressure measurement device, such as a presswe
transducer, and 0 cassette pressure mterface TIM)L The pressere measurement device 1§
designed to measure volume of the vrine, or other fluid, based on the pressure exerted on the
pressure measuvement device, which may be a pressure transducer. Ultrasound transducer
wterface 1130 15 also to provide urine volume measuremenis. The ulirasonic measurements
can be used in conjunction with the pressure measurements, or either can be used to detormine
wring, or other flaid, volume outpul. Active pinch valve 1132 15 designed to comnect to the
mutflow tubing of the cassette. The pinch valve is to control the empiying of the casscite
vessel and the pinch valve is controlled by the controller so that it releases urine/flud when
the urine outpuot reaches a cortain volame in the cassette, as determined by the pressure andéor

altrasonic measurements. The volume of urine in the cassetie is measured, and when the wrine
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gots to o corfam volume, the urine is empticd via the pinch vabve mwto wine drainage bag
1630, In this way the wine outpul vohume can be accurately measured over time.
Alternatively, the controlier may wiilize a scf thioe between cassetic enpivings and measure

the volume of uring in the cassctfe just prior to emptying, Alternatively, the controlier may

LA

cmpty the cassette upon an event, such as atr-lock removal tggered by punwy setivation. For
cxample, the controller may control the pinch valve to empty the reservonrdcassetie when the
uring volume reaches aboot 50mid. Altematively the controller may comtrol the pinch valve to
emply the reservoir/eassette every hour after measuring the urine volume within the cassette.
Alternatively the controlfer may control the pinch valve to empty the reservoirfcassette
10 duning, or after, a urine drainage event, such as a rusming of the pump. Or the controller mav
control the pineh valve to empty the reservoir/casseite using a combination of these friggers.

[#111]  Other techuologics may be used o measure wine volume in addition to, or iustead
of, pressure andfor ultrasound, including presswre-based, resistance-based, capacitance-based,

ultrasonically-hased, or opticallyv-based technologies., More than one technology may be used

ot
T4

so that the measurements can be compared to cach other o tmprove the acawacy of the
volume measarements. More than one volame measwrement made by one or more
technologios may be used for redundancy, or backup, or in conjunction with cach other to

obtain pore accurate urine volume measurements.

[01312] Bed bhooks 1116 are for hooking the controller to the hed, or ather devies, as
20 needed. They can also be used to hook the controlier to a portable device for patient transport,
Colleetion bag hooks/holes 1142 are to mount a drainage bag where the woincefioid s
situmately collected, after the wrine/fhud passes through the pmeb valve. Collection bag hooks
1102 may be designed to provide strain measurements such that the weight of fleid in the bag
can be determined and therefore provide another method for determining the volume of fhuid
25 in the bag. For example, piezo-clectric tansducers mayv be used, Specific gravity
deternunations may also be used by the controller to determine useful volmne measurements

based on weight and specific gravity.

{0113}  Screen 1110 15 for displaying mformation including current wrme/thad volume

status, systemn status, ete. Screcn 1HIO may also be 3 touch sereen and reccive inpuds,

e
<

inclading sctiings, screen display changes, menuo changes, ete. Pressare port 1126 conneots to
the bladder pressure hnelQi0, which measures bladder pressares using a sensing Foley
catheter, if vsed. Alternatively, pressure port may he located within the cassette moant
pndemneath cassette 1022 or elsewhere in the controllerfhase. Temperature in port 1024
connects to a thermistor/fomperatuwre sensor which measares body temperature, either via a

~

sensing Foley catheter via lumen HOOR, or by other micans. Temperature out port 1122 15 for

s
LA

fransmitting any emperature measwrements © an external device anddor momtor. Adapier
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port 1124 15 for adapting the controller to other devices, such as i the case of & RFID adapter.
This could be used © activate any additionalfadvanced featarss, such a8 measorements of
IAP, respiratory rate, heart rate, cardiac ouiput, or any other parameters that may be measured
by the sensing Folev catheter. This allows the addwional parameters to be activated and paid
for by the hospital only when that infonmation is desired. The activation of advanced features
may also be controlied by use of different disposable components for example, Alternatively,
advanced features may be activated by seftware upgrades which are purchased, cither as pat
of the disposable, or separately. Software upgrades may be debivered wirelessly, by LSB
dongle, by micro-SD card, by EPROM card, or by other suitable technology. Data for cach
patient andfor aggregated patients may also be saved by the controller. The patient data may
be saved to memory, USB, micro-SD card, EPROM card, hard drive, or otherwise. The
patient data may be transferred wirclessly or by wired connection o another storage device,

such as a server on the intermet or an inranct. Patient data may be anonymized.

[0114] Powoer LED/Andicator 1114 is an indication that the power is on or off. Error
LED{indicator 1112 is an mdicator if any crror has occarred within the svstem. Error details
can be displayed on sereen 1110, but indicator 1112 alerts users that an crror cxists. Indicators

may also mcorporate sounds or other alerts.

[0115]  Port 1108 is for downloads, uploads, software upgrades, comiecting to other
devices ete., such as mtegration with an EMR (Electronic Medical Record) systent. Port 1108
may be a USB port or other appropriate post. 5D port 1106 is for data downloads, Power port

1104 s for comnecting the controlier to the wall or other power sowrce o power the controller,

{6116}  Urine/tlaid drainage bag 1020 includes one way valves 1136 connected to overflow
tubing 113¥ and outflow fubing 1140 to prevent wrine/fluid from exsting the dramnage bag
once collected. These valves also prevent air from entering the collection vessel 1022 when
pump 134 15 pulling vacwem so that the vacuam acts on the drainage tubing and not the bag.
In a preferred eodbodiment, a single valve is used for both the overflow and outflow wbings,
Mounting hooks‘holes 1102 allow drainage bag 1020 to be removably attached to controller
1018, Vent 1142, which may be a hydrophobic or other vent, allows amr or gas to oxit the
drainage bag, but does not allow fluid to exit the bag. This prevents excessive air, and
potentially pressure, butldup in the bag, and thus allows for efficiont filling of the drainage
bag. Graduated markings |44 show a somewhat crude measurement of the fluid vohane in
the bag as it is collected. Outflow valve 1146 may be used to empty the bag of fluidfarine.
Preforably, the valve 1s operable easity by one person. Collection bag hooks THR2 when
designed as strain measurement elements may also foree an alarm o seand if the bag is

reaching full capacity and needs to be emptied. An alarm mav also sound if there is
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wimecessarily excessive force on the bag, for example if the bag is bomng pulled or is canghe

on an obstacle as g patient i3 being moved.

{8117]  The drainage bag may be made out of clear vingd or other suitable matenial. The
one-way valves may be made owt of vinyl or other suitable material. The hydrophobic vent
may be made out of ¢PTFE, Versapor, or other suifable material. The owtflow valve may be

sade ot of PVC, PC, or other suitable material.

[01¥8]  Pressure readings from the sensing Foley catheter may be used to nigger the pump
and therefore the cmptying of the drainage tubing. For example, when pressure sensed i the
biadder exceeds a proset number, the pump may cogage o niove uring more quickly through

the drainage tubing.

[0119]  The controllerbase andior the reservoirfcassette may include an accelerometer, or
other sensor, o determine when the controllericassetic is fovel and when # is not. An alarn
may sound when the conwollerfcassette is not fevell Altermatively, orine volome

measurements may be adjusted to account for the differend angle in the system

[6120f The bottom of the urine rescrvolr in the cassette may have roanded edges, or be
configured in such a way that urine is completely emptied from the cassette when the pinch

valve is opened.

{8121}  Fig 10B is a detail view of avrlock clearing mechanism and flaid collection &
analysis system 1002, Screen 1110 displays the user interface mncluding pationt paramcters as
well as touch s . or other, control functions. Heart rate area 1152 shows the patient’s

heart rate which is determined by the controller based on intra-bladder pressure measwements
sensed by the sensing Foley catheter. Respiratory rate area 1134 shows the patient’s
respivatory rate which is determined by the conwoller based on mwra-bladder pressure
measurements sensed by the sensing Foley catheter, Core body temperatare area 1136 shows
the patient’s core body temperature as sensed by the termperature sensor i the sensing Foley
cathoter or otherwise. Uring outpat area 1138 shows the patient’s current andéor average wing
output which is determined by the controller based on wing vohane measuwrcments as
measwed by presswe nwasurcmeni device connected to pressure interface 1150 andfor
ultrasound transducer mterface 1130, Sepsis Index area 1160 shows the patient’s Iikelhood of
sepsis which i3 determined by the controller based on one or more patient parameters
colfected andior calewdated. For example, emperature, heart rate abnormalities, respitatory
rate abpormalities andfor wrine output or other factors may be considered i determining
sepsis risk. Trending in these parmmeters may also be used in assessing risk. For examyple,
reduced urine output, ncreased heart rate, increased or decreased core temperature may be

indicators of sepsis.
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[0122]  Other risk assessmomts may be deternuned by the controller and displayed in
addition to, or as an altermative fo, the Sepsis Index. These inchade visk assessments of acuie
kidney inpury, urinary tract imfection, intra-abdominal hypertension, abdominal compartment
syndrome, infection risk, sepsis and others. For cxample, a sample risk algorithm of acute
kidney mjury and urinary fract infection is shown in Fig. 58A. A sample risk algonthm for
acute kidney myjary, sepsis and acute respiratory distress syndrome 1 shown in Fig, S83B.
Measared wine parameters may inclade conductance, specific gravity, wrine output, prosenge

of infection, bacteria, white blood cells, oxvgen tension and others.

[#123]  Graphical indicator 1162 shows historical data of any of these arcas. For example, a
user may be able 1o toggle the graphical display by touching the sereen and show the patient’s
history of uring output, tomperature, hoart rate, respiratory rate, Sepsis Index, risk of acute
kidney iyjury, urinary fract infection, intra-abdonunal hyvperiension, abdonunal compartment
syndrome, mfcction risk and others, or any other portinent parameter. The time frane for the
history may be all time, daily, hourdy, or any period set by the user. Aoy risk factor that is out
of range, so at an elovated risk, may be shown automatically here or elsewhere on the display.
Alerts andfor ranges may be set by the wser, and may mclude absolute values, as well as
trends over time. For example, an mcrease in core body temperature of more than 2 degrees

over d specific tme frame may display a visual or sound an audible alert.

[0124] Fig 11 shows an cmbodiment of the scusing Foley cathetor system (including
airlock clearing mechanism, fluid draimage, collection & analysis svstemfcontrolics) similar to
that shown in Fig. 10A where vent 1180 is located on controlier 1018 or reservoir cassetis
1022, instead of on vent barb 1182 In this embodiment, vent 1180 s i fluid communication
with urine drainage lumen 1012 via vent hunen 1184 which fluidly connects to unne fomen
1012 at barb HE2. In s embodiment the barb design is simplified and the drainage tubing
simply has an addittonal femen compared to the embodiment shown i Fig. 10A. The vent
may be located anvwhere in the system and the fluid interface with the urine lumen may be

anywhere in the system as well.

{0125 Fig 12 shows an embodiment of the sensing Foley catheter system similar to that
showen in Fig. 1A where, as opposed to the system shown in Fig. 184, no prossure balloon is
utilized. Instead, pressare is measured inside the bladder via the wine hamen (or other lumen}
in the sensing Foley catheter. In this embodiment, the pressure lumen 1202 s connected to the
vent 1204, or elsewhere i the system outside the patient, and 1s, at lease pertodicatly, n flaid
communication with the dramagefurine lumen of the catheter. In this embodiment, the sensing
Foley catheter system mayv be wsed with any standard Foley catheter. Note thai any

cmbodiments of the sensing Foley catheter system may be used with a standard Foley
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gatheter. The system shown i Fig. 12 may also be used without pressure lomen 1202, and

with a standard Folev catheter, i pressure measorements i the bladder arenot dosired.

{8126} Fig 13 shows an embodiment of the sensing Foley catheter systom similar to that
shown in Figo 12 In this cmbodiment, valve 1302 may be atibized to periodically close
pressure lumen 1202 to the uwrine dramage homen. The valve can be opened, by the controller
or manually, when a pressure measurement s taken, and closed, again by the controlier or

nranually, when a bladder pressure reading is not needed.

{81277 Fugs 10A_ 108, 1] and 12 show embodiments of the sensing Foley catheter system
which include a vent near the patient end of the dromage tube that allows aiv 1o enter the
drainage tube if negative pressure is created enther due to a siphon in the drainage tube or due
to the pumping mechanism or both. Such negative pressure can lead to suction frawma, such
as trauma caused fo the mucosal lining of the bladder. Note that these embodiments are
different than devices where the vent(s) allow air to cscape, but not enter, the drainage fube,
Lirine drainage lumens proferably have an inner diameter fess than about 6.25 inches such that
tiquid n the lumen maintains circumferential contact with the lomen, which forms a seal and
altows the liquid to advance when a punmiping mechanism is activated. There may be maltiple
drainage lumens to prevent blockage of flow if the pumping mechanism fails, In these
embodiments, the dramage lumens are preferentially generally enpty, which may require
continnous activation of the pwuping mechanism. Ahernatively, the pumping mechanism
may be activated prior to making 2 measurement of volume to ensare that all the iquad has

been draned, which redaces the power requirements of the device.

(0128} Some cmbodiments of the sensing Feley catheter system chude detecting a
pressure spike it the dramage ine while 3 pressure within the bedily organ remains constant;
and using a pump 1o create negative pressure through the dramage line until the pressure 1n

the draibage lne equals the pressure in the bodily organ.

{81291 In onc cmbodiment, the vent has a resistance to arflow that s greater than the
resistance to hguid flow from the patient, such that any huldup of higad m the patient 18
purged into the drainage hine before air enters through the vent. For example, i the ease of
grine drainage, a full bladder will be emptied into the drainage ine before air enters through
the vent as Jong as the resistance of airflow through the vent is greater than the resistance of
arine flowing twough the patient’s catheter. However, the vent preferably has the smallest
possible resistance to airflow while meeting this requirement i order 0 minbmize sachion

frauma.

[8138]  In another ewhodiment, the vent has very hittle resistance 1o airflow so that the

bladder is fiwther protected from suction, and the controller pomp i3 activated 8t wore
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frequent intervals, for example every 1 punute, every § nunutes, or every 10 nunutes, to keep
the drainage ling clewr of urine., When the pump is activated, 3 oy continge fo ren watid it

detects that ne more wine is deaining, ndicating that the bladder has completely cowptied,

[131]  The pumping mechanism used can be any suitable mechanism, mcluding, bat not
Himited to peristaltic pumps, diaphragun pumps, vane pumps, impeller pamps. centrifugal
pumps of any other suitable pump. The pump may be powered by a wall outlet, batiery,
human power, or any other suitable source. In some embodiments, the vacwan is in the range
of about # to -30 nunHg. The negative pressure may altcenatively be supplied by wall
vacuum, often present in hospital rooms. Pumping mechanisms may include a peristaliic-like
punip or suction applied directly 1o the collection vessel. The pump mayv be located on the
patient side of the drainage reservolr, or the pump preforably may be located on the non-
patient side of the dramage reservoir/cassette, so that the reservoly 18 between the patient and
the punyp. In order to function properly, the pump should preferably be capable of generating
negative prossures equal to the maximmm hiquid cohunn beight in the drainage twbe. This may
be half the length of the drainage tube. With wine drainage tubes having 3 maximam leagth

of 60 in, the maximam negative prossure required would be around 30 inH20, or 36 mmig.

[0132]  Other techoologics may be used to wge urine through the tubing andfor system
mcluding pulsatile mechanical, vibratory acoustic, thermal, vibratory, pinching, rolling or
clectromagoetic stinulus to cause at least one of a movement of the drainage line and the
bodily fluids within. In some cmrbodiments, the rodling stimules comprises compressing

multiple famens sequentially such that the hamens are never all compressed at the same time.

[6133]  In another crmbodiment, air locks are rewoved by mcans of a collapsible drainage
tube that resides i a stiffer kink-resistant tube {not shown). Peniodically, the drammage tube is
collapsed, such as by applving a positive pressure to the space between the collapsible tube
and the kink-proof tube or by applying negative prossure to the inside of the collapsible nibe.
Collapsing of the drainage tebe then wges uwrine away from the patiend and toward the

collection vessel,

{6134}  In another embodiment, the dramage lumen clearing mechanism comprises a tube
with an er diameter fess than sbowt 023 inches, such that no air pockets are able to move
ap the length of the tube. This is possible due o the serface ension within the smaller tubes,
which prevent movement of fluid when one end of the wbe 13 closed to atowsphere (as in the
case of the bladder). Thus, the drainage tabe always romams full of urine, and for cach
volume of urine produced the same volume of urine must exit the drainage tube, as urine 1s
weompresstble. In another embodiment, the ner diameter 15 less than 0.125 inches. In
another aspect, said drammage tebe acts as a siphon and provides a small, safe amount of

vacuum fo the bladder. Alernatively, with a small lumen drainage tebe, air is allowed to
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periodically enter the tube hunen via the veat/valve. The negative pressure caused by the
pumnp may encouwrage this. Lring i3 encouraged o continere flowing into the collection

reservolr due fo the negative pressure caused by the pump, thus preventing airlocks.

{8135}  The use of small-diameter tabmy also results in a smaller volome of residual wrine
m the drainage tube compared with the priov art. Having a smaller residual volume is
preferential, as i allows wrine to move move quickly from the patient’s bladder 1o the
collection vessel. The speed of this ransport 1s important i order to take measurements of the
urine that has beon produced more recently, This is particudarly mportant for patiends with
tow rates of urine production, as it takes their urtie cven longer {6 be transpotied from the
bladder to the collection vessel. For example, for a patient producing onby 10 mLhr of urine
with a standard drainage tube (around 40 wi. residual volame), measwrements of thelr urine in
the collection vessel will lag true urine production by 4 hours. By contrast, with smaller
tubing {such as tubing baving arcund 5 mi residual volume), measwroments will ondy lag true
production by 30 minutes. Tn some ombodiments utilizing a small diameter homen, with or

withouot a vent'valve, a pump, to supply negative presswre to the drainage loe, Is not required.

[B8136] Fig 15 shows an embodiment of the device that is well-suited for draiming chest
tubes or other drainage tubes that apply constand negative pressure o the patiend. Although
these embodiments may also be suitable for draining wrine from the bladder or fluid from
other cavities. Any of the features disclosed m relation to chest tube dramage may also be
applied to bladder drainage or other body cavity drainage. Liguid is drained from the patient
through drainage famensi SRS, which connecet to collection vessel 1382, Drainage is assisted
by pulling negative pressure on the collection vessel 15382, for exanple by attaching a section
tube 1383 to the hospital wall suction. Suction may also be applied with other methods, such
as with a pump as disclosed elsewhere herein. Air enters the drainage lamens 1585 throogh a
valve 1584, which has a crack pressure equal to the desired negative presswre, By choosing
the correct erack pressure {for example, 15 to § mmHg, or <10 mmHy), the pressure applied
to the patent will remain at this pressure as fong as the hospital wall suction/pump can
generate sufficient saction at the colfection vessel 1382, Preferably, the draimage himen(s)
used for drabung chest tubes are as large as possible while mamtaining a siphos, Sustable

inner diameters include, but are not hinuted to, sbowt 1447, about 3167, or about 3787,

[0137]  Fig 16 shows another embodiment of the device that is well-suited for draming
chest tubes or other drainage tubes that apply constant negative pressare to the patient. Liguid
is drained from the patient through drainage humens 1688, and negative pressare 1s applied
using a pumpling mechanisi 1686, A pressure sensor 1687 resides within drainage tube af the
patient end, and thereby measures the pressure applied to the patient. The measurement value

obtamned by the sensor 1687 1s sent back o the controlier controlimg the pumping mechanism
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1686, and the pressure generated by the pumping mochanism 1686 is adjusted in order to keep
the presswre &t the sensor 1687 {and patient) at the desired level. Pressare sensor 1687 may
also be located clsewhers i the system. The sensor may also be used for passive monitoring
of pressure at the pationt ond of the tube to provide clinicians with information about the level
of suction being applicd. Although Fig. 16 shows the pump on the patient side of the drainage
reservolr, the pamp may alternatively be on the other side of the drainage reservom, so that the

reservolr is between the patient and the pump.

[138]  in another embodiment of the mverdion used for draming chest tubes, the volume
of the fluid drained is megsured i order o provide information fo chindcians about the
dramage status of the chest tube. This messurement can be accomplished by any suitable

means, particalarhy those described within for measring wrine volume.

[613%] In addibion to chiminating aiv locks, several of the ar lock clearance designs
detailed above have been found to effectively clear deposits and Blood clots from wine
drainage lines. These problems plague current urine draimmage tubes, particularly those with
sraatler hamen drain tubes and momtoning technologies at the drainage bag, and this invention
provides an advance in the state of the art by awtomating the clearing of these drainage
blocking debris and clots. This feature s particularty useful when used i conjunction with
pressure seasig cither in a balloon at the tip of the Foley or 1w fluid communication with the
bladder. This allows for the monitoring of pressure and vacuum in the bladder and allows for
more aggressive pomping based on actual bladder pressure wntil the clot/obstraction s
cleared. Without thus pressure/vacaem sensing, the pumping of fluid m the dram tebe may
generate chinical sequeine in the bladder, such as suction trauma, due to the oxposwre of the

bladder nucosa to excessive vacuun

[0140] 1o another embodiment, shown in Fig 17, o gas-sampling hawen 1790 nms the
fength of the drainage tube and ternnnates with a gas-permeable but Hgad-impermeable filter
1791 that remaing wn confact with wrine, the moemseus 1792 of which 5 firther from the
patient than the filter. When a measurement of oxygen, carbon dioxide, or any other gas is

needed, the wir within gas-sampling lumen 1790 15 pulled mio base 1789 of the dramage

device for anmalysis. This configuation allows for accurate gas analvsis cven with
cmbodiments of the dovice that allow air into the drainage Hne such as those Hastrated iIn

Figs. 10 through 16,

{0141} As shown in Fig. 19, an active vented system for dratming bodily fluids may have
additional vents. One such vent, vent 1962, may be located on the collection vessel and allows
air to cscape the collection vessel. This provents the butddap of pressare as new fluid engers
the vessel, by allowing ¢ach volume of fluid entering the system o be offset by the same

volume of air exiting the system. Another such vent, vent 1964, may be located between the
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gollection vessel and the pump. This vent allows the transmussion of gas {preferably atr), but
prevents the transmission of lpad, v order {o prevent bacteria or vinuses from entering or
exiting the collection vessel and drainage tube. Preferably, this vent s sterthitv-grade,

meaning air that passes through is considered o be stertle. A vent (not shown bere) nay or

LA

may not be present at the patient end of the drainage Hine.

[0142]  As shown in Fig. 20, pressure offsetting may be accomphished with a single vent on
the collection vessel. In this case, the vent, vent 2072, may be between the collection vessel
and punp as before, but an additional valve 2074 allows air to escape the collection vessel in
the presence of positive pressure. This valve s preferably a one-way valve that allows air to
10 exit, but not enter, the system. When the panip activates, the one~way valve closes, and air
must be pulled from the collection vessel, theroby gonerating pegative presswe i the
collection and facthitating flow of fuid through the drainage line. A vent may or may not be
present at the patient end of the drammage tine (not shown here}.
[0143] Detecting infection

[0144]  Fig. 21 shows an embodiment of a collection vessel, chamber or cassefie which

o
3

may be mchuded 1n the sensing Foley catheter system to deteet bacteria, blood andiother
substances in the wrine using UV lght spectroscopy. Cassette 2100 includes container wall
2102, which is preferably rigid. Urine 2106 &5 coliccted in the casseite. If urine is collected
too quickly, or there 15 some mmpediment to the cassette’s emptyving, overflow area 2104 will
20 allow any excess urine to dran from the cassette. Cassette 2100 way melude an optically

clear section 2110 which is preferably incorporated into an outside wall of the cassette, and

ot

eflector scotion 2112, which is preforably on, or incorporated fido, an nmer wall of the
cassette. “Optically clear”™ hore means able to tansout light at the neceded analysis

wavelengthis) through the optically clear scetion.  Preferably the optically clear section made

B
5

of a material which 1s able to fransomt UV hight, such as polymethvimethacrylate, polystyreng,
acrylic, quartz, ctc. The wall thickness may need fo be thin enough to allow the appropriate
UV wavelengthis) to be mansoutted through the optically clear section, For example, the
thickness of the optically clear section may be from around 0.5mm to arcund 0. 7mm thick.

Alternatively the thickness of the optically clear section may be from around $.5mm to

e
<

around 0.6mm thick, Alternatively the thickness of the optically clear section may be from
around O Gmm to around 0.7mm thick. Alternatively the thickness of the optically clear

section may be less than around 0.7mm thick.

[0145] UV/hipht transmatterfreceiver 2108 mansmits UV or other wavelength light in the

appropriate wavelength through optically clear seetion 2110, through the wiine m the cassetie,

L
A

to reflector 2112 in the cassette. The LiVilight tansmitterroceiver nray be incorporated into,

or connected to, the contraller component of the sensing Foley catheter system. The hght is
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reflocted back to the UVihight recoiver which then transmits the collected data to the
controller for signal analysis. Move thay one UV bght wavelength may be anadyzed either
siniultancously or serially. Light cutside of the UV range way be used in addition to light

within the UV range. The volinne of wrine physically between the transmuission and recetving

LA

of the hight is preferably maximized for a stronger signal reflecting the concentration of one or
more sabstances i the unine. The transmitterreceiver may be located as shown in Fig. 21, or
in other arcas of the cassefte. The receiver may be i a differcnt focation than the transmitter
and the reflector may or may not be necessary nor present. Because the urine in the cassette is
frequently emptied, the UV ight absorption measurements can be collected over time and
10 increases andior decreases in the level of one or more substances i the wine can be tracked
over time, w essentially, or nearly, real time, This is particularly important i identifving
mfcetton quickly, mcluding wmary tract infection and Catheter-associated Urinary Tract
Infection {CAUTI. The UViight detection may also be performed elsewhere in the sensing

Foley catheter systeny, including in the drainage tubing, a separate sampling area etc.

Feaasd
144

[B1d6]  Infection may be identificd by analyzing the urine for bacteria, red blood cells, and
plasma andfor white blood cells using UVAight speotroscopy. Fig. 22 shows the vanious
absorption wavelengths of E. coli, red blood cells, and plasma in unne to light. The presence
of plasma‘white blood cells andfor bacteria in urine are both indicators of nfecuon, The
presence of red blood cells may not be mdicative of mfection. Therefore it 18 desivable to
20 distinguish between red blood cells and bacteria/plasma‘white blood cells in the urine, Since
the spectroscopic signature for red blood cells differs significantly from those of cither
hacteria or plasma‘white blood cells, at a wavelength of abowt 414 nm, the signal for red
blood cells can be separated from those of bacteria andfor plasma‘white blood cells, and an

infection can be identified by analyzing the absorption of hight at this wavelength. Because

]
T4

the signature for plasma and bacteria differ from each other at the wavelengths of 260 nm and
280 mn, these wavelengths can be used to distinguish between plasma and bacteria. However,

i is fkely that both plasma and bacteria may be present during an infection.

{0147 Other wavelengths and other technologies may also be vsed to deteet various
substances in wrine or any collected/dramned bodily flutd, UViight absorption may alse be
30 used to detect turbidity. A dye or drug or reactive substance may also be introduced into the
systen, or be coated on the nside of the system, cassette, ete, 1o react with a substance in the

urine o aid i analysis,

[0148] CAUTT or nfecton may be identified andior reduced by several methods

wwhaling: analyzing the wine using spectroscopy, Huht wavelength analysis ete. o identify

s
LA

contaminates carly, reducing trauma caused 3o the bladder by suclion, reducing urinary

retention n the bladder, reducing bactenal or microbial presence by the wse of an
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antimicrobial coating or embedded matenal such as silver or other material, mercasing the
accuracy of pressurg measarements within the bladder by reducing suction within the bladder,
inereasing accuracy of urine output measuwrement by reducing airlocks in the system and

suction within the biadder. Pressure spikes caused by suction in the bladder nay be defined as

LA

pressure readings below about ~20 numHyg. Altermatively, pressure spikes caused by suction in
the bladder may be defined as pressure readings below aboat -10 mmHg to about -20 mmyg.
Alternatively, pressure spikes caused by suction in the bladder may be defined as prosswe

readings below about <10 mmHg.

[G148]  ¥Fig. 23 shows an embodiment of the cassette which mehides batlle or Hlap 2302,

10 This baffle/flap is meant to prevent urine from wicking along the nside walls of the cassette
as shown by the dotted arrow. The baffle will provent the wine from wicking beyond the
point of the baftle so the urine will fall back o the measwement reservoir below.

[0150] Priming

[9151]  As aspest of the disclosed technokogy that 1s particalarly advantageous wachicving

o
3

a hagh resolution signal from which pressare profiles from particular physiologic sources
{such as peritoncal pressure, rospiratory rate, and cardiae rate, selative pulmonary tidal
volume, cardiac outpet, relative cardiac output, and abschue cardiac stroke volume) may be
monitored relates to adjosting and maimtaining a balance of pressure on either side of the
pressure inferface represented by the membranc of the pressuare sensimg balloon. This balance
20 of pressure may be reforred to as a pressure differential. In some embodiments the preferred
pressure differential is at or around zero. In some embodiments the preferred pressure
differential may be a ditferent value, Pressure impinging on the external face of halloon
{facing the mternal aspect of the hladder) s subject to change according o the physiology of

the patient. Pressure on the mternal face of the balloon {which is in fluid communication with

B
5

the fhuid cohumn} is subject (o degradation because of fhuid leakage and imperfect seals.

{3152}  Upon first msortion of the scasing Foley catheter, external prossure is typically
applied to the fhud cohann and against the pressore interface to a first approxamation of
pressure being exerted on the pressure interface from within the bladder. Pressure signals, as
measwred across a pressare interface, have a maximal amplitude when the pressure
3 differential is about zero. Accordingly, the amphitude of a pressure signal can be used o tang
the presswre being applicd from the fluid column against the presswre interface. This process
of applying an appropriate amount of pressure against the nterface may be referved to as
priming the fhad column or priming the balloon. Inasmuch as pressures on either side of the

pressure iiterface may change, as deseribed above, the floid column may need to be re-

L
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primed or re-tuned, from time to fime. The necessity of re-priming can be monitored by

testing small changes in pressure so a

[£2]

0 achieve maximal amplitude of a pressure signal

=~ Ly
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profile. Altermatively, the priming can sutomatically occur via the controller on a penodic
basis.

[0153] Embodiments of the disclosed system and method include awtomatic pressure
taping by a comtrolier. Accordingly, the tuning systom can detect the optimum target prosswe
and volume to inflate the balloon by monitoring sensed pressure signals and adding or
removing alr or fhad volwme as needed. For example, upon insertion of the catheter, a
pressure funing circuit that regulates the halloon vohene and pressure way inflate the balloon
unti} i detects & physiclogic-sowreed presswre rate. Upon seasing that rate, the pressure tuning
confrotler may add or subtract nubute amounts of atr i a routinized scquence untid the
amplitude of the sensed wave 18 greatest. The control feedback loop between the optimally
tuned pressure (manuifesting as balloon presswre and volumed and the sensed phvsiologic
pressure profile derates contimuously and or as needed to ensure high fidelity measuwrement of
the physiologic data. In some embodiments, sutomatic pressure funing may be performed
the apparent backpround while the phyvsiologic data is being trassmitted and displaved; m
other embodiments the systemy may suspend tansoussion of physiologic data dwring a

PILSBWC tuning Cquence.

[0154] Embodiments of the disclosed technolongy include a gas delivery system that can
deliver gas in a priming operation, wherehy pressure can be applied to & fluid column
proximal to the proximal-facing aspeet of the pressure interfice. A source of gas, such as
compressed air or higuid is beld in & storage tank. Using €O; as an example, €0; is
controflably released from the storage tank through a presswre rogulator that can step pressare
m the tank {for example, presswre of about 850 psi) down o the range of abowt 1 psi to about
2 psi. Released gas passes througl a filier and a presswre vebiof valve set at about 2.5 psi. The
pressure relief valve 1g a safety feature that prevents fow throagh of gas at a level greater than
2.5 psiin the cvent of fatture of the upstream regulator. CO, exiting the pressure rebief valve
next passes through a first solenoid-controlled fill valve to enter the catheter line, ultimately
fithng the balloon that comprises the pressure-sensing interface. Pressure within the balloon is
aflowed to rise to a fevel as tugh as 30mm Hg, whereupon the first solenowd-controfled valve
closes. A second solencid-controlled valve, distal to the first valve operates as 3 draim valve,
which can release pressure from the cathefer 1o a target pressure. Altemnatively, the dram

valve may be activated until a respiratory waveform is detected afior which the balloon will
be optimally primed and the valve will be closed. The drain valve may be subject to
proportional control, operably based on voltage or pulse-width modulation (PWM), which
allows a dramn rate suificiently slow that the target pressure Is reached amd the valve can be
closed prioy o overshoot. Alternatively, a peristaltic or other air purp may be utitized fo fill

the halloon with room air.
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[0155] Fig 24 shows a graph representing a presswre balloon priming method i some
embodiments. Here, sinall vohume bursts {roughly about 0.3 ¢} of fhuid volume are added 10
the prosswre sensing balloon and the pressure within the balloon is measured. Small volume

bursts of fluid are introduced wntil the weasured pressure within the balloon settles o a stable

LA

pressure 2401 This vansition is shown at inflection point 2402, Volume bursts are mtrodoced
past this point entil the measured pressure starts 1o rapidly increase (for example f slope 2404
of the curve is greater than about 2mmHe 10ms). This inflection point is shown at 2406, At
this point the pressure within the baltoon Is reduced to a pressure around or stightly above
stable pressure 2401, This pressure represents the prime prossure measuring pressure in some

10 embodiments. This process s also represented w the Bowchart in Fig. 27,

[1S6]  The small vohane bursts of fluid may be from around 0.2¢c 1o around 8.4ec. The
small volume bursts of fluid may be from around 0.1cc to around ¥.5¢e, The small volume
bursts of thud may be up to around (.5cc. The small volume bursts of fhud may be up to

around {.flcc.

s
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[0157]  Fig 25 shows a graph representing a pressure bafloon prinnng method i some
emhodiments. This method s similar to that shown i Fig. 24, except that the pressure is
increased within the prossure sensing halloon mowe sinonthly, without the bursts showsn in
Fig. 24, Fluid volume is added to the pressure sensing balloon and the pressuwre within the
halloon s measured. Balloon pressure is iereased until the measured pressure within the
20 balloon settles to stable pressure 2505, This transition s shown at nflection point 2506,
Balloon pressure is increased past this point wntil the measared prossure starts to rapidly
merease (for example if slope 2510 of the curve 15 greater than about 2oumHg/10ms). This
wflection point s shown at 2508, At this pont the pressure within the balloon s reduced to a
pressure around or shghtly above stable pressure 2505, This pressure represents the prime
23 pressure measwing presswe i some entbodiments. This process s also represented in the
flowchart i Fug, 28,

[0158] Fig. 26 shows a flowchart of the balloon priming process of certam embodiments of
the mvention. Embodiments of the disclosed system and method include automatic pressure

tening by a controller. Accordingly, the tuning system can detect the optimam farget prossue

e
<

and volone to indlate the balloon by monitoring sensed presswwe signals and addmg or
removing air volume as needed. For example, upon mnsertion of the catheter, a pressure tuning
cireutt that regulates the balloon volume and pressure will inflate the baltoon unul i detects a
physiologic-sowrced pressure rate. Upon sensing that rate, the presswre tuning controller will

add or subiract nunute anmwunis of air or flnd {roughiy about 0.3 ce} 0 a routinized sequene

s
LA

untit the amphitude of the sensed wave Is greatest. The control feedback loop between the

optimally tuncd pressure {mamfesting as balloon pressure and volume) and the sensed
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physiologic pressure profile Herates contimuously and or as needed to ensure high fidelity
measwonment of the physiclogic data. In some embodiments, sutomatic pressure ning may
be performed in the apparent background while the physiclogic data is being transoutied and
displayed; in other embodiments the system may suspend transnussion of physiologic data

during a pressure tuming sequence,

{6159  The minute amounts of air or fhud may be from avound 0.2¢¢ to around O.4ee. The
prinute amounts of air or fluid may be fom around fice o arcend (3ce. The mimute
amounts of air or fluid may be up to around 0.3¢ce. The minute amounts of air or fhuid may be

ap to around 1.0 cc.
{6168}  Loop controller

[161]  Cernain patient parameters measured by the sensing Folev catheter svsteny, and by
other means, are impacted by, andfor Impact, a patient’s treatment throagh medical {reatment

devices.

[#162] The loop controller can be miggrated with the confioller of the scosimg Foley
cathetor systom {cither in the same deviee or in separate dovices) to interpret the patient

parameters to control medical treatment of the patient.

{6163}  For example, TAP may be used to control TV infusion rate. [T IAP becomes too tugh,
infusion rate may be redaced or stopped witil the IAP returns fo an acceptable range. IAP in
combination with relative stroke vohume and/or stroke vohane vartabihty {variability in the
size of the cardiac pulses scen in the bladder, cte. duving the respirgtory ovele) may alfow finr
superior control of IV fluid or blood product infusion using TAP as indicator of excess fluid
and relative stroke volume increase and reduction i stroke volame variability as indicators
that additional flaid s required. Lhine output may be fiwther added to the control foop
providing an sudicator that fnd status has been restored with return of urine output. Heart
rate in combination with respiratory rate may be used to control drog infusion (dmg type,
mifusion rate, frequency, dosage ete.). in this way, drags may be ased to bring the patient to a
more stable condition which is determined by the heart and respiratory rate. IAP and
respiratory rale may alse be used to control a mechanical ventilator or respirator. As 1AP
tises, the positive end-cxpiratory pressure (PEEP) delivered by the mechanical ventilator
should also rise to overcome this pressure.  An indicator that the ventifation s not adequate
can be seen in the tissue oxveenation andfor the nataal respiratory rate which may be seen as
a signal enderlyving the mechanical ventilation. This signal may either be cadracted dwring
mechanical ventilation or, preferably, the loop contrafler may pause the mechanical ventilator
to allow more precise and acearate detection of the underlving respiratory ratefrespivatory

drive. This AP, nissue oxygenation and/or respiratory rate may be used to alent the provider

()
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to a worsemng of the patient’s condition andfor may be used o provide automated adjustment
of ventilator settings including respirstory rate, PEEP, %202 inspived and other setiings, In the
wleal scenario these parameters may be used by the loop controller to momtor and conirol
therapics m a manner that is informed by machine learning and algorithmic twing. These are
Just a few examples, but many combinations exist. One or more parameters can be used o

control one oy more reainent doviess.

6164} Fig. 29 shows an embodiment of a foop controller in a patient enviromment. In
this cxanple, the loop contreller is receiving patient parameter inpwt from sonsing Foley
catheter 2902, The senmsing Foley catheter resides in patient bladder 2904 and mcludes
retention balloon 2908 and pressure sensing balloon 2910, The sensing Foley catheter may
mclude other sensors as disclosed hevein.

[0165] Sensing Foloy catheter 2902 mcehudes a retention balloon inflation hamen, a
pressure balloon sensing lumen, and a urine hamen. Prossure sensing balloon 2914 s
connected to the pressure sensing lumen which 15 connected to pressure transducer 2920
which may be Incorporated into controlfer 2928, The urine hanen is connected to arine output
tabe 2912 The wrine oatput tube empties into wine reservolr 2914 which may be connected
to wine volume measwement device 2916 or may be incorporated mto the controlier as
disclosed herein. In addition, vrine output may be controlied by wrine pump 2918, which may
be located on the urine draivage tubing, or way be ncorporated into the controller, or mav be
Iocated on the non-patient side of the controller as disclosed elsewhere herein.

[#166] This pationt is shown with respirator mask 2922, which is fod by respirator fubse
2924, The flow and makeup of the respiration gas 15 controlled by respirator 2926.

{0167} Logp controller 2928 & connected to wrme volume measurement device 2916,
uring pump 2918, prossure transducer 2920, and respirator 2926 via comnectors 2930, 2932,
2934, and 2936 respectively. The connectors may be wired or wircless. Alternatively, in this
and other embodimends, some or all of wrine volume measurement device 2916, arine pnp
2918, and/or pressure transducer 2920 may be incorporated into controtler 2928,

168} I this example, loop controller 2928 receives patient parameter mputs from uring
volhune measurement device 2916 and pressure transducer 2920 and using the information
provided by these parameters, can control wrine pump 2918 and respirator 2926, Some
parameters which the loop contrelier may receive from the sensing Foley catheter mwhuide
IAP, respivatory rate, heart rate, stroke volume, tissue oxygenation, tissue perfusion pressure,
termperatare, urine analytes, wrine owtpat rate, and other parameters, including those disclosed
herein.

[169] For example, if the loop conmtroller teceives parameter information indicating that

the patient’s TAP is clevated, the loop contrelier may control the respirator perfusion rate,
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pressure or other parameters. The loop controller may incorporate data from one or more
input parameters and control one or more freating medical deviees. For example, based on
clevated IAP and abnormal #issue oxygenation parameters received, the loop controller may
control the output of respirator 2926 and also the wine output rate by controlling urine punyp
2918
{61794 The loop controlier continues to myonitor the patient parameter(s) and adjust the
freating moedical device(s) accordingly. As the pationt parameters normalize, the control of the
treating medical devices 13 adjusted accordingly so that the feedback loop controlled by the
toop controller may be a closed loop. The loop may also be adjusted manually when
necessary i which case the loop may be an open foop or semi-closed loop.
[6171] Fig. 36 shows another example of the toop controller in a patient enviromment. In
this cxamyple, the patient has intravenous (1V) line 3002 in 3 blood vessel i an gem. 1TV Hluid
bag 3004 15 elovated to allow the TV flud to doip and/or flow into the patient via IV Line 3002,
Vabve 3006 controls the flow rate of the IV fluid into the patient by allowing the fluid © flow
frecly, restricting the flow, or stopping the flow. Here valve 3006 s controlfed by loop
controller 2928 via conncction 300, 1V fluid bag 3004 may contain hydrating thud andior
medications. Une or more than one IV bag may be mvolved and one or maore than one valve
may control the IV bag(<). The loop controller may control the flow and content of IV fluid(s)
to the patient based on patient pararneters received by the loop controller,
[172] Fig. 31 shows another example of the loop controdler in a paticnt environment. In
this example, the patient has fluid deainage line 3102 inserted into the sbdomen. Fhad fom
the abdomen may flow from the patient to receptacle 3104, The flow of fluid may be
controlled by pump 3106 which is controfled by loop controlter 2928 via connection 3108,
The foop controller may control the fow of fhud from the patient to receptacte 3104 via punip
3106 based on patient parameters received. For example, if TAP s abnormally high, loop
controfler may morease the rate of, or nitiate, fluid removal from the patient by controlimg
pumyg 3106,

{0173 Fig. 32 shows another example of the foop controller in a patient environment. fn
this cxample, the pationt has imfravenous (VY Hue 3202 in a blood vossel in an arm, Drug
wfusion device 3204 controls the flow rate of a drug mto the patient via IV hine 3202, More
than one drug infusion device may be used. Here drug mifusion device 3204 is controlled by
toop controller 2928 via comnection 3206, Drug infusion device 3204 may contain any
appropriate fhad andéor medications. The loop conwoller may control the flow and content of
a drug or drugs to the paticnt based on patient parameters received by the loop controlier.

{0174} These examples show some of the medical treatment devices which can be

controtled by the loop controlier, but any medical freatment deviee can be used.
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{0175} Fig. 33 15 a detaed diagram of the loop controller. Loop controfler 3928 can
FECCIVe ONS OF MOoTe patient parameter npats from a sensing Foley catheter or other device.
These inpuis inchude, but are not inuted o, uring output volume and rafe, prosswre profile
from the bladder, and seasor info from a sensing Foloy catheter or other device. Pressure
profile info from the bladder can be further analvzed to determine AP, respiratory rate, heart
rate, stroke vohane and other patient parameters. This analvsis may be performed i loop
controller 2928 or in 3 separate controller which is connected to loop controlier either by a
wired or wireless connection. The connection may be via an inlernet, intranet, WAN, LAN or
other network, or it may be local via Bluetooth, Wi-Fi, ete.

{176} The loop controller recetves the input or inputs and analyres the data to determine
whether 3 medical treatment device controls needs to be changed. One or more medical
wreatment devices may be controlled to bring patient parameters mio target ranges. Onge
patient target ranges are achicved, the loop controller may place the controlled medical
freatment device!(s) back mito a standard state. A standard state will be different for each
moedical treatment device and hikely also differcat for cach patient. Pationt parameifer target
ranges will kewise also be differeat for cach patient, and also for patient status. For example,
the respivator rate target range may be different depending on whether the patient s sedated.
{01777  Embodiments of the technology may also avtomatically adjust intravenous flaid or
drug infusion rates hased on feedback from the cardiac output or respiratory rate sensed. In
ane such embodiment, a patient-controlied analgesia pump mway be deactivated if & respivatory
rate drops oo low, Respiratory depression can be fatal in this group and this safeguard would
prevent overdose. An automated foedback system may also be advantageous m a large
volume resuscitation procedire, wherein  fhud  infusion can be tallored based on
intraabdominal presswre fo provent abdominal compartment syndroame by sounding an alert
and slowing infusion rates as the intrasbdominal pressure riscs. Yet another automated
feedback featiwe may provide direct feedback to a ventilator system to provide the optimal
pressure of venttlated gas, in the sciting of increased abdominal pressure, typical ventilator
settings do not provide sefficient respiration for the patient. An astomated adjustment of the
ventilator settings based on intraabdomunal pressure feedback from this embodiment may
advantageously provide for optinal patient ventilation. Embodiments of the technology may
also be apphed as a corvection i the application or understanding of other diagnostic
measwrenwents, For example, central vonous pressure may be dranwbeatly distoried 1 the
setting of eclevated intraabdomunal pressure, Prowviding divect access to these data by the
central venous pressure reporting system allows for the automatic correction and accurate
reporting of this eritical physiologic parameter. Embodiments of the technology may also be

used In a variety of other ways to antomate thevapy incloding nfusion of fuids that may
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firther melude active agents, such as pressors or dwretics m response (o increased or

decreased cardiac outpuat or other paramieters.

{6178} In addition to directly controliing medical treatment device(s), loop contreller
2928 may also sound alarms, including audible alarms, cmailed alarms, texted alarms, pager
atarms, ete. Loop controller 2928 may also provide output to other systemis for system
integration, such as outputting information to an Electronic Health Record or other data
archiving svsteny, or other systems. Loop controller 2928 may also receive nputs from
vartous EHR, EMR, or other systons.

[179]  dedical reatment may be adiministored to the paticnt as a result of data collecied
by andfor analyzed by, the sensing Foley catheter system, This treatment may be a medication
administered awtomatically, via a loop controler, or it way be adounistered mamaally, via
traditional drug methods, .. orally, injection ete.

[6180] Fuwther medical diagnoses mav also be porformed based on the resulis of the
sensing Foley catherer sysfom.

{0181} Specific gravity

1821 Urine specific gravity may be owaswred using pressure and  ultrasound
measurements using a Sensing Foley Catheter. Fig. 34 shoves a plot illustrating how ultrasonic
and pressare measurements of volume diverge with higuid deasity. The liquid being measured
is synthetic urine concendrate, with a specific gravity of around 1,100,

{0183 For a hquid with speaific gravity of 1.000, the two measurement techiiques are
calibrated to provide the same vohene measwrements. However, as density imcreases, they
begin to diverge, With pressure, an increase m density resudis in an increased volume reading,
since V=A% and Pe=p¥g*h, or V=A% e/P. With ultasound, an increase i donsity results in
a  decreased  volame  reading,  smwe  V=ATh,  w=h¥h and  w{Ep¥{12) so
VaA¥ RN 202

Ve volome
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{0184 In simpler terms, as the hquid moreases in density, the pressure ingreases and
skews that measwrement high. At the same tme, the sound tavels faster and skews the
ultrasound measwrement low, By measuring how mwuch they have diverged, the density of the

tiquid can be determined. This assumes the tomperature s not changing, however,

5 temperature can also be momtored o correct for temperatare vardability. Volume
measurements via altrasound and pressare can be performed with a Sensing Foley Catheter,
as can femperafire measurements. {n this wayv, a Sensing Foley (atheter in combination with
& controller can determine urine specific gravity.

[H185] Reducing condensation
1 [0186] Balloon catheters, especially balloon catheters that are designed to reside my a

human or animal body for relatively long pertods of time, may loak over time, For example, a
balloon inflated with aiv or apother gas, may leak air ouf of the balloon over tme,
Alternatively, a balloon filled with a liquid may leak higuid out over time. The opposiie is also
true. A balloon filled with gas or air which resides in fluid, such as urine, blood ete., may

15 cxperiencs leakage of the fluid inte the balloon over time. This Is paricularly toae i the
baloon s milated at a relatively fow pressure.

[0187] A sensing Foley cathetor is an oxample of a balloon which is desizned o be
wdlated for relatively long perieds of time and at relatively low pressures. In this example,
where a balloon is designed to measure pressure, the balloon mayv be inflated at a relatively

20 low pressure and as a result, may be manafactiwed out of a relatively soft and thin material.
Because of the low inflation pressure and soft fhin balloon material, it is possible that gpsd
may leak mto the balloon over time. Liquid m a presswre measuring balloon can adversely
affect very sensitive prossure measureroents, partenlarly f the bguid migrates nto the
catheter famen drough which the pressere measwoments ave taken,

25 |0188] One cothodiment fo solve this problem is fo place a very small pore filier, or
hvdrophobic filter, between the pressure measuring balloon, and the pressure measuring
humen of a catheter. This allows the balloon to be inflated, and continually primed to maintain
its pressore, as well as pressore measorements to be taken via the catheter hanen. Air or gas

can pass through the filter, but faud cannot,

e
<

[189] Another embodiment compriscs making a balloon ot of a low wmoishoe
permeability material.

{0196} Another embodiment comprises refreshing the gas within the balloon by
alternatively applyving vacoum and pressure to the balloow, cither through one hamen, or more

than one lumen.
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{0191} Another embodiment comprises airculating the gas within the balloon by having
more than one hanen access the balloon. One lumen may be ased o introduce gas nto the
baltoon and another himen may be used to pult gas from the baltoon.
[0192] Another embodiment inchudes using a desiceant within the balloon, the balleon
S humen, the gas supply to the balloon, or any combination of these.
[6193] Frg. 35 shows the distal end of a Foley type balloon catheter which may benefit
from condensation reduction. by thas example, the balloon catheter i3 designed to be placed in
the bladder of a paticnt to aid in draining urine from the bladder. The catheter has a retention
halloon 3506 which anchors the catheter within the bladder. Catheter shatt 3302 contains the
1} homens of the catheter. Opening 3504 allows urine from within the bladder to drain through
the catheter and ot the proxamal end of the catheter {not shown} Qpening 3308 is for
mtlating and detlatng the rotention balloon. Pressure sensmg balloon 35310 s milated and
deflated via opening 3512 Pressure sensing balloon 3510 pransmits pressure signals from
within the bladder through a pressure humen within the catheter shafi and © a pressure
15 transduecer proximal to the proximal end of the catheter.
{8104] Under certain circomstances, over sime, flud may feak into pressure balloon
3510, in addition, fhad mav migrate fromm within pressure balloon 3310, through opening
3512 and tdo catheter shaft 3302, Flnd mnside the pressure lumen may adversely tapact
pressure readings from the pressure balloon. As a result, it is desirable to prevent fhad from
20 migrating from within the pressuee balloon through opening 3512, or, if possible, o reduce
the amount of fluid from entering into the pressure balioon.
6195 Fig. 36 shows an embodiment of a filter within a balloon. Filter 3602 resides
between the fnterior of balloon 3510 and the pressure lumen inside of the catheter at opening
3512, Filter 3602 is preferably made of a material which allows gas to pass through i, but not
25 flewd For example, a filter may be made trom a hvdrophobic membrane such as Versapor,
PTFE. ePTFE. The filter may be made out of a polymer, such as Nylon, or anv other sutable
material. The pore size may be around 5 microns or may range from around 0.2 microns to
around § pucrons, or may range from around S microns fo arcund 10 microns. The thickness
of the filter may range from around 6 mils to around 12 mils, Alicenatively the thickness of
30 the filter may range from around 1 ol to around 6 mils. The pore size is refated to the ballomn
sensitivity. For example, a ¥ nucron pore size filter may be appropriate for a balloon inflated
to arcund Soun Hg fo aroand 20 mm Hg, with the ability to sense pressure differences down
to the (101 noam Hg resolution range. A smalfer pore filter may be used if pressures measured

via a pressure balloon may be less sensitive. A larger pore filier may be used i pressures

i
[ 43

measured via a pressure balloon need to be more sensitive,

Tl
e



WO 2016/049654 PCT/US2015/052716

{0196} Fig. 36 shows a filter in the form of a wibing which encircles the catheter shaft at
opening 3312, complotely covering $ie opening. The filter mav be adhered at #s ends 1o the
catheter shaft using any suitable adbesive or other means, such as heat shrinking. The seal

between the filter and the catheter is ideally gas mpermeable so that gas entering and exiting

LA

balloon 3510 via opening 35312 must pass through filter 3602,

{61974 Fig. 37 is another ombodiment of the present invention which comprises a smaller

catheter shaft where the filter is attached within the balloon. Catheter shaft 3704 within the

baltoon 1s a smaller diameter than catheter shaft 3706 which is not under the balloon. This
prevents the added bulk of filter 3702 from increasing the diameter of the deflated balloon.

1 0198 Fig. 38 shows the embodiment shown in Fig, 37 with the balloon deflated and &t
can be seen that the reduced diameter of the catheter shaft wnder the balloon area provents a
signiftcant bulge in the batloon catheter,

[6199] Fig. 39 shows another cmbodiment of a filter wnder a balloon. Filter 3902 in this
gmbodiment does not go all the wayv around the shaft of the catheter, but s nstead a tiat or

15 curved piece of filter which is adhered to the catheter shaft via adhesive or other switable

means. The adhesive preferably seals the filter all the way around its edges without infringing

on the balloon inflation/deflation/pressure measuring oponing 3312,

[0208] Fig. 4 shows another cobodiment of a filter 4002 where the filter is shorter
lenuth.
20 je261 Fig. 41 shows another embodiment of a balloon catheter with filter, In this

embodiment, the balloon catheter has 2 lumens in floid conunumication with the balloon
Filter 4142 is covering opening 4104 while opening 41906 is uncovered. In this cobodiment,
opentngs 4104 and 4106 may cach access separate lumens of the catheter, or the samc hanen

In the embodument where they access scparate lumens, balloon inflation, deflation, and

25 pressure measurements may be performed via either humen. For example, pressure
measurenents may be faken via the lumen in Huid comummnication with opening 4106 until
Hquid buildup in the lumen adversely affects the pressure measurements. At this point, the
pressure transducer may be switched to the lumen in fluid comnumication with openimg 4104
so that pressure measurements may be taken through a hamen clear of figuad.

30 [6re2] Alternatively, pressure measurements may be taken via the hemen in flad
communication with opening 4106 wntl tpad buddup in the temen adversely affects the
pressure measurcments. At this point, gas may be introduced into the lumen i fhuid
compunication with opening 4106 1o clear the lumen of flud. Simultancously, the gas may
be puiled from the balloon via the lomen in commanication with opening 4104, In this way,

35 lupad can be cleared from the hunen m communication with opening 4106 and presswre

L)
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measurcnments may be resumed through that humen. This hae clearing procedure can be
programumed 1o take place on a pertodic basis.

[0203] Fig. 41 shows the two balloon openings 4102 and 4106 on different sides of the
catheter with filter 4104 only covering one of the openings. Alteraatively, Flg. 42 shows an
embodiment similar to that of Fig. 41, except that the 2 openings, 4204 and 4206, may be side
by side, where filter 4202 only covers one of the openings.

[204] Fig. 43 shows an embodiment of the present invention where filter 4302 covers
larger opening 4304, A larger opening mav be desirable to obtam more acourate prossure
mecasurements from the balleon, In addition, a larger opening mav be possible with the
addition of filter 4304 because of the extra integrity that the filter, and possibly iy adhesive

means, provides to the arca of the catheter around opening 4364

[0205] Fig. 44 shows an embodment of the present mvention where filter 4402 15
aftached to the catheter shaft via heat sheink tubing scgments 4404, This allows a gas-tight

seal between the filter and the catheter while ensuring that the catheter opening 4406 remams

clear.
{0206} Fig. 45 shows an embodiment sinslar to that of Fig. 44 where the catheter shaft is

reduced under the balloon arca. This allows the balloon to deflate without causing a bulge on
the catheter where the filter is attached. Filter 4302 15 attached to the catheter shaft via heat
shrink fubing scgments 4504, This allows a gas-tight scal between the filter and the catheter
while ensuring that the catheter opeming remains clear,

[267] Fig. 46 shows an embodiment of the present invention where filter 4602 is
aftached to the mside of the catheter at the opening.

[0208] Fig. 47 shows an cmbodiment of the present mvention where the balloon has two
access lumens, 4702 and 4704, In this embodiment, the halloon catheter bas two lumens m

fluid conmuanication with the balloon. In this embodimont, opemings 4702 and 4704 may each

)

ccess separate fumens of the catheter, or the same lumen, In the embodiment where they

coess separate homens, balloon inflation, deflation, and pressure measurements may be

£

performed via cither lumen. For example, pressure measurements may be taken via the hanen
in fhid conmunication with opening 4702 wntil guid buildup in the lamen adversely affects
the pressure measwrements, or up untld a set potiod of time. At this point, gas may be
mtroduced mio the lumen in floid commuancation with opering 4702 (o clear the lumen of
fwd,  Simultancously, the gas may be pulled from the balloon via the lumen m
combpumication with opening 4704, The mverse can also be done - fluid may be mtroduced
it the lumen in fluid conumanication with opening 4704 and removed from the hunen in

fhaid communication with opening 4702, In this way, higud can be cleared from the lamen in
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gonmmunication with opening 4702 and pressure measurements may be resumed through that
hanen. Thas line clearing procedure can be programimed 1o take place on a periodic basis.
{6209] Figs. 48 and 49 show two different pressare balloon designs, although any
suttable design and/or shape may be used. Depending on the balloon material, a balloon may
S be manutactwed in different ways. Some matenals are better suited to blow molding while
some are better suited to dip molding. Other mamsfactanng techniques may be ased as well.
Fig. 4¥ shows an example of a blow molded balloon. Fig. 49 shows an example of a dip
malded batloon.
{0210] Some examples of matenals fron which 3 balloon may be mamufactured include
1} wrethane, polvurethane, Nyvion, polvvinyviidene fluoride, or any other suitable polymer or other
material or any combination of materials.
[0211] Balloon coatings may also be utihzed 1o reduce fluid permeability of the balloon.
An example of such a coating is poly{p-nyiylenc) polymer, or Parviene.

f0212} In some emboduments, it is desirable fo prevent any moisture vapar from entering

o
LA

the pressure balloon. In these embodiments a water, or fluid, impermeable matenal may be
wsed for the halloon. Some of the naterials mentioned herewithin are suitable. In addition,
Biaxially-oriented polvethylene terephthalate (BoPET), often going by the brand name,
Mylar, may be used. Also a metalized polymer or any other suitable material may be used.

[0213]  In some embodiments, the sensing Foley type catheter is configuwed to report the
20 presence of a water droplet or other obstruction in an air-filled lumen {such as the pressare
homen), and then handle or resolve the droplet. In a hypothermic setting, in particalar,
mosture in an air lumen can condense and fonm obstructive water droplets. Water droplets
an air-filled lwmen {or air bubbles in a water-filled furmen) can disturb or complicate pressure

signals due to the swrface tension of the water. Accordingty, & pressure~transnussion lumen in

<

25 some embodiments of the disclosed technology may inclade a hvdrophilic feature (such as a
coating on the wall of the lumen itself] or a hydrophilic fiber ranning the length of the fumen)
to wick moisture away from the fwmen 1o order to maintain a continpous, uninterrupted air
channel. In some embodiments, a bygroseopic composition {silica gel, for example) may be
used in line with the air infusion line or within the air infusion fumen itself ® capture water or

30 bumidity. In smme cmbodiments, a hygroscopic conmposition may be included within the

catheter so that the air infusion circuit need not be serviced to replace this materal.

[0214]  In some embodiments, desiccated air or gas may be used 1o the pressure humen and

presswre halloon to prevent moisture accumulation.

{6215}  In some cmbodiments a hvdrophobic or hydrophilic coating may be ased m the

L
A

pressure hanen andfor pressure balloon
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{0216  Gas content

o217 Another embodiment incluades using a hydrophobic filter or membrane as an
wterface with the arine in the bladder, or the nnecosal lining of the urethra, to measare relative
axygen, or ather £as, confent of the arine or tissue.

[02318]  In some cmbodiments of the sensing Foloy catheter, # is desivable to measwre the
fas content tissue andfor uring or changes in gas content over time. Potential gasses of interest
inchide oxygen, carbon dioxide, nitrogen, gases assoctated with anesthesia or other gasses. In
some cmbadiments the membrane is permceable to gas, but not o hquid, for example, a
bydrophobic membrane, or othor suitable membrane, may be used. The pore size of the
bhydrophobic membrane may be ground 5 microns. Alfernatively, the pove size of the
hyvdrophobic mombranc s abowt 3 muicrons to about 7 microns.

[62198] Fig. 30 shows a sensing Foley catheter with an. oxyeen pormeable mombrane,

Retention balloon 3002 is in fhud communication with inflagion/deflation port 3010, Unine

flows through opening 5004 through the catheter and ouwt of port 3012 which s in fluid
compnunication with opening 5004, Pressure sensing batloon 3006 is in floid compumnication
with temen 304, Gas permeable membrane 5008 15 covering an opening at the distal end of
the catheter which iy in fluid conumaication with humens 5016,

[0224] Fig. 31 shows a sensing Foley catheter with an oxvgen permeable mombrane
which is stmilar to that shown i Fig 30 except that moembrane 5108 15 between pressure
sensing balloon S106 and retention balloon $102. Opening 3104 for wine may be placed
anywhere distal o retention balloon 5102,

[6221] Fig. 32 shows an embodiment of a sensing Foloy catheter where membrane 5204
is incorporated inte gas sensing balloon 5202 In this figure, pas sensing balloon 3202 is distal
to prossure sensing balloon 3305, however another cmbodiment is shown in Fig. 33 where
this s not the case. Gas sensing balloon 3202 mav be made out of silicone, polymer, or any
ather suitable matorial,

{0222} The mombrane material may be sinular to hydrophobic mombrane matenials
described in other cmbodiments herein. The membrane 1x permeable to gasses, or to particular
gas o gasses, but not to liguids, such as wrine. In this way, gasses can pass through the
membrane and nto the catheter for measurement of gas content of the tissue and/or uring,
and/or changes v gas content over time. Uasses measwred include ooxygen, mitrogen, carbos
dioxide, or other gasscs.

82234 The catheter may be placed i the patient such that the membrane is 1 either the
bladder or in the wethra, The membrane is shown hore on a sonsing Foley catheter with a

pressure sensing balloon, but the gas permeable moembrane may be placed on any body
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dwelling catheter, including catheters that ressde in blood vessels or other body cavities. The
membrane may be in divect or ndirect contact with fluid, gas, or body tissue,

[0224] Fig. 34 shows 3 controller which controls the measwrements of oxygen ot other
zas{es). The controlier will generally be extornal to the patiend andd connect to the catheter via
ports, for example, ports 5016, The controller may also control the pressure sensing function
or other functions of a sensing Foley catheter, or # may be a separate controller.

[B225] Gas measuring controller 3402 i3 shown here along with a representation of a
catheter 5404 and gas transfer membrane 5406, Gas measuring contraller 53402 mcludes aiy,
or gas, inlet 3408, air, or gas, exhaust 3414, pump 5412, oxvgen, or other type of sensor 53414
and check valves 5416

[5226] In this embodiment, pump 3412 peredically pushes small amounts of air, or
ather gas, through tubing mto the catheter. Aw passes membrane “window” 3406 and the
oxyeen content of the air changes based on the oxygen content of mueosal liming (if gas
ranstor membrane is i the urethra) or wrine (f gas transfor membeane 1 o the bladder).
Further downstream (back i gas measuring controller box 3402) the oxygen percentage of
the air 1s measured using a fiber optic, or other type of, oxygen sensor. The punp may only
operate for short perieds of tme to allow alr in the systom time to equilibwate with the
fissue/flud.

{0227 Cheek valves 5416 help limit mixing of air that has passed through the system
with outside air or air from an cachier measarement interval.

jr228] Measared oxygen, or other gas, content may be very small, Measurements nay
indicate cither absolute gas levels or relative gas levels. For cxample, gas measwring
controller measurements may show relative oxygen content n the patient over fime 1o
indicate a change in the status of the patient.

229 Fig. 35 shows a schomatic of how the gas measuring controlley interacts with the
catheter to measure gas content of the wrine or patient tissue. Cathetor 5502 includes urine
dratming lumen 3304 as well as gas measuwrement hunens 3506 and 5508, which are i fhad
communication with gas transfor membrane 55314, Lumen 5506 contains mir, or other pas,
cntering the catheter and lemen SSUR contains air, or other gas, exiting the cathoter after the
carrier was has passed the gas transfor membrane, The oxvgen, or other gas, level m the
exiting gas is measwred to detormine oxyvgen lovels or oxygen level changes in the wine
andfor tissue of the patient. The incoming gas measwement lumen 5506 may be open (o
atmospheric air, or other source, or it may be a closed system, so that the gas withim honens
5506 and 3508 is contingously dirculated so that the gas content changes can be readily
deterpuned over fime. fn other words, awr, or gas, mict 5408, and an, or gas, exhaust 3410 m

Fig. 34 may be fluidly connected to cach ather.
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{02344 Where the imcoming pas measwenment humen S3I6 15 opon to atmosphere, the
punp may be run mtornittently 30 that the gas within the gas measuring hanens has move
fime o equilibrate across the mombrane surface. This results in o higher infersuftont
coneentration of the measured gas and therefore a more sensitive measurciment.

S jexay The pwmp may be run continuously or internuttently regardless of whether the
system I8 closed or open, bt may result m more sensitive measwrements i it i num
intermitiently in the open system mode. In the closed sestom mode, trends may be more
apparent as the measured gas within the systemn equilibrates with the gas level of the wrine,
flusd, or tissue being measured.

Iy 9232 In this embodiment the wrine lumen and the gas measurement lamens are

separate. However, the gas transfor membrane may also be situated between the wring hanen
and a gas measurement fumen as shown in Fig, 56, where gas transfer mombrane 5602 15 in

fhuid communication with the urine {umen,

[8233] Figs. 37A and 37B show cmbodiments of a gas measuring add-on component.

o
(¥4

Gias measuring component 3702 may be mserted between the sensing Foley catheter 10068, or
ay Foley catheter, and the unne dramage whe 1001, or any wine drainage tube. Gas
measuring componeni 3702 includes hydrophobic filter §704, which may be made of
materials disclosed clsewhere herem, Gay inlet lumen 5706 and gas outlet lumen 5708 allow
gas to pass over filter 5704 which is i gas communication with the urine within the drainage
20 system. The aiy, or gas, noar filter 3704 very quickly becomes equilibrated with the pases
within the wine within the drainage systenn Fig. 37B shows the path of air flow across filter

37604, Gas outlet hunen 5708 s in {luid conumunication with a controlier {not shown herg)

gas within the humen for the relevant gas or gasses. Gas indet hamen 3706

which analyzes the

may be open to atmosphere, another gas, or may be in a closed loop with gas outlet hamen

25 5708 withun the controller. The controller may be the same controlier which measures yring
outpuf, mentioned clsewhere herein, or may be a scparate controller. Lumens 5706 and 5708
may be incorporated nto drainage tube 1001 or may be separate. Gas measuring component
5702 may be a separate component, as shown here, or may be incorporated into vent barb
1316, Gas measuring component 5702 may alternatively be focated anywhere in the system.

30 [0234) Detecting/determining corfain conditions
[6235f Fig. 38A shows a table that lsts combinations of parameters that allow for a
fingerprint or signatare {combination of parameters) for the different indicators of AKI {pre-
renal, itrinsic and obstructive). In addition, there may be a fingerprint or signatwe with
respect to the timung of changes of the parameters, which may also determine the causes of

35 AKI {c.g it is plausible that some parameters change faster for intrinsic AKI caused by

glomerulonephritis versus mtrinsic AKI cawsed by acute tobular necrosis). This nwlo~
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parsmetnic approach may also facilate the chowee of effoctive therapies to treat AKT sinee

different causes of AKI have different effective therapies {v.g. rocombinant alkaling

phosphatase is effective af treating infrinswe (septic) AKI but ineffoctive at treating non-septic
AR

S [8236]  Fig 58B shows a table that lists combinations of paramcters that allow for a

fingerprint or signature {combination of parameters) for the different indicators of sepsis,

AKYE, and acate respiratory distress syndrome (ARDS). These signatures involve the increase,

decrease, or both of various patient parameters including urine output, heart rate, respiratory

tate, temperature, sivoke volume, cardise output, and abdommnal perfusion presswre

10 Abdonunal perfusion pressure is the mean arterial pressure (MAP) minus intra-abdominal
pressure (EAPY. Moean arteriad pressure 18 equal to the diastolic pressure (DP) plus 173 of the

pulse pressure (PP). {The pulse prossure equals systolic pressure minus diastolic pressure.) In

short, MAP = DP + 1:3PP

[0237]  Other patient parameters may also be used. One, some, or all relevant parameters

s
Lo

may be used by the controller o conmmumicate a diagnosis anddor risk to the user or to another
device. Pattent parameters captwred by the semsing Foley catheter system may be used on their
own, of in conjunction with parameters obigined elsewhere, such as an EKG, & blood pressure

measuring device, or info from an EMR,

{6238} The sensing Foley catheter system provides real-fime, automatic, precise
20 physiological parameter monitoring for the early detection of varfous medical conditions. By
utitizing real ume multtvariate (point value) and times series (rending) analyses of these high
frequency data streams to inform our machine learning-powered nwedel, a highly sensitive
physiologic stgnature for carly sepsts ouset (or other medical condition determination) may be

developed. This will mmprove clinical outcomes by cnabling earher diagnosis and

B
5

ptervention. The signatures relating to the data relating to the physiologie changes that ccow
priot io aadfor during the onset of ertmin medical conditions can be continuously mproved
using machine leaming vig artificial newal networks to strengthen the relevant parameters,
weiken the less relevam parameters and build or destroy commections. This will enable the

controller to wtilize algorithm to distinguish medical conditions from one another and from

e
<

normal and other pathologies.

[6239%] Some embodiments of the present invention may measure urine outpud immediately
afier the patient has been given a diwretic. This type of test can be a strong indicator of
whether a patient with AKD will progress to a more severe stage andfor die. If a patient’s urine

cuipi increases after admimstration of the draretic, this indicates that the patient is less likely

L
A

o progress to a more sover stage of AKL If a pationt’s urcine output docs not significantly

increase after administration of the divrctic, this indicates that the patient 15 more likely to
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progress to a more severe stage of AKIL The present imvention is able to quuckly and
gecurately measwre urine output in real time. Therefor the response to the diaretic can be
detected more quickly {mimutes rather than howrs) than with faditional wine nicasurement

techniques.

S [8240]  This test can be automated with the controlier which provides a controtled dose of a
diuretic, and then monitors the urine output over minutes, or hours, preferably only mimutes.
The diuretic given may be fiwvosenude, or any other suitable loop divwetic ov other diuretic.
The diuretic may be given, and data collected, as disclosed w Chawla LS, Davison DE,
Brasha-Michell E. Royner JL, dvthwr M. Tumdin J4, Shaw AD, Trevino 8, Kimmel P1,
10 Sesmeff MG Development and standardisatios of o furasenide stress test fo predicr the
severify of acute Fidney injury. Crit Care, 2013 Sep 200 17(32:R207, herein mcorporated by

reference,

[6241] in addition to detecting AKI, the presont invention is capable of detecting wrinary

gract infections (UTls), as indicated by decreasing oxygen tension, carbon dioxide levels,

s
Lo

wcreasing specific gravity, and refatively stable urine output and conductance. The detection
of UTE can be achieved in the absence of AKI, and possibly in the presence of AKL by
combining urinary markers for a unique fingerprind of UTL The unigue UTT fingerprind can

alert clinicians to the presence of UTL

{6242} In additbon to detecting AKI and UTH using the described parameters, these
20 parameters may be used in corabination with mtra-abdominal pressure (1AP), respiratory rate
(RR), beart rate (HR), cardiac output {CO), relative stroke volame (RSV), temperature
{Temp), pulse pressure {(PPY, wrine conductance (U, urine output (UO) andior stroke
volume (SV) readigs, which are already used for detecting conditions such as mbra-
abdominal hypertension (1AH), abdoninal compartment syndrome (ACSY and sepsis. Adding
IAP, RR, HR, G, RSV, Temp, PP, UC, UO andior SV measurcments to the algonthm

described herern may increase the sensitivity and specificity of detecting AKY or UTL On the

B
5

other hand, adding the measurements obtained by the present invention o an 1AP, RR, HR,
CO, RSV, Temp, PP, LIC, UQ andfor SY measurement algorithm may increase the scasitivity

and specificity of detecting IAH, ACS or sepsis. Other clindcal applications mchade the

e
<

treatment of trawma and burns.

[6243]  In addition to absoluic rucasurements of TAP, RR, HR, CO, RSV, Temp, PP, UC,
UG, gas concentrations andfor SV, trending data of these parameters may also be wsed to
detect IAH, ACS, sepsis or other conditons. For example, the slope of values of these

parameters over time, andfor the vanabiity of values of these parameters over Hme may also

L
A

b used. Another example of usimyg data tronds is the use of pelse pressure waveform analysis

and pulse wave veloaity {or palse transit time). Pulse transit time can be determined by
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capturing a cardiac signal, such as the EXG, from leads on the sensing Foley catheter, andfor
elsewhere, and determuning the time that a pulse wave pressure stgnal 1o travel 1o the bladder.
Multiple parameters and/or parameter trends mayv be used to detenoine the presence of TAH,

ALS, sopsis or other conditions.
[0244]  Some examples of using tronding data inchude:

[0245] - A decreasing U0 in the setting of stable vitals {otherwise) may indicate acute
kidney myury. I stroke volume o decreasing, then the kidney may be ischemic. I urnine

volume surges in the sctting of stable vitals, if may indicate toxic acute kidney mpwry.

{8246} - An increasing respiratory rate along with decreasing stroke volume may indicate a

pulmonary embolism, hemorrhage or other volume depletion.

[0247]  An ncreasing respiratory mate in the sctting of stable vitals may ndicate an

impending airway obstruction,

[0248] - A decreasing respiratory rate in the setting of stability iy other parameters may

mdicate narcotic overdose. This is a big problem with patient comtrolied analgesia.

[6249] - Increasing intraabdonunal pressure (JAP} in the setting of stable stroke vohume

and ncreasing wine cutput may be an indicator of impending flund overload.

[250] - Increasing AP with decreasing U0 and deercasing cardiac outpat may bo an

indicator of cardiorespiratory msufficiency. This may be due to fluid overload, sepsis, ete.

{0251]  The present mvention can be used mn a variety of hospiial settings {e.g. cmergency
rOONL, operating room, mtensive care umit, ward) At any time, the deviee may be used to
monitor the progression of AKL, and whether # 1s improving or declimng. Its algorsthms work
to alert clinicians to a newly developed case of AKT or {0 a change in the status of AKL The
device may be placed before msalt to the kidney ocawrs (e.g. patients undergoing cardiae
surgery to detect if isult to the kidneys begins intra-operatively) m order 1o detect initiation
of AKL It may be placed when insult to the kidney inpury is alrcady present in order to detect
the degree of insult at that time. The device may also be used to monitor the response the

therapy/therapeutic intervention {c.g. renal replacement therapy, fluid resuscitation).
[0282]  Ahlernative embodiments

[6253F Embodiments of the technology may also report patient movement in the detection
or diagnosis of seizure disorder. In this embodiment, the pressure variations may trigger an
EEG or recording equipment o allow for intense period of monitoring during an episode
suspected of heing 3 scizuwre. In addition, or alicenatively, a pressure SeNSOT, ACOUSHC SCNSOT OF
other sensors may be used to deteet bowel activity, including peristalsis, patient movement,

seizure activity, pationt shivermng, frequency of coughing, severity of coughing, sleep
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chration, sleep quality, speech detection, patient comphiance {movement or fack thereof), and
may alert the healtheare provider that the patient has oot moved and must be turned or rolled.
This nmovement-related information may alse be relaved to 8 hypothermia device, a drug
defivery device or other device to control or nutigate serzure activity, shivering andfor

coughing.

[0254]  In some embodiments, the sensing Foley type catheter s configured 1o report the
presence of @ water droplet or other obstruction i an air-filled lumen {such as the pressare
humen), and then handle or resolve the droplet. In a hypothermic setting, in particular,
moisture it g gir lumen can condense and fonm obstructive water droplets. Water droplets in
an air-filled howen (or air bubbles v a water-filled lamen) can disturb or complicate pressure
signals due to the surface teusion of the water. Accordingly, a pressure-transnussion lumen in
some ¢mbodiments of the disclosed technology may include a hvdrophilic feature (such as a
coating on the wall of the lumen itself, ot a hvdrophilic fiber running the length of the lumen}
to wick moisture away from the homen in order to mamntain a continuous, nainferrupted air
channel. In some embodiments, a hvgroscopic composition (silica gel, for example) may be
ased 1 Bne with the air infusion line or within the air infusion femen itsclf to caple water or
hunudity. In some ombodiments, a hygroscopic composition may be mcluded within the

catheter so that the air infusion civeuit need not be serviced 1o replace this matenal,

[0255]  In some embodiments of the disclosed technology, air may also be intermittently
{and automatically) Infised and exiracted fnto the prossure-sensing balloon so that the balloon
i3 i a constant state of being optimally primed, as deseribed 1o further detail above. In the
case of the wicking fiber or hydrophilic coating in the humen, the air exfraction may also
contribute to removing and trapping any water from the air hne. In the istance of a liquid-
filled famen, a hydrophilic fiber or a hvdrophilic coating on the nside of the pressure fomen
will provide similar benefit in allowing this henen to handlke an air bubble. In this instance, an
atr bubble may distort the signal, but the air water interface surface tension is defused by a

hydrophilic coating in the lumen of the catheter.

[0256]  Additionally, a custorn extrusion and humen shape may also be used to prevent
obstraction in the case of liguid anddor apr-filled lomens. In some embodiments of the
technology, for example, a Foley type catheter may have a lumen that is stellate in cross
sectional profile. Such a humen is generally tmmune from obstruction by a water dvoplet, as
the droplet tends o cobere to fiself and push away from the hyvdrophobie walls. This behavior
tends to disalow filling of a cross-sectional space, and allows for an air channel to remain
patent arcund the water droplet and commaucate to the sensor, The same logic apphies to an
air bubble in water in a hydrophilic, stellate water lumen, In this mstance the hydrophilic

Hgmd will ching to the walls and allow for a contimuous water coluwmn that excludes the air
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bubble to the center of the lumen. The same applies for a hydrophobic Liquid in a bydrophobic
hanen. In some embodiments, the catheter may hnclude an aiv chawel, and 8 sewsor
incorporated within the catheter itself or 3 flukd homen that is capable of transmitiing the

pressue back to g sensor.

[0257]  The drainage tube may be a multi-lumen tube to contain the urine drainage line, the
pressure hanen, and the wires of the thermocouple and 15 comnected to the barb on one end

and the controlier on the other end.

{6238} The Foley catheter mayv be extruded with BaSO4 or have attached radiopague

markers to provide Hunroscopic observation,

{02539 The thermistor located at the tip of the catheter may be fixed in place using 2

number of extrusion profiles and assembly technigues.

[6268]  In some embodiments, the sensing Foley catheter may melade a blood pressure
sensing element that may take any of several forms. In one embodiment, a blood pressure
sensing clement includes a pressure delivery balloon (cither g separate, dedicated balloon ov a
balloon in fluid comanpucation with a device rotendion balloon or 3 pressure sensig balloon}
that can be optically analvzed as # is inflated to determine at which pressure the vessels
within the bladder or wrethwa are blanched and blood flone is stopped. This approach provides
a reading of the perfusion pressure of the tissue abatting the pressare delivery balloon, such
reading reflective of both the systemic blood pressure and vascular resistance. This
embodiment of a perfuston pressare device mav be used to provide carly detection or
monitoring of a vanety of acute or emergent medical conditions such as sepsis, shock,
hemorrhage, and can be particalady advantageous i detecting these conditions at an carly
stage. In predicting sepsis, cmbodiments of the fvention may be capable of receiving white

blood cell count information to better predict sepsis.

[0261]  Other modalities may be used to detect that the tissue has been blanched or
ischemie, as well, with the common methodological aspeet being that of the intormittont
miftation within the fomen, body cavity or bodily tissues to provide the compression of the
vasculature. Embodiments of this device and associated methods may also be used to detect
perfusion pressure in other arcas of the body with an intermittently inflatable member and

optical detection of blood flow or the presence of blood.

{82621  Tissae perfusion information may also be provided by way of sensors disposed on
the shaft of the catheter such that they contact the urethral wall when the catheter is i place.
These sensing technologies may mclede sucrodialysis, pynwvate, hetate, pO.. pCQOs, pHL

perfusion index, near-infrared spectroscopy, laser Doppler flowmetry, urethral capnography,
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and orthogonal polarization spectroscopy. Any of these tests may also be performed on the

wrine or the bladder wall itself o gonerate measarements of tissue perfusion,

[8263]  Another embodiment of the sensing Foley catheter system inclades an embodiment
of the clearing mechanism including a device andfor port for positive airflow near the start of
S the drainage line. The positive airflow facilitates drainage by forcing wine to flow through the
drainage hine. The positive airflow device may inclade a one-way valve at the end of the urine
catheter that allows arine to only flow toward the urine collection device, and prevents air

from enfering the catheter.

{6264} In some cmbodiments, a urine clearing mechanism comprises 3 coating on the
10 inside of the urme drainage tube to reduce surface tension and facilitate dramnage. In one
aspect, said coating is a hydrophobic polymer, including but not limited to PTFE or FEP.
{6265 In vet another ombodiment, the clearing mechanism comprises 3 tubular
hvdrophobic vent filter that can be nserted into the dranage tamen of the device such that air

will be cvacuated throughowt s length, A scgmental hydropbobic vent can alse be

o
3

moarporated at sot intervals fo ensure that aw is evacuated from the fube as it passes these
regions. In this embodiment, the hvdrophobie vent will be itorspaced at minum of 1-2 foot
ntervals to prevent submersion of the vents Inwine. By providing redendancy the multiple
ventdilters prevent the fathwe of any one filter/vent due to its submersion. In the ideal
configuration the vent will be a FTFE or ePTFE matenial and will be affixed with a barb and
20 or grommetted nto the tube at intervals to allow for easy manefacturabifity. In an alternative
emhodiment, the vent takes the form of a shit or spival that vuns the length of the dranage

tabe, thereby allowing air fo cscape the tube at any point. This prevents the drainage tube

from being positionally dependent when preventing and/or cluminating amrlocks.

[0266] in an alternative embodiment, air locks are prevented by means of an extendable
25 dramage tbe, which prevents pockets of aw from forming in the high portions of the wbe and
wring from gathering o the low portions. Ap extendable tube provenis this from ocecwring by
koeping the tube as straight as possible bobween the wrinary cathetor and the collection bag. In
one aspect, the extendable drainage tube is composed of multiple telescopic scetions that can
be extended or collapsed to match the distance from the patient to the collection bag. In
3 another aspect, the drainage tube is pleated to form an accordion, which can be extended or
coilapsed as necessary. In yvet another aspect, the tube 5 codded, In vet another aspect, the
drainage tube is retractable by means of a spring coil that wraps the tubing around a wheel to

achieve the appropriate length,

[8267F  Relative cardiae owtput and relative adal vohame may also be calculated, based on

T
[y

the deflection of the pressure sensor andior other force gauge. If sampled with sufficient
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frequency (eg., | Hz or greater), respiratory excursions can be quantified in a relative manner
o the amplitude of the excursions at the thue of catheter placoment. Larger excursions
generally relate to beavier breathing, of v the setting of an vpward drift in the bascline, a
higher peritoneal pressure. The small peaks on the oscillating respiratory wave, caused by the

pumping hewrt, may be racked as well by using faster sampling rates (e.g., § Hz or greater),

and the amplitude of this wave may be used, in the setting of a relatively constant peritoneal
pressure, to determine the relative cardiae ouips, i the sclting of a known, stable peritoneal

pressure, absohute stroke volume andior cardize output.

[0268] Intrabdovunal pressure or bladder prosswe, as sensed by an ernbodiment of the
disclosed technology, may also be used to detect the level of patient movement (s may vary,
for example, botween substantially ne movement to a high level of movement) and 1o report
the movemad level to g healtheare provider. A short burst of peaks and valleys wm bladder
prossure acHvily can serve as a proxy fin hody movement in that such a bladder pressure
profile is a strong mdicator that the paticnt is using thenr abdoninal muscles, as, for example,
to sit up or get out of bed. This cabodiment may be of particalar benefit for pationts that are
at nisk of falling. In @ patient that 15 a fall-risk, a healthcare provider may be notified that the
patient is sitting up and respond accordingly. Altarnatively, the device may be used to report

wactivity of a patient andfor lack of patient movement.

[0269]  Pulse ovimewry clements allow for a deternunation of blood oxygen concontration
or saturation, and may be disposed anvwhere along the urctheal fongth of the cathoter. In some
cmbodiments, the sensor or sensors are disposed within the tebing of the device to ensare
approximation o the wetheal mucosa. With s technology. a healthcare provider can
decompress the bladder with a urinary catheter and obtain pulse oximetry data b a repeatable
and accurate manner. The power source for pulse oximetry may be incorporated within the
yrinary collecting receptacle or within the catheter tiselfl In some cmbodiments, the pulse
oximeter is rousable and the catheter mterface is disposable; in this arrangement the puise
oximeter s reversibly attached to the disposable catheter and removed when oxygen
measwements are no fonger desired. Embodiments of the sensing Foley catheter may inclade
an optically wansparent, or sufficiently fransparcat, channel for the oxtmetry signal, such as a
fiber-optic cable, transparent window, and an interface for the reusable oximeter. This method
and device for wrethral pulse oximetry may be used m conjunction with any of the other
gmbodiments detatled herein or may be a stand-alone device

{8270}  An anubacterial coating, or & material impregnated with an anti-bacterial
compound, may be used on the seonsing Foley catheter to prevent imfection. Examples of
antibacterial coatings/materials include sibver, sitver citrate, Parylene, or any other suitable

material,
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{0271} Pulmonary Blood Volume Variability may also be detenmined by the sensing Foley
catheter system to aid in assessing exdstence or risk of heart fathae. Reduced left ventricular
function can lead (o an morease i the pulmonary blood volume (FBVY or a decrease i the

pulimonary bicod vohmoe variation. PBY variation 1s defined as the change 1 PBY over time

LA

during the cardiac cvele. PBV can be determined as a product of the cardiac output and the
pulmonary transit fime (PTT). Cardiac output can be deternuned as the product of stroke
vohune and heart rate where stroke volume is the area ander the flow-time corve for one
cardiac cyele. Pulse transit time may be obtained by looking &t the delay between the QRS
complex in an EKG vs. the appearance of the signal in the bladder. The EKG signal may be
10 obtained from a separate BEKG lead, a lead incomporated mato the sensing Foley catheter, a lead
mcorporated tnto the catheter inserfion kit, or elsewhere. An EKG lead may also be able 1o
read the EKG signal from within the uring, anywhere in the system. 2 leads may be used to

more accurately deternine the pulse transit ume.

[0272] It has been found that stroke volume, ciection fraction, and PBV variation decrease

ot
T4

after myocardial infarction, and that the greatest change is scon in PBVY varation. Therefor
determining PBY variation and identifving a decrease in PBV variation may be a strong

mdication of heart fatlure, or heart failure risk,

{0273}  Data collected by the sensing Foley catheter systom may be stored in a database and
analyzed for trending or other uses. For example, data may be collected from several patients
20 and aggregated anonymously to be ased to better treat, momitor, or predict the behavior of
future paiiems. For example, data collected over fime relating to heart rafe, rospiratory rate,
temperatare infection eic, may be aggregated and analyzed by the controlier to find trends,
such as the relationship between or among the various parameters and results. For example,
certain trends 1n temperatore alone, or i combination with other parameters, may be a
25 predictor of infection. Fig, 88 shows some known examples, but other and currently wiknown
trends may emerge from the ageregated pationt data.
{0274] Daty collected by the sonsing Foley catheter svstem may be infegrated with
Flectronie Health Records {(EHRs) or Electronie Medical Records (EMRs) andfor other

systems. Data collected by the sensing Foley cathetor svstemy controller may directly or

30 ndirectly interface with an EMR/EHR svstem. Data. such as patient demographic, or medical
history data, from an EMR/EHR may also infegrate with the sensing Foley catheter system.
{02751 Example of Data Processing System
{8276] Fig. 6% is a block diagram of a data processing system, which may be used with
any embhodiment of the nvention. For example, the system 60860 may he ased as part of a

353 controller as shown in several cmbodiments herein. Note that while Fig. 60 illustrates vanous

L
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components of a computer system, # is pot intended to represent any parhicufar archutecture or
manner of wterconnecting the components; as such details are not gormane o the present
wvention. it will also be appreciated that network computers, handheld computers, mobile

devices, tablets, cell phones and other data processing systems which have fewer components

LA

or perhaps more components may also be used with the present imvention
{62774 As shown in Fig. 6 the compater system 6000, which s a form of a data
processing system, inchudes & bus or interconncet 6002 which 1s coupled to one or more
microprocessors 6003 and a ROM 6007, a volatile RAM 6005, and a non-volatile memaory
6006, The nucroprocessor 6003 1s coupled to cache memory 6004 The bus 6002
10 wterconnects these various components together and also interconnects these components
03, 6U07, 6003, and 6006 to a display controler and display device 6008, as well as (o
inputioutput (I10) devices 6014, which may be nyice, kevboards, modems. network interfaces,
printers, and other devices which are well-known m the art.
2781 Typically, the twputiontput devices 6010 are coupled to the system through
15 npuatfoutput controllers 6009, The volatile RAM 6005 15 typically implemented as dynamic
RAM (DRAM) which requires power continoously in order to refresh or maintain the data in
the memory. The non-volatile memory 6006 is typically a magnetic hard drive, a magnetic
optical drive, an optical drive, or & DVD RAM or other type of memory system which
naintains data even after power s removed from the system. Tvpically, the non-volanle
20 memory will also be a random access memory, although this is not required.
[T While Fig. 60 shows that the non-volatile memory is a local device coupled
directly to the rest of the conponents in the data processing system, the present mvention may
atilize @ now-volatife memory which s remote from the system; such as, a network storage

device which s coupled to the data processing system through a network interface sach as a

25 modem or Ethernet interface, The bus 6002 may include one of more buses comnected to cach
other through various bridges, controlers, and/or adapters, as is well-known in the art. In one
erbodiment, the IO controller 6609 includes a USB (Universal Serial Busy adapter for
controlling USB peripherals. Alternatively, O controller 6609 may inchade an IEEE-1394
adapter, also known as FireWire adapter, for controlling FireWire devices,

30 [0280] Some portions of the preceding detatded descrniptions have been presented m
terms of algonthims and symbolic representations of operations on data bits within g computer
memory. These algorithnue desoniptions and representations are the ways used by those
skilled in the data processing arts to most effectively convey the substance of their work to
others skilled in the art. An algorithm is here, and generally, conceived to be a self-consisient

35 sequence of operations leading to a desired result. The operations are those requiring physical

mantpulations of physical quantities.

LA
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{8281} It should be borae in nund, however, that all of these and similar torms ave to be
associated with the appropeiste physical guantities and are merely convendent labels applied 1o
these quantitics. Unless specifically stated otherwise as apparent from the above discussion, it

ts appreciated that throughout the deseription, discussions wtthzing terms such as those set

LA

forth in the claims below, refer to the action and processes of & computer system, or similar
clectronic compating device, that manipulates and tansforms data vepresented as physical
(eloctronie) guantitics within the computer system's registers and memories into other data
similardy represented as physical quantities within the conputer system DEDONIes or regisiers
or other such mformation storage, transmussion or display devices.

10 [9282] The techniques shown in the figures can be mplemented wsing cods and data
stored and exceoted on one of more electronie devices, Such electronie deviees store and
conmmunicate (Internally andéor with other clectronic devices over a network) code and data
using computer-readable media, such as non-transitory computer-readable storage media

(.., magnetic disks; optical disks; random aceess memory; read only memory; flash memory

s
T4

devices; phase-change memory} and transitory computer-readable transmission media (o

clecirical, optical, acoustical or other form of propagated signals—-such as carrier waves,
wmfrared signals, digital signals).
[6283] The processes or methods depicted n the preceding fgures may be performed by
processing logic that comprises hardware {e.g. circuitry, dedicated logie, ete.), firmware,
20 software {o.g., embodicd on @ non-transitory computer readable medium), or a combination of
both. Although the processes or methods are described above in torms of some sequential
operations, it should be appreciated that some of the operations described may be performed
w a different order. Morcover, some operations may be performed in parallel rather than

sequentially.

b
L

[0284] Unless defined otherwise, all techmical terms used herem have the same meanings
as conmmonly understood by one of ordinary skill n the medical arts. Specific methods,
devices, and matertals ave described in this apphication, but any methods and materials similar
or eguivalent to those deseribed herein can be used in the practice of the present invention.
While embodiments of the mvention have been descrtbed 8 some detail and by way of
30 iHusteations, such Hlustrations are for purposes of clarity of understanding only, and are not
miended to be linmting. Various terms bhave been used in the deseription to convey an
anderstanding of the wvention; it will be understood that the meaning of these various ferms
extends fo common Haguistic or grammatical variations thercof Further, while some

theorctical  considerations may bave been advanced in furtherance of providing an

Lad
L& 1

understanding of the technology, the appended clatms to the fnvention are not bownd by such

theory. Moreover, any one or more features of any embodiment of the invention can be

L
L
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gombined with any one or more other features of any other embodimoent of the vention,
without departing from the scope of the mventon, Stll further, 1t should be understood that
the invention 13 not limited to the embodiments that have been set forth for purposes of
exemplification, but is to be dehined only by a fair reading of claims appended o the patent

application, including the full range of equivalency to which cach elemoent thereof 1s entitled.
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CLAIMS
What is claimed 15

1. A system for analyzing one or more body parameters, comprising:

an elongate cathoter having an expandable balloon positioned near or at a dhstal end

of the cathoter and further defining one or niore operings i proximity fo the balloon;

a venting mechanism coupled to a proximal end of the catheter, the venting
mechanism configured © pass air therethrough when negative pressure Is applied to the

venting mechanism;

a first limen coupled to the venting mechanism and m fluid communication with the

O OF IOLe openings;
a second fumen m fhud communication with the halloon:

a veservoir coupled 1o a proximal end of the fust hanen and in fluid conmmumication

with the one or more openings;

a controller which is contigured to conncet o the reservolr and is programmed to

control a pressure within the first humen,

wherein the controller is further programmed to monitor a wrine outpat received 1o the

reservorr from a patient,

wherein the controller is further progranmmed to dotermine an intra-abdomunal

pressure of the patient based in part upon changes in pressure within the balloon, and

wherein the controller 1s further configured to store patient data.

2. The system of clatm 1 wherein the catheter comprises a Foley-type catheter,

3, The system of claim 1 wherein the ballooy congrises a pressure sensing balloon.

4. The system of claim 1 wherein the reservoir COmprises @ Casseite component

having a rigid housing.

5. The system of claim 4 wherem the controller is configused to recetve and nterface

with the casseite component.

LA
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6. The system of claim 1 wherein the patient data from more than one patient is

stoved v a DMV -componed |

7. The system of claim 6 wherein the pationt data are transferrable to a remote

database.

8. The system of claim | wherein the controller is further programmed to analyze the
patient data and determine one or more trends or relationships between one or more

parameters of the patient data as a predictor of infoction or patient behavior

9. The system of elaim 1 wherein the venting mechamism comprises 2 vent which is
configared 1o pass air into the venting mechanism vpon application of a negative pressurg

within the first lumen,

10, The system of claim ¥ wherein the venting mechanism comprises a one-way

vatve which is configured to preventar from exiting the fivst Jumen,

11, The systom of claim | whercin the venting mechanism comprises o vent having a

hydrophobic membrane which is confizured to transmit gas bat not ligdd therethrough.

12, The system of claim 11 wherein the membrane comprises a PTFE or ¢PTFE

membrane.

13, The systom of clamm 1 further comprising a pump fluidly coupled to the reservolr

Vi a controtier punp interface.

14, The systom of claim 13 wherein the controller is programmed to actuate the
pump for auwlock cleoarance whore a presswee is reduced within the reservoir and first hanen
untif a mentscus of wwwme within the first lumen passes 3 minnum point i the first lumen,
wherein the controfler is fiather progranuned to actuate the pump to reduce the pressuwre

within the reservoir and frst lumen thereafter.



L

10

ot
L

s
<

WO 2016/049654 PCT/US2015/052716

15, The systom of claim 1 wherein the first lumen defines an inner diameter of less

than or equal © about .25 inches.

16, The system of claim 13 wherein the first honen defines an inner diameter of fess

than ot cqual to about (.25 inches.

17, The system of claim 1 wheremn the controller 15 further programmed to determing

ong or more physiological parameters of a patient comprising a respiratory rate or o heart rate,

18 The svstom of chum 1 wherem the controller s finther programmed to detenming

a presence of an infection.

19, The system of claim 1 wherein the controller is further programmed to detormine

a presence of acute kidney inpary in a patient based in part on 3 measurement of wrine outpat.

26, The system of claim 1 further comprising a Ught fransoutter and recoiver in

proxinuty to the reservoir, wherein the reservoir defines an optically clear section.

21, The system of claim 20 wherein the receiver is in communication with the
controfler which is further programmed to detect one or more wavelengths transmitted

through the reservolr and through a volume of urine contained within,

22, The system of claim 21 wherein the controler is further programmed to analyvze
the one or more wavelengths for a presence of bactenia, red blood cells, plasma, or white

blood cells as indicative of an infection.

23, The systom of claim 1 firther comprising a collection bag book configured to

measure strain exerted by a colfection bag in fliud compmuncation with the reservoir,

24, A methed of analyzing one or more body parameters from a patient, comprising:

positioning an clongate catheter having an expandable balloon positioned near or at 3

distal end of the catheter within a bladder filled at least partially with urme;
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receiving the wnine through one or more opemings defined along the catheter in
proximiy o the balloow

farther receiving the urine within a reservoir focated external to the bladder and
which is in fhad commmanication with the one or more opemings via a fhad famen;

venting air through a venting mechanisio which is in commumication with the fhud
humen when negative pressure is apphied to the fluid hemen;

2 ! . ;

analyzing a vohune of the wrine received within the reservoir via a controller which is
progranmmed to coptrol the negative pressure to the venting mechanism;

determnining an ntra-abdominal pressure of the patient based in part upon the changes
i pressure within the balloon; and

storing one or more parameters of patient data via the controfler.

23, The method of claim 24 wherein positioning an clongate catheter comyprises

positioning a Foley-type catheter witlun the bladder of a patient,

26, The method of claim 24 wherein the reserveir coniprises 8 cassetie component

having a nigid housing,

27. The method of claim 24 further comprising storing one or move parameters of

patient data within 3 memory component in comnmusnication with the controfier.

28 The method of elaim 27 wherein the patient data are transferrable to a remote

database.

29, The method of clam 24 Ruther comprising determining one or more {rends or
refationships between the one or more parameters of the patient data as a predictor of

infection or patient behavior,

3t The method of clam 24 wherein venting atr comprises applving 8 negative

pressure 10 the fluid lumen to pass air into the venting mechanmism,

L
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31, The method of claim 24 wherein venting air comprises transmitting the air

through the venting mechanism while prevemting ransmission of wine therethrough.

32. The method of claim 24 wherein ventimg air comprises actuating a pump fluidly

coupled to the reservolr via a controller punp miorfhce.

33. The method of claim 32 wherein actuating a pump comprises actuating the pump
via the controlier until a meniscus of urine within the fluid humen passes a minimuam point in
the fluid hanen, wherein the controlior is further programmued o actuate the punip to reduce

the presswre within the reservoir and fluid fumen therealier.

34, The method of claim 24 wherein analveing & vohane of the uring comprises
deterpining one ot more physiological parameters of a patient comprising a respiratory rate

or 8 heart rate.

35, The method of claim 24 wherein analyzing a volome of the arine comprises

determining a presence of an mfection.

360 The methad of claim 24 whereln analyzing a volume of the arive comprises

determinng a presence of acute kidney injury m a patient based in part on a mwasurcment of

urne output,

37, The method of clatm 24 wherein analyzing a volume of the urine conyprises
transmitting a Hght through an optically clear section of the reservoir and through the volume

of wrine and receiving a reflection of the transmitted light.

3R, The method of claim 37 firther comprising detecting one or more wavelengths
from the transmitied hight mdicative of a presence of bacteria, red blood cells, plasma, or

white blood cells as indicative of an infection.
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Method of Monitoring Pressure-based Physiologic Data

Dynamic pressure in the bladder/intraabdominal cavity

[ High fidelity pressure profile generated ]

U

Pressure transducer converts high fidelity pressure to
high fidelity electrical signal

!

Electrical signal profile processed to determine:
1 peritoneal pressure
2 respiratory rate
3 cardiac rate
4 relative cardiac output
5 patient motion or activity
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