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SYSTEMS, DEVICES AND METHODS FOR SENSING PHYSIOLOGIC DATA AND
DRAINING AND ANALYZING BODILY FLUIDS

CROSS-REFERENCE TO RELATED APPLICATIONS
[6001F  This application claims the benefit of prionity to WS, 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. 627062924 filed October 12, 2014
and 118 Provisional Application No. 62/476,725 filed November 7, 2014 and U S,
Provisional Application No. 6824085463 filed November 28, 2014 and U.S. Provisional
Applicaion 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 Neo. PCT/US2014/44565 filed June 27, 2014 and
PCT Application No. PCTAUS2015/010830 filed Jamaary, 7 2015, cach of which s

mcorporated herein by reference in s entirety.

TECHNICAL FIELD OF THE INVENTION
[G082]  The present invention relates to the field of medical devices, in particular devices
that axd emptying of the bladder, measure urine outpwt and vanous wine parameters such as
oxygen tension, wrine conductance and arime specific gravity, momior renal function, analyze
uring parametors, incleding 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 ncorporated into a catheter adapted to
reside I oany of a uninary tract, gastromtestinal tract, rectal location, pre-peritoneal; pleural

space of other body cavity,

INCORPORATION BY REFERENCE
[6003F Al publications and patent appltcations mentioned tn this spectfication are herein
mncorporated by reference to the same extont as if cach 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 reeenve an
m-dwelling arcthral catheter. Almost all crtically 13 pationts recetve one, and 1 the U s
routing procedare to monitor wrine oatput every howr. The amoent of wine produced is an
incheator of fluid status and renal function. However, numerous sources of ermor can cause

crroneoas measurements of this important indieator.
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[0003]  The most common device used to dran the bladder is the Foley catheter. Since its
fatroduction, the design of 3 Joxible tube with an anchoring balloon and evelers that allow
uring to drain through a central lumen has remained lavgely unchanged. However, it has been

found that the currest design of Foley catheters can result i oa large residual volume

L

remaining in the bladder, for example greater than S0ml. in supine patients. See Fallig,
Wendy M. Indwelling Foley Catheters Is the Gurrent Design a Sowrce of Emoneous
Measarement of Urine Qutpat? Critical Care Nurse 252 (2003). 44-51. In one study, mean
residual volume was 96 mi in the ICU and 136 mb in the general ward. See, Garcia ¢t al,
Traditional Foley Dranage Systems—Do They Drain the Bladder?, J Urel. 2007 Jan;
10 1770102037, discussion 207, A large residhial vohume of urine is also often found in the drain
tube that comrects the Foley catheter to the drainage bag, or elsewhere m the drabnage system.
{8006  The residual urine i the bladder and dramn tube 15 a result of large abr bubbles (ar
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 to mampulate the

ot
T4

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

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

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

and analyze urine 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 and/or
maitenance of a patient. For cxample, a respirator can control patient respiration rate,
25 vohmne, andfor gas nuxture, among other things. An IV (intravenous delivery) can deliver
flaid andfor other substances, such as drugs, to a patient. Dther devices include those that can
debiver drugs or pevform other actions. These types of medical devices can be nghtly
controlled via various sethings ctc. A muse or other practifioner may check various patient
parameters and adyust the medical treatment device setfings accordingly. A controller which
30 sutomatically or semit-automatically uses patient parameters to control the setings of medical

freatment devices 1s needed.
SUMMARY OF THE INVENTION

[0018 A Foley tvpe catheter, widespread in use, having a low cost, and easily pat n place

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

[S
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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 previowsly wavatlable disgnostic mformation, a8 may be dertved from 3 Foley type

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

[B011]  In addition, the development of air locks has been found to sigmificantly shew intra-
S abdominal presswre readings. In addition, a bladder which 15 not cmpty can also adversely
affect pressure readings within the bladder. The technology disclosed heremn also provides for
the detection and removal of awr focks in the seting of intra-abdominal pressure
measuwrements or otherwise, as well as more complete bladder drainage.
[0612]  The technology disclosed herem secks to more effectively drain the bladder,
10 prevent anlocks from forming in the drammage tube and clearing them when they do, and
increase the accuracy with which uwrme output is measwred in an automated way. The
disclosed technology also secks io incorporate additional measwwements of the arine,
mchuding oxygen tenston, condactance, and specific gravity, gas prossures, bubidity,

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

s
L*

other important patient parameters.

[0813] The disclosed technology also relates to a Foley type catheter for sensing
physiclogic data from the bladder andéor wrinary tract of a patient, the physiologic data
particelarly incloding those gathered by high fidelity pressure sensing and ansduction nto
signals switable for processing. In some embodiments, 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 specific measurcments and wends 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, Hssue gas content, pulse fransit time,

B
h

pulmonary blood voleme vartabibity, tomperature, blood content and other patient parameters

{8014}  Certain patient parameters which may be measured andior deternmined 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 variahibity, intra-abdonunal pressure (TAP}, tissue oxygenation, tssue
3 gas content, femperature, blood content and other patient parameters may be impacted by,
andfor 1mpract, medical treatnent. Sore examples of medical freatments, which may be
controlled by medical devices include respiration raie and countent, controlied by respirators,
TV rate and content controlled by an TV drip controller, drug delivery controlled by a drug

dehivery device or IV controller, wrine output controlled by 3 arine outpat pump, abdominal

i
A

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

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

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

L

pass air therethrough when negative pressure is applied to the venting mechanism, a fst
fumen coupled to the venting mechamsm and m fluid compumication with the one or more
openings, a second lhumen i fluid communication with the balleon, a reservoir coupled o a
proximal end of the first lemen 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, wheremn the controller is futher programmed to wonitor a
grine owutpet received in the reservoir om a patiot and determiine an intrg-abdominal
pressure of the patient based m part upon changes in pressure within the balleon, and wherein

the controfler s further configured to store patient data.

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

ot
T4

paticat, the mothod may generally comprise positionimg an clongate catheter having an
expandable balloon positioned near or at a distal end of the catheter within a body hanen
filled at feast partially with a body fluid, receiving the urine through one or more apenings
defined along the catheter in proximity to the balloon, fumther recciving the body fleid within
a reservolr located external to the body humen and which 1s in fluid commumcation with the
20 one or nore openings via a fhud lomen, vonding air through a verting mechanisim which is i
comymunication with the fuid humen when vegative presswre is applied fo the fhnd hoaen,
analvzing a volume of the wurine received within the reservorr via a controlffer which is
prograpuned to control the negative prossure to the venting mechanism, determining an imtra-

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

[
L4

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

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

30 treamment device, or both

[0018] A pressure measuring batioon on a catheter, such as that disclosed in international
patent appheation number PCTAUS 14/44565, titled Sensing Foley Catheter {which is herein
incorporated 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 to determing patient parameters such as ugine output rate,
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IAP, respiratory rate, heart rate, stroke volume, Hssue oxygonstion, wing composinon,

remperature and other patient parammeters.

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

Catheter inchade wnine 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 is 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
indicate 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. Measurement results mway indicate increasing {in 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 infoasions ctc.

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

o
¥ 3

treatoient device such as a ventilator andfor fluid mfusion device, A Scnsing Foley Catheter
can record a pressure waveform and the controller can identify the maxinusm and mininmum
pressure pudses, which coincide with the respication oycle. The controller can caleulate pulse
pressure variability. Pulse pressure varsabidity can belp determine whether a given patient will
or will not respond to fluid therapy. Pulse pressure varability can also be used by the
20 controller to control therapy 1 a feedback loop. If pulse presswre varability 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 cardiac 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 patient’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 1o 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 o hold his/her breath at an mspivation point andfor an expration 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 advaotages of the present mvention will be obtammed by reference to the
fellowing detailed description that sets forth illastrative embodiments, i which the principles

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

{6023 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  Fig 4 shows an example of eardiac rate and relative cardiac output sensing data.

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

CXCITIsE.
[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,
[0031]  Fig 9 provides a flow diagram of an cmmbodiment of the methoed,
[0032]  Fig. 10A shows an embodinent of the sensing Foley catheter system.

[0033]  Fig 10B shows a detast view of aulock clearing mechanism and fluid collection &

analysis system of Fig. 1A

[0034]  Fig 10C shows the disposable components of an cmbodiment of the seasing Foley

catheter system.

[08358] Fig 11 shows anothor embodiment of the sensing Foley catheter system.

(8036}  Fig. 12 shoves another embodiment of the sensing Foley catheter system.

[6837] Fig 13 shows another 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 miechanisin 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

additonal 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 seasing Foley catheter system to deteet bacterta, blood andfother

substances in the urine using UVAight spectroscopy.

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

b

plasma 1 wrine to light.
{8045} Fig 23 shows an embodiment of the cassette which clades baftle or fap.

fede]  Figs. 24 and 25 show graphs representing presswre balloon prming methods in

some embodinionts.

[0047]  Fig. 26-28 show flow charts of possible logic in various cmbodiments of the

fvention.

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

controller in a patient cnvirommnent.

[6049]  Fig 30 shows an embodiment of the sensing Foley catheter system with a loop

comtrofler in a pationt cavironment.

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

controller mn a patient eavironment,

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

controfler in & patient cnviromment,

{80521 Fig 33 shows details of a loop controller with possible iput paramcters and output

acfions.

{80531 Fig 34 15 a plot of ulrasonic and pressure measurements of volume divergence.
[0054]  Frig. 35 shows the distal end of an embodiorent of the seasiag 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 batloon wath the balloon inflated.
{6057} Fig 3% shows an embodiment of a filter within a balloon with the balloon deflated.
[0058]  Fig 39 shows an cmbodirent of a filter within 3 balloon.

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

[0068  Fig 41 shows an cmbodimient of a filter within & batloon.

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 iy 46 shows an embodiment of a filter within a halloon.
[B066]  Fig 47 shows an exmbodiment of 3 balloon with multiple 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 conirodler for measuring gas condent via a balloon catheter.

[M78]  Figs. 35 and 56 are schomatic diagram of gas mcaswring catheter/vontroller

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

{80721  Fig. 38A shows a table that Hsts combinations of parameters that allow for possible

ot
T4

signatures for wdentifyving Acete Kidney Iyjary and UT1 based on pationt paramcters.

[8073F Fig SEB shows a table that lists combinations of parameters that alfow for possible
signaturcs for kentfying Acute Kidoey Injury, scpsis, amd acufe respiratory distress
syndrome, based on patient paramcters,

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

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

embodiments of the mvention.

DETAILED DESCRIPTHON OF THE INVENTION

25 [8076]  The preferred embodiments of the present mvention are described in detatl berein.
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 is not
hmuted to these speeific configurations,
{80771 Sensing Foley catheter

30 [6078]  Fig 1 shows an cmbodiment of a seasing Foley catheter and several of its features,
A catheter may be anderstood to have various sections according to #ts 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 wrinary bladder-
resyding portion.
{60791 Vanoos mtornal {fumens traverse the length of the catheter, sach as an aw 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 lumen 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 opening 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 to a data

processing apparaius or controller.

[0088] Aes mflatable prossure-scosing batloon 108 {or g prosswre sensing membrane
arranged across an opeming) may be positioned at or near the distal end of the catheter.

Embodiments of a pressure-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 balloon or membrase is in fluld compumication
with a fluid column or lumen 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
h

either lqud or gas) may comprise a dedicated lumen, ov a shared lamen.

{3682}  In some cmbodiments, & omperature sensor may oxist &t or near the distal end of
the catheter. Temperatore port 110 may inchade temperature communication wire 112 which

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

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

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

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

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

[S
L 4

of example, perttoncal pressure, vespiratory rate, and cardiac rate, relative pulmonary tidal

16
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volume profife, cardiac output, relative 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 equipped 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 wethral wall, temperatore mside the bladder or the wrethra,
clectro-~cardiography via seusors on the bladder wall or the wrethra, respiratory vohame,
respiratory prossure, peritoneal pressure, wrine ghuwose, blood glucose via vrethral mucosa
and/or bladder mwcosa, urine proteins, urime hemeoglobim, blood pressure. In sonwee
embodiments, the cathetor can sense nultiple parameters, but some cmbodiments may be
hmsted 1o as fow as a single parameter for focased applications (for example, respiratory rafe

i & patient m respiratory distress).

[8086]  The disclosed technology captures a high-resolution chronological profile (pressure
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,
ichading 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, refative cardiae output, and absolute cardiac stroke volume.

{0087  Accordingly, aspects of the disclosed technology relate to fidelity and resolution of
a pressure stgnal generated in respouse 10 changes in pressure within the bladder, such
changes being reflective of a pressure profide withan the perdoneal cavity, such pressure
profile including cumulative input from the aforementioned physiologic sources. Aspects of
the technology further relate to fidehity 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 clectvical signal profile, a swrogate for the presswwe profile
within the peritoneal cavity, mto connponent profiles that can be assigned to the physinlogic

SOUTCEs.

[0088]  The seasttivity of an inflated balloon as a pressure sensor is 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 baseling pressure differential is near zero. As the

haseline pressure differensial increases, the sensitivity of the pressure~sensing balloon

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

naintaing 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 13 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 vequired to resobve an event that runs at a
requency of B eyclesisecond. As applied to a physiologic pressure oyele, for example, a
cardiac ratec of 70 beats/ininufe requires a samypling rate of at least 140 samplesiminute to
cffectively capture the cyele. This relationshup underlics 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 output, relative cardiac output, and absohse

cardiac stroke volume,

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

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

o
¥ 3

[0091]  Expandable pressure sensing halloons, per embaodiments of the techuology, may
assume one of more of at least two basic forms, compliant or non-compliant. In comphiant
balloon types, 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 enconstraned, maintains a
substantiaily constant ot preferred form or shape, as detormined by the mandred upon which
the balloon s formed. Upen expansion of the balloon from a nunumal velume fo its maxunal

volume, the membrane of the balloon maintams a level of utmess. Within the hinuts of

B
h

compliance of the compliant membrane, an imcrease in pressure danny iflation resalts na
consequent expansion of volume. The balloon, on the whole may be considered partially
compliant in that #ts shape responds to spatial constramts that # may cncounter upon
expansion or inflation, however the balloon does have a preferred or native shape, and such

shape preference provents a level of shape comphiance or conformability such as that

ad
<

cxhibited by a non-compliant balloon.

6052 in a non-compliant balloon, the cxpandable 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 expansion/pressunization. Non-comphiant pressure-

i
A

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

compliance of the membrane determines various features of the baltoon, as & whole, at

]
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different levels of expansion. Upon expansion of the balloon from a nunimal vohune 10 a
level near ds maximal volume, the mombrane of the balloon is supple, and has a level of
slackness. kxpansion of a3 non-vompliant balloon occurs by way of ocutwardly directed

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

L

compliant balloon occurs by way of generally inwardly directed wrinkling and infolding.
When a non-comphiant balloon is fully nflated {or substannially nflated) without being m a
confining space, it assames a preforred or native shape as determined by the geometry of the
mombrane or fabric of the balloon. However, in a state of partial inflation. the balloon, as a
whole, 15 highly supple and conformable, broadly taking the shape as may be dictated by a

10 confimng 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-comphant. n these
embodiments, the membrane may mnclude regions that are compliant and regtons 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 dunng
expansion of the balloon. In stilf other embodiments, comphance of the membrane may have
20 a2 as or polarity that fends to permit compliance in one or more directions, and fends to

disallow conpliance mn one or move other directions.

[0094] Embodiments of the sensing Foley catheter include a device utilizing a very small
pressure humen for air ransnussion. Pressure readings using wnner humen 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 dismeter was decreased from 3mm o T and 83mm,

[0095]  These data indicate the appropriatencss 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 cmbodiment, 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

ad
<

balloon. Thus, the catheter of the prosemt imvention is umiguely suited to the pediatnic
indication where there is 3 dire need for more appropriate, less invasive 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 1

ased in i fully infisted 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

13
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miere parameiers, such as hewrt rate, relative stroke volume, relative cardiae ouiput,
respiratory rate, and refative tidal volume. A smaller pressure hanen also allows for more

space w a larger catheter for other technolngies, such as sensors ¢ic.

[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 resufting from the retention
batloon bemng in contact with the mner surface of the bladder, needs to be subtracted trom the
pressure readimg. In thus way, smaller pressure changes may be tracked similarly to those

10 measured by the separate pressure balloon. The nflation pressure offset may be determined
by measuring the pressure within the retention balloon when it s first mnserted mto the patient,

ar by measwing the refendion balioon mflation presswre cutside the patient, or by other ncans.

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

{6097  Embodiments of the disclosed technology may include embodiments i which the

s
L*

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

magnetic, resonant, andfor other suitable wehmologies.

[0098] Fig. 2 shows an example of rospiratory rate sensing data from a homan subject, as
provided by an embodiment of the sensing Foley catheter systom. During this test periad, 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 (5} breath being held at the end

of an expivation.

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

25 therefore heart rate can be deternuned.

(6160 iy 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 ae

{6181} Fig 5 shows data related to relative cardiac outpat sensing n a human leg raising
exercise m which cardiac output inereases, 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

#¥
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 poritoneal cavity was aceessed with a Smm Tenamian trocar,
The wocar was then attached to a 5L bag of Lactated Ringers solution via a peristaltic pump,
and the sobhdion was mfused af a rate of abouril per munete, Fluid flow was discontimued
anee a presswre of about 20 mmByg was obtained after which there was no net fluid Bow fnor

out of the cavity.

[6103f Fig. 8 shows intraabdonunal pressure, respiratory wave pressure, and cardiac
pressure schematically arrayed as a two dimensional plot of pressure (mm Hg on a
fogarithonnie scaled vy, frequency (Hz), Tt can be seon that there s an inverse relationship
hetween pressure and frequency, and the various physiologic pressurc-related paramcters
aecupy distinet sectors when arrayed 1 this manoer. £ 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 imto the distinet subprofiles, in
accordance with their physiologic ongin. Intra-abdommal pressare mecaswwements may be
resofved i 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 0.75 Ha
Cardiac pressure measurenments may be resolved in the frequency range of abowt 0.75 Hz ©
about 3.0 Hz. Intra-agbdonuinal pressure measwements may be resolved v 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 o the amphitude 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 freguency 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 He for cardiac pressure measurements.

[e1ed4]  Fig 9 provides a flow diagram of an embodiment of the method of monitoring
presswre as i ocows dymanucally as waves of vaned frequency and aswplede o the
intragbdominal cavity, as deotected 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 columa. More proximally, a pressure transducer converts the high Ddelite
pressure wave into a high fidelity clectrieal signal that is informative of pressure frequency
and amplitude. The generated high fidehity 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, cavdiae rate, relative cavdine output, and patient motion oF activity.
[8185]  Sensing Foley catheter system

[6186] Fig 10A shows an cmbodinent of the sensing Foley catheter used i conjunction

L

with an embodiment of an airlock clearing mechantsm and fluid collection & analysis system,
Both vrine dramage and presswre readings benefit from the chinunation or reduction of

atrfocks in the urine dramage line.

{8187  Scasing Foley catheter 1000 is sinlar 1o the sensing Foley catheter shown in Fig.
{. The sensing Foley catheter 1s shown 1 use in bladder 1014, Noete that several of the ports at
10 the proximal end of the catheter shown m Fig. 1 are combined in the embodiment shown in
Fig. 10A. Urine drampage 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 ts also shown here, and 1s i fud comumuoncation with urine drainage tube 161
which is in fhuid comumunication with sensing Foley catheter 1000, Awlock cleanng
moechanism and fuid collection & asalysis systom includes bascicontroller 1018, flaid
collection bag 1320 and reservoir or cassette 1022, The combination of the sensing Foley
catheter HIBO. the urine dramnage tube 1001, and the andock clearmng mechanism and Haid
20 collection & analysis systems 1002 are also referred to herein as the sensing Foley catheter

systent. The sensing Foley catheter, urine dranage ling, and reservoiricassette may bhe

inclades sensing Foley catheter 1000, voine drainage tabe [001 {including vent barb) and

reservoirfcassetie 1022

25 [0108]  Vent barb 1016 may mclade vent, or vents, 1006 as well as urine sampling port
1304, in this embodiment, vent 1306 18 preforably made from a membrane that perauts the
transmussion of gases, but not fiquads, 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 be 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 pressure 3§
created due o atrlocks 1n the dramnage hine. Such o mechamsm prevents suction traurng, for
example at the bladder wall. Vents 1006 may incorporate a one~way valve which prevents air

from exiting the draivage lne, or cotering the diainage bine. In & preforred cmbodiment, a

>
¥

ong-way valve is used to provent atr from exiting the drainage lue, but sllows air to enter the

le
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drainage Hne, via vents 1006, In this manner, the valves also prevent urine from coming into

contact with vems 1006,

{8169]  Urine dranage tube 1001 may inclede several humens, including pressure lumen
1O, omperature lumen 100, and wine hunen 1012, Pressure fwmen 1010 &8 i fnd
conupunication with pressure sensing balloon 108 as well as pressure transducer interface
1026 in controlier 1018, Temperature famen 1008 compuuncates with the temperatre sensor
{not shown} in the sensing Foley catheter and also temperature connecter 1024 in the
comtrofler. Urine hamen 1012 15 i fluid communication with opening or openings 106 and

Qrine reservolr or casscite 1022,

{0110}  Disposable measurement vessel, collection vessel, chamber or cassette component
1022 is designed to fit into cassetie mount, base or controller 1018 and to interface with the
components of the controller. Controller panp interface (behind casscttc pumyp interface
1 148) connects to pump 134 and to cassctte pranp 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 colleenion
vessel is rigid i order to maimain a constanmt volume when the pump applies negative
pressure. The level of negative pressure applicd may be monitored by a prossure Senso.
Dharing clearance of an airlock, the pressure follows 3 signature curve as shown in 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 aivlock, so the pump power can be redoced in order to
minimize the amount of suction transmitted to the bladder once the atrlock s completely
cleared. A farger vessel without this pressure-sensing feature for example, would ansmt
substantial negative pressore 1o the bladder once the airlock s cleared and the before the
vessel has fime to cquilibrate with atmosphere. Controller presswre tnterface (hebind cassetie
pressure ipterface 1150) connects to a pressure measwrement device, such as g presswe
wransducer, and o cassette pressure mterface TIML The pressere measurement device 1§
designed to measure volume of the urine, 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 comjunction with the pressure measurements, or either can be used to determine
wring, or other flaid, volume outpul. Active pinch valve 1132 15 designed to comnect to the
outflow twubing of the cassette. The pinch valve is to control the empiying of the casscite
vessel and the pinch valve 1s controlled by the controller so that it releases urine/flud when
the urine outpuot reaches a cortain volame i the cassette, as determined by the pressure andéor

alirasonic measurements. The volume of urine in the cassetie is measured, and when the wrine
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gets to n corfaim volome, the urine is emptied via the pinch valve wto wine drainage bag
130, In s way the wine outpul vohume can be accurately measured over time.
Alternatively, the controlier may wtilize 8 scf tioe between cassetic enipivings and measure

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

L

cmpty the cassette upon an event, such as atr-lock removal triggered by punp sctivation. For
example, the controller may control the pinch valve to empty the reservondcassette when the
uring volume reaches aboot 50mil. Altermatively the controller may comtrol the pinch valve to
emply the reservolr/eassette every hour after measuring the urine volume within the cassette.
Alternatively the controlfer may control the pinch valve to empty the reservoiricassette
10 duning, or after, a urine drainage event, such as a running of the pump. Or the controller may
control the pineh valve to empty the reservoir/casseite using a combination of these friggers.

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

ultrasonically-hased, or optically-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 measwement made by one or more
technologios may be used for redundancy, or backup, or in conjunction with cach other to

obtain pore accurate vrine volume measurements.

[0132] Bed hooks 1116 are for hooking the controller to the bed, or ather devies, as
20 npeeded. They can alse be used to hook the controlier to a portable device for patient transport.
Collection bag hooks/holes 1142 are to mount a drainage bag where the woincefioid s
situmately collected, after the wine/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 fhid
25 in the bag. For example, pieze-clectric tansducers may 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/fthad volume

status, systemn status, ete. Screcn 1HIO may also be 3 touch sorcen and receive inpuds,

ad
<

inciading sctiings, screen display changes, menuo changes, cte. Pressare port 1026 conneots to
the bladder presswre hnelQi0, which measures bladder pressares using a sensing Foley
catheter, if vsed. Alternatively, pressure port may he located within the cassette moant
sndemneath cassette 1022 or elsewhere in the controllerfhase. Temperature in port 1024
connects to a thermistor/fomperatwre sensor which measares body temperature, either via a

-

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

s
LA

fransmitting any emperatore measwrenments © an external device anddor mowmitor. Adapier
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port 1124 15 for adapting the controller to other devices, such as n the case of & RFID adapter.
This could be used © activate any addittonalfadvanced featurss, such a8 measerements of
IAP, respiratory rate, heart rate, cardiac ouiput, or any other paramneters that may be measured
by the sensing Folev catheter. This allows the addional 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 ace purchased, cither as part
of the disposable, or separately. Software upgrades may be debivered wirelessly, by LISB
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 wirelessly or by wired connection o another storage device,

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

[0134] Power LED/indicator 1114 is an indication that the power is on or off. Error
LED{ndicator 1112 is an mdicator if any crror has occasred within the svstem. Error details
can be displayed on screen 1110, but indicator 1112 alerts users that an error axists. Indicators

may also mcorporate sounds or other alerts.

[0115]  Port 1108 is for downloads, uploads, software upgrades, comnecting to other
devices ete., such as ntegration with an EMR (Electronie Medical Record) systenn. Port 1108
nay be & 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 &0 power the controller,

{6116}  Urine/tlaid drainage bay 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 vacoamn acts on the drainage tubing and not the bag.
In a preferred eadbodiment, a single valve is used for both the overflow and outflow tbings,
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 flud to exat the bag. This prevents excessive amr, and
potentially pressure, huldup in the bag, and thus allows for efficiont fillmg of the drainage
bag. Graduated markings |44 show a somewhat crude measurcment of the fluid vohane n
the bag as it s collected. Outflow valve 1146 may be used to empty the bag of fluidfarine.
Preferably, the valve s operable easily 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 empticd. An alarm may 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 cangle

on an obstacle as a patient 18 being moved.

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

sade owut of PV, PC, or other suitable material.

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

the drainage tubing.

[0119]  The conwollerbase andior the reservoirfcassette may include an accelerometer, or
other sensor, 1o deternune when the controllerfcassetic is fovel and when # is not. An alarm
may sound when the conwollerfcassette is not fevell Altermatively, orine volome

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

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

valve 15 opened.

{8121}  Fig 10B is a detail view of avrlock clearing mechanism and flaid collection &
analysis systern 1002, Screen 1110 displays the user interface including pationt paramicters 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 gore body temperature as sensed by the terperature sensor i the sensing Foley
cathoter or otherwise. Lring outpat area 1138 shows the patient’s current andfor average wring
output which s determined by the controller based on wing vohane measuroments as
measwed by presswe nwasurcmeni device connected to pressure interface 1130 andfor
ultrasound transducer mnterface 1130, Sepsis Index area 1160 shows the patient’s Ikelihood of
sepsis which i3 determined by the controller based on one or more patient parameters
colfected andior calawdated. For example, emperature, heart rate abnormaliies, respiratory
rate aboormalities andfor wrine output or other factors may be considered i determining
sepsis risk. Trending in these parameters may also be used v assessing risk. For examyple,
reduced urine output, increased 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, urnary tract infection, 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 mpary, sepsis and acute respiratory distress syndrome 1 shown in Fig, S83B.
Measared wine parameters may inclade conductance, specific gravity, wrine outpai, prosenge

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

[4123]  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 screen and show the patient’s
history of uring output, temperature, hoart rate, respiratory rate, Sepsis Index, risk of acute
kidney iyjury, urinary fract infection, mitra-abdonunal hypertension, abdonunal compartment
syndrome, mfection risk and others, or any other pertivent parameter. The time franie 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 clovated risk, may be shown automatically here or elsewhere on the display.
Alerts andfor ranges may be set by the wser, and may mchude absolute values, as well as
trends over tme. For example, an ncrease in core body temperature of more than 2 degrees

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

[0124]  Fig 11 shows an cmbodiment of the sensing Foley catheter system (including
airlock clearing mechanism, fluid dramage, collection & analysis svstemfcontrolics) similar to
that shown in Fig. 10A where vent 1180 is located on controlier 1018 or reservesr/ cassetic
1022, instead of on vent barb 1182 In this embodiment, vent 1180 s i fluid communication
with urine dranage lumen 1012 via vent hanen 1184 whnch fluidly connects to unne fomen
1012 at barb T2, In thus 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 fumen may be

anywhere in the system as well.

[0125] Fig 12 shows an embodiment of the sensing Foley catheter system similar to that
sherwn in Flig. 1A where, as opposed to the systom shown in Fig. 194, no prossure balloon is
utifized. Instead, pressure is measured inside the bladder via the wine hanen (or other lumen}
in the sensing Foley catheter. In this embodiment, the presswre lumen 1202 is connected to the
vent 1204, or elsewhere mn the system outside the patient, and 1s, at lease pertodicatly, n flaid
communication with the dramage/urine lumen of the catheter. In this embodiment, the sensing
Foley catheter system may be wsed with any standard Foley catheter. Note thai any

crbodiments of the sensing Foley catheter system may be wvsed with a standard Foley

bt
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catheter. The systom shown i Fig. 12 may also be used without pressure lomen 1202, and

with a standard Foley catheter, if prossure measorements i the bladder are not desired.

{8126} Fig. 13 shows an embodument of the sensing Foley catheter systom similar to that
shown in Fig 12 In this cmbodiment, valve 1302 may be utibized to periodically close
pressure lumen 1202 to the wrine dramage homen. The valve can be opened, by the controller
or manually, when a pressure messurement s taken, and closed, agam 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 f 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 liming of the bladder. Note that these embodiments are
different than devices where the veat(s) allow air to cscape, but not enter, the drainage fube,
Lirine drainage lumens preferably have an inner diameter fess than about 6.25 inches such that
tiquid n the lumen maintains cirewmforental contact with the lomen, which forms a seal and
altows the liquid 1o advance when a pumping mechanism is activated. There may be maltiple
drainage lumens to prevent blockage of flow if the pumping wechanism fails. In these
embodiments, the drammage lumens are preferentially generally enpty, which may require
continous activation of the pwuping mechanism. Ahernatively, the pumping mechanism
may be activated prior to making 2 measurement of volume to ensare that all the liqind has

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

[0128] Some cmbodimenis of the sensing Feley catheter system chude detecting a
pressure spike st the dramnage tine while 3 pressure within the bedily organ remains constant;
and using a pump 1o create negative pressure through the drainage line until the pressure 1n

the draibage lne equals the pressure in the bodily organ.

{8129} 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 haldup of higad m the patient is
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 line before air enters through
the vent as long as the resistance of arflow through the vent i1s greater than the resistance of
arine flowing twough the patients catheter. However, the vent preferably has the smalfest
possible resistance to airflow while meeting this requirement i order 0 minbmize sechion

frauma.

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

bladder is fiwther protected from suction, and the controller pomp is activated 3t 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 continue o ren watid it

detects that no more wine is draining, indicating that the bladder has completely cowptied,

{131} The pumping mechanism used can be any suitable mechanism, mchading, bat not
himited to peristaltic pumps, diaphragon 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 15 in the range
of about # to -30 nunHg. The negative pressure may altcenatively be supplied by wall
vacuum, offen present in hospital rooms. Pumping mechanisms may include a peristaliic-like
punip or suction applied directly to 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 reservor/cassette, so that the reservoly 18 between the patient and
the punyp. To order to function properly, the pump should preferably be capable of gonerating
negative prossures equal to the maxmmm hiquid cohunn beight in the drainage wbe. 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 nH20, 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 stimulus to cause at least one of a movement of the drainage line and the
bodily fluids within. In some cmrbodiments, the rodling stimudes comprises compressing

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

[4133] I another emmbodiment, air locks are removed by means of a collapsible drainage
tube that resides 1w a stiffer knk-resistant tube {not shown). Penodically, the dramnage tube is
collapsed, such as by applving a positive pressure to the space between the collapsible tube
and the kink-proof twbe or by applying negative prossure to the inside of the collapsible nibe.
Collapsing of the drainage tebe then wges wvrine away from the patiend and toward the

collection vessel.

{6134}  In another embodiment, the dramage lumen clearing mechanism comprises a tube
with an ner diameter fess than abowt 023 inches, such that no air pockets are able to move
ap the length of the tube. Thos is possible due o the serface tension withan the smaller tubes,
which prevent movement of flusd when one end of the wbe 15 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 waer 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 o the bladder. Alereatively, with a small lumen drainage tebe, air s allowed to

23
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periodically enter the tube hunen via the vent/valve. The negative pressure caused by the
pumnp may encourage this. Lving &3 encouraged to continue 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 i a smaller volome of residual wrine
m the dranage tube compared with the priov art. Having a smaller residunl volume is
preferentinl, as it allows wrine to move move quickly from the patient’s bladder 1o the
collection vessel. The speed of thus transport 18 important in order to take measurements of the
urine that has been produced more recently, This is particudarty mportant for pationds with
tow rates of wrine production, as it takes their urine cven longer (¢ be transpotied from the
bladder to the collection vessel. For example, for a patient producing only 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), measwrements will only lag true
production by 360 minutes. Tn some ombodiments utilizing a small diameter honen, with or

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

[8136] Fig 15 shows an embodiment of the device that 1s well-suited for draiming chest
tubes or other drainage tubes that apply cobstand negative pressure o the patied. Although
these embodiments may also be suitable for draining wine 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 famensiSRS, which connecet to collection vessel 1382, Drainage 1s assisted
by pulling negative pressure on the collection vessel 1382, for exanple by attaching a section
tube 1383 o the hospital wall suchion. Suction may also be applied with other methods, such
as with a pump as disclosed elsewhere berein. Air enters the dramnage lamens 1585 through 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 patrent will remain at this pressure as fong as the hospital wall suction/pump can
generate sufficient saction at the collection vessel 1582, Preferably, the draimage hsmen(s)
used for drabung chest tubes are as large as possible while mamtaining a siphos, Sustable

inper 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 patent 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

obtained by the sensor 1687 1s sent back o the controlier controliing the pumping mechmnism
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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 elsewhere m the sysiom. The sensor may also be used for passive nmonitoring
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
reservoir, the pamp may alternatively be on the other side of the drainage reservom, so that the

resevvolr is between the patient and the pump.

[G138]  in another embodiment of the mverdion used for draning chest tubes, the volume
of the fluid drammed is measured v order o provide information to clindcians about the
dramage status of the chest tube. This messurement can be accomphished by any suitable

means, particalarhy those described within for mecaswring wrine vohume.

[613%] In addibon to chiminating air locks, several of the awr lock clearance designs
detailed above have been found to effectively clear deposits and Blood clots from wine
drainage lines. These problems plague current urine draimage 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 featare is particularty useful when used i conjunction with
pressure seasiyg cither in a balloon at the tip of the Foley or i 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 hus 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 oxposwe of the

bladder mucosa 1o excessive vacuunt

[0140] 1o another embodiment, shown in Fig. 17, o gas-sampling haoen 1790 nms the
fength of the drainage nibe and ternnnates with a gas-permeable but Hgad-impermeable filter
1791 that remaing wn confact with wrine, the memseus 1792 of which 15 finther from the
pattent than the filter. When a measurement of oxygen, carbon dioxide, or any other gas is

needed, the wr within gas-sampling lumen 1790 is 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 fine such as those iHastrated n

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 buddap 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

25
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collection vessel and the pump. This vent allows the transmussion of gas {preferably atr}, but
prevents the transwmission of lpad, w order {o prevent bacteria or viruses from entering or
exiting the collection vessel and drainage twbe. Preferably, this vent s sterthtv-grade,

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

L

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

[0142]  As shown in Fig. 20, pressure offsetting may be aceomphished 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 3 onc-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, thereby generatng pegative presswe in the
collection and facthitating flow of Huid through the drainage line. A venf may or may not be
present at the patient end of the dramage tine (not shown here}.
[0143] Detecting infection

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

o
¥ 3

may be mchuded 1n the sensing Foley catheter system to detect bacteria, blood andiother
substances in the wrine using UV hight spectroscopy. Cassette 2100 includes container wall
2102, which 1s preferably rigid. Urine 2106 &5 coliccted in the casseite. If wrine is collected
too quickly, or there 15 some mmpediment to the cassette’s emptying, 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 mmer wall of the
cassette. “Optically clear”™ here means able to transout light at the neceded analysis

wavelength(s) through the optically clear section.  Preferably the optically clear section made

B
h

of a material which 15 able to wansomt UV hight, such as polymethvhmethacrylate, polystyreng,
actylic, quartz, ete. The wall thickness may need fo be thin enough to allow the appropriate
UV wavelengthis) to be mansoitted 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 9.5mm to

ad
<

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

section may be less than around (.7mm thick.

[0145] UV/hipht trapsmatterfreceiver 2108 wansmits UV or other wavelength light in the

appropriate wavelength through optically clear scetion 2110, through the wnine m the cassetie,

i
A

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

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

within the UV range. The volinne of urine physically between the transmussion and recetving

L

of the hight is preferably maximized for a stronger signal reflecting the concentration of one or
more sabstances i the unae. The transmitterreceiver may be located as shown in Fig. 21, or
i other arcas of the cassefte. The receiver may be i a different focation than the transoutter
and the reflector may or may not be necessary nor present. Because the urine n 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 iy the wine can be tracked
over fime, m essentially, or nearly, real time, This is particularly important in identifving
mfcetton quuckly, mcluding wmary tact infection and Catheter-associated Urinary Tract
Infection {CAUTDH. 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
4%

[B146]  Infection may be identificd by analyzing the urine for bacteria, red blood cells, and
plasma andfor white blood cells using UVAight spectroscopy. Fig. 22 shows the vanous
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 wfecuon. The
presence of red blood cells may not be mdicative of mfection. Therefore it 15 desivable o
20 distinguish between red blood cells and bacteria/plasmad‘white blood cells in the urine, Since
the spectroscopic signature for red blood cells differs significantly from those of aither
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‘ehite blood cells, and an

mfection can be identified by analyzing the absorption of hglt at this wavelength, Because

[
L4

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 fikely that both plasma and bacteria may be present during an infection.

{147}  Other wavelengths and other technologies may also be vsed to deteet various
substances in wrine or any collected/dramed bodity flutd, UViight absorption maay alse be
30 used to detect tarbidity. A dye or drug o reactive substance mav also be introduced into the
systen, or be coated on the nside of the system, cassctte, ete, to react with a substance in the

urine o aid i analysis,

[0148] CAUTT or nfecuon may bhe 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 to 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 pressure measarements within the bladder by reducing suction within the bladder,
inereasing accuracy of unne output measurement by reducing atrlocks i the system and

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

L

pressure readings below about <20 nunHyg. Altermatively, pressure spikes caused by suction in
the bladder may be defined as pressure readings below aboat -10 mmHg to about -20 mmiyg.
Alternatively, pressure spikes caused by suction in the bladder may be defined as presswe

readings below about <10 mmHg.

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

10 This baffle/flap is meant to prevent wrine 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] Pruming

[151]  Awm aspest of the disclosed technokouy that 1s particalarly advantageous o achicving

o
¥ 3

a hagh resolution signal from which pressare profiles from particular physiologic sources
{such as peritoneal pressure, rospiratory rate, and cardiac rate, selative pulmonary tidal
volume, cardiac outpat, 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 pressure sensimg balleon. This balance
20 of pressure may be reforred 1o 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 tmpinging on the oxternal face of halloon
{facing the mternal aspect of the hladder) s subject to change according fo the physiology of

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

B
h

the fhuid cohunmn) is subject 1o degradation because of fhud leakage and imperfect seals.

{8152}  Upon first msertion 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 pressere interface, have a maxamal amplitede when the pressure
30 differental 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 prming the balloon. Inasmuch as pressures on either side of the

pressure iiterface may change, as deseribed above, the flord colump may need to be re-

i
A

primed or re-tuned, from tme o time. The necessity of re-priming can be monitored by

testing small changes in pressure so a

(72

& achieve maximal smphitude of a prossure signal
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profile. Altermatively, the priming can sutomatically occor via the controller on a pertodic
basis.

[0153] Embodiments of the disclosed system and method nchade autonmsatic pressure
taping by a comtrolier. Accordingly, the tuning systom can deteet the optimum target prosswe
and volume to inflate the balloon by moutoring sensed presswre signals and adding or
removing afr or fhad volume as needed. For example, upon inscrtion of the catheter, a
pressure funing circuit that regulates the halloon vohaene and pressure way inflate the balloon
unti} i detects & physiclogic-sowrced presswe rafe. Upon seasing that rate, the pressure tuning
confrotler may add or subtract pubute amounts of air i a routinized scquence antid the
amplitude of the sensed wave 1s greatest. The control feedback loop between the optimally
tuned pressure (monuifesting as balloon presswre and volume) and the sensed phyvsiologic
pressure profile ierates contimuously and or as needed to ensure high fidelity measwrement 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 transoussion of physiologic data dwring a

PICSSWG tuning CquonCe.

[0154] Embodiments of the disclosed technolngy include a gas delivery system that can
deliver gas in a priming operation, wherehy pressure can be applied to a 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 €0 as an example, €0; is
controflably released from the storage tank through a presswre regulator that can step pressare
m the tank {for example, presswre of about 850 psi) down o the range of abowt 1 psi 1o about
2 psi. Released gas passes througl a filier and a presswre vebiof valve set at about 2.5 psi. The
pressure relief valve g a safety feature that prevents fow throagh of gas at a level greater than
2.5 psi in 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 1s
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 catheter to a target pressure. Alternatively, the dram

valve may be activated until a respiratory wavelform is detected afier 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. Alteratively, a peristaltic or other air purnp may be utitized to fill

the halloon with room air.
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[0155] Fig 24 shows a graph representing a pressure balloon priming method i some
embodiments. Here, sinall vohume bursts {roughly about 1.3 ¢} of fhuid volume are added 10
the prossure 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 to a stable

L

pressure 2401 This vansition is shown at inflection point 2402, Volume bursts are introdoced
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 mflection point s shown at 2406, At
this point the pressure within the balloon Is reduced to a pressure around or stightly above
stable pressure 2401, This pressure represents the prime prossure measwring pressurce in some

10 embodiments. This process is also represented w the Bowchart n Fig. 27,

[156]  The small vohane bursts of fluid may be from around 0.2¢c to around 8.4cc. The
small volume bursts of fluid may be from around O.loc to around ¥.5¢e, The small volume
bursts of flud may be up to arownd (5ce. The small volume bursts of fhud may be up to

around {.floc.

s
L*

{0157}  Fig 25 shows a graph representing a pressure bafloon prinang method in some
emhodiments. This method is sumlar to that shown in Fig. 24, except that the pressure is
increascd within the pressure sensing balloon mowe sinonthly, without the bursts showsn in
Fig. 24, Fluid volume is added to the pressure sensing balloon and the presswre within the
halloon s measured. Balloon pressure is inereased until the measured pressure within the
20 balloon settles to stable pressure 2505, This transition 18 shown at nflection point 2506,
Balloon pressure is increased past this point watil the measared prossure starts to rapidly
merease (for example if slope 2510 of the curve 15 greater than abouwt 2oumHg/10ms). This
wnflection point s shown at 2508, At thas pont the pressure withun 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 Fig, 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 inchude nutomatic pressure

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

ad
<

and volone to indlate the balleon by monitoring sensed pressiwe signals and addmg or
removing air volume as needed. For example, upon mmsertion of the catheter, a pressure tuning
arcuit that regulates the balloon volume and pressure will inflate the baltoon untl u detects a
physiologic-sowrced pressure rate. Upon sensing that rate, the presswre tuning controller will

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

s
LA

untit the armphitude of the seased wave Is greatest. The control feedback loop between the

optimally tuned pressure {mamfesting as balloon pressure and volume) and the sensed

30
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physiologic pressure profile nerates contimuously and or as needed to ensure high fidelity
measwomont of the physiclogie data. In some embodiments, sutomatic pressure ning may
be performed in the apparent background while the physiclogic data is being transnutted and
displayed; in other embodiments the system may suspend transnussion of physiologic data

during a pressure tumng sequence.

{6159  The minute amounts of air or fhod may be from avound U.2¢e to around O.4ee. The
panute amounts of air or fluid may be fom arcund fce o0 arcend (.5ce. The mimute
amounts of air or fluid may be up to around 0.3¢ce. The minute amounts of air or fhaid may be

ap to around 1.0 cc.
{8168}  Loop controller

{161}  Centain pationt parameters measured by the sensing Folev catheter svstem, and by
other means, are mmpacted by, andfor Impact, a patient’s treatment throagh medical {reatment

devices.

[#162] The loop controller can be miggrated with the confroller of the scosimp Foley
cathetor systomn {either in the same deviee or in separate devices) to interpret the patient

parameters to control medical treatment of the patient.

{6163}  For example, TAP may be used to control IV infusion rate. IFIAP becomes too tugh,
infusion rate may be redaced or stopped witil the IAP returns fo an acceptable range. 1AP in
combination with relative stroke vohume aud/or stroke vohane vartabilty {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 variabidity as indicators
that additional flaid s required. Lhine output may be further added to the control foop
providing an suhcator that fnd status has been restored with return of urine output. Heart
rate in combination with respiratory rate may be used to contral 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 deternuned by the heart and respiratory rate. IAP and
respiratory rale may alse be used to control a mechanical ventilator or respirator. As 1IAP
tises, the positive end-cxpiratory pressure (PEEP) delivered by the mechanical ventilator
should also rise to overcome this presswre.  An indicator that the ventifation s not adequate
can be seen in the tssae oxyveenation andfor the natwal respiratory rate which may be seen as
a signal enderlving 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, nssue oxygenation and/or respiratory rate may be used to alent the provider

(7S
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1o a worsemng of the patient’s condition andfor may be used 1o provide automated adjustment
of ventilator settings including respiratory rate, PEEP, %202 inspived and other setings, In the
wleal scenario these parameters may be used by the loop controller to momtor and conirol
therapics m a manacr that is informed by machine learning and algorithmic houng. These are
Just a few examples, but many combinations exist. One or more parameters can be used o

control one oy more reaiment doviess.

[6164] Fig. 29 shows an embodiment of a foop controller in a patient enviromment, In
this exanyple, the loop contreller is receiving patient parameter inpwt from sonsing Foley
catheter 2902, The semsing Feley 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 Foley catheter 2902 mchudes a retention balloon inflation hanen, a
pressure balioon sensing fumen, and a urine hamen. Prossure sensing balloon 2916 is
connected to the pressure sensing lumen which is comnected to pressure transducer 2920
which may be Incorporated into controlfer 2928, The urine hanen is comnected to arine output
tabe 2912 The wrine oatput tube empties into wine reservolr 2914 which may be connected
to wine volume measwrement device 2916 or may be incorporated mto the controlier as
disclosed herein. In addition. urine output may be controlied by wrine pump 2918, which may
be located on the urine draivage tubing, or yway be mcorporated into the controller, or may be
Iocated on the non-patient side of the controller as disclosed elsewhere herein.

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

{0167} Loap controller 2928 & connected to wrme volume mecasurement device 2916,
urine pump 2918, prosswre 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 wine volume measurement device 2916, arine punp
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
vohune measwrement devige 2916 and pressure transducer 2920 and using the information
provided by these parameters, can contrel wrine pump 2918 and respirator 2926, Some
parameters which the loop controlier may receive from the sensing Foley catheter mchude
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.

j[3169] For exampte, if the loop controller receives paramcter information indicating that

the patient’s TAP is clevated, the loop contrelier may control the respirator perfusion rate,

3 :
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pressure or other parameters. The loop controller may incorporate datn from one or more
input parameters and control one or more freating medical devices. For example, based on
clevated TAP and abnormal #issue oxygenation paraineters received, the loop controller may
comtrod the output of respirater 2926 and also the wine output rate by controlling urine puny
2918
{61794 The loop controlier continues to myonitor the patient parameter(s) and adjust the
greating medical device(s) accordingly. As the pationt parameters normalize, the control of the
treating medical devices 18 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.
[0171] Fig. 36 shows another example of the toop controller in a patient environment. In
this cxample, the patient has intravenous (1V) line 3002 in 3 bleod vessel i an gem. 1TV Hluid
bag 3004 15 elevated to allow the TV flud to doip and/or flow info the patient via TV line 3002,
Valve 3006 controls the flow rate of the IV fluid into the patient by allowing the floid © flow
frecly, restricting the flow, or stopping the flow. Here valve 3006 18 controlfed by loop
controtler 2928 via conncction 3006, 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 TV bag(). The loop controller may control the flow and content of IV fluid(s)
to the patient based on patient pavarneters received by the loop controller,
[8172] Fig. 31 shows another example of the loop controdler in a paticnt enviromment. In
this example, the patient has fluid desinage line 3102 inserted into the sbdomen. Fhad from
the abdomen may flow from the patient to receptacle 3104, The flow of fluid may be
controtled by pump 3106 which is controfled by loop controlter 2928 via connection 3108,
The foop controfler 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
controtler 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 controlier in a patient environment. {n
this example, the pationt has infravenous (IVY Hue 3202 in a blood vossel in an arm, Drug
wfusion device 3204 controls the flow rate of a drug mto the patient via TV hine 3202, More
than one drug infusion device may be used. Here drug mfusion 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 controller 3928 can
FECeVe ONe OF more patient parameter npats from a sensing Foley catheter or other device.
These inpuis inchade, but are not inuted o, uring output volume and rafe, prosswe profile
from the bladder, and seasor info from a sensing Foley catheter or other device. Pressure
profile info from the bladder can be further analvzed to determine AP, respiratory rate, heart
rate, stroke vohene and other pationt parameters. This analvsis may be performed m foop
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 infernel, 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
treatment devices may be controlled to bring patient parameters mifo target ranges. Once
patient target ranges are achieved, the loop controller may place the controlled medical
treatment deviced(s) back mto 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 pationt s sedated.
{0177  Embodiments of the technology may also astomatically adjust intravenous flaid or
drug infusion rates hased on feedback from the cardiac output or respuratory rate sensed. In
one such embodiment, a patient-controlied analgesia pump may be deactivated if & respivatory
rate drops o low, Respiratory depression can be fatal in this group and this safeguard would
prevent overdose. An automated foedback system may also be advantageous i a large
volume resuscitation  procedire, wherein  fhud  mfusion can be tailored based on
intraabdominal presswre fo provent abdominal compartment syndromme by sounding an alent
and slowing infusion rates ax the ntrasbdominal pressure riscs. Yet another automated
feedback featwre 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 intraabdominal pressure feedback from this embodiment may
advantageously provide for optinal patient ventilation. Embodiments of the techmology may
also be apphed as a corvection i the application or understanding of other dragnostic
owaswrenwents, For example, central vonous pressure may be dranwbeatly distoried e the
setting of elevated intraabdowunal pressure, Prowviding divect access to these data by the
central venous pressure reporting system allows for the automatic correction and accuorate
reporting of this eritical physiologic parameter. Embodiments of the technology may also be

used m 8 variety of other ways to astomate therapy incloding mfusion of fuids that may
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firther mclude active agents, such as pressors or dwretics m response (o increased or

decreased cardiac outpat or other parapieters.

{6178] In addition to directly controliing medical treatment device(s}, loop contreller
292 may also sownd alanms, including audible alarms, cmailed alarms, texted alarms, pager
alarms, ete. Loop controller 2928 may also provide output to other systemis for system
integration, such as outputting information to an Electromic Health Record or other data
archiving svstemy, or other systems. Loop controller 2928 may also receive inputs from
various EHR, EMR, or other systens.

[179]  dedical reatment may be adimimistored 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 controlfer, or it way be adomunistered mamaally, via
traditional drug methods, .. orally, injection etc.

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

{0181} Specific gravity

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

{0183 For a hquid with specific gravity of 1.000, the two mcasurement techmiques are
calibrated to provide the same vohene measwrements. However, as density imcreases, they
begin to diverge. With pressure, an increase m density resulis in an increased volume reading,
since V=AY and P=p¥g*h, or V=AY e/P. With ultrasound, an increase i donsity results in
a  decreased  volame  reading,  smwe  V=ATh,  vw=h¥2h and  w{Ep¥{12) so
VaA¥Rp 2402

V' volome
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{0184 In sumpler 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 measurement low, By measuring how mwuch they have diverged, the deasity of the

tiquid can be determined. This assumes the fomperature s ot changing, howoever,

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 emperafire measurements. {n this wav, a Sensing Foley (atheter in combination with
a controller can determine urine specific gravity.

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

human or animal body for relatively long periods of time, may foak over time. For example, a
balloon inflated with ait or avother gas, may leak air ouf of the balloon over time,
Alternatively, a balloon filled with a liquid may eak liguid 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 cxperience leakage of the fluid inte the balloon over time. This is paricudarly tae i the
baloon is milated at a relatively fow pressure.

[0187] A sensing Foloy cathetor is an oxample of a balloon which is desizned o be
wdlated for relatively long perieds of time and at relatively low pressures. I 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 manafactred out of a relatively soft and thin material,
Because of the low inflation pressure and soft din balloon material, it is possible that fgpad
may leak mito the balloon over time. Liquid m a pressuwre measuring balloon can adversely
affect very sensitive pressure measureroents, particnlarty if the bguid migrates o the
catheter famen trough whach the pressere measwements ave taken,

25 |0188] One cothodiment fo solve this problom is to place a very suall pore filier, or
hvdrophobie 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 1o be taken via the catheter hanen. Air or gas

can pass through the filter, but faud cannot,

ad
<

[3189] Another embodiment compriscs making a balloon ouwt of a low wmoishae
permeability material.

{0190} Another embodiment comprises refreshing the gas within the balloon by
alternatively applyving vacoum and pressure to the balloow, either through one humen, or more

than one lumen.
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{01914 Another embodiment comprises arrculating the gas within the balloon by having
more than one hanen access the balloon. One lumen may be ased o introduce gas o the
baftoon and another himen may be used to pult gas from the balloon.
[0192] Another embodiment nelades using a desiceant withun the balloen, the balleon
S5 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 s designed to be placed
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 3502 contains the
1} honens of the catheter. Opening 3504 allows urine from within the bladder to drain through
the catheter and ot the proximal end of the catheter {not shown}) Qpening 3308 is for
inflating and deflatng the rotention balloon. Pressure sensing balloon 35310 s mflated and
deflated via opening 3512 Pressure sensing balloon 35310 transmits pressure signals from
within the bladder through a pressure humen within the catheter shafi and © a pressure
15 transdueer proximal 1o the proxumal end of the catheter.
{8104} Under certain civcumstances, over ame, flud may feak into pressure balloon
3510, in addition, fhad mav migrate fromm within pressure balloon 3310, thvough opening
3512 and wdo catheter shaft 3302, Flind 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 amownt of fluid from entering nto the pressure balioon.
6195 Fig. 36 shows an embodiment of a filter within a balloon. Filter 3602 resides
between the fntertor 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 hydrophobic 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 avound 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 pove 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 (.0 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
(9 43

measured via a pressure balloon need to be more sensitive,
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{0196} Fig. 36 shows a filter in the form of a wibing which encivcles the catheter shaft at
opening 3312, completely covering Gie opening. The filter mav be adhered at #ts 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

L

balloon 3510 via opening 35312 must pass through filter 3602,

{61974 Fig. 37 1s another embodiment of the present invention which comprises a smaller

catheter shaft where the filter 1s 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 balloon catheter,

[6199] Fig. 39 shows another embodiment of a filter wnder a balloon. Filter 3902 m this
gmbodiment does not go all the way around the shaft of the catheter, but s mstead a flat or

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

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

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

[0208] Fig. 44 shows another cobadimient of a filter 4002 where the filter is shorter m
lenuth.
20 6261 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 cebodiment,
opentngs 4104 and 4106 may cach access separate lumens of the catheter, or the samc hanen

In the embodumnent 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 luomen in Huid comomnication 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 1n fluid commumication with opening 4104
so that pressure measurements may be taken theough a hamen ¢lear of figuad.

30 (6262 Alternatively, pressure measuroments may be taken via the hemen in flad
communication with opening 4106 wntd Hpad bueddup in the temen adversely affects the
pressure measurcments. At this point, gas may be introduced imnto the lumen i fhuid
compumication with opening 4106 1o clear the lumen of flud. Simultancously, the gas may
he pudled from the balloon via the lumen in commanication with opening 4104, In this way,

35 lupad can be cleared from the hunen m communication with opening 4106 and presswre
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measurcnments may be resumed through that humen. This hae clearing procedure can be
programuned 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 opepings. Alternatively, 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.

[9204] 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 accurate prosswre
mecasurements from the balleon, In addition, a larger openming mayv be possible with the
addition of filter 4304 because of the extra mtegrity that the filter, and possibly #s adhesive

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

[0205] Fig. 44 shows an embodment of the present mmvention where filter 4402 s
aftached to the catheter shaft via heat shrink 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 sinular 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 tubing scgments 4504, This allows a gas-tight scal between the filter and the catheter
while ensuring that the catheter opeming remains clear,

[0267] 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 conumuanication with the balloon. In this embodimoent, opemings 4702 and 4704 may each

)

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

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

£

performed via cither lumen. For example, pressure measurements may be taken via the honen
in fhad conmunication with opening 4702 wntif Bguid buildup in the lamen adversely affects
the pressure measwrements, or up untll a set potod of time. At this point, gas may be
mtroduced mio the lumen in fleid commancation with opering 4702 (o clear the lumen of
fwid,  Simultancously, the gas may be pulled from the balloon via the lumen m
compumication with opening 4704, The mverse can also be done ~ fluid may be mtroduced
o the lumen in fluid conumanication with opening 4704 and removed from the humen in

faid communication with opening 4702, In this way, liguad can be cleared from the lamen in
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conmmunication with opening 4702 and pressure measurements may be resumed through that
hanen. Thas line clearing procedure can be programmimed 1o take place on a periodic basis.
{6209] Figs. 48 and 49 show two different pressarc halloon designs, although any
sutable design andfor shape may be used. Depending on the baltoon material, a balloon may
8 be manufuctwed in different ways. Some matenals are better suited to blow molding while
some are better swited to dip molding. Other mamufactanng techniques may be ased as well.
Fig. 4¥ shows an example of a blow molded balloon. Fig. 49 shows an example of a dip
maolded batloon,
{6210] Some examples of matenals from which 3 balloon may be mamuactured include
1} wrethane, polvurethane, Nyilon, polvvmyiidene 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-nylylenc) polymer, or Parviene.

f6212} In some emboduments, it is desirable fo prevent any moisture vapaor from entering

[,
LA

the pressure batloon. In these embodiments a water, or fluid, impermeable matenal may be
used for the halloon. Some of the naterials mentioned herewithin are suitable. In addition,
Biaxially-oniented  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] 1o some embodiments, the sensing Foley type catheter is confimwed to report the
20 presence of a water droplet or other obstruction in an air-filled lumen {such as the pressare
honen), and then handle or resolve the droplet. In a hypothermic setting, in particelar,
molsture in an air lumen can condense and fonm obstructive water droplets. Water droplets
an air-filled lwmen (or air bubbles in a water-filled turmen) can disturb or complicate pressure

signals due to the swrface tension of the water. Accordingty, a 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 maintmn a contingous, 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 o captwre water or

30 bunudity. In smme cmbodimends, a hygroscopic connposition 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

i
A

pressure hanen andfor pressure balloon
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{0216  Gas content

0217 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
axyaen, or ather £as, confent of the arine or tissue.

[0238]  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 oxvgen, cavbon dioxide, nitrogen, gases assoctated with anesthesia or other gasses. In
some embadiments the membrane is permceable to gas, but not o hquid, for example, a
bydrophobic membrane, or other suitable membrane, may be used. The pore size of the
bhydrophobic membrane may be ground 5 microns. Alternatively, the pove size of the
hyvdrophobic mombranc s abowt 3 puicrons to about 7 microns.

[6219] Fig. 30 shows a seasing Foley catheter with an oxyeen pormeable mombrane,

Retention balloon 3002 is in fhad communication with inflatton/deflation port 3010, Urine

flows through opening 5004 through the catheter and out of port 3012 which s in fluid
compnuncation with opening 5004, Pressure sensing batloon 3006 is in fleid 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,

[0228] Fig. 31 shows a sensing Foley catheter with an oxvgen pernmeable membrane
which is stmilar to that shown 1 Fig 30 except that membrane 5108 15 between prossure
sensing balloon S106 and retention balloon $102. Opening 3104 for wine may be placed
anywhere distal o retention balloon 5102,

[6221] Fig. 52 shows an embodiment of a sensing Foloy catheter where membrane 5204
is mcorporated inte gas sensing balloon 5202, In this figure, gas sensing balloon 3202 is distal
to prossure sensing balloon 3306, however another embodiment 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 simular to hydrophobic mombrane matenials
described in other embodiments herein. The membrane 13 permeable to gasses, or to particular
gas or 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 wring,
and/or changes 1 gas content over time. Uasses measwred include roxvyvgen, mitrogen, carbos
dioxide, or other gasses.

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

pressure seasing balloon, but the gas permeable membrane may be placed on any body
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dwelling catheter, including catheters that resade in blood vessels or other body cavities. The
membrane may be in direct or ndrect contact with fluid, gas, or body tissue,

[0224] Fig. 34 shows 3 controller which controls the measwrements of oxygen ot other
uas{es). The controlier will generally be extornal to the patiend and conneet to the catheter via
ports, for example, ports 3016, 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 15 shown here along with a representation of a
catheter 3404 and gas transfer membrane 5406, Gas measuring conyraller 53482 mncludes aiy,
or gas, inlet 3408, air, or gas, exhaust 3414, pump 5412, oxvgen, or other type of sensor 5414
and check valves 54146

[5226] In thus embodiment, pump 5412 perodically pushes small amounts of air, or
ather gas, through tubing into the catheter. Al 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 wrethra) or winge (1 gas transfor membrane 15 m the bladder).
Fuorther 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 punyp may only
operate for short perieds of tme to allow alr in the systom time to equilibwate with the
fissuc/tlod.

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

j228] Measared oxygen, or other gas, content may be very small, Measurements nay
indicate cither absolute gas lewvels or relative gas levels. For coxample, gas measwring
controller measurements may show relative oxygen confent i the patient over fime 1o
indicate a change in the status of the patient.

8229 Fig. 35 shows a schomatie of how the gas measuring controller intoracts with the
catheter to measure gas content of the wrine or patient tissue. Catheter 5502 includes urine
dravung lumen 3304 as well as gas measwrement hunens 3506 and 5508, which are i fhud
communication with gas transfer membrane 55314, Lumen 5506 contains air, or other gas,
cntering the catheter and lemen SSUR contains air, or other gas, exiting the cathoter after the
carrier was has passed the gas transfer membrane, The oxvgen, or other gas, level m the
exiting gas is measwred to determine oxyvgen lovels or oxygen level changes in the wine
andfor tissue of the patient. The incoming gas measwrement fumen 5506 may be open to
atmospheric air, or other source, or it may be a closed system, so that the gas withim honens
5506 and 3308 is contingously circulated so that the gas content changes can be readily
deternuned over fume, fn other words, air, or gas, mict 5408, and an, or gas, exhaust 3410 m

Fig. 34 may be flutdly connected to wach ather.
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{02344 Where the incoming pas measwenent humen 536 15 open to atmosphere, the
punp may be run internuttently 30 that the gas within the gas measuring hanens has move
fime o equilibrate across the mombrane surface. This results in g higher inferauftont
coneentration of the measured gas and therefore a more sensitive ncasureinent.

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

Y j9232] 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 membrane 5602 15 in

fhuid communication with the urnine {omen,

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

o
7

Gias measuring component 3702 may be mserted between the sensing Foley catheter 1004, or
ay Foley catheter, and the unne dramage whe 1001, or any wine drainage tube. Gas
measuring componenf 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 commumnication with the urine within the drainage
20 system. The aiy, or gas, noar filter 5704 very quickly becomes equilibrated with the pases
within the wine within the dramnage systen Fig. 37B shows the path of air flow across filter

3764, Gas outlet hunen 5708 s in fluid conmmunication with 3 controlier {not shown herg)

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

which analyzes the

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

25 5708 within the controller. The controlier may be the same controler which measures uring
outpuf, mentioned clsewhere herein, or may be a scparate controller. Lumens 5706 and 5708
may be incorporated into drainage tube 1007 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 roay alternatively be focated anywhere in the system.

30 (8234 Detecting/determining cortam conditions
[6235f Fig. 38A shows a table that Hsts copbinations 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 tinung 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 caused by acute tobular necrosis). This pwldo-
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parametric approach may also facilitate the chowee of effoctive therapies to treat AKI since

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

phosphatase is effective af treating infrinswe (septic) AKT 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 mvolve the increase,

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

rate, temperature, siroke velume, cardise output, and abdomunal perfusion presswre

10 Abdonunal perfusion pressure is the mean arterial pressure (MAP) minus intra-abdominal
pressure (EAPY. Moan artenial pressure 18 egual 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
L*

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

measuring device, or info from an EMR.

[6238f 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 muliivariate (point value) and times series (rending) analyses of these lugh
frequency data streams to infornm our machine learning-powered nweded, a highly sensitive
physiologic stunature for carly sepsts ouset (or other medical condition determination) may be

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

B
h

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

controller to wtitize algorithm to distinguash medical conditions from one another and from

ad
<

normal and other pathologies.

[623%]  Some cmbodimenis of the present invention may measure urine outpud immediately
afier the patient has been given a diwretic. This type of fest can be a strong indicator of
whether a patient with AKI will progress to a more severe stage andfor die. If a patient’s urine

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

i
A

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

increase after administration of the diurctic, this indicates that the patient 15 more likely to
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progress to a more severe stage of AKIL The present invention is able to quuckly and
securately measwre urine output 1 real time. Therefor the response to the dwaretic con be
detected more quickly {mimutes vather than howrsy than with fraditional wine nicasurement

fechnigques.

S [6240]  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 fiuwvosenude, or any other suitable loop divwetic ov other diuretic.
The diuretic may be given, and data collected. as disclosed w Chawla LS, Davison DA,
Brasha-Michell E, Royner JL, dvthwr I, Tumlin J4, Shaw AD, Trevino §, Kimmel PA,
10 Seseff MG Development and standardisation of o furosenide stress test jo predicr the
severify of acwre Kidney injury, Crit Care, 2013 Sep 200 17(32:R207, herein mcorporated by

reference,

[6241] in addition to detecting AKI, the present ivention i capable of detecting wrinary

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

s
L*

wncreasing 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 unigue fingerprind of UTL The unigue UTT fingerprind can

alert chinicians to the presence of UTL

{6242} In addion to detecting AKI and UTL using the described paramcters, these
20 parameters may be used in corabination with mtra-abdomunal pressure (1AP), respiratory rate
(RR), bheart rate (HR), cardiac output {CO), relative stroke volame {(RSV), temperature
{Temp), pulse pressure {(PPY wine conductance (U, urine output (UO) andior stroke
volume (SV) readings, which are already used for detecting conditions such as mtra-
abdominal hypertension (IAH), abdonunal compartment syndrome (ACSY and sepsis. Adding
IAP, RR, HR, G, RSV, Temp. PP, UC, UO andior SV measurements to the algonthm

described herern may norease the sensitivity and specifivity of detecting AKY or UTL On the

B
h

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

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

ad
<

treatment of trawma and burns.

[6243]  in addition to absoluic mucasurements 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 tome, andfor the vanabiity of values of these parameters over ime may also

i
A

be used. Another example of usmy data tronds is the use of pelse pressure waveform analysis

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

ALS, sepsis 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.  If stroke volume i decreasing, then the kidney may be ischemic. I urine

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

{6246 - An increasing respivatory rate along with decreasing stroke volume may indicate a

pulmonary embolism, hemorrhage or other volume depletion.

[0247]  Asn wncreasing 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 mtraabdonunal pressure (JAP} in the setting of stable stroke vohume

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

[2560] - Increasing AP with decreasing U0 and deercasing cardiac outpat may be an

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

{0251]  The present mvention can be used i a variety of hospiial settings {o.g. cmergency
rOONY, operating room, mtensive care umit, ward) At any time, the deviee may be used to
monitor the progression of AKL, and whether # 1s nmproving or declimag. bis algorsthms work
to alert chinicians to a newly developed case of AKI or {0 a change in the status of AKL The
device may be placed before msalt to the kidney occwrs (e.p. patients undergoing cardiac
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 inpary is already 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 {¢.z. renal replacement therapy, fluid resuscitation).
[0282]  Alernative embodiments

[6253f Embodiments of the technology may also report patient movement in the detection
ot diagnosis of seizure disorder. In thus embodiment, the pressure variations may trigger an
EEG or recording equipment o allow for intense period of monitoring during an episode
suspected of heing a scizuwre. In addition, or alicenatively, a pressure SCNSOT. 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 quahity, speech detection, patient comphiance (movement or fack thereof), and
may alent the healtheare provider that the patient has not moved and must be turned or rolled.
This nmovement-related information may alse be relayved fo 8 hypothermia device, a drug
defivery device or other device o 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 in an air-filled lumen {such as the pressare
hamen), and then handle or resolve the droplet. In a hypothermic setting, in particular,
monsture in an gir lumen can condense and fonm obstructive water droplets. Water droplets in
an air-filled huwen (or air bubbles v a water-filled lamen) can disturb or complicate pressure
signals due to the surface teusion of the water, Accordingly, a presswre-transaussion lumen in
some embodiments of the disclosed technology may include a hvdrophilic feature (such as a
coating on the wall of the hmmen itself, ot a hvdrophilic fiber running the length of the lumen}
to wick moisture away from the homen in order to maintain a continuous, nainferrupted air
channel. In some embodiments, a hvgroscopic composition (silica gel, for example) may be
ased 1 hne with the ai nfusion line or within the air infusion femen itsclf to caplre water or
hunudity. In some ombodiments, a hygroscopic composition may be mcluded within the

catheter so that the air infusion civewit need not be serviced 1o replace this matenal.

[0258] 1o some embodiments of the disclosed technology, air may also be intermittently
{and automatically) infissed and exiracted mto the pressure-sensing balloon so that the balloon
i3 i a constant state of being optimally primed, as desernibed 1n further detail above. In the
case of the wicking fiber or hydrophilic coating in the hunen, the air exfraction may also
contribute to removing and trapping any water from the air hae. In the mstance of a liquid-
filled famen, a hydrophilic fiber or a hvdrophilic coating on the side of the pressure fomen
will provide similar benefit in allowing this henen 1o handlke an air bubble. In this instance, an
air 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 air-filled fomens. 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 lumen is generally tmmune from obstruction by a water droplet, as
the droplet tends o cohere to Hself and push away from the hyvdrophobie walls. This behavior
tends to disalfow filling of a cross-sectional space, and allows for an air channel to remain
patent arcund the water droplet and commuucate to the sensor. The saswe logic apphies w an
air bubble in water in a hydrophilie, stellate water lumen. In this mstance the hydrophilic

Hguid will cling to the walls and allow for a continuous water colwmn that excludes the air
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bubble to the center of the lumen. The same applies for a hydrophobic Liquid i a bydrophobic
hanen. In some embodiments, the catheter may hnclude an aiv chawel, and 8 sewsor
incorporated within the catheter itself or 3 fluid 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.

{0259 The thernustor 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 mclade 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 or a
balloon in flud comanpucation with a device retention 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 abetting 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
monittoring 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, embodiments of the mvention may be capable of receiving white

blood cell count information to better predict sepsis.

j0261]  Other modalities may be used to detect that the tissue has been blanched or
ischemic, 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 inclede sucrodialysis, pynevate, 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 o the bladder wall itself o gonerate measarements of tissue perfusion.

{82631  Another embodiment of the sensing Foley catheter system inclades an embodiment
of the cleaning mechansm inclading 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 wrine
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 faciiitate dramnage. In one
aspect, said coating is a hydrophobic polymer, including but not limited to PTFE or FEP.
{6265} In vet another ombodiment, the clearmg mechanism comprises 3 tubalar
hvdrophobic vent filter that can be mserted into the dramnage tamen of the device such that air

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

o
¥ 3

momrporated at set intervals fo enswre that aw is evacaated from the fube as it passes these
regions. In this embodiment, the hvdrophobic vent will be mtorspaced at minmum of 1-2 foot
fntervals to prevent submersion of the vents Inwine. By providing redendancy the pudtiple
ventilters 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 lfength of the dranage

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

from being positionally dependent when preventing andfor cluminating amvlocks.

[6266] in an alternative embodiment, air locks are prevented by means of an extendable
25 dramage the, which prevents pockets of aw from forming in the high portions of the twbe and
uring from gathering o the low portions. An exfendable tube provents this from oecuring by
keeping 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 teleseopic scetions that can
be extended or colfapsed to match the distance from the patient 1o the collection bag. In
30 mnother aspect, the drainage tube is pleated to form an accordion, which can be extended or
coilapsed as necessary. In vet 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 output and relative adal vohame may also be calculated, based on

L3
)

the deflection of the pressure sensor andior other force gauge. If sampled with sufficient
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frequency (e.g., 1 Hz or greater), respiratory excursions can be quantified in a relative manner
o the amphiude of the excursions at the thme of catheter placoment. Larger excursions
generally relate to beavier breathing, of v the setting of an vpward dnft in the bascline, a
higher peritonecal presswre. The small peaks on the oscillating respiratory wave, caused by the

pumping hewrt, may be tracked as well by using faster sampling rates (e.g., 5 Hz or greater),

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

pressure, absohute stroke volume andior cardiae output.

[0268] Intrabdonunal pressure or bladder prosswe, as sensed by an ernbodiment of the
disclosed technology, may alse be used to detect the level of patient movement (as may vary,
for example, botween substantially no movement to a high level of movement) and 1o report
the movemant level to g healtheare provider. A short burst of peaks and valleys wm bladder
pressure aclivity can serve as a proxy fin hody movement in that such a bladder pressure
profile is a strong ndicator 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 misk of falling. In @ panent that 15 a fall-risk, a healthcare provider may be notified that the
patient is sitting up and respond accordingly. Altornatively, the device may be used to report

wactivity of a patient andfor lack of patient movement,

[0269]  Pulse ovimetry 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
urinary collecting receptacie or within the catheter tiselfl In some cmbodiments, the pulse
oximeter s rousable and the catheter mterface 15 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 sufticiently fransparcat, channel for the oxtmctry signal, such as a
fiber-optic cable. transparent window, and an interface for the reusable oximeter. This methad
and device for urethral pulse oximetry may be used m conjunction with any of the other
cotbodiments detatled herein or may be a stand-alone device

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

materiad,

56



WO 2016/049654 PCT/US2015/052716

{0271} Pulmonary Blood Volume Variability may also be determined by the sensing Foley
catheter svstem to ad in assessing exastence or risk of heart fathare. Reduced left ventricular
function can lead (o an morease i the pulmonary blood volume (FBVY or a decrease i the

pulimonary hicod vohnne vanation. PBV variation 15 defined as the change i PBV over time

L

during the cardiac cvele. PBY can be determined as a product of the cardiac output and the
pulmonary transit time (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 i an EKG vs. the appearance of the signal in the bladder. The EKG signal may be
10 obtained from a separate BERG lead, a lead incomporated w0 the sensing Foley catheter, a lead
mcorporated tnto the catheter inscrfion kif, 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 deternune the pulse transit ume.

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

ot
T4

after myocardial infarction, and that the greatest change is scen in PBVY varation. Therefor
determimng 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 system may be stored in a database and
analvzed for trending or other uses. For example, data may be collected from several patients
20 and aggregated anonymously to be ased to better treat, momtor, or predict the behavior of
future paiiems. For example, data collected over fime relating to heart rafe, rospiraiory 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 patient data.
{0274] Daty collected by the somsing Foley catheter svstem may be infegrated with
Electronie Health Records (EHRs) or Electronie Medical Records (EMRS) andfor other

systems. Data collected by the sensing Foley catheter systom 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.
{0275} 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 mvention. For example, the system 60860 may he ased as part of a

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

L
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components of a computer system, # is not intended to represent any parbcufar archutecture or
manner of wterconnecting the components; as such detals are not gormang 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

L

or perhaps more components may also be used with the present invention
{62774 As shown m Fig. 60 the compater system 60080, 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 memory
6006, The nucroprocessor 6003 1s coupled to cache memory 6004 The bus 6002
10 werconnects these various components together and also interconnects these components
&G03, 6U07, 6003, and 6006 to a display controler and display device 6008, as well as t©
inputioutput (I10) devices 6014, which may be nrice, kevboards, modems. network interfaces,
printers, and other devices which are well-known i the art.
2781 Typically, the twputfontput devices 6010 are coupled to the system through
15 patfoutpat controllers 6009, The volatile RAM 6005 15 typically implemented as dynamic
RAM (DRAM) which requires power contipaously 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 opuical drive, or & DVD RAM or other type of memory system which
nuaintains data even after power 13 removed from the system. Tvpically, the non-volanle
20 memory will also be a random access memory, although this is not required.
j279 While Fig. 60 shows that the non-volatile memory is a local device coupled
directly to the rest of the components in the data processing system, the present mvention may
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 o more buses comnected to cach
other through varous bridges, controlers, and/or adapters, as is well-known in the art. In one
erhodiment, the IO controller 6609 includes a USB (Universal Serial Bus) adapter for
controlling USB pernipherals. Alternatively, ¥O controller 6609 may inchade an IEEE-1394
adapter, also known as FireWire adapier, 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 fo 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.

L
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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 appropriate physical guantities and are merely convendent labels applied 10
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

L

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

{0 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 acecss memory; read ouly memory; flash memory

st
T4

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

clecirical, optical, acoustical or other form of propagated signals—-such as carrior waves,
mfrared signals, digital signals).
{6283} The processes or methods depicted n the preceding figures may be performed by
processing logic that comprises hardware {e.g. circuitry, dedicated logic, ete.), firmware,
20 software {o.g., embodicd on g non-transitowy 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 ovder. Moreover, some operations may be performed in parallel rather than

sequentially.

b
L

[6284] Unless defined otherwise, all technical terms used herem have the same meanings
as conmnonly wnderstood by one of ordinary skill n the medical arts. Speaific methods,
devices, and matertals ave described in this apphcation, 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 lustrations are for purposes of clarity of understanding only, and are not
miended to be linuting. Various terms have 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 Fuorther, while some

theorctical considerations may bave been advanced i furtherance of providing an

Lad
L 1

understanding of the technology, the appended claims 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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combined with any one or more other features of any other embodiment of the twvention,
without departing from the scope of the mvventon, 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 defined only by a fair reading of claims appended to the patent

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

I, A system for anabyzmg one or more body parameters, comprizing:

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

of the catheter and further defining one or niore operings i proximity o the balloon;

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

venting mechanism;

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

0TI OF IIOLE Openings;
a second fumen in fhad commurication with the halloon:

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

with the one or more openings;

a controller which is configured to conncet o the reservelr and is programmed fo

control a pressure within the first humen,

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

reservorr from a patient,

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

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

wheremn 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 balloon congmises a pressure sensing balloon.

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

having a rigid housing.

5. The system of claim 4 wheremn the controller is configused to receive and interface

with the casscite component.

LA
L



L

10

e
[ 41

)
o

WO 2016/049654 PCT/US2015/052716

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

stoved i g DMV conmponed |

7. The system of claim 6 wherein the pationt data are ransferrable to a romote

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 patent data as a predictor of infection or patient behavior.

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

within the first lumen.

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

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

11, The systom of claim 1 whercin the venting mechanism comprises o vent baving a

hydrophobie membrane which is confizured to transmt gas bat not ligad therethrough.

12, The systom of claim 11 wherein the membrane comprises a PTFE or oPTFE

mentbrane.

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

Vi a controltier punip interface.

14, The systom of claim 13 wherein the controller is programmed to actuate the
pump for auwlock cleoarance whore a presswre is reduced within the reservoir and first hamen
untif a memscus of wme within the first lumen passes a mingnum point i the first lomen,
wherein the controller is fiather progranuned to actuate the pump to reduce the pressure

within the reservoir and frst lumen thereafter,
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15, The systom of claim 1 wherein the first lumen defines an inner dianeter of less

than or egual 0 about .25 inches.

16. The system of claim 13 wherein the first hanen defines an mner diameter of fess

than ot cqual to about (.25 inches.

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

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

18 The svstom of clum 1 wherem the controller s finther programmed to detenmine

a presence of an infection.

19, The system of claim 1 wherein the controller is futher programmed to determine

a presence of acute kidney inpay in a patient based in part on 3 measurement of urine outpat.

26. The system of claim 1 further comprising a lght transoutter and recover in

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

21, The system of claim 30 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 vohune of urine contained within,

22, The system of claim 21 wherein the controler is further programmed to analyze
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 further comprising a collection bag book configured to

measure strain exerted by a colfection bag in fhud 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 urine;

57
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receiving the wnine through one or more opemings defined along the catheter in
proxumgy 0 the balloow

farther receiving the urine within a reservoir focated external to the bladder and
which s in fhad commancation with the one or more opemngs via a fhad famen;

venting air through a venting mechanisio whuch is in commumication with the fhud
hamen when negative pressure is apphied to the fluid hanen;

8 ! . ;

analyzing a vohune of the wrine received within the reservoir via a controller which is
progranmmed 1o coptrol the negative pressure to the venting mechanism;

determiming an intra-abdominal pressure of the patient based in part apon the changes
i pressure within the balloon; and

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

253, The method of clain 24 wherein positioning an clongate catheter comyrises

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

26, The method of claim 24 wheren the reservolr comprises a cassetie component

having a rigid housing,

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

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

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

databasc.

29, The method of clamm 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 air comprises applving 3 negative

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

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

through the venting mechanism while prevemting transmission of wine therethrough.

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

compled to the reservolr via a controller punp miorfee.

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 minimum point in
the fluid henen, wherein the controlier is further programuned 10 actuate the panip to reduce

the presswre within the reservoir and fluid fumen therealter.

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

or 2 heart rate.

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

determining a presence of an mfection.

36, The methed of claim 24 whereln analyzing a volume of the urine comprises

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

urne output,

37, The method of claim 24 wherein analyzing a volune of the urine conyrises
transmitting a Hght through an optically clear section of the reservon and through the volume

of wrine and receiving a reflection of the transmitted light.

3R, The method of claim 37 firther comprising detecting one of 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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