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(57) ABSTRACT 

Drainage systems for excess body ?uids and associated meth 
ods are disclosed herein. A body ?uid drainage system in 
accordance With an embodiment of the present technology, 
for example, can include a catheter that has an exterior sur 
face, a proximal portion, and a distal portion opposite the 
proximal portion. The body ?uid drainage system can further 
include a valve device, a pressure sensor, and a controller 
operatively coupled to the valve device and the pressure sen 
sor. The valve device can include an actuator positioned over 

the exterior surface of the catheter. The actuator is movable 
between an open position that alloWs body ?uid ?oW through 
the catheter, a closed position that at least substantially 
obstructs the body ?uid ?oW through the catheter, and inter 
mediate positions that partially obstruct the body ?uid ?oW 
through the catheter. The controller can change the position of 
the actuator in response to a predetermined condition of the 
pressure sensor. 
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FAILURE RESISTANT SHUNT 

CROSS-REFERENCE TO RELATED 

APPLICATION(S) 
[0001] This application claims the bene?t of pending US. 
Provisional Patent Application No. 61/315,660, entitled 
“FAILURE RESISTANT SHUNT,” ?led Mar. 19, 2010, and 
pending US. Provisional PatentApplication No. 61/407,359, 
?led Oct. 27, 2010, entitled “EXTERNAL CSF DRAINAGE 
SYSTEM WITH IMPROVED VALVE AND OTHER FEA 
TURES,” both of Which are incorporated herein by reference 
in their entireties. 

TECHNICAL FIELD 

[0002] The present technology relates generally to draining 
excess body ?uids. In particular, several embodiments are 
directed toWard body ?uid drainage systems With enhanced 
drainage regulation and associated methods. 

BACKGROUND 

[0003] A variety of medical conditions cause the collection 
of excess body ?uids Within the human body. Hydrocephalus, 
for example, is an accumulation of excess cerebrospinal ?uid 
(“CSF”) in the ventricles of the brain that increases intracra 
nial pressure (“ICP”). This condition can be caused by the 
inability to reabsorb CSF, impaired CSF ?oW, or excessive 
production of CSF. Acute accumulations of excess CSF can 
also occur from brain trauma, brain hemorrhaging, strokes, 
brain tumors, spinal ?uid leaks, meningitis, and brain 
abscesses. When left untreated, hydrocephalus and other 
excess accumulations of CSF can progressively enlarge the 
ventricles of the brain, Which can increase ICP and cause 
convulsions, mental disabilities, and eventually death. 
[0004] Treatment for hydrocephalus generally requires the 
installation of a CSF shunt that drains CSF from the brain to 
an alternate location that can collect the excess CSF or reab 

sorb it into the body. A ventriculoperitoneal shunt (“VPS”), 
for example, includes a subcutaneously installed catheter 
inserted in the lateral ventricle (i.e., a site of excess CSF) and 
in ?uid communication With the peritoneal cavity to facilitate 
reabsorbtion of the excess CSF into the body. A mechanical 
valve, generally implanted ?ush With the skull, can regulate 
CSF ?oW through the catheter. Recent innovations have 
resulted in VPSs that can regulate CSF movement based on 
static pressure parameters. For example, an external magnetic 
?eld can be applied to the implanted VPS to change the set 
point pressure of the valve. 
[0005] Similar to hydrocephalus, acute accumulations of 
CSF are treated by shunting excess CSF to an alternate loca 
tion. For example, temporary CSF diversion generally 
includes the installation of an external ventricular drain 
(“EVD”) that funnels CSF from the lateral ventricle to an 
external drainage chamber, and thereby reduces the intracra 
nial CSF volume and loWers ICP. Alternatively, temporary 
CSF diversion can include placing a lumbar drain (“LD”) at 
the base of the spine, and draining CSF from the lumbar 
region to an external drainage chamber. Despite having dif 
ferent insertion points, EVDs and LDs use the similar com 
ponents to control drainage. 
[0006] In general, temporary and more permanent CSF 
diversion devices (e.g., VPSs) include similar features, and 
thus incur many of the same complications. Infection, for 
example, can be a signi?cant risk factor both during and after 
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implantation of a CSF shunt. When an infection occurs, the 
entire CSF shunt must be removed, and the patient must 
generally undergo 10-14 days of IV antibiotics and re-inter 
naliZation of a neW CSF shunt. Mechanical failure can occur 

Within each component of a CSF shunt, and generally 
requires the replacement of the failed component(s). The inlet 
of the catheter, for example, can incur in-groWth of intraven 
tricular tissue. Valves can fail due to debris build-up (e.g., 
blood, protein) Within the valve, and the outlet of the catheter 
can fail by fracturing, becoming obstructed, or tethering 
Within scar tissue. These mechanical failures, infections, and 
other complications cause a majority of implanted CSF 
shunts to fail Within tWo years and nearly all shunts fail Within 
ten years. Due to this unreliability and the necessity to locally 
monitor and adjust ICPs, conventional CSF shunts require 
frequent intervention by medical professionals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1A is a schematic vieW of an internal body ?uid 
drainage system installed Within a patient in accordance With 
an embodiment of the present technology. 
[0008] FIG. 1B is a schematic vieW of an external body 
?uid drainage system installed in a patient in accordance With 
an embodiment of the present technology. 
[0009] FIG. 2A is an enlarged schematic, cross-sectional 
vieW of a valve device in accordance With an embodiment of 
the present technology. 
[0010] FIG. 2B is an enlarged schematic, cross-sectional 
vieW of a valve device in accordance With another embodi 
ment of the present technology. 
[0011] FIGS. 3A-3J are side vieWs of actuators for a valve 
device in accordance With embodiments of the present tech 
nology. 
[0012] FIGS. 4A and 4B are side and perspective vieWs, 
respectively, of reservoirs for a body ?uid drainage system in 
accordance With embodiments of the present technology. 
[0013] FIG. 5A is a schematic, cross-sectional top plan 
vieW of unob structed antegrade ?oW through a valve device of 
a body ?uid drainage system in accordance With an embodi 
ment of the present technology. 
[0014] FIG. 5B is a schematic, cross-sectional top plan 
vieW of partially obstructed antegrade ?oW through the valve 
device of FIG. 5A. 
[0015] FIG. 5C is a schematic, cross-sectional top plan 
vieW of retrograde ?oW through the valve device of FIG. 5A. 
[0016] FIG. 5D is a schematic, cross-sectional top plan 
vieW of forced antegrade ?oW through the valve device of 
FIG. 5A. 
[0017] FIG. 6A is a schematic, cross-sectional side vieW of 
antegrade ?oW through a body ?uid drainage system 
implanted in a ventricle in accordance With an embodiment of 
the present technology. 
[0018] FIG. 6B is a schematic, cross-sectional top vieW of 
retrograde ?oW through the body ?uid drainage system of 
FIG. 6A. 
[0019] FIG. 7A is a partial schematic vieW of a body ?uid 
drainage system in accordance With a further embodiment of 
the present technology. 
[0020] FIGS. 7B-7D are schematic vieWs of portions of the 
body ?uid drainage system of FIG. 7A. 
[0021] FIGS. 8A and 8B are schematic vieWs of external 
body ?uid drainage systems installed in different portions of 
a CSF system in accordance With additional embodiments of 
the present technology. 
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DETAILED DESCRIPTION 

[0022] The present technology is directed to devices, sys 
tems, and methods for draining excess body ?uids. In one 
embodiment, for example, a body ?uid drainage system can 
be installed betWeen a site of excess body ?uid in a patient and 
a second location (e.g., an external receptacle, an internal 
cavity) that can collect and/or reabsorb the excess body ?uid. 
The body ?uid drainage system can include a valve device 
that applies incremental forces to an exterior of a catheter to 
regulate the drainage rate of the body ?uid. In selected 
embodiments, the body ?uid drainage system can also gen 
erate forced ?oW of the body ?uid through the catheter to both 
prevent obstructions and perform diagnostics on the system. 
Certain speci?c details are set forth in the folloWing descrip 
tion and in FIGS. 1A-8B to provide a thorough understanding 
of various embodiments of the technology. For example, sev 
eral embodiments of body ?uid drainage systems that shunt 
cerebrospinal ?uid (“CSF”) are described in detail beloW. The 
present technology, hoWever, may be used to drain a variety of 
excess body ?uids, such as peritoneal ?uid, blood, Water, 
and/ or other body ?uids. Additionally, the term “catheter” is 
used broadly throughout the application to refer to any suit 
able tubing or structure that includes a lumen through Which 
body ?uids can ?oW. Other details describing Well-known 
structures and systems often associated With CSF and other 
body ?uid drainage systems, shunts, biomedical diagnostics, 
etc. have not been set forth in the folloWing disclosure to 
avoid unnecessarily obscuring the description of the various 
embodiments of the technology. A person of ordinary skill in 
the art, therefore, Will accordingly understand that the tech 
nology may have other embodiments With additional ele 
ments, or the technology may have other embodiments With 
out several of the features shoWn and described beloW With 
reference to FIGS. 1A-8B. 
[0023] As used herein, the term “force” refers to the inter 
action betWeen an actuator and a catheter. This term is used 
broadly, and in some embodiments “pressure” is an equally 
valid term. Additionally, in selected embodiments, the actua 
tor can apply a force or a pressure to the catheter by changing 
the position of the actuator mechanism (e.g., a linear shaft, a 
rotary shaft, a screW shaft) relative to the catheter, thus “actua 
tor position” may also be used to describe the interaction 
betWeen the actuator and the catheter. 
[0024] FIG. 1A is a schematic vieW of an internal body ?uid 
drainage system 100 (“drainage system 100”) implanted in a 
patient 101 in accordance With an embodiment of the present 
technology. The drainage system 100 can include a catheter 
102, a valve device 104 over an exterior surface 112 of the 
catheter 102, and one or more sensors 106 (identi?ed indi 
vidually as a ?rst sensor 106a and a second sensor 10619). The 
drainage system 100 can also include a controller 110 that is 
operatively coupled to the valve device 104 and/or the sensors 
106. As described in further detail beloW, the valve device 104 
can apply incremental forces to the exterior surface 112 of the 
catheter 102 to regulate body ?uid ?oW through the catheter 
102, and the controller 110 can alter the level of force applied 
by the valve device 104 on the catheter 102 in response to 
measurements (e.g., pressure, ?oW rate) taken from the sen 
sors 106. 

[0025] As shoWn in FIG. 1A, the catheter 102 can include a 
proximal portion 108a and a distal portion 108!) opposite the 
proximal portion 10811. The proximal and distal portions 
108a-b of the catheter 102 can be an integrally formed tube or 
include tWo or more separate tubes joined together using 
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suitable fastening methods (e. g., gluing) knoWn in the art. The 
catheter 102 can be made from a range of polymers, such as 
silicone, latex, thermoplastic elastomers, and/or other suit 
able tubing materials. In selected embodiments, portions of 
the catheter proximate to the valve device 104 can include 
compressible peristaltic pump tubing (e.g., silicone rubber, 
polyvinyl chloride), reduced fouling surfaces, tubing With 
different mechanical compliances, and/or other durable elas 
tomeric materials that resist fatigue. In other embodiments, 
the catheter 102 can be made from tubing With biocides 
and/or other anti-biofouling agents that prevent organisms 
from entering the drainage system 100 and causing infection. 
When the catheter 102 includes different materials and/ or 
sections of tubing, the different materials and/or portions can 
be sealed together With adhesives and/or other fasteners that 
provide a liquid-tight seal. 
[0026] The proximal portion 10811 of the catheter 102 is 
positioned at a site of excess body ?uid and the distal portion 
108!) can be placed in ?uid communication With an internal 
receptacle that collects and/ or absorbs the body ?uid. The 
proximal portion 10811 of the catheter 102 can include an inlet 
region 116 With one or more openings (not visible) in ?uid 
communication With a site of excess body ?uid such that the 
body ?uid can ?oW into the catheter 102. In the embodiment 
illustrated in FIG. 1A, for example, the inlet region 116 of the 
catheter 102 is installed (e.g., via a burr hole) into a ventricle 
113 of the patient’s brain to receive excess CSF. After enter 
ing the drainage system 100, the body ?uid can travel in an 
antegrade ?oW through the catheter 102 to the distal portion 
10819. The distal portion 108!) can include an outlet region 118 
that expels the excess body ?uid into an internal location. For 
example, the outlet region 118 can be placed in ?uid commu 
nication With the patient’s peritoneal cavity 115, Where 
excess body ?uid can reabsorb into the body. In other embodi 
ments, the outlet region 118 can expel the body ?uid into the 
atrium of the heart, the pleural lining of the lung, the gallblad 
der, and/or other suitable terminal locations. 
[0027] The valve device 104 can be positioned betWeen the 
proximal and distal portions 108a-b of the catheter 102 to 
regulate the body ?uid ?oW through the drainage system 100. 
As shoWn in FIG. 1A, for example, the valve device 104 can 
be implanted in a subclavicular pocket of the patient 101. In 
other embodiments, the valve device 104 can be installed in a 
prefascial or subfascial intra-abdominal region. This intra 
abdominal positioning is particularly suited for neonates to 
ease exchange of the valve device 104 as the child groWs, but 
also facilitates accessibility to the valve device 104 for adults. 
Advantageously, placement of the valve device 104 in either 
the subclavicular pocket or the intra-abdominal region 
negates the need to shave the patient’s scalp to perform cra 
nial surgery in the event that a component requires replace 
ment or repair, and thus avoids the need for repeated incisions 
in the scalp that can cause devasculariZation, poor Wound 
healing, and/or infection. The intra-abdominal valve device 
104 also eases the periodic replacement of batteries or other 
poWer sources. In other embodiments, the valve device 104 
can be installed subcutaneously in other regions of the torso 
or betWeen another site of excess body ?uid and a receptacle 
that can collect and/or reabsorb the body ?uid. In further 
embodiments, the valve device 104 can be miniaturized such 
that it can be implanted under the scalp. 

[0028] The sensors 106 can measure pressure Within the 
catheter 102, ?oW rate of the body ?uid through the catheter 
1 02, and/ or other desired measurements associated With body 
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?uid drainage through the drainage system 100. Pressure 
sensors can be small electrical sensors positioned along the 
drainage device 100. Body ?uid ?oW rate through the catheter 
102 can be measured With a non-electrical Rotameter that 
uses a local or remote sensor to read the position of a Weighted 
or buoyant ball that rises and falls Within the catheter 102 in 
proportion to the ?oW rate. In other embodiments, the body 
?uid ?oW rate can be measured using What is knoWn in the art 
as the “ice cube test.”An improved version of such a ?oW rate 
sensor includes a resistive electrical heater and temperature 
sensor embedded in the body ?uid ?oW, rather than an exter 
nal heater/cooler and an external temperature measurement 
device used in conventional ice cube tests. In further embodi 
ments, body ?uid ?oW rate can be measured using What is 
knoWn as a “tick-tock chamber” that senses the rate that 
specialiZed chambers re?ll With the body ?uid Within the 
catheter 102. 

[0029] As shoWn in FIG. 1A, the sensors 106 can be posi 
tioned proximate to the outlet and inlet to the valve device 
104. Accordingly, the ?rst sensor 106a can measure the ?oW 
rate and/or the pressure Within the proximal catheter 108a 
before it enters the valve device 104 and the second sensor 
106!) can measure the ?oW rate and/or pressure Within the 
distal portion 108!) as it exits the valve device 104. This 
information can be used to ensure the valve device 104 gen 
erates the desired drainage rate, to monitor patient orienta 
tion, to perform diagnostics on the drainage system, and/or 
derive other desired measurements or characteristics. In other 
embodiments, the drainage system 100 can include more or 
less sensors 106. For example, a pressure sensor 106 can be 
positioned proximate to the inlet region 116 to measure ICP 
directly. 
[0030] The sensors 106 can also be used to derive a pressure 
at a desired location (e.g., the Foramen of Monroe for ICP) 
spaced apart from the sensors 106. For example, the sensors 
106 that are positioned proximate to the valve device 104 in 
the torso of the patient 101 can be used to derive ICP. As 
shoWn in FIG. 1A, the sensors 106 can be positioned on either 
side of the valve device 1 04 to measure pres sure up stream and 
doWnstream of the valve device 104. When the patient 101 is 
upright (i.e., standing), the ?rst sensor 10611 at the proximal 
portion 108a can measure a pressure that is substantially 
equal to the ICP plus the pressure head created by the body 
?uid in the proximal portion 108a above the ?rst sensor 10611. 
The second sensor 106!) at the distal portion 108!) can mea 
sure a pres sure substantially equal to the pres sure at the outlet 
region 118 (e.g., the peritoneal cavity 115; as is knoWn in the 
art, the pres sure is approximated as Zero relative to atmo 
sphere) plus the negative pressure created by the body ?uid in 
the distal portion 108!) beloW the second sensor 10619. The 
pressures from the upstream and doWnstream sensors 106 can 
be combined to derive the true ICP. For example, When the 
valve device 104 is positioned midWay betWeen the ventricle 
113 and the outlet region 118, the summation of the tWo 
pressure measurements from the sensors 106 negates the 
contribution of pressure head and provides the true ICP. 

[0031] In other embodiments, as described in greater detail 
beloW With reference to FIGS. 7A-7D, a pressure reference 
line can be coupled to the drainage system 100 and used to 
compensate for changes in patient position. The pressure 
reference line measures the pressure head betWeen a desired 
reference location and the sensor 106 at the valve device 104 
directly. As such, the desired pressure measurement (e.g., 
ICP) is simply the difference betWeen the tWo measured 
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pressures as taken from tWo independent sensors (i.e., the 
pressure reference line sensor and the drainage line sensor) or 
a single differential pressure sensor. 

[0032] The drainage system 100 can also include an orien 
tation sensor (not shoWn) to accurately measure a desired 
pressure (e. g., ICP) regardless of the orientation of the patient 
101. For example, the orientation sensor can include an accel 
erometer, inclinometer, and/ or other orientation sensing 
device. The orientation sensor is used to determine the angle 
of repose (i.e., standing, lying, or therebetWeen); such that the 
measured angle and the knoWn length of the proximal portion 
10811 of the catheter 102 can be used to calculate the pressure 
head. The pressure head can be subtracted from the measured 
pressure to calculate the true ICP. 

[0033] The controller 110, e.g., a microprocessor, can read 
the measurements taken from the sensors 106 (e. g., pressure, 
?oW rate, orientation, etc.), store such measurements and 
other information in a database, adjust the position of the 
valve device 104, and/ or carry out algorithms to regulate ?uid 
?oW through the drainage device 100. For example, the con 
troller 110 can compare pressure measurements from the 
sensors 106 With a desired ICP to determine Whether to incre 
mentally open or close the valve device 104 and by What 
percentage. For example, When the pressure is loWer than a 
desired pressure, the controller 110 can incrementally close 
the valve device 104 to increase the resistance to antegrade 
?oW through the catheter 102. If the sensed pressure is higher 
than desired, the controller 110 can incrementally open the 
valve device 104 to decrease the resistance to antegrade ?oW. 
Similarly, the controller can also compare the sensed ?oW rate 
With a desired ?oW rate, and adjust the position of the valve 
device 104 accordingly. The controller 110 can also carry out 
an algorithm that moves the valve device 1 04 a predetermined 
amount each time a measurement outside of a desired limit 
(e.g., desired CSF range) is detected. Such a control algo 
rithm can also relate the incremental movement of the valve 
device 104 to the magnitude of the difference betWeen a 
desired and a measured value. In other embodiments, a pro 
portional-integral-derivative (“PID”) control algorithm or 
variations thereof (e.g., P-only, PI-only) can control the 
movement of the valve device 104.As such, the controller 110 
can manage body ?uid ?oW in real-time to maintain the ICP 
and/or other desired parameter Within appropriate limits 
across a range of changes in pressure or body ?uid generation 
rate caused by physiologic processes (e.g., valsalva maneu 
vers, changes in body orientation). 
[0034] The controller 110 can include algorithms that save 
poWer. For example, a tolerance WindoW on the control 
parameter (e.g., ICP or CSF ?oW rate) can be de?ned such 
that the valve device 104 does not change position Within the 
tolerance WindoW. As another example, the time betWeen 
sensor measurements can be adjusted based on the error 
betWeen the desired set point and the measured value, such 
that less frequent measurements are made during periods of 
small error. These poWer-saving control algorithms can also 
be adapted to the dynamics of the speci?c application. During 
CSF drainage, for example, signi?cant changes in CSF pro 
duction may occur over several hours such that only infre 
quent sensor measurements and valve device 104 movements 
are necessary for adequate ?oW control. As such, the control 
ler 110 can be con?gured to ignore unimportant transient 
conditions (e.g., ICP oscillations due to the cardiac cycle, ICP 
increases due to coughing or movement) removed by averag 
ing sensor measurements and/or frequency ?ltering. 
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[0035] Additionally, the controller 110 can also include 
logic to clear the valve device 104 of obstructions by incre 
mentally opening the valve device 104 until the obstruction 
clears. For example, the controller 110 can be con?gured to 
maintain a desired ICP such that When an obstruction Within 
the valve device 104 causes an increase in the measured 
pressure, the control algorithm (e. g., a proportional-integral 
derivative) incrementally or fully opens the valve device 104 
to decrease the resistance to antegrade ?oW. This incremental 
opening of the valve device 104 alloWs the obstruction to ?oW 
through the valve device 104 such that the drainage system 
100 can maintain the desired ICP. As described in further 
detail beloW, in other embodiments, the controller 110 can 
include logic that clears and/or prevents obstructions by 
?ushing the catheter 102 With body ?uid. 
[0036] As further shoWn in FIG. 1A, the drainage system 
100 can include a time keeping device 124 (e.g., clock, timer, 
etc.) that is operatively coupled to the controller 110. The 
controller 110 can use the time keeping device 124 to sense 
pressure and/or ?oW rate at preset time intervals (e.g., once a 
minute). Additionally, as explained in further detail beloW, the 
controller 110 can use the time keeping device 124 to peri 
odically ?ush the catheter 102 and/or periodically run diag 
nostics. 

[0037] Additionally, as shoWn in FIG. 1A, the drainage 
system 100 can also include a poWer source 122 for the valve 
device 104 and/or other electrical features (e.g., the time 
keeping device 122, the sensors 106, etc.). The poWer source 
122 can be stored locally Within the drainage system 100. As 
such, the poWer source 122 can thus include a lithium-ion 
cell, a rechargeable battery, and/or other suitable portable 
poWer sources. In selected embodiments, the internally 
installed poWer source 122 can be recharged remotely using 
inductive coupling, kinetic energy generation by M2E of 
Boise, Id., and/or other remote recharging methods knoWn in 
the art. In other embodiments, the drainage system 100 can 
connect to an external recharging station. 

[0038] In selected embodiments, the controller 110 can be 
operatively coupled to a Wireless communication link 126, 
such as a WiFi connection, radio signal, and/or other suitable 
communication links that can send and/or receive informa 
tion. The Wireless communication link 126 alloWs measure 
ments from the sensors 106 and/or other information to be 
monitored and/ or analyZed remotely. For example, the Wire 
less communication link 126 alloWs measurements recorded 
from the sensors 106 to be accessed at a doctor’s o?ice, at 
home by the patient 101, and/or at other remote locations. 
Additionally, the drainage system 100 can use the Wireless 
communication link 126 to receive information at a WiFi hot 
spot or other remotely accessible locations. This alloWs a 
remote physician to inquiry the drainage system 100 regard 
ing particular measurements (e. g., ICP), instruct the control 
ler 110 to adjust the valve device 104 accordingly, and/or 
program sophisticated algorithms onto the controller 110 for 
the drainage system 100 to carry out. Accordingly, the drain 
age system 100 can provide more expedient, sophisticated, 
and personaliZed treatment than conventional CSF shunts, 
Without requiring frequent in-o?ice visits. 
[0039] As further shoWn in FIG. 1A, the valve device 104, 
the controller 110, and/or other subcutaneously implanted 
features of the drainage system 100 can be enclosed Within a 
housing 128. Accordingly, the housing 128 can be made from 
a biocompatible material that protects the devices stored 
Within from tissue ingroWth, body ?uids, and/ or other internal 
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bodily features that may interfere With the operability of the 
drainage system 100. In selected embodiments, the housing 
128 can also form a magnetic shield over the devices Within it 
such that the patient 101 can undergo magnetic resonance 
imaging (“MRI”) and similar procedures Without removing 
the drainage system 100. 
[0040] In operation, the drainage system 100 can have gen 
erally loW poWer consumption. For example, the drainage 
system 100 requires minimal, if any, continuous poWer. In one 
embodiment, the time keeping device 124 is the only feature 
of the drainage system 100 that continuously draWs from the 
poWer source 122. Other devices can draW from the poWer 
source 122 intermittently as needed. For example, the sensors 
106 and/ or other sensing devices can sense pressure at preset 
intervals (e. g., once per minute) and only draW from the 
poWer source 122 at that time. Similarly, any diagnostics 
and/or forced ?oWs (e. g., back?ushing, described beloW) 
only occur periodically and thus only require poWer occasion 
ally. In selected embodiments, the valve device 104 only 
requires poWer When it changes position to adjust the pres sure 
and/or ?oW rates. Without the need for any continuous sub 
stantial poWer, the drainage system 100 consumes much less 
poWer than Would be required using a pump to drive body 
?uid. As described beloW, the drainage system 100 can also 
include a hybrid mechanical and electrical device that reduces 
the required frequency of actuator movements, and thus fur 
ther reduces poWer consumption. Accordingly, the drainage 
system 100 can be con?gured such that the poWer source 122 
runs the drainage system 100 for extended periods of time 
(e.g., ?ve or more years), and therefore does not necessitate 
frequent surgeries to replace the poWer source 122. 
[0041] Optionally, the drainage system 100 can also 
include a pump (e.g., an electro-osmotic pump) that can be 
activated to drive body ?uid ?oW through the drainage system 
100. For example, the controller 110 can include logic that 
activates the pump When the orientation of the patient 101 is 
such that the body ?uid ?oWs in the reverse direction (i.e., 
retrograde ?oW) through the catheter 102. In other embodi 
ments, the drainage system 100 can include other suitable 
devices and features that facilitate the controlled drainage of 
body ?uids. 
[0042] The subcutaneously installed drainage system 100 
shoWn in FIG. 1A can also include features that limit the risk 
of infection during and after implantation. For example, com 
ponents of the drainage system 100 (e.g., the catheter 102, the 
housing 128) can include anti-fouling coatings and/ or antibi 
otic impregnated materials. In selected embodiments, short 
terrn thermal cooling and heating can be applied to the drain 
age system 100 as a Whole or components thereof to reduce 
bacterial coloniZation during the perioperative period. In 
other embodiments, the housing 128, the valve device 104, 
and/or other portions of the drainage system 100 can be 
magnetiZed or otherWise treated to reduce bacterial groWth 
and contamination. 

[0043] FIG. 1B is a schematic vieW of an external body 
?uid drainage system 150 (“drainage system 150”) implanted 
in the patient 101 in accordance With an embodiment of the 
present technology. The drainage system 150 includes fea 
tures generally similar to the drainage system 100 described 
above With reference to FIG. 1A. For example, the drainage 
system 150 can include the catheter 102 having the proximal 
portion 108a and the distal portion 108b, the valve device 104 
positioned therebetWeen, the sensors 106, and the controller 
110 operatively coupled to the sensors 106 and the valve 



US 2013/0197422 A1 

device 104. Additionally, like the internal drainage system 
100 described above, the external drainage system 150 can 
regulate CSF or other excess body ?uid ?oW using sophisti 
cated and individualized methods, and do so While operating 
as a loW poWer system. HoWever, the drainage system 150 
shoWn in FIG. 1B is installed externally, betWeen the ventricle 
113 and an external receptacle 114. The external receptacle 
114 can be placed in ?uid communication With the outlet 
region 118 of the catheter 102 such that it can collect the 
excess body ?uid. As such, the external receptacle 114 can be 
a bag or container made from a range of polymers (e.g., 
silicone, polyvinyl chloride) and/or other suitable materials 
for storing body ?uids. 
[0044] In the illustrated embodiment, the external recep 
tacle 114 is secured to the midsection of the patient 101 With 
a belt 120 such that the patient 101 can remain mobile as the 
drainage system 150 removes the excess body ?uid. As shoWn 
in FIG. 1B, the belt 120 can also carry the housing 128 that 
contains the valve device 104, the controller 110, and/or other 
devices that operate the drainage system 150. The externally 
positioned housing 128 can be made from a durable material 
(e.g., plastic) that can Withstand the rigors of the outside 
environment and substantially protect the components 
Within. Snaps, thread, hooks, and/or other suitable fasteners 
can be used to secure the external receptacle 114 and/or the 
housing 128 to the belt 120. In other embodiments, the exter 
nal receptacle 114 and/or the housing 128 can be secured to 
other portions of the patient 101 that do not substantially 
inhibit the patient’s mobility. 
[0045] In further embodiments, such as When the drainage 
system 100 is used for temporary shunting of acute accumu 
lation of the body ?uid, the external receptacle 114 can be 
hung on a pole commonly used for IV bags or otherWise 
a?ixed to an external structure. Additionally, for temporary 
drainage, the devices Within the housing 128 can also be 
positioned apart from the patient 101, such as on a console 
connected With a poWer source. 

[0046] FIG. 2A is a schematic cross-sectional vieW of the 
valve device 104 for use With the body ?uid drainage systems 
100 and 150 shoWn in FIGS. 1A and 1B and con?gured in 
accordance With an embodiment of the present technology. 
As shoWn in FIG. 2A, the valve device 104 can include an 
actuator 230 positioned over a portion of the catheter 102. The 
actuator 230 can apply varying forces to the external surface 
112 of the catheter 102 to regulate the body ?uid ?oW rate 
therein. The surface With Which the actuator 230 contacts the 
catheter 102 can vary in siZe and shape. For example, the 
contact surface can be ?at, rounded, and/or have a different 
pro?le or shape. The contact surface can also vary in length 
along the axis of the catheter 102 to spread the force of the 
actuator 23 0 across the catheter 1 02. For example, controlling 
drainage of CSF can be accomplished using contact lengths 
of a feW millimeters to a feW centimeters. 

[0047] In the illustrated embodiment, the actuator 230 con 
tacts one side of the catheter 102 to compress or “pinch” the 
catheter 102. In other embodiments, the actuator 230 can 
apply force from opposing sides of the catheter 102 or apply 
force from multiple angles around the circumference of the 
catheter 102 to effectuate a similar compression or pinching 
action. This external compression eliminates the mechanical 
valve parts Within the catheter 102, and thus prevents the 
actuator 230 from coming into contact With the body ?uid 
Within the catheter 102. Accordingly, the body ?uid has a 
clear ?oW path through the catheter 102 that substantially 
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reduces or eliminates stagnant ?oW regions (e.g., internal 
mechanical parts) and obstructions (e.g., build-up on the 
internal mechanical parts) often caused by the complex ?oW 
pathWays common to conventional shunts. Additionally, in 
selected embodiments, the actuator 230 can be con?gured to 
fail in the open position (i.e., not restricting ?oW) such that it 
does not to impede drainage of the body ?uid. 
[0048] The actuator 230 can incrementally or continuously 
change the ?oW resistance of the catheter 102 to regulate 
drainage rate of the body ?uid. For example, rather than a 
binary open-closed valve, the actuator 230 can compress the 
catheter 102 varying degrees betWeen the open and closed 
positions. The actuator 230 can thus adjust the level of com 
pression to accommodate a multitude of variables, and pre 
cisely regulate ?oW rate through the catheter 102. For 
example, CSF drainage devices (e.g., the drainage devices 
100 and 150 shoWn in FIGS. 1A and 1B) can vary the com 
pression of the actuator 230 in response to the patient’s ori 
entation, a siphoning condition, ICP, retrograde ?oW, perito 
neal pressure, and/or other variables that affect the desired 
?oW rate. Thus, the valve device 104 provides sophisticated 
control of the body ?uid drainage. 
[0049] Advantageously, despite this precise control, the 
valve device 104 can also have generally loW poWer require 
ments because the valve device 104 only requires poWer as it 
adjusts the position of actuators 230. Once at a desired posi 
tion, the actuator 230 can maintain its position Without poWer 
(e.g., “self-braking”). PieZo-electric actuators (e.g., the 
Squiggle Motor by NeWscale Technologies of Victor, NY.) 
include such incremental movement and self-braking fea 
tures. Advantageously, pieZo-electric actuators 230 can also 
be small, consume little poWer When they do move, but can 
also provide signi?cant force on the catheter 102. Piezo 
electric actuators can also be compatible With MRIs. In 
selected embodiments, the valve device 104 can also be con 
?gured to permit ?uctuation Within a desired range (e.g., 
cardiac effects) and/or transient spikes or troughs (e.g., 
coughing) in pressure and/or ?oW rate. This prevents the 
actuator 230 from unnecessarily changing positions and 
unnecessarily consuming poWer. In other embodiments, the 
self-braking actuator 230 can be combined With a variable 
resistance component (e.g., a compliant interface member 
described in FIGS. 3F-3H) such that the valve device 104 can 
operate inde?nitely Without poWer as long as the pressure 
and/or ?oW rate remain Within the desired limits. These 
reduced poWer features of the valve device 104 can be of 
particular advantage for internally implanted valve devices 
104 (e.g., the drainage system 100 shoWn in FIG. 1A) because 
it increases the lifetime of the poWer source 122 betWeen 
recharging cycles or surgeries to replace the poWer source 
122. 

[0050] The actuator 230 can also be con?gured to close to 
prevent any undesired retrograde ?oW through the catheter 
102. For example, the sensors 236 can detect a pressure 
gradient directed toWard the proximal portion 10811 of the 
catheter 102 (e.g., toWard the brain) that may be caused by 
patient orientation (e.g., upside-doWn), straining of the abdo 
men, loW ICPs, and/or other conditions that may induce ret 
rograde ?oW. In response to this negative pressure gradient, 
the controller 110 (FIGS. 1A and 1B) can close the actuator 
230 to obstruct all ?oW through the valve device 104. In other 
embodiments, ?oW sensors and/or pressure sensors posi 
tioned elseWhere along the drainage systems 100 and 150 can 
sense retrograde ?oW and trigger the closing of the actuator 
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230. Alternatively, the valve device 104 can include a one 
Way check valve as a purely mechanical method to prevent 
retrograde ?oW such that monitoring for retrograde ?oW With 
the controller 110 is not required. 
[0051] The force applied by each of the actuator 230 to the 
exterior surface 112 and/or the effect thereof can be moni 
tored by sensors 236 (identi?ed individually as a ?rst pressure 
sensor 236a and a second pressure sensor 23619). As shoWn in 
FIG. 2A, the sensors 236 can be positioned proximate to an 
inlet portion 238 and an outlet portion 240 of the valve device 
104 to measure the pressure and/or ?oW rate Within the cath 
eter 102 before and after the body ?uid exits the valve device 
104. The controller 110 can analyZe these pressure or ?oW 
rate measurements to determine Whether the valve device 1 04 
produced a desired pressure or ?oW rate, and adjust the posi 
tions of the actuator 230 accordingly. In other embodiments, 
additional sensors 236 can be coupled to other portions of the 
catheter 102 to measure additional pressures, ?oW rates, and/ 
or other desired properties of the ?oW through the valve 
device 104/ 
[0052] The actuator 230 and the sensors 236 can also be 
used to diagnose ?oW problems in the catheter 102. For 
example, the actuator 230 can be closed, and the pressure 
response can be measured over time and compared to an 
expected pressure for unobstructed ?oW, to the expected time 
required for the pressure to return to a baseline value, and/or 
to other pressure related values that can interpret ?uid ?oW. 
Closing the actuator 230 during unobstructed ?oW results in a 
generally rapid increase in the pressure measurement 
upstream of the valve device 104, and opening the actuator 
23 0 results in a rapid decrease in the pres sure measurement as 
?uid freely ?oWs through the distal portion 108!) of the cath 
eter 102. Little or no pressure increases observed upon clos 
ing the actuator 230 indicates an obstruction in the proximal 
portion 108a, While a sloW decrease in pressure upon opening 
the actuator 230 indicates an obstruction in the distal portion 
1081). These ?oW diagnostics can be performed routinely to 
sense obstructions at their onset. Additionally, the valve 
device 104 canbe con?gured to perform these diagnostic tests 
more frequently When the potential for obstructions is higher 
(e. g., after surgery). 
[0053] In other embodiments, diagnostics can be per 
formed during normal operation (i.e., no specialiZed move 
ment and no forced ?oW) of the drainage systems 100 and 
150. For example, When the valve device 104 uses pressure 
based control to maintain a constant pressure (e.g., ICP), an 
actuator 230 consistently operating at a fully-open position 
can indicate a blocked valve device 104 or an obstructed distal 
portion of the catheter 102. Conversely, an actuator 230 con 
sistently operating in a fully-closed position can indicate an 
obstructed proximal portion 10811 of the catheter 102. 
[0054] In other normal operation ?oW diagnostics, pressure 
levels Within a patient can be tracked (e.g., remotely via the 
Wireless communications link 126 shoWn in FIGS. 1A and 
1B) and characteriZed as “acceptable” or “unacceptable” 
pressure levels. In the case of a CSF drainage system, for 
example, an unacceptable level may be one that induces a 
headache. Using this information, the controller 110 can 
adjust the valve device 104 to maintain acceptable ranges of 
pressure for the particular patient. Thus, the diagnostic con 
trol of the valve device 104 can provide precise and individu 
aliZed treatment to ensure not only that the excess body ?uid 
is adequately drained, but also adjust to the particularities of 
each patient’s needs. 
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[0055] In other embodiments, ?oW rate measurements, 
rather than or in conjunction With pressure measurements, 
can also be used to perform diagnostic tests and diagnose 
blockages. Similar to the pressure sensor driven diagnostics, 
Rotameters, the “ice cube test,” the tick-tock chamber, and/or 
other ?oW rate sensors can measure ?oW rate during forced or 
unforced ?oW and compare it With a desired ?oW rate to 
identify partial or complete blockages. 
[0056] In other embodiments, the valve device 104 can 
include more than one actuator 230. For example, the valve 
device 104 can include multiple actuators 230 to provide 
redundancy in the event an actuator 230 fails. Additionally, 
the inlet and outlet portions 238 and 240 can include multiple 
actuators 230 in order to vary the location of constrictions. 
This alloWs the actuators 230 to constrict alternate portions of 
the catheter 102 When others have debris build up. In further 
embodiments, selected actuators 230 can be designated 
solely to close the catheter 102 to obstruct antegrade ?oW. 
Other actuators 230 can adjust continuously betWeen the 
open and closed positions to regulate ?oW rate as described 
above. 
[0057] FIG. 2B is a schematic cross-sectional vieW of a 
valve device 204 in accordance With another embodiment of 
the disclosure. The valve device 204 includes features gener 
ally similar to the valve device 104 shoWn in FIG. 2A. For 
example, the valve device 204 includes the sensors 236 and 
the incrementally adjustable actuator 230 at the exterior sur 
face 112 of the catheter 102. HoWever, the valve device 204 
shoWn in FIG. 2B includes additional actuators 230 (identi 
?ed individually as a ?rst actuator 23011, a second actuator 
230b, and a third actuator 230c) positioned over different 
portions of the catheter 102. One or more of the actuators 230 
can provide the incremental force at the exterior surface 112 
of the catheter 102 in order to regulate ?oW and/or include 
poWer-saving self-braking features. Accordingly, like the 
valve device 104 shoWn in FIG. 2A, the valve device 204 can 
provide sophisticated ?oW control, but also bene?t from the 
loW poWer consumption described above. Additionally, the 
position of each actuator 230 can be adjusted independently 
by the controller 110 to produce the desired ?oW rate of the 
body ?uid through the catheter 102. 
[0058] In the embodiment illustrated in FIG. 2B, the valve 
device 204 further includes a reservoir 232 positioned 
betWeen the proximal and distal portions 108a-b of the cath 
eter 102. The reservoir 232 and the proximal and distal por 
tions 108a-b can include generally similar materials and can 
be formed integrally or sealed together With adhesives and/or 
other fasteners that provide a liquid-tight seal. As shoWn in 
FIG. 2B, the reservoir 232 can have an exterior surface 234 
and a larger cross-sectional dimension than a cross-sectional 
dimension of the catheter 102 such that the reservoir 232 
retains a larger volume of the body ?uid per cross-section 
than the catheter 102. In the illustrated embodiment, the 
proximal portion 10811, the reservoir 232, and the distal por 
tion 108!) can form a single lumen through Which the body 
?uid can ?oW. This singular lumen provides a simple ?oW 
path for the body ?uid that can reduce or eliminate obstruc 
tion-prone areas (e. g., comers, intersections betWeen lumens) 
that exist in more intricate ?oW paths. 
[0059] The reservoir 232 alloWs the valve device 204 to 
create forced ?oW or “?ushing” through the proximal and 
distal portions 108a-b of the catheter 102 to clear obstructions 
Within the catheter 102 and/or enable diagnostics of ?oW 
obstructions. For example, the valve device 204 can compress 
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the reservoir 232, and the controller 110 or remote device can 
interpret pressure and/ or ?oW rate changes of the forced ?oW 
to identify partial or complete blockages. The valve device 
204 can also periodically evacuate the reservoir 232 toWard 
the proximal and/ or distal portions 108a-b of the catheter 102 
to break up any build up Within the catheter 102, and thereby 
reduce the likelihood of obstructions. The ?oW diagnostics 
and ?ushing can be performed routinely sense and remove 
obstructions at their onset. The valve device 204 can also 
perform diagnostic tests more frequently When the potential 
for obstructions is higher (e.g., after surgery). 
[0060] In the illustrated embodiment, the third actuator 
230c contacts a large portion of the exterior surface 234 of the 
reservoir 232 such that it more rapidly accelerates the volume 
of body ?uid out of the reservoir 232. For example, as shoWn 
in FIG. 2B, the reservoir 232 has a ?rst length L1 and the third 
actuator contacts the exterior surface 234 of the reservoir 232 
along a second length L2 that is substantially equal to the ?rst 
length L1. This increased contact area provides a greater 
forced ?oW that can be used to remove obstructions (e.g., 
protein build up), run diagnostics, or otherWise ?ush the 
catheter 102 With the body ?uid. In selected embodiments, 
the third actuator 2320 can linearly apply force to the reser 
voir 232 along the second length L2 to push the body ?uid in 
a desired direction (e. g., toWard the proximal portion 10811 or 
the distal portion 10819). In other embodiments, the back 
?ushing and/ or forWard ?ushing can be performed manually 
by the patient or caregiver by pressing on the reservoir 232 
and directing the body ?uid in the desired direction. The 
back?ushing, forWard ?ushing, and diagnostic operations can 
be performed either in an implantable drainage system 100 or 
an external drainage system 150. 

[0061] The valve device 204 shoWn in FIG. 2B can also be 
used in conjunction With a conventional valve to add ?ushing 
and diagnostic operations (e. g., With ?oW regulation provided 
fully or partially by the conventional valve). For example, to 
retro?t the conventional drainage system, the valve device 
204 can be placed in ?uid communication With a conventional 
valve device (e. g., a mechanical ball in seat valve device). The 
valve device 204 can then adjust the actuators 230 to generate 
forced ?oW and/or incrementally regulate ?uid ?oW. If only 
forced ?oW is desired, the valve device 204 need only include 
the reservoir 232 and one or more binary actuators that can 
accumulate body ?uid in the reservoir 232 and expel it peri 
odically as desired. As such, forced ?oW diagnostics can be 
performed periodically on the conventional drainage system 
to detect obstructions in the ?oW path of the body ?uid. For 
example, the reservoir 232 can ?ush a portion of the conven 
tional system, and the pressure response can be compared 
With the pressure and/or pressure decay of an unobstructed 
?oW path. When used With a separate valve, the pressure 
response can be used to test the pressure-?oW characteristics 
of the conventional valve to monitor its degradation over 
time. Alternatively, the ?oW rate can be monitored to detect 
obstructions and/or monitor the degradation of the conven 
tional valve device. 

[0062] FIGS. 3A-3J are side vieWs of actuators for a body 
?uid drainage system (e.g., the drainage systems 100 and 150 
shoWn in FIGS. 1A and 1B) in accordance With embodiments 
of the present technology. Each of the actuators shoWn in 
FIGS. 3A-3J are pinch actuators that are incrementally and/or 
continuously adjustable betWeen the open and closed posi 
tions. Therefore, as described above, the actuators can com 
press the catheter 102 and/or the reservoir 232 (FIG. 2B) to 
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incrementally regulate body ?uid ?oW. FIG. 3A, for example, 
shoWs a linear actuator 360 that can move in the directions 
indicated by the arroWs to incrementally compress the cath 
eter 102, and thereby change the resistance Within the catheter 
102. Any of the embodiments described beloW can be com 
bined, can include interface members that transfer force from 
the actuator to the catheter 1 02, and/ or can include other types 
of actuators, interface members, and/or compliant interface 
members that incrementally compress the catheter 102. 
[0063] FIGS. 3B-3E illustrate embodiments of rotary 
actuation. For example, FIG. 3B illustrates a cam actuator 
362 that compresses the catheter 102 by adjusting the amount 
of its rotation along the catheter 102. FIG. 3C shoWs a lever 
actuator 3 66 that transmits force to an interface member, such 
as a contact pad or a contact roller 364. As indicated by the 
arroWs, the lever actuator 366 can rotate about a fulcrum to 
vary the degree at Which the contact roller 364 compresses the 
catheter 102. In the embodiment shoWn in FIG. 3D, the linear 
actuator 360 of FIG. 3A rotates a lever 367 (i.e., the interface 
member contacting the catheter 102) about the catheter 1 02 to 
incrementally increase the resistance Within the catheter 102. 
As shoWn in FIG. 3E, another rotary actuator, a screW actuator 
369, can rotate in one direction to apply more force to the 
catheter 102 and rotate in the opposite direction to release 
force on the catheter 102. 

[0064] FIGS. 3F-3H shoW actuators that include a compli 
ant interface member betWeen the linear actuator 360 shoWn 
in FIG. 3A and the catheter 102. In other embodiments, the 
actuators shoWn in FIGS. 3F-3H can use rotary or other types 
of actuation. Referring to FIG. 3F, the compliant member can 
include a spring 368 or other compliant material that trans 
mits force from the actuator 360 to the catheter 102 to control 
?oW. As shoWn in FIGS. 3G and 3H, the compliant member 
can also include a spring lever or other ?exible lever 370 that 
rotates about a fulcrum 371 at the catheter 102. In the embodi 
ment illustrated in FIG. 3G, the actuator 360 presses doWn on 
the ?exible lever 370 to rotate it varying degrees and transmit 
the force from the actuator 360 to the catheter 102. In the 
embodiment illustrated in FIG. 3H, the actuator 360 can 
apply force upWard against the ?exible lever 370 such that it 
rotates and transfers force from the actuator 360 to the cath 
eter 102. In operation, the spring 368, the ?exible lever 370, 
and/or other compliant interface members provides a degree 
of passive actuation that adjust the force applied to the cath 
eter 102 Without moving the actuator 360. Accordingly, body 
?uid drainage systems (e.g., the drainage systems 100 and 
150 shoWn in FIGS. 1A and 1B) including passive actuators 
can consume less poWer. 

[0065] FIGS. 3I and 3] shoW purely mechanical actuators 
that require no poWer to operate. For example, FIG. 3I shoWs 
an actuator 330 that can regulate the ?oW rate through the 
catheter 102. The actuator 330 can include actuator contacts 
335 (identi?ed individually as a ?rst actuator contact 33511 
and a second actuator contact 3351)) connected to one another 
by a lever arm 331 having a ?rst lever arm portion 331a and 
a second lever arm portion 33119. The desired ?oW rate char 
acteristics of the actuator 33 0 can be obtained by changing the 
relative lengths of the ?rst and second lever arm portions 
331a-b and the relative areas of the ?rst and second actuator 
contacts 335a-b. As shoWn in FIG. 3I, When the upstream 
pressure increases, the force on the ?rst actuator contact 33511 
increases. The lever arm 331 transmits this force to the second 
actuator contact 3351) such that it compresses the catheter 
102. The force on the catheter 102 increases the valve resis 










