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ABSTRACT

A flexible spirally-rolled polymer microtube for in vivo
monitoring and treatment of brain injuries; the tube integrally
comprising one or more microsensors and one or more micro-
channels, wherein the microsensors monitor one or more
parameters and the microchannels are capable of delivering
substances to the brain, removing substances from the brain,
or both.
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FLEXABLE SPIRALLY-ROLLED POLYMER
TUBE FOR MONITORING AND TREATMENT
OF BRAIN INJURIES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to provisional
patent application Ser. No. 61/058,241, filed Jun. 3, 2008.

TECHNICAL FIELD

[0002] The present invention relates generally to an appa-
ratus for in vivo monitoring and treatment of brain injuries.

BACKGROUND OF THE INVENTION

[0003] The monitoring of intracranial pressure has been the
standard of care in the management of traumatic brain inju-
ries. However, elevated intracranial pressure is a rather late-
stage indicator of a patient’s status and probable outcome.
[0004] There is a need in the industry to both monitor a
broader array of parameters of brain function and improve the
ability to monitor such parameters in real time and in relation
to one another. One such improvement is the spirally-rolled
microtube of Li et al., “Flexible Microsensors on Spirally
Rolled Micro Tube for Cardiovascular In Vivo Monitoring,”
Biosensors and Bioelectronics 22 (2007) 1988-1993.

[0005] There is also a need in the industry to more effec-
tively deliver substances (e.g., drugs) to the brain to treat
patients that have brain injuries, as well as a need to more
effectively remove substances (e.g., cerebrospinal fluid) from
the brain.

SUMMARY OF THE INVENTION

[0006] Accordingly, the present invention provides an
apparatus for in vivo monitoring and treatment of brain inju-
ries.

[0007] One embodiment of the invention provides a flex-
ible spirally-rolled polymer microtube for in vivo monitoring
and treatment of brain injuries, the tube integrally comprising
one or more microsensors and one or more microchannels,
wherein the microsensors monitor one or more parameters
and the microchannels are capable of delivering substances to
the brain, removing substances from the brain, or both.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG.1isaschematic representation of anexemplary
tube for in vivo monitoring and treatment of brain injuries
according to an embodiment of the present invention.
[0009] FIG.2isaschematic representation of an exemplary
polymer substrate upon which microsensors have been fab-
ricated prior to spirally-rolling such substrate into a tube for
monitoring and treating brain injuries.

[0010] FIG. 3 is a schematic representation of the method
of stamping and bonding.

[0011] FIG.4isaschematic representation of an exemplary
polymer substrate upon which microchannels have been fab-
ricated prior to spirally-rolling such substrate into a tube for
monitoring and treating brain injuries.

[0012] FIG.5isaschematic representation of an exemplary
tube for monitoring and treating brain injuries, operatively
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coupled to a data acquisition device operating multimodality
monitoring software and a dose control system.

DETAILED DESCRIPTION OF THE INVENTION

Definitions

[0013] Theterm “brain” as used herein refers to the brain or
any portion of the brain, including, but not limited to, brain
tissue, parenchyma, ventricles, intracranial spaces, intraven-
tricular space, and intravascular space.

[0014] The term “brain injury” as used herein refers to any
acute brain abnormality and includes, but is not limited to,
traumatic brain injury, stroke, encephalitis, encephalopathy,
hydrocephalus, anoxia, and poisoning.

[0015] The term “microsensor” as used herein refers to a
micrometer or millimeter-sized device that performs one or
more functions that include, but are no limited to, detecting,
recording, measuring, or transmitting physical, biological, or
chemical information or parameters via electrodes, mem-
branes, and lead wires, each of which may or may not be
integrated.

[0016] The process of “fabrication” as described herein
relates to the process used for manufacture of micrometer and
millimeter-sized features on a variety of substrates using stan-
dard fabrication techniques as understood widely by those
skilled in the art. The process of fabrication typically involves
a combination of processes such as thermoplastic fusion
bonding, low temperature bonding using adhesives, and other
processes commonly used for manufacture or microfabrica-
tion of MEMS (i.e., microelectromechanical systems)
devices or electronic devices.

[0017] The term “microchannel” as used herein refers to a
groove or plurality of grooves, or tunnels, created on a suit-
able substrate with at least one of the dimensions of the
groove being in the micrometer or millimeter range. Micro-
channels may have widths, lengths, and/or depths ranging
from 1 um to 2000 um. Microchannels can be used as stand-
alone units or in conjunction with other microchannels to
form a network of channels with a plurality of flow paths and
intersections.

[0018] The term “bonding” as used herein refers to the
process of joining at least two substrates, at least one of which
has fabricated structures, e.g. amicrochannel, on its surface to
form a robust bond between the two substrates. A variety of
techniques may be used to bond two substrates including
thermoplastic fusion bonding, liquid adhesive assisted bond-
ing, use of interfacial tape layers, etc.

[0019] The term “membrane” as used herein refers to com-
ponents of the microsensors wherein a film of the materials is
deposited on the substrate, more preferably on the electrodes
of the microsensor, using a variety of techniques as well
known in the art such as spin-coating, dip-coating, direct
deposition, spray-coating, etc. Furthermore, the microsensor
structure may be composed of multiple membranes.

[0020] The term “substance” as used herein refers to any
substance that may conceivably be delivered to or removed
from any portion of the brain, including, for example, brain
tissue and intracranial space, or any portion of the microtube,
including the microsensors. Examples of substances include,
but are not limited to, drugs, chemicals, genes, cells, bodily
fluids (including, e.g., cerebrospinal fluid), and calibration
buffer solution (used to calibrate microsensors).

[0021] The intent of defining the terms stated above is to
clarify their use in this description and does not explicitly or
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implicitly limit the scope of the claimed invention, which
scope is defined solely by the claims.

[0022] An exemplary embodiment of an apparatus for in
vivo monitoring and treatment of brain injuries is hereinafter
described in detail in connection with the views and examples
of FIGS. 1-5, wherein like numbers indicate the same or
corresponding elements throughout the views.

[0023] One exemplary embodiment of a flexible spirally-
rolled polymer microtube 10 for in vivo monitoring and treat-
ment of brain injuries is illustrated in FIG. 1. Microtube 10 is
constructed of one or more flexible polymer layers 12. Exem-
plary flexible polymers that are known to function effectively
as layers upon which microsensors and microchannels can be
fabricated prior to spiral-rolling such layers into a microtube
10 include, but are not limited to, polyimide, poly(p-xy-
lylene), and polyvinylidene fluoride trifluoroethylene
(PDVF-TrFE). It is contemplated that other polymers may
also function effectively, including, but not limited to, poly-
lactic-co-glycolic acid (PLGA), polyethylene, polydimethyl-
siloxane (PDMS), and many electroactive polymers. It is
further contemplated that additional polymers that will func-
tion effectively as a layers upon which microsensors and
microchannels can be fabricated prior to spiral-rolling such
polymerlayers to form microtube 10 will be come available in
the future.

[0024] Ifmore than one polymer layer 12 is used to create
microtube 10, multiple polymer layers may be fabricated to
oneanother using techniques currently known to those skilled
in the art, including, but not limited to, the techniques of
polymer-to-polymer thermoplastic fusion bonding, solvent
bonding, UV-adhesive assisted low temperature bonding, and
adhesive bonding.

[0025] Thermoplastic fusion bonding involves heating two
polymer layers to their glass transition temperature and then
applying pressure to each polymer layer to force them into
intimate contact, which causes bond formation. One example
of adhesive bonding is stamp and stick bonding, wherein an
adhesive is selectively applied, or “stamped,” to one polymer
layer and then a second polymer layer, which may be the same
as the first polymer layer, is bonded, via “sticking,” to the first
polymer layer. Adhesives that are known to effectively bond
polymer layers together include, but are not limited to, UV-
adhesive, silicone, polyurethane, and epoxy. It is further con-
templated that additional adhesives that effectively bond
polymers will become available in the future.

[0026] Inthe presentinvention, individual microsensors 20
are fabricated on polymer layer 12 in plane, prior to spirally-
rolling polymer layer 12. That is, microsensors 20 are fabri-
cated upon polymer layer 12 while polymer layer 12 lies flat,
using techniques that are well known to those skilled in the
art.

[0027] One or more microsensors 20 are fabricated upon
polymer layers prior to spirally-rolling such layers to form
microtube 10, as shown in FIG. 2. Microsensors 20 may be
categorized by the parameter that they monitor or the mecha-
nisms by which they operate to monitor such parameter. If
categorized by the parameter they monitor, microsensors 20
that may be fabricated upon polymer layers prior to spirally-
rolling such layers to form microtube 10 include, but are not
limited to, sensors that monitor any of the following: pres-
sure, temperature, pH, glucose concentration, oxygen con-
centration, lactate concentration, pyruvate concentration,
glutamate concentration, and carbon dioxide concentration.
If categorized by the mechanism by which they operate,

Dec. 3, 2009

microsensors 20 that may be fabricated upon polymer layers
prior to spirally-rolling such layers to form microtube 10
include, but are not limited to, amperometric, hot-wire aneno-
metric, voltammetric, potentiometric, piezoelectric, piezore-
sistive, and capacitive sensors, resistance temperature detec-
tors, and temperature sensitive resistors. Bach of the above-
noted microsensors 20 is well known in the industry, as is the
methodology that may be used to fabricate such microsensors
upon a flexible polymer layer. It is contemplated that other
microsensors 20 may also function effectively on microtube
10. It is further contemplated that additional microsensors 20
that may be fabricated upon microtube 10 will become avail-
able in the future.

[0028] Microsensors 20 for microtube 10 may all be fabri-
cated upon a single polymer layer 12, as shown in FIG. 2.
Alternatively, in a method called stacking and bonding, mul-
tiple layers of polymers, which may or may not be of the same
polymer, may be used to create a multi-layer polymer sub-
strate. FIG. 3 provides a schematic representation of this
method. Microsensors 20 are fabricated upon the first, or
base, polymer layer 70. Microsensors are also fabricated
upon, in this example, a second polymer layer 72 and a third
polymer layer 74, both of which have an open window 80
(i.e., a portion that has been removed from such polymer) so
that microsensors 20 that are fabricated upon first polymer
layer 70 will not be obstructed by second polymer layer 72
and microsensors 20 that are fabricated upon first polymer
layer 70 and second polymer layer 72 will not be obstructed
by third polymer 74 when the polymer layers are bonded to
one another to form layered polymer substrate 76. Stacking
and bonding multiple polymer layers allows for the inclusion
of many more microsensors 20 than would be possible with
only one polymer layer.

[0029] Polymer layers upon which microsensors 20 have
been fabricated may be spirally-rolled in a manner that results
in microsensors 20 on the exterior surface of the microtube
10, the interior surface of the microtube 10, or both.

[0030] Polymer layers may be spirally-rolled using any
utensil that will allow the creation of a tube with an interior
diameter. Examples of utensils that provide an adequate roll-
ing surface are rods and needles. The interior diameter of the
microtube need not be circular. It can also be rectangular,
square, oval-shaped, etc.

[0031] Inthe presentinvention, oneor more microchannels
30 are fabricated upon one or more polymer layers 12 using
known techniques prior to spirally-rolling such layers to form
microtube 10, as shown in F1G. 4. The microchannel interiors
32 may be of any shape, including, for example, circular,
square, or oval-shaped. Microchannel interiors 32 may also
have varying sizes or shapes along their lengths.

[0032] Microchannels 30 are adapted and suitable for
delivery or removal of minute volumes of substances and are
typically designed to handle volumes ranging from the
picoliter to the microliter range.

[0033] Microchannels 30 may each have one inlet or one
outlet, or they may have a plurality of either or both. Micro-
channel openings 34 can serve as inlets at certain times and
outlets at other times. For example, an opening at the distal
end of microtube 10 may serve as an outlet if microchannel 30
delivers a substance (e.g., convection-enhanced delivery of a
therapeutic agent) to the distal end of microtube 10, while that
same opening may serve as an inlet if microchannel 30
removes a substance (e.g., drains cerebrospinal fluid) through
that end of the microtube.
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[0034] The inclusion of microchannels 30 in microtube 10
is a substantial improvement over the prior art.

[0035] First, microchannels allow in situ calibration of
microsensors. In situ calibration is often required with sen-
sors because of membrane biofouling and changes in the
tissue surrounding the sensors that can result from the body’s
response to the insertion of a foreign body in the form of a
microtube, catheter, scope, or similar device. Without cali-
bration, sensors can experience large and unpredictable error
and, as a result, provide inaccurate information. With tradi-
tional catheters, it is impossible to calibrate sensors once they
are inserted. However, when microchannel outlets are fabri-
cated at or near the microsensors on a spirally-rolled micro-
tube, calibration buffer solution can be delivered to the site of
the microsensors, which allows for in situ calibration of such
microsensors, a significant and novel improvement.

[0036] Second, the inclusion of microchannels in the flex-
ible spirally-rolled microtube also allows for organ or site-
specific delivery and removal of substances such as drugs.
With a traditional catheter, substances are delivered or
removed through the lumen of the catheter, which, because of
its size, results in significantly less precision than can be
achieved with microchannels. The inclusion of microchan-
nels in microtube allows precisely-controlled delivery of sub-
stances to very specific locations or precisely-controlled
removal of substances from very specific locations. Micro-
channels also reduce the amount of dead volume. The inclu-
sion of microchannels in the microtube of the present inven-
tion does not limit the functionality of the lumen of the
microtube, which may also be used to deliver or remove
substances to or from the brain.

[0037] Moreover, microchannels significantly reduce the
amount of backflow, a problem that is commonly encountered
with convection-enhanced delivery (“CED”). CED is a
method of treating brain injuries by directly delivering sub-
stances to a site through the use of pressure gradients. CED
leads to greater penetration of the substances into the targeted
area and more uniform concentration profiles, but backflow
can occur when tissue at the delivery site separates from the
delivery device (e.g., catheter, needle), as aresult of substance
delivery that exceeds a certain rate. When backflow occurs,
the substance flows preferentially back along the outside of
the delivery device instead of infusing into the targeted area.
Spirally-rolled microchannels are especially effective at
CED, exhibiting less backflow than other delivery devices,
including those with straight microchannels, with the same
flow rate, pressure drop, or diameter, thereby representing a
significant and novel improvement.

[0038] Spirally-rolled microchannels are superior to inline
microchannels because each of the spirally-rolled microchan-
nels may have multiple outlets that, when positioned prop-
erly, surround the targeted area. An inline microchannel can
only target a single point, not an area. Therefore, treating an
area may require several inline microchannels, but only one
spirally-rolled microchannel.

[0039] The spirally-rolled microchannel’s ability to pre-
cisely deliver substances to the microsensors also allows a
clinician to deliver substances to the vicinity of the microsen-
sors and monitor the brain’s reaction to such substances via
the microsensor response.

[0040] If two polymer layers 12 are used to construct
microtube 10, one or both faces of one polymer layer will
contain microchannel 30 and one face of the other polymer
layer can be used to seal microchannel 30.
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[0041] Polymer layers upon which microchannels 30 have
been fabricated may be spirally-rolled in a manner that results
in microchannels 30 on the exterior surface of the microtube
10, the interior surface of the microtube 10, or both.

[0042] Microchannels 30 may be attached to one or more
drainage bags or other forms or reservoirs. Microchannels 30
may also be attached to dose control systems, which may
enhance the CED capabilities of microchannels 30.

[0043] FIG. 5 shows another exemplary embodiment of the
present invention, in which microsensors 20 of microtube 10
are operatively connected to data acquisition device 40,
which may operate multimodality monitoring software (e.g.,
NI LabVIEW™, by National Intruments™). Data obtained
by microsensors 20 is transmitted to data acquisition device
40 via signal conditioning device 42. Data acquisition device
40 may process the data it receives using multimodality moni-
toring software. The software allows users to monitor the data
transmitted by the individual microsensors continuously in
real time and allows users to monitor the data transmitted by
the individual microsensors either in isolation or in relation to
the data transmitted by other microsensors. For example, if
the microtube of this invention contains temperature, pres-
sure, and oxygen sensors, a clinician can monitor the tem-
perature sensor or the pressure sensor or the oxygen sensor or,
by using the software, the clinician monitor all three at once,
including in relation to one another. The ability to continu-
ously monitor multiple parameters in real time and in relation
to one another allows clinicians to quickly assess brain inju-
ries, develop treatment plans, and monitor the success of such
treatment plans.

[0044] Also in FIG. 5, microchannels 30 of microtube 10
are in fluid communication with dose control system 50.
Microchannels 30 may also be in fluid communication with
reservoirs, drainage bags, or similar devices.

[0045] Microtube 10 can be used as the single parameter
monitoring and substance delivery and removal system, or it
canbe used in combination with a stylet, catheter, endoscope,
needle, or other similar device. Use of microtube 10 with such
a device 1s facilitated by an adjustment of the diameter of
microtube 10. A larger diameter allows microtube 10 to be
slid over the end of such a device while a smaller diameter
allows the microtube to be slid into the end of such a device.
The device (e.g., catheter) may function as an additional
substance delivery and removal system, an additional param-
eter monitoring system, a support for microtube 10, or any
combination thereof.

[0046] The present invention is not limited to the monitor-
ing and treatment of brain injuries. It may also be used to
intravascularly monitor and treat conditions. Spirally-rolled
microtubes with microsensors and microchannels may be
provide excellent performance in intravascular use. The
microtube of the present invention may be inserted into ves-
sels including, but not limited to, arterial lines, jugular veins,
and subclavian veins. It may be utilized to monitor and treat
conditions that include, but are not limited to, general trauma,
heart failure, and sepsis. It may also be used to monitor
recovery following surgery. It is also contemplated that the
microtube of the present invention may be utilized in
research.

[0047] The following examples will serve to further typify
the nature of this invention but should not be construed as a
limitation of the scope thereof, which scope is defined solely
by the claims.
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EXAMPLE 1

Preparation of a Flexible Spirally-Rolled Polymer
Microtube with Microchannels and Oxygen Sensors

[0048] Poly(p-xylylene) microchannels are fabricated in
plane upon a poly(p-xylylene) using polymer-to-polymer
thermal bonding techniques. The microchannels were 5 cm
long, S0 um tall, and 100 pm to 400 pum wide. Oxygen sensors
are fabricated in plane upon a 7.5 um polyimide film accord-
ing to known fabrication techniques. The poly(p-xylylene)
film containing microchannels is bonded to the polyimide
film containing microsensors with implantable grade silicone
adhesive using known techniques. After bonding the polymer
films to one another, the polymers are spirally-rolled overa 25
gauge needle. The needle is removed.

[0049] Theflexible spirally-rolled microtube is sterilized in
ethylene oxide gas at 50° C. for two hours and then inserted
into agarose gel (0.6% w/v), which is prepared according to
standard protocol and contained ultra-pure DNA-grade aga-
rose powder and tris-horate-EDTA buffer solution. Flow in
agarose gels mimics flow in living brain tissue. The tempera-
ture of the agarose gel is maintained at 37£1° C.

[0050] The response current of the oxygen sensors is mea-
sured three times per day. Response time averages 40 seconds
and the sensors exhibit a sensitivity of 3.01+0.2 nA/mmHg.
[0051] Infusion of microchannel-delivered dye into the
agarose gel via connection-enhanced delivery (“CED”) is
also measured. Infusion of dyeatrates of 1.0, 2.0, 5.0,7.5, 10,
and 15 pl/minute for periods of up to 60 minutes results in
spherically symmetric dye distributions around the micro-
channel outlet without evidence of backflow.

EXAMPLE 2

Preparation of a Flexible Spirally-Rolled Polymer
Microtube with Temperature, Pressure, and Oxygen
Microsensors
[0052] In another exemplary embodiment, temperature,
pressure, and oxygen microsensors are fabricated in plane
onto PVDFE-TrFE. The temperature sensor is a resistance
temperature detector. The pressure sensor is piezoelectric and
selectively DC-poled. The oxygen sensor is amperometric.
After in plane fabrication of the microsensors upon the poly-
mer, the polymer is spirally-rolled over a 25 gauge needle.
The needle is removed and the microtube is connected to a
data acquisition device that is operating multimodality moni-

toring software.

[0053] The microtube is immersed in artificial cerebrospi-
nal fluid (147 mM NaCl, 3.5 mM KCl, 1.0 mM CaCl,, 1.2
mM MgCl,, 1.0mM NaH,PO,, 2.5 mM NaHCO,, withpH of
7.44), which is itself immersed in a water bath.

[0054] The temperature sensor is tested and quickly
responds to initiated temperature changes of 25° C. to 45° C.
in 5° C. increments.

[0055] Pressure of 5 mmHg is added periodically to the
pressure sensor. The shift of resonant frequency of the pres-
sure sensor is measured and exhibits a sensitivity of 0.38
MHz/mmHg.

[0056] The oxygen sensor is continuously monitored for a
period of 20 hours a day for 5 days at -0.7 V. Qutput current
reach 90% of the steady-state value in 18 seconds.

EXAMPLE 3

Preparation of a Flexible Spirally-Rolled Polymer
Microtube with Glucose, Oxygen, Temperature, and
Pressure Microsensors

[0057] In another exemplary embodiment, a flexible spi-
rally-rolled tube is fabricated with glucose, oxygen, tempera-
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ture, and pressure sensors. The glucose and oxygen sensors
are amperometric, the temperature sensor is a resistance tem-
perature detector, and the pressure sensor is piezoelectric.
[0058] The glucose, oxygen, and temperature sensors are
fabricated on 25 um thick poly(p-xylylene) film. The pressure
sensor is fabricated on 12 pm PVDE-TYFE film. The poly(p-
xylylene) film and the PVDF-TrFE film are stacked upon one
another and bonded with 35 um thick silicone adhesive. The
stacked, bonded films are spirally-rolled to form a microtube.
The microtube is connected to a data acquisition device opet-
ating multimodality monitoring software.

[0059] The microtube is placed in a position such that the
sensors nearest the distal end of the microtube were in a
closed container filled with cerebrospinal fluid (discarded
from patients with traumatic brain injuries) while the remain-
ing sensors are positioned in 0.6% agarose gel.

[0060] The glucose sensors exhibit sensitivity of 79.9
nA/mM in the linear range of 0.1 mM to 10 mM.

[0061] The oxygen sensors exhibit similar responses in
both CSF and agarose gel, exhibiting a sensitivity of 31.14
nA/mmHg. The sensors work at least five days with less than
9% sensitivity error.

[0062] Temperature sensors perform similarly in both CSF
and agarose gel. They quickly respond to temperature
changes with high linearity and sensitivity of 66.94 mV/° C.
and are reliable from 30° C. to 42° C.

[0063] Static accuracy of the pressure sensors in both CSF
and agarose gel is better than 0.5 mmHg in the range of 0 to 50
mmHg.

[0064] All documents cited in the application are, in rel-
evant part, incorporated herein by reference; the citation of
any document is not to be construed as an admission that it is
prior art with respect to the present invention.

[0065] While the invention has been described with refer-
ence to certain embodiments, it is understood by those skilled
in the art that various changes may be made and equivalents
may be substituted without departing from the scope of the
invention, as that scope is defined by the claims. In addition,
many modifications may be made to adapt a particular situa-
tion or material to the teachings of the invention without
departing from its scope. Therefore, it is intended that the
invention not be limited to the particular embodiment dis-
closed, but that the invention will include all embodiments
falling within the scope of the appended claims.

We claim:

1. A flexible spirally-rolled polymer microtube for in vivo
monitoring and treatment of brain injuries, the tube integrally
comprising one or more microsensors and one or more micro-
channels, wherein the microsensors monitor one or more
parameters and the microchannels are capable of delivering
substances to the brain, removing substances from the brain,
or both.

2. The microtube according to claim 1, wherein the micro-
tube comprises one or more polymers selected from the group
consisting of polyimide, poly(p-xylylene), and polyvi-
nylidene fluoride trifluoroethylene (PDVF-TtFE).

3. The microtube according to claim 1, wherein the
microsensors comprise one or more pressure sensors, pH
sensors, temperature sensors, glucose sensors, oxygen sen-
sors, lactate sensors, pyruvate sensors, glutamate sensors, or
carbon dioxide sensors.

4. The microtube according to claim 1, wherein one or
more of the microsensors comprise amperometric, hot aneno-
metric, voltammetric, or potentiometric sensors.
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5. The microtube according to claim 1, wherein one of
more of the microsensors comprise pressure sensors selected
from the group consisting of piezoelectric, piezoresistive, and
capacitive pressure sensors.

6. The microtube according to claim 1, wherein one or
more of the microsensors comprise temperature sensors
selected from the group consisting of resistance temperature
detectors and temperature sensitive resistors.

7. The microtube according to claim 1, wherein one or
more of the microsensors are fabricated on the exterior sur-
face of the microtube.

8. The microtube according to claim 1, wherein one or
more of the microsensors are fabricated on the interior surface
of the microtube.

9. The microtube according to claim 1, wherein one or
more of the microsensors are fabricated on the interior surface
and one or more of the microsensors are fabricated on the
exterior surface of the microtube.

10. The microtube according to claim 1, wherein one or
more of the microsensors are operatively coupled to a signal
conditioning device, a data acquisition device, or both.

11. The microtube according to claim 1, wherein one or
more of the microsensors are operatively coupled to a data
acquisition device operating multimodality monitoring soft-
ware.

12. The microtube according to claim 1, wherein the data
obtained by the microsensors is monitored in real time, con-
tinuously, or both.

13. The microtube according to claim 1, wherein one or
more of the microchannels are fabricated on the exterior
surface of the microtube.
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14. The microtube according to claim 1, wherein one or
more of the microchannels are fabricated on the interior sur-
face of the microtube.

15. The microtube according to claim 1, wherein one or
more of the microchannels are fabricated on the interior sur-
face and one or more of the microchannels are fabricated on
the exterior surface of the microtube.

16. The microtube according to claim 1, wherein one or
more of the microchannels have a plurality of inlets, a plural-
ity of outlets, or a plurality of both inlets and outlets.

17. The microtube according to claim 1, wherein one or
more of the microchannels is capable of performing convec-
tion-enhanced delivery of substances to the brain.

18. The microtube according to claim 1, wherein one or
more of the microchannels is in fluid communication with
one or more dose control systems, drainage bags, or reser-
VOIrs.

19. The microtube according to claim 1, wherein the micro-
tube is located or attached at or near the end of a stylet, needle,
endoscope, or catheter.

20. The microtube according to claim 1, wherein the sub-
stances delivered to the brain or removed from the brain are
selected from the group consisting of drugs, chemicals,
genes, cells, and calibrated buffer solution.

21. The microtube according to claim 1, wherein the sub-
stances delivered to the brain or removed from the brain are
minute volumes of liquids or gases.

LI I T
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