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(57) ABSTRACT 

A system for measuring quantitative CSF ?ow in shunt tubing 
implanted under the skin. The system includes an array of 
thermo-sensors clustered in three sections, cooling device, 
placed on the skin surface and an associated data acquisition 
and analysis device. Two sensor sections are placed over the 
shunt on the skin and measure real time temperature 
responses related to CSF movement. One array placed adja 
cent the cooling device collects data on thermal properties of 
skin including skin thermal conductivity, speci?c heat, diffu 
sivity, perfusion, and thermal inertia. The method involves 
assessing thermal properties of skin and measuring CSF ?ow 
in shunt tubing. The method is useful for shunt patency 
assessment, CSF valve adjustment procedures and CSF ?ow 
measurements related to CSF over drainage. Alternatively, 
only one section of sensors need be used When determining 
relative CSF ?ow, Without the need to determine thermal skin 
properties and by applying the cooling device continuously. 
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REAL TIME CSF FLOW MEASUREMENT 
SYSTEM & METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a continuation application which claims the 
bene?t under 35 U.S.C. §120 ofapplication Ser. No. 13/698, 
689 ?led on Dec. 27, 2012 which in turn is a national phase 
application and claims the bene?t under 35 U.S.C. §371 of 
International Application No. PCT/US2011/038317 ?led on 
May 27, 2011 which in turn claims the bene?t under 35 
U.S.C. §119(e) of Provisional Application Ser. No. 61/396, 
436 ?led on May 28, 2010, all of which are entitled REAL 
TIME CSF FLOW MEASUREMENT SYSTEM AND 
METHOD and all of whose entire disclosures are incorpo 
rated by reference herein. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] This invention was made with government support 
under R43NS074486 and R44NS074486 awarded by the 
National Institutes of Health. The government has certain 
rights in the invention. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of Invention 
[0004] This present invention generally relates to cere 
brospinal ?uid (CSF) shunts and, more particular, to a device 
and method for testing for the presence, absence and/ or rate of 
?ow in the shunt tubing implanted under the skin. 
[0005] 2. Description of RelatedArt 
[0006] Approximately 69,000 people are diagnosed with 
hydrocephalus each year in the United States [1]. There are 
approximately 300,000 shunted hydrocephalus patients in the 
US [3][4]. The one-year shunt failure rate of shunts is 
approximately 40% [15, 16], and the mean period to failure is 
typically only 5-10 years [17]. Obstruction of the ventricular 
catheter is overwhelmingly the greatest cause [4, 15, 18-20]. 
Since catheter replacement requires surgery, a need for shunt 
revision must be reasonably established. Hydrocephalus is a 
condition of CSF dysregulation, resulting in accumulation of 
?uid in the brain ventricles. It can lead to neurodegeneration 
and death if untreated. It is most commonly treated by divert 
ing CSF to the peritoneal cavity by means of a permanent 
prosthetic shunt. 
[0007] The usual clinical manifestations of shunt failure 
(headaches, vomiting) are non-speci?c, making shunt 
obstruction di?icult to differentiate from less serious ill 
nesses, particularly in pediatric patients in whom three false 
alarms are seen for every true malfunction [4]. Physical 
examination, including pumping of the shunt reservoir, is 
unreliable [21]. CT (computed tomography) remains the gold 
standard [4, 9], however advanced imaging techniques pro 
duce static results, are expensive and cannot be used to inves 
tigate every headache, and result in repeated radiological 
exposures of patients (often children). Current dynamic mea 
sures of shunt ?ow generate only bivariate analyses of “?ow” 
or “no ?ow” (FIG. 7). New technologies under development 
are complex (ultrasound tracking of bubbles), lacking in pre 
cision (FLIR) or require implantation (implanted thermal 
?ow technologies) and have not reached the clinic. 
[0008] Thus, there remains a need for a device capable of 
determining absolute CSF ?ow rate which has two clinically 
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important applications that are not possible with imaging or 
bivariate ?ow measures: (1) prediction of impending cata 
strophic shunt failure, i.e., monitoring shunt ?ow in routine 
examinations enables early recognition of a diminishing ?ow 
rate trend in a failing shunt and pre-emption of catastrophic 
failure; and (2) monitoring and adjusting shunt valve settings 
to accommodate individual needs for CSF drainage. The 
degree of impairment in draining CSF varies from hydro 
cephalic patient to patient. Adjustable shunt valves avoid 
under drainage and over drainage by the shunt. While the 
settings for these valves in each patient must currently be 
determined empirically over a number of weeks, the inven 
tion of the present application provides guidance to neurosur 
geons and quicker stabilization of CSF homeostasis. In addi 
tion to these clinical applications, the shunt ?ow detection 
device developed here provides an important research tool for 
CSF ?ow behavior in hydrocephalus patients. 

[0009] All references cited herein are incorporated herein 
by reference in their entireties. 

BRIEF SUMMARY OF THE INVENTION 

[0010] An apparatus for determining cerebrospinal ?uid 
(CSF) ?ow rate in an implanted CSF shunt is disclosed. The 
apparatus comprises: a pad that is placed against the skin of a 
patient over the location of the CSF shunt wherein the said 
pad comprises: a ?rst plurality of temperature sensors (e.g., 
thermistors) that are aligned in a transverse direction with 
respect to the CSF shunt and wherein one of the ?rst plurality 
of temperature sensors is aligned with the CSF shunt; and a 
second plurality of temperature sensors that are aligned in a 
transverse direction with respect to the CSF shunt, down 
stream of the ?rst plurality of temperature sensors, and 
wherein one of the second plurality of temperature sensors is 
aligned with the CSF shunt; and a third plurality of tempera 
ture sensors associated with a temperature source (e.g., a 

Peltier device, an ice cube, etc.) that positioned over the CSF 
shunt whenever the pad is placed against the skin; and a 
sensor processing device that is electrically coupled to the pad 
for receiving temperature data from each of the plurality of 
temperature sensors, and wherein the sensor processing 
device uses the temperature data to remove the effects of skin 
depth of CSF implantation, skin thermal conductivity and 
skin thermal diffusivity from temperature data collected by 
the ?rst, second and third pluralities of temperature sensors, 
and for determining a ?ow rate of the CSF through the CSF 
shunt when a temperature source is applied to the pad. 

[0011] A method for determining cerebrospinal ?uid (CSF) 
?ow rate in an implanted CSF shunt is disclosed. The method 
comprises: applying a ?rst plurality of temperature sensors 
against the skin over the location of the CSF shunt and 
wherein only one of the ?rst plurality of temperature sensors 
(e.g., thermistors) is aligned with the CSF shunt; applying a 
second plurality of temperature sensors against the skin over 
the location of the CSF shunt, downstream of the ?rst plural 
ity of temperature sensors, and wherein only one of the sec 
ond plurality of temperature sensors is aligned with the CSF 
shunt; associating a third plurality of temperature sensors 
with a temperature source (e.g., a Peltier device, an ice cube, 
etc.), wherein the temperature source being applied against 
the skin is aligned with the CSF shunt; collecting temperature 
data from the ?rst, second and third plurality of temperature 
sensors after a predetermined period of time has elapsed; 
removing the effects of skin depth of CSF implantation, skin 
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thermal conductivity and skin thermal diffusivity; and deter 
mining a ?ow rate of the CSF through the CSF shunt from the 
temperature data. 

[0012] An apparatus for determining intracranial pressure 
(ICP) of patient having an implanted cerebrospinal ?uid 
(CSF) shunt with an adjustable shunt valve (e.g., a Codman 
Hakim programmable valve) is disclosed. The apparatus 
comprises: a pad comprising a plurality of temperature sen 
sors (e. g., thermistors) and a temperature source, said pad 
being adaptable to be secured to the skin of the patient over a 
portion of the implanted CSF, and wherein the plurality of 
temperature sensors detects the movement of a temperature 
pulse introduced into the CSF of the CSF shunt; a sensor 
processing device that is electrically coupled to the pad for 
receiving temperature data from each of the plurality of tem 
perature sensors and for displaying a CSF ?ow or no CSF ?ow 
condition to an operator; and a remote controller for adjusting 
the adjustable shunt valve; and wherein an operator of the 
apparatus monitors the sensor processing device to determine 
if there is or is not any CSF ?ow and wherein the operatoruses 
the remote controller to change an opening valve pressure of 
the adjustable shunt valve from an existing valve pressure to 
a known opening pressure to either initiate a CSF ?ow that did 
not previously exist; or to stop an existing CSF ?ow; and from 
either of these scenarios determine the ICP based upon the 
known opening pressure. 

[0013] A method for determining intracranial pressure 
(ICP) of a patient having an implanted cerebrospinal ?uid 
(CSF) shunt with an adjustable shunt valve (e.g., a Codman 
Hakim programmable valve) is disclosed. The method com 
prises: positioning a plurality of temperature sensor arrays 
(e. g., thermistors) that can detect the passage of a temperature 
change experienced by the CSF passing in said CSF shunt and 
a temperature source (e.g., a Peltier device, an ice cube, etc.), 
against the skin of a patient over the location of the CSF shunt; 
analyZing temperature data collected by the plurality of tem 
perature sensors arrays to determine if there is any CSF ?ow 
in the CSF shunt or not, wherein the ?ow-no ?ow status is 
visible to a user; adjusting the adjustable shunt valve to 
change an opening valve pressure from an existing valve 
pressure to a known opening valve pressure to either initiate 
a CSF ?ow that did not previously exist; or to stop an existing 
CSF ?ow; and determining the ICP based upon the known 
opening valve pressure. 

[0014] An apparatus for controlling cerebrospinal ?uid 
(CSF) ?ow in an implanted CSF shunt having an adjustable 
shunt valve (e.g., a Codman Hakim programmable valve) is 
disclosed. The apparatus comprises: a pad comprising a plu 
rality of temperature sensors (e.g., thermistors) and a tem 
perature source, wherein the pad is adaptable to be secured to 
the skin of the patient over a portion of the implanted CSF, and 
wherein the plurality of temperature sensors detects the 
movement of a temperature pulse introduced into the CSF of 
the CSF shunt; a sensor processing device that is electrically 
coupled to the pad for receiving temperature data from each 
of the plurality of temperature sensors and for displaying a 
CSF ?ow or no CSF ?ow condition to an operator; and a 
remote controller for adjusting the adjustable shunt valve; and 
wherein an operator of the apparatus monitors the sensor 
processing device to determine a ?ow rate of the CSF in the 
CSF shunt and then uses the remote controller to change an 
opening valve pressure of the adjustable shunt valve to 
achieve a desired CSF ?ow rate. 
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[0015] A method for controlling cerebrospinal ?uid (CSF) 
?ow in an implanted CSF shunt having an adjustable shunt 
valve (e.g., a Codman Hakim programmable valve) is dis 
closed. The method comprises: positioning a plurality of tem 
perature sensor arrays (e.g., thermistors) that can detect the 
passage of a temperature change experienced by the CSF 
passing in the CSF shunt and a temperature source, against 
the skin of a patient over the location of the CSF shunt; 
analyZing temperature data collected by the plurality of tem 
perature sensors arrays to inform a user of a CSF ?ow rate; 
and adjusting the adjustable shunt valve by the user to change 
an opening valve pressure of the adjustable shunt valve to 
change the CSF ?ow rate to a desired CSF ?ow rate. 

[0016] An apparatus for determining cerebrospinal ?uid 
(CSF) ?ow rate in an implanted CSF shunt is disclosed. The 
apparatus comprises: a pad that is placed against the skin of a 
patient over the location of the CSF shunt, and wherein the 
pad comprises: a ?rst plurality of temperature sensors (e.g., 
thermistors) that are aligned in a transverse direction with 
respect to the CSF shunt and wherein one of the ?rst plurality 
of temperature sensors is aligned with the CSF shunt; and at 
least one temperature sensor associated with a temperature 
source (e. g., a Peltier device) that is positioned over the CSF 
shunt whenever the pad is placed against the skin and wherein 
the temperature source is applied continuously (e.g., 5 min 
utes or more) against the skin; and a sensor processing device 
that is electrically coupled to the pad for receiving tempera 
ture data from each of said temperature sensors during the 
continuous application of the temperature source, and for 
determining a ?ow rate of the CSF through the CSF shunt 
from the temperature data. 

[0017] A method for determining cerebrospinal ?uid (CSF) 
?ow rate in an implanted CSF shunt is disclosed. The method 
comprises: applying a ?rst plurality of temperature sensors 
against the skin over the location of the CSF shunt and 
wherein only one of the ?rst plurality of temperature sensors 
is aligned with the CSF shunt; associating at least one tem 
perature sensor with a temperature source (e.g., a Peltier 
device); activating the temperature source against the skin 
continuously and aligned with the CSF shunt, wherein the 
activating the temperature source comprises applying a tem 
perature to the skin continuously (e.g., 5 minutes or more) 
that is different from a skin temperature; collecting tempera 
ture data from the temperature sensors during the continuous 
activation of the temperature source; and determining a ?ow 
rate of the CSF through the CSF shunt from the temperature 
data. 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF 
THE DRAWINGS 

[0018] The invention will be described in conjunction with 
the following drawings in which like reference numerals des 
ignate like elements and wherein: 

[0019] FIG. 1 is an illustration of a two sensor array con 
?guration for CSF shunt ?ow measurements of the present 
invention and wherein the CSF shunt is implanted under the 
skin; 
[0020] FIG. 2 is a top view of isotherms on the skin surface 
and temperature sensor distribution; 

[0021] FIG. 3 is an illustration of the present invention 
depicting the sensor with a cooling-heating device positioned 
over the implanted CSF shunt; 
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[0022] FIG. 3A is a top view of a con?guration similar to 
FIG. 3 but showing the temperature sensors associated with 
the cooling-heating device in a slightly different orientation; 
[0023] FIG. 4 is an illustration of ventriculoperitoneal 
shunt placement; 
[0024] FIG. 5 is an illustration of isotherms after ice cube 
removal from the skin wherein the left panel shows isotropic 
heat transfer in animal (viz., pig) skin and the right panel 
shows isotropic heat transfer in human skin. It should be 
noted that there is no shunt underneath the two skins and the 
isotherms show no “triangular” shape as is shown in FIG. 2; 
[0025] FIG. 6 ShuntCheck temperature dip vs ?ow rate for 
subcutaneous shunt in a porcine model; 
[0026] FIG. 7 is an illustration of ShuntCheck procedure 
(ice application) and the resulting temperature graph with 
corresponding bivariate output (in this case: ?ow con?rmed); 
[0027] FIG. 8 is a graph showing T' vs depth of implanta 
tion (skin thickness overlaying the shunt) using four ?ow 
rates for each skin thickness; 
[0028] FIG. 9 is an illustration of the possible embodiment 
of the cooling apparatus and single array sensor of the present 
invention wherein panel A is a cross-section of the cooling 
apparatus which is a plastic-covered ice cube, and panel B is 
a bottom view of the sensing patch; 
[0029] FIG. 10 includes a lower graph that shows true ?ow 
rates changing in time and an upper graph showing Peltier 
variable ?ow, temperature vs. time; and 
[0030] FIG. 11 shows a partial cross-sectional view of a 
patient’ skull and clavicle showing the implanted shunt and 
adjustable shunt valve and wherein the ShuntCheck device is 
disposed on the skin surface at the clavicle. 

DETAILED DESCRIPTION OF THE INVENTION 

[0031] The present invention 20 overcomes the de?ciencies 
of the prior art by providing a system of thermosensors stra 
tegically placed on the skin surface and a cooling system. In 
particular, the present invention 20 provides a CSF real time, 
thermal ?ow measurement method and system which are 
capable of compensating for changing thermal properties of 
the skin and which are also capable of compensating for skin 
thickness (e.g., depth of shunt tubing implantation). The 
present invention 20 also provides a method of CSF real time, 
thermal ?ow measurement system which is based on three 
sets (arrays) of sensors and a cooling device. In addition, the 
present invention 20 also provides a method of shunt valve 
adjustment based on information provided by the CSF ?ow 
measuring system. Moreover, the present invention 20 pro 
vides a method of ICP assessment based on information pro 
vided by the CSF ?ow measuring system and settings of the 
adjustable shunt valve. 
[0032] This invention 20 (see FIGS. 1 and 3) is the ?rst 
rapid and non-invasive method for determining CSF ?ow rate 
through shunts in hydrocephalus patients. This invention 20 is 
an improvement upon ShuntCheck technology. The term 
“ShuntCheck” is a term used by the Assignee, namely, Neu 
roDx Development LLC, to identify the con?guration of its 
apparatus that detects CSF shunt ?ow using a sensor patch 
320 applied to the skin 301 of the patient and disposed over 
the implanted CSF shunt 310 and an associated CSF analyzer 
400 that collects the data from the sensors on the sensor patch 
and either analyzes this data directly to provide CSF ?ow 
results or transmits such data to another device for CSF ?ow 
analysis. 
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[0033] The existing ShuntCheck FDA 510k cleared device 
(see US. application Ser. No. 12/936,162 ?led Oct. 1, 2010, 
entitled “Cerebrospinal Fluid Evaluation System Having 
Thermal Flow and Flow Rate Measurement Pad Using a 
Plurality of Control Sensors” is incorporated by reference in 
its entirety herein) is the starting platform for developing a 
novel system capable of determining absolute ?ow rate of 
?uid through a subcutaneous shunt. The platform consists of 
a single-use disposable thermosensor and a PDA based hand 
held device 400 (FIG. 3) that analyzes temperature-time data 
to provide a bivariate “?ow” or “no-?ow” result (FIG. 7). Ice 
applied on skin over shunt upstream causes surface tempera 
ture change of skin downstream, thereby indicating CSF ?ow 
inside. The thermosensor is an adhesive patch with tempera 
ture sensors (thermistors, by way of example only, the ther 
mistors may comprise the MA100 Catheter Assembly which 
has a thermal response time in still water of 2.0 seconds. 
Another exemplary thermistor is the GE NTC thermistor) that 
is placed on the skin where the shunt crosses the clavicle. Ice 
is placed on the skin over the shunt catheter and “up stream” of 
the thermistors to cool the CSF inside. The change in tem 
perature is measured by the thermosensor as cooled ?uid 
?ows beneath its thermistors. In this ?rst generation device, 
the presence or absence of ?uid ?ow is interpreted by a 
threshold magnitude (202° C.) change in temperature over 
time. The basis for believing that the platform is capable of 
determining the ?ow rate of the shunt ?uid is that data 
obtained in an animal model indicate that the magnitude of 
temperature change detected by ShuntCheck is correlated to 
the magnitude of the shunt ?ow rate (FIG. 6). The limitation 
of the method for determining absolute ?ow rate, which is 
solved in current invention, is that skin surface temperatures 
are related not only to ?ow rate of ?uid in the shunt, but also 
to other factors which vary among patients: 

TABLE 1 

Factors which can affect skin temperature readings 

Factors solution 

Shunt depth in skin Method for determining and 
compensating for depth 

Skin thermal conductivity, Method for measuring & 
speci?c heat & density compensating for thermal 

properties 

[0034] Preliminary data indicate that the components of the 
thermal dilution data that are dependent upon skin thickness 
and thermal property variability can be identi?ed and 
removed from the data analysis, leaving only results that are 
dependent upon ?uid ?ow rate. This enables the development 
of “quantitative ShuntCheck”, able to measure absolute ?ow 
rates (not relative ?ow rates) reliably from test to test and 
person to person. 

[0035] In addition, it has been determined that providing 
low level (safe for the skin tissue) constant cooling by a 
Peltier device (skin cooled down to about 20 Celsius) allows 
for long term real time measurements of CSF ?ow (see FIG. 
10). The lower plot of FIG. 10 shows true ?ow rates in the 
shunt changing in time and the upper plot of FIG. 10 shows 
corresponding temperature output from a quantitative Shunt 
Check device. It is clear that the thermal output corresponds 
closely to the simulated CSF ?ow in the shunt. Thus this 
method is suitable for real time monitoring of CSF ?ow. 
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[0036] This mode of operation is applicable for long term 
monitoring of patients, without necessity of repeated ice or 
other coolant application, by maintaining constant cold input 
to the system via the Peltier device and measuring CSF ?ow. 
[0037] This feature combined with skin thickness compen 
sation, and skin thermal properties assessment provides for 
long term, real time accurate CSF ?ow measurements. 

Preliminary Data 

[0038] There is a signi?cant correlation between skin sur 
face temperature change and shunt ?ow rate. 
[0039] Thermal dilution data collected using the ?rst gen 
eration ShuntCheck in an animal model indicate that the 
magnitude of temperature change detected by the thermosen 
sors is highly correlated to ?ow rate (FIG. 6).A young porcine 
model was chosen as model because its skin is most similar to 
humans [22-27]. 7 Day old piglets (n:5) were implanted with 
a subcutaneous shunt through which warmed ?uid (37° C.) 
was ?owed at known rates using a volumetric pump. As ?ow 
rate was increased over the physiological range, the magni 
tude of the temperature change recorded by ShuntCheck 
increased linearly. The temperature change is calculated as a 
difference between the middle sensor 123 (FIG. 1) tempera 
ture and the average of two external sensors temperatures 
122, 124 which are positioned against the skin 100 over the 
implanted shunt 110, which is at a skin depth, d (130). The 
same is true with regard to the second array of sensors 120, 
121 and 125. This suggests that thermal dilution technology, 
which is now used only to determine the presence or absence 
of ?ow through the shunt, could be used to obtain absolute 
?ow rates of ?uid through a subcutaneous shunt if inter 
patient variability in factors other than ?ow rate that contrib 
ute to thermal dilution, such as skin thickness, thermal con 
ductivity and diffusivity, can be measured. 
[0040] FIG. 2 provides a plan view of the sensor patch 
application site showing the temperature isotherms on the 
skin surface in relation to the position of the temperature 
sensors of FIG. 1. If the temperature source used upstream of 
the temperature sensors in FIG. 2 were, e.g., an ice cube, then 
isotherm T A would be the coldest detected temperature, iso 
therm TB would be slightly warmer and TC would be the 
warmest. Thus, references 215, 210 and 211 correspond to the 
positions of the temperature sensors 124, 123 and 122 respec 
tively. Similarly, references 222, 213 and 212 correspond to 
the positions of the temperature sensors 125, 121 and 120, 
respectively. 

T Prime (T') is Indicator for Skin Thickness Regardless of 
Flow Rate 

[0041] A bench-top apparatus was created and validated to 
simulate our animal modelia heated body core (35 deg C.), 
covered by a silicon phantom skin with an implanted shunt 
(embedded in silicone) attached to a syringe pump so Shunt 
Check tests could be run with known ?ow rates. Skin thick 
ness of 3, 4, 6 and 7 mm were tested. As expected, we found 
that individual temperature changes detected on the “skin” 
overlying the shunt were in?uenced by the depth of the shunt. 
We next investigated various analysis techniques to identify 
the depth-dependent components of temperature measure 
ment over the shunt. Two thermosensor arrays 321 and 322 
(each consisting of three thermistors 330, 331, 332; and 333, 
334 335, respectively, in a straight line perpendicular to the 
shunt so one sensor is over the shunt and two are adjacent for 

Feb. 12, 2015 

controls) were placed with a distance between them of 7 mm 
A series of 16 ShuntCheck tests were run using four ?ow rates 
(5, 10, 15 & 20 ml/h) for each of the four skin thicknesses. We 
found that one analysis feature (which is referred to as T') was 
highly dependent upon skin thickness (FIG. 8), and less so 
upon ?ow rate. Therefore, when the thermal properties of 
tissue are known, the depth of shunt implantation can be 
determined Once the depth of implantation is determined 
from T', an empirical formula for that particular skin thick 
ness could be used to determine the ?ow rate. It should be 
noted that data points for several ?ows overlap. T' is a tem 
perature gradient between two sensor arrays divided by the 
time needed to achieve maximum temperature dip on the ?rst 
sensor array (inset) and wherein error bars represent 1 std 
error. This formula describes the relationship shown in FIG. 6 
but calibrated to the particular skin thickness lmportantly, 
these data demonstrate that the depth of a shunt can be deter 
mined from surface temperature data, and eliminated from 
the analysis to (in part) enable absolute ?ow rates to be 
determined from thermal dilution data. 
[0042] T' was calculated as ratio between the maximum 
temperature drop on the second array 321 and time needed for 
this maximum to occur. The temperature drop on the second 
array was calculated as temperature measured by sensor 331 
minus the average of temperatures measured by sensors 330 
and 332. 

A Method for Determining the Thermal Properties of Skin for 
Each Test 

[0043] Variability in skin conductivity (k), and diffusivity 
(or) are the ?nal factors which must be compensated for in 
order to accurately measure ?ow rate of CSF in a shunt. To 
achieve this, we must ?nd the effective k and 0t for each 
subject at the time of each quantitative ?ow rate test because 
they differ within and between subjects. 

[0044] The Penne’ s bio-heat equation is shown above along 
with a reduced version that removes but accounts for perfu 
sion via effective conductivity. The latter is commonly used in 
skin heat transfer problems, and requires key (effective skin 
conductivity) and (xef (effective diffusivity) in order to solve 
for temperatures. Since those parameters are not known, the 
inverse problem must be solved where temperatures are used 
to determine them during each test. Each ShuntCheck test 
consistently removes a speci?c amount of energy from the 
system (skin and tissue) by cooling the skin surface with ice. 
The ice cube is a well de?ned cold source, isolated from the 
environment by a thermally insulating cup (see FIG. 9) and 
exposed only to skin, and with a known volume, speci?c heat 
and density. In particular, as shown in FIG. 9, panel A is a 
cross section of the cooling apparatus, a plastic covered ice 
cube in the thermal insulator. Tissue comes in contact with the 
ice cube at the bottom exposed side of the cube. By placing a 
thermistor inside this ice cube one can estimate q drained 
from tissue. Panel B of FIG. 9 shows the bottom view of the 
sensing patch with one array of thermal sensors measuring 
downstream temperature changes on the skin surface after 
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cooling, this design is capable of measuring ?ow when d, k, c, 
and p are ?xed. Adding one more array downstream allows 
for compensating for skin thickness, while adding another 
side array permits the measurement of thermal properties of 
tissue. By measuring the ice cube temperature one can esti 
mate the amount of energy being absorbed by the ice cube. 
Under steady state conditions (which occurs in unshunted 
skin at about t:150 s; see FIG. 7), the temperature drop 
measured on the skin surface at a ?xed distance will be 
proportional to skin conductivity and the amount of energy 
drained from tissue. When a thermosensor is placed on 
unshunted skin about 10 mm from where ice is applied for 60 
sec, the temperature vs time cooling curve will reach a mini 
mum, indicating a near steady state condition before it is 
re-warmed by autoregulation. Its shape is similar to the graph 
shown in FIG. 7 but with a shallower and ?atter bottom since 
there would be no shunt or ?ow. The steady state heat transfer 
equation can then be solved for kef; 

4 
W Const = keff 

[0045] where q is heat absorbed by the ice cube over a 
prede?ned period of time; 
[0046] dT/dx is the temperature gradient registered by the 
sensor array at a point of steady state after 60 sec cooling; and 
[0047] Const is a constant speci?c to setup geometry which 
can be obtained by calibration with a material of known 
conductivity, k. 
[0048] Effective diffusivity, (xe?, can then be obtained by 
adding the time domain gradient measurement according the 
equation: 

0% 0% q iaT 

115]]- E 

[0049] These methods enable all signi?cant parameters 
needed for an accurate ?ow rate measurement to be deter 
mined for each ShuntCheck test. Once these values are 
known, the correct temperature vs time characteristic for the 
speci?c conductivity and diffusivity can be used to determine 
the ?ow rate, which is accurate because it accounts for the 
factors that vary in patients. 
[0050] In the preferred embodiment 20 there are three sen 
sor arrays 321, 322, 323 as shown in FIG. 3. One sensor array 
323 (comprising temperature sensors 336, 337 and 338, and 
also referred to as the “side array”) collects data on cooling 
device 340 temperature, skin-cooling device interface 337, 
and skin 301 temperature (far from the shunt tubing 310). The 
second sensor array 322 (comprising temperature sensors 
333, 334 and 335, also referred to as the “proximal array”) 
and the third sensor array 321 (comprising temperature sen 
sors 330, 331 and 332, also referred to as the “distal array”) 
overlay the shunt tubing (FIG. 1, sensors 120, 121, 122, 123, 
124). Those two arrays are responsible for measuring thermal 
changes related to CSF ?ow. The sensor arrays are attached to 
the skin surface 301 by an adhesive patch 320. In yet another 
embodiment they are attached by vacuum or adhesive paste 
(not shown). It should be understood that the second and third 
sensor arrays have their respective temperature sensors posi 
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tioned on the surface of the sensor patch 320 that is placed 
against the skin 301. The same is true for sensors 337 and 338. 
[0051] The preferred embodiment 20 comprises also a 
cooling-heating device 340 placed next to the sensor arrays 
322, 320 and 323. The cooling-heating device 340 can be 
electronically powered and controlled (e. g. Peltier device). In 
another preferred embodiment it utilizes cold/warm media 
such as water, other ?uid, ice (FIG. 9), dry ice, or cooling/ 
warming spray. The cooling device cools down or heats up the 
skin surface 301, tissue 300 beneath the skin surface and 
section of the shunt tubing 310 (implanted at a skin depth d, or 
311) with CSF ?uid. The cooling-heating device is placed 
upstream or downstream of the second 322 and third 321 
sensor arrays. The cooling device 340 is attached to the skin 
301 via adhesive patch 320. In yet another embodiment it is 
attached by vacuum or adhesive paste not shown). The sensor 
array 323, used to calculate skin properties, is placed partially 
on the skin in location not overlaying the shunt tubing. 
[0052] The downstream positioning of the cooling-heating 
device can best be understood considering whether there is 
CSF ?ow or no CSF ?ow. For example, in a situation where 
there is no CSF ?ow and the cooling-heating device (e. g., an 
ice cube) is positioned downstream of the distal array 321 (but 
not too far), cold temperature migrates in all directions from 
the position of the ice cube and part of that “cold migration” 
is detected by the distal array 321 and then the proximal array 
322. Alternatively, if there is CSF ?ow and the ice cube is 
again placed downstream of the distal array 321 (but not too 
far), the temperature of the warm CSF ?ow warms the ice 
cube and this “warming migration” is detected by the distal 
array 321 and then the proximal array 322. Thus, locating the 
cooling-heating device downstream of the temperature sen 
sor arrays is still an effective method of detecting CSF ?ow. 
[0053] The system comprises also a reader-controller unit 
400 (e.g., a CSF analyzer comprising a processor with I/O) 
which collects data from all sensors (via a cable 340 or via a 
wireless con?guration, not shown). The reader-controller unit 
400 comprises a display 402 and keypad or other input 
mechanism 404. The reader-controller unit 400 can also con 
trol cooling-heating device 340 by increasing, decreasing or 
stabiliZing 1) temperature or 2) heat generated or absorbed by 
the cooling device. The reader-controller unit 400 is capable 
of recording time stamps triggered by an operator or other 
external device. The time stamps indicate on the thermal data 
stream a precise point in time when the time stamp was 
triggered by an operator or an external machine. The reader 
controller unit 400 also controls the activation of the tempera 
ture source 340 (e.g., Peltier device), as mentioned previ 
ously, either for heating or for cooling. 
[0054] FIG. 3A is an illustration showing metrological con 
?guration of the sensor patch necessary to accomplish skin 
depth and thermal properties compensation with real time 
multipoint measurement. In particular, FIG. 3A is a top view 
of a con?guration similar to FIG. 3 but showing the tempera 
ture sensors associated with the cooling-heating device in a 
slightly different orientation. In particular, the sensors 337 
and 338 are shown as sensors 337' and 338' aligned along an 
x-axis that is parallel to the CSF shunt and they are displaced 
away from the CSF shunt along a perpendicular axis, i.e., 
y-axis. As can also be seen from FIG. 3A, each of the sensors 
in the arrays 322 and 321 are aligned in a direction parallel to 
the CSF shunt. Furthermore, in each array the two outer or 
“control” sensors (i.e., 333/335 in array 322 and 332/330 in 
array 321) are displaced symmetrically (“s”) along the y-axis 
from the CSF shunt. 
[0055] The method(s) for actually calculating the CSF ?ow 
rate is discussed below and the terms T1, T2 and T3 refer to 
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the temperature (T1) sensed by the central temperature sen 
sors (e.g., 334 and 331) located over the shunt, the tempera 
ture (T2) sensed by the “right” control sensors (e. g., 333 and 
330) and the temperature (T3) sensed by the “left” control 
sensors (e.g., 335 and 332). 
[0056] It should be understood that the temperature source 
340 could be either a cooling device or a heating device. 

Calculating Flow Rate 

[0057] In general, this method requires a lookup table(s) 
which has to be built experimentally for each model. The 
lookup table facilitates ?nding constants A, B, C, etc., used in 
model equations (see below). Then, the equation is used to 
calculate the ?ow rate (F). 
1. Determine thermal conductivity key (as described previ 
ously) 
2. Determine thermal diffusivity Vef (as described previ 
ously) 
3. Determine shunt depth (T' parameter) 
The temperature source 340 (e.g., cooling device) has to be 
activated for a short period of time (e.g. 60 sec) and then 
turned off. During this period (during cooling and several 
minutes after) the temperatures on the two arrays 321 and 322 
are measured. 

4. Calculate the ?ow rate. The following calculations provide 
several options for calculating absolute ?ow rate: 
Option 1: Calculate ?ow using a linear approximation (this 
solution works best for low ?ow rates of e.g., 0-20 ml/h) 
With V, k and T' known, go to the look up table and ?nd 
corresponding constants A, B; 
Calculate ?ow (F) using A and B and the linear equation: 

using T1, T2 and T3 from any array 321 or 322. 
Option 2: Calculate ?ow using a polynomial approximation 
(this solution works best for extended range or ?ows of e.g., 
0-60 ml/h) 
With V, k and T' known, go to the look up table and ?nd 
corresponding constants A, B, C, D, and E and calculate the 
?ow (F) using: 

using T1, T2 and T3 from any array 321 or 322. 

Option 3A: Exponential Approximation 

[0058] With V, k and T' known, go to the look up table and 
?nd corresponding constants A, B and C using the following 
exponential approximation: 

FIA"[(B*(T1—(T2+I3)/2))]+C, 

using T1, T2 and T3 
(e.g. 333, 334, 335, FIG. 3) from any array 321 or 322. 
Temperature sensors have to belong to the same array (similar 
to the traditional ShuntCheck con?guration). 

Option 3B: Exponential Approximation 

[0059] With V, k and T' known, go to the look up table and 
A', B' and C' and calculate ?ow from: 

where 6 is the temperature difference between any pair of 
temperature sensors (e.g., thermistors) placed over the shunt 
tubing (e.g., 334 and 331 for T1) and so, in this case, the 
temperature sensors don’t have to belong to the same array. 
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[0060] It should be understood that the reader-control unit 
400 comprises a microprocessor or microcontroller that can 
employ these various calculations on the received tempera 
ture sensors’ data or it can transmit the temperature sensors’ 
data remotely (by cable or wirelessly) where the ?ow calcu 
lation is conducted and outputted (visibly for display or audi 
bly). 

[0061] It should be understood that the present invention 
can determine relative CSF ?ow (e.g., no ?ow, increased ?ow, 
decreased ?ow, etc.) or absolute CSF ?ow (“2” ml/h). As 
discussed previously, to determine absolute CSF ?ow, the 
parameters of skin thickness T', ke?(effective skin conductiv 
ity) and (x817 (effective diffusivity) must ?rst be determined 
and then the temperature data from the various temperature 
sensor arrays analyzed. 

[0062] To determine relative CSF ?ow, it is not necessary to 
?rst determine these three parameters; instead, the tempera 
ture data from the temperature sensor arrays can be analyzed 
and a relative ?ow can be determined from the equations 
involving T1, T2 and T3 discussed above. As mentioned 
previously, US. application Ser. No. 12/936,162 ?led Oct. 1, 
2010, entitled “Cerebrospinal Fluid Evaluation System Hav 
ing Thermal Flow and Flow Rate Measurement Pad Using a 
Plurality of Control Sensors (whose entire disclosure is incor 
porated by reference herein) discloses a similar process. 
However, unlike Ser. No. 12/ 936,162, the present invention 
20 employs the controllable temperature source 340 that 
applies a given temperature for continuous period of time, 
rather than a short or abrupt pulse of temperature as disclosed 
in Ser. No. 12/936,162. For example, where an ice cube is 
applied in Ser. No. 12/936,162 for a short period oftime (e.g., 
60 seconds) and then removed, in the present invention 20, the 
temperature source 340 (e.g., a Peltier device) applies a sub 
stantially smaller temperature step to the skin of the patient 
and for a continuous period of time (e.g., 1 hour, 5 hours, 10 
hours, 24 hours, etc.). Thus, the term “continuous” as used in 
this Speci?cation implies a substantial period of time that is 
for more than 5 minutes. Moreover, in Ser. No. 12/936,162, 
the temperature sensors collect data once the temperature 
source (e.g., the ice cube) is removed whereas in the present 
invention, the temperature sensor arrays are continuously 
collecting temperature data while the temperature source 340 
is active. To accomplish this, the temperature source 340 
applies a temperature magnitude that can be detected by the 
temperature sensor arrays but which is not uncomfortable to 
the patient since the temperature source 340 (e.g., the Peltier 
device) is applying this temperature for a continuous period 
of time. So, for example, the Peltier device 340 can be pro 
grammed, or controlled by the reader-controller unit 400, to 
apply a temperature to the skin that is 7°-14o C. lower than the 
skin temperature. Such a temperature difference is suf?cient 
for the temperature sensors to detect the “cold” bolus in the 
CSF ?ow in the CSF shunt but yet which is not uncomfortable 
to the patient during the testing. Furthermore, in determining 
such relative ?ow, the use of a second array of temperature 
sensors is not required; hence, relative ?ow can be determined 
with either sensor array 322 or 321. In addition, this relative 
?ow determination can also be achieved via the use of only 
one temperature sensor associated with the temperature 
source 340; for example, a temperature sensor (e.g., 336) 
placed on the temperature source 340 or a temperature sensor 
(e.g., 337) placed between it and the skin would be suf?cient 
to determine relative ?ow. 
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Determining Intracranial Pressure (ICP) or Setting CSF Flow 
Using ShuntCheck 

[0063] The system can also be used along with adjustable 
(programmable) valves such as “Codman Hakim program 
mable valve” in order to assess patient’s ICP. As shown in 
FIG. 11 by way of example only, an adjustable CSF shunt 
valve 800 forms part of the implanted CSF shunt 310 and the 
valve 800 is typically located behind the ear 14 of the patient. 
Thus, this valve 800 is located well upstream of where the 
sensorpatch 320 is positioned (e. g., typically over the clavicle 
15 of the patient (as also shown in FIG. 7) during use. Details 
of two such methods are described below: 

[0064] The method of ICP assessment is claimed. Because 
the “opening pressure” of the adjustable shunt valve is a 
known parameter (e.g., 12 cmHZO), this method can be uti 
lized if there is no natural CSF ?ow in the shunt. The operator 
takes following steps 1) continuously observes ?ow mea 
sured by the ShuntCheck device; and 2) simultaneously 
decreases opening pressure of the CSF shunt valve; the shunt 
valve opening pressure can be controlled by an operatorusing 
a remote control 802 (e.g., via magnetic coupling), as shown 
in FIG. 11. The moment when ShuntCheck detects CSF ?ow, 
it is correlated with opening pressure of the valve 800, i.e., the 
opening pressure of the adjustable shunt valve 800 coincides 
with ?rst CSF ?ow detection and thus this identi?es the ICP. 
The operator of the remote control 802 is provided with a 
display, dial or other output mechanism (e.g., audible click 
ing, etc.) that indicates the current setting of the opening 
pressure of the adjustable shunt valve 800. 
[0065] The method is claimed of using the system, when 
there is CSF ?ow in the shunt, in such a way that the operator 
1) continuously observes CSF ?ow measured by the Shunt 
Check device and 2) simultaneously the operator increases 
the opening pressure of the adjustable shunt valve (again, 
using the remote controller). The moment when ShuntCheck 
observes that there is no longer any CSF ?ow, again, this 
correlates with opening pressure of the valve. The opening 
pressure of the adjustable shunt valve coincides with the ?rst 
“no-?ow” detection and is then equal to ICP. 

[0066] Similarly, this ShuntCheck device and adjustable 
shunt valve con?guration can be used to obtain a desired CSF 
?ow. In particular, the method is claimed of using this con 
?guration in the following manner. If there is no CSF ?ow in 
the CSF shunt, the physician may make a determinationbased 
on the patient’s age, weight, size, and/or other parameters, 
that a certain CSF ?ow should be present. The physician 
would monitor the ShuntCheck device as he/she used the 
remote control 802 to decrease the opening pressure of the 
valve 800 until the desired CSF ?ow is displayed on the 
ShuntCheck device at which time the physician would stop 
adjusting the valve. Conversely, if the patient were suffering 
from “overdrainage” (i.e., too much CSF ?ow whereby nega 
tive pressure is generated in the cranium which could result in 
hemorrhaging), the physician would monitor the ShuntCheck 
device as he/ she used the remote control 802 to increase the 
opening pressure of the valve 800 until the desired CSF ?ow 
is displayed on the ShuntCheck device at which time the 
physician would stop adjusting the valve 800. 
[0067] While the invention has been described in detail and 
with reference to speci?c examples thereof, it will be appar 
ent to one skilled in the art that various changes and modi? 
cations can be made therein without departing from the spirit 
and scope thereof. 
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What is claimed is: 
1. An apparatus for determining cerebrospinal ?uid (CSF) 

?ow rate in an implanted CSF shunt, said apparatus compris 
mg: 

a pad that is con?gured to be placed against the skin of a 
patient over the location of the CSF shunt, said pad 
comprising: 
a ?rst plurality of temperature sensors that are con?g 

ured to be aligned in a transverse direction with 
respect to said CSF shunt and wherein one of said ?rst 
plurality of temperature sensors is con?gured to be 
aligned with the CSF shunt; and 

at least one temperature sensor associated with a tem 
perature source that is positioned over the CSF shunt 
whenever said pad is placed against the skin and 
wherein said temperature source is applied continu 
ously against the skin; and 

a sensor processing device that is electrically coupled to 
said pad for receiving temperature data from each of said 
temperature sensors during said continuous application 
of said temperature source, and for determining a ?ow 
rate of said CSF through said CSF shunt from said tem 
perature data. 

2. The apparatus of claim 1 wherein said sensor processing 
device controls the activation of said temperature source. 

3. The apparatus of claim 1 wherein said temperature 
source is a Peltier device. 

4. The apparatus of claim 3 wherein said Peltier device 
maintains a temperature that differs from a skin temperature. 

5. The apparatus of claim 4 wherein said temperature dif 
fers from said skin temperature by approximately 7°-14o C. 

6. The apparatus of claim 3 wherein said continuous appli 
cation of said temperature source is at least 5 minutes. 

7. The apparatus of claim 1 further comprising a second 
plurality of temperature sensors that are con?gured to be 
aligned in a transverse direction with respect to said CSF 
shunt, downstream of said ?rst plurality of temperature sen 
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sors, and wherein one of said second plurality of temperature 
sensors is con?gured to be aligned with the CSF shunt. 

8. The apparatus of claim 1 wherein said at least one tem 
perature sensor associated with a temperature source com 
prises a temperature sensor that is positioned on said tem 
perature source or is con?gured to be positioned between said 
temperature source and the skin surface. 

9. The apparatus of claim 7 wherein said at least one tem 
perature sensor associated with a temperature source further 
comprises at least one other temperature sensor disposed 
adjacent said temperature source. 

10. A method for determining cerebrospinal ?uid (CSF) 
?ow rate in an implanted CSF shunt, said method comprising: 

applying a ?rst plurality of temperature sensors against the 
skin over the location of the CSF shunt and wherein only 
one of said ?rst plurality of temperature sensors is 
aligned with the CSF shunt; 

associating at least one temperature sensor with a tempera 
ture source; 

activating said temperature source against the skin continu 
ously and aligned with the CSF shunt, said activating 
said temperature source comprises applying a tempera 
ture to the skin continuously that is different from a skin 
temperature; 

collecting temperature data from said temperature sensors 
during said continuous activation of said temperature 
source; and 

determining a ?ow rate of the CSF through the CSF shunt 
from said temperature data. 

11. The method of claim 10 wherein said temperature 
source is a Peltier device. 

12. The method of claim 11 wherein said Peltier device 
maintains a temperature that differs from a skin temperature. 

13. The method of claim 12 wherein said temperature 
differs from said skin temperature by approximately 7°-14o 
C. 

14. The method of claim 10 wherein said continuous acti 
vation of said temperature source is at least 5 minutes. 

15. The method of claim 10 wherein said step of applying 
a ?rst plurality of temperature sensors comprises applying a 
second plurality of temperature sensors against the skin over 
the location of the CSF shunt, downstream of said ?rst plu 
rality of temperature sensors, and wherein only one of said 
second plurality of temperature sensors is aligned with the 
CSF shunt. 

16. The method of claim 10 wherein said step of associat 
ing at least one temperature sensor with a temperature source 
comprises positioning a temperature sensor on said tempera 
ture source or positioning said temperature sensor between 
said temperature source and the skin surface. 

17. The method of claim 16 wherein said step of position 
ing a temperature sensor on said temperature or positioning 
said temperature sensor between said temperature sensor and 
the skin surface further comprises positioning at least one 
other temperature sensor adjacent said temperature source. 

* * * * * 


