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POTASSIUM MONITORING 

POTASSIUM MONITORING 

[0001] This application claims the bene?t of US. provi 
sional application Ser. No. 60/650,497, ?led Feb. 7, 2005, 
the entire content of Which is incorporated herein by refer 
ence. 

[0002] This application is related to US. patent applica 
tion Ser. No. , attorney docket no. l023-442US02/ 
P20657.0l, ?led Feb. 7, 2006, entitled “Ion Imbalance 
Detector,” the entire content of Which is incorporated herein 
by reference. 

TECHNICAL FIELD 

[0003] The invention relates to systems and methods asso 
ciated With monitoring physiological conditions, and in 
particular, to systems and methods associated With monitor 
ing concentrations of ions in extracellular ?uid. 

BACKGROUND 

[0004] The concentration of potassium ions, denoted [K’'], 
in the extracellular ?uid (ECF) of a patient is of clinical 
signi?cance. Abnormal [K+] levels in the ECF can be a 
product of the pharmacological management of patients With 
heart failure. In general, [K"] in the intracellular ?uid (ICF) 
of cardiac muscle or other tissue is high in comparison to 
[K"] in the ECF. When [K"] in the ECF becomes elevated, 
a reduced concentration gradient betWeen ICF and ECF 
results. A reduction of the resting membrane potential is 
associated With the reduction in concentration gradient, 
often resulting in ectopic foci and arrhythmia. 

[0005] A reduction in concentration gradient further 
affects the magnitude and duration of the action potential. 
The change in membrane potential caused by an action 
potential, Which is about 120 mV in healthy cardiac muscle, 
can be reduced substantially. In addition, the duration of the 
action potential, Which is about 250 milliseconds in healthy 
cardiac tissue, can be diminished. 

[0006] [K"] can have additional clinical signi?cance as 
Well, and for some patients [K"] can be an important factor 
Worth monitoring. For example, trauma patients, burn 
patients, diabetic patients With ketoacidosis, renal patients 
on dialysis, patients experiencing pulmonary edema, and 
cardiac arrest patients may have electrolyte ?uctuations, 
particularly ?uctuations of potassium ion concentrations. In 
addition, potassium ion retention accompanies the onset of 
some medical conditions, such as Addison’s disease. 

SUMMARY 

[0007] In general, the invention is directed to methods and 
devices for determining a concentration of potassium ion in 
extracellular ?uid of a patient. A system includes electrodes, 
and at least one of the electrodes is deployed in or near a 
tissue of the patient. The tissue may be a skeletal muscle, 
such as the pectoral muscle. A pulse generator supplies one 
or more stimulations to the tissue, and a sensor detects the 
response of the tissue to the stimulations. A processor 
determines a concentration of potassium ion as a function of 
the response. 

[0008] As used herein, determining a concentration of 
potassium ions in extracellular ?uid of the patient includes, 
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but is not limited to, determining an absolute concentration, 
such as measuring or estimating a molarity. Determining a 
concentration of potassium ions can also include determin 
ing a relative concentration, such as a concentration With 
respect to a baseline. Furthermore, determining a concen 
tration of potassium ions can include determining a change 
in concentration over time. 

[0009] The invention can be implemented as a stand-alone 
potassium monitoring system. The invention can also be 
implemented in conjunction With an implantable medical 
device such as a cardiac pacemaker, cardioverter-de?brilla 
tor, patient monitor, drug pump or neurostimulator. The 
invention can be implemented as an external system or a 
system having external and implantable elements. 

[0010] In one embodiment, the invention presents a sys 
tem comprising a pulse generator con?gured to generate an 
electrical stimulation, an electrode con?gured to deliver the 
electrical stimulation to a tissue, such as a skeletal muscle, 
in a patient. The system further includes a sensor con?gured 
to detect at least one response of the tissue to the electrical 
stimulation, and a processor con?gured to determine a 
concentration of potassium ions in extracellular ?uid of the 
patient as a function of the response. The processor can be 
con?gured to determine a concentration of potassium ions as 
a function of a sustained contraction of the tissue, for 
example, or a rippled contraction of the tissue, a rate of 
relaxation of the tissue, a pulse Width of the response, the 
occurrence of summation in the response or the amplitude of 
the response. The system can be external, partially implant 
able or fully implantable. 

[0011] In another embodiment, the invention is directed to 
a method that includes delivering an electrical stimulation to 
a tissue in a patient, detecting a response of the tissue to the 
electrical stimulation, and determining a concentration of 
potassium ions in extracellular ?uid of the patient as a 
function of the response. The method can further include 
delivering a therapy to the patient as a function of the 
response. 

[0012] In a further embodiment, the invention is directed 
to a method comprising delivering an electrical stimulation 
to a tissue in a patient, detecting at least one response of the 
tissue to the electrical stimulations and storing a relationship 
betWeen a concentration of potassium ions in extracellular 
?uid of the patient and the response. This method is useful 
for calibrating a potassium monitoring system according to 
the invention. 

[0013] Additional embodiments of the invention include 
computer-readable media comprising instructions that cause 
a programmable processor to carry out any of the methods 
of the invention. 

[0014] The invention may result in one or more advan 
tages. Compared to conventional techniques for detecting 
[K’'], the invention o?fers convenience and supports long 
term implantation. Tests that rely upon laboratory analysis of 
blood samples require that blood be draWn from the patient, 
and may not be available outside a hospital setting. Elec 
trochemistry-based potassium sensors are implantable, but 
have not proven to be stable over long periods, and their 
performance degrades over time. Optical sensors for potas 
sium typically call for periodic replacement of components, 
such as a disposable strip used for making measurements. 
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By contrast, the invention can be implanted, can conve 
niently monitor potassium ion concentrations, and can 
remain reliable for extended periods of time. 

[0015] In addition, the invention can be implemented 
Within an IMD that delivers therapy, such as a pacemaker or 
drug pump, or supports other monitoring functions. Many 
patients experiencing heart failure, for example, can bene?t 
from the implantation of an IMD that can monitor [K"] and 
apply one or more pacing therapies. The invention can offer 
the further advantage of implementation With one or more 
external elements, Which can be deployed Without surgery. 

[0016] The details of one or more embodiments of the 
invention are set forth in the accompanying draWings and 
the description beloW. Other features, objects, and advan 
tages of the invention Will be apparent from the description 
and draWings, and from the claims. 

BRIEF DESCRIPTION OF DRAWINGS 

[0017] FIG. 1A is a schematic illustration of a human 
heart in conjunction With an exemplary implantable medical 
device and an exemplary electrode element according to an 
embodiment of the invention. 

[0018] FIGS. 1B through 1E are schematic illustrations 
of an implantable medical device With alternate embodi 
ments of electrode elements. 

[0019] FIG. 1F is a schematic illustration of an exemplary 
external medical device and an exemplary electrode element 
according to an embodiment of the invention. 

[0020] FIG. 2 is a schematic illustration of an implanta 
tion of an exemplary implantable medical device and an 
exemplary electrode element proximate to skeletal muscle. 

[0021] FIG. 3 is a block diagram shoWing a system that 
can deliver one or more electrical stimuli to a tissue and 

determine a concentration of potassium ion in extracellular 
?uid as a function of the response to the stimuli. 

[0022] FIGS. 4A and 4B are timing diagrams illustrating 
stimuli and the responses of skeletal muscle thereto, accord 
ing to various embodiments of the invention. 

[0023] FIG. 5 is a ?oW diagram illustrating a technique for 
calibrating a medical device to determine a concentration of 
potassium ion in extracellular ?uid. 

[0024] FIG. 6 is a ?oW diagram illustrating a technique for 
monitoring potassium ion concentration in extracellular 
?uid. 

[0025] FIG. 7 is a schematic diagram of an experimental 
setup to test muscle contractions due to electrical stimuli. 

[0026] FIG. 8 is a graph of exemplary data shoWing 
muscle force in various solutions of potassium versus time. 

[0027] FIG. 9 is a graph of exemplary data shoWing 
contraction amplitude versus potassium concentration. 

DETAILED DESCRIPTION 

[0028] FIG. 1A is a schematic illustration of an exemplary 
embodiment of a system 10 that includes an implantable 
medical device (IMD) 12 in relationship to a heart 14 of a 
patient. IMD 12 is con?gured to be implanted in a human or 
animal body. As depicted in FIG. 1A, IMD 12 comprises a 
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multi-chamber pacemaker having cardioversion and 
de?brillation capabilities. Although it can be advantageous 
to implement the invention With a multi-chamber pace 
maker, the invention is not limited to the particular IMD 
shoWn. Furthermore, as discussed beloW, the invention need 
not be implemented as an implantable medical device. The 
invention can be implemented as a stand-alone potassium 
monitoring system, or in conjunction With a different type of 
implantable or external device such as a patient monitor, 
drug pump, muscle stimulator or neurostimulator. 

[0029] A right ventricular lead 16 includes an elongated 
insulative lead body carrying one or more concentric coiled 
conductors separated from one another by tubular insulative 
sheaths. The distal end of right ventricular lead 16 is 
deployed in the right ventricle 18 of heart 14. Located 
adjacent the distal end of the lead body are one or more 
pace/sense electrodes 20, Which are con?gured to deliver 
cardiac pacing and are further con?gured to sense depolar 
iZations of right ventricle 18. A ?xation mechanism 22 such 
as tines or a screW-in element, anchors the distal end in right 
ventricle 18. The distal end also includes an elongated coil 
electrode 24 con?gured to apply cardioversion or de?bril 
lation therapy. Each of the electrodes is coupled to one of the 
coiled conductors Within the lead body. At the proximal end 
of right ventricular lead 16 is a connector 26, Which couples 
the coiled conductors in the lead body to IMD 12 via a 
connector module 28. 

[0030] A right atrial lead 30 includes an elongated insu 
lative lead body carrying one or more concentric coiled 
conductors separated from one another by tubular insulative 
sheaths corresponding to the structure of right ventricular 
lead 16. Located adjacent the J-shaped distal end of right 
atrial lead 30 are one or more pace/sense electrodes 32, 
Which are con?gured to sense depolarizations of and deliver 
pacing stimulations to right atrium 34. As shoWn in FIG. 
1A, an elongated coil electrode 36 is provided proximate to 
the distal end of right atrial lead 30, and is located in right 
atrium 34 and the superior vena cava 38. At the proximal end 
of the lead is a connector 40, Which couples the coiled 
conductors in right atrial lead 30 to IMD 12 via connector 
module 28. 

[0031] A coronary sinus lead 42 includes an elongated 
insulative lead body deployed in the great cardiac vein 44. 
The lead body carries one or more coiled conductors 
coupled to one or more pace/ sense electrodes 46. Electrodes 
46 are con?gured to deliver ventricular pacing to left ven 
tricle 48 and are further con?gured to sense depolariZations 
of left ventricle 48. Additional pace/sense electrodes (not 
shoWn) may be deployed on coronary sinus lead 42 that are 
con?gured to pace and sense depolariZations of the left 
atrium 50. At the proximal end of coronary sinus lead 42 is 
connector 52, Which couples the coiled conductors in coro 
nary sinus lead 42 to connector module 28. 

[0032] An exemplary electrode element 54A is coupled to 
the distal end of a lead 56. Lead 56 carries one or more 
conductors separated from one another by insulative 
sheaths. A connector 58 at the proximal end of the lead 
couples the conductors in lead 56 to IMD 12 via connector 
module 28. 

[0033] In addition to connector module 28, IMD 12 com 
prises a housing 60 formed from one or more materials, 
including conductive materials such as stainless steel or 



US 2006/0217771 A1 

titanium. Housing 60 may include insulation, such as a 
coating of parylene or silicone rubber, and in some varia 
tions, all or a portion of housing 60 may be left uninsulated. 
The uninsulated portion of housing 60 can serve as a 
subcutaneous electrode and a return current path for elec 
trical stimulations applied via other electrodes. 

[0034] In the embodiment shoWn in FIG. 1A, electrode 
element 54A includes tWo electrodes 62A and 62B. At least 
one of electrodes 62A and 62B is deployed in or near test 
tissue and delivers stimulation to the tissue, While the other 
provides a return current path. In the embodiment shoWn in 
FIG. 1A, electrodes 62A and 62B are button electrodes, but 
the invention encompasses other electrode types as Well. The 
invention Will be described in terms of stimulation of muscle 
cells, but the invention can encompass other test tissues as 
Well. The test tissue can comprise a collection of autologous 
or non-autologous cells that are sensitive to For 
example, the test tissue may be one of cardiac muscle, 
skeletal muscle, smooth muscle, nerve tissue, skin, or the 
like. 

[0035] As described beloW, IMD 12 includes one or more 
implantable pulse generators (IPGs) (not shoWn in FIG. 1A) 
con?gured to generate stimuli to be delivered to one or more 
muscles of the patient via electrode element 54A. As 
described beloW, skeletal muscle is generally the most 
desirable tissue, because it is usually readily accessible and 

response of skeletal muscle can be readily related to Furthermore, it may be desirable to stimulate skeletal 

muscles that do not get much use and are less prone to 
fatigue. The invention encompasses embodiments in Which 
stimulation and response of other kinds of tissue can be 
related to [K’'], but muscle tissue, such as skeletal muscle 
tissue is the exemplary tissue described herein. 

[0036] Housing 60 may include one or more sensors (not 
shoWn in FIG. 1A) con?gured to detect at least one response 
of the stimulated muscle to the electrical stimulation or 
stimulations. In some embodiments, the sensor may be 
deployed elseWhere, such as on the distal end of lead 56. In 
general, the sensor detects the electromechanical response of 
the stimulated muscle. Examples of sensors Will be 
described beloW. 

[0037] In general, the distance betWeen electrodes 62A 
and 62B can be a function of the pulse magnitude generated 
by an IPG, a target stimulation magnitude, and the kind of 
electrodes employed. For example, to deliver a stimulus 
With a ?eld strength of 10 volts per centimeter (V / cm) using 
IMD 12, Which is capable of producing 2 V pulses, elec 
trodes 62A and 62B can be separated by tWo millimeters. 
The invention is not limited to any particular physical 
dimensions or stimulation magnitudes, hoWever. 

[0038] IMD 12 also includes one or more IPGs con?gured 
to generate pacing stimuli to be delivered to one or more 
chambers of heart 14. The IPGs that stimulate heart 14 may 
be, but need not be, the same IPG that generates muscle 
stimulations. IMD 12 further includes one or more proces 
sors (not shoWn in FIG. 1A) that regulate the delivery of 
pacing pulses. The processor in IMD 12 is con?gured to 
apply a variety of pacing modes, including therapies that 
may be bene?cial for patients suffering from heart failure, 
such as cardiac potentiation therapy (CPT) or cardiac resyn 
chroniZation therapy (CRT). CPT generally involves elec 
trically stimulating one or more heart chambers to induce 
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post-extrasystolic potentiation, and CRT involves delivering 
pacing pulses to one or both ventricles to synchroniZe 
ventricular contractions. 

[0039] FIG. 1B is a schematic illustration of IMD 12, With 
an alternate embodiment of an electrode element 54B. In the 
embodiment depicted in FIG. 1B, electrode element 54B, 
like electrode element 54A, is coupled to the distal end of 
lead 56, Which carries one or more conductors separated 
from one another by insulative sheaths and is coupled to 
connector module 28 via connector 58. Electrode element 
54B includes tWo electrodes 62C and 62D, Which deliver 
electrical stimulation to muscle, or other tissue sensitive to 
[K’'], and provide a return current path. 

[0040] Electrode element 54B resembles a pace/sense 
electrode, such as pace/sense electrode 32 in FIG. 1A, in 
that electrode element 54B includes a tip electrode 62C and 
a ring electrode 62D. Dimensions of electrode element 54B 
may be comparable to those of conventional pace/sense 
electrodes. Although not shoWn in FIG. 1B, the distal end of 
lead 56 may include one or more ?xation mechanisms 
con?gured to prevent or reduce lead migration. 

[0041] FIG. 1C is a schematic illustration of IMD 12, With 
another alternate embodiment of an electrode element 54C. 
In the embodiment depicted in FIG. 1C, electrode element 
54C includes an electrode 62E deployed at the distal end of 
lead 56, and another electrode 62F in the body of housing 
60. Housing electrode 62F can be deployed at any site in 
housing 60. Lead electrode 62E is con?gured to generate an 
intense electrical ?eld at the site of stimulation. A point at the 
distal end of lead electrode 62E causes the electric ?eld to 
be more intense at the point, Which can improve the likeli 
hood of stimulation of muscle tissue or other tissue sensitive 
to The distal end of lead 56 may include one or more 
?xation mechanisms con?gured to prevent or reduce lead 
migration. 
[0042] FIG.1D is a schematic illustration of IMD 12, With 
an additional alternate embodiment of an electrode element 
54D. Electrode element 54D includes an electrode 62G 
deployed on a ?xed mount 64. In the embodiment depicted 
in FIG. 1D, ?xed mount 64 is coupled to connector module 
28, but ?xed mount 64 may also be deployed elseWhere on 
IMD 12. Exemplary electrode 62G, like electrode 62E in 
FIG. 1C, is con?gured to generate an intense electrical ?eld 
at the site of stimulation. Another electrode 62H is deployed 
in the body of housing 60. 

[0043] As discussed beloW, some implantations if IMD 12 
may place IMD 12 in direct contact With muscle such as 
skeletal muscle. The embodiment depicted in FIG. 1D may 
be desirable in such implantations, as electrodes 62G and 
62H can be deployed Without leads. 

[0044] FIG. IE is a schematic illustration of IMD 12, With 
a further alternate embodiment of an electrode element 54E. 
Electrode element 54E includes tWo electrodes 621 and 62] 
deployed in housing 60. In a variation of this embodiment, 
housing 60 may include an array of three or more electrodes. 
As With the embodiment shoWn in FIG. 1D, the embodi 
ment shoWn in FIG. 1E may be desirable in implantations 
in Which IMD 12 is implanted in direct contact With muscle 
or other [K+] sensitive tissue. 

[0045] FIG. 1F is a schematic illustration of a further 
embodiment of the invention, in Which one or more elements 
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are external and are not con?gured to be implantable in a 
human or animal body. In the embodiment depicted in FIG. 
1F, external medical device 65 includes one or more IPGs 
(not shoWn in FIG. 1F) con?gured to generate stimuli to be 
delivered to one or more muscles of the patient via electrode 
element 66. Examples of medical devices that can be con 
?gured to generate stimuli to be delivered to muscles via an 
electrode element are a Transcutaneous Electrical Nerve 
Stimulation (TENS) unit, an Electronic Muscle Stimulation 
(EMS) unit and an electro-acupuncture unit. The invention 
is not limited to such medical devices, hoWever. Medical 
device 65 or electrode element 66 may also include one or 
more sensors (not shoWn in FIG. 1F) con?gured to detect an 
electromechanical response of the stimulated muscle to the 
electrical stimulation or stimulations. In a variation, a sensor 
module distinct from device 65 or electrode element 66 may 
be deployed on the patient’s skin to detect the electrome 
chanical response. 

[0046] Electrode element 66 is coupled to medical device 
65 via lead 67. Electrode element 66 includes tWo electrodes 
68A and 68B, Which deliver electrical stimulation to muscle, 
or other tissue sensitive to [K’'], and provide a return current 
path. In the example of FIG. 1F, electrodes 68A and 68B are 
deployed externally With adhesive pads 69A and 69B, Which 
adhere to the skin. Electrodes 68A and 68B may deliver an 
electrical stimulation to any of several tissues, especially 
skeletal muscles located beneath the skin. Although the 
embodiment shoWn in FIG. 1F is completely external With 
no implantable elements, the invention encompasses 
embodiments that have external and implantable elements. 

[0047] The invention is not limited to the particular 
embodiments depicted in FIGS. 1A through 1F. For pur 
poses of discussing the invention and its operation, the 
description beloW Will focus principally upon implantable 
embodiments, and in particular, the embodiment depicted in 
FIG. 1A. Further, as discussed above, the invention is not 
limited to stimulation of skeletal muscle tissue, or stimula 
tion via leads or electrodes that are separate from the leads 
or electrodes used to deliver therapeutic stimulation. For 
example, in some embodiments, [K"] may be determined by 
detecting the response of cardiac muscle to the therapeutic 
pacing stimuli delivered to heart 14. In this manner, [K"] 
may be determined directly in the organ of interest Without 
the use of an additional stimulation pulse or stimulation lead. 

[0048] FIG. 2 is a schematic illustration of an exemplary 
implantation in a patient 70 of the apparatus depicted in FIG 
1A. Right ventricular lead 16, right atrial lead 30 and 
coronary sinus lead 42 are deployed in heart 14 via access 
through a vein such as the subclavian vein (not shoWn). 
Electrode element 54A and lead 56, by contrast, do not enter 
the cardiovascular system in the illustrated embodiment. 

[0049] Rather, electrode element 54A is deployed proxi 
mate to skeletal muscle. In the exemplary implantation 
depicted in FIG. 2, electrode element 54A is deployed 
proximate to the stemal portion 72 and clavicular portion 74 
of the Pecloralis major. The invention also supports implan 
tations in Which electrode element 54A is deployed proxi 
mate to other skeletal muscles or other tissue sensitive to 
[K’']. When a surgeon implants IMD 12 in a pocket, such as 
a pocket proximate to the Pecloralis major according to a 
conventional implantation procedure, the surgeon can 
deploy electrode element 54A proximate to a desired skel 
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etal muscle. Electrode element 54A may include a ?xation 
mechanism such as a loop or Dacron mesh that alloWs the 
surgeon to anchor electrode element 54A in place With 
suture. 

[0050] As shoWn in FIG. 2, housing 60 of IMD 12 is 
deployed in contact With pectoral muscles 72 and 74. A 
conventional implantation technique for some implantable 
devices, such as a pacemaker, provides for deploying IMD 
12 in direct contact With pectoral muscle. In such implan 
tations, embodiments such as those depicted in FIGS. 1D 
and 1E may be feasible. 

[0051] FIG. 3 is a block diagram illustrating components 
of an exemplary system 10 such as the system depicted in 
FIG. 1A. Electrode element 54A includes electrodes 62A 
and 62B, Which are con?gured to deliver one or more 
electrical stimulations to a muscle or other tissue sensitive to 
[K’']. In a typical embodiment, one of electrodes 62A and 
62B introduces a stimulation from IMD 12 to a skeletal 
muscle, and the other of electrodes 62A and 62B provides 
the return current path. 

[0052] In the embodiment shoWn in FIG. 3, IMD 12 
includes a sensor 80 that detects the electromechanical 
response of the muscle to the stimulations delivered by 
electrodes 62A and 62B. Sensor 80 can detect the mechani 
cal response, the electrical response, or both. Examples of 
mechanical responses are muscle tension, muscle strength, 
muscle density, muscle length and pressure generated by the 
muscle. Sensor 80 can be deployed inside housing 60 of 
IMD 12 or outside housing 60. Sensors such as an optical 
sensor could be con?gured to respond to one or more of 
these mechanical responses. An accelerometer, Which 
responds to muscle movement, is another example of a 
sensor that can detect a mechanical response. In some 

embodiments of IMD 12, an accelerometer may be provided 
inside housing 60 to detect patient activity or posture. Such 
an accelerometer could also detect a mechanical response of 
stimulated muscle. In an external implementation such as 
that depicted in FIG. 1F, an accelerometer may be disposed 
in device 65, in electrode element 66, or as a separate 
module deployed on the patient’s skin. Further examples of 
sensors that can detect a mechanical response are a pressure 

sensor and a pieZoelectric sensor. 

[0053] Sensor 80 can also be con?gured to detect an 
electrical response. In some embodiments of the invention, 
electrodes 62A and 62B not only deliver electrical stimula 
tions to the muscle, but also convey the electrical response 
to sensor 80. An example of a sensor that detects an 
electrical response is an impedance sensor. 

[0054] A pulse generator 82 in IMD 12 generates the 
stimulations that are delivered to the skeletal muscle via 
electrodes 62A and 62B. Pulse generator 82 may be, but 
need not be, the same component that generates pacing 
stimulations that are delivered to heart 14. Pulse generator 
82 operates under the control of processor 84. Processor 84 
can be embodied in one or more forms, such as a micro 

processor, digital signal processor, application speci?c inte 
grated circuit or full custom integrated circuit. In addition to 
controlling pulse generator 82, processor 84 receives and 
analyZes signals detected via sensor 80 that are indicative of 
the response of the muscle to the stimulations, and deter 
mines a concentration of potassium ions in extracellular 
?uid (ECF) of the patient as a function of the signals. As 
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discussed in more detail below, [K"] in the ECF affects the 
response of the muscle or other tissue being monitored. 

[0055] As used herein, determining a concentration of 
potassium ions in ECF of the patient can include determin 
ing an absolute concentration, such as measuring or esti 
mating the molarity of potassium ions. Determining a con 
centration of potassium ions can also include determining a 
relative concentration, such as a concentration With respect 
to a baseline. Furthermore, determining a concentration of 
potassium ions can include determining a change in con 
centration over time. In practice, monitoring a change in 
concentration over time has clear clinical advantages. 

[0056] Processor 84 controls the scheduling of stimula 
tions. Processor 84 may be con?gured to deliver the stimu 
lations and monitor [K+] When the patient is in bed, for 
example. Processor 84 may also be con?gured to deliver the 
stimulations and monitor [K"] a predetermined number of 
times each day. 

[0057] Processor 84 may further be con?gured to deter 
mine Whether conditions are suitable for delivering stimu 
lations and monitoring For example, it may be desir 
able to monitor [K+] once a day When the patient is inactive, 
particularly When the patient’s muscles or other tissues are 
relaxed and When there is less likelihood of extraneous 
motion that could affect sensor 80. When the patient is 
physically active, the physical activity can interfere With the 
monitoring of Processor 84 may receive a signal from 
sensor 80 or from another sensor that generates a signal as 
a function of patient activity, such as an accelerometer. On 
the basis of the signal, processor 84 may determine Whether 
the patient is too active or Whether conditions are otherWise 
unsuitable for monitoring. When processor 84 determines 
that conditions are unsuitable, processor 84 may defer 
delivering stimulations and may reschedule the stimulations 
for a later time. 

[0058] In addition, processor 84 may be programmed to 
deliver the stimulations and monitor [K"] in response to an 
event. An exemplary event that could trigger delivery of 
stimulations and monitoring of [K"] is an arrhythmia. When 
IMD 12 is a pacemaker or other device con?gured to treat 
arrhythmia, IMD 12 may apply therapy to treat the arrhyth 
mia, then deliver the stimulations and monitor [K’'], to 
determine Whether potassium ion concentration might be 
contributing to the arrhythmia. Processor 84 can further be 
con?gured to control delivery of pacing therapy to heart 14. 
Another exemplary triggering event is the detection of a loW 
level of physical activity indicative of the onset of rest or 
sleep. 

[0059] Alternatively, processor 84 may be programmed to 
deliver the stimulations and monitor [K"] to predict an 
arrhythmia. In this manner, IMD 12 may detect poor regu 
lation of [K"] and alloW a physician to modify patient 
medication or suggest alternative diets. Exemplary medica 
tions may include anti-arrhythmic drugs, potassium channel 
inhibitors, or diets that include potassium sources such as 
bananas. In some embodiments, IMD 12 may notify the 
patient of unsafe [K"] with an audible sound or stimulation 
so that the patient may take precautions before the arrhyth 
m1a. 

[0060] In the embodiment depicted in FIG. 3, IMD 12 
includes a memory element 86 con?gured to store informa 
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tion about potassium ion concentration. Memory element 86 
can store information such as the time When electrical 
stimulations Were administered, the frequency of the stimu 
lations, the muscle’s response to the stimulations, and the 
determined potassium ion concentration. Memory element 
86 can also store a history of such monitoring, and can store 
information concerning the change in [K"] over time. 

[0061] Further, memory element 86 may store instructions 
that cause a programmable processor, such as processor 84, 
to carry out techniques for monitoring potassium ion con 
centration. Memory element 86 may include but is not 
limited to read-only memory, random access memory, Flash 
memory, EPROM and a magnetic or optical storage 
medium, or any combination thereof. 

[0062] When processor 84 determines that [K"] in ECF is 
elevated to the point that heart function may be adversely 
affected, or When processor 84 determines that [K"] in ECF 
is rising to a point of concern, processor 84 may take action. 
Processor 84 may, for example, send a noti?cation via an 
input/output element 88. Input/output element 88 comprises 
one or more elements that relay the message to the patient, 
the patient’s physician, or any other person or monitoring 
device. Input/output element 88 can include, for example, a 
radio frequency (RF) transmitter, an inductive coil transmit 
ter or an audible alarm. For example, input/ output element 
88 may issue a Warning to patient 12 if the determination of 
[K"] is above or beloW a predetermined threshold. 

[0063] Additionally, Whether or not a determination that 
patient function may be adversely affected has been made, 
input/output element 88 may transmit data stored by 
memory element 86, ie [K"] or system 10 status data, to 
another computing device such as a notebook computer, 
hand held computer, physician programmer, personal com 
puter, or netWork server. The data may be transmitted for 
analysis and/or storage. In the case of a netWork server, the 
data may be further forWarded to a hospital, clinic, manu 
facturer of IMD 12, or another location Where the data may 
be analyZed or stored. 

[0064] When processor 84 determines that [K"] in ECF is 
of concern, processor 84 can also control the delivery of 
therapy via a therapy element 90. Therapy element 90 can 
include, for example, an implantable drug delivery device 
that delivers a drug to the patient. The drug may be a 
diuretic, for example. As the patient’s body loses Water due 
to increased urinary output, the patient’s arterial blood 
pressure declines, reducing the Workload of heart 14. In 
addition, increased urinary output enhances [K+] elimina 
tion. Therapy element 90 can Work in concert With input/ 
output element 88. For example, therapy element 90 can 
administer a drug While input/output element 88 can notify 
the patient that the patient should take an action, such as 
contacting his physician or controlling the potassium in his 
diet. In addition, input/output element 88 may issue a 
Warning to patient 12 if the determination of [K"] is above 
or beloW a predetermined threshold. 

[0065] Therapy element 90 can also encompass elements 
that pace heart 14 via leads 16, 30 and 42, or any combi 
nation thereof, as depicted in FIGS. 1A and 2. In general, 
hoWever, pacing therapies Would probably not be applied to 
address or control Although pacing therapies such as 
cardiac resynchronization and bi-ventricular pacing may be 
of bene?t to patients having heart failure, such pacing 



US 2006/0217771 A1 

therapies Would not ordinarily be administered in response 
to elevated Some pacing therapies can cause [K"] to 
become even more elevated. Accordingly, although it is 
unlikely that processor 84 Would apply pacing therapies to 
address elevated [K+], processor 84 may monitor [K"] to 
determine Whether such pacing therapies ought to be 
employed or discontinued. In other Words, processor 84 may 
monitor [K"] to determine Whether pacing therapies are 
likely to be safe and effective. 

[0066] FIGS. 4A and 4B are timing diagrams that illus 
trates exemplary techniques by Which processor 84 can 
determine a concentration of potassium ion in ECF as a 
function of the response of skeletal muscle to stimulations 
from an electrode element such as electrode elements 54A 
E. Each stimulus may have an amplitude of about tWo to 
tWenty volts, for example, and a pulse Width of about 0.1 to 
1.0 milliseconds. Stimulus line 100 shoWs the timing of 
stimuli generated by pulse generator 82 delivered to the 
skeletal muscle via electrodes such as electrodes 62A-62J. 
Response line 104 depicts a response of skeletal muscle to 
the stimulations in an environment where [K"] is loW 
relative to concentrations in ICF. In other Words, response 
line 104 depicts a response of skeletal muscle in a “normal” 
patient. By contrast, response line 104 depicts a response of 
skeletal muscle in a patient having elevated A patient 
having elevated [K"] is not normal and is at risk of heart 
failure. 

[0067] For purpose of illustration, the response is depicted 
as muscle tension. Other responses, such as muscle motion 
or muscle length, may also be evaluated, although the 
response Waveforms may look different from those in FIGS. 
4A and 4B. In addition, the response Waveforms may look 
different from those in FIGS. 4A and 4B depending upon 
the muscle or other tissue being stimulated. For example, in 
embodiments that monitor the response of nervous tissue to 
the stimulation as a means for monitoring [K’'], the response 
Waveform may include one or more action potentials. 

[0068] Stimuli can be delivered in a range of frequencies, 
such as from about 10 HZ to about 150 HZ. A ?rst set of 
stimuli 106 at a loW frequency produces similar but distinct 
responses in normal [K"] and elevated [K+] environments. 
Contractions 108 in a normal muscle and contractions 110 in 
a muscle in an environment of elevated [K"] are indicated by 
muscle tension as a function of time. In comparison to one 
another, contractions 108 in a normal muscle have a longer 
duration and may also exhibit some summation. In the 
example of FIG. 4A, contractions 108 also exhibit a greater 
amplitude. In contrast, contractions 110 in an elevated [K+] 
environment are of a smaller amplitude, a shorter duration 
and exhibit little or no summation. 

[0069] A second set of stimuli 112 at a higher frequency 
produces distinct responses in normal [K"] and elevated 
[K+] environments as Well. Contractions 114 in a normal 
muscle exhibit marked summation. The muscle approaches 
tetanus, but, as depicted in FIG. 4, the frequency of stimu 
lation is too loW to produce a sustained tetanic response. 
Instead, muscle contractions 114 exhibit “ripples” or Waver 
ing, rather than the sustained contraction of tetanus. In 
contrast With contractions 114, contractions 116 in an 
elevated [K+] exhibit little or no summation. 

[0070] A third set of stimuli 118 at an even higher fre 
quency produces contractions 120 in a normal muscle that 

Sep. 28, 2006 

shoW a tetanic response. In particular, muscle tension rises 
steadily to a maximum and levels off. Contractions 122 in an 
elevated [K+] environment, by contrast, exhibit summation, 
but the rise in tension is rippled and tension is not sustained. 
In other Words, stimuli 118 produce a sustained response 120 
in a normal [K+] environment, but produce a rippled 
response 122 in an elevated [K+] environment. 

[0071] The frequency of third set of stimuli 118 can be 
used to distinguish a normal [K+] environment from an 
elevated [K+] environment. The distinction can be achieved 
in a number of Ways. For example, an analog or digital 
highpass ?lter may be employed to detect Whether a ripple 
is present. Fourier or Wavelet analysis may be used to detect 
the presence of high frequency components. Template 
matching or other morphological analysis may be per 
formed. Other forms of analog or digital signal analysis may 
be used to detect the presence of a rippled response. 

[0072] A fourth set of stimuli 124 at an even higher 
frequency produces contractions 126 in a normal muscle and 
contractions 128 in an elevated [K+] environment that are 
similar, in that both exhibit a tetanic response. Consequently, 
stimuli at this frequency Would be less desirable for distin 
guishing a normal [K+] environment from an elevated [K+] 
environment. 

[0073] FIG. 4B shoWs additional distinction techniques. A 
set of stimuli 130 evokes responses 132, 134 similar to 
responses 120, 122 in FIG. 4A. In FIG. 4B, the quantity of 
interest is the decline of the response folloWing cessation of 
stimulation, Which indicates hoW fast the stimulated muscle 
relaxes. In FIG. 4B, the decline is indicated by angles 0t and 
[3 of lines tangent to the responses. In general, the response 
returns to resting more quickly in an elevated [K+] environ 
ment and more sloWly in a normal [K+] environment, so 
angle [3 is generally larger and indicative of a greater slope 
than angle 0t. Another measurement of the decline of the 
response is the fall time, i.e., the time for the response to 
decrease from one value to another. Fall time can be 
determined by measuring the time it takes for the response 
to fall from its peak value to half its peak value, for example, 
or the time it takes for the response to fall from ninety 
percent of its peak value to ten percent of its peak value. The 
signal decays more quickly in elevated [K+] environment 
and more sloWly in a normal [K+] environment, so the fall 
time in the elevated [K+] environment is smaller than the fall 
time in a normal [K+] environment. Processor 84 may detect 
the rate of muscle relaxation With any analog or digital 
technique, such as taking a difference at discrete points, 
measuring the time betWeen high and loW values, or differ 
entiating the response Waveform. 

[0074] It may be possible to observe the decline With a 
single stimulus. Stimulus 136 evokes responses 138, 140. In 
addition to monitoring fall time or slope as described above, 
processor 84 may detect the pulse Width or action potential 
duration of the response. Because the response returns to 
resting more quickly in an elevated [K+] environment than 
in a normal [K+] environment, the pulse Width of the in an 
elevated [K+] environment is narroWer than in a normal [K+] 
environment. The narroWer pulse Width is associated With 
the shorter refractory period in an elevated [K+] environ 
ment. NarroWer pulse Width in an elevated [K+] environment 
has been demonstrated With both cardiac muscle and skeletal 
muscle. 










