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FIG, 1

(57) Abstract: Implantable medical devices automatically switch from a normal mode of operation to an exposure mode of operation
and back to the normal mode of operation. The implantable medical devices may utilize hysteresis timers in order to determine if entry
and/or exit criteria for the exposure mode are met. The implantable medical devices may utilize additional considerations for entry to
the exposure mode such as a confirmation counter or a moving buffer of sensor values. The implantable medical devices may utilize
additional considerations for exiting the exposure mode of operation and returning to the normal mode, such as total time in the exposure
mode, patient position, and high voltage source charge time in the case of devices with defibrillation capabilities.
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METHODS AND IMPLANTABLE MEDICAL DEVICES FOR AUTOMATIC
ENTRY TO AN EXPOSURE MODE OF OPERATION UPON EXPOSURE TO A
MAGNETIC DISTURBANCE

TECHNICAL FIELD
{HEY This disclosure relates to methods and implantable medical devices that
allow for entry into an exposure mode of operation by the implantable medical device.
More specifically, this disclosure relates to astomatic entry into the exposure mode by

the implantable medical device upon being exposed to a magnetic disturbance.

BACKGROUND
[6602) Implantable medical devices may perform various functions i order to
deliver modes of therapy to a patient. For example, cardiac stimulation devices like
pacemakers and defibrillators may sense electnical physiologic signals in some modes
of therapy in addition to providing electrical pacing signals to one or more chambers
of the heart. Some modes of therapy that sense a physiologic signal then use that
signal when determiming how to control the pacing signal.
3603} Patients that have an implantable medical device may be exposed to
magnetic distarbances like those caused by MRI scans or other medical procedures.
These magnetic disturbances may result in the device sensing signals that are not
actually physiologic but are artificially created by the magnetic disturbances. Ifthe
device is allowed to control the pacing signal based on the sensed artificial signal, then
the pacing signal may be inapproprate or even harmful for the patient. Therefore, it is
commonplace to utilize an exposure mode of therapy during such disturbances. For
example, one type of exposure mode deactivates sensing or stherwise ignores the
sensed signal and paces asynchronously in a pre-defined pacing configuration with a
pre-defined pacing rate. Other types of exposure modes may also be used, such as
inggered pacing by filtering externally produced noise from the sensed signal.
0604} Conventionally, the exposure mode of operation 1s triggered by a clinician

using an external device to conununicate with the unplantable medical device. For
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example, immediately prior to a patient having an implantable medical device entering
an MRI scan, a clinician may program that implantable medical device to euter the
exposure mode. Likewise, upon exiting the MRI scan, the chinician then programs the
implantable medical device to switch back to a normal mode of operation.

LHEIRY This manual process of entering and exiting the exposure mode of
operation presents potential issues. For instance, there is the possibility of human
crror. Should the fact that the patient has an implantable medical device not be
recognized by the personnel respousible for the MRI scan, a clinician may not be
prescnt to program the device to enter the exposure mode. Even if the chinician is
present, there could be a mistake 10 programming the device to enter the exposure
mode. Furthermore, requiring the clinician to be present to program the device 1s an

added expense to the MRI scan procedore.

SUMMARY
(G886 This disclosure address issues such as these and others by providing
methods and implantable medical devices that allow for the implantable medical
device to automatically enter an exposure mode of operation upon being exposed to a
magnetic disturbance such as that from an MRI machine. Accordingly, there is no
need to manually program the device prior to the MR1scan. This disclosure may
additionally provide for automatically exating the exposure mode and switching back
to the normal mode of operation.
(G007 This disclosure provide a method of switching from a normal mode of
operation o an exposure mode of operation for an implantable medical device. The
method mvolves the implantable medical device, while in the normal mode of
operation, periodically detecting whether a magnetic field sensor is producing a first
signal level that suggests a magnetic disturbance is present. Once the magpetic field
sensor produces the first signal level while the implantable medical device 15 1n the
normal mode of operation, the method involves starting an exit test cvele by setting a

hysteresis timer to a hysteresis start value and switching to the exposure made of
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operation. The method further mvolves continuing the exit test cycle by perodically
detecting whether the magnetic ficld sensor produces the first signal level. When it is
detected during the exit test cyele that the magnetic field sensor is producing the first
signal level, the method involves setting the hysteresis timer to the hysteresis start
value. When it is detected during the exit test cycle that the magnetic field sensor is
not producing the first signal level, the method then involves adjusting the hvsteresis
timer by a unit toward the stop value, and when the hysteresis timer reaches the stop
value during the exit test cycle, the methed involves switching to the normal mode of
operation.

(008} This disclosure provides a method of switching from a normal mode of
operation to an exposure mode of operation for an implantable medical device. The
method involves the implantable medical device, while in the normal mode of
operation, pertodically detecting whether a magnetic field sensor is producing a first
signal level that suggests a magnetic disturbance 1s present. Once the magnetic field
sensor produces the first signal level while the implantable medical device is inthe
normal mode of operation, the method mvolves starting an entry test cvele by sctting a
hysteresis timer o a hysteresis start value and adjusting a confirmation counter by a
unit from a confirmation start value toward a target value. The method further
mvolves continuing the entry test cvele by periodically detecting whether the maguaetic
field sensor produces the first signal level. When it 1s detected during the entry test
cvele that the magnetic field sensor 1s producing the first signal level, the method
mvolves setting the hysteresis timer to the hysteresis start value and adjusting the
confirmation counter by a unit toward the target value. When it is detected during the
entry test cvele that the magnetic field sensor is not producing the first signal level, the
method then involves adjusting the hysteresis timer by a unit toward the stop value and
adjusting the confirmation counter by a umt toward the target value. When the
hysteresis timer reaches the stop value during the entry test cycle, the method involves
setting the confirmation counter back to the confirmation start value, and when the
confirmation counter reaches the target value during the entry test cvele, the method

mvolves switching 1o the exposure mode of operation.
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G009 This disclosure provides a method of switching between a normal mode of
operation and an exposure mode of operation for an iroplantable medical device. The
method involves the implantable medical device, while 1n the normal mode of
operation, detecting over a first period of time a first aggregated amount of time that a
magnetic ficld sensor signals that a magnetic disturbance is present. The method also
mvolves comparing the first aggregated amount of time to a first threshold, and when
the first ageregated amount of time exceeds the first threshold, the method then
involves switching to the exposure mode of operation for the implantable medical
device,
{3816} This disclosure provides an implantable medical device that includes a
magnetic field sensor and a controller that selects between a normal mode of operation
and an exposure mode of operation. The controller is configured to, while in the
normal mode of operation, periodically detect whether the magnetic field sensor is
producing a first signal level that suggests a magnetic disturbance s present. Once the
magnetic field sensor produces the first sigonal level while the implantable medical
device 1s 1o the normal mode of operation, the controller is contigured to start an exit
test cycle by setting a hysieresis timer to a hysteresis start value and switching 1o the
exposure mode of operation. The controller is configured to continue the exit test
cycle by periodically detecting whether the magnetic field sensor produces the first
signal level. When 1t is detected during the oxit test cycle that the magnetic ficld
sensor is producing the first signal level, the controller sets the hysteresis timer to the
hysteresis start value. When it 15 detected during the exit test cycle that the magnetic
ficld sensor 1s not producing the first signal level, the controlier adjusts the hysteresis
timer by a umif toward the stop value. When the hysteresis timer reaches the stop value
during the exat test cycle, the controller switches to the normal mode of operation.
[6011] Thig disclosure provides an implantable medical device that includes

a magnetic field sensor and a controller that selects between a normal mode of
operation and an exposure mode of operation. The controlier 1s configured to, while in
the normal mode of operation, periodically detect whether the magnetic field sensor is

producing a first signal level that suggests a magnetic disturbance s present. Ounce the
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magnetic field sensor produces the first signal level while in the normal mode of
operation, the controller is configured to start an entry test cycle by setting a hysteresis
timer to a hysteresis start value and adjusting a confirmation counter by a unit from a
confirmation start value toward a target value. The controller is configured to continue
the entry test cvele by periodically detecting whether the magnetic field sensor
produces the first signal level. When 1t 1s detected dunng the entry test cycle that the
magnetic field sensor is producing the first signal level, the controller sets the
hysteresis timer to the hysteresis start value and adjusts the confirmation counter by
the unit toward the target value. When it is detected during the entry test cycle that the
magnetic field sensor is not producing the first signal level, the controller adjusts the
hysteresis timer by the unit toward the stop value and adjusts the confirmation counter
by the unit toward the target value. When the hysteresis timer reaches the stop valae
during the entry test cycle, the controller sets the confirmation counter back to the
confirmation start value. When the confirmation counter reaches the target value
during the entry test cycle, the controller switches to the exposure mode of operation.
[G012] This disclosure provides an implantable medical device that includes

a magnetic tield sensor and a controller that selects between a normal mode of
operation and an exposure mode of operation. The controller is configured to, while m
the normal mode of operation, communicate with the magnetic field sensor to detect
over a first period of time a first aggregated amount of time that the magnetic ticld
sensor signals that a magnetic disturbance is present. The controller 1s further
configured to compare the first aggregated amount of time to a first threshold and
when the first aggregated amount of time exceeds the first threshold, the controller
then switches 1o the exposure mode of operation for the implantable medical device.
3613} This summary 1s intended o provide an overview of the subject matter
described in this disclosure. I is not mtended to provide an exclusive or exhaustive
explanation of the techniques as described in detail within the accompanying drawings
and description below. Further details of one or more examples are set torth in the

accompanying drawings and the description below. Other features, objects, and
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advantages will be apparent from the description and drawings, and from the

staterments provided below.

DESCRIPTION OF THE DRAWINGS
[6014] FIG. 1 shows an example of an implantable medical system that may
operate according to various examples disclosed herein.
{0815} FIG. 2 shows an example of components of the implantable medical
system.
816§ FIG. 3 shows one example of operations that may be performed by an
implantable medical device to automatically enter an exposure mode of operation
based on a magnetic ficld sensor and then automatically exit by asing the magnetic
field sensor together with a hysteresis timer,
6617} FIG. 4 shows an overview of operations that may be pedformed by an
implantable medical device by utilizing entry and exit criteria to automatically enter
and exit an exposure mode of operation.
THUEY FIG. 5 shows one example of operations that may be performed by an
wplantable medical device to assess entry criteria and exit criteria in order to
automatically enter and exit an exposure mode of operation.
[6G19] FI1G. 6 shows a timeline of states of the magnetic sensor when
cncountering a magnetic disturbance and shows comresponding timclines of a
hysteresis timer and a confirmation counter that result m entry to and exit from an
exposure mode of operation.
G620 FIG. 7 shows a first exarmaple of operations that may be performed by an
wmplantable medical device to implement the hystercsis timer and confirmation
counter in order to automatically enter and exit an exposure mode of operation.
[6621] FiG. 8 shows a second example of operations that may be performed by an
implantable medical device to implement the hysteresis timer and confirmation
counter in order 1o automatically enter and exit an exposure mode of operation, where

the hysteresis timer and/or confirmation counter may be variable.
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{06622} FIG. 9 shows a third example of operations that may be performed by an
tmplantable medical device to mmplement the hysteresis timer and confirmation
counter in order to automatically enter and exat an exposure mode of operation, where

additional exit criteria are considered in order to antomatically exit the exposure mode.

DETAILED DESCRIPTION
{0623} This disclosure provides the ability for an implantable medical device to
automatically enter and exit an exposure mode of operation when in the presence of a
magnetic disturbance like that of an MRI machine. Accordingly, these examples may
be used as a manner of streamlining the MRI process, avoiding the need for manual
programming by a clinician to switch from a normal mode to the exposure mode and
then back to the normal mode. Furthermore, one or more examples may serve as a
fail-safe m situations where a clinician may still be used for manmual programming
should the chimician make a mistake.
{06824} FIG. 1 shows an example of an implantable medical system according to
cxamples disclosed herein. A patient receives an implantable medical svstem 100
which, in this example, implantable medical system 100 includes an implantable
medical device 102 that has the ability to perform electrical sensing and pacing. The
implantable medical device (IMD) 102 may be of varicus types and some of those
types may offer additional functionality such as defibriliation and/or cardiac
resynchronization therapy. The IMD 102 may even be primanily for non-pacing
functions like defibrillation and/or cardiac resvnchronization although may include the
ability to pace if nceded. A collection 108 of electrical components is mcluded to
provide these functions. Examples may include additional or entirely different
functions as well.
[6625) The implantable medical system 100 in some cases may be without any
clectrical lcads and as well as with one or more clectrical leads 104, The electrical
lead(s) 104 are electrically connected to the IMD 102 via proxamal contacts 110 on the

leads 104 and electrical connectors 112 of the IMD 102. The leads 104 include
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clectrodes 106 on a distal end that imterface with the body tissue to capture electrical
physiologic signals or deliver electrical pacing signals.

[(3026] Additionally, in some cases the implantable medical svstem 100 may
include external devices 114 such as hand-held controllers that are capable of
communicating wirclessly with the IMD 102, The wireless communications may be
near field, arm’s length, far field and the hike as 15 shown n the art. The extemnal
device 114 may generate commands to the IMD 102 to request mformation about the
IMD 102 and/or to instruct the IMB 102 to operate m a particular way. In particular,
n some cases the external device 114 may be used to manually switch the IMD 102 1o
enter an exposure mode of therapy. However, the IMD 102 has the ability to
automatically detect magnetic disturbances and then automatically enter and exit an
exposure mode of therapy.

[6627) FIG. 2 shows an cxample of components of an IMD 102, The IMD 102
may include a housing 202 that contains the various components. The IMD 102
includes a controller 204 that may control the operations of the IMD 102 by
communicating with other components. The controller 204 may be of various forms
such as a general purpose programmable processor, a dedicated purpose processor,
hardwired digital logic, and the like. The controller 204 may also include internal or
external memory having computer-readable instractions that, when executed by
controller 204, cause controlier 204 to perform various operations attributed to it in
this disclosure. The memory may include any volatile, non-volatile, magnetic, optical,
or clectrical media, such as a random access memory {RAM]}, read-only memory
(ROM), non-volatile RAM (NVRAM), static non-volatile RAM (SRAM), clectnically-
erasable programmable ROM (EEPROM), flash memory, or any other non-transitory
computer-readable storage media.

[6G28] The IMD 102 may include telemetry 206 to conmununicate wirelessly with
cxternal devices such as the external device 114, As discussed above, the IMD 102
may communicate via one or more types of wireless communications including near
field, arm’s length, far ficld and the like. For instance, the telemetry 206 may include
inductive coupling for near field or arm’s length, or may include radio frequency far

8
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field functions such as those operating in the Medical Implant Communication Service
{MICS) band.

[3029] The IMD 102 also includes a therapy device 208 that may include one or
more engines for providing various therapy functions. For mstance, the therapy deviee
208 may include a configurable pacing engine 212 that may pace one or more
chambers of the heart via corresponding electrodes 106 of the lead 104, The therapy
device 208 may inclade a configurable sensing engine 214 to sense from one or more
chambers of the heart. Likewise, depending upon the type of IMD 102, the therapy
device 208 may inchude a defibrillation energy source 216 capable of providing high
voltage defibuillation shocks. Again depending upon the type of IMD 102, the therapy
device 208 may mchude a cardiac resynchromization engine 218 capable of providing
cardiac resynchronization signals.

16036 Additionally, the IMD 102 may mclude one or more magnetic ficld sensors
210 for detecting magnetic disturbances. For instance, Hall Effect sensors may be
used to detect that a magnetic field of a particular intensity is present. This
mformation from the sensor may be considered by the controller 204 when
determiming whether to enter or exit the exposure mode.

(3031 In some examples, the IMD 102 may also include a position sensor 220,
An example of a position sensor 220 may be an accelerometer that has one or many
axes of detection. The position sensor 220 provides information to the countroller 204
regarding the physical position of the patient having the IMD 102, such as whether the
patient is In 4 prone or suping position versus an upright position.

[6032] Examples of operations performed by the controller 204 are discussed
below in relation to FIGS. 3-10. In cach nstance, the controller 204 commumicates
with the magnetic field sensor 210, In the example of FIG. 10, the controller 204 also
commumnicates with the position sensor 220, Additionally, the controller 204 may
mmplement timing mechanisms such as a hysteresis timer, a confirmation
counter/timer, a moving buffer of time, and the like to accomplish the analysis for

entering or exiting exposure mode.
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{6833} FIG. 3 shows an example 300 of logical operations that may be
tmplemented to quickly enter an exposurc mode automatically, which in this example
is referred to as a magnet mode that applies for both device programmming and other
magnetic related situations like MRI scans. It will be appreciated, especially from
turther reading below in relation to FIG. 4, that examples may provide a magnet mode
for programmung purposes and then another exposure mode bevond magnet mode for
such situations as an MRI scan.

6034} The operations 300 begin at a status operation 302 where the controlier 204
begins obtaining the status of the magnetic field sensor 210 on a penodic basis. For
instance, the sensor 210 may be polled once every second. At a query operation 304,
the controller 204 detects whether the sensor 210 is producing a signal that mdicates
that a magnetic ficld is present, for instance a HIGH state. If the sensor signal isnot a
HIGH state, which indicates no magnetic field is present, the status check simply
repeats at the next polling time. However, when the sensor signal is HIGH, the
controller 204 immediately enters the exposure mode (i.¢., magnet mode in this
cxamplie).

[B035] Once m the magnet mode, the controller 204 then starts a hysteresis timer
at a start valoe, such as a maximum value for countdown purposes. In one example,
the hysteresis timer may be set to 30 seconds while in another exarpie the hysteresis
timer may be set to some amount higher or lower than 30 seconds. 30 seconds bas
been found to be a practical example. Starting of the hysteresis timer then begins an
exit test cycle where exit criteria may be examined repeatedly until it is determined
that the device should exit the exposure mode and switch back to the normal mode of
operation.

3636} During this exit test cvcle, the controller 204 continues to poll the sensor
210 and determine if the sensor 210 s in the HIGH state at a query operation 308,
Fach tiroe that the sensor 210 is polled and retums a HIGH signal value, the controller
204 then sets the hvsteresis counter back to its start value at the operation 306, Each
time that the sensor 210 is polled and returns a non-HIGH signal valoe, the controller

204 then adjusts the hystercesis timer by a wnit of time 1 the direction of a stop value
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{c.g., decrement by 1 second} and also determines if the hysteresis counter has expired
by reaching the stop value. For instance, if the hysteresis start value 1s 30 seconds, the
stop value may be zero such that the hysteresis counter must be decremented to zevo in
order to expire. If the hystercsis timer has not yet expired, then the sensor 210 1s
polled again at the next polling time at the query operation 308. However, once the
hysteresis fimer has expired at the query operation 310, the controller 204 then exits
the exposure mode and switches back to the normal mode of operation.

{6837} In this manner, the device will remain in the exposure mode for at least the
ampount of time between the hysteresis timer start value and hystercsis timer stop
value. To the extent the sensor 210 goes high one or more times after mnitially being in
the HIGH state at the moment of switching to the exposare mode, then the exposure
mode will persist even longer. This prevents rapid switching back and forth between
the exposure mode and the normal mode of operation, which provides a steadier
delivery of therapy to the patient but also accounts for sensor toggling that is tvpical
during an MRI scan, especially during entry to and exit from the MRI scan room
where patient movement relative to the MRI machine causes sensor fluctuation. An
example of this toggling 1s shown below n FIG. 7 10 relation to the examples of FIGS.
8-10. However, this toggling is addressed by the example of FIG. 3 as well.

[6G38] FIG. 4 shows an example 400 of operations at a high level to ilhustrate the
use of multiple modes to handle magnetic disturbance, where the exposure ode may
have both entry and exit critena for purposes of automatically switching modes. The
device 102 has the normal mode state 402. When the sensor 210 provides a signal
level {c.g., HIGH) that suggests a magnetic field is present, the device 102 may
mmediately enter the magnetic mode of operation 406, which may ready the device
for programming.

[6G39] Regardless of whether a magnet mode 15 vsed or not, once the sensor 210
provides the HIGH signal, the controller 204 begins an entry test cycle by assessing
the entry criteria for entering the exposure mode at the query 408 If the entry criteria
are not vet met, the entry test cyele contimies by periodically polling the sensor 210.

Once the entry criteria are met, the controller switches to the exposure made of
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operation {also referred to herein as SureScan operation) at the exposure mode state
410. The controller then begins an exit test cycle by continuing to periodically poll the
sensor 210 and assess whether exat eriteria are met at a guery operation 412, Once the
exit criteria are met, the controller 204 then returns the device 102 o the normal mode
of operation at the normal mode state 402.

[6648] FIG. 5 shows an example 500 of using entry and exit criieria. In this
particular example, 1t 18 further recognized that the sensor 210 toggles during entry to
and exit from the MR scan room, and this phenomenon s used to trigger the exposure
mode. Initially, the controlicr 204 is polling the scusor 210 at a polling terval such
as one second while in the normal mode of operation at an operation 502, The
controller 204 detects whether the signal from the sensor 210 is of a value such as
HIGH that indicates that a magnetic field is present at a query operation 304, if not,
then the controlier 204 records the status for a moving buffer of some amount of time
such as 60 seconds at an operation 506 and then polls the sensor 210 at the next polling
fime.

G041 When the controller 204 determines that the signal 1s HIGH, then the
controller 204 again records the sensor status within the moving 60 second buffer at an
operation 508 and begins an entry test cycle by continuing to periodically poll the
sensor 210. At a query operation 510, the controller 204 again detects if the sensor
21018 HIGH. When the sensor 210 is HIGH, the controlier 204 records the status to
the moving buffer at an operation 512, The controller 204 then determines whether the
sensor 210 has been HEGH for an adequate amount of time within the moving buffer at
a query operation 514 1o order to determine whether switching to the exposure mode is
appropriate. For example, the controller 204 may determune if the aggregated amount
of time that the sensor 210 has been HIGH within the amount of time represented by
the moving buffer mects a threshold. For instance, the controller 204 may determine iof
the sensor 210 has been HIGH for at least 3% of the time during the last 60 seconds.
Additionally, or alternatively, the controller 204 may mstead determine from the

moving buffer whether the sensor 210 has been HIGH for a continucus amount of time
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such as 30 seconds. Once the entry criteria are met, the controller 204 then swiiches to
the exposure mode at the operation 516.

3042] Returnmg to querv operation 310, 1f the sensor 1s not HIGH, the controller
204 again records the status to the moving buffer at an operation 518. The controller
204 then detects whether the sensor 210 has been off (1.e., non-HIGH) continuously
for some threshold amount of time such as 30 seconds at a query operation 520, Ifthe
sensor has not been off continuously for the threshold amoant of time, then polling
continues at the guery operation 510, 1f the sensor 210 has been off continuously for
the threshold amount of time, then the controller 204 switches from the exposure mode
back to the normal mode, if the device 1s currently i the exposure mode, and clears
the moving buffer at an operation 522, The controller 204 then continues to poll the
sensor 210 while 1o the normal mode of operation at the operation 502.

THIZRY FIG. 6 shows an example of a sensor signal 602 with respect to time and a
corresponding example of both a hvsteresis timer 604 and a confirmation timer/counter
606. The sensor signal 602 has both a LOW/OFF state 608 and a HIGH state 610.

The HIGH state 610 suggests the presence of 3 magnetic ficld, as the sensor signal 602
remaims in the LOW state 608 when no magnetic field is present. When a patient
enters and exits the MRI scan room, as well as while mostly stationary in the MRI scan
room, the sensor 210 may produce a signal 602 that toggles between the HIGH state
610 and the LOW state 608 as shown. Thus, it 1s not satisfactory to simply toggle the
exposure mode on and off in accordance with the state of the signal 602, Instead, the
goal 1s to have the exposure mode persist for at least the entire time the patient is in the
MEI scan room.

044} One example of doing so mvolves the controller 204 using a hvsteresis
timer 604 and a confirmation timer/counter 606, The hystercsis timer 604 is setto a
start value 612, in this example 30 seconds, each time the controlier 204 sees a HIGH
signal value 610 when polling the sensor 210 to begin an entry test cycle. The
hysteresis fimer 604 is adjusted toward a stop value by a unit, in this example
decremented one second toward the stop value of zero, each time the controller 204

sees a LOW signal value 608 when polling the sensor 218, The adjustment to the
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hysteresis timer 604 is evident from the diagonal sections 614 of timer 604 occurring
during the LOW scusor states 608, While there is a 30 second span from the start
value 612 to the stop value with 1 second decrements, 1t will be appreciated that other
values may be used instead. However, a 30 second span is believed to be effective in
many ¢ases.

(6645} Meanwhile, the controller 204 adjusts the confirmation counter/timer 606
by a unit toward a target value cach time the controller 204 polls the sensor 210 In
this particular example, the controller 204 increments the confirmation counter/timer
606 by 1 sccond, starting from zero, toward the target valuc 616 of 45 seconds. The
target value 616 could be some other value, but 43 seconds 1s believed to be effective
in many cases. 1he controller 204 continacs to increment the confirmation
counter/timer 606 until either reaching the target value 616 or until the hysteresis timer
604 has fallen to zero. If the hysteresis timer 604 falls to zero hefore the confirmation
counter/timer 606 has reached the target value 616, then the controller 204 does not
switch to the exposure mode yet. However, as soon as the sensor signal 602 goes to
HIGH 610, the hysteresis counter 604 and confinmation counter/timer 606 start again
at the respective start values in another atternpt (o meet the entry critenia of the
confirmation counter/timer 606 reaching the target value 616.

[(3046] Once the confirmation counter/timer 606 does reach the target value 616,
the controfler 204 begins an exit test cyele by continuing to periodically poll the sensor
210 and adjust the hysteresis timer 604 by 1 unit of time toward the stop value {¢.g.,
decrement by one second} during a LOW state 608 and st the hysteresis fimer 604
back to the start value 612 during a HIGH state 610. The confirmation counter/timer
606 1s mamntained at the target value 616 as the exposure mode continues regardiess of
the fluctuations or even steady drops as shown at 620 in the hysteresis timer 604.
However, once the hysteresis timer 604 reaches zero during the exit test cycle, the
confirmation counter/timer 606 is cleared back to the start value (¢.g., zero) and the
controller 204 switches back to the normal mode of operation.

{6647} A first example 700 of operations performed by the controller 204 to

tmplement the hysteresis timer 604 and the confirmation counter/timer 606 and to
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bring about the automatic switching between normal and exposure modes of operation
is shown 1o F1G. 7. Instially, the controller 204 obtamns the status of the sensor 210 at
an operation 702. The controller 204 then determines whether the signal from the
sensor 210 suggests the presence of a magnetic disturbance (i.e., 1s HIGH) at a query
operation 704, If the status is not HIGH, then the controller 204 continues pericdically
poliing the sensor 210, If the status 1s HIGH, then the controlier 204 starts the
confirmation and hysteresis timers at the operation 706 by setting the hvsteresis timer
to the hysteresis start value and incrementing the confirmation timer from the
confirmation start value.

{048} The controiler 204 begins the entry test cyvele by continuing to periodically
poll the sensor 210 at the gaery operation 708 to determine if the sensor signal is
HIGH. If the sensor signal 1s HIGH, then the controller 204 detects whether the entry
criteria for switching to or maintaining the exposure maode of operation has been met at
aguery operation 710, Here, the controller 204 is determining 1f the confirmation
counter/timer has reached the target value. If the criteria has been met, then the
controller 204 sets the hysteresis timer back to the start value and switches to exposure
mode if currently 1 entry test cvele of the normal mode or maintains exposure mode if
already in the exit test cycle of the exposure mode at an operation 712, If the criterta
have not been met, meaning the confirmation counter/timer has not vet reached the
target value, then the controller 204 sets the hysteresis timer back to the start value and
adjusts the confirmation timer by a unit toward the target value (e, morements by one
second}) at an operation 714,

(G049 Returning to the query operation 708, where the sensor signal is not HIGH,
the controller 204 then adjusts the hysteresis timer by one unit of time toward the stop
time {i.¢., decrements by one second} and determines whether the hysteresis timer has
cxpired by reaching the stop value (i.e., zero) at the query operation 718, Ifthe
hysteresis timer has not expired, then the controlier 204 increments the confirmation
fimer at an operation 716 and then continucs to periodically poll the sensor 210 at the
query operation 708, If the hysteresis timer has expired, then the controller 204 exits

from the exposure mode if currently in the exit test cycle of the exposure mode at an
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operation 720. Regardless of the current mode, the controller 204 also clears the
hysteresis timer and the confirmation counter/timer at the operation 720, and then
proceeds to obtain the sensor status again at the operation 702,

(3650} FIG. 8 shows a second example 800 of using the hysteresis timer and the
confirmation counter/timer to allow for automatic switching to and from an exposure
mode of operation. The example 800 is identical to the example 700 of FIG. 7
discussed above, except that in the example 800, the hysteresis start value and the
confirmation target value are dynamically assigned rather thao being a pre-defined
value that 15 used on everv entry test cyele. Thus, after the controller 204 has detected
a HIGH signal value from the sensor 210 at the query operation 704, the controller 204
accesses sensor toggle data 802 when deciding what the hysteresis start value and/or
confirmation counter/timer target value should be at the operation 706 for this
particular entry test cycle. For example, the sensor toggle data 802 may be data that
the controlier 204 has collected by polling the sensor 210 over some amount of time
preceding the current entry test eycle.

G051 Yarious situations may have occurred that result in the controller 204
choosing a particular value for the hystercsis timer. As one example, the controller
204 may determine that a particular hysteresis start value should be lower than on
previous attempts where the confirmation timer achieved the target value only to have
the hysteresis timer achieve zero in the shortest time possible thereatier and quickly
ferminate exposure mode, suggesting that this prior situation was not a real MRT scan
scenarto and that the prior setting for the hysterests timer was too high which allowed
for an unnecessary switch to exposure mode. In such a scenario, the controller 204
may additionally or altemativelv determine that the confirmation target value was too
low on the prior attempts and set the confirmation target vahie to a higher value for the
current attempt. Likewise, the controller 204 may make the oppostte determination
where it may have taken multiple resets of the confirmation counter to achieve the
exposure mode but the exposure mode then lasted for a significant amount of time,
suggesting that the hysterests start value may have been too low and/or the

confirmation target value may have been too high.
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{6852} FIG. 9 shows a third example 900 of using the hysteresis timer and the
confirmation counter/timer to allow for automatic switching to and from an exposure
mode of operation. The example 900 1s identical to the example 700 of FIG. 7
discussed above, except that in the example 900 there are additional exit eniteria
besides the bysteresis timer. The example 900 shows how one or more of three
separate considerations may be a factor in deciding whether to exit the exposure mode
of operation.

{6853} The first additional consideration relates to the total amount of time that the
device has been in the exposure mode of operation. At cach polling attempt of the
sensor during the exposure mode of therapy, an exposure mode timer that keeps track
of the total time in exposure mode is implemented. Thus, upon the controller 204
determining that there is a HIGH sensor signal at the query operation 704, the
controller 204 then starts the exposure mode timer (referred to as a Total SureScan
Timer} at a mode start value (¢.g., zero) at an operation 7067 in addition to starting the
hysteresis timer at the start value and incrementing the confirmation counter/timer.
Then, when starting or continuing the exposure mode at the operation 7127, the
controfler 204 also adjusts the exposure mode timer by one unit of time toward or
beyond a threshold value {e.g., increments by one second) in addition to sething the
hysteresis timer back to the start value. Likewise, at an operation 716°, the controller
204 adjusts only the exposure mode timer by a unit of time when in the exposure mode
and thus during the exit test cyele while the controller 204 adjusts only the
confirmation counter/timer by a unit of time when in the normal mode and thus during
the entry test cvele. The controller 204 thercby keeps track via the exposure mode
timer of the total time 1n the exposure mode.

13054] Upon the controller 204 determining that the hysteresis timer has expired
by reaching zero at the query operation 718, the controller 204 then performs another
query operation 902 before deciding to exit exposure mode or clear the confirmation
counter when still in the entry test cycle of the normal mode. Varnous factors may be
considered at the query operation 902, For instance, the controller 204 may determine
whether the total time in exposure mode is less than the threshold. Additionally or
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alternatively, the controller 204 may determine whether the patient is in a prone or
supine position by communicating with the position sensor 220, In the case of an IMD
102 with detibrillation capabilities, the controller 204 may determine whether the time
to charge a high voltage source to a given amount of energy, such as one foule, 18
greater than a threshold.

16035] Any one of these factors may be considered alone at query operation 902
and if the controlier 204 finds that the condition is met, the controller 204 scts the
hysteresis timer back to the start value at an operation 904 to continue with the
cxposure made or the attempt to enter the exposure mode. Alternatively, all of these
additional factors may be considered together at the query operation 902 and if the
controlier finds that all of the conditions are met, then the controlier 204 sets the
hysteresis timer back to the start vahie at the operation 904, For example, in a non-
defibrillation device, if both the total exposure mode time is less than the threshold
{c.g., 3 hours} and the patient is 11 a prone or supine position or lateral decubitus, then
the hysteresis timer is set back to the start value and the cuorrent mode carries on. Ag
another example, in a defibrillation-capable device, f the total exposure mode time is
less than the threshold, the patient 1s in the prone or supine position, and the charge
time 18 greater than the charge time threshold, then the hysteresis timer is set back to
the start value and the current mode carries on.

16036] Once the condroller 204 determines at the query operation 902 that the
additional condition{s} 1s/are not mei, then the controller 284 switches to the normal
mode if currently in the exposure mode at the operation 7207, The controller 204 also
clears the hysteresis timer, the confirmation counter/timer, and the exposure mode
timer to prepare for future attempts to meet the entry critenia for switching back to the
exposure mode.

[6657) While examples have been particolarly shown and described, 1t will be
understood by those skilled m the art that vanous other changes in the form and details

may be made therein without departing from the spirit and scope of the invention.
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What 1s claimed is:

I. An implantable medical device comprising:
a magnetic field sensor; and
a controller that selects between a normal mode of operation and an exposure mode
of operation, the controller being configured to:

while in the normal mode of operation, periodically detect whether the
magnetic field sensor is producing a first signal level that suggests a magnetic
disturbance is present;

once the magnetic ficld sensor produces the first signal level while m the
normal mode of operation, start an entry test cvele by setting a hysteresis timerfo a
hysteresis start value and adjusting a confirmation counter by a unit from a
confirmation start value toward a target valug;

continue the entry test cycle by periodically detecting whether the magnetic
field sensor produces the first signal level;

when it is detected during the entry test cycle that the maguoetic ficld sensor
18 producing the first signal level, set the hysteresis timer to the hysteresis start
value and adjust the confirmation counter by the unit toward the target value;

when it is detected during the entry test cycle that the magnetic field sensor
is not producing the first signal level, adjust the hysteresis timer by the voit toward
the stop value and adjust the confirmation counter by the unit toward the target
value;

when the hysteresis timer reaches the stop valuc during the entry test cvele,
set the confirmation counter back to the confirmation start value; and

when the confirmation counter reaches the target value during the eniry test

cvele, switch to the exposure mode of operation.

2. The implantable medical device of claim 1, wherein the controlier is further

configured to:



WO 2017/189799 PCT/US2017/029758

while in the exposure mode of operation, start an exit test cyele by periodically
detecting whether the magnetic ficld sensor produces the first signal level;

when it 1s detected during the exit test cycle that the magnetic field sensor 1s
producing the first signal level, set the hysteresis timer to the hysteresis start value;

when it 1s detected during the exit test cycle that the magnetic field sensor 1 not
producing the first signal level, adjust the hysteresis timer by the unit toward the stop
value; and

when the hysteresis timer reaches the stop value durtng the exit test cyele, switch

1o the exposure mode of operation.

3. The implantable medical device of claim 2, wherein the controller 1s firther
configured to:

dunng the exit test cyele, set an exposure mode timer to a mode start value;

for each instance of detecting whether the magnetic field sensor produces the first
signal, adjust the mode timer by a mode unit toward or bevond a threshold value; and

when the hysteresis timer reaches the stop value and the mode timer has reached

the threshold value, switch to the normal mode of operation.

4 The implantable medical device of any one of claims 2 or 3, further comprising a
position sensor that indicates a position of the patient that has the implantable medical
device, wherein the controller is further configured to:

during the exit test cycle, monmitor the position sensor; and

when the hysteresis timer reaches the stop value and the position sensor indicates
that the patient is not in a prone or suping position, swiich to the normal mode of

operation.

5 The implantable medical device of any one of claims 24, further compusing a
high voltage source for a defibrillation function of the implantable medical device,

wherein the controller is further configared to:
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during the exit test cycle, monitor a charge time requured to charge the high voltage
source by a pre-defined amount of energy; and
when the hysteresis timer reaches the stop value and the charge time does not

exceed a charge time threshold, switch to the normal mode of operation.

6. The implantable medical device of any one of claims 2-5, further compusing a
position sensor that indicates a position of the patient that has the implantable medical
device, wherein the controller is further configured to:

during the exit test cycle, set an exposure mode timer to a mode start value and
monitor the position sensor;

for cach mstance of detecting whether the magnetic ficld sensor produces the first
signal, adjust the mode timer by a unit of time toward a threshold vahie; and

when the hysteresis timer reaches the stop value, the mode timer has reached the
threshold value, and the position sensor does not indicate that the patient is in a prone or

suping position, switch to the normal mode of operation.

7. The implantable medical device of any one of claims 7-6, further compnsing:
a position sensor that indicates a position of the patient that has the implantable
medical device; and
a high voltage source for a defibrillation function of the implantable medical
device, wherein the controller is further configured to:
during the exit test cycle, set an exposure mode timer to a mode start value,
monitor a position sensor that indicates a position of the patient that bas the
implantable medical device, and monttor a charge time required to charge a high
voltage source for a defibrillation fimetion of the implantable medical device;
for each mstance of detecting whether the maguaetic field sensor prodaces
the first signal, adjust the mode timer by a unit of time toward or bevond a
threshold value; and
when the hysteresis timer reaches the stop value, the mode timer has

reached the threshold value, the position sensor does not indicate that the patient is

21



WO 2017/189799 PCT/US2017/029758

in a prone or supine position, and the charge time does not exceed a charge time

threshold, switch to the normal mode of operation.

8. The implantable medical device of any one of claims 17, farther comprising
setting the hysteresis start value based on toggling data of the magnetic field sensor

captured prior {o entering the entry test cvcle.

9. The wmplantable medical device of any one of claims 1-8, wherein the magnetic

field sensor 1s a Hall Effect sensor.

10.  The implantable medical device of any one of claims 1-9, the controller being
further configured to:

while in the normal mode of operation, communicate with the magoetic field
sensor to detect over a first period of time a tirst aggregated amount of time that the
magnetic ficld sensor signals that a magnetic disturbance is present;

detect the first aggregated amount of time exceeds a first threshold; and

switch to the exposure mode of operation for the mmplantable medical device when

the first aggregated amount of time exceeds the first threshol.
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