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(54) System and method for detecting hypoglycemia based on a paced depolarization integral 
using an implantable medical device

(57) Techniques are provided for use with an implant-
able medical device such as a pacemaker or implantable
cardioverter/defibrillator (ICD) for predicting and detect-
ing hypoglycemia. In one example, the device tracks
changes in a paced depolarization integral (PDI). A sig-
nificant increase in PDI over a relatively short period of
time indicates the onset of hypoglycemia (this can also
be confirmed with QT changes). Upon detection of hy-
poglycemia, appropriate warning signals are generated
to alert the patient. Certain therapies automatically pro-
vided by the implantable device may also be controlled
in response to hypoglycemia. For example, if the patient
is an insulin-dependent diabetic and the implantable de-
vice is equipped with an insulin pump capable of deliv-
ering insulin directly into the bloodstream, insulin delivery
is automatically suspended until blood glucose levels re-
turn to acceptable levels. If the device is an ICD, it may
be controlled to begin charging defibrillation capacitors
upon detection of hypoglycemia so as to permit prompt
delivery of a defibrillation shock, which may be needed
if hypoglycemia triggers ventricular fibrillation. The de-
tection techniques may be used in conjunction with other
hypoglycemia detection techniques to improve detection
specificity.
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Description

Field of the Invention

[0001] The invention generally relates to implantable
medical devices such as pacemakers and implantable
cardioverter/defibrillators (ICDs) and, in particular, to
techniques for detecting hypoglycemia using such devic-
es, especially within diabetics.

Background of the Invention

[0002] Hypoglycemia (i.e. abnormally low blood glu-
cose levels) is believed to be the cause of death in about
three percent of insulin-treated diabetic patients. The pu-
tative mechanism for death due to hypoglycemia is a hy-
poglycemia-induced prolongation of the QT interval of
the intracardiac electrogram (IEGM), which increases the
risk of malignant ventricular tachycardia. See, for exam-
ple, Eckert et al., "Hypoglycemia Leads to an Increased
QT Interval in Normal Men," Clinical Physiology. 1998.
Volume 18, Issue 6, Page 570 and Heller, "Abnormalities
of the Electrocardiogram during Hypoglycaemia: The
Cause of the Dead in Bed Syndrome," Int. J. Clin. Pract.
Suppl. 2002 Jul; (129): 27-32. Note that QT interval rep-
resents the portion of the IEGM between the beginning
of ventricular depolarization and the end of ventricular
repolarization. Ventricular depolarization is manifest
within the IEGM as a QRS complex (also referred to as
an R-wave.) The QRS complex usually follows an atrial
depolarization (also referred to as a P-wave.) Ventricular
repolarization is manifest within the IEGM as a T-wave.
Strictly speaking, P-waves, R-waves and T-waves are
features of a surface electrocardiogram (ECG). For con-
venience and generality, the terms R-wave, T-wave and
P-wave are used herein (and in the literature) to refer to
the corresponding internal signal components as well.
[0003] In adults, if not treated properly, severe hy-
poglycemia may result in coma and irreversible brain
damage. McCarthy et al., "Mild hypoglycemia and im-
pairment of brain stem and cortical evoked potentials in
healthy subjects." Department of Pediatrics, Yale Uni-
versity School of Medicine, New Haven, Connecticut
06510.
[0004] Even in cases where hypoglycemia does not
cause severe consequences, it is often the limiting factor
in achieving good glycemic control in patients with dia-
betes, particular insulin-depended diabetics. In this re-
gard, patients sometimes refrain from taking prescribed
dosages of insulin for fear that the insulin might trigger
an episode of hypoglycemia, which can be unpleasant.
Failure to take the prescribed insulin prevents the patient
from maintaining glycemic levels within a healthy range,
thus often leading to additional health problems.
[0005] Hypoglycemia is also a serious and frequent
problem in patients suffering hyperinsulinism, wherein
the body generates too much insulin, thereby triggering
episodes of hypoglycemia even if an otherwise sufficient

amount of sugar or other glucose-generating substances
are ingested. Medications appropriate for addressing hy-
perinsulinism includes sulfonylureas, meglitinides,
biguanides, thiazolidinediones, or alpha glucosidase in-
hibitors.
[0006] In view of the adverse consequences of hy-
poglycemia, particularly within insulin-dependent diabet-
ic patients, it is highly desirable to provide techniques for
detecting hypoglycemia within such patients and auto-
matically delivering appropriate therapy or warning sig-
nals. It is known that hypoglycemia can be detected
based on observation of changes in the QT interval ob-
served within an ECG, as well as based on observation
of dispersion of QT intervals within the ECG (based on
studies involving experimental hypoglycemia within
adults with type 1 diabetes, i.e. diabetes wherein the body
does not make insulin or at least doe not make enough
insulin.) Studies in diabetics have also shown that hy-
poglycemia can be detected based on observation of a
significant lengthening of the QTc interval occurring dur-
ing spontaneous nocturnal hypoglycemia. See, Robin-
son et al., "Changes In Cardiac Repolarization During
Clinical Episodes Of Nocturnal Hypoglycaemia In Adults
With Type 1 Diabetes" Diabetologia. 2004 Feb;47(2):
312-5. Epub 2004 Jan 08. The QTc interval is an adjusted
version of the QT interval that has been corrected to a
heart rate of 60 beats per minute (bpm). See, also, U.S.
Patent 6,572,542 to Houben, et al., entitled "System and
Method for Monitoring and Controlling the Glycemic State
of A Patient," which describes a technique exploiting a
combination of ECG signals and electroencephalogram
(EEG) for the detection of hypoglycemia.
[0007] Accordingly, various techniques have been de-
veloped for detecting hypoglycemia based on ECG sig-
nals. However, it would also be desirable to provide tech-
niques for detecting hypoglycemia based on IEGM sig-
nals so that detection may be performed by an implant-
able medical device without requiring surface electrodes.
In particular, it is desirable to provide techniques for de-
tecting hypoglycemia (or for detecting blood glucose lev-
els so that hypoglycemia may be detected therefrom) for
use with pacemakers or ICDs, as many patients at risk
of hypoglycemia are also candidates for pacemakers
and/or ICDs and such devices routinely detect the IEGM
for use in pacing the heart and detecting arrhythmias
[0008] One effective technique for detecting blood glu-
cose levels based on IEGM signals sensed by an im-
plantable medical device is set forth in U.S. Patent Ap-
plication Serial Number 2004/0077962 of Kroll, published
April 22, 2004, entitled "System and Method for Monitor-
ing Blood Glucose Levels Using an Implantable Medical
Device." Briefly, with the technique of Kroll, blood glucose
levels are determined by an implantable device based
on IEGM signals by detecting and examine a combination
of T-wave amplitude fraction and QTc interval. The tech-
nique may also be used to detect hypoglycemia based
on changes in blood glucose levels. See also U.S. Patent
No. 5,741,211 to Renirie, entitled "System And Method
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For Continuous Monitoring Of Diabetes-Related Blood
Constituents." Renirie is primarily directed to a Holter-
type external monitor, but has some speculative discus-
sions pertaining to implantable devices as well.
[0009] Another effective technique for use with im-
plantable devices is set forth in U.S. Patent Application
Serial No. 11/043,612, of Kil et al., filed Jan. 25, 2005,
entitled "System And Method For Distinguishing Among
Cardiac Ischemia, Hypoglycemia And Hyperglycemia
Using An Implantable Medical Device" (Atty. Docket No.
A05P1007). Briefly, techniques are described therein for
detecting and distinguishing ischemia, hypoglycemia
and hyperglycemia based on IEGM signals. Ischemia is
detected based on a shortening of the interval between
the QRS complex and the end of a T-wave (QTmax),
alone or in combination with a change in ST segment
elevation, which is the relative elevation of the portion of
the cardiac signal between the end of the QRS-complex
and the beginning of the T-wave. Alternatively, ischemia
is detected based on a change in ST segment elevation
combined with minimal change in the interval between
the QRS complex and the end of the T-wave (QTend).
Hypoglycemia is detected based on a change in ST seg-
ment elevation along with a lengthening of either QTmax
or QTend. Hyperglycemia is detected based on a change
in ST segment elevation along with minimal change in
QTmax and in QTend. By exploiting QTmax and QTend
in combination with ST segment elevation, changes in
ST segment elevation caused by hypo/hyperglycemia
can be properly distinguished from changes caused by
ischemia.
[0010] Although the techniques of Kroll and Kil et al.
are effective, it would be desirable to provide still other
techniques for detecting hypoglycemia using an implant-
able device and it is to that end that aspects of the present
invention are directed. It is particularly important to pro-
vide techniques for detecting hypoglycemia during paced
beats rather than sensed beats as many patients with
diabetes also have cardiac abnormalities requiring fre-
quent pacing. Techniques based on an examination of
the QRS complex are typically not effective in the case
of paced beats since the QRS complex is replaced with
an evoked response having a generally different shape.
Accordingly, aspects of the invention are also directed
to providing techniques for detecting hypoglycemia
based on paced beats. Moreover, still other aspects of
the invention are directed to providing techniques for
tracking changes in glycemic state so as to allow patients
to achieve improved glycemic control. In particular, it is
desirable to provide techniques for predicting the onset
of an episode of hypoglycemia in advance so as to warn
the patient and still other aspects of the invention are
directed to that end.

Summary

[0011] In accordance with one illustrative embodiment,
techniques are provided for use with an implantable med-

ical device for detecting hypoglycemia. Broadly, the de-
vice tracks changes in a parameter representative of the
energy associated with electrical cardiac signals corre-
sponding to ventricular evoked responses (VERs), and
then detects an episode of hypoglycemia based on the
parameter. In one example, the parameter is a paced
depolarization integral (PDI), which is calculated based
on each VER. Changes in average PDI are tracked. Any
significant increase in PDI over a relatively short period
of time (e.g. between one and ten minutes) is deemed
to be indicative of the onset of an episode of hypoglyc-
emia. By tracking relatively short term increases in PDI,
any long term increases in PDI due to other factors, such
as chronic changes in the condition of the heart, are not
used to detect hypoglycemia. Preferably, the period of
time is at least one minute so that any beat-by-beat
changes in PDI attributable to breathing modulation are
averaged out.
[0012] Upon detecting hypoglycemia, appropriate
warning signals are generated, which may include per-
ceptible signals applied to subcutaneous tissue or short
range telemetry warning signals transmitted to a device
external to the patient, such as a bedside monitor. In one
example, once a subcutaneous warning signal is per-
ceived, the patient positions an external warning device
above his or her chest. The handheld device receives
the short-range telemetry signals and provides audible
or visual verification of the warning signal. The handheld
warning device thereby provides confirmation of the
warning to the patient, who may be otherwise uncertain
as to the reason for the internally generated warning sig-
nal. Upon confirmation of the warning, the patient then
takes appropriate actions, such as ingesting foods suit-
able for increasing blood glucose levels or taking pre-
scribed medications, if appropriate.
[0013] Certain therapies automatically provided by the
implantable device may also be initiated or modified in
response to hypoglycemia. If the patient is an insulin-
dependent diabetic and the implantable device is
equipped with a drug pump capable of delivering insulin
directly into the bloodstream, insulin delivery by the pump
is automatically suspended until blood glucose levels re-
turn to acceptable levels. If the patient suffers hyperin-
sulanism and if the drug pump is equipped to deliver med-
ications appropriate to hyperinsulinism, delivery of such
medications is titrated in response to hypoglycemia. In
addition, if the device is an ICD, it may be controlled to
begin charging defibrillation capacitors upon detection of
hypoglycemia so as to permit prompt delivery of a defi-
brillation shock, which may be needed if hypoglycemia
triggers VF due to a prolongation of the QT intervals.
Additionally, or in the alternative, data representative of
episodes of hypoglycemia or PDI trend information may
be stored for subsequent physician review, such as date/
time and duration of the episode, the individual PDI val-
ues detected, and any therapies automatically delivered.
Trend information allows the patient and physician to de-
velop and implement strategies for achieving better gly-
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cemic control within the patient.
[0014] Also, preferably, the recorded information is
used to predict episodes of hypoglycemia so that warning
signals may be generated to alert the patient to take ap-
propriate action to prevent the episode from occurring.
In one example, the prediction is performed by identifying
a trend in increasing PDI. For example, if the recorded
data indicates that the patient frequently has episodes
of hypoglycemia early in the morning and PDI levels are
found to be increasing early on a particular morning, then
a warning signal is issued notifying the patient that an
episode of hypoglycemia is likely.
[0015] Hence, improved techniques are provided both
for reliably detecting hypoglycemia. The techniques are
preferably performed by the implanted medical device
itself so as to provide prompt warnings of hypoglycemia.
Alternatively, the techniques may be performed by ex-
ternal devices, such as bedside monitors or the like,
based on IEGM signals detected by an implanted device
and transmitted to the external device. The techniques
may be combined with other glycemic state prediction
techniques, such as QT interval-based techniques or
QRS-amplitude-based techniques to provide further spe-
cificity.

Brief Description of the Drawings

[0016] Further features and advantages of the inven-
tion may be more readily understood by reference to the
following description taken in conjunction with the ac-
companying drawings, in which: Further features and ad-
vantages of the invention may be more readily under-
stood by reference to the following description taken in
conjunction with the accompanying drawings, in which:
[0017] FIG. 1 illustrates pertinent components of an
implantable hypoglycemia-responsive medical system
having a pacemaker or ICD equipped to detect hypogly-
cemia within the patient based on a change in PDI and
also equipped to control delivery of therapy and warning
signals in response thereto;
[0018] FIG. 2 is a flow diagram providing an overview
of a general method for detecting hypoglycemia, which
may be performed by the system of FIG. 1;
[0019] FIG. 3 is a flow diagram illustrating an exem-
plary technique performed in accordance with the gen-
eral method of FIG. 2 for controlling delivery of therapy
and warning signals in response to hypoglycemia;
[0020] FIG. 4 is a graph illustrating heartbeats ob-
tained from a canine test subject superimposed on one
another and particularly illustrating differences in the
morphology of the heartbeats due to blood glucose lev-
els;
[0021] FIG. 5 is a graph illustrating PDI as a function
of time obtained from a canine test subject and particu-
larly illustrating changes in PDI levels due to changes in
blood glucose levels;
[0022] FIG. 6 is a graph illustrating PDI as a function
of time obtained from a canine test subject and particu-

larly illustrating modulation of PDI levels due to respira-
tion;
[0023] FIG. 7 is a simplified, partly cutaway view, illus-
trating the pacer/ICD of FIG. 1 along with at full set of
leads implanted in the heart of the patient; and
[0024] FIG. 8 is a functional block diagram of the pac-
er/ICD of FIG. 7, illustrating basic circuit elements that
provide cardioversion, defibrillation and/or pacing stim-
ulation in the heart and particularly illustrating compo-
nents for detecting hypoglycemia and for controlling ther-
apy and warnings in response thereto.

Description of the Preferred Embodiments

[0025] The following description includes the best
mode presently contemplated for practicing the inven-
tion. The description is not to be taken in a limiting sense
but is made merely for the purpose of describing the gen-
eral principles of the invention. The scope of the invention
should be ascertained with reference to the issued
claims. In the description that follows, like numerals or
reference designators will be used to refer to like parts
or elements throughout.

Overview of Implantable System

[0026] FIG. 1 provides a stylized representation of an
implantable medical system 8 capable of: detecting hy-
poglycemia in a patient in which it is implanted and de-
livering appropriate warnings or insulin therapy. System
8 includes a pacer/ICD 10 or other cardiac stimulation
device that incorporates internal components, shown in-
dividually in FIG. 8, for detecting and/or predicting hy-
poglycemia based on PDI derived from electrical cardiac
signals sensed via a set of leads 12. (In FIG. 1, only
exemplary RV and LV leads are shown. A full set of pac-
ing leads and their respective electrodes is illustrated in
FIG. 7.) Briefly, the pacer/ICD calculates PDI for each
paced heartbeat and tracks changes in PDI from beat to
beat. A significant short term decrease in PDI is indicative
of the onset of hypoglycemia (e.g. average of PDI over
100 beats). If hypoglycemia is detected, therapy provided
by the implanted system is controlled accordingly. In one
example, if insulin is automatically delivered via an im-
planted insulin pump, insulin delivery is suspended. Ad-
ditionally, or in the alternative, warning signals may be
delivered to warn the patient, using either an internal
warning device 16 or an external bedside monitor 18.
Internal warning device 16 may be a vibrating device or
a "tickle" voltage device that, in either case, provides per-
ceptible stimulation to the patient to alert the patient so
that the patient may take a dose of insulin or other ap-
propriate medication. The bedside monitor provides au-
dible or visual alarm signals to alert the patient, as well
as textual or graphic displays.
[0027] Implantable drug pumps are discussed in U. S.
Patent 5,328,460 to Lord, et al., entitled "Implantable
Medication Infusion Pump Including Self-Contained
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Acoustic Fault Detection Apparatus". Lord et al. also dis-
cusses implantable "tickle" warning devices. The bedside
monitor may be directly networked with a centralized
computing system for immediately notifying the physician
as well. A system incorporating bedside monitoring units
connected to a centralized external programmer system
is described in U.S. Patent 6,622,045 to Snell et al., "Sys-
tem and Method for Remote Programming of Implantable
Cardiac Stimulation Devices." In addition, diagnostic in-
formation pertaining to hypoglycemia is transferred to the
bedside monitor or is stored within the pacer/ICD for sub-
sequent transmission to an external programmer (not
shown in FIG. 1) for review by a physician or other medial
professional. The physician may then prescribe any other
appropriate therapies to address hypoglycemia. The
physician may also adjust the operation of the pacer/ICD
to activate, deactivate or otherwise control any therapies
that are automatically applied. If located within a hospital,
nursing home or the like, the bedside monitor may be
directly networked with a centralized computing system
for immediately notifying the staff of the onset of hypogly-
cemia within the patient. Additionally, if the implanted de-
vice is an ICD and the episode of hypoglycemia is suffi-
ciently severe, the ICD automatically charges a defibril-
lation capacitor so that, should the hypoglycemia trigger
ventricular fibrillation, a defibrillation shock can be given
promptly. Preferably, in addition to the aforementioned
hypoglycemia-responsive functions, the device is capa-
ble of performing a wide range of other cardiac rhythm
management functions and for delivering a wide range
of other forms of electrical cardiac therapy. This is dis-
cussed below with reference to FIG. 8.
[0028] Insofar as hypoglycemia prediction is con-
cerned, the pacer/ICD includes components for analyz-
ing trends in PDI data to identify periods in time when it
is statistically likely that an episode of hypoglycemia will
occur and to issue warning signals in advance thereof.
For example, if trend data indicates that the patient fre-
quently has an episode of hypoglycemia early in the
morning and data detected during a particular morning
indicates that PDI is beginning to increase, then a pre-
diction is made by the pacer/ICD that there is a statistical
likelihood that an episode of hypoglycemia is imminent
and warnings are issued. Trend data may also be used
by the physician and patient to aid in the developing a
strategy for maintaining glycemic control by, for example,
determining the optimal times during the day to eat meals
or to take insulin. Also, the rate of change of mean PDI
and the dynamics of separately obtained glucose and
insulin profiles may be exploited to identify specific ail-
ments. Otherwise conventional predictive techniques
may be applied by the pacer/ICD to the PDI trend data
to make the predictions.
[0029] Hence, FIG. 1 provides an overview of an im-
plantable system capable of detecting hypoglycemia and
delivering appropriate warnings or therapy. Embodi-
ments may be implemented that do not necessarily per-
form all of these functions. For example, embodiments

may be implemented that provide only for detecting hy-
poglycemia using the techniques of the invention and for
warning the patient. Systems provided in accordance
with the invention need not include all of the components
shown in FIG. 1. Insulin pumps and implantable warning
devices are not necessarily implanted. Other implemen-
tations may employ an external monitor for generating
warning signals but no internal warning device. These
are just a few exemplary embodiments. No attempt is
made herein to describe all possible combinations of
components that may be provided in accordance with
the general principles of the invention. In addition, the
particular locations of the implanted components shown
in FIG. 1 are merely illustrative and may not necessarily
correspond to actual implant locations.

Hypoglycemia Detection Technique

[0030] FIG. 2 summarizes the general method of the
invention for detecting hypoglycemia within a patient. The
method may be performed by the system of FIG. 1 or by
any other suitably equipped implantable system. At step
100, the pacer/ICD tracks changes in PDI (or in other
parameters representative of the energy within electrical
cardiac signals during ventricular evoked responses.)
Then, at step 102, the pacer/ICD detects the onset of an
episode of hypoglycemia based on certain changes in
the PDI, particularly a significant increase in PDI over a
relatively short interval of time such as one to ten minutes.
At step 104, the pacer/ICD analyzes the changes in PDI
to detect any trends therein and predicts the onset of an
episode of hypoglycemia based on the trends. In other
words, the pacer/ICD is capable both of detecting an ep-
isode of hypoglycemia as it occurs (step 102) and of also
predicting an episode before it occurs (step 104).
[0031] FIG. 3 provides a more detailed example of hy-
poglycemia detection. Beginning at step 200, the pac-
er/ICD selectively paces in the ventricles of patient while
sensing the IEGM. At step 202, ventricular evoked re-
sponses (VERs) are detected. At step 204, the PDI for
each VER is calculated. For a complete description of
PDI, also known as the ventricular depolarization gradi-
ent, see U.S. Patent Number 4,759,366 to Callaghan,
entitled "Rate responsive pacing using the ventricular
gradient." Techniques for calculating PDI are also dis-
cussed in U.S. Patent Number 6,731,985 to Poore, et al.
, entitled "Implantable Cardiac Stimulation System and
Method for Automatic Capture Verification Calibration."
At step 206, the newly detected PDI values are compared
against a running average of previous PDI values (or
against any suitable representation of nominal PDI val-
ues for the patient) to detect and evaluate and any recent
change. If the difference between the PDI values and the
running average exceeds some predetermined thresh-
old, hypoglycemia is thereby detected, at step 208. De-
pending upon the particular implementation, some pre-
determined number of individual PDI values may need
to each exceed the predetermined threshold before hy-
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poglycemia is detected. This prevents a single aberrant
PDI value from triggering hypoglycemia therapy. Alter-
natively, an average of the most recent PDI values must
exceed the threshold, such as an average of all PDI val-
ues detected over the last 60 seconds or an average of
the last 100 consecutive beats.
[0032] Otherwise routine experimentation may be per-
formed to determine an optimal threshold value for use
in detecting hypoglycemia. The threshold values may
vary from patient to patient and may be programmed or
adjusted by a physician via an external programming de-
vice. In still other implementations, rather than detecting
hypoglycemia by comparing new PDI values against a
running average of PDI values, the new PDI values may
be compared against a fixed threshold. As can be appre-
ciated, a wide variety of threshold-based techniques may
be employed for detecting hypoglycemia based upon the
newly detected PDI values. FIG. 3 merely illustrates one
example.
[0033] The detection of hypoglycemia made at step
206 may be corroborated using other hypoglycemia de-
tection techniques including those set forth in the afore-
mentioned patent applications of techniques of Kroll and
Kil et al. as well as QT interval-based techniques.
[0034] Within steps 210-214, the pacer/ICD responds
to the newly detected episode of hypoglycemia. The spe-
cific response depends upon the capabilities of the im-
planted system and the needs of the particular patient.
If insulin is being automatically delivered to an insulin-
dependent diabetic via an implantable drug pump then,
at step 210, delivery of insulin is suspended so as to
prevent additional insulin from exacerbating the hypogly-
cemia. On the other hand, if the patient has been diag-
nosed with hyperinsulinism, delivery of appropriate med-
ications such as sulfonylureas, meglitinides, biguanides,
thiazolidinediones, or alpha glucosidase inhibitors, may
be initiated using an implantable drug pump (assuming
such drugs are suitable for automatic delivery via a drug
pump.) Preferably, any hypoglycemia-related conditions
of the patient are diagnosed in advance by the physician
and the resulting diagnosis is programmed into the im-
planted pacer/ICD by the physician for use in controlling
therapy. At step 214, the pacer/ICD also preferably be-
gins charging its defibrillation capacitors in expectation
of delivery of shocks in the event that the episode of hy-
poglycemia triggers ventricular fibrillation. At step 212,
appropriate warning signals are generated via an im-
planted warning device or external bedside monitor.
Such warning signals are particularly desirable within im-
plantable systems not equipped to provide any automatic
hypoglycemia therapy. For example, if patient suffers hy-
perinsulinism, but no implantable drug pump is provided
for delivering suitable medications internally, then warn-
ing signals are provided to alert the patient to manually
take the medications. If patient is an insulin-dependent
diabetic, then warning signals are provided to alert the
patient to take a suitable number of sugar pills or other
substances or medications sufficient increase blood glu-

cose levels.
[0035] Preferably, the warning signals are of sufficient
magnitude to awaken the patient, if sleeping. The mag-
nitude of the warning signals may be controlled based
upon the time of day or the activity state of the patient so
as to be of greater magnitude if the patient appears to
be resting or sleeping. Otherwise conventional sleep de-
tectors may also be employed in this regard. In one ex-
ample, once a subcutaneous warning signal is perceived,
the patient positions an external warning device above
his or her chest. The handheld device receives the short-
range telemetry signals and provides audible or visual
verification of the warning signal. The handheld warning
device thereby provides confirmation of the warning to
the patient, who may be otherwise uncertain as to the
reason for the internally generated warning signal. Upon
confirmation of the warning, the patient then takes ap-
propriate actions, such as ingesting foods suitable for
increasing blood glucose levels or taking prescribed
medications, if appropriate. Warning devices of this type
are discussed in U.S. Patent Application Serial Number
10/603,429, of Wang et al., entitled "System and Method
for Detecting Cardiac Ischemia Using an Implantable
Medical Device." Also, preferably, any warning signals
transmitted to a bedside monitor are then conveyed to
medical personal via any suitable communication net-
work, particularly if the patient is in a hospital, rest home
or the like where medical personnel can easily sum-
moned.
[0036] Note that the charging of capacitors at step 210
may be performed, depending on the implementation,
only if previously delivered warning signals failed to alert
the patient to take steps to terminate the episode of hy-
poglycemia. For example, if the episode of hypoglycemia
continues for some predetermined period of time despite
the delivery of warning signals, then, and only then, are
the capacitors pre-charged. Changes in cardiac pacing
therapy may be appropriate was well.
[0037] At step 214, appropriate diagnostic information
is recorded, such as the date/time of the episode of hy-
poglycemia and its severity, as quantified by the detected
PDI values.
[0038] Then, at step 216, the running average is up-
dated, before processing returns to step 200 further pac-
ing of the ventricles. Note that, following step 206, if the
difference between new PDI values and the running av-
erage does not exceed the predetermined threshold, hy-
poglycemia is not detected and so step 216 is simply
performed to update the running average.
[0039] FIG. 4 illustrates the effect that hypoglycemia
has on the morphology of IEGM signals that is exploited
by the technique of FIG. 3. In FIG. 4, a first trace 300
illustrates the shape of an IEGM signal for a canine test
subject in which blood glucose levels are normal. The
trace illustrates several individual cardiac signals super-
imposed one on the other. The IEGM signals correspond
to paced atrial and ventricular events. A-pace and V-pace
events are identified. In the example, the blood glucose
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level is 119 milligrams per deciliter (mg/dL.) This repre-
sents a baseline value. Trace 302 illustrates the shape
of the IEGM for the test subject once hypoglycemia has
occurred. Again, the trace illustrates several cardiac sig-
nals superimposed one on the other. In the example, the
blood glucose level is only 77 mg/dL. As can be seen,
there is a significant difference in the morphology of the
I EGM signals depending upon the blood glucose level.
During hypoglycemia, the T-wave has a greater ampli-
tude and the peak of the T-wave is delayed, i.e. the QT
interval becomes prolonged. As noted above in the Sum-
mary, prolongation of the QT segment can result in ma-
lignant tachyarrhythmias, including ventricular fibrilla-
tion. In any case, the change in the morphology of the
IEGM signals subsequent to the ventricular pacing pulse
results in a change in PDI.
[0040] FIG. 5 provides a graph 304 illustrating the per-
centage change in mean PDI as a function of time from
a baseline blood glucose level. In the example of FIG. 5,
a bolus of insulin was injected into a canine test subject,
triggering a significant increase (up to about 20%) in the
mean PDI over the baseline value due to the drop in blood
glucose levels. Although not shown in FIG. 5, the blood
glucose levels for the test subject began to drop promptly
after injection of the insulin. The actual episode of hy-
poglycemia did not begin until the blood glucose levels
dropped below minimum acceptable glycemic levels.
However, mean PDI began to change almost immediate-
ly in accordance with the drop in blood glucose levels. In
other words, a detectable change in mean PDI can occur
even before an episode of hypoglycemia actually begins,
thus allowing for prediction of the episode and allowing
for an early warning to be issued to the patient.
[0041] Thus FIG. 5 illustrates changes in mean PDI
caused by changes in blood glucose levels. PDI also var-
ies cyclically due to respiration. This is illustrated in FIG.
6, which provides graphs illustrating PDI values (shown
on an arbitrary scale) varying with time derived from a
ventricular unipolar lead over a period of about 40 sec-
onds from a canine test subject. Graph 306 illustrates
PDI obtained at a normal glycemic levels; whereas graph
308 illustrates PDI obtained at a hypoglycemic levels. As
can be seen, the PDI values are modulated by respira-
tion. However, a mean level of PDI of graph 308 (during
hypoglycemia) is considerably higher than a mean level
of PDI of graph 306 (without hypoglycemia.) As noted
above, by examining PDI over a period of (typically) at
least one minute, modulation due to respiration can be
averaged out.
[0042] What have been described are various tech-
niques for detecting hypoglycemia and controlling ther-
apy in response thereto. For the sake of completeness,
a detailed description of an exemplary pacer/ICD will now
be provided. However, principles of invention may be im-
plemented within other pacer/ICD implementations or
within other implantable devices. In particular, tech-
niques of the invention can be implemented as a subcu-
taneous monitor, which is particularly advantageous for

type 1 diabetics.

Exemplary Pacer/ICD

[0043] With reference to FIGS. 7 and 8, a description
of an exemplary pacer/ICD will now be provided. FIG. 7
provides a simplified block diagram of the pacer/ICD,
which is a dual-chamber stimulation device capable of
treating both fast and slow arrhythmias with stimulation
therapy, including cardioversion, defibrillation, and pac-
ing stimulation as well as providing for the aforemen-
tioned hypoglycemia detection and therapy. To provide
atrial chamber pacing stimulation and sensing, pac-
er/ICD 410 is shown in electrical communication with a
heart 412 by way of a left atrial lead 420 having an atrial
tip electrode 422 and an atrial ring electrode 423 implant-
ed in the atrial appendage. Pacer/ICD 410 is also in elec-
trical communication with the heart by way of a right ven-
tricular lead 430 having, in this embodiment, a ventricular
tip electrode 432, a right ventricular ring electrode 434,
a right ventricular (RV) coil electrode 436, and a superior
vena cava (SVC) coil electrode 438. Typically, the right
ventricular lead 430 is transvenously inserted into the
heart so as to place the RV coil electrode 436 in the right
ventricular apex, and the SVC coil electrode 438 in the
superior vena cava. Accordingly, the right ventricular lead
is capable of receiving cardiac signals, and delivering
stimulation in the form of pacing and shock therapy to
the right ventricle.
[0044] To sense left atrial and ventricular cardiac sig-
nals and to provide left chamber pacing therapy, pac-
er/ICD 410 is coupled to a CS lead 424 designed for
placement in the "CS region" via the CS os for positioning
a distal electrode adjacent to the left ventricle and/or ad-
ditional electrode(s) adjacent to the left atrium. As used
herein, the phrase "CS region" refers to the venous vas-
culature of the left ventricle, including any portion of the
CS, great cardiac vein, left marginal vein, left posterior
ventricular vein, middle cardiac vein, and/or small cardiac
vein or any other cardiac vein accessible by the CS. Ac-
cordingly, an exemplary CS lead 424 is designed to re-
ceive atrial and ventricular cardiac signals and to deliver
left ventricular pacing therapy using at least a left ven-
tricular tip electrode 426, left atrial pacing therapy using
at least a left atrial ring electrode 427, and shocking ther-
apy using at least a left atrial coil electrode 428. With this
configuration, biventricular pacing can be performed. Al-
though only three leads are shown in FIG. 7, it should
also be understood that additional stimulation leads (with
one or more pacing, sensing and/or shocking electrodes)
might be used in order to efficiently and effectively pro-
vide pacing stimulation to the left side of the heart or atrial
cardioversion and/or defibrillation.
[0045] A simplified block diagram of internal compo-
nents of pacer/ICD 410 is shown in FIG. 8. While a par-
ticular pacer/ICD is shown, this is for illustration purposes
only, and one of skill in the art could readily duplicate,
eliminate or disable the appropriate circuitry in any de-
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sired combination to provide a device capable of treating
the appropriate chamber(s) with cardioversion, defibril-
lation and pacing stimulation as well as providing for the
aforementioned hypoglycemia detection and therapy.
[0046] The housing 440 for pacer/ICD 410, shown
schematically in FIG. 8, is often referred to as the "can",
"case" or "case electrode" and may be programmably
selected to act as the return electrode for all "unipolar"
modes. The housing 440 may further be used as a return
electrode alone or in combination with one or more of the
coil electrodes, 428, 436 and 438, for shocking purposes.
The housing 440 further includes a connector (not
shown) having a plurality of terminals, 442, 443, 444,
446, 448, 452, 454, 456 and 458 (shown schematically
and, for convenience, the names of the electrodes to
which they are connected are shown next to the termi-
nals). As such, to achieve right atrial sensing and pacing,
the connector includes at least a right atrial tip terminal
(AR TIP) 442 adapted for connection to the atrial tip elec-
trode 422 and a right atrial ring (AR RING) electrode 443
adapted for connection to right atrial ring electrode 423.
To achieve left chamber sensing, pacing and shocking,
the connector includes at least a left ventricular tip ter-
minal (VL TIP) 444, a left atrial ring terminal (AL RING)
446, and a left atrial shocking terminal (AL COIL) 448,
which are adapted for connection to the left ventricular
ring electrode 426, the left atrial ring electrode 427, and
the left atrial coil electrode 428, respectively. To support
right chamber sensing, pacing and shocking, the con-
nector further includes a right ventricular tip terminal (VR
TIP) 452, a right ventricular ring terminal (VR RING) 454,
a right ventricular shocking terminal (VR COIL) 456, and
an SVC shocking terminal (SVC COIL) 458, which are
adapted for connection to the right ventricular tip elec-
trode 432, right ventricular ring electrode 434, the VR coil
electrode 436, and the SVC coil electrode 438, respec-
tively.
[0047] At the core of pacer/ICD 410 is a programmable
microcontroller 460, which controls the various modes of
stimulation therapy. As is well known in the art, the mi-
crocontroller 460 (also referred to herein as a control unit)
typically includes a microprocessor, or equivalent control
circuitry, designed specifically for controlling the delivery
of stimulation therapy and may further include RAM or
ROM memory, logic and timing circuitry, state machine
circuitry, and I/O circuitry. Typically, the microcontroller
460 includes the ability to process or monitor input signals
(data) as controlled by a program code stored in a des-
ignated block of memory. The details of the design and
operation of the microcontroller 460 are not critical to the
invention. Rather, any suitable microcontroller 460 may
be used that carries out the functions described herein.
The use of microprocessor-based control circuits for per-
forming timing and data analysis functions are well known
in the art.
[0048] As shown in FIG. 8, an atrial pulse generator
470 and a ventricular pulse generator 472 generate pac-
ing stimulation pulses for delivery by the right atrial lead

420, the right ventricular lead 430, and/or the CS lead
424 via an electrode configuration switch 474. It is un-
derstood that in order to provide stimulation therapy in
each of the four chambers of the heart, the atrial and
ventricular pulse generators, 470 and 472, may include
dedicated, independent pulse generators, multiplexed
pulse generators or shared pulse generators. The pulse
generators, 470 and 472, are controlled by the microcon-
troller 460 via appropriate control signals, 476 and 478,
respectively, to trigger or inhibit the stimulation pulses.
[0049] The microcontroller 460 further includes timing
control circuitry (not separately shown) used to control
the timing of such stimulation pulses (e.g., pacing rate,
AV delay, atrial interconduction (inter-atrial) delay, or
ventricular interconduction (V-V) delay, etc.) as well as
to keep track of the timing of refractory periods, blanking
intervals, noise detection windows, evoked response
windows, alert intervals, marker channel timing, etc.,
which is well known in the art. Switch 474 includes a
plurality of switches for connecting the desired electrodes
to the appropriate I/O circuits, thereby providing complete
electrode programmability. Accordingly, the switch 474,
in response to a control signal 480 from the microcon-
troller 460, determines the polarity of the stimulation puls-
es (e.g., unipolar, bipolar, combipolar, etc.) by selectively
closing the appropriate combination of switches (not
shown) as is known in the art. In addition, the switch
includes components for selectively coupling the atrial
tip and ring electrodes in parallel during an AF risk as-
sessment procedure.
[0050] Atrial sensing circuits 482 and ventricular sens-
ing circuits 484 may also be selectively coupled to the
right atrial lead 420, CS lead 424, and the right ventricular
lead 430, through the switch 474 for detecting the pres-
ence of cardiac activity in each of the four chambers of
the heart. Accordingly, the atrial (ATR. SENSE) and ven-
tricular (VTR. SENSE) sensing circuits, 482 and 484,
may include dedicated sense amplifiers, multiplexed am-
plifiers or shared amplifiers. The switch 474 determines
the "sensing polarity" of the cardiac signal by selectively
closing the appropriate switches, as is also known in the
art. In this way, the clinician may program the sensing
polarity independent of the stimulation polarity. Each
sensing circuit, 482 and 484, preferably employs one or
more low power, precision amplifiers with programmable
gain and/or automatic gain control, bandpass filtering,
and a threshold detection circuit, as known in the art, to
selectively sense the cardiac signal of interest. The au-
tomatic gain control enables pacer/ICD 410 to deal ef-
fectively with the difficult problem of sensing the low am-
plitude signal characteristics of atrial or ventricular fibril-
lation. The outputs of the atrial and ventricular sensing
circuits, 482 and 484, are connected to the microcontrol-
ler 460 which, in turn, are able to trigger or inhibit the
atrial and ventricular pulse generators, 470 and 472, re-
spectively, in a demand fashion in response to the ab-
sence or presence of cardiac activity in the appropriate
chambers of the heart.
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[0051] For arrhythmia detection, pacer/ICD 410 utiliz-
es the atrial and ventricular sensing circuits, 482 and 484,
to sense cardiac signals to determine whether a rhythm
is physiologic or pathologic. As used herein "sensing" is
reserved for the noting of an electrical signal, and "de-
tection" is the processing of these sensed signals and
noting the presence of an arrhythmia. The timing intervals
between sensed events (e.g., AS, VS, and depolarization
signals associated with fibrillation which are sometimes
referred to as "F-waves" or "Fib-waves") are then clas-
sified by the microcontroller 460 by comparing them to a
predefined rate zone limit (i.e., bradycardia, normal, atrial
tachycardia, atrial fibrillation, low rate VT, high rate VT,
and fibrillation rate zones) and various other character-
istics (e.g., sudden onset, stability, physiologic sensors,
and morphology, etc.) in order to determine the type of
remedial therapy that is needed (e.g., bradycardia pac-
ing, antitachycardia pacing, cardioversion shocks or de-
fibrillation shocks).
[0052] Cardiac signals are also applied to the inputs
of an analog-to-digital (A/D) data acquisition system 490.
The data acquisition system 490 is configured to acquire
intracardiac electrogram signals, convert the raw analog
data into a digital signal, and store the digital signals for
later processing and/or telemetric transmission to an ex-
ternal device 502. The data acquisition system 490 is
coupled to the right atrial lead 420, the CS lead 424, and
the right ventricular lead 430 through the switch 474 to
sample cardiac signals across any pair of desired elec-
trodes. The microcontroller 460 is further coupled to a
memory 494 by a suitable data/address bus 496, wherein
the programmable operating parameters used by the mi-
crocontroller 460 are stored and modified, as required,
in order to customize the operation of pacer/ICD 410 to
suit the needs of a particular patient. Such operating pa-
rameters define, for example, pacing pulse amplitude or
magnitude, pulse duration, electrode polarity, rate, sen-
sitivity, automatic features, arrhythmia detection criteria,
and the amplitude, waveshape and vector of each shock-
ing pulse to be delivered to the patient’s heart within each
respective tier of therapy. Other pacing parameters in-
clude base rate, rest rate and circadian base rate.
[0053] Advantageously, the operating parameters of
the implantable pacer/ICD 410 may be non-invasively
programmed into the memory 494 through a telemetry
circuit 500 in telemetric communication with the external
device 502, such as a programmer, transtelephonic
transceiver or a diagnostic system analyzer. The telem-
etry circuit 500 is activated by the microcontroller by a
control signal 506. The telemetry circuit 500 advanta-
geously allows intracardiac electrograms and status in-
formation relating to the operation of pacer/ICD 410 (as
contained in the microcontroller 460 or memory 494) to
be sent to the external device 502 through an established
communication link 504. Pacer/ICD 410 further includes
an accelerometer or other physiologic sensor 508, com-
monly referred to as a "rate-responsive" sensor because
it is typically used to adjust pacing stimulation rate ac-

cording to the exercise state of the patient. However, the
physiological sensor 508 may further be used to detect
changes in cardiac output, changes in the physiological
condition of the heart, or diurnal changes in activity (e.g.,
detecting sleep and wake states) and to detect arousal
from sleep. Accordingly, the microcontroller 460 re-
sponds by adjusting the various pacing parameters (such
as rate, AV delay, V-V delay, etc.) at which the atrial and
ventricular pulse generators, 470 and 472, generate stim-
ulation pulses. While shown as being included within pac-
er/ICD 410, it is to be understood that the physiologic
sensor 508 may also be external to pacer/ICD 410, yet
still be implanted within or carried by the patient. A com-
mon type of rate responsive sensor is an activity sensor
incorporating an accelerometer or a piezoelectric crystal,
which is mounted within the housing 440 of pacer/ICD
410. Other types of physiologic sensors are also known,
for example, sensors that sense the oxygen content of
blood, respiration rate and/or minute ventilation, pH of
blood, ventricular gradient, etc.
[0054] The pacer/ICD additionally includes a battery
510, which provides operating power to all of the circuits
shown in FIG. 8. The battery 510 may vary depending
on the capabilities of pacer/ICD 410. If the system only
provides low voltage therapy, a lithium iodine or lithium
copper fluoride cell may be utilized. For pacer/ICD 410,
which employs shocking therapy, the battery 510 must
be capable of operating at low current drains for long
periods, and then be capable of providing high-current
pulses (for capacitor charging) when the patient requires
a shock pulse. The battery 510 must also have a predict-
able discharge characteristic so that elective replace-
ment time can be detected. Accordingly, pacer/ICD 410
is preferably capable of high voltage therapy and appro-
priate batteries.
[0055] As further shown in FIG. 8, pacer/ICD 410 is
shown as having an impedance measuring circuit 512
which is enabled by the microcontroller 460 via a control
signal 514. Thoracic impedance may be detected for use
in tracking thoracic respiratory oscillations. Other uses
for an impedance measuring circuit include, but are not
limited to, lead impedance surveillance during the acute
and chronic phases for proper lead positioning or dis-
lodgement; detecting operable electrodes and automat-
ically switching to an operable pair if dislodgement oc-
curs; measuring respiration or minute ventilation; meas-
uring thoracic impedance for determining shock thresh-
olds; detecting when the device has been implanted;
measuring respiration; and detecting the opening of heart
valves, etc. The impedance measuring circuit 120 is ad-
vantageously coupled to the switch 74 so that any desired
electrode may be used.
[0056] In the case where pacer/ICD 410 is intended to
operate as an implantable cardioverter/defibrillator (ICD)
device, it detects the occurrence of an arrhythmia, and
automatically applies an appropriate electrical shock
therapy to the heart aimed at terminating the detected
arrhythmia. To this end, the microcontroller 460 further
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controls a shocking circuit 516 by way of a control signal
518. The shocking circuit 516 generates shocking pulses
of low (up to 0.5 joules), moderate (0.5 - 10 joules) or
high energy (11 to 40 joules), as controlled by the micro-
controller 460. Such shocking pulses are applied to the
heart of the patient through at least two shocking elec-
trodes, and as shown in this embodiment, selected from
the left atrial coil electrode 428, the RV coil electrode
436, and/or the SVC coil electrode 438. The housing 440
may act as an active electrode in combination with the
RV electrode 436, or as part of a split electrical vector
using the SVC coil electrode 438 or the left atrial coil
electrode 428 (i.e., using the RV electrode as a common
electrode). Cardioversion shocks are generally consid-
ered to be of low to moderate energy level (so as to min-
imize pain felt by the patient), and/or synchronized with
an R-wave and/or pertaining to the treatment of tachy-
cardia. Defibrillation shocks are generally of moderate to
high energy level (i.e., corresponding to thresholds in the
range of 5-40 joules), delivered asynchronously (since
R-waves may be too disorganized), and pertaining ex-
clusively to the treatment of fibrillation. Accordingly, the
microcontroller 460 is capable of controlling the synchro-
nous or asynchronous delivery of the shocking pulses.
[0057] In addition, the stimulation device may be con-
figured to perform Automatic Mode Switching (AMS)
wherein the pacemaker reverts from a tracking mode
such as a VDD or DDD mode to a nontracking mode such
as VVI or DDI mode. VDD, DDD, VVI and DDI are stand-
ard device codes that identify the mode of operation of
the device. DDD indicates a device that senses and pac-
es in both the atria and the ventricles and is capable of
both triggering and inhibiting functions based upon
events sensed in the atria and the ventricles. VDD indi-
cates a device that sensed in both the atria and ventricles
but only paces in the ventricles. A sensed event on the
atrial channel triggers ventricular outputs after a pro-
grammable delay, the pacemaker’s equivalent of a PR
interval. WI indicates that the device is capable of pacing
and sensing only in the ventricles and is only capable of
inhibiting the functions based upon events sensed in the
ventricles. DDI is identical to DDD except that the device
is only capable of inhibiting functions based upon sensed
events, rather than triggering functions. As such, the DDI
mode is a nontracking mode precluding its triggering ven-
tricular outputs in response to sensed atrial events. Nu-
merous other device modes of operation are possible,
each represented by standard abbreviations of this type.
[0058] Insofar as hypoglycemia detection and therapy
is concerned, the microcontroller includes a PDI calcu-
lator 501 for calculating PDI. A PDI-based hypoglycemia
detection system 503 detects an ongoing episode of hy-
poglycemia using the techniques discussed above. A
PDI-based hypoglycemia prediction system 505 predicts
the onset of an episode of hypoglycemia using the tech-
niques discussed above. A hypoglycemia therapy/warn-
ing controller 507 controls delivery of therapy and warn-
ing signals in accordance with the techniques discussed

above.
[0059] In general, while the invention has been de-
scribed with reference to particular embodiments, mod-
ifications can be made thereto without departing from the
spirit and scope of the invention. Note also that the term
"including" as used herein is intended to be inclusive, i.e.
"including but not limited to."

Claims

1. A method for use with an implantable medical device
for detecting hypoglycemia in a patient in which the
device is implanted, the method comprising:

detecting a parameter representative of the en-
ergy associated with electrical cardiac signals
corresponding to ventricular evoked responses;
and
detecting an episode of hypoglycemia based on
the parameter.

2. The method of claim 1 wherein the parameter rep-
resentative of the energy associated with electrical
cardiac signals incorporates an integral of portions
of the signals corresponding to ventricular evoked
responses.

3. The method of claim 2 wherein the parameter is a
paced depolarization integral (PDI).

4. The method of claim 1 wherein detecting an episode
of hypoglycemia based on the parameter comprises
detecting one or more of a significant increase in the
parameter and a significant rate of change of a mean
of the parameter.

5. The method of claim 4 wherein detecting a significant
increase in the parameter is performed to detect an
increase above a hypoglycemia detection threshold.

6. The method of claim 1 further comprising controlling
therapy in response to the detection of an episode
of hypoglycemia.

7. The method of claim 6 wherein an implantable drug
pump is provided for delivering insulin and wherein
controlling therapy in response to the detection of an
episode of hypoglycemia comprises reducing insulin
delivery to the patient using the insulin pump.

8. The method of claim 6 wherein an implantable drug
pump is provided for delivering selected medications
in response to hyperinsulinism and wherein control-
ling therapy in response to the detection of an epi-
sode of hypoglycemia comprises delivering the se-
lected medications.
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9. The method of claim 1 further comprising generating
a warning signal in response to detection of an epi-
sode of hypoglycemia.

10. The method of claim 9 wherein an implantable warn-
ing device is provided and wherein generating a
warning signal comprises delivering a perceptible
warning signal to the patient via the implantable
warning device.

11. The method of claim 9 wherein an external warning
device is provided and wherein generating a warning
signal comprises transmitting control signals to the
external warning device for controlling the external
device to generate warning signals.

12. The method of claim 1 wherein the implantable de-
vice includes a defibrillator with defibrillation shock
capacitors and wherein the method further compris-
es charging the capacitors in response to detection
of an episode of hypoglycemia.

13. The method of claim 1 further comprising recording
diagnostic information representative of the param-
eter representative of the energy associated with
electrical cardiac signals corresponding to ventricu-
lar evoked responses.

14. The method of claim 13 further comprising examin-
ing the recording diagnostic information to predict
episodes of hypoglycemia.

15. The method of claim 14 wherein examining the re-
cording diagnostic information to predict episodes of
hypoglycemia is performed by identifying a trend in
increasing PDI.

16. The method of claim 1 wherein detecting a param-
eter comprises tracking changes in the parameter
over time.

17. A system for use with an implantable medical device
for detecting hypoglycemia in a patient in which the
device is implanted comprising:

sensing circuitry operative to sense electrical
cardiac signals corresponding to ventricular
evoked responses with the patient;
a paced depolarization integral (PDI) calculator
operative to calculate a parameter representa-
tive of the energy associated with the electrical
cardiac signals corresponding to the ventricular
evoked responses; and
a hypoglycemia detection system operative to
detect an episode of hypoglycemia based the
parameter.

18. The system of claim 17 further comprising a hypogly-

cemia prediction system operative to predict an ep-
isode of hypoglycemia based on changes in the pa-
rameter.

19. A system for use with an implantable medical device
for detecting hypoglycemia in a patient in which the
device is implanted comprising:

means for detecting a parameter representative
of the energy associated with the electrical car-
diac signals corresponding to ventricular evoked
responses within the patient; and
means for detecting an episode of hypoglycemia
based the changes in the parameter.
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该除颤电击。检测技术可以与其他低血糖检测技术结合使用以提高检测
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