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Abstract—The most common and highly feared adverse
effect of intensive insulin therapy in patients with diabetes is
the increased risk of hypoglycemia. Symptoms of hypoglycemia
arise from the activation of the autonomous central nervous
systems and from reduced cerebral glucose consumption.
HypoMon is a non-invasive monitor that measures some
physiological parameters continuously to provide detection of
hypoglycemic episodes in Type 1 diabetes mellitus patients
(T1DM). Based on heart rate, corrected QT interval of the
ECG signal and skin impedance, a neural network detection
algorithm has been developed to recognize the presence of
hypoglycemic episodes. From a clinical study of 21 children
with T1DM, associated with hypoglycemic episodes, their heart
rates increased (1.16+0.16 vs. 1.03+0.11, P<0.0001), their
corrected QT intervals increased (1.09+0.09 vs. 1.02+0.07,
P<0.0001) and their skin impedances reduced significantly
(0.66+0.19 vs. 0.82+0.21, P<0.0001). The overall data were
obtained and grouped into a training set, a validation set and a
test set, each with 7 patients randomly selected. Using a feed-
forward multi-layer neural network with 9 hidden nodes, and
an algorithm developed from the training set and the validation
set, a sensitivity of 0.9516 and specificity of 0.4142 were
achieved for the test set. A more advanced neural network
algorithm will be developed to improve the specificity of test
sets in the near future.

I. INTRODUCTION

HE Diabetes Control and Complications Trial (DCCT)
Research Group in 1993 [1] highlighted significant
benefits of improving glycemic control with intensive
treatment. However, the most common and highly feared
adverse effect of intensive therapy is the increased risk of
hypoglycemia (abnormally low blood glucose level). In the
DDCT, patients who used intensive therapy experienced a
threefold increase incidence of severe hypoglycemic
episodes compared to those receiving conventional therapy
[1-2]. Hypoglycemic episodes are defined as those in which
the patient had blood glucose levels < 60 mg/dl (3.33
mmol/l). Severe hypoglycemic episodes are defined as those
in which the patient required assistance to treat the event and
had documented blood glucose levels < 50 mg/dl (2.8
mmol/1).
Hypoglycemia develops when rates of glucose entry into
the systemic circulation are reduced relative to glucose
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uptake by tissues. It is usually corrected naturally by the
combination of a number of defense mechanisms. Initially, a
decrease in insulin secretion in response to declining blood
glucose levels occurs. As glucose levels continue to fall, a
number of redundant glucose counter-regulatory factors are
sequentially activated at specific thresholds to ensure
sufficient glucose uptake to the brain and other central
nervous system tissue metabolism [3]. These counter-
regulatory factors include glucagons, epinephrine, growth
hormone, cortisol, and other hormones.

In patients with Type 1 diabetes mellitus (T1DM)
undergoing intensive insulin therapy, falling plasma glucose
concentrations often do not elicit counter-regulatory
responses at normal glycemic thresholds, allowing glucose
levels to drop to dangerously low values. After many years
of type 1 diabetes, the glucagons secretory response to
hypoglycemia could become deficient. Additionally,
warning symptoms may be lost in some cases, and the
episode may lead to serious acute reactions known as
hypoglycemia unawareness. Studies in TIDM patients have
demonstrated that as few as two episodes of antecedent
hypoglycemia can blunt responses to subsequent
hypoglycemia [4].

Symptoms of hypoglycemia arise from the activation of
the autonomous central nervous systems (autonomic
symptoms) and from reduced cerebral glucose consumption
(neuroglycopenic symptoms), some of the latter being
potentially life threatening. Autonomic symptoms (e.g.,
tachycardia, palpitations, shakiness, sweating) are activated
before  neuroglycopenic  symptoms (e.g., reduced
concentration, blurred vision, dizziness). Autonomic
symptoms may provide the initial indication of the presence
of hypoglycemia and allow the patient to recognize this
condition early [5].

Nocturnal hypoglycemia is particularly dangerous
because sleep reduces and may obscure autonomic counter-
regulatory responses, so that an initially mild episode may
become severe. The risk of severe hypoglycemia is high at
night, with at least 50% of all severe episodes occurring
during that time [6]. Deficient glucose counter-regulation
may also lead to severe hypoglycemia even with modest
insulin elevations. Regulation of nocturnal glycemia is
further complicated by the dawn phenomenon. This is a
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consequence of nocturnal changes in insulin sensitivity
secondary to growth hormone secretion: a decrease in
insulin requirements approximately between midnight and
S5am followed by an increase in requirements between Sam
and 8am.

In this paper, we develop a neural network algorithm for
the detection of hypoglycemia episodes in TIDM children
using physiological parameters such as heart rate, corrected
QT interval and skin impedance. Section II provides an
overview of the method used for non-invasive and
continuous detection of hypoglycaemia. Section III presents
the development and results of an optimized neural network
used for the identification of hypoglycaemic episodes in
T1DM children. Section IV provides a conclusion for this
study.

II. METHODS

A. Non-Invasive Hypoglycemia Monitor

Current technologies used in the diabetes diagnostic
testing and self-monitoring market have already been
improved to the extent that any additional improvements
would be minimal. For example, glucose meter
manufacturers have modified their instruments to use as
little as 2 g of blood and produce results in under a minute.
Technological advancement in this market is expected to
occur using novel design concepts. An example of such
technology is the non-invasive glucose meter.

There is a limited number of non-invasive blood glucose
monitoring systems currently available but each has specific
drawbacks in terms of functioning, cost, reliability and
obtrusiveness. GlucoWatch G2 Biographer from Cygnus Inc
is designed to measure glucose levels up to 3 times per hour
for 12 hours. The AutoSensor (the disposable component)
which is attached to the back of the GlucoWatch monitor
and adheres to the skin will provide 12 hours of
measurement. The product uses reverse iontophoresis to
extract and measure glucose levels non-invasively using
interstitial fluid. It has to be calibrated before each
measurement period and requires a two-hour warm-up
period. It requires costly disposable components, the gel
pads must be replaced after each use, sweating may cause
skipped readings, and the measurement has a time delay of
about 10-15 minutes.

Intensive research has been devoted to the development of
hypoglycemia alarms, exploiting principles that range from
detecting changes in the electroencephalogram (EEG) or
skin conductance (due to sweating) to measurements of
subcutaneous tissue glucose concentrations by glucose
sensors [7-8]. However, none of these have proved
sufficiently reliable or unobtrusive.

We have developed a continuous non-invasive
hypoglycemia monitor which uses physiological responses.
During hypoglycemia, the most profound physiological
changes are caused by activation of the sympathetic nervous
system. Among the strongest responses are sweating and

increased cardiac output [9-11]. Sweating is mediated
through sympathetic cholinergic fibres, while the change in
cardiac output is due to an increase in heart rate and increase
in stroke volume [11]. Tattersall and Gill [12] raised the
possibility of hypoglycemia induced arrhythmias, and
experimental hypoglycemia has been shown to prolong QT
intervals and dispersion in both non-diabetic subjects and in
those with type 1 and type 2 diabetes [13].

HypoMon® from AlMedics Pty Ltd is a non-invasive
monitor  that measures  physiological  parameters
continuously to provide detection of hypoglycemic episodes
in Type 1 diabetes mellitus patients (T1DM). The system
consists of a battery-powered chest belt worn that houses a
set of four skin-surface bio-sensor electrodes for the
measurement of physiological parameters and a hand-held
receiver computer.

The sensors are composed of a conductive polymer-based
material such as polypyrrole which has low impedance and
low noise characteristics. These characteristics enable the
sensors to measure both skin impedance and quality ECG
signals.

The chest belt digitizes, encrypts and transmits the
measured parameters to the receiver computer which
analyzes and identifies hypoglycemic episodes. An alarm
system is available for warning various stages of
hypoglycemia.

B. Study

Twenty-one children with TIDM (14.4+1.6 years)
volunteered for the 4-hour glucose clamp study at the
Princess Margaret Hospital for Children in Perth, Australia.
Data were collected with approval from Women’s and
Children’s Health Service, Department of Health,
Government of Western Australia, and with informed
consent.

TARGET BLOOD GLUCOSE LEVEL PROFILE

BG (mmol/L)

Time (min)

Fig. 1. Target blood glucose levels profile.
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BLOOD GLUCOSE LEVELS

BG (mmol/L)

Time (minutes)
Fig. 2. Actual blood glucose levels profiles in 21 T1DM children.

Each study consists of five phases: baseline (30 min),
euglycemia (60 min), ramp phase (30 min), hypoglycemia
(40 min) and euglycemia (30 min) as shown in Figure 1.
HypoMon was used to measure the required physiological
parameters, while the actual blood glucose (BG) levels were
collected as reference using Yellow Spring Instruments. The
main parameters used for the detection of hypoglycemia are
the heart rate, corrected QT interval and skin impedance.
The actual blood glucose level profiles for 21 T1DM
children are shown in Fig. 2.

III. RESULTS

The HypoMon (Hypoglycemia Monitor) as shown in
Fig. 3 was used to measure the relevant physiological
responses (heart rate, corrected QT interval of the ECG
signal, skin impedance), while the actual blood glucose
(BG) measurements were collected as reference. The four
skin-surface bio-sensor electrodes are multiplexed and
shared to measure both skin impedance and ECG signals.

The responses from 21 TIDM children exhibit
significant changes during the hypoglycemia phase against
the non-hypoglycemia phase. Normalization was used to
reduce patient-to-patient variability and to enable group
comparison by dividing the patient’s heart rate, corrected
QT interval and skin impedance by his/her corresponding
values at time zero. The study shows that associated with
hypoglycemic episodes in 21 TIDM children, using
normalized values, their heart rates increase significantly
(1.16£0.16 vs. 1.03+£0.11, P<0.0001), their corrected QT
intervals increase significantly (1.09+0.09 vs. 1.02+0.07,
P<0.0001), and their skin impedances reduce significantly
(0.66+0.19 vs. 0.82+0.21, P<0.0001).

Fig. 3. HypoMon from AIMedics Pty Ltd

The detection of hypoglycemic episodes (BG<=60 mg/dl
or 3.33 mmol/l) using these three variables is based on an
advanced neural network algorithm developed from the
obtained clinical data. This neural network has a multilayer
feed-forward neural network structure with one input layer,
one hidden layer and one output layer.

The overall data set consisted of a training set, a
validation set and a test set, each with 7 patients randomly
selected. For these, the whole data set which included both
hypoglycemia data part and non-hypoglycemia data part
were used. The final feed-forward multi-layer neural
network had heart rate, corrected QT interval and skin
impedance as inputs, 9 hidden nodes and 1 output node
(estimated blood glucose level). From this neural network
which was derived from the training set with a stopping
procedure determined by the validation set, the estimated
BG profiles produced a significant correlation (P<0.0001)
against measured values.

The corresponding ROC Curve area for the combined
training/validation dataset was 0.79 with 95% CI of (0.74,
0.85). This ROC plot is shown in Fig. 4. The optimal cut-
off point selected in this study was -0.55.

ROC Plot
Sensitivity
1.

0.754

0.50

0.254

T
0.00 025 0.50 075 1.00
1-Specificity

Fig. 4. ROC Plot.
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The selected neural network algorithm was then applied
to the test set which consists of physiological responses
from 7 TIDM children randomly selected. It produced a
sensitivity of 0.9516 (true positive) and a specificity (true
negative) of 0.4142.

IV. CONCLUSION

The above result indicates that hypoglycemic episodes in
T1DM children can be detected effectively from the real-
time physiological responses measured by HypoMon. In this
study, the sensitivity obtained by the hypoglycemia
detection neural network is excellent but its specificity could
be improved. A more advanced neural network algorithm
will be developed to improve the specificity of test sets in
the near future.

REFERENCES

[1]  DCCT Research Group (1993): The effect of intensive treatment of
diabetes on the development and progression of long-term
complications in insulin-dependent diabetes mellitus. N. Eng. J.
Med., 329, 977-986.

[2]  DCCT Research Group (1995): Adverse events and their association
with treatment regimens in the Diabetes Control and Complications
Trial. Diabetes Care, 18, 1415-1427.

[3]1 Cryer PE (2002): Hypoglycaemia: the limiting factor in the
glycaemic management of type I and type II diabetes. Diabetologia,
45, 937-948.

[4] Davis S, Alonso MD (2004): Hypoglycemia as a barrier to glycemic
control. J. Of Diabetes and its Complications, 18, 60-68.

[5] Clarke WL, Cox DJ, Gonder-Frederick LA, Julian D, Schlundt D,
Polonsky W (1995): Reduced awareness of hypoglycemia in adults
with IDDM. A prospective study of hypoglycemic frequency and
associated symptoms. Diabetes Care; 18:517-522.

[6] DCCT Research Group (1991): Epidemiology of severe
hypoglycemia in the diabetes control and complication trial. 4m. J.
Med., 90, 450-459.

[71  Pickup JC (2000): Sensitivity glucose sensing in diabetes. Lancet;
355:426-427.

[8] Rebrin K, Steil GM, Van Antwerp W, Mastrototaro JJ (1999):
Subcutaneous glucose predicts plasma glucose independent of
insulin: implications for continuous monitoring. Am J Physio;
40:E561-571.

[91 Gale EAM, Bennett T, MacDonald IA, Holst JJ, Matthews JA
(1983): The physiological effects of insulin-induced hypoglycemia
in man: responses at differing levels of blood glucose, Clin.
Sciences, 65, 263-271.

[10] Heller SR, Macdonald IA (1991): Physiological disturbances in
hypoglycemia: effect on subjective awareness. Clin. Sci., 81, 1-9.

[11] Harris ND, Baykouchev SB, Marques JL (1996): A portable system
for monitoring physiological responses to hypoglycemia. J.
Med.Eng. & Tech., 20, 196-202.

[12] Tattersall RB, Gill GV (1991): Unexplained death of type 1 diabetic
patients. Diabetic Med; 8:49-58.

[13] Marques JL, George E, Peacey SR, Harris ND, Macdonald IA,
Cochrane T, Heller SR (1997): Altered ventricular repolarisation
during hypoglycaemic in patient with diabetes. Diabetic Med,
8:648-654

6056



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


