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INTRODUCTION
Glucose assay is arguably the most common of all medical

measurements. Billions of glucose determinations are
performed each year by laypeople with diabetes based on
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“fingersticking” and by healthcare professionals based on
blood samples. In fingersticking, sample collection involves
the use of a lancet to puncture the skin of the fingertip or
forearm to produce a small volume of blood and tissue fluid,
followed by collection of the fluid on a reagent-containing
strip and analysis by a handheld meter. Glucose measure-
ments coupled to discrete sample collection continue to be
the most common method of glucose monitoring. However,
new types of sensors capable of continuous glucose mon-
itoring are nearing clinical introduction. Continuous or
near-continuous glucose sensors may make possible new
and fundamentally different approaches to the therapy of
the disease. This article reviews recent progress in the
development of new glucose sensors and describes the
potential roles for these sensors in the improved treatment
of diabetes.

THE CASE FOR NEW GLUCOSE SENSORS

The objective of all forms of therapy for diabetes is the
maintenance of blood glucose near normal levels (1). The
Diabetes Control and Complications Trial (or DCCT) and
counterpart studies such as the United Kingdom Preven-
tion of Diabetes Study (UKPDS) have clearly demon-
strated (Fig. 1) that lower mean blood glucose levels
resulting from aggressive treatment can lead to a
reduced incidence and progression of retinopathy,
nephropathy, and other complications of the disease
(2,3). These prospective studies showed definitively that
there exists a cause-and-effect relationship between poor
blood glucose control and the complications of diabetes.
As convenient means for frequent glucose assay were not
available at the time, glucose control was assessed in
these trials by glycosylated hemoglobin levels (Hbai.),
which indicate blood glucose concentrations averaged
over the previous 3 month period. Although Hb,. levels
are useful for assessment of longitudinal blood glucose
control, the values indicate only averaged blood glucose,
rather than blood glucose dynamics (i.e., how blood
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Figure 1. The results of the DCCT (2). Results show that impr-
oved glucose control, measured by a reduction in the fraction of
glycosylated hemoglobin, leads to reduced long-term complications
of diabetes. (Copyright © 1993, Massachusetts Medical Society.)
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glucose changes with time), and cannot be used for
immediate adjustment of therapy (4). There is general
agreement that frequent determination of glucose by a
sensing method that is convenient and widely acceptable
to people with diabetes would allow a finer degree of
control. Normalization of blood glucose dynamics may be
of equal or greater importance than normalization of average
blood glucose. The results of the DCCT and related studies
point to the need for practical new approaches to achieve
control.

The primary need for a new type of glucose sensor is to
facilitate improved treatment of type 1 diabetes. In this
case, the insulin producing ability of the pancreas has been
partially or fully destroyed due to a misdirected autoim-
mune process, making insulin replacement essential. The
sensor would help avoid the long-term complications
associated with hyperglycemia (i.e., above-normal blood
glucose) by providing information to specify more timely
and appropriate insulin administration. It is now becom-
ing widely appreciated that a new sensor could also be
beneficial for people with the more common type 2 dia-
betes, where a progressive resistance of peripheral tissues
to insulin develops, leading to glucose imbalances that
can eventually produce long-term clinical consequences
similar to type 1 diabetes. Type 2 diabetes is related to
obesity, lifestyle, and inherited traits. In recent years,
the incidence of type 2 diabetes has increased at extra-
ordinary rates in many populations, to the point of
becoming a worldwide epidemic (5). It is estimated that
within 10 years, the prevalence of diabetes may approach
210 million cases worldwide (6). This places increased
urgency on developing new approaches to managing or
preventing the disease where possible, and a meliorating
its consequences.

In addition, an automatic or continuous sensor may also
have an important role in preventing hypoglycemia (i.e.,
below-normal blood glucose). Hypoglycemia is caused pri-
marily by a mismatch between the insulin dosage used and
the amount of insulin actually needed to return the blood
glucose level to normal. Many people with diabetes can
reduce the mean blood glucose by adjustment of diet,
insulin, and exercise, but when aggressively attempted,
this has led to a documented increase in the incidence of
hypoglycemia (7). Below-normal glucose values can rapidly
lead to cognitive lapses, loss of consiousness, and life-
threatening metabolic crises. In children, there is concern
that severe hypoglycemic events may lead to neurologic
sequelea (8). A significant percentage of deaths of people
under 40 with type 1 diabetes is due to the “dead-in-bed”
syndrome (9), which may be linked to nocturnal hypogly-
cemia. Some experts claim that “... the threat of severe
hypoglycemia remains the single most important barrier to
maintaining normal mean blood glucose” (10). A continu-
ous glucose sensor that does not depend on user initiative
could be part of an automatic alarm system to warn of
hypoglycemia and provide more confidence to the user to
lower mean blood glucose, in addition to preventing hypo-
glycemia by providing improved insulin dosages. Hypogly-
cemia detection may be the most important application of a
continuous glucose sensor. Ultimately, a glucose sensor
may also be useful in the prediabetic state to indicate

behavior modification for reduction of metabolic stress
on the pancreas.

Beyond applications in diabetes, it has recently been
shown that stricter glycemic control during surgery and
intensive care can reduce mortality in non-diabetic
patients and significantly shorten the hospital stay (11).
The exact mechanism of this effect has not been elucidated,
but the benefit is closely tied to the extent of glucose control
and not simply insulin dosage (12). This is another impor-
tant application for new glucose sensors.

Alternatives to sensor-based therapies for diabetes are
more distant. Several biological approaches to diabetes
treatment have been proposed, including pancreatic trans-
plantation, islet transplantation, genetic therapies, stem
cell-based therapies, new pharmaceutical strategies, islet
preservation, and others. Whole or partial organ and islet
transplantation requires discovery of methods for assuring
immuno-tolerance that do not rely on anti-rejection drugs
and approaches for overcoming the shortage of transplan-
table pancreatic tissue. Potential therapies based on stem
cells, if feasible, require basic research on growth, regula-
tion, and implementation of the cells, and share the
immuno-intolerance problem. Genetic therapies are lim-
ited by incomplete understanding of the complex genetic
basis of diabetes, as well as progress in developing site-
specific gene delivery, activation, and inactivation. Although
transplantation, stem cell, and genetic approaches are
based wholly on biological materials, it is not certain that
the glucose and insulin dynamics resulting from their use
will necessarily be near-normal or readily adjustable.
Immunotherapeutic approaches for in situ preservation
of islets are also being studied but, if eventually feasible,
are far off and may require lifetime immune system mod-
ulation. The possibility of prevention of type 1 diabetes
relies on development of timely methods for early detection
of the disease and discovery of an acceptable approach to
avoid or interrupt the islet destruction process. Further-
more, prevention will have little value for people who
already have diabetes. These alternatives require sub-
stantial basic research and discovery, and while often
highly publicized, are not likely to be available until far
into the future, if eventually feasible.

Although new glucose sensors have the advantage of
being closer to clinical introduction, there are certain other
advantages as well. First, no anti-rejection medication will
be needed. Second, the sensor will provide real-time infor-
mation about blood glucose dynamics that is not available
from other technologies. Third, in addition to real-time
monitoring, continuous sensor information may be useful
to predict blood glucose ahead of the present (13), a cap-
ability not feasible with the other approaches. Real-time
monitoring and predictive capabilities may lead to entirely
new applications of present therapies. Fourth, the sensor
could operate in parallel with various other therapies,
should they become available. The glucose sensor will
likely have broad application, regardless of whether or
when other technologies are introduced.

The sensor is also key to the implementation of the
mechanical artificial beta cell. In the ideal configuration,
this device would have an automatic glucose sensor, a
refillable insulin pump, and a controller containing an



algorithm to direct automatic pumping of insulin based on
information provided by the sensor. There has been pro-
gress on development of several of the components of
this system, including: (1) external insulin pumps, which
operate in a substantially preprogrammed mode with
minor adjustments by the user based on fingerstick
glucose information; (2) long-term implantable insulin
pumps that operate in a similar way; (3) models of glucose
and insulin distribution in the body that may eventually
be useful in conjunction with control systems; and (4)
controllers to direct insulin pumping based on sensor
information. In contrast to other approaches to insulin
delivery, the mechanical artificial beta cell has the advan-
tage that the insulin response can be reprogrammed to
meet the changing needs of the user. Development of an
acceptable glucose sensor has thus far been the most
difficult obstacle to implementation of the mechanical
artificial beta cell.

THE IDEAL GLUCOSE SENSOR

The likelihood that glucose monitoring will reach its full
potential as a tool for the therapy of diabetes depends on
the technical capabilities of candidate sensors and the
general acceptance of sensors by people with diabetes.
Technical requirements of the sensor system include: spe-
cificity for glucose in the presence of interfering biochem-
icals or physiological phenomena that may affect the
signal; sensitivity to glucose and adequate concentration
resolution over the relevant range; accuracy as compared
to a “gold standard” blood glucose assay; a sufficiently short
response lag to follow the full dynamic range of blood
glucose variations; reliability to detect mild hypoglycemia
without false positives or negatives; and sufficient stability
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that recalibration is rarely needed. The specific criteria
for sensor performance remain a matter of consensus and
may become better defined as sensors are introduced. The
general acceptance of new sensors by people with diabetes
will be based on such factors as safety, convenience, relia-
bility, automatic or initiative-independent operation, infre-
quent need for recalibration, and independence from
fingersticking.

For the glucose sensor to be a widely accepted innova-
tion, the user must have full confidence in its accuracy and
reliability, yet remain uninvolved in its operation and
maintenance. Sensor systems under development have
yet to reach this ideal, but some promising aspirants are
described below. Short of the ideal, several intermediate
sensing technologies with limited capabilities may find
some degree of clinical application and, if used effectively,
may lead to substantial improvements in blood glucose
control. Nevertheless, the most complete capabilities will
lead to the broadest adoption by users.

GLUCOSE SENSORS AND SENSING METHODOLOGIES

Several hundred physical principles for monitoring glucose
have been proposed since the 1960s. Many are capable of
glucose measurement in simple solutions, but have
encountered limitations when used with blood, employed
as implants, or tested in clinically relevant applications.
Certain others have progressed toward clinical application.
A brief summary of the history of events related to glucose
sensor development is shown in Figure 2.

Present Home Glucose Monitoring

A major innovation leading to improved blood glucose
management was the widespread use of home glucose
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Figure 2. A time-line of some important developments relating to glucose sensors (2,14-24).
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Figure 3. A small collection of home glucose monitoring equip-
ment developed over the past decade. At either end (above) are
devices used to puncture the skin for sample collection. Examples
of commercial glucose meter (above, center) are also shown. Strips
(below) contain immobilized glucose oxidase and are discarded
after a single measurement.

monitoring in the 1980s (22). Present commercial versions
of this technology are available with respective methods for
glucose assay, data presentation and storage, sample
volume requirements, and various convenience features
(Fig. 3). These devices employ single-use strips based on
enzyme methods discussed below. The widespread applica-
tion of home glucose monitoring has permitted laypeople
with diabetes to assume a newfound role in the manage-
ment of their disease. The present standard-of-care recom-
mends glucose measurement three or more times a day for
insulin-dependent individuals (25), but a small number of
individuals samples 10 or more times daily. It is generally
suspected that the average sampling rate is inadequate
and a recent publication noted that only 56% of diabetic
individuals sampled their blood glucose once or more daily
(26). The general resistance to more frequent sampling
may be related to several factors, including: the pain
associated with finger puncture, the requirement for user
initiative, the general inconvenience of the assay, and
unwillingness to carry out nocturnal testing (27).

When sampling is not sufficiently frequent, undetected
blood glucose excursions can occur between samples. It has
been shown that blood glucose measurements must be
obtained every 10 min to detect all blood glucose excursions
in the most severe diabetic subjects (28), although slower
blood glucose excursions in the majority of people with
diabetes may not require sampling at this frequency. The
fact that the sample frequency required to detect all gly-
cemic excursions is not clinically feasible with present
technology indicates that the dynamic control of blood
glucose is currently not practiced in diabetes management.

To compensate for infrequent monitoring, users typi-
cally adopt various strategies to estimate blood glucose
concentration using subjective ad hoc models. These stra-
tegies rely on the most recent reported values of glucose, in
conjunction with the timing and content of recent or
upcoming meals, insulin therapy, and exercise. The effec-
tiveness of these strategies is limited and the constant
attention required to make such estimates represent a

substantial intrusion in lifestyle. Although glucose mon-
itoring by fingersticking is likely to become more accepta-
ble as the sample volume and the pain associated with
sample collection are reduced, the problem of infrequent
sampling and the requirement for user initiative will con-
tinue to be the major obstacles to the improvement of
glucose control based on this technology.

Noninvasive Optical Sensing Concepts

Noninvasive optical methods are based on directing a beam
of light onto the skin or through superficial tissues, and
recording the reflected, transmitted, polarized, or absorbed
components of the light (29). A key requirement for success
of these methods is a specific spectral region that is suffi-
ciently sensitive to glucose, but insensitive to other similar
optically active interfering molecules and tissue struc-
tures. Several optical methods allow straightforward glu-
cose measurement in simple aqueous solutions, but are
ineffective at detecting glucose in tissue fluid, plasma, or
blood. If an optical approach can be validated, a non-
invasive sensor might be possible. For this reason, an
intensive research effort and substantial industrial invest-
ment over the past two decades have gone into investiga-
tion of these concepts.

Infrared (IR) absorption spectroscopy is based on excita-
tion of molecular motions that are characteristic of the
molecular structure. The near-infrared (NIR) region of the
spectrum (750-2500 nm) is relatively insensitive to water
content so that the beam penetration depth in tissues can
be substantial (30). Trials to identify a clinical correlation
between NIR signals and blood glucose have employed
various computational methods for analyzing the absorp-
tion spectrum. Basic studies have focused on identifying
the absorbing species and tissue structures responsible for
optical signals. However, after much effort the operating
conditions that provide selectivity for glucose have yet to be
established, leading one investigator to conclude that “...
signals can be attributed to chance” (31).

Raman spectroscopy relies on detecting scattered emis-
sions associated with vibrational molecular energy of the
chemical species (as opposed to transmitted, rotational, or
translational energy). Early studies compared the mea-
surement in water of three different analytes (urea, glu-
cose, lactic acid) and found that glucose levels could be
determined with limited accuracy (32). Raman spectro-
scopy has been applied in the aqueous humor of the eye
(33), which is thought to reflect delayed blood glucose levels
over certain ranges (34). As with other optical methods,
adequate specificity for glucose in the presence of other
molecules remains to be demonstrated.

Measurement of the concentration using polarimetry is
based on ability of asymmetric molecules such as glucose to
rotate the plane of polarized light (35). This method is
limited by the presence of other interfering asymmetric
molecules, as well as the thickness and light scattering by
tissues in the region of interest (30). Considerable devel-
opment of polarimetry has centered on measurements in
the anterior chamber of the eye (36), but there is yet to be
a demonstration of sufficient selectivity under biological
conditions.



Attempts at validation of optical sensor concepts have
involved two general approaches. One approach endeavors
to establish selectivity for glucose by identification of the
components of tissues besides glucose that contribute to
the optical signal, and determine if the effects of these
interfering substances can be eliminated or the observed
signals can be reconstructed based on all contributions.
This has not yet been successful, in spite of intensive
efforts. The impediment is the large number of optically
active components in tissues, many of which produce much
stronger effects than glucose. A second approach to valida-
tion involves identifying an empirical relationship between
the observed optical signal in vivo and simultaneously
recorded blood glucose concentration. Noninvasive optical
approaches have been the premise of several human clin-
ical trials, all of which have been unsuccessful. The pro-
spects for a non-invasive optical glucose sensor are distant.

Implantable Optical Sensor Concepts

Implanted optical sensors offer the prospect of a less con-
gested optical path, at the expense of requiring a more
complicated device and confronting the foreign body
response. One promising optical concept is based on che-
mical interaction between glucose and an optically active
chemical species that is immobilized in an implanted,
glucose-permeable chamber. The interaction creates a
change in the optical signal which, under ideal conditions,
may indicate glucose concentration. An example is the
“affinity sensor” (37), in which glucose competes with a
fluorescent substrate for binding with a macromolecule,
Con A, resulting in a change in the optical signature. A
similar detection strategy has been proposed as part of an
implantable intraocular lens (38). There are difficulties
with biocompatibility of the implant, design of the cham-
ber, specificity of the optical detector, as well as toxicity and
photobleaching of the indicator molecules (38). These sys-
tems have yet to be extensively tested.

Tissue Fluid Extraction Techniques

The interstitial fluid that irrigates tissues contains glucose
derived from the blood in local capillaries. Several strate-
gies have been devised to extract this fluid for glucose
assay.

Microdialysis is based on a probe consisting of a fine
hairpin loop of glucose-permeable dialysis tubing in a
probe that is inserted into subcutaneous tissues (39). A
fluid perfusate is continuously circulated through this
tubing by a pump contained in an external apparatus
(40), collected, and assayed for glucose concentration using
an enzyme electrode sensor (Fig. 4). This methodology relies
on the exchange of glucose between the microvascular
circulation and the local interstitial compartment, transfer
into the dialysis tube, and appropriate adjustment of the
pumping pressure and perfusion rate (41). The advantage of
the system is that a foreign body response of the tissue and
local mass transfer resistance are slow to develop due to
the sustained tissue irrigation, but drawbacks include
the requirement for percutaneous access, the need for
frequent relocation of the probe to minimize the chance
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Figure 4. Diagram of a microdialysis probe (39). The semiperme-
able membrane at the probe tip allows exchange of soluble mole-
cules between the probe and surrounding tissue. Samples are
continuously collected and analyzed. (Used with permission of
BMJ Publishing Group.)

of infection, and management of the external apparatus
by the user. This device may find clinical applications for
short-term monitoring.

Reverse iontophoresis employs passage of electrica cur-
rent between two electrodes placed on the surface of the
body to extract tissue fluid directly through the intact skin
(42). Glucose in the fluid has been measured by an enzyme
electrode-type sensor as part of a wristwatch-like appara-
tus (43) (Fig. 5). With a 2h equilibration process after
placing the device and a fingerstick calibration, the sensor
can take measurements as often as every 10 min for 12 h, at
which time sensor components must be replaced and the
sensor recalibrated (44). This sensor was approved by the
Food and Drug Administration (FDA) for indicating glu-
cose trends, but users are instructed to revert to more
reliable conventional assays for insulin dosing decisions.
Minor skin irritation has been reported as a side effect (45).
Although this sensor was briefly available commercially, it

Figure 5. The Glucowatch Biographer (43). An integrated system
for sample extraction by reverse iontophoresis and glucose sen-
sing. (Used with permission from John Wiley & Sons, Inc.)
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was not successful as a product due to its limited capabil-
ities and inconvenience.

Implantable Enzyme Electrode Sensors

The most promising approaches have been various config-
urations of the enzyme electrode sensor based on immobi-
lized glucose oxidase coupled to electrochemical detectors.
The enzyme catalyzes the reaction:

glucose + Og + HoO — gluconic acid + HyO9 (1)

Monitoring of glucose can be based on detection of
hydrogen peroxide production, oxygen depletion, or elec-
tron transfer via a conductive polymer link, as described
below. Enzyme electrode sensors must contact the sample
fluid to be assayed, and therefore require either sensor
implantation or sample extraction (as in the case of
reverse iontophoresis, microdialysis sensors and finger-
stick devices). By employing the enzyme, sensors can have
a significant advantage over non-enzymatic sensors of
being specific for glucose rather than just selective. How-
ever, the benefits of enzyme specificity may not be fully
realized unless the sensor is properly designed. To achieve
the best performance, enzyme electrode sensors must
include design features to address enzyme inactivation,
biological oxygen variability, mass transfer dependance,
generation of peroxide, electrochemical interference, and
other effects.

From the perspective of biocompatibility, sensors can be
implanted either in direct contact with blood or with tis-
sues. Biocompatibility in contact with blood depends on the
surface properties of the sensor as well flow characteristics
at the implant site. Implantation in an arterial site, where
the pressure and fluid shear rates are high, poses the
threat of blood clotting and embolization, and is rarely
justified. Central venous implantation is considerably
safer, and there are several examples of successfull long-
term implants in this site.

Implantation of the sensor in a tissue site is safer, but
involves other challenges. The sensing objective is to infer
blood glucose concentration from the tissue sensor signal,
and factors that affect glucose mass transfer from nearby
capillaries to the implanted sensor must be taken into
account. These factors include: the pattern and extent of
perfusion of the local microvasculature; regional perfusion
of the implant site, the heterogeneous distribution of sub-
strates within tissues, and the availability of oxygen. There
are also substantial differences in performance between
short- and long-term implant applications. In the short term,
a dominant wound healing response prevails, whereas in
the long term, encapsulation may occur. Definitive studies
are needed to establish the real-time accuracy of implanted
sensors and determine when recalibration is necessary.
Studies should be designed to ascertain whether signal
decay is due to enzyme inactivation, electrochemical inter-
ference, or tissue encapsulation. More information is
needed about the effect of these processes on the sensor
signals.

There are >10* technical publications and several thou-
sand patents related to glucose measurement by glucose
oxidase-based enzyme electrodes, although only a fraction

of these address implant applications. Rather than an
attempt to be comprehensive, comments here are limited
to examples of the most advanced approaches intended for
implant applications.

Enzyme Electrode Sensors Based on Peroxide Detection.
Detection of hydrogen peroxide, the enzyme reaction pro-
duct, is achieved by electrochemical oxidation of peroxide
at a metal anode resulting in a signal current that passes
between the anode and a counterelectrode (46). A mem-
brane containing immobilized glucose oxidase is attached
to the anode and, in the presence of glucose and oxygen
under certain conditions, the current can reflect glucose
concentration.

The peroxide-based sensor design is used in several
home glucose monitoring devices and has been highly
successful for glucose assay on an individual sample basis.
However, it is not easily adapted as an implant, especially
for long-term applications. The peroxide-based sensor is
subject to electrochemical interference by oxidation of
small molecules due to its requirement of a porous mem-
brane and an aqueous pathway to the electrode surface for
transport of the peroxide molecule. This factor partially
accounts for a documented decay in sensitivity to glucose
during sensor use. In addition, this sensor design can
incorporate only a limited excess of immobilized glucose
oxidase to counter enzyme inactivation, as high enzyme
loading reduces peroxide transport to the electrode (47).
Coimmobilization of catalase to avoid peroxide-mediated
enzyme inactivation is not an option because it would
prevent peroxide from reacting with the anode. There
are also no means to account for the effects of physiologic
variation in oxygen concentration and local tissue perfu-
sion on the sensor response.

There have, nevertheless, been proposals to address
some of these challenges. Composite membranes with
reduced pore size have markedly reduced electrochemical
interference from a variety of species over the short-
term (48). A “rechargeable” enzyme system has been
devised for periodically replenishing enzyme activity
(49), in which a slurry of carbon particles with immobilized
glucose oxidase is pumped between membrane layers of a
peroxide electrode from a refillable reservoir. A gas-
containing chamber has been proposed (50) to address
the “oxygen deficit” (51), or stoichiometric limitation of
the enzyme reaction by the relativley low tissue oxygen
concnetration. Certain other challenges of the peroxide
sensor principle remain to be addressed. As a result of the
inherent features of this sensor principle, the peroxide-
based sensor may be best suited to short-term implant
applications and where frequent sensor recalibration is
acceptable.

Small, needle-like short-term peroxide-based sensors
connected by wire to a belt-mounted monitor have been
developed for percutaneous implantation (52) (Fig. 6). The
sensor was ultimately intended for insertion by the
user for operation up to 3 days at a given tissue site
before relocation. Sensors based on peroxide detection
have been tested extensively in animals and humans
(52-55) and, in some cases have functioned remarkably
well, although frequent recalibration was required. In



Figure 6. Components of the MiniMed CGMS system (62). This
sensor, based on the peroxide-based sensing principle, is FDA
approved for short-term monitoring. (Copyright © 1999, Elsevier.)

some cases, difficulties of two types have been identified
(56—61). First, the sensors themselves have not been spe-
cific for glucose, sufficiently sensitive, or stable. In some
cases where the sensor response in simple buffer solutions
was acceptable, ambiguous signals have sometimes
resulted when used as an implant. Examples of such
responses are: sensor signals that decay over the short
term while blood concentrations remain constant, signals
that apparently follow blood concentrations during some
periods, but not at other times; and identical sensors
implanted in different tissue sites in a given subject that
sometimes produce opposite signals (55). The peroxide-
based subcutaneous sensor was the first commercially
available near continuous sensor. In small controlled stu-
dies, use of the sensor was shown to lower Hba ;. levels (62).
Latter versions of this sensor have been approved by the
FDA to be used as monitors to alarm for hyper- and
hypoglycemia in real time. Although there are reserva-
tions aboutits accuracy, the needle sensor hasbeen used in
clinical research settings (Figs. 7, 8). A recent study found
substantial error in values produced by a prominent com-
mercial needle sensor and concluded that this sensor “. ..
cannot be recommended in the workup of hypoglycemia in
nondiabetic youth” (66) and, by extension, to other dia-
betic subjects. Reasons for these signal deviations are not
fully understood.
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Figure 7. An approach to sensor validation. Comparison of 2477
glucose values determined by a CGMS sensor system and a stan-
dard meter (63). Data pairs were collected during home use from
135 patients. The plot, known as the Clarke Error Grid, has zones
with differing clinical implications. This type of plot is widely used
to describe glucose sensor performance, but has limited ability to
discriminate ineffective sensors (64). (Copyright © 1999, Elsevier.)

Although the needle sensor may be acceptable only to a
relatively small group of the most motivated individuals, it
represents an advance in glucose sensor technology.
Perhaps the most important contribution of the short-term
needle sensor has been the revelation to users and
clinicians that blood glucose excursions generally occur
much more frequently and in a greater number of people
than previously thought. This heightened awareness of
blood glucose dynamics may lead to a greater appreciation
of the need for dynamic control in improved metabolic
management.

Long-term  peroxide-based sensors have been
implanted in the peritoneal cavity of dogs and in humans
in conjunction with battery-operated telemetry units
(67,68). Although the sensors remained implanted in
humans for up to 160 days, the sensitivity to glucose
decayed during the study and frequent recalibration was
required.

Peroxide-based sensors with telemetry systems have
also been implanted in the subcutaneous tissues of
human type 1 diabetic subjects to determine if the mere
presence of a nonreporting sensor can improve metabolic
control (69). Glucose was monitored in parallel by finger-
stick throughout the study as a basis for insulin
dosage. Study subjects were able to reduce the time spent
in hyperglycemia, increase the time spent in normoglyce-
mia and modest hypoglycemia, and markedly reduce
the time spent in severe hypoglycemia, but reductions
in Hbaq. values were not observed. The study was not
specifically designed to validate sensor function and a
more straightforward and informative study design is
needed.

Short-Term Enzyme Electrodes Based on Conductive Poly-
mers. Another principle for glucose monitoring is based on
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Figure 8. An example of the CGMS sensor response (65). Squares are reference values utilized in
sensor calibration. Circles are additional reference blood glucose values. Reference values were
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obtained from a standard glucose meter. Values are in mmol- L. (Used with permission.)

immobilization of glucose oxidase to electron-conducting
polymers that can act as “chemical wires”, providing a
means for direct electron transport between glucose oxi-
dase and the electrode (70). This priniciple eliminates the
need for oxygen as a coreactant and, although a porous
membrane that can allow passage of ionic current and
interferants is still required, the electrode can be operated
at lower anodic potentials to reduce electrochemical inter-
ference (71). A short-term needle-like version of this sensor
for 3 day operation is under development.

Long-Term Enzyme Electrode Sensors Based on Oxygen
Detection. Glucose can also be monitored by detecting
differential oxygen consumption from the glucose oxidase
reaction. In this case, the process is based either on glucose
oxidase alone (reaction 1), or a two-enzyme reaction includ-
ing catalase in excess, which produces the following overall
process:

Glucose + 0.5 Oy — gluconic acid (2)

The enzymes are immobilized within a gel membrane in
contact with the electrochemical oxygen sensor. Excess
oxygen not consumed by the enzymatic process is detected
by an oxygen sensor and, after comparison with a similar
background oxygen sensor without enzymes, produces a
differential signal current that is related to glucose con-
centration.

This approach has several unique features (23).
Electrochemical interference and electrode poisoning
from endogenous biochemicals are prevented by a pore-
free silicone rubber membrane between the electrode and
the enzyme layer. This material is permeable to
oxygen but completely impermeable to polar molecules

that cause electrochemical interference. Appropriate
design of the sensor results in sufficient supply of oxygen
to the enzyme region to avoid a stoichiometric oxygen
deficit (51), a problem that has not been addressed in
the peroxide-based sensor system. The differential
oxygen measurement system can also readily account
for variations in oxygen concentration and local perfusion,
which may be particularly important for accurate function
of the implant in tissues. Vast excesses of immobilized
glucose oxidase can be incorporated to extend the effective
enzyme lifetime of this sensor, a feature not feasible with
peroxide- and conductive polymer-based sensors. Co-
immobilization of catalase can further prolong the lifetime
of glucose oxidase by preventing peroxide-mediated
enzyme inactivation, the main cause of reduced enzyme
lifetime (72). This sensor design also avoids current pas-
sage through the body and hydrogen peroxide release into
the tissues.

Along-term oxygen-based sensor has been developed as
a central venous implant (23) (Fig. 9). The sensor func-
tioned with implanted telemetry (73) in dogs for >100 days
and did not require recalibration during this period
(Fig. 10). The central venous site permitted direct expo-
sure of the sensor to blood, which allowed simple verifica-
tion of the sensor function without mass transfer
complications. This was particularly beneficial for asses-
sing sensor stability. In clinical trials, this system has
been reported (74) to function continuously for >500 days
in humans with <25% change in sensitivity to glucose over
that period. This achievement represents a world
record for long-term, stable, implanted glucose sensor
operation, although there may still exist hurdles to com-
mercialization.



Figure 9. Animal prototype long-term central venous glucose
sensor with implanted telemetry (73). Glucose and oxygen sensors
are at the end of the catheters. Telemetry antenna emerges from
the top, left. The telemetry body is 2 x 2.5 in.

These results have lead to several unanticipated con-
clusions. Although native glucose oxidase is intrinsically
unstable, with appropriate sensor design the apparent
catalytic lifetime of the immobilized enzyme can be sub-
stantially extended (75). The potentiostatic oxygen sensor
is remarkably stable (76) and the oxygen deficit, once
thought to be an insurmountable barrier, can be easily
overcome (51). The central venous implant site, which is
uniquely characterized by slow, steady flow of blood, allows
for sufficient long-term biocompatibility with blood that the
sensor stability can be documented (23). Nevertheless, the
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Figure 10. Response of an implanted intravenous sensor to glu-
cose challenges on day 108 after implantation in a dog (23). The
solid line is the sensor signal and triangles are venous blood gl-
ucose assays. Blood glucose excursions with initial rates of 0.2-
8mM -min~! were produced by infusions of sterile glucose
solutions through an intravenous catheter in a foreleg vein.
(Note: 90 mg-dL™! glucose=5.0 mM.) (Copyright © 1990,
American Diabetes Association.)

GLUCOSE SENSORS 401

Figure 11. Close-up view of tissue glucose and oxygen sensor
array (77). Sensor array with small (125 wum diameter) indepen-
dent platinum working electrodes, large (875 um diameter) com-
mon platinum counterelectrodes, and a curved common Ag/AgCl
reference electrode. The membrane is not present. (Copyright
2003, American Physiological Society.)

potential for thromoembolic events, anticipated to be rare
but potentially significant over many years of sensor use,
suggests reservations that may limit clinical acceptance
and provides motivation for development of a potentially
safer long-term sensor implant in tissues.

Long-term oxygen-based sensors have also been
implanted in tissues. The successful central venous sensor
cannot be simply adopted for use in the safer tissue site, but
certain design features of that sensor which promote
long-term function, such as immobilized enzyme design,
the stable potentiostatic oxygen sensor, and membrane
design to eliminate the oxygen deficit, can be incorporated
(Fig. 11).

A systematic approach is required to validate sensor
function, based on quantitative experimentation, mass
transfer analysis, and accounting for properties of tissues
that modulate glucose signals. Several new tools and
methods have been developed. A tissue window chamber
has been developed that allows direct optical visualization
of implanted sensors in rodents, with surrounding
tissue and microvasculature, while recording sensor sig-
nals (77) (Fig. 12). This facilitates determination of the
effects of microvascular architecture and perfusion on the
sensor signal. A method has been devised for sensor char-
acterization in the absence of mass transfer boundary
layers (78) that can be carried out before implantation
and after explantation to infer stability of the implanted
sensor. This allows quantitative assessment of mass
transfer resistance within the tissue and the effects of
long-term tissue changes. A sensor array having multiple
glucose and oxygen sensors has also been developed
that shows the range of variation of sensor responses within
a given tissue (77). This provides a basis for averaging
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Figure 12. An implanted glucose sensor and nearby micro-
vasculature (79). Optical image taken in a hamster window chamber.
Sensor diameter is 125 pm.

sensor signals for quantitative correlation to blood glucose
concentration.

REMAINING CHALLENGES FOR SENSOR DEVELOPMENT

Although there has been recent progress in sensor devel-
opment and implementation, certain challenges remain. In
many cases, there is need for improvement in data pre-
sentation and sensor validation. Standard glucose mea-
surements for validation of sensor signals are often either
not reported or are not obtained frequently enough to
validate sensor responses. Requirements for sensor recali-
bration are not always given. Published results are often
selected to show what may be ideally possible for a parti-
cular sensor rather than what is typical, sometimes con-
veying the impression that sensors are more accurate than
may be the case.

There is a need to understand the effects of physiologic
phenomena such as local perfusion, tissue variability,
temperature and movement, that modulate sensor
responses to glucose and affect measurement accuracy.
A detailed understanding of these effects and their
dynamics is needed for a full description of the glucose
sensing mechanism. Robust sensor designs and modes of
operation are required that assure reliable determination
of glucose during exercise, sleeping and other daily life
conditions.

A complete explanation for the response of every
sensor should be sought, whether it is producing “good”
or “bad” results, as more can often be learned for sensor
improvement from sensors that produce equivocal
results than from those that produce highly predictable
signals (56). Present definitions as to what constitutes
an acceptable sensor are based on narrow technical
criteria proposed by sponsors of individual sensors that
apply under specific conditions and lead to limited-

Glucose (mM)

Time (h)

Figure 13. Blood glucose prediction based on recently sampled
values (13). A 10min prediction in a non-diabetic, average
rms error=0.2 mM. (Copyright © 1999, American Diabetes
Association.)

use approvals by the FDA. There is a need to establish
rational criteria for sensor validation and performance
specific for the intended use (80). As sensors must be
useful for hypoglycemia detection, sensor function
must be validated in the hypoglycemic state. Correlation
with Hba;. levels may not be useful for sensor
validation, as the detailed information from sensors is
likely to supplant Hba;. as a more comprehensive index
of control.

BLOOD GLUCOSE PREDICTION

The ability to monitor blood glucose in real-time has major
advantages over present methods based on sample collec-
tion that provide only sparse, historical information. There
exists, however an additional possibility of using sensor
information to predict future blood glucose values. It been
demonstrated that blood glucose dynamics are not random
and that blood glucose values can be predicted using
autoregressive moving average (ARMA) methods, at least
for the near future, from frequently sampled previous
values (13) (Fig. 13). Prediction based only on recent blood
glucose history is particularly advantageous because there
is no need to involve models of glucose and insulin dis-
tribution, with their inherent requirements for detailed
accounting of glucose loads and vascular insulin availabil-
ity. This capability may be especially beneficial to children.
Glucose prediction can potentially amplify the considerable
benefits of continuous glucose sensing, and may represent
an even further substantial advance in blood glucose
management.

CLOSING THE LOOP

Glucose control is an example of a classical control system
(Fig. 14). To fully implement this system, there is a need to
establish a programmable controller based on continuous
glucose sensing, having control laws or algorithms to
counter hyper- and hypoglycemic excursions, identify per-
formance targets for optimal insulin administration, and
employ insulin pumps. The objective is restore optimal
blood glucose control while avoiding over-insulinization
by adjusting the program, a goal that may not be possible
to achieve with alternative cell- or tissue-based insulin
replacement strategies.
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Figure 14. A simple control system for blood glucose. y(out) is
the blood glucose concentration, y (sp) is the desired blood glucose,
the natural sensor is in the pancreatic beta cell, the plant is the
body over which glucose is distributed, and the disturbance is
absorption of glucose from the gut via digestion. The control ele-
ment can be an insulin pump. The control law is an algorithm that
directs the pump in response to the difference between measured
and target blood glucose.
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Programmable external pumps that deliver insulin
to the subcutaneous tissue are now widely used and
implanted insulin pumps may soon become similarly
available. At present, these devices operate mainly in a
preprogrammed or open-loop mode, with occasional adjust-
ment of the delivery rate based on fingerstick glucose
information. However, experimental studies in humans
have been reported utilizing closed-loop systems based
on implanted central venous sensors and intra-abdominal
insulin pumps in which automatic control strategies were

—
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employed over periods of several hundred days (81) (Fig. 15).
Initial inpatient trials using subcutaneous peroxide
sensors to close the loop with an external insulin
pump are also underway. There is a need to expand
development of such systems for broad acceptance. Exten-
sive reviews of pump development can be found elsewhere
(82-84).

These results demonstrate that an implantable artificial
beta cell is potentially feasible, but more effort is required
to incorporate a generally acceptable glucose sensor, vali-
date the system extensively, and demonstrate its robust
response.

CONCLUSIONS

The need for new glucose sensors in diabetes is now greater
than ever. Although development of an acceptable, contin-
uous and automatic glucose sensor has proven to be a
substantial challenge, progress over the past several dec-
ades has defined sensor performance requirements and
has focused development efforts on a limited group of
promising candidates. The advent of new glucose
sensing technologies could facilitate fundamentally new
approaches to the therapy of diabetes.
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Figure 15. Blood glucose control in
humans by an implanted artificial
beta cell. A chronic, central venous
blood glucose sensor and implanted
insulin pump (Medtronic/MiniMed)
implanted in a human subject. (a)
Plasma (solid circles) and sensor
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. Medical Research Group. Copyright
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