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1. Introduction

The importance of glucose monitoring is well established for
people with diabetes. The incidence of diabetes is now esti-
mated at 366 million people world wide (2011) and is expected
to reach 552 million by 2030.[2] Half of this population remains
undiagnosed, and this leads to an ever-growing financial
burden on already-stressed health care systems. The U.S.A.
alone spent 471 billion dollars on diabetes-related health care.
The need to improve quality of life for millions and the need
to reduce financial burden continue to drive glucose sensor re-
search, and current projects strive to develop methods that are
discrete, painless, and accurate to help monitor and control
glucose levels and ultimately to reduce complications.

The 1993 landmark Diabetes Control and Complications Trial
(DCCT) was key to demonstrating that tight glucose control
would reduce the complications of diabetes.[3] The DCCT and
the United Kingdom Prospective Diabetes Study (UKPDS) fur-
ther confirmed this outcome with type 2 diabetes patients.[4] It
was clear that a system that could aid in the maintenance of
tight glucose control would be beneficial. However, the studies
also showed an increase in hypoglycemic events while adher-
ing to the tight glucose control regimen. Since those first stud-
ies, the benefits of better glycemic control and detection of
hypoglycemia have been confirmed in multiple studies by
using currently available commercial continuous glucose moni-
toring (CGM) systems.[5] In addition, subsequent studies with
CGM systems have demonstrated the value of CGM for appli-
cations in pediatrics, the intensive care unit, pregnancy, behav-
ioral studies, and as an outcome measurement in clinical stud-
ies.[6]

As of this writing, there are three commercially available ac-
curate and user-friendly CGM systems that provide continuous
glucose level information and act as an indicator for impend-
ing hypoglycemia. After more than 10 years since the first

CGM device was approved for patient use, many studies have
demonstrated reduced glycosylated hemoglobin (HbA1c) and
a reduction in hypoglycemic events by about 50 %.[7] Other
studies have concluded that the use of CGM in long-term pro-
jections is cost effective at the $100 000/QALY (quality-of-life
year) threshold.[5b] The ultimate goal in CGM has been to im-
prove quality of life (QoL) and well-being for people with dia-
betes, and studies have shown improved well-being and
device satisfaction for CGM users, particularly in reducing fear
of hypoglycemia. However, ranking of QoL is similar between
CGM and traditional methods, which can be attributed to in-
creased hassle of use (e.g. false alarms, insertion). Pediatric pa-
tients and their parents indicate more significant evidence that
CGM improves QoL and well-being with higher satisfaction.[7, 8]

It has taken more than 40 years from conception until these
positive benefits of CGM have been clearly demonstrated.

2. History

Clark and Lyons first introduced the concept of an electro-
chemical glucose sensor on the basis of Scheme 1 (GOx = glu-
cose oxidase, FAD = flavin adenine dinucleotide).[8] Because
oxygen is ubiquitous in tissue, as well as in the atmosphere, it
acts as a very convenient mediator to regenerate the enzyme.
In the original concept, monitoring the consumption of
oxygen by reducing oxygen at a Pt electrode (�0.6 V) pro-
duced a current that was proportional to the glucose concen-
tration. For this mechanism, attributing changes in the oxygen
concentration only to reaction 2 (Scheme 1) meant that more
complex dual electrode systems to monitor ambient oxygen
might be required. One advantage of electrochemical sensors
is the relatively simple technology required for read-out elec-

After 40 years of research and development, today continuous
glucose monitoring (CGM) is demonstrating the benefit it pro-
vides for millions with diabetes. To provide in vivo accuracy,
new permselective membranes and mediated systems have
been developed to prevent enzyme saturation and to mini-
mize interference signals. Early in vivo implanted sensor re-
search clearly showed that the foreign body response was
a more difficult issue to overcome. Understanding the biologi-
cal interface and circumventing the inflammatory response
continue to drive development of a CGM sensor with accuracy
and reliability performance suitable in a closed-loop artificial
pancreas. Along with biocompatible polymer development,
other complimentary algorithm and data analysis techniques
have improved the performance of commercial systems signifi-

cantly. For example, the mean average relative difference of
Dexcom’s CGM system improved from 26 to 14 % and its use-
life was extended from 3 to 7 d. Significant gains in usability,
including size, flexibility, insertion, calibration, and data inter-
face, have been incorporated into new generations of com-
mercial CGM systems. Besides Medtronic, Dexcom, and Abbott,
other major players are also investing in CGM. Becton Dickin-
son is conducting clinical trials with an optical galactose glu-
cose binding system. Development of fully implanted sensor
systems fulfills the desire for a discreet, reliable CGM system.
Research continues to find innovative ways to help make living
with diabetes easier and more normal, and new segments are
being pursued (intensive care unit, surgery, behavior modifica-
tion) in which CGM is being utilized.

Scheme 1. Glucose is specifically recognized with glucose oxidase. This reac-
tion scheme produces the electroactive hydrogen peroxide species, and re-
generation of glucose oxidase is mediated by oxygen.
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tronics and miniaturization. The concept of electrochemical
biosensors based on Clark’s original work took two paths: glu-
cose strips for self-monitoring blood glucose (SMBG) and CGM.

Shichiri et al. took the first step toward CGM by implanting
a glucose sensor in dogs for 7 d.[9] However, the Shichiri team
utilized the oxidation of hydrogen peroxide, as shown in
Scheme 2. They were also the first to create a “needle-type”

sensor small enough (2 cm long, 0.4–1 mm in diameter) for
in vivo subcutaneous implant in humans.[10] Shichiri et al.
added a telemetry unit, measuring 4 � 6 � 2 cm and weighing
50 g, to create the first essential components for a wearable
CGM system.[11] Again in 1983, Shichiri et al. led the way
toward a wearable artificial pancreas when he coupled the
sensor with the an insulin pump that measured 12 � 15 � 6 cm
and weighed 400 g. Shichiri et al. was not the first to develop
an artificial pancreas. In 1977, Miles Laboratories produced the
Biostator, a relatively large bedside unit. The Biostator incorpo-
rates an in-line venous cannula to measure glucose and then
calculates the correct insulin and dextrose infusion rate. The Bi-
ostator is still used for conducting diabetes-related clinical re-
search, often for controlling glucose levels in clamp studies for
CGM evaluation.

The Shichiri team demonstrated viability of several key com-
ponents for a successful CGM system. They used hydrogen
peroxide oxidation rather than oxygen depletion, which simpli-
fied the system for practical use. The sensor was miniaturized
to facilitate subcutaneous implantation. Subcutaneous implan-
tation was fundamentally essential because a portable, weara-
ble system implanted in the blood proved technologically im-
practical due to risk of blood clotting. Vadgama et al. devel-
oped a system requiring continuous perfusion to circumvent
the clotting issue.[12] Coupling the system with telemetry

added another key component that is now incorporated into
all the CGM systems that are currently commercially available.
Companies with approved CGM systems, and many with sys-
tems in development, have programs coupling CGM to insulin
delivery. Therefore, the early work by Shichiri’s team for a CGM
system combined with insulin delivery was central to the
future development of an artificial pancreas.

To improve treatment compliance and to create a more
“normal” life for people with diabetes, a fully implanted sensor
coupled to insulin delivery (artificial pancreas) is an essential
tool. The history of these efforts started with Updike’s group
who successfully obtained data for three months from a fully
implanted glucose sensor in dogs.[13] With these monumental
successes in the 1970s and 1980s, it seemed a commercial
CGM or artificial pancreas would be available very soon. Un-
fortunately, as research continued the fundamental technologi-
cal issues became more evident.

3. Sensor Performance Issues

3.1. Electrochemical Systems

To function accurately for extended in vivo use (one week to
several months) a CGM sensor must meet fundamental perfor-
mance characteristics : sensitivity, specificity, selectivity, linearity
within a biologically relevant range (3–20 mm), and lifetime.
For glucose sensors in biological tissue, impediments to meet
these characteristics are 1) interfering substances 2) oxygen de-
pendence, and 3) biocompatible function. Fundamental re-
search innovations to overcome these issues were plentiful, in
addition to algorithm development to compensate for inade-
quate performance. Ultimately it is a combination of these two
techniques that imparts the performance criteria of today’s
commercial CGM systems.

The accuracy of current CGM systems is commonly reported
as the mean average relative difference (MARD) relative to a ref-
erence glucose measurement (Yellow Springs laboratory glu-
cose is often used), among several other factors. The accepted
average for regulatory approval is about �20 % over all biolog-
ically relevant glucose ranges. A correlation analysis, the Clarke
error grid analysis (EGA) is included in most studies. The chart
is divided into therapeutically relevant zones. Points in zones A
and B are considered therapeutically acceptable, zone C could
lead to unnecessary treatment, and zones D and E could lead
to potentially dangerous therapeutic decisions. The EGA was
originally designed to characterize SMBG individual points rela-
tive to laboratory methods. Because CGM reports continuous
blood glucose rather than discreet point values fixed in time,
the continuous glucose-EGA, which adds rate error grid analy-
sis (REGA), was developed. The REGA includes therapeutic
error indications for rate and direction of change information
that is unique to CGM data. Kovatchev and Clarke et al. have
developed extensive CGM evaluation methods that account
for the rich data set that CGM systems produce.[14] Some of
these methods are included in the recommendations for evalu-
ating and standardizing CGM clinical evaluations (guidance
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Scheme 2. Oxidation of hydrogen peroxide at the Pt electrode (0.6 V)
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document) issued by the Clinical Laboratory and Standards In-
stitute (CLSI).[15]

Specificity and selectivity are major figures of merit required
to meet accuracy requirements. The selected biological recog-
nition element imparts the specificity, for which glucose ox-
idase has historically been the main actor. Selectivity, or elimi-
nating reactivity to inferring substances, has been significantly
more challenging. For systems that use H2O2 oxidation as the
transduction mechanism, a relatively high polarization voltage
will also oxidize interfering species commonly found in vivo,
such as ascorbic acid, acetaminophen (paracetamol), and
urate. The design developed by Wilson et al. , a two-electrode
needle-type sensor, overcame this issue by applying a multilay-
er cellulose acetate and Nafion permselective membrane.[16] Se-
lectivity of permselective membranes is primarily achieved by
size and charge exclusion. Several other researchers have de-
veloped polymeric permselective membranes such as Vadgama
et al. with a sulfonated polyether–ether sulfone–polyether sul-
fone (SPEES-PES) membrane.[17] Others have applied electrode-
positon of polypyrrole, phenylenediamine, and phenol to ex-
clude interfering species, although the final product was often
not stable enough for reliable in vivo use.[18] Commercial CGM
developers incorporate proprietary membranes to create selec-
tive glucose sensors.

The permselective membrane concept is also used to reduce
sensitivity to changes in oxygen concentration. This is particu-
larly important considering reaction (2) (Scheme 1), in which
oxygen limitation would cause enzyme saturation and nonli-
nearity at the upper end of the relevant range (3–20 mm). The
situation is compounded because the normal in vivo oxygen
level is 220 mm and glucose is 5 mm, which creates a natural
disparity for the stoichiometric 1:1 reaction. Limiting glucose
diffusion to create an environment with an excess amount of
oxygen has been realized by combinations of hydrophilic and
hydrophobic membranes of polyurethane, polytetrafluoroethy-
lene, polycarbonate, and a variety of other polymers.[19, 20] A sig-
nificant body of intellectual property (IP) has been created by
commercial manufacturers and researchers in this effort.[4, 21]

The second method to overcome selectivity issues is to
design a sensing system that does not require the high polari-
zation voltage (0.6 V) to oxidize H2O2 and that does not use
oxygen as the enzyme regeneration mediator. This has been
achieved with a general mediated reaction shown in Scheme 3
(Medox = mediator in the oxidized form, Medred = mediator in
the reduced form).

Borrowing technology that has been subsequently em-
ployed in the glucose strip industry, Updike et al. developed
a ferrocene derivative mediated system for implanted sen-
sors.[22, 23] Producing a system for implantable sensors that is
safe and efficacious proved difficult due to the tendency for
the mediator to leach out of the polymer system. Heller’s
group overcame this by synthesizing a redox hydrogel of pol-
y[(vinylpyridine)](bipyridine) with an osmium center that was
co-deposited with GOx.[22] A commercially utilized version of
this “wired” chemistry is incorporated into glucose monitoring
systems sold by Abbott.[23] Many of these technologies used to
overcome oxygen dependency and selectivity issues are em-
ployed in commercial CGM systems and on-going CGM devel-
opment programs.

Although Updike’s group had success with his mediated
system in pigs, the impact of the inflammatory response and
its affect on sensitivity and long-term function was not yet un-
derstood.[24] A significant appreciation for the impact of the
biological response to in vivo sensor function was gained from
the earliest implanted glucose sensor research, both short and
long term. One of the first realizations was that sensors im-
planted in interstitial tissue would require calibration to equate
blood glucose concentration with the sensor response because
of the initial change in sensitivity from in vitro performance.
In vivo sensors do not produce equivalent in vitro and in vivo
response; thus, a finger-stick SMBG test is required to calibrate
the CGM sensor.[25] The biological response creates a continu-
ously changing environment that is exhibited by changes in
background response and sensitivity ; these changes are most
significant in the first 24 to 48 h, but they can be compensated
for with frequent calibration.

The calibration accuracy can be affected by a lag of 5 to
30 min between the blood glucose and interstitial tissue. The
lag was studied both in early research by Wilson et al. and in
clinical studies with Medtronic sensors by Boyne et al. as well
as many other studies too numerous to cite.[24] The lag varied
depending on the rate and direction glucose was changing;
thus, a poorly timed calibration could create significant error.
Multiple clinical studies have indicated that the lag is attribut-
ed to both sensor diffusion characteristics and physiological
factors.

The “biocompatibility” of implanted glucose sensors, after
years of research, remains the most challenging aspect to pro-
vide long-term accurate and reliable implanted glucose sen-
sors. “Biocompatibility” in this case was aptly defined by Reich-
ert and Sharkawy as minimal perturbation of the in vivo envi-
ronment, and likewise, the in vivo environment does not ad-
versely affect the sensor performance.[26]

3.2. Biological Response

The in vivo response to implanted sensors continues to be one
of the greatest challenges to developing a CGM system with
appropriately accurate performance for use in a closed-loop ar-
tificial pancreas. Figure 1 illustrates the complex inflammatory
response when a sensor is inserted subcutaneously. The infil-
tration of proteins, the release of cytokines and reactive

Scheme 3. Mediated electron-transfer mechanism to minimize oxygen de-
pendence and to reduce oxidation of interfering species. The regeneration
of the mediator to the oxidized form at the electrode, preferably at relatively
low potentials, produces a current that is proportional to the glucose con-
centration.
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oxygen species (ROS), and subsequent influx of inflammatory
cells all contribute to the instability of implanted glucose sen-
sors. This includes an initial decrease in sensitivity, sensor de-
tection of ROS, decomposition of sensor components, and con-
sumption of oxygen and glucose by the inflammatory cells.[24]

The biological effort to heal the wound and eliminate the for-
eign body in the acute phase creates a very unstable and reac-
tive environment. The unpredictable changes in the in vivo
milieu can create an unstable background response for electro-
chemical sensors.

In a foreign body response, the acute phase continues for
about one to two weeks before a fibrous avascular collagen
capsule is formed around the long-term implant. The capsule
inhibits diffusion of glucose and oxygen to the implant, which
is not representative of “normal” tissue. There is significant his-
torical research to understand and circumvent the foreign
body reaction. With the success of the first commercial glucose
sensors, companies are focusing on the biocompatibility issue,
and researchers work toward greater understanding and solu-
tions.

The complications encountered in the earliest devices have
driven many researchers to examine the interface between
sensor function and the biological response. Gerritson et al.
and Wilson et al. showed that the initial source of sensitivity
loss was protein infiltration into and onto the membranes of
the sensor.[24, 27] Wisneiwski et al. characterized the “biofouling”
process and worked toward developing methods to circum-
vent initial protein adhesion.[28] Anderson’s group contributed
significantly to the understanding of the foreign body re-
sponse mechanism to implants. His group provided key under-
standing for the initial protein interaction with early inflamma-
tory cells through the cascade of events leading to macro-
phage fusion into giant cells to encapsulate an implant.[29]

The fundamental understanding of the biological response
led to specific technologies to circumvent the adverse effects,
some of the first being to prevent protein adhesion. The con-
cept is to mimic natural tissue or cellular structures and thus
to prevent protein adhesion. Morais et al. has reviewed many
of the hydrophilic hydrogel coatings of polyethylene glycol

and polyvinyl alcohol that form a shield of surface water,
which is thought to prevent protein adhesion. Other biomim-
etic compositions have also been formulated to deter protein
attachment, including collagen, chitosan, alginate, hyaluronan,
and phospholipids.[30] Work by Kobayashi et al. has shown the
relationship between nanofunctionalized surface characteristics
with poly(2-hydroxyethyl methacrylate) (PHEMA) polymer
brushes and the size exclusion of protein adsorption on in vivo
surfaces.[31] The packing density and orientation of the fibers
has a significant impact on the degree of effective protein ex-
clusion, which is shown in Figure 2. Protein adhesion is essen-

tial in the inflammatory cascade for subsequent cellular adhe-
sion, and as demonstrated by Kobayashi et al. , the concentrat-
ed brush architecture effectively deters cellular adhesion. The
concentrated polymer brushes approach appears to be a very
effective method to improve biocompatibility. However, for
practical applications, fabricating the nanotextured surfaces on
CGM sensors in production manufacturing must be accom-
plished.

A more global solution to the foreign body reaction is to
mediate the inflammatory response. Several researchers have
contributed to this effort by release of microencapsulated anti-
inflammatory corticosteroids such as Dexamethasome. This has
shown some success for electrochemical and optical (“smart
tattoos”) applications.[28, 32] Safety concerns have been raised re-
garding the release of drugs or other substances that induce
angiogenesis, because of the possible correlation with cancer
mechanisms. The release of a naturally occurring biological
species, such as nitric oxide (NO), may have a simpler path to
regulatory success. Nitric oxide is a short-lived signaling mole-
cule that has been demonstrated to mediate the inflammatory
response from glucose sensors. Figure 3 illustrates that a glu-
cose sensor with short-term NO release effectively mediates
the inflammatory response.[33] In the work of Meyerhoff et al.
and Schoenfisch et al. , NO appears to provide an in vivo envi-
ronment that is similar to unperturbed tissue and induces an-
giogenesis.[33, 34] For optimum effectiveness on biological im-
plants, Schoenfisch et al. developed a controlled release
system, which may be applied to mass production.

Figure 1. Depiction of the complex inflammatory response cascade when
a foreign body (biosensor) is implanted in subcutaneous tissue.

Figure 2. Illustration of the size-exclusion effect for a) concentrated brush
and b) semiconcentrated brush nanostructures for in vivo protein exclusion:
d is the average distance between the nearest-neighbor graft points, D is
the average distance between the neighbor graft chains, and Rg is the
radius of gyration. Reprinted with permission from ref. [31]
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Inducing angiogenesis and disrupting the inflammatory re-
sponse by blocking cytokine release are additional mechanisms
that researchers have employed to create more normal tissue
surrounding the sensor implant. Updike et al. developed coat-
ings and topographical properties to promote angiogenesis,
whereas others used gene expression methods to induce the
generation of VEGF (vascular endothelial growth factor) to in-
crease tissue vascularization.[32, 35] Inhibiting cytokine release
with surface moieties such as TGF-b (transforming growth
factor b) by using antisense genes or antibodies has shown
some success.[36]

A variety of the technologies described have been adapted
to achieve the best performance for the three currently ap-
proved sensors as well as for the next generation of CGM sen-
sors being developed. Knowledge gained from following pa-
tient use and multiple clinical studies with available sensor sys-
tems (both approved and in development) has contributed to
the continual improvement in the performance of CGM. Perfor-
mance reliability and accuracy are very important, but users
also highly value convenience and comfort. From a patient
perspective, it is often assumed that an approved device will
provide safe and effective performance, whereas the usability
can have a considerable impact on which device encourages
patient compliance. The size (sensor, body-worn transmitter,
and receiver), comfort, intrusiveness (alarms), and ease-of-use
(insertion, calibration, and data interpretation) of the CGM
system have occupied researchers since the first systems were
approved.

4. Commercial Continuous Glucose Monitoring
Systems

4.1. Evolution

Before describing what is currently available and what is next
on the horizon, a brief history of the evolution of the current
CGM system is appropriate. The first CGM system approved (in
2001), the GlucoWatch biographer by Cygnus, was considered
“minimally invasive”, as it did not puncture the skin.[37] Howev-
er, the reverse iontophoresis sampling method created signifi-
cant skin irritation. The system was also designed to shut
down if excess sweating was detected, which often occurs

with hypoglycemia. These two factors led to a commercially
nonviable product, and thus this model was withdrawn from
the market.

MiniMed (subsequently purchased by Medtronic) produced
the first approved system in 1999, which was a Holter-style
monitor for clinical use only. In 2005, they followed with
a home-use system, the Guardian. John Mastrototaro, who
picked up technology from an Eli Lilly product called the
“Direct 30/30”, brought the Guardian sensor technology to
MiniMed. This system used Updike’s H2O2 oxidation technique
to develop a reusable glucose finger stick system that was
commercially unsuccessful.[38] Dexcom, originally Markwell
Medical, was a company founded on the basis of Updike’s
technology for a fully implanted glucose sensor. Dexcom sus-
pended work on the fully implanted system and surprised the
competition with a transcutaneous implanted sensor. The Dex-
com STS (short-term sensor) was approved for home use in
2006. Adam Heller started Therasense with his “wired”
osmium-mediated technology and developed a glucose strip
system while working on a CGM system. Abbott purchased
Therasense, taking on both the strip and CGM technology.
After a long and arduous regulatory path, Abbott’s Navigator
was approved in 2008. The difficulty Abbott may have encoun-
tered was an effort to commercialize a nonadjunctive CGM
system, for which a therapeutic decision could be made on
the basis of the readings from the CGM. As of today, all the ap-
proved systems are adjunctive, and the Food and Drug Admin-
istration (FDA) requires labeling advising the patient to take
a blood glucose measurement with an approved system
before adjusting their therapy. The blood glucose finger stick is
also required to calibrate the systems periodically, currently
about once every 12 h, except for the Abbott Navigator, which
requires calibration less than once per day after initial calibra-
tion. A CGM “replacement” for SMBG is a common goal among
CGM companies

4.2. Initial Performance

The first generation of the Medtronic and Dexcom approved
systems reported an average MARD of 19.7 and 26 %, respec-
tively, over the full range (40–400 mg dL�1), whereas Abbott’s
first-generation device reported an average MARD of about
12.8 %. All three of these companies have developed improve-
ments in sensors and systems since their first offering. A com-
parison of the commercial CGM systems available at the time
of the clinical study, Abbott Navigator, Dexcom Seven Plus,
and Medtronic Guardian, was compiled from a closed loop
study published by Damiano et al. in 2013. It was reported
that the Navigator (5 d wear) had superior performance with
an average MARD of 11.8�3.8 % relative to the performances
of the Medtronic Guardian (3 d wear) and the Dexcom Seven
Plus (now 7 d wear) with an average MARD of 20.2�6.8 and
16.5�6.7 % respectively.[39] Figure 4 shows a representative
sampling of the performance of the three systems during the
study and it clearly illustrates this performance difference.
However, since that study was conducted, all three companies

Figure 3. Histological hematoxylin and eosin (H&E) stained tissue slice show-
ing effect of short-term NO release from a subcutaneously implanted glu-
cose sensor. a) Significant tissue necrosis and inflammatory cell influx (dark
purple) ; b) nearly normal tissue surrounding implant with NO release.
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have both new sensors and systems.[7] The new systems are
shown in Figures 5 (Medtronic), 6 (Dexcom), and 7 (Abbott).

4.3. Current CGM Systems

The Medtronic Enlite and Dexcom G4 demonstrate significant
improvement over the versions reported in the Damiano team
study. Performance data for the Navigator 2 was not available.
Improved performance is most likely a result of sensor and
software algorithm redesign to overcome nonselectivity,
oxygen dependence, and in vivo instability.[40] The companies
with approved systems and those with systems in develop-

ment are also keenly focused
on creating CGM systems with
enhanced usability features.
Features that not only improve
accuracy but that also address
insertion, calibration conven-
ience, baseline drift, reduce size,
power consumption, and data
communication.

The latest offer from the com-
mercially marketed home-use
systems illustrates improve-
ments in usability and safety.
The Medtronic Enlite sensor
system, available in Europe
since 2011 and expected for
FDA approval in early 2013, saw
a complete overhaul.[41] The
electrode layout was reconfig-
ured to minimize potential
changes in oxygen tension
most likely due to inflammatory
response effects. Medtronic also
decreased the sensor size,
changed the implant angle (per-
pendicular to the skin surface),
extended wear time to 6 d, and
created a user-friendly inserter
device. All these changes signifi-

Figure 4. a) Comparative data for a representative result from 1 of 12, 48 h closed-loop experiments. b) The 48 h
MARD for each sensor in the 12 experiments. Mean and standard deviations are superimposed on data for each
device. Reprinted with permission from ref. [39]

Figure 5. Medtronic Enlite sensor that can be coupled to the Paradigm Veo
and the redesigned sensor insertion device. Reprinted with permission from
Medtronic.

Figure 6. Dexcom G4 Platinum showing the receiver, transmitter, and inser-
tion system with attached sensor. Reprinted with permission from ref. [43]

Figure 7. Abbott Navigator 2 showing transmitter and receiver. Reprinted
with permission from Abbott.
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cantly improve usability and accuracy. Clinical studies with the
Enlite sensor by using the Paradigm Veo calibration routine re-
ported an average MARD (over entire range) of 13.86 %. Not
only does the Enlite sensor substantially improve average per-
formance over earlier versions, but by using Veo calibration
routines, the accuracy in the critical hypoglycemic region is im-
proved over that of the Guardian by 3.5 %. At the 2013 Ad-
vanced Technologies and Therapeutics for Diabetes (ATTD)
meeting, Medtronic reported an improved Enlite sensor in
which they removed the cannula surrounding the sensor, de-
veloped a new polymer and Pt electrode materials, and recon-
figured the connector design.[42] The Enlite Improved showed
a MARD of 12 % compared to 17 % for the original Enlite.

The Dexcom G4 system, FDA approved in October 2012,
offers a completely redesigned smaller sleek receiver and
a transceiver with a similar design but slightly larger. The
sensor also incorporates improvements, most notably a slim-
mer, more flexible wire that reportedly decreases risk of break-
age, although there is still a warning on the label. The system
is reported to attain calibration stability after 1 h. According to
the user’s guide, the overall performance of the system for in-
home use (40–400 mg dL�1) as compared to a YSI laboratory
glucose analyzer was 14.1 % MARD.[43] Dexcom also reported
the MARD as compared to the SMBG readings, which was
12.6 %. These reflect significant improvements over the first-ap-
proved generations. However, Dexcom still advises that inac-
curacy may occur with the use of acetaminophen; therefore, it
seems they have not significantly changed the interference
screening technology. Dexcom is also working on G5, which
provides wireless communication to a smartphone; the G6,
a complete new design with true interference blocking; and
GlucoClear-2 for hospital use.[44] Early trials of the GlucoClear-2
showed a MARD of 5.2 %.[45]

Abbott introduced the Navigator 2 in a few European coun-
tries (e.g. Germany). Like Dexcom, Abbott completely rede-
signed the receiver, reduced the size of the transmitter, and
eliminated the replaceable battery.[35] A body-worn transmitter
unit without a sealed battery, labeled as functional in wet con-
ditions, may have been a problem. The sensor size is slightly
reduced, with the same 1, 2, 10, 24, and 72 h calibration
scheme and use-life of 5 d as the Navigator 1.5. The clinical-
trials.gov website indicates if a study for FDA approval has
been completed, but performance data is not reported. The
Navigator 1.5 is still available in Europe, but distribution of the
original Navigator in the U.S.A. was discontinued in August
2011 due to supply issues.

Medtronic, Dexcom, and Abbott are not the only companies
to have commercial CGM systems. The other systems are not
available for home use. Marco Mascini developed a microdialy-
sis system, the GlucoDay, which is now marketed by A. Menari-
ni for physician and research use only.[46] Via Medical, Inc. , also
sells the Glucoscout to measure blood glucose from an arterial
or venous catheter in a hospital or research setting.[47] Glyce-
mic control in a hospital setting, particularly critical care, has
been recognized as a vital factor in improving outcome.[6a, 48]

Therefore, several companies are investing in the development
of hospital monitoring systems including Dexcom (Gluco-

Clear 2) and Medtronic (CE-approved Sentrino). Companies
without commercial CGM systems are also developing hospital
systems as described in the following section.

5. Next Generation

In the realm of CGM, enumerable technologies have been de-
veloped that have been reviewed in plenary talks (e.g. Jay
Skyler)[49] and recent papers.[42, 50] After more than 40 years, the
driving force behind the ongoing research and development
for superior CGM sensors is the desire to provide diabetes
management tools that are more convenient, accurate, smaller,
and less painful and obtrusive. These features will increase
user satisfaction, which results in better compliance and, there-
fore, reduced complications and higher QoL.[6b, 8a] Another com-
pelling reason for continued research is to achieve a true
closed-loop artificial pancreas. The Juvenile Diabetes Research
Foundation (JDRF) founded the Artificial Pancreas Project in
2005, which provides guidance and funding toward develop-
ing a closed-loop system to deliver insulin automatically on
the basis of blood glucose concentration. A great deal of re-
search has contributed to reaching that goal, which requires
an accurate and reliable glucose sensor.[40b, 51] A few of the
more significant efforts to develop in vivo glucose sensors by
other companies and researchers with some likelihood of suc-
cess are presented.

5.1. Electrochemical

At the 2013 ATTD conference, Medtronic revealed multiple
new technical development efforts to improve sensor perfor-
mance. They showed an integrated infusion cannula and
sensor by using a split needle requiring only one insertion for
co-located insulin infusion and CGM. An early study showed
little impact on the performance of the sensor during bolus in-
jections with a reported MARD of 12.1 %. The most innovative
new sensor development from Medtronic is the double-sided
redundant individually addressed sensor system, which com-
pensates for tissue heterogeneity. Medtronic applies an elec-
trochemical impedance spectroscopy (EIS) system that periodi-
cally interrogates each sensor to ascertain function within a fac-
tory-set threshold limit, and thereby, erroneous signals from
CGM analysis can be eliminated.[42] Medtronic proposes that
this may lead to replacement technology that is no longer ad-
junctive and possibly providing factory calibration.

In addition to companies with approved systems, other
groups are pursuing electrochemical CGM systems. Bayer ac-
quired iSense, Inc. , and is continuing to develop a system
based on the Wilson et al. needle-type technology.[52] Bayer
Diabetes Care reported the clinical results of their new CGM
system at the 2011 Diabetes Clinical Technology Meeting.[53] Al-
though they have several patents, there is no additional infor-
mation about future regulatory submission or commercializa-
tion plans.[54] Glysens continues to develop a fully implanted
system based on the work of Gough et al.[55] The system uses
the differential measurement of oxygen reduction with a non-
linear calibration scheme. Roche Diagnostics, at the 2013
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ATTD, reported preliminary clinical results from a novel needle-
type CGM sensor. There were three key design components
that allowed Roche to achieve a MARD of 8.6 % compared to
SMBG and 8.1 % as compared to a laboratory method.[56] The
first design component is the use of multiple WEs (working
electrodes) (redundancy) to reduce effects of tissue heteroge-
neity. Roche also reported the development of a biocompatible
membrane and the use of a catalyst for electrochemical trans-
duction. Of particular interest is that besides for the calibration
of CGM data no compensation for lag was used. This supports
the fact that as sensor performance improves due to greater
understanding of sensor design characteristics relative to bio-
logical response, the majority of lag for short-term implanted
sensors (less than 7 d) can be attributed to sensor characteris-
tics and software smoothing anomalies. Review of the clinical-
trials.gov website does not indicate they are conducting clini-
cal trials yet, and no information was available about the tech-
nology.

5.2. Optical Detection

Optical detection methods can overcome some of the chal-
lenges of electrochemical transduction, but they also introduce
new issues. Some of the earliest optical glucose detection
technologies with potentially viable mechanisms were con-
ducted by Lackowitz et al. , Cote et al. , and Ballerstadt et al. ,
which evolved into some of the commercial development proj-
ects described below.[57] Many of the optical technologies that
are reviewed by McNichols et al. are targeted for noninvasive
detection (polarimetry, near-IR, and Raman), which is not the
focus of this review. However, modified versions of the fluores-
cent techniques described can be more effectively adapted to
implanted systems.[58]

The biological recognition utilized in the optical technolo-
gies reviewed here is based on equilibrium rather than analyte
consumption. The equilibrium glucose binding mechanism
does not consume analyte that may deplete the analyte con-
centration in the tissue immediately surrounding the sensor.
The equilibrium condition is established quickly, runs continu-
ously, and does not require re-establishment of a diffusion gra-
dient for the signal transducer to make a measurement. This
offers an “instant on” condition, for which the reader (transmit-
ter) can be disconnected and reconnected without a relatively
lengthy stabilization period, as required by electrochemical sys-
tems. Optical or spectroscopic methods often have inherently
higher sensitivity and less in vivo interference than electro-
chemical mechanisms. However, the system design is critical to
avoid detection of tissue autofluorescence. The development
of glucose-specific optical binding systems in biologically rele-
vant dissociation constant (KD) ranges, in addition to the availa-
bility of miniaturized robust optical detection and electronic
systems offer a realistic path for optical CGM commercializa-
tion. The benefits compared to electrochemical include greater
accuracy, “instant on”, and minimal interference.

Optical detection technology research and development is
quite active, and several companies are demonstrating good
clinical function. Becton Dickinson (BD) has demonstrated

in vivo functionality of an implanted sensor on the basis of
a mutated galactose glucose binding protein (GGBP). The mu-
tated GGBP is modified with derivatives of Red Nile fluorescent
dye to create glucose-specific binding in an appropriate range
(KD = 7.4 mm). The conformation change upon binding produ-
ces a fluorescence resonance energy transfer (FRET) between
the fluorophores, which thus conveys optical transduction,
shown in Figure 8.[59]

In 2011, BD published a study in which the sensor was im-
planted in subcutaneous tissue and intradermal dermal tissue
to produce a calibration signal 15 min after implant. By using
a predetermined time constant to adjust for time lag, t, the
median average percent error (MAPE) was about 10 % or less
across all glucose ranges.[61] At the 2013 ATTD conference, BD
reported a 24 h pilot clinical study by using a prototype optical
GGBP device. The median absolute relative difference
(MedARD) of 12.4 % overall was consistent in all glucose re-
gions. The relatively short 15 min warm up was again reported.
Notably, there was no significant lag time (<1 min), which in-
dicates that previous lag issues may be related more to sensor
design than to physiological phenomena.[62] A search of the
clinicaltrials.gov website reveals that BD has completed at least
one clinical trial for their optical GGBP system and is recruiting
to study a second-generation device; this is indicative of their
active effort to commercialize the product. El-Laboudi et al. re-
viewed a significant body of work targeting microneedles for
CGM, a technology in which BD owns significant IP.[63] The re-
ported sensor uses fiber optic technology; however, BD may
incorporate microneedles in a CGM system with insulin deliv-
ery, an area in which BD Technology has reported some suc-
cess.[64]

In vivo fiber optic sensors have been developed with boron-
ic acid derivatives coupled with fluorescence derivatives that
are quenched in the presence of glucose. Glumetrics uses a ver-
sion of the technology developed by Gamsey et al.[65] The
system is intended for vascular implant, and Glumetrics sup-
ports many patents applicable for a CGM sensor.[66] Recent
in vivo studies have shown that excellent MARD (�10 %) is
possible in a vascular-implanted sensor. However, this low
MARD was only demonstrated in 60 % of the sensors.[67] The in-

Figure 8. The structures of GGBP in the open (2FW0.pdb) and closed
(2FVY.pdb) state. The 34 kDa protein has two large domains connected by
a hinge region. Upon glucose binding, a large conformational change (318)
occurs, which brings the two domains together and entraps glucose. Re-
printed with permission from ref. [60] . Copyright (2011) American Chemical
Society.
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tended hospital application by using a vascular implant is par-
ticularly difficult with the added complexity of a thrombotic re-
sponse. Therefore, it may be projected that Glumetrics may de-
velop a subcutaneous implanted version of this sensor.

Several other optical technologies based on variations of
binding proteins have shown promising results. Ballerstadt
et al. employs Concanavalin A, a lectin, with a fluorescent-la-
beled dextran in a competitive assay.[68] An extension of that
system in a short-term (4 h) pilot study by BioTex, Inc. , by
using retrospective calibration gave a MARD of 13�15 %.[69]

Spectroscopic systems that use intensity to measure the
change in glucose concentration can suffer from biological
bleaching phenomena. A method to overcome this drawback
was developed by Lacowitz et al. by using time-resolved fluo-
rescence detection.[57a, 70] A phase shift in the fluorescence life-
time is measured when the glucose binding equilibrium shifts
with concentration. John Pickup, who has also developed bor-
onic acid glucose detection systems, has utilized time-resolved
fluorescence on a fiber optic sensor.[59] For their system, Pickup
et al. created a site-mutated GGBP that changes the glucose KD

to 11 mm, which is a more relevant biological range than the
native protein.[71, 72]

5.3. Fully Implanted

The ultimate objective for commercial CGM systems is to make
them reliable, in addition to discreet and worry free. A fully im-
plantable CGM system could certainly be discreet, and with ad-
equate accuracy and reliability, it could work in an artificial
pancreas. The goal is a sensor with a lifetime of 6–12 months
that slides inside a small incision that is made in a doctor’s
office. Several of the earliest CGM attempts targeted long-term
implants, including unpublished commercial efforts by Med-
tronic (Minimed) in the vascular bed and Dexcom (Markwell
Medical) with a fully implanted device. Adverse effects from
the biological response significantly impeded progress toward
commercialization. Biocompatibility is key for a long-term im-
plant to be successful, and the power source must also be
long lived, as changing batteries periodically would be another
invasive procedure. One company that has achieved excellent
results in this realm is Senseonics (formerly Sensors for Science
and Medicine). The device is powered through coupling with
an external induction coil, which therefore eliminates the bat-
tery. They use a variation of the anthracene-derivatized dibor-
onic acid chemistry developed by James et al.[73] The company
has demonstrated 29 d of continuous in vivo data from a site
in the upper arm with a MARD of 12.4�0.7 %; the device is
shown in Figure 9.[74] To function long term, a fully implanted
system must surmount a hostile chronic inflammatory in vivo
environment, in which the components are continuously sub-
jected to species designed to breakdown the foreign body.
Senseonics utilized a unique method to circumvent break
down of the boronic acid recognition element coupled to the
fluorescent transduction molecule. The researchers sputter
coated a sacrificial Pt layer to decompose the ROS (H2O2) pro-
duced during the inflammatory response, which resulted in
minimal signal loss over 29 d.[75]

Precisense developed a proprietary mutated glucose binding
lectin in a competitive glucose binding concept, similar to the
Concanavalin A/Dextran system BioTex, Inc. , has demonstrated.
The fluorescence lifetime is measured from a FRET signal rather
than intensity.[76] The original fully implanted sensor was de-
signed to biodegrade over time and thus did not require an
explant procedure, which may be difficult to get regulatory ap-
proval. Medtronic acquired Precisense in 2009 and is now col-
laborating with JDRF on an orthogonal redundant system in-
corporating both the electrochemical redundant system re-
ported at the 2013 ATTD meeting and optical technology,
quite likely by using the Precisense IP.[42]

Positive ID Corporation developed a fully implanted CGM
sensor called the GlucoChip by using radio-frequency identifi-
cation wireless technology. Receptors LLC used their patented
platform to create an optimized dendrite–boronic acid glucose
binding system.[78] Smart tattoos implanted just beneath the
skin are novel but are farther from commercialization. Compet-
itive binding FRET and near-infrared (NIR) tattoos have been
demonstrated.[79, 80] These would require an optical reader
through the skin, but anomalies can occur due to variations in
skin characteristics between patients, in addition to potential
scattering effects. Another significant concern for fully implant-
ed CGM sensors is compensating for lag. Although short-term
implanted sensors are reporting significant decrease in lag be-
cause of design improvements, long-term implants will be af-
fected by capsule formation and the lack of capillary formation
near the sensor. Novak et al. modeled the effect of the biologi-
cal response components relative to sensor lag and showed
how capsule thickness and diffusion from vessels affects lag
time.[81]

Figure 9. Senseonics glucose sensor system. Top) The wireless miniature im-
plantable glucose sensor, which is fully implanted just under the skin, and
the reader platform, which is inductively coupled directly over the implant
site. Bottom) Schematic of the sensor function. Reprinted with permission
from ref. [77]
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To avoid the effects of subcutaneous inflammatory response,
implants in the conjunctiva in the eye have been reported
with some success.[82] EyeSense technology uses ConA/Dextran
FRET technology and has recently demonstrated clinical suc-
cess with a 16 week implant in the eye conjunctiva. The cur-
rent version is not CGM, but it does satisfy the desire to elimi-
nate blood glucose finger sticks. Another popular mechanism
for “noninvasive” CGM is the development of contact lenses
that measure glucose in tears or possibly intraocular lenses.
Polymeric optical concepts and electrochemical mechanisms
with miniaturized electronics have been produced.[83] Signifi-
cant controversy regarding the correlation of tears to glucose
concentration for daily use in real-life conditions creates skepti-
cism for this approach.[84]

5.4. Next-Generation Optical Challenges

It seems like the optical technologies outlined could be the
answer to the quest for an accurate, discreet, and worry-free
CGM system. However, optical methods still present significant
challenges. Many of the fluorophores adopted can be toxic
and thus require careful design and testing to insure safety. In
addition, some of the recognition elements are toxic, such as
Concanavalin A, and both Concanavalin A and boronic acid de-
rivatives can be unstable. The fluorophore signal may have
issues with stability due to photobleaching, pH, background
autofluorescence, or degradation due to biological oxidative
species. A primary analytical problem is analyte binding in
a biologically relevant range. To insure this, all of the publica-
tions for optical sensors describe an effort to design a recogni-
tion element with binding affinity in an appropriate range. Al-
though much success has been achieved, these proprietary
modifications add an element of complexity to the manufac-
turing process. Even though advances in optics and electronics
will now make appropriate miniaturization and cost targets
possible, implementing those designs is challenging. Electron-
ics for electrochemical detection is relatively simple compared
to the robust alignment and signal analysis required for
a home-use optical CGM system. These challenges and the as-
sociated benefits, in addition to conquering the foreign body
response, is why keen focus on optical CGM development con-
tinues. However, for the optical systems to take a dominant
role, the issues described must be overcome and configured in
a small unobtrusive package.

The optical and electrochemical techniques described only
make a small dent in all the research involving glucose detec-
tion. In some cases, glucose is used as a model system to
prove the concept, and other times, glucose detection is the
end goal. A few of the other early-stage technologies being in-
vestigated for glucose detection include spectroscopy, pres-
sure, quartz crystal microbalance (QCM), field-effect transistors
(FET), nanomaterials, holographic sensors, and other more eso-
teric methods.

6. Summary

Since the initial work of Clark and Lyons, the field of CGM has
advanced significantly. There are now three approved systems
available, from Medtronic, Dexcom, and Abbott. The research
continues to improve the systems both in analytical accuracy
and usability. The level of quality from the CGM systems has
provided a significant body of clinical work understanding the
impact of glucose variation and patient health. These studies
have demonstrated that the wait for a working system has
provided benefits in lower HbA1c values and hypoglycemic
awareness. The systems have not reached their peak perfor-
mance, and therefore, researchers continue to overcome nega-
tive biological response effects and to design systems based
on new transduction methods. Optical equilibrium binding sys-
tems using FRET and time-resolved fluorescence for transcuta-
neous implants and full implants seem to be close to showing
performance levels worthy of regulatory approval. Many novel
technologies have been applied to improve the stability of
in vivo performance, but biocompatibility continues to be
a major challenge. Physical and chemical technology has been
applied to improve the systems, but these technologies have
also been combined with algorithms that compensate for po-
tential raw signal issues and have been applied with success.
The desire for a closed-loop artificial pancreas continues the
drive to develop more accurate, reliable, and convenient CGM
sensors and to find innovative ways to couple those with insu-
lin delivery.

7. Outlook

As of today, there are three companies that have CGM systems
on the market. They are competing in a relatively small
market. However, soon other key players with completely new
systems will join them. Optical detection will become a player
in the CGM sensor market that is currently dominated by elec-
trochemical transduction. As clinical research continues and as
the value of CGM becomes more evident, the CGM sensor will
move from a niche product primarily targeted for type 1 diabe-
tes patients using a pump and become more dominant for
multiple daily injection (MDI) type 1 and type 2, type 2 to un-
derstand glycemic variation, hospital use, intensive care unit,
pregnancy, and other nontraditional applications. As the fully
implanted sensor gains performance, implant comfort, and us-
ability enhancements, it may become the most discreet option
for many. The goal for many in the CGM business is to see
CGM replace SMBG as the option of choice for the growing
population with diabetes.

From a research perspective, glucose will still continue to be
a model system to develop novel technologies to make analyt-
ical measurements. The drive to create spin-off companies tar-
geting CGM system development will continue because of the
huge market. However, CGM from an academic perspective is
no longer a hot topic. There may be renewed interest in nonin-
vasive continuous or discreet monitoring, which continues to
be the Holy Grail. The current focus is to perfect a mechanical
artificial pancreas, for which research from an academic and in-
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dustry perspective is quite strong. The hope is that the regula-
tory bodies will gain confidence and knowledge enabling
them to approve and release ever better tools for people with
diabetes faster and more efficiently.
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