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Abstract: Current glucose monitoring methods for the ever-increasing number of diabetic people
around the world are invasive, painful, time-consuming, and a constant burden for the household
budget. The non-invasive glucose monitoring technology overcomes these limitations, for which
this topic is significantly being researched and represents an exciting and highly sought after market
for many companies. This review aims to offer an up-to-date report on the leading technologies
for non-invasive (NI) and minimally-invasive (MI) glucose monitoring sensors, devices currently
available in the market, regulatory framework for accuracy assessment, new approaches currently
under study by representative groups and developers, and algorithm types for signal enhancement
and value prediction. The review also discusses the future trend of glucose detection by analyzing the
usage of the different bands in the electromagnetic spectrum. The review concludes that the adoption
and use of new technologies for glucose detection is unavoidable and closer to become a reality.

Keywords: glucose; non-invasive; minimally-invasive; spectroscopy; continuous monitoring; MARD;
FDA; ISO 15197; plasmon resonance; fluorescence; ultrasound; metabolic heat conformation

1. Introduction

Diabetes is a disease that results from abnormal levels of insulin in the body, due to either
a malfunction of the pancreas not producing enough insulin or the cells in the body not using it
adequately [1]. Insulin is a hormone that regulates the level of glucose by allowing cells to absorb
it from the bloodstream to obtain energy or store it for future use. However, if the level of glucose
in the blood remains very low or very high for long periods of time, it could cause hypoglycemia or
hyperglycemia, respectively, leading to severe medical conditions, including tissue damage, stroke,
kidney failure, blindness and heart disease, among others, and finally, death if left untreated [2].
Deficient production of insulin in the pancreas leads to diabetes type 1, characterized by the sudden
drop of glucose levels. On the other hand, ineffective use of insulin leads to diabetes type 2, which is
characterized by high levels of glucose. Both conditions do not have a cure, meaning that regular
glucose monitoring in diabetic people is necessary for the rest of their lives.

Unfortunately, the issue of regularly checking the blood glucose for most diabetic people is
not very pleasant. Conventional devices for glucose monitoring use the electrochemical method [3],
which requires a small amount of blood to be drawn out of the body by either finger-pricking or a
thin lancelet implanted subcutaneously. The difference between both is that the first only provides
a snapshot of the glucose level at one specific point in time and does not require professional
assistance, so it is called self-monitoring blood glucose (SMBG) monitoring device. The second
provides continuous monitoring, and thus it is called continuous-glucose-monitoring device (CGM).
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However, both of them not only cause discomfort and pain after repeated use but also pose risks
of potential infection and tissue damage [4], resulting in poor patient compliance for daily assigned
measurements [5]. Consequently, since the end of last century, there has been a continuous effort
for developing non-invasive (NI) devices, i.e., no need of bloodletting, and minimally-invasive (MI),
aimed at reducing some of the issues connected with the traditional invasive methods.

The development of a genuinely non-invasive device for glucose measurement would represent a
life-changing factor for millions of patients around the world, allowing them to monitor their glucose
level confidently and receiving quick treatment if necessary. It also represents a vast potential market.
According to the World Health Organization (WHO), currently there are around 450 million cases of
diabetes in the world, and the number could potentially reach 700 million by 2045 [6], with an increase
to 39.7 million by 2030 and 60.6 million in 2060 in the United States alone [7].

Current developments try to exploit the characteristics of the glucose molecule at different
frequencies in the spectrum, from DC and ultrasound, all the way to the near-infrared (NIR) and
visible regions. However, it is in these last two where most of the promising technologies have emerged
and even been used in the development of some commercial devices. Many are no longer existent due
to low accuracy, selectivity and sensitivity of the measurement [8], whereas those already available,
still have not reached accuracies comparable to the traditional methods. This situation leaves the
issue of NI glucose monitoring still open to many possibilities, including the combination of several
techniques, which could finally lead to the development of a reliable and cost-effective device for
glucose monitoring.

Many prominent publications have already reviewed several NI glucose technologies and devices,
some of which are mentioned hereafter. Chen et al. for example provide a comprehensive description
of the current state of MI and NI technologies for CGM analysis [9]. Lin et al. reviewed not only some of
the past and current NI devices, but also discuss the main challenges associated with NI detection [10].
Van Enter and von Hauff reviewed the physical and chemical properties of the glucose molecule and
analyze their effect on the accuracy and effectiveness of NI technologies [11]. Uwadaira and Ikehata
not only provided a comprehensive list of technologies employed for non-invasive glucose detection
but also summarize their main advantages and limitations. Khalil provided an excellent account on
the properties and characteristics of the glucose molecule and tissue at different NIR wavelengths,
and then compares and analyzes the accuracy and sensitivity of glucose measurements in in-vitro,
ex-vivo and in-vivo samples [12].

It is upon such previous works that the present review is limited to the topics shown in Figure 1
to provide an update on the technologies behind the current development of sensors for minimal
and noninvasive glucose monitoring and to expand our understanding of how current regulatory
framework and data processing algorithms shape such development. Sections 2 and 3 describe the
currently accepted methods, standards and regulatory bodies to understand the way they have been
shaping the evolution of non-invasive glucose detection. Section 4 provides basic descriptions of
past and current leading technologies and associated instrumentation, putting particular emphasis on
the most recent and promising technologies, from our perspective. Section 5 lists currently existent
devices and those with high potential of coming out to the market shortly (NI and MI), along with
the technology and main characteristics associated with each of them. Section 6 lists the techniques
currently under research and development in different universities and research institutions. Then,
Section 7 provides a brief view of the different types of algorithms used not only to improve the
quality of the detected signals but also to predict future values for better treatment of diabetic patients.
Section 8 brings together all the technologies, methods, devices and research described in the previous
sections, shows them in a graphical chart and discusses the current progress and prospects for further
development. Finally, the conclusions presented in Section 9 connect the previous sections and provide
a further view into the future development of glucose monitoring.
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2. Conventional Methods for Glucose Monitoring

Glucose concentration can be determined using either whole blood, plasma, or serum samples,
although the last two are preferred because readings from whole blood are usually 15% lower due
to the additional water content in the blood cells [13]. As such, standard methods require a certain
amount of blood, meaning they are invasive.

Initially, glucose measurement could be performed only in laboratories by taking advantage of the
reducing and condensation properties of glucose, but issues associated with non-specificity, toxicity
and cross-reaction with other agents quickly phased them out from clinical practice [13]. Hence,
present techniques rely on enzymatic and hexokinase methods. Both present high degrees of accuracy,
specificity and minimum cross-reaction, but while laboratories use both of them, point-of-care and
home monitoring prefer the enzymatic method due to its simplicity and relative affordability.

2.1. Laboratory Techniques

Enzymatic-amperometric and hexokinase are the preferred methods for measuring blood glucose
concentrations at laboratories. Table 1 shows some of the equipment based on such methods.

Table 1. Representative equipment used for accurate glucose measurement in the laboratory.

Method Equipment Intended Use Sample Type Range Ref.

YSI 2700
Laboratory

Point-
of-care

0–2500 mg/dL [14]

YSI 2950D Laboratory

• Blood
• Plasma
• Serum
• CSF 5–2500 mg/dL [15]

Enzymatic

Biosen C-Line/S-Line Laboratory
Point-of-care

• Blood
• Plasma
• Serum

9–900 mg/dL [16]

Beckman Coulter DxC 800 5–700 mg/dL [17]
Abbott ARCHITECT
c8000/c16000 1–800 mg/dL [18]

Hitachi 917 2–750 mg/dL [18]
Hexokinase

Cobas c 701/702

Laboratory

• Plasma
• Serum
• Urine
• CSF 2–750 mg/dL [19]
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All of them possess a high level of specificity, sensitivity and can detect a broad range of glucose
concentrations, including under hypoglycemic and hyperglycemic scenarios. Such characteristics
mean they can be used as the standard of reference to measure the performance of less accurate
instruments, i.e., SMBG, CGM and future non-invasive and minimally-invasive devices. Besides, it is
important to point out that most of the laboratory equipment can detect and measure other sugars,
and chemical compounds, including lactose, methanol and hydrogen peroxide by using other reagents
or combined methods, however, this is not discussed in this publication.

2.1.1. Enzymatic-Amperometric Method

Considering that the enzyme glucose oxidase (GOx) is specific to glucose, in this method,
the oxidation of glucose takes place in the presence of GOx, oxygen (O2) and water (H2O) to form
gluconic acid and hydrogen peroxide (H2O2). The hydrogen peroxide is then electrochemically
oxidised at the anode of an electrochemical probe, producing an amperometric signal (current)
proportional to the concentration of glucose in the sample (Figure 2).
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Figure 2. Enzymatic-amperometric method for measurement of glucose concentration in-vitro.

A popular glucose analyser using such technology is the blood gas analyser, which contains a
solution of GOx between the gas permeable membrane of a pO2 electrode and an outer semipermeable
membrane. Through diffusion, the glucose crosses the semipermeable membrane and reacts with GOx.
Once the hydrogen peroxide is oxidised, the reaction consumes the oxygen near the surface of the pO2

electrode, then the consumption rate is measured. The loss of electrons and the rate of decrease in pO2

is directly proportional to the concentration of glucose in the sample [20].

2.1.2. Hexokinase Method

Hexokinase method, also known as photometric method, consists of a series of chemical reactions,
as shown in Figure 3. In the first stage, the glucose reacts with the enzyme hexokinase, in the
presence of adenosine triphosphate (ATP) and magnesium ions, to produce glucose-6-phosphate
(G6P) and adenosine diphosphate (ADP). In the second stage, G6P and nicotinamide adenine
dinucleotide (NAD) go through oxidation with glucose-6-phosphate dehydrogenase until being
reduced to 6-phosphogluconate and nicotinamide-adenine-dinucleotide-reduced (NADH), respectively.
The amount of NADH is proportional to the amount of glucose in the sample, and it has the property
of absorbing light at 340 nm. The amount of absorption is proportional to the amount of NADH,
meaning that glucose can be measured using standard spectrophotometric techniques [21].
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2.1.3. Clinical Significance

Both methods are highly specific, accurate and sensitive. As such, and depending on the specific
technology developed by each manufacturer, some models are used as reference gold-standards for
calibration of other glucose meters and at central laboratories. Also, given the small size of some
models, it is possible to use them in a point-of-care environment, meaning that medical staff can take
quick analyses of ill patients, especially in emergency and intensive care units (ICU).

The main disadvantages associated with laboratory methods is the inherent invasiveness since all
these methods need to be done in-vitro, i.e., blood samples taken from patients; the need of trained
laboratory personnel, leading to additional costs; and extended waiting periods of time until receiving
laboratory results. Besides, not all laboratory equipment is highly accurate, as revealed by a recent
study of Liang et al., showing some blood gas analyzers not complying with the new requirements set
by the FDA 2014 draft and 2016 final guidance [22], or not providing accurate readings in hypoglycemia
cases, especially in patients with unstable hemodynamics [23].

2.2. Home-Monitoring Techniques

There are two types of devices intended for personal use and self-assessment: Non-continuous
monitoring (NCGM), and continuous glucose monitoring (CGM). As the name implies, NCGM devices
(commonly known as self-monitoring blood glucose SMBG devices) are used to monitor glucose levels
only at specific points during the day, with a frequency dependent on diabetes type, diet, medication
dosage and clinical condition of the person. On the other hand, CGM devices can monitor glucose
levels every few minutes automatically, making possible to monitor rapid changes and trends missed
by SMBG testing. Nevertheless, the accuracy and reliability of both systems are suitable in point-of-care
and self-assessment situations.

2.2.1. Self-Monitoring Blood Glucose—SMBG

SMBG devices are the typical glucometers requiring finger pricking with a lancet to access the
capillary blood. The glucose measurement method is then fundamentally the same electrochemical
technique previously described. The main difference, however, is that the complete reaction and
detection takes place in a glucose test strip connected to a meter. After putting a drop of the blood
sample on the test strip, the glucose oxidizes in the presence of an enzyme to produce a certain
amount of current proportional to the glucose level. The electrons then travel to the meter containing a
current-to-voltage converter to provide a voltage proportional to the level of glucose.

The test strip contains the enzyme and an arrangement of three electrodes (Figure 4): the working
electrode, which senses the actual current of the reaction; the reference electrode, holding a voltage
always constant respect to the working electrode to aid with the chemical reaction; and the
counter electrode, supplying the current to the working electrode [24]. However, new designs
only need the working and reference electrodes. Also, depending on the model, some devices use
glucose oxidase GOx as the enzyme, while others use glucose dehydrogenase (GDH) attached to a
coenzyme, pyrroloquinoline-quinone PQQ or flavin adenine dinucleotide FDA, although inaccuracy
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and specificity issues with GDH-PQQ, due to interference with other sugars, is well known, as reported
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2.2.2. Continuous Glucose Monitoring—CGM

CGM devices consist of three essential parts: a wireless receiver, a transmitter and a sensor.
The receiver has a monitor displaying the glucose reading. The transmitter is attached to the sensor
and transmits the measurements to the receiver via RF waves. The sensor is a tiny sensing device
inserted into the subcutaneous tissue, extending just far enough to get access to the interstitial fluid
(ISF). Then, by the electrochemical technique, the sensor uses GOx to oxidize the glucose present in the
ISF, just as a test strip in SMBG devices does. The resulting peroxide reacts with platinum, to produce
the electrical current, which travels along a thin wire to the transmitter, located outside of the skin.
Once the receiver gets the data from the transmitter, it processes the information and calculates the
glucose level.

2.2.3. Clinical Significance

Even though the apparent advantage of CGM devices is the ability to measure glucose levels
continuously, they cannot be considered as the best option for blood glucose monitoring, since they still
need calibration at least twice a day with the standard finger-pricking method. Besides, CGM devices
measure glucose from the ISF, implying the existence of a lag-time between 6 and 12 min [29], meaning
that the ISF readings are not a reflection of the actual glucose level in the blood. Additionally, there are
issues associated with inaccurate readings due to mishandling and poor self-monitoring technique,
problems related with the insertion of the sensor under the skin, skin irritation and discomfort when
securing the device to the body [30–32].

Finger-pricking SMBG devices are currently the most reliable and accurate devices for
self-monitoring due to the relative simplicity of the measuring procedure, and their reliance on
capillary blood to obtain accurate glucose readings [31]. Unfortunately, the pain and discomfort caused
by regular finger-pricking several times per day, and the costs associated with the constant purchase of
test strips, deter many patients from checking their glucose level regularly, as proven by some studies,
including one performed by Ward et al in 2015, showing that 50% are willing to measure their glucose
levels “occasionally, as needed” [33].
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2.3. Laboratory Techniques vs Home-Monitoring Techniques

As shown in Table 2, despite the accuracy of both techniques, laboratory and home-monitoring,
the invasiveness and time associated are their main limitations. These, not only cause discomfort on
patients but also represent potential risks on late diagnostics and sample contamination. However,
their level of accuracy and sensitivity still make them the most trusted options for glucose monitoring.

Table 2. Comparison between laboratory and self-monitoring techniques.

Characteristics Laboratory Self-Monitoring
Accuracy Very good Good

Sensitivity Very good Good
Measurement time Long Quick

Trained laboratory personnel Yes No
Sample type Blood, serum, plasma, urine Blood, ISF

Blood extraction method Invasive Invasive

Laboratory methods are the most accurate and sensitive. Hence they are used as the reference
technique to calibrate other devices. Home-monitoring devices are not as accurate as their laboratory
counterpart, but still, provide results quickly and accurate enough for personal and point-of-care uses.

3. Accuracy Assessment Tools and Standards

In order to test the accuracy and effectiveness of glucose monitoring devices, there is a set of tools,
guidelines and standards. The mean-average-relative-measurement (MARD) and the error grids are
metric measurements to evaluate accuracy. The standard ISO 15197 provides the quality guidelines,
requirements and specifications that glucose measuring devices should comply with to guarantee their
suitability for human use. As such, many countries around the world use ISO’s guidelines, through
their national agencies, to assess whether each device is suitable for commercialization in their territory
or not. Nevertheless, there are exceptions like the United States that has its own set of assessment
guidelines. Knowing the metrics and standards is essential to understand the reason why developers
and researchers are focusing on certain technologies while leaving behind others, as well as the level
of accuracy they intend to achieve.

3.1. Mean Absolute Relative Difference—MARD

MARD is currently the most widely accepted metric measurement to evaluate the performance
and accuracy of glucose detection devices, including CGM, SBGM, MI and NI devices, due to its
simplicity [34]. Its calculation is quite straightforward, as it consists of taking the average of all the
absolute errors between the measured points and those set as the reference. As a result, MARD consists
of a single number, expressed as a percentage, which represents the closeness of the measured data to
the real value. A small number indicates the capability of the device to take accurate measurements,
while large numbers are an indication of considerable inaccuracies.

The standard way to calculate the MARD is by using two sets of data, taken at the same time,
during clinical trials. One set of data is the blood glucose concentration measured by the device under
test, while a standard laboratory method provides the second data set (e.g., YSI-2700). Then both
measurements are compared [35].

Unfortunately, the value of MARD is heavily dependent on the characteristics and details of the
study. Therefore, comparing the MARD of different devices may lead to misinterpretations [36]. As a
result, MARD should not be taken blindly as an absolute indicator of accuracy, but rather, as stated by
Reiterer et al. [35], as an “indication with some uncertainty”.
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3.2. Error Grids–Clarke, Parkes and Surveillance

Error grids evaluate the clinical accuracy of glucose measuring devices. They provide a qualitative
approach by describing the clinical outcome of basing a treatment decision on the result of the
measurement method under evaluation [37]. They consist of a two-dimension grid, divided in a set
of ‘risk’ zones’, where results from both, the glucose measuring device and the reference method, are
plotted against each other. By analyzing the distribution of paired data points in the grid, it is possible
to determine the percentage of points contained in each zone, permitting to categorize each device
according to the degree of risk that an adverse measurement would represent due to an inaccurate
measurement of the glucose level.

Clarke error grid (CEG), Parkes or Consensus error grids (PEG) for diabetes types 1 and 2,
and Surveillance error grid (SEG) are currently the four main types of error grids, each of them divided
into five distribution risk zones identified with letters A to E (CEG and PEG) or a color-coded pattern
(SEG). The first one to appear was CEG, but limitations on its assessment method gave way to the
development of the PEG which comprises two types of grids, one for each diabetes type, given the
higher tolerance of type 2 patients to larger margins of error in the accuracy of the reading than type
1. However, with new regulatory ISO and FDA guidelines, the clinical community becoming more
aware of the severe consequences of inaccurate readings [38], and traditional out-of-date medical
practices, CEG and PEG are falling out of use, in addition to their inability of identifying clinical states
in which tight glycemic control is necessary [39]. As such, in 2014 authors from academia, industry
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high quality, reliable and safe products in a wide range of industries, including medical devices,
food safety, environmental management and Information technology among others [42]. Currently,
ISO comprises 162 national standard bodies of high technical and expertise levels, and influences
regulations of several government agencies worldwide.
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ISO 15197:2013 is the newest standard, released in 2013, for glucose monitoring devices and
systems for self-testing. Compared to its ancestor, ISO 15197:2003, the new standard has tighter
accuracy requirements that new devices will have to follow. Nevertheless, adhering to the new
guidelines will provide greater confidence to patients and clinicians that glucose readings are reliable
and sufficiently accurate on a day-to-day basis.

The new standard requires that, compared to a reference laboratory method, 95% of the blood
glucose results have to be within ±15 mg/dL for glucose concentrations less than 100 mg/dL or ±15%
at glucose concentrations of 100 mg/dL or more. Additionally, 99% of the readings have to be inside
of zones A and B of the Parkes (Consensus) Error Grid for diabetes type 1 [43].

In 2015, ISO released a harmonized version called EN ISO 15197:2015 to be used by the European
Union. This version, however, did not introduce any change to the requirements for the performance
evaluation of glucose meters [44,45].

3.4. Approval Agencies

Some agencies have their guidelines for the approval of medical devices in their own countries,
while others, such as the European Medicines Agency follow the guidelines given by ISO 15197:2013
(devices fulfilling the ISO requirements can get the CE mark) [46]. However, currently there are no
specific standards for non-invasive glucose monitors (NIG), as such, manufacturers of NIG devices
follow the general guidelines, created for invasive methods, to design their devices and comply with
national regulations.

Table 4 summarizes the evaluation criteria for the acceptance of glucose monitoring devices in
certain countries. In the case of countries following the ISO standard, it is important to mention that
ISO 15197:2013 is the new standard that new products should comply with if they are released in
territories already using the 2013 version. Complying with the requirements from the 2003 version is
still accepted in many places.

Table 4. Guidelines for approval of glucose monitoring devices in some countries.

Agency Country Guideline/StandardRelease
Year Device Type Glucose

Concentration Criteria

≥75 mg/dL 95% within ±12%
98% within ±15%

UCM 380325 BGMS <75 md/dL

95% within ±12
mg/dL
98% within ±15
mg/dL

Food & Drug
Administration
(FDA)

USA
[47,48]

UCM 380327

2016

SMBG Entire range 95% within ±15%
99% within ±20%

European
Medicines
Agency (EMA)

EU [49] EN ISO
15197 2015 ≥100

mg/dL 95% within ±15%

Health Canada Canada
[50]

Agência
Nacional de
Vigilância
Sanitária
(ANVISA)

Brazil
[51]

China Food &
Drug
Administration
(CFDA)

China
[52]

<100 mg/dL 95% within ±15
mg/dL

Pharmaceuticals
and Medical
Devices Agency
(PMDA)

Japan
[53,54]

Therapeutic
Goods
Administration
TGA

Australia
[55–57]

ISO 15197 2013
BGMS/SMBG

Entire range
(Type 1

Diabetes)

99% within Zones A
& B of Parkes Error
Grid
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4. Minimally-Invasive and Non-Invasive Technologies

Technologies for glucose detection without the invasiveness, pain, discomfort and risks associated
with standard methods, have been the focus of intensive research. Thus, we can classify them in two
major groups: minimally-invasive (MI) and non-invasive (NI). MI technologies are those that need
to extract some form of fluid from the body (ex. tears and interstitial fluid) to measure the glucose
concentration through an enzymatic reaction. NI technologies rely solely on some form of radiation
without the need of accessing to any body fluid.

Likewise, technologies for glucose detection can be classified in four sub-groups: Optical, thermal,
electrical and nanotechnology methods (see Figure 5). Optical, in a broad sense, comprise all the
techniques developed to work in the infrared and optical bands of the spectrum, since they take
advantage of the reflection, absorption and scattering properties of light when passing through
biological media. Thermal methods monitor glucose by detecting physiologic indices related to
metabolic heat generation proper of the glucose molecule, as such, they work in the far-infrared
band. Electric methods take advantage of the dielectric properties of glucose at low frequencies using
small amounts of electromagnetic radiation, current and ultrasound. Finally, there is the new field of
nanotechnology. Currently, only two techniques have started exploring such new venue extensively
(SPR and fluorescence), in combination with optical techniques. However, there are several other
potential techniques that can be developed, such as carbon nanotubes and plasmonics [58–62], but they
are still in a very early stage of development, with most of the progress happening in the theoretical
side. As such the authors will not consider them in the present review. Nevertheless, it is important to
note that regardless of the type of technology, they all aim at minimizing the influence of physiological
variability and various environmental conditions.
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Figure 5. Technologies under development for minimally-invasive and non-invasive glucose detection
(SPR-surface plasmon resonance, OP-optical polarimetry, OCT-optical coherence tomography, TOF-time
of flight, THz-TDS-Terahertz time domain spectroscopy, TES-thermal spectroscopy, MHC-metabolic
heat conformation, PAS-photo-acoustic spectroscopy, mmW-millimeter wave, µm-Microwave,
EMS–Electromagnetic sensing, BS-Bioimpedance spectroscopy).
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4.1. Surface Plasmon Resonance (SPR)

Surface plasmon resonance is the point at which the collective coherent charge-density waves,
called surface plasmon polaritons (SPPs), are excited by an electromagnetic field radiated onto a thin
layer of a highly conductive and chemically inert metal such as gold. The result is an exponentially
decaying (evanescent) electric field that is highly sensitive to changes in the refractive index of
the surrounding medium (SPR resonance peak). As a result, variations of glucose levels in the
sensing medium can be characterized by measuring small changes of refractive index in the interface,
and the corresponding shift of the resonant frequency, called ‘SPR shift’ [63], resulting in a shift of the
intensity-loss-dip in the SPR reflection intensity curve.

As shown in Figure 6, the basic system follows the Kretschmann configuration consisting
of a laser source radiating a beam of monochromatic light with transverse-magnetic polarization
(TM), also known as p-polarization, through a prism. Under non-resonant conditions, the beam is
totally-reflected when it reaches the prism-metal interface, without resonating with the free electrons on
the metal layer, leaving behind only an evanescent field made of the electrical component perpendicular
to the surface. However, under a particular angle of incidence, known as the resonance angle θR,
the momentum of the incoming light equals the momentum of the electromagnetic field produced
by the plasma oscillations of the free electrons, causing coupling between the oscillations of the free
electrons and the evanescent field. Through such coupling, photons are absorbed through the metal
layer, causing a sharp intensity-loss-dip in the reflected power. As a result, the resonance angle
characterizes the sample under test given its high dependence on the refractive index of the medium.
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Figure 6. Principle of surface plasmon resonance for glucose monitoring.

Additionally, SPR also works by radiating the prism-metal interface with polychromatic light at
a fixed angle. If the momentum of some particular incoming wavelength matches that of the SPPs,
a dip of the light beam at that particular wavelength will appear in the spectrum of the reflected
light. The technique is called spectral interrogation mode, and the resonance wavelength is also highly
dependent on the refractive index of the surrounding medium [64]. Some other characteristics of SPR
technology are shown in Table 5.



Sensors 2019, 19, 800 12 of 45

Table 5. Advantages and disadvantages of Surface plasmon resonance.

Bioimpedance Spectroscopy
Advantages Disadvantages

• Highly sensitive to small changes of blood
glucose concentration.

• No need for statistical calibration models due to its
conventional electrical model nature.

• Sensitive to motion.
• Long calibration process
• Sensitive to sweat and temperature.
• Bulky in size

SPR technology has significantly evolved during the last years, but mostly focused to the analysis
of clinical samples, while the topic of noninvasive detection of glucose has been left behind given
the insufficient sensitivity to small concentrations of glucose. As a result, new research is aiming at
improving SPR’s specificity by immobilizing different proteins, with good affinity to glucose, on the
surface of the metal layer. In this manner, when the glucose solution gets in contact with the surface of
the sensor, the protein absorbs the glucose molecules specifically, changing the refractive index of the
interface proportionally to the concentration of glucose in the sample [65]. This characteristic makes it
suitable as an MI technique if reaching the interstitial fluid becomes feasible. Also, recent advances in
the field of nanotechnology have led to the development of a new generation of SPR sensors capable
of detecting minimal concentration ranges, in the order of pmol and amol [66].

4.2. Fluorescence

Fluorescence technology is based on the principle of fluorescent light emission at a specific
wavelength after the absorption of radiation of a different energy level, causing a wavelength difference
known as Stoke’s shift. The technology makes use of specialized molecules called fluorophores
that emit fluorescent light of specific characteristics proportional to the concentration of the analyte
under examination.

In the case of glucose, while some of the fluorophores can be bound to the glucose molecule
directly, issues associated with low selectivity, irreversibility, interference and analyte depletion,
make necessary the use of intermediary molecules called receptors as they bind to glucose more
efficiently and can go through reversible changes in their local properties, leading to altered
fluorescence [67]. Furthermore, receptors can be of different types and nature including enzymes,
boronic acid derivatives, glucose binding proteins (GBPs), and even engineered synthetic materials
such as carbon nanotubes [68–70] and quantum dots (QDs) [69,71], allowing the use of several
fluorescent techniques and monitoring parameters in a broad spectral range, from the ultraviolet
(UV) to the near-infrared.

Among the several existing techniques, fluorescence resonant energy transfer (FRET), based on
competitive binding-based assays, has received much attention, as it takes advantage of the energy
transfer between two light-sensitive molecules called donor (the fluorophore) and acceptor (the
receptor). In principle, when glucose binds to the acceptor molecule, the acceptor-donor link is
disrupted, leading to decreased electron sharing and increased fluorescence. But, in the absence of
glucose, the electron transfer between donor and acceptor increases, leading to less fluorescence [69].

Monitoring of the fluorescent light can be measured either through intensity or decay-time sensing.
However, the latter is preferred as the fluorescence lifetime is specific to each analyte, permitting the
differentiation between substances, even if they all emit light at precisely the same wavelength [69].
Furthermore, complementing the advantages shown in Table 6, fluorescence lifetime can be precisely
measured in scattering media [72], including skin layers [73], indicating that fluorescence technology
is suitable for glucose monitoring devices based on transdermal sensing [74], including contact lenses
and disconnected transducers inserted into the tissue, commonly known as subcutaneous implants.
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Table 6. Advantages and disadvantages of fluorescence technology.

Fluorescence
Advantages Disadvantages

• Very sensitive to glucose concentrations as small
as 25 µM, allowing even
single-molecule detection.

• High specificity due to unique optical properties
of molecules.

• It can measure analyte concentration in terms of
fluorescence intensity and decay times.

• Immune to light scattering

• Susceptible to interference due to pH changes
and oxygen levels.

• Potential toxicity issues due to foreign material
in biological media.

• Short lifespan of the fluorophore.
• Limitations associated with photostability and

loss of recognition capability.
• Biocompatibility issues due to local

tissue trauma.
• Susceptible to autofluorescence

4.3. Optical Polarimetry (OP)

Optical polarimetry takes advantage of the concept of “chiral molecules”, i.e., molecules that can
rotate the plane of polarized light. Glucose is a chiral molecule, as such, it can rotate the polarization
plane of a light beam by an angle ‘α‘, in a clockwise direction. The amount of rotation is proportional
to the concentration of the analyte, the optical path length, the temperature, and the wavelength of the
laser beam, which is usually somewhere between the upper region of the NIR and lower-region of the
optical band (~780–400 nm).

Unfortunately, the minimal optical rotation associated with physiological level of glucose,
the presence of other active molecules, and the high degree of light scattering in the skin and tissue,
make it unfeasible to use of optical polarimetry in the skin [75]. However, it is possible to use it
on the aqueous humor in the anterior chamber of the eye (Figure 7) due to its excellent optical
properties [75,76]. The method consists of polarizing the light emitted by a light source before
reaching the eye. The reflected light is then analyzed to determine its angle of rotation α and intensity.
Such technique has the potential of detecting small amounts of glucose as long as issues such as
sensitivity to temperature and motion and others (Table 7), can be addressed positively.
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Table 7. Advantages and disadvantages of Optical Polarimetry.

Optical Polarimetry
Advantages Disadvantages

• Very high resolution.
• Optical components can be easily miniaturized.

• Sensitive to temperature changes and motion.
• Sensitive to interference from other optically

active compounds.
• Lag time could be up to 30 min.

4.4. Optical Coherence Tomography (OCT)

OCT is an imaging technology based on the principles of low coherence interferometry with
coherent radiation [77], that is capable of detecting changes of optical characteristics of bio-tissues
at micrometer resolutions. Despite being initially developed for tomographic imaging of the eye,
it can nowadays measure glucose concentration through the skin with acceptable accuracy and
specificity [78].

The technology consists of radiating the skin with coherent light, with a wavelength between 800
and 1300 nm. The backscattered radiation generated is then combined with a reference to produce an
interferometric signal that is sensed by a photodetector, as shown in Figure 8. Hence, if an increase of
glucose occurs, it will increase the refractive index and decrease the scattering coefficient, creating a
mismatch reduction of the refractive index between the medium and the reference, proportional to the
glucose concentration [5]. 14 of 44 
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As shown in Table 8, OCT has the great advantage of offering a high signal-to-noise ratio and a
high penetration depth, which are very desirable characteristics in non-invasive glucose monitoring.
Thus, as long as issues such as temperature change and motion are resolved, this technology possess
great promise.

Table 8. Advantages and disadvantages of Optical Coherence Tomography.

Optical Coherence Tomography
Advantages Disadvantages

• Very high resolution.
• High signal to noise ratio.
• High penetration depth.
• Not susceptible to blood pressure, heart rate

and hematocrit.

• Sensitive to temperature changes on the skin
and motion.

• Susceptible to tissue inhomogeneity.
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4.5. Near-Infrared Spectroscopy

Near-Infrared spectroscopy (NIRS) technology relies on the absorption and scattering of
wavelengths in the 780 nm to 2500 nm range due to molecular vibrations and rotation of bonds
inside of the molecule [79]. It uses three basic measurement modes: transmittance, reflectance
(including diffuse reflectance), and interactance. However, they all rely on the same core technology,
a dispersive spectrometer.

In transmittance mode (Figure 9a), a light source irradiates polychromatic light onto the sample,
and a diffraction grating on the other side splits the transmitted radiation into its constituent
wavelengths before being sensed and analyzed by a detector and computer respectively. In reflectance
mode (Figure 9b), the diffraction grating and detector are on the same side of the source to detect the
specular reflection, i.e., reflection at a definite angle, from the sample. Similarly, interactance mode
(Figure 9c), also senses the reflected light from the sample, but it uses a light-barrier between the
incident and the reflected beams to separate the field of view of the detector from the illuminated
area [80,81]. All modes are suitable for measuring absorption/transmittance and scattering in the
sample, and the preference for one of them is based only on the type of media. For example,
transmittance mode is preferred for analyzing fluids and very thin or transparent samples, whereas
reflectance and interactance, are preferred with dense solids or thick samples.
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Although in the NIR band glucose does not present a strong absorption pattern compared to other
regions, such as MIR spectroscopy, water also does not absorb much NIR radiation. As a result, up to
95% of light can pass through the stratum corneum and epidermis to reach regions with higher blood
concentration, without being affected by skin pigmentation [82]. Also, components and materials for
NIR spectroscopy are available in the market at affordable prices. All these advantages, and others
listed in Table 5, are leaning developers towards NIR-based technology as the first option to develop
self-monitoring non-invasive devices for glucose detection.

On the downside, as shown in Table 9, NIR presents some disadvantages, including a higher
degree of scattering in the tissue and interference of proteins and acids that share similar absorption
features with the glucose molecule, leading to increased complexity and unreliability when analyzing
the detected signal [83]. As a result, alternative technologies using NIR are getting more attention.
One of them is Raman spectroscopy which provides very well defined absorption peaks (see Section 4.7
for further details).

Table 9. Advantages and disadvantages of NIR spectroscopy.

NIR Spectroscopy
Advantages Disadvantages

• Water transparent in the NIR band
• Relatively low-cost materials needed.
• The signal intensity is directly proportional to

the concentration of the analyte.
• Minimum sample preparation required.
• Method also works in presence of interfering

substances, such as glass or plastic containers.

• Heterogeneous distributions of glucose can give
false readings.

• Glucose concentrations are too low for
accurate detection.

• High scattering level
• Problems of selectivity for determination

of glucose.

4.6. Mid-Infrared Spectroscopy

Mid-infrared spectroscopy (MIRS), also called fingerprint spectroscopy, is a vibrational
spectroscopy technique. Hence, it relies on the same system configuration and absorption principles
of NIR spectroscopy, but used in the mid-infrared region, approximately between 120 THz (2.5 µm)
and 30 THz (10 µm) [84], although some claim 12 THz (25 µm) to be the lower limit in the frequency
band [84,85]).

Due to the longer wavelength, there is less scattering of MIR radiation in the tissue, leading to
higher absorption rates and specific sharp absorption lines in the spectrum [86], especially between
8–10 µm [87]. This characteristic means that molecules have a unique spectrum in the MIR region,
making it ideal for molecular identification. Unfortunately, the strong water absorption in this
region does not let MIR signals to penetrate more than some micrometres into the tissue (100 µm
approximately) [88], making necessary the use of powerful MIR sources such as Quantum Cascade
Lasers (QCL) [89], and the use of complementary technologies, such as photoacoustic spectroscopy
(discussed in Section 4.12), to increase the sensitivity towards glucose detection [90]. Table 10
summarizes all these characteristics.

Table 10. Advantages and disadvantages of NIR spectroscopy.

MIR Spectroscopy
Advantages Disadvantages

• Low scattering.
• The absorption bands are more specific and

better delineated.
• The absorption of MIR radiation by glucose is stronger

than in the NIR band.
• Glucose can absorb specific MIR wavelengths, thus its

concentration can be measured with more accuracy.

• Penetration depth is just a few micrometers.
• Only reflection is feasible due to

poor penetration.
• Strong water absorption.
• Expensive equipment.
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4.7. Raman Spectroscopy

Raman scattering determines the degree of scattering of monochromatic light based on the Raman
effect. When single-wavelength light hits a target, it produces scattered light travelling in all directions.
The majority of this radiation, called elastic or Rayleigh scattering, has the same wavelength as the
incident light, while the rest is just a small amount of scattered radiation with a different wavelength,
called “inelastic scattering” or “Raman scattering”. Such a wavelength difference is the Raman shift,
and it represents the difference between the initial and final vibrational states of the molecule under
study [91]. As such, Raman spectroscopy is dependent on the rotational and vibrational states within
molecules, and it can be used to detect specific absorption bands and quantify the corresponding
molecules [82], meaning that peak locations in the Raman spectrum show the vibrational modes of
each functional group within the molecule. Hence, indicating that the Raman shift (expressed in
wavenumbers, cm−1) will be the same regardless of the wavelength of the incident light. In case of
glucose, the most representative vibration modes are those linked to the C—H stretching band, around
2900 cm−1, and the C—O and C—C stretching bands between 800 and 1300 cm−1 [92,93].

As shown in Figure 10, the basic configuration of a Raman spectrometer consists of a lens capturing
part of the scattered radiation and directing it to a filter to let only the Raman scattered light to be
sensed by the detector. The computer does the processing of the signal and provides the corresponding
Raman shift. Unfortunately, interference and instability issues, as shown in Table 11, prevent Raman
spectroscopy from providing accurate glucose measurements in-vivo.
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Table 11. Advantages and disadvantages of Raman spectroscopy.

Raman Spectroscopy
Advantages Disadvantages

• Less sensitive to temperature changes.
• Minimally sensitive to water.
• Suitable on any surface since it measures

scattered light, including opaque substrates.
• High specificity.

• Prone to interference from other molecules such
as haemoglobin.

• Unstable laser wavelength and intensity.
• Long collection time.
• Susceptible to noise interference (low signal to

noise ratio), fluorescence and turbidity.

Due to poor depth penetration in the MIR band, most of the study of glucose detection with
Raman spectroscopy takes place in the low-frequency end of the NIR band despite the presence of
broader spectral features causing interference and variability in the spectrum of the detected signal.
For example, the motion of blood corpuscles and other analytes within the analyzed region, tissue
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autofluorescence, and photobleaching generate strong interference spectra hindering the identification
of the glucose signal. Similarly, as stated by Pandey et al., variations due to turbidity in the analyzed
volume introduce nonglucose specific variance in the detected spectra, making calibration extremely
challenging [94]. As a result, current efforts on minimization or compensation of such issues cover
a wide range of techniques and technologies, from multivariate calibration (MVC) analysis to tissue
modulation [95] and photon migration theory [94].

4.8. Far-Infrared Spectroscopy

FIR spectroscopy, commonly known as Terahertz (THz) spectroscopy, is based on the principle
of absorption due to the existence of particular vibrational and rotational transitions of weak bonds
and bonds of heavy atoms [96], approximately between 0.3 THz (1000 µm) and 30 THz (10 µm).
As seen from Table 12, the lack of information of FIR means that the technology is still in its infancy
concerning the field of non-invasive glucose detection since the strong absorption of water and the low
levels of power delivered by terahertz sources do not allow the detection of meaningful data using
standard NIR and MIR methods. Nevertheless, with the advent of quantum-cascade lasers (QCLs),
now it is possible to use time-resolved far-infrared spectroscopy (also called Terahertz time-domain
spectroscopy THz-TDS) for biomedical applications in the sub-millimeter wavelength regime (see
Section 4.9 for further details).

Table 12. Advantages and disadvantages of FIR spectroscopy.

FIR Spectroscopy
Advantages Disadvantages

Less scattering than NIR and MIR Strong water absorption makes extremely difficult the
identification of other molecules in the sample.

4.9. Time of Flight (TOF) and Terahertz Time-Domain Spectroscopy (THz-TDS)

TOF uses single-frequency very short laser pulses (in the order of picoseconds) to measure
the radiation absorption, and time it takes photons to travel across the sample. It uses the same
spectroscopic principles of absorption and scattering, but from a time-domain perspective to get the
phase change as an additional parameter. When light propagates through the sample, some photons
will follow a direct path towards the detector, others will follow a longer zigzagging path due to
multiple internal reflections, and others will go through total scattering giving rise to diffuse light.
Analyzing the time of flight distribution of detected photons, the changes in the pulse shape (pulse
broadening due to scattering), and the absorption level, it is possible to detect the optical properties of
the medium, including glucose concentration.

Alraouso et al. describe a typical setup for measuring glucose in-vitro with TOF using 35
picosecond pulses, with a wavelength of 905 nm, hitting a sample, and an array of five optical fibers
collecting the scattered light from the medium and directing them towards a camera to record the
temporal profiles of the detected pulses [97]. Besides Alraouso’s measurements, TOF needs further
study on glucose monitoring.

THz-TDS is similar to TOF as it also uses ultrashort pulses in the time domain (a few hundreds of
femtoseconds) to measure the travel time (phase information) of the reflected and scattered signals,
and absorption of the medium. However, THz-TDS is unique in its way of measurement as it generally
uses an ultrafast-laser pump with a specific pulse-shape (Gaussian or differentiated Gaussian for
example) allowing a broad frequency sweep. Hence, permitting spectroscopic information within
the detected signal, as well as the possibility of measuring the refractive index and the spectrum of
the complex permittivity in a wide frequency range with a single scan. Furthermore, using special
processing techniques in the time-domain, it is possible to extract crucial frequency-dependent
information such as dynamic range, bandwidth and signal-to-noise ratio [98].
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As in many other technologies, the two main modes of operation of THz-TDS are reflection and
transmission. However, due to the high level of water absorption, transmission mode has not been
able to provide satisfactory results in the THz band. Instead, reflection mode has been the focus of
research in the last years, especially between 0.1 and 1 THz in order to take advantage of particular
vibrational-rotational transitions of active macromolecules in the blood [99]. Nevertheless, the low
depth penetration remains still as a significant obstacle since THz radiation can hardly reach regions
underneath the skin containing significant amounts of blood for analysis. Hence, current efforts focus
on analyzing the skin in order to correlate changes in its optical characteristics with changes in the
glucose level, as existing evidence suggests that changes in glucose levels cause internal physiological
changes affecting the skin, including blood osmolarity level, fluid loss in the cells and aggregation of
erythrocytes, especially in cases of hyperglycaemia [100]. Such evidence indicates the feasibility of
overcoming the water absorption issues associated with standard spectroscopic techniques in the 0.1
to 1 THz band [101,102].

As shown in Table 13, the common advantage between TOF and THz-TDS is their immunity to
background noise. However, there are still issues related to the long measurement time and the low
spatial resolution that require additional investigation.

Table 13. Advantages and disadvantages of TOF and THz-TDS.

TOF/THz-TDS
Advantages Disadvantages

• Immune to background noise.
• Study of a broad frequency range with a single

ultrashort pulse.
• Complex permittivity measurement with a single scan.

• Long measurement time
• Low spatial and depth resolution

4.10. Thermal Emission Spectroscopy (TES)

TES uses the principle that the human body naturally emits energy as heat in the far-infrared band,
between 8 µm and 14 µm [103]. During the process of leaving the body, part of this radiation is absorbed
by different molecules in the body, including glucose around the 9.4 µm wavelength, meaning that the
analysis of the intensity and characteristics of such radiation (Figure 11), provides useful information
on the presence and concentration levels of glucose in the tissue [104] with reasonable specificity.
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However, just reading and interpreting the radiation absorbed by glucose is not enough to
provide accurate readings due to the small amounts of thermal energy involved. Thus, TES also
compares the reading with a predicted amount of thermal energy using the Planck distribution
function, in which the measured data is the intensity reference level upon which the actual thermal
absorption is calculated and then, converted to glucose concentration level [104]. Unfortunately,
although in theory, this technology seems to be straightforward, no significant research has been
put into it, as such there are several limitations (Table 14) that need to be addressed. The most
acknowledged experiment using TES is the one performed by Buchert, back in 2004 [105], in the
tympanic membrane, but actual in-vivo results need yet to be published.

Table 14. Advantages and disadvantages of thermal emission spectroscopy.

Sonophoresis
Advantages Disadvantages

• It is a passive technique.
• No risk of damaging tissue
• Good selectivity given the well-defined spectra

of glucose at 9.4 µm.
• No calibration required.

• Sensitive to variations of temperature
and motion.

• Intensity of radiation susceptible to the
thickness of the tissue.

• It might not be suitable for detecting sudden
changes of glucose.

4.11. Metabolic Heat Conformation (MHC)

MHC technology consists of measuring the glucose concentration level by measuring
physiological parameters associated with the generation of metabolic heat and local oxygen
supply [106]. The technique relies on the fact that the metabolic oxidation of glucose not only produces
most of the necessary energy for all cellular activities but also generates a certain amount of heat as a
byproduct that correlates with the amount of glucose and oxygen levels in the body. The heat emitted
to the environment can be in the form of radiation, convection and evaporation. The heat emitted as
radiation and convection is linked to the skin and ambient temperatures, whereas the heat dissipated
by evaporation, represents the amount of evaporation from the skin [107].

The parameters recorded by the sensors include thermal generation, hemoglobin (Hb),
oxyhemoglobin concentration (O2Hb), and blood flow rate. They are all measured in the fingertip
by multi-wavelength spectroscopy methods, along with temperatures in the fingertip, ambient and
background radiation. The data is then analyzed with different statistical tools, including regression,
multivariate and discriminant analyses (Figure 12). However, as shown in Table 15, this technique is
also sensitive to interference from temperature variations and sweat.
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Table 15. Advantages and disadvantages of MHC.

Metabolic Heat Conformation
Advantages Disadvantages

• Physiological parameters are relatively easy to
measure using well established technologies.

• Susceptible to interference by environmental
conditions, including temperature [108]

• Sensitive to sweat.

4.12. Photoacoustic Spectroscopy (PAS)

This technology uses the same idea of ultrasound waves, but it employs short laser pulses with
a wavelength that is absorbed by a specific molecule in the fluid to produce microscopic localized
heating, dependent on the specific heat capacity of the tissue under examination [82]. The absorbed
heat causes a volumetric expansion of the medium, generating an ultrasound wave that can be detected
by an acoustic or pressure sensor. By tracking the peak-to-peak variations of the detected signal, it is
possible to correlate them with the variations of glucose level in the blood.

For noninvasive detection of glucose, pulsed and continuous-wave (CW) are the two main
forms of excitation. In pulsed-mode, the pulses have durations in the range of nanoseconds, and a
pulse-repetition rate of a few kilohertz, leading to a fast and adiabatic thermal expansion of the sample
and generating a wide spectrum of acoustic frequencies [109], along with jitter and acoustic noise in
the wide bandwidth of the detector (transducer) [110]. On the other hand, CW excitation employs a
modulated continuous wave, generating a single acoustic frequency in the detected spectrum, as well
as a higher signal-to-noise ratio if used in a lock-in detection configuration [110].

Figure 13 shows the basic configuration of PAS sensing. The light emitted by a laser impacts
on the sample to generate the ultrasound wave, by the process previously discussed. The generated
ultrasonic wave propagates through the acoustic resonator, also known as cell, and reaches the detector,
which generally consists of a piezoelectric transducer such as a microphone. The electrical signal at
the output of the sensor is subsequently amplified, digitized and sent to the computer for analysis.
This configuration, however, has the main drawback of poor sensitivity for in-vivo detection of glucose.
So, as suggested by Kottmann et al. [111], an alternative to this method is using two laser sources.
One covering wavelengths of strong glucose absorption, and the other covering regions insensitive to
glucose, in order to obtain a large ratio between the two measurements, improving the overall SNR
of the system. Currently the configuration has provided good stability, but the sensitivity is still low,
although it can be improved by increasing the power of the laser [111].
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In addition to the advantages shown in Table 16, PAS can use a wide range of wavelengths, from
ultraviolet to NIR. However, it has not been until recently that tests have shown that PAS can even
be used in the MIR band. This development allows us to take advantage of the strong absorption
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characteristics of the glucose molecule between 800–1200 cm−1, despite its low penetration depth
into human skin (8.33–12.5 µm), thanks to particular vibration modes of the stretching and bending
C—H—O band [112]. As a result, current efforts are focusing on the use of QCLs to improve the SNR
in parts of the body in which it is feasible to reach the interstitial fluid, i.e., 10–50 µm [113].

Table 16. Advantages and disadvantages of photoacoustic spectroscopy.

Photoacoustic Spectroscopy
Advantages Disadvantages

• Relatively simple method.
• Immune to water distortion.
• Not susceptible to NaCl, cholesterol,

and albumin.
• PA signal is not influenced by

scattering particles.

• Susceptible to changes of temperature,
pulsation, motion and surrounding
acoustic noise.

• Low signal-to-noise ratio.
• Long integration time.

4.13. Millimeter and Microwave Sensing

Microwave and millimeter radiation present lower energy per photon and less scattering in the
tissue [114], indicating that they can go deeper into the tissue to reach regions with sufficient blood
concentration, yielding more accurate glucose readings. To take advantage of such characteristic,
millimeter and microwave techniques widely used in several areas; including communications,
detection and medicine; exploit the reflection, transmission and absorption characteristics of tissues
and blood in those bands to correlate their permittivity and conductivity with the concentration of
glucose in the body. As a result, there are four basic techniques: Reflection, transmission, resonant
perturbation [115], and radar [116].

Reflection methods are one-port techniques, and they aim at measuring the reflection parameter
S11 to identify the amplitude and phase variation in the reflected signal due to the change of permittivity
in the blood when the glucose level varies. The measurement takes place over a wide frequency
band utilizing a vector network analyzer connected to a sensor, which, depending on the frequency
band under examination, it can be a wideband antenna, an open-ended coaxial line or waveguide.
Nevertheless, the principle of operation is the same. The near-field of the antenna or the fringing field
of the open-ended line penetrate the upper skin layers to reach depths in which the amount of blood is
high enough to sense changes of its permittivity, which are interpreted as changes of the impedance or
admittance seen by the sensor, thus varying proportionally S11.

Transmission methods are an extension of reflection methods since they provide the full set
of S-parameters, allowing the calculation of the complex propagation constant of the media and
hence, the attenuation and phase insertion of the transmitted signal due to the variation of glucose
levels. However, its accuracy is limited in low loss environments [115]. The transmission method
is in essence a two-port technique. Thus, it employs hardware similar to reflection methods in a
duplicated configuration.

The resonant perturbation method is a subset of the reflection and transmission methods in
the sense that it uses a near-field sensor with a very high quality-factor Q. The aim is to measure
changes of the resonant frequency, the quality factor and the 3dB bandwidth and correlate them
with variations of the dielectric properties of the media under test [115]. As such, sensors in the
resonant perturbation method operate in a very narrow frequency range. Examples of such sensors
are microstrip patch antennas and waveguides [117–119], split-ring resonators [115,120], high-Q
resonance [121], and dielectric resonator antennas (DRA) [122].

Radar technique, contrary to reflection, transmission and resonant perturbation methods,
it operates in the far field by sending the electromagnetic wave to the target, located at a certain
distance from the transmitter, and waiting for the reflected signal to reach the receiver. The received
signal contains not only information about the speed, location, and the extent of the object but also,
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its composition. Thus, by signal processing and AI algorithms, researches are expecting to find a
correlation with the concentration of glucose in the blood [116].

As shown in Table 17, all mm-Wave and microwave sensing techniques present some
disadvantages. However, the possibility of going deeper into the tissue, avoiding issues proper
of optical techniques, is motivating several groups to continue further development in the area.

Table 17. Advantages and disadvantages of millimeter and microwave sensing.

Millimeter and Microwave Sensing
Advantages Disadvantages

• Signal penetration is deep enough to reach
tissues containing sufficient glucose.

• No risk of ionization.
• Sensitive to small changes of

glucose concentration.

• Susceptible to biological differences in blood.
• Sensitive to variations of physiological

parameters, including breathing, sweating level
and cardiac activity [123].

• Poor selectivity.

4.14. Electromagnetic Sensing

This technology measures the current, or voltage, which is proportional to the magnetic coupling
between two inductors [8,124]. Since the coupling depends on the dielectric characteristics of the
media between the two coils, it is also proportional to the concentration and type of analyte (Figure 14).
In other words, the ratio between input and output voltages, or between currents, is proportional to
the concentration of glucose. Furthermore, the frequency of the signal plays a fundamental role to
produce enough coupling, although this is also dependent on the temperature of the sample under
examination. As a result, frequencies in the band between 2.4 MHz and 2.9 MHz are generally accepted
to be suitable for the detection of glucose variations in-vivo [4], while others, such as Melikyan et al,
suggest that 7.7 GHz is a better option [125]. Additional characteristics are shown in Table 18.
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Figure 14. Concept for measuring glucose concentration in the ear lobe using electromagnetic sensing.

Table 18. Advantages and disadvantages of electromagnetic sensing technology.

Electromagnetic Sensing
Advantages Disadvantages

• Using a single frequency, specific to the analyte, minimizes
interference caused by other media.

• There is no ionization risk.
• Highly sensitive to temperature.
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4.15. Bioimpedance Spectroscopy (BS)

Also known as dielectric impedance spectroscopy, this technology assesses the changes induced
by blood glucose variations in the permittivity and conductivity of the membrane in red blood cells
(RBCs). BS uses the concept that variations in plasma glucose concentration induces variations in
the concentrations of sodium (Na+) and potassium (K+) ions, causing changes in the conductivity
of the RBCs’ membrane [126], indicating a direct relationship between both. As such, BS applies a
small amount of alternating current, of known intensity, to measure the associated resistance and
thus, the conductivity. This means the technique is relatively simple, making it potentially affordable
and easy to employ in a practical scenario as long as sensitivity to temperature variations and sweat,
among other limitations (Table 19) can be minimized.

Table 19. Advantages and disadvantages of bioimpedance spectroscopy.

Bioimpedance Spectroscopy
Advantages Disadvantages

• Relatively inexpensive.
• Easy measurement on the skin.

• Sensitive to variations of temperature and motion.
• Sensitive to sweat and to water content.
• Affected by physiological conditions affecting the

cell membrane.

4.16. Ultrasound

This technology measures the propagation time of ultrasound waves through the media.
The higher the glucose concentration, the faster the ultrasonic wave propagates through the media,
reducing the time of propagation. Depending on the strength of intermolecular bonding forces and the
density of the medium, the fluid or tissue has a certain degree of compressibility which determines the
acoustic velocity of low-frequency waves through the media [127]. As such, changes of the glucose
concentration in the extracellular fluid affect density and adiabatic compressibility, affecting the
acoustic impedance linearly. Other advantages and limitations are shown in Table 20.

Table 20. Advantages and disadvantages of Ultrasound technology.

Ultrasound
Advantages Disadvantages

• It can travel long distances below the skin or tissue.
• Immune to skin color variation.

• Susceptible to ambient temperature.

4.17. Sonophoresis

This technology relies on obtaining a sample of the interstitial fluid to measure the glucose by
enzymatic method. The difference is that sonophoresis uses low-frequency pressure waves to drive
glucose molecules out through the skin. It relies on the longitudinal nature of ultrasound waves,
i.e., the direction of propagation being the same as the direction of oscillation [128], to enhance the
permeability of the skin and induce a phenomenon called ‘cavitation’. The working principle of
cavitation is not completely well-understood, but it consists of a series of compression and expansion
movements of sufficient magnitude to extract gas out from the tissue, carrying with it other permeants,
including glucose [129]. However, although this technology is theoretically feasible (as shown by
several advantages in Table 21), at present most of the studies are focusing on drug delivery rather
than glucose measurement.
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Table 21. Advantages and disadvantages of sonophoresis.

Sonophoresis
Advantages Disadvantages

• No adverse effects on the skin.
• Glucose measurement is based on the well

known enzymatic method.
• Better control on the amount of glucose that can

be extracted for analysis.

• Susceptible to temperature variations.
• Interference from other compounds and

pressure changes.

4.18. Reverse Iontophoresis (RI)

Reverse iontophoresis is categorized as a “minimally invasive” technology since it relies on the
circulation of a small electric current between an anode and cathode located on the surface of the
skin to get access to a small amount of interstitial fluid (ISF). The migration of sodium ions primarily
produces the current, causing a convective flow (electro-osmotic flow) of the interstitial fluid (ISF),
carrying with it glucose molecules towards the cathode [4]. At the cathode, there is a standard glucose
sensor measuring the glucose concentration directly by the enzymatic method, i.e., oxidization by an
enzyme, such as glucose oxidase (GOx) as shown in Figure 15.
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Figure 15. Principle of reverse iontophoresis for glucose monitoring.

RI technology is one of the most investigated methods for glucose monitoring since having access
to a sample of glucose means it has a high level of accuracy. However, as Table 22 shows, the technology
presents certain disadvantages [86] that some groups are still trying to overcome.

Table 22. Advantages and disadvantages of Reverse iontophoresis.

Reverse Iontophoresis
Advantages Disadvantages

• Electrodes are not difficult to manufacture and
be applied to the skin with minimum training.

• Good correlation between glucose level in the
ISF and in the blood under stable conditions.

• Glucose measurement is based on the well
known enzymatic method.

• Skin irritation due to the pass of current.
• Susceptible to sweating.
• Rapid changes of glucose concentration cannot

be detected accurately.
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5. Commercial Devices

The development of non-invasive devices for blood glucose measurement dates back three
decades ago when the first devices were released. Some of them showed promising results, but for
several reasons, they did not succeed. For example, GlucoWatch® (Cygnus Inc., Redwood, CA,
USA), based on reverse iontophoresis, received FDA approval and its accuracy was evaluated as
satisfactory in both clinical and home trials [130,131]. Unfortunately, due to reliability and consistency
issues [132,133], the device did not survive for a long time ion the market. Also, Pendra® (an impedance
spectroscopy device (Pendragon Medical Ltd., Zurich, Switzerland); followed a similar fate. The device
received CE approval and was commercialized for a short time, but studies after its release showed
its poor accuracy [134]. Meanwhile, others never even made it to the market due to lack of funding,
poor accuracy or other unclear circumstances. A good example is C8 Medisensors (Raman spectroscopy;
San Jose, CA, USA) that needed an additional influx of capital to finalize the design. Unfortunately,
it could not raise the money and had to shut down operations in 2013 [135]. Also, the Diasensor 1000
(Biocontrol Technology Inc., Pittsburgh, PA, USA), which is still surrounded in mystery since it is not
clear whether it ever worked at all or if there were other reasons for its disappearance from the market.
These and other devices with a similar fate are listed in Table 23.

Table 23. List of commercial devices for non-invasive glucose monitoring never released or withdrawn.

Device Technology
GlucoWatch Reverse iontophoresis

GluCall Reverse iontophoresis
Pendra Impedance spectroscopy

Glucoband Impedance spectroscopy
Hitachi Ltd. Metabolic heat conformation

Aprise Photoacoustic spectroscopy
C8 Medisensors Raman spectroscopy
Diasensor 1000 NIR spectroscopy
TouchTrack Pro NIR spectroscopy

GluControl NIR spectroscopy

Currently, there are many new devices and others that are progressively improving their
technology and already in the market. Some of them are listed in Table 23, along with those developed
as a proof-of-concept or still under research, but with great promise due to preliminary results. It is
clear to notice that many of them use a spectroscopic technique, especially NIR, while others still need
access to the interstitial fluid in a minimally-invasive (MI) way. In between those two groups, probably
the most remarkable is GlucoTrack (Integrity Applications, Ashdod, Israel) due to the combination of
three technologies to compensate for the disadvantages of each one. Also, it is interesting to note that
while some manufacturers use PEG error grid to evaluate the accuracy of their product, others still use
CEG, although its recognition as a good accuracy indicator is being left behind by approval agencies
and the ISO standard. As such, it is essential to read the information shown in Table 24 with caution.

Furthermore, it is also important to note that manufacturers of NI devices aim for non-continuous
glucose monitoring (NCGM), while those using MI techniques are more suitable for continuous
monitoring. One reason for this could be that NI devices, especially those based on optical or vibrational
spectroscopy, need measurements to be taken in a controlled environment, free of mechanical vibrations
and other sources of interference like light and temperature changes. MI devices are not sensitive to
such conditions, and so they can be used as continuous monitoring devices.
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Table 24. Comparison table of minimally-invasive and non-invasive glucose monitoring devices
currently available or close to release.

Device Technology Target Type Accuracy Status Ref.

Combo
Glucometer
(Cnoga
Medical)

NIR spectroscopy
(combination of four LEDs
and four sensors to analyse
absorption and scattering
pattern)
λ: 625 nm, 740 nm, 850 nm,
940 nm

Finger NI
NCGM

PEG
Zone A: 96.6%
Zone B: 3.4%
MARD: 14.4%

Available [136–139]

NBM-200G*
(OrSense)

NIR spectroscopy
(Occlusion spectroscopy)
λ: 610 nm, 810 nm

Finger NI
Point-of-care

CEG
Zone A: 69.7%
Zone B: 25.7%

Dropped [140–143]

HELO
Extense
(World Global
Network)

NIR spectroscopy Finger NI
NCGM N/A Available [144]

GlucoTrack
(Integrity
Applications)

Combination of:

• Ultrasound
• Thermal
• Electromagnetic sensing

Ear lobe NI
NCGM

PEG
Zone A: 62.4%
Zone B: 37.6%
MARD: 19.7%

Available [127,145,146]

GlucoWise
(MediWise)

mm-Wave Transmission
spectroscopy
f: 60 GHz

Hand NI
NCGM N/A Under

develop-ment [118,147]

SugarBEAT
(Nemaura
Medical)

Reverse iontophoresis Upper arm MI
CGM MARD: 13.76% Waiting for CE

approval [148]

Symphony
(Echo
Therapeutics)

Sonophoresis Skin MI
CGM

CEG
Zone A: 81.7%
Zone B: 18.3%
MARD: 12.3%

Unknown [149]

WizmiTM

(Wear2b Ltd)
NIR spectroscopy Arm wrist NI

CGM

CEG
Zone A: 93%
Zone B: 7%
MARD: 7.23%

Proof of
concept [150]

LTT
(Light Touch
technology)

MIR spectroscopy/Optical
Parametric Oscillation
λ: 6–9 µm

Finger NI
NCGM N/A Under

develop-ment [151]

K’Watch
(PKvitality)

Enzymatic
detection/microneedles Arm wrist MI

CGM N/A Pre-clinical
tests [11,152,153]

Eversense®

(Senseonics)
Fluorescence Upper arm MI

CGM MARD: 14.8% Available [154–156]

Health-Care
Computer

87% Available

GlucoGenius

GlucoDiary
G2 Mobile
(Eser Digital)

Metabolic heat
conformation
λ: 660 nm, 760 nm,
850 nm, 940 nm

Finger NI
NCGM N/A Unknown

[107,157]

* Although the device has not been further developed, still occlusion spectroscopy is seriously considered as a
feasible technology for glucose monitoring. PEG: Parkes Error Grid, CEG: Clarke Error Grid, N/A: Not available.

6. Sensors under Research

Various research institutions and universities are also advocated to study and develop new
technologies for non-invasive detection of glucose levels. Some of them work on just one particular
aspect of the technology, such as the Ulsan National Institute of Korea (UNIST) developing soft lenses
for smart contact lenses including glucose detection. Others, such as Infratec and the MIT that have
developed ‘Proof of concept’ designs, without any further plans for commercialization, represent
potential new avenues that other groups or developers could further investigate. It is also interesting
to note that although some groups explore further techniques in NIR/MIR spectroscopy, others have
started looking into other alternatives. In this line, it is worth to mention the research performed by
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Siegel et al. at Caltech [117,158,159]. They have been doing steady progress throughout the years
using waveguides, in the millimeter band, and obtaining promising results with a good correlation
with the standard invasive method in rats and humans [158,159]. Also, the research taking place at the
University of Western Ontario [160] is unique, although purely theoretical at this stage. They have
started delving into the possibility of using nanoparticles under the principle of fluorescence-resonance
energy-transfer to achieve a high degree of specificity in order to detect glucose levels in tears.

Table 25 details these and some other current research developments that the authors consider
have very favorable prospects of becoming commercial products, although some of them not in the
near future.

Table 25. List of current research on NI and MI technologies for glucose detection.

Institution Technology Comments Target Ref.

Polytechnic
University of
Catalunya

NIR spectroscopy
Photoplethysmo-graphy

• Principle: relationship between PPG
waveform and glucose levels.

• No calibration needed
• Linear response even in hypoglycemia

and hyperglycemia

Finger [161]

Karunya
University

NIR spectroscopy
Photoplethysmo-graphy

• Blood viscosity, breathing, emotional state
and autonomous nervous system are
linked to glucose levels.

• Analysis done with machine learning.

Forearm & finger [162]

Tohoku University MIR spectroscopy
Trapezoidal multireflection

• Suitable for areas without thick skin layer.
• Tuned at 8658 nm.
• Sensitive to contact pressure

Oral mucosa
Inner lips [163]

ETH Zurich MIR spectroscopy
Photoacoustic detection

• It uses Quantum Cascade lasers (QCLs).
• Wavelengths: 8.47–10 µm Forearm [111]

RSP Systems Raman spectroscopy

• Glucose sensing at a critical depth in
the skin.

• Accuracy affected by time-lag
• λ: 830 nm

Hand palm [164]

University Western
Ontario (WOU)

Fluorescence Resonance
Energy Transfer (FRET)

Spectral determination based on competition
reaction between fluorophore’s donor and
acceptor

- - - [160]

Electronics and
Telecomm.
Research Inst. of
Korea (ETRI)

Photoacoustic
spectroscopy

• Insensitive to skin secretions.
• Acoustic signal: 47 kHz
• λ: 8–10.4 µm

Fingertip [112]

National Cheng
Kung University
(NCKU)

Optical Coherence
Tomography

• It senses optical rotation angle (γ) and
depolarization index (∆) using
Mueller model.

• Increase of glucose, increases γ and
decreases ∆.

Fingertip [165]

Caltech Millimeter-wave
Transmission

• Based on waveguides and patch antennas
• f : 15–25 GHz, 16–36 GHz Ear lobe [117,

159]

University of
Waterloo

Millimeter-wave
transmission & reflection

• Based on Google’s Soli system and
Forest classifier.

• Sensitive to differences in blood.
• f : 60 GHz

- - - [116]
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Table 25. Cont.

Institution Technology Comments Target Ref.

University of
Erlangen-Nuremberg

Millimeter-wave
transmission & reflection

• Changes in the glucose level are
correlated with variations in the
amplitude and phase of the transmitted
and reflected waves.

• Glucose characterization between 0.2 and
40 GHz

• f : 5–8.6 GHz (patch & slot antennas)

- - -
[119,
166]

Cardiff University Microwave Split-ring
resonance

• Glucose level change shifts
resonant frequency.

• Up to 17.5 mm depth penetration.
Abdomen [120,

167]

University of Bath Reverse iontophoresis

• Based on the electro-osmotic
flow principle.

• ISF extracted through hair follicles
• Independent from skin

characteristics variance
• Some skin irritation associated

Skin [168]

MIT–DermalAbyss Chemical fluorescence

• Tattoo injected in the dermis.
• No power needed to operate
• Tattoo changes color depending on the

concentration of glucose

Skin [169]

Ulsan National Inst.
of Science and
Technology
(UNIST)

Contact lenses–Enzymatic
detection

• Measures the level of glucose in tears
• Electrodes embedded in the contact lens.
• Lag time between 10 and 30 min
• Interference from other

electroactive species

Tears [170]

University of
Maryland

Contact
lenses-fluorescence

• Based on a glucose-silicone hydrogel.
• Decrease of fluorescence with increase

of glucose
• It works with fluorophore Quin-C18
• Long storage seems not to affect

lens’ response

Tears [171]

KTH Royal Inst. of
Technology

Microneedle-Enzymatic
detection

• Measurement taken within the dermis.
• Based on passive fluid extraction.
• Microneedle length: 700 µm

Forearm [172]

Profusa, Inc. Fluorescence

• Placed under the skin.
• Based on fluorescence of anionic dyes.
• Flexible fiber, 3–5 mm long, 500 µm diam.
• Fluorescent light detected with

external sensor.

- - -
[173,
174]

7. Glucose Monitoring Informatics (GMI)

The development of more sensitive sensors using different technologies is accompanied by
intensive research and development of different algorithms in order to enhance the accuracy and
reliability of the sensors, to improve the readability of the data, and to compensate for the disturbance
from several environmental and physiological processes, including blood perfusion, tissue scattering,
sweating, and temperature changes [175]. These algorithms are also widely used to enable the
development of closed-loop systems for automatic pumping of insulin in diabetic patients. Hence,
algorithms can be classified into two groups. First, corrective algorithms, which aim at improving the
quality of the signal itself by removing distortion due to noise and minimization of other systematic
differences. The second group includes the so-called predictive algorithms, which estimate future
glucose levels or enhance the current measurement based on a collection of different data sets.
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7.1. Corrective Algorithms

There are two basic types of corrective algorithms: De-noising algorithms which eliminate or
filter out noise, and enhancing algorithms which, as implied by the name, aim at improving the quality
of the received signals.

7.1.1. De-Noising

As the name implies, de-noising algorithms aim at reducing the noise level of the received signal.
There are several algorithms for noise removal, many of them are already used in many other fields.
However, for noise removal from glucose signals, one of the best well-known techniques is the Kalman
filtering. It is a linear-estimation technique which obtains a maximum likelihood estimate of the actual
glucose level by evaluating the probability that the change in glucose level is due to noise, or to an
actual change in glucose [176]. The technique has the advantage of being recursive, meaning that new
measurements can be performed as new data arrives. It performs well in the presence of Gaussian
noise by minimizing the mean square error of the estimated value. Another technique, proposed by
Mahmoudi et al., is the multistep filtering comprising three stages to obtain glucose readings with
reasonable accuracy. However, only the first two steps focus on noise removal. Initially, the algorithm
uses a weighted local polynomial to assess glucose changes not related to physiological phenomena.
Then, in the second stage, the noisy parts of the signal are detected and selectively smoothed using an
exponential weighted moving average (EWMA) filter [177].

7.1.2. Enhancement

Enhancement algorithms aim at minimizing the systematic differences in the data due to variations
in the calibration and sensitivity of the glucose sensor. Some of the adopted techniques include the
stochastic deconvolution-based re-calibration algorithm [178], dynamic global model (GM) [179],
and the LMI-based approach [180]. Furthermore, while each of them has its own characteristics
and suitability for specific scenarios, in CGM monitoring, they all need an update of the calibration
parameters of the sensing system using reference data from SMBG devices, meaning that there is a
certain degree of invasiveness associated with these algorithms.

7.2. Predictive Algorithms

Also known as glucose predictors, these algorithms analyze and weigh data of previous glucose
values or other physiological parameters in order to improve the accuracy of future glucose readings.
Two basic approaches exist in this category.

7.2.1. Past-Data Training Approach

Since some of the NI/MI technologies are suitable for continuous glucose monitoring, algorithms
based on time-series analysis are a good approach for the prediction problem. Among them, first-order
autoregressive model (ARM), first-order polynomial model, and 10th order data-driven ARM
have provided reliable predictions for up to 30 minutes in advance in some experiments [181,182].
Other methods use neural network monitoring (NNM), in which the training period can take several
hours. However, once it finishes, the model can run in real-time and provide good accuracy. The only
issue is that NNM is not effective when detecting sudden changes in glucose concentration, meaning
that it is not suitable for diabetes type-1 patients [183].

7.2.2. Multi-Sensor Approach

In this approach, the signals from glucose sensors are combined with data from other sensors
measuring temperature, movement, humidity and blood perfusion, among others, as well as
information about carbohydrate intake, type of insulin, insulin doses, stress and amount of exercise.
The combined signals provide an estimate of the glucose value through different mathematical models
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requiring calibration to some extent. Moreover, depending on the type of glucose sensor, and the
nature of the other signals, some algorithms are more suitable than others. For example, if the data
set is linear, algorithms such as principal component analysis (PCA), partial least squares (PLS) and
least absolute shrinkage (LASSO) are efficient [184]. However, if the data has a non-linear nature,
such as Raman spectroscopy, non-linear algorithms, such as logistic regression (LR) and support
vector machines (SVM), are more convenient [185]. Besides, machine learning and artificial neural
networks have been receiving much attention since they can describe problems that cannot be handled
by highly non-linear algorithms or in situations in which variables evolve or mutate from the initial
conditions [183]. As a result, neural networks have been extensively used in CGM technology to
predict subsequent blood glucose values by using SMBG data as input, in a similar way to using the
enhancement algorithms [186–188].

7.3. Closed-Loop Therapy

As explained in the previous section, using prediction algorithms makes it possible to forecast
future levels of glucose in short and long terms (from less than a couple of minutes to several minutes),
meaning that states such as hypoglycaemia and hyperglycaemia can be predicted and safely managed.
This approach opens the door to the so-called ‘artificial pancreas’ or ‘closed-loop’ systems, which pump
a certain amount of insulin automatically into the patient according to the forecasted value of glucose
level in order to avoid critical glycaemic states [185]. Those systems are highly useful for type-1
patients [178].

8. Discussion and Future Trend

8.1. Past and Present of Non-Invasive Glucose Detection

John L. Smith in his book “The Pursuit of Noninvasive Glucose: Hunting the Deceitful Turkey” [189],
accurately summarizes the past and current developments in non-invasive glucose monitoring.
Many devices soon after coming out into the market, such as the widely advertised GlucoWatch
and Pendra, were quickly discarded mainly due to inaccuracy and usability issues. In the same line,
projects such as the contact lenses that were being developed by Google and Novartis caused great
expectation, but once again, no further progress continued due to difficulties in detecting glucose
accurately from the tears. As a result, these and many other unsuccessful outcomes have left many
wondering if it is possible to measure glucose in a way that doesn’t need any blood drawn out of the
body. Fortunately, it seems like the answer to that hope is quite optimistic.

During the last decade, much progress has happened not only from the technological point
of view but also, from the regulatory field. Standards and approval agencies are seriously taking
into account the existence of non-invasive glucose devices and are already setting the guidelines
for their approval and use in many countries. For manufacturers and developers, this might look
cumbersome as they have to comply with stricter evaluation criteria. However, this also indicates
that the technology that seemed to belong only to the realm of science fiction is now in the view of
becoming achievable, as proven by some devices currently available in the market and others that are
close to commercialization. All of them based on different technologies that have been evolving over
the years.

8.2. Current Research on Non-Invasive (NI) Glucose Monitoring

The technologies described in the present review have been investigated and developed at
different points in time. However, as shown in Figure 16, most of the research and effort has been
put on the nanometer band, corresponding to MIR, NIR (mostly) and optical, many of which have
provided optimistic results. The main reason for this is that the glucose molecule has many interesting
qualities, including clear absorption lines, acceptable skin depth penetration and particular vibration
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modes due to atomic bonds between carbon, oxygen and hydrogen, which makes the glucose molecule
easily identifiable with current equipment.
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Unfortunately, the problem is that many other molecules and fluids possess similar characteristics,
posing interference, selectivity and sensitivity issues that have been the cause of failure in many
previous devices. As a result, many research groups and developers have been studying other
frequencies in the spectrum that might help to overcome some of the issues previously mentioned,
especially in the ultrasound, low-RF and microwave regions, many of which have already started
providing promising results. Figure 16 shows three large regions that still need further research,
the mid-band of the RF spectrum, between 1 MHz and 1 GHz, the upper millimeter band and
most of the FIR region, between 100 GHz and 30 THz. In the case of the mid-RF band, most of
the research is limited only to measurements in-vitro, but results such as those obtained by Kim
et al. [3], are encouraging, especially knowing that penetration into the skin and tissue would not
represent an obstacle due to the long wavelength. The only foreseeable obstacle is the presence of
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many applications, including communications, radar, TV, and radio, among others, which heavily
use the RF band, and so they represent a potential interference issue. As for the upper-mmW/FIR
band, the main issues are the strong water absorption, which renders most measurements useless
due to low-depth penetration; and the lack of sources capable of producing meaningful amounts
of energy that can penetrate the tissue for non-invasive analysis. However, recent developments in
Quantum-cascade-lasers (QCLs) might open a window into studying the glucose molecule in such
region but the cost and size associated make any significant advancement unfeasible for a while.

All in all, it is quite clear that industry and research institutions have favored optical and
near-infrared techniques for developing non-invasive glucose detection technology. However,
a question we should ask is how far can those research efforts go without relying on other technologies
to complement their techniques? It is clear that NIR and optical techniques have serious problems
with interference, movement sensitivity, and attenuation, among others. Hence, several other groups
have been focusing on using other technologies based on ultrasound, RF, and non-electromagnetic
approaches to overcome the aforementioned limitations. However, each of those techniques also
present their limitations. As such, we think the brighter future for non-invasive glucose detection
might rely on the combination of several techniques in one single device in order to analyze the
characteristics of glucose from different angles, and with that, get meaningful data that can lead
towards the development of a truly accurate and reliable non-invasive glucose monitoring device.

8.3. Current Research on Minimally-Invasive (MI) Glucose Monitoring

The issue of whether MI devices are part of the non-invasive technology or not is still under
discussion. On one side, MI ticks the marks of comfortability, usability and accuracy, which are the
main points for a device to become accepted in the market. On the other hand, the issue of still needing
access to internal fluids, posing potential infection risks, puts several MI devices on the group of
technologies to be forgotten once NI becomes fully developed and matured. Especially, since it is
quite clear, from our point of view, that the tendency of personal diagnostic devices is leaning towards
wearable technology demanding for safe, easy-to-use, lightweight and cost-effective items.

Nevertheless, the research for glucose detection using MI techniques continues, and it has even
provided several promising alternative approaches, especially those based on reverse iontophoresis
and fluorescence. In the case of reverse iontophoresis, the devices are still based on the fundamental
principle of glucose oxidation via an enzyme (ex. GoX), which means that they still need access to
a certain amount of glucose, making them part of the invasive-device category. However, with new
miniaturization processes, several research groups are working with microneedles to access the
interstitial fluid without any sensation of discomfort or pain, and so, products such as the K’Watch®

(PKVitality, Paris, France) are close to commercialization.
Fluorescence has also been going through intensive research, especially towards the development

of glucose monitoring devices underneath the skin, such as the Eversense® from Senseonics
(Germantown, MD, USA) that is already available, and a new device under development by Profusa
(San Francisco, CA, USA), currently under development. Both devices are quite promising since the
measurement procedure is entirely non-invasive via fluorescent light. However, the fact that both
devices need to be under the skin means that there is an initial invasive procedure involved. Also,
both of them have limited time life (180 days in the case of Eversense®), meaning that there is still
additional research to be done to prolong the sensor’s life, especially regarding the development of
new types of coating to delay or inhibit the recognition of foreign material.

In addition, contact lenses have also been under study using different technologies, including
optical polarimetry [190,191], electrochemical sensing [192,193], fluorescence [171], and other
photonic-based approaches [194–196]. However, glucose measurement on tears has proven to have
several difficulties, preventing even giants such as Google and Novartis from achieving further
progress, given issues connected to the small amount of glucose in tears, lag time, sample collection
and mechanical issues. Nevertheless, given the large potential market and the life-changing factor
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for many people with diabetes around the world, several groups are still working on a solution.
The development is still at an early stage, but if successful, we are certain that contact lenses would
be a serious contender to non-invasive devices given their potential use for tracking many other
physiological parameters, and the assessment and treatment of certain medical conditions [197], all in
one single device.

8.4. Considerations for Future Developments in NI and MI Glucose Monitoring

There are still key challenges to be addressed before having an entirely reliable non-invasive
device for glucose measurement, despite seeing many groups and companies getting closer day by
day to this point. For example, many of the current devices already comply with the guidelines given
by ISO 15197:2003, which are still used as the main approval guideline in many countries. Moreover,
even though the bar has been lifted with stricter requirements in ISO 15197:2013, adopted by the
European Union in 2016, and the always demanding FDA requirements in the USA, the research is
still promising, and highly competitive given the vast potential markets around the world.

Current standards and regulations for point-of-care and self-assessment of glucose address the
performance of SMBG and CGM devices only. Also, throughout the years, standards have evolved
to the point, where evaluation indicators of reliability and accuracy are now very tight. Hence,
any new approach will be required to provide an equivalent performance or improvement over
invasive technologies, or offer new insights on diabetes management and safe glucose levels and
change rates. All this poses a great challenge for NI and MI to become genuinely accepted, as their
performance will have to become comparable or even better than that of CGM and SMBG. However,
as technologies improve, this will become feasible, and so it will mark the arrival of standards that
especially focus on NI/MI detection. Guidelines on accuracy and reliability of the new standards
might be the same as those regulating CGM and SMBG technologies, but new guidelines regulating
the unique characteristics of NI/MI technologies will also be necessary, especially those associated
with the safety of the patient when exposed to a new type of radiation. For example, we consider that
some guidelines will need to define: (i) the type of radiation that could be applied, i.e., non-ionizing
radiation; (ii) the maximum power of the signal; (iii) parts of the body that are safe to scan; and (iv)
interference issues with other medical and communication devices.

Also, during the last decade, we have seen an exponential growth of wearable technology,
i.e., devices that merge with regular daily clothing, in the form of wrist watches, finger rings,
arm bands, chest bands, earrings, among others. With them, it is now possible to collect a diverse
range of physiological parameters. As a result, people now can count their steps, monitor their
heart rate, measure their blood pressure, and even track their daily calorie intake, among other
parameters. This new revolution represents an excellent opportunity for the fields of big data and
machine learning, allowing the anonymous collection and processing of extensive data sets of many
endogenous and exogenous variables. Such approach will permit the development of (i) more accurate
prediction models that can enhance the accuracy and reliability of non-invasive glucose detection;
(ii) enhancement of current signal-processing algorithms; and (iii) new research insights of the different
internal and external factors leading to hypoglycaemic and hyperglycaemic events.

Added to this progress, mathematical and statistical algorithms help to improve the accuracy of
NI/MI technologies. However, their main limitation, especially in the case of predictive algorithms,
is that apart from having been exclusively designed to improve the performance of CGM devices,
they depend heavily on accurate and reliable glucose measurements for calibration. Hence, the usability
of NI/MI devices, in closed-loop systems, is quite limited, since they are still on a premature state of
development, compared to CGM and SMBG technologies. Nevertheless, they have already achieved
an acceptable degree for trend estimation which makes them suitable as complementary tools for the
prevention of critical events. However, once they reach higher maturity, and algorithms are better
adapted to the signal characteristics of NI and MI, it will be possible to sense glucose concentrations at
higher rates and obtain more significant and more varied sets of data, in conjunction with wearable
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technology, leading to a change in the rules for insulin dosing in closed-loop therapy, i.e., dosing
frequency and insulin amount per dose.

Finally, needless to say is the fact that NI devices will unlikely replace or at least achieve the
same accuracy level as the standard laboratory equipment, discussed in Section 2.1, given their high
degree of reliability and specificity to detect glucose over a wide range of concentrations. As such,
laboratory equipment will continue being the central tool for accurate glucose readings and the primary
gold-standard for test and calibration of home-monitoring devices. On the other hand, we believe
that the replacement of CGM and SMBG devices with a non-invasive option is achievable and the
primary target for all researchers and developers at this point in time. However, reaching such point
will require not only the development of more sensitive and specific sensors that can detect glucose
under different conditions, but also the development of new data-analysis and algorithm techniques as
interference, attenuation, and noise will always cloud the glucose signal. As a result, it is also crucial
to develop more efficient algorithms, statistical analysis techniques and mathematical models that can
allow an accurate differentiation of the glucose molecule.

9. Conclusions

The present review has provided a technical view of the current technologies and devices aimed
at monitoring glucose levels without the need of blood samples. It has also detailed the techniques
and tools to evaluate their accuracy, the technologies used in standard equipment and devices, and the
regions in the electromagnetic spectrum in which most of the research is taking place. Combining all
these sections, we have tried to show the way in which all the current aspects, connected to glucose
detection, model the technical evolution and development of future devices that can monitor glucose
concentrations non-invasively.

Without putting any demerit on all the research and progress currently being undertaken, it is
essential to ask ourselves the level of accuracy that an NI glucose detection device should have before
considering it “good enough”. Without any doubt, the issue of getting an accurate reading of the
glucose level in our body has proven to be quite challenging, but what if we demand too much on
something that does not need to be that precise? For many critical diabetic patients, including those
with diabetes type 1, whose glucose levels are subject to sudden changes, accurate and continuous
sensing is a matter of life or death. However, it should also be acknowledged the existence of many
other millions of people whose glucose levels do not need continuous monitoring or accurate reading
since they do not suffer from unexpected glucose variations. Many even only need to know if their
glucose level is within an acceptable range or not, such as those with diabetes type 2, and go for a more
comprehensive test only if some abnormality is detected. Following this idea is what the developers
of the HELO Extense (NIR spectroscopy; World Global Network, Miami, FL, USA) [144], and the
DermalAbyss (chemical fluorescence; MIT, Cambridge, MA, USA) [169], have been trying to achieve
using a color based indicator for glucose concentration.

Will this be enough for finally hunting the deceitful turkey? For many, the answer will probably be
affirmative, but for many others needing continuous monitoring with exact results, the good news will
take longer to arrive, as a new regulatory framework will also need to keep the pace with technological
development. Low sensitivity, low specificity and interference keep presenting themselves as the
main obstacles due to several limitations in the hardware and software currently under use. However,
with the appearance of new technologies and the continuous improvement of the old ones, we are
convinced that the appearance of the genuinely non-invasive glucose is just a matter of time.
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