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Abstract: Blood glucose monitoring is an essential aspect of disease management for individuals
with diabetes. Unfortunately, traditional methods require collecting a blood sample and thus are
invasive and inconvenient. Recent developments in minimally invasive continuous glucose monitors
have provided a more convenient alternative for people with diabetes to track their glucose levels
24/7. Despite this progress, many challenges remain to establish a noninvasive monitoring technique
that works accurately and reliably in the wild. This review encompasses the current advancements in
noninvasive glucose sensing technology in vivo, delves into the common challenges faced by these
systems, and offers an insightful outlook on existing and future solutions.
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1. Introduction

Diabetes affects 37.3 million people in the U.S. and the number is projected to in-
crease [1]. People with diabetes (PwD) have abnormal levels of insulin in their bodies,
causing their glucose levels to fluctuate uncontrollably. Failure to manage blood glucose
within a healthy range would damage blood vessels and further cause organ failures,
leading to complications such as heart disease, kidney disease, and stroke [2]. Therefore, it
is vital for PwD to monitor and regulate their blood glucose level.

Currently, over 48% of people with type 1 diabetes (T1D) in the U.S. utilize continuous
glucose monitors (CGMs) to closely monitor their glucose level [3]. In essence, the CGM
system works by inserting a flexible micro-needle beneath the skin, which measures the
glucose concentration within the body fluid known as the interstitial fluid (ISF). Previous
research has demonstrated a strong correlation between the ISF glucose level and the blood
glucose level [4,5], making CGMs an effective tool for individuals with T1D to manage
their glucose levels. Sensing glucose concentration in ISF does not require direct access
to the bloodstream and thus eliminates the inconvenience of frequent finger prickings.
However, the insertion of a micro-needle can still cause discomfort and potential bacterial
infection [6], highlighting the need for a noninvasive approach to improve the overall
experience of glucose management.

Noninvasive glucose sensing has been an active research topic in recent decades. To
assess the rationale and to demonstrate the feasibility of existing techniques, many studies
have used glucose solutions [7-9], synthetic tissues [10-13], and small animals [14-17]. While
these methods provide a good starting point, it is crucial to evaluate their performance in
real-world scenarios with actual users, particularly PwD.

This paper presents a comprehensive review of the current advancement in nonin-
vasive glucose sensing technologies in vivo. While there are a few similar reviews on
this topic [18-21], our focus here is specifically on the in vivo studies that demonstrate
the feasibility of these technologies for human use. The paper is structured as follows:
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we will start by summarizing the basics of diabetes, glucose management, different types
of biological fluids, and evaluation metrics used by diabetes communities in Section 2.
Then, we will discuss various noninvasive sensing techniques in Section 3, where these
techniques are categorized based on the sensing modality. Finally, we will discuss common
barriers associated with these techniques in Section 4 and provide expert opinions on
possible solutions to these barriers in Section 5.

2. Background
2.1. Diabetes

T1D is a chronic disease in which the pancreas produces little to no insulin. This is
caused by an autoimmune reaction where the body attacks and destroys the pancreatic
B-cells that are responsible for producing insulin [22]. T1D is the most common form of
diabetes in the pediatric population, and incidence rates continue to rise [23,24]. Usually,
when food is being digested, carbohydrates are broken down into glucose and absorbed
into the bloodstream. This increase in blood glucose level causes the release of insulin
from the pancreas. Here, insulin plays a crucial role in moving glucose from the blood into
the cells for energy production. This lowers the amount of glucose inside the blood and
maintains the glucose level in a healthy range. However, without sufficient insulin, glucose
accumulates in the bloodstream resulting in elevated blood glucose levels (hyperglycemia).

Chronic hyperglycemia is damaging to the vessels that supply blood to vital organs.
It leads to microvascular complications including blindness, kidney failure, peripheral
nerve dysfunction, as well as macrovascular complications such as heart disease and
stroke [2]. The landmark Diabetes Control and Complications Trial (DCCT) [25] showed
that intensive insulin treatment could reduce the risk of these complications but at the same
time increase the rate of low blood glucose level (hypoglycemia) [26,27], which may lead to
acute complications such as seizures and cognitive impairment [28]. Since there is no cure
for diabetes currently, it is crucial for PwD to properly manage their blood glucose levels.

2.2. Glucose Management

Effective management of diabetes requires intensive monitoring of blood glucose
levels and exogenous use of insulin as necessary. The main goal of T1D treatment is to
maintain the glucose level within the target range, which is generally considered to be
70-180 mg/dL [29]. The amount of time the glucose level is in the target range per day is
known as the time in range (TIR). People with T1D should aim to reach TIR > 70%, which
is shown to reduce the risk of long-term complications [30].

Assessments of blood glucose have traditionally been obtained via a blood sample
obtained by pricking the fingertip. The sample is then analyzed with a glucometer using a
test strip [31]. The test strip contains a glucose oxidase enzyme that reacts to the glucose
molecules in the blood sample and produces an electric current. The current is then picked
up by a glucometer and converted into a readable glucose level. This method has been
more accurate and effective than other self-monitoring approaches, though it is also highly
invasive and uncomfortable for PwD.

Alternatively, PwD can monitor their blood glucose levels using a continuous glucose
monitor (CGM), which reports glucose level every 1-5 min [32]. CGM is based on the same
working principle as a glucometer. Rather than measuring the blood glucose level directly,
a thin and flexible sensor is inserted under the skin and measures the glucose concentration
in the interstitial fluid (ISF) instead. It has been shown that the ISF glucose level is highly
correlated to blood glucose level [4,5] but with an average lag time of 8-10 min [33]. How-
ever, CGMs have a relatively low adoption rate because of the inconvenience of inserting
the sensor into the skin, the physical and psychological burden of having a visible device
on the body, and the high financial burden of replacing the biosensors regularly (every
7-14 days) [34]. Noninvasive glucose sensing is essential for broader adoption of real-time
glucose assessments, which can lead to better outcomes for PwD.
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2.3. Biological Fluid

The goal of noninvasive glucose sensing is to measure the blood glucose level without
direct access to the bloodstream. This poses a huge challenge as blood vessels are usually
hard to reach. They are located below the epidermis, which includes skin cells, proteins,
pigments, and more. Hence, prior studies have looked into alternative biological fluids
with similar glucose dynamics as blood glucose. The ISF layer is the most studied fluid
type for glucose sensing.

ISF is a layer of fluid that fills the space between cells. It acts as a buffer that brings
oxygen and nutrients from the blood capillaries to the cells and waste products back to
the blood. This leads to a high correlation between blood glucose and ISF glucose [4,5].
Additionally, ISF is close to the skin surface, making it an easier target than blood. ISF can
also be extracted from the skin to the surface via reverse iontophoresis (Section 3.3.1) and
analyzed with conventional glucose sensors.

The main limitation of ISF-based glucose sensing is the delay (8-10 min) between
blood glucose and ISF glucose, meaning that changes in blood glucose are reflected in ISF
glucose after a short amount of time [33]. The reason is that it takes time for glucose in
the bloodstream to diffuse into the ISF. This lag becomes longer during hypoglycemia as a
result of the body’s stress response. This is particularly undesirable because minute-by-
minute blood glucose values would be the most clinically beneficial during hypoglycemia
but this is when the lag is greatest. Given this, ISF-based methods have larger errors when
taking glucose measurements during the time when the glucose level is changing rapidly,
such as right after a meal or right after correcting hypoglycemia [35].

In addition to ISF, other types of biological fluid such as tears [36—41], sweat [42—48],
and saliva [49-53] have also been explored for glucose sensing. Overall, they have a slightly
longer lag time than ISF (~10-15 min [54-56]), and glucose concentration in these types of
fluids is much lower than blood glucose (~1-2%), making it hard to estimate glucose level
accurately [57-60]. The weak correlation of these biological fluids with blood glucose is
also a limiting factor [61,62]. Table 1 provides a summary of different types of biological
fluids used in prior literature for glucose sensing.

Table 1. A summary of biological fluids including tears, sweat, saliva, ISF, and ISF extracted from the
skin to the surface by reverse iontophoresis (RI) are presented. Note that the content in the extracted
ISF differs with the ISF inside the skin (Section 3.3.1).

Biological Fluid Lag Time Glucose Advantages Disadvantages Maturity
. o * Less interfering substances ® Low glucose
Tears [54,63] ~15min ~2% of blood * Relatively easy to collect * Weak correlation Low
e Low glucose
Sweat [62] ~10 min ~2% of blood ¢ Easy to collect e Weak correlation Moderate
¢ Affected by environment
e Low glucose
Saliva [61] ~15 min ~1% of blood ¢ Easy to collect e Weak correlation High
* Food particles
. . ¢ High glucose ¢ Hard to reach .
ISF[4,5] ~8-10min  similar toblood Good correlation ¢ Interfering substances High
. ¢ Low glucose
ISF (RI) [64] ~15-20 min  ~1% of ISF * Good correlation e Skin irritation High

* Relatively easy to collect e Affected by sweat
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2.4. Evaluation Metrics

In the diabetes research community, researchers and clinicians use various metrics
to evaluate the clinical accuracy of glucose sensing systems. The most commonly used
one is Clarke’s error grid analysis, proposed by Clarke et al. in 1987 [65]. It is a graph
with the predicted glucose level against the reference glucose level, also known as the
ground truth (Figure 1a). The error grid is divided into five zones, namely Zones A, B, C,
D, and E. Zone A is the region where the predicted value is within 20% deviation from
the reference value and is considered clinically accurate. Zone B is outside of Zone A but
is still clinically acceptable. This means the predicted glucose value has an error larger
than 20% of the actual glucose level, but it will not lead to incorrect treatment decisions.
Zone C is the region where a much higher or lower glucose value is predicted, leading
to unnecessary treatment. For Zone D, the actual glucose value is either too high or too
low while the predicted glucose value is within the healthy range. This fails to detect
hyperglycemia or hypoglycemia, which is dangerous to the user. Finally, Zone E will lead
to an incorrect decision as the opposite event is reported; a hyperglycemia event will be
reported as hypoglycemia and vice versa.

Clarke Error Grid Consensus Error Grid (Type 1 Diabetes) Consensus Error Grid (Type 2 Diabetes)

400

Predicted Glucose mg/dL

300

200

100

C

E

0

100

200

300

400

Predicted Glucose mg/dL

500

400

300

200

100

0

100 200 300 400 500

Predicted Glucose mg/dL

500

400

300

200

100

0

100 200 300 400 500

Reference Glucose mg/dL Reference Glucose mg/dL Reference Glucose mg/dL

(a) (b) ()
Figure 1. Error grids used for evaluation. (a) Clarke error grid; (b) consensus error grid for type 1
diabetes; (c) consensus error grid for type 2 diabetes.

In 2000, an updated error grid known as the consensus error grid was proposed by
Parkes et al. [66]. This error grid was based on a survey of 100 endocrinologists and
is shown in Figure 1b. Similar to the Clarke error grid, it is divided into five zones but
with slightly different definitions. Zone A refers to predictions that are clinically accurate,
where they will have no effect on clinical action. Zone B corresponds to altered clinical
action in which the error in the predicted glucose value will affect the treatment decision.
Zones C, D, and E are similar to Clarke’s error grid, which correspond to overcorrection,
failure to correct, and anti-correction. Similarly, a second consensus error grid with relaxed
restrictions was designed for people with type 2 diabetes on insulin therapy since this
population can potentially tolerate larger errors in the blood glucose value compared with
people with T1D (Figure 1c). However, the consensus error grid for type 2 diabetes is not
widely used because it has lower clinical performance.

Other than the error grids, the mean absolute relative difference (MARD) is also used
to describe the accuracy of glucose monitoring systems. It is the mean percentage error of
the predicted glucose value that is straightforward and easy to interpret.

predicted glucose — reference glucose|
reference glucose

MARD = Ly
T n

Finally, the percentage of agreement rates %15/15, %20/20, and %30/30 are used to
relax the requirement of these systems at a low glucose level. Take %15/15 as an example;
it describes the percentage of predictions where for each predicted-value-reference-value
pair: (i) if the reference value is greater than or equal to 100 mg/dL, then the predicted
value is within 15% of the reference value and (ii) if the reference value is smaller than
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100 mg/dL, then the absolute difference between the predicted value and the reference
value is smaller or equal to 15 mg/dL. This can be generalized into the following;:

|predicted-reference| .
%)% — %{ e —cference < X% if reference > 100 mg/dL

|predicted-reference| < x if reference < 100 mg/dL

In 2020, The U.S. Food and Drug Administration (FDA) published an updated stan-
dard on Self-Monitoring Blood Glucose Test Systems for Over-the-Counter Use [67]. It
requires a glucometer to have 95% of the predicted glucose value to be within 15% of the
corresponding reference measurement across the entire claimed measuring range of the
glucometer. Additionally, 99% of the predicted glucose value has to be within 20% of the
reference measurement.

3. Noninvasive Sensing Techniques

Prior studies have proposed various noninvasive glucose sensing techniques. We
categorize these existing techniques into six types based on the sensing modality (Figure 2).
In particular, optical techniques have been actively studied the most. We further divide
them into two classes: (1) direct sensing techniques that measure the glucose’s optical
properties to infer the glucose level, and (2) indirect sensing techniques that detect the
change in properties of the tissue and blood to infer the glucose level.

Optical Techniques

3.1. Direct Sensing 3.2. Indirect Sensing
» Based on Glucose Optical Properties » Based on Tissue Scattering
[ NIR Spectroscopy ] [ Surface Plasmon Resonance ]
[ MIR Spectroscopy ] [ Optical Coherence Tomography ]
[ Photoacoustic Spectroscopy ]
» Based on Blood Flow
[ Raman Spectroscopy ]
[ Photoplethysmography ]
[ Polarimetry ]
[ Fluorescence ]
\_ J L J
\_ J
3.3. Transdermal Techniques 3.4. Electrical Techniques
» Extract Interstitial Fluid From the Skin » Based on Dielectric Properties of Tissue
[ Reverse lontophoresis ] [ Microwave
[ Magnetohydrodynamic Extraction ] [ Millimeter Wave ]
[ Sonophoresis ] [ Terahertz Wave ]
L J . )
» Based on Electrical Impedance of Tissue
3.5. Thermal Techniques ( Bioimpedance Spectroscopy )
\_ J

» Based on Heat Generation of Tissue

[ Metabolic Heat Conformation

[ Emission Spectroscopy

» Combining multiple techniques

Figure 2. An overview of the sensing methods reviewed in Section 3.
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3.1. Optical Techniques—Direct Sensing

Glucose molecules possess multiple optical properties that can be exploited for glucose
sensing. As light penetrates the skin into the layers containing ISF, it interacts with the
glucose inside the fluid. By analyzing the relationship between the change in glucose level
and the corresponding change in the optical signal, we can directly predict the blood glucose
level. In this section, the principles behind the common approaches including infrared
absorption spectroscopy, Raman spectroscopy, photoacoustic spectroscopy, polarimetry,
and fluorescence are explored.

3.1.1. Infrared Absorption

One of the most extensively studied techniques for noninvasive glucose sensing
is the absorption-based approach. When light passes through the glucose molecules,
they selectively absorb some wavelength bands depending on the chemical structure.
This absorption is proportional to the concentration of glucose, and the glucose level can
be determined by observing how much light in those bands is absorbed. Note that for
absorption-based approaches performed on human, the infrared (IR) band, particularly the
mid-infrared (MIR) and the near-infrared (NIR) spectral region, is generally used. This is
because glucose’s molar absorptivity at the visible light and ultraviolet light (UV) region is
weak [68]. Additionally, exposure to UV and any other light with a shorter wavelength is
damaging to the DNA in cells as they are ionizing.

When IR light passes through a molecule, it causes the covalent bonds inside the
molecule to vibrate. The covalent bond is spring-like in nature; it can stretch and bend
when energy is applied. It vibrates mostly at the resonant frequency, where the frequency
of the light matches the vibrational frequency. This absorbance can be described using the
Beer-Lambert Law:

A =¢€eCL,

where A is the absorbance, € is the molar absorption coefficient dependent on the wave-
length A, C is the concentration, and L is the optical path length. A can also be expressed
as transmittance such that A = log(ITO) where ) is the incident intensity and I is the
transmitted intensity. This shows that given a light source of fixed wavelength and a
constant optical path length, the amount of light absorbed is directly proportional to the
concentration of a substance. Note that this only tells the presence of a certain chemical
structure rather than a molecule. Hence, it is important to focus on absorption wavelengths
that are relatively unique to glucose. Figure 3 shows the principle of sensing glucose using
the infrared absorption property.

(t z

Y Infrared Light Source Detector

© Glucose — 2

Infrared Light Source Skin Detector
(a) Transmittance Configuration Skin R

(b) Reflectance Configuration
Figure 3. Basic setups for glucose sensing with infrared absorption. Specific bands of infrared light
are absorbed by glucose molecules, thereby causing the glucose’s covalent bonds to vibrate. The
amount of infrared light absorbed is proportional to the glucose concentration. Two configurations
are depicted here: (a) IR spectroscopy using the transmittance configuration where the amount of
light passing through a sample is measured. (b) IR spectroscopy using the reflectance configuration
where the light enters the sample, interacts with the glucose molecules, and scatters to the detector.

In the MIR region (4000400 cm ™), glucose absorption peaks in this region are associ-
ated with the stretching and bending of C-C, C-H, and O-H bonds. Note that historically,
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MIR is described in the unit of wavenumber (cm~!) and NIR in terms of wavelength (nm).
The strongest band within this region is at 3550 cm ! which is the fundamental frequency
for the stretching of the O-H bond and 2961 cm~! and 2947 cm ™! for the stretching of the
C-H bond [69]. The region between 1200 cm ! and 800 cm ™! is known as the fingerprint
region, which contains multiple bands corresponding to C-H bending and C-O-H bending.
Glucose has sharp absorption bands in this region, which are more distinguishable from
other substances also present in the skin (e.g., water and fat) [70]. Additionally, MIR light
scatters less on the skin compared with NIR [71]. The poor penetration depth (~100 pum) of
MIR due to the strong absorption of water is the major drawback [72-74]. This means that
63% of the light is absorbed by the tissue after it penetrates the skin for 100 um.

In the NIR region (700-2500 nm), the main absorption peak is located at 1600 nm
which corresponds to the first overtone of the C-H stretch. There are other absorption
peaks such as 960 nm (O-H second overtone), 1150 nm (C-H second overtone), 1450 nm
(O-H first overtone), and 1900 nm (combinations of the O-H stretch and H-O-H bending
of water) [75,76]. However, they are masked by other substances also present in the skin,
such as water, lipids, red blood cells, proteins, and acids [69,77], making them more
difficult to analyze. The absorption coefficient of glucose with respect to NIR is also
weaker compared with MIR because they correspond to overtones. Conversely, its higher
penetration depth of up to 5 mm [78] is the main advantage over MIR light.

Numerous attempts have been made to sense glucose noninvasively based on IR
absorption in persons with diabetes [79-82] and without diabetes [83-89] in recent decades.
Malin et al. [80] demonstrated the feasibility of sensing glucose with NIR diffuse reflectance
spectroscopy over the 1050-2450 nm wavelength range with seven participants. They
found that there are many factors that cause variations in tissue sampling, such as the
roughness and hydration of the skin surface, tissue displacement caused by contact pressure,
and skin temperature, which have to be considered to accurately predict glucose level.
Lam et al. [84] made a similar observation, where the effect of physiological influence is
also one of the sources of error. Both concluded that a calibration model developed for each
participant using partial least square regression can potentially solve the problem.

Since the skin condition affects system performance, Burmeister et al. [83] evaluated
the performance of NIR spectroscopy for predicting glucose level at six body sites, i.e.,
the cheek, lower lip, upper lip, nasal septum, tongue, and webbing tissue between the
thumb and forefinger. They found that glucose has overlapping peaks with water and
fat and that the tissue with the lowest fat will produce the least amount of noise. The
tongue has the least fat while the webbing has the most, which means measurement of the
tongue is preferred. Chen et al. [88] then studied the effect of finger contact pressure on the
performance of glucose sensing using MIR spectroscopy. The performance was improved
using firm finger pressure. It is suggested that applying pressure on the finger could flatten
the intertwined interface of the epidermis, which brings the dermis layer closer to the
surface so that more ISF can be sensed with the same penetration depth.

Instead of using a full IR spectroscopy setup, which is expensive and bulky, techniques to
minimize the sensing hardware have also been actively researched. Liakat et al. [85] proposed
the use of a hollow core fiber to deliver light from an external cavity QC laser. The backscat-
tered light from the skin is then captured using a bundle of six fibers and analyzed with a
commercial liquid nitrogen cooled mercury cadmium telluride detector. They verified the
setup with three participants without diabetes, where 84% of glucose predictions fall into
Zone A of the Clarke grid and the rest in Zone B. Haxha et al. [86] further miniaturized
the sensor to a wearable form factor. The proposed prototype measures the transmittance
of a single NIR diode of 940 nm across the finger. Similarly, Kasahara et al. [87] looked
at the most prominent wavenumber features in the MIR region that could lead to the
best performance, which are 1050 cm 1, 1070 em ™1, and 1100 cm L. Both evaluated the
performance of their choices with a small number of persons without diabetes. While they
showed good performances using only a few wavelengths, more experiments are needed
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to verify the selection of wavelengths on PwD who have a large variation in glucose value
and people without various skin tones and conditions.

Deep neural networks can also be utilized to further improve the performance of these
sensing systems. Han et al. [89] improved the performance of the NIR absorption approach
by combining the partial least square regression approach with a stacked auto-encoder
(SAE) deep neural network. They suggested that the addition of SAE can better suppress
the influence caused by individual differences. The experiment with 19 participants without
diabetes successfully predicted the blood glucose level with 97.96% predictions in Zone
A of the Clarke error grid. Srichan et al. [79] trained a shallow dense neural network to
predict blood glucose level using NIR data and personalized medical features that include
gender, age, weight, height, and blood pressure. Using a training dataset of 401 participants,
they achieved a 96.6% accuracy on a testing dataset of 234 individuals, with all predictions
falling within Zone A of the Clarke error grid. These results showed that the use of neural
networks can potentially improve the performance of these sensing systems.

Companies have been developing prototypes based on IR spectroscopy. An Israeli com-
pany developed OrSense in 2007, a noninvasive glucose sensor using NIR spectroscopy [90].
The proprietary technique used is termed occlusion spectroscopy, where two NIR spectra
are obtained: one normally at a finger using a ring-shaped device and the other one when
the device applies an over-systolic pressure to the finger to occlude the blood flow. They
claim that this creates a new blood dynamic where the unique signal can be analyzed to
infer the glucose concentration in the blood. The system was evaluated with 12 persons
with T1D and 11 with Type 2 Diabetes. They achieved a 17.2% MARD with 69.7% predic-
tions in Zone A and 25.7% in Zone B. Even though they obtained CE approval, it has never
been commercialized. Another Israeli company developed TensorTip Combo Glucometer
in 2018, which is commercially available [91]. The system uses four monochromatic light
sources in the visual to IR spectrum (625 nm, 740 nm, 850 nm, and 940 nm) and measures
the amount of light traversing across the fingertip to the image sensor. Due to individual
differences, the system requires 25 calibrations measured at different hours of the day for
several days so that a personal reference model can be generated for glucose prediction. A
clinical study [92] has been performed with 36 participants, which included both people
with and without diabetes. They achieved a 14.4% MARD with all of the predictions falling
in Zones A and B of the consensus error grid. The performance is one of the best among
all the other commercialized products, but the performance has to be further improved to
reach FDA standards. The large number of calibrations required for the device to function
accurately is another drawback of this device.

To summarize, IR spectroscopy is a promising candidate for detecting glucose nonin-
vasively due to the preferential absorption of infrared light by the glucose molecules. It has
been demonstrated that an IR spectrum contains rich information to predict glucose con-
centration. However, the selection of wavelengths remains a challenging problem. NIR has
a deep penetration depth in the skin; thus, it also interacts with many interfering molecules
that could mask the glucose signal. Conversely, MIR has a poor penetration depth owing
to the strong water absorption, but the unique absorption peaks in the spectrum are more
distinguishable from other coexisting ISF components. In addition, the NIR laser is a more
cost-effective option, but the recent development of quantum cascade lasers (QCLs) has also
substantially reduced the cost of the MIR laser. Another obstacle faced by IR spectroscopy
is the scattering of light on the skin, which is dependent on conditions such as blood flow,
hydration, temperature, and the skin’s subsurface structure. There could be huge variations
between individuals and testing sites, which may require additional calibrations.

3.1.2. Photoacoustic Spectroscopy

Photoacoustic spectroscopy (PAS) combines two modalities for sensing: optical absorp-
tion and ultrasound detection. The photoacoustic (PA) effect occurs when light is absorbed
by a molecule and converted into heat energy, causing an expansion in the tissue. This
causes an increase in pressure and subsequently produces acoustic waves that propagate to
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the tissue surface, which can be detected with an acoustic sensor [93]. The intensity of the
acoustic wave is proportional to the amount of energy absorbed [94].

Similar to IR spectroscopy described previously in Section 3.1.1, IR light is used in
PAS glucose sensing. However, rather than measuring the light absorbed by the tissue,
the intensity of the acoustic wave generated due to the PA effect is detected instead. This
offers a few additional advantages over IR spectroscopy: (1) it overcomes the problem of
light scattering and reflection since it is only sensing acoustically, which is particularly
useful when probing the skin as the skin is highly scattered; (2) the sensing performance is
limited by thermal noise only, which is lower compared with the noise present in optical
approaches [95]; and (3) the attenuation of acoustic waves by water is weaker, which further
increases the penetration depth and the amount of ISF being probed. Figure 4 shows the
principle of sensing glucose using the photoacoustic effect.

Infrared Light

— ))) /// Acoustic
= A § Detector
WG lucose @ N
Light Source Skin Resonance Chamber

Figure 4. Basic setup for glucose sensing with photoacoustic spectroscopy. When the glucose
molecules absorb some specific bands of infrared light and their covalent bonds start to vibrate,
acoustic waves are generated, which then propagate to the skin surface and can be captured with an
acoustic sensor. The intensity of the acoustic wave is proportional to the amount of light absorbed,
which is then proportional to the glucose concentration.

Various attempts have been made throughout the recent decades [70,96-99]. For
example, Pleitez et al. [100,101] used an external cavity quantum cascade laser (EC-QCL)
to rapidly scan the skin in the mid-infrared fingerprint region and to measure the PA signal
with a windowless resonant cell. A study with one person with diabetes and one person
without diabetes showed promising results, with most predictions falling in Zone A of
Clarke’s error grid and the rest in Zone B.

It is noted that the use of EC-QCL coupled with the resonant cell allows for a high
signal-to-noise ratio and fast spectra acquisition. However, the skin condition is a major
concern since factors like the thickness of the stratum corneum (outermost layer of the
epidermis) could substantially affect the amplitude of the signal. Therefore, a testing site
with a thin stratum corneum is crucial to the performance of a PAS system. Bauer et al. [102]
looked into four body parts, i.e., the thumb, the index finger, the palm, and the arm and
determined the optimal location for sensing. A study with one person with diabetes and
four persons without diabetes verifies that the thumb is found to be the optimal site due
to the thin stratum corneum, minimal fat layer, and good blood circulation. The index
finger was next, with a similar performance. Another factor that affects the performance
is the PA signals produced by confounding substances that may mask the glucose signal.
Sim et al. [103] studied how sweat and sebum components present on the hand could
affect the performance of predicting glucose. A 2D position image of the fingertip was
acquired, and the locations without any eccrine sweat glands were identified. A spectrum
in the mid-infrared region was obtained at these non-secreting locations and was analyzed
with partial least square regression. Five experiments with one person with diabetes and
another without diabetes resulted in 14.4% MARD with 70% of the prediction in Zone A of
Clarke’s error grid and the remaining 30% in Zone B.

PAS can generally penetrate deeper than pure IR spectroscopy approaches. Since the
water absorbs less acoustic signals than optical signals, this allows acoustic waves generated
at a deeper depth of the skin to propagate to the surface for detection. Additionally, it is
unaffected by the scattering of light on the surface as it does not affect the acoustic sensor.
However, the use of optics and acoustics results in a relatively complex setup, which could
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be one of the main reasons why there is currently no announced commercial system that
uses PAS to sense glucose level.

3.1.3. Raman Spectroscopy

The approaches introduced earlier are based on light absorption, where the amplitude
of light changes after interacting with glucose; for Raman spectroscopy, the change in
wavelength is observed instead. Normally, when light interacts with molecules, the photons
are absorbed by the molecules, which cause the molecules to vibrate, and then the photons
are immediately re-emitted at the same wavelength. This is called elastic or Rayleigh
scattering. On some rare occasions, the molecule gains vibrational energy and is promoted
to a virtual excited state, while the photon loses energy and is scattered at a lower energy
level, causing a shift in wavelength. This is known as inelastic or Raman scattering,
and it typically occurs in a small fraction of the incident light, roughly 10 in a million
photons [104]. By filtering out the Rayleigh scattered light and analyzing only the Raman
scattered light using a spectrometer, bands of light at the lower energy levels with longer
wavelengths than the incident light can be observed, which are called Stokes. Conversely,
a molecule that is already in a virtual excited state can gain energy from a photon but
then decay back to the ground energy state. In this case, the photon will be re-emitted at a
higher energy level with a shorter wavelength and the resulting bands on the spectrum are
called anti-Stokes. In terms of quantum mechanics, Stokes and anti-Stokes have the same
probability to occur, but since there are more molecules in the ground state than the excited
states, the Stokes will have higher peaks than the anti-Stokes. Hence, the Stokes have a
stronger signal and are usually measured in Raman spectroscopy.

The wavelengths of the bands generated from Raman scattering correspond to the
differences in the vibrational energy levels. This is determined using the chemical structure
of the molecule, and therefore, the Raman spectrum is typically unique to the molecule.
For glucose molecules, the peaks in the Raman spectrum can be found at 911, 1060, and
1125 cm~! [17,105]. Figure 5 shows the principle of sensing glucose with Raman spectroscopy.

= == == Rayleigh Scattering

== == == Raman Scattering

————_.»_____

Incident Light

~*—————

_---*-----

Glucose

Light Source Skin Filter Detector

Figure 5. Basic setup for glucose sensing with Raman spectroscopy. When the glucose molecules
absorb photons, they vibrate and the photons are re-emitted immediately at the same wavelength,
known as Rayleigh scattering. On rare occasions, Raman scattering occurs and the photons are
re-emitted at different wavelengths instead. These wavelengths are unique to the molecular chemical
structure and can be analyzed by using a filter to block off the incident wavelength.

There are a few studies that have explored the use of Raman spectroscopy to predict
blood glucose level noninvasively [17,105-110]. Ebejder et al. [108] first demonstrated the
feasibility of measuring glucose transcutaneously with Raman spectroscopy. They found
that the dominant features in the Raman spectrum are mainly collagen I, the main compo-
nent of the dermis, and triolein, which can be found in subcutaneous fat. These features
vary a lot among the participants, suggesting a large variation in chemical compositions.
Since these spectral features are relatively distinct from the peaks of glucose [111], this
allows for the change in glucose concentration to be observed and measured. Using an
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excitation light of 830 nm, a study with 17 participants without diabetes was performed
and 461 Raman spectra were collected. The spectra data were analyzed with partial least
squares regression, and a 7.8% MARD was achieved. A universal calibration is crucial to
significantly reduce the number of calibrations performed by the users. Lipson et al. [109]
looked at the requirements for a universal calibration in Raman spectroscopy such that a
priori information of a person or ground truth of the blood glucose level are not necessary.
They first assumed that the Raman spectrum obtained from the skin contains signals from
blood, ISF, and intracellular fluid and that the proportions could be site dependent and then
formulated an optimization with the volumes of the fluids as the variable. To conclude,
a dataset that includes 30 persons with spectra collected from more than 300 separate
skin sites is sufficient to provide a universal calibration. Li et al. [106] then noticed the
poor penetration depth of the excitation light and proposed sensing the glucose in the
microvessels of the nailfold, which is the small area of the skin beneath the nail. This
allowed them to probe at the blood glucose directly. Experiments with 12 people without
diabetes resulted in all predicted values falling within the clinically acceptable region.

In 2018, a prototype called GlucoBeam that uses Raman spectroscopy to sense glucose
concentration was developed and is in the process of commercialization [107,110]. They
performed a comprehensive clinical study with PwD who experience a much larger range
of glucose levels. With a cohort of 15 PwD and a duration of 28 calendar days for each
person, 94% of the predicted glucose values fell in the clinically acceptable zones, with the
remaining values falling within Zone C (5.8%) and Zone D (0.5%).

The problems affecting Raman spectroscopy are similar to those of IR spectroscopy. It
has a limited penetration depth and is affected by physiological effects and environmental
noises. Additionally, the Raman signal is very weak due to its low-occurrence nature. On
the contrary; it is less affected by water compared with IR spectroscopy since water is a
weak Raman scatterer. Additionally, Raman systems are robust against the scattering of
light on the skin since the wavelength of the incident light is filtered at the detector.

3.1.4. Polarimetry

Glucose is optically active, meaning the direction of linearly polarized light will
be rotated when it passes through a glucose solution. Glucose has 4 chiral centers and
16 stereoisomers, i.e., molecules with the same composition but different spatial configura-
tions. A pair of stereoisomers that are a mirror image of each other but non-superposable
are called enantiomers, which rotate the plane of polarization by the same amount but
in opposite directions. If an equal amount of the two enantiomers are mixed together,
a racemic mixture is formed and it is optically inactive. However, the naturally occur-
ring form of glucose is called d-glucose, or dextrose, which is one of the enantiomers
that rotates light (589 nm) clockwise by +52.7° dm™! (g/ mL)~! at 20 °C [112]. The other
enantiomer, i.e., -glucose, is not naturally occurring but can be synthesized in a lab. It is
generally accepted that I-glucose is not found in living organisms, but Stefan et al. [113]
detected a negligible amount in human blood. The amount of rotation can be represented
by the following equation:

a=R(AT)-C-(L)
where « is the measured optical rotation, R(A, T) is the rotary power of with respect to
wavelength A and temperature T, C is the concentration of glucose, and (L) is the optical
path length [114]. If the wavelength, temperature, and optical path length are kept constant,
then the measured optical rotation is directly proportional to the concentration of glucose
in the sample. Figure 6 shows the principle of sensing glucose with polarimetry.
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Figure 6. Basic setup for glucose sensing with polarimetry. Light first passes through a polarizer
and becomes linearly polarized. The polarized light enters the skin and the plane of polarization is
rotated upon interaction with the glucose molecules. The rotated polarized light then leaves the skin
and is analyzed to infer glucose concentration.

Prior studies have extensively studied the use of polarimetry to measure glucose in an
aqueous solution [7,115-119]. These studies reported a high correlation between the light
signal and the glucose concentration. Aqueous humor, a liquid found inside the anterior
and posterior chambers of the eye, has also been studied with promising results [120-122].
Experiments performed on rabbits have demonstrated the high accuracy of the method,
but the main obstacles are the change in corneal birefringence caused by motion artifacts
which may mask the signature of glucose, and the difficulty of mounting the sensing
equipment on the eye still remains unsolved. To sense the glucose in ISF, the real challenge
lies in handling the scattering of light at the skin. Li et al. [123] sensed the ISF glucose
by measuring the change in light intensity when polarized light is rotated by glucose
molecules. Linearly polarized light is projected onto the skin, which after interacting with
the glucose in the ISF layer, is reflected onto a second polarizer. The amount of light passing
through the whole setup is proportional to the concentration of glucose. To remove the
depolarized light caused by the scattering, two orthogonal linearly polarized lights were
used to cancel out the effect. With 41 participants including people with and without
diabetes, they achieved a performance of 10% MARD with 89% in Zone A and 11% in Zone
B of the Clarke error grid.

While glucose is a good optical rotator, the highly scattering properties of skin depo-
larize most of the light, leaving only a tiny portion of the reflected light still carrying the
polarization information [124]. Additionally, the poor selectivity of this technique due to
the abundance of other optical rotators in the skin (e.g., albumin and collagen) is another
problem that has to be solved. This explains why polarimetry generally does not work well
with the skin.

3.1.5. Fluorescence

A molecule is considered to be fluorescent if it absorbs light of a specific wavelength
and re-emits at a different wavelength. The outcome is similar to Raman scattering but it
follows a very different physics principle. Glucose itself is not fluorescent but can bind
to some proteins and can alter their fluorescence. Specifically, the wavelength of the light
re-emitted by these proteins is dependent to the glucose concentration, which can be
observed directly as color changes. This requires direct access to the glucose-containing
fluid, which is unsuitable for interstitial fluid. Other biological fluids that can be easily
collected would be beneficial for this method. In particular, Cui et al. [48] proposed using
carbon quantum dot nanomaterials to detect glucose in sweat. However, sweat glucose
has a weak correlation with blood glucose and has a very low glucose concentration (see
Table 1). Also, the colors can only be classified into several groups (e.g., hypoglycemia,
normal, and hyperglycemia) and not an actual glucose level.

3.1.6. Summary

In this section, we look into the various optical techniques that directly sense the
optical properties of glucose molecules to infer blood glucose level. We go through the
principle of each technique and its related publications. A summary of these techniques
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is presented in Table 2 and a comparison of their performances is provided in Table 3,
highlighting the wavelength of the light source used and the sensing location.

Table 2. A summary of optical techniques for direct sensing based on optical properties of glucose
and their characteristics. The signal-to-noise ratio is used to compare the power of the signal with
the background noise when a higher value is desired. The penetration depth describes the distance
the light can penetrate, where around 37% (1/e) of the light still remains and is not absorbed by the
tissue. The scattering of light on the skin is wavelength-dependent, and the effect is more prominent
with shorter wavelengths. Finally, the cost is mostly determined by the light source and the sensor.

Technique Signal-to-Noise Ratio Penetration Depth Affected by Scattering Cost
Near-Infrared Spectroscopy Low Moderate Moderate Low
Mid-Infrared Spectroscopy Moderate Low Low Moderate
. NIR—Low NIR—Moderate .
Photoacoustic Spectroscopy MIR—Moderate MIR—Low None High
. NIR—Moderate :
Raman Spectroscopy High MIR—Low None High
Polarimetry Low Low High Low
Fluorescence High None None Low

3.2. Optical Technigues—Indirect Sensing

Direct measurement of the properties of glucose inside the skin is difficult; hence,
researchers look into the effects of glucose on the tissues and blood. These properties
are usually easier to sense, but they have a weaker correlation with blood glucose since
many other factors, including physiological and environmental factors, can also affect them.
The optical techniques including Surface Plasmon Resonance (SPR), Optical Coherence
Tomography (OCT), and Photoplethysmography (PPG) are discussed in this section.

Surface Plasmon Resonance. This phenomenon occurs when the electrons on a metal
surface are excited by an incident light at a certain angle and then propagated along the
surface. The angle that triggers SPR depends on the analyte’s refractive index at the metal
surface. Since the amount of glucose in the ISF changes its refractive index, we can measure
the refractive index of the tissue to predict glucose concentration. This has been studied
in [125,126] to sense glucose solution, but no work has been carried out with human skin.
Aside from the refractive index being easily affected by many factors, such as skin hydration,
temperature, and sweating, the insensitivity towards small glucose concentrations is the
main culprit.

Optical Coherence Tomography. This technique detects the change in the scattering
coefficient caused by glucose to predict glucose concentration. The change in scattering
coefficient of the tissue is caused by a mismatch of the refractive index between the ISF and
the membranes of the cells in the tissue, which affects light scattering [127]. To sense the
change in scattering coefficient, coherent light is split into two beams with one directed
to the skin. The reflected light from the skin is combined with the other beam to produce
an interference pattern. The interference produced is then proportional to the glucose
concentration. This has been explored in previous studies [128-133], but similar to SPR, the
refractive index and the scattering coefficient are affected by many other factors.
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Table 3. A summary of optical techniques for direct sensing with in vivo study sorted according to year of publication. The wavenumber of the MIR light is
converted to wavelength for easier comparison (10,000,000/ wavenumber = wavelength). Participants include people with type 1 diabetes or type 2 diabetes, and
people without diabetes. Zones A and B refer to Clarke’s error grid (or the consensus error grid if specified). Other evaluation metrics are also used in some other

papers, including correlation coefficient (r), coefficient of determination (R%), mean absolute difference (MAD), and root mean square error (RMSE).

Clinical Study

Ref. Year Technique Wavelengthnm  Location N wi Diabetes wio Diabetes Study Result

[80] 1999 NIR Spectroscopy 1050-2450 Forearm 7 Yes No MARD of 3 participants: 9.1%, 17.6%, 3.6%

[83] 1999 NIR Spectroscopy 630 Multiple 19 n/a n/a Tongue is most reliable for glucose sensing

[82] 2002 NIR Spectroscopy 1050-2450 Forearm 9 Yes No MARD: 20.6%; Zone A: 63.5%; Zone B: 34.9%

[81] 2003 NIR Spectroscopy Unspecified Forearm 1 Yes No r: 0.928; standard error of prediction: 32.2 mg/dL

[108] 2005 Raman Spectroscopy 830 Forearm 17 No Yes MARD: 7.8% =+ 1.8%; R%: 0.83 £ 0.10

[96] 2005 Photoacoustic Spectroscopy 9259, 9381 Forearm 1 No Yes A positive correlation is observed

[90] 2007  Occlusion Spectroscopy 10 Unspecified Finger 23 Yes No MARD: 17.2%; Zone A: 69.7%; Zone B: 25.7%

[109] 2009 Raman Spectroscopy 670, 827, 829 Forearm 30 Yes No Zone A: 53%; Zone B: 39%; Mean absolute difference: 38 mg/dL
[84] 2010 NIR Spectroscopy 905-1701 Finger 36 No Yes r: 0.48; RMSE: 1.34 mmol/1; Zone A + B: 100%

[97] 2012 Photoacoustic Spectroscopy 9225, 9488 Palm 2 No Yes r: 0.7. Recommends using 6-10 IR wavelengths

[101] 2013 Photoacoustic Spectroscopy  8197-10,000 Hypothenar 2 Yes Yes MAD: 11 mg/dL (without diabetes) and 15 mg/dL (T1D)
[100] 2013 Photoacoustic Spectroscopy  8032-10,000 Hypothenar 1 No Yes A windowless PA cell design is proposed and verified
[85] 2014 MIR Spectroscopy 8000-10,000 Palm 3 No Yes Zone A: 84%

[98] 2015 Photoacoustic Spectroscopy 905 Palm 30 No Yes MARD: 9.61% = 10.55%. Zone A: 87.24%; Zone B: 12.76%
[86] 2016 NIR Spectroscopy 940 Finger 5 No Yes Zone A + B: 100%

[70] 2016 Photoacoustic Spectroscopy 8475, 9259 Finger n/a n/a n/a R2=0.8, uncertainty of +30 mg/dL at 90% confidence level
[99] 2017 Photoacoustic Spectroscopy 905, 1550 Forefinger 24 No Yes MARD: 8.84%; Zone A: 92.86%; Zone B: 7.14%

[91] 2018 NIR Spectroscopy 625, 740,850,940  Finger 19 n/a n/a gg;f;f’i?’]s?ﬁ‘g%if%‘i‘;fg_;Z/f("fg);;ﬁ”g‘;;j)7'1%"

[92] 2018 NIR Spectroscopy 625,740, 850,940  Finger 36 Yes Yes MARD: 14.4%; Zone A: 96.6%; Zone B: 3.4% (consensus)
[87] 2018 MIR Spectroscopy 1050, 1070, 1100  Finger 6 No Yes r: 0.36; Zone A + B: 100%
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Table 3. Cont.

Clinical Study
Ref. Year Technique Wavelengthnm  Location N v/ Diabetes _wio Diabetes Study Result
[110] 2018 Raman Spectroscopy 830 Thenar 35 Yes No MARD: 25.8%; Zone A + B: 93% (consensus)
[102] 2018 Photoacoustic Spectroscopy  8032-9852 Multiple 5 Yes Yes MAD 16 &+ 7 mg/dL. Thumb is most suitable for glucose sensing
[103] 2018 Photoacoustic Spectroscopy  8065-10,526 Finger 2 Yes Yes MARD: 14.4% = 10.5%; Zone A: 70%; Zone B: 30%
[88] 2019 MIR Spectroscopy 6250-12,500 Finger 6 No Yes 95% certainty and 100% comparability with firm finger pressure
[106] 2019 Raman Spectroscopy 785 Nailfold 12 No Yes RMSE = 0.27 mmol/L; R? = 0.98; Zone A + B: 100%
[123] 2020 Polarimetry 450, 520, 658 Palm 50 Yes Yes MARD: 10.0%; Zone A: 89%; Zone B: 11%; r: 0.91; p = 1.6 x 1014
[89] 2021 NIR Spectroscopy }288; g;g: 12(1);1’ Finger 19 No Yes r: 0.92, Zone A: 97.96%
[107] 2021 Raman Spectroscopy 830 Thenar 15 Yes No MARD: 26.3% =+ 10.8%; Zone A + B: 93.6%
[79] 2022 NIR Spectroscopy 850, 950, 1150 Finger 635 Yes Yes Zone A:100.0%
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A modified version of OCT is ultrasound-modulated optical tomography (UOT). In
UOT, an additional ultrasound is focused on the sensing region. The ultrasound will change
the refractive index and displace the scatterer in the target region. This can add an extra
dimension to the data and potentially improve the performance. However, this has only
been tested with a vessel-mimicking phantom [134] and achieved a 26.6% MARD.

Photoplethysmography. This technique involves predicting blood glucose levels from
the PPG signal [135-140]. It has attracted increasing attention in recent years due to its
low cost and wide adoption in smart devices [141]. A PPG sensor uses light to measure
the volumetric changes in the blood inside the skin. A common application of a PPG
sensor is to measure heart rate. It is proposed that PPG can also be used to measure
glucose concentration. The high-level idea is that more glucose inside the blood can cause
resistance in the blood flow. The increased blood viscosity is then reflected in the PPG
signal. Typically, the PPG signals are analyzed with a deep learning model, and hence, the
correlation between PPG and blood glucose is not well understood. Figure 7 shows the

principle of sensing glucose with PPG.

Light Source Blood Vessel Inside Skin Detector Process PPG Signal

Figure 7. Basic setup for glucose sensing with photoplethysmography. The amount of light absorbed
reflects the volume of blood in the skin. Typically, a basic system uses a green or a red light to capture
the PPG signal while a pulse oximeter uses a red and an infrared light to additionally deduce the
oxygen saturation. The PPG signal is then further processed to infer the glucose sensing, usually with
a deep learning model.

3.3. Transdermal Techniques

Rather than sensing glucose through the skin, the transdermal techniques enhance
the permeability of the skin so that the ISF can be extracted to analyze directly. Then, the
extracted ISF is stored in a medium such as a hydrogel and the glucose in the extracted ISF
can be detected with a conventional glucose sensor, such as an amperometric glucose test
strip. Three methods are explored by the researchers, and they are reverse iontophoresis,
magnetohydrodynamic, and sonophoresis.

3.3.1. Reverse Iontophoresis

Iontophoresis is the process of applying a small electrical current to help charged and
polar compounds move across the skin at rates higher than their passive permeabilities [142].
It is used for electrically controlled drug delivery due to the often polar and charged nature
of the drugs compound [143]. On the other hand, the symmetry of iontophoresis means that
it can also extract compounds from the skin, which is known as reverse iontophoresis. The
two principal mechanisms involved in the process are electromigration and electroosmosis.
The former describes the movement of ions across the skin due to the flow of current. With
sodium (Na') and chloride (Cl™) being the major ions in the interstitial fluid, applying
a current to the skin will attract the ions to move to the oppositely charged electrodes.
As the skin is negatively charged at physiological pH, the majority of the current carriers
through the skin are sodium ions [144,145]. Then, this ion concentration gradient creates an
osmotic pressure, causing the ISF to move toward the cathode along with other dissolved
compounds such as glucose via electroosmosis. This effectively extracts ISF from the skin
to the cathode. Finally, the glucose inside the ISF is measured using conventional glucose
sensors. Figure 8 shows the principle of sensing glucose using reverse iontophoresis.
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Figure 8. Basic setup for glucose sensing using the reverse iontophoresis technique. A constant cur-
rent is applied to increase the permeability of the skin and to extract the ISF to a reservoir. The glucose
concentration in the extracted fluid is then determined using a conventional electrochemical sensor.

One of the earliest FDA-approved products that use this technology is the GlucoWatch
Biographer [64,146-148]. It employs two pairs of disposable electrodes for ISF extraction
and amperometric glucose sensing, which have to be calibrated with a finger prick test
and replaced every 12 h. In the original study, it achieved a promising result with over
96% of the predictions falling in the clinically acceptable region of Clarke’s error grid.
However, sweating on the skin contributes to errors in these measurement since there is
also glucose present in sweat. More importantly, due to the slow ISF extraction process
and the low glucose concentration in the extracted ISF, the extraction process has to be
performed over a long duration. This fails to detect rapid changes in glucose level which is
crucial in glucose monitoring. Moreover, the prolonged electric current applied to the skin
has caused discomfort and irritation to many users, which is also the major downside that
is leading to the discontinuation of the device.

Many studies tried to solve the skin irritation problem by using a lower current [149-151].
Bandodkar et al. [150], in particular, proposed a body-compliant wearable electrochemical
device that is printed on an elastic substrate skin and can be applied to the skin similar to a
temporary tattoo. Its low cost, flexibility, and small form factor make it an attractive solution
for glucose monitoring. A study with two persons without diabetes over a duration of 1 h
demonstrates the feasibility of this method. Subsequent improvements have been proposed
for this tattoo-based sensor. Since the proposed sensor is designed for a single measurement,
De et al. [151] have extended the tattoo-based sensor for continuous monitoring for up
to 8 h. Cai et al. [152] used textile enzymatic electrodes to improve the air permeability
of the sensor while maintaining its electrochemical properties. Yao et al. [153] combined
the ISF extraction and the glucose sensing into a two-electrode design to further reduce
the size of the device. Xu et al. [154] improved the sensitivity of the glucose sensor at low
concentrations by using a highly conductive hydrogel.

Efforts to miniaturize the device and to improve the accuracy have been made [155,156],
but it is still a long way away from approaching commercialization. For instance, including
factory calibration of the sensors is greatly beneficial to the user experience as it removes the
need to calibrate the sensor with a finger prick test. The extraction current and duration as
well as the sensing frequency have to be optimized so that it is comfortable for the user. The
noises caused by the presence of substances such as sweat and other environmental factors
have to be resolved until transdermal techniques can be used for continuous monitoring.

3.3.2. Magnetohydrodynamic Extraction

Recently, in 2021, a technique to extract ISF by applying magnetic and electric fields
has been proposed [157]. In essence, the magnetohydrodynamic (MHD) effect is produced
when a magnetic field and an electric field are simultaneously applied to the skin. This will
generate a Lorentz force on the interstitial fluid and cause it to flow outward. Using porcine
skin, it was demonstrated that a faster extraction with less amount of energy is applied to
the skin compared with reverse iontophoresis. The group further produced a prototype
for noninvasive glucose sensing by integrating the MHD fluid extract with a custom-built
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glucose sensor [158]. In vitro experiments with glucose solutions and ex vivo experiments
with porcine skin and a subsequent pilot study with persons without diabetes [159] have
shown promising prospects for this method.

This extraction technique greatly improves the experience of ISF extraction and solves
some of the problems faced by reverse iontophoresis methods, in particular, the long ISF
extraction duration and the lowered glucose concentration in the extracted ISF. However,
more experiments have to be conducted to verify the effectiveness and reproducibility of
this technique.

3.3.3. Sonophoresis

Ultrasound has been used to enhance the permeability of skin for drug delivery. While
the exact mechanism is not known, it has been theorized that the permeabilization is caused
by the cavitation of the stratum corneum [160]. Focusing the ultrasound waves on the
skin causes high pressures and temperatures in the area, which leads to the formation of
bubbles within the stratum corneum. These bubbles are then merged into larger bubbles,
eventually creating a path that transverse across the stratum corneum.

Sonophoresis has been used mainly for drug delivery, but a few studies have also
looked into extracting ISF using this method [161,162]. It can extract ISF glucose faster
than reported reverse iontophoresis techniques and without any pain reported by the
participants. However, the glucose level measured from the extracted ISF does not correlate
well with the blood glucose level, indicating that some form of alteration to the fluid is
made during the extraction.

3.4. Electrical Technique

The amount of glucose inside the blood affects the electrical properties of the tissue,
such as the dielectric properties and the bioimpedance. Several techniques have exploited
these properties to sense glucose noninvasively including microwave, millimeter wave,
terahertz wave, and bioimpedance spectroscopy.

Microwave and Millimeter Wave. Microwaves [163-168] and millimeter waves [169-172]
have been proposed for sensing glucose concentration. Due to their relatively long wave-
lengths (1 mm-1 m) and corresponding low frequencies (300 GHz-300 MHz), these methods
have a higher penetration depth than optical methods. They can reach millimeters or even
centimeters under the skin [173], where there are abundant blood vessels. This allows direct
access to the blood glucose instead of inferring indirectly from ISF glucose. Blood glucose
is known to affect the dielectric properties of the blood [174]. Assuming the change in
minerals in the blood plasma has minor or no effects on the electrical properties, the glucose
concentration and the dielectric properties can be fitted into a Cole—-Cole model [175]. Then,
the subtle change in dielectric properties of human tissues can be picked up by a microwave
sensor and in turn, used to estimate the glucose level. Even though the relationship be-
tween blood glucose and the tissue’s dielectric properties is not fully understood [176,177],
these techniques remain attractive alternatives to researchers as they are usually easier to
implement and are more cost-effective.

Terahertz Time-Domain Spectroscopy. Ultrashort electromagnetic waves in the band
where infrared and microwave overlaps is used to probe the skin for sensing glucose
concentration in the tissue [178-180]. The relationship between the absorption coefficient
of Terahertz (THz) radiation and the glucose concentration is not well-defined, but one
group suggests that the absorption coefficient is inversely proportional to the glucose
concentration as a higher glucose concentration result in a relatively lower water content,
which is the main component that absorbs THz [181,182]. The strong water absorption in
this band also makes this technique very challenging to extract useful information from the
skin regarding the glucose concentration.

Bioimpedance Spectroscopy. This method measures the changes in the electrical
properties of the skin caused by glucose in the tissue. A small alternating current is passed
through the tissue at various frequencies, and the corresponding impedances are recorded
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and analyzed. The principle is that the concentration of glucose will affect the electric
conductivity of the blood. The authors of [183-185] have explored using this method for
sensing glucose, but the insensitivity toward change in glucose levels is the major downside.

3.5. Thermal Techniques

The glucose in the blood is diffused into the interstitial fluid and in turn into the cells
for metabolism. Therefore, the amount of glucose in the blood is related to the rate of
metabolism which can be indirectly observed from the body heat emission using thermal
sensors. Below are two methods that look into these properties.

Metabolic Heat Conformation. The general idea of this method is that the glucose
concentration in the blood is related to the rate of metabolic oxidation of glucose. This can be
determined using a thermal sensor to detect metabolic heat generation and an optical sensor
for measuring oxygen saturation, blood rate, and other physiological parameters [186,187].
However, the low performance of this method suggests that there are many other factors
also affecting the physiological parameters. For example, PwD do not produce insulin,
which prevents glucose from entering the cells. Hence, the glucose concentration increases
even though the metabolic rate is unchanged and this event cannot be captured with a
thermal sensor. When the blood sugar has raised to a certain level (typically 250 mg/dL), the
liver starts to break down fat for energy, which only by then heat is generated. Additionally,
PwD struggle with body temperature control [188], which means they have different
thermodynamics and have to be carefully considered. Figure 9 shows the principle of
sensing glucose using metabolic heat conformation.

Light Source k Optical Detector

|:| Thermal Detector

i

Blood Vessel

Figure 9. Basic setup for glucose sensing with metabolic heat conformation. Blood flow rate and
blood-related information are obtained using the optical sensors, while heat balance and thermal
generation information are detected using the thermal sensors.

Emission Spectroscopy. Kitazaki et al. [189] demonstrated the possibility of capturing
changes in glucose level remotely using a MIR passive spectroscopic imaging technique
based on two-dimensional Fourier spectroscopy. The idea is that glucose emits light in
the MIR region and has representative peaks at 9.25 and 9.65 um. Using a spectroscopic
imager, a two-dimensional spectroscopic image is taken on the wrist and the back of the
hand placed 600 mm away. While this method has many attractive properties such as being
easy to set up and supporting remote sensing, it is a fairly new technique and should be
studied more closely to verify its feasibility.

3.6. Fusion Techniques

Combining multiple techniques could potentially improve the performance of a glu-
cose sensing system. By using multiple techniques at the same time, researchers hope
that the techniques can complement each other to achieve better performance. However,
the hardware will inevitably be larger in size to accommodate the additional sensing
components. Here, we look into existing work that used multiple techniques.
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One of the commercially available products called GlucoTrack used ultrasonic, elec-
tromagnetic, and thermal techniques to sense glucose concentration at the earlobe [190].
The glucose concentration changes the density and adiabatic compressibility of the tissue,
which directly affects the acoustic velocity that can be detected with the ultrasound sensor.
The change in glucose concentrations also affects the impedance and the heat generation of
the tissue similar to the bioimpedance spectroscopy and the metabolic heat conformation
methods mentioned above. Multiple studies [191,192] have shown promising results, with
around 22% MARD for people with type 2 diabetes, but the accuracy still needs to be
further improved until it can fulfill the requirements set by the FDA.

Nystrom et al. [193] investigated the effectiveness of combining both NIR spec-
troscopy and bioimpedance spectroscopy for sensing glucose level. The NIR spectroscopy
is useful for determining the glucose level while bioimpedance spectroscopy can detect
changes to the body composition, which has been shown to be one of the effects caused by
diabetes [194]. A study of 34 PwD and 23 people without was conducted, and the results
showed that the combined information can be used to classify people into different levels
of neurography, but not enough for predicting glucose. Sometime later, Fouad et al. [195]
adopted a similar approach and their study with five people without diabetes achieved all
predictions falling into Zone A of Clarke’s error grid, suggesting the validity of combining
both approaches.

3.7. Summary

In this section, we undertake an in-depth exploration of the six types of techniques,
which include optical (both direct and indirect sensing), transdermal, electrical, thermal,
and fusion methods. We delve into the working principles behind these techniques and
highlight the relevant key publications. Each of these techniques is characterized by
its own unique properties and design principles, with their respective advantages and
disadvantages outlined in Table 4. Additionally, the studies involving three or more
participants and are evaluated with the metrics mentioned in Section 2.4 are compared in
Table 5.

Table 4. A summary of the advantages and disadvantages of the types of techniques used for
noninvasive glucose sensing.

Types of Techniques

Advantages Disadvantages

Optical (Direct)

¢ Glucose resides in the skin

Good correlation with blood glucose ¢ Light cannot penetrate deeply into the skin

¢ Affected by interfering substances in the skin

Optical (Indirect)

Can be measured at the skin surface

¢ Affected by many physiological and

environmental factors

Transdermal

¢ Low glucose concentration in extracted ISF
e Cannot detect rapid changes due to long

Easy to analyze after ISF is extracted from skin extraction process

* May cause discomfort to the user
e Affected by sweating

Electrical

Can probe the whole tissue e Weak correlation with blood glucose

Thermal

* May not work for people without diabetes

Easy to sense skin temperature ¢ Affect by many physiological and environmental

factors

Fusion

Multiple modalities can complement with each
other

¢ Additional hardware is required
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Table 5. A summary of the in vivo studies performances grouped by the types of techniques.
The studies are evaluated with the mean absolute relative error (MARD), Zones A and B of the
Clarke’s error grid (or the consensus error grid if specified), correlation coefficient (r), coefficient of

determination (R2), mean absolute difference (MAD), and root mean square error (RMSE).

Ref.  Year Clinical Study Study Result
N  w/Diabetes w/o Diabetes
NIR Spectroscopy
[82] 2002 9 Yes No MARD: 20.6%; Zone A: 63.5%; Zone B: 34.9%
[84] 2010 36 No Yes 1: 0.48; RMSE: 1.34 mmol/l; Zone A + B: 100.0%
[86] 2016 5 No Yes Zone A + B: 100.0%
[92] 2018 36 Yes Yes Z[(ﬁ-};g:;t;i%; Zone A: 96.6%; Zone B: 3.4%
[89] 2021 19 No Yes r: 0.92, Zone A: 97.96%
[79] 2022 635 Yes Yes Zone A: 100.0%
MIR Spectroscopy
[85] 2014 3 No Yes Zone A: 84.0%
[87] 2018 6 No Yes 1r: 0.36; Zone A + B: 100.0%
Occlusion Spectroscopy
[90] 2007 23 Yes No MARD: 17.2%; Zone A: 69.7%; Zone B: 25.7%
Photoacoustic Spectroscopy
(98] 2015 30 No Yes i\g/;g)/]? 9.61% =+ 10.55%. Zone A: 87.24%; Zone B:
[99] 2017 24 No Yes MARD: 8.84%; Zone A: 92.86%; Zone B: 7.14%
[102] 2018 5 Yes Yes MAD: 16 £ 7 mg/dL.
Raman Spectroscopy
[108] 2005 17 No Yes MARD: 7.8% = 1.8%; R%: 0.83 + 0.10
[109] 2009 30 Yes No MAD: 38 mg/dL; Zone A: 53.0%; Zone B: 39.0%
[110] 2018 35 Yes No MARD: 25.8%; Zone A + B: 93.0% (consensus)
[106] 2019 12 No Yes i{é\(/)[?)l;f =0.27 mmol/L; R? = 0.98; Zone A + B:
[107] 2021 15 Yes No MARD: 26.3% =+ 10.8%; Zone A + B: 93.6%
Polarimetry
[123] 2020 50 Yes Yes MARD: 10.0%; Zone A: 89.0%; Zone B: 11.0%; r: 0.91
Photoplethysmography
[136] 2019 30 Yes Yes r: 0.95
[137] 2019 611 Yes Yes Zone A: 80.6%; Zone B: 17.4%
[138] 2020 200 Yes Yes MARD: 7.62%
[139] 2020 8 Yes Yes r: 0.858; Zone A: 74.29%; Zone B: 25.71%
[140] 2021 26 n/a n/a Zone A: 96.15%; Zone B: 3.85%
Reverse Iontophoresis
[147] 2001 231 Yes Yes MARD: 19.0%; r: 0.85; Zone A + B: 95.3%
[156] 2022 23 Yes Yes Zone A: 46.99%; Zone B: 37.35%
Metabolic Heat Conformation
[186] 2004 10 Yes Yes r: 0.91
[187] 2017 31 Yes Yes r: 0.89; Zone A + B: 94.4%
Fusion Techniques
[192] 2018 114 Yes No MARD: 22.7%; Zone A + B: 98.0%
[195] 2018 5 Yes No MAD: 3.794 mg/dL; r: 0.92; Zone A: 100.0%
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4. Current Barriers to Noninvasive Glucose Sensing

In the previous section, we investigated the techniques proposed by researchers for
sensing glucose noninvasively. While they sound promising, there are still many problems
that have to be addressed before they can reach the stage of commercialization. Here, we
explore the common barriers and obstacles faced by these sensing techniques.

4.1. Confounding Factors

The properties of glucose are leveraged in various sensing techniques, but some
substances that are present in the tissue and biological fluid also exhibit similar properties.
One such property of glucose is the strong light absorption of specific wavelengths, but
substances like water, lipid, and protein also have overlapping absorption peaks with
glucose. This means that a change in the concentration of these substances can alter
the absorption spectrum even though the glucose level remains unchanged, leading to
inaccurate glucose predictions. This is a challenge for all optical methods that rely on
absorption, including infrared spectroscopy and photoacoustic spectroscopy.

Methods that infer glucose levels from the properties of the tissue and blood are
particularly susceptible, as there are even more confounding factors that would also affect
these properties. For example, environmental factors including temperature and moisture
content are the major source of noise for methods that predict glucose level using the dielec-
tric properties of the skin. This effect is more prominent when the glucose concentration is
low. Therefore, to ensure accurate predict glucose levels, the main confounding substances
and how to isolate their effects must be understood.

4.2. Selection of Sensing Location

The ideal location for glucose sensing should strike a balance between the system
performance and the user experience. To maximize performance without compromising
usability and convenience, the testing site should be chosen based on its physical and
chemical properties. It has been shown that locations with a thin outermost layer of the
epidermis, a minimal amount of fat content, and good blood circulation provide the best
results for optical methods [83,102].

The outermost layer of the epidermis, i.e., the stratum corneum, is a layer of dead
skin cells packed with structural protein keratin and acts as a chemical barrier. As keratin
is the primary source that causes scattering in the skin [196], a thin stratum corneum
reduces the optical path through the keratin, bringing the ISF closer to the surface. This
effectively reduces the scattering and absorption of light when passing through the skin
and eventually increases the signal-to-noise (SNR) ratio. As fatty tissues also absorb light,
selecting a testing site with less fat content can further improve the SNR. Additionally, a
reduction in fat content and better blood circulation enhance the glucose diffusion into
the ISE, resulting in a faster equilibration between blood glucose and ISF glucose and
minimizing the lag time problem [102].

Multiple sites have been proposed in previous studies, with [83] suggesting the tongue
and [102] the fingertips. While the tongue fits the aforementioned requirements, it will
result in discomfort when a user has to stick out their tongue and place it on the sensing
interface. The fingertip is the preferred choice because of its accessibility, convenience,
and compatibility with the requirements for optimal performance. This is particularly
crucial for continuous monitoring as the sensor has to be attached to the testing site for an
extended period of time. While the performance of the sensing system is important, the
success of the technology will ultimately depend on the user’s comfort and convenience.

4.3. Glucose Distribution

When the skin is probed with a sensor, we expect a signal from the ISF glucose to be
received. In reality, the signal can come from glucose in the blood, ISF, and intracellular
fluid (fluid inside the cells). Depending on the testing site and the penetration depth
of the excitation light, it is possible that all three fluids are actually probed at the same
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time [109]. Therefore, the glucose dynamics of all these fluids should be considered and
modeled together.

The distribution of glucose varies among the fluids. For instance, ISF glucose lag time
depends on the location of the fluid. The lag time during the decay phase can be as quick
as 1-3 min in the dermal layer. The model in [197] even predicts a negative lag time for ISF
glucose in the epidermis layer, suggesting that the ISF glucose concentration can decrease
before the blood glucose level (~1 min). This phenomenon has been reviewed in [198].
Other properties such as intracellular fluid having a much lower glucose concentration
because of the rapid metabolism of glucose [197] and the volume of ISF being generally
larger than blood in the skin [199] should also be considered when modeling the data. As
the distribution is site-dependent, it is advised that glucose sensing should be performed at
the same location consistently.

4.4. Model Generalization

One major challenge of noninvasive glucose sensing is the generalizability of the
prediction models. These models work well if only one of the variables changes, i.e.,
glucose concentration, while everything else is kept constant. However, there is a huge
difference between individuals; the composition of the body tissues and biological fluid,
skin conditions, and physiological state can all vary greatly among people. Some of these
differences can be linked to a person’s demographic characteristics. For instance, race could
have an effect on the amount of pigment inside the skin, which is a strong light-absorbing
substance and would affect absorption-based optical techniques. Males on average have
thicker skin than females, which means it is harder to reach the ISF [200]. As a result, less
ISF is probed using optical methods or extracted via transdermal methods. The amount
of collagen can be inversely correlated with a person’s age as the production of collagen
decreases with age [201]. This alters the scattering coefficient of the skin and adds noise to
optical methods. The combined effect of all these factors could result in a totally different
skin characteristic for each individual.

Underrepresented minority groups, in particular, often suffer from using generalized
models as there are limited training data available from these populations. This leads to a
lowered sensing performance for these racial and ethnic populations. Personalized models
can be utilized to address this issue using models that are tailored to each individual’s
specific characteristics. By collecting training data from the user, the model can adapt to
the user and better isolate the effect of glucose level on the sensor readings. However, this
approach will require a calibration stage that may involve blood glucose measurements
from finger prick tests, causing inconvenience to the user. Multiple calibrations may also
be necessary from time to time due to changes in the person’s physiological parameters.

4.5. Hardware Design

The hardware design heavily affects the system adoption. A machine as large as
a washing machine is nowhere attractive to the user, even if it can provide an accurate
measurement. Conversely, a wearable device with poor performance is unsafe and unlikely
to be approved for clinical purposes. Hence, the key is to balance both the performance
and the form factor so that the device is portable and reliable. That said, the accuracy
of the glucose monitoring system should be the top priority, even if it means sacrificing
compactness. The reason is that there are currently no commercially available products
that are accurate enough for clinical usage. As a first step, a portable form factor with a
good sensing performance would be ideal. Further miniaturizing of the sensing system
should be considered later once a reliable system has been established.

The user’s behavior can have a significant impact on the system’s performance. For
example, the pressure exerted by the sensor on the skin can affect the skin’s optical prop-
erties. High pressure can cause tissue deformation and displacement of ISF, while low
pressure can generate air pockets between the skin and the sensor. In the case of continuous
monitoring, additional factors should be taken into consideration. The secretion of sweat
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and sebum on the skin surface would gradually interfere with the sensor signal, causing a
sensor drift over time. Ambient factors such as temperature and humidity all add up as
noise to the signal as well. To maintain accuracy under various conditions, it is important
to consider and incorporate these effects into the device’s design.

4.6. Acquisition of Ground Truth

The accuracy of a glucose monitoring system can be evaluated by comparing its
predicted glucose values to a reference value, also known as the ground truth. This
reference value is typically collected at the same time the system makes a prediction
and is retrieved through an invasive finger prick test and/or a minimally invasive CGM.
The reference value serves as the baseline, and the performance of the system can be
evaluated by performing a pairwise comparison between the predicted glucose value
and the reference glucose value and presenting the result using the evaluation metrics
mentioned in Section 2.4.

However, the reference values obtained through the finger prick tests of CGMs can
deviate from the actual ground truth by a few margins [202-204]. Studies have shown
that CGM readings can have an average error of 10%. This error can make it difficult
to prove the performance of the system, particularly if time and cost are also considered
during the evaluation. Despite the error, this is sufficient to verify a proof of concept and
to demonstrate the feasibility of a prototype. However, to definitively prove the accuracy
and precision of a system, the results should be compared with those obtained from a
laboratory test.

4.7. Clinical Study

Many of the methods mentioned above only performed experiments on people without
diabetes. The blood glucose level of an individual without diabetes is naturally managed to
the range between 70 and 140 mg/dL most of the time. Not only is it significantly smaller
than what a person with diabetes would experience (50400 mg/dL), but also by the
definition of Clarke’s error grid, a constant prediction of 100 mg/dL (or any value between
70 and 180 mg/dL) for all reference glucose values in the range of 70-240 mg/dL will fall
inside the clinically acceptable region. Therefore, it is biased to report a clinical study that
has a majority of the results in the clinically acceptable range with people without diabetes
and conclusively infers the feasibility of the method. A clinical study with PwD is very
much needed before a conclusion can be drawn.

Moreover, it ignores the effect caused by insulin in the biological fluid [205]. For
people without diabetes, it is guaranteed that the insulin level will increase with the glucose
level; the insulin dynamic is predictable. On the other hand, PwD may have too much or
too little insulin in the body at a given time. The body may react differently to the abnormal
level of insulin, which could have an impact to the physiological factors. This additional
variable is not seen in the population without diabetes.

5. Potential Solution and Future Directions

Despite decades of research, noninvasive glucose sensing remains a huge challenge to
this day. Different techniques and modalities have been carefully considered by researchers
to be the possible candidate to overcome this challenge. To predict blood glucose level
noninvasively, various biological fluids have been studied. While sweat and saliva are easy
to collect, their low glucose concentration and the weak correlation with blood glucose are
the main reasons they cannot be used to achieve high accuracy. ISF, on the other hand, offers
a promising alternative. As it is strongly correlated with blood glucose and is present right
below the outermost layer of the skin, ISF has emerged as a good candidate for noninvasive
glucose sensing.

Since ISF glucose resides in the skin, it is challenging to measure the glucose con-
centration directly with great accuracy and precision. Many researchers have turned to
indirect techniques that measure the properties of the skin and blood that are also affected
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by glucose concentration. These techniques usually have the advantage of being easier
to set up and more cost-effective, with readily available off-the-shelf sensors to detect the
properties on the skin surface. However, the correlation between these properties and blood
glucose level is generally weak, as many other physiological and environmental factors
also have impacts on the properties. While these techniques show promise in controlled
environments, their performance in real-world scenarios remains uncertain. On the other
hand, transdermal techniques extract the ISF from the skin directly for further analysis,
which sounds attractive at first glance as it removes many interfering substances from
the analyte. However, the extraction process is slow and it takes a long time to extract
a sufficient amount of ISF for analysis. This causes skin irritation to the user and is not
capable of detecting rapid changes in the glucose level.

Therefore, techniques based on glucose properties are more concrete as the measure-
ments have direct correlations with the glucose concentration. In particular, the optical
properties of glucose are exploited due to its attractive features; the skin is probed with
visible or infrared light, which is truly noninvasive, and a well-controlled light beam within
the safety limit is generally safe to the user [206,207]. The major downside is that the light
has to pass through the outermost layer of the skin to reach the ISF. Since the light will
interact with other substances found in the skin and the ISE, it may cause interference with
the glucose signal.

Improving Optical Sensing Performance. Glucose readings obtained from the skin
can be easily influenced by a plethora of factors. All these factors have to be addressed
before a device can be commercialized for use in the wild. This is a challenging problem
and cannot be easily solved in one go. In this case, a divide-and-conquer approach would
be suitable. Certain variables can be fixed or restricted to some extent. Biological variables
such as skin thickness and fat content are relatively constant at a given sensing site. A
hardware structural design can be developed to help align the body part (e.g., fingertip)
with the sensor to minimize the offset between each sensing session. Instead of relying
on the user to apply consistent pressure on the sensor, the device can be designed with a
mechanism to apply the optimal pressure on the skin every time the sensor is used. By
cleaning and drying the skin before using the sensor, which is a very common practice for
optical approaches, the impact caused by sweat, sebum, and other contaminants on the
sensor can be minimized. Additionally, a personalized model can be utilized so that it can
better adapt to the individual differences among the users. This means that the model is
created by collecting data from a single person and training a model either from scratch or
by fine-tuning a pre-trained model. This allows the model to learn the signal changes with
respect to the glucose fluctuations, with most of the other variables kept constant. However,
this approach requires collecting reference glucose values through invasive methods such
as finger prick tests, which can be inconvenient to the user.

The remaining factors can be handled with a multivariate analysis. Variables like body
temperature and skin hydration can interfere with the sensor readings, which may mask
the glucose response and have to be isolated. One possible solution is to combine multiple
modalities such that these factors generate contrasting signals among the modalities, which
can be distinguished by a model. However, the data collected from multiple modalities
will have a higher dimension, and hence, a sufficiently large dataset would be necessary
to train the model. The hardware will also have to accommodate the various modalities,
which could lead to a more complex design that potentially increases the size and cost of
the system.

Given the complexity of the problem with numerous variables, collecting a large
dataset in the hopes of training a generalized model may not be practical at this stage.
Instead, it is more advisable to first study and understand the impact of each factor on
the sensor signal. This allows us to rank them in order of significance and then to address
them systematically. In the near future, it is expected that personalized models that are
calibrated individually will be first used to demonstrate the feasibility and performance of
a technique. Upon verification of the performance, a comprehensive clinical study should
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be conducted next, aiming to construct a generalized model. With a larger dataset, the use
of neural networks is expected to enhance the performance further.

Clinical Evaluation. Many techniques are evaluated with glucose solutions and
synthesized tissues to demonstrate their potential, but it does not reflect their actual per-
formance in vivo. These experiments simplify the problem by eliminating many variables
from the equation, making it easier to establish a good correlation between the measured
signal and the reference glucose concentration. They are useful for testing the concept or
principle behind a method, and a positive outcome can encourage further exploration of
the proposed method.

Some methods are then tested with a small group of individuals without diabetes to
show the robustness of the system. At this stage, the reference glucose level is obtained
through invasive means, usually with finger prick tests or CGMs. This is valid as long
as the potential error induced is considered and acknowledged. On the other hand, it
should be noted that the blood glucose level of people without diabetes and, by extension,
the ISF glucose level, are managed within a healthy range of 70-140 mg/dL. This narrow
range makes it easier to obtain a low MARD value and have most of the predictions fall
into the clinically acceptable range of Clarke error grid. Thus, caution should be exercised
when interpreting results from studies with individuals without diabetes. Moreover, many
studies often collect data only for a limited duration, usually within a few hours. This can
lead to overestimating the performance of the system as it is not tested against fluctuations
in environmental and physiological factors. The system would probably require another
round of calibration to work well at another time.

Given the aforementioned problems, a clinical study with PwD spanning across a
substantial amount of time is essential to prove the feasibility of the noninvasive techniques.
A wide range of glucose values, normally from 50 to 400 mg/dL, should be used to ensure
low error rates for PwD. The study period should last several days or even weeks to test
the system against fluctuations in environmental and physiological factors. Last but not
least, a diverse population with underrepresented minority groups should also be included
in the study so that the technique is generalizable across populations.

Numerous efforts have been dedicated to achieving noninvasive glucose sensing, with
optical techniques receiving the most attention over the past decades. In vivo clinical
studies involving people with and without diabetes have shown promising results. Never-
theless, there are remaining challenges that require research effort to achieving practical
deployment, such as handling user diversity and environmental variations. By combin-
ing multiple modalities such as NIR spectroscopy and Raman spectroscopy, collecting a
comprehensive dataset from clinical studies involving individuals both with and without
diabetes, and leveraging deep learning technology for data analysis, the robustness of these
systems could be further improved, bringing them closer to meeting clinical standards.
Conversely, some non-optical methods have recently emerged, exhibiting some appeal-
ing properties compared with optical methods. However, additional clinical studies are
necessary to effectively demonstrate their feasibility on individuals.

With the recent advancements in technology, electronics have become smaller, more
efficient, and more powerful. Many previously insurmountable challenges have been
overcome. Despite the remaining obstacles, we maintain an optimistic outlook for future
progress and development in this field.

6. Conclusions

The field of noninvasive glucose sensing still has much room for improvement. Al-
though recent technological advancements have brought about great strides in these sensing
systems, making them more convenient and user-friendly, barriers to the commercialization
of these systems still remain. This includes calibration issues, racial/ethnic disparities,
physiological effects, and form factor of the systems. Addressing these barriers will be a
complex and ongoing process, but work is on the way to solving these problems. With
continuous effort, we expect an improved system and overall better care for PwD.



Sensors 2023, 23, 7057 27 of 34

Author Contributions: Writing—original draft, HM.C.L.; Writing—review & editing, G.P.F.,, TO.P.
and X.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Science Foundation grant number ECCS-2322879.

Conflicts of Interest: Forlenza conducts research supported by Medtronic, Dexcom, Abbott, Insulet,
Tandem, Beta Bionics, and Lilly and has been a speaker/consultant/ad board member for Medtronic,
Dexcom, Abbott, Insulet, Tandem, Beta Bionics, and Lilly. All other authors report no relevant COL

References

1. Centers for Disease Control and Prevention. National Diabetes Statistics Report. 2020. Available online: https://www.cdc.gov/
diabetes/data/statistics-report/index.html (accessed on 7 February 2023).

2. ElSayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, EM.; Bruemmer, D.; Collins, B.S.; Das, S.R.; Hilliard, M.E.;
Isaacs, D.; et al. 10. Cardiovascular Disease and Risk Management: Standards of Care in Diabetes—2023. Diabetes Care 2023,
46, 5158-5190. [CrossRef] [PubMed]

3. DeSalvo, D.J.; Noor, N.; Xie, C.; Corathers, S.D.; Majidi, S.; McDonough, RJ.; Polsky, S.; Izquierdo, R.; Rioles, N.; Weinstock, R.; et al.
Patient demographics and clinical outcomes among type 1 diabetes patients using continuous glucose monitors: Data from T1D
Exchange real-world observational study. J. Diabetes Sci. Technol. 2021, 17 , 322-328 . [CrossRef] [PubMed]

4. Cengiz, E.; Tamborlane, W.V. A tale of two compartments: Interstitial versus blood glucose monitoring. Diabetes Technol. Ther.
2009, 11, S-11. [CrossRef] [PubMed]

5. Thennadil, S.N.; Rennert, J.L.; Wenzel, B.J.; Hazen, K.H.; Ruchti, T.L.; Block, M.B. Comparison of glucose concentration in
interstitial fluid, and capillary and venous blood during rapid changes in blood glucose levels. Diabetes Technol. Ther. 2001,
3, 357-365. [CrossRef] [PubMed]

6.  Waghule, T.; Singhvi, G.; Dubey, S.K.; Pandey, M.M.; Gupta, G.; Singh, M.; Dua, K. Microneedles: A smart approach and
increasing potential for transdermal drug delivery system. Biomed. Pharmacother. 2019, 109, 1249-1258. [CrossRef] [PubMed]

7. Yeh, Y.L. Real-time measurement of glucose concentration and average refractive index using a laser interferometer. Opt. Lasers
Eng. 2008, 46, 666—-670. [CrossRef]

8.  Mekonnen, B.K; Yang, W.; Hsieh, T.H.; Liaw, S.K.; Yang, FL. Accurate prediction of glucose concentration and identification
of major contributing features from hardly distinguishable near-infrared spectroscopy. Biomed. Signal Process. Control 2020,
59, 101923. [CrossRef]

9.  Zhang, YJ.; Chen, S,; Yu, Y.L.; Wang, ].H. A miniaturized photoacoustic device with laptop readout for point-of-care testing of
blood glucose. Talanta 2020, 209, 120527. [CrossRef]

10. Aloraynan, A.; Rassel, S.; Xu, C.; Ban, D. A single wavelength mid-infrared photoacoustic spectroscopy for noninvasive glucose
detection using machine learning. Biosensors 2022, 12, 166. [CrossRef] [PubMed]

11. Kottmann, J.; Rey, ].M.; Luginbiihl, J.; Reichmann, E.; Sigrist, M.W. Glucose sensing in human epidermis using mid-infrared
photoacoustic detection. Biomed. Opt. Express 2012, 3, 667-680. [CrossRef] [PubMed]

12.  Sun, T.P; Shieh, H.L.; Ching, C.T.S,; Yao, Y.D.; Huang, S.H.; Liu, C.M.; Liu, W.H.; Chen, C.Y. Carbon nanotube composites for
glucose biosensor incorporated with reverse iontophoresis function for noninvasive glucose monitoring. Int. J. Nanomed. 2010,
5,343.

13. Ching, C.T.S,; Sun, T.P; Huang, S.H.; Shieh, H.L.; Chen, C.Y. A mediated glucose biosensor incorporated with reverse iontophore-
sis function for noninvasive glucose monitoring. Ann. Biomed. Eng. 2010, 38, 1548-1555. [CrossRef] [PubMed]

14. Olesberg, ].T; Liu, L.; Zee, V.V.; Arnold, M.A. In vivo near-infrared spectroscopy of rat skin tissue with varying blood glucose
levels. Anal. Chem. 2006, 78, 215-223. [CrossRef] [PubMed]

15.  Arnold, M.A;; Liu, L.; Olesberg, ].T. Selectivity assessment of noninvasive glucose measurements based on analysis of multivariate
calibration vectors. J. Diabetes Sci. Technol. 2007, 1, 454-462. [CrossRef]

16. Shih, W.C.; Bechtel, K.L.; Rebec, M.V. Noninvasive glucose sensing by transcutaneous Raman spectroscopy. J. Biomed. Opt. 2015,
20, 051036. [CrossRef]

17.  Kang, ] W.,; Park, Y.S.; Chang, H.; Lee, W,; Singh, S.P.; Choi, W.; Galindo, L.H.; Dasari, R.R.; Nam, S.H.; Park, ]J.; et al. Direct
observation of glucose fingerprint using in vivo Raman spectroscopy. Sci. Adv. 2020, 6, eaay5206. [CrossRef]

18.  Vashist, S.K. Non-invasive glucose monitoring technology in diabetes management: A review. Anal. Chim. Acta 2012, 750, 16-27.
[CrossRef]

19. Lin, T. Non-invasive glucose monitoring: A review of challenges and recent advances. Curr. Trends Biomed. Eng. Biosci. 2017,
6, 1-8. [CrossRef]

20. Villena Gonzales, W.; Mobashsher, A.T.; Abbosh, A. The progress of glucose monitoring—A review of invasive to minimally and
non-invasive techniques, devices and sensors. Sensors 2019, 19, 800. [CrossRef]

21. Shokrekhodaei, M.; Quinones, S. Review of non-invasive glucose sensing techniques: Optical, electrical and breath acetone.
Sensors 2020, 20, 1251. [CrossRef]

22. ElSayed, N.A,; Aleppo, G.; Aroda, VR, Bannuru, R.R;; Brown, EM.; Bruemmer, D.; Collins, B.S.; Hilliard, M.E.; Isaacs, D.;

Johnson, E.L.; et al. 2. Classification and Diagnosis of Diabetes: Standards of Care in Diabetes—2023. Diabetes Care 2023, 46, S19-540.
[CrossRef]


https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/diabetes/data/statistics-report/index.html
http://doi.org/10.2337/dc23-S010
http://www.ncbi.nlm.nih.gov/pubmed/36507632
http://dx.doi.org/10.1177/19322968211049783
http://www.ncbi.nlm.nih.gov/pubmed/34632823
http://dx.doi.org/10.1089/dia.2009.0002
http://www.ncbi.nlm.nih.gov/pubmed/19469670
http://dx.doi.org/10.1089/15209150152607132
http://www.ncbi.nlm.nih.gov/pubmed/11762514
http://dx.doi.org/10.1016/j.biopha.2018.10.078
http://www.ncbi.nlm.nih.gov/pubmed/30551375
http://dx.doi.org/10.1016/j.optlaseng.2008.04.008
http://dx.doi.org/10.1016/j.bspc.2020.101923
http://dx.doi.org/10.1016/j.talanta.2019.120527
http://dx.doi.org/10.3390/bios12030166
http://www.ncbi.nlm.nih.gov/pubmed/35323436
http://dx.doi.org/10.1364/BOE.3.000667
http://www.ncbi.nlm.nih.gov/pubmed/22574256
http://dx.doi.org/10.1007/s10439-010-9918-4
http://www.ncbi.nlm.nih.gov/pubmed/20087770
http://dx.doi.org/10.1021/ac051036i
http://www.ncbi.nlm.nih.gov/pubmed/16383330
http://dx.doi.org/10.1177/193229680700100402
http://dx.doi.org/10.1117/1.JBO.20.5.051036
http://dx.doi.org/10.1126/sciadv.aay5206
http://dx.doi.org/10.1016/j.aca.2012.03.043
http://dx.doi.org/10.19080/CTBEB.2017.06.555696
http://dx.doi.org/10.3390/s19040800
http://dx.doi.org/10.3390/s20051251
http://dx.doi.org/10.2337/dc23-S002

Sensors 2023, 23, 7057 28 of 34

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Hamman, R.E; Bell, R.A; Dabelea, D.; D’Agostino, R.B., Jr.; Dolan, L.; Imperatore, G.; Lawrence, ].M.; Linder, B.; Marcovina, S.M.;
Mayer-Davis, E.J.; et al. The SEARCH for Diabetes in Youth study: Rationale, findings, and future directions. Diabetes Care 2014,
37,3336-3344. [CrossRef]

Mayer-Davis, E.J.; Lawrence, ].M.; Dabelea, D.; Divers, J.; Isom, S.; Dolan, L.; Imperatore, G.; Linder, B.; Marcovina, S.;
Pettitt, D.J.; et al. Incidence trends of type 1 and type 2 diabetes among youths, 2002-2012. N. Engl. ]. Med. 2017, 376, 1419-1429.
[CrossRef] [PubMed]

Group, D.R. The Diabetes Control and Complications Trial (DCCT): Design and methodologic considerations for the feasibility
phase. Diabetes 1986, 35, 530-545. [CrossRef]

Control, D.; Group, C.T.R. The effect of intensive treatment of diabetes on the development and progression of long-term
complications in insulin-dependent diabetes mellitus. N. Engl. |. Med. 1993, 329, 977-986.

Diabetes Control and Complications Trial Research Group . Effect of intensive diabetes treatment on the development and pro-
gression of long-term complications in adolescents with insulin-dependent diabetes mellitus: Diabetes Control and Complications
Trial. J. Pediatr. 1994, 125, 177-188. [CrossRef] [PubMed]

ElSayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, EM.; Bruemmer, D.; Collins, B.S.; Hilliard, M.E.; Isaacs, D.;
Johnson, E.L.; et al. 5. Facilitating Positive Health Behaviors and Well-being to Improve Health Outcomes: Standards of Care in
Diabetes—2023. Diabetes Care 2023, 46, S68-596. [CrossRef]

Association, A.D. Children and adolescents: Standards of medical care in diabetes—2021. Diabetes Care 2021, 44, S180-5199.
[CrossRef] [PubMed]

Battelino, T.; Danne, T.; Bergenstal, R-M.; Amiel, S.A.; Beck, R.; Biester, T.; Bosi, E.; Buckingham, B.A.; Cefalu, W.T,;
Close, K.L.; et al. Clinical targets for continuous glucose monitoring data interpretation: Recommendations from the international
consensus on time in range. Diabetes Care 2019, 42, 1593-1603. [CrossRef] [PubMed]

Forlenza, G.P; Kushner, T.; Messer, L.H.; Wadwa, R P; Sankaranarayanan, S. Factory-calibrated continuous glucose monitoring: How
and why it works, and the dangers of reuse beyond approved duration of wear. Diabetes Technol. Ther. 2019, 21, 222-229. [CrossRef]
Kim, J.; Campbell, A.S.; Wang, ]. Wearable non-invasive epidermal glucose sensors: A review. Talanta 2018, 177, 163-170.
[CrossRef] [PubMed]

Roe, J.N.; Smoller, B.R. Bloodless glucose measurements. Crit. Rev. Ther. Drug Carr. Syst. 1998, 15, 199-241.

Christiansen, M.; Bailey, T.; Watkins, E.; Liljenquist, D.; Price, D.; Nakamura, K.; Boock, R.; Peyser, T. A new-generation continuous
glucose monitoring system: Improved accuracy and reliability compared with a previous-generation system. Diabetes Technol.
Ther. 2013, 15, 881-888. [CrossRef] [PubMed]

Siegmund, T.; Heinemann, L.; Kolassa, R.; Thomas, A. Discrepancies between blood glucose and interstitial glucose—Technological
artifacts or physiology: Implications for selection of the appropriate therapeutic target. J. Diabetes Sci. Technol. 2017, 11, 766-772.
[CrossRef] [PubMed]

Iguchi, S.; Kudo, H,; Saito, T.; Ogawa, M.; Saito, H.; Otsuka, K.; Funakubo, A.; Mitsubayashi, K. A flexible and wearable biosensor
for tear glucose measurement. Biomed. Microdevices 2007, 9, 603-609. [CrossRef]

Chu, M.X.; Miyajima, K.; Takahashi, D.; Arakawa, T.; Sano, K. Sawada, S.I; Kudo, H.; Iwasaki, Y.; Akiyoshi, K,
Mochizuki, M.; et al. Soft contact lens biosensor for in situ monitoring of tear glucose as non-invasive blood sugar as-
sessment. Talanta 2011, 83, 960-965. [CrossRef]

Park, J.; Kim, J.; Kim, S.Y.; Cheong, W.H.; Jang, J.; Park, Y.G.; Na, K,; Kim, Y.T.; Heo, ].H.; Lee, C.Y,; et al. Soft, smart contact lenses
with integrations of wireless circuits, glucose sensors, and displays. Sci. Adv. 2018, 4, eaap9841. [CrossRef]

Lin, Y.R.; Hung, C.C,; Chiu, H.Y,; Chang, P.H.; Li, B.R; Cheng, S.J.; Yang, ].W,; Lin, S.F,; Chen, G.Y. Noninvasive glucose
monitoring with a contact lens and smartphone. Sensors 2018, 18, 3208. [CrossRef]

Elsherif, M.; Hassan, M.U.; Yetisen, A.K.; Butt, H. Wearable contact lens biosensors for continuous glucose monitoring using
smartphones. ACS Nano 2018, 12, 5452-5462. [CrossRef]

Deng, M.; Song, G.; Zhong, K.; Wang, Z.; Xia, X.; Tian, Y. Wearable fluorescent contact lenses for monitoring glucose via a
smartphone. Sens. Actuators B Chem. 2022, 352, 131067. [CrossRef]

Heikenfeld, J. Non-invasive analyte access and sensing through eccrine sweat: Challenges and outlook circa 2016. Electroanalysis
2016, 28, 1242-1249. [CrossRef]

Gao, W.; Emaminejad, S.; Nyein, H.Y.Y.; Challa, S.; Chen, K,; Peck, A.; Fahad, H.M.; Ota, H.; Shiraki, H.; Kiriya, D.; et al. Fully
integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature 2016, 529, 509-514. [CrossRef] [PubMed]
Koh, A.; Kang, D.; Xue, Y.; Lee, S.; Pielak, RM.; Kim, J.; Hwang, T.; Min, S.; Banks, A.; Bastien, P; et al. A soft, wearable
microfluidic device for the capture, storage, and colorimetric sensing of sweat. Sci. Transl. Med. 2016, 8, 366ral65. [CrossRef]
[PubMed]

Martin, A.; Kim, J.; Kurniawan, J.F.; Sempionatto, J.R.; Moreto, J.R.; Tang, G.; Campbell, A.S.; Shin, A.; Lee, M.Y,; Liu, X; et al.
Epidermal microfluidic electrochemical detection system: Enhanced sweat sampling and metabolite detection. ACS Sens. 2017,
2,1860-1868. [CrossRef] [PubMed]

Lee, H,; Song, C.; Hong, Y.S.; Kim, M.; Cho, H.R.; Kang, T.; Shin, K.; Choi, S.H.; Hyeon, T.; Kim, D.H. Wearable/disposable
sweat-based glucose monitoring device with multistage transdermal drug delivery module. Sci. Adv. 2017, 3, e1601314. [CrossRef]
Bariya, M.; Nyein, H.Y.Y; Javey, A. Wearable sweat sensors. Nat. Electron. 2018, 1, 160-171. [CrossRef]


http://dx.doi.org/10.2337/dc14-0574
http://dx.doi.org/10.1056/NEJMoa1610187
http://www.ncbi.nlm.nih.gov/pubmed/28402773
http://dx.doi.org/10.2337/diab.35.5.530
http://dx.doi.org/10.1016/S0022-3476(94)70190-3
http://www.ncbi.nlm.nih.gov/pubmed/8040759
http://dx.doi.org/10.2337/dc23-S005
http://dx.doi.org/10.2337/dc21-S013
http://www.ncbi.nlm.nih.gov/pubmed/33298424
http://dx.doi.org/10.2337/dci19-0028
http://www.ncbi.nlm.nih.gov/pubmed/31177185
http://dx.doi.org/10.1089/dia.2018.0401
http://dx.doi.org/10.1016/j.talanta.2017.08.077
http://www.ncbi.nlm.nih.gov/pubmed/29108571
http://dx.doi.org/10.1089/dia.2013.0077
http://www.ncbi.nlm.nih.gov/pubmed/23777402
http://dx.doi.org/10.1177/1932296817699637
http://www.ncbi.nlm.nih.gov/pubmed/28322063
http://dx.doi.org/10.1007/s10544-007-9073-3
http://dx.doi.org/10.1016/j.talanta.2010.10.055
http://dx.doi.org/10.1126/sciadv.aap9841
http://dx.doi.org/10.3390/s18103208
http://dx.doi.org/10.1021/acsnano.8b00829
http://dx.doi.org/10.1016/j.snb.2021.131067
http://dx.doi.org/10.1002/elan.201600018
http://dx.doi.org/10.1038/nature16521
http://www.ncbi.nlm.nih.gov/pubmed/26819044
http://dx.doi.org/10.1126/scitranslmed.aaf2593
http://www.ncbi.nlm.nih.gov/pubmed/27881826
http://dx.doi.org/10.1021/acssensors.7b00729
http://www.ncbi.nlm.nih.gov/pubmed/29152973
http://dx.doi.org/10.1126/sciadv.1601314
http://dx.doi.org/10.1038/s41928-018-0043-y

Sensors 2023, 23, 7057 29 of 34

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

Cui, Y.;; Duan, W,; Jin, Y.; Wo, E; Xi, F; Wu, J. Ratiometric fluorescent nanohybrid for noninvasive and visual monitoring of sweat
glucose. ACS Sens. 2020, 5, 2096-2105. [CrossRef]

Soni, A.; Jha, S.K. A paper strip based non-invasive glucose biosensor for salivary analysis. Biosens. Bioelectron. 2015, 67, 763-768.
[CrossRef]

Zhang, W.; Du, Y,; Wang, M.L. Noninvasive glucose monitoring using saliva nano-biosensor. Sens. Bio-Sens. Res. 2015, 4, 23-29.
[CrossRef]

Arakawa, T.; Kuroki, Y.; Nitta, H.; Chouhan, P; Toma, K.; Sawada, S.I.; Takeuchi, S.; Sekita, T.; Akiyoshi, K.; Minakuchi, S.; et al.
Mouthguard biosensor with telemetry system for monitoring of saliva glucose: A novel cavitas sensor. Biosens. Bioelectron. 2016,
84,106-111. [CrossRef]

Diouf, A.; Bouchikhi, B.; El Bari, N. A nonenzymatic electrochemical glucose sensor based on molecularly imprinted polymer
and its application in measuring saliva glucose. Mater. Sci. Eng. C 2019, 98, 1196-1209. [CrossRef]

Hu, S.; Jiang, Y.; Wu, Y.; Guo, X,; Ying, Y.; Wen, Y.; Yang, H. Enzyme-free tandem reaction strategy for surface-enhanced Raman
scattering detection of glucose by using the composite of Au nanoparticles and porphyrin-based metal-organic framework. ACS
Appl. Mater. Interfaces 2020, 12, 55324-55330. [CrossRef]

Geelhoed-Duijvestijn, P.; Vegelyte, D.; Kownacka, A.; Anton, N.; Joosse, M.; Wilson, C. Performance of the prototype NovioSense
noninvasive biosensor for tear glucose in type 1 diabetes. . Diabetes Sci. Technol. 2021, 15, 1320-1325. [CrossRef] [PubMed]

Lin, C.; Pratt, B.; Honikel, M.; Jenish, A.; Ramesh, B.; Alkhan, A.; La Belle, ].T. Toward the development of a glucose
dehydrogenase-based saliva glucose sensor without the need for sample preparation. ]. Diabetes Sci. Technol. 2018, 12, 83-89.
[CrossRef]

La Count, T.D,; Jajack, A.; Heikenfeld, J.; Kasting, G.B. Modeling glucose transport from systemic circulation to sweat. J. Pharm.
Sci. 2019, 108, 364-371. [CrossRef] [PubMed]

Brothers, M.C.; DeBrosse, M.; Grigsby, C.C.; Naik, R.R.; Hussain, S.M.; Heikenfeld, J.; Kim, S.S. Achievements and challenges for
real-time sensing of analytes in sweat within wearable platforms. Accounts Chem. Res. 2019, 52, 297-306. [CrossRef]
Bandodkar, A.].; Jeerapan, I.; Wang, J. Wearable chemical sensors: Present challenges and future prospects. ACS Sens. 2016,
1,464-482. [CrossRef]

Heikenfeld, ].; Jajack, A.; Feldman, B.; Granger, S.W.; Gaitonde, S.; Begtrup, G.; Katchman, B.A. Accessing analytes in biofluids
for peripheral biochemical monitoring. Nat. Biotechnol. 2019, 37, 407-419. [CrossRef] [PubMed]

Johnston, L.; Wang, G.; Hu, K; Qian, C.; Liu, G. Advances in biosensors for continuous glucose monitoring towards wearables.
Front. Bioeng. Biotechnol. 2021, 9, 733810. [CrossRef]

Vasconcelos, A.C.U.; Soares, M.S.M.; Almeida, P.C.; Soares, T.C. Comparative study of the concentration of salivary and blood
glucose in type 2 diabetic patients. J. Oral Sci. 2010, 52, 293-298. [CrossRef] [PubMed]

Nyein, H.Y.Y,; Bariya, M.; Kivimdki, L.; Uusitalo, S.; Liaw, T.S.; Jansson, E.; Ahn, C.H.; Hangasky, ].A.; Zhao, J.; Lin, Y,; et al.
Regional and correlative sweat analysis using high-throughput microfluidic sensing patches toward decoding sweat. Sci. Adv.
2019, 5, eaaw9906. [CrossRef] [PubMed]

Aihara, M.; Kubota, N.; Minami, T.; Shirakawa, R.; Sakurai, Y.; Hayashi, T.; Iwamoto, M.; Takamoto, I.; Kubota, T.; Suzuki, R.; et al.
Association between tear and blood glucose concentrations: Random intercept model adjusted with confounders in tear samples
negative for occult blood. . Diabetes Investig. 2021, 12, 266-276. [CrossRef] [PubMed]

Garg, S.K,; Potts, R.O.; Ackerman, N.R.; Fermi, S.J.; Tamada, ].A.; Chase, H.P. Correlation of fingerstick blood glucose measure-
ments with GlucoWatch biographer glucose results in young subjects with type 1 diabetes. Diabetes Care 1999, 22, 1708-1714.
[CrossRef] [PubMed]

Clarke, W.L.; Cox, D.; Gonder-Frederick, L.A.; Carter, W.; Pohl, S.L. Evaluating clinical accuracy of systems for self-monitoring of
blood glucose. Diabetes Care 1987, 10, 622-628. [CrossRef] [PubMed]

Parkes, J.L.; Slatin, S.L.; Pardo, S.; Ginsberg, B.H. A new consensus error grid to evaluate the clinical significance of inaccuracies
in the measurement of blood glucose. Diabetes Care 2000, 23, 1143-1148. [CrossRef]

Food, U.; Administration, D. Self-Monitoring Blood Glucose Test Systems for Over-the-Counter Use. 2020. Available online:
https:/ /www.regulations.gov/docket/FDA-2013-D-1446 (accessed on 9 January 2023).

Doyle, R.J.; Burgan, H.M. Use of ultraviolet absorption for determination of sugars. Anal. Biochem. 1966, 17, 171-174. [CrossRef]
Geddes, C.D.; Lakowicz, J.R. Glucose Sensing; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2007; Volume 11.
Kottmann, J.; Rey, J].M.; Sigrist, M.W. Mid-Infrared photoacoustic detection of glucose in human skin: Towards non-invasive
diagnostics. Sensors 2016, 16, 1663. [CrossRef]

Tura, A.; Maran, A.; Pacini, G. Non-invasive glucose monitoring: Assessment of technologies and devices according to
quantitative criteria. Diabetes Res. Clin. Pract. 2007, 77, 16—40. [CrossRef]

Notingher, I.; Imhof, R.E. Mid-infrared in vivo depth-profiling of topical chemicals on skin. Ski. Res. Technol. 2004, 10, 113-121.
[CrossRef]

Duck, F.A. Physical Properties of Tissues: A Comprehensive Reference Book; Academic Press: Cambridge, MA, USA, 2013.
Chowdhury, M.K; Srivastava, A.; Sharma, N.; Sharma, S. Challenges & countermeasures in optical noninvasive blood glucose
detection. Int. J. Innov. Res. Sci. Eng. Technol. 2013, 2, 324-329.

Maruo, K.; Yamada, Y. Near-infrared noninvasive blood glucose prediction without using multivariate analyses: Introduction of
imaginary spectra due to scattering change in the skin. J. Biomed. Opt. 2015, 20, 047003. [CrossRef]


http://dx.doi.org/10.1021/acssensors.0c00718
http://dx.doi.org/10.1016/j.bios.2014.09.042
http://dx.doi.org/10.1016/j.sbsr.2015.02.002
http://dx.doi.org/10.1016/j.bios.2015.12.014
http://dx.doi.org/10.1016/j.msec.2019.01.001
http://dx.doi.org/10.1021/acsami.0c12988
http://dx.doi.org/10.1177/1932296820964844
http://www.ncbi.nlm.nih.gov/pubmed/33095035
http://dx.doi.org/10.1177/1932296817712526
http://dx.doi.org/10.1016/j.xphs.2018.09.026
http://www.ncbi.nlm.nih.gov/pubmed/30273561
http://dx.doi.org/10.1021/acs.accounts.8b00555
http://dx.doi.org/10.1021/acssensors.6b00250
http://dx.doi.org/10.1038/s41587-019-0040-3
http://www.ncbi.nlm.nih.gov/pubmed/30804536
http://dx.doi.org/10.3389/fbioe.2021.733810
http://dx.doi.org/10.2334/josnusd.52.293
http://www.ncbi.nlm.nih.gov/pubmed/20587956
http://dx.doi.org/10.1126/sciadv.aaw9906
http://www.ncbi.nlm.nih.gov/pubmed/31453333
http://dx.doi.org/10.1111/jdi.13344
http://www.ncbi.nlm.nih.gov/pubmed/32621777
http://dx.doi.org/10.2337/diacare.22.10.1708
http://www.ncbi.nlm.nih.gov/pubmed/10526740
http://dx.doi.org/10.2337/diacare.10.5.622
http://www.ncbi.nlm.nih.gov/pubmed/3677983
http://dx.doi.org/10.2337/diacare.23.8.1143
https://www.regulations.gov/docket/FDA-2013-D-1446
http://dx.doi.org/10.1016/0003-2697(66)90020-0
http://dx.doi.org/10.3390/s16101663
http://dx.doi.org/10.1016/j.diabres.2006.10.027
http://dx.doi.org/10.1111/j.1600-0846.2004.61.x
http://dx.doi.org/10.1117/1.JBO.20.4.047003

Sensors 2023, 23, 7057 30 of 34

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

Zhang, Z.; Cai, Z.; Han, G.; Sheng, W.; Liu, ]. Estimation of glucose absorption spectrum at its optimum pathlength for every
wavelength over a wide range. Spectrosc. Lett. 2016, 49, 588-595. [CrossRef]

Chen, J.; Arnold, M.A.; Small, G.W. Comparison of combination and first overtone spectral regions for near-infrared calibration
models for glucose and other biomolecules in aqueous solutions. Anal. Chem. 2004, 76, 5405-5413. [CrossRef] [PubMed]

Ash, C.; Dubec, M.; Donne, K.; Bashford, T. Effect of wavelength and beam width on penetration in light-tissue interaction using
computational methods. Lasers Med. Sci. 2017, 32, 1909-1918. [CrossRef]

Srichan, C.; Srichan, W.; Danvirutai, P.; Ritsongmuang, C.; Sharma, A.; Anutrakulchai, S. Non-invasively accuracy enhanced
blood glucose sensor using shallow dense neural networks with NIR monitoring and medical features. Sci. Rep. 2022, 12, 1769.
[CrossRef] [PubMed]

Malin, S.E; Ruchti, T.L.; Blank, T.B.; Thennadil, S.N.; Monfre, S.L. Noninvasive prediction of glucose by near-infrared diffuse
reflectance spectroscopy. Clin. Chem. 1999, 45, 1651-1658. [CrossRef]

Maruo, K.; Tsurugi, M.; Chin, J.; Ota, T.; Arimoto, H.; Yamada, Y.; Tamura, M.; Ishii, M.; Ozaki, Y. Noninvasive blood glucose
assay using a newly developed near-infrared system. IEEE J. Sel. Top. Quantum Electron. 2003, 9, 322-330. [CrossRef]

Blank, T.B.; Ruchti, T.L.; Lorenz, A.D.; Monfre, S.L.; Makarewicz, M.; Mattu, M.; Hazen, K. Clinical results from a noninvasive
blood glucose monitor. In Proceedings of the Optical Diagnostics and Sensing of Biological Fluids and Glucose and Cholesterol
Monitoring II, SPIE, San Jose, CA, USA, 23-24 January 2002; Volume 4624, pp. 1-10.

Burmeister, J.J.; Arnold, M.A. Evaluation of measurement sites for noninvasive blood glucose sensing with near-infrared
transmission spectroscopy. Clin. Chem. 1999, 45, 1621-1627. [CrossRef]

Lam, S.C.; Chung, ].W.; Fan, K.; Wong, T.K. Non-invasive blood glucose measurement by near infrared spectroscopy: Machine
drift, time drift and physiological effect. Spectroscopy 2010, 24, 629-639. [CrossRef]

Liakat, S.; Bors, K.A.; Xu, L.; Woods, C.M.; Doyle, J.; Gmachl, C.E. Noninvasive in vivo glucose sensing on human subjects using
mid-infrared light. Biomed. Opt. Express 2014, 5, 2397-2404. [CrossRef]

Haxha, S.; Jhoja, ]. Optical based noninvasive glucose monitoring sensor prototype. IEEE Photonics . 2016, 8, 1-11. [CrossRef]
Kasahara, R.; Kino, S.; Soyama, S.; Matsuura, Y. Noninvasive glucose monitoring using mid-infrared absorption spectroscopy
based on a few wavenumbers. Biomed. Opt. Express 2018, 9, 289-302. [CrossRef] [PubMed]

Chen, ].Y.; Zhou, Q.; Xu, G.; Wang, R.T.; Tai, E.G.; Xie, L.; Zhang, Q.; Guan, Y.; Huang, X. Non-invasive blood glucose measurement
of 95% certainty by pressure regulated Mid-IR. Talanta 2019, 197, 211-217. [CrossRef]

Han, G.; Chen, S.; Wang, X.; Wang, J.; Wang, H.; Zhao, Z. Noninvasive blood glucose sensing by near-infrared spectroscopy
based on PLSR combines SAE deep neural network approach. Infrared Phys. Technol. 2021, 113, 103620. [CrossRef]

Amir, O.; Weinstein, D.; Zilberman, S.; Less, M.; Perl-Treves, D.; Primack, H.; Weinstein, A.; Gabis, E.; Fikhte, B.; Karasik, A.
Continuous noninvasive glucose monitoring technology based on “occlusion spectroscopy”. J. Diabetes Sci. Technol. 2007, 1,
463-469. [CrossRef] [PubMed]

Segman, Y. Device and method for noninvasive glucose assessment. J. Diabetes Sci. Technol. 2018, 12, 1159-1168. [CrossRef]
Pfiitzner, A.; Strobl, S.; Demircik, F; Redert, L.; Pfiitzner, J.; Pfiitzner, A.H.; Lier, A. Evaluation of a new noninvasive glucose
monitoring device by means of standardized meal experiments. J. Diabetes Sci. Technol. 2018, 12, 1178-1183. [CrossRef]

Beard, P. Biomedical photoacoustic imaging. Interface Focus 2011, 1, 602—-631. [CrossRef]

Tam, A.C. Applications of photoacoustic sensing techniques. Rev. Mod. Phys. 1986, 58, 381. [CrossRef]

Yao, J.; Wang, L.V. Sensitivity of photoacoustic microscopy. Photoacoustics 2014, 2, 87-101. [CrossRef]

Von Lilienfeld-Toal, H.; Weidenmiiller, M.; Xhelaj, A.; Mantele, W. A novel approach to non-invasive glucose measurement by
mid-infrared spectroscopy: The combination of quantum cascade lasers (QCL) and photoacoustic detection. Vib. Spectrosc. 2005,
38, 209-215. [CrossRef]

Pleitez, M.; von Lilienfeld-Toal, H.; Méantele, W. Infrared spectroscopic analysis of human interstitial fluid in vitro and in vivo
using FI-IR spectroscopy and pulsed quantum cascade lasers (QCL): Establishing a new approach to non invasive glucose
measurement. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2012, 85, 61-65. [CrossRef] [PubMed]

Pai, PP; Sanki, PK.; De, A.; Banerjee, S. NIR photoacoustic spectroscopy for non-invasive glucose measurement. In Proceedings
of the 2015 37th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Milan, Italy,
25-29 August 2015; IEEE: Piscataway, NJ, USA, 2015; pp. 7978-7981.

Pai, PP; Sanki, PK,; Sahoo, S.K.; De, A.; Bhattacharya, S.; Banerjee, S. Cloud computing-based non-invasive glucose monitoring
for diabetic care. IEEE Trans. Circuits Syst. I Regul. Pap. 2017, 65, 663-676. [CrossRef]

Pleitez, M.A.; Lieblein, T.; Bauer, A.; Hertzberg, O.; von Lilienfeld-Toal, H.; Méntele, W. Windowless ultrasound photoacoustic
cell for in vivo mid-IR spectroscopy of human epidermis: Low interference by changes of air pressure, temperature, and humidity
caused by skin contact opens the possibility for a non-invasive monitoring of glucose in the interstitial fluid. Rev. Sci. Instruments
2013, 84, 084901.

Pleitez, M.A.; Lieblein, T.; Bauer, A.; Hertzberg, O.; von Lilienfeld-Toal, H.; Méantele, W. In vivo noninvasive monitoring of glucose
concentration in human epidermis by mid-infrared pulsed photoacoustic spectroscopy. Anal. Chem. 2013, 85, 1013-1020. [CrossRef]
Bauer, A.; Hertzberg, O.; Kiiderle, A.; Strobel, D.; Pleitez, M. A.; Mintele, W. IR-spectroscopy of skin in vivo: Optimal skin sites
and properties for non-invasive glucose measurement by photoacoustic and photothermal spectroscopy. J. Biophotonics 2018,
11, €201600261. [CrossRef]


http://dx.doi.org/10.1080/00387010.2016.1231117
http://dx.doi.org/10.1021/ac0498056
http://www.ncbi.nlm.nih.gov/pubmed/15362899
http://dx.doi.org/10.1007/s10103-017-2317-4
http://dx.doi.org/10.1038/s41598-022-05570-8
http://www.ncbi.nlm.nih.gov/pubmed/35110583
http://dx.doi.org/10.1093/clinchem/45.9.1651
http://dx.doi.org/10.1109/JSTQE.2003.811283
http://dx.doi.org/10.1093/clinchem/45.9.1621
http://dx.doi.org/10.1155/2010/929506
http://dx.doi.org/10.1364/BOE.5.002397
http://dx.doi.org/10.1109/JPHOT.2016.2616491
http://dx.doi.org/10.1364/BOE.9.000289
http://www.ncbi.nlm.nih.gov/pubmed/29359104
http://dx.doi.org/10.1016/j.talanta.2019.01.034
http://dx.doi.org/10.1016/j.infrared.2020.103620
http://dx.doi.org/10.1177/193229680700100403
http://www.ncbi.nlm.nih.gov/pubmed/19885108
http://dx.doi.org/10.1177/1932296818763457
http://dx.doi.org/10.1177/1932296818758769
http://dx.doi.org/10.1098/rsfs.2011.0028
http://dx.doi.org/10.1103/RevModPhys.58.381
http://dx.doi.org/10.1016/j.pacs.2014.04.002
http://dx.doi.org/10.1016/j.vibspec.2005.02.025
http://dx.doi.org/10.1016/j.saa.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/22000639
http://dx.doi.org/10.1109/TCSI.2017.2724012
http://dx.doi.org/10.1021/ac302841f
http://dx.doi.org/10.1002/jbio.201600261

Sensors 2023, 23, 7057 31 of 34

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Sim, J.Y.; Ahn, C.G.; Jeong, E.J.; Kim, B.K. In vivo microscopic photoacoustic spectroscopy for non-invasive glucose monitoring
invulnerable to skin secretion products. Sci. Rep. 2018, 8, 1059. [CrossRef]

Smith, E.; Dent, G. Modern Raman Spectroscopy: A Practical Approach; John Wiley & Sons: Hoboken, NJ, USA, 2019.

Shao, J.; Lin, M,; Li, Y;; Li, X,; Liu, J.; Liang, J.; Yao, H. In vivo blood glucose quantification using Raman spectroscopy. PLoS ONE
2012, 7, e48127. [CrossRef]

Li, N.; Zang, H.; Sun, H,; Jiao, X.; Wang, K,; Liu, T.C.Y,; Meng, Y. A noninvasive accurate measurement of blood glucose levels
with raman spectroscopy of blood in microvessels. Molecules 2019, 24, 1500. [CrossRef]

Pleus, S.; Schauer, S.; Jendrike, N.; Zschornack, E.; Link, M.; Hepp, K.D.; Haug, C.; Freckmann, G. Proof of concept for a new
Raman-based prototype for noninvasive glucose monitoring. J. Diabetes Sci. Technol. 2021, 15, 11-18. [CrossRef]

Enejder, A.M.; Scecina, T.G.; Oh, J.; Hunter, M.; Shih, W.; Sasic, S.; Horowitz, G.L.; Feld, M.S. Raman spectroscopy for noninvasive
glucose measurements. J. Biomed. Opt. 2005, 10, 031114. [CrossRef] [PubMed]

Lipson, J.; Bernhardt, J.; Block, U.; Freeman, W.R.; Hofmeister, R.; Hristakeva, M.; Lenosky, T.; McNamara, R.; Petrasek, D.;
Veltkamp, D.; et al. Requirements for calibration in noninvasive glucose monitoring by Raman spectroscopy. J. Diabetes Sci.
Technol. 2009, 3, 233-241. [CrossRef] [PubMed]

Lundsgaard-Nielsen, S.M.; Pors, A.; Banke, S.O.; Henriksen, ].E.; Hepp, D.K.; Weber, A. Critical-depth Raman spectroscopy
enables home-use non-invasive glucose monitoring. PLoS ONE 2018, 13, e0197134. [CrossRef] [PubMed]

Hanlon, E.; Manoharan, R.; Koo, T.; Shafer, K.; Motz, J.; Fitzmaurice, M.; Kramer, J.; Itzkan, I.; Dasari, R.; Feld, M. Prospects for in
vivo Raman spectroscopy. Phys. Med. Biol. 2000, 45, R1. [CrossRef]

Windholz, M. The Merck Index: An Encyclopedia of Chemicals and Drugs; Merck & Co.: Rahway, NJ, USA, 1976.

Stefan-van Staden, R.I.; Mitrofan, G. Molecular enantiorecognition of I-glucose and d-glucose in whole blood samples. Chirality
2018, 30, 680-685. [CrossRef]

Wood, M.E; Ghosh, N.; Guo, X.; Vitkin, .A. Towards noninvasive glucose sensing using polarization analysis of multiply
scattered light. In Handbook of Optical Sensing of Glucose in Biological Fluids and Tissues; CRC Press: Boca Raton, FL, USA, 2008;
Volume 12.

Rabinovitch, B.; March, W.; Adams, R.L. Noninvasive glucose monitoring of the aqueous humor of the eye: Part I. Measurement
of very small optical rotations. Diabetes Care 1982, 5, 254-258. [CrossRef]

Coté, G.L.; Fox, M.D.; Northrop, R.B. Noninvasive optical polarimetric glucose sensing using a true phase measurement technique.
IEEE Trans. Biomed. Eng. 1992, 39, 752-756. [CrossRef]

Cameron, B.D.; Cote, G.L. Noninvasive glucose sensing utilizing a digital closed-loop polarimetric approach. IEEE Trans. Biomed.
Eng. 1997, 44, 1221-1227. [CrossRef]

Malik, B.H.; Coté, G.L. Real-time, closed-loop dual-wavelength optical polarimetry for glucose monitoring. J. Biomed. Opt. 2010,
15, 017002. [CrossRef]

Phan, Q.H.; Lai, Y.R,; Xiao, W.Z.; Pham, T.T.; Lien, C.H. Surface plasmon resonance prism coupler for enhanced circular
birefringence sensing and application to non-invasive glucose detection. Opt. Express 2020, 28, 24889-24899. [CrossRef]

Baba, J.S.; Cameron, B.D.; Cote, G.L. Effect of temperature, pH, and corneal birefringence on polarimetric glucose monitoring in
the eye. J. Biomed. Opt. 2002, 7, 321-328. [CrossRef] [PubMed]

Purvinis, G.; Cameron, B.D.; Altrogge, D.M. Noninvasive polarimetric-based glucose monitoring: An in vivo study. . Diabetes
Sci. Technol. 2011, 5, 380-387. [CrossRef] [PubMed]

Pirnstill, C.W.; Malik, B.H.; Gresham, V.C.; Coté, G.L. In vivo glucose monitoring using dual-wavelength polarimetry to overcome
corneal birefringence in the presence of motion. Diabetes Technol. Ther. 2012, 14, 819-827. [CrossRef] [PubMed]

Li, T; Bai, D.; Prioleau, T.; Bui, N.; Vu, T.; Zhou, X. Noninvasive glucose monitoring using polarized light. In Proceedings of the
Proceedings of the 18th Conference on Embedded Networked Sensor Systems, Virtual, 16-19 November 2020; pp. 544-557.
Jacques, S.L.; Lee, K.; Ramella-Roman, J.C. Scattering of polarized light by biological tissues. In Proceedings of the Saratov Fall
Meeting’99: Optical Technologies in Biophysics and Medicine, SPIE, Saratov, Russia, 5-8 October 1999; Volume 4001, pp. 14-28.
Aslan, K,; Lakowicz, ].R.; Geddes, C.D. Nanogold-plasmon-resonance-based glucose sensing. Anal. Biochem. 2004, 330, 145-155.
[CrossRef] [PubMed]

Yuan, H.; Ji, W.; Chu, S; Qian, S.; Wang, F.; Masson, ].F.; Han, X.; Peng, W. Fiber-optic surface plasmon resonance glucose sensor
enhanced with phenylboronic acid modified Au nanoparticles. Biosens. Bioelectron. 2018, 117, 637-643. [CrossRef]

Maier, J.S.; Walker, S.A.; Fantini, S.; Franceschini, M.A.; Gratton, E. Possible correlation between blood glucose concentration and
the reduced scattering coefficient of tissues in the near infrared. Opt. Lett. 1994, 19, 2062-2064. [CrossRef]

Larin, K.V.; Motamedi, M.; Ashitkov, T.V.; Esenaliev, R.O. Specificity of noninvasive blood glucose sensing using optical coherence
tomography technique: A pilot study. Phys. Med. Biol. 2003, 48, 1371. [CrossRef]

Kinnunen, M.T.; Myllyla, R.A.; Vainio, S. Detecting glucose-induced changes in in vitro and in vivo experiments with optical
coherence tomography. J. Biomed. Opt. 2008, 13, 021111. [CrossRef]

Gabbay, R.A ; Sivarajah, S. Optical coherence tomography-based continuous noninvasive glucose monitoring in patients with
diabetes. Diabetes Technol. Ther. 2008, 10, 188-193. [CrossRef]

Kuranov, R.V.; Sapozhnikova, V.V.; Prough, D.S.; Cicenaite, I.; Esenaliev, R.O. In vivo study of glucose-induced changes in skin
properties assessed with optical coherence tomography. Phys. Med. Biol. 2006, 51, 3885. [CrossRef]


http://dx.doi.org/10.1038/s41598-018-19340-y
http://dx.doi.org/10.1371/journal.pone.0048127
http://dx.doi.org/10.3390/molecules24081500
http://dx.doi.org/10.1177/1932296820947112
http://dx.doi.org/10.1117/1.1920212
http://www.ncbi.nlm.nih.gov/pubmed/16229639
http://dx.doi.org/10.1177/193229680900300203
http://www.ncbi.nlm.nih.gov/pubmed/20144354
http://dx.doi.org/10.1371/journal.pone.0197134
http://www.ncbi.nlm.nih.gov/pubmed/29750797
http://dx.doi.org/10.1088/0031-9155/45/2/201
http://dx.doi.org/10.1002/chir.22843
http://dx.doi.org/10.2337/diacare.5.3.254
http://dx.doi.org/10.1109/10.142650
http://dx.doi.org/10.1109/10.649993
http://dx.doi.org/10.1117/1.3290819
http://dx.doi.org/10.1364/OE.400721
http://dx.doi.org/10.1117/1.1484163
http://www.ncbi.nlm.nih.gov/pubmed/12175281
http://dx.doi.org/10.1177/193229681100500227
http://www.ncbi.nlm.nih.gov/pubmed/21527109
http://dx.doi.org/10.1089/dia.2012.0070
http://www.ncbi.nlm.nih.gov/pubmed/22691020
http://dx.doi.org/10.1016/j.ab.2004.03.032
http://www.ncbi.nlm.nih.gov/pubmed/15183773
http://dx.doi.org/10.1016/j.bios.2018.06.042
http://dx.doi.org/10.1364/OL.19.002062
http://dx.doi.org/10.1088/0031-9155/48/10/310
http://dx.doi.org/10.1117/1.2904957
http://dx.doi.org/10.1089/dia.2007.0277
http://dx.doi.org/10.1088/0031-9155/51/16/001

Sensors 2023, 23, 7057 32 of 34

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.
142.
143.
144.
145.
146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Esenaliev, R.O,; Larin, K.V.; Larina, I.V.; Motamedi, M. Noninvasive monitoring of glucose concentration with optical coherence
tomography. Opt. Lett. 2001, 26, 992-994. [CrossRef] [PubMed]

Chen, T.L,; Lo, Y.L.; Liao, C.C.; Phan, Q.H. Noninvasive measurement of glucose concentration on human fingertip by optical
coherence tomography. J. Biomed. Opt. 2018, 23, 047001. [CrossRef] [PubMed]

Park, E.Y.; Baik, J.; Kim, H.; Park, S.M.; Kim, C. Ultrasound-modulated optical glucose sensing using a 1645 nm laser. Sci. Rep.
2020, 10, 13361. [CrossRef] [PubMed]

Monte-Moreno, E. Non-invasive estimate of blood glucose and blood pressure from a photoplethysmograph by means of machine
learning techniques. Artif. Intell. Med. 2011, 53, 127-138. [CrossRef]

Hossain, S.; Debnath, B.; Biswas, S.; Al-Hossain, M.].; Anika, A.; Navid, S.K.Z. Estimation of Blood Glucose from PPG Signal
Using Convolutional Neural Network. In Proceedings of the 2019 IEEE International Conference on Biomedical Engineering,
Computer and Information Technology for Health (BECITHCON), Dhaka, Bangladesh, 28-30 November 2019; IEEE: Piscataway,
NJ, USA, 2019; pp. 53-58.

Habbu, S.; Dale, M.; Ghongade, R. Estimation of blood glucose by non-invasive method using photoplethysmography. Sadhana
2019, 44, 135. [CrossRef]

Hina, A.; Saadeh, W. A noninvasive glucose monitoring SoC based on single wavelength photoplethysmography. IEEE Trans.
Biomed. Circuits Syst. 2020, 14, 504-515. [CrossRef] [PubMed]

Zhou, X,; Ling, BW.K; Tian, Z.; Ho, Y.W.; Teo, K.L. Joint empirical mode decomposition, exponential function estimation and L 1
norm approach for estimating mean value of photoplethysmogram and blood glucose level. IET Signal Process. 2020, 14, 652—-665.
[CrossRef]

Gupta, S.S.; Kwon, T.H.; Hossain, S.; Kim, K.D. Towards non-invasive blood glucose measurement using machine learning: An
all-purpose PPG system design. Biomed. Signal Process. Control 2021, 68, 102706. [CrossRef]

Castaneda, D.; Esparza, A.; Ghamari, M.; Soltanpur, C.; Nazeran, H. A review on wearable photoplethysmography sensors and
their potential future applications in health care. Int. ]. Biosens. Bioelectron. 2018, 4, 195.

Merino, V.; Kalia, Y.N.; Guy, R.H. Transdermal therapy and diagnosis by iontophoresis. Trends Biotechnol. 1997, 15, 288-290. [CrossRef]
Green, P.G. Iontophoretic delivery of peptide drugs. J. Control. Release 1996, 41, 33—48. [CrossRef]

Burnette, R.R.; Ongpipattanakul, B. Characterization of the permselective properties of excised human skin during iontophoresis.
J. Pharm. Sci. 1987, 76, 765-773. [CrossRef] [PubMed]

Potts, R.O.; Tamada, ].A.; Tierney, M.]. Glucose monitoring by reverse iontophoresis. Diabetes/Metab. Res. Rev. 2002, 18, S49-553.
[CrossRef] [PubMed]

Tierney, M.].; Tamada, J.A.; Potts, R.O.; Eastman, R.C,; Pitzer, K.; Ackerman, N.R.; Fermi, S.J. The GlucoWatch® biographer: A
frequent, automatic and noninvasive glucose monitor. Ann. Med. 2000, 32, 632-641. [CrossRef] [PubMed]

Tierney, M.; Tamada, J.; Potts, R.; Jovanovic, L.; Garg, S.; Cygnus Research Team. Clinical evaluation of the GlucoWatch®
biographer: A continual, non-invasive glucose monitor for patients with diabetes. Biosens. Bioelectron. 2001, 16, 621-629.
[CrossRef] [PubMed]

Pitzer, K.R.; Desai, S.; Dunn, T.; Jayalakshmi, S.E.; Kennedy, J.; Tamada, J.A.; Potts, R.O. Detection of hypoglycemia with the
GlucoWatch biographer. Clin. Diabetol. 2001, 2, 307-314. [CrossRef]

McCormick, C.; Heath, D.; Connolly, P. Towards blood free measurement of glucose and potassium in humans using reverse
iontophoresis. Sensors Actuators B Chem. 2012, 166, 593-600. [CrossRef]

Bandodkar, AJ.; Jia, W,; Yardimci, C.; Wang, X.; Ramirez, ]J.; Wang, ]J. Tattoo-based noninvasive glucose monitoring: A
proof-of-concept study. Anal. Chem. 2015, 87, 394-398. [CrossRef]

De la Paz, E.; Barfidokht, A.; Rios, S.; Brown, C.; Chao, E.; Wang, ]. Extended Noninvasive Glucose Monitoring in the Interstitial
Fluid Using an Epidermal Biosensing Patch. Anal. Chem. 2021, 93, 12767-12775. [CrossRef]

Cai, S.; Xu, C,; Jiang, D.; Yuan, M.; Zhang, Q.; Li, Z.; Wang, Y. Air-permeable electrode for highly sensitive and noninvasive
glucose monitoring enabled by graphene fiber fabrics. Nano Energy 2022, 93, 106904. [CrossRef]

Yao, Y; Chen, |J.; Guo, Y; Lv, T,; Chen, Z; Li, N.; Cao, S.; Chen, B.; Chen, T. Integration of interstitial fluid extraction and glucose
detection in one device for wearable non-invasive blood glucose sensors. Biosens. Bioelectron. 2021, 179, 113078. [CrossRef]
[PubMed]

Xu, C,; Jiang, D.; Ge, Y.; Huang, L.; Xiao, Y.; Ren, X,; Liu, X.; Zhang, Q.; Wang, Y. A PEDOT: PSS conductive hydrogel incorporated
with Prussian blue nanoparticles for wearable and noninvasive monitoring of glucose. Chem. Eng. . 2022, 431, 134109. [CrossRef]
Chen, Y,; Lu, S;; Zhang, S.; Li, Y,; Qu, Z.; Chen, Y,; Lu, B.; Wang, X.; Feng, X. Skin-like biosensor system via electrochemical
channels for noninvasive blood glucose monitoring. Sci. Adv. 2017, 3, e1701629. [CrossRef] [PubMed]

Chang, T.; Li, H.; Zhang, N,; Jiang, X.; Yu, X.; Yang, Q.; Jin, Z.; Meng, H.; Chang, L. Highly integrated watch for noninvasive
continual glucose monitoring. Microsystems Nanoeng. 2022, 8, 25. [CrossRef]

Hakala, T.A.; Garcia Pérez, A.; Wardale, M.; Ruuth, I.A.; Vanskd, R.T.; Nurminen, T.A.; Kemp, E.; Boeva, Z.A.; Alakoskela, ].M.;
Pettersson-Fernholm, K.; et al. Sampling of fluid through skin with magnetohydrodynamics for noninvasive glucose monitoring.
Sci. Rep. 2021, 11, 7609. [CrossRef]

Kemp, E.; Paloméki, T.; Ruuth, L.A.; Boeva, Z.A.; Nurminen, T.A.; Vanskd, R.T.; Zschaechner, L K.; Pérez, A.G.; Hakala, T A,;
Wardale, M.; et al. Influence of enzyme immobilization and skin-sensor interface on non-invasive glucose determination from
interstitial fluid obtained by magnetohydrodynamic extraction. Biosens. Bioelectron. 2022, 206, 114123. [CrossRef]


http://dx.doi.org/10.1364/OL.26.000992
http://www.ncbi.nlm.nih.gov/pubmed/18040511
http://dx.doi.org/10.1117/1.JBO.23.4.047001
http://www.ncbi.nlm.nih.gov/pubmed/29637760
http://dx.doi.org/10.1038/s41598-020-70305-6
http://www.ncbi.nlm.nih.gov/pubmed/32770091
http://dx.doi.org/10.1016/j.artmed.2011.05.001
http://dx.doi.org/10.1007/s12046-019-1118-9
http://dx.doi.org/10.1109/TBCAS.2020.2979514
http://www.ncbi.nlm.nih.gov/pubmed/32149655
http://dx.doi.org/10.1049/iet-spr.2020.0096
http://dx.doi.org/10.1016/j.bspc.2021.102706
http://dx.doi.org/10.1016/S0167-7799(97)01069-X
http://dx.doi.org/10.1016/0168-3659(96)01354-5
http://dx.doi.org/10.1002/jps.2600761003
http://www.ncbi.nlm.nih.gov/pubmed/3123641
http://dx.doi.org/10.1002/dmrr.210
http://www.ncbi.nlm.nih.gov/pubmed/11921430
http://dx.doi.org/10.3109/07853890009002034
http://www.ncbi.nlm.nih.gov/pubmed/11209971
http://dx.doi.org/10.1016/S0956-5663(01)00189-0
http://www.ncbi.nlm.nih.gov/pubmed/11679237
http://dx.doi.org/10.2337/diacare.24.5.881
http://dx.doi.org/10.1016/j.snb.2012.03.016
http://dx.doi.org/10.1021/ac504300n
http://dx.doi.org/10.1021/acs.analchem.1c02887
http://dx.doi.org/10.1016/j.nanoen.2021.106904
http://dx.doi.org/10.1016/j.bios.2021.113078
http://www.ncbi.nlm.nih.gov/pubmed/33607417
http://dx.doi.org/10.1016/j.cej.2021.134109
http://dx.doi.org/10.1126/sciadv.1701629
http://www.ncbi.nlm.nih.gov/pubmed/29279864
http://dx.doi.org/10.1038/s41378-022-00355-5
http://dx.doi.org/10.1038/s41598-021-86931-7
http://dx.doi.org/10.1016/j.bios.2022.114123

Sensors 2023, 23, 7057 33 of 34

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Hakala, T.A.; Zschaechner, L.K.; Vianski, R.T.; Nurminen, T.A.; Wardale, M.; Morina, J.; Boeva, Z.A.; Saukkonen, R.; Alakoskela,
J.M.; Pettersson-Fernholm, K,; et al. Pilot study in human healthy volunteers on the use of magnetohydrodynamics in needle-free
continuous glucose monitoring. Sci. Rep. 2022, 12, 18318. [CrossRef]

Meidan, V.; Michniak-Kohn, B.B. Ultrasound-based Technology for skin barrier permeabilization. In Handbook of Non-Invasive
Drug Delivery Systems; Elsevier: Amsterdam, The Netherlands, 2010; pp. 119-133.

Kost, J.; Mitragotri, S.; Gabbay, R.A.; Pishko, M.; Langer, R. Transdermal monitoring of glucose and other analytes using
ultrasound. Nat. Med. 2000, 6, 347-350. [CrossRef]

Lee, S.; Nayak, V.; Dodds, J.; Pishko, M.; Smith, N.B. Glucose measurements with sensors and ultrasound. Ultrasound Med. Biol.
2005, 31, 971-977. [CrossRef]

Buford, R.J.; Green, E.C.; McClung, M.]. A microwave frequency sensor for non-invasive blood-glucose measurement. In
Proceedings of the 2008 IEEE Sensors Applications Symposium, Atlanta, GA, USA, 12-14 February 2008; IEEE: Piscataway, NJ,
USA, 2008; pp. 4-7.

Hofmann, M.; Fischer, G.; Weigel, R.; Kissinger, D. Microwave-based noninvasive concentration measurements for biomedical
applications. IEEE Trans. Microw. Theory Tech. 2013, 61, 2195-2204. [CrossRef]

Omer, A.E,; Shaker, G.; Safavi-Naeini, S.; Kokabi, H.; Alquié, G.; Deshours, F,; Shubair, R.M. Low-cost portable microwave sensor
for non-invasive monitoring of blood glucose level: Novel design utilizing a four-cell CSRR hexagonal configuration. Sci. Rep.
2020, 10, 15200. [CrossRef] [PubMed]

Baghelani, M.; Abbasi, Z.; Daneshmand, M.; Light, P.E. Non-invasive continuous-time glucose monitoring system using a chipless
printable sensor based on split ring microwave resonators. Sci. Rep. 2020, 10, 12980. [CrossRef] [PubMed]

Kiani, S.; Rezaei, P.; Fakhr, M. Dual-frequency microwave resonant sensor to detect noninvasive glucose-level changes through
the fingertip. IEEE Trans. Instrum. Meas. 2021, 70, 1-8. [CrossRef]

Obaid, S.M.; Elwi, T.A ; Ilyas, M. Fractal Minkowski-shaped resonator for noninvasive biomedical measurements: Blood glucose
test. Prog. Electromagn. Res. C 2021, 107, 143-156. [CrossRef]

Siegel, PH.; Tang, A.; Virbila, G.; Kim, Y.; Chang, M.E; Pikov, V. Compact non-invasive millimeter-wave glucose sensor. In
Proceedings of the 2015 40th International Conference on Infrared, Millimeter, and Terahertz waves (IRMMW-THz), Hong Kong,
China, 23-28 August 2015; IEEE: Piscataway, NJ, USA, 2015; pp. 1-3.

Siegel, PH.; Dai, W.; Kloner, R.A.; Csete, M.; Pikov, V. First millimeter-wave animal in vivo measurements of L-Glucose and
D-Glucose: Further steps towards a non-invasive glucometer. In Proceedings of the 2016 41st International Conference on
Infrared, Millimeter, and Terahertz waves (IRMMW-THz), Copenhagen, Denmark, 25-30 September 2016; IEEE: Piscataway, NJ,
USA, 2016; pp. 1-3.

Omer, A.E.; Shaker, G.; Safavi-Naeini, S.; Murray, K.; Hughson, R. Glucose levels detection using mm-wave radar. IEEE Sens.
Lett. 2018, 2, 1-4. [CrossRef]

Omer, A.E; Safavi-Naeini, S.; Hughson, R.; Shaker, G. Blood glucose level monitoring using an FMCW millimeter-wave radar
sensor. Remote. Sens. 2020, 12, 385. [CrossRef]

Fuchs, J.; Herrling, T.; Groth, N. Detection of free radicals in skin: A review of the literature and new developments. Curr. Probl.
Dermatol. 2001, 29, 1-17.

Abdalla, S.; Al-Ameer, S.; Al-Magaishi, S. Electrical properties with relaxation through human blood. Biomicrofluidics 2010,
4,034101. [CrossRef]

Karacolak, T.; Moreland, E.C.; Topsakal, E. Cole—cole model for glucose-dependent dielectric properties of blood plasma for
continuous glucose monitoring. Microw. Opt. Technol. Lett. 2013, 55, 1160-1164. [CrossRef]

Choi, H.; Naylon, ].; Luzio, S.; Beutler, J.; Birchall, J.; Martin, C.; Porch, A. Design and in vitro interference test of microwave
noninvasive blood glucose monitoring sensor. IEEE Trans. Microw. Theory Tech. 2015, 63, 3016-3025. [CrossRef]

Choi, H.; Luzio, S.; Beutler, J.; Porch, A. Microwave noninvasive blood glucose monitoring sensor: Penetration depth and
sensitivity analysis. In Proceedings of the 2018 IEEE International Microwave Biomedical Conference (IMBioC), Philadelphia, PA,
USA, 14-15 June 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 52-54.

Yang, J.; Qi, L.; Li, B.; Wu, L.; Shi, D.; Uqaili, J.A.; Tao, X. A terahertz metamaterial sensor used for distinguishing glucose
concentration. Results Phys. 2021, 26, 104332. [CrossRef]

Chen, H.; Chen, X.; Ma, S.; Wu, X,; Yang, W.; Zhang, W.; Li, X. Quantify glucose level in freshly diabetic’s blood by terahertz
time-domain spectroscopy. J. Infrared Millim. Terahertz Waves 2018, 39, 399-408. [CrossRef]

Lykina, A.A.; Nazarov, M.M.; Konnikova, M.R.; Mustafin, L. A.; Vaks, V.L.; Anfertev, V.A.; Domracheva, E.G.; Chernyaeva, M.B,;
Kistenev, Y.V.; Vrazhnov, D.A; et al. Terahertz spectroscopy of diabetic and non-diabetic human blood plasma pellets. J. Biomed.
Opt. 2021, 26, 043006. [CrossRef] [PubMed]

Smolyanskaya, O.; Chernomyrdin, N.; Konovko, A.; Zaytsev, K.; Ozheredov, I.; Cherkasova, O.; Nazarov, M.; Guillet, ].P;
Kozlov, S.; Kistenev, Y.V,; et al. Terahertz biophotonics as a tool for studies of dielectric and spectral properties of biological
tissues and liquids. Prog. Quantum Electron. 2018, 62, 1-77. [CrossRef]

Cherkasova, O.; Nazarov, M.; Konnikova, M.; Shkurinov, A. THz spectroscopy of bound water in glucose: Direct measurements
from crystalline to dissolved state. J. Infrared Millim. Terahertz Waves 2020, 41, 1057-1068. [CrossRef]

Kamat, D.; Bagul, D.; Patil, P. Blood glucose measurement using bioimpedance technique. Adv. Electron. 2014, 2014, 406257. [CrossRef]


http://dx.doi.org/10.1038/s41598-022-21424-9
http://dx.doi.org/10.1038/73213
http://dx.doi.org/10.1016/j.ultrasmedbio.2005.04.004
http://dx.doi.org/10.1109/TMTT.2013.2250516
http://dx.doi.org/10.1038/s41598-020-72114-3
http://www.ncbi.nlm.nih.gov/pubmed/32938996
http://dx.doi.org/10.1038/s41598-020-69547-1
http://www.ncbi.nlm.nih.gov/pubmed/32737348
http://dx.doi.org/10.1109/TIM.2021.3052011
http://dx.doi.org/10.2528/PIERC20072603
http://dx.doi.org/10.1109/LSENS.2018.2865165
http://dx.doi.org/10.3390/rs12030385
http://dx.doi.org/10.1063/1.3458908
http://dx.doi.org/10.1002/mop.27515
http://dx.doi.org/10.1109/TMTT.2015.2472019
http://dx.doi.org/10.1016/j.rinp.2021.104332
http://dx.doi.org/10.1007/s10762-017-0462-2
http://dx.doi.org/10.1117/1.JBO.26.4.043006
http://www.ncbi.nlm.nih.gov/pubmed/33580640
http://dx.doi.org/10.1016/j.pquantelec.2018.10.001
http://dx.doi.org/10.1007/s10762-020-00684-4
http://dx.doi.org/10.1155/2014/406257

Sensors 2023, 23, 7057 34 of 34

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.
200.

201.

202.

203.

204.

205.

206.

207.

Li, J.; Igbe, T.; Liu, Y.; Nie, Z.; Qin, W.; Wang, L.; Hao, Y. An approach for noninvasive blood glucose monitoring based on
bioimpedance difference considering blood volume pulsation. IEEE Access 2018, 6, 51119-51129. [CrossRef]

Pedro, B.G.; Marcondes, D.W.C.; Bertemes-Filho, P. Analytical model for blood glucose detection using electrical impedance
spectroscopy. Sensors 2020, 20, 6928. [CrossRef]

Cho, O.K,; Kim, Y.O.; Mitsumaki, H.; Kuwa, K. Noninvasive measurement of glucose by metabolic heat conformation method.
Clin. Chem. 2004, 50, 1894-1898. [CrossRef]

Zhang, Y.; Zhu, ].M.; Liang, Y.B.; Chen, H.B.; Yin, S.M.; Chen, Z.C. Non-invasive blood glucose detection system based on
conservation of energy method. Physiol. Meas. 2017, 38, 325. [CrossRef]

Kenny, G.P; Sigal, R.J.; McGinn, R. Body temperature regulation in diabetes. Temperature 2016, 3, 119-145. [CrossRef] [PubMed]
Kitazaki, T.; Morimoto, Y.; Yamashita, S.; Anabuki, D.; Tahara, S.; Nishiyama, A.; Wada, K.; Ishimaru, I. Glucose emission spectra
through mid-infrared passive spectroscopic imaging of the wrist for non-invasive glucose sensing. Sci. Rep. 2022, 12, 20558.
[CrossRef] [PubMed]

Harman-Boehm, I; Gal, A.; Raykhman, A.M.; Zahn, ].D.; Naidis, E.; Mayzel, Y. Noninvasive glucose monitoring: A novel
approach. . Diabetes Sci. Technol. 2009, 3, 253-260. [CrossRef] [PubMed]

Bahartan, K.; Horman, K; Gal, A.; Drexler, A.; Mayzel, Y; Lin, T. Assessing the performance of a noninvasive glucose monitor in
people with type 2 diabetes with different demographic profiles. J. Diabetes Res. 2017, 2017, 4393497. [CrossRef] [PubMed]

Lin, T.; Mayzel, Y.; Bahartan, K. The accuracy of a non-invasive glucose monitoring device does not depend on clinical
characteristics of people with type 2 diabetes mellitus. J. Drug Assess. 2018, 7, 1-7. [CrossRef] [PubMed]

Nystrom, J.; Lindholm-Sethson, B.; Stenberg, L.; Ollmar, S.; Eriksson, ].W.; Geladi, P. Combined near-infrared spectroscopy and
multifrequency bio-impedance investigation of skin alterations in diabetes patients based on multivariate analyses. Med. Biol.
Eng. Comput. 2003, 41, 324-329. [CrossRef]

Buscemi, S.; Blunda, G.; Maneri, R.; Verga, S. Bioelectrical characteristics of type 1 and type 2 diabetic subjects with reference to
body water compartments. Acta Diabetol. 1998, 35, 220-223. [CrossRef]

Fouad, M.M.; Mahmoud, D.Y.; Abd El Ghany, M.A. Joint NIR-BIS Based Non-Invasive Glucose Monitoring System. In
Proceedings of the 2018 30th International Conference on Microelectronics (ICM), Sousse, Tunisia, 16-19 December 2018; IEEE:
Piscataway, NJ, USA, 2018; pp. 88-91.

Lister, T.; Wright, P.A.; Chappell, PH. Optical properties of human skin. J. Biomed. Opt. 2012, 17, 090901. [CrossRef]
Groenendaal, W.; Schmidt, K.; Von Basum, G.; Van Riel, N.; Hilbers, P. Modeling glucose and water dynamics in human skin.
Diabetes Technol. Ther. 2008, 10, 283-293. [CrossRef]

Sternberg, F.; Meyerhoff, C.; Mennel, F.; Mayer, H.; Bischof, F,; Pfeiffer, E.F. Does fall in tissue glucose precede fall in blood
glucose? Diabetologia 1996, 39, 609-612. [CrossRef]

Braverman, LM. The cutaneous microcirculation. J. Investig. Dermatol. Symp. Proc. 2000, 5, 3-9. [CrossRef] [PubMed]
Sandby-Moller, J.; Poulsen, T.; Wulf, H.C. Epidermal thickness at different body sites: Relationship to age, gender, pigmentation,
blood content, skin type and smoking habits. Acta Derm. Venereol. 2003, 83, 410—-413. [CrossRef] [PubMed]

Li, Y.; Lei, D.; Swindell, WR,; Xia, W.; Weng, S.; Fu, J.; Worthen, C.A.; Okubo, T.; Johnston, A.; Gudjonsson, J.E.; et al. Age-
associated increase in skin fibroblast-derived prostaglandin E2 contributes to reduced collagen levels in elderly human skin. J.
Investig. Dermatol. 2015, 135, 2181-2188. [CrossRef] [PubMed]

Kimberly, M.M.; Vesper, HW.; Caudill, S.P.; Ethridge, S.F.; Archibold, E.; Porter, K.H.; Myers, G.L. Variability among five
over-the-counter blood glucose monitors. Clin. Chim. Acta 2006, 364, 292-297. [CrossRef]

Olansky, L.; Kennedy, L. Finger-stick glucose monitoring: Issues of accuracy and specificity. Diabetes Care 2010, 33, 948-949.
[CrossRef] [PubMed]

Kovatchev, B.P; Patek, S.D.; Ortiz, E.A.; Breton, M.D. Assessing sensor accuracy for non-adjunct use of continuous glucose
monitoring. Diabetes Technol. Ther. 2015, 17, 177-186. [CrossRef]

Bodenlenz, M.; Schaupp, L.A.; Druml, T.; Sommer, R.; Wutte, A.; Schaller, H.C.; Sinner, F.; Wach, P; Pieber, T.R. Measurement of
interstitial insulin in human adipose and muscle tissue under moderate hyperinsulinemia by means of direct interstitial access.
Am. ]. Physiol. Endocrinol. Metab. 2005, 289, E296-E300. [CrossRef]

International Electrotechnical Commission. IEC 60825-1:2014; Safety Of Laser Products—Part 1: Equipment Classification And
Requirements. International Standard, International Electrotechnical Commission: Geneva, Switzerland, 2014.

Laser Institute of America. ANSI Z136.1:2014; American National Standard for Safe Use of Lasers. American National Standard,
Laser Institute of America: Orlando, FL, USA, 2014.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/ACCESS.2018.2866601
http://dx.doi.org/10.3390/s20236928
http://dx.doi.org/10.1373/clinchem.2004.036954
http://dx.doi.org/10.1088/1361-6579/aa50cf
http://dx.doi.org/10.1080/23328940.2015.1131506
http://www.ncbi.nlm.nih.gov/pubmed/27227101
http://dx.doi.org/10.1038/s41598-022-25161-x
http://www.ncbi.nlm.nih.gov/pubmed/36446832
http://dx.doi.org/10.1177/193229680900300205
http://www.ncbi.nlm.nih.gov/pubmed/20144356
http://dx.doi.org/10.1155/2017/4393497
http://www.ncbi.nlm.nih.gov/pubmed/29527535
http://dx.doi.org/10.1080/21556660.2018.1423987
http://www.ncbi.nlm.nih.gov/pubmed/29372110
http://dx.doi.org/10.1007/BF02348438
http://dx.doi.org/10.1007/s005920050135
http://dx.doi.org/10.1117/1.JBO.17.9.090901
http://dx.doi.org/10.1089/dia.2007.0290
http://dx.doi.org/10.1007/BF00403309
http://dx.doi.org/10.1046/j.1087-0024.2000.00010.x
http://www.ncbi.nlm.nih.gov/pubmed/11147672
http://dx.doi.org/10.1080/00015550310015419
http://www.ncbi.nlm.nih.gov/pubmed/14690333
http://dx.doi.org/10.1038/jid.2015.157
http://www.ncbi.nlm.nih.gov/pubmed/25905589
http://dx.doi.org/10.1016/j.cca.2005.07.027
http://dx.doi.org/10.2337/dc10-0077
http://www.ncbi.nlm.nih.gov/pubmed/20351231
http://dx.doi.org/10.1089/dia.2014.0272
http://dx.doi.org/10.1152/ajpendo.00431.2004

	Introduction
	Background
	Diabetes
	Glucose Management
	Biological Fluid
	Evaluation Metrics

	Noninvasive Sensing Techniques
	Optical Techniques—Direct Sensing
	Infrared Absorption
	Photoacoustic Spectroscopy
	Raman Spectroscopy
	Polarimetry
	Fluorescence
	Summary

	Optical Techniques—Indirect Sensing
	Transdermal Techniques
	Reverse Iontophoresis
	Magnetohydrodynamic Extraction
	Sonophoresis

	Electrical Technique
	Thermal Techniques
	Fusion Techniques
	Summary

	Current Barriers to Noninvasive Glucose Sensing
	Confounding Factors
	Selection of Sensing Location
	Glucose Distribution
	Model Generalization
	Hardware Design
	Acquisition of Ground Truth
	Clinical Study

	Potential Solution and Future Directions
	Conclusions
	References

