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ABSTRACT

There are three main issues in non-invasive (NI) glucose measurements: namely, specificity,
compartmentalization of glucose values, and calibration. There has been progress in the use of
near-infrared and mid-infrared spectroscopy. Recently new glucose measurement methods have
been developed, exploiting the effect of glucose on erythrocyte scattering, new photoacoustic
phenomenon, optical coherence tomography, thermo-optical studies on human skin, Raman
spectroscopy studies, fluorescence measurements, and use of photonic crystals. In addition to
optical methods, in vivo electrical impedance results have been reported. Some of these meth-
ods measure intrinsic properties of glucose; others deal with its effect on tissue or blood prop-
erties. Recent studies on skin from individuals with diabetes and its response to stimuli, skin
thermo-optical response, peripheral blood flow, and red blood cell rheology in diabetes shed
new light on physical and physiological changes resulting from the disease that can affect NI
glucose measurements. There have been advances in understanding compartmentalization of
glucose values by targeting certain regions of human tissue. Calibration of NI measurements
and devices is still an open question. More studies are needed to understand the specific glu-
cose signals and signals that are due to the effect of glucose on blood and tissue properties. These
studies should be performed under normal physiological conditions and in the presence of other
co-morbidities.
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INTRODUCTION

Non-invasive (NI) glucose measurements

NI DIAGNOSIS AND MONITORING of diabetes at-
tracted tremendous attention in the past 2

decades because of the emergence of diabetes as
a major epidemic, especially when associated
with the increased overall obesity of the popu-
lation. NI determination of glucose will promote
more frequent testing, allows tighter control of
diabetes, and delays the onset of diabetes com-
plications and their associated health care costs.

It is now more than 15 years since the first
reports of the feasibility of NI glucose, and
close to 5 years since the spectroscopic aspects
of NI glucose determinations were reviewed,1
yet there is no commercialized NI glucose
product yet. This paper reviews advances in NI
glucose testing methods that were suggested or
tested over the period between 1999 and the
dawn of the New Millennium. Previously re-
viewed methods will not be discussed unless
new whole blood, animal model, or human ex-
periments have been published. Other review
articles have covered various aspects of NI
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sensing of glucose.2,3 In addition to the previ-
ously reviewed detection technologies,1–3 new
methods that have appeared over the past 4
years will be discussed. The review will con-
centrate on published, peer-reviewed papers.
Discussion of methods disclosed only in
patents will be limited. This is because patents
have limited data sets and lack the detailed in-
formation on experimental design and data
analysis that are presented in peer-reviewed
papers. Methods that show high correlations
with glucose and low estimation errors will be
particularly scrutinized as they describe per-
formance close to that of a viable commercial
product.

The U.S. Food and Drug Administration may
consider NI and minimally invasive devices
that are intended to measure, monitor, or pre-
dict blood glucose levels in persons with dia-
betes to be high-risk medical devices subject to
pre-market approval.4 Gutman et al.4 saw that
the technology is not yet well understood, and
the information obtained from these devices is
often different from the information that has
been the traditional base for the management
of diabetes; consequently the Food and Drug
Administration will require both analytical and
clinical studies to support the intended claims
for these new NI devices. Analytical studies for
in vitro diagnostic devices generally include
study of dose–response relations, determina-
tion of factors affecting accuracy and precision,
recovery studies, and interference studies in
serum and blood samples. Analytical calibra-
tion of a home glucose monitor implies deter-
mination of glucose concentration from a stan-
dard curve generated by using calibrators and
standards. It will be difficult to perform these
studies for NI glucose devices where calibra-
tion will be mainly based on clinical data. It is
important to initiate discussions on the possi-
bility of using data obtained on tissue-simulat-
ing phantoms and simulation study results to
augment clinical data on human volunteers in
proving performance of NI glucose testing de-
vices. At least these studies could be used to
explain the theory of operation of the device.

There are three main issues in NI glucose
measurements: specificity, compartmentaliza-
tion of glucose values, and calibration. Three

questions arise regarding NI determination of
glucose:

1. What is actually being detected and deter-
mined? Is it an intrinsic property of the glu-
cose molecule, or is it the effect of change in
glucose concentrations on tissue or blood
properties?

2. In what body compartment is this glucose
value determined? How does the deter-
mined concentration relate to arterial blood
glucose concentration?

3. How to calibrate the NI testing device? Is it
a single-person calibration or multiple-per-
son (universal) calibration? Will the NI test-
ing device be calibrated at the factory, or can
the user calibrate it? What data inputs are
required for the calibration?

Specificity of NI glucose measurements

Methods used for the NI determination of
glucose can be classified in two broad cate-
gories: as methods tracking a molecular prop-
erty of glucose, or methods tracking the effect
of glucose on tissue and blood properties. The
first category depends on tracking an intrinsic
molecular property of glucose such as near-in-
frared (NIR) absorption coefficient, mid-in-
frared (IR) absorption coefficient, optical rota-
tion, Raman shifts, NIR photoacoustic (PA)
absorption, and the like. These methods as-
sume the ability to detect glucose in tissue or
blood independent of other body components,
and also independent of the body’s physiolog-
ical state. The second set of methods depends
on measuring the effect of glucose on the opti-
cal properties of tissue. These properties in-
clude light scattering coefficient of tissue, re-
fractive index of interstitial fluid (ISF), and
sound propagation in tissue.

The ability to collect reliable experimental NI
glucose data faces several obstacles: (a) the
minute magnitude of the measured signals, (b)
repositioning error of the measuring probe
with respect to the body part, (c) temperature
variations, (d) variations in tissue physical
properties at the probe/body interface, (e) ef-
ficiency of optical and thermal coupling be-
tween the probe and tissue, and (f) effect of
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probe/tissue interaction on signal magnitude,
etc. Advances in overcoming these obstacles
will be discussed in this article.

Compartmentalization of glucose values

Glucose in the human body is found in sev-
eral body fluids, such as blood, tissue ISF, eye
vitreous fluid, tears, and sweat. It is distributed
in different body compartments. Current pa-
tient care is based on determination of clinically
significant concentrations of glucose using in
vitro invasive reference methods, which in-
volve sampling of venous blood or arterialized
venous blood. Glucose is detected either in
whole blood or in the separated serum. An en-
zymatic method with optical or electrochemi-
cal sensor is used for subsequent detection.
Several NI methods propose determination of
glucose in tissue ISF. Glucose in the ISF, or any
other body fluid, can be used as a substitute for
venous or capillary blood glucose values only
if changes in its magnitude and duration of
change in the blood vessels and tissue are iden-
tical.5 This may not be the case when changes
in blood glucose values are sudden and are too
large in magnitude to allow for equilibration
between vascular and interstitial levels of glu-
cose.5,6 Even for blood glucose measurements,
there are site-specific effects on the magnitude
of the glucose levels.6 Equilibration between
blood glucose values and the glucose concen-
tration in other body fluids, such as the eye vit-
reous fluid, the ISF, and saliva, has been a con-
troversial issue with widely different reported
lag times.

In a study on the human arms as a body site,
Thennadil et al.7 used the suction blister tech-
nique to investigate the relationship between
glucose levels in dermal ISF and capillary ve-
nous blood in subjects with diabetes whose
blood glucose levels were manipulated so as to
induce rapid changes in blood glucose levels.
Glucose levels in the three compartments ex-
hibited high correlations when individual vol-
unteers were considered separately, or when
data from all volunteers were combined. No
significant time lag was observed between ISF
and either capillary or venous blood glucose
levels during the glucose excursions.7 How-
ever, it was argued that the condition in the

previously described experiment allowed for
slow equilibration between blood glucose and
ISF glucose without large sudden surges in glu-
cose values in either fluid.6 Lag times between
blood glucose levels and ISF glucose levels
were reported for implantable glucose sen-
sors.8,9 ISF glucose concentration lagged be-
hind blood glucose values by 4.4 � 0.8 min.
The relationship between blood and ISF glu-
cose was not affected by insulin. Delays in ISF
glucose equilibration could be corrected with
digital filters. The authors summarized lag time
between ISF and blood glucose values for dif-
ferent technologies: These lag times varied
from �5 min to �30 min, depending on the
measurement technology.9

Several body sites were studied or suggested
for the NI determination of glucose, raising the
possibility of different values in body com-
partments for different sites. Forearm skin,10–12

fingers,13–16 ear lobe,17,18 tongue,19 abdominal
tissue,20 inner lip mucosa,21 the eye,22 and the
conjunctiva23 were suggested or used as sites
for NI glucose measurements. Different delay
times between blood glucose values and NI-de-
termined glucose have been suggested, and
may be encountered, for different body sites.

Calibration of NI measurements

Multivariate analysis is generally used for de-
termination of the concentration of a compo-
nent in a complex mixture.24–26 It has been used
for data analysis of NI glucose measurements
that are based on NIR spectra.12,15,19,21 The qual-
ity of an NI measurement is judged mainly by
the magnitude of the standard error of predic-
tion (SEP) and the prediction correlation coef-
ficient (Rp). A low SEP, when associated with a
high correlation coefficient, is indicative of a
successful determination. One must guard
against the possibility of (a) small range of con-
centration of analytes, (b) chance correlation
with other time-dependent events, and (c) over-
fitting the experimental data. Extreme care
must be taken to avoid the effect of overfitting.
The training set and the prediction set need to
be separated in time. The number of input NI
data points, such as spectra, temperatures, dis-
tances, etc., must be larger than the number of
terms in the fitting equations. Partial least
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squares (PLS) calibration models require use of
several independent standard spectra for each
factor used in the PLS analysis.

A high SEP can be interpreted in one of three
ways: (a) The calibration model is void of glu-
cose-specific information, (b) glucose predic-
tions are limited by measurement noise, or (c)
glucose predictions are limited by biological
background noise in the body part and reposi-
tioning errors of the probe with respect to the
body part. Noise sources, such as circulation
parameters, skin surface condition, skin water
content, circadian rhythm effects, and temper-
ature changes, are examples of biological vari-
ables that have not been yet considered in suf-
ficient detail.

A simple method to establish a calibration
model is to fit the measured NI experimen-
tal data to invasively determined glucose 
concentrations. Linear least squares (LLS) fit-
ting or PLS fitting is used. For example, a lin-
ear calibration relationship can have the
form11,12,15,19,21:

[Glucose] � a0 � �i ai � P (k,l,m) (1)

where [Glucose] is the concentration of glucose,
ai is a regression coefficient, P is a measured
parameter, and k, l, and m are various con-
straints, which may be different wavelengths,
wavelengths and distances, wavelengths and
temperatures, etc. The calibration correlation
coefficient (Rc) and the standard error of cali-
bration (SEC) are then determined. The cali-
bration model can then be validated by check-
ing its ability to predict one data point using
the rest of the data points as the calibration set.
The process is repeated for each data point in
the set. This is known as the leave-one-out cross
validation (LOOCV). The predicted values and
the reference values are then used to calculate
the standard error of cross-validation predic-
tion (SECV) and the cross-validation correla-
tion coefficient (RCV). A low SECV and a high
RCV indicate the validity of the calibration
model. These RCV and SECV values can be
used, with caution, to indicate the prediction
ability of the model. This should be especially
the case when only a small number of data
points are available. As the LOOCV procedure
involves the use of data points from the same

experimental set, it is prone to effects of spuri-
ous correlations with instrument or with exper-
imental time-dependent events. True prediction
can only be achieved by using independent cal-
ibration and prediction data sets that have been
obtained over different time periods. The two
calculated prediction parameters are the Rp
and the SEP.

A major difference between in vitro and in
vivo calibration experiments is that the human
body has time-dependent physiological effects
that are apparent in the circadian rhythm. In a
resting state the cardiac pulse, blood pressure,
blood circulation, respiration, body tempera-
ture, and cutaneous blood flow are subject to
circadian periodicity. These parameters are at
their highest values between 8 a.m. and 12
noon, and again between 4 p.m. and 7 p.m.
They are at their lowest values between 1 p.m.
and 3 p.m., and again between 10 p.m. and 6
a.m., next morning. This regular periodicity for
normal healthy individuals is perturbed by
changes in environmental conditions, and cer-
tain diseases.27,28 In the meantime, the con-
centration of glucose in subjects without dia-
betes and patients with in-control diabetes
varies during the day and follows a regular
profile. Generally, the morning glucose values
are low (fasting glucose), levels increase sub-
stantially after the morning meal, decrease to
a pre-mid-day nadir, increase again after mid-
day and evening meals, and settle to lower val-
ues at night. This profile will be distorted in
cases of advanced diabetes. Deviation from
this pattern requires intervention. Tight glyce-
mic control can return the daily glucose fluc-
tuation pattern close to that of a healthy indi-
vidual. Glucose injection produced body
temperature (vital sign) changes.29 There is a
potential for a coincidental correlation be-
tween the circadian fluctuation of glucose con-
centration in human blood and the circadian
periodicity of the body temperature and other
vital signs. It is important to separate the ef-
fects of circadian body temperature and blood
flow effects on the NI measurement so they do
not confound the signals used to calculate
blood glucose concentration.

Calibration of NI glucose devices requires the
availability of various invasively determined
concentrations of glucose and the correspond-
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ing NI signals. One calibration approach is to
induce a change in glucose concentration span-
ning a range over which the in vivo measured
signal can be monitored. This is achieved by us-
ing a glucose clamp procedure,30–32 an oral glu-
cose tolerance test (OGTT), or a meal tolerance
test (MTT). In the glucose clamp experiment,
the concentrations of injected glucose and in-
sulin are manipulated to result in a steady con-
centration of either glucose (hyperglycemic or
hypoglycemic clamps) or insulin (hyperinsu-
linemic clamp) over a period of time. In the
OGTT a known load, typically 75 g of glucose,
is given to a fasting subject, and the concen-
tration of glucose is followed as a function of
time. The MTT is similar to the OGTT, except
that the carbohydrate load is administered as a
meal rather than a glucose load. Data that are
generated during the test period can be used to
predict glucose concentration from subsequent
NI measurements. As the response of an NI in-
strument may embody non–glucose-related
physiological effects, relying on calibration
based on correlating OGTT or MTT data with
NI instrument response leads to a calibration
model that is unique to the individual tested.
This calibration model will need to be period-
ically updated, using an invasive test. Time-de-
pendent artifacts can influence the results from
multivariate calibrations when randomized
sampling over time cannot be performed. In
addition to instrument-related time variables,
the previously discussed circadian rhythm of
the human body can lead to spurious time-de-
pendent biological background that will be su-
perimposed on the sequential MTT data points.
Although OGTT and MTT data are needed to
prove that a particular NI signal varies with in-
duced change in glucose concentration, they
are not sufficient to establish a reliable calibra-
tion of signal versus blood glucose values. Ide-
ally, it is preferable to have a self-calibrating
technology that does not require multiple in-
vasive data points to calibrate the device, the
calibration of which is not unique to an indi-
vidual.

A calibration method that is more immune
to time-dependent effects is a random spot test
that is performed at randomized time slots dur-
ing the day and over a long period of time (lon-
gitudinal study).19,33,34 This approach allows the

use of data points that cover multiple physio-
logical conditions and avoids circadian rhythm-
related correlations. It will avoid most instru-
ment-related chance correlation.33

Frequent recalibration of a NI device with an
invasive test is a major issue. The higher the
frequency of these invasive recalibrations, the
lower is the value of the NI testing device for
the patient. An NI device that depends on fre-
quent invasive recalibration, even when tech-
nically successful, will doubtfully be accepted
in the market. The term “universal calibration”
has been touted as an achievable goal, but cur-
rent sensitivity and specificity of the available
methods preclude this assertion. After estab-
lishing specificity of the test method and un-
derstanding the compartmentalization of glu-
cose values, which are essential to the technical
feasibility of a test device, researchers should
address calibration frequency issues, as it is im-
portant to the patient’s acceptance of an NI test-
ing product.

OPTICAL PROPERTIES OF TISSUES AND
HUMAN SKIN

NIR tissue optical properties

The NIR spectral region is commonly used
in most reported methods. It has several spec-
tral windows where hemoglobin, melanin, and
water absorption band intensities are low
enough to allow light to penetrate in the tissue,
which enables NI spectral measurements.

Attenuation of light in tissue is described, ac-
cording to light transport theory, by the effec-
tive attenuation coefficient �eff

35:

I � I0 e��effl (2)

where I0 is the incident light intensity, I is the
reflected light intensity, l is the optical path-
length in tissue, and �eff is defined as:

�eff � [3 �a (�a � �s	)]1
2 (3)

An exact solution of light transport equation
in turbid media can be modeled by following
the path of each individual photon and calcu-
lating the probability of scattering or absorp-
tion in a series of steps using Monte Carlo sim-

KHALIL664

5264_e12_p660-697  9/29/04  12:48 PM  Page 664



ulation.35 This modeling is used to study the
path of photons in tissues and was used for op-
timization of photodynamic therapy,36 laser-
Doppler flowmetry (LDF),37 and optical mam-
mography.38

Light propagation in tissue is expressed by
the absorption coefficient, �a, and the scatter-
ing coefficient, �s	. Absorption and scattering
coefficients of tissue are determined by per-
forming one or more of transmission, diffuse
reflectance, localized reflectance, time domain,
or frequency domain measurements.35 The ab-
sorption coefficient is related to the concentra-
tion of a tissue chromophore by �a � 2.303 �C
cm�1, where � is the molar extinction coeffi-
cient and C is the molar concentration. Changes
in glucose concentration can influence �a of tis-
sue through absorption corresponding to wa-
ter displacement (absorption decreases as glu-
cose concentration increases), or change in its
intrinsic absorption (absorption increases as
glucose concentration increases). Change in �a
due to water displacement is nonspecific. The
�a of glucose in the NIR is low and is much
smaller than that of water by virtue of the large
disparity in their respective concentrations. In
the NIR the weak glucose overtone and com-
bination spectral bands overlap with other
stronger overtone and combination bands of
water, hemoglobin, protein, and fats.1

An example of the magnitude of NIR glucose
intrinsic absorption signals is illustrated by the
values of the extinction coefficient of glucose.
Youcef-Toumi and Saptari39 determined � of
glucose at the first overtone band 1,686 nm
(5,930 cm�1) and the combination band 2,273
nm (4,430 cm�1). The measured value at 1,689
nm was 2.3 � 10�2 M�1 cm�1, and that mea-
sured at 2,257 nm was 0.4 M�1 cm�1. The val-
ues are far smaller than the 6.2 � 103 M�1 cm�1

� value of NADH at 340 nm, a compound that
is usually used for the determination of serum
glucose values on automated blood analyzers.
Using a 1-mm pathlength, a 10 mmol/L glu-
cose concentration will generate an absorbance
value of 2.3 � 10�5 absorbance units at 1,686
nm and 4 � 10�4 absorbance units at 2,257 mm.
A 1-mm pathlength is longer than the path-
length encountered in diffuse reflectance mea-
surements, and is of comparable magnitude to
the pathlength in some spatially resolved re-

flectance measurements.10,11 The intrinsic ex-
tinction coefficient of glucose will be much
lower at the higher overtone bands between
800 nm and 1,300 nm, thus requiring extremely
sensitive detection and elimination of sources
of background noise, and leading to extreme
difficulty in interpreting the data in this spec-
tral range.39

The scattering coefficient is �s	 � �� [1 � g]
cm�1, where � is the scattering cross section, �
is the number density of scattering centers, and
g is the anisotropy factor.35 Change in glucose
concentration affects the intensity of light scat-
tered by tissue. The reduced scattering coeffi-
cient of a tissue or can be expressed as �s	 � f
(�, a, nscatterer/nmedium), where � is the number
density of scattering centers in the observation
volume, a is the mean diameter of scattering
centers, nscatterer is their refractive index, and
nmedium is the refractive index of the sur-
rounding fluid.40 For the case of cutaneous tis-
sue, connective tissue fibers are the scattering
centers. Erythrocytes [red blood cells (RBCs)]
are the scattering centers for the case of blood.
The effect of a solute on the refractive index of
a medium, and hence �s	, is nonspecific and is
common to other soluble analytes.

Mid-IR properties of tissue and skin

Mid-IR lies in the spectral range between 2.5
�m (4,000 cm�1) and 10 �m (1,000 cm�1).
Bands in this spectral range correspond mainly
to frequencies of fundamental molecular vi-
brations, which are characteristic of the specific
chemical bonds. While the NIR spectral range
encompasses combinations and overtone
bands that are broad and weak, bands in the
mid-IR are sharp and have a higher absorption
coefficient. The mid-IR spectral bands of glu-
cose and other carbohydrate have been as-
signed and are dominated by C-C, C-H, and O-
H stretching and bending vibrations.41 The
800–1,200 cm�1 fingerprint region of the IR
spectrum of glucose has bands at 836, 911,
1,011, 1,047, 1,076, and 1,250 cm�1 that have
been assigned to C-H bending vibrations.41,42

A 1,026 cm�1 band corresponds to C-O-H bend
vibration.42 Spectral measurements in this fre-
quency interval were used to determine of glu-
cose in serum and blood. IR emission in the
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same frequency range was used for NI mea-
surement of glucose and will be discussed later.

Tissue optical properties in the mid-IR be-
tween 2.5 �m (4,000 cm�1) to 10 �m (1,000 cm�1)
differ from the NIR as scattering decreases at
longer wavelengths and light attenuation by wa-
ter, proteins, and fats absorption spectra domi-
nates. Water constitutes 70% of hydrated tissue,
followed by the connective tissue proteins and
lipids. The strong absorption limits light pene-
tration depth in tissue to 0.2 �m at 2.5 �m (4,000
cm�1) and to 1.2 �m at a wavelength of 10 �m
(1,000 cm�1).43 Attenuated total reflectance zinc-
selenide prisms have been used for studies of
the mid-IR spectra of tissue.21,43–46 Light pene-
tration depth limits the sampling depth to the
stratum corneum (SC). Attenuated total re-
flectance (ATR) mid-IR spectroscopy was used
to study properties of the SC such as its water
content, and effect of cleansing, stripping the SC
by adhesive tape, and partial occlusion on its op-
tical properties. It was also used to study diffu-
sion of topical medication in the SC, and ep-
ithelium layers of oral mucosa and other tissues.
The results of these studies are quite important
for the NI determination of glucose as they re-
veal several important factors about skin–probe
interaction, properties of different skin sites, and
effect of skin cleaning procedures on its optical
properties.

The mid-IR spectrum of the skin as deter-
mined by ATR accessories showed overlap be-
tween IR bands of glucose and those in skin
components.43–46 Table 1 summarizes the low-

frequency vibrations in the mid-IR band fre-
quencies of water, glucose, and human skin.
Although bands in the 10 �m range are specific
to glucose in aqueous solutions, there is a high
probability of having C-C, C-H, and C-O bend-
ing vibrations from other skin components co-
inciding with them. The C-C bands in the spec-
trum of skin do not relate only to glucose, as it
is a minor component compared with proteins
and fats.

Skin mid-IR spectrum depended on its wa-
ter content, showing increase in intensity in wa-
ter bands intensity upon hydration.44–46 In-
crease of skin hydration was observed upon
treating the skin with 70% isopropanol, occlu-
sion of the skin, or tape striping of the skin.
Contact between the skin and the probe caused
occlusion and increased water content by trap-
ping the transdermal transpired water between
the stratum corneum and the probe. This effect
should be also present in NIR measurements.
It is noticeable in mid-IR ATR studies of skin
because of the ability of the technique to sam-
ple the SC only without interference from the
underlying layers, and because of the sharp-
ness of mid-IR absorption bands.

Diabetes and microcirculation changes

Diabetes mellitus affects microcirculation
and leads to microvessel complications such as
neuropathy, retinopathy, and nephropathy.
LDF studies showed impaired circulation in
patients with diabetes, which was manifested
by a decrease in cutaneous blood flow47 and a
difference in blood flow response to cooling or
warming.48,49 Vascular walls in the cutaneous
microvasculature of patients with diabetes
were abnormally thick,50 and blood vessels re-
sponded subnormally to heat, injury, and his-
tamine.51–53 Persons with type 2 diabetes or
borderline glucose intolerance have stiffer ar-
teries than their counterparts with normal glu-
cose tolerance.54 Patients with diabetes exhib-
ited differences from those without diabetes in
cutaneous blood flow,52–55 reduced maximal
hyperemia,56 impaired peripheral vasomo-
tion,57 and response to contralateral cooling.58

Endothelium-dependent vasodilatation is im-
paired during acute hyperglycemia,59 and both
microvascular and macrovascular reactivities
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TABLE 1. MID-IR FREQUENCY BANDS (IN CM�1) OF

WATER, GLUCOSE, AND HUMAN SKIN IN THE FINGERPRINT

REGION OF GLUCOSE IR SPECTRUM

Watera Glucoseb Skina

836
852

911 917
1,011
1,026 1,035
1,047
1,076 1,077

1,150 1,118
1,164

1,250 1,245

aFrom Lucassen et al.44

bFrom Vasko et al.41,42
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are reduced in persons at risk for type 2 dia-
betes.60 Diabetes causes changes in cutaneous
vascular response to external stimuli, which
can precede clinical symptoms of diabetes.61

In addition to the vascular effects of diabetes,
both insulin and glucose are reported to have
vascular activities. Acute hyperglycemia atten-
uated endothelium-dependent vasodilatation
in humans.62 Insulin is reported to cause va-
sodilatation in human circulation.63 In another
study, acute hyperglycemia (11.78 mmol/L,
212 mg/dL glucose) and hyperinsulinemia
(119 �U/L insulin) enhanced vasodilatation in
type 1 diabetes over a standard of 4.78 mmol/L
(86 mg/dL) glucose and 22 �U/L insulin as
shown in Figure 1, which is calculated from the
data presented by Oomen et al.64 If one con-
siders the glucose clamp part of the experi-
mental data in Figure 1, i.e., the first two sets
of bars show blood flow increases with in-
creasing glucose concentration.64 Comparing
the third set of bars to the first set of bars shows
that insulin has a similar effect on cutaneous

blood flow as glucose does, and hence on the
LDF signals.

The vasodilatory effect of hyperinsulinemia
is well established by plethymography of the
forearm in both healthy volunteers and subjects
with type 1 diabetes.63,64 These effects were
found to be temperature dependent and to vary
from site to site in the human body. The re-
sulting increase in light absorption associated
with increased perfusion could be erroneously
attributed to, and correlated with, blood glu-
cose concentration. Indeed, one patent sug-
gested use of LDF for NI determination of glu-
cose without presenting any experimental data
to show potential performance.65 Such a propo-
sition is suspect in light of the experimental
data on the clamp experiments.64 Hemoglobin
electronic absorption spectral bands and water
vibration overtone bands dominate the short
wavelength NIR spectral window of 600–1,300
nm. The NIR absorbance curve of a finger
shifted downwards on restriction of blood
flow. It shifted upwards with thermal stimula-
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FIG. 1. Results of LDF study on human skin. Data are from Oomen et al.64 and are plotted as the mean values of
glucose concentration, insulin concentration, and LDF relative to the standard state. Glucose concentrations were con-
verted to mg/dL for the purpose of graph scaling. The y-axis is the relative blood flow (BF), glucose concentration
[G] (in mg/dL), or insulin concentration (in mU/L). The x-axis is standard insulin/standard glucose (SI-SG), stan-
dard insulin/high glucose (SI-HG), high insulin/standard glucose (HI-SG), or high insulin/high glucose (HI-HG).
Standard insulin concentration was 22 mU/L, standard glucose concentration was 86 mg/dL (4.78 mmol/L), high in-
sulin concentration was 119 mU/L, and high glucose concentration was 212 mg/dL (11.78 mmol/L).
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tion and with post-occlusion hyperemia.66 The
blood flow-induced shifts in the absorbance
curve were particularly pronounced in the
range of 850–970 nm. LDF-determined skin
blood flow correlated with the absorbance val-
ues, Rc � 0.69.66 NIR signals between 590 and
1,000 nm correlated with hemoglobin concen-
tration or hematocrit values, resulting in good
calibration and prediction errors for either of
the two blood parameters.67,68

A sudden rise and fall of glucose or insulin
concentration, as in the case of the clamp ex-
periment, will lead to vasodilatation and in-
creased perfusion in the outer vascular bed.
Blood perfusion will contribute to change in
transmission and reflectance signals, especially
in the short wavelength NIR range �1,300 nm.
Blood perfusion effects can confound correlat-
ing the NIR signal change with glucose con-
centration. This assertion suggests that absorp-
tion-based methods, which depend on direct
measurement of transmission and reflectance
in the short wavelength NIR range, without
considering perfusion, are not likely to present
a viable approach to NI glucose measurements.
Correlating glucose concentration with the op-
tical signal in an MTT experiment assumes that
glucose concentration is the only time-depen-
dent variable. Other factors, such as tempera-
ture, blood perfusion, tissue compression,
blood oxygenation, cutaneous water, and other
metabolites or medications that affect tissue
blood dynamics, are not usually considered in
analyzing NI signals, though they may domi-
nantly affect the measured signal change.

Diabetes and change in tissue (skin) structural
properties

In addition to circulation differences be-
tween individuals with and without diabetes,
a number of dermatological and skin structural
factors are associated with diabetes.69 Among
these dermal structural effects are diabetes
“thick skin” and diabetes “yellow skin,” which
may relate pathophysiologically to accelerated
collagen aging, elastic fiber fraying, and in-
creased cross-linkage glycosylation of collagen
fibers. Monnier et al.70 reported change in der-
mal collagen structure in patients with diabetes
and showed that the level of collagen glycation

was associated with the level of glycated he-
moglobin (HbA1c). X-ray diffraction studies
showed structural changes in collagen skin
fiber as a result of diabetes.71 Light reflected
from the skin of individuals with diabetes will
have a different intensity and a different re-
sponse to glucose concentration depending on
the extent of structural differences induced by
glycation.

Diabetes and blood cell morphology

RBC aggregation is a complex phenomenon
that has been widely studied. RBCs aggregate
at low blood flow conditions. RBC aggregation
is important to microcirculation and is a major
factor that contributes to changes in blood flow
properties.72–75 There are reports of differences
in refractive index of RBCs and in their aggre-
gation patterns between individuals with and
without diabetes.76,77 This difference affects
blood flow and light scattering by RBCs. The
combined effects of diabetes on the structure
of cutaneous fibers and on RBC aggregation
can lead to a difference in transmission, 
diffuse reflectance, and localized reflectance
signals of blood-containing tissues. RBC 
aggregation is also affected by the concentra-
tion of other blood components as triglycerides
and cholesterol.78–80 It depends on other
pathological conditions that are associated
with low-flow states or change in cell mem-
brane properties. These pathological condi-
tions include diabetes, trauma, ischemia, 
elevated plasma fibrinogen, hemoglobino-
pathies, oxidative stress, inflammation, unsta-
ble angina, acute myocardial infarction, and
bacterial infection.81,82

Temperature dependence of optical properties of
human skin

Our group recently studied the optothermal
properties of human skin within a 2-mm depth
in tissue. Temperature change affected �a, �s	,
and light penetration depth in cutaneous tis-
sue.83–87 The effect of temperature on �s	 was
attributed to changes in nISF. The effect of tem-
perature on �a was attributed to its effect on
blood perfusion to outer skin layers. Light pen-
etration depth in skin increased by lowering
skin temperature.85–87 Change in light penetra-
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tion depth with temperature and wavelength
can help targeting a particular cutaneous
layer.85–87 Cooling the cutaneous tissue de-
creases �s	 in a manner similar to increasing
glucose concentration. Cooling decreases �a in
a manner similar to decreasing insulin or glu-
cose concentration (decreases cutaneous perfu-
sion). Heating the cutaneous tissue increases
�s	 in a manner similar to decreasing glucose
concentration. Heating also increases �a in a
manner similar to increasing glucose or insulin
concentration (increases cutaneous perfusion).

There were noted differences in the values of
the optical parameters of skin from persons
with and without diabetes. The fractional
change in localized reflectance as a result of
temperature change was used in combination
with a nonlinear discriminant function to clas-
sify volunteers into those with and without di-
abetes,85–87 which suggested dependence of tis-
sue optical and thermal properties on the
diabetes status of an individual. Light scatter-
ing by capillary RBCs depends on nRBC/nplasma
and will vary with temperature, and can con-
tribute to the observed thermo-optical behav-
ior of skin from subjects with diabetes. The 
previously mentioned blood circulation differ-
ences,47–58 the skin structural effects,69–71 and
the effect of diabetes on blood flow and rheol-
ogy72–77 may have manifested themselves in
the observed discrimination between those
with and without diabetes in those studies.85–87

Discrimination between individuals with
and without diabetes on the basis of skin
thermo-optical response can be used as an NI
screening method of the diabetes status or to
assess the extent of complications. An NI
screening method can replace multiple glucose
tests, HbA1c determination, and probably an
MTT or OGTT. Temperature modulation of op-
tical properties of human skin was used in a
set of meal tolerance experiments to track glu-
cose changes in human subjects.11

Nature of glucose NI measurement’s optical
window

The outermost layer of the body part is the
optical window for an NI measurement. Skin
layers, oral mucosa, and the eye lens are opti-
cal windows through which an NI glucose

measurement is performed. Variation in their
properties from person to person, and differ-
ence from time to time for the same person, will
affect the reproducibility of the optical mea-
surement. Change in the characteristics of the
optical widow as a result of interaction with the
measuring probe, effect of temperature, and
variations in optical and thermal coupling be-
tween the probe and the window will affect the
reproducibility of the optical measurement.
Transepidermal water loss is a characteristic of
living skin.88 Prolonged contact between probe
and skin causes local occlusion and limits the
escape of water molecules, and can lead to in-
creased hydration of the SC. Hydration of the
SC reaches a constant value of 70%43; excess
water may then appear as a thin layer between
the skin and the probe. Transepidermal water
loss may cause a time-dependent change or a
drift in the measured optical signal, especially
in diffuse reflectance measurements. Blank et
al.89 used local occlusion to homogenize the ef-
fects of different levels of skin dryness on the
optical signal.

The results of the thermo-optical studies on
human skin suggest that because of blood cir-
culation differences and skin structural effects,
skin from an individual with diabetes contrib-
utes to the measured signal in a manner dif-
ferent from skin from an individual without di-
abetes.83–87 Thus, skin does not act as a passive
optical window for an NI glucose measure-
ment. Differences in skin properties and their
dependence on disease state or environmental
conditions should be taken into consideration
in analyzing NI optical signals.

OPTICAL METHODS FOR NI TISSUE
MEASUREMENTS

NIR transmission and reflectance

NIR transmission and reflectance NI mea-
surements of glucose are predicated upon the
premises that glucose-specific information is
embedded within the NIR spectra and can be
extracted by using multivariate analysis meth-
ods. Study of several body sites (webbing,
tongue, upper lip, lower lip, nasal septum, and
cheek) for suitability for NIR transmission mea-
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surements based on the water and fat contents
suggested the tongue as the body part with the
lowest fat content.90 Burmeister et al.19 studied
NIR (7,000 and 5,000 cm�1, 1,430–2,000 nm)
transmission through the tongue of five sub-
jects with type 1 diabetes over a period of 39
days, performing five measurements per day.
The tongue was selected because it is highly
vascularized, it does not have an SC, it has lit-
tle fatty tissue, it is a homogeneous body part,
it has a nearly constant temperature, and it of-
fers an aqueous effective pathlength between 5
and 6 mm. Spreading the data collection over
several weeks (a random series of spot tests) in-
stead of an OGTT or MTT alleviates contami-
nation of the data set with temporal effects. PLS
calibration models were generated for the dif-
ferent individuals. Models were used to predict
blind sample concentration (each fifth mea-
surement) or the later part of the data with SEP
�3 mmol/L and Rp varying from person to
person. Both sets of prediction data points were
obtained at different days.

Determination of glucose in oral mucosa us-
ing a diffuse reflectance technique was exten-
sively discussed in previous work and in more
recent work from Heise’s group.91,92 The wave-
length range used was 1,111–1,835 nm. Light
penetration in tissue in diffuse reflectance mea-
surements is limited, leading to a short light
pathlength. The low extinction coefficient of
glucose in this region makes for a very small
signal change. The oral mucosa was selected
because it is highly vascularized and it does not
have an SC layer. One may argue that in spite
of the short penetration depth, light is sampling
the vascular mucosal bed. Glucose was as-
sumed to be determined in the blood vessels of
mucosal tissue. The lowest SEP was 2.1
mmol/L. The medium through which light is
transmitted and reflected differs from skin and
tissue used in other studies. There is a poten-
tial for a lag time between glucose concentra-
tion in blood and saliva. Saliva components
and residual food in the mouth present sources
of interference in this measurement.1

Gabriely et al.15 used the NIR reflectance of
the thumb, in the 400–1,700 nm range, for NI
determination of glucose in a set of insulin and
glucose infusion experiments. The thumb was
selected because it is highly vascularized. PLS

was used for data fitting. Exceptionally high
correlation coefficients (Rp �0.95) and excep-
tionally low SEP (�0.28 mmol/L) were re-
ported.15 An objection was raised that the pre-
diction set and the calibration set were not
independent.93 A rebuttal indicated that the
prediction set had masked samples from the to-
tal set that were not used in the calibration
model.94 The prediction error values are vastly
smaller than those reported for other NI-NIR
techniques, for in vitro glucose results in a
much simpler media, and even for some com-
mercial invasive home glucose meters. These
small SEP values are quite encouraging, unless
there is overfitting in the data analysis, which
warrants a thorough review of this work. There
are some questions that are not clearly an-
swered,15 for example:

1. Reference measurements. Did the reference
measurement contribute to signal quality?

2. Body interface. Was the optical probe in con-
tact with the thumb all the 5-h experiment
time? Were the measurements performed
intermittently? What was the magnitude of
the repositioning error of the thumb? What
was the applied pressure by the measure-
ment fixture? Was there any occlusion due
to the applied pressure?

3. Wavelength. Were the 10–27 factors in the
PLS regression analysis individual wave-
lengths or spectral bands? Which wave-
lengths in the 400–1,700 nm range were used
in the PLS fitting? How many independent
spectra were used per PLS factor? Which
portion of the spectrum contributed to the
correlation? Did the hemoglobin absorption
bands contribute to the correlation?

4. Timing. Did the experiment time overlap
with one segment of the circadian rhythm
and one time window for the instrument?
Chance correlation between instrument pa-
rameters and time contributed to sequential
in vitro measurements of glucose.33

The issue of independence of prediction data
set from the calibration set was debated.93,94

The masked experiment data points that rep-
resented the prediction set were not included
in the calibration set.94 They are still a part of
the events in the same time sequence for each
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clamp experiment, which makes them follow
the same time dependence of whatever pa-
rameter that is changing during the experi-
ment. Data sets used in the calibration model
and data sets used for testing prediction should
be obtained in separate clamp experiments. An
example would be using the calibration model
from one day to predict clamp experiment re-
sults from another day. A more direct approach
to avoid chance correlation, and to account for
repositioning errors, is to test randomized set
of spot tests.19 The small SEP obtained in the
study by Gabriely et al.15 can be very encour-
aging and warrants repeating the experiment
on a number of individuals to confirm the pub-
lished data and to answer the questions about
experimental design and data analysis. If the
SEP values are still as low as reported,15 this
can present an important step towards the NI-
NIR optical detection of glucose.

Maruo et al.10,95 reported a NI glucose deter-
mination method based on NIR absorption at
the overtone bands of glucose. A 200-�m illu-
minating optical fiber in touch with the skin de-
livered polychromatic light. Reflected light was
collected at a distance 0.65 mm from the illu-
mination point using a second 200-�m fiber.
Collected light was analyzed by a spectrome-
ter as absorption spectra in the wavelength
range 1,500–1,800 nm.10,95 This optical arrange-
ment restricted the sampled depth to 0.5–2 mm
to encompass the dermis. It avoids the SC and
epidermis on the top, and the adipose tissue at
the bottom of the dermis layer. The measured
absorbance (�log10 reflected intensity) was fit-
ted to the in vitro glucose data to generate a cal-
ibration model. Two subjects without diabetes
were tested, with six OGTTs performed. Five
of these tests were used in the calibration
model, and the sixth set was predicted for each
person from his own calibration set; the SEP
was 1.4 mmol/L. There was a run-to-run bias
of up to 5.6 mmol/L. This bias was attributed
to site structural differences.95

Using PLS fitting and the formalism given in
Eq. 1, Maruo et al.95 found that the largest value
for the regression coefficient was at �1,600 nm.
A similar positive regression coefficient was
found at the same wavelength when glucose
was determined in serum using Fourier trans-
form IR. Maruo et al.95 used this as an evidence

of specificity, i.e., the signal at 1,600 nm is due
to NIR absorption by glucose molecules. One
control experiment was performed where the
subject drank cold water, and no glucose was
predicted by this subject’s measurement.

In a longitudinal study, Samann et al.34 re-
ported the long-term accuracy and stability of
diffuse reflectance of human finger over the
800–1,350 nm spectral range. Spectra of 10 
patients with diabetes were evaluated. Indi-
vidual calibration models were calculated for
each patient from the spectra, which were
recorded at the beginning of the investigation.
These models were then applied to calculate
blood glucose values from subsequently ob-
tained spectra, which were recorded 84–169
days later. The long-term accuracy and stabil-
ity of the calibration models, expressed as the
root mean squared error of prediction, varied
from 3.1 to 35.9 mmol/L. The results show the
need to improve the long-term stability of the
detection and calibration method, and to un-
derstand the underlying physiological pro-
cesses over time.

NIR diffuse reflectance of the arm was mea-
sured for several bands in the 1,050–2,450 nm
spectral range and was correlated with glucose
concentration.89 Precautions were made to
minimize data variability due to skin hydra-
tion, variations in tissue temperature, and
probe contact pressure. In a first approach,
seven volunteers with diabetes were studied
over a 35-day period with random collection of
NIR spectra. The second approach involved
three volunteers without diabetes and the use
of OGTT over multiple days. Statistically valid
calibration models were developed on three of
the seven volunteers with diabetes. The mean
SECV was 1.41 mmol/L. The results from the
OGTT testing of the three volunteers without
diabetes yielded an SECV of 1.1 mmol/L. Val-
idation of the calibration model with an inde-
pendent test set produced a mean SEP equi-
valent to 1.03 mmol/L. This group studied
calibration transfer between instruments and
between persons and the stability of calibration
over extended time periods. It was possible to
establish a standardized algorithm for nine out
of 139 subjects.89

A summary of data on glucose NIR ab-
sorbance measurements in human experiments
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is given in Table 2, which describes the speci-
ficity, compartmentalization, and calibration
status of each method discussed.

Mid-IR spectroscopy

A different approach is to examine the fun-
damental frequencies of glucose is the mid-IR.
Janatsch et al.96 used mid-IR spectral analysis
of human blood plasma with an ATR cell. The
concentrations of total protein, glucose, triglyc-
erides, total cholesterol, urea, and uric acid
were measured by chemical or enzymatic
methods. For these constituents a PLS algo-
rithm was used for a multivariate calibration,
including the IR fingerprint region of the
plasma spectra. The average cross-validation
prediction SECV for glucose was 1.2 mmol/L.96

Deissel et al.97 determined glucose using mid-
IR spectroscopy and ATR measurement. Dried
glucose films from small volume (100-nL)
aqueous glucose solutions were deposited on
an (ATR) accessory of a Fourier transform IR
spectrometer equipped with a pyroelectric de-
tector. Quantification of glucose was achieved
between 0.6 and 33 mmol/L in samples with
volumes as low as 7 nL. The SEP for the con-
centration range 0.6–5.6 mmol/L was 0.18
mmol/L, with full interval data between 1,180
and 940 cm�1. When all samples within the
whole concentration range to 33 mmol/L were
included, the SEP increased to 1.1 mmol/L be-
cause of a nonlinear signal dependence on glu-
cose concentration.97

Petrich et al.98 correlated the shape of the
mid-IR spectra (1,000–4,000 cm�1) of dried
serum samples with the disease state of those
with type 1 or type 2 diabetes and without di-
abetes. These investigators applied cluster
analysis and discriminant analysis to the data.
Approximately 80% sensitivities and specifici-
ties of the disease state were achieved within
their data set.98 Spectral features in the mid-IR
spectrum 1,119–1,022 cm�1 (8.937–9.785 �m)
were used for measurement of glucose in
whole blood.99 Another mid-IR determination
glucose in whole blood in the range 950–1,200
cm�1 (8.333–10.526 �m) yielded an SEP of 0.59
mmol/L.100

A comparison of the performance of NIR and
mid-IR spectral measurements is presented in
the work of the Sandia Group. Haaland et al.101

used NIR spectroscopy to determine glucose
concentration in whole blood using a 1-mm cell
and PLS for data analysis; PLS-SECV was 1.8
mmol/L over a range of 0.17–41.3 mmol/L in
blood and glucose-spiked blood. Ward et al.102

measured in the mid-IR with blood from six
subjects with diabetes. In one experiment the
blood was spiked with glucose in the range
2.8–25 mmol/L. The second set of samples was
postprandial blood obtained from the same
subjects during an MTT that had a glucose
range between 5.87 and 20.9 mmol/L. PLS-
SECV was 0.61 mmol/L for the spiked samples
and 0.72 mmol/L for the postprandial blood
samples.102 These data indicate that mid-IR
spectral measurements yield lower SECV val-
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TABLE 2. GLUCOSE NIR ABSORBANCE MEASUREMENTS IN HUMAN EXPERIMENTS

Method Reference Specificity Compartmentalization Calibration

Transmission Burmeister et al.19 Glucose NIR Tongue tissue and Spot test, calibration,
through tongue 1,430–2,000 nm blood vessels prediction

SEP �3 mmol/L
Reflectance of Heise et al.91,92 Glucose NIR Lip lining tissue OGTT, calibration, pre-

oral mucosa 1,112–1,823 nm and blood vessels diction SEP � 3 mmol/L
Trans-reflectance Gabriely et al.15 Glucose plus blood; SC, epidermis, dermis Glucose clamp, calibration,

of thumb 400–1,700 nm SEP �0.28 mmol/L
Skin localized Maruo et al.95 Glucose NIR Targets dermis layer OGTT, calibration,

reflectance 1,245–1,836 nm prediction SEP �
1.45 mmol/L

Finger reflectance Samann et al.34 Glucose NIR SC, epidermis, dermis Spot test, longitudinal
calibration/prediction

Arm diffuse Malin et al.12; Glucose NIR Epidermis and dermis OGTT, calibration,
reflectance Blank et al.89 1,050–2,450 nm prediction SEP �

1.39 mmol/L
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ues than the NIR counterpart for in vitro whole-
blood samples.

Heise and Marbach21 used the ATR tech-
nique to characterize the outmost epidermal
layer of human oral mucosa in the spectral
range 800–4000 cm�1. For several test sub-
jects, lip spectra were recorded during an
OGTT. The individually varying blood glu-
cose concentration was followed by means of
frequent blood testing. Oral mucosal spectra
are supposed to vary with glucose concentra-
tion in the same way that aqueous solutions
of glucose do. There was no evidence for an
underlying glucose absorbance spectrum
from analyzed data of this experiment. In an-
other approach, difference spectra between
the mean spectra of a subject with diabetes
having a mean glucose value of 13.3 mmol/L
and of a subject without diabetes having a
mean value of 6.7 mmol/L showed a struc-
tured band (peak absorbance of 0.01 ab-
sorbance unit) in the 1,000 and 1,200 cm�1

range. Although there is no SC in the oral mu-
cosa, the difference spectrum in this spectral
interval resembles the published spectrum of
the SC.43,44 There was no clear evidence of
mid-IR ATR sensing of changes in blood glu-
cose concentration using this difference-spec-
tra data analysis approach.21

Several patents by Berman and Roe103–105

describe a method for the NI determination of
glucose using mid-IR and an ATR element in
touch with a human finger. Broadband IR en-
ergy is directed into the ATR element and sub-
sequently into the skin. Spectra were recorded
for the measurement range 1,000–1,053 cm�1

(10–9.5 �m) and for a reference range of
1,143–1,212 cm�1 (7.75–8.25 �m). The inventors
realized that the light path does penetrate the
SC layer only, and thus suggested that the skin
compartment in which glucose is measured is
the sweat glands or that glucose is transported
from the sweat glands to the outer layer of the
skin. The difference in the spectral signal, S, in
the measurement range and the reference range
is determined, and glucose concentration is de-
duced from a simple application of Beer’s law.
An empirical equation is used without the need
for multivariate analysis:

[Glucose, mg/dL] � 1,950S � 17 (4)

Such simplicity is a welcome change to the NI
glucose determination field, which is domi-
nated by calculation-intensive methods.21 Ap-
plying PLS regression to mid-IR ATR of the
oral S value could not reliably relate the change
in signal to changes in blood glucose concen-
tration.21

Another aspect of the work of Berman and
Roe103–105 is that they applied a skin-cleansing
step, prior to contacting the skin and the ele-
ment. The steps involved in the cleaning are
washing with water to remove surface glucose,
washing with isopropanol to remove water,
and then applying mineral oil to the skin. There
are no mechanistic data as to what is the role
of each of the washing steps or components on
the optical properties of skin. This is important
to understand, especially in light of the re-
ported effect of isopropanol on the water con-
tent of the skin and on skin mid-IR ATR spec-
tra.45,46 Spectra published by Brancaleon et al.46

show that the 1,000–1,100 cm�1 range of the
spectra was affected both by the application of
isopropanol and by tape-stripping of the SC.

Light scattering measurements

Measuring light scattering of tissues. NI deter-
mination of glucose was attempted using light
scattering of tissue components measured by
localized reflectance (spatially resolved diffuse
reflectance) or NIR frequency domain reflec-
tance techniques.106–108 In localized reflectance
measurements a narrow beam of light illumi-
nates a restricted area on the surface of a body
part, and reflected signals are measured at sev-
eral distances from the illumination point. The
values of �a and �s	 for tissue can be deduced
from the distribution of reflected light density
as a function of source–detector (S-D) dis-
tances.35 Both localized reflectance measure-
ments and frequency domain measurements
are based on change in glucose concentration,
which affects the refractive index mismatch be-
tween the ISF and tissue fibers, and hence
�s	.20,106–108

A glucose clamp experiment showed that
��s	 at 650 nm qualitatively tracked changes
blood glucose concentration for the volunteer
with diabetes studied.20 The distances between
the source fibers and detector fibers (S-D dis-
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tances) were in the range of 1–10 mm, which
corresponds to the approximate depth in tissue
upon which �s	 is determined. In a second
study, ��s	 at 804 nm qualitatively tracked
changes blood glucose concentration for the
tested volunteers with diabetes. The S-D dis-
tances in this second study were in the range
of 0.8–5.2 mm. Drift in �s	 that was indepen-
dent of glucose prevented statistical analysis
and was attributed by the authors to other
physiological processes contributing to ��s	.106

Changes in �s	 did not exclusively result from
changes in nmedium caused by increased glucose
concentration. A third study using localized re-
flectance and OGTT involved five healthy vol-
unteers and 13 volunteers with type 2 diabetes
using two sensors placed on the abdomen.107

The S-D distances in this study were in the
range of 0.8–10 mm, and the wavelength at
which the scattering coefficient was measured
was 800 nm. In the case of the volunteers with-
out diabetes 80% of measurements showed
tracking between ��s	 and blood glucose con-
centration. Twenty percent of measurements
on those without diabetes showed no correla-
tion between ��s	 and blood glucose. Seventy-
three percent of the localized reflectance mea-
surements on those with diabetes resulted in a
calibration models for �s	 versus blood glucose
concentration. In localized reflectance studies,
the probe was continuously attached to the ab-
domen.20,106,107 These studies did not address
repositioning errors.

In a separate measurement in the same ex-
periment a microdialysis probe was inserted in
the abdominal tissue 10 cm away from the op-
tical probe. Glucose concentrations in the ISF
tracked blood glucose concentrations during
the OGTT experiment, but lagged blood glu-
cose values in stepwise clamp experiments. It
was possible to establish a calibration model
between ��s	 and the concentrations of glucose
in the ISF as determined by the microdialysis
method.107 The authors concluded that physi-
ological changes in blood glucose could be mon-
itored by determination of the ��s	 in volunteers
and patients with diabetes in most experiments.

The determined values of ��s	 do not corre-
late with glucose concentration all the time.
Glucose-independent drift in �s	 has prevented
statistical analysis. There was no attempt to

study the cause of the inability to establish a
calibration model when it happened. There are
no new reported data on the NI determination
of glucose using ��s	 determined by frequency
domain measurements.108

A possible interpretation for the poor corre-
lation between measured ��s	 and glucose con-
centration in the localized reflectance mea-
surements with large S-D distances is that the
depth in abdominal tissue spanned by light
beams used in these measurements is �10 mm.
This depth encompasses the SC, epidermis,
dermis, subcutaneous adipose tissue, and ab-
dominal muscles. Bulow et al.109 found that
blood flow varied in the corresponding com-
partments in the human arm. Blood flow to the
forearm and that to the subcutaneous tissue
and skin in the forearm were measured by
strain gauge plethysmography, 133Xe-elimina-
tion flowmetry, and LDF, respectively, during
an oral glucose load (1 g of glucose/kg of lean
body mass) and during control experiments.
Arterial glucose increased from 5.1 � 0.3 to
7.8 � 1.17 mmol/L at 30 min after initiating the
glucose load, and decreased to 4.4 � 1.17
mmol/L by the end of the experiment. The
forearm blood flow remained constant during
both glucose load and control experiments.
Glucose induced a twofold vasodilatation in
subcutaneous adipose tissue, which remained
that way for the duration of the 240-min ex-
periment. In skin, glucose induced a 50% rela-
tive increase in vasodilatation (over the aspar-
tame control case) between 120 and 150 min.
This tissue showed a relative vasoconstriction
during the rest of the experiment. Muscle blood
flow was estimated to decrease by about
20–30% during both glucose load and control
experiments.

The vascular effect of glucose, and possibly
the glucose concentration in tissue that is car-
ried by the blood bolus, varies in the different
tissue compartments. The optical signal will
vary during the course of the glucose load (in-
cluding glucose clamp, OGTT, or MTT) exper-
iment. Although the data presented are for the
forearm,109 these arguments suggests that mea-
surement of optical signal over multiple tissue
compartments (layers) may contribute to the
lack of quantitation in localized reflectance
studies that use large S-D distances.20,106,107
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A summary of the data on tissue scattering
coefficient measurement of the abdomen is
given in Table 3. No new data were reported
using the frequency domain approach in the
period covered by this review.

Measuring of light scattering by RBCs. An 
approach that is based on light scattering 
from RBCs was dubbed occlusion spectro-
scopy.110–112 RBCs agglomerate in individuals
with diabetes, especially upon occlusion, when
the shear forces of blood flow are at a mini-
mum. Finger blood vessels were occluded to
slow blood flow and allow RBCs to aggregate.
Change in light scattering upon occlusion was
measured. Occlusion will not affect the rest of
the tissue components, while scattering prop-
erties of agglomerated RBCs differ from those
of the non-agglomerated ones and from the rest
of the tissue.110–112 It will thus be possible to
separate scattering due to agglomerated RBCs
from the scattering by the rest of the tissue 
components. The scattering coefficient of RBCs
depends on the refractive index mismatch be-
tween the RBCs and blood plasma nRBC/
nplasma, similar to the case of refractive index
mismatch between connective tissue fibers and
the ISF.20,106–108 Change in glucose concentra-
tion affects nplasma, and hence affects blood
light scattering. Occlusion spectroscopy differs
from that of localized reflectance and frequency
domain measurements in that it proposes mea-
surements of glucose in blood rather than in
the ISF.106–108

The occlusion spectroscopy method was
tested in a human study using a hyperinsu-
linemic-hypoglycemic clamp.111 A linear cali-
bration model was established with Rc � 0.836,
but there were no reported error estimates.
There was no reported interference from serum
triglycerides, catecholamines, and cortisol,
which were considered as potential interfer-
ents.113 RBC aggregation is a complex phe-
nomenon that is observed in the case of dia-
betes.77 It has also been reported for other
pathological conditions.80–82 This raises the
question of specificity. Other diseases affect
RBC aggregation.77–82 Clinical studies involv-
ing other molecular or cellular interferences
and co-morbidities are needed to separate the
effect of glucose on measured RBC scattering
from other factors affecting shape and structure
of RBCs. This technique addresses the com-
partmentalization issue and offers the potential
of directly measuring the change in the refrac-
tive index of blood plasma, nplasma.

Temperature-modulated localized reflectance mea-
surement. Skin’s thermo-optical response is sen-
sitive to status of diabetes.85 Blood glucose con-
centrations alter thermally modulated optical
signals through physiologic and physical ef-
fects. Yeh et al.11 studied the relation between
skin thermo-optical response and blood glu-
cose values. Temperature changes affect cuta-
neous vascular and refractive index responses,
which in turn are affected by changes in glu-
cose concentration.
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TABLE 3. TISSUE SCATTERING COEFFICIENT MEASUREMENT DATA ON THE ABDOMEN

Test type Reference Optical system Volunteers Results

Glucose clamp Bruulsema � � 650 nm With diabetes Qualitative tracking of ��s’
et al.106 S-D distance 1–10 mm and glucose

Glucose clamp Heinemann � � 804 nm With diabetes Qualitative tracking of ��s’
et al.20 S-D distance 0.8–5.2 mm and glucose in 73% of

experiments
OGTT Heinemann � � 800 nm 5 without diabetes Calibration model in 80% of

et al.107 S-D distance 0.8–10 mm experiments with Rc �0.75,
interexperiment and
interperson bias, no
prediction data

13 with diabetes Calibration model in 73% of
experiments with Rc �0.75,
interexperiment and
interperson bias, no
prediction data
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A device based on the thermo-optical re-
sponse of human skin was used to collect sig-
nal from the forearm of volunteers.83–87 Glucose
concentrations were correlated with tempera-
ture-modulated localized reflectance signals at
wavelengths between 590 and 935 nm. There
are no known NIR glucose absorption bands in
this range. �a corresponds to blood absorption
and thus reflects hemodynamic changes in cu-
taneous tissue. �s	 is a measure of the refrac-
tive index mismatch between the ISF and tis-
sue connective fibers.

Localized reflectance data were collected con-
tinuously over a 90-min period of probe–skin
contact as temperature was repetitively stepped
between 22°C and 38°C for 15 temperature mod-
ulation cycles. Each cycle comprised the follow-
ing steps: Skin was equilibrated for 2 min at a
probe temperature of 22°C, and the temperature
was raised to 38°C over the course of 1 min, main-
tained for 2 min, and then lowered to 22°C over
a 1-min period. At each temperature limit (dur-
ing the 2-min window), four optical data packets
were collected, and values of �a and �s	 were de-
termined. The method was tested in a series of
experiments involving MTT and control runs.
The control conditions were no-meal, cold water,

or protein meals. Temperature modulation be-
tween 38°C and 22°C caused a periodic set of cu-
taneous refractive index and vascular changes,
leading to periodic changes in skin reflectance.11

Yeh et al.11 used a four-term LLS fitting of
glucose to the reflectance data in the form:

[Glucose] � a0 � �i ai � Ri	 (r,�,T) (5)

The reflectance parameter R	(r,�,T), as defined
by Eq. 5, equals loge (measured localized re-
flectance). Thirty-two sequences of R	 (at
T22°C) � loge R(r,�,T22°C) and R	 (at T38°C) � loge
R(r,�,T38°C) were used in the LLS correlation.
For each MTT over the 2-h period, the temper-
ature sequences encompassed 20 data points.11

Changes in glucose concentrations were pre-
dicted using a model based on MTT calibration
for each volunteer, with an SEP of �1.5
mmol/L and Rp � 0.73 in 80% of the experi-
ments. There were run-to-run differences in the
whole response curve of predicted glucose val-
ues in the form of an upward or downward
shift of up to 5.6 mmol/L. These shifts were at-
tributed to site-to-site structural differences.11

Figure 2 shows an example of the MTT results
for a volunteer with type 2 diabetes.
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FIG. 2. Results of mean-adjusted prediction of glucose on an MMT on a volunteer subject (Sbj) with diabetes using the
thermo-optical response of human skin. Day 4 was used for predicting the glucose concentration in other days. The indi-
vidual response curves are mean-adjusted because of the day-to-day shift. Reproduced with permission of The American
Association for Clinical Chemistry, from Yeh et al.11
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The effect of temperature and change in glu-
cose concentration on human skin are twofold:
first affecting cutaneous vascular circulation
(physiological effect) and second affecting cu-
taneous light scattering (physical effect). The
correlation between glucose values and optical
signals in this spectral range was attributed to
the effect of glucose on the cutaneous hemo-
dynamic response and on the refractive in-
dex.11 Table 4 lists the mean-adjusted four-term
LLS prediction parameters for MTT experi-
ments on the two volunteers with diabetes.11

An MTT calibration model detected changes
in glucose concentration in 80% of the MTT
runs. The day-to-day shift in the response
curve (bias in the signal) was attributed to
probe positioning, cutaneous structural effects,
or other physiological changes.11 Maruo et al.95

observed a similar bias in predicted glucose
values in cutaneous NIR absorption experi-
ment.

There was a fortuitous observation for vol-
unteer B on run #8 in Table 4; the subject had
fever due to influenza infection. The Rp value
for run #8 was negative (Rp � �0.69), and the
SEP was �5.5 mmol/L. Experiments on this
volunteer were repeated later as tabulated at
the bottom of Table 4.11 The effect of fever in
this case suggests that testing an NI glucose de-
tection method should be performed under dif-
ferent disease conditions, in addition to dia-
betes.

Glucose concentrations in control runs (non-
carbohydrate meals) showed considerable scat-
ter when predicted by an MTT calibration

model. The calculated SEP was higher than the
measured glucose range in cases where the glu-
cose range was �2 mmol/L. SEP values up to
2.74 mmol/L were calculated for a protein meal
experiment where there was no change in glu-
cose concentration. This raised the question of
what can be used as a control experiment for
NI measurements. For the case of protein meal
runs, cutaneous hemodynamic changes due to
digestion affected the optical signal. The extent,
rate, and direction of cutaneous hemodynamic
response to protein meals may be different
from those caused by the change in glucose
concentration. Further work is needed to test
this method in a spot test experiment.

The thermo-optical response method offers
certain compartmentalization advantages over
localized reflectance measurements that use
large S-D distances,20,106–108 as it limits sampling
depth to the dermis by virtue of the probe de-
sign (short S-D distances) and the use of tem-
perature control. The detection method incorpo-
rates temperature effect on both NIR absorption
and scattering processes. No glucose specificity
advantage has been established yet over of the
use of �s	 determined by frequency domain or
spatially resolved measurements.106–108

Optical coherence tomography (OCT). OCT is a
tissue imaging technique that allows depth res-
olution of less than 10 �m.114,115 It allows de-
termination of refractive index and scattering
coefficient values in layered structures in skin,
e.g., SC, epidermis, and dermis. The apparatus
consists of a low coherence light source such as
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TABLE 4. MEAN-ADJUSTED FOUR-TERM LLS PREDICTION PARAMETERS FOR CARBOHYDRATE-MEAL EXPERIMENTS

Volunteer A Volunteer B

Glucose range Mean- Mean-adjusted SEP Glucose range Mean- Mean-adjusted SEP
Day (mmol/L) adjusted Rp (mmol/L) (mmol/L) adjusted Rp (mmol/L)

2 6.93 0.84 1.51 3.84 �0.67 1.15
3 6.67 a a 3.62 �0.88 0.54
4 6.3 0.86 1.17 3.49 a a

7 7.04 0.94 0.96 7.27 �0.69 2.18
8 4.45 0.73 1.10 6.46 �0.69 5.46
9 7.22 0.85 1.34 6.84 �0.75 1.43
Repeat of day 8 — — — 7.03 �0.88 1.11

Reproduced with permission of The American Association for Clinical Chemistry, from Yeh et al.11

aData set used as a calibration model.
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a superluminescent diode and an interferome-
ter, which determines the depth of the back-
scattering feature by measuring the delay cor-
relation between backscattered light in the
sample and the reflected light in the interfer-
ometer arm. OCT of the palm of the hand and
the volar side of the arm (wavelength) showed
a decrease in the refractive index of the SC, a
drop in the �s	 of the epidermis, and a rise in
�s	 of the SC over the 1–1.5-h period. The be-
havior of the SC was interpreted by moisture
uptake from sweating.116,117 The effect of mois-
ture uptake and sweating as a result of inter-
action of measuring probe with skin and their
contributions to signal variations has not been
estimated.

OCT was proposed for the NI detection 
of glucose with no experimental data pre-
sented.118 The technique was applied afresh to
NI determination of glucose by scanning a two-
dimensional image of the skin and then con-
verting it to a single curve to obtain a one-di-
mensional distribution of light intensity as a
function of depth. The experimental set up is
shown in Figure 3. The slope of the OCT sig-
nal versus depth line is determined and is cor-
related with the concentration of blood glu-
cose.119–122 An example of the output of the
detection method is shown in Figure 4. First an
image of the layers of skin determined by OCT
is shown in Figure 4A. In the bottom part the
OCT signal as a function of depth is shown. The
various skin layers are indicated in Arabic nu-
merals. The slope of the portion of the plot in

the dermis layer is used to calculate �s	. In an
anesthetized animal skin experiment, OCT im-
ages at 1,300 nm illumination wavelength dem-
onstrate that glucose affects the refractive in-
dex mismatch in skin and decreases �s	.121 The
effect of glucose on the �s	 values measured by
OCT was similar to the effect measured by lo-
calized reflectance or frequency domain mea-
surements.20,106–108

The stability of the slope of the OCT signal
was dependent on tissue heterogeneity and
motion artifacts. Moderate skin temperature
fluctuations (�1°C) did not decrease accuracy,
but substantial change (� several degrees Cel-
sius) significantly affected the OCT signal
slope, i.e., �s	, an effect that is similar to that
observed in the thermo-optical response stud-
ies of human skin.11

An OCT system with a light source of 1,300
nm was used to test 15 healthy volunteers in
18 OGTT clinical experiments. OCT images
were taken every 10–20 s from the left forearm
over a total period of 3 h. Venous blood was
sampled from the right arm vein every 5 or 15
min. The slope of the OCT signals versus depth
was calculated for a depth of 200–600 �m be-
low skin surface. Figure 5A shows OCT signal
tracking of changes in glucose concentration.
The OCT signal change is plotted in the reverse
direction. The slope of OCT signals correlated
with blood glucose concentrations throughout
the duration of the experiments as is shown in
Figure 5B, changing up to 2.8% per mmol/L of
plasma glucose values.119,122
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FIG. 3. Optical layout of the OCT system.
Light from the 1,300 nm superluminescent
diode (SLD) is split between the reference and
sample arms of the interferometer. Depth mea-
surement is achieved by moving the mirror with
respect to the reference arm. Reproduced with
permission of the American Diabetes Associa-
tion, from Larin et al.119
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The OCT technique is promising as the opti-
cal measurements targets a restricted area in
the skin. Unlike the localized reflectance
method that uses large S-D distances and spans
multiple layers in tissues,20,106–108 OCT ad-
dresses the issue of skin layers. It offers cer-
tain compartmentalization advantages over lo-
calized reflectance measurements, as it limits
sampling depth to the upper dermis without
unwanted signal from other layers. OCT mea-
surement has been attempted only in an OGTT
or clamp-like studies where there is a sequen-
tial rise and fall of glucose concentration. It has
not been attempted in spot-testing situations or
in longitudinal studies. Like other scattering

techniques, the detected phenomenon is the ef-
fect of glucose on the refractive index of the ISF.
It does not address the effect of circulation and
temperature changes. No specificity advantage
has been established for OCT over other scat-
tering studies.106–108

A summary of the human data of methods
based on light scattering measurements is
shown in Table 5. Localized reflectance on hu-
man abdomen spans different tissue compart-
ments down to 10 mm.106–108 These include the
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FIG. 4. A: Typical OCT image obtained from skin of a
volunteer using 1,300 nm excitation. B: Corresponding
one-dimensional OCT signal. The numbers on the graph
refer to the different cutaneous layers: (1) SC; (2) epider-
mis layer; and (3) dermis. The slope of the OCT signal
versus depth is close to linear in the dermis layer and is
related to the scattering coefficient. It was used for cor-
relation with glucose concentration. Reproduced with
permission of the American Diabetes Association, from
Larin et al.119

FIG. 5. A: Slope of OCT signals (plotted in the inverted
scale) and corresponding blood glucose concentrations
obtained from a volunteer without diabetes. The blood
glucose concentration was measured every 5 min. Dots
represent the OCT signal slope (in arbitrary units), and
the black line represents the fit of the data points. The
black small squares are the invasively measured blood
glucose concentrations. B: Slope of OCT signals versus
blood glucose concentration (BGC) for the data shown in
A. R, correlation coefficient. Dots represent the OCT sig-
nal slope, and the line represents the linear fit of the OCT
data points. Reproduced with permission of the Ameri-
can Diabetes Association, from Larin et al.119
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dermis, subcutaneous fat, muscles, and blood
vessels therein. OCT localized �s	 measure-
ments to the dermis, RBC scattering localized
it to cutaneous blood vessels, and temperature
modulation studies localized scattering and
perfusion measurements to the dermis.

Optical activity and polarimetry

Polarimetry has been used for quantitative
analysis of solutions of optically active (chi-
ral) compounds such as glucose. When a beam
of plane-polarized light transverses a solution,
its plane of polarization rotates by an angle �,
which is related to the concentration of the op-
tically active solute. Optical rotation in the eye
was the earliest proposed NI methods for NI
determination of glucose.123 Several advances
in the polarimetry technique have been re-
ported. Rawer et al.124 discussed different ap-
proaches to utilizing the polarizing properties
of the aqueous humor (AH) for quantitative
glucose measurements. Cameron et al.125 pre-
sented in vivo results from a laser-based opti-
cal polarimetry system using the anterior
chamber of a rabbit eye. The time delay be-
tween blood glucose and NI-measured glu-
cose in AH was reported to be less than 5 min
in rabbit eye.126 In a different study AH glu-
cose in a rabbit’s eyeball lagged blood glucose
values by a 30-min delay.127 Lane et al.128 stud-
ied the acute effect of insulin on AH. Under
euglycemic conditions of high and relatively
low insulin concentrations, AH flow through

the anterior segment of the eye decreased in
patients with type 1 diabetes.128 Bockle et al.129

described a new Brewster-angle approach to
determination of change in degree of polar-
ization. Polarimetry requires a body part with
low scattering such as cornea, appropriate cal-
ibration, and understanding of lag time be-
tween blood glucose and AH glucose. The eye
offers an advantage over the skin for NI mea-
surements of glucose because of the absence
of the SC. Corneal rotation, corneal birefrin-
gence, and eye motion artifact are potential
source of error in polarimetric ocular mea-
surements.1

Raman scattering

Use of Raman spectroscopy for the detection
of glucose falls in the category of methods that
measure an intrinsic property of the glucose
molecule. Most recent Raman studies are in
vitro measurements. Raman bands at 900–1,200
cm�1 are specific to the molecular structure of
glucose.130,131 Fundamental vibrations moni-
tored by Raman spectroscopy are sharper and
have less overlap compared with NIR combi-
nation bands. Additionally, water has a low Ra-
man cross section. The advent of NIR Raman
spectrometers and use of multivariate spectral
analysis for extracting diagnostic, chemical,
and morphological information extended the
application of Raman spectroscopy to various
clinical applications.130,131

KHALIL680

TABLE 5. HUMAN DATA ON METHODS BASED ON LIGHT SCATTERING MEASUREMENTS

Method Specificity Compartmentalization Calibration

Localized
reflectance of
abdomen

Thermo-optical
response

RBC scattering

OCT

Heinemann et al.20;
Bruulsema et
al.106

Yeh et al.11

Shvartsman and
Fine110; Cohen et
al.111

Larin et al.119,121,122;
Esenaliev et al.120

Glucose effect on
nISF

Glucose effect on
nISF and
perfusion

Glucose effect on
nplasma

Glucose effect on
nISF

Dermis,
subcutaneous
fat, and muscles
0.8–10 mm
depth, abdomen

Dermis 0.4 to �2
mm depth,
forearm

Blood vessels

Upper dermis
200–600 �m
depth, forearm

Glucose clamp or
OGTT,
calibration
model

OGTT, calibration
model/prediction

Clamp, calibration
model

OGTT, calibration
model
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Raman spectra of blood samples excited at
830 nm yielded an SEP of 3.6 mmol/L glu-
cose.132 Feld’s group developed a method of
linear multivariate calibration called hybrid
linear analysis (HLA),133 which involves incor-
porating the spectrum of the desired species
(glucose) into the calibration procedure. The
SEP for glucose in serum obtained with PLS is
1.2 mmol/L, and the SEP obtained with HLA
is 0.94 mmol/L. In whole blood, the PLS-SEP
for glucose was 4.4 mmol/L, and the HLA-de-
termined SEP was 3.5 mmol/L.134 The calibra-
tion model was stable over a 7-week period.
SEP increased on going from serum to whole
blood.

Raman spectra of the AH of the eyes from 32
anesthetized rabbits that were excited at 785
nm and corrected to eliminate broadband flu-
orescence showed fair correlation with glucose
concentration (Rc � 0.87).135 Correlation im-
proved when fluorescence was subtracted
prior to linear multivariate analysis (Rc � 0.95).
Adding an artificial neural network to the anal-
ysis further improved the correlation (Rc �
0.99). AH glucose exceeded blood glucose val-
ues at normoglycemic levels. It correlated lin-
early with plasma glucose above 11 mmol/L.

Raman measurements on intact human skin
are expected to be more complex than the case
of solutions or of blood. Raman spectral images
of skin showed some complex lipid struc-
tures.136 Chaiken et al.137,138 studied Raman
spectra of human skin under tissue modulation
conditions, which involved the use of thermal
and/or mechanical stimuli to produce distrib-
utions of blood-rich “replete” and blood-defi-
cient “deplete” regions of skin. Raman spectra
of human blood in vivo were excited at 785 nm
or 830 nm, and the corrected integrated nor-
malized intensities of the Raman shifted bands
between 400 and 1,800 cm�1 were calculated.
Blood volume variations and fluorescence cor-
rections were used to improve signal quality.138

Human data that were obtained at 905 nm ex-
citation showed that the corrected integrated
signal could be fitted to the capillary glucose
values for 23 individuals with Rc � 0.74. Re-
peated measurements on three individuals
with a total of 28 data points yielded Rc � 0.63.
Fitting the Raman signal to glucose concentra-
tion separately for each of five individuals

yielded Rc �0.9 for the single-person calibra-
tion.

Surface-enhanced Raman scattering (SERS)
is an effect that results in enhancing the inten-
sity of Raman bands of molecules localized in
close proximity of silver and gold surfaces. Ra-
man scattering intensity increases when a mol-
ecule is spatially confined within the range of
the electromagnetic fields generated upon ex-
citations of the localized plasmon resonance of
nanostructured silver or gold surface. Several
orders of magnitude of sensitivity enhance-
ment can be gained over conventional Raman
spectroscopy,139 which may shorten the data
acquisition time. Molecules confined within a
decay length of the plasmon electromagnetic
field of 0–4 nm will exhibit SERS spectra even
if they are not chemisorbed.140

In a recent report, glucose was partitioned
into an alkanethiol monolayer adsorbed on a
silver film over nanospheres (AgFON).141 PLS
calculations demonstrated the ability to estab-
lish a calibration model for SERS signal versus
glucose concentration. The model was vali-
dated by LOOCV over a 0–25 mmol/L concen-
tration range with an SECV of 1.8 mmol/L.141

Enhancement in the Raman signal is important
for both minimally invasive and NI glucose de-
termination. The partition layer was changed
to alkane thiolate tri(ethylene glycol) monolay-
ers in order to increase its stability.142 The par-
tition rates improved, and the sensor stability
increased. The SECV of glucose in water was
1.8 mmol/L, and 4.56 mmol/L in the presence
of albumin.142 The rate of improvement in this
technology makes it a promising sensor at least
for minimally invasive sensing in the ISF.

PA spectroscopy

PA spectroscopy is used to detect weak ab-
sorbencies in liquids and gases.143 A PA mea-
surement is an alternative detection technology
for light interaction with tissues.144–148 The
medium is excited by a picosecond to nanosec-
ond laser pulse at a wavelength that is ab-
sorbed by a particular molecular species in the
medium. Light absorption and subsequent ra-
diationless decay cause microscopic localized
heating in the medium, which generates an ul-
trasound pressure wave that is detectable by a
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hydrophone or a piezoelectric device. The
pulsed PA signal is related to the properties of
a clear medium by the equation:

PA � k(�vn/Cp)E0�a (6)

where PA is the signal amplitude, k is a pro-
portionality constant, E0 is the incident pulse
energy, � is the thermal expansion coefficient,
v is the speed of sound in the medium, n � 2,
Cp is the specific heat, and �a is the light ab-
sorption coefficient. This equation applies to
clear solutions or crystals.

PA spectroscopy is relatively unaffected by
scattering in optically thin (clear) media, but is
affected by scattering in optically dense media.
Light scattering in the medium affects the
shape of the PA pulse. In highly scattering me-
dia �eff replaced �a. Dispersion of the PA sig-
nal as a function of wavelength mimics the ab-
sorption spectrum in optically thin (clear)
medium. It is equivalent to the diffuse re-
flectance spectrum in an optically dense
medium. Fainchtein et al.145 provided detailed
analysis of generation and propagation of PA
signals in blood.

MacKenzie et al.144 studied the PA effect in
glucose solution in the low scattering case. PA
signal generation is assumed to be due to ini-
tial light absorption by the glucose molecules.
Solutions were excited by NIR laser pulses in
the 1,000–1,800 nm range, at wavelengths that
corresponded to NIR absorption of glucose.
There was a linear relationship between PA sig-
nal and glucose concentration in aqueous so-
lutions.144 Human experiments showed that
the PA signal tracks change in glucose concen-
tration.144 No data analysis was presented to
show an advantage of PA spectroscopy over an
NIR transmission or reflectance for NI mea-
surement of glucose.

A different approach is the use of ultraviolet
laser pulses at 355 nm. The generated pulsed
PA time profile is used to detect the effect of
glucose on tissue scattering, which is reduced
by increasing glucose concentration.146 PA time
profiles were analyzed to yield �eff, which like
�s	 is related to changes in the refractive index
of the medium induced by changes in glucose
concentration. In vivo PA profiles measured in
rabbit sclera before and after intravenous glu-

cose administering demonstrated that a 1
mmol/L increase in glucose concentration re-
sulted in a 3% decrease of �eff. In this case the
absorbing species is one of the amino acid
residues in the sclera, and the PA pulse shape
is modulated by light scattering expressed by
�s	, which is dependent on the concentration
of glucose through its effect on the refractive
index. Additionally, the thermoelastic parame-
ters of the medium �,v, and Cp also affect the
magnitude of the signal in a way that is related
to glucose concentration.

Absorption of laser pulses by the glucose
molecules is not the only mechanism necessary
for observation of the PA effect. From Eq. 6,
once a compression wave is generated after
light absorption by any chromophore in the
medium, the resultant PA pulse intensity can
be modified by the medium thermoelastic
properties �,v, and Cp. All three properties are
dependent on glucose concentration. Using the
equation P � k(�vn/Cp)E0�a to analyze the
data presented in the dissertation by Zhao148

shows that in response to a 1% change in glu-
cose concentration in water solutions, the cal-
culated thermal expansion coefficient �, spe-
cific heat Cp, and acoustic velocity v changed
by 1.2%, �0.6%, and 0.28%, respectively. By in-
cluding the three parameters in the equation,
the calculated change in the amplitude of the
PA signal is 2.05%. The measured change in the
acoustic signal, at 905 nm excitation, was 2%.
Thus it is possible to account for the magnitude
of the PA signal excited at 905 nm without 
taking into consideration the absorption coeffi-
cient of glucose. The optical absorption coeffi-
cient at 905 nm is 0.007 mm�1. At this wave-
length the optical absorption by glucose
contributes negligibly to the signal.148

Addition of a scattering component to the
medium enhanced the PA signal exited at 905
nm. The PA signal resulting from 55.56
mmol/L (1 g/dL) glucose increased by 250%
in 3% milk solution, by 50% in tissue, and by
700% in blood as compared with its magnitude
in clear water solutions.147,148 Temporal dis-
persion PA curves of blood suspensions con-
taining glucose and excited by a 905 nm pulsed
laser source demonstrated that glucose de-
creased �s	.147,148 This effect is similar to the PA
signals from the eye sclera.146 It is also similar
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to the scattering �s	 on tissue and turbid me-
dia.106,119,122 The absorbing species at 905 nm
is most probably the hemoglobin molecule. The
parameter measured by the PA effect in blood
suspensions at 905 nm is most probably the ef-
fective attenuation coefficient �eff.

The interplay of light absorption and
medium properties change on the PA signal
was further investigated by Shen et al.,149 who
determined time profiles of pulsed PA signals
in graphite suspensions at excited at 900 nm.
The suspensions had absorbance values rang-
ing between 12 to 53 absorbance units/cm. The
PA-determined �a, using Eq. 6, was linearly re-
lated to absorbance measured by an NIR spec-
trophotometer. PA signals for glucose in water
were measured at 1,450 nm with concentrations
ranging between 111 and 833 mmol/L. The be-
havior of the signal change was indicative of
the water displacement effect. The PA signal
reached the detector faster at higher glucose
concentrations. The data were interpreted as
meaning that in the graphite case, the domi-
nant effect was the absorption coefficient in Eq.
6. In the glucose case at 1,450 nm excitation, it
was the effect of glucose on the sound velocity
in the medium.149 The direction of signal
change was similar to that of water displace-
ment in the NIR absorption at 1,450 nm. The
concentration and optical densities used were
much higher than the physiological glucose
concentration or tissue light absorption ranges.

Measurement of sound propagation in tissue
is dependent on mechanical coupling between
the skin and the measuring probe and the pres-
sure of the probe on the skin. This effect is quite
similar to ultrasound propagation in tissue
where coupling jells are used to improve the
speed of sound matching and decrease sound
reflections. Dependence of the signal on
probe–skin interaction is obvious in NIR opti-
cal methods.

Still further work is needed to understand
PA origination and propagation in tissue and
its use for NI determination of glucose. The PA
effect was not shown to offer any advantages
in detection specificity over other NIR absorp-
tion or diffuse reflectance methods. It is possi-
ble to account for the measured magnitude of
the signal under some experimental conditions
by factors other than the NIR absorption of glu-

cose. The enhancement of the signal in blood
that was excited at 905 nm is probably due to
light absorption by hemoglobin and modifica-
tion of the signal by glucose.147,148 In the scat-
tering mode, PA does not offer any noticeable
advantage over other scattering methods. The
PA signal tracks �eff in scattering media. The
pulse profile is related to the �s	 and is depen-
dent on the refractive index mismatch between
scattering centers and the medium.146 The na-
ture of absorptive events or the “absorbing
chromophore” that generates the PA signal is
not known with certainty. There is no evidence
that glucose molecules are the primary ab-
sorbing species of the NIR light pulse that gen-
erates the compression wave. Water, glucose,
blood, and tissue amino acid residues can ab-
sorb NIR light pulses. The generated compres-
sion wave is modulated by scattering and ther-
moelastic properties of the medium, which
change with change in glucose concentrations.

Glucon, Inc. presented a novel PA applica-
tion in the Diabetes Technology Meeting in At-
lanta in November 2002, which is posted on
their web site.150 Additionally, several varia-
tions on combining ultrasound and PA spec-
troscopy were described in a patent publica-
tion.151 The methods presented include:

1. Use of an ultrasound transducer to locate a
bolus of blood in a vessel and then illumi-
nate it with a pulsed laser at a glucose ab-
sorption wavelength. The same ultrasound
transducer detects the generated PA signal.

2. A second variation is to detect ultrasound
signal reflected from a blood vessel before
and after PA excitation. Glucose is then de-
termined from the difference in reflected ul-
trasound intensity.

3. A third approach is to excite a blood bolus
in a vessel via a PA effect. The change in the
dimensions and speed of the excited bolus
causes a Doppler shift to an ultrasound
pulse directed towards the blood vessel.
Glucose is determined from the magnitude
and the delay of the Doppler-shifted ultra-
sound peak.150,151

The purpose of combining of ultrasound and
PA is to target a specific body compartment,
mainly a blood vessel, thus addressing the
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compartmentalization issue. Specificity needs
to be addressed. Is the PA signal due to spe-
cific glucose absorption or due to blood com-
ponent absorption of the pulse, and then glu-
cose affects the plasma thermoelastic and
refractive properties? There are no published
clinical data, but it is posted on the Glucon, Inc.
web site.150 Human data on pulsed PA deter-
mination of glucose are given in Table 6.

PA is emerging as a novel blood vessel
imaging modality and may be useful to study
diabetes vascular complications. Hoelen et
al.152 imaged blood vessels in highly scatter-
ing samples, using 532 nm light, to depths of
�1 cm.

Thermal and IR emission measurements

Thermal gradient spectroscopy (TGS), an IR
emission technique, is based on measuring the
fundamental absorption bands of glucose at
9.1–10.5 �m, and bands of other analytes such
as water and proteins. A prototype incorporat-
ing the technology has been described.153–156

In TGS technology the spectroscopic energy
source is the body’s naturally emitted IR en-
ergy, which is absorbed by glucose at �10 �m.

In one application of TGS the surface of the
skin is cooled to approximately 10°C to sup-
press its absorptive effect. NIR light penetra-
tion depth in skin increased by lowering its
temperature, which can help targeting a par-
ticular cutaneous layer.85–87 This is attributed
to a decrease in absorption and scattering co-
efficients. The cooling-induced skin trans-

parency allows monitoring of IR emission from
the ISF and cutaneous layers.153–156 Using IR
emission instead of IR absorption allows sam-
pling of deeper cutaneous layers below the SC,
which is the layer sampled by mid-IR absorp-
tion measurements. In vivo clinical data on sev-
eral individuals with type 1 diabetes have been
reported.153 A linear response between in vivo
detected glucose and reference blood glucose
values has been reported. Multiple LLS fitting
to the calibration data yielded an SD of 1.4
mmol/L.

In an alternate application of TGS155,156 the
skin surface is continually cycled up and down
in temperature �5°C around normal skin sur-
face temperature at a rate of approximately 1
Hz. The resulting thermal oscillation produces
a modulated IR signal, which is dispersed into
selected mid-IR bands by IR-pass filters, de-
tected, and synchronously demodulated. In this
technique the relative phase of the signal at each
wavelength relates directly to the relative spec-
tral absorption of the tissue at each mid-IR
wavelength. An algorithm transforms this
phase difference into a mid-IR absorption spec-
trum. Once the mid-IR absorption spectrum has
been determined conventional spectroscopic
techniques are proposed to be employed to
quantify glucose. TGS offers specificity and
compartmentalization advantages. LLS fitting
was used, but the fitting conditions and the
proprietary transformation algorithm were not
disclosed in sufficient details.

Measurement of the amplitude of IR emis-
sion from the tympanic membrane using a fil-
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TABLE 6. SUMMARY OF PULSED PA DETERMINATION OF GLUCOSE

Method Reference Specificity Compartmentalization Calibration

PA absorption,
�1,500 nm

PA scattering,
355 nm

PA scattering, 
905 nm

PA/ultrasound,
700–900 nm

MacKenzie et al.144

Bednov et al.146

Zhao148

Glucon150; Nagar
et al.151

Glucose absorption

Glucose effect on
nvitreous fluid

Glucose effect on
nISF

Glucose effect on
nISF

Finger tissue and
vessels

Eye

Dermal tissue,
forearm

Blood vessels,
forearm

OGTT, calibration
model, SEP not
reported

Animal model,
calibration
model, SEP not
reported

OGTT, calibration
model, SEP not
reported

OGTT, calibration
model, SEP not
reported
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ter at 10.5 �m and signal difference to a known
glucose concentration has been proposed. 
The data indicate tracking between the signal
and glucose concentration in an MTT.157,158

Buchert157 suggested a method that is based on
the premises that the human body naturally
emits IR energy, a portion of which is charac-
teristic of glucose and can be utilized for its NI
determination. The method utilized a sensor in-
serted in the ear canal to measure IR radiation
emitted by the tympanic membrane. Ear ther-
mometers are commonly used to measure body
temperature from the wavelength-integrated
intensity of IR radiation emitted from the tym-
panic membrane. The tympanic membrane is
an excellent site to measure body temperature
because it shares its blood supply with the hy-
pothalamus, the center of core body tempera-
ture regulation. When compared with the the-
oretical blackbody radiation this IR radiation of
the tympanic membrane is spectrally modified
by blood glucose, which changes the mem-
brane’s emissivity and make it possible to mea-
sure the concentration of blood glucose.157,158

Malchoff et al.158 described an NI glucose
monitoring test device that is schematically
shown in Figure 6. The instrument, which de-
tects IR radiation from the tympanic mem-
brane, consists of two thermopile detector/op-
tical IR filter sets. One of the sensing elements
is covered by a 9.6-�m IR filter sensitive to a

glucose IR wavelength. The second sensing el-
ement is covered with a filter that does not have
spectral bands of glucose such as the quasi-
isosbestic point at about 8.5 �m. Spectrally
modified IR radiation from the tympanic mem-
brane illuminates both detectors. The differ-
ence in radiation intensity between the two ra-
diation paths provides a measure proportional
to glucose concentration.157

IR emission from the tympanic membrane
was calibrated versus serum glucose concen-
tration using 432 paired measurements from 20
subjects with insulin-dependent diabetes. The
calibration was subsequently tested in a blind
fashion with 126 paired measurements from six
volunteers with diabetes.158 Based on the cali-
bration model, predicted glucose concentra-
tions had an SD of 1.48 mmol/L, with Rp �
0.87. Data presentation differs from used for
most multivariate methods. It is not clear
whether this SD is equivalent to SECV or SEP.

The simplicity of this method and the ac-
ceptance of the ear thermometers make it quite
appealing. Overlap between the effect of glu-
cose on the signal and temperature variations
due to circadian periodicity needs to be delin-
eated. There is a need to separate the mea-
surement technique as a temperature response
to glucose change, blood flow response to glu-
cose change, or an intrinsic glucose property
(IR emission from the glucose molecule). Prob-
ably a “fever effect” such as shown in other cor-
relations should be explored.11

Fluorescence measurements

Skin fluoresces at 370 and 455 nm when it 
is excited by ultraviolet light. Multiple regres-
sion analysis shows correlations between skin
autofluorescence and pigmentation (melanin),
redness (hemoglobin), and epidermal thick-
ness. Skin autofluorescence depended on pig-
mentation, redness, and epidermal thickness,
in a descending order.159 Snyder and Grund-
fest160 patented the use of laser-induced fluo-
rescence for the NI determination of glucose.
When glucose solutions were excited with an
excimer laser line at 308 nm, fluorescence was
detected at 340 and 400 nm, with fluorescence
maximum at 380 nm.160 Fluorescence intensity
changed with change in glucose concentration

NON-INVASIVE GLUCOSE MEASUREMENT 685

FIG. 6. Schematic of the IR emission detection of glu-
cose. The target is the tympanic membrane; the wave-
guide, inserted in the ear canal, directs the IR radiation
to the light valve and then to the detector. Reproduced
with permission of the American Diabetes Association,
from Malchoff et al.158
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in an aqueous medium. Glucose does not have
electronic absorption bands in this short ultra-
violet spectral range. The patent does not ex-
plain the molecular origin of this fluorescence.
Exciting the skin at this short wavelength will
lead to a strong scattering component, in addi-
tion to the fluorescence. There are no available
human data on NI glucose determination by di-
rect ultraviolet excitation of human tissue.

In vitro fluorescence assays for glucose have
been studied as steps towards its in vivo deter-
mination. Several methods are based on fluo-
rescent resonance energy transfer (FRET) and
on competition between glucose and dextran
for concanavalin-A (con-A) binding sites. The
assay components are con-A labeled with an
energy acceptor, or an energy donor, and dex-
tran labeled with the complementary molecule
for FRET.161–163

A fluorescence biosensor incorporates rho-
damine-labeled con-A [tetramethylrhodamine
isothiocyanate (TRITC)-con-A)] as the energy
acceptor and fluorescein isothiocyanate-dex-
tran (FITC-dextran) as the energy donor. Both
molecules are chemically conjugated into a hy-
drogel network.161 In the absence of glucose,
TRITC-con-A binds with FITC-dextran, and the
FITC fluorescence is quenched through FRET.
Competitive glucose binding to TRITC-con-A
liberates FITC-dextran, resulting in increased
fluorescence intensity proportional to the glu-
cose concentration. The in vitro fluorescence re-
sponse was linear over a glucose range be-
tween 0 and 33 mmol/L.161 Another glucose
assay uses FRET between con-A labeled with
fluorescent protein allophycocyanin as donor,
and dextran-malachite green as an energy ac-
ceptor. Glucose competitively displaces dex-
tran-malachite green and increases allophy-
cocyanin fluorescence intensity. The in vitro
assay had a glucose dynamic range of 2.5–30
mmol/L.162,163

Evans et al.164 developed an in vitro cell cul-
ture model of skin-component cells as a model
to test the NI glucose monitoring by measuring
NAD(P)H-related fluorescence changes in tis-
sues. NAD(P)H solutions fluoresce at 400–500
nm when excited at 340 nm. 3T3-L1 fibroblasts
and adipocytes were grown in culture, and the
response to added glucose was assessed by
changes in steady-state autofluorescence at

400–500 nm.164 Spectral properties indicated
that the fluorescence was due to NAD(P)H pro-
duction. Cells stained with the fluorescent mi-
tochondrial marker rhodamine-123 showed im-
mediate and marked decrease in fluorescence
when exposed to glucose.164

Masters et al.165 demonstrated the use of mul-
tiphoton excitation fluorescence microscopy
(MPFM) for functional imaging of the meta-
bolic states of in vivo human skin cells. MPFM
at 730 and 960 nm was used to image in vivo
human skin autofluorescence from the surface
to a depth of approximately 200 �m. Fluores-
cence lifetime images were obtained at selected
locations near the surface (0–50 �m) and at
deeper depths (100–150 �m) for both excitation
wavelengths. Cell borders and cell nuclei were
the prominent structures observed. NAD(P)H
was found to be the primary source of the skin
autofluorescence for the 730 nm two-photon
excitation. A two-photon fluorescence emission
at 520 nm was attributed to flavoprotein.165

NAD(P)H is involved in glucose metabolism.
Change in NAD(P)H fluorescence in adipo-
cytes, keratinocytes, and other upper dermis
components, when measured by MPFM, may
be used to track glucose changes in human
skin. Spectroscopic methods to decrease or di-
minish the effect of skin scattering can be used
to improve the quality of fluorescence signals.
The effects of other compounds that utilize the
NAD(P)H in their metabolic pathways need to
be investigated.

Measurement of skin fluorescence from the
epidermis, or the upper dermis, will require the
use of confocal fluorescence microscopy.166

Swindle et al.167 reported the ability of in vivo
fluorescence point-scanning laser confocal mi-
croscopy to produce real-time, high-resolution
images of the microscopic architecture of nor-
mal human epidermis using an NI imaging
technology.

March and co-workers polymerized a fluo-
rescent complex within a hydrogel to make an
intraocular lens that responds well to glucose
concentration.168,169 The patient wears the lens,
which changes its fluorescence depending on
glucose concentration. Fluorescence is excited
and detected by a hand-held device.

Lackowicz’s group described boronic acid
fluorophores (BAFs), which undergo spectral
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changes in the presence of sugars, leading to a
change in fluorescence intensity and wave-
length upon binding to D-fructose.170 The bind-
ing affinity decreases for D-galactose and D-glu-
cose. These BAF probes showed wavelength
shifts and intensity changes when embedded in
a commercial contact lens (a polyvinyl alcohol-
type photo-cured polymer) and immersed in
glucose solutions. The probes included stilbene,
polyene, and chalcone derivatives. Examples of
BAF probes are 4	-dimethylaminostilbene-4-
boronic acid, 4	-cyanostilbene-4-boronic acid,
and 1-(p-boronophenyl)-4-(p-dimethylamino-
phenyl)buta-1,2-diene. Stilbene polyene deriv-
atives were excited at 320–340 nm, while chal-
cone derivatives were excited at 430 nm.170

Argose, Inc. explored the use of fluorescence for
the NI determination of glucose in the skin.171

Fluorescence methods that depend on interac-
tion between glucose and a specific binding
molecule, such as boronic acid and con-A, or
are involved in a metabolic pathway will have
a specificity advantage, when successfully ap-
plied in vivo.

Use of photonic crystals

Asher’s group has developed a photonic
sensing material that responds to analyte con-
centrations via diffraction of visible light from
polymerized crystalline colloidal arrays (PC-
CAs).172,173 PCCAs are periodic crystalline col-
loidal arrays (CCAs) of spherical polystyrene
colloids polymerized within thin hydrogel
films. The CCAs are brightly colored as they
diffract visible light due to Bragg’s diffrac-
tion.172–177

Bragg diffraction depends on the refractive
index of the system (solvent, hydrogel, and col-
loids), the spacing d between the diffracting
planes. The array will act as a diffraction grat-
ing for white light, allowing a specific dif-
fracted wavelength � to be detected at a spe-
cific glancing angle between the incident light
propagation direction and the diffracting
planes. Incorporation of charged species, or
change in electric charge in the PCCAs, causes
the arrays to expand, changing the spacing d.
The diffraction pattern then changes causing a
wavelength shift in the light reflected off the
array.172–177

Several studies show the ability of the PCCA
films to detect metal ions,174 creatinine,175 and
glucose.176,177 Asher’s group constructed a glu-
cose photonic sensor in the form of a thin acry-
lamide diffracting PCCA hydrogel film that
contains glucose oxidase or phenyl boronic
acid crystals as the molecular recognition ele-
ments. Attachment of glucose causes change in
charge distribution. Glucose capture by glucose
oxidase, or phenyl boronic acid, results in
change in the spacing d in the Bragg equation,
causing shifts in wavelengths of diffracted
light. For example, 0.1 mmol/L glucose causes
the diffracted light to shift from yellow at 550
nm to red at 600 nm. The diffraction spectral
shift responds to change in glucose concentra-
tion in in vitro experiments. The plot shows a
high sensitivity to glucose concentration be-
tween 0 and 10 mmol/L.176,177

The polymer film sensor is conceived to be
used as a contact lens, which changes color ac-
cording to the glucose concentration in tears.
The use of glucose oxidase or phenyl boronic
acid to capture glucose from tears has speci-
ficity advantages. The polymer film methods
measure glucose in tears; the relative concen-
tration and lag time between glucose concen-
tration in blood and in tears require detailed
studies.

NON-OPTICAL METHODS FOR THE NI
DETERMINATION OF GLUCOSE

Impedance measurements

Measurement of tissue and cell impedance at
different frequencies of an oscillating alternat-
ing current field yields the dielectric perme-
ability of the cell membranes. The plot of the
dielectric permeability �* (	) at the different os-
cillation frequencies is the dielectric spectrum
of the sample, where 	 is the oscillation fre-
quency in Hz (cycles per second). The dielec-
tric spectrum is measured over a frequency
range of 100 Hz to 100 MHz (102–108 oscilla-
tions per second).178–183 The frequency distri-
bution and the magnitude of �* (	) were mea-
sured for a suspension of RBCs in glucose
solutions. Both frequency distribution and
magnitude of �* (	) were dependent on the con-
centration of the metabolically active enan-
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tiomer D-glucose, but were independent of the
concentration of the metabolically inactive
enantiomer L-glucose.183

Changes in blood glucose concentration in-
duce changes in cells involved in carbohydrate
metabolism. Hillier et al.178 studied the effect of
hyperglycemia in decreasing the Na� concen-
tration in healthy subjects under insulin defi-
ciency conditions. In addition to its role in 
inducing hyperglycemia, insulin deficiency re-
duces the permeability of most cells to glucose
and accentuates its osmotic effect. Mean serum
Na� and plasma glucose concentrations for six
healthy fasting volunteers, who were given so-
matostatin to suppress insulin secretion, were
determined in a glucose infusion experiment.
Infused glucose brought up its blood concen-
tration to 33.3 mmol/L within an hour, and
then glucose infusion was stopped and insulin
was infused to lower the blood glucose con-
centration to 7.78 mmol/L. As shown in Fig-
ure 7, serum glucose is reversibly related to
Na� concentration. The decrease in Na� con-
centration as a result of increased glucose was
less pronounced when glucose was infused
without suppressing endogenous insulin se-
cretion.180

RBCs undergo a decrease in sodium ion con-
centration and an increase in potassium ion
concentrations due to water movement from

RBCs to plasma, induced by change in glucose
concentration.178 Variation in electrolyte bal-
ance in blood causes change in RBC membrane
potential, which can be followed by determin-
ing the permittivity and conductivity of cell
membranes using time domain dielectric spec-
troscopy.181,182

Suspensions of human RBCs in phosphate-
buffered saline solution containing variable
concentrations of D-glucose or L-glucose of con-
stant osmolality showed a spike in �* (	) at a
D-glucose concentration of 12 mmol/L and 
no such effect when L-glucose was used. This
shows an interesting specificity for the meta-
bolically active enantiomer.183

Changes in the glucose concentrations were
monitored in an NI experiment by varying the
frequency in the radio band over a range that
was optimized to measure the impact of glu-
cose on the impedance pattern.179 A number of
human hyperglycemic excursion measure-
ments were performed with healthy volunteers
using a wristwatch-size sensor, which holds an
open resonant circuit coupled to the skin and
a circuit179:

1. The impedance sensor signals were corre-
lated with changes in blood glucose or glu-
cose in the ISF during a glucose clamp. A
microdialysis catheter abdominally placed
in the subcutaneous tissue measured blood
glucose and glucose changes in ISF. Blood
glucose was increased rapidly in eight
healthy subjects from 5.56 to 16.67 mmol/L.
A good correlation between changes in
blood glucose and sensor recordings was re-
ported in five out of the eight experiments.
The profile for the glucose changes in the ISF
is superimposed as well, showing the typi-
cal lag time between changes of glucose in
blood and ISF.

2. An oral glucose load was administered to
four healthy subjects to raise its values in
blood from 5.56 to 16.67 mmol/L. The base-
line was set by infusion of somatostatin to
suppress endogenous insulin secretion.
Three out of the four experiments showed a
good correlation between changes in blood
glucose and the sensor signals.

3. Sensor signals over time were recorded
while blood glucose remained unchanged.
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FIG. 7. Mean values serum sodium and plasma glucose
concentrations for six healthy adults in a glucose infusion
experiment. Subjects were fasting and were given so-
matostatin to suppress insulin secretion. Glucose con-
centration was increased to 33 mmol/L within an hour
and then stopped. Reproduced with permission from
Caduff et al.179
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Blood glucose was kept constant for 8 h in
four healthy subjects in order to study
changes in the impedance pattern, which
might occur over time. In 75% of the exper-
iments glucose changes could be closely
tracked. Only small changes occurred in the
sensor signal over time.

The results of this human experiment
showed a proof of concept for this non-optical,
NI monitoring approach.179 It is attractive as a
continuous glucose monitoring method. Be-
cause of the indirect nature of this measure-
ment, a number of questions remain to be clar-
ified, such as the effect of body water content
or dehydration on this measurement. There is
a dehydrating effect that accompanies hyper-
glycemia.178 Some of the co-morbidities that af-
fect cell membranes were listed in the section
discussing RBC light scattering.

Tissue temperature measurements

Cho and Holzgreve184,185 proposed a differ-
ent non-optical technique that is based on body
thermal effects. Measurement of body temper-
ature was suggested as an NI method to de-
termine glucose in the blood. The method is
based on measuring body temperature at an ex-
tremity, such as the forefinger, using contact
and non-contact temperature measuring tech-
niques and correlating a mathematical func-
tion of the measured temperature with glucose
concentration. Body temperatures at extremi-
ties depend on environmental temperature, ac-
tivity, time from meal, alcohol and nicotine
consumption, and other disease states.184,185

Accurate measurement of changes in body tem-
perature was claimed to yield NI glucose cali-
bration plots.184,185 It is difficult to separate 
circadian temperature periodicity from tem-
perature change because of the glucose con-
centration effect. Thermal variations that char-
acterize tissue metabolism have circadian
periodicity and are not related to glucose me-
tabolism only, but can be associated with other
physiological effects or disease states. Circa-
dian variations in body temperature have been
discussed.27,28 Temperature changes upon glu-
cose ingestion.29 The tympanic membrane is a
better measurement site because of the absence

of the SC, calluses, and variable skin thickness,
which can affect temperature measurements.

A new publication has described a method
for combining temperature measurements with
optical measurements for NI determination of
glucose.186 The method is suggested to depend
on measurement of blood flow, as gauged by
temperature, and blood oxygenation is deter-
mined from the optical measurements. The var-
ious physical parameters are used to calculate
glucose concentration, presumably based on
the generated metabolic heat. The experimen-
tal details and calibration methods and algo-
rithm used are not described in this short
communication.186

The relationship between glucose concentra-
tion and blood flow was not established. There
are specific issues associated with blood flow
in patients with diabetes. LDF studies showed
an impaired decrease in cutaneous blood flow
and difference in blood flow response to cool-
ing or warming in patients with diabetes.47–49

Patients with diabetes exhibited differences
from subjects without diabetes in cutaneous
blood flow,52–55 and in response to contralat-
eral cooling.58 Both insulin and glucose are re-
ported to have vascular activities affecting
blood flow.62–64 The relationship between oxy-
gen saturation and glucose concentration is not
established in any of the previous studies. In
the absence of corroborating studies, it is pos-
sible to interpret the published Clarke error
grid as representing an overmodeled calibra-
tion relationship.

Table 7 summarizes the reported TGS,153

thermal emission,154 impedance frequency,179

temperature measurement,185 and the method
proposed by Ko et al.186 that combines temper-
ature, blood flow and oxygen saturation mea-
surement, and non-optical methods.

CONCLUSIONS AND AUTHOR’S VIEWS

In addition to the emergence of new detection
methods, improvements in the measurement
technologies and methods to reduce noise in NI
glucose measurement were pursued. Advances
were made in understanding and resolving the
specificity, compartmentalization, and calibra-
tion issues of NI glucose measurements.
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Specificity of NI glucose measurements

The issue of specificity of measuring a glu-
cose molecular property is still unresolved, at
least in a commercial product. Most NI tech-
niques provide indirect evidence that the mea-
sured signal is related to a molecular property
of glucose. Multivariate techniques are used to
extract glucose concentration and to establish
correlation between signal and glucose values
to compensate for lack of specificity; this is es-
pecially true of NIR measurements, but to a
lesser extent for mid-IR spectroscopy. The
availability of a large number of reported NIR
studies, and limited number of mid-IR studies,
makes this conclusion rather tenuous. The in-
terplay among in vitro experiments, in vivo ex-
periments, and simulation studies is used to
prove the specificity of some methods. OGTT
and MTT results can have coincidental overlap
with physiologic events. A way to improve glu-
cose correlation is to experimentally suppress
coincidental correlations and minimize mea-
surement noise.

There are significant advances in methods
that depend on measuring the effect of glucose
on properties of tissue or blood. The PA effect
took a different turn from measuring light ab-
sorption to tracking scattering effects. Fluores-
cence measurements appeared on the horizon.
Fluorescence and photonic crystal diffraction
methods that depend on interaction between
glucose and a specific binding molecule or a

metabolic pathway will have a specificity ad-
vantage, when successfully applied in vivo.

Compartmentalization of glucose values

The precision and specificity of the NI mea-
surements do not yet allow determination of
differences in glucose concentrations in body
compartments. Several techniques target spe-
cific body compartments. Transmission and
diffuse reflectance measurements track glucose
concentrations in the vascular bed, while lo-
calized reflectance and frequency domain
methods detect change in glucose concentra-
tion in the ISF via its effect on �s	. New meth-
ods target the vascular compartment, the der-
mis, tympanic membrane, and AH. Methods
that depend on using a contact lens-type mem-
brane will be dealing with the tears as a body
fluid in the extracorporeal compartment.

Calibration of NI glucose devices

It is possible to track changes in glucose con-
centration during a glycemic swing using cur-
rent methods. Chemometric methods are nec-
essary for data analysis in some technologies,
and it is important to guard against overfitting.
Calibration should allow a random spot testing
as well as sequential continuous monitoring of
glucose, and be easily but not frequently up-
dated. It should cover multiple physiological
disease, environmental, and activity condi-
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TABLE 7. MID-IR THERMAL EMISSION AND NONOPTICAL METHODS

Method Reference Specificity Compartmentalization Calibration

Thermal gradient
spectroscopy
(TGS)

Thermal emission

Impedance
frequency

Temperature

Temperature,
blood flow, and
oxygen
saturation

Klonoff et al.153;
Zheng et al.154

Malchoff et al.158

Hillier et al.178;
Caduff et al.179

Cho and
Holzgreve184,185

Ko et al.186

Mid-IR glucose-
specific emission
band

Glucose-specific
emission band

Effect of D-glucose
on cell
membrane

Effect of glucose
on body
temperature

Effect of glucose
on temperature,
blood flow, and
oxygen
saturation

ISF fluid in
cutaneous layer,
forearm

Tympanic
membrane

Vascular system,
wrist

Finger

Finger

Calibration model
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tions. Researchers should strive to achieve mul-
tipatient calibration, which requires under-
standing the physical and physiological factors
affecting the signals, interperson differences,
and measurement of noise. It is preferable to
have a self-calibrating detection method that
yields a universal calibration model, which is
not unique to an individual and does not re-
quire multiple invasive data points and chemo-
metric methods. Available clinical data do not
show this with great certainty for any method.

Most of the reported methods relied on hy-
perglycemic excursion and multivariate cali-
bration, thus raising two issues. The first one
is the accuracy of glucose invasive measure-
ments and implanted sensors are problematic
in the hypoglycemic range. This observation
led Klonoff187 to suggest a different metric for
the hypoglycemic range. A second issue is
that multivariate analysis leads to one stan-
dard error value across the whole glucose
concentration range. This SEP will be smaller
than the commonly used standard deviation
at high glucose concentration. But it will be
larger than it is at low glucose concentration,
leading to higher error in the hypoglycemic
range.
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