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Optical glucose sensing in biological fluids:
an overview

Roger J. McNichols* Abstract. Recent technological advancements in the photonics indus-
Gerard L. Coté try have led to a resurgence of interest in optical glucose sensing and
Biomedical Engineering Program to realistic progress toward the development of an optical glucose
Texas A&M University sensor. Such a sensor has the potential to significantly improve the

College Station, Texas 77843-3120 quality of life for the estimated 16 million diabetics in this country by

making routine glucose measurements more convenient. Currently
over 100 small companies and universities are working to develop
noninvasive or minimally invasive glucose sensing technologies, and
optical methods play a large role in these efforts. This article reviews
many of the recent advances in optical glucose sensing including op-
tical absorption spectroscopy, polarimetry, Raman spectroscopy, and
fluorescent glucose sensing. In addition a review of calibration and

data processing methods useful for optical techniques is presented.
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1 Introduction cose sensing arenas will be reviewed including: infrared and
near-infrared spectroscopy, Raman spectroscopy, polarimetry,
and fluorescence spectroscopy. Although optical approaches
for glucose sensing are attractive, they are often plagued by a
lack of sensitivity and/or specificity since variations in optical
measurements depend on variations of many factors in addi-
tion to glucose concentration. Isolating those changes which
. are due to glucose alone and using them to predict glucose
ance and a failure to control blood sugar levels. Thus, the concentration is a significant challenge in itself, and to some

development of a convenient noninvasive blood glucose giant 41 optical glucose sensing methods rely on solving the
monitor holds the potential to significantly reduce the morbid- ¢4 alled “calibration problem.” For this reason, this article

ity and mortality associated with Diabet&s. The develop- il also discuss the calibration of optical glucose measure-
ment of such a sensor would also allow automated closed-ments and the advanced mathematical techniques which have
loop control of cell culture processes which could lead t0 peen employed in attacking this hurdle. Finally, conclusions

more efficient and reproducible cell and tissue groifitt, about the near future of optical glucose monitoring will be
and such a sensor would be useful for on-line process controlgrawn.

in the agricultural industry®*3

Recently, renewed interest in, and some significant
progress toward, noninvasive optical glucose sensing have2 Review of Diabetes Mellitus
come about due, in part, to the unprecedented availability of

new technologigs. The proliferat.ion .Of optical communication body either fails to produce or fails to respond to the glucose
systems has driven the photonics industry to produce cheap.eqjatory hormone insulin. Insulin is required in order for
and_ rel!a_lble optical sources, detectors, and imagers, and thecells to take up glucose from the blood, and in diabetics, a
availability of powerful computers has made possible the ap- gefect in insulin signaling can give rise to large fluctuations in
pllcatl.on of extremely complex and powerful data analysis pgoq glucose levels unless proper management techniques
techniques. , . are employed. It is currently estimated that 16 million people
Optical glucose measurement techniques are particularlyiy the US and 100 million people world wide suffer from
attractive for several reasons: they utilize nonionizing radia- pjapetes mellitus, a disease for which no cure currently
tion to interrogate the sample, they do not generally require exists!* Of those afflicted, approximately 5% have what is
consumable reagents, and they are fast. In this article, theo-known as type | diabetes, insulin-dependent diabetes mellitus
retical considerations and recent progress in four optical glu- (IDDM), or juvenile-onset diabeté3.Type | diabetes is an
autoimmune disease in which the body’s own defenses turn
*The present address of Roger J. McNichols is BioTex, Inc., Bryan, TX. against it and destroy tissue, specifically the insulin-producing

It has become overwhelmingly clear that frequent monitoring
and tight control of blood sugar levels are requisite for effec-
tive management of Diabetes mellitus and reduction of the
complications associated with this dise&$eThe pain and
trouble associated with current “finger-stick” methods for
blood glucose monitoring result in decreased patient compli-

Diabetes mellitus is a chronic systemic disease in which the
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Table 1 Summary of diabetes mellitus.

Chronic effects

Type of Management
diabetes strategy Complication Treatment Acute effects
type | N Vascular disease none hyperg|yce.mio leading fo
. RS . . ketoacidosis, coma, and death
|nsul|n |n|ecf|on5 Heart dlseose Diet
dependent
Kidney disease  Dialysis hypoglycemia
or or (nephropathy) transplant, diet leading to
Juvenile-onset insulin pump  Eye disease Laser coagulation of diabetic shock,
(retinopathy) neovascularizations  coma, and death
type |l
Diet Anesthesia Close attention to hypoglycemia
Noninsulin (neuropathy) wounds—especially
dependent  or foot care nausea and
Poor wound Attention to weakness
or oral healing skin ulcers

adult-onset medications

B cells of the Islets of Langerhans in the pancreas. The resultels by frequent monitoring of blood glucose and treatment
is an eventual inability to produce insulin. Though not well with either diet, medication, or insulin injection. Currently the
understood, it is believed that both genetic and viral factors only available method for monitoring blood glucose requires
may play a role in this proces3 The remaining 95% of dia-  the acquisition of a small blood sample via a “finger-stick.”
betics suffer from type Il diabetes, noninsulin-dependent dia- This method is inconvenient, messy, painful, and carries a risk
betes mellitu§NIDDM), or adult-onset diabetes. Type Il dia- of infection, hence patient compliance is often low, and the
betics produce insulin, but for some reason the cells of their secondary complications of diabetes are often allowed to
bodies do not respond properly to the hormone and fail to take progress. One solution to this problem is the development of a
up glucose appropriately. Both types | and Il diabetes mellitus painless and convenient noninvasive optical glucose monitor
can be diagnosed by measuring abnormally high blood glu- which would allow for fast and frequent measures of blood
cose levels after a carbohydrate-rich meal. glucose levels. Many of the proposed techniques rely on sec-
Associated with diabetes mellitus are a host of secondary ondary indicators of blood glucose such as interstitial fluid
complications which conspire to make the disease one of theglucose, or agueous humor glucose levels. The development
major Killers in the US. Acute effects of diabetes result when of these devices is further complicated not only by a time lag,
blood glucose levels either get too highyperglycemia or but by the physiology of the disease itself. While secondary
too low (hypoglycemia. During hyperglycemia, since the glucose measures may or may not be well correlated to blood
body is unable to use glucose for energy, fats or proteins areglucose levels in normal individuals, they may be particularly
metabolized for energy. The metabolism of these substancesproblematic in diabetics. The malfunction of normal glucose
results in the production of ketone bodies which are toxic in transport mechanisms and changes in peripheral vasculature
sufficiently high levels and can result in ketoacidosis, coma, are problems for many secondary measures, especially since
and even death. During episodes of hypoglycemia, the bodythe progressive nature of the disease means that these rela-
feels weak and because no energy source is available, shockionships may be changing with time. Given this, it is impor-
and even coma and death may result. tant to insure that a noninvasive glucose sensor works in dia-
Chronic complications of diabetes are not well understood, betic patients with abnormal physiology as well as in normal
but seem to stem from prolonged hyperglycemia associatedpatients.
with the disease. Effects on the circulatory system and its
blood vessels can cause damage to the organs and tissues i§ o
the body. Long-term complications of the disease include kid-
ney disease, heart disease, blindness, nerve damage, and gal
grene. These effects are not limited to either Type | or I
diabetes and, according to the National Institutes of Health,
were the source of an estimated 137 billion dollars in associ- | =].e—<CL
ated health care costs in 19%5Table 1 summarizes the man- 0 '
agement and effects of both types | and Il diabetes mellitus. Herel, is the intensity of incident optical radiatioh,is the
The goal of diabetes therapy is to approximate the 24 h transmitted intensitye is the molar extinction coefficient in
blood glucose cycle of a normal individual. Accomplishing (mol/L)"*cm™ (and is dependent on wavelengtiT is the
this goal requires intensive management of blood glucose lev-molar concentration, and is the pathlength in cm. Measure-

ptical Absorption Techniques

)ptical absorption techniques for quantification of glucose are
ased on selective absorption of light by the molecule which
is described by the Beer—Lambert law:
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Fig. 1 Optical absorption spectra for glucose. (a) Midinfrared region extending from 1600 to 900 cm™' or 6.25 to 11 um and showing absorption
peak assignments. (b) Near-infrared region extending from 2.0 to 2.5 um or 5000 to 4000 cm™'. Note that the magnitude of the three absorbance
peaks in the NIR region is much smaller.

ments are generally reported in absorbangeslog(ly/l), fundamental absorption bands or to combinations of funda-
such that the absorbance of several species is additive. Opticamental absorption bands primarily associated with C-H,
absorption spectroscopy for glucose quantification has gener-O—H, and N—H stretching vibrations. For overtone vibrations,
ally been restricted to either the midinfraréMIR) or the it is usually only the first, second, and third overtones that are
near-infraredNIR) spectral region. Figure 1 shows examples seen, with the magnitude of the absorption peak diminishing
of both MIR and NIR optical absorption spectra for aqueous substantially with overtone order. As mentioned, these ab-
glucose after water subtraction. sorption bands are broad, are easily influenced by hydrogen

The MIR region of the spectrum ranges from 2.5 to/60 bonding and temperature effects, and demonstrate substantial
(4000-200 cmY), and it is in this region that absorption overlap. Nonetheless, the region is attractive for quantitative
bands due to fundamental stretching and bending modes ofspectroscopy since NIR instrumentation is readily available
the molecule may be seen. For this reason, spectroscopy in theand the reduced absorption magnitude allows the use of rea-
MIR or “finger-print” region is extremely useful for spectral ~ sonably large path lengths. An excellent review of the theory
identification of compounds. However, the magnitude of and assignment of NIR absorption bands can be found in
background absorption bands due to solution constituents like Refs. 20 and 21 and has more recently been presented in Refs.
water severely limits the path length which can be used in 12 and 22.
MIR transmission spectroscopy to a few hundred microns or  Noninvasive quantification of blood glucose using the very
less. NIR region (700-1300 nm was originally suggested by

Transmission spectroscopy in the MIR region as a means Rosenthal who proposed to use NIR transmission spectros-
for quantifying glucose has been explored by Zeller et al. who copy through the fingertip? Robinson et al. combined NIR
used a MIR spectrophotometer and glucose doped wholespectroscopy in this same wavelength region with partial
blood in a 25um ZnSe transmission cell to analyze several least-squarePLS) analysis and claimed noninvasive glucose
glucose peaks between 8.5 andufh (1175-1110 cm?).6 prediction through the finger with an accuracy of 20 mg/dL in
Bhandare et al. also investigated the MIR using transmission diabetic patientS.More recently, Danzer et al. used diffuse
spectrophotometry of phosphate buffer solutions containing reflectance spectroscopy in this region and demonstrated a
glucose and several other interfering components in order to predictive error of 36 mg/dE* Although specific glucose
compare the effectiveness of single peak calibration, principal spectral peaks are hard to identify in this region of the spec-
component regression analysis, partial least squares regrestrum, particularly at physiological concentrations, it remains
sion analysis, and artificial neural netwofks.Attenuated to- popular with researchers because relatively inexpensive opti-
tal reflection(ATR) MIR spectroscopy, a technique in which cal detectors and components can potentially be used.
a specialized crystal is used to probe the superficial surface  The near-infrared region which lies between 2.0 and 2.5
layers of a sample, has also been suggested as a means fgum has become increasingly popular for aqueous glucose
quantifying blood glucose and has been investigated by Heisemeasurements. This region contains a relative minimum in the
et al. in whole blood?® Finally, Optiscan, Inc. has reported water absorption spectrum and readily identifiable glucose
using MIR spectroscopic measurements of glucose made withpeak information. This region has been utilized by Haaland
the body’s own heat emission as the MIR soufte. et al. in an attempt to quantify glucose vitro in whole

In contrast to the MIR region, the NIR region of the spec- blood?® and by Marbach et al. who used diffuse reflectance
trum, which extends from 700 to 2500 nifi4 000—4000 spectroscopy of the human lip in an attempt to measure glu-
cm 1), contains little specific information. Absorption bands cosein vivo.?® Arnold et al. have demonstrated that the appli-
in this region are due to overtone vibrations of anharmonic cation of Fourier filtering techniques to spectral data from this
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region is effective for quantifying aqueous gluctsé® and

that digital filtering may also be used to correct for the tem- . 7 \

perature sensitivity of the NIR spectruthSince this initial _% 70

interest, several groups have demonstrated moderate success g 65 \\\

with this spectral region in quantifying aqueous glucose con- < 8 AN

centrations ofn vitro phantoms of various complexity includ- 55 \\

ing Shengtian et a* who used fat, protein, and glucose phan- g % \\‘

toms, Chung et & who used mixtures of glucose, glutamine, & % I

ammonia, lactate, and glutamate to simulate cell culture me- 5 % e

dia, Mattu et af® who used phantom solutions of bovine se-  § % .

rum albumin doped with glucose, and McShane €éf atho & ¥ ]
have been able to quantify glucose, lactate, and ammonia in s e 500 50 pvs g 300

cell culture media obtained from fibroblast cultures. Each of
these investigators utilized NIR spectroscopy measurements
in the 2.0—-2.5um spectral region coupled with PLS multi-
variate calibration techniques which are described later in this
article. Sensing sites proposed for NIR measurements include
the fingertip??>%‘the earlobe? the tongué? the lip.*® and the
forearm?3°

Glucose sensing using near infrared spectroscopy is by no

means a simple problem. Glucose absorption peaks whoseof 589 nm® Figure 2 is an ORD curve for glucose showing
magnitude is relatively small compared to a large aqueous specific rotation versus wavelength for light in the visible to
background spectrum often yield low signal-to-noise mea- near-infrared range.

surements. NIR spectral measurements are further plagued by At physiological concentrations and pathlengths of about
a lack of repeatability. Near infrared spectra are sensitive to a1 cm, optical rotations due to glucose are on the order of
host of factors including temperaturgi, and scattering. Ad- 5 millidegrees. A number of techniques for obtaining mea-
ditionally, in vivo measurements may be susceptible to differ- surements with this high degree of accuracy exist and gener-
ences in skin pigmentation, hydration, blood flow, probe ally fall into two categories: those which utilize crossed po-
placement, and probe pressure. Finally, it should be noted thatjarizers to measure rotation via amplitude charmje¥,and

the NIR spectrum of glucose is very similar to that of other those which measure the relative phase shift of modulated
sugar§7 including, in particular, fructose which is often used polarized light passing through the samf:ﬂé?’Figure 3illus-

by diabetics as an alternative to glucose. Despite these diffi- trates each of these approaches schematically. Figues 3
culties, however, near infrared methods have demonstratedand 3c) represent optical systems for polarimetry based on
significant promise in becoming a viable technique for nonin- the amplitude and phase techniques, respectively. Figuiogs 3
vasive glucose sensing. and 3d) illustrate the resulting polarization and intensity sig-
nals which contain optical rotation information.

. Advantages of polarimetric glucose sensing methods in-
4 Polarimetry clude the use of readily available visible sources, the con-
Polarimetric quantification of glucose is based on the phe- comitant ability to use substantial path lengths in aqueous
nomenon of optical rotatory dispersié®RD) whereby a chi- solutions, and the prospect of miniaturizing the optical com-
ral molecule in an aqueous solution will rotate the plane of ponents required. Because skin tissue is a highly scattering
linearly polarized light passing through the solution. This ro- medium, noninvasive measurements through the skin are gen-
tation is due to a difference in the indices of refractignand erally plagued by a high degree of depolarization and a loss in
ng for left- and right-circularly polarized light passing signal-to-noise. Even for red light, scattering is such that a
through a solution containing the molecule. It occurs by virtue tissue thickness of 4 mm is sufficient to cause€5%

of the molecule’s chirality or “handedness” by which we depolarizatiorf* For this reason, a number of investigators
mean the molecule has at least one center about which itshave suggested the anterior chamber of the @ge fluid-
mirror image cannot be superimposed upon itself. In such afilled space directly below the corneas a sight well suited
case, random orientation of molecules in solution will result for polarimetric measurements since scatter in the eye is gen-
in a bulk difference inn_ and ng for the solution, and the  erally very small compared to other tissues. Figure 4 illus-
resultant phase shift between left- and right-circularly polar- trates one commonly proposed optical sensing path. The an-
ized waves gives rise to a rotation of plane polarized light terior chamber is filled with a fluid called the aqueous humor
passing through the solution. The angle of rotation dependswhich Pohjola reports has an age-dependent steady-state glu-
linearly on the concentration of the chiral species, the path- cose concentration about 70% that of blddd time-lag on
length through the sample, and a constant for the moleculethe order of minutes between blood and aqueous humor glu-
called the specific rotation. The net rotation is expressed ascose concentrations has been reported by March et al. who

wavelength (nm)

Fig. 2 Optical rotatory dispersion (ORD) curve for glucose. The spe-
cific rotation in °(g/L)™" dm™" is shown vs wavelength in nm. Adapted
from Ref. 39.

¢=a\LC, wherea, is the specific rotation for the species in
°dm ! (g/L) ! at wavelength\, L is the pathlength in dm, and

tatory (rotates light in the right-handed directioand has a
specific rotation of+52.6°dm* (g/L) ! at the sodiunD-line
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performedn vivo measurements on rabbffs!’ More recently
it has been suggested that this time-lag may actually take 30
C is the concentration in g/L. Glucose in the body is dextroro- min as reported by Chou et & .While quantification of the
aqueous humor glucose time-lag in humans has not been re-
ported, algorithms that can compensate for a time delay and
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Fig. 3 Amplitude and phase based polarimetry measurements. (a) In the amplitude approach light from a monochromatic source (Src) is passed
through a linear polarizer (P1), a polarization modulator (Mod), a sample (Sam), and a second linear polarizer perpendicular to the first (P2) before
being recorded by a detector (Det). (b) The resulting polarization vector and observed intensity are symmetric when no optically active sample is
present and asymmetric if the sample is optically active with net rotation ¢. (c) In the phase approach, polarization modulated sample and
reference beams are split by a beam splitter (BS), passed through crossed linear polarizers (P2, P3), and recorded by separate detectors (Det1, Det2).
(d) A rotation of polarization by the sample causes a phase shift between the intensity signals recorded by the two detectors.

predict glucose levels in near-real-time may need to be devel-implementing a closed-loop feedback control which increased
oped. stability of the optical measureméhtand demonstrated

March was the first to suggest optical glucose measure-in vitro sensitivity on the order of a few millidegrees. Cam-
ments in the eye using an open-loop, amplitude based eron later adapted this system to use digital feedback control
polarimeter’® Cotelater developed a phase measurement po- in order to further increase the robustness and stability of the
larimeter in order to increase the signal-to-noise of the polar- systenf® and demonstrated measurement of glucose in aque-
imetry measurement which he demonstrateditro.*? Goetz ous cell culture medi® King etal. have utilized an
used an amplitude-based design and improved upon it by ympjitude-based approach in which the two polarization
modulators required in the systems of Goetz and Cameron
were replaced by a single Pockel's c&l.

Potential problems with polarimetric glucose sensing in the
eye include optical rotation due to the cornea, birefringence of
the cornea, the presence of other optically active confounders
(for example ascorbate, albumin, and the aforementioned
fructose in the aqueous humor, and saccadic motion artifacts
which could give rise to pathlength fluctuations. Problems
related to corneal rotation and rotations due to other con-
founders could potentially be solved by using multiple wave-
lengths for polarimetric measurements since optical rotations
due to multiple species exhibit linear superposifiort King
et al. demonstrateid vitro elimination of confounders using a
multiwavelength system with two HeNe lasers at 594 and 633
nm?>! and more recently Cotet al. have used diode lasers at
670 and 830 nm in a digital closed-loop syst&hThe prob-
lem of corneal birefringence might be suitably addressed with
the use of appropriate optf®sor by using multiple wave-
Fig. 4 Optical sensing in the anterior chamber of the eye. Light pass- lengths. Alternatively, a p0|arlzat|0_n system designed to ex-
ing through the anterior chamber of the eye interacts with the aqueous tract the full Jones or Mueller matrix for the system could be
humor. A commonly proposed beam path is shown. used to separate out specific rotation from birefringefce.
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Raman Shift from 514 nm (cm-T)
Fig. 5 Typical Raman spectrum for aqueous glucose. The Stokes Ra- . .
man spectrum is shown as vibrational intensity vs shift in wave num- 1S mcreased. Figure 5 shows a Raman SPeCtrum and some
bers from 514 nm excitation wavelength. The water background has peak assignments for aqueous glucose excited by 514 nm ar-
been subtracted. gon ion laser light.

Examples of Raman spectroscopy for glucose quantifica-
tion include work by Wang et al. who used water subtraction
5 Raman Spectroscopy techniques to extract and quantify the glucose doublet shift at
o . 2900 cm? in the presence of other confound@syork by
Raman spectra are observed when incident light at frequency : - .
B o . . Goetz et al. who applied multivariate PLS regression to Ra-
Vvo=C/\j is inelastically scattered at frequencigstv;. The . S
. : . . man spectra from aqueous mixtures containing glucose and
loss(Stokes shift or gain(anti-Stokes shijtof photon energy, h bolite&2 K b ick d L wh d
and hence frequency, is due to transitions of the rotational andOt er metabolites, work by W'C stead et al. who use Ra-
L ’ - . man spectroscopy to quantify glucose in aqueous humor
vibrational energy states within the scattering molecule. The les® and K b 28 and b £
observed shifty; are independent of the excitation frequency sampies, and work by Berge_r etat and Lam e_rt et al. .
v and provide lc, ecific information about the chemical struc- who have applied PLS analysis to agueous solutions contain-
tuore of tF;le sam IF()a Since the Raman spectrum is inde enden.ng glucose and biological confounders. Dou et al. have also
of excitation frepuénc an excitation frg uency ma b?a cho- t)resented measurement of glucose in water using a compact
sen which is a qro riZtyte for a articularqsam ?le It)i/s impor- system which uses a semiconductor laser and a band-pass
tant to note hg\?ve\fler that thepintensit of R%rrian scattpered fiter to measure the intensity of a single Raman beiriarr
eaks ene}all falls c;ff with decreasin yfre uency as a func- et al. have proposed the use of stimulated Raman emigaion
? fg4 y greq y technigue in which a second “probe” beam separated in fre-
|or:?o Vo- ‘ has b d extensivel i uency from the main excitatory pump beam by a Stokes shift
¢ arr;ag spec rosclzopyl as (faenfus:ja ex ?nlswiy Ias'a Ioos used to enhance a single Raman resondocaletection of
or studying molecules o undamenta lologica glucose in the aqueous humor of the /& As in the case of

- 6 .
mportargjc% atf'dwhi‘?k be_e][l revcliewt()ad th?roughly ?S aR;[ooI for NIR spectroscopic quantification, the emergence and compu-
cancer detection. Like Infrared absorplion SpEectra, Raman — atjqng) accessibility of PLS and powerful preprocessing

spectra exhibit highly spe(;ific bands which are dependent on methods is increasing the quantitative ability of Raman spec-
concentration. However, in the Raman case, overtone ar'dtroscopy. Berger et al. have demonstrated that incorporation
comhination bands are much weaker ”.‘a"'”g Spect.ra S|mpler,0f pure component spectra into the calibration model is useful
and the Raman spectrum of_water is fairly weak which makes for quantitative Raman spectroscépgnd Spiegelman et al.
aqueous sp_ectroscopy p(_)S_SlbIe. On_ the other hand, the R_ama ave demonstrated the power of wavelength selection routines
S|gngl itself is y\{eak and it is only with the recent availability on Raman spectra of aqueous glucose solufidns.

of highly sensitive charge-coupled devi@@CD) arrays that
quantitative Raman spectroscopy of physiological glucose so- .
lutions has become feasible. While the increased availability © Fluorescent Techniques

and affordability of laser sources and detection systems for A number of novel fluorescence-based techniques for glucose
Raman spectroscopy make the technique an important con-sensing have been presented. Those which seem to have dem-
tender in the glucose sensing arena, development of a Ramaronstrated the most promise generally fall into two categories:
based glucose sensor also faces some large hurdles. A primaryhe glucose-oxidase based sensors and the affinity-binding
drawback is the fact that scatter and reabsorption in biological sensors. Sensors in the first category use the electroenzymatic
tissues make detection of Raman shifts due to physiological oxidation of glucose by glucose-oxidaggOX) in order to
concentrations difficult. For this reason, several investigators generate an optically detectable glucose-dependent signal.
have suggested the anterior chamber of the eye and the aqueFhe oxidation of glucose and oxygen to form gluconolactone
ous humor as a sensing site for Raman spectros€ofy.  and hydrogen peroxide is illustrated in Figure 6.

However, the power of laser irradiation required does pose a  Several methods for optically detecting the products of this
safety concern. Further, background fluorescence signals,reaction and hence the concentration of glucose driving the
which are often as large or larger than the Raman signal itself, reaction have been devised. Since oxygen is consumed in the
are also a problem in biological media where proteins are reaction at a rate dependent on the local concentration of glu-
presenf’ Use of longer excitation wavelengths can circum- cose, a fluorophore which is sensitive to local oxygen concen-
vent this problem to some extent, but the intensity of the tration can also be used to quantify glucose concentration. For
Raman signal falls off dramatically as excitation wavelength example, Schaffar and Wolfbeis immobilized GOX onto the
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end of a luminescence oxygen optrode in order to create ameasurements, and have more recently devised a similar
sensor whose luminescence was dependent on glucosesensor in which ruthenium-ConA and maltose-insulin-
concentratiorf® Moreno-Bondi et al. have presented an opti- malachite greedMIMG) are used as the reagents. Increased
cal fiber glucose sensor created by attaching GOX to an oxy- glucose concentration causes an increase in both fluorescence
gen sensor based on the dynamic quenching of the lumines-intensity and fluorescence lifetime of the ruthenium &k
cence of trigl,10-phenanthrolinerutheniuntll) cation by general, fluorescence sensors offer the advantage that can be
molecular oxygeri® More recently, Rosenzweig and Kopel- made highly specific to glucose and eliminate many of the
man have improved the sensitivity of this glucose optrode by potential interferences common with other techniques. How-
using a photopolymerization process to incorporate GOX and ever, they suffer the serious drawback that in all cases exog-
the oxygen indicator, onto the end of a small diameter optical enous chemistry is required which must be introduced to the
fiber/* One drawback to GOX based sensors is that their re- body or sample. Additionally, this chemistry may be suscep-
sponse depends not only on glucose concentration but on lo-tible to degradation over time via consumption, photobleach-
cal oxygen tension as well. Li et al. have proposed a dual ing, or denaturation.

fiber-optic fluorescence sensor which incorporates oxygen

sensing into a GOX based fluorescent sefi$&iluorescence

quenching of a Ruthenium dye by oxygen is measured at two 7 Calibration Of Optical Measurements
chemistry sites one of which contains GOX and hence de- | j;q simplest form, the calibration problem for optical glu-

creased quenching depending on the concentration of glucosecoSe measurement can be stated: given a set of many optical

'tl)'hedTensEg sggsbare afflxe_-d to tze,'[ en_d 0]; an |mag|;|ng fiber- measurements and corresponding glucose concentrations, de-
undie and a camera Is used to simultaneously measurq/elop a model which will allow prediction of glucose concen-

fluorescence at each sfte. tration based on analysis of future similar optical measure-

Other more elaborate GOX based fluqrescent Sensors haV‘?nents. Though attempts at univariate regression analysis for
also been proposed. For example, Gunsingham et al. used th@single-wavelength prediction of glucose have been nétfe,
redox mediator tetrathiafulvale@TF) whose oxidized form i i¢"\ ol established that such methods are of little use in

TTF* reacts with the reduced form of GOX to reversibly : ; ; ;
0 o A : complex biological media where several varying components
form TTF". SinceTTF" absorbs in the 540-580 nm range, & it overlapping spectral features exist. In such a case, mul-

P +
meanz for quz;ntlfymg the pre?enge'bT dF (a;d hechngéJ- tivariate calibration methods are employed which use multiple
cose driving the production of reduced GD¥s available measurements at each particular glucose concentration to

Abdel-Latif et al. have used a scheme in which hydrogen per- gjiminate the effects of confounders. Several of these methods
OX|de(H?Cr])zz)_generatgdhrrom :]he CI-}Oxlreactlon with fglucose are based on a least squares solution to the multivariate cali-
reacts wit |$2éﬁf,6-tr|_c orophenyloxalate(TCPQ to form bration problem and will be discussed briefly here in the con-
a peroxyoxylate:'In this approach, the peroxyoxylate formed o+ of glucose quantification. Excellent sources of informa-
transfers chemiluminescent energy to an accepting fluoro-ion on the formulation and application of multivariate
phore which in turn emits photons at a characteristic wave- cojipration statistics to optical spectroscopic data may be
length. The emission by the fluorophore is proportional t0 ¢ nd in McClure®® Martens and Na&2 Heise and
glucose concentration and can be detected optiéally. Marbach®® Burns an'd Ciurczal or Haaland :and Thoma2.

. F!uorescent affinity-binding sensors utilize competitive The simplest approach for applying multivariate calibra-
binding between glucose and a suitably labeled fluorescentyjo tochniques to spectral data is the so-called classical least-
compound to a common receptor site. In initial work by g4 are4CLS) or K-matrix approach. In this formulation, ob-
Shultz et al. immobilized concanavalin(€onA) was used as  gayed spectra are assumed to be measured responses to
a receptor for competing species of fluorescein isothiocyanatey , ;vn concentrations b analytes:A=KC whereA is the
(FITC) labeled dextran and gluco$e’® Increased concentra- v\ matrix of mrpoint column spéctra fon samplesg is
tions of glucose displace FITC-dextran from ConA sites thus the p X n matrix of concentrations fqu analytes im samples,
increasing the concentration and fluorescence intensity OfandK is the mx p matrix relating observed absorbance at
FITC-dextran in the visible field. In more recent work, this each wavelength to analyte concentration. As an example

group and others have e>t(pI0|t%thEhe prrl]enol;nenon of fluores'consider the simplest case for one analyte and two spectral
cence resonance energy trang T) whereby an acceptor -« rements at two wavelengths.

in close proximity .to a fluorescent donor can induce fluores- The problem can be represented by the following equation:
cence quenching in the latter. In one scheme, a tetramethyl-

rhodamine isothiocyanat@ RITC) label is added to the ConA AM AM ‘
which causes quenching of bound FITC-dextran. Increasing 1 21 ™
glucose concentration causes increased FITC-dextran dis- Atz a2 _[
placement and, hence, higher FITC fluorescence intefisity. ! 2
In another approach, these investigators have used FRET bewhere A values represent the observed absorption at each
tween rhodamine-labeled dextran and FITC-labeled dextranwavelength for each known concentrationand thek values
molecules bound to multiple receptor sites on the same ConAare the unknown model parameters relating absorbance to
molecule as a means of quantifying glucose by the resulting analyte concentration. In this case, postmultiplying both sides
increase in FITC fluorescence caused by the presence ofoy C'=[c;c,]" and then postmultiplying both sides by the
glucose’® Lackowicz et al. used phase-modulation fluorim- inverse ofCCT (which is guaranteed to be nonsingular when
etry and FRET based dextran/ConA affinity sensor in order to the columns ofC are linearly independenyields a solution
increase the reliability of absolute fluorescence for K:

[c1 ¢,

Kx,
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ky Al +AMC,] 1 tained in the columns of the response matixand that the
K= K Y= iz iz ——. corresponding concentrations reside in the row vectdy; is
A At A e Cite; the measured response at fltle wavelength due to the ana-

For subsequent measurements we reformulate the problem tdYt€ concentratiorc; .
calculate an estimator af from a new spectrumd\, and the

model response matriK. In this simple case we can write Au A Ag
(using the same procedure as above Ay Ay A
A= c=[cy; ¢, c3].
Ko AM k. AM2 Azn Ay Ag
A M T A

C=——Fz 77— Ay Agp A

ki +kj

1 2

We then wish to formulate a predictive model relatmtp A.
In the overdetermined case where-p, the least-squares  The matrixATA is guaranteed to be full-rank and this is used
model solution fork is found from the response matrix and to formulate the pseudoinverse in the ILS approach. However,

the pseudoinverse of the concentration matrik A may contain substantial noise, such that the condition num-
=ACT(CCT)"%; concentrations of subsequently analyzed ber of ATA is not good, and much of the variationdémmay be
mixtures are predicted as described by a few trends or factorsAn The matrixA can

always be rewritten using a singular value decomposffon:
t=(K'K) *KTa.

In this case, exact knowledge of the analyte concentrations in op 00
the calibration standards is assumed and all error is attributed 0 o, O
to the measured responses. In the case of optical spectroscopy A=U3VT=U 0 o VT,
in biological samples, this is not a particularly valid assump- I3
tion since spectral measurements with a high signal-to-noise 0 0 O

are possible, but analysis of calibration samples is often im-

Ecr)icuigl g;e%rot? € é(:o\sl\ll%ngltcaafn?Se{gogs/:gmagt%r;?tfh(faog]neual‘zjl- called the left singular valug&SV) matrix, V is annXn (in
brop y X this case3x 3) orthogonal matrix called the right singular

sured responses are accurate and all errors are found in th%alues(RS\/) matrix. andS. is anmx n matrix with off diag-
matrix of calibration concentrations. This so-called inverse ' 9

=g,= =
least-squaresILS) or P-matrix approach is formulatedC onal elements equal_to Z€ero and J2=.--On 0. On_e pf
T . . the features of PLS is that information from thematrix is
=A'P, whereC andA are as before ang is now the sensi-

L . . " utilized in the singular value decomposition as well, and the

tivity matrix for the inverse problem. The prediction model - : ; .

for subsequent observations is SVTD |Ts iteratively performed on the covariance matrix

cA'Ac' such that the resulting matrix is upper triangular. In

¢T=aT[(AAT)AC] this_qase, the decomppsitic_)n represents an eigenvalue d_ecom-
) position of the A matrix with respect to the concentration

This approach is difficult to implement in practice, however, matrix.

since well-conditioned solutions require an orthogonal set of  In PLS parlance, the LSV matrid is the “PLS loading”

calibration mixtures and restrictions on the number of spectral matrix and can be used to calculate the “PLS scores” matrix

wavelengths which may be us&tf* T=UA. The scores and loading matrices are then used to

In an attempt to overcome the limitations of both of these reconstruct an estimator of the origiraimatrix which should

methods, Wold et al. suggested the technique of partial least-contain only the variations most relevant to the variatioa:in

squaregPLS) regressiorf® Originally developed as a method

for modeling complex econometric data, PLS has become A=UTT=UTUA.

overwhelmingly popular in optical spectroscopy and chemo-

metric analysis. PLS regression is similar to principal compo- If the full U and T matrices are used, the reconstruction

nent regressiofPCR in that matrix decomposition tech- should be exact, however, in PLS, usually only the first sev-

nigues are used to model the response matriklowever, in eral rows of these matrices are used Anid an estimate oA.

PLS, this decomposition is combined with a regression model The number of rows otJ and T which are used to produce

which attempts to optimize correlation with the concentration this estimator is termed the number of factors included in the

matrix C. In PLS, observations i are decomposed into a model. It should be noted that for row spectra, the roleb of

number of latent variables or “factors” which are then used andV are reversed. The PLS regression coefficients for the

as predictors in the regression model. Increasing the numbermodel are calculated by

of factors used allows for modeling of more complex solu-

tions with multiple varying components, while reduction in b=V(Z HUTc,

the number of factors helps to filter spectral noise and prevent .

over fitting of the data. One way to perform this analysis is to Where again the number of rows of andV used are the

use a form of singular value decompositi¢8VD). This nl_meer of f_actors included in the_model. Finally, we come up

method can be illustrated for a single analyte as follows. First With the estimates for concentration as:

assume that the measured spectral response to several solu-

tions with known concentrations of a single analyte are con- ¢=Ab.

whereU is amxXm (in this case4X4) orthogonal matrix

12 Journal of Biomedical Optics ¢ January 2000 * Vol. 5 No. 1
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Fig. 7 NIR spectra of aqueous glucose solutions before (a) and after (b) application of Fourier filtering. The filter has the effect of enhancing glucose
specific information by removing baseline offsets and high frequency noise. Adapted from Ref. 96.

The inclusion of more factors makes the reconstru&eda- purpose of these techniques is to reduce a set of spectral mea-
trix closer toA and hence may fit the calibration data better. Surements to a smaller number of data points which yield an
Alternatively, reducing the number of factors used to con- Optimal calibration model. In other words, they seek to extri-
structA decreases the influence of noise and may result in acatg spectral regions Wh'Ch. contain useful .quant|tat|ve mfor-
more stable model which is less prone to over fitting of cali- mation and reject those which do not contribute substantially
bration data. Judicious selection of latent variables is key to to an effective model. A number of methods for wavelength

the success of the PLS technique and has been the object o election have been reported in the literature including simu-
£8,87-89 ated annealing”® genetic algorithm&?-1! and iterative

several articles: hods based i Fi 8
Recently, PLS methods have become particularly powerful methods based on response variaric lgure ©, an ex-
ample of the latter technique is presented. Shown are a typical

due to their combination with complex spectral data prepro- U
P P prep raw spectrum, the Fourier filtered spectrum, and the wave-

cessing routines such as multiplicative scalar correction : o . .

(MSC),% Fourier filtering technique¥ 3033889194 time- lengths identified by the algorithitheavy-set regionsas be-

domai;l filtering® to name a few. O’f particular note is the ing most useful for prediction of glucose concentration. Raw

development of filter optimization routines which depend on Input spectra are T'rSt Fourier filtered to remove noise a_nd
offsets. The resulting spectra are then fed into an iterative

the iterative search for spectral filter parameters which opti- . ! .
mize the results of the PLS calibration mod&¥3**While the program which sequentially selects wavelengths which show
largest variance and uses each in a PLS regression model. The

use of Fourier transform filtering and reconstruction of spectra
was first introduced by McClure et al., its use was primarily
intended as a means of data reducfid@oupling of iterative
filter optimization routines and PLS is extremely computation
intensive, and only recently has the availability of high-end
computational platforms led to wide spread use of this
technlque26 27,28,92-94
. . . Raw Spectrum
Figures Ta) and 1b) illustrate the power of Fourier filter- S )
ing in the preprocessing of data. Figuréa)7shows water ‘
subtracted NIR spectra for several aqueous glucose solutions
collected with a fiber-optic probe. Baseline shifts and noise
make identification of glucose absorption bands impossible in
all but the highest concentration spectf@ompare these to

Selected Wavelengths

the spectrum in Figure (b).] Figure 7b) shows the same | Filtered Spectrum

spectra after Fourier filtering. The filter has the effect of en-

hancing glucose specific information by removing baseline 215 2.2 2.5 2.3 2,35
offsets and high frequency noise. The design and use of digi- Wavelength (um)

tal filters for preprocessing of spectra has been presented by
7,28 8,88 0-33,94
Arnold and Smalf”** McShané;***and others! the raw NIR absorption spectrum, an iterative wavelength selection

Another family of popular spectroscopy calibration tools algorithm determines wavelengths which are most useful for predic-
are the so-called “wavelength selection” algorithms. The tion. Adapted from Ref. 88.

Fig. 8 Wavelength selection for NIR spectra. After Fourier filtering of

Journal of Biomedical Optics ¢ January 2000 * Vol. 5 No. 1 13
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prediction statistics are used to determine the point at which
no additional helpful information is available.
It is important to mention that iterative selection of digital

filters for spectral preprocessing, wavelength selection rou- 7.

tines, and the generation of the PLS model itself are ex-
tremely computation intensive. Exploration of the many per-

mutations of preprocessing, selection, and calibration has only
recently become possible with the arrival of readily available

high-end computing power.

8 Conclusions

Over the last thirty years, significant efforts have been ex- 1o

pended toward the development of an optical glucose sensor
which still has not materialized. This continued enthusiasm in
the face of a problem which has turned out to be exceedingly
complicated is no doubt a reflection of the incredible benefits
of such a sensor, namely, that it holds the potential to be fast,
nonconsumable, and noninvasive in nature. While such a sen-
sor is still at least several years from reality, the progress
which has been made is very real. Chemometric methods

originally developed for other applications have matured into 13.

viable tools for analysis of spectroscopic data from complex
biological media. This maturation is due not only to continued
experience with these tools, but to the availability of the in-

creased computing power needed to explore the many pos-15.

sible permutations of their application. Simultaneously, the

proliferation of optical technology in other fields continues to 16

result in improvements in instrumentation which will eventu-

ally make optical glucose sensing possible. A noninvasive 17,

glucose sensor for diabetic home monitoring is one important
application for an optical glucose sensor, however it is likely
that the somewhat simpler problem of glucose sensing in
other biological matrices like cell culture media will probably

come to bear first. We also expect that the first optical glucose 19.

sensors for diabetic monitoring will serve as adjunct sensors
whose reliability will still be routinely verified by traditional
glucose measurements. Nonetheless, given the strides in

methodology, instrumentation, and understanding of the prob- 21.

lem to be faced, it is likely that a noninvasive optical glucose
sensor may well exist within the next twenty years. Further-
more, it is reasonable to expect that more than one optical
approach will result in a successful sensor.

24.
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