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Abstract. Over the last two decades polarimetry has been investi-
gated as a noninvasive alternative for glucose monitoring in support of
diabetic patients. In particular, the anterior chamber of the eye con-
taining the fluid known as the aqueous humor has been confirmed to
be the optimal sensing site for polarimetric glucose measurements due
to its reasonable pathlength (1 cm), low scatter, and minimal depolar-
ization index. In essence, the eye can be thought of as an optical
window into the body. In this paper, we will first introduce the key
challenges that must be overcome to make the use of polarized light
in the eye a viable method for noninvasive glucose monitoring, sum-
marize our work toward this endeavor, and then report on our latest

research, namely, the effect of temperature, pH , and corneal birefrin-
Sangeeta Theru gence on our polarimetric glucose monitoring system. © 2002 Society of
Gerard L. Cote Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1484163]
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1 Introduction ported that the confounding contributions of other optically

The disease diabetes mellitus currently afflicts over 100 mil- &Ctive constituents in the aqueous humor may be a barrier for
lion people worldwide and nearly 14 million in the United thiS technique to be viable. In the fOIIOW'gg decade, motion
States: In the U.S., this disorder, along with its associated atifacts coupled to comeal birefringente; low signal-to-
complications, is ranked as the sixth leading cause of death. noise rat'ﬁl’ and the pcztePtlaI ‘('jm?‘ lag b%t\N:aen bloohdg;md
Self-monitoring of blood glucose is recommended for diabetic aqueq(tjjs t_l;_mé)r concebr; ra |onst tunt?g rapid g uc?setz_ tgehs
patients as the current standard of care. Based on the findingg\’.ere Itenbl 1€ 'at; prc_la_hemsa/e tc;h elcg/gécome 9(; 'il ech-
released in the NIH-Diabetes Control and Complications Trial nique to be viable. 1hroughout the S considerable re-
results® there is now no question that intensive management sggfch was conduc’Fed tqvvard Improving the stgb|||ty and sen-
of blood sugars is an effective means by which to prevent or S't'\./'ty of the _polarlm_etrlc appr_oach using various _sys_tems
at least slow the progression of diabetic complications such asWh”? g_ddressmg .th.e ISsue Qf S|g_nal size and establlshlr}g ks
kidney failure, heart disease, gangrene, and blindness. Thefeas.IbIIIty of p_red|ct|ng phy5|olog|cal_glucose corg]:éa_gtgratlons
development of an optical polarimetric glucose sensor could Ina;/tlitéﬁiafv%rlljrln :gi prﬁjsngfvgrooﬂzcil (S:ors1tfgrl:1n witrh.(l,rrllou h
potentially provide a means for the noninvasive measurement” ' group P y 9

of blood alucose. thereby enabling an increased frequenc Ofsensitivity to monitor glucose at physiologic concentrations
9 ’ DY €en: 9 q y (less than 0.4 mdeg rotation or rather less than 10 mg/dL
measurements to achieve tighter control of blood glucose,

) X ) . - 9 glucose concentratiori* Our group has also identified the
which will result in a reduction of secondary complications. >
. : d " time lag between the blood and aqueous humor glucose levels
The first documented use of polarized light to determine : : - .
sugar concentration dates back to the late 1800s, where it wa: to be less than 5 min using New Zealand white rabis.
9 N - . ’ - SGiven the above background, the focus of this paper is to
used for monitoring industrial sugar production proceésés.

o . report on the latest results of our group, namely, the effect of
Howgver, .'t is only in the Ia;t two decade§ thgt the use of pH and temperature on the signal and the problematic effects
polarized light has been applied to the physiological measure-

ment of glucose. This initiative began in the early 1980s, of corneal birefringence due to motion artifacts.
when March, Rabinovich, and Adaffsproposed the applica-

tion of this technique in the aqueous humor of the eye in order 2 Materials and Methods

to develop a noninvasive blood glucose sensor. Their idea was
to use this approach to noninvasively obtain aqueous humor
glucose readings as an alternative to the invasively acquired ) )
blood glucose readings. Their findings, and that of prior work N order to understand optical rotatory dispersi@RD), one
done by Pohjold,indicated that such a successful quantifica- Must first understand that the polarimetric approach is based
tion of glucose concentration would correlate with actual ON the fact that chiral molecules, such as glucose, due to their

blood glucose levels. During the same period, Gdfigk- asymmetric nature rotate the azimuthal angle of the polariza-
tion vector of a propagating linear polarized beam by an

2.1 Temperature and pH Effects on the Optical
Rotatory Dispersion of Analytes in the Eye
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Fig. 1 Block diagram of the experimental setup for pH and temperature measurements.

amount,«, that is proportional to their concentratiod, for a ments, Austin, TX program written to select individual wave-
given pathlengthl, pH, temperatureT, and wavelength). lengths of interest. The selected wavelength of light is
The formula for this effect is given as modulated at 1 kHz by an optical chopp@riel Corp), then
linearly polarized by a Glan—Thompson 100 000:1 polarizer
T _«a (Newport Corporation, Fountain Valley, GAriented at+45°
[a]M’H_E’ @) before passing through the sample. The sample is contained in

where[ «]] ,, is a particular molecule’s unique specific rota- a 10 cm optical-grade glass sample a&itama Cells, Inc.,
@I\.pH P q P Atascadero, CAimmersed in an in-house built, insulated,

tion.
For a given chiral substance, the wavelength Olepenolencetemperature regulated, water bath. In order to extract only the

of specific rotation provides the ORD characteristics of the optical rotation information from the polarized light beam, the

constituent molecule. This is governed by E2), which is an output light frqm t.he sample is then separated into tWO. or
approximation of Drude’s equation and is only useful between thogonal polarization components by a broadband polarizing

the absorption bands for a given molectfie. beam splittenNewport Corp). before being detected by two
dc-biased photodiode light detectdi&horlabs, Inc., Newton,

K NJ). The two orthogonal output components are then indi-
0 5- 2 vidually amplified by wide bandwidth amplifieréMelles
N2=NG Griot Electro-optics, Boulder, Clhefore being sent to sepa-

The importance of this equation is that once the constants "ate digital lock-in amplifiers(DLIAs) (Stanford Research
ko and\, are computed by determining the specific rotation SYStéms, Sunnyvale, AThe DLIAs extract the detected
at two different wavelengths, one can then determine the spe-Signal modulated at 1 kHz and reject contributions by noise at
cific rotation for any wavelength,, within the range, provid- all other frequencies. This information is routed to a Pentium
ing the pH and temperature are fixed. In a situation where !l PC via a general purpose interface H@&PIB). The data are
more than one chiral component is present in a sample, deterProcessed to compute the ORD spectra.
mining the specific rotation at different wavelengths enables  All spectra were collected for the wavelength range of
isolation of the contributions of a particular analyte of inter- 350—750 nm with a 5 nnstep size. All voltage values were
est. This is accomplished by applying the superposition theo- acquired by averaging six measurements for each wavelength.
rem to build a multispectral regression moéfeKnowing the All sample solutions were prepared from research-grade
ORD characteristics of each constituent chiral component en- chemicals(Sigma Chemical Co., St. Louis, M@lissolved in
ables the optimal selection of wavelengths to produce the bestde-ionized water and adjusted to the desipetusing drops
possible prediction model for the analyte of interest. of 2 N HCI and 2 N NaOH. All temperature readings were

For this study, we investigated the effects of variations in recorded with an Omega digital thermometer witt9.1 °C
temperature angH on the ORD visible spectrum for glucose  precision. The results are given in Sec. 3.1.
and albumin, the major chiral protein in aqueous humor. The
system that we designed and constructed to measure the OR
spectra is depicted in Figure 1. The system utilizes a xenon Birefringence is the condition in which two orthogonally ori-
arc lamp(Oriel Corporation, Stratford, QTas a white light ented differing refractive indices of light exist for a substance
source. The source light passes through a monochromatordue to its physical and molecular structure. These are de-
Spex 270M(Spex Industries, Inc., Edison, NXhat is con- scribed as the ordinary refractive index, (that along the
trolled via a serial cable by aaBvieEw ™ 5.1 (National Instru- slow axi9, and the extraordinary refractive indey, (that

[a'];l:,pH:

-2 Corneal Birefringence
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Fig. 2 Block diagram of the digital closed-loop controlled polarimeter designed and implemented, in which the sample holder is used for in vitro
samples and the eye coupling device is used for in vivo studies.

P = polarizer
FR = Faraday Rotator

ED = eyecoupling device
SH = sample holder

FC = Faraday Compensator
A = analyzer

D = detector

Desktop computer

along the fast axjs The cornea of the eye is known to be a tor (Thorlabs, Inc. This detector outputs a voltage propor-
birefringent material. In our experiments the eye was modeled tional to the detected light intensity, which is used as input
as a linear retarder. This means that, for a linear input polar- into the digital controller.
ization state, the eye’s linear birefringence causes a change in A digital lock-in amplifier (Stanford Research Systems,
the state of polarizatiofSOP from a linear to an elliptical SR830 is used to measure the relative amplitude of the signal
state due to the phase retardangentroduced and defined in  present at the modulation frequency. This information is sent
Eq. (3).% This then creates a change in the signal detected asvia a GPIB connection to a PC as input into the digital control
the ellipticity of the ensuing elliptically polarized beam varies algorithm. The output of the algorithm is then transformed
with the changes in birefringendey— 7). into a dc voltage that is sent back out through a GPIB con-
trolled HP power supply. This output is used to drive the
compensation Faraday rotator and to nullify the system.
Mathematically, the operation of the system is based on Eq.
(4), where 6, is the depth of the Faraday modulatian,, is

If the cornea were a stable, fixed, birefringent element such the modulation frequency, anﬂrepresents the rotation due to
as a wave plate, its effects could easily be theoretically elimi- the optically active sample subtracted by any feedback rota-
nated. However, there is valid concern that corneal birefrin- tjon due to the compensation Faraday rotator. From(&yit
gence may become problematic when there is a motion arti- js evident that, without an optical active sample and with the
fact because the effect of nonstationary birefringence may dc term removed, the signal detected only consists of the
mask the signature of glucose. To assess and quantify thisgouble modulation frequend2w,,) term. However, when an
problem the experimental system described in Figure 2 was gptically active sample is present, such as glucose, or when
developed. As depicted, a diode lageaser Max, Inc., Roch-  there is corneal birefringence, the signal detected then be-
ester, NY) emitting 3.5 mW of power at a wavelength of 635 comes an asymmetric sinusoid, which contains both the fun-

nm (red is used as the light source. The laser beam is linearly gamentalw,,) and the2w,, modulation frequency terms.
polarized by the initial Glan—Thompson 100 000:1 polarizer

present in the optical train. Modulation of the polarization
vector is then provided by the initial Faraday rotator driven by p
a sinusoidal function generator at a frequency of 1.09 kHz and . m

a modulation depth of approximatehly1°. This modulated 26 0msin(@nt) 7005{20)”‘0'

signal propagates through a test tube that is designed with (4)

plane parallel windows and filled with saline for index match-

ing. The test tube apparatus surrounds the anesthetized rab- A spectral analysis of the data that was obtained from the
bit's eye to allow propagation of light directly through the lock-in amplifier was performed to isolate the source of the
anterior chamber of the eye. A second Faraday rotator is usednoise and these results are given in Sec. 3.2.1. In order to
to provide feedback compensation within the system. The pur- compensate for a motion induced corneal birefringence arti-
pose of this component is to nullify or eliminate any rotation fact one must have an understanding of how these birefrin-
due to the optically active sample. Following the compensa- gence changes affect the detected measurement signal. This
tion Faraday is another cross-polarized Glan—Thompson po-was accomplished using both simulation and experimentation.

2t

6=~ (0= 7e)- ()

2

02
|<E2=| ¢p?+ 7”‘

larizer known as the analyzer, which is oriented 90° with re-
spect to the initial polarizer. This configuration of the analyzer
transforms the modulation of the polarization vector into in-
tensity modulation according to Malus’ law. The optical train
is terminated by a biased photodiode light detec-

The simulation results are given in Sec. 3.2.2. The experimen-
tal system used to characterize corneal birefringence is de-
scribed below and the results given in Sec. 3.2.3.

The experimental setup for assessing corneal birefringence
in excised rabbit eyes is shown in Figure 3. The light source is

Journal of Biomedical Optics * July 2002 « Vol. 7 No. 3 323



Baba, Cameron, and Coté

Lock-in
Amplifier i . Lock-in
h Ampilifier
reference
detector Eye
N Polari sample
7 olarizer holder .
1 —~ R-circular Polarizer
Red L N _ A
el e S
BS A Polarizer QWP A sample
. q detector
BS - beam splitter rotated
A - aperture . axis
QWP - 1/4 wave plate Suction -

Fig. 3 Experimental setup used to assess corneal birefringence across various points in an excised rabbit eye.

a 3.5 mW 635 nm red diode laséraser Max, Ing. An op- shape and intensity. These water reference spectra were saved
tical chopper whee(Oriel Corp) at a frequency of 1.1 kHz  as the system calibration data set and all sample spectra were
modulates the light beam from the laser. The modulated light divided by their respective orthogonal reference spectrum.
beam is then separated into two orthogonal propagating Depicted in Figure 5 are the ORD curves from 350 to
beams by a nonpolarizing beamsplittéelles Griod. The 750 nm for albumin at two different temperaturés5 and
beam propagating perpendicular with respect to the original 26 °C) and two differentpH values (6.8 and 7.5 As is

input beam passes through a polariZEdmund Scientific, shown, the absolute value of the specific rotation rises sub-
Barrington, NJ before being detected by a biased photodiode stantially with the temperature amuH, particularly, below a
detector(Thorlabs, Ing), for use as a reference measurement. wavelength range of 550-600 nm. For the glucose results
The beam propagating forward with respect to the original taken at the same two temperatut@s and26 °C) a rise in

input beam is apertured before being passed through a Glan-the absolute value of the specific rotation is also g&égure
Thompson 100 000:1 polarizélewport Corp). that converts 6). With a pH change of 6.4 to 7.1 a fall in the specific rota-

it into a linear horizontally polarized beam. This beam is then tion was observed. Thus a thigpH of 7.6 was tested and
converted into a right circular polarized beam by a quarter subsequently a rise in the specific rotation was observed. This
wave plate(QWP) with a fast axis+45° with respect to the  observed fall then rise in specific rotation with thid needs
vertical axis. The circular polarized beam is apertured to a 0.5 further confirmation by morg@H values but this effect is a

mm diameter before probing the eye sample contained in aresult that has been noted in the literature for other chemical
nonbirefringent, saline filled, eye sample cell holder that was constituent$* Overall, the results show changes in the spe-
made in house. The eye holder uses suction to fixate the eye ircific rotation for large swings in temperature apld. How-

place and is mounted on a stage that can be adjusted botlever, for the wavelength region that we are interested in ob-
vertically and horizontally for placement of the eye in the serving (above 635 nmand for the normal variations in
beam’s path. The ensuing beam is passed through anothephysiologic temperature angH of less than a few degrees
Glan—Thompson polarizer, whose polarization axis is manu- and tenths opH units, the effect is expected to be negligible.
ally incrementally rotated through 210°, to produce a corre- In fact, as illustrated in Figure 7, for a give and tempera-
sponding measurement intensity. The light intensity is de- ture it can be seen that the contributions by albumin and an-
tected by another pin photodiode detect@horlabs, Inc.

The two photodiode detectors convert the measured intensi-

ties to proportional voltages that are extracted by lock-in am-

plifiers SR830 and SR85(tanford Research Systemssing

the 1.1 kHz optical chopper frequency reference. The output 0s 0s
voltage from the lock-in amplifiers is then acquired for pro- / /
cessing by a Pentium Il PC via a DAQ) broad operated by o f o4
aLABVIEW 5.1 (National Instruments, Austin, TXprogram.

Relative Intensity Relative Intensity

03 03

3 Results and Discussion N “ /
3.1 Temperature and pH Results o o

In order to enable the rotation of the input beam by the sample o o /
to be distinguished from the sample’s absorption spectra and oo s G Tn o o e e T

from the system’s spectral response, a set of water reference Wavelength (nm) Wavelength (nm)

spectra was used t.O nu"_lfy the SySt_em for One of _the three Fig. 4 Normalized smoothed spectra for parallel and perpendicular
temperature levels investigated. In Figure 4, it is evident that components of the water reference; here the x axis is the wavelength
the two orthogonal component spectra are closely matched in(nm) and the y axis is the intensity.
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Fig. 5 Optical rotary dispersion graphs for albumin for two tempera-
tures and two pH combinations. For a temperature of 15 °C, solid
line=pH of 6.8; dashed line=pH of 7.5. For a temperature of 26 °C,
x=pH of 6.8; +=pH of 7.5. Note that the absolute value of the
specific rotation increases with both the temperature and pH.

Fig. 7 Observed optical rotations for physiological concentrations of
aqueous humor analytes, glucose, albumin, and ascorbic acid for a 1
cm pathlength.

utilizing a multiwavelength system compared to the results

other potential confounddiascorbic acifl evaluated at their obtained using a single wavelength system.

average physiological levels, are negligible, particularly at

higher wavelengths. This is based on the assumption that any3.2  Corneal Birefringence Results

fluctuations in their concentrations within their full physi-

ological ranges will be minimal and slow in the aqueous hu-

mor compared to those of glucose. In addition, these two 3-2;1

components are contrarotatory and thus will partially cancel Artifact

each other. Therefore, it is not likely that these optically active As depicted in Figure 8, the motion induced corneal birefrin-

substances in the eye will significantly affect the glucose sig- gence artifact depicted on the detector of the system in Figure

nal. However, if necessary, a multiwavelength system should 2 for thein vivo rabbit experiment was found to be primarily

enable the compensation of any confounding effects due todue to respiratory motion and, to a limited extent, the cardiac

other chiral analytes. These conclusions are supported by thecycle. Since this was a direct response to the respiration and

results from prior work done by this groufing et al?® and the cardiac cycle and not to some random eye motion, this

Cameron et al’) all of which indicate a significant decrease means that it cannot be entirely removédr instance, in a

in glucose prediction errors, in the presence of confounders,human by asking the person to focus his vision straight
aheadl Thus, this finding necessitates that one understands

Characterization of Corneal Motion

I b{CV) o hEEREt Rt SRR SR A x 10"
g o T . . - . . —r
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=2
H 4
o 35
L]
= 3
_5 Energy
B (AU)2 5
E ...................
L5} 2 Respiration
= ‘
S 200l e T R TR0, ] 150 1
3 |
0 4t
g50 400 450 500 550 600 650 700 750 05 " Cardiac cycle
'
Wavelength [n] D 05 1 15 2 25 3 35 4 45 5
Fig. 6 Optical rotary dispersion graphs for glucose for two tempera- Frequency (Hz)

tures and three pH combinations. For 15°C, solid line=pH of 6.4;
dashed line=pH of 7.1; stars=pH of 7.6. For 26 °C, circles=pH of 6.4;

Fig. 8 Fast Fourier transform of our detected signal from an in vivo
squares=pH of 7.1; +=pH of 7.6. Note that the specific rotation al-

study aimed at measuring glucose optical rotation in an anesthetized

ways increases with the temperature for a given pH while it decreases
and then increases with an increase in pH for a given temperature.

rabbit. It shows the presence of a motion artifact due to respiration
and, to a lesser degree, the cardiac cycle in our detected signal.
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Fig. 9 maTLAB derived simulations illustrating the effects of changing birefringence, (770—7,.), on the detected intensities. [The difference in index
varied from 1X107* (triangle) to 2X10™* (diamond) to 3xX107* (circle).] The plots were derived by rotating the analyzer with respect to the
polarizer to determine the effect on a birefringent sample placed in between them. (a) For a birefringent crystal the intensities detected vary
sinusoidally as the polarizer/analyzer plane is rotated through 180°. The birefringence has the effect of introducing a phase shift in the detected
intensities. (b) This plot was produced by plotting the intensity detected at a given angle vs the normalized theoretical detection intensity for a
polarizer and rotating analyzer combination without a sample (i.e., the cosine squared of the input angle). Without birefringence you would have
a straight line. With a change in birefringence you can see the conversion of linear polarization into elliptical polarization states of varying
ellipticity and azimuthal angle of the major axis.

corneal birefringence across the eye and the development of &3.2.3 Experimenta/ Corneal Birefringence Results
robust method for measurement in the presence of movingAS shown in Figure 10, the birefringence curves for three

corneal birefringence. separate rabbit eyes were obtained using the experimental
setup depicted in Figure 3. The light beam was centered at
3.2.2 Corneal Birefringence Simulation Results roughly the midpoint between the apex of the cornea and the
Figure 9 is avATLAB generated simulation of the effects of ~base of the corneavhere it meets the scleraAs can be seen
linear birefringence. The birefringence values used for the in Figure 1@a) the minimum point varies slightly between
simulation are within the range based on the measured refrac-eyes. This is likely due to a slight change in the retardance
tive index variations available in the literature for the fast and between eyes as a result of a slightly different index of refrac-
slow axes of rabbit corne€d.As reported in the literature,  tion change. In addition, this change in birefringence is shown
(m0—7e) varies in the eye within the range of 0 at the apex or in Figure 1@b) by the change in ellipticity. This is confirmed
top of the cornea tc6.5x10™* at the base of the cornea, by the simulation depicted in Figure 9 in which the retardance
where it attaches to the sclera. Therefore, a net change in theyas varied. The change in corneal retardance is likely caused

retardance,s, can be calculated using E¢3) for a given by the well-documented change in corneal retardance accord-
corneal thickness, and wavelengthy. Figure 9 substantiates i 1o the position with respect to the apex of the cornea. This
the changes of a horizontal linear SOP into an elliptical SOP ¢, nfirms that slight changes in position with a motion artifact

whose ellipticity changes with variations in the sample bire- can greatly affect the polarization signal. These recent find-

fnngence'when.the .|nput SOPis a".gn‘?d W'th neither the .SIOW ings are encouraging and suggest that the birefringent portions
or fast axis of birefringence. For this simulation a fast axis of . . .
of the corneal surface, in a rabbit model, all have a relatively

birefringence of 160° was used, comparable to that found ex- =" . . . .

perimentally, and the value of the retardance was varied by 9”"’6“?" faSt,aX'S Iocateq approximately 160° from the ver-
varying the refractive indices around the center of the eye fic@l axis, defined as a line that runs from the apex of the
(from 1.0x10°* to 3.0x 10~ for a given comeal path- cornea th.rough thg pupil. Although more rabplt eyes nged to
length of 0.407 mm and wavelength of 633 nm. This variation P€ investigated with the light source at various locations
showed a S||ght shift in the minimum as seen in F|gu(fe) 9 across the cornea, this preliminary flndlng Coupled with un-
and spreading of the ellipse, depicted in Figu(®)9This derstanding of how birefringence affects the signal detected
would be comparable to slight changes in the retardance ac-allows theoretical elimination of the effects of changing bire-
cording to position of the beam on the cornea as is likely the fringence on measurement of the azimuthal rotation of the
case for the three eyes used in the experiment. linear polarization vector due to glucose.
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Fig. 10 (a) Normalized plot of corneal birefringence from three different rabbit
roughly 160°. (b) Plot of the cosine of the angle of the analyzer squared (from 0°
plot was set to zero. This shows the characteristic elliptical birefringence.

4 Conclusion S.

In this paper, introduction of the use of polarized light into the
aqueous humor of the eye was described as a potential means
by which to noninvasively quantify blood glucose levels. The
effect of large fluctuations in temperature gotdl on the ORD
curves of glucose and albumin was shown to be substantial,
particularly below a wavelength of 600 nm. However, for nor-
mal physiologic ranges and for the wavelength range above
600 nm, their contributions are negligible. If necessary, the
prediction errors for glucose can be improved if a multivave-
length system is utilized. In addition, the effect of changing
corneal birefringence on our glucose measurements was char-
acterizedin vivo and the system was modeled and character- 11.
ized for the eyein vitro. This information will enable the
design and implementation of a closed loop multiwavelengt
system that will potentially facilitate accurate repeatable mea-
surement of glucosi vivo.
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