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Abstract. The development of a real-time, dual-wavelength optical
polarimetric system to ultimately probe the aqueous humor glucose
concentrations as a means of noninvasive diabetic glucose monitoring
is the long-term goal of this research. The key impact of the work is
the development of an approach for the reduction of the time-variant
corneal birefringence due to motion artifact, which is still a limiting
factor preventing the realization of such a device. Our dual-
wavelength approach utilizes real-time, closed-loop feedback that
employs a classical three-term feedback controller and efficiently re-
duces the effect of motion artifact that appears as a common noise
source for both wavelengths. In vitro results are shown for the open-
loop system, and although the dual-wavelength system helps to re-
duce the noise, it is shown that closed-loop control is necessary to
bring the noise down to a sufficient level for physiological monitoring.
Specifically, in vitro measurement results with the closed-loop dual-
wavelength approach demonstrate a sensitivity of 12.8 mg/d| across
the physiologic glucose range in the presence of time-variant test cell
birefringence. Overall, it is shown that this polarimetric system has the
potential to be used as a noninvasive measure of glucose for
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1 Introduction

Intensive treatment of diabetes and its related complications
includes maintenance of near-normal blood glucose levels,
which requires frequent use of glucose sensing devices.' Cur-
rently, most commercially available glucose monitors are in-
vasive, requiring a finger or forearm stick, which may ad-
versely affect disease control due to difficulty and pain
associated with such devices. A noninvasive glucose sensor
can, therefore, become an important component of the man-
agement of diabetes and serve as a tool to guide further treat-
ment. Development of such devices includes sensors based on
optical transducers that employ light to detect glucose mol-
ecules, usually in a concentration-dependent manner. Several
optical modalities have been employed as means to ascertain
glucose levels noninvasively.z_ZI These include, but are not
limited to, optical coherence tomography (ocT),* optical
polarimetry,” > and spectroscopic techniques such as
Raman,*'* mid-infrared (MIR),” near-infrared (NIR),'®!
and fluorescence spectroscopy.lg"2l

The focus in this paper is in addressing the critical issue of
corneal birefringence in the presence of eye motion for glu-
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cose monitoring using optical polarimetry. By way of back-
ground, monitoring glucose using polarimetry is based on the
phenomenon of optical activity, which is the rotation of the
plane of linearly polarized light passing through a solution of
chiral molecules. The equation describing such interaction of
light with an optically active compound is given by:

o

[01])\= a,

(1)

where [ a] is the specific rotation at a given wavelength (\), «
is the observed rotation, C is the concentration of the optically
active sample, and L is the sample path length.

One challenge for this approach is that the optical rotation
associated with typical physiological glucose concentrations
is on the order of a few millidegrees, which is significantly
smaller than the current detection limit for turbid samples,
particularly in the presence of other varying confounders such
as proteins found in blood and turbid tissues.? Hence, it is
difficult to use optical polarimetry to ascertain blood glucose
concentration through skin due to high depolarization of light
and changes with other stronger optically active components.
For this reason, the anterior chamber of the eye has been
probed as a potential sensing site for polarimetric quantifica-
tion of glucose.é’12 Light absorption and scattering in the eye
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is very low compared to that in skin, there are virtually no
large proteins in the aqueous humor, the primary optical rota-
tory component in the aqueous humor is glucose, and a direct
correlation exists between the glucose concentration in the
blood and that in the aqueous humor.'"?

The polarimetric approaches used for glucose sensing can
be divided into two classes: those that measure the change in
amplitude, and those that detect the phase changes in polar-
ization due to the chiral sample. Rabinovitch et al. were the
first to apply optical polarimetry to the aqueous humor of the
eye in order to determine blood glucose concentration.” Their
design was based on an optical feedback system which uti-
lized two Faraday rotators for feedback and compensation.
Coté et al. then developed a scheme based on true phase mea-
surement, demonstrating the potential for millidegree sensitiv-
ity in glucose-doped water solutions.” Their system employed
a rotating linear polarizer as a modulator and a fixed linear
polarizer as an analyzer. Goetz et al. investigated a polarimet-
ric system that used an integrator as the feedback element,
and they were able to measure incremental rotation in a pre-
cision rotational mount with microdegree sensitivity.8 King et
al. reported a multispectral polarimetric system in order to
account for other optically active components in the aqueous
humor, which was based on modulation and compensation via
a Pockels cell.” Cameron and Coté reported a system similar
to Rabinovitch, with a digital closed-loop controller that sig-
nificantly enhanced the stability and repeatability of the
system.10 Chou et al. investigated an amplitude-based optical
heterodyne approach that employed a Zeeman laser.'' In a
subsequent work by Coté et al., a dual-wavelength system
was utilized to minimize the effect of optical confounders in
aqueous humor, and potentially, corneal birefringence coupled
with motion artifact.”* They were also able to investigate the
glucose transport time delay between blood and aqueous hu-
mor of the eye. The average transport time lag was measured
to be less than 5 min.** Ansari et al. proposed a polarimetric
system that exploited the Brewster’s reflection of circularly
polarized light off of intraocular lens and were able to dem-
onstrate its application on an eye model in vitro.”> Rawer et al.
described another Brewster’s angle—based approach that em-
ployed modulation of linearly polarized light in an open-loop
system.26 More recently, Cameron and Anumula reported on
development of a real-time polarimetric glucose sensor that
utilized a dedicated birefringence compensator in order to ac-
count for corneal birefringence.”’

While many of these techniques have shown submillide-
gree sensitivity and repeatability in vitro, it has been difficult
to get robust results in vivo. This lack of robustness has been
mainly a result of the time varying birefringence of cornea
due to motion artifact. Wan et al. proposed a dual-wavelength
polarimetric approach to minimize the effect of time varying
birefringence due to motion artifact and demonstrated proof
of concept for using dual wavelengths to overcome
birefring;,rence.28 However, the system designed did not allow
for real-time feedback and thus would not be adequate for in
vivo studies. In this paper, we describe the development of a
dual-wavelength optical polarimeter utilizing real-time,
closed-loop feedback control to ultimately overcome corneal
birefringence. We also compare the performance of our sys-
tem against a dual-wavelength open-loop system.
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Fig. 1 Experimental setup of the real-time dual-wavelength optical
polarimetry system. The closed-loop system is distinguished from the
open-loop system by the addition of the components within the
dashed box. P, polarizer; N/4, quarter-wave plate; FC, Faraday com-
pensator; DC, driver circuit; M, mirror; BS, beamsplitter; S, sample; F,
filter; D, detector; LIA, lock-in amplifier; PC, personal computer.

2 Materials and Methods
2.1 Dual-Wavelength Optical Polarimeter

The optical configuration of our dual-wavelength system is
based on a set of crossed polarizers, a modulating Faraday
rotator, and dual Faraday compensators used for closing the
loop. As depicted in Fig. 1, the optical sources are two laser
diode modules (Power Technology, Inc., Little Rock, Arkan-
sas) at wavelengths of 635 nm and 830 nm emitting at 7 mW
and 20 mW, respectively. The output light is polarized
(1:100,000) by employing Glan-Thompson linear polarizers
(Newport, Irvine, California). Each of these beams is then
passed through a zero-order quarter-wave plate (Thorlabs,
Newton, New Jersey) with the fast axis aligned to the incident
polarization, and then another linear polarizer with transmis-
sion axis at 45 deg with respect to the quarter-wave plate’s
fast axis. It has been shown that this combination of a quarter-
wave plate and a linear polarizer reduces the noise due to
inherent fluctuations in laser polalrization.29 Both the beams
then pass through respective in-house-built Faraday rotators
that act as rotation compensators and are present only for
closed-loop operation. These compensators consist of
1-cm-long terbium-gallium-garnet (TGG) crystals (Deltronic
Crystals, Inc., Dover, New Jersey) inside electrical coils. TGG
crystals were employed because they are one of the highest
Verdet-constant magneto-optic materials commercially avail-
able and the optical losses involved therein are lower than that
of other high Verdet-constant materials. The two beams are
then made coincident using a beamsplitter/combiner (Op-
tosigma Corp., Santa Ana, California). The polarization vector
is modulated using a modulating Faraday rotator at 1.09 kHz
with modulation depth of ~* 1 deg. A low-power audio am-
plifier is utilized to provide the modulation signal to the Far-
aday coil, which is connected in serial to a 0.1 uF capacitor
in order to achieve resonance at the modulation frequency.
The light then passes through a moving birefringent sample—
specifically, a moving plastic cuvette with glucose-doped wa-
ter solutions in the physiological range of 0 to 600 mg/dl.
The moving cuvette mimics the corneal birefringence coupled
with motion artifact. The input facet of the cuvette is placed
perpendicular to the laser beam to maximize the amount of
transmitted light. The motion of the sample is controlled using
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a computer-programmable translation stage (Thorlabs). The
sample cuvette is moved back and forth by 400 um with a
velocity of 3 mm/s. Following the sample is another linear
polarizer, which is oriented perpendicular to the initial polar-
izers and acts as an analyzer. The two beams are then sepa-
rated using a combination of beamsplitter and bandpass filters
at individual wavelengths (635 nm and 830 nm). The detec-
tion is provided by two photodiodes (Thorlabs), followed by
respective wide-bandwidth amplifiers (Melles-Griot, Albu-
querque, New Mexico). Phase-sensitive detection is provided
by two lock-in amplifiers (Stanford Research Systems, Sunny-
vale, California), both operating at a time constant of 100 ms,
and the outputs of which are updated at 512 Hz. For the open-
loop system, these signals extracted at 1.09-kHz frequency
are directly proportional to the glucose concentration of the
sample. For closed-loop operation, these signals serve as in-
puts to a digital controller programmed in LabView 8.5 (Na-
tional Instruments, Austin, Texas). The controller is essen-
tially a proportional-integral-derivative (PID) controller
providing real-time, closed-loop feedback. The output of the
PID controller is connected to the respective Faraday compen-
sators via a driver circuit.

2.2 Theory

The operation of this system is described by the following
equation:30

7, 0
I <<p2 + 7’" +2¢0,, sin(w,,t) — ?m cosQw,t), (2)

where / is the intensity of the detected signal, 6,, is the angu-
lar modulation depth provided by the modulating Faraday ro-
tator, w,, is the modulation frequency (27X 1.09 kHz), and
@ is the rotation due to the optically active sample. It follows
from Eq. (2) that without an optically active sample and with
the DC term removed, the detected signal consists only of the
double-frequency (2w) term. When the optically active
sample is introduced, the detected signal becomes an asym-
metric sinusoid, which contains both the fundamental (w) and
the double-frequency components.

In the case of a glucose sample with no birefringence, the
¢ term represents rotation only due to glucose, and hence the
glucose concentration can be measured directly by the feed-
back provided to close the system loop. However, in the case
of a birefringent sample, the ¢ term includes both optical
activity and rotation due to birefringence. This makes the ex-
traction of change due to glucose in the presence of birefrin-
gence impossible by using a single-wavelength approach, un-
less some type of birefringence compensation is utilized. To
overcome this problem, our system utilizes two separate
wavelengths in order to compensate for the effect of birefrin-
gence that is observed for both the wavelengths.

2.3 Control System

In the past, we have utilized a combination of simple propor-
tional control and linear scanning for closed-loop
: 31 .
polarimetry,” whereby the output of the control system is the
input multiplied by a user-defined calibration factor and then a
small range of voltages were scanned to ultimately null the
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system. Although effective for a slower moving birefringence,
the dynamic response of such a system would not be adequate
for in vivo studies. Here, we compare the performance of a
closed-loop system with an open-loop system using dual
wavelengths. In the case of the open-loop system, the total
gain of the system is fixed and is dependent mainly on the
system electronics. Also, due to the open-loop nature of this
process, the output is not observable by the system, and hence
the system is incapable of rejecting any disturbances. For the
closed-loop case, we have utilized a PID control mechanism
to stabilize our feedback system and to provide optimal dy-
namic response. Although the use of proportional feedback
control can reduce the error due to disturbances in the system,
a constant input can still result in nonzero steady-state error. A
common way of eliminating such error is to add a controller
term proportional to the integral of the error. This virtually
eliminates this error, since the integral term is the sum of all
past values of the error. In our current polarimetric system, the
disturbance originates due to variation in birefringence of the
sample. Inclusion of an integrator usually deteriorates the dy-
namic response of the system. This is overcome by addition of
a differentiator to the control system, which significantly im-
proves the dynamic response. The PID gain parameters were
optimized using Ziegler-Nichols tuning rules.*? In this
method, the conditions for adjusting the PID parameters are
based on estimating the amplitude and frequency of oscilla-
tions of the system at the point of marginal stability. In gen-
eral, the controller settings according to Ziegler-Nichols rules
provide acceptable closed-loop response for most systems.
The optimal PID tuning parameters—i.e., proportional gain
(K,), integral time (T;), and derivative time (7,)—were cal-
culated to be 4.687, 0.00272 min, and 0.000679 min for
635 nm and 5.677, 0.00258 min, and 0.000645 min for
830 nm, respectively. Nevertheless, the final tuning is manual
and has to be done iteratively. For our system, the only pa-
rameter that needed to be tuned manually was the K, of the
controller corresponding to 635-nm wavelength loop. The
calculated K, had to be reduced by approximately 10% to
eliminate small oscillations in the transient response of the
controller.

3 Results and Discussion

For open-loop operation, the system was first calibrated with-
out motion using simple least-squares linear regression. This
provides the conversion factors required to convert the mea-
sured signal at the lock-in amplifier to the respective glucose
concentrations. This was followed by validation experiments,
which were repeated four times on a moving birefringent
sample cuvette. The glucose concentration was varied from
0 to 600 mg/dl in 50-mg/dl steps. Simple linear regression
was applied to data points for individual wavelengths. Figures
2 and 3 show predicted glucose concentration as a function of
actual glucose concentration. It is evident that a single wave-
length open-loop system (635 nm or 830 nm) is incapable of
predicting glucose concentration in a test cell with time-
variant birefringence. For instance, the mean error in predic-
tion of glucose was calculated to be 186.9 mg/dl and
185.6 mg/dl, with mean coefficient of determination (R?)
values of 0.149 and 0.166, respectively. This calculated value
of error in glucose estimation is an average of errors in glu-
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Fig. 2 Mean estimated glucose concentration as a function of actual
glucose concentration for an open-loop single-wavelength model us-
ing the 635-nm wavelength. Error bars represent variation between
four separate experiments and are quite high as anticipated for this
system in the presence of variable birefringence and other noise dis-
turbances not compensated in an open-loop system.

cose estimation for four individual sets. It does not take into
account the effect of using a single calibration model to vali-
date separate data sets, the consequence of which can be seen
as the extent of error bars in Figs. 2 and 3, which are an order
of magnitude larger than the mean error in glucose estimation.
This variation between data sets and thereby the lack of re-
peatability is a result of the open-loop nature of the system,
which makes it impractical to use a single calibration model
for validation. Hence, these error bars signify the error due
both to time-variant birefringence and to the lack of reproduc-
ibility from other noise disturbances. To see the effect of uti-
lizing dual wavelengths, the combined dual wavelength open-
loop data was used in a multiple-linear regression analysis.
The mean error in prediction of glucose was calculated to be
slightly less at 181.8 mg/dl with mean coefficient of deter-
mination (R?) of 0.516. As shown in Fig. 4, the magnitude of
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Fig. 3 Mean estimated glucose concentration as a function of actual
glucose concentration for an open-loop single-wavelength model us-
ing the 830-nm wavelength. Error bars represent variation between
four separate experiments and are quite high as anticipated for this
system in the presence of variable birefringence and other noise dis-
turbances not compensated in an open-loop system.
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Fig. 4 Mean predicted glucose concentrations for the real-time, open-
loop dual-wavelength system using a multiregression model. Error
bars represent variation between four separate runs of experiments.
Note that the open-loop dual-wavelength system significantly reduced
the magnitude of the error bars compared to single-wavelength sys-
tem, but they are still much too high for physiologic monitoring due to
other noise disturbances not compensated by the open-loop system.

error bars is also visibly less, but the open-loop system, as
expected, is still incapable of predicting glucose concentra-
tions at physiologic ranges.

The system was then calibrated for closed-loop operation
followed by validation experiments. The feedback loops for
both wavelengths were closed in real-time simultaneously us-
ing two separate PID controllers. The data acquisition time
was set to be ~500 ms, which was just over the time taken by
the control mechanism to stabilize the system. Figures 5 and 6
show the predicted glucose concentration as a function of ac-
tual glucose concentration for the closed-loop case. It is ap-
parent that the variation between different data sets is re-
duced, since the scale of error bars is an order of magnitude

Predicted Glucose Concentration (mg/dl)
o
} "
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——
1

-2000 t } t } } 1 t 1 t 1
0 100 200 300 400 500 600

Actual Glucose Concentration (mg/dl)

Fig. 5 Mean estimated glucose concentration as a function of actual
glucose concentration for a closed-loop single-wavelength model us-
ing the 635-nm wavelength. Error bars represent variation between
four separate experiments. Note that the closed-loop single-
wavelength system cannot accommodate for the time-varying
birefringence.
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Fig. 6 Mean estimated glucose concentration as a function of actual
glucose concentration for a closed-loop single-wavelength model us-
ing the 830-nm wavelength. Error bars represent variation between
four separate experiments. Note that the closed-loop single-
wavelength system cannot accommodate for the time-varying
birefringence.

less when compared to the open-loop single-wavelength sys-
tem (Figs. 2 and 3). Still, this is not enough to accurately
determine glucose concentrations in the sample: the mean er-
ror in prediction of glucose was calculated to be 164.6 mg/dl
and 131.6 mg/dl, with mean coefficient of determination
(R?) values of 0.566 and 0.355 for 635-nm and 830-nm
wavelengths, respectively. This result demonstrates the prob-
lem, albeit more severe in the moving test cell than what we
are likely to encounter in vivo, since the change in the bire-
fringence of the sample cloaks the optical rotation due to glu-
cose. To nullify the effect of this birefringence, the combined
real-time, dual-wavelength data is again used in a multiple-
linear regression analysis. As shown in Fig. 7, this analysis
significantly increased the overall linearity of the collected
data (mean R2-value of 0.996) and reduced the mean error in
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Fig. 7 Mean predicted glucose concentrations for the real-time,
closed-loop dual-wavelength system using a multiregression model.
Error bars represent variation between four separate runs of experi-
ments. Note that the dual-wavelength real-time PID closed-loop sys-
tem can be used to accommodate time-varying birefringence.
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prediction of glucose to 12.8 mg/dl. The application of
multiple-linear regression is analogous to scaled subtraction.
The general idea is to use this regression analysis to predict
the contribution of birefringence to the total rotation of state
of polarization. The data points for both wavelengths are used
to calculate optimal weights for respective data sets. Once
these coefficients are determined, the sample noise can be
removed by subtracting the scaled data sets. The overall result
is reduction in the effect of time-varying birefringence due to
motion artifact, which manifests as common-mode noise for
both wavelengths.

These results clearly demonstrate the advantages of using a
closed-loop system over an open-loop system and the dual-
wavelength system compared to the single-wavelength system
for the case of varying birefringence. By the way of theory,
closed-loop systems are much more efficient in rejecting
disturbances. ™ They are also less sensitive to random fluctua-
tions in operating conditions, which makes them less suscep-
tible to noise. Previously reported optical polarimetric tech-
niques have utilized feedback based on scan-based
algorithms,zg’31 which have inherently slow dynamic response
for zero steady-state error. Our proposed approach utilizes
real-time, dual-wavelength feedback using PID control. The
use of real-time feedback is essential, since the ultimate ap-
plication of this technique is to minimize the effect of time-
variant corneal birefringence in the eye. In a previous study
from our group,33 the primary motion-induced corneal bire-
fringence artifact in a rabbit model was found to be mainly
due to respiratory motion (1.5 Hz). Our feedback control
mechanism took less than 300 ms to stabilize the system,
which should be adequately fast to minimize the respiratory
motion artifact. Another possible way to eliminate the effect
of polarization rotation due to birefringence that was proposed
recently employed a dedicated birefringence compensation
device.”’ Although effective, the inclusion of an extra digital
interface to control the variable retarder requires an additional
control loop, within the Faraday feedback loop, which may
increase the time taken to null the system. Also, the advantage
of using a PID control is that the feedback system can be
easily hard-wired, e.g., by implementing PID control on a
field-programmable gate array (FPGA) device for a hard-
wired system. Using a FPGA device can enable us to circum-
vent the inherent lag associated with software delays and con-
trol of computer-programmable devices in the personal
computing environment

4 Conclusions

In summary, we have presented a real-time optical polarimet-
ric approach for glucose sensing utilizing two wavelengths.
The use of a second wavelength along with real-time feed-
back enabled the reduction of the effect of time-variant bire-
fringence. This significantly enhanced the sensitivity of the
system in the presence of motion artifact, thereby reducing the
error in glucose estimation by an order of a magnitude com-
pared to a single-wavelength model and compared to the
open-loop dual-wavelength model. The next step in this in-
vestigation is to develop an efficient eye coupling mechanism
and to modify the current system for in vivo experiments on
rabbits’ eyes. We will also explore more sophisticated PID
control algorithms. Although the current PID controller per-

January/February 2010 + Vol. 15(1)



Malik and Coté: Real-time, closed-loop dual-wavelength optical polarimetry for glucose monitoring

formance is adequate, development of a more complex con-
trol system may provide us with better transient and steady-
state characteristics of the system.
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