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1 1. INTRODUCTION

Diabetes is a common and debilitating disease
whose incidence is currently on the increase. Diabetic
patients experience dramatic swings in blood D�glu�
cose concentrations, which can lead to both acute
emergencies and long�term complications. Much
effort has gone into developing methods for non�inva�
sive monitoring and quantification of D�glucose lev�
els, such that diet, exercise, and insulin therapies can
be administered in an optimal fashion. However, this
has proven to be an exceedingly difficult problem,
owing to relatively small physiological levels of D�glu�
cose, abundance of other confounding analytes, vari�
ability in patient physiology, difficulties in direct mea�
surement, sampling volume ambiguities, and other
problems. Nevertheless, driven by the outstanding
clinical need and significant commercial possibilities,
much academic and industrial activity in this field
continues. In addition to the outstanding problem of
glucose measurement in diabetes, noninvasive tech�
niques to measure other biological analytes and their
diffusion dynamics are needed in several other impor�
tant clinical scenarios [1].

Lasers for many years have been used for in vitro
and in vivo study of biological tissues. In diabetes the
lasers have no harm full for diagnostics sugar levels in
patients [2]. Particular techniques investigated for

1 The article is published in the original.

noninvasive glucose detection include metabolic heat
conformation studies [3], optical absorption and scat�
tering methods, near and mid�infrared spectroscopy,
Raman spectroscopy, photoacoustic spectroscopy,
light polarimetry, spectrophotometry, spectrofluorom�
etry, microdialysis and laser Doppler approaches, X�
rays, computed tomography (CT), magnetic reso�
nance imaging (MRI) and single�beam Z�scan tech�
nique, all with their unique own set of advantages and
disadvantages [4, 5]. For example, the Z�scan tech�
nique attempts to quantify glucose levels in blood
based on the induced non�linear refractive index
changes, but the method is applicable only in trans�
mission mode. The limitations include measurement
of glucose level in a patient where only scattering is
possible because light especially 520 nm cannot pass
through a normal human body [6]. X�rays used in CT
scanning can be harmful for patients; MRI’s measure�
ments of relaxation times can be linked to blood glu�
cose levels but may be problematic in terms of imaging
resolution; in any case, MR1 and CT are big and
expensive installations that are not suitable for home,
patient�oriented use than an ideal noninvasive glucose
sensor should be used.

As evident from the above list, much of the research
in gluocometry has been in the field of biophotonics,
owing to light’s many attractive characteristics for
noninvasive analyte determination and the com�
pact/portable/inexpensive nature of the associated
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technology. Of these, optical coherence tomography
(OCT) is particularly promising. Using the principles
of optical interferometry and coherence gating, OCT
can yield micron�scale resolution subsurface images of
tissues, with high sensitivity to details of biological
structures/analytes that influence its measured back�
scattering signal [7–9]. The technique is attractive for
real time in situ imaging approaching the limits of
conventional histology (but without the need for tissue
excision!), with penetration depth of 1–3 mm in most
tissues, and with access to many body sites enabled by
fiber optics implementation [10]. OCT’s limitations
include strong scattering of probing light from the bio�
logical tissues at the visible and near infra red (NIR)
wavelengths, yet this is spectral range available for bio�
photonic diagnosis as dictated by the constraints of tis�
sue optics. Glucose can act as optical clearing or dehy�
dration agent to increase the imaging depth and causes
in reduction of refractive index mismatch. Hence, this
refractive index mismatch causes the formation of
RBCs aggregation in whole blood [11]. Whether OCT
can reliably measure blood glucose levels in vivo
(~1 gmol of glucose in a liter of blood for normal phys�
iology (~5–6 mM), and 3–25 mM fluctuations in dia�
betics) remains an open question. Several OCT studies
are attempting to quantify tissue scattering changes
driven by the glucose�induced refractive index match�
ing effect [11–14]. Here, we investigate an alternative
use of OCT for glucometry, by concentrating on glu�
cose�induced changes in blood viscosity. 

We report initial results and analysis using M�mode
OCT to measure medium viscosity η from a specific
depth within a non�flowing liquid medium. This
approach may be applicable for in vivo applications,
both in the research and clinical diabetes settings. As
alluded to above, glucose presence is known to change
tissue scattering characteristics by the so�called refrac�
tive index matching effect in the extra�cellular fluid
(increasing its refractive index by ~0.0273 per mole of
glucose [14], and this effect has been exploited in sev�
eral light�scattering based techniques [15], including
OCT [11, 13]. In this pilot study, we report quantifica�
tion of D�glucose diffusion in water, blood plasma and
in vitro whole blood from a normal rat based on the
corresponding changes in liquid viscosity using swept
source (SS)�OCT [16]. Specifically, the D�glucose�
induced changes in medium viscosity were derived
from the OCT measurements of relaxation times of
scattering particles PMS in water and in blood plasma,
and RBCs in whole blood. This research builds on our
recently developed speckle�variance OCT method to
delineate tissue micro vasculature in�vivo based on
different temporal speckle decorrelation characteris�
tics between “solid” and “liquid” components of bio�
logical tissues [17]; here, we report on initial funda�
mental studies to further elucidate this source of con�
trast and to investigate its sensitivity to varying D�
glucose levels in liquid phantoms and in drawn blood
samples. Here we investigate the OCT’s ability to

quantify the glucose diffusion process by analyzing
stokes Einstein’s law in Brownian motion. [18]. The
whole research work was done at Princess Margret
Hospital/Ontario Cancer Institute/University Health
Network/Department of Medical Biophysics, Univer�
sity of Toronto, Toronto, Canada.

Dynamic light scattering (DLS) based on phase
and/or amplitude fluctuations of singly�scattered light
detects scattering particle dynamics, and can be used
to study their structural and dynamical properties
[19]; some initial OCT research has previously
exploited this route. OCT based on DLS can quantify
exponentially attenuated signals due to spherical scat�
terer’s relaxation, as OCT signal arises primarily from
singly scattered (ballistic) light. The transition to mul�
tiply scattering regime, so called diffusing wave spec�
troscopy (DWS), has also been discussed [19]. DWS is
applicable for multiple scattering where information is
collected from more depth [20]. While such phantom
demonstrations based on spherically symmetrical
scatterers have been performed, the situation is more
complex for asymmetric scattering particles (such as
RBCs with their biconcave disk shape). Here, relax�
ation (and thus temporal decorrelation dependence of
the resultant OCT signal) occurs not only by transla�
tional Brownian motion as the case for spheres, but
also via rotational relaxation. Although some analyti�
cal hydrodynamic solutions for such anisotropic diffu�
sion of asymmetrical particles have been reported, the
situation is not as clear�cut as for symmetric spheres,
and ambiguities in results interpretation exist due to
diffusion motion complexity. For example, saucer�like
dynamics are expected in the direction of a transverse
axis of an ellipsoid of revolution (~translation), while
axis tumbling can change the orientation (~rotation);
both motions can influence the signal decorrelation
times as measured by light scattering techniques [21].
An additional issue with blood scattering is that RBCs
are also deformable, for example changing their shape
depending on osmotic pressure fluctuations [22].

It was necessary to see the deformation/aggrega�
tion of cells with respect to glucose addition [23].
Hence, we have imaged the rouleaux formation with
the help of light microscope which provides efficient
visualization of RBCs after glucose admixing in blood. 

Further, in an in�vivo setting in the context of flow�
ing blood, other complicating effects come into play,
such as rouleaux cooperative motion and motion�
induced deformations [24]. The situation is clearly
complex, and controlled systematic studies are
required to determine if D�glucose�induced viscosity
changes can indeed be detected and quantified by
temporal analysis of OCT signal fluctuations. This
paper reports on the first step in such systematic stud�
ies; deformations of RBCs are also analyzed with the
help of light microscopy. Specifically, we use M�mode
OCT to quantify D�glucose�induced alterations in
non�flowing liquid settings of increasing complexity,
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consisting of: (1) symmetrical (spherical�scatterers)
water phantoms; (2) symmetrical (spherical�scatter�
ers) blood plasma phantoms; and (3) asymmetrical�
scatterers (RBC) whole blood samples. In each case,
we measure temporal decorrelation dynamics by
extracting the relaxation times, relate these to diffu�
sion coefficients, and calculate the resultant medium
viscosities. Potential in�vivo D�glucose monitoring
implications of these findings, in the context of our
recently developed speckle�variance OCT approach
for microvascular tissue imaging [17], are briefly dis�
cussed.

2. MATERIALS AND METHODS

2.1. Samples

Three types of scattering samples with varying D�
glucose concentrations were used in this investigation:

(1) The first set was water phantoms with 1.4 μm
diameter PMS and six different concentrations of D�
glucose (0, 100, 200, 300, 400, and 500 mM). The
microsphere concentrations increased from 0.69%
(weight/volume) for D�glucose�free suspension to
0.76% for the 0.5 mM phantom, in order to keep the
scattering coefficient μs constant in the presence of the
refractive index matching effect [15]. Assuming the
refractive index of water ~1.33, μs was calculated from
Mie theory at 1310 nm to be 100 cm–1 [25, 26]. These
phantoms served as the “simplest” control set in hav�
ing constant scattering properties engendered by
spherically symmetric scatterers. The further investi�
gation of scattering effect due to glucose addition is
suggested to be analyzed with diffuse reflectance. The
deformation in biological tissues due to addition of
glucose can be visualized with speckle variance OCT
[27, 28].

(2) The next experimental series was a symmetric
scatterer set (PMS as in (1)) suspended in blood
plasma instead of water. Whole blood was drawn from
five months old female Fisher rats into heparin tubes
which were then centrifuged to separate out the
plasma. To these plasmas we added a fixed concentra�
tion 0.0073% of 1.4 μm diameter PMS and varying D�
glucose amounts (0, 80, 160, 240, 320, and 400 mM).
Here, our Mie scattering calculations assumed a
refractive index value ~1.34 for rat plasma, extrapo�
lated from previously�reported n ~ 1.35 at 630 nm for
human blood plasma [11, 29]. In this sample set, we
did not increase the PMS concentration with added
glucose amounts, thus the scattering coefficient
decreased with increasing refractive index matching
effect (100 cm–1 with no added glucose, to ~ 70.7 cm⎯1

at the highest added glucose concentration of
400 mM) [25, 26]. This was done deliberately to sim�
ulate similar effects in whole blood phantoms.

(3) Finally, asymmetric RBC scatterers in the nat�
ural blood environment were investigated. Similar to
(2), whole blood drawn from five months old Lewis
rats was admixed with additional D�glucose to 0, 20,
40, 60, and 80 mM levels. Note that these added glu�
cose levels are lower than those in sets (1) and (2), and
are indeed closer to the human physiological levels
mentioned above; this too was done on purpose to bet�
ter gauge the applicability of this approach to eventual
in�vivo situation.

2.2. Measurement System

A custom built 36 kHz SS�OCT system was used
for M�mode scanning similar to that described previ�
ously, as shown schematically in Fig. 1 [17, 30–32].
Briefly, the SS�OCT system consists of frequency
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Fig. 1. Conceptual diagram of FDML SS�OCT system. In this schematic, SOA: semiconductor optical amplifier, PC: polariza�
tion controller, C: collimator, FBG: fiber Bragg grating, MZI: Mach–Zender interferometer, D: detector, DB: dual balanced
detector [32]..
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domain mode locking (FDML) fiber�ring laser source
comprising of polygon�based tunable filter. The
FDML configuration consists of total cavity length of
3.3 to 4.5 km. A fiber Bragg grating is used for A�scan
triggering. The coherence length and spectral sweep�
ing range were 6 mm and 112 nm, respectively, at a
central wavelength of 1310 nm. The axial resolution
in tissue and the average output power of the system
were 8 μm and 48 mW. Hence, this phase sensitive
SS�OCT can be coupled to take into account motion
artifacts in speckle variance OCT for mapping blood
vessels on the basis of glucose induction and quantifi�
cation [33, 34].

To perform M�mode analysis, we chose to analyze
the OCT signal intensity 70 μm below the liquid sam�
ple surface; this depth is free any possible surface dis�
tortions or artifacts, and not deep enough to invoke
complications and signal distortions caused by multi�
ple scattering [19]. To obtain M�mode data, we
repeatedly acquired full depth (~2 mm) A�scans for
~5 s at the same central sample lateral location, aver�
aged 64 consecutive A�scans, and plotted this average
signal intensity at our selected 70 μm depth as a func�
tion of time. For illustrative purpose Fig. 2a shows raw
OCT M�mode intensity signals at a depth of 70 μm for

six different D�glucose concentrations in the blood
plasma + PMS phantom set (2) up to ~2.5 s. The
resultant data train consists of ~1400 OCT intensity
points 3.6 ms apart. As viscosity is a temperature�
dependent quantity, care was taken for all the three
phantom sets to perform the OCT measurements at a
fixed temperature of 21°C. 

To explore possible shape changes of RBC with the
addition of glucose, we used an inverted motorized
microscope (Zeiss Axio–Observer), as shown in
Fig. 3. RBCs biconcave shapes with their equilibrium
diameter of ~7 μm can be readily observed with this
set�up. Additional microscope features such as multi�
channel, time lapse, and Z�stacking can help in fur�
ther sample visualization, including 3D shape infor�
mation. For these studies, whole blood smears from
sample set (3) were placed on standard microscope
glass slides and examined in transmission mode under
40X magnification [35]. For therapy point of view,
cells deformation measurements have received impor�
tant intention from many researchers, for example,
human umbilical cord derived mesenchymal stem
cells’s (hUC�MSCs) viability transitions is critical
from quality control and their population expansion
[36].
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Fig. 2. (a) OCT M�mode intensity signals at a depth of 70 μm for six different D�glucose concentrations in the blood plasma +
PMS phantom set (2) at 21°C. (b) Signal autocorrelation functions (ACF) obtained from the OCT M�mode data of (a), via
Eq. (2). ACF curves exhibit exponential decay, which is characteristic of Brownian motion of the scatterers. Slower relaxation is
seen in samples with higher D�glucose concentration.



1966

LASER PHYSICS  Vol. 21  No. 11  2011

ULLAH et al.

2.3. Signal Processing

The signal recorded at the detector of the OCT sys�
tem is given by [37]

(1)

where x is the path length difference, ISO(k) is the

source intensity and the integral  is

called autocorrelation function (ACF). The power
spectrum P(ω) and ACF are related by Weiner–
Khinchin theorem as a Fourier pair:

(2)

Figure 2a shows representative OCT intensity sig�
nals as a function of time (M�mode) at a depth of
70 μm for six different D�glucose levels cgl in plasma +
PMS phantom (sample set (2)). As described, we com�
bined 64 consecutive A�scans at the pre�selected
70 μm depth to yield one M�mode point, resulting in
~3.6 ms spacing on the time graphs of Fig. 2a. The
ACF was extracted according to Eq. (2), processed
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using Matlab. Figure 2b illustrates the ACF for the six
different cgl in blood plasma. It is seen that increasing
D�glucose levels cause longer OCT signal relaxation
decays, as expected from the slower Brownian motion
of scattering particles in media of increasing viscosity.
Although there were ~1.400 data points over the 5 s
signal acquisition, about half (2.5 s, 700 points) are
shown for clarity in Fig. 2a. As seen from 2b,
~280 points (0.1 s) are plotted, as sufficient for the
ACF decay analysis. The difference in the decay can be
observed very carefully because the decay time inter�
val, Δτ is in the range of milliseconds.

To quantify these effects, two distinct signal decor�
relation mechanisms must be considered for scattering
particles undergoing Brownian motion: translation
and rotation. For spherically symmetric shapes such as
PMS, only the former mechanism applies; for asym�
metric RBCs, both mechanisms must be considered.
The analysis for sample sets (1) and (2) is thus some�
what simpler, and we examine that first.

A single exponential fit function f1 = Aexp(–t/τT)
was applied to each ACF to extract the translational
decorrelation time τT. Figure 4 shows a typical expo�
nential to the plasma + PMS sample prior to D�glu�
cose addition. The point selection for this fit was fixed
up to decay of the signal to ~zero amplitude; the data
points beyond this limit were in the noise level and
thus were not used in the fitting procedure. The high
values of the goodness�of�fit metric, the correlation
coefficient r2, was typically ~0.98 for samples in sets
(1) and (2) (range 0.94–0.99), indicating that the data
is well described by the proposed mono�exponential
decay relationship. Translational decorrelation time τT

thus derived is related to the translational diffusion

Fig. 3. Axio�observer inverted motorized microscope used
to image RBCs in whole blood smears for different glucose
concentrations [35].
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Fig. 4. A typical exponential fit to ACF data for extraction
of decorrelation times (r2 = 0.99). The AFC is from the
“0 mM” PMS + plasma sample (set (2)), yielding ηplasma =
1.16 mPa s from Eq. (3).
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coefficient DT, which in turn is dependent on medium
viscosity. For spherical scatterers of radius R, the gov�
erning equations are [21]

(3)

where k = 4πn/λ is wave number, n is the refractive
index, kB is Boltzmann constant, T is absolute temper�
ature, and η is the viscosity of the medium. The latter
quantity can thus be obtained from the known values in
Eq. (3) and experimentally derived values of transla�
tional decorrelation times τT for sample sets (1) and (2).

To analyze the whole blood results with its asym�
metric RBCs (sample set (3)), a double exponential fit
to account for both translational and rotational relax�
ations was applied to the OCT’s ACFs. A simple func�
tional form f2 = Bexp(–t/ ) + Cexp(–t/τR) was used,

where  and τR are the translational and rotational
decorrelation times of erythrocytes. To ensure that a
double exponential decay was indeed the proper
description of the whole blood data, its r2 values were

τT
1

2k2DT

������������ and DT
kBT

6πηR
������������,= =

τT'

τT
'

compared with those from single exponential fits. The
resulting correlation coefficient values of ~0.95 were
significantly larger that the r2 ~ 0.8 for the single expo�
nential fit to the blood data, strongly suggesting that
both translational and rotational are indeed occurring
in (3). For comparison, note that a single exponential
fits the data well (r2 ~ 0.97) for sample sets (1) and (2)
that contain spherical PMS scatterers. However, the
translational and rotational decorrelation times thus
derived are difficult to relate to their respective diffu�
sion coefficients: because of the complex biconcave
disk shape of RBCs, no exact analytical expression
exists. If we approximate RBCs as a flattened ellipsoid
of radius R and half the average thickness a, in analogy
with Eq. (3) there results [21]

(4)

where G is a geometrical factor given by G(ρ) = (ρ2 –
1)1/2ρarctan(ρ2 – 1) and ρ = R/a > 1. For a red blood
cell, R ~ 3.5 μm and a ~ 1.0 μm [38]. The correspond�
ing rotational relaxation analysis could have been sim�

τT'
1

2k2DT'
������������ and DT'

kBT

6πηa
�����������G ρ( ),= =

Summary of the OCT experimental results and analysis for the three phantom sets, demonstrating the quantification of D�
glucose�induced viscosity changes

Sample D�glucose 
concentration, mM

Translational
decorrelation time, ms

Viscosity: from Eq. (3) for sets (1)
and (2); from Eq. (4) for set (3), mPa s r2�value

Phantom set (1)⎯single exponential fit

0 8.77 ± 0.04 0.88 0.97

100 9.25 ± 0.06 0.93 0.98

200 10.21 ± 0.06 1.03 0.98

300 11.20 ± 0.10 1.13 0.99

400 12.20 ± 0.06 1.24 0.97

500 14.10 ± 0.05 1.44 0.95

Phantom set (2)⎯single exponential fit

0 11.46 ± 0.14 1.16 0.99

80 12.27 ± 0.16 1.25 0.99

160 15.70 ± 0.12 1.60 0.98

240 21.12 ± 0.21 2.17 0.97

320 26.4 ± 0.16 2.72 0.94

400 44.1 ± 0.29 4.61 0.99

Phantom set (3)⎯double exponential fit*

0 8.20 ± 0.04 9.03 0.93

20 9.52 ± 0.08 (8.41 ± 0.04) 10.26 0.99

40 12.00 ± 0.05 (10.40 ± 0.06) 10.81 0.91

60 26.30 ± 0.13 (12.20 ± 0.06) 24.61 0.93

80 63.00 ± 0.40 (25.00 ± 0.14) 51.05 0.99

Note: * For the blood samples, the bracketed decorrelation times represent measurement baseline drift due to blood exposure to air, in
the absence of D�glucose aliquots (see text for details). We corrected for this prior to using Eq. (4) to derive the displayed viscosity
values in column (3), via  (corrected) =  (0 mM) + (difference between the  values in column (2)).τT' τT' τT'
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ilarly pursued for another estimate of medium viscos�
ity. However, we chose not to do so at present, as relat�
ing experimentally derived values of τR to medium
properties for such scattering shapes is even less cer�
tain than the translational relaxation analysis of
Eq. (4). Thus, while performing a double exponential
fit and obtaining both translational and rotational
decay times in whole blood, only the former results are
further analyzed to yield medium viscosity as per
Eq. (4). Future work will evaluate the information
content of the obtained τR values. For now, we exam�
ine the B/C ratio to estimate the relative importance of
translational versus rotational relaxation. For the five
blood samples of experimental set (3), this ratio was
~2.7, indicating that translational decorrelation is
somewhat more important than rotational relaxation.

3. RESULTS AND DISCUSSION

Table summarizes the quantitative study findings.
For the three sets of samples of varying added dissolved
D�glucose concentrations, the derived translational
decorrelation times τT for (1) and (2), the derived

translational decorrelation times  for (3), the result�
ing viscosities η, and the fitting correlation coeffi�
cients r2 are given. Also included in brackets are the
decorrelation time results of a control experiment in
the data set of blood sample set (3); here, we were con�
cerned with possible confounding D�glucose�inde�
pendent effects of long exposure of blood to the air
during the measurements of increasing D�glucose ali�
quots, and thus admixed saline�only amounts
throughout the corresponding time course of another
OCT blood measurement experiment. This would
account for the possible measurement baseline drift.

τT
'

Concentrating initially on phantom set (1), the D�
glucose�free water + PMS sample yields a viscosity
ηwater = 0.88 mPa s. This is in fairly good agreement
with the accepted textbook value of 0.98 mPa s at 20°C
[39]. The slight 10% discrepancy is likely due to
imprecise experimental temperature control, as vis�
cosity is known to be highly temperature dependent.
Another possible reason may be PMS themselves, in
that their presence effectively changes the viscous prop�
erties of the water suspension, but at the ~0.7 vol %
loading this is unlikely to be a major effect. We are cur�
rently refining our apparatus and analysis to enable
better results accuracy. Moving on to the D�glucose�
containing PMS suspensions of set (1), a trend of
increasing viscosity is observed. This increase makes
sense, and its magnitude seems commensurate with
the significant levels of added D�glucose. Comparing
with literature, our derived viscosity value of 1.44 mPa s
for the 500 mM sample (9 wt %) is in reasonable agree�
ment with the previously�reported η = 1.24 mPa s for
10 wt % glucose solution [40]. The results are graphi�
cally represented with solid line in Fig. 5a.

The plasma + PS phantom set (2) results exhibit a
similar trend to the water + PS phantoms, with deco�
rrelation times and viscosity values increasing with the
addition of D�glucose. Note that here, the “0 mM”
sample does not imply glucose�free medium as in
sample set (1), since there is some normal base level of
D�glucose present in the plasma (and in whole blood
of sample set (3)). Its baseline viscosity is of 1.16 mPa s
~28% higher than that of water, and agrees reasonably
well with literature values of 1.29 mPa s [41]. Compar�
ing the ηplasma glucose dependence to water�based
results as displayed in Fig. 5a, a slightly higher increase
in viscosity is seen. The overall increasing viscosity
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Fig. 5. Viscosities of water and plasma phantom sets (with PS microsphere scatterers, analyzed via Eq. (3)), and of whole blood
(with RBC scatterers, analyzed via Eq. (4)). (a) Linear scale, (b) semi�logarithmic scale, showing exponential dependence of vis�
cosity on D�glucose levels in water and plasma systems, and a more complicated (supra�exponential) behavior in whole blood.
Symbols are the results of experimental measurements (with errors bars = standard deviations), the lines are a guide for the eye.
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trends, however, are similar for the two PMS�contain�
ing phantom sets.

Finally, it is encouraging to observe that despite the
many complexities associated with whole blood anal�
ysis (phantom set (3)), our results also show increasing
medium viscosity with added D�giucose levels. As dis�
cussed above, only translational relaxation times were
used in the viscosity determination; ongoing work is
exploring the optimal route for rotational relaxation
times analysis. Not surprisingly, blood is seen to be
“thicker than water”, as the derived viscosity value for
the blood sample without added D�glucose is ~8 times
that of water (9.03 mPa s versus 0.88 mPa s). This ηblood

static value also agrees well with the literature, where a
value of ~10 mPa s is reported [42, 43]. It is seen that
the addition of D�glucose to whole blood has a more
drastic change on derived medium viscosity compared
to either water or plasma, although blood is a non�
Newtonian fluid (Fig. 5b). In literature, the viscosity
of the blood is quoted in increasing trend with increase
in the dextran concentrations [44]. Since the addition
of D�glucose also changes the shape of the erythro�
cytes due to modulations in the osmotic pressure, the
resultant scatterer shape change makes it unclear if the
data analysis embodied in Eq. (4) holds equally true
across the examined D�glucose concentration range.
Thus, although the significant increase in the relax�
ation times and thus in the derived viscosity values is
qualitatively correct, its quantification in terms of
derived viscosity values is less certain. Also, the mag�
nitude of the confounding effect of long air exposure,
as quantified in a control blood measurement experi�
ment with sham (D�glucose�free) saline aliquots
(results in parenthesis in table), while certainly smaller
than D�glucose, is not insignificant. Better methods to
minimize this measurement artifact will be investi�
gated in future publications. The D�giucose�induced
viscosity changes in whole blood, corrected for the
measurement baseline drift, are also plotted in Fig. 5a.

It is interesting to further examine the D�glucose�
induced viscosity increases displayed by the three plots
in Fig. 5a. Figure 5b re�plots the data on a semi�loga�
rithmic scale to check if the medium viscosities
depend on the D�glucose concentrations in an expo�
nential way. As seen, this indeed appears to be so for
the water and approximately so for the plasma samples
containing PMS as symmetrical scatterers; the depen�
dence is more complicated (and supra�exponential) in
the case of blood. This is perhaps not surprising, given
the complex nature of blood milieu—viscosity
changes, irregular RBC shape and its alterations,
exposure to air complications, possible RBC aggrega�
tions, and so on. Thus, even though OCT decorrela�
tion times can be reliably measured, unambiguously
and quantitatively relating these to medium viscosities
(and hence to D�glucose level) poses significant chal�
lenges and necessitates further research.

160 pixels

160 pixels

160 pixels

(a)

(b)

(c)

Fig. 6. Microscopy results demonstrating deformation and
rouleaux formation of RBCs in rat whole blood samples
with the addition of D�glucose. (a) no D�glucose added,
(b) 20 and (c) 40 mM. The shape of individual cells
changes from biconcave discs in (a) to more spheroidal
shapes in (b) and (c). In addition, the collective aggrega�
tion in (c) is suggestive of rouleaux formation. (Image size:
width × height = 1392 × 1040 pixels, 1 pixel = 6.45 μm).
Field of view of microscope objective was 8.98 × 6.71 mm.
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Further to examine potential complications caused
by RBC shape changes and aggregation in the pres�
ence of added D�glucose, microscopy results from
whole blood smears are shown in Fig. 6. Normal rat
blood in 6a exhibits expected biconcave disc�like
shapes of RBCs, seen as ~7�μm diameter circles with
a central void in this transmission image. With addi�
tion of glucose (20 mM in Fig. 6b, 40 mM in Fig. 6c),
deformation of individual erythrocytes into spheroidal
shapes, and their multi�particle aggregation behavior
are becoming evident. The former is a well know
osmotic pressure effect, and the latter may be indica�
tive of the rouleaux formation [7, 44–47]. Integration
of our technique with photodynamic therapy can gen�
erate a new route to investigate cell death by analyzing
the dynamic light scattering.

4. SUMMARY

We have used the temporal statistics of the OCT
signal, specifically the characteristic decay times of its
M�mode�derived autocorrelation functions, to study
the viscosity of three different types of static liquid
phantoms and bodily fluids (water, plasma and whole
blood). The modulation of viscosity by the addition of
D�glucose was investigated, motivated by our interest
to determine the potential utility of speckle�variance
OCT imaging for non�invasive D�glucose monitoring
in diabetic patients. The determined viscosity values of
water, plasma, and whole blood were in good agree�
ment with the literature (where available), and showed
the expected increasing trend with increasing D�glu�
cose content. While translational diffusion dynamics
were sufficient to analyze OCT data from samples
containing symmetrical PMS, both translational and
rotational relaxations had to be considered for whole
blood analysis. The quantification of whole blood
measurements in the presence of added D�glucose was
challenging and required further refinement, owing to
the complex nature of the blood milieu (such as vis�
cosity changes, irregular RBC shape and its alter�
ations, exposure to air complications and possible
RBC aggregations). The microscopic results were
obtained to further examine the deformation and
aggregation behavior of red blood cells. While encour�
aging, these initial results also underscore the consid�
erable difficulties in quantifying the whole blood mea�
surements, and suggest several avenues of pursuit for
future work.

5. FUTURE WORK

The addition of D�glucose to blood not only
changes plasma viscosity, but also alters the shape of
the erythrocytes; both of these can affect resulting
Browning motion and thus the OCT decorrelation
times. To tease out the relative contributions of these
competing effects, we will examine the Brownian
motion dynamics of non�deformable asymmetrical

particles (e.g., micro�discs with ~7 μm diameter and
~2 μm thickness). We will also investigate quantitative
ways of incorporating the derived rotational decorrela�
tion times τR’s into the viscosity analysis. Another area
to explore in the effect of blood flow (forced convec�
tion). Even in capillaries, with its slow velocity rates of
~tens of μm/s, shorter decorrelation rates are
expected that would have to be reliably measured. Fur�
ther, the expressions of Eqs. (3) and (4) would no
longer hold in the presence of flow, so a new theoreti�
cal formalism would be needed. Building on such sys�
tematic studies, one can eventually envision a scenario
where a blood vessel identified by Doppler (or speckle
variance) OCT is further examined in M�mode, with
ACF analysis yielding its viscosity value that is directly
linked to D�glucose content.

Further, the OCT signal can be analyzed to mea�
sure and identify the boundaries between normal and
diseased blood in diabetics in vitro and in vivo. There
would be some limitations imposed by the attenuation
of the signal from depth, hence analysis may be limited
to the top layers of tissue. A solution to depth problem
and further contrast increase is suggested by use of
optical clearing effect of D�glucose. The permeability
coefficient estimation can also be used by measuring
OCT signal slope to identify the normal and abnormal
behavior [49–51].
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