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ABSTRACT

Development of non-invasive techniques for glucose monitoring is crucial to improve glucose control and treatment
adherence in patients with diabetes. Hereafter, Optical Coherence Tomography (OCT) may offer a good alternative for
portable glucometers, since it uses light to probe samples. Changes in the object of interest can alter the intensity of light
returning from the sample and, through it, one can estimate the sample's attenuation coefficient (p.) of light. In this work,
we aimed to explore the behavior of i of mouse’s blood under increasing glucose concentrations. Different samples
were prepared in four glucose concentrations using a mixture of heparinized blood, phosphate buffer saline and glucose.
Blood glucose concentrations were measured with a blood glucometer, for reference. We have also prepared other
samples diluting the blood in isotonic saline solution to check the effect of a higher multiple-scattering component on the
ability of the technique to differentiate glucose levels based on . The OCT system used was a commercial Spectral
Radar OCT with 930 nm central wavelength and spectral bandwidth (FWHM) of 100 nm. The system proved to be
sensitive for all blood glucose concentrations tested, with good correlations with the obtained attenuation coefficients. A
linear tendency was observed, with an increase in attenuation with higher values of glucose. Statistical difference was
observed between all groups (p<0.001). This work opens the possibility towards a non-invasive diagnostic modality
using OCT for glycemic control, which eliminates the use of analytes and/or test strips, as in the case with commercially
available glucometers.
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1. INTRODUCTION

According to the World Health Organization (WHO)!, in 2008, 36 million people died due to noncommunicable diseases
(NCDs). This number corresponded to 63% of all deaths in that same year. Ailments like diabetes, cardiovascular
diseases (CVD), cancers and respiratory diseases account for almost 80% of all NCD deaths.

Responsible for nearly half of all NCDs deaths, CVDs and diabetes are preventable in 80% of the cases?. Their
socioeconomic burden affects not only mortality and treatment costs, but also decreases quality of life and productivity.
For an example, in 2005 Brazil lost USD 2.7 billion in the national income due to diabetes and CVDs, a financial loss
that was expected to triplicate by 2015, as reported by WHO?. However, the International Diabetes Federation (IDF)
estimates that the total diabetes-related expenditures in Brazil for that year were over USD 21 billion®.

The Type-2 diabetes mellitus (T2DM) and CVD major risk factors are comprised in a medical condition known as
metabolic syndrome (MetS). Dysglycemia, hypertension, atherogenic dyslipidemia and obesity (especially abdominal
obesity) are strong predictors for the development and progression of the aforementioned diseases.
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The simultaneous occurrence of these risk factors is accompanied by an oxidative stress state and endothelial
dysfunction’. Sustained high blood glucose levels, as observed in diabetic and pre-diabetic patients, greatly contributes to
this scenario due to its direct relation to the impairment of vascular functions, since glucose is a highly reducing sugar
and, in elevated concentrations, may form covalent links with endothelial proteins, changing their function® .

Monitoring glucose levels has, therefore, a major role on prevention and diagnosis of MetS. Currently, the most common
method is the use of glucometers®, which requires collection of blood samples through skin puncture. However, studies
indicate that among the barriers to patient monitoring are the fear of needle, pain, and discomfort during the exams’.
Thus, non-invasive approaches are of great interest to improve adherence to treatment and, also, to prevent generation of
waste such as test strips. Avoiding the use of test strips also reduces the costs associated with self-monitoring, another
barrier reported in the literature®. In the United States, in 2012, the cost for each patient was, approximately, USD 770
per year!®,

Optical Coherence Tomography (OCT) technique has been widely used for clinical applications!!, namely
ophthalmology'*!* and dermatology'®-'®, and its ability to image and analyze blood samples has been previously
demonstrated!®!. In this study, we aim to explore the effects of blood glucose levels, in vitro, in the attenuation of OCT
signal, assessing the viability for the use of OCT as a noninvasive tool for glucose monitoring in future studies. To our
knowledge, there are no reports of the total attenuation coefficient (u¢) of in vitro glucose concentrations varying on a
physiological range, and such was the motivation for the present work.

2. METHODOLOGY

2.1 Sample preparation

Blood samples were drawn from C57BL/6 female mice aging from 6 to 8 weeks through cardiac puncture. Animals were
under deep anesthesia during the procedures, which were conducted in accordance with the Guideline for the Care and
Use of Laboratory Animals*? and were approved by the institutional animal ethics committee. Euthanasia was performed
by overdose of chemical anesthetics, and death was confirmed by vital signs evaluation.

Whole blood samples were heparinized (166 IU/mL) to prevent coagulation and 90 pL aliquots were distributed, in
triplicate, over a 96 wells microtiter plate. Four different groups with variations in glucose concentrations were obtained
by adding different glucose solutions. To achieve the desired variations in glucose levels, four solutions of PBS
(Phosphate-Buffered Saline, 1 M, pH 7.4) were prepared with increasing concentrations of glucose (D - (+) - Glucose,
Sigma-Aldrich) between 16 mg/dL and 31 mg/dL, with addition steps of 5 mg/dL. Volumes of 10 uL of such solutions
were added to the wells previously filled with heparinized blood, resulting in a final volume of 100 pL per well.

On a second experiment, only one glucose solution was prepared (53 mg/dL in concentration) for addition to new
heparinized blood samples, since we have previously noticed a relevant time-decay in glucose concentrations after the
solution was added to the diluted blood. Again, blood samples were placed in a 96-wells microtiter plate resulting in final
volumes of 100 uL per well. The glucose solution was prepared with an isotonic saline solution for blood dilution.
Following the study by Popescu et al?* we aimed to check the effect of a higher multiple scattering component on the
ability of the technique to differentiate glucose levels based on attenuation of OCT signal, since multiple scattering is
present when probing through biological tissues>* %, as is the case when applying the method in vivo. The blood was,
then, diluted to a 40:60 blood:saline-glucose ratio.

2.2  Blood glucose assessment

For reference, blood glucose levels were assessed, in duplicate, by a portable glucometer (OneTouch® Ultra®, Johnson
& Johnson Medical Devices & Diagnostics) using the appropriate test strips. Strips were positioned directly over the
blood samples’ surface inside the wells.

2.3 OCT measurements

Wells were positioned for individual image acquisition with the OCT system. For each sample, 100 images were
obtained sequentially in the same position. Small samples from each group (0.5 uL), were placed on glass slides and
imaged by OCT for determination of the refractive index (RI). With the RI it was possible to correct the depth probed on
each sample. The B-Scans were, finally, analyzed via software, and attenuation coefficient values were calculated.
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The OCT system used for those analysis was a commercial Spectral Radar OCT OCP930SR (Thorlabs Inc.) with a
central wavelength of 930 nm, spectral bandwidth (FWHM) of 100 nm and spatial resolution of 6 pm (lateral and axial)
in the air. B-Scans acquired from the blood samples were 2000x512 pixels (frame rate of, approximately, 8 frames per
second) covering 4 mm of the sample (lateral).

A custom software was developed to analyze the acquired B-Scans. The analysis uses a simple model to calculate the
attenuation coefficient of OCT signal, from an exponential decay based on Beer-Lambert's law, as follows:

1(2) = I.e™2"7 + C (1)

with I(z) the intensity at depth z, I, the source intensity, . the attenuation coefficient and C a constant accounting for
background noise.

The decay profile used for analysis is the arithmetic mean of A-scans adjacent in space over a region of interest,
manually selected in the B-Scan. Such A-Scans are aligned through a peak-finding function, prior to the calculation, to
avoid influence of curvature or displacement of the samples.

A fitting of the model in ( 1) is performed, and the parameters I, yu; and C are obtained. For the proposed study, only the
value of . is of interest. This process is repeated for each consecutive B-Scan.

2.4 Statistical analysis

For glucose measurements, arithmetic means were calculated with their respective standard deviations. Mean attenuation
coefficients values are presented as a function of their corresponding glucose concentrations. Kolmogorov-Smirnov test
attested our data were not drawn from a normally distributed population, so we performed the Kruskal-Wallis with
Dunn’s for multiple mean comparisons. Diluted blood attenuation coefficients were also submitted to K-Means cluster
analysis to identify groups of similar data. All data analysis were performed with GraphPad Prism 5 and OriginPro 9.1
softwares, and we assumed as statistically significant values for p<0.001.

3. RESULTS AND DISCUSSION

Following the indicated methodology, different groups of whole blood were analyzed using the portable glucometer, to
obtain the reference values for glucose concentration. The values presented in Table 1 are the mean + standard deviation
for four measurements with the portable glucometer. Notwithstanding our expectations, the obtained blood glucose
concentrations range surpassed our previous calculations after glucose addition, presumably due to propagation of errors
during sample preparation (dilution and weighing).

B-Scans were acquired while the samples were in room temperature (approx. 25 °C). After analysis, the system proved to
be sensitive for all blood glucose concentrations tested, with good correlations with attenuation coefficients as reported

in Figure 1.
Groups Bl()((::llg%(lll;f)ose
1 229.75+09.55
2 294.83+06.03
3 384.78+11.91
4 517.50+31.82

Table 1 — Blood glucose concentrations for each group. Values are presented as means + SD.
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Figure 1 - Attenuation coefficients calculated in relation to average blood glucose concentrations, after refractive index correction
(IR=1.26). Multiple comparison analysis showed p<0.001 between every group (Kruskall-Wallis with Dunn's as post hoc). Red line
represents the best linear correlation obtained, with slope of 3,55e-5 with an adjusted R-Squared of 0.98, which indicates that a linear
model is suitable for our data.

It is possible to observe a trend of increase in the coefficient of attenuation (i.e. greater signal attenuation) with
increasing blood glucose values. This may be explained due to greater glucose concentrations resulting in a higher
density of scatterers in the sample, decreasing the mean free path of the photons traveling through such a medium.
However, many studies in the literature reported the use of glucose as an optical clearing agent’® 2’ due to index
matching of the refractive index of plasma and erythrocytes?®, in addition to aggregation and changes in size of red
blood cells (RBC), as suggested by Tuchin et al?®, which enhances the transmittance of OCT signal. Nevertheless,
Tuchin has also reported an augment of the total attenuation coefficient of blood when mixed with glucose?, and a
related work showed an increase tendency in p with glucose concentrations up to 10,000 mg/dL3°. Those values,
nonetheless, reside outside the normal values of blood glucose levels recommended for euglycemic subjects (between 70
and 100 mg/dL as the latest Standards of Medical Care in Diabetes’!). Our results, therefore, show that the increasing
tendency in p is also true for a range that is closer to normal glucose concentrations, compared to those above discussed.

Statistical tests reported significant differences among all groups with p<0.001 when blood glucose concentrations are
between 230 and 517 mg/dL. As the spacing (in glucose concentration) between our samples varies greatly, it's not
possible to define a differentiating resolution for the technique. However, differences as low as 65 mg/dL (between
groups 1 and 2) could be detected.

Even though the tested range surpasses targeted glycemia values for normoglycemic subjects, our results show a glimpse
of possibility for differentiating glucose levels from signal attenuation, enabling the use of the OCT technique for this
goal, considering that patients with diabetic ketoacidosis present plasma glucose levels above 250 mg/dL and severe
cases of hyperglycemia crises can even reach values exceeding 600 mg/dL32.
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We were able to extract more data points of glucose concentrations from our diluted blood samples. This time, the
previously observed linear correlation between glycemia and attenuation coefficient was no longer exhibited. As reported
by Popescu et al?*, solely diluting blood to 40% with isotonic saline solution (without adding glucose or any other solute)
results in a stronger multiple-scatter component in OCT signal, which slows its decrease with respect to depth.
Associated with that explanation is the fact that the dilution affects the mean free path of the photons, as the scatterers
will be more disperse in the medium. In that way, small changes in the concentration of glucose will not significantly
change the light attenuation of the diluted blood, as was the case in our prior tests with whole blood. Therefore, only
greater differences in glucose levels will be noticeable through this approach, i.e, it lowers the resolution for blood
glucose differentiation.

Aiming to discover any correlations between attenuation coefficients and glucose concentrations in these diluted
samples, we have performed K-Means clustering analysis on our results in order to observe the necessary change in
glucose concentrations for appreciable differences in p to occur. That enables the ascertainment of how many distinct
groups there are throughout our range of different glucose levels in diluted blood. Results are presented in Figure 2.
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Figure 2 - After refractive index depth correction (IR=1.45), attenuation coefficients were calculated in relation to glucose
concentrations from diluted blood, and grouped in clusters by K-Means method

The K-Means algorithm identified 3 clusters in our results, with centers separated by 120 mg/dL (Cluster 1 to 2) and
146 mg/dL (Cluster 2 to 3). This gives out an average resolution for differentiation of about 133 mg/dL for those
samples, inferior to the one previously obtained for whole blood. The average glucose concentration of each cluster was
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calculated and assigned as different data points, as presented in Table 2. Those new values were plotted as a function of
glucose concentration and are reported in Figure 3.

Blood glucose

Groups (mg/dL)
Cluster 1 20.0+0.0
Cluster 2 140.5+£34.5
Cluster 3 287.2+34.4

Table 2 - New groups resulted from our K-Means analysis of diluted blood samples. Data are presented as means +/- SD.
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Figure 3 - Mean attenuation coefficients calculated in relation to average blood glucose concentrations. Multiple comparison analysis
showed p<0.001 between every group (Kruskall-Wallis with Dunn's as post hoc). Red line represents the best linear correlation
obtained, with an adjusted R-Squared of 0.99 indicating our data can be represented by a linear model.

Following clustering, our new groups were analyzed using Kruskall-Wallis combined with Dunn's for multiple mean
comparisons and significant differences between all groups were observed (p<0.001). Furthermore, after re-groupment
the increasing tendency in i is once more noticeable, and we were able to establish a linear correlation between glucose
concentration and attenuation coefficients for our diluted blood samples through a fitting. The fit reported a slope of
1.34¢-5 and an R-Squared value of 0.99, which indicates, once again, that the linear correlation may be a good model for
the presented data.
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It is worth noting that, even though the higher glucose concentration in this test intercepts with the first two
concentrations observed for whole blood, the diluted samples behave differently regarding to the calculated slopes from
our linear adjustments: increments in glucose concentrations will promote less impact on the attenuation coefficient
when compared to whole blood samples, which may be due to the stronger multiple-scatter component in OCT signal
resulted by dilution with saline solution, as previously discussed.

4. CONCLUSIONS

Our results suggest that the attenuation coefficient is a feasible way to differentiate glucose levels on blood samples
using OCT. That translates as a positive indicator for possible clinical implementation of such a technique in the future,
enabling noninvasive glucose monitoring.

Although OCT has already been reported in vivo using the optical clearing effect of glucose for glycemic differentiation,
the attenuation coefficient may, also, be a viable approach, but further tests should be performed to validate the
technique.

A great variety of glucose concentrations may reveal the differentiating resolution of the method for whole blood, but
with the data from the performed tests, differences of 65 mg/dL were detected. However, in the presence of a great
multiple scattering component, as in the case of saline-diluted blood, this resolution was greatly impacted, and the
average resolution was calculated to be of 133 mg/dL, half of the sensitivity reported for whole blood. This may pose as
an impediment for in vivo applications, and additional studies are necessary.

Finally, even though OCT systems currently are restricted to clinical and research environments, a trend to make those
systems available for domestic use is observed in the literature’® **. Therefore, OCT may be used as a self-monitoring
device by patients, and having a variety of analysis techniques already developed for this purpose is of great importance
for the social impact of this technology.
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