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Diabetes mellitus and its complications are the third leading
cause of death in the world, exceeded only by cardiovascular
disease and cancer. Tighter monitoring and control of blood
glucose could minimize complications associated with diabetes.
Recently, optical coherence tomography (OCT) for noninvasive
glucose monitoring was proposed and tested /n vivo. The aim of
this work was to investigate the influence of changes in blood
glucose concentration ([glu]) and sodium concentration ([Na'])
on the OCT signal. We also investigated the influence of other
important analytes on the sensitivity of glucose monitoring with
OCT. The experiments were carried out in anesthetized female
pigs. The OCT Iimages were acquired continuously from skin,
while [glu] and [Na'] were experimentally varied within their
physiological ranges. Correlations of the OCT signal slope with
[glu] and [Na"] were studied at different tissue depths. The
tissue area probed with OCT was marked and cut for
histologlcal examination. The correlation of blood [glu] and
{Na*] with the OCT signal slope was observed in separate tissue
layers. On average, equimolar changes in [glu] produced 2.26 +
1.15 greater alterations of the OCT signal slope than changes in
[Na*}. Variation of concentrations of other analytes did not
influence the OCT signal slope. The influence of [Na*] on relative
changes in the OCT signal slope was generally less than [glu}-
induced changes. OCT is a promising method for noninvasive
glucose monitoring because of its ability to track the influence
of changing [glu] on individual tissue layers. Exp Biol Med
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Introduction

Currently, only cardiovascular disease and cancer cause
more deaths than diabetes mellitus. As many as 120-180
million people, or 2%—-3% of the world population, suffer
from diabetes (1, 2). In patients with diabetes, effective
control of blood glucose concentration ([glu]) limits the
complications of the disease. Current monitoring of [glu]
requires blood sampling, which discourages frequent
glucose measurement and tight control. Thus, the develop-
ment of efficient and reliable noninvasive sensors for [glu]
monitoring would improve the management of diabetes.

At the present time, two types of glucose sensors are
under development: minimally invasive and noninvasive.
Minimally invasive sensors are based on analysis of tissue
interstitial fluid. Most of the noninvasive methods use
optical signals (2-4). One of them, optical coherence
tomography (OCT), is a promising technique for blood
[glu] monitoring (5-7).

OCT, a nondestructive technique that examines the
internal structure of superficial layers of biological tissues, is
based on interferometric recording of near-infrared light
backscattered from the object. Backscattered light is
collected, measured, and integrated to assemble an image.
Initially, OCT was successfully applied to imaging alter-
ations in ocular tissues (8, 9). Subsequently, OCT has been
widely used in medical studies for high-resolution visual-
ization of the internal structures of the superficial layers of
epithelial tissues in humans and animals (10-12). Many
pathological processes, such as dysplasia and cancer, alter
the typical layered structure of healthy tissue, and these
changes can be detected by OCT (13). High-resolution OCT
imaging techniques can ensure in vivo observation (mon-
itoring) of the state of internal tissue structures in humans
and animals (14).
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Previous studies have quantified alterations in the
optical parameters of tissues produced by changes in
hydration (15) and temperature (16, 17) and by the addition
of chemical agents (18-20). Variations of these factors
produced changes in the light-scattering properties of
tissues. Likewise, increases in blood [glu] decreased the
total light-scattering coefficient in tissues as a consequence
of better refractive index matching between intracellular and
extracellular components (3).

Recent in vivo and in vitro experiments demonstrated
that OCT detects tissue changes induced by variation of
[glu] within the usual pathophysiological range (3—30 mM;
54-540 mg/dl; Refs. 5~7). Normal fasting blood [glu] is less
than 110 mg/dl, with increases to 150-180 mg/di shortly
after eating. In critically ill patients, the maintenance of [glu]
at 80-110 mg/dl was associated with improved mortality in
comparison with those with wider [glu] fluctuation (21).
Previous in vivo studies illustrated that the slope of the OCT
signal strongly correlates with [glu] when the probing beam
is scanned laterally over a straight line (5, 6). It was also
reported in a pilot study that changes in blood pressure,
heart rate, hematocrit (Hct), surgical procedure, and
anesthesia did not influence the correlation of the OCT
signal slope with blood [glu] (7). Equally important,
theoretical calculations were confirmed in vitro that suggest
that changes in the refractive index produced by changes in
[glu] considerably exceed changes in the refractive index
produced by changes in other analyte concentrations within
the physiological range (22). However, in vivo changes in
the concentrations of other analytes, especially the concen-
tration of sodium ([Na']), may sufficiently alter osmolality
so that the hydration of individual tissue layers may change.
The associated changes in backscattering produced by these
osmotic effects could also influence measurements of [glu].

In the present study, we investigated the influence of
large acute changes in blood [glu] on the OCT signal in vivo
and the influence of large acute changes in [Na™]. We also
studied the influence of other agehts such as [CI7], [K™], and
urea on measurement of blood [glu] using OCT.

Materials and Methods

In these experiments, we used the OCT device
described in detail in previous publications. In those studies,
the OCT setup was used in a one-dimensional (1-D)
scanning mode, in which the probing beam was scanned
laterally over a straight line (5-7). However, 1-D scanning
is sensitive to motion artifacts and generates a high level of
speckle noise. It was previously shown that two-dimen-
sional (2-D) lateral scanning of the OCT probing beam
significantly reduced speckle noise, thereby reducing
uncertainty in the OCT signal measurements (23). In
addition, the 2-D scanning mode is less sensitive to motion
artifacts because the scanned area of 600 X 600 pm is 50-
fold greater than that of the 1-D mode. The acquisition time
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for one 2-D mode OCT image comprising 1800 independent
A-scans (depth profiles) was about 30 secs.

We studied 13 young (age, 34 mos) female pigs
weighing 2025 kg. In seven pigs, we intravenously
injected 7.7% saline (NaCl) solution ([Na*] 1317 mEq/l;
normal blood [Na*] ~ 40 mEq/1), followed at least 40-60
mins later by injection of 50% glucose solution (50%
dextrose; Abbot Laboratories, North Chicago, IL) intra-
venously ([glu] 50 g/d]; normal blood {glu] ~100 mg/dl). In
two pigs, we injected glucose first, followed at least 40-60
mins later by 7.7% NaCl. Of the remaining four pigs, one
served as a control (no injections), two received only 7.7%
NaCl, and one received only glucose.

The OCT images were obtained from the skin in the
abdominal area and were converted into the OCT signals by
averaging the in-depth (z-axial) scans. The OCT signals in
logarithmic scale were used in subsequent calculations of
the OCT signal slopes. The 2-D lateral (x and y) scanning
mode of the OCT probe beam was used to calculate the
OCT signal slopes at different depths. The OCT signal slope
was calculated using least squares linear approximation of
the OCT signal segment with a length of 70 £ 20 pm: y =
ax + b, where a and b are coefficients of linear regression
and a was used for estimation of the OCT signal slope value
(Fig. 1). The length of approximated segments was roughly
equal to the half-distance between collagen bundles in skin,
which varied among pigs and occasionally within a single
pig. The distance between collagen bundles was verified by
standard hematoxylin-eosin (H&E) histology. In every pig,
we calculated dependence of the OCT signal slope versus
time in the segments with a step 2040 pum (segments
overlapped) from the epidermis and to the dermis-
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Figure 1. Typical OCT signal averaged more than 1800 independent
A-scans versus geometrical depth. (1), initial; (2), two neighbor; (3),
last fits over 70-um segments that were used to calculate the OCT
signal slope; (4), papillary-reticular junction; and (5), dermis-
hypodermis junction.
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hypodermis junction. We analyzed changes in the OCT
signal slope versus time and calculated the correlation
coefficient (R) between the OCT signal slope and blood
[glul. For calculating the correlation coefficient, we
smoothed the OCT signal slope versus time using Fourier
filtration technique. We calculated the correlation coefficient
at different time delays between the OCT signal slope and
blood [glu]. We considered that the correlation between the
OCT signal slope and [glu] was absent if the absolute value
of the correlation coefficient (|[R|) was less than 0.7 (24),
which took into account only segments in which the
absolute value of the statistically significant (P < 0.05)
correlation coefficient was greater than 0.7. We determined
the lag time between changes in the OCT signal slope and
blood [glu] as time delay that gave the maximal correlation
coefficient. For comparison with histological cuts, we used
the 1-D lateral scanning mode because the 2-D mode
blurred small details on the OCT images due to averaging.

The scheme of the experiments was as follows. Pigs
were premedicated with telasol, 5 mg/kg im, and then they
were anesthetized with 1% isoflurane by inhalation. A
femoral arterial catheter was placed and was used to obtain
blood samples (1 ml). Through an intravenous catheter,
0.9% saline was infused at a rate of 3-8 ml/hr to prevent
dehydration. We monitored arterial saturation and heart rate
with a pulse oximeter (SIMS BCI, Inc., Waukesha, WI) and
blood pressure directly through the arterial catheter. Glucose
(50% solution) and NaCl (7.7% solution) were injected
through a femoral venous catheter or an ear vein catheter. In
each blood sample, we measured [glu], [Na*], potassium
concentration [K*], chloride concentration [C17], bicarbon-
ate concentration [HCOs™1, urea, pH, PCO,, total CO,
(TCO,), hemoglobin, and Hct. Blood analysis was
performed with an i-STAT1 analyzer (i-STAT Corporation,
East Windsor, NJ) that measures the analytes in one blood
sample. '

By design, we induced rapid large physiologically
relevant acute changes in [Na'] and [glu] to assess the
response of the OCT signals. Hyperosmotic NaCl (7.7%)
was infused intravenously during 8-15 mins using a digital
pump at a rate of 2.4-3.8 ml/min. As a result, blood [Na']
concentration increased rapidly from a baseline level of
approximately 133-143 mM (range, 6-13 mM).

The glucose infusion was performed not earlier than
40-60 mins after the NaCl infusion. Glucose solution (50%)
was injected at a rate of 2.4-3.8 ml/min for approximately
30 mins. Blood [glu] increased from approximately 80-90
mg/dl to approximately 400 mg/dl.

Our experimental sequence was designed to progres-
sively increase our knowledge of changes in the OCT signal
slope associated with changes in analyte concentrations. In
our first experiment, we used one anesthetized pig to
estimate the expected physiological changes in various
analytes and their influences on the OCT signals. In the
second experiment, we infused 80 ml of 50% glucose. In
Pigs 3 and 4, we injected 60 mi of 7.7% saline. In Pigs 5 and
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6, after injecting 45 ml of 7.7% saline, we injected 80 ml of
50% glucose solution. In Pigs 7 through 11, we injected 30
ml of 7.7% saline and 100 ml of 50% glucose solution. In
two pigs (Pigs 12 and 13), we administered 115 ml of 50%
glucose before injection of 35 ml of 7.7% saline.

To estimate reproducibility of the OCT method for
blood glucose monitoring, we induced two acute changes in
[glu] in two pigs. The [glu] was consequently increased by
376 mg/dl (from 69445 mg/dl) and then by 320 mg/dl
(from 153-473 mg/d}) in the first pig. In the second pig, the
increase of [glu] was by 256 mg/dl (from 92-348 mg/dl)
and then by 308 mg/dl (from 130438 mg/dl).

During the experiment, the OCT device was continu-
ously operating in the 2-D lateral scanning mode for speckle
averaging. However, during individual blood sampling, we
used the 1-D lateral scanning mode for comparing the OCT
images with histology.

Pigs were killed at the end of the experiment under
deep isoflurane anesthesia by intravenous injection of 0.4
ml/kg of saturated KCl solution. Immediately after death,
the scanned area of the skin was marked using a tissue
marking dye (Triangle Biomedical Sciences, Inc., Durham,
NC) that is preserved during staining procedures. The
marked tissue site was sectioned and stained by H&E.

Results

Comparison between H&E-stained sections was per-
formed to identify specific layers on the OCT images (Fig.
2). Although the OCT signal slope correlated well with [glu]
and [Na'] in all pigs, the best correlations between the OCT
signal slope and [glu] and [Na'] occurred in specific depths
of tissue rather than the full thickness of pig skin (Table 1).
Moreover, depending on depth, the correlation coefficient of
the OCT signal slope with [glu] can be positive (the OCT
signal slope increased with [glu]) or negative (the OCT
signal slope decreased with [glu]) due to the layered structure
of skin. In one or more layers of tissue, good correlation of
the OCT signal slope with blood [glu] was observed in all
pigs (correlation coefficient range, —0.95 to 0.98; |R|, 0.88 =
0.07). In one or more layers of tissue, the correlation of the
OCT signal slope with [Na*] was observed in 10 of 11 pigs
(correlation coefficient range, —0.89 to 0.89; |R|, 0.78 =
0.07). The maximal correlation between [glu] and the OCT
signal slope was found at the boundary between the dermis
and the hypodermis at a depth of 500650 pm. At this depth,
a strong correlation (JR| > 0.8) was observed in seven of 10
pigs. The OCT signal slope also correlated with blood [glu]
in other skin layers, especially near the papillary-reticular
Jjunction in the dermis (five of 10 pigs) at a depth of 130-230
pm. Two pigs had strong correlations near the dermis-
epidermis junction (depth, 80-130 um). In six pigs (Pigs 8—
13), the correlation was observed at several depths. The
induced changes in [Na'] before glucose injection in these
pigs were from 4-7 mM.

The maximum correlation of the OCT signal slope with
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Figure 2. OCT image and histological section of pig skin (Pig 10). Points 1 and 2 on the OCT image and the histological section demonstrate
the layers at which the correlation coefficients between the OCT signal slope and blood [glu] were highest in many of the pigs. Point 3 on the

OCT image is most likely a blood vessel.

blood [Na'] was also observed in separate layers. In six of
nine pigs, the maximal correlation of the OCT signal slope
with [Na*] was observed in the same layers as the maximal
correlation with [glu].

However, the relative changes in the OCT signal slopes
induced by variation of [glu] were much greater than
changes due to [Na'] variation. The relative changes in the
OCT signal slopes were calculated as the percentage of
baseline and were correlated with [glu] and [Na'] variations
of 10 mM (180 mg/dl) (Table 1). The averaged relative
[glu]-induced changes in the OCT signal slope were 5-fold
greater than changes in the OCT signal slope associated
with [Na'] variation (Fig. 3). Thus, this method is
sufficiently sensitive to measure blood [glu] in the
physiological range of 70-570 mg/dl (range, 3.9-31.7
mM), as long as [Na'] remains constant or as long as
changes in the OCT signal slope caused by changes in [glu]
are compensated for changes induced by [Na*] variation.

The maximum correlation between the OCT signal
slope and blood [glu] and [Na'] was delayed (i.e., there was
a lag time between changes in blood [glu] and [Na™] and
corresponding changes in the OCT signal slope). The lag
time between changes in [Na'] and changes in the OCT
signal slope ranged up to 30 mins. This result was in
agreement with data in the literature (3, 25). The lag time
was presumably related to physiological and physical
aspects of equilibration and metabolism between interstitial
and intravascular systems in skin.

The sequence of individual experiments provided
considerable information. In our first anesthetized pig,
during 5 hrs of anesthesia, no concentration of any analyte
substantially changed except [glu], which varied from 77~

97 mg/dl. Those changes are well within the normal
physiological range. [Na'] variation did not exceed 3 mM.
In the absence of substantial changes in blood concen-
trations of other osmolytes, we observed no correlation with
the OCT signal slope.

In the second experiment, we infused only glucose and
observed a strong correlation between the OCT signal slope
and blood [glu] (R = 0.82) at a depth of 180-236 um. This
layer corresponded to the dermis-epidermis junction and had
high vascularization by capillary blood vessels. The pig had
unusually thick skin (>800 um), and it was impossible to
visualize the dermis-hypodermis junction, where the best
correlation was observed in other pigs.

In the next four pigs (Pigs 3-6), infusion of 7.7% saline
increased [Na'] by a mean of 16 * 4.2 mM (range, 11-20
mM) from the baseline. In Pigs 5 and 6, the correlation
coefficients between the OCT signal slope and blood [glu]
were (.76 and 0.75, respectively. In Pigs 7 through 11,
blood [glu] correlated more strongly with the relative OCT
signal slope (correlation coefficient range, —0.95 to 0.98;
|R], 0.88 = (.08 in the four pigs). The strongest correlations
were observed in several dermis layers and near the dermis-
hypodermis junction. In these pigs, before glucose infusion
the [Na*] was increased by no more than 8 mM.

In Pigs 12 and 13, in which 50% glucose was infused
before 7.7% saline, the OCT signal slopes correlated with
[glu] and [Na'] at several depths (Table 1). Correlations
between the OCT signal slopes and [glu] and [Na*] were not
influenced by the order of injection (i.e., glucose before
saline or saline before glucose).

Figure 4 shows typical results of experiments on
reproducibility of the OCT blood glucose monitoring. In
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Table 1. R of the OCT Signal Slopes with Various Analytes
Lag [Na*] Lag Aglu ANa*t
Pig [glu] Range R for [glu] Dermis-hypodermis time range R for [Na*] time (% /10 (% /10
No.  (mg/d)?  (depth range, um) junction depth (um) (mins)  (mM)®  (depth range, pm) (mins) mM)° mm)?
1 77-97 [20] Control 450 — 128-131[3] — — — —
2 100-325[225] 0.82 (180-236) 595 3 127-132 [5] Not injected — 8.3 —
3  47-58[11] Not injected 500 — 132-151[19] 0.73 (104-194)* 25  — 37
0.72 (300-390)* 25
4 58-50 (8] Not injected 530 — 133-153[20] -0.81 (281-400)* 29 — 49
5 96-325([229] 0.76 (98-125) 520 26 138-152 [14] — —_ 26.3 —
6 38-223[185] 0.75 (135-225) 605 0 142-153[11] 0.72 (488-578) 0 19.3 5.9
0.85 (565-600) 0.74 (565-600) 7
7 110-400 [290] -0.9 (398-453) 500 16 130-138 [8] -—0.71 (398-453) 6 19.6 4.9
8 100-475[375] 0.9 (594-663) 660 20 132-139[7] 0.7 (318-387)" 0 13.6 7.2
0.9 (318-387) 20
0.9 (432-502) 20
9 60-375[315] 0.7 (195-273)" 630 26 134-138 [4] 0.8 (507-585)" 4 443 135
0.94 (507-585) 0
—0.93 (533-611) 13
10 98-425[327] -0.94 (83-135) 660 1 132-138 [6] 0.89 (159-237) 13 163 169
—0.95 (109-161) 17
0.77 (343-421) 5
0.82 (577-655)
11  98-420 [322] 0.98 (549-601) 615 2 131-136(5] 0.7 (100-130)* 9 236 11
—0.9 (150-180)
0.82 (419-497)
12 71460 [389]) 0.89 (340—430) 580 26 131-139[8] 0.81(340430) 19 16 11.8
—0.89 (460-550) —0.76 (460-550)*
—0.9 (480-570) 30
13 71-451[380]  0.92 (350-420) 605 18 128-136[8] 0.88 (350-420) 19 27 25
—0.89 (395—465) 5 —0.89 (395—465)
0.94 (490-560) 16
—-0.91 (530-600) 26

4 The difference between maximum and minimum values of [glu] variations is given in brackets.
b The difference between maximum and minimum values of [Na*] variations is given in brackets.
¢ Aglu indicates variations of the OCT signal slopes from baseline induced by [glu].

9 ANa* indicates variations of the OCT signal slopes from baseline induced by [Na*].

* P < 0.05 (P < 0.01 for all other comparisons in the column).
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Figure 3. OCT signal slope, blood [glu], and blood [Na*] versus time
in Pig 9.

the first pig, the correlation of the OCT signal slope with
[glu] was observed near the dermis-hypodermis junction
(570 pm) at the depths of 480-545 pm and 505-570 pm. At
the depths of 480-545 pm, the correlation coefficients
between the OCT signal slope and [glu] and the lag times
(T) were as follows: R, =0.92 (P < 0.01), T, =8 mins for
the first peak; R, = 0.91 (P < 0.01), T, = 8 mins for the
second peak; and R; = 0.78 (P < 0.01), T, = 8 mins for the
whole experiment. At the depths of 505-570 um, the
correlation coefficients and the lag times were R, =—0.95 (P
< 0.01), Ty = 8 mins; R; =-0.83 (P < 0.01), T, = 8 mins;
and R, =—0.71 (P < 0.01), T, = 8 mins. In this case, the
relative change in the OCT signal slope with {glu] was 17%
per 180 mg/dl (10 mM) for the first peak and 16% per 180
mg/dl for the second peak. In the second pig, the correlation
was observed near the papillary-reticular junction (90 pum)
and the dermis-hypodermis junction (545 um) at the depths
of 110-175 pum and 480-545 pm, respectively. At the
depths of 110~175 um, the correlation coefficients and the
lag times were R; =—0.77 (P < 0.01), Ty = 11 mins; R, =
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Figure 4. Filtered (A) and nonfiltered (B) OCT signal slope (solid black) and blood [glu] (dashed grey) versus time for the second pig (depth
range, 480-545 um) in the experiments on reproducibility of the OCT signal for blood glucose monitoring. During rapid changes in [glu] (glucose
injections), the filtered OCT signal slope increased earlier than [glu] due to processing distortions in the slow component, while the unfiltered

OCT signal slope closely follows [glu].

—0.70 (P < 0.05), T, = 15 mins; and R, =—0.66 (P < 0.01),
T, = 12 mins. In this case, the relative change in the OCT
signal slope with [glu] was 26% per 180 mg/dl for the first
peak and 29% per 180 mg/dl for the second peak. At the
depths of 480-545 um, the correlation coefficients and the
lag times were R; =0.86 (P < 0.01), T, =2 mins; R, =0.72
(P < 0.05), T, =5 mins; and R,=0.72 (P < 0.01), T, =3
mins. In this case, the relative change in the OCT signal
slope with [glu] was 10% per 180 mg/dl for the first peak
and 8% per 180 mg/dl for the second peak. At the other
depths, the correlation of the OCT signal slope with [glu]
was not observed.

In general, analytes other than [glu] and [Na'] G.e.,
[CIT], [K1], Het, PCO,, pH, and urea) correlated poorly with
the OCT signal slope (Table 2 and Fig. 5). However, in one-
half of the experiments, during infusion of NaCl, the OCT
signal slope correlated with [CI"] (JR| = 0.7-0.8). The
correlation coefficients of the OCT signal slope with other
analytes were calculated at the depths (with the correspond-
ing lag times) at which the maximal correlation of the OCT
signal slope with [glu] was observed. In the cases in which
no injection of glucose was performed (Pigs 3 and 4), the
correlation coefficients were calculated at the depths (with
the corresponding lag times) at which the maximal
correlation of the OCT signal with [Na*] was observed.

Discussion

In this study, we estimated the influences of various
analytes on the OCT signal slope, although we directly
altered only [glu], [Na*], and [CI"]. Our investigations
demonstrated that the OCT technique is highly sensitive to

changes in [glu]. However, changes in the OCT signal slope
induced by changes in [Na*] within a clinically relevant
range could be similar in magnitude to those induced by
changes in {glu]. Previous studies reported that normal
changes in [Na'] ranged 1-2 mM during a 24-hr interval in
individual subjects (26); intersubject differences between
normal individuals did not exceed 10 mM (27). Our data
suggested that the large variation of [Na'] (138-153 mM
after infusions in Pigs 5 and 6) caused variation of other
blood osmolyte concentrations. When glucose was infused
subsequent to large changes in [Na'], correlations between
the OCT signal slope and [glu] were less robust. However,
this clinical sequence would occur rarely, if ever. Increases
in [glu] secondary to 50% glucose injection reduced [Nat],
which corresponds to a clinically observed reduction in
[Na'] by hyperglycemia as described in patients with
diabetes (28). This phenomenon must be considered in the
analysis of the influence of changes in [glu] on the OCT
signal from human tissue.

Experimental variation of [Na'] that exceeded the usual
physiological ranges reduced the correlation coefficient
between the OCT signal slope and blood [glu]. However,
the order of injection (i.e., 50% glucose before 7.7% saline
or vice versa) did not apparently influence the sensitivity of
the OCT monitoring of [glu]. In other experiments in which
[Na*] variation did not exceed the usual physiological
range, the correlation of the OCT signal slope with blood
[glu] was sufficiently great and was observed in several skin
layers. We confirmed the limited influence of high [Na®] on
the sensitivity of the OCT glucose monitoring in several
experiments (Pigs 7-13), when the [Na*] changed within a
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Table 2. R of the OCT Signal Slopes with Various Analytes*
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Pig No. [CI7] range (mM) [K*]range (mM) Hct range (%) PCO, range (mm Hg)

pH range

Urea range (mg/dl)

AW N

© 0O N O O,

10
11
12
13

110-116 [6]
97-100 [3]
0.15
99-116 [7]
-0.72
100-116 [16]
0.78
104-118 [14]
-0.79
115-124 [9]
0.81
96-108 [12]
-0.05
102-106 [4]
-0.06
101-106 [5]
-0.41
99-107 [8]
-0.23
100-105 [5]
-0.1
95-105 [10]
-0.13
97-108 [11]
0.72

4.3-4.9 [0.6]
3.9-4.6 [0.7]
0.45

3.0-4.5 [1.5]
0.33
4.43-2.90 [1
0.73

3.5-5.0 [1.5]
0.29
4.5-3.8 [0.7]
0.2

4.4-3.6 [0.8]

—-0.45

4.0-3.6 [0.4]
0.29
4.0-4.7 [0.7]
0.31
3.6-4.4 [0.8]
0.62
4.2-3.6 [0.6]
0.75
3.6-4.4 [0.8]

3.8-4.4 [0.6]
0.76

53]

19-23 [4]
20-26 [6]
0.12

20-47 [27]

0.55

20-40 [20]

0.5

23-18 [5]
0.26

20-26 [6]
0.1

22-17 [5]

55.0-60.4 [5.4]

60—128 [68]
0.04

68-80 [12]

75-96 [21]
0.07
61-49 [12]
0.44
50-65 [15)
-0.08
41-53 [12]

0.32
44.7-51.1 [6.4]
—0.85

7.356-7.380 [0.025]

7.28-7.33 [0.05)

0.19

7.23-7.30 [0.07]

0.45

7.36-7.26 [0.1]

0.63

7.3-7.1 [0.2]
-0.14

7.36-7.31 [0.05]

0.3

7.28-7.35 [0.07]
~0.048

7.36-7.44 [008]

0.65

7.35-7.42 [0.07]

0.29

7.27-7.32[0.05]

0.72

7.35-7.3 [0.05]
-0.53

7.28-7.36 [0.08]

0.4

7.39-7.44 [0.05]
-0.22

8-10 [2]
7-8 [1]
0.2

10-12 [2]
0.46
6-9 [3]
0.24
9-13 [4]
0.24
8-12 [4]
0.2

4.8-6.0 [1.2]
0.3

6-8 [2]

0.06

6-8 [2]
—-0.43

*A values are in boldface type. The difference between maximum and minimum values of variation of the analytes is given in brackets.

wider range (128-138 mM). In these experiments, the
ranges of concentrations of other analytes were smaller, and
the correlation coefficients between blood [glu] and the
OCT signal slopes were as high as 0.9. The relative changes
induced in the OCT signal slopes by variation of [glu]

ranged from 0.9—4.0 times the changes in the OCT signal
slope induced by equimolar changes of [Na'], with a mean
of 2.26 * 1.15 for the eight animals studied (Pigs 6—13).
The relative changes in the OCT signal slope induced
by increasing [glu] to 10 mM (180 mg/dl) ranged from 8%
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Figure 5. (A) OCT signal slope, blood [K*], blood [C!"], and blood urea concentration versus time in Pig 9. (B) OCT signal slope, pH, PCO,, and
Hct versus time in Pig 9. -
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449, in comparison with 4.9%-25% changes induced by
changing [Na*] by 10 mM. Assuming that diurnal variations
of [Na'] usually averaged 1-2 mM and that clinically
important variations in [glu] would exceed 30 mg/dl, we
conclude that precise monitoring of [glu] using OCT may
require correction of [glu] estimates for changes in [Na*].
The changes in the OCT signal slope per 1 mM of [glu]
were different, which indicated the necessity of the OCT
system calibration for each patient (a limitation factor for
OCT-based glucose monitoring).

Secondary changes in [K*], Hct, PCO,, pH, and urea
that were produced by infusion of 7.7% saline or 50%
glucose did not significantly influence the sensitivity of the
OCT [glu] monitoring. Alterations of [CI”], which were
primarily changed by infusion of 7.7% saline, had less
influence than [glu] or [Na*]. During 7.7% saline injections,
[CIT] correlated with the OCT signal slopes in five of 12
experiments. Only in one experiment (Pig 13) was there a
correlation of the OCT signal slope and biochemical
variables other than [glu], [Na™], and [CI].

Despite the promising results obtained with the OCT
method of monitoring [glu], some technical difficulties must
be resolved. Most important, the strong correlation
coefficients (JR] > 0.7) between the OCT signal slopes
and [glu] were observed only at specific layers, which varied
among pigs, and the OCT signal slopes could correlate
either positively or negatively with changes in [glu]. The
principles governing these correlations must be determined.

Most often, the strongest correlations between the OCT
signal slopes and [glu] were observed in two skin regions:
near the papillary-reticular border of the dermis and at the
dermis-hypodermis junction. The high vascularity of these
regions could explain the better and more rapid equilibration
between blood [glu] and interstitial [glu]. However, the
major mechanism underlying the correlation between the
OCT signal slopes and blood osmolytes concentration is
controversial. Two hypotheses have been advanced to
explain the correlation. The first hypothesis is based on
the fact that changes in osmolyte concentration result in
aligning of the mismatch of refractive indices of extra-
cellular and intracellular components and therefore decrease
the scattering coefficient of tissue (3, 29). This hypothesis
was used to explain the correlation between the OCT signal
slope and [glu] in a previous pilot study (5). The second
hypothesis is based on morphological changes in tissue.
Possibly, the osmotic influence of changing {[glu] causes
shrinkage or expansion of the dermis. Therefore, the shift of
tissue layers (collagen fibers) may result in changes in the
OCT signal slope with [glu] at a certain depth. In addition,
the OCT signal slope may be affected by dehydration,
leading to more dense packing of scattering constituents, for
example, collagen fibers (30, 31). The similar [glu]-induced
osmotic effect producing reabsorption of fluids in the
proximal tubule was shown by Weinstein et al (32). We
directly measured the shrinkage of dermis using the OCT
images obtained in the 2-D lateral scanning mode and found
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a strong correlation (JR| > 0.7) in 75% of experiments
between dermis thickness and variation of blood [glu].
These data indicate that the [glu]-induced osmotic effects
are significant.

The other technical problem confronting noninvasive
monitoring of blood [glu] by OCT is the substantial lag time
between changes in the OCT signal slope and blood [glu].
Using OCT, we measured changes in blood [glu] indirectly
by detecting the influence of [glu]-induced changes in
interstitial fluid on the skin optical properties. The lag time
was as long as 30 mins and could reflect changes in skin
hydration as interstitial fluid concentrations equilibrated
with intravascular fluid concentrations. Under acute changes
of [glu], the interaction and distribution of fluids (glucose
and interstitial fluids) in tissue are described by the mass
transfer equation. Therefore, the lag time is determined by
the mass transfer resistance from the blood to subcutaneous
regions (25). The equilibration of [glu] between these fluids
after increasing blood [glu] took approximately 15 mins in
humans (3). The morphological reorganization of dermis
could also require time. Whichever mechanism is involved,
the problem of reducing the lag time for noninvasive
biosensors demands further consideration.

Results of preliminary experiments on reproducibility
of blood glucose monitoring confirmed that the best
correlation of the OCT signal slope with {glu] was observed
near the dermis-hypodermis junction in most cases. The
amplitude difference between [glu]-induced relative changes
in the OCT signal slope did not exceed 10% for the first
peak and the second peak, and the difference in the lag time
did not exceed 4 mins for the papillary-reticular junction
and 3 mins for the dermis-hypodermis junction. It should be
noted that, based on reproducibility investigations, the
difference in the amplitudes and the lag times between these
two peaks decreased with increase of the correlation
coefficient. The difference in these parameters is caused
by the residual speckle noise, motion artifacts, and changes
in the morphofunctional state of skin during the measure-
ments not induced by [glu]. In the second animal, at the
depth of 110-175 um, the total correlation coefficient of the
OCT signal slope with [glu] was less than 0.7, which was
most likely due to the difference between the lag times for
the two peaks of [glu].

The relative amplitude of [glu]-induced changes in the
OCT signal slope and the lag times varied between animals
and were depth-dependent. Therefore, one would need to
calibrate the OCT system for each patient and for different
depths in a particular patient.

To reduce the influence of speckle noise to acceptable
levels, we averaged 1800 independent A-scans that required
30 secs. For anesthetized animals, this time is short enough
to avoid motion artifacts, but in clinical conditions in which
the motion artifacts are more significant, the scanning time
should be reduced. In our experiments, we used a time
domain OCT system, but faster frequency domain systems
with 16,000-18,000 A-scansfsec are available (33, 34).
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Using a high-speed frequency domain system, the scanning
time for 1800 A-scans would take about 0.1 sec, which is
acceptable for in vivo measurements in nonanesthetized
subjects.

In this article, we demonstrate the sensitivity of the
OCT method to changes in [glu], [Na*], and concentrations
of other osmolytes. We obtained the following results: (i)
The sensitivity of the OCT signal slope was 2.26 * 1.15
greater for blood [glu] than for [Na'] in the physiological
range of these osmolytes. (ii) Correlations between the OCT
signal slope with [glu] and [Na™] were observed when the
OCT signal slopes were calculated in specific layers of skin
but not when calculated from full skin thickness. Therefore,
OCT as a high-resolution technique allowing layer-by-layer
probing is a promising method for noninvasive glucose
monitoring. (iii) The maximum correlation of the OCT
signal slope with blood [glu] was observed near the border
of papillary and reticular layers and near the dermis-
hypodermis junction. Correlations of the OCT signal slopes
with [Na'] were observed in the same layers. (iv) The
experiments on reproducibility of the OCT monitoring of
[glu] showed that the amplitude of [glu]-induced changes in
the OCT signal slope and the lag time varied insignificantly
at the fixed depth. Consequently, we suggest that calibration
of the OCT system at a specific depth is possible, but it
should be performed for each subject. (v) The osmolytes
[K1], [HCO;7], urea, pH, and PCO, did not influence the
OCT signal slope, although in some animals [C17] correlated
with the OCT signal slope during infusion of NaCl.
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