Journal of Biomedical Optics 13(2), 021112 (March/April 2008)

Effect on blood glucose monitoring of skin pressure
exerted by an optical coherence tomography probe
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Abstract. We proposed to use optical coherence tomography (OCT)
for continuous noninvasive blood glucose monitoring, and recently
we significantly improved the sensitivity of this technique. The accu-
racy of OCT glucose monitoring is limited by several factors, includ-
ing variation of tissue pressure exerted by the OCT probe. We studied
the influence of high (>10 kPa) and low (<1 kPa) pressure levels on
OCT blood glucose monitoring. We showed that controlling external
pressure to <1 kPa substantially improved the accuracy and repro-

ducibility of OCT-based glucose monitoring. © 2008 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.2909671]
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1 Introduction

In many biomedical applications, tissue pressure is used to
reduce index mismatch and increase light penetration."” This
phenomenon enhances the diagnostic and therapeutic capa-
bilities of various optical methods.” However, in many optical
diagnostic applications, external pressure may adversely in-
fluence optical properties and skin microcirculation. Often,
various optical methods for therapy and diagnostics use opti-
cal probes that produce uncontrolled pressure on tissue and
may reduce the accuracy of these methods.

Optical coherence tomography (OCT), which has been
proposed for noninvasive glucose monitoring,3 is subject to
error induced by motion artifacts, changes in skin tempera-
ture, and other variables, both in vivo* and in vitro.> Recently,
we observed that tissue pressure also influenced accuracy dur-
ing continuous blood glucose monitoring with OCT.?

Compression of soft tissue produces the following effects:
reduction of blood and interstitial fluid volume in the com-
pressed site,” thickness reduction that leads to an increase in
light transmittance,” and vasodilation as a physiological re-
sponse to an increase of progressive local pressure.8 Under
local pressure, the spacing between tissue components and the
refractive index mismatch decrease due to water displace-
ment, while closer packing of tissue components reduces scat-
tering due to cooperative (interference) effects.” These effects
decrease average light scattering.” However, local pressure
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reduces tissue thickness, which in turn increases the scatter-
ers’ concentration inside the tissue. This effect is considered
to be more dominant than the reduction of index mismatch
and the scatterers’ packing effects in vitro."’

Local pressure applied to the skin may play an important
role in cutaneous microcirculation impairment in vivo. Local
stress activates a considerable number of cutaneous receptors,
producing local vasodilation that increases skin blood flow. In
the absence of the vasodilation effect, skin blood flow gradu-
ally decreases because of local pressure. The vasodilation re-
sponse to local tissue pressure may protect skin from ischemia
during mechanical stimulation.*'’ It was also shown that the
local pressure significantly decreases skin blood flow from the
baseline in diabetic patients and normal subjects,8 and pro-
duces vasodilation'® as well as other changes in tissues. """
Therefore, the pressure-induced effects may change tissue op-
tical properties and influence the performance of OCT glucose
monitoring, which is based on the detection of backscattered
light.

In our recent in vivo experiments, in order to avoid motion
artifacts, we placed our OCT probe on the skin and applied a
slight pressure to the probe. A gradual drift of the OCT signal
slope was noted during blood glucose monitoring, which we
hypothesized was due to tissue pressure.’ In this study, we
substantially reduced the influence of the pressure effects on
continuous blood glucose monitoring with OCT.

2 Materials and Methods

The in vivo experiments were performed in 19 anesthetized
farm pigs (weight 20 to 25 kg) placed in a supine position.
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Fig. 1 OCT signal slope and blood glucose concentration versus time
when high pressure (>10 kPa) was applied on the skin by the 20-mm
OCT probe.

OCT images were acquired from the abdominal area of the
skin during variation in blood glucose concentration induced
by an intravenous (i.v.) injection of 50% glucose solution
(50% dextrose, Abbot Laboratories, North Chicago, Illinois).
We produced one or two peaks of blood glucose concentration
using a digital pump at rates of 1.5 to 2 ml per minute for 20
to 30 min. As a result, the blood glucose concentration in-
creased from baseline concentrations of 50 to 100 mg/dl (in
the first peak) or 150 to 200 mg/dl (in the second peak) up to
400 to 500 mg/dl (18 mg/dl=1 mM). At the end of the ex-
periments, under deep general anesthesia with 5% isofluorane,
the pigs were sacrificed with an i.v. injection of saturated KCI
solution (0.4 ml/kg).

The OCT device used in the experiments was designed at
the Institute of Applied Physics of the Russian Academy of
Sciences (Nizhny Novgorod, Russia) with a central wave-
length of 1300 nm and spatial resolution of 12 xm.*'*'"* In
this study we employed a 2-D scanning mode to significantly
reduce the speckle noise on the OCT blood glucose
sensing.(”14 We varied the acquisition time for a single OCT
image to minimize noise associated with motion artifacts. The
acquisition time was 40 s, 80 s, or 160 s (Figs. 1-3, respec-
tively) depending on the level of pressure exerted by the OCT
probe. Each OCT signal was obtained by averaging 300
A-scans that formed the OCT image. The OCT signal slopes
were calculated with a least-square linear fit of 65-um seg-
ments of OCT signals at a fixed depth6’14 and plotted (along
with actual blood glucose concentration) versus time.

We performed three sets of experiments. In the first set of
experiments we used an OCT probe (weight: 200 g) that had
a 20-mm-diameter contact area with the skin (the pressure
exerted by the probe alone on skin was 6.4 kPa), and we
applied additional positive pressure that exceeded 3.6 kPa.
Therefore, the total pressure exerted by the probe on the skin
exceeded 10 kPa. The additional positive pressure was ap-
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Fig. 2 OCT signal slope and blood glucose concentration versus time
when low pressure (<1 kPa) was applied on the skin by the OCT
probe with the 50-mm adaptor.

plied to minimize motion artifacts, which did not allow for
accurate measurement of the OCT signal slope.

In the second set of experiments, an adapter with a diam-
eter of 50 mm was used to reduce the pressure applied to the
skin by the probe down to <1 kPa (the pressure exerted by
the probe alone on skin was 1.5 kPa and we applied addi-
tional negative pressure). The total weight of the OCT probe
with the adaptor was 300 g.
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Fig. 3 OCT signal slope and blood glucose concentration versus time
when high pressure (intervals 1 and 3) and low pressure (intervals 2
and 4) were interchangeably applied on the skin by the OCT probe
with the 50-mm adaptor. The measurements in intervals 5 and 6 were
performed at low pressure. Glucose was injected during interval 5.
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In the third set of experiments, we used the same probe as
in the second set of experiments and applied two levels of
pressure: high >10 kPa (positive pressure was applied to the
probe) and low <1 kPa (negative pressure was applied to the
probe). In the first, second, and third sets of experiments, we
used 12, 5, and 2 pigs, respectively.

The pressure applied to the pig skin was measured using
the following procedure. An ex vivo pig skin sample was
placed between the OCT probe and a balance plate. The net
force applied by the OCT probe was F,=m,g=mg+F,qy,
where m, (kg) is the reading of the balance display, m is the
net mass of the probe, F' 4, is the external force applied to the
probe to achieve the desired level of pressure on the tissue,
and g=~10 m-s~2 is the free-fall acceleration. The mass of
skin sample (0.5 to 2 g) was negligible compared to the mass
of the OCT probe. Thus, the total pressure was P=F,/S,
where S=md?/4 is the area of the probe (or adaptor) surface,
and d is the probe (or adaptor) diameter.

The OCT probe was attached with a spring system to an
arm that could be moved up and down on a stable pole. The
moving arm permitted control of the pressure applied to the
skin. The vertical position of the arm was marked when the
OCT probe was placed on the object without additional pres-
sure (only the probe weight). The shift of the arm from the
recorded position in the in vivo experiments was used to cal-
culate the actual, total pressure applied to the skin in vivo. The
local and inter-subject variability in abdominal pig skin elas-
ticity and in internal pressure (opposite to the external pres-
sure applied by the probe) resulted in the large variability
(about threefold) in the pressure levels needed to achieve the
same low level of motion artifacts in OCT glucose sensing in
the different sets of experiments.

3 Results and Discussion

The results of the first two sets of experiments are summa-
rized in Table 1. For each pig we calculated the drift at the
depth where the maximal absolute value of correlation coef-
ficient (R) between the OCT signal slope and blood glucose
concentration was observed (|R|>0.8, p<0.03). The depth
at which the OCT signal slope was calculated in each pig is
shown in column 4 of the table. The drift of the OCT signal
slope can be positive or negative depending on the layer
where the OCT signal slope was measured. As we showed
previously,*'? the correlation of the OCT signal slope with
blood glucose concentration varies between +1 and —1 with
depth due to the layered structure of the skin. The long-term
drift (for about 4 hours) in the OCT signal slope produced by
the high pressure level with the 20-mm probe was noted in
our earlier studies.® The absolute value of the drift in the OCT
signal slope was measured in this study, and for the high
(>10 kPa) pressure was 0.012+0.015 arbitrary units (a.u.)/
min (Table 1). This was greater (4.8 times) than that for the
low (<1 kPa) pressure: 0.0025+0.0017 a.u./min.

Figure 1 shows typical OCT signal slopes and blood glu-
cose concentrations over time when the 20-mm OCT probe
was used. The estimated pressure applied to the skin was in
the range of 13 to 38 kPa. The second peak in the OCT signal
slope is shifted up due to the pressure-induced effects.

To reduce but not eliminate the pressure of the OCT probe
on the skin, we lifted the arm attached to the OCT probe.
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Table 1 OCT signal slope drift measured before glucose injection as
shown in Figs. 1 and 2 when variation in glucose concentration did
not exceed 15 mg/dL. The time interval used for the fit is shown in the
third column. Depth refers to the distance from the skin surface at
which the correlation between blood glucose concentration and OCT
signal slope was greatest.

Pig # Drift (a.u./min) Time (min) Depth (um) Pressure (kPa)

1 -0.06 25 515 >10
2 0.006 20 185 >10
3 -0.005 30 505 >10
4° 0.009 35 155 >10
5 0.009 30 190 >10
6 -0.009 30 415 >10
7 -0.004 25 450 >10
8 0.010 30 485 >10
9 -0.010 30 170 >10

10 0.006 30 425 >10

11 0.006 30 140 >10

12 -0.006 30 200 >10

13 -0.004 25 235 <1

14 -0.001 30 190 <1
15° 0.004 45 160 <1

16 0.003 35 415 <1

17 0.0005 35 130 <1

The results for this pig are shown in Fig. 1.
The results for this pig are shown in Fig. 2.

When we lifted the arm attached to the 20-mm OCT probe,
the motion artifacts increased and precluded accurate OCT
signal measurement.

In the second set of experiments, in which we used the
adaptor and lifted the support arm, the level of motion arti-
facts was acceptable because the amplitude of motion was
inversely proportional to the force needed to move the heavier
system (the probe with the adaptor) relative to the skin. When
the arm was lifted, the estimated residual level of pressure
applied to the skin surface was in the range of 0.25 to
0.60 kPa. Results for one of the pigs in this set of experi-
ments are shown in Fig. 2. No significant pressure-induced
drift of the glucose-induced changes in OCT signal slope was
observed for 3 to 4 hours in this set of experiments. However,
in this particular pig, before the glucose injection (first
70 min. of the experiment), the drift in the OCT signal slope
was 0.004 a.u./min. This value was higher compared with
the average drift value of 0.0025 a.u./min for this set of ex-
periments.

In the third set of experiments, we applied two levels of
pressure (<1 kPa and >10 kPa) at the same tissue site at
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different times (Fig. 3). During intervals 1 to 4, the glucose
level was stable (no glucose injection). Starting from interval
4, the pressure was <1 kPa. Glucose was injected during in-
terval 5 while the pressure was <1 kPa. We estimated the
drift in the OCT signal slope with time at these pressure levels
using linear fit of the data. Figure 3 shows that the OCT signal
slope drift during application of high pressure on the skin was
0.013 a.u./min and 0.008 a.u./min (intervals 1 and 3, re-
spectively) and was four- to five-fold greater than drift at low
pressure: 0.003 a.u./min and 0.002 a.u./min (intervals 2 and
4, respectively). In the other pig in this set of experiments, the
drift at high pressure (0.05 a.u./min and 0.01 a.u./min for
intervals 1 and 3, respectively) was greater than that at low
pressure (0.001 a.u./min and 0.003 a.u./min for intervals 2
and 4, respectively). In the third set of experiments, the OCT
signal slopes were calculated at depths of 120 wm and
125 pm for the first and second pigs, respectively. The results
of the third set of experiments are consistent with results from
the first and second sets of experiments.

It should be noted that the signal-to-noise ratio for glucose
monitoring in the second (Fig. 2) and third (Fig. 3) sets of
experiments was higher than that in the first set of experi-
ments (Fig. 1). This difference is associated with more effi-
cient removal of the motion artifacts with the 50-mm probe
compared to the 20-mm probe.

The OCT signal slope in Fig. 1 was much smaller than
those in the other figures due to local variations of the OCT
signal with depth that were observed in this and previous
studies.*"® The OCT signal slope in pig skin is sharply posi-
tive, then negative from the skin surface to 20 to 50 um. The
slope becomes positive at the papillary layer at approximately
100 to 250 um, then negative at the papillary-reticular junc-
tion (250 to 400 wm) and the reticular skin (400 to 650 um).
At the dermis-hypodermis junction, it becomes sharply
negative.

One can see from Table 1 and our previous
investigations™'*'* that the maximum correlation between the
OCT signal slope and glucose concentration is observed near
specific morphological regions, namely the papillary-reticular
and dermis-hypodermis junctions. The depth of these junc-
tions has inter-subject variability. To predict glucose levels,
the OCT system first should be calibrated for each subject
using standard invasive glucose measurement methods.

Conclusion

In conclusion, using two substantially different pressure lev-
els, we showed in vivo that pressure applied to the skin by an
OCT probe reduces motion artifacts but may generate drift of
the OCT signal slope during continuous noninvasive blood
glucose monitoring. Moreover, we reduced the drift four- to
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five-fold by increasing the contact area between the OCT
probe and tissue, then applying optimal negative external
pressure to the probe. This results in more accurate and repro-
ducible glucose monitoring with OCT at minimal long-term
drift and motion artifacts.
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