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Abstract
For non-invasive measurement of blood glucose levels, a measurement system based on mid-infrared, attenuated-total-reflection spectroscopy equipped
with hollow optical fibers, a trapezoidal multi-reflection prism, and two fixedwavelength quantum cascade lasers emitting different wavelengths is proposed. From the absorption spectra of lip mucosa measured by Fouriertransform infrared spectrometry, two wavelengths, 1152 cm−1 for absorption
by glucose and 1186 cm−1 for the background, were chosen. To reduce measurement errors, the power distribution on the prism surface was investigated, and it was found that some high-intensity spots appear on the prism
surface due to the coherency of the laser beam. This inhomogeneous power
distribution causes measurement errors for slight movements of the lip mucosa. To homogenize the intensity distribution on the prism, a lens to excite
higher modes in the fiber was introduced, and the incident angle was changed
to suppress interference due to back-reflected light. These improvements increased the measurement stability, and in-vivo experiments demonstrated
that the measured optical absorption correlates well with blood glucose levels.
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1. Introduction
Current blood glucose measurements require blood sampling by skin puncture,
resulting in pain and risk of infection. Therefore, various non-invasive techniques, including infrared spectroscopy, for measuring blood glucose levels have
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been proposed [1] [2] [3] [4]. The most common methods developed thus far are
based on near-infrared spectroscopy; however, these methods have limited accuracy because they detect the harmonic overtones and combination tones of
molecular vibrations of glucose [5]. In contrast, methods based on mid-infrared
light, a region in which glucose shows more isolated and strong absorption, enable more accurate measurements of blood glucose. Shen et al. applied mid-infrared
spectroscopy for the measurement of human whole blood [6], and several groups
have measured glucose in interstitial fluid by measuring the absorption spectra
of fingertip [7] and oral mucosa [8] [9]. We previously proposed a measurement
system based on infrared attenuated-total-reflection (ATR) spectroscopy, composed of a Fourier-transform infrared (FT-IR) spectrometer and flexible hollow
optical fibers that transmit mid-infrared light. From the absorption spectra
measured for human lips, we confirmed clear fingerprint spectra of glucose, and
blood glucose levels were estimated with high accuracy by focusing on the glucose absorption peak originating from the pyranose structure of glucose [10]
[11].
Although these reports have demonstrated the feasibility of mid-infrared spectroscopy for blood glucose measurements, systems involving an FT-IR spectrometer tend to be large and expensive; thus, a reduction in the system size and
cost is necessary for the development of a simple health-care tool.
Recently, the development of quantum cascade lasers (QCLs), which enable
the downsizing of mid-infrared spectroscopy systems, has advanced rapidly. Several groups have reported the application of QCLs to the measurement of
blood glucose levels. Brandstetter et al. developed a system for measuring glucose, lactate, and triglyceride levels in blood serum based on an external cavity
(EC)-QCL that is tunable in the glucose fingerprint region (1030 - 1230 cm−1)
[12] [13]. The authors analyzed the absorption spectra of blood serum using
partial-least-squares regression and determined blood glucose levels with a prediction error of 6.9 mg/dL. Liakat et al. reported a good correlation between
blood glucose levels and the spectra of backscattered light from human skin [14]
[15]. These researchers irradiated the human palm or wrist with an EC-QCL and
measured the backscattered light using a hollow optical fiber [14] or an integrating sphere [15]. Furthermore, some groups have used photoacoustic techniques to measure glucose concentrations in the interstitial fluid of human skin
[16] [17] [18] [19] [20]. Recently, Pleitez et al. proposed the use of photothermal
deflectometry enhanced by total internal reflection for blood glucose measurement [21]. In their system, visible laser light is used as a probe, and absorption
on the surface of a Dove prism is detected to determine changes in the deflection
angle of the probing light. This development can largely reduce the cost of
mid-infrared detectors. Isensee et al. proposed an optofluidic measurement device based on a wavelength-tunable QCL for the continuous monitoring of glucose [22]. They used a miniaturized optofluidic interface in transflection geometry and performed in-vitro measurement of aqueous solutions containing glucose.
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As described above, numerous groups have developed blood glucose measurement systems based on QCLs; however, most of these systems use wavelength-tunable QCLs, which are expensive because a movable grating is required. The grating device also makes the system large and relatively unstable,
thus requiring careful handling. Petrich’s group proposed a system using a single
Fabry-Perot QCL that emits a wide wavelength range covering the absorption
band of glucose [23] [24]. The authors successfully measured glucose concentrations in the interstitial fluid of rats by using a fiber probe with small gaps that
was filled with the sample material. Our group has proposed a system using common distributed-feedback (DFB)-QCLs giving a single narrow emission line.
The use of DFB-QCLs can simplify the system, and a preliminary study demonstrated the possibility of blood glucose measurement using the proposed system
[25] [26] [27]. In this paper, we reduce the measurement error of the QCL-based
system and report the results of in-vivo measurements of blood glucose levels
based on mid-infrared ATR spectroscopy.

2. In-Vivo Measurement of Blood Glucose Levels
Figure 1 shows the experimental setup for ATR measurement with two QCLs
[27]. The output power of the DFB-QCLs (Sumitomo Electric) is approximately
5 - 10 mW in the continuous mode. An aspheric lens with a focal length of 5.95
mm is used to collimate the laser beam, and a hollow optical fiber (inner diameter: 2 mm; length: 26 cm) delivers the beam to the ATR prism. Based on our
previous investigation, we chose two QCLs with wavenumbers of 1152 and 1186
cm−1 [27]. The wavenumber of 1152 cm−1 corresponds to an absorption peak of
glucose solution that originates from the pyranose ring structure [28]. On the
other hand, at around the wavenumber of 1186 cm−1, the absorption of glucose
solution becomes minimal. Therefore, we have shown that the differential absorption between 1152 and 1186 cm−1 calculated from the lip’s absorption spectra measured by using a FT-IR based system showed a good correlation with
blood glucose levels measured by blood sampling.
We utilized a trapezoidal ATR prism made of zinc sulfide, which is nontoxic
and highly transparent in the mid-infrared region. The thickness of the prism is
1.6 mm, and the length is set to 24 mm to be suitable for human lips. The prism

Figure 1. Schematic of the experimental setup based on two QCLs
for measuring the optical absorption of lip mucosa.
DOI: 10.4236/opj.2019.910014
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gives 15 reflections at the top and bottom surfaces, and the output beam from
the prism is detected by an InAsSb semiconductor detector. In our in-vivo measurement, the two QCLs were switched using a flipper mirror. For each wavelength, the detected power was averaged for 5 s. In addition to the optical measurement, the blood glucose levels were measured by blood sampling using a
self-monitoring-of-blood-glucose system (J&J, One Touch VerioVue). Our protocol was approved by the ethical committee on the Use of Humans as Experimental Subjects of Tohoku University (No. 15A-3), and informed consent was
obtained from the examinee.
We firstly compared the measurement errors of the QCL system with those of
the FT-IR system. Figure 2 shows the differential absorption between 1152 and
1186 cm-1 from 25 consecutive measurements using the QCL and FT-IR systems.
These absorptions are normalized to have an average of zero and clearly illustrate that the measurement errors are much larger in the QCL system. Therefore, we investigated the cause of the error in the QCL system to suppress the
measurement error.
One of the greatest differences in the optical beams used in the QCL and
FT-IR systems is the coherency. The incoherent beam used in the FT-IR has a
large beam divergence, which results in more uniform irradiation of the prism
surface. In contrast, the coherent beam of the QCL transmits a single ray onto
the prism, which may cause the light intensity to be locally concentrated on the
surface of the prism as hot spots. Furthermore, a portion of the incident light is
reflected by the end of the prism, and the forward and backward beams interfere
with each other, thus making the localized spots more distinct.
For this reason, we performed an experiment to confirm the existence of hot
spots in the QCL system. We partially masked the upper surface of the prism
with polytetrafluoroethylene tape that absorbs mid-infrared light and measured
the optical loss due to the absorption of the tape strip. Figure 3 shows the optical
loss measured when different parts of the upper surface are masked by tape with
a width of 2 mm. The estimated reflection points of the light are also shown in
Figure 3, and we found that the losses are high when the reflection points are

Figure 2. Measurement errors in the differential absorption
between 1152 and 1186 cm−1 for the FT-IR and QCL systems.
DOI: 10.4236/opj.2019.910014
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Figure 3. Measured loss when the upper surface of the prism is partially masked by an absorber.

masked. This result demonstrates that the light is concentrated at the reflection
points, leading to hot spots. This behavior can cause large errors because the
measured absorption changes when the lip shifts slightly. Because mucosal tissue
is not highly uniform, more uniform irradiation is necessary.
To resolve this matter, we attempted to homogenize the intensity distribution
of the light on the prism surface. First, we introduced a lens with a short focal
length (f = 5.95 mm) prior to the lead-in fiber. Because a number of higher-order modes are excited in the fiber, the divergence angle of the incident
beam on the prism becomes large. In addition, we increased the angle of the incident light on the prism by tilting the fiber 10 degrees with respect to the end of
the prism to prevent multi-reflection interference. Figure 4 shows the losses
measured when the upper surface of the prism is partially masked by an absorber after applying the above improvements. One can see that the light intensity
on the prism surface is homogenized and that the hot spots observed in Figure 3
have almost completely disappeared.
To confirm the effect of the homogenization, we measured the lip absorption
using the improved system. The differential absorptions of 25 consecutive measurements measured by the original and improved systems are shown in Figure
5. We confirmed that the measurement errors are clearly suppressed due to the
improvement of the system. The standard deviations before and after the improvement are 0.33 dB and 0.087 dB, respectively; and from this result, we confirmed the efficacy of the improvement.
Finally, we performed in-vivo measurements using the improved system.
Figure 6 shows the differential absorption between 1152 and 1186 cm−1 and the
blood glucose level. The changes in the optical absorption closely follow the
changes in the blood glucose level. Figure 7 shows results for nine series of
measurements performed for a single subject. For each series, the optical absorption of the lips and the blood glucose level were measured for 120 min after
a meal, with an interval of approximately 10 min. The results for six series of
DOI: 10.4236/opj.2019.910014
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Figure 4. Losses measured when the upper surface of the prism is
partially masked by an absorber after applying improvements.

Figure 5. Differential absorption between 1152 and 1186 cm−1 for 25
consecutive lip measurements using the original and improved systems.

Figure 6. Changes in the differential absorption between 1152 and
1186 cm−1 measured by the improved system. Changes in the bloodglucose level are also shown for comparison.
DOI: 10.4236/opj.2019.910014
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Figure 7. Correlation between the absorption and blood glucose level measured using the original and improved systems.

measurements performed using the system before the improvement are also shown,
and a better correlation, with a coefficient of R = 0.620, is observed for the improved system. Moreover, the sensitivity is improved because the regression coefficient was increased by the improvement. This result occurred because the incident angle of the laser light on the prism was changed, which reduced the incident angle on the prism surface and increased the penetration depth of the
evanescent light. We found that the optically estimated values of the improved
system are within 20% of the reference values. Therefore, we confirmed the feasibility of non-invasive glucose measurement with two fixed-wavelength QCLs.

3. Conclusions
We developed a blood glucose measurement system based on mid-infrared ATR
spectroscopy with two fixed-wavelength QCLs. Based on the absorption spectra
of lip mucosa measured by FT-IR, two wavelengths, 1152 cm−1 for glucose absorption and 1186 cm−1 for the background, were chosen. We performed in-vivo
measurements using the ATR system equipped with two single-wavelength QCLs
and we found that the measurement errors strongly affected the measurement
accuracy. To suppress the measurement error, the power distribution on the
prism surface is investigated. When we partially masked the upper surface of the
prism with an optical absorber, the surface points exhibiting high optical loss
coincided with the geometric reflection points. Thus, we introduced a lens that
excites higher modes of the light in the prism to diffuse the light and tilted the
fiber by 10 degrees with respect to the end of the prism to prevent multiple reflections. We confirmed that the intensity distribution on the prism was homogenized and that the absorption errors for the lips were suppressed in the improved system.
In the in-vivo measurement results for the improved system, the change in
absorption follows the change in blood glucose level better than before the improvement. In measurements acquired over nine days, we found a good correlaDOI: 10.4236/opj.2019.910014
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tion, with a coefficient of 0.62, between the absorption and the blood glucose
level, confirming the feasibility of the proposed QCL system.
We are currently working on experiments with more subjects and further improvements to the shape of the prism. In addition, we are also working on optimizing the selected wavelength by using regression analysis or a neural network
to improve accuracy [29] [30].
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