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ABSTRACT

Triglyceride (TG) is a fundamental lipid component in the bloodstream. While TG is fundamental in the body,
elevated TG levels, exceeding 150 mg/dL, pose a heightened risk for multiple diseases, notably cardiovascular
disease. Monitoring TG concentration is imperative to assess the efficacy of interventions aimed at lowering the
TG concentration and diagnosing hypertriglyceridemia (HTG, TG concentration > 200 mg/dL). Although various
techniques exist for TG concentration monitoring, conventional techniques often require sample collection and/
or sample preprocessing or lack portability. Recognizing the importance of TG concentration monitoring, this
work endeavors to explore the viability of diffuse optical monitoring of TG concentration variations in blood. To
validate the feasibility, a series of Monte Carlo simulations was performed. Then, samples containing flowing
mixtures of varying TG concentrations and hemoglobin solution (for phantom experiments) or sheep blood (for
ex vivo experiments) were measured using continuous-wave diffuse optical spectroscopy (CW-DOS) to experi-
mentally demonstrate the capability of diffuse optical monitoring of TG concentration variations. Our results
showed a linear decrease in CW-DOS amplitude at 885 nm with increasing TG concentration up to 800 mg/dL. In
addition, in vivo mouse studies were conducted, including a control group receiving saline (n = 5) and a test
group administered triton WR-1339 (n = 5), to further demonstrate the applicability of the technique. Our results
suggest that CW-DOS holds promise as a noninvasive and longitudinal tool for monitoring TG concentration,
facilitating the diagnosis of HTG and the assessment of the efficacy of interventions aimed at reducing TG levels
in individuals.

1. Introduction

diseases, including atherosclerotic cardiovascular disease, low-grade
inflammation, pancreatitis, and Alzheimer’s disease, due to abnormal-

Triglyceride (TG) is a type of essential natural fats present in the
bloodstream, contributing to the delivery of dietary fats through blood
vessels [1]. TG concentration levels are classified as normal (TG con-
centration < 150 mg/dL), borderline (150 mg/dL < TG concentration <
199 mg/dL), and high (200 mg/dL < TG concentration), which is
defined as hypertriglyceridemia (HTG) [1]. While TG is a fundamental
component in the blood, elevated TG levels pose risks for various

ities in endothelial function and lipid metabolism [2-4]. Thus, regard-
less of the underlying causes of HTG, ranging from genetic issues, and
dietary habits, to complications from other diseases, appropriate in-
terventions such as lifestyle changes or medical treatments are necessary
to reduce TG concentrations to the normal level. Monitoring TG con-
centration is crucial for diagnosing HTG and assessing the efficacy of
interventions.
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Given the importance of monitoring TG concentration, an array of
relevant research has been dedicated to this area. Among the most
widely investigated methods are biosensors, including electrochemical,
conducting polymer, metal oxide, and mid-infrared fiber-optic sensors
[1,5]. While conventional biosensor-based methods offer absolute TG
concentration measurements, the necessity of sample collection and
preprocessing restricts the attainment of continuous or repeated TG
concentration measurements using existing biosensors. Additionally, the
relatively complicated fabrication process of these sensors presents
another disadvantage. These limitations underscore the necessity for the
development of new technologies to address the challenges associated
with TG concentration monitoring.

In response to the demand, some works involving optical technolo-
gies have demonstrated the potential for TG concentration monitoring
without the need for sample collection. Among these, various spatial
frequency domain imaging (SFDI) techniques have emerged as a
promising avenue for lipid monitoring [6-8]. Different SFDI systems
with infrared light illumination in the range between 800 and 1300 nm
are capable of the noninvasive quantification of lipid and water con-
centrations in blood through the skin. Despite the potential of SFDI
systems, challenges remain in their implementation due to the bulkiness
of hardware and the complexity of system configuration. Consequently,
the development of a portable version of SFDI systems presents obsta-
cles. In the meantime, we recently explored the application of photo-
acoustic microscopy (PAM) for TG concentration monitoring [9],
demonstrating that the amplitude of the PAM signal increased with
higher TG concentrations. Although the feasibility of PAM for moni-
toring TG concentration changes in mixtures of hemoglobin (Hb) and
TG, as well as sheep blood and TG, was established, the PAM study used
bulky, high-power pulsed lasers and required contact measurements for
ultrasound coupling, which hinders potential clinical translation. Thus,
further investigation is warranted to facilitate TG concentration moni-
toring in clinical settings.

Recognizing the technological gaps in monitoring TG concentration,
we propose diffuse optical spectroscopy (DOS) as a promising solution.
DOS includes various modalities such as continuous-wave DOS (CW-
DOS) [10-12], spatially-resolved DOS (SR-DOS) [13-15], frequency-
domain DOS (FD-DOS) [16,17], and time-domain DOS (TD-DOS)
[18,19]. In this work, we used CW-DOS to estimate changes in TG
concentration. Prior to this work, some previous research has utilized
the concept of CW-DOS, specifically spatially-resolved CW-DOS, either
theoretically or experimentally, which can potentially be used in esti-
mating TG concentration [20-22]. Iinaga et al. used two source-detector
pairs for estimating TG in blood in their preliminary study [20]. They
estimated a reduced scattering coefficient using a proposed model as an
indicator of TG in humans. However, it was not clearly described how
the absorption coefficient was estimated, even though the absorption
coefficient is necessary in the proposed model to estimate the reduced
scattering coefficient. Meanwhile, Liang and Shimizu employed a quasi-
CW-DOS with a chopper and a lock-in amplifier to estimate the reduced
scattering coefficient in a tube embedded tissue-mimicking phantom,
claiming that the coefficient can serve as an index of TG concentration
[21]. Like the study by linaga et al., Liang and Shimizu used multiple
source-detector pairs and a fixed absorption coefficient in their study.
Then, Liang et al. further improved the algorithm developed by Liang
and Shimizu, making it more practical by estimating both absorption
and reduced scattering coefficients using optical measurement data from
multiple source-detector pairs [22]. However, the study by Liang et al.
only performed Monte Carlo simulations for validation. Previous studies
required multiple source-detector pairs and additional signal processing
to estimate the reduced scattering coefficient, which served as an index
of TG concentration. Unlike previous studies, we attempted to use
diffuse reflectance from a single source-detector pair directly as an index
for TG concentration changes. Utilizing a laser diode or LED as the light
source and a photodiode as the detector, CW-DOS can be implemented
as a portable system for continuous signal monitoring. To confirm the

Optics and Laser Technology 197 (2026) 114767

feasibility of diffuse optical monitoring of TG concentration variations,
we conducted Monte Carlo simulations with the configurations similar
to the samples and the DOS system used in this study. Then, phantom
experiments were conducted using a mixture of Hb solution and TG with
homogeneous and pig skin surrounding media, employing the DOS
system to validate its feasibility for diffuse optical monitoring of TG
concentration. Ex vivo experiments were also performed using a mixture
of sheep blood and TG with a pig skin surrounding medium, repre-
senting a more clinically relevant setting. Furthermore, in vivo mouse
studies were performed to investigate the practical applicability of the
technique. The results demonstrate the capability of the DOS system for
noninvasive and continuous TG concentration monitoring, holding
promise for future applications in human subjects.

2. Methods
2.1. Monte Carlo simulation

To confirm the feasibility of diffuse optical monitoring of TG con-
centration changes in turbid media, Monte Carlo simulation, a widely
utilized statistical approach in biomedical optics, was performed using
MCXLAB, an open-source Monte Carlo simulation tool based on MAT-
LAB, specifically MATLAB R2019b (Mathworks) [23]. The simulation
was run on a PC equipped with an i7-12700 K CPU (Intel), 64 GB RAM,
and Nvidia RTX 3090 (Gigabyte), utilizing a custom MATLAB script. For
the simulation scenario, we considered monitoring TG concentration in
a blood vessel located near the hand’s skin. We modeled the optical
properties of the hand (absorption coefficient: 0.06 mm™'; reduced
scattering coefficient: 1.62 mm~! at 885 nm) [24] as the surrounding
medium [25]. Within the medium, a blood vessel with a 1-mm diameter
at a depth of 2 mm (ranging from 1.5 mm to 2.5 mm) was presented.
Note that the values of the vessel diameter and depth are within the
range of the values used in the literature that evaluates vein imaging
systems [25,26]. The source and detector were both set to 1 mm in size,
with their centers positioned 4.22 mm apart, considering the physical
size of optical patch cords. This separation distance was determined to
ensure sufficient probing depth to reach the upper region of the tube,
based on both preliminary tests and the theory of diffuse optics [10]. To
align simulation parameters with experimental conditions, we tailored
the Monte Carlo simulation parameters to match those of the DOS sys-
tem used in this work. The schematic of the Monte Carlo simulation is
illustrated in Fig. 1. In the simulation, 250 million photons were set.
Considering the weakening trend of scattering [27], the lower absorp-
tion of Hb [27,28], and the higher absorption of lipid [27] with
increasing optical wavelength and the spectrometer’s quantum effi-
ciency, a wavelength of 885 nm was selected for both simulations and
experiments. A wide range of Hb and TG concentrations was examined
by varying the absorption and reduced scattering coefficients of the
tube. Table 1 summarizes the optical properties investigated in the
Monte Carlo simulation, with the absorption and reduced scattering
coefficients derived from our Hb measurement data and relevant liter-
ature [27,29].

2.2. Diffuse optical spectroscopy

Fig. 2(a) shows the setup of the DOS system, which comprises a
broadband tungsten halogen lamp (with a 100 W bulb power and a
wavelength range of 420-2500 nm, Bobei Lighting Appliance Processing
Plant) coupled with an optical fiber patch cord (1 mm core size,
Shenzhen Xinrui Photonics Technology) and a commercial spectrometer
(Flame-S-XR1, Ocean Optics) coupled with another optical fiber patch
cord. The integration time of the spectrometer was set to 100 ms with
signal averages of 64 times to balance the signal acquisition rate and
signal-to-noise ratio. The center-to-center distance between the source
fiber and the detector fiber was set to 4.22 mm, aligning it with the
configuration used in the Monte Carlo simulation. To facilitate
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Table 1
Concentrations of Hb and TG, along with corresponding absorption and reduced
scattering coefficients used in Monte Carlo simulations and phantom

Distance betweenthe Source Detector
surface to the tube
center:2 mm

Fig. 1. Schematic setup of Monte Carlo simulation, with a source-detector distance set at 4.22 mm.

experimentation, the fiber probe containing both the source and de-
tector fibers was fixed on a motorized linear stage (M-L01.2A1, Physik
Instrumente) to allow easy adjustment of the position of the probe.

. Signals acquired from the tube samples for both phantom and ex vivo
experlments.

experiments (See Section 2.3) were recorded and stored on the PC.

Hb TG Specifically, signal amplitude at 885 nm, consistent with the parameters
Concentration Absorption Concentration Reduced scattering of the Monte Carlo simulation, was used for following analysis.
(mg/mL) coefficient (mg/dL) coefficient (mm’l)
(mm™)
100 0.44 o Very small (10-%) 2.3. Phantom and ex vivo experiments
125 0.55 200 0.20
150 0.66 400 0.39 To demonstrate the effectiveness of DOS in monitoring TG concen-
175 0.77 600 0.59 tration variations, we conducted experiments using samples with two
200 088 800 0.79 distinct surrounding media: one with a homogeneous surrounding me-
dium and another with pig skin. The experimental setups are shown in
Fig. 2(b) and 2(c), respectively.
Broadband
.‘b ° light source
PC =
Spectrometer
Probe l )
| 948.22 mm separation
( b) ........ Probe holder connected (C) -------- Probe holder connected
to linear stage to linear stage
Homogeneous Peristaltic Pig skin Peristaltic
medium pump medium pump

zmme 2mme

Mixture Mixture
container container

Fig. 2. (a) Schematic of the DOS system used in this work. (b) Schematic of the setup with a homogeneous surrounding medium. The term “Mixture” refers to the
mixture of Hb solution and TG. (c) Schematic of the setup with a pig skin surrounding medium. Again, “Mixture” denotes either the mixture of Hb solution and TG or
the mixture of sheep blood and TG. In both (b) and (c), the distance between the sample’s surface and the tube’s center was set to approximately 2 mm, with a tube
diameter of 1 mm. The source-detector distance was set to 4.22 mm throughout the experiments.
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In the setup with a homogeneous surrounding medium (Fig. 2(b)), a
tube (inner diameter: 1 mm; outer diameter: 1.3 mm, Shanghai Jingyu
Plastic Products) connected to a peristaltic pump (One China Road Fluid
Technology) was embedded in a container. The peristaltic pump was
used to mimic the blood flow in the body. The homogeneous medium
(absorption coefficient: 0.06 mm ™! and reduced scattering coefficient:
1.62 mm ! at 885 nm) [24], comprising intravenous fat emulsion (20 %
intralipid, Fresenius Kabi), ink (black ink, rOtring), and water, was filled
in the container to mimic tissue properties. For simplicity, we referred to
the intravenous fat emulsion as TG. To mimic varying concentrations of
Hb (R010156, Rhawn) and TG, mixtures with different concentrations of
Hb and TG, as detailed in Table 1, were delivered to the tube embedded
in the homogeneous medium using the peristaltic pump.

In the setup with a pig skin surrounding medium (Fig. 2(c)), which is
designed for more realistic conditions, we conducted experiments using
two samples (described below). In both cases, the tube connected to the
peristaltic pump was embedded in a piece of pork, and a surface-to-tube
center distance of approximately 2 mm was maintained, consistent with
the simulation and the experiments in Fig. 2(b). Similarly, the peristaltic
pump was used to mimic the blood flow in the body. Note that pig skin is
widely used in biomedical research due to its similarities to human skin
[30-32]. In the first sample, similarly, mixtures with concentrations of
Hb and TG, as shown in Table 1, were tested for phantom experiments.
In the second sample, recognizing the differences between the Hb-based
mixture used for blood mimicry and real blood, heparinized sheep blood
(Shanghai Yuanye Biotechnology) mixed with varying concentrations of
TG, as detailed in Table 1, was employed for ex vivo experiments. It is
worth noting that the estimation of TG concentration in sheep blood
poses greater challenges due to the existence of additional components
in the blood such as serum [9].

2.4. In vivo animal experiments
Eight-week-old BALB/c mice (n = 10) were employed to evaluate the

effects of TG concentration changes on diffuse reflectance using DOS.
The mice were anesthetized with a mixture of 1 % isoflurane and air

4
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using an isoflurane anesthesia machine (R500IP, RWD Life Science,
China) and an air pump (R510-29, RWD Life Science, China). The fiber
probe was positioned over the vascularized dorsal region of the depi-
lated mice. The mice that received saline administration (0.2 mL, 0.9 %)
via tail vein injection served as the control group (n = 5). The other mice
(n = 5) were administered triton WR-1339, a hyperlipidemic agent
(dose: 0.2 mL (500 mg/kg)) [33-371, via tail vein injection to induce the
increase in TG concentrations. Among various chemicals, triton WR-
1339 was used in the study due to its wide usage for increasing TG
concentrations in animal studies [33-37]. Diffuse reflectance signals
were measured for 120 min following injection. The spectrometer
integration time was set to 450 ms with signal averaging of 100 times
(one spectrum acquired approximately every 4.5 s) to minimize fluctu-
ation noise caused by breathing.

3. Results
3.1. Monte Carlo simulation

Fig. 3 shows the results of Monte Carlo simulations. Regardless of the
Hb concentration, an increase in TG concentration led to a decrease in
normalized diffuse reflectance, which can be attributed to the rise in the
overall absorption coefficient within the tube. Notably, variations in Hb
concentration solely influenced the overall diffuse reflectance (Fig. 3(a))
without altering the observed trend of decreasing reflectance with
increasing TG concentration. For better comparison, the diffuse reflec-
tance data for various Hb concentrations were normalized by the diffuse
reflectance obtained at 0 mg/dL TG concentration for each respective
Hb concentration (Fig. 3(b)). To further evaluate the data trend,
regression analysis was conducted using a linear equation of the form ‘y
= ax + b’. The coefficients of determination (Rz) for the regression re-
sults exceeded 0.99, indicating a robust fit of the data to the linear
model. The compelling results obtained from the Monte Carlo simula-
tion motivated us to proceed with further experimentation, focusing on
diffuse optical monitoring of TG concentration changes in a few samples.

0.995 |
0.99
0.985 |
0.98 |

0.975 |

Normalized diffuse reflectance

|

800

0.97 — :

0 200 600

400
TG concentration (mg/dL)
o 100 mg/mL Hb, y = -3.38e-05 * x + 1.0001, R = 0.9995

o 125 mg/mL Hb, y = -3.31e-05 * x + 1.0001, R? = 0.9997
150 mg/mL Hb, y = -3.18¢-05 * x + 1.0001, R? = 0.9997
4 175 mg/mL Hb, y = -2.99¢-05 * x + 1.0002, R? = 0.9995

* 200 mg/mL Hb, y = -2.77e-05 * x + 1.0003, R? = 0.9990

Fig. 3. (a) Diffuse reflectance and (b) normalized diffuse reflectance of Monte Carlo simulation. The data were fitted using a linear equation ‘y = ax + b’, where ‘y’
represents the normalized diffuse reflectance and ‘x’ stands for the TG concentration. In this equation, ‘a’ denotes the rate or slope of the change, while ‘b’ means the
y-intercept. The coefficient of determination (R?) quantifies the goodness of fit of the data to the linear equation. A value of R? = 1 indicates a perfect fit to the linear
equation, while R? = 0 suggests no relationship between the data and the equation. The diffuse reflectance signals of different Hb concentrations exhibit a linear

decrease with increasing TG concentration.
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3.2. Phantom and ex vivo experiments

Fig. 4 shows the results obtained from the samples containing mix-
tures of Hb and TG embedded within the homogeneous surrounding
medium. Regardless of Hb concentration, an increase in TG concentra-
tion corresponded to a decrease in diffuse reflectance (Fig. 4(a)). Simi-
larly, for better comparison, the diffuse reflectance data for various Hb
concentrations were normalized by the diffuse reflectance observed at 0
mg/dL TG concentration for each respective Hb concentration (Fig. 4
(b)). The trend aligns closely with the findings of the Monte Carlo
simulation. Regression analysis was also performed on the normalized
diffuse reflectance signals using a linear equation, and R? for the
regression of all the data exceeded 0.99.

Fig. 5(a) and 5(b) present the raw diffuse reflectance and normalized
diffuse reflectance obtained from the samples containing mixtures of Hb
and TG embedded within the pig skin surrounding medium, respec-
tively. Similar to the previous analyses, the diffuse reflectance data for
different Hb concentrations were normalized by the diffuse reflectance
observed at 0 mg/dL TG concentration for each respective Hb concen-
tration. Consistently, regardless of Hb concentration, an increase in TG
concentration resulted in a decrease in normalized diffuse reflectance.
Meanwhile, an increase in Hb concentration similarly reduced the
overall amplitude of raw diffuse reflectance (Fig. 5(a)). Regression
analysis was performed using a linear equation, and R? for the regression
of all data exceeded or closely approached 0.99. Despite the slopes of the
curves being mostly lower in Fig. 5(b) compared to Fig. 4(b) for each
corresponding Hb concentration, except the case of 150 mg/mL Hb
concentration, the linear relationship between the normalized diffuse
reflectance signals and TG concentrations remained consistent across all
tested Hb concentrations.

Fig. 5(c) and (d) show the raw diffuse reflectance and normalized
diffuse reflectance obtained from the samples containing mixtures of
sheep blood and TG embedded within the pig skin surrounding medium,
respectively. Notably, a similar trend was observed when sheep blood
was used instead of the blood solution based on Hb powder. Linear
regression analysis revealed that the linear relationship between the
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diffuse reflectance signals and TG concentrations remained, with R?
values of the regression exceeding 0.99. This consistency underscores
the robustness of the method even with the use of sheep blood. The use
of sheep blood instead of Hb powder, as well as the pig skin surrounding
medium, enhances the relevance of the experimental conditions to
clinical scenarios. The strong linearity observed in Fig. 5(c) and 5(d)
underscore the potential for TG concentration monitoring in complex
blood using the straightforward DOS configuration.

3.3. In vivo animal experiments

Fig. 6 shows the results (mean + standard deviation) obtained from
in vivo animal experiments. In the first 35 min post-injection, while both
the saline-administered group and the triton-administered group
showed a drop in normalized diffuse reflectance, the triton-administered
group showed a more prominent decrease in normalized diffuse reflec-
tance than that of the saline-administered group. After 35 min,
normalized diffuse reflectance in the saline-administered group did not
show any significant change, while that of the triton-administered group
continually decreased until the end of the experiment, which is due to
the increase in TG concentrations caused by the triton administration.
The results of the in vivo animal experiments show the potential of DOS
in the longitudinal monitoring of TG concentrations in individuals.

For comparison, a study by Lin et al. reported that plasma TG levels
increased from 173.8 mg/dL to approximately 1000 mg/dL within 120
min following administration of triton WR-1339 at a dose of 500 mg/kg
[38]. Based on the fitted linear equations derived from the pig skin
phantom experiments, specifically, y = -3.53e-0.5 x ‘TG concentration’
+ 1.0014 for 125 mg/mL Hb and y = -3.88e-0.5 x ‘TG concentration’ +
0.9999 for 150 mg/mL Hb (see Fig. 5(b)), the estimated normalized
diffuse reflectance signals corresponding to TG concentrations of 173.8
mg/dL and 1000 mg/dL are approximately 0.9942 and 0.9636,
respectively, assuming an intermediate Hb concentration of 137.5 mg/
mL. Considering that the Hb concentration in mice is approximately 134
mg/mL [39], the change in normalized diffuse reflectance observed in
our in vivo experiments following triton WR-1339 administration, from 1
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Fig. 4. (a) Raw diffuse reflectance and (b) normalized diffuse reflectance from the samples containing mixtures of Hb and TG embedded within the homogeneous
surrounding medium. The mean and standard deviation (error bars) were calculated from three independently acquired spectra. The data were fitted to a linear
equation ‘y = ax + b’, where y’, ‘x’, ‘a’, and ‘b’ are mentioned in the caption of Fig. 3. Besides, R? is also described in the caption of Fig. 3. The diffuse reflectance
signals of different Hb concentrations exhibit a linear decrease with increasing TG concentration.
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Fig. 5. (a) Raw diffuse reflectance and (b) normalized diffuse reflectance from the samples containing mixtures of Hb and TG embedded within the pig skin sur-
rounding medium. (¢) Raw diffuse reflectance and (d) normalized diffuse reflectance from the samples containing mixtures of sheep blood and TG embedded within
the pig skin surrounding medium. The mean and standard deviation (error bars) were calculated from three independently acquired spectra. The data were fitted to a
linear equation ‘y = ax + b’, where ‘y’, ‘x’, ‘a’, and ‘b’ are mentioned in the caption of Fig. 3, except that in (c) and (d), ‘x’ stands for the added TG concentration to
the sheep blood. Besides, R? is also described in the caption of Fig. 3. In (a)-(d), the diffuse reflectance signals exhibit a linear decrease with increasing TG

concentration.

to ~ 0.956 (see Fig. 6), falls within the expected range compared with
the estimations derived from Lin et al.’s results [38]. Here, the outcome
is subject to alternative interpretation because a compounding factor
may exist in the diffuse reflectance signal changes, as the saline injection
group also showed a decrease in normalized diffuse reflectance from 1
to ~ 0.99. If the change caused by saline injection is incorporated, the
change of the normalized diffuse reflectance signals at 120 min can be
considered ~ 0.946, not ~ 0.956. In this case, the outcome can be
interpreted as an overestimation of the variation in TG concentration in
the in vivo experiment (overestimated the change as 5.5 % from 4.4 %);
however, it still does not alter the fact that the proposed technique is
capable of monitoring TG variation without requiring sample collection.
Instead, this suggests that more advanced systems, which can decouple
the influence of optical absorption and scattering on diffuse reflectance,
would be necessary to more accurately monitor the TG variation as
described in the Discussions section.

4. Discussions

In this study, we successfully demonstrated that CW-DOS is capable
of monitoring TG concentration variations. To thoroughly validate the
feasibility of DOS in longitudinal monitoring of TG concentration vari-
ations, this work employed Monte Carlo simulations along with phan-
tom, ex vivo, and in vivo experiments. To mimic the conditions of in vivo
measurement of the subsurface vein under the skin of the arm or hand,
we conducted experiments using flowing mixtures of sheep blood and
varying concentrations of TG embedded within the pig skin surrounding
medium. The choice of ex vivo pig skin lies in its widespread use for
validating optical systems intended for eventual in vivo applications,
along with the similarities between pig skin and human skin tissue in
terms of both optical properties and structure [30-32]. Additionally, the
utilization of the peristaltic pump to maintain a continuous flow of sheep
blood during measurements can mimic the pulsatile nature of blood flow
caused by the heartbeat and the presence of plasma affecting diffuse
optical measurements [9]. To further assess the potential of the
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Fig. 6. Changes in diffuse reflectance of the dorsal region of mice following
injection of saline (red) and triton WR-1339 (blue) over 120 min (mean: lines
with markers; standard deviation: shaded regions). The mean and standard
deviation were calculated from data obtained from five mice in each group.

proposed technique for in vivo applications, an animal study was con-
ducted, comprising a saline-administered group (n = 5) and a triton-
administered group (n = 5). Moving toward clinical studies, the differ-
ential response of diffuse optical signals from a subsurface blood vessel
should be compared against other TG biosensors or conventional tech-
niques, under varied lipid intake during meal consumption [6,20]. Such
comparative analyses will contribute to the validation of DOS efficacy in
real-world scenarios, offering valuable insights into its potential clinical
utility. Another point to consider is the use of an animal model with
pathological conditions. In the current study, healthy animals were used
to demonstrate the feasibility of longitudinal TG monitoring. However,
the physiological response in animals or humans with pathological
conditions, such as liver or kidney diseases [40,41], can differ from that
of healthy individuals. Thus, further investigations with diseased animal
models are warranted to more comprehensively validate the applica-
bility of the proposed technique in broader situations.

The results of our ex vivo experiment using sheep blood (Fig. 5(c) and
5(d)) and the in vivo animal experiments (Fig. 6) demonstrate trends that
closely align with those observed in the Monte Carlo simulations
(Fig. 3). The consistency further supports the validity of our assumptions
in the simulation and suggests that the discrepancies between the
simulation and real experiments are minimal. While the technique’s
sensitivity to low TG concentrations (< 150 mg/dL TG) has not been
explicitly demonstrated in simulations and experiments, because this
technique is intended to monitor HTG, monitoring the variation of TG
concentration within the normal range (<150 mg/dL) is still feasible, as
partially evidenced by the small error bars in Fig. 4(b) and 5(d). The
minimum detectable variation in TG concentration could be further
improved by increasing the signal-to-noise ratio of the diffuse reflec-
tance measurements. Potential approaches include averaging more than
64 acquisitions at the expense of sampling frequency, or utilizing a de-
tector with higher quantum efficiency and/or lower intrinsic noise than
the one used in this study.

Our primary objective is to develop a technique capable of longitu-
dinal monitoring of TG concentrations in individuals. This capability is
experimentally demonstrated using a mouse model, as shown in Fig. 6.
The mean Hb concentrations for young adult females and males are
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129.7 mg/mL and 160.3 mg/mlL, respectively. According to a previous
study [42], the intra-subject variation in Hb concentrations is relatively
small, which is only 2.74 % on average over 10 weeks. As shown in
Figs. 3-5, such a minimal variation in Hb concentrations does not result
in a significant change in diffuse reflectance. Therefore, while further
rigorous preclinical and clinical studies are warranted, our method
shows potential for intra-subject measurement of TG concentrations.

Owing to the ease of access, this work assumed monitoring of TG
concentration variations within the subsurface veins of the hand or arm,
which are easily discernible to the naked eye. Among the veins of the
human body, these veins are particularly accessible due to their lower
light scattering compared to thicker tissues. However, translating this
technology into human measurements presents potential challenges.
Firstly, skin color, determined by melanin concentration, may affect
measurements [24,27]. Secondly, variations in body fat levels in tissues
may also impact accuracy [14,43-45]. Both melanin and body fat in-
fluence the absorption and scattering coefficients at the measurement
site, which are crucial factors in diffuse optical measurements. Other
chromophores, including water, may also influence the measurement, as
shown in Section 3.3. Thus, further investigation is warranted to assess
the effects of increased absorption and scattering coefficients in the
surrounding medium.

Among various DOS systems available, this study utilized CW-DOS,
which solely monitors relative amplitude changes. This configuration
holds promise for conversion into a portable system using either an LED
or a laser diode as the light source and a photodiode as the detector.
With an appropriate calibration procedure, such as compensating for the
effect of skin optical properties by utilizing DOS signals measured
longitudinally, this configuration could evolve into a personalized
monitoring device. Such a development would be groundbreaking,
considering the current absence of a personalized, continuous TG con-
centration monitoring device. Exploring the potential of more compli-
cated DOS systems, such as SR-DOS, FD-DOS, and TD-DOS, in TG
concentration monitoring is essential. These systems offer the possibility
of providing absolute TG concentrations and compensating for in-
fluences from Hb variation, melanin, and body fat due to their quanti-
fication abilities [14,16]. Additionally, leveraging artificial intelligence
techniques, including machine learning and deep learning [46,471,
holds promise for maximizing the utility of multi-wavelength spectra
(rather than the single 885-nm wavelength used in this study), which
could effectively integrate information from the probed region,
including blood vessels and surrounding tissue, into the analysis.

The development of multi-modal systems for TG concentration
monitoring is another exciting research direction. In our previous study,
we demonstrated the feasibility of PAM in TG concentration monitoring
[9]. Due to the fact that DOS systems utilize signals from back-reflected
photons after experiencing multiple scatterings, these signals can be
influenced by surrounding blood vessels. Unlike DOS systems, PAM of-
fers the capability to precisely pinpoint surrounding blood vessels.
Combining PAM and DOS systems presents a promising approach to
mitigate the impact of surrounding tissues. Specifically, PAM can visu-
alize the surrounding blood vessels, and Monte Carlo simulations with
visualized blood vessels can be performed to compensate for the influ-
ence of the surrounding blood vessels on DOS measurements. This
synergistic combination holds significant potential for enhancing the
accuracy and reliability of TG concentration measurements.

5. Conclusion

In conclusion, we demonstrated TG concentration monitoring uti-
lizing the simplest DOS configuration, CW-DOS, which includes a
continuous broadband light source and a spectrometer. Through Monte
Carlo simulations and experiments using the phantom and ex vivo
samples, notably those containing mixtures of sheep blood and TG
embedded within the pig skin surrounding medium, we have demon-
strated the feasibility of diffuse optical monitoring of TG concentration
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variations, where a subsurface vein of the arm was assumed. Addition-
ally, in vivo animal experiments were performed to demonstrate the
applicability of the technique. While further clinical studies are war-
ranted for validation, our results show promising prospects for diffuse
optical monitoring of TG concentration. Thus, we believe that this work
will open up a new opportunity for various types of DOS in TG con-
centration monitoring.
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