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Abstract. This study explores the use of spatially-resolved diffuse reflectance
spectroscopy for non-invasive method for measuring subcutaneous fat layer
thickness. We investigated the relationship between spectroscopic
measurements and hypodermis thickness, particularly focusing on lipid
absorption amplitudes at varying source-detector distances. Our results reveal
that lipid absorption amplitude is directly proportional to hypodermis
thickness for layers between 1 and 4 mm at a source-detector fiber distance of
14 mm. The lipid absorption amplitude plateaued beyond a thickness of 4 mm,
limiting sensitivity for the thicker hypodermis layer. An exponential function
was revealed to describe lipid absorption amplitude dependence on the fat
thickness across different source-detector distances. Physiological factors,
namely sex, was found to significantly influence absorption amplitudes, while
age-related differences were not identified. A predictive model was developed,
yielding moderate accuracy (RMSE =1.56 mm) in estimating hypodermis
thickness, which is limited by the reference method. The study concludes that
spatially-resolved diffuse reflectance spectroscopy is a promising method for
assessing subcutaneous fat thickness, benefiting from its non-invasive nature
and immediate results. However, accuracy is influenced by physiological
characteristics, including sex and age, thus requiring personalized calibration.
Future research should aim to refine predictive models and assess the
technique’s applicability across various body sites and a wider range of
hypodermis thicknesses. © 2024 Journal of Biomedical Photonics &
Engineering.
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1 Introduction related to human health [1]. The subcutaneous fat layer

) ) ) serves as a key element in regulating body temperature,
Measuring the thickness of the subcutaneous adipose protecting organs from injury, and acting as a significant
layer is a critical aspect of medical practice and research source of energy [1, 2]. The thickness of subcutaneous fat
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can vary considerably among individuals and is
influenced by a multitude of factors, including genetics,
lifestyle, diet, and level of physical activity [3]. This
variability underscores the importance of accurate
assessment techniques for the subcutaneous adipose
layer, which have implications for diagnosing and
managing various health conditions.

Various approaches have been developed and are
currently used in practice to assess the thickness of
subcutaneous fat. Among the most common methods are
those based on ultrasonography (US) [4-7], magnetic
resonance imaging (MRI) [8-11], various types of
biopsy [12], and a range of optical methods [13-15].
High-frequency ultrasound [4] is widely used to
determine the thickness of the skin layers, underlying
subcutaneous fat and muscles [5-7]. However, accurate
and reproducible results require a high level of skill from
the person interpreting US images. The MRI has also
gained widespread acceptance as a comprehensive
method for examining the human body. The resolution of
modern equipment is about 0.1 mm [8], which allows
MRI to be successfully applied in studying the structure
of the skin [9-11]. However, the main disadvantages of
this method are its relatively high cost and equipment
size, which hinders its widespread use in clinical settings.
Biopsy is currently considered the “gold standard” for
analyzing skin structure in medicine. Its main drawback
lies in the invasiveness of the method and the need for
time-consuming laboratory investigations. Moreover,
there are indications that biopsy-based measurements
may have significant discrepancies compared to in vivo
methods due to the loss of elasticity of the hypodermis
after excision and prolonged storage of the skin sample,
as well as potential distortion of the sample during
procedures conducted for laboratory studies.

Diffuse reflectance spectroscopy (DRS) is often used
to analyze the composition [16, 17] and thickness of
biological tissues [18, 19] due to its relative simplicity,
non-invasiveness and high measurement speed. In
particular, the use of DRS may offer a promising solution
to the problem of determining the thickness of the
subcutaneous layer [13-15]. The main absorber in the
dermis in the near-infrared (NIR) range is water, while
lipids are the absorbers in the subcutaneous fat.
Consequently, due to the different absorption spectra
shapes of these layers (Fig. 1 (C)), depth scanning of the
reflected signal would allow for the determination of
hypodermis thickness (Fig. 1 (E)). Choi et al. (2008) [13]
developed a non-invasive system for measuring the
thickness of subcutaneous fat layer using DRS in the
spectral range from 1000 to 1700 nm. Their results
showed a high coefficient of determination (R? = 0.9954)
between the measured and actual thickness of the
subcutaneous fat layer in ex vivo tissue samples. In a
study [14], the optical response around 930 nm,
associated with lipid absorption, was investigated and
compared with ultrasound images, MRI, and caliper
measurements for assessing subcutaneous fat thickness.

J of Biomedical Photonics & Eng 10(1) 2024

010303-2

doi: 10.18287/JBPE24.10.010303

The results showed that optical methods can be an
effective way to assess the thickness of subcutaneous fat
with an average determination error of 1.2 and 0.8 mm,
when using caliper and ultrasonic examination as the
reference method respectively. The use of ultrasound as
a reference method for measuring subcutaneous fat
thickness has shown a high coefficient of determination
when compared with DRS data, achieving an R? value of
0.9. This indicates a strong correlation and potential for
accurate assessment of body tissue characteristics, such
as the thickness of the subcutaneous fat layer. In
study [15], the authors proposed the application of
diffuse optical spectroscopy with temporal resolution
within the same spectral range to evaluate body tissue
composition with similar accuracy. However, a limitation
of these studies is the small sample size of volunteers,
which restricts the ability to discern correlations between
the optical response and physiological attributes,
including age and gender of the participants. This
underscores the need for further research with larger and
more diverse populations to better understand the
implications of optical measurements in the context of
varying human physiological characteristics.

In this study, we assessed the thickness of the
subcutaneous fat layer using spatially-resolved DRS on a
group of 247 volunteers. The caliper measurement
method was used for comparison in the creation of a
method for determining the thickness of the hypodermis
based on DRS data. The research included an analysis of
the relationship between lipid absorption amplitude and
the thickness of the subcutaneous fat layer, as determined
by both DRS and caliper measurements. The impact of
varying distances between the light source and the
detector on this correlation was also explored.
Additionally, machine learning methods were utilized to
evaluate the impact of physiological parameters, such as
gender and age, on the optical response of the skin.
Statistically significant differences in relationships for
subjects of different genders were identified,
demonstrating the influence of these parameters on the
accuracy of the predictive model. Furthermore, data from
DRS were used to solve the inverse problem of
estimating the thickness of the subcutaneous fat layer,
achieving a determination accuracy within an error
margin of 1.5 mm.

2 Materials and Methods

2.1 Cohort Description

A total of 247 subjects (97 males and 150 females)
participated in a simultaneous caliper skin fold readings
and near-infrared DRS study ((Fig. 1 (C), (E), (F)). The
age of the participant was 25 + 13 years spanning from 4
to 71 (Fig. 1(D)). The skin of the inner side of the forearm
at a distance of approximately 5-10 cm from the elbow
without visible vessels was used as a measurement site.
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Fig. 1 (A) Photo of the experimental setup implementing diffuse reflectance spectroscopy. (B) Photo of the fiber optic
probe used for measuring diffuse reflectance spectra at various distances between the source and detector. (C) Absorption
spectra of the dermis and hypodermis. (D) Age distribution histogram of participants in the experiment. (E) Illustration
of photon trajectories emitted from the source fiber, reaching the detector fiber at various distances between the source
and detector. (F) Caliper skin thickness distribution histogram of participants in the experiment.

2.2 Diffuse Reflectance Spectra Measurements

The device used to measure spatially resolved diffuse
reflectance spectra is described in detail in Ref. [20].
Briefly, the measurement component of the device
featured a probe composed of two optical fibers, each
with a core diameter of 550 um. This probe was designed
to detect diffuse reflection signals from the skin,
functioning at various distances between the source and
detector across a spectral range of 800-1100 nm
(Fig. 1 (A), (B)). This probe allows the measurement of
diffuse reflectance spectra at distances between the
source and detector fibers, denoted as d, ranging from
0 to 14 mm with a step of 1 mm. A halogen lamp, SLS201
(Thorlabs, USA), was used as the light source and a Maya
Pro 2000 spectrometer (Ocean Optics, USA) was used as
the detector.

Diffuse reflectance spectra were calculated as
follows:

IskinD—Tgare)
R ﬂ. — ~skin : 1
( ) Iref(/l)_lda‘rk(/l) ( )

where I, (A1) is the measured intensity of the reflected
signal from the skin, I, (1) represents background
signal, and L..;(4) is the measured intensity from the
standard (R = 99%, LabSphere, USA).

We calculated the effective optical density as
follows [10]:

OD(2) = —log;o(R(D)). )
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The absorption amplitude of lipid, denoted as Lipid
Index (LI), was calculated from the effective optical
density spectra using the following Eq. (3):

LI = 0D(930 nm) — 0D (860 nm). ©)

The absorption amplitude of water, denoted as Water
Index (WI), was calculated from the effective optical
density spectra using the following Eq. (4):

WI = 0D(970 nm) — 0D(860 nm) 4)

The possibility of assessing lipid and water content
by these ratios was discussed in detail in our previous
studies [20, 21].

In this study, to assess changes in parameters
characteristic of different groups, the model proposed in
Ref. [14] was used as one of the options. For this the
dependency of the lipid absorption amplitude LI in the
measured diffuse reflectance spectrum on the thickness
of the hypodermis dyypogermis,» @ measured using a
caliper, was approximated for each distance between the
source and detector fibers using the following
exponential relationship:

LI = A(l _ e_B*dhypodermis)’ (5)

where A>0and B > 0.
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Fig. 2 Diffuse reflectance spectra measured at distances between the source and detector of d =0 mm (A) and
d =14 mm (B) on the arms of volunteers with varying thicknesses of subcutaneous fat layer. (C) Dependence of lipid
absorption amplitude, estimated from diffuse reflectance spectra at a 14 mm distance, on skin thickness measured by
caliper (Eq. (3)). (D) Dependence of water absorption amplitude (Eq. (4)), estimated from diffuse reflectance spectra at a

14 mm distance, on skin thickness measured by caliper.

2.3 Assessment of the Significance of
Physiological Parameters

As a second approach to assess changes in response,
machine learning models were developed to determine
the LI for various sets of physiological features, including
gender and age. These models were subsequently
compared. The entire sample was divided into a training
set (80% of dataset), used for model training and
validation, and a test set (20% of dataset), used to assess
the quality of the resulting models with features such as
gender and age. This division was made once. The
relationship between the LI and the thickness of the
hypodermis is nonlinear (refer to Eq. (5)). Therefore, to
construct a baseline model from hypodermis thickness,
linear regression with polynomial transformation of this
parameter was employed. The optimal polynomial
degree was determined through cross-validation. Cross-
validation was done on the training set by randomly
dividing the dataset into 5 folds. Prior to training the
models, all features were standardized using the
following algorithm: the median value of each feature
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was subtracted and then divided by the interquartile range
of that feature. Gender was encoded as a binary
numerical feature: 0 for female and 1 for male. The
quality of the resulting machine learning models was
evaluated by the coefficient of determination (R?) and the
root mean square error (RMSE), estimated on the test set.

3 Results and Discussion

Fig. 2 (A) and (B) depict the diffuse reflectance spectra
measured at distances of 0 and 14 mm between the source
and detector on volunteers with varying thicknesses of
the subcutaneous fat layer on the arm. The spectra exhibit
a local absorption maximum for water around 970 nm
and for lipids around 930 nm.

The spectra measured at a small distance (d = 0 mm,
Fig. 2(A)), showed only slight variations for different
thicknesses of the subcutaneous fat layer. At greater
distances between the source and detector, a significant
increase in lipid absorption amplitude and a decrease in
water absorption amplitude were observed (Fig. 2(B)).
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Fig. 3 (A) Dependence of lipid absorption amplitude (Lipid Index), estimated from diffuse reflectance spectra at various
distances between the source and detector, on hypodermis thickness. Different distances between the source and detector
are color-coded. (B) Dependence of lipid absorption amplitude, estimated from diffuse reflectance spectra at a distance
of 14 mm between the source and detector, on hypodermis thickness. The gender of volunteers participating in the study
is color-coded. On all panels, points indicate the mean value of Lipid Index and corresponding standard deviation for
groups with fixed hypodermis thickness. Solid curves represent data approximation according to Eq. (5).

A direct proportionality between the measured lipid
absorption amplitude and the thickness of the
hypodermis, as measured by calipers, within a thickness
range of 1 to 4 mm was observed (Fig. 1 (C)). Negative
correlation was also observed between the water
absorption amplitude and the thickness of the
hypodermis (Fig. 2 (D)) within the same range of
thicknesses. However, for thicknesses greater than 4 mm,
the amplitudes of water and lipid absorption did not
change significantly (Fig. 2 (C) and (D)).

Utilizing the spectra measured at various distances
between the source and detector, we constructed
relationships between the LI and the thickness of the
hypodermis, as measured by calipers (Fig. 3 (A)). It is
evident that the greater the distance between the source
and detector, the larger the difference between the
maximum and minimum values of the LI for the given
caliper measurements.

The relationships presented in Fig.3 were
approximated by an exponential function (Eq. (4)). It was
found that the maximum amplitude value A = 0.44 +0.02
occurs at the greatest distance between the source and
detector. The amplitude value A may differ from the
value presented in Ref. [14], as it is contingent upon the
method of assessing the contribution of lipids to the
reflected signal, the distance between the source and
detector fibers, and the diameters of the optical fibers.

As can be seen from Fig. 3 (A), for LI values averaged
over groups with the same skin thickness, the dependence
on skin thickness can be considered exponential.
However, the standard deviation for each value of
hypodermal thickness was high, which may be due to
physiological parameters such as age and gender. To
compare the observed contribution of lipids to the skin
diffuse reflectance for different sexes, similar
dependences and approximations were obtained using
data divided into subsamples by sex (Fig. 3 (B)).
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Statistically significant differences were observed
between these relationships for individuals of different
sexes: A = 0.39 + 0.02 for females, A = 0.36 + 0.03 for
males.

The difference in dependencies presented in
Fig. 3 (B) is most likely due to the fact that the thickness
of the dermis for women is on average less than that for
men, and when measuring fold thickness using a caliper,
the sum of the thicknesses of the dermis and hypodermis
is measured. Thus, with equal caliper readings, the
thickness of the hypodermis in women is higher, which
is reflected in the DRS response and higher values of the
calculated L1I.

Next, using the obtained data, an inverse problem was
solved. That is, using DRS data, the thickness of the
hypodermis measured by calipers was determined. From
the relationship  presented in Fig.3(A) and
approximation in Eq. (4), the hypodermis thickness in the
range from 1 to 4 mm was expressed from the lipid
absorption amplitude LI. As a result, the predicted model
determines the thickness of the hypodermis with an
accuracy of R?=0.24 and RMSE =156 mm. The
obtained error is comparable to results achieved in
work [14].

Due to the limited number of samples for some skin
thicknesses, it was difficult to further divide
the sample into groups by age to compare the parameters
of the approximating dependencies for different age
groups. Therefore, we assessed the influence
of ageon the lipid absorption  amplitude
using machine learning approach. To this end,
models were constructed to determine the LI for different
sets of physiological features, as described in Table 1.
Linear regression with polynomial transformation was
used asthe base model for dependency on
hypodermis thickness. Cross-validation revealed that
the optimal degree of polynomial transformation is 3.
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Fig. 4 Dependence of predicted Lipid Index values on measured cases when various feature sets were used: (A) caliper
data, (B) caliper data, gender, age, (C) caliper data and gender, (D) caliper data and age.

Table 1 Feature sets for estimating water absorption amplitude using machine learning methods and
corresponding coefficients of determination and standard deviation for the obtained models in determining lipid

absorption amplitude LI.

Ne Feature sets R? RMSE
1 Caliper data, Sex, Age 0.56 0.07
2 Caliper data, Sex 0.53 0.07
3 Caliper data, Age 0.32 0.09
4 Caliper data 0.29 0.09

It was found that adding a binary feature defining the sex
of the volunteer significantly increased the prediction
accuracy on the test sample (R?=0.53, RMSE = 0.07,
Fig. 4 (C)), compared to the base model considering only
caliper data (R?=0.29, RMSE = 0.09, Fig. 4 (A)). This
result is consistent with results obtained using the
exponential approximation. Further addition of a feature
defining the volunteer’s age lead to slightly improved
accuracy of the model (R?=0.53, RMSE =0.07,
Fig. 4 (B)), however, this increase was not statistically
significant. Similarly, no improvement in RMSE metrics
was observed when comparing the base model with the
model based on caliper data and age (Fig. 4 (A, D),
Table 1, Ne 3,4).

Thus, both methods indicate the influence of sex on
the dependence of the LI on the thickness of the
hypodermis. In the sample considered, there was no
significant effect of age on the shape of this dependence.

4 Conclusion

This study successfully demonstrated the application of
spatially-resolved DRS as a non-invasive method for
measuring the thickness of the subcutaneous fat layer.
Our findings indicate that, while small distances between
the source and detector do not provide significant
variations in spectroscopic measurements, increasing this
distance reveals a clear relationship between lipid and
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water absorption amplitudes and the thickness of the
hypodermis. The lipid absorption amplitude showed a
direct proportionality to the hypodermis thickness for
layers between 1 to 4 mm, as corroborated by traditional
caliper measurements. Conversely, the water absorption
amplitude exhibited negative correlation within the same
thickness range. However, beyond a 4 mm thickness,
these relationships plateaued, suggesting a limit to the
method’s sensitivity for thicker fat layers for a given
source-detector distance. By establishing a LI and
relating it to caliper measurements across different
source-detector distances, we derived an exponential
function that describes this relationship, with the
function's maximum amplitude occurring at the largest
distance. Notably, sex was identified as significant
physiological factor influencing the absorption
amplitudes, highlighting the importance of considering
physiological factors in optical measurements. The
predictive model developed from our data was able to
estimate hypodermis thickness with moderate accuracy
(RMSE = 1.56 mm), which is limited by the reference
method. In conclusion, spatially-resolved DRS offers a
promising alternative for assessing subcutaneous fat
layer thickness. The method has a number of advantages,
such as non-invasiveness, the ability to obtain immediate
results, and, most importantly, the molecular specificity
of the signal, allowing for a more detailed analysis of
tissue composition. Unlike calipers, which do not
account for the thickness of the dermis, our approach

doi: 10.18287/JBPE24.10.010303

enables the analysis of a broader spectrum of tissue
characteristics. In certain situations, measuring with
calipers can be difficult due to curved surfaces, such as
when measuring facial skin. In these cases, optical
methods may be more appropriate. This makes our
method particularly valuable for determining the
characteristics of subcutaneous layers of bio-tissues and
body composition. However, its accuracy is influenced
by physiological characteristics, underscoring the need
for personalized adjustment when using this technique in
clinical or research settings. Future work should focus on
refining the predictive models and exploring the utility of
this method for different body sites and a broader range
of hypodermis thicknesses.
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