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Noninvasive detection of body composition plays a significant role in the improvement of life quality
and reduction in complications of the patients, and the near-infrared (NIR) spectroscopy, with the
advantages of painlessness and convenience, is considered as the most promising tool for the online
noninvasive monitoring of body composition. However, quite different from other fields of online
detection using NIR, spectroscopy, such as food safety and environment monitoring, noninvasive
detection of body composition demands higher precision of the instruments as well as more rigor-
ousness of measurement conditions. Therefore, new challenges emerge when NIR spectroscopy is
applied to the noninvasive detection of body composition, which, in this paper, are first concluded
from the aspects of measurement methods, measurement conditions, instrument precision, multi-
component influence, individual difference and novel weak-signal extraction method based on our
previous research in the cutting-edge field of NIR noninvasive blood glucose detection. Moreover,
novel ideas and approaches of our group to solve these problems are introduced, which may provide
evidence for the future development of noninvasive blood glucose detection, and further contribute
to the noninvasive detection of other body compositions using NIR spectroscopy.
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1. Introduction 350 million patients all over the world.! In China,

Noninvasive body composition detection plays a it accounts 9.7% of the total adults, which is ~90
significant role in the improvement of life quality — million, 3/4 of which are suffering from compli-
and the reduction of complications of the patients.  cations such as atherosclerosis, cardiovascular dis-
Taking diabetes as an example, there are about  eases and diabetic nephropathy.? Nowadays, blood
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Fig. 1. Requirements in different fields of NIR noninvasive
detection.

glucose detection still depends largely on the fre-
quent finger prick sampling, which usually bring
pain and fear to the patients despite minimum
invasion.® Therefore, near-unfrared (NIR) spec-
troscopy, with advantages of painlessness and con-
venience, is considered as the most promising tool to
achieve noninvasive detection of body composition.*

However, compared with other noninvasive
detection fields of using NIR spectroscopy, such as
food safety and environment monitoring, the non-
invasive detection of body composition requires
higher precision and stability of the instruments as
well as more rigorous measurement conditions, as
indicated in Fig. 1.

Therefore, new challenges emerge when NIR
spectroscopy is applied to the noninvasive detection
of body composition, and the precision has not yet
been clinically realized due to the following reasons.
First, the interesting body composition, for ex-
ample, the blood glucose, is usually trace in amount,
so the useful signal in the NIR spectra is quite weak
to detect. Second, the human body is commonly
defined as complex scattering medium in the bio-
medical photonics. Concentrations of other com-
ponents also vary from time to time because of the
metabolism (which is called background shift by our
group). Other factors, like the fluctuation of body
temperature, can also bring great interference to the
measurement. All these influences inevitably result
in measurement error of the interesting component.
Third, individual difference limits the weak-signal
extraction method. When differences exist in the
optical parameters of the tissue, they will cause
changes in the NIR spectra, but the interesting
component remains stable. Besides, instrument
precision is also one of the major influencing factors
in the noninvasive detection of body composition.”

In this paper, based on our previous research in
the cutting-edge field of NIR noninvasive blood

glucose detection, the new challenges in the non-
invasive detection of body composition using NIR
spectroscopy are first concluded from the aspects of
measurement methods, measurement conditions,
instrument precision, multi-component influence,
individual difference and novel weak-signal extrac-
tion method. Moreover, novel ideas and approaches
proposed by our group to solve these problems
are introduced, which may provide evidence for the
future development of noninvasive blood glucose
detection and further contribute to the noninvasive
detection of other body compositions using NIR
spectroscopy.

2. New challenges in the Noninvasive
Detection of Human Body
Compositions Using NIR
Spectroscopy

2.1. Measurement methods

The NIR spectroscopy has been adopted with
maturity in the areas of food safety and environ-
ment monitoring, and many online detections have
been successfully developed, such as composition
detections of grain crops,® tobacco” and identifi-
cation of fruit maturity.® Also, the flue gas, such as
escaping NHj3; monitoring has also achieved high
precision using NIR TDLAS.” However, the NIR
noninvasive detection of body composition is not
easily realized, since the Lambert—Beer’s law cannot
be fully satisfied as the human body is a complex
scattering medium, the concentration of interesting
component is usually trace in amount, and the
optical path length is unknown. Therefore, the NIR
noninvasive detection of body composition calls for
development of novel measurement methods.'"
First attempt to the body composition detection
using optical method was taken by Kaiser'' and
Jobsis'? in the 1970s. In 1987, Didhne et al. first
proposed the noninvasive measurement of blood
glucose using NIR absorption spectroscopy.'® More
and more attention were then paid to the non-
invasive blood glucose detection from 1990 to 1998
by either transmission or scattering methods,'* while
novel methods based on the diffuse-reflectance
method bloomed, such as OCT'® and metabolic heat
measurement.'® Especially since 2006, the focus was
emphasized again on the method innovation. For
example, OrSense Company of Israel tried to realize
dynamic and precise measurement of blood glucose
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through blood occlusion by external force. Chen
of CIOMP attempted to reduce the background
interference using subtracted blood volume spec-
trometry.'” Healthstat Company of Singapore in-
tended to apply long wavelength laser to measure
blood glucose by finger transmission spectroscopy.'®
GlucoLight Company of America focused on the
identification of special anatomic area on the skin
that was sensitive to the blood glucose.”

Our group has also emphasized on the innovation
of noninvasive blood glucose detection methods
using NIR spectroscopy, and initially proposed
the concepts of “float reference point”?’?! and
“aplanatic point”?? to meet the challenges of weak
signal, significant sensitivity to the individual dif-
ference and large body background and instrument
shift. We find that, in the aqueous glucose solution
(pure absorption medium), the absorbance does not
change with the glucose concentration at certain
wavelengths, which is expressed by

dA

il B (1)
dC, A=),

Therefore, the absorbance values at these wave-
lengths can reflect all the interferences which can
be regarded as “reference” to remove the inter-
ferences from the spectra. Such wavelengths are
named “reference wavelengths” and their existence
is explained by the replacement between water and
glucose molecules.??

Similar “references” are also proved in the intra-
lipid glucose solution (scattering medium, phantom
of human body) by further studies including Monte
Carlo simulation and phantom experiments, and
named “floating references” since they dynamically
represent interferences, and their existence proper-
ties are influenced by the source-detector separation
and wavelengths.”* We have also tried to explain
their existence that both absorption and the change
in the scattering light with the concentration of
interesting component, and the “float references”
appear-when the balance between the two effects is
reached, which can be given by

d® 9% Oy, 8<I>'8,u;_0 @)
de,  Op, Oc, Ouy Oc,

Moreover, the novel idea of “float reference” can also
be applied to improve temperature measurement of
certain solutions.?”

However, though new theories and methods
bloom in the field of noninvasive detection of body
composition since 1970s, none of them have
achieved clinical precision because of other major
interference factors.

2.2. Measurement conditions

Online monitoring using NIR spectroscopy can be
easily achieved in the fields of food safety and en-
vironment monitoring, because the measurement
conditions are simpler.

However, such measurement conditions can-
not meet the challenges of noninvasive detection
of body composition. The noninvasive detection of
body composition using NIR spectroscopy is an
indirect method based on complex models. Taking
noninvasive blood glucose detection as an example,
the blood glucose is predicted based on the model of
photon transmission in the tissue. The diffuse
equation is one of the basic models that express such
interactions. However, it can only be solved under
certain restrictions, for example, one of which to
achieve analytical solution to the stationary diffuse
equation in infinite medium is that the reduced
scattering coefficient (u}) should be much larger
than the absorptive coefficient (u,). Such condition
cannot be fully satisfied at wavelengths longer than
1500 nm. However, such wavelength range is just
where the glucose absorptive characteristics exist.
The Monte Carlo method is also believed to be the
most precise model to simulate the interactions
between the photons and the tissue. However, the
human skin is usually treated as ideal scattering
medium with three individual layers (the epidermis,
dermis and subcutaneous tissue) that contain
homogeneous absorptive and scattering coefficients,
respectively. Meanwhile, no interference factors,
such as background shift or random noise are added
during the simulation, which is quite different from
the real situations.’® On the one hand, the calcu-
lation is much more ideal and convenient due to
the modeling methods; on the other hand, the
measurement conditions become much restricted
and difficult to achieve.

Besides, the measurement precision is also influ-
enced by the position selection and repeatability,
contact pressure and temperature.’”?® In the non-
invasive blood glucose detection, positions that are
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exposed and convenient to measure are the priori-
ties for the patients, followed by other advantages,
like blood abundance, less interferences by other
components, individual difference or environment.
Therefore, palm, forearm, finger and earlobe usually
catch the attentions.?”*? The position repeatability
demands precise adjustment of mechanical parts,
and according to Kudo, repeatability can be greatly
improved if the location error is less than 0.2 mm.**
We also find that the contact pressure and the
temperature can significantly influence the NIR
diffuse-reflectance spectra, and according to Rong
Liu, the diffuse-reflectance light abated when the
contact pressure increased at wavelength range of
1100-1700 nm.** Also Chenxi studied the influence
of contact pressure on the NIR diffuse-reflectance
spectra measurement. Based on the solid-liquid
two-phase model, he also explored the tissue com-
pressive deformation by measuring bound water
and free water concentrations by second-order de-
rivative pressure modulation diffuse-reflectance
spectrophotometry.?> Meanwhile, Chen analyzed
the influence of the temperature on the NIR diffuse-
reflectance spectra measurement.??

The rigorous requirements of measurement con-
ditions raise the level of instrument precision,
increase difficulties and cost of instrument design.
Those interferences induced by the measurement
conditions should be removed by precise control,
model compensation and reference measurement
method.

2.3. Instrument precision

The noninvasive detection of body composition,
compared with other fields of detection using NIR
spectroscopy, such as food safety and environment
monitoring, requires enhancement of the instru-
ments precision with higher signal to noise ratio
(SNR) and stability because of the weak signal,
large background shift and rigorous measurement
conditions.

Our group also focused attention on the devel-
opment of NIR spectrometer with satisfying SNR
and stability for noninvasive blood glucose detec-
tion, and made several generations of proto-
types.?%3” The spectrometer consists of a halogen
tungsten lamp, an acousto-optic tunable filter
(AOTF), and single-wavelength is diffracted by the
AOTF using orthogonal polarization method. The

halogen tungsten lamp with stable illumination and
long-life endurance was surrounded by a three-layer
chamber to remain with high intensity and stab-
ility. AOTF, with the advantages of nonmoving
mechanical parts, programmable control and fast
switch of wavelengths, makes it possible for the NIR,
online detection. The orthogonal polarization
method can greatly reduce the background light,
which on the contrary, highlights the useful optical
signal. The spectrometer also includes photoelectric
transducers with high conversion efficiency, sensi-
tivity to the NIR wavelengths, low dark current and
shot noise, which improves the SNR of the system.
In the fiber optics probe design, maximum intensity
of useful signal is achieved from both simulation and
experiments through balancing the area of the
incident and receiving rings.?’

Furthermore, novel probe structure that is more
sensitive to the diffuse-reflectance photons propa-
gating through dermis is designed.*® For the pre-
treat methods, average filtering is adopted to reduce
the random noises, and dual optical path is applied
to remove interferences such as background and
instrument shifts.?%3” The spectrometer can finally
achieve a satisfying short-time SNR of 5000:1 and a
long-time SNR of 10,000:1, and the stability rep-
resented by a variable coefficient (CV) of about
0.01% when samples are repeatedly measured.

The advancement of the NIR spectrometer
depends largely on the novel design of the optical
system and suitable signal processing and modeling
methods, on which sufficient attention should be
paid in order to meet the challenge of NIR non-
invasive detection of body composition.

2.4. Multi-component influence

The human body is commonly defined as complex
scattering medium in the biomedical photonics.
Taking noninvasive blood glucose detection as
example, the blood consists of 90-91% water, 6.5—
8.5% proteins and 2% metabolites and other hor-
mones. The absorption bands usually result from
the overtone and combination of the C-H, O-H
and N-H vibrations in the NIR. Therefore, some
absorption bands of haemoglobin, albumin, water
and glucose are overlapped, which influences the
measurement of interesting component.

We find that, the chance correlation among
the concentrations in a multi-component medium
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Fig. 2. Comparison between (a) uncorrelation between concentrations of glucose and hemoglobin and (b) chance correlation

between concentrations of glucose and hemoglobin.

deserves attentions.?”*" As illustrated in Fig. 2,
when the concentration of an interfering component
happens to have a similar change as that of the
interesting component, chance correlation occurs
and the multivariate regression model will take both
changes as useful signal induced by the glucose.
However, when the “chance correlation” disappears
later, the previous model will be out of predict-
ability. The reason is that the multivariate re-
gression model emphasizes on the variance of the
spectrum induced by all the components.*! Fur-
thermore, chance correlations can also result from
instrument shift and temperature, which decreases
the prediction precision.?”*"

To solve the problem, we propose that the random
sampling is the best way to avoid the chance corre-
lation induced by the instrument shift, while in the
in vitro multi-component experiments, chance cor-
relation induced by the interference components
should be averted by suitable design of the steps. As
to the in vivo experiments, such chance correlations
cannot easily be removed since measurement con-
ditions and physiological status cannot be inten-
tionally controlled. Chance correlation is one of the
challenges confronting the selection of modeling
method in the noninvasive body composition detec-
tion, and our group also tries to lucubrate from the
aspect of net signal extraction.*”

In short, in the multi-component medium, overlap
of the absorption bands among different components,
chance correlations induced by interference com-
ponents and instrument shift require innovation of
modeling methods and suitable experiment design.

2.5. Individual difference

Individual difference is one of the major challenges
that specially define the applicability of methods on
the objectives. For example, the individual difference
means different tissue optical properties (absorption
coefficient, scattering coefficient, refractive index,
anisotropic factor, etc.) in the noninvasive blood
glucose detection. The variations of a certain par-
ameter will bring changes in the spectra just as the
concentration change of interesting component.
Therefore, the concentration of the interesting com-
ponent cannot be distinguished under obvious indi-
vidual difference.

We carry out several relevant studies to solve the
problem. First, in order to study the influence of in-
dividual difference on the NIR spectrum measure-
ment, we have defined, both by Monte Carlo and
phantom experiments, that 3% intralipid has the
maximum probable parameters as human tissue.
Conclusions made on such basis can be more con-
fidently applied to the in wvitro and in vivo exper-
iments, such as the floating reference method.?%37 3

Moreover, we attempt to develop new methods of
reconstructing the parameters based on the diffuse-
reflectance spectroscopy.** Chenxi Li put forward a
novel parameter reconstruction method in the fol-
lowing steps, as shown in Fig. 3. First, diffuse-reflec-
tance spectra is calculated by Monte Carlo
simulation with defined parameters and simplified by
principal component analysis (PCA). Then, a neural
network is trained by nonlinear regression between
the parameters and the scoring matrix of the spectra.
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Fig. 3. Schematic of novel parameter reconstruction method using PCA + ANN.

Meanwhile, diffuse-reflectance spectra of samples
with unknown parameters are measured by a double-
integrating-sphere system and also simplified by
PCA. Finally, the unknown parameters can be
reconstructed when the scoring matrix of the
measured spectra are put into the trained neural
network. The development of novel parameter
reconstruction method, with advantages of broad
applicability and flexibility, has its practical value
when individual difference exists, which puts the
theories proved by phantom, in wvitro and in vivo
experiments into practice.

2.6. Novel weak-signal extraction
method

After all, the noninvasive detection of body com-
position is still a kind of weak signal measurement

which not only depends on the high SNR and sta-
bility of the instrument, but also calls for a novel
weak-signal extraction method from complex infer-
ences. The reference measurement method has been
proved effective for background subtraction. As
above mentioned, our group has developed a novel
“floating reference method” to extract the weak
glucose signal in the NIR spectra,’*3537 as shown in
Fig. 4.

The idea of this method is that, in the noninvasive
blood glucose detection, the change in the diffuse-
reflectance light includes useful signal induced by
the glucose change as well as interferences, such as
background and instrument shift. However, the dif-
fuse-reflectance light does not change with the
glucose concentration at certain source-detector se-
parations or wavelengths, and thus can be regarded
as “float reference” to remove all the interference

Fig. 4. Principles of float reference measurement method.
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factors. Since the fiber optics probe is designed with a
detecting ring (B) and a reference ring (A), the NIR
spectra collected by the detecting ring can be cor-
rected based on those of the reference ring. The
results indicate that, the float reference method can
greatly reduce the calibration and prediction error of
the partial least square (PLS) regression model.*

However, the float reference method also has its
limitations.?!+*6 These references are sensitive to the
tissue parameters, such as absorption coefficient and
scattering coefficient, i.e., the method is sensitive to
individual difference which, on the other hand,
restricts the design of the fiber-optics probe. Adjus-
table reference ring will surely increase the difficult-
ies and the cost of the probe design. To solve the
problem, we have tried to adopt eight indivi-
dual detecting optic fibers which are distributed in
a ring, and movable by their respective stepping
motors.*” We also focus our attentions on developing
the float reference method at multi-wavelengths,
and broad our vision from 1-dimensional spectrum
to 2-dimensional or 3-dimensional hyper spectral
imaging. Such innovation attempts may bring
more abundant useful information for the detection
of interesting components. In all, compared with
advancement in instrument precision, novel weak-
signal extraction method plays a key role in dealing
with the challenges in the noninvasive detection of
body composition using NIR spectroscopy.

3. Conclusion

The noninvasive detection of body composition,
compared with other fields of detection using NIR
spectroscopy, such as food safety and environment
monitoring, requires higher precision of the instru-
ments as well as more rigorousness of measurement
conditions. Therefore, new challenges emerge when
the NIR spectroscopy is applied to the noninvasive
detection of body composition.

In this paper, based on our previous research in
the cutting-edge field of NIR noninvasive blood glu-
cose detection, new challenges in the noninvasive
detection of body composition using NIR spec-
troscopy are concluded from aspects of measurement
methods, measurement conditions, instrument pre-
cision, multi-component influence, individual differ-
ence and novel weak-signal extraction method.
Moreover, novel ideas and approaches proposed by
our group to solve the problems are introduced.

With the development of NIR noninvasive
detection of body composition, technique inno-
vations will play a significant role in meeting the
new challenges, which includes new principles and
theories, advanced instrument designs, and effective
interference and individual difference reduction and
weak-signal extraction methods. Those innovations
require not only the extension of current methods
but also the complete exploration of new areas.
Since the NIR noninvasive detection of body com-
position is a cross-disciplinary subject, the inno-
vations also depend greatly on the new theories and
methods in mathematics and physics, and experi-
ence from other areas related to the noninvasive
detection, such as magnetic resonance imaging and
diffuse-reflection tomography.
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