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Abstract Human skin optical properties were studied in vivo using terahertz (THz) time-

domain spectroscopy. For the attenuated total internal reflection (ATR) the silicon Dowe prism

was used. The measurements were carried out on six volunteers with normal blood glucose

concentration and in good health. A standard oral glucose tolerance test was also performed. The

ATR spectra of palm skin were consecutively measured at 0–90 min after glucose intake. The

variations of the ATR spectra of human skin were correlated with the changes in blood glucose

level. The amplitude of ATR signal of human palm skin increased and the phase decreasedwhen

glucose concentrations in blood rose above the normal level. Our results demonstrate the pos-

sibility of a non-invasive real-time measurement of blood glucose concentration.

Keywords Terahertz time-domain spectroscopy � Attenuated total internal reflection �
Human skin � Glucose � Water

1 Introduction

Accurate and efficient assessment of blood glucose concentration is critical in clinical man-

agement of many pathological conditions in human population. There is a direct relationship

between the level of glucose in the blood of patients with diabetes and the probability of
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developing complications of the disease (Fowler 2008). So monitoring of glycemic status is

considered to be a cornerstone of diabetic patients care. Measurements of glucose concentration

in blood are best determined by standardized laboratory techniques using blood plasma bio-

chemistry analyzers. However, disadvantages are long measurement time, and a relatively large

sample volumeneeded to obtain the results (Rebel et al. 2012; Summaet al. 2014).During the last

20 years, many portable blood glucometers for humans have appeared on the market. They are

readily available, inexpensive, and provide immediate results while utilizing small quantities of

capillary blood (Rebel et al. 2012;Clarke andFoster 2012).However, control of diabetesmellitus

involves daily self-monitoring of blood glucose by finger puncture several times a day to obtain a

blood sample for further analysis. This procedure is invasive, painful, non-safe andunpleasant for

patients. In the past decades much attention had been paid to the development of spectroscopic

methods for noninvasive glucose measuring. These approaches include polarimetry (Cameron

and Anumula 2006), near-infrared spectroscopy (Burmeister et al. 2000), Raman spectroscopy

(Lambert et al. 2005), photoacoustics (Ren et al. 2015) and optical coherence tomography (He

et al. 2012).

Terahertz time-domain spectroscopy (THz-TDS) has not yet foundwide application in this

field. A distinctive feature of thismethod is the possibility ofmeasuring directly the refractive

index, absorption coefficient, and hence complex permittivity spectrum of the sample in a

single scan and in a broad frequency range (Newnham and Taday 2008). Water has much

influence on THz transmission and reflection from bio-objects, since water has strong

absorption and dispersion in GHz and THz ranges. Since the energy of THz photons is

insufficient to ionize molecules in biological systems (Angeluts et al. 2014b), THz spec-

troscopy appears to be a promising tool for bio and medical research. These circumstances

make it possible to develop a rapid diagnostics method (Pickwell and Wallace 2006; Parrott

et al. 2011; Truong et al. 2012; Angeluts et al. 2014a; Cherkasova et al. 2014).

The application of THz spectroscopy for studies of both normal human skin (Pickwell et al.

2004;Nazarov et al. 2010; Echchgadda et al. 2013; Zaytsev et al. 2015a, b) and skin pathologies

(Pickwell andWallace2006;Zaytsev et al. 2015a, b IEEE) invivohas been reportedpreviously.

We found no studies of the human skin optical characteristics when glucose concentration in

blood is varied. However, it has previously been shown that the transmission coefficient of

animal ear skin in subTHz (0.03–0.04) and THz (0.34) frequency ranges correlates with blood

glucose concentration (Sigel et al. 2014; Sun et al. 2013). In the present paper, we describe the

studies of human skin using THz-TDS in vivo.Wemeasured the ATR spectra of human skin at

normal blood glucose concentration and their variations during a standard oral glucose toler-

ance test. The observed results highlight the prospects of the described technique for the use in

non-invasive real-time measurement of blood glucose concentration.

The paper is organized as follows. In Sect. 2 we describe the experimental setup for

THz–TDS and the samples under study. In Sect. 3 we present the experimental ATR

spectra of human palm skin in vivo. In Sect. 4 we discuss the features of human skin THz

response for volunteers with high blood glucose concentrations by comparing skin-related

experimental results with Debye model of the dielectric function of glucose aqueous

solution. Section 5 summarizes the main results of the present paper.

2 Experimental techniques

The THz time-domain spectrometer used in the study was described previously (Nazarov

et al. 2008; Cherkasova et al. 2009). We used the radiation of a Ti:sapphire laser with a

wavelength of 790 nm and a pulse duration of 90 fs with 1 wt average power. For THz
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emission, the semiconductor (LT-GaAs) surface was used. For THz detection the electro-

optical ZnTe crystal of 1 mm thickness was used. The Fourier transform of the measured

pulse time profile provides the complex spectrum comprising information on the refractive

and absorption indices of the medium where the pulse has been reflected or transmitted.

We do not use maximal spectral resolution of 10 GHz in the experiments with wet bio

samples, because all known spectral features are at least 200–1000 GHz wide in this case.

Thus 20 ps time scan is enough to get all useful information.

The experiments were carried out using the attenuated total internal reflection (ATR)

optical scheme (Newnham and Taday 2008) with a silicon (nSi = 3.42 in all THz range)

right angle Dowe prism (Fig. 1), with p-polarized radiation. The penetration depth (d in

Fig. 1) of radiation inside the sample decreases with frequency from 1000 to 30 microns

within the frequency range used (0.1 – 2.5 THz) (Nazarov et al. 2010; Angeluts et al.

2014a).

Figure 2 shows a typical ATR spectrum from human skin and a reference signal from a

clean prism surface in our spectrometer. In this case within the reliable frequency range

0.3–2.0 THz we have a dynamic range of two orders of magnitude. A sharp dip at 1.7 THz

in both spectra is due to a strong absorption by atmospheric water vapor; as a result some

artifacts are observed in the extracted ATR spectra at 1.6–1.8 THz.

The reflection from the free base of the prism was used as the reference signal Er(x), in
the second measurement the sample was placed on the prism base—Es(x). In addition to

the simplicity of the reference-signal measurement, the method of attenuated total internal

reflection has another advantage compared with the conventional reflection, the ATR

amplitude |Rp(x)| = |Es(x)|/|Er(x)| is relatively high. The phase spectra are calculated as

Phase(x) = -arg(Es(x)/Er(x)).
The ATR spectra Rp(x) allow one to extract the conventional absorption coefficient—

a(x) and refraction index—n(x), through complex dielectric function e(x) as follows:

e ¼
1þRp
1�Rp

� �2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þRp
1�Rp

� �4

� sin2ð2HÞ 1þRp
1�Rp

� �2
r

2 cos2 H
; ð1Þ

a ¼ x
c
Imð

ffiffi
e

p
Þ; n ¼ Reð

ffiffi
e

p
Þ; x ¼ 2pf ð2Þ

Here h = 57� is the incidence angle inside the prism (Fig. 1). We used a weakly

focused THz beam (the signal was concentrated in 4�8 mm2 area), hence h has a Gaussian

distribution between 53� and 61�, which leads to artifactural increase of reflection

amplitude at frequencies lower than 0.2 THz (see Figs. 3, 4), which limits the application

range of Eq. (1). For the case of well described pure water, we confirm the applicability of

Eqs. 1–2 and 6, see Fig. 3 and Fig. 6 below.

Fig. 1 Scheme of the attenuated
total reflection measurement
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Since the temporal shape of reflected THz pulse E(t) is not changed considerably (see

Fig. 2a), we may use the pulse amplitude and time position as the integrated characteristics

of ATR amplitude and phase. In particular, we use:

Rint ¼ ðEs;max � Es;minÞ= Er;max � Er;min

� �
; DT ¼ t Es;max

� �
� t Es;max

� �
ð3Þ

Here Es indicates signal, Er – reference, Emax and Emin are corresponding maximal and

minimal values in the time-domain, t(Emax) is the time moment of maximal E value. This

way of data analysis is more stable to experimental artifacts and it can be used (see Fig. 6

below) in the case of the absence of sharp spectral features.

The measurements were carried out on six volunteers. They were in good health and had

a normal blood glucose concentration (4.2–5.9 mM). The study was performed in accor-

dance with Good Clinical Practice (GCP) and with the 1964 Helsinki declaration and its

later amendments. All volunteers signed an informed consent agreement. The standard oral

glucose tolerance test using 75 g of glucose was performed with all volunteers (Standards
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Fig. 2 Reference (solid black line) and sample (dash grey line) ATR signals. a In time-domain, b in
frequency domain. Reference—ATR spectrum from clean prism surface, signal—ATR spectrum from
human skin
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Fig. 3 The ATR spectra of the
intact human skin (lines 1–3),
glycerinated human skin (line 4)
and water (line 5). |Rp| is the
ATR amplitude normalized to the
reflection from the surface of the
prism without the sample
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of Medical Care in Diabetes 2014). The blood glucose concentration was determined with

a commercial glucometer ‘‘OneTouch Ultra’’ (USA). The volunteers pushed their palm to

the prism base for 3 min to obtain a reflection spectrum. It is important to have good

optical contact between the skin and the prism. We used a 0.2 ml 84 % glycerol solution in

distilled water to improve this optical contact and to increase the THz field penetration

depth into the skin. The processing time of glycerol was 10 min. The ATR spectra of skin

on the palm of the hand in vivo were consequently measured 0–90 min later after glucose

intake.

3 Results

The ATR spectra of three independent measurements of an intact human skin and skin

treated by glycerol for 10 min of the same volunteer are shown in Fig. 3. Broad ‘‘peaks’’ at

1.2; 1.4; 1.7 THz are experimental artifacts of our spectrometer. The effect of glycerol on

the ATR spectrum of palm skin is that the decline of |Rp| at frequencies lower than 0.5 THz

became more pronounced. This is primarily the consequence of the improved optical

contact between palm and prism surface and the fact that most of the THz field reaches the

dermis containing water. The ATR amplitude of the intact human skin is 0.90 ± 0.01 (SD)

at 1.0 THz. Errors related to measurements repeatability were estimated from a series of

three independent scans, and they do not exceed 1.3 %.

Then we examined the effect of ingestion of glucose solution on the ATR spectra of

human palm skin. It is known that for 30 min after glucose ingesting its concentration in

the blood increases significantly (Rebel et al. 2012). The ATR spectra of human palm skin

after ingesting glucose solution are shown in Fig. 4. The largest variations ATR spectra are

observed for the 0.1–0.5 THz frequency range. The amplitude and phase of ATR signal of

human palm skin are changed when blood glucose concentrations rise above the normal

levels. In the case of measuring the reflection from the skin at different glucose concen-

trations in blood, changes in the phase are more pronounced. Surprising is the observed

reflection difference after glucose intake at high ([1 THz) frequencies, where THz pen-

etration inside tissue is of the order of 30 microns (Nazarov et al. 2010), here in epidermis

there should be no blood vessels with glucose.
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Fig. 4 The ATR amplitude |Rp| (a) and phase arg(Rp) (b) of human skin at different times (0, 45, 90 min)
after ingesting the glucose solution
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The correlation of the ATR amplitude of human skin and glucose concentration in blood

is demonstrated in Fig. 5. In this case we use ATR amplitude Rint integrated over the used

frequency range, and time shift DT (see Eq. 3). It can be seen that the variations of the

optical characteristics of human skin correlate with the changes in blood glucose level.

4 Discussion and modeling

Human skin has a complex multilayered structure in which several subsystems are inter-

laced, including blood vessels and capillaries, the sebaceous glands, various extensions of

the nervous system, hair and their follicles (Schaefer and Redelmeier 1996). Conven-

tionally the skin is described as divided in two major layers. The inner layer, the dermis, is

1–4 mm thick. It consists mainly of connective tissue composed of collagen fibers. Other

dermal structures include nerves, blood vessels, lymph vessels, muscles, and gland units.

The outer layer, the epidermis, is typically 40 microns thick, but it can be much thicker on

loadbearing areas such as palms and soles (Caspers et al. 2003; Bashkatov et al. 2005). The

penetration depth of the THz radiation in the tissue is frequency dependent in ATR method

and is of the order of 30–1000 microns (Nazarov et al. 2010), thereby enabling to obtain

spectral information primarily from the epidermis at frequencies above 1 THz and from

dermis at frequencies below 0.3 THz. The water content of epidermis layer is as low as

15 %, and the protein and lipid contents are 70 and 15 %, respectively (Schaefer and

Redelmeier 1996). Because of this, the reflection spectrum of skin differs significantly

from that of water in absolute values, but spectral shape is still mainly determined by

Debay relaxation of water molecules as we can see in Figs. 3 and 6.

It has previously been shown that the use of glycerol enhances the THz wave pene-

tration depth in tissues (Genina et al. 2010; Oh et al. 2013; Kolesnikov et al. 2014). We

used glycerol to reduce the reflection between the epidermis and dermis and to improve

optical contact between palm skin and prism surface. The reflection spectrum of glyceri-

nated human skin is shown in Fig. 3 (line 4). The mechanism of glycerol action on the skin

is replacement of water molecules in the tissues (Genina et al. 2010, 2015). The absorption

coefficient of glycerol at 1 THz is three times smaller than that of water (Oh et al. 2013).
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Fig. 5 The ATR amplitude Rint (a) and time shift DT (b) of human skin and glucose concentration in blood
(mM) versus time (min) after glucose intake
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As glycerol applied to the skin is absorbed, the volume fraction of water content in the skin

decreases and, finally, the THz waves penetrate deeper into the tissue.

The spectral shape of the biological tissue is mainly determined by water present in it,

having a strong dispersion at low frequencies. The main features of dielectric permittivity

of water are described by simple Debye model (Raicu and Feldman 2015):

ewater ¼ e1 þ De1
1þ ixsD

þ � � � ð4Þ

where De1 & 75 is the dielectric strengths of the Debye term with relaxation time

sD & 9 ps, e? & 3 is the dielectric constant in the high frequency limit. When using

THz-TDS involving the spectral range of 0.1–3.0 THz, the Debye model usually takes into

account the second ‘‘fast’’ Debye term and the high frequency (x0/2p & 5.3 THz) Lorentz

term (Markelz 2008; Yada et al. 2008; Shiraga et al. 2013; Fitzgerald et al. 2014; Penkov

et al. 2015). We have previously shown (Cherkasova et al. 2015, 2016) that the presence of

glucose does not affect significantly the additional terms even in saturated solution, and for

clarity, we limit ourselves to a substantial and influential contribution to the main, ‘‘slow’’

term.

The spectrum of the optical characteristics of the skin in the THz range can be repre-

sented as a spectrum of effective medium consisting of ‘‘dry tissue’’ (etissue) and an aqueous
solution (ewater) of glucose, hemoglobin and other blood components (Feldman and

Puzenko 2009; Ney and Abdulhalim 2011). All these components have been studied in the

solid state and it was shown that only polycrystalline glucose has pronounced spectral

features within this THz range (Nazarov et al. 2010). Anyway, in the presence of water all

those components, including glucose have a smooth, structureless spectrum with low

dispersion and absorption increasing with frequency. The dielectric response of such

medium can be roughly described by a constant, complex dielectric function. The best fit

for our experimental data is obtained with etissue = 3.5- i�0.3 (Fig. 6).

Within the rough skin model as a sum of homogeneous ‘‘dry tissue’’ and a glucose

solution, the complex permittivity of skin eresult can be expressed by the equation:

eresultðxÞ ¼ ewaterðxÞ � Cwaterð Þ þ etissue � 1� Cwaterð Þ ð5Þ
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Fig. 6 The model ATR spectra
of ‘‘dry tissues’’(solid grey line),
water (dash dot line) and model
skin (dash line), consisting of
water and ‘‘dry tissue’’. A black
line shows the experimental ATR
spectrum of glycerinated skin
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Here Cwater is volume concentration of water solution. Of course more complicated and

precise effective media models are known for the skin (Bennett et al. 2011; Heh and Tan

2012) but the difference between the predictions of those models are less than the present

experimental errors, so we use the simplest one.

Knowing the dielectric function of the solution, Rp(x) is calculated using Fresnel

formula:

R̂pðxÞ ¼
n̂2ðxÞ cosðhÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n̂2ðxÞ � sin2ðhÞ

q

n̂2ðxÞ cosðhÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n̂2ðxÞ � sin2ðhÞ

q ; n̂ðxÞ2 ¼ eðxÞ=n2Si ð6Þ

Note, that Eq. 1 is just a transformation of Eq. 6. Analysis of the experimental ATR

spectra (Fig. 3) was performed by comparing the experimental skin spectra with the

dielectric function of skin model eresult (5). Figure 6 shows a good agreement with

experiment. By approximating the experimental results by Eqs. (4–6) we get the volume

fraction of the aqueous solution in the probed skin layer (20 ± 3 %). So, we may predict

the features of the experimental ATR spectra at a normal glucose concentration in human

blood.

The next step will explain the observed changes in the experimental ATR spectra after

ingesting the glucose solution (see Fig. 4). When water molecules are physically or

chemically bound to biomolecules (sugars, proteins), the relaxation time of bound water sD
increases, which affects the shape of the GHz and THz spectra of such solutions (Fuchs and

Kaatze 2001; Raicu and Feldman 2015). Note, that the method of microwave dielec-

trometry has previously shown the changes in the ratio of free/bound water in diabetic rat

erythrocytes (Shatalova et al. 2011). Assuming that the observed spectral changes are due

to changes in the state of water, we selected one of the parameters of the Debye model of

aqueous solution, namely sD, leading to the spectral changes observed in the experiment

(Fig. 7). This change in the response of bound water can be the reason of the observed

changes in our experiments at increasing glucose concentration in blood. We have

previously demonstrated that when the concentration of glucose in blood rises to 24 mM,

De1/sD ratio decreases 1.2 times (Cherkasova et al. 2015, 2016). From the GHz data (Fuchs

and Kaatze 2001) we know, that mostly sD increases in this case, but not De1. When the

concentration of glucose in water grows from 0 to 4 mol/L, sD increases approximately
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217 Page 8 of 12 O. Cherkasova et al.

123



from 10 to 100 ps. In the case of ATR at frequencies above 0.1 THz, this leads to almost

uniform increase in the amplitude and phase of the reflection coefficient (See Fig. 7).

To explain the observed changes in the experimental ATR spectra after ingesting the

glucose solution we propose the working hypothesis. It is known that glucose concentra-

tion in the aqueous solution leads to a decrease in De1/sD. In the effective medium (skin),

such changes occur for 20 % of the volume, as we have shown above. These changes alter

the ATR spectrum of skin (Eqs. 1–4). Figure 7 confirms our hypothesis and shows that the

change in the ATR amplitude and phase of model skin are determined only by variations of

the slow Debye process. Another explanation may be proposed to account for the observed

changes in the experimental ATR spectra after ingestion of glucose solution: glucose

affects the concentration of water in the skin. Figure 7 demonstrates how this hypothesis

should work. Using THz-TDS as broadband and integrated spectroscopy we can separate

these two cases—change in the response of bound water (sD) or change in water con-

centration (Cwater). But signal to noise ratio and measurements repeatability in in vivo

measurements should be considerably improved for that purpose.

Hyperglycemia causes an increase in osmolarity of the blood, which leads to the loss of

fluid by cells (intracellular dehydration), an increase in the blood microcirculatory dis-

turbances and changes in the aggregation of erythrocytes. When we observe changes of the

ATR spectra after ingestion of glucose solution we see the effect that has a high level of

blood glucose concentration on tissue and skin. It has previously been shown that in vivo

variations of blood glucose affect the biophysical characteristics (e.g. dielectric and

optical) of skin and underlying tissue at various frequencies (Caduff et al. 2009). Many

factors affect the properties of the skin, and only a combination of different types of

sensors may help to avoid mistakes (Zanon et al. 2013). Our experimental approach may be

useful in addition to other existing methods of evaluation blood glucose concentration

in vivo.

5 Conclusion

We measured human skin spectra in vivo using THz–TDS and ATR optical scheme. The

ATR spectra of palm skin were consecutively measured at 0–90 min after glucose intake at

standard oral glucose tolerance test. We used glycerol to improve the optical contact

between the palm skin and the surface of the prism and to increase the sensitivity of our

method. The largest variations of the ATR spectra were observed within the 0.1–0.5 THz

frequency range. These variations of the optical characteristics of human skin were cor-

related with the changes in blood glucose level. The ATR amplitude of human palm skin

increased when the glucose concentrations in blood rose above the normal level. The

changes observed in the spectra are described with good accuracy by the reduction in the

ratio De1/sD in the Debye model of the glucose aqueous solution. This change in the

response of bound water is the reason of the sensitivity of in vivo THz skin measurements

to high glucose concentration in blood. Thus we identified the main reason and conse-

quences of variation in the human skin THz response when the level of glucose in the

blood is increased. Our results demonstrate the possibility of non-invasive real-time

measurement of blood glucose concentration.
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