
Quantify Glucose Level in Freshly Diabetic’s Blood
by Terahertz Time-Domain Spectroscopy

Hua Chen1 & Xiaofeng Chen2 & Shihua Ma1 &

Xiumei Wu1 & Wenxing Yang1 & Weifeng Zhang2 &

Xiao Li2

Received: 6 October 2017 /Accepted: 22 December 2017 /
Published online: 15 February 2018
# The Author(s) 2018. This article is an open access publication

Abstract We demonstrate the capability of terahertz (THz) time-domain spectroscopy (TDS)
to quantify glucose level in ex vivo freshly diabetic’s blood. By investigating the THz spectra
of different human blood, we find out THz absorption coefficients reflect a high sensitivity to
the glucose level in blood. With a quantitative analysis of 70 patients, we demonstrate that the
THz absorption coefficients and the blood glucose levels perform a linear relationship. A
comparative experiment between THz measurement and glucometers is also conducted with
another 20 blood samples, and the results confirm that the relative error is as less as 15%. Our
ex vivo human blood study indicates that THz technique has great potential application to
diagnose blood glucose level in clinical practice.
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1 Introduction

Recently THz-TDS has been proved to be a feasible and effective way to detect protein [1–3],
DNA [4, 5], biopolymers [6], and biomolecules [7, 8] et al. This technology opens potentially
many applications for THz spectroscopy [8, 9] such as biomedicine, pharmaceutical analysis,
real-time monitoring of biological processes, and detecting and identification of harmful
biological species [10–13]. In the past, THz-TDS has been used to investigate the dielectric
properties of the ex vivo blood of human and rat [14–19]. This opens a new way to diagnose
blood glucose level in diabetes.
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Diabetes is a group of metabolic diseases in which a person has high blood
glucose level. This high blood glucose level produces the classical symptoms of
polyuria, polydipsia, and polyphagia. In clinical practice, for the majority of healthy
individuals, normal blood glucose levels are under 108 mg/dl when fasting and up to
140 mg/dl after 2-h post-prandial. For people with diabetes, blood glucose levels are
more than 126 mg/dl when fasting and 200 mg/dl or more after 2-h post-prandial. In
2015, according to the International Diabetes Federation (IDF), at least 415 million
people worldwide suffer from diabetes. Its incidence is increasing rapidly, and it is
estimated that by 2030, this number will almost double [20]. In our previous study
[15], based on the THz absorption coefficient spectra study on human’s bloods, we
demonstrated that the THz absorption coefficients and the blood glucose levels
perform a linear relationship. However, only less than 12 samples were studied and
the relative error was high. Here, with 70 freshly diabetic’s bloods, we further study
the effect of blood glucose level on the THz absorption properties. Our results
confirm that the THz absorption coefficients of blood vary at different glucose level,
and they perform as a linear relationship with the relative error as less as 15%.
Meanwhile, the capability of THz-TDS to quantify the blood glucose level without
any other methods is also confirmed by a comparative experiment between THz
measurement and glucometers with another 20 blood samples. Our investigation
demonstrates that THz wave has the potential application to clinical human blood
glucose level diagnostics.

2 Experimental Setup

A standard terahertz time-domain spectroscopy apparatus for transmission measures is used.
The setup and corresponding experimental data analysis method has been discussed in detail in
our previous reports [21, 22]. In brief, the THz-ray is generated by the (1 0 0)-oriented InAs
wafer, which is excited by optical pulses from a mode-locked Ti-sapphire laser (λ = 800 nm,
τFWHM = 100 fs). The repetition rate of the laser is 82 MHz. The THz radiation from the InAs
is collimated and focused onto the sample layer by means of the off-axis parabolic mirrors.
Using another parabolic mirror, the transmitted THz pulses through the sample are again
collimated and focused onto the detector, which is an electric-optic (EO) crystal ZnTe. Probe
beam, derived from the same optical source by a half mirror, is employed to gate the detector.
We generate and detect the THz signal in nitrogen condition to get rid of the influence of water
vapor on the spectra.

An Omni Cell™ System (Specac Limited, UK), as shown in Fig. 1, is used as a sample
chamber for transmission measurement. The liquid sample system is with two polythene (PE)
cell windows and a 200-μm-thick Teflon chamber. They are sandwiched by two plates and
locked by four quick release nuts. After the liquid blood sample being injected into one filling
port, we seal the port by luer plugs. During THz measurement, the room temperature is kept at
23° C with a stable humidity 50%.

At first, we measured pure water (tap water) with this liquid sample system for
repeatability test, and the test number was five. After one test done, we changed
water for the next test. Figure 2 shows the absorption coefficient spectra of water. The
data was acquired between 0.2 and 0.9 THz, and the high water absorption made the
data unreliable in the higher THz frequency. The results based on five tests indicate
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that our measurement has a high repeatability, and the ratio of the standard deviation
to the average value was as low as 3%.

3 Sample Preparation and Blood Spectra Acquisition

In 3 years, we have measured 70 different human’s blood samples (mean age 61 years; range
51–82 years), and these samples were provided by Nanjing Medical University, Nanjing,
China. The freshly extracted blood samples from diabetes were first injected into heparin
vacutainer and we added heparin as anticoagulant (15 US Pharmacopeia units of heparin per
milliliter of blood) [23]. And then, we brought the samples into THz measurement within half
an hour. During the carrying, we kept the samples in cold storage condition (≈ 4 °C). Before
the experiment, we raised the temperature of the sample to the room temperature by soaking
the vacutainer in 25 °C warm water for 5 min.

For each measurement, a reference waveform was taken with the empty chamber. All the
acquired sample and reference waveforms were converted to their Fourier transforms Es(ω)

Fig. 1 Omni Cell™ System

Fig. 2 Five-times measured
absorption coefficients of tap
water. The error bars represent the
standard deviation of the mean and
the test number is 5
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and Eref(ω), respectively. Then the THz electric field transmitted through the empty chamber
Eref(ω) is:

Eref ωð Þ ¼ Es ωð Þ � T ωð Þ PE−airð Þ � e iω�d=cð Þ � T ωð Þ PE−airð Þ; ð1Þ

where Es(ω) is the electric field of the THz source, ω is the THz angular frequency, d is the
thickness of the fluidic chamber, and c is light speed. T(ω) is the transmission coefficient; And
the electric field transmitted through the chamber with blood Esam(ω) is:

Esam ωð Þ ¼ Es ωð Þ � T ωð Þ PE−bloodð Þ � e iω�d�n ωð Þ=cð Þ � e −ω�d�κ ωð Þ=cð Þ � T ωð Þ PE−bloodð Þ; ð2Þ

where n(ω) and κ(ω) are the real and imaginary parts of the refractive index of blood. T(ω)1–2,
which is the transmission coefficient from media 1 to media 2, has the form of 2n1

n1þn2
, where

n ¼ nþ iκ is the complex refractive index. The THz absorption in air is neglected. For the
refractive indices of PE and air are 1.5 [24] and 1, respectively, and the absorption of PE is
negligible [24]. Therefore, the complex refractive index of blood can approximately be
described as [25–27]:

κblood ωð Þ≈
ln Esam ωð Þ

Eref ωð Þ
��� ���2

� �

d

2
664

3
775� c

2ω
; ð3Þ

nblood ωð Þ≈ Δ∅ sam−ref
� �� c=ωd þ 1; ð4Þ

where (△Øsam-ref) is the phase difference between the sample and the reference. With the
knowledge of sample thickness d, the absorption coefficient α can be calculated based on the
Beer-Lambert law [27]. We substitute the approximate nblood and κblood calculated by Eq. (3)
and Eq. (4) back to Eq. (2). The transmission coefficients through interfaces can thus be
eliminated to keep the blood induced absorption exponential term and to calculate new nblood
and κblood. By repeating this process several times, the nblood and κblood will converge to fixed
values. As the converged nblood and κblood values had less than 0.001 variations, the iteration
process stopped. The absorption coefficient α is calculated as:

α ¼ 2 �ω � κ ωð Þ
c

¼ −
ln Esam ωð Þ

Eref ωð Þ
��� ���2

� �

d
; ð5Þ

Figure 3a shows one time domain waveforms of the THz pulse measured after the empty
chamber and two corresponding traces measured after the chamber filled with blood. The
measured THz waveforms show a main pulse that comes from the direct transmission through
the sample, but there also is a smaller pulse following the main pulse caused by the internal
Fabry-Pérot (FP) reflection in the PE windows [28]. In our experiments, the smaller reflected
pulses are well separated from the main pulses. These echoes are truncated from the measured
terahertz waveforms by restricting the waveforms within a finite time window. Therefore, the
effect of reflection in the PE windows on the absorption coefficient could be neglected. The
glucose level of two blood samples is 105.8 and 136.9 mg/dl, respectively, which are measured
by glucometers. The corresponding frequency-domain waveforms obtained by the fast

402 J Infrared Milli Terahz Waves (2018) 39:399–408



Fourier transform are shown in Fig. 3b. Figure 4 shows the calculated absorption coefficient
spectra of two blood samples. As previously mentioned, the blood chamber is 200 μm thick.
Based on a quick calculation, a round trip distance of the THz wave in the sample cell was
400 μm. The corresponding FP effect [28] occurrence frequency was theoretically above
0.75 THz. From the spectra, we observe that the occurrence of FP effect starts from
0.60 THz. Therefore, the effective bandwidth of the measurement system is from 0.20 to
0.50 THz. It is clear that the blood sample with higher glucose level absorbs more THz wave
and the absorption coefficients increased with the frequency. The distinguishable absorption
contrast is the key to realize using THz wave to quantify the glucose level in human blood.
As we known, the free water molecules have larger absorption than the other solute
molecules in THz frequency range and the absorption coefficients decrease with the concen-
tration of the solute [29, 30]. This is caused by the fact that some of water molecules, which
strongly absorb THz radiation, are replaced by solute molecules less absorbing in this
frequency range. However, our results in Fig. 4 showed that diabetic’s blood is a very
complicated fluid which has the THz spectral characteristics different from the predicted ones
of the simple aqueous solutions.

4 Correlation Analysis

Other factors such as proteins (including albumin and globulin), ions (including Na+, Ca2+,
and K+), lipids et al. would also modify the THz absorption coefficients in aqueous solutions
[4], so we use a Pearson correlation analysis method to investigate the correlation between
THz absorption coefficient and the factors (glucose, Na+, Ca2+, K+, TG, RBC, HB, WBC) in
the blood. The sample correlation coefficient R of the data pairs (xi, yi) is defined as [31]:

R ¼
∑n

i¼1 xi−x
� �

y−y
� �

n−1ð ÞSxSy ¼
∑n

i¼1 xi−x
� �

y−y
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1 xi−x
� �2

∑n
i¼1 y−y

� �2
r ; i ¼ 1; 2;……:; n ð6Þ

Fig. 3 a The time-domain waveforms of THz wave transmitting through the empty chamber and two
corresponding traces measured after the chamber filled with blood. The offset vertical is used for clarity. b
The corresponding frequency-domain spectra of the traces shown in a. For clarity, the amplitude of the reference
is divided by 3
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In our analysis, x is the absorption coefficient, and y is the examined variable. If R>0, it means
that the sample pairs are positively correlated, and if R<0, it means they are negatively
correlated. Meanwhile, the absolute value of R (|R|) is a measure of the strength of the linear
relationship between the x and y value of a data pair. A value of |R| equal to 1 means that there
is a perfect linear relation—that is, a straight line can pass through all the data point. |R|>0.5
represents a moderate to strong relationship, 0.3<|R| <0.5 represents a weak to moderate
relationship, and |R|<0.3 represents a weak relationship [31]. This bivariate correlation analysis
between the examined items and the THz absorption coefficient was done by a Statistical
Product and Service Solutions (SPSS) program [32].

Considering the system bandwidth limitation, a frequency range of 0.2 to 0.5 THz is
accurate for subsequent analysis. Based on the blood health examination reports and the
corresponding THz absorption coefficients of the same whole blood samples, we subject the
data to Eq.6. The statistical number is 20. In Table 1, we show the correlation coefficients
between THz absorption coefficient (at 0.2, 0.35, and 0.5 THz) and glucose level and other
factors in blood. It is clear that the THz absorption coefficient is highly correlated with the
glucose level. But there are also some outlier factors affecting the THz wave absorption from
the correlation analysis result. So we use the stepwise regression analysis method [33, 34] to
find out the outlier factors in each frequency. In regression analysis, we got the unary and

Fig. 4 The calculated absorption
coefficient spectra of two blood
samples

Table 1 Correlation between THz absorption coefficient and blood health examination items

Examination items Frequency

0.20 THz 0.35 THz 0.50 THz

Glucose (mg/dl) 0.78 0.91 0.94
Na+ (mmol/l) − 0.52 − 0.54 − 0.47
Ca2+ (mmol/l) − 0.25 0.03 0.13
K+ (mmol/l) 0.28 0.22 0.25
TG (mg/dl) 0.06 0.25 0.17
RBC (M/μl) − 0.57 − 0.33 − 0.09
HB (g/dl) − 0.52 − 0.31 − 0.15
WBC (K/μl) − 0.25 0.03 0.18

TG triglyceride, RBC red blood cell, HB hemoglobin, WBC white blood cell
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multiple linear regression equation. By comparing the results of linear regression, Table 2
shows the main factor and the outlier factors which affecting THz wave absorption in each
frequency, and glucose level is the most related and dominant factor. The HB and Na+ become
outlier factors when the frequency decreased. At 0.5 THz, we also find that no other blood
factors would directly affect THz wave absorption. Therefore, the quantification of glucose
level in diabetic’s blood in Section 5 will be investigated at 0.5 THz.

5 Quantitative Analysis

Based on 70 diabetes patients’ blood, we investigated the relationship between the THz
absorption coefficients and the glucose levels. Figure 5 is the correlating figure of THz wave
absorption coefficients and the corresponding glucose level of patients’ blood at 0.5 THz,
which is in the middle of our acquired frequency region (0.1 and 0.9 THz). By fitting the data,
we find out the THz absorption coefficients and the blood glucose levels perform a linear
relationship as Glu = 0.55 + 0.99α, while Glu is glucose level in blood. This linear correlation
indicates that quantitative blood glucose level analysis is feasible by using THz-TDS.

6 Performance Study and Discussion

With this excellent linear relationship, we try to test the capability of THz-TDS to quantify
blood glucose levels directly. In this study, we choose another 20 blood samples and divided
every blood sample into two parts. One part is for THz-TDS measurement, and the other part
for glucometer (Roche Accu-chek Perfoma glucometer, standard error ± 15%) measurement.
We perform these two measurements separately, that is to say, before THz-TDS measurement,
we did not know the blood glucose levels of these 20 samples. After we measured this part of
20 blood samples by THz-TDS and calculated their corresponding absorption coefficients at
0.5 THz, we calculated the glucose levels according to the linear relationship Glu = 0.55 +
0.99α. And then, we measured the other part of the 20 blood samples by glucometers. Finally,
we compare these two set of results in Table 3. It is clear that the results from these two
measurements match well with each other. From the comparison results of these two mea-
surements, we find the relative error is as less as 15%. Therefore, we demonstrate that THz-
TDS has the capability to quantify glucose level in human blood without any other methods.

The performance study is an important first step for application to human clinical exam-
ination and would encourage broad study on THz non-invasive diagnose diabetes. In the future
study, we will develop a new THz imaging system to scan the patient’s fingers or ears, which
are all good sources of capillary. With the significant linear correlation between THz absorp-
tion coefficients and the glucose levels, we would directly measure the blood glucose levels. In
clinical practice, the blood glucose level measurements are mostly performed by glucometers.

Table 2 Main factor and outlier
factors affecting the THz wave
absorption

Frequency Main factor Outlier factors

0.20 THz Glucose HB
0.35 THz Glucose Na+

0.50 THz Glucose None
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This method requires that a patient makes a finger puncture for every measurement. About
seven punctures per day and at least three times per week should be done for proper glucose
monitoring. It means one patient will suffer about 1000 punctures per year. The constant skin
damage and pain cannot be avoided. Besides, each measurement by glucometer requires a
distinct test strip. A large expenditure for 1000 test strips is essential. It is also necessary to
consider that each puncture has a risk of blood infection. Therefore, a non-invasive THz
examination could not only alleviate the suffering of patients and reduce the amount of
possible risky manipulations, but also economize the use of hospital and human resources.

Fig. 5 The correlation of THz
wave absorption coefficients and
the corresponding blood glucose
level of human blood

Table 3 Glucose levels measured
by THz-TDS and glucometers Method Relative error (%)

THz-TDS (mg/dl) Glucometers (mg/dl)

89.9 81.7 9.1
95.5 87.2 8.7
103.0 91.7 11.0
106.8 97.4 8.8
108.7 102.3 5.9
112.4 105.0 6.6
118.0 108.6 8.0
121.8 114.3 6.2
129.3 119.7 7.4
131.2 126.6 3.6
140.6 152.9 8.7
142.4 158.8 11.5
149.9 160.2 6.9
151.8 172.1 13.4
159.3 169.5 6.4
161.2 181.4 12.5
168.7 188.8 11.9
170.6 194.7 14.1
176.2 191.2 8.5
178.0 189.1 6.2
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7 Conclusion

In conclusion, based on the THz absorption coefficient spectra study of 70 human bloods, we
not only demonstrate that a different blood glucose level has individual THz absorption ability,
but also demonstrate that the THz absorption coefficients and the blood glucose levels perform
an excellent linear relationship. The capability of THz-TDS to quantify the blood glucose level
without any other methods is also confirmed. Our research provides a fast, accurate, and
continuous method to measure glucose lever in diabetic’s blood, which has great potential
application in clinical practice.
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