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Abstract:
Cirrhosis is late stage liver scarring and is estimated to cause worldwide 800,000 deaths annually. Current
diagnostic procedures are costly and time consuming, often requiring large laboratory equipment. Dielectric
measurements may aid in a convenient and low-cost method to diagnosis as well monitor the condition. In this
study, we use known blood properties affected by cirrhosis to create artificial methods to form cirrhotic blood
from healthy blood. We analyze the properties of clotting and clotted blood as well as analyze the effects of an
unstudied anticoagulant on dielectric measurement of blood. This resultant data allowed us to form the
foundation of research for the two methods to artificially create cirrhotic blood from fresh human blood.
Adjusting the protein level was shown to be the strongest method to artificially create cirrhotic blood.

A. Purpose of the STSM
Cirrhosis is defined as late stage scarring of liver [1] and in 2006, was estimated yearly to cause of 800,000 deaths
worldwide [2]. The prevalence of the condition is increasing [2] and was considered the eighth leading cause of
death in the United States in 2010 [3]. Cirrhosis may be caused by Hepatitis B and C, alcoholic liver disease,
hemochromatosis and/or non-alcoholic fatty liver disease [4]. The condition dramatically affects the quality of
life of the individual [5] and burdens our health systems, particularly the transplantation waiting list. For
example, in 2004 and 2013, 80% of the patients waiting for a liver transplant had the symptoms of hepatitis C,
alcoholic liver disease, and non-alcoholic liver disease [3], [6] If the condition is detected in the early stages, liver
damage can be reduced and even reversed [4].
The gold standard diagnostic procedure is liver biopsy. This procedure is invasive and requires histology to be
performed. Despite the prevalence of histological analysis, the diagnostic accuracy of the biopsy is dependent
on sampling and interpretation [5]. Other laboratory tests can be performed such as checking for by products of
red blood cells break down, and checking for hepatitis. However, these procedures require costly equipment in
a laboratory setting. A need exists to diagnosis and monitor cirrhosis in a convenient and low-cost manner,
particularly for early intervention.
Accurate electrical properties of biological tissue aid the development of low cost medical devices such as
electromagnetic (EM) imaging, bioimpedance spectroscopy, electrical impedance tomography, and
hyperthermia (HT) and radiofrequency/microwave ablation (RFA/MWA). Each of these medical technologies
operates at different parts of the frequency spectrum, from kilohertz to gigahertz, and at difference
temperatures [7]–[11]. By performing measurements across frequency bands through dielectric studies we can
produce numerical models to aid the advancement of medical technologies in this space.
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The purpose of this short-term scientific mission (STSM) was to perform dielectric measurements on human
blood and blood modified to replicate liver cirrhosis in order to determine characteristics of healthy human
blood and electrical biomarkers for cirrhosis. Measurements between 400 MHz-40 GHz were conducted using
an open-ended coaxial probe technique interfaced to a vector network analyzer. These electrical measurements
of blood along with more knowledge on the properties of blood can be used to support the development of
cirrhosis diagnostic or monitoring tools.

B. Work Description and Results
The goal of this STSM was to provide the foundation for dielectric studies of cirrhotic blood, which could provide
the basis for a cirrhosis diagnostic tool. Specifically, the work performed during this STSM involved gathering the
data required for creating artificial cirrhotic blood measurements and performing foundational measurements
on whole blood with and without coagulation. These measurements were performed on healthy blood samples
due to the limited availability of cirrhotic samples. The work also highlights the approaches to performing the
measurements on blood from the time of excision as well as controlling blood temperature. We investigated
two approaches to artificially creating cirrhotic blood: 1) altering the coagulation properties of blood and 2)
changing the protein level in the blood.

B.1. Altering the Coagulation Properties of Human Blood to Mimic Human Cirrhotic Blood
In the microwave spectrum, fresh or anticoagulated blood has been measured to compare healthy and diabetic
human blood [12], how properties vary with temperature and the effect of a number of anticoagulants on blood
properties at body temperature [13] and at hyperthermia temperatures [14]. The primary properties of
coagulation of interest in this study were the coagulation time and the dielectric properties of coagulated blood,
which had not been measured before. Thus, we had to analyze these factors in order to provide the foundational
framework for investigating blood coagulation variations between healthy and cirrhotic blood.
B.1.1. Dielectric Measurement of Coagulating Blood
We first analyzed the change in dielectric properties during coagulation at 37 oC for two healthy human
volunteers (one male, one female). A small sample size was taken to allow rapid measurement. Blood was
collected by a physician in accordance with the ethical guidelines at the University of Malta. The collected blood
was added to temperature-controlled beaker to maintain the samples at 37oC. Once the samples were in the
beaker, we immediately began measuring the dielectric properties of the coagulating blood, specifically, the
clotting region. Measurements on each sample were taken approximately every 3 mins after extraction for 20
mins. Then we waited one hour before performing another set of measurements.
Overall, two samples per volunteer were taken and two different locations in each sample were measured. Three
measurements per location were recorded and averaged. Linear spacing with 161 frequency points was used
over the frequency range of 400 MHz to 40 GHz. For all experiments, a 3-load calibration (air, short, deionised
water) was performed before each experiment and validation measurements were taken regularly with 0.1 M
sodium chloride. The sample temperature was also recorded regularly using a DTM 3000 thermometer
(accuracy: ± 0.03°C). The experimental setup for each experiment is shown in Figure 1.
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Figure 1. The experimental setup. The slim-form probe is connected directly to the VNA and the samples in the
temperature-controlled beaker can be lifted to the probe. The temperature-controlled beaker is connected to a
water-bath (controlling the temperature) via the two green pipes and an electrical pump.
The expanded standard uncertainty (ESU) was calculated over the frequency range of 400 MHz to 20 GHz, within
the valid range of the 0.1 M NaCl theoretical model published by Peyman, et al. [15]. The ESU for the relative
permittivity and conductivity were 1.41% and 7.66%, respectively, at 22.6 ± 0.31 oC, demonstrating low levels of
uncertainty in the data. Figures 2 and 3 show the behaviours of the relative permittivity and conductivity over
time after extraction from the body of coagulating blood. The data is shown at commonly used frequencies
within the microwave range, specifically at 915 MHz and 2.45 GHz [16]–[19].

Figure 2. Change in relative permittivity of coagulating blood with time from extraction of the blood sample. The
relative permittivity decreases as the blood coagulates.
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Figure 3. Change in conductivity of coagulating blood with time from extraction. The conductivity tends to
decrease as the blood coagulates.

As blood coagulates, both the relative permittivity and conductivity tend to decrease. At both frequencies, the
minimum drop from uncoagulated to coagulated blood was at least 7 for the relative permittivity and
0.2 S m-1 for the conductivity. An overall drop in relative permittivity and conductivity is seen across the entire
frequency range.
These results provide a more detailed view of how the dielectric properties change with coagulation. This is
important to know as the method of artificially creating cirrhotic blood works by varying the coagulation time of
healthy blood. Thus, the time selected may give different dielectric properties. These results also expand beyond
this study, highlighting the need for researchers to report the measurement time after extraction of blood
samples to determine the level of coagulation and the effect that coagulation has on the dielectric properties.
B.1.2. Dielectric Measurement of Coagulated Blood.
Next, we analyzed the dielectric properties of coagulated blood at different temperatures to extend knowledge
within the field, as these are unknown. The values are important in order to later compare coagulated cirrhotic
blood to see if there is a difference and if so, does the difference depend on the level of cirrhosis. Also, lab
temperatures can vary that could mean samples may be measured at different temperatures to body
temperature and dielectric properties may vary. Healthy blood from 4 volunteers was gathered. We used the
same experimental setup as in B.1.1. The blood was allowed to first clot at 32°C and then measured. After, we
heated the clotted blood to {37, 43, 48}°C and performed dielectric measurements at each temperature. The
measurement process followed for each sample, including the validation measurements, was similar to the
protocol outlined in B.1.1.
The ESU for the relative permittivity and conductivity were 4.91% and 4.51%, respectively at 20.77 ± 0.91oC.
Figures 4 and 5 show how the relative permittivity and conductivity vary with temperature and frequency.
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Figure 4: Illustrating how the relative permittivity of coagulated blood varies with frequency and temperature
from two different viewpoints.

Figure 5: Illustrating how the conductivity of coagulated blood varies with frequency and temperature from two
different viewpoints.
As the temperature rises, both the relative permittivity and the conductivity tend to increase. For the relative
permittivity, the increase is noticeable throughout the frequency spectrum. But for the conductivity, this
increase is mainly noticeable at higher frequencies (> 5 GHz). These results are important for when measuring
samples from individuals with abnormal body temperatures or for treatments such as hyperthermia, as the
dielectric properties of coagulated blood vary with temperature.
B.1.3. Summary of Coagulation Method for Artificial Cirrhotic Blood.
Literature has shown that cirrhosis affects clotting factors in cirrhotic human blood [20]. We have shown that by
measuring at different points during the coagulation time, the dielectric properties vary. However, we found in
the literature that changes in clotting factors are known to vary between patients between procoagulant and
anticoagulant effects [20]–[24]. Thus, more research into confirming the effect of coagulation time on dielectric
measurement of cirrhotic blood is needed. However, the foundation for future dielectric measurements in this
area has been laid by the work in Section B.1.

B.2. Changing Protein Level in Human Blood to Artificially Create Cirrhotic Blood
Literature has shown that the other major change in blood of cirrhotic patients is a change in the protein level
[20]. The quantity of protein in the blood can be altered by centrifuging the blood and then removing a part of
the plasma. However, this alters the overall water content and concentration of ions, key factors that affect
dielectric measurements. The addition of sodium and potassium salt solutions can replace the water content
and ion concentration.
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This procedure was implemented on the blood samples of 2 healthy human volunteers (a male and a female).
Specifically, the procedure performed by the physician artificially created a severe level of cirrhosis by removing
one quarter of the plasma and replacing an equal quantity with sodium and potassium salt solutions. Thus,
removing one quarter of the protein concentration. The blood samples were then mixed to combine the
separated layers from centrifuging. The samples were measured with the same experimental setup and
measurement procedure as in B1.1.1. and B1.2.1 at 37oC.
The ESU for this set of measurements for relative permittivity and conductivity were 2.02% and 4.55%,
respectively, at 21.73 ± 0.55oC.
The difference between the severe cirrhotic blood and healthy blood for both volunteers is given in Figure 6.
The mean percentage difference between severe cirrhotic blood and healthy blood for both volunteers is given
in Table 1.

Figure 6. Comparison of dielectric properties of cirrhotic and pure blood for both volunteers (left: relative
permittivity, right: conductivity). For a severe level of cirrhosis, there is a noticeable difference between the
cirrhotic and healthy blood in both the conductivity and the relative permittivity.
Table 1: Mean percentage difference (PD) between cirrhotic and healthy blood for each volunteer.

Male 1

Relative
Permittivity
Mean PD (%)
8.31

Female 1

6.43

Volunteer

Conductivity
Mean PD (%)
1.64
5.01

For both volunteers, there is a distinguishable difference between the severe level of cirrhosis and the healthy
blood. The difference is largest at lower frequencies for the relative permittivity and higher frequencies for the
conductivity. However, the percentage differences vary inter-individual. For the male and female, the cirrhotic
curves are on opposite sides of the pure blood curves. This could be due to slight imbalance with the electrolytes
or unaccounted confounders. However, due to time, we were unable to fully investigate. Thus, we have future
work to collaborate with the host university on. The method of using dielectric properties to distinguish healthy
from cirrhotic blood shows promise, as the ESU is approximately 3 times smaller than minimum percentage
observed in the relative permittivity.
B.2.1. Effect of Heparin as an Anticoagulant on blood
The blood samples in this part of the study (changing the protein-level) required an anticoagulant to stop
coagulation as well as to enhance the interaction between the proteins. Heparin is common clinical
anticoagulant that would facilitate the protein interaction. However, anticoagulants with blood have been
shown on a previous collaboration between our groups [13] to greatly affect the dielectric measurements of
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blood. The anticoagulants previously tested were Ethylene Diamene Tetra Acetic acid (EDTA) and sodium citrate,
which chelates with the metal ion calcium in the blood to stop coagulation. Heparin works differently to these
anticoagulants, by speed up natural anticoagulants in the blood (antithrombin) by several orders of magnitudes
[25]–[27]. Therefore, in this study, we also investigated the effects of heparin by measuring both pure blood and
heparin blood for 4 volunteers. The samples were measured with the same experimental setup and
measurement procedure as in B1.1.1. and B1.2.1. at 37oC. We first measured the pure blood, to minimize the
effect of coagulation with time, as seen in B.1.1. In order to fairly compare with the existing literature, we
analyze our results between 400 MHz to 20 GHz.
The ESU for the relative permittivity and conductivity were 1.55% and 4.68%, respectively, at 22oC.
Figure 7 and 8 show the curves across frequency for dielectric properties of pure and heparin blood. There is a
small visual difference between relative permittivity curves of the pure and heparin blood samples. Similarly, for
the conductivity curves, the difference between pure and heparin blood samples is slight, with small changes at
above 10 GHz.
The mean percentage differences for relative permittivity and conductivity were 2.66% and 2.28%, respectively.
These values show heparin as an anticoagulant has a minor effect on the dielectric measurements, so much so
that the values would be within the experimental uncertainty in many studies where the uncertainty is greater
than 3%.

Figure 7. (top) The measured relative permittivity for the male pure and heparin blood samples over the frequency
range 400 MHz to 20 GHz. (bottom) The measured relative permittivity for the female pure and heparin blood
samples over the frequency range 400 MHz to 20 GHz. The difference between pure and heparin blood samples is
small.
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Figure 8. (top) The measured conductivity for the male pure and heparin blood samples over the frequency range
400 MHz to 20 GHz. (bottom) The measured conductivity for the female pure and heparin blood samples over the
frequency range 400 MHz to 20 GHz. The difference below 10 GHz between the types of blood samples is not
observable, and the difference above 10 GHz is slight.
The common employed anticoagulants, Citrate and EDTA, have been previously used in dielectric studies of
blood [28]. However, Salahuddin et al. [13] showed that these anticoagulants (sodium citrate and EDTA) can
affected that actual dielectric measurements of pure blood. Salahuddin et al. compared the intra-individual the
dielectric properties of pure blood and the anticoagulated blood for the four volunteers. In this study, we
generated the same data for heparin. In Table 2, we present the overall percentage difference for each
anticoagulant (sodium citrate, EDTA, and heparin). The effect of inter-individual confounders is eliminated by
the intra-individual comparison.
Table 2 shows heparin as having the lowest difference of anticoagulated blood from pure blood for both relative
permittivity and conductivity. There is a factor of 2 in the difference between heparin and the next best
anticoagulant, sodium citrate, for the conductivity. Heparin has a 57% less effect on the relative permittivity of
blood than sodium citrate.
Table 2. The mean percentage difference (PD) between pure and heparin blood for both relative permittivity
and conductivity for each volunteer.
Comparison
Relative
Conductivity
Permittivity
Mean PD (%)
Mean PD (%)
Pure vs. Heparin
2.66
2.28
Pure vs. EDTA
6.67
7.57
Pure vs. Sodium Citrate
4.63
4.73

These results are important for all dielectric measurement studies of blood, as previously we have shown
coagulation can affect the dielectric measurements. This work will aid in the continued collaboration between
the two institutions on the liver cirrhosis project as well as future blood studies.
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C. Discussion and Conclusion
In this STSM, we explored two approaches for artificially inducing cirrhosis. The first method involved altering
the coagulation time, which the literature supports as the coagulation times vary with cirrhosis. However,
further information is needed from future cirrhotic studies on whether the coagulation time mainly increases or
decreases. To provide a foundation for this work, we analyzed the change in dielectric properties of coagulating
blood and showed at minimum a 12% difference in the dielectric properties at hyperthermia frequencies
(between coagulated and non-coagulated blood). We also measured the dielectric properties of coagulated
blood, showing differences across temperature. This opens the door for future work and is directly applicable to
hyperthermia applications where precise knowledge of tissue properties is required to optimise the
effectiveness of the treatment.
The second approach addressed used another common factor that has been observed in cirrhotic blood, change
in protein levels. We artificial created a severe level of cirrhotic blood from healthy blood samples by reducing
the protein level in the plasma. We observed a noticeable difference between healthy and cirrhotic blood.
However, there were some inter-individual discrepancies that could have been a result of replacing of nonproteins constitutes in the plasma. Future work is needed to explore this method that will be continued on
between the two institutions, particularly involving testing of actual cirrhotic blood.
In one of the blood studies carried out, an anticoagulant was required to prevent coagulation and to allow for
transport from one research facility to another in the University of Malta. Anticoagulants have been shown to
impact the dielectric measurements of blood. Thus, we studied and used the anticoagulant heparin, which works
by a different mechanism to other researched anticoagulants. We found that heparin had the least effect on the
dielectric properties of blood relative to the other previously studied anticoagulants: EDTA and citrate. This
result is directly applicable to all future blood studies where there is a need to preserve the blood before
measurement.
This STSM has enabled future collaboration between the two research groups, particularly on the research of
dielectric measurement of liver cirrhosis.

D. Future collaboration with host institution
This project will continue with a clinical study for measuring the dielectric properties of blood from cirrhotic
patients. An ethics application is being submitted at the University of Malta and will aid in the publication of the
artificial cirrhotic method findings. Further investigation of the most promising artificial method, changing the
protein level, is planned, including accounting for confounders with histology of blood samples.

E. Expected Publications
Two journal publications are currently in preparation based on the work and results in this document: one on
the dielectric properties of coagulating blood with time and coagulated blood with temperature; the other is
based on the heparin results, which indicated the best anticoagulant to use for dielectric measurements.
The target publications for these two papers are PIER and IEEE Transactions on Dielectrics and Electrical
Insulation, respectively.
A third publication is planned based on the findings of the artificially method and will also contain measurements
of dielectric properties of human cirrhotic blood.

F. Other Comments
Limitations in this research visit included difficulty shipping the impedance analyzer to Malta, which prevented
low frequency measurements during the STSM. However, we were able to differentiate liver cirrhosis blood
properties at the microwave range, reducing the need for low frequency measurements.
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Confirmation by the host institution of the successful execution of the STSM:
We confirm that Eoghan Dunne has performed the research work as described above.

Contact Person of Host
Institution

Name of
researcher

Lourdes Farrugia

Eoghan Dunne

Signature
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