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Abstract
Background. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is transmitted through respira-
tory droplets and contact routes, hence the demand for personal protective equipment (PPE) has increased 
during the outbreak of coronavirus disease 2019 (COVID-19). Among the most noticeable shortages was 
the lack of face shields. The urgent demand for PPE induced interdisciplinary cooperation to overcome 
the shortages, and additive manufacturing proved to be ideal for the crisis situation.

Objectives. To investigate the possibilities of implementing additive manufacturing technologies in the in-
terventional fabrication of protective face shields for medical staff.

Material and methods. An Ender 3 Pro 3D printer was used to print headbands and Cura 4.4 was chosen 
as the slicing software. Open source face shield designs were downloaded as standard tessellation language 
(STL) files and compared. Only models with scientific support were taken under consideration.

Results. The mean time for producing the headbands tested ranged from 59 min to almost 3 h, depending 
on the design. After setting up our low budget printer and choosing the Prusa RC 3 protective face shield 
as the main product, we were able to fabricate about 30 face shields per week at a cost of about €1 each. 
During 4 weeks, 126 face shields were produced and delivered to various hospital wards, which substantially 
eased the shortages.

Conclusions. Additive manufacturing enables immediate responses to needs in emergency situations, and 
allows for mass production of personal protective equipment in a short time due the rapid exchange of data 
among printer users. Despite the unregulated legal situation and insufficient scientific evidence, such protective 
equipment has been approved by clinicians and is currently used by medical personnel around the world.

Key words: personal protective equipment, additive manufacturing, 3-dimensional printing, COVID-19, 
face shield
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Historically, each pandemic has provoked many unex-
pected changes in both national and international health 
systems.1,2 This is due to the fact that the course of a pan-
demic is always unexpected, often characterized by a tur-
bulent course and social panic.3 From the first well-doc-
umented pandemics like the plague or Spanish influenza 
to recent well-known and widely studied epidemics like 
Middle East Respiratory Syndrome (MERS) and Severe 
Acute Respiratory Syndrome (SARS), it is clear that inter-
national efforts to contain a given pathogen should always 
be multidisciplinary and multistage.4–6 The first medi-
cal doctors, researchers and people combating with a new 
and unknown disease have very quickly noticed that apart 
from the search for the biological causes of a pandemic 
or the search for a remedy in the form of an active drug 
or vaccine, another important aspect is to quickly intro-
duce preventive methods and tools that minimize the num-
ber of infected persons.7,8 The current coronavirus disease 
2019 (COVID-19) outbreak, which was initially a regional 
problem, is now an emerging global challenge involving 
health care, governments and international institutions.

Classification  
of the novel coronavirus

The virus causing COVID-19 was tentatively named 
by the World Health Organization (WHO) as “2019 novel 
coronavirus” (2019-nCov). However, the Coronaviridae 
Study Group of the International Committee on Taxonomy 
of Viruses classified 2019-nCoV and renamed it “severe 
acute respiratory syndrome coronavirus 2” (SARS-CoV-2) 
on the basis of scientific evidence.9

SARS-CoV-2, like MERS-CoV and SARS-Cov, belongs 
to the Coronaviridae family9, and causes similar symptoms 
in humans, including fever, dyspnea, cough or gastrointes-
tinal manifestations, often leading to pneumonia or severe 
acute respiratory illness.10–12 The original place from which 
COVID-19 derived is the city of Wuhan in Hubei Prov-
ince, China, from where it spread worldwide.13 The origin 
of the virus is still unknown and controversial. Most papers 
suggest that the probable explanation is that SARS-CoV-2 
is a β-coronavirus with a genome very similar to bat coro-
navirus, which progressed into human-to-human trans-
mission through a seafood market zoonotic infection.14,15

Infectivity and uniqueness of SARS-CoV-2

The first clinical reports raised concerns due to the high 
mortality and transmissibility of SARS-CoV-2.16,17 Subse-
quent reviews showed that the  infection demonstrates 
an exponential model of growth, doubling in  just over 
6  days.13 Moreover, information about the  virus being 
spread by people with no signs of the disease appeared 
which indicated that preventing SARS-CoV-2 transmis-
sion could be very challenging.18,19 Other factors involved 

in the exceptional virulence of the virus are its viability 
in aerosols and durability on various surfaces, like SARS-
CoV-1. Studies have shown that SARS-CoV-2 remains stable 
for up to 72 h on plastic and stainless steel, whereas in aero-
sols it remains viable for 3 h.20 Further research found that 
the virus may be transferred through airflows and settle 
on protective personal equipment (PPE) as well as on objects 
in the closest environment of infected people.21 Therefore, 
global prevalence of the pathogen has become inevitable.

All of the above has made the virus an unusual oppo-
nent. As a result of insufficient effectiveness of the fight 
to contain it, on March 11, 2020, the WHO announced 
that we are currently dealing with a pandemic.

Additive manufacturing  
versus the pandemic

The international struggle against COVID-19 requires 
the use of similar resources, which rapidly leads to their 
depletion. Shortages of PPE on the front lines raised deep 
concerns due to the effects on pandemic development and 
patient care.22

In response to the growing demand for PPE for health-
care workers, there have been grassroots initiatives, in-
dustrial efforts and scientists using different approaches 
to produce medical equipment. Especially during the first 
phase of the pandemic, additive manufacturing (AM) was 
perfectly suited to the mass production of PPE.23 Addi-
tive manufacturing techniques, commonly known as 3-di-
mensional printing, have made appreciable progress since 
their implementation in the 1980s. Their complementary 
advantages, such as the ease of use, low costs and a wide 
range of materials allow for rapid adaptation to imme-
diate needs.24,25 Moreover, their flexibility means they 
can be used in many different branches of science and 
industry.26,27 The most common 3D printers use fused 
deposition modeling (FDM) technology, where the nozzle 
releases a heated filament onto a moving platform and, 
layer by layer, recreates a previously designed shape.28

During the COVID-19 pandemic, the adaptability of AM 
has become particularly apparent. The online community 
was able to share ideas for 3D-printed devices (Fig. 1) from 
the very first days of the pandemic.24,29 Open-source web-
sites made it possible for hobbyists and specialists to meet, 
and peer-to-peer comments allowed for quick data ex-
change.30 The aim of this paper was to review and analyze 
the current additive manufacturing technologies enabling 
rapid interventional production of protective face shields 
for medical staff during the SARS-CoV-2 pandemic.

Material and methods

In order to choose the most optimal solutions, it was nec-
essary to establish an action plan. The following steps were 
defined by our team: identification of possible problems; 
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test of available face shield designs; fabrication of a pro-
totype series; assessment of usage in clinical conditions; 
“mass” production and extensive evaluation under real 
conditions. In the last days of March we intensively tested 
different designs of visors and assessed our capacity.

Face shields as standard tessellation language (STL) files 
were downloaded from the official web pages of the in-
ventors. A low-budget 3D printer capable of producing 
accurate models31, a stock version of Ender 3 Pro (Creal-
ity 3D Technology Co. Ltd, Shenzhen, China) (Fig. 2) was 
used for production, and Cura 4.4 freeware (Ultimaker, 
Utrecht, the Netherlands) was chosen for the slicing pro-
cess. For prototyping, testing various available models and 

ultimately printing the first series, polylactic acid (PLA) 
was used due to availability and ease of use. After the test 
series we changed the filament to glycol-modified poly-
ethylene terephthalate (PETG) due to its higher tempera-
ture resistance, durability and proven safety.32

We have decided to describe only our experience using 
PETG. Despite the fact that PETG is a recommended mate-
rial for face shield manufacturing, its use is controversial. 
To the best of our knowledge, there have been no compara-
tive studies about PETG sterilization methods and usage 
protocols in this kind of situation.

We had to adjust some of our printing settings in Cura. 
As a result of durability tests, the height of a layer was 

Fig. 1. Available designs for 
COVID-19-related devices

A – contactless door opener; 
B – adapter valve for converting 
a snorkeling mask into 
an oxygen mask; C – mask 
extender to reduce pain from 
wearing a mask; D – Secura 
mask connector to a DAR filter.

Fig. 2. Ender 3 Pro Creality

A – overall view of the printer; B – layer-by-layer process of face shield production.
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set to 0.28 mm with 20% infill. A 0.4 mm nozzle was 
used and the temperature was maintained at 230°C, with 
a bed temperature of 70°C. After the test series and hav-
ing established a satisfactory ratio of quality to speed, 
the printing speed was set at 60 mm/s. The most prob-
lematic issues were the  retraction distance and re-
traction speed; in the end these were set to 4 mm and 
25 mm/s, respectively. Incorrect retraction would cause 
so-called oozing, affecting the surface smoothness and 
the overall appearance.33 All of the face shields delivered 
to the medical departments were printed at  the given 
settings.

Results

A multitude of face shield designs

We followed the developments and experiences of other 
groups and finally decided to implement AM techniques 
for the production of face shields, a shortage of which had 
been officially reported in our region. In our review during 
the tests, we took into consideration available designs of vi-
sors with scientific support. All of the designs presented 
in Table 1, apart from the so-called peaked headband, which 
is popular in Poland, have undergone review in a clinical 
setting by the National Institutes of Health (NIH; Bethesda, 
USA). The general assumption of all the designs is the same: 
A 3D-printed framework is combined with elastic rubber 
and a transparent visor.34 It is worth pointing out that all 
of the resources necessary to produce a face shield can be 
obtained online without leaving home.

Simplicity of production and significant support from 
many institutions, laboratories and clinicians in our region 
were our main reasons for choosing the Prusa RC 3 protec-
tive face shield (Prusa Research, Prague, Czech Republic; 
https://www.prusaprinters.org/prints/25857-protective-
face-shield-rc1) (Fig. 3). Moreover, the design was devel-
oped and analyzed in accordance with the Czech Ministry 
of Health guidelines. It is noteworthy that the assembly 
time for this design is about 30 s.

The use of buttonhole rubber (0.6–1.2 mm wide, polyes-
ter, purchased by the meter), commonly available in sewing 
goods stores, means that it is possible to adjust the face 
shields regardless of head circumference.

For the face covering, different materials may be used 
depending on accessibility. It is possible to use 0.2–0.7 mm 
PET foil formed in  sheets or  available in  A4 format. 
The stiffness of this material increases with thickness; 
however, the thicker it is, the more difficult it is to pro-
cess, especially without a laser plotter. We mainly used 
document-binding covers (A4, 0.2 mm). Thicker foils were 
harder to obtain and significantly more expensive, due 
to mass production of face shields in our region. The foil 
sheets were perforated with a standard office hole puncher 
and clamped into designated pins.

Due to the urgent demand for PPE, the US Food and 
Drug Administration allows production of 3D-printed 
 visors outside of the normal mode if they are printed in ac-
cordance with instructions.35 There are various regulations 
in different regions of the world and it is essential to follow 
the appropriate authority guidelines. Despite controversies, 
these visors are accepted and used by medical staff all over 
the world and are constantly tested by specialists and clini-
cians. There is a lack of robust evidence in this area, but 
it is encouraging that the first scientific reports on the use 
of 3D-printed face shields have appeared.36

Financial aspects

Printers that allow continuous operation and provide rela-
tively high quality are available in the €200–300 price range. 
The approximate price of 1 kg of average quality PETG fila-
ment is about €18, but the cost of each face shield depends 
on the printing quality and reliability.37 In our case it was 
possible to fabricate an average of 28 face shields from 1 kg 
of PETG, resulting in a cost of €0.62 per item. It is diffi-
cult to assess the cost of electricity needed to print a mask, 
but in our experience it is approx. €0.05 for 2 h of printing. 
The estimated prices of a single foil and 20 cm of elastic 
rubber is €0.07 and €0.30, respectively. Summarizing, in our 
case the cost of producing 1 reusable face shield was €1.04, 
which was significantly lower than in other groups.38 This 
calculation takes into account the price increases that fol-
lowed the increased demand for the materials.

Fig. 3. Prusa RC 3 protective face shield
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Table 1. Comparison of available face shields produced using Fused Deposition Modeling (FDM)

Project name Scheme Printing time  
(at our settings)

Filament 
usage [g]

Estimated 
cost [€]

Prusa RC 3 
protective  
face shield (A)

2 h 12 min 34 0.61

3D Verkstan 
face shield [B]

59 min 13 0.23

IC3D Budmen 
face shield [C]

2 h 28 0.50

DTM v3.1  
face shield [D]

2 h 52 min 54 0.97

Peaked headband 
DDS2 [E]

2 h 49 min 47 0.85

Details were estimated based on our settings of the Cura 4.4 slicer; A – Prusa Research, Prague, Czech Republic; https://www.prusaprinters.org/
prints/25857-protective-face-shield-rc1. Accessed April 26, 2020; B – 3DVerkstan, Stockholm, Sweden; https://3dverkstan.se/protective-visor/. 
Accessed April 26, 2020; C – IC3D Industries, Columbus, USA; https://3dprint.nih.gov/discover/3dpx-013309/Accessed April 26, 2020; D – Prusa 
Research; https://3dprint.nih.gov/discover/3dpx-013359. Accessed April 26, 2020; E – #Drukarzedlaszpitali (grassroot initiative), Poland; https://www.
drukarzedlaszpitali.pl/Pliki/. Accessed April 26, 2020.
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Current knowledge and controversy

Due to the mode of transmission of SARS-CoV-214 the 3D 
printing community is focused on the fabrication of devices 
to protect the respiratory tract. An unprecedented need for 
PPE elicited a major cooperative initiative at an internation-
al level.39 However, mass production of protective gear out-
side of the standard certification system raises controversy, 
and minimum requirements for self-produced PPE should 
be developed to ensure the safety of medical personnel.40

The  use of  face shields is  not standardized; it  de-
pends on different departments’ specific protocols and 
on the availability of PPE. According to Prusa Research 
recommendations, currently the  only safe way to  use 
the face shield is single-use. To our knowledge, paramedics 
who received our shields have used them that way. Never-
theless, they were well equipped with protective gear due 
to the fact that they were on the front line. The situation 
was entirely different in the case of departments potentially 
less exposed to the novel coronavirus, where multiple uses 
of equipment, disinfection and replacement of foils and 
rubber were taken into consideration.34 Therefore, it was 
necessary to develop methods for cleaning the face shields 
so that they could be reused without the risk of infection.

There is a wide range of possible sterilization methods, 
which are mainly based on 3 factors: gases, temperature 
and chemical reagents.41 However, certain characteristics 
of AM-produced items have implications for disinfection. 
The primary limitations of sterilizing 3D-printed medi-
cal devices are their porous structure and microscopic 
crevices created during the layer-by-layer process, where 
pathogens may theoretically withstand disinfection con-
ditions.42  Another obstacle is the high temperature used 
in sterilization processes. In the case of synthetic poly-
mers, high temperatures may damage various widely used 
filaments and cause losses of structural integrity.43 This 
partially explains why PETG is the most widely recom-
mended material despite insufficient evidence. In coopera-
tion with leading Czech laboratories and hospitals, Prusa 
Research performed a series of tests, and as a result they 
selected recommended methods of sterilization, which are 

presented in Table 2. These sanitizing practices are in line 
with the guidelines available on the GetUsPPE web plat-
form for physicians and medical researchers in the USA.44 
Further studies are necessary to determine if these proce-
dures are effective enough to prevent infection.

Subsequent reports and our experience confirm that 
PPE produced quickly and at  low cost should be used 
by medical staff even if they are not as effective as certified 
equipment.36,38 Apart from psychological comfort, simple 
face shields work as a physical barrier against airborne 
droplets. The indisputable advantage of face shields is that 
they protect not only the nose and mouth (surgical masks), 
or  the  eyes (protective goggles), but the  whole face.39 
 Furthermore, 3D-printed visors are lightweight and have 
sufficient space for goggles, a mask or a N95 respirator.36

Discussion

A pandemic is a difficult period for all the governments 
of the world. It is necessary not only to introduce optimal 
restrictions and appropriate financial management, but 
also to properly distribute protective gear for all services, 
especially for healthcare workers most exposed to infec-
tion.36 However, it is hard to provide PPE to medical ser-
vices when its worldwide production cannot keep up with 
its utilization, which raises various issues.

In the United Kingdom, members of the British Medi-
cal Association (BMA) reported that PPE was distributed 
in small quantities, did not protect medical personnel well 
enough or in some cases did not reach National Health 
Service (NHS) staff at all.45 Reports received from nurses 
also confirmed a total lack of protection against the coro-
navirus.46 A survey carried out by the BMA revealed that 
more than 40% of the general practitioners (GPs) asked 
were affected by a lack of fluid-repellent facemasks. More-
over, more than 55% of surveyed hospital doctors reported 
that they felt only slightly secured against SARS-CoV-2, 
and 1/3 of them felt unprotected. Among GPs these values 
were almost 50–50.47

Information related to concerns about the lack of protec-
tive equipment has also emerged from all around the world. 
In Australia, recently devastated by the massive bushfires, 
GPs reported a shortage of face masks as people wore them 
to protect from harmful smoke.48 In the USA, the shortage 
of protective measures included not only PPE for medical 
personnel, such as masks, gloves, gowns and face shields, 
but also ventilators for patients.49 The rapid mobilization 
of AM printers enabled the production of  face shields 
as well as other protective items on a mass scale. Further-
more, more efficient and personalized N95 masks, ventila-
tor valves and even medications have been designed.23,36 
Concerns about ventilator shortages have been partially 
alleviated thanks to a variety of free projects.49

Rapid implementation of AM techniques was important 
for another reason. As a result of deficiencies in PPE and 

Table 2. Verified methods of sterilizing the Prusa RC 3 protective face shield

Method Conditions

Hot air dryer 65°C (149°F), 60 min

WHO handrub disinfection 75% IPA, 5 min

Isopropanol (IPA) 96%, 5 min

Isopropanol (IPA) 75%, 5 min

Sodium hypochlorite 
(household bleach)

min. 0.01% of hypochlorite (e.g., SAVO 
1:10), 2 min+

UV-C
radiation, 30 W, wavelength below 

280 nm, 15 min

Ethanol 70–80% max, 5 min

Hydrogen peroxide 25%, 5 min
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increased contact with infected people, the problem of CO-
VID-19 infection strongly limited medical personnel’s ability 
to work. In the Netherlands, a quick two-day study on health-
care workers at 9 hospitals revealed that 4.1% of the staff that 
presenting slight signs of respiratory infection tested positive 
for SARS-CoV-2.50 In China, in turn, on February 24th, 2020, 
the National Health Commission of the People’s Repub-
lic of China stated that among medical staff, 2055 persons 
were infected with COVID-19, of whom 22 died.51 For those 
who are in the front lines of the fight against the pandemic, 
PPE is an essential element of everyday life. NHS doctors 
stated that “health-care workers on the front line without 
PPE is the equivalent of going to war without armor and 
protection”.46 Protective gear not only plays a role in build-
ing mental comfort and a sense of safety, but also protects 
wearers from infection and limits transmission.52 Additive 
manufacturing is particularly promising in the production 
of PPE due to a fact that the barrier against transmission 
of the virus can be not only physical, but also biological, 
through the use of antimicrobial polymers.29

When a  pandemic breaks out, medical personnel 
struggle with rapidly growing numbers of patients, time 
pressure and information chaos. Consequently, they have 
to deal with a greater workload, longer working hours and 
an increased mental burden.52 In these conditions, medi-
cal staff has to cope with variety of sensations from fear 
and anger, through stress, anxiety and a sense of isolation, 
to depressive symptoms and/or insomnia.53 Mental health 
among medical workers is quite a serious issue, because 
it results in overall well-being, which leads to grounded 
self-confidence. In turn, self-efficacy increases their work 
performance thus their effectiveness in treating patients.54 
Among the most important factors that relate to mental 
health is a sense of safety, and PPE is a relevant medium 
to support feeling secure during a pandemic.

Conclusions

The special role of PPE cannot be overlooked. Apart from 
preventing the spread of the novel coronavirus, PPE enables 
medical personnel to treat dramatically ill patients. Fur-
thermore, COVID-19-related shortages of protective gear 
significantly affect the mental health of medical workers. 
In accordance with the antique maxim “prevention is bet-
ter than a cure”, emphasis should be placed on ensuring 
safety and appropriate working conditions for those who 
are directly exposed to the novel coronavirus and who can 
limit the ongoing pandemic.

During the COVID-19 pandemic it has been encourag-
ing to see novel approaches to solving problems through 
global cooperation using open sources and free sharing. 
A 3D printer alone is definitely not the most efficient tool 
for mass production; however, the large number of users 
means that currently there are thousands of 3D-printed 
face shields in use in many sectors of public health and 

there is still a great demand for them. Face shields pro-
duced by specialists, companies, hospitals and hobbyists 
may to some measure reduce the disruptions in supply 
chains observed around the world. We hope that the data 
we have presented may reduce the deficit of PPE for medi-
cal staff and save valuable time for those who implement 
these techniques.
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Abstract
Background. The reconstruction of the anterior cruciate ligament (ACL) of the knee joint is the gold standard 
in complete ACL rupture treatment. One of the central discussion topics is choice of graft.

Objectives. To assess the outcome of treatment after primary ACL reconstruction using allograft.

Material and methods. The study was a retrospective cohort study. Out of 372 male patients who had 
undergone primary unilateral intra-articular ACL reconstruction using strict inclusion and exclusion criteria, 
61 patients who qualified for the study took part. Group I was made up of 31 patients with allograft, while 
Group II consisted of 30 patients involved with autograft. The Lachman test, Pivot–Shift test, Lysholm 
Knee Scoring scale, and 2000 International Knee Documentation Committee (IKDC) were used to evaluate 
the results. Follow-up time was 18 months.

Results. The knee joint regained anterior stability in subjective and objective assessments in all the patients 
in both groups. The subjective results were the following: in Group I, 96.6 ±3.08 points on the Lysholm scale 
and 94.79 ±6.53 points on the IKDC 2000 scale, while in Group II, 98.00 ±1.9 points on the Lysholm scale 
and 94.81 ±5.6 points on the IKDC 2000 scale. The group comparison of the results of the IKDC 2000 and 
Lysholm Scale obtained postoperatively showed no statistically significant differences between the 2 groups.

Conclusions. Primary ACL reconstruction using an allograft is an effective procedure to counteract instability 
of the anterior knee joint. Comparative analysis of the results of primary ACL reconstruction in the treatment 
of anterior knee instability using autograft or allograft gives grounds for the possibility of individual selection 
of graft depending on what the patient’s expectations are.

Key words: anterior cruciate ligament, allograft, autograft, ACL reconstruction, knee arthroscopy
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Background

The anterior cruciate ligament (ACL) of the knee joint 
plays a complex and integral role in stabilizing the knee 
joint, and resisting anterior displacement and excessive 
rotation of the tibia relative to the femur.1 Reconstruction 
of the ACL of the knee joint2 followed by a postoperative 
physiotherapeutic procedure3 is the standard ACL injury 
treatment for individuals wishing to return to high-level 
sports activities. There is no gold-standard treatment op-
tion; however, for ACL reconstruction, and when choosing 
the technique, the surgeon’s experience and numerous 
patient-specific factors, as well as cost and efficacy, are 
taken into account.4,5 Available graft options include au-
tografts and allografts, but synthetic ligaments can also be 
used. The autograft choices are the patellar, hamstring and 
quadriceps tendons, where allografts include the quadri-
ceps, patellar, Achilles, hamstring, anterior, and poste-
rior tibialis tendons, and the fascia lata.5 The advantages 
of allografts include active complications, reduced mor-
bidity rate at the harvest site, a more rapid postoperative 
recovery, lower incidence of postoperative arthrofibrosis, 
and lower postoperative pain.4,6 At the same time, the use 
of allografts may come with higher rates of rupture, limited 
availability, delayed healing, and ligamentization in com-
parison to autografts, as well as the prospect of disease 
transmission and high price.7–9 The  synthetic materi-
als used in ACL reconstruction are utilized to improve 
the strength and stability of the graft immediately after 
the reconstruction, reduce donor site incidence of disease 
and diminish the potential for disease transmission.1–3 
Differences in the above factors also determine the differ-
ences in moving forward with postoperative and rehabilita-
tion proceedings. This is applicable to the time to relieve 
the operated limb, the necessity and duration of using 
an orthosis device, the degree of  limitation of mobility 
in the orthosis device, the duration of each stage of both 
supervised and unattended rehabilitation, and the time 
to return to work, sport and other physical activities.2,3

The objective of this study was to analyze the results 
of  treatment after primary ACL reconstruction using 
allograft.

Material and methods

The study had a retrospective design. The assessment 
was performed in patients who had undergone ACL recon-
struction at the eMKaMED Medical Center in Wrocław, 
Poland. The study was carried out at the Center of Reha-
bilitation and Medical Education according to the ethical 
guidelines and principles of the Declaration of Helsinki. 
All the participants in the present study were informed 
of its intent and what its approach was. The study was ap-
proved by the Bioethics Committee of the Wroclaw Medi-
cal University and written informed consent forms were 

signed by all of the participants prior to commencement 
of the study.

Patients were separated into 2 research groups. The 1st 
group consisted of patients operated on using the allograft, 
the 2nd group included patients operated on using the auto-
graft. Of the 372 primary ACL reconstruction procedures 
performed in this period, on 55 patients an allograft pro-
cedure was implemented, which represents 14.8% of all 
patients. A total of 299 patients were operated on with 
autografts, representing 80.4%. Eighteen patients (4.8%) 
were operated on using synthetic ligaments.

From the group of patients who underwent primary ACL 
reconstruction using autografts and allografts, patients 
were deemed eligible for the study based on the following 
criteria:

Inclusion criteria: knee instability confirmed with clini-
cal examination; age 20–50 years; magnetic resonance 
imaging (MRI) confirmed the complete ACL rupture; no 
history of previous injuries to the operated limb; 1 stage 
surgery performed 6–9 weeks after initial injury; surgery 
performed by the same surgical team using the same meth-
od and the same rehabilitation program.

Exclusion criteria: patients operated on  immediately 
after the  injury; injuries involving multiple ligaments; 
accompanying injuries of menisci and cartilage surfaces 
requiring supply during surgery.

Thirty-six patients operated on with allograft met these 
criteria. During the study, 4 patients stopped reporting 
for follow-up examinations, and 1 patient after return-
ing to physical exertion about 14 months after ACL re-
construction surgery suffered another injury with graft 
rupture. Ultimately, Group I consisted of 31 patients un-
dergoing ACL reconstruction using an allograft, includ-
ing 23 men and 8 women. The average age was 37.8 years. 
The left knee joint was operated on in 18 cases, the right 
knee joint in 13 cases.

From patients who met the above criteria and were un-
dergoing ACL reconstruction using hamstrings, a control 
group was selected that was demographically and statisti-
cally similar to the research group. One patient did not 
report for the final follow-up examination 18 months after 
the surgery due to being abroad.

Group II of patients with hamstrings operated on con-
sisted of 30 patients, including 23 men and 7 women. 
The average age was 30.4 years. Left knee joint was oper-
ated on in 14 cases, right knee joint in 16 cases.

Surgical procedures

The  arthroscopic procedure for reconstruction 
of the ACL was employed for all grafts. After ACL rup-
ture was confirmed (Fig. 1), the autograft was dissected 
(Fig. 2,3) and drawn out (Fig. 4) or an allograft was pre-
pared (Fig. 5).

The outside-in technique employing the transtibial tech-
nique was utilized for reconstruction. The tibial tunnel 
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guide pin was placed at the center of the ACL footprint 
using an ACL guide set at about 65° to the tibial plateau 
on the sagittal plane (Fig. 6). Then, the guide pin was then 
over-reamed with a drill. In the next step, a guide pin was 
drilled from the isometric point across the femur and out 
the  lateral thigh. The autograft/allograft was inserted 

through the tunnels and fixed on the femoral side with 
an interference screw and tensioned (Fig. 7,8). Fixation 
on the tibial side was performed using an interference 
screw at 20° of flexion with a posterior drawer force ap-
plied to the tibia.

Choosing the type of transplant 
by the patient

After qualifying the patient for surgical treatment based 
on the above criteria and their consent to this method 
of treatment, the choice of graft was discussed with the pa-
tient. The final decision with regard to the graft was made 
by  the patient after the operating physician presented 

Fig. 1. Arthroscopic image. Right knee joint. View of complete rupture of 
the distal stump of anterior cruciate ligament

Fig. 6. Arthroscopic image. Left knee joint. K-wire coming out of the tibial 
footprint

Fig. 5. Freezer allograft from Achilles tendon

Fig. 4. Cleaned hamstring tendons

Fig. 3. Intraoperative picture. Left knee joint. Isolated tendon, cut off from 
distal insertion

Fig. 2. Intraoperative picture. Left knee joint. Hamstring tendon 
preparations
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the available options along with their advantages and dis-
advantages. The graft was attached using a Smith–Nephew 
Endobutton (Smith & Nephew, Warsaw, USA) on the fem-
oral and the Biomet ComposiTCP30 (Zimmer Biomet, 
Warsaw, USA) interference screw was placed in the tibia.

Evaluation methods

The first limb evaluated was a non-traumatic limb in or-
der to assess its range of motion and stability, and to famil-
iarize the patient with the examination technique.

Postoperative control examination took place on days 7, 
14 and 28 after surgery. Stitches were removed during ex-
amination (in the case of reconstruction using the allograft 
usually on day 7, in the case of autografts on day 14). Stress 
relief and the use of orthosis were recommended for a peri-
od of 3 weeks, increasing the range of flexion in the ortho-
sis in a 30°–60°–90° schedule every 7 days. The active range 
of motion (ROM) of the knee was measured bilaterally 
using a standard goniometer.10 Anterior knee stability was 
evaluated manually using the Lachman test and anterior 
drawer test, in accordance with the ligament examination 
section of the 2000 International Knee Documentation 
Committee (IKDC).11 The inter-limb difference in anterior 
tibial dislocation obtained from the Lachman test and an-
terior drawer test was rated as normal (0; 0–2 mm), nearly 
normal (1+; 3–5 mm), abnormal (2+; 6–10 mm), or severely 
abnormal (3+; >10 mm).11 Anterolateral rotational knee 

stability was assessed manually with the Pivot–Shift test. 
The Pivot–Shift test was considered negative when, ac-
cording to the ligament examination section of the 2000 
IKDC, the anterolateral rotational dislocation of the tibia 
relative to the femur was equal in both lower limbs and 
positive when the difference between the limbs was rated 
as + (glide), ++ (clunk) or +++ (gross).

Statistical analysis

Statistical analysis was performed using the TIBCO Sta-
tistica™ program (TIBCO Software Inc., Palo Alto, USA) 
and Microsoft Office Excel 365 Personal (Microsoft Cor-
poration, Redmond, USA).

In the case of the characteristics of the tested material 
and analysis of the so-called feelings of “giving-way”, Lach-
man test, anterior drawer and Pivot–Shift test results, and 
in the analysis of postoperative complications, the num-
ber of patients (n) who obtained a given result in particu-
lar examined groups were determined. The percentage 
of the study group in which patients who obtained a given 
result was calculated through a comparison of the results 
between the study groups.

The arithmetic mean (x) and ± standard deviation (SD) 
were calculated for the following parameters tested: ac-
tive range of extension and flexion in the operated and 
non-operated limb [°], total number of points obtained 
on  the  Lysholm scale in  the  operated limb (n  points) 
and total number of points obtained in the IKDC 2000 
(n points). The Shapiro–Wilk test was performed to ex-
amine the normality of the distribution of the analyzed 
parameters. In the comparison of the values of the active 
range of extension and flexion obtained in the operated 
and non-operated limb, a parametric t-test was used for 
dependent groups. In comparison, within the same group, 
of the values of the active range of extension and flexion 
in  the operated and non-operated limb scale obtained 
at  particular intervals, a  one-way analysis of  variance 
(ANOVA) variance analysis was used followed by Tukey’s 
post hoc test. To compare the examined groups, the values 
of the active range of extension and flexion in the operated 
and non-operated limb, the number of points obtained 
on the Lysholm scale in the operated limb and the number 
of points obtained in the IKDC 2000 at the same intervals 
parametric t-test for independent groups was used.

Results

Clinical evaluation results

Comparison of clinical tests in individual groups con-
firming clinical status before surgery is shown in Fig. 9. 
The results of knee “giving way”, the Lachman test, anterior 
drawer test, and Pivot–Shift test were negative in all cases 
after operation, meaning the knee was stable in both groups 

Fig. 8. Arthroscopic image. Left knee joint. View of fixed allograft

Fig. 7. Arthroscopic image. Left knee joint. View of the Endobutton and 
loop pull graft into the femoral canal
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in all cases. Statistically significant results were found in all 
tests comparing preoperative examination with examina-
tions after 3, 6 and 18 months after surgery. No statistically 
significant differences were found when comparing results 
in an intergroup of 3, 6 and 18 months after reconstruction 
and in intergroups in identical study periods.

In Group I, the ROM of active knee extension before 
ACL reconstruction was statistically significantly lower 
(p = 0.005) in the operated limb (x = 1.61 ±3.00°) compared 
to the non-operated limb (x = 0.00 ±0.00°). In the compari-
son of the obtained active extension range values in the op-
erated limb in Group I, it was noted that there was a statis-
tically significant difference in subsequent measurements 
(p ≤ 0.001) (Table 1).

In Group I, before surgery, the ROM of the active knee 
flexion in the operated limb (x = 113.23 ±8.32°) was statisti-
cally significantly smaller (p = 0.001) than in the non-oper-
ated limb (x = 134.19 ±3.19°) as well as at 3 (p ≤ 0.001) and 
6 (p ≤ 0.001) months after reconstruction. Also, the ROM 
in the 18th month after reconstruction was statistically sig-
nificantly lower (p = 0.031) than in the non-operated limb. 

However, such a small difference in obtained values should 
not be regarded as being of clinical significance (Table 1).

In Group II before ACL reconstruction, the ROM of ac-
tive extension in the operated limb (x = 2.07 ±3.08°) was 
statistically significantly lower (p ≤ 0.001) than in the non-
operated limb (x = 0.00 ±0.00°). In the studies, ROM was 
comparable to  the  non-operated limb within 3, 6 and 
18 months after surgery (Table 1).

In Group II before ACL reconstruction, the ROM of active 
flexion in the operated limb (x = 111.33 ±10.82°) was statisti-
cally significantly lower (p ≤ 0.001) than in the non-operated 
limb (x = 132.83 ±2.84°); similarly, within 3 and 6 months 
after the operation, there were no statistically significant 
differences (p = 0.129) only after 18 months (Table 1).

The range of active extension movement in the oper-
ated limb in Group I statistically significantly increased 
in  the 3rd month from the reconstruction of  the ACL 
compared to  the  result obtained before the  surgery 
(p  ≤  0.001). Between 3 and 6  months after surgery, 
the range of extension movement did not change sta-
tistically (p = 0.998). There were no statistically signifi-
cant differences between 6 and 18 months after surgery 
(p = 1.000) (Table 2).

The  ROM of  active f lexion in  the  operated limb 
in Group I demonstrated a statistically significant increase 
in the 3rd month after reconstruction of the ACL, com-
pared to the result obtained before the surgery (p ≤ 0.001), 
and similarly, between 3 and 6 months (p ≤ 0.001) and 
between 6 and 18 months (p = 0.012) (Table 2).

The  ROM of  active extension in  the  operated limb 
in Group II was statistically significantly larger (p = 0.003) 
within 3  months after ACL reconstruction compared 
to the ROM before reconstruction. There were no sig-
nificant changes in  the  operated limb from 3  months 
to 18 months after surgery (Table 2).

Fig. 9. Comparison of the results of “giving-way”, Lachman test, anterior 
drawer test, and Pivot–Shift test in Group I and II before surgery index

Table 1. Comparative analysis values of the measurement of the active flexion and extension in the operated and non-operated limb in Group I and II 
before reconstruction of the ACL and 3, 6 and 18 months after surgery

Variable
Group I Group II

operated limb non-operated limb p-value operated limb non-operated limb p-value

Extension [°]

Before surgery 1.61 ±3.00 0.00 ±0.00 0.005 2.07 ±3.08 0.00 ±0.00 ≤0.001

3 months after surgery 0.45 ±1.31 0.00 ±0.00 0.065 0.40 ±1.30 0.00 ±0.00 0.103

6 months after surgery 0.06 ±0.36 0.00 ±0.00 0.325 0.33 ±1.27 0.00 ±0.00 0.161

18 months after surgery 0.00 ±0.00 0.00 ±0.00 1.000 0.00 ±0.00 0.00 ±0.00 0.161

p-value ≤0.001 1.000 – ≤0.001 1.000 –

Flexion [°]

Before surgery 113.23 ±8.32 134.19 ±3.19 ≤0.001 111.33 ±10.82 132.83 ±2.84 ≤0.001

3 months after surgery 121.94 ±10.46 134.19 ±3.19 ≤0.001 114.50 ±16.10 132.83 ±2.84 ≤0.001

6 months after surgery 128.55 ±5.80 134.19 ±3.19 ≤0.001 126.00 ±7.36 132.83 ±2.84 ≤0.001

18 months after surgery 133.23 ±4.75 134.19 ±3.19 0.031 131.67 ±5.62 132.83 ±2.84 0.129

p-value ≤0.001 1.000 – ≤0.001 1.000 –

Values expressed as the arithmetic mean and ±SD.
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A comparison ROM of  flexion in  the operated limb 
in Group II showed a statistically significant difference 
in the measurements taken (p ≤ 0.001) (Table 2).

In Group I, the tibial translation in the operated limb 
was x = 7.30 ±2.57 mm. After the ACL reconstruction, 
the translation statistically significantly decreased and 
amounted to x = 1.81 ±0.70 mm when measured 3 months 
after the ACL reconstruction. In the following months, 
the anterior displacement of the tibia relative to the thigh 
was comparable at 6 and 18 months (Table 3).

In Group II, the anterior displacement in the operated 
limb was x = 7.67 ±2.55 mm. After the ACL reconstruc-
tion, displacement statistically significantly decreased 
1.65 +0.70 mm when measured 3 months after the ACL 

reconstruction. In the following months, the anterior dis-
placement was comparable at 6 months and at 18 months 
after reconstruction.

By comparing the results of the tibial translation, statisti-
cal significance was demonstrated between surgical and 
postoperative treatment, while no statistical differences 
were found when comparing studies in a given research 
period both in Group I and II (Tables 3 and 4).

Functional assessment results

Within 18 months of the reconstruction of the ACL, 
the average total number of points obtained on the Lysholm 
Group I scale was 96.97 ±3.04 points. In Group II, patients 

Table 2. Statistical significance analysis results of the measurement of the active flexion and extension in the operated limb in Group I and II at particular 
time intervals

Variable
Before surgery 3 months after surgery 6 months after surgery 18 months after surgery

Group I Group II Group I Group II Group I Group II Group I Group II

Extension

Before surgery – – ≤0.001 0.003 ≤0.001 0.002 ≤0.001 ≤0.001

3 months after surgery ≤0.001 0.003 – – 0.998 0.999 1.000 0.941

6 months after surgery ≤0.001 0.002 0.998 0.999 – – 0.998 0.974

18 months after surgery ≤0.001 ≤0.001 1.000 0.941 0.998 0.974 – –

Flexion

Before surgery – – ≤0.001 0.665 ≤0.001 ≤0.001 ≤0.001 ≤0.001

3 months after surgery ≤0.001 0.665 – – ≤0.001 ≤0.001 ≤0.001 ≤0.001

6 months after surgery ≤0.001 ≤0.001 ≤0.001 ≤0.001 – – 0.012 0.179

18 months after surgery ≤0.001 ≤0.001 ≤0.001 ≤0.001 0.012 0.179 – –

Values expressed as p (level of statistical significance).

Table 3. The value of anterior tibial translation in the operated limb in individual study groups between measurements and comparison between study 
groups

Anterior tibial translation [mm]

Variable Group I Group II p-value

Before surgery 7.30 ±2.57 7.67 ±2.55 0.571

3 months after surgery 1.81 ±0.70 1.65 ±0.70 0.009

6 months after surgery 1.83 ±0.66 1.58 ±0.65 0.020

18 months after surgery 1.79 ±0.72 1.66 ±0.74 0.021

p-value ≤0.001 ≤0.001 –

Values expressed as the arithmetic mean and ±SD.

Table 4. The results of the comparative analysis of the value of the anterior tibial shift relative to the thigh in the operated limb in Group I and II between 
individual measurements

Anterior tibial translation [mm] 

Variable
before surgery 3 months after surgery  6 months after surgery 18 months after surgery

Group I Group II Group I Group II Group I Group II Group I Group II

Before surgery – – ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001 ≤0.001

3 months after surgery ≤0.001 ≤0.001 – – 1.000 1.000 1.000 1.000

6 months after surgery ≤0.001 ≤0.001 1.000 1.000 – – 1.000 1.000

18 months after surgery ≤0.001 ≤0.001 1.000 1.000 1.000 1.000 – –
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obtained an average of 98.00 ±1.91 points in the same peri-
od since surgery (Fig. 10). A comparative analysis of the re-
sults of the functional assessment based on the Lysholm 
scale did not show statistically significant differences 
(p = 0.119).

Within 18 months of the reconstruction of the ACL, 
the average total number of points on the IKDC 2000 scale 
obtained in Group I was 94.79 ±6.54 points. In Group II, 
patients obtained an  average of  94.81  ±5.63  points 
in the same period since surgery (Fig. 10). A comparative 
analysis of the results of the functional assessment did not 
show statistically significant differences between the ex-
amined groups (p = 0.992).

Discussion

Knee injuries are one of the most common injuries ex-
perienced during physical activity, resulting in the need 
for surgical treatment and a  prolonged interruption 
in the ability to play sports.3,4

Statistics and numbers demonstrate the scale of the prob-
lem. In the USA alone, the number of cruciate ligament 
injuries is estimated to be at 250,000 per year, and the cost 
of diagnosis, treatment and rehabilitation is $3 trillion.12,13 
No data could be found regarding the number of recon-
structions of the ACL in Poland.

Many reports show different views of the researchers 
regarding the right time for surgical treatment, selection 
and method of graft attachment, method of bone canal 
preparation, or postoperative rehabilitation.10,11,14–22

The choice of surgical technique and method of graft 
attachment is usually the responsibility of the surgeon, 
depending on their preferences and previous experience.23

The choice of graft used as a transplant for reconstruc-
tion of  the  ACL also largely depends on  the  patient’s 
choice and expectations. However, it should be taken into 
account that according to statistical studies, 74% of pa-
tients choose the transplant depending on the doctor’s 
recommendation.24

Autograft effects described by  other researchers25 
and also observed among patients at the medical center 

in Wrocław, mainly related to their data collection, sparked 
the search for an alternative to a  transplant autograft. 
The number of reports regarding the use of allografts 
in orthopedics is  increasing. Up to 5 million allografts 
were performed in the USA in the last decade.25,26

The Achilles tendon and posterior (TP) and anterior (TA) 
tendons were used for an allograft. However, a small group 
of patients and a short observation period did not permit 
a comparison of their treatment results within the research 
group. Results published by other researchers show com-
parable results of treatment using allogeneic Achilles, ST, 
TA, and TP allografts. They also emphasize the fact that 
this gives greater freedom in the size of allograft.27

The average age of patients in the allograft group was 
37.8 years, and 30.4 years in the autograft group. This 
is in line with the observations of other authors that the al-
lograft is more often chosen by patients over 35 years of age 
who no longer compete in sports.28 A more recent meta-
analysis by Kaeding et al. observed the increase in the aver-
age age of patients operated on using the allograft, starting 
at 30 years of age during the years 2002–2003 to almost 
40 years of age during the years 2008–2009, which, how-
ever, also significantly correlated with the decrease in graft 
bursts – from 11.7% during the years 2002–2003 to 3.7% 
during the years 2008–2009.29

The team at the medical center prepared the tibial ca-
nal with the outside-in technique, and the femoral canal 
was drilled with the transtibial technique. The treatment 
results in both groups show that it is a repeatable and ef-
fective surgical technique. This is in line with the obser-
vations of other researchers, showing comparatively good 
treatment results with this method with the technique 
of drilling through an additional medial portal.30–32 How-
ever, other authors have indicated better treatment re-
sults in patients whose femoral canal was drilled through 
the medial portal.33 Despite the use of the same surgi-
cal technique and the use of the same fixation methods, 
the average time of surgery in both groups was differ-
ent. These data show that the selection of the graft for 
reconstruction had a direct impact on surgery duration. 
This difference is due to the need to take graft when using 
autografts. This coincides with the observations of other 
authors.16,25,34 Based on the studies of Ericson et al. and 
Balasch et al.,35,36 a Rolimeter was used for the quantitative 
study of anterior tibial displacement. In our opinion, this 
examination does not affect the choice of surgical tech-
nique, method of attachment or type of graft. It is useful 
in assessing postoperative improvement in knee stabil-
ity. It can also be helpful in assessing the patient after 
re-injury to the knee after ACL reconstruction. The in-
crease in tibial anterior translation after injury compared 
to the results of post-reconstruction control tests may 
be evidence of graft damage, which is difficult to assess 
with MRI.

In both groups, the range of active extension and flex-
ion of the preoperative limb was similar and statistically 

Fig. 10. Comparative analysis of the total number of points on the Lysholm 
scale and on the IKDC 2000 scale obtained in Group I and Group II
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different from the range of the non-operated limb. In both 
groups, during control tests after 3, 6 and 18 months, sta-
tistically significant improvement in the ROM was ob-
served, both in terms of extension and flexion. In the group 
of allografts and autografts in a study after 18 months, 
there was a smaller range of flexion of the operated to non-
operated limb, but it was not clinically significant.

Analysis of  the knee joint stability assessment using 
Lachman, front drawer, Pivot–Shift, and Rolimeter tests 
showed that proper knee joint stability was obtained 
in both groups. There was no difference in the results 
obtained between the  2 groups. Similar observations 
in their meta-analyses were described by Bottoni et al. 
and Jia et al.37,38

Subjective assessment of knee function in patients from 
both groups was made using the Lysholm scale and IKDC 
2000. Comparative analysis did not show significant dif-
ferences between the results of patients operated on using 
allografts and the results of patients operated on using 
autografts. Good subjective postoperative results were 
shown.

Our method was limited by the lack of biomechanical 
tests and a short observation period. In the future, our re-
search requires a longer period of observation and analysis 
of possible issues of re-tearing of the graft and weakening 
of the flexor strength of the operated limb after primary 
reconstruction of ACL using hamstrings.

Today, many studies are underway to highlight genetic 
predisposition to cruciate ligament injuries. The ACL “su-
ture” techniques require further research and more mate-
rial. Research on the use of scaffolds, stem cells, platelet 
rich plasma, and xenografts are also setting new trends. 
All these current trends in the development of ACL sur-
gery will allow for a more personalized method of surgical 
treatment, which will probably be presented to the patient 
as the choice of “à la carte” method of treatment.

Conclusions

Primary ACL reconstruction using an allograft is an ef-
fective method to treat instability of the anterior knee 
joint. Comparative analysis of the results of primary ACL 
reconstruction in the treatment of anterior knee instability 
using autograft and allograft justifies the possibility of in-
dividual selection of the graft depending on the patient’s 
expectations.
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Abstract
Background. Trichostatin A (TSA), being a strong specific histone deacetylase (HDAC) inhibitor, may 
lead to the inhibition of growth, differentiation and/or apoptosis of cells in a number of tumors. Semisolid 
drug formulations for topical release of anticancer agents may be an alternative strategy or a supplement 
of the systemic therapy.

Objectives. To prepare semisolid formulations with TSA to be used directly on the skin and to assess 
the anticancer effect in vivo on a mouse model with L1 neoplastic tumors.

Material and methods. Twenty-four formulations were prepared in the form of semisolid systems contain-
ing TSA as the active ingredient. Then, an in vitro study was performed concerning the release of the active 
substance from the prepared formulations. Four formulations were selected for in vivo studies: oil-in-water 
cream, hydrogel, w/o emulsion ointment on the absorptive hydrophobic medium, and o/w emulsion gel. 
The tumor size and mouse body weight were measured during the experiment. The tumors and healthy skin 
of the mice were assessed regarding the skin barrier function with the Corneometer and Tewameter probes.

Results. The semisolid formulation with TSA applied on the skin reduced the growth of neoplastic tumors 
as compared with the control group. This is especially pronounced in the case of w/o emulsion ointment 
and o/w emulsion gel. The Corneometer shows that neoplastic tumor growth and formulations on the skin 
have no effect on the skin condition in comparison with the mouse skin without tumor. The measurement 
performed with the Tewameter has revealed impaired skin barrier function of neoplastic tumors.

Conclusions. Semisolid formulations with TSA fit well in the mainstream of research into topical medicines 
applied directly on neoplastic tumors, which may support and supplement current oncological treatment.

Key words: trichostatin A, anticancer topical formulations, ointments, skin cream, cancer applied pharmacy
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Introduction

Cancer is one of the main causes of death in the world. 
In developed countries, it is the 2nd cause of death, after 
cardiovascular diseases. The number of new cases of can-
cer and cancer-related deaths in the world is increasing 
every year. According to Globocan, in 2018, the incidence 
of cancer was 18.1 million, causing the death of 9.6 million 
people worldwide. It is estimated that in 2040, the number 
of new cases of cancer will be 29.5 million.1 On the basis 
of the Polish National Cancer Registry, 164,875 of new 
cases of cancer and 99,644 cancer-related deaths were 
reported in Poland in 2017. The cancer morbidity rate 
in Poland has increased by 185,630 cases in 2018 and 
113,388 deaths in 2018, according to Globocan.1,2 Strong 
emphasis is placed on early detection of neoplastic dis-
eases combined with adequate treatment. For the  last 
20 years, anticancer therapy has been undergoing trans-
formation from traditional cytotoxic drugs to a molecular 
targeted therapy.3,4 Currently, anticancer therapy is pri-
marily based on the use of alkylating agents, antimetabo-
lites, plant alkaloids, and anticancer antibiotics. Recently, 
there has been much discussion regarding the possibility 
of using epigenetic inhibitors. It has been shown that 
epigenetic regulation of gene expression is an essential 
mechanism which, if disturbed, leads to the development 
of cancer. The mechanisms of epigenetic control involve 
changes in the expression of genes key to carcinogen-
esis. Histone deacetylase inhibitors (HDIs) are considered 
to be used as new generation anticancer drugs, which 
induce increased histone acetylation.5,6 Trichostatin A 
(TSA) inhibits histone deacetylase (HDAC). The inhibi-
tory activity involves chelation of zinc (II) ion by the hy-
droxamic acid group in TSA in the HDAC active site.7 
Trichostatin A was first described as an antifungal an-
tibiotic in 1976.8 It shows the activity of a non-compet-
itive, reversible inhibitor of HDAC activity at low nano-
moles concentrations.9 There are reports indicating that 
TSA, being a strong specific HDAC inhibitor, may lead 
to the inhibition of growth, differentiation and/or apop-
tosis of cells in a number of tumors.10–14 Recently, it has 
been shown that TSA inhibits angiogenesis by reducing 
the expression of oxidase 4 (Nox4), which is  inhibited 
by p300-histone acetyltransferase ((p300-HAT)-depen-
dent pathway). This mechanism may be used to reduce 
angiogenesis in relation to diabetic retinopathy, neoplastic 
changes and developmental anomalies.15 The studies also 
suggest that TSA may have a therapeutic effect on cancer-
ous cells in combination with radiotherapy, chemotherapy 
or hormonotherapy.16–19 Regarding the pharmaceutical 
form used in oncology, injection forms are currently pre-
dominant. New forms of oncological drugs include sub-
cutaneous implants (Zoladex, Leuprostin) or intracranial 
implants with carmustine (e.g., Gliadel). The cytostatic 
agent 5-fluorouracil is used in dermatology in the form 

of  liquid for papillae (Verrumal) and as ointment (Efu-
dix) in the treatment of actinic and solar keratosis, basal 
cell carcinoma, Bowen’s disease, and precancerous skin 
conditions. Transdermal administration is  necessary 
to ensure prolonged release of medicines and maintain 
the local effect.20,21 The present paper focuses on semi-
solid formulations with TSA. The aim of the studies was 
to develop TSA formulations to be used topically, and 
to assess the anticancer activity of the obtained prepara-
tions in vivo.

Material and methods

Development of the formula and 
preparation of semisolid formulations 
with TSA

Adequate media were selected for the initial studies, and 
24 formulations were developed. Pharmacopoeial ingredi-
ents, compound ready-made media available for a phar-
maceutical formulation and new polymer-based media 
were selected. The compositions of all formulations are 
presented in Table 1. The following formulations were pre-
pared: w/o emulsions, o/w emulsions, hydrogels, and o/w 
emulsion gel. The obtained formulations were examined 
organoleptically during and after their preparation. They 
were assessed with regard to appearance, consistency and 
spreading. Semisolid formulations containing ready-made 
pharmacopoeial media used in the experiment (forming 
w/o emulsions – No. 1, 2, 8, and 10) and industrial ones 
(o/w emulsions – No. 3 and 24) were prepared with the use 
of the mixing system – Cito Unguator® e/s (Eprus, Bielsko-
Biała, Poland). Formulations in the form of o/w emulsions 
No. 6, 7, 9, and 19 were prepared by melting the ingredi-
ents of the oil phase in the water bath22 (LaboPLAY Type 
W 410; LaboPLAY, Bytom, Poland) and emulating wa-
ter with the ingredients dissolved therein, then mixing 
with the use of the mixing system (Cito Unguator® e/s). 
Formulations in the form of o/w emulsions (No. 4 and 
5), gels (No. 11–18, 20, 22, and 23) and o/w emulsion gel 
(No. 21) containing gelling, concentrating and stabilizing 
agents were prepared using standard methods23–25 and 
mixing with the use of the mixing system (Cito Ungua-
tor® e/s). Directly before the study, the TSA solution was 
added to the prepared media. 0.01% formulations with 
TSA were prepared for in vitro studies. The TSA (Tricho-
statin A – Sigma-Aldrich cat. No. T8552; Sigma-Aldrich, 
St. Louis, USA) solution was prepared by  dissolution 
of 1 mg of TSA in 0.5 mL dimethyl sulfoxide (DMSO) 
(Sigma-Aldrich). From the obtained solution, 50 µL was 
collected; then, 500 µL of phosphate-buffered saline (PBS; 
Gibco, Waltham, USA) was added. One hundred microli-
ters of thus prepared solution contained 18.18 µg of TSA 
(in DMSO+PBS).
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In vitro study of TSA release from 
the prepared formulations

The studies on release involved semisolid formulations 
with TSA prepared in accordance with the composition 
specified in Table 1. The compositions of 24 formulations 
containing TSA were developed and a study of the ac-
tive substance release from the prepared formulations 
was conducted. Eighteen formulations containing TSA 
were selected, in  which the  released TSA was quanti-
fied. The  formulations with no detected released TSA 
were rejected from further studies. Then, the formula-
tions were tested for release in order to select semisolid 
TSA formulations for in vivo studies on a murine model. 
In order to study the prepared formulations, a method 
of TSA release in vitro was developed. The studies were 
conducted with the use of 24-well plates with polyethylene 
teraphthalate (PET) membrane inserts with a diameter 
of 6.5 mm; the pores were 8 μm (BD BioCoat Matrigel 
Invasion Chambers; Becton Dickinson Biosciences, San 
Jose, USA). The inserts were filled with 200 mg of TSA 
formulation (0.01%), and then the wells were filled with 
300 μL of acceptor liquid (Aqua pro injectione; Polpharma, 
Starogard Gdański, Poland) (Fig. 1).

The study was conducted for 6 h in an incubator (POL-
EKO Aparatura, Wodzisław Śląski, Poland) at 37°C. After 
6 h, the samples were collected and measured spectropho-
tometrically with UV-VIS (Quawell Q 5000, λ = 264 nm; 
Quawell, San Jose, USA) and with liquid chromatography 
combined with mass spectrometry (LC–MS/MS). Instru-
mental analysis was performed using Agilent 1260 Infinity 
(Agilent Technologies, Santa Clara, USA) equipped with 
a degasser, autosampler and binary pump, coupled to a Hy-
brid Triple Quadrupole/Linear Ion trap mass spectrometer 
(QTRAP® 4000; AB SCIEX, Framingham, USA). The cur-
tain gas, ion source gas 1, ion source gas 2, and collision 
gas (all high purity nitrogen) were set at 240 kPa, 410 kPa, 
275 kPa, and “medium” instrument units, respectively. 
The ion spray voltage and source temperature were 5500 V 
and 600°C, respectively. Chromatographic separation was 
achieved with a Kinetex RP-18 column (100 mm, 4.6 mm, 

particle size 2.6 µm) supplied by Phenomenex (Torrance, 
USA). The column was maintained at 40°C at a flow rate 
of 0.5 mL/min. The mobile phases consisted HPLC-grade 
water with 0.2% formic acid as eluent A and acetonitrile 
with 0.2% formic acid as eluent B. The gradient B was 
as  follows: 0  min 30%; 0.5  min 30%; 3  min 95%; and 
7 min 95%. A total of 10 µL of samples were diluted with 
50% acetonitrile and mixed with M344 (internal standard; 
Santa Cruz Biotechnology, Santa Cruz, USA) to a final 
concentration of 0.1 µg/mL in 200 µL of solution. The vol-
ume of injection was 5 µL. The target compounds were 
analyzed in multiple reaction monitoring (MRM) mode, 
monitoring 2 transitions between the precursor ion and 
the most abundant ions for each compound was 303->148 
(quantitative transition) and 303->120 (qualitative transi-
tion) for TSA, and 308->148 (quantitative transition) and 
308->120 (qualitative transition) for M344. The compound 
parameters for quantitative transitions viz. declustering 
potential (DP), collision energy (CE), entrance potential 
(EP), and collision exit potential (CXP) were 66, 33, 10, 
and 10 V, respectively, for TSA, and 61, 25, 10, and 14 V, 
respectively, for M344.

The results of TSA release marked UV-VIS and LC-MS/
MS are presented in Fig. 2.

Examination of anticancer activity 
of semisolid TSA formulations in vivo 
in Balb/c mice with L1 tumor

On the basis of TSA release results, organoleptic assess-
ment and an assessment of the characteristics of the L1 
tumor, the  following 4 formulations were selected for 
in vivo studies: 5, 10, 18, and 21. The studies were con-
ducted on  laboratory Balb/c mice with the  approval 
of the Bioethics Committee of the Medical University 
of Warsaw, Poland (approval No. 160/2016). The sites 
on the mouse back, in the neck area, were shaved before 
starting the experiments. The  females of Balb/c mice 
(weight: 18–25 g) were administered subcutaneously (s.c.) 
with cancer cells of murine sarcoma L1 3 × 105/0.1 mL 
PBS per mouse.26 The cells were obtained from stan-
dard in vitro culture of L1 line. Then, when tumors with 
a diameter of 1–10 mm appeared, the mice were divided 
into adequate groups (n = 3) and the tests were initiated. 
To perform the tests, TSA was dissolved in DMSO, and 
PBS was added to achieve 100 µg TSA in 100 µL DMSO + 
PBS (1 mg TSA + 200 µL DMSO + 800 µL PBS).27 The TSA 
solution was administered as  intratumor injection and 
into the semisolid formulations. The active substance 
(TSA) was introduced to the semisolid formulations im-
mediately before use. Four groups of mice were treated 
with the selected TSA formulations No. 5, 10, 18, and 21 
at a dose of 100 μg TSA/200 mg formulation/mouse/day 
(divided into 2 doses, three-hour interval) for 5 consecu-
tive days. The mice on which the formulation was applied 

Fig. 1. Membrane model for TSA release. The insert was filled with 
200 mg of TSA formulation, then 300 μL of the acceptor liquid – Aqua pro 
injectione – was added to the well. After t = 6 h, a sample was collected 
and measured with UV-VIS and LCMS/MS
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topically were kept separately and observed for 1 h until 
the formulation was absorbed. The control groups were 
treated in  the  same way with semisolid formulations 
No. 5, 10, 18, and 21 without TSA. Two groups of mice 
received TSA intratumor injection (100 µg TSA/100 µL 
DMSO+PBS (C3)) and solvent intratumor injection 
(100 µL DMSO+PBS (C2)). The  injections were given 
once daily, on the 1st, 3rd and 5th day of the study. Also, 
a separate control group was formed, including mice not 
treated with the formulations (C1). Every day through-
out the study all the mice were weighed and the tumors 
were measured with a caliper (Topex). The tumors were 

measured in  2 dimensions, perpendicularly. The  tu-
mor volume (v) was calculated using the formula, where 
(x ≤ y)28,29:

v = x2 × y × (π/6).

Examination of skin moisture and transepidermal water 
loss (TEWL) was performed with the probes Corneom-
eter® CM 825 and Tewameter® TM 300.30,31

On  the  1st and 8th day of  the  experiment, the  skin 
on tumors and the healthy skin of mice were assessed 
with the Multi Probe Adapter (MPA) Systems measur-
ing device and with the probes Corneometer® CM 825 

Table 1. Compositions of the design semisolid formulations: No. 1, 2, 8, and 10 – emulsions w/o; No. 3–7, 9, 19, and 24 – emulsions o/w; No. 11–18, 20, 22, 
and 23 – gels; No. 21 – o/w emulsion gel. Trichostatin A was introduced ex tempore at a dose of 0.01% for in vitro release and at a dose of 0.05% for in vivo 
animal tests

Composition
Formulation No.

1 2 3 4 5 6 7 8 9 10 11 12

Unguentum Cholesteroli
(Pharma-Cosmetic)

50%

Euceryna (Fagron)
Unguentum Eucerini I

50%

Lekobaza (Pharma-Cosmetic) 50%

Vaselinum hydrophylicum
(Pharma-Cosmetic)

50%

Methocel® 90HG (Sigma-Aldrich) 0.5% 0.25%

Paulister-SG
Glyceryl Stearate (Paulika)

10% 10% 12% 2.5%

Isopropyl Myristate
(Paulika)

10% 10%

Karinol-CS
Cetearyl Alcohol (Paulika)

2.25%

Karinol-C
Cetyl Alcohol (Paulika)

5% 5%

Stearic acid (WarChem) 13% 5%

Cera alba
(Pharma-Cosmetic)

2.5%

Vaselinum album
(Aflofarm)

10% 12.5%

Lanolinum anhydricum
(Pharma-Cosmetic)

37.5%

Carboxymethylcellulose sodium  
(Sigma-Aldrich)

2% 2%

Sodium dodecyl sulfate
(Sigma-Aldrich)

5%

Triethanoloamine (POCH) 2.5%

Glycerolum 85%
(Pharma-Cosmetic)

10%

Propylene Glycol 
(WarChem)

10%

Trichostatin A (Sigma-Aldrich) 
– in vitro

0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01%

Trichostatin A (Sigma-Aldrich) 
– in vivo

0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05%

Aqua pro injectione
(Polpharma)

q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s.
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Composition
Formulation No.

13 14 15 16 17 18 19 20 21 22 23 24

Stearic acid (WarChem) 12.5%

Karinol-CS
Cetyl Alcohol (Paulika)

5%

Methocel® 90HG (Sigma-Aldrich) 3% 3%

Carbopol® Ultrez 10 (Lubrizol) 
Carbomer

1% 1% 1% 1%

Sepineo P 600 (Seppic) 4% 3%

Sepineo D.E.R.M. (Seppic) 1.5% 1.5%

Pentravan® (Fagron)
oil-in-water emulsion base 

50%

Glicerol Glycerolum 85%
(Pharma-Cosmetic)

10% 10% 10%

Propylene Glycol (WarChem) 10% 10% 10% 10%

Triethanoloamine (POCH) 0.8% 0.8%

10% NaOH Sodium hydroxide 
(Chempur)

2.5% 2.5%

Sodium dodecyl sulfate
(Sigma-Aldrich)

2.5%

Oleum Amygdalae dulcium
(Profarm) 

20%

Trichostatin A (Sigma-Aldrich) 
– in vitro

0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01%

Trichostatin A (Sigma-Aldrich) 
– in vivo

0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05% 0.05%

Aqua pro injectione
(Polpharma)

q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s.

Methocel® 90HG – hydroxypropylmethylcellulose; Sepineo P 600 – acrylamide/sodium acryloyldimethyl taurate copolymer/isohexadecane and 
polysorbate 80; Sepineo D.E.R.M. – hydroxyethyl acrylate/sodium acryloyldimethyl taurate copolymer; q.s. – quantum satis (just far enough).

Table 1. Compositions of the design semisolid formulations: No. 1, 2, 8, and 10 – emulsions w/o; No. 3–7, 9, 19, and 24 – emulsions o/w; No. 11–18, 20, 22, 
and 23 – gels; No. 21 – o/w emulsion gel. Trichostatin A was introduced ex tempore at a dose of 0.01% for in vitro release and at a dose of 0.05% for in vivo 
animal tests – cont.

Fig. 2. Amount of TSA% released from semisolid formulations after 6 h (n = 7)
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and Tewameter® TM 300 (Courage+Khazaka Electronic 
GmbH, Cologne, Germany). The skin on neoplastic tu-
mors and healthy skin surrounding the tumor were as-
sessed. Hair was removed from the skin the day before 
the measurements. Then, the mice were euthanized, and 
the tumors and skin were collected for further studies.

The measurement of skin humidity with the Corneome-
ter probe is based on a recognized international volumetric 
method. It provides confirmed and well-confirmed mea-
surements of skin hydration.32,33 The Tewameter probe was 
used to assess TEWL without impairing the skin micro-
environment. The Tewameter probe measures the density 
gradient of the water evaporation from the skin indirectly 
by the sensors of temperature and relative humidity, with 
the use of open chamber diffusion technique. The mea-
surement of the water evaporation from the skin is the ba-
sic parameter in the assessment of the epidermal barrier 
function.34

Statistical evaluation

The studies were performed in accordance with the pro-
tocol approved by the Bioethics Committee of the Medi-
cal University of Warsaw (approval No. 160/2016). The re-
sults are presented in the  form of mean and standard 
deviation (SD). Statistical significance (p < 0.05) of dif-
ferences between the groups was analyzed with the use 
of one-way analysis of variance (ANOVA). The post hoc 
Tukey’s test was used. Statistical significance was as-
sessed with the use of GraphPad Prism v. 7 software 
(GraphPad Software, San Diego, USA). Statistically sig-
nificant differences are marked with asterisks (* p < 0.05; 
** p < 0.01; *** p < 0.001).

Results

Preparation of semisolid formulations

Semisolid formulations were developed with the use 
of ingredients available on the market. Ready-made media 
and pharmacopoeial ingredients used in the field of phar-
macy were selected: Unguentum cholesteroli, Unguentum 
eucerini, Vaselinum hydrophyllicum, Vaselinum album, 
Lanolinum; industrial media: Lekobaza, Pentravan; gelling, 
concentrating and stabilizing substances: Carboxymeth-
ylcellulose sodium, Carbomer, Hydroxypropylmethylcel-
lulose, Sepineo P600, and Sepineo D.E.R.M. Organolep-
tic analysis was performed during and after preparation. 
The formulations were assessed with regard to appearance, 
consistency and spreading. Twenty-four formulations were 
obtained: No. 1, 2, 8, and 10 – w/o emulsions; No. 3, 4, 
5, 6, 7, 9, 19, and 24 – o/w emulsions; No. 11–18, 20, 22, 
and 23 – gels; and No. 21 – o/w emulsion gel (Table 1). 
The obtained formulations were homogeneous, had ad-
equate consistency and spread well.

Assessment of TSA release  
from semisolid formulations

A test of TSA release from the obtained formulations 
was conducted. For this purpose, a method of in vitro TSA 
release was developed. The samples were measured spec-
trophotometrically with UV-VIS and with LC-MS/MS. 
The measurements performed with these 2 methods were 
comparable for most of the formulations (Fig. 2). The for-
mulations No. 1, 2, 3, 8, and 9 were rejected, since there was 
no TSA release as measured using LC-MS/MS and there 
were difficulties with the UV-VIS measurement. Eighteen 
semisolid formulations were selected, and the release tests 
were performed again. On the basis of the release tests, 
the following formulations were selected for in vivo studies: 
No. 5 – o/w emulsion with a concentrating and stabilizing 
substance (hydroxypropylmethylcellulose)35; No. 18 – hy-
drogel with propylene glycol, which increases skin penetra-
tion of the formulation and prolongs its stability36; and 
No. 21 – o/w emulsion gel based on polymers and almond 
oil.24,25 The w/o emulsion ointment on the absorptive hy-
drophobic medium No. 10 was qualified for in vivo studies 
due to its occlusive properties, which could increase skin 
penetration by TSA.

Assessment of anticancer activity 
of semisolid TSA formulations in vivo 
in Balb/c mice

Everyday throughout the study (8 days) the mice were 
weighed and the tumor size was measured. No significant 
change in the mouse body weight was observed during 
the study. Rubbing the semisolid formulations with TSA 
in the tumors and intratumor TSA injections had no effect 
on the body weight of the mice. The tumors were measured 
in all the mice with a caliper for 8 days. The results are 
summarized in Table 2. It shows that the tumors treated 
with TSA formulations grow more slowly than the tumors 
treated with non-TSA formulations. The growth of tumors 
treated with TSA formulations was lower than in the cor-
responding control groups. Control tumors which were 
not treated with TSA formulations showed a  regular 
growth. The tumors treated with TSA grew slowly, and 
their growth was inhibited.

Assessment of skin hydration and TEWL 
with the probes Corneometer® CM 825 
and Tewameter® TM 300

A study with the Corneometer® CM 825 and Tewame-
ter® TM 300 probes was conducted on the 1st day of the ex-
periment, before testing the mice and on  the  last day, 
prior to autopsy.36 The skin on neoplastic tumors and 
the healthy skin surrounding the tumor were assessed. 
Hair was removed from the skin the day before the mea-
surements. The measurement of skin humidity is based 
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on a recognized international volumetric method, which 
provides confirmed and well-confirmed measurements 
of skin hydration.32,33 The findings of the Corneometer are 
presented in contract units. The higher the values, the dri-
er and less moisturized skin. The effect of the tumor and 
its growth, and the effect of intratumor injection and TSA 
on skin moisturizing were not confirmed. As presented 
in Fig. 3, the measurement of skin moisture with Corneo-
meter showed that the tumor growth and treatment with 
TSA and non-TSA formulations had no effect on the skin 
condition. The  Tewameter probe was used to  assess 
TEWL without impairing the skin microenvironment. 

The  Tewameter probe is  based on  the  open-chamber 
diffusion technique (sensors of temperature and relative 
humidity), where the gradient of the water evaporation 
from the skin is measured according to Fick’s law and is ex-
pressed as evaporation coefficient in g/h/m². The Tewame-
ter probe is a reliable tool to measure water evaporation 
from the skin.34 The higher the result, the greater water 
loss and worse skin condition. The skin on  the  tumor 
shows similar humidity to the skin near the tumor that 
has not been treated with formulations. Figure 4 shows 
that the epidermal barrier function of neoplastic tumors 
has been reduced. The measurement with the Tewameter 

Table 2. Assessment of anticancer activity of semisolid TSA formulations in Balb/c mice with L1 tumor. Measurement of tumor volume v [mm³] 

Formulation Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8

C1 41.6 41.6 78 131.04 203.84 229.32 520 692.12

C1 41.6 41.6 91 168.48 229.32 366.08 366.08 463.32

C1 18.72 49.92 131.04 421.2 421.2 572 572 692.12

C2 421.2 421.2 624 817.96 817.96 880.88 943.8 943.8

C2 112.32 112.32 178.36 266.24 266.24 299.52 299.52 421.2

C2 65 65 149.76 272.636 203.84 299.52 421.2 624

C3 463.32 399.36 399.36 547.56 547.56 631.8 780 780

C3 229.32 421.2 332.8 463.32 299.52 463.32 505.44 505.44

C3 299.52 299.52 203.84 266.24 379.08 421.2 421.2 421.2

5 78 78 78 131.04 203.84 366.08 366.08 463.32

5 78 112.32 131.04 203.84 266.24 299.52 299.52 332.8

5 65 65 65 112.32 178.36 266.24 266.24 299.52

5+TSA 149.76 203.84 203.84 203.84 203.84 203.84 421.2 421.2

5+TSA 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52

5+TSA 14.04 14.04 18.72 18.72 18.72 18.72 41.6 41.6

18 254.8 366.08 463.32 463.32 624 676 676 817.96

18 299.52 299.52 332.8 421.2 421.2 572 624 676

18 149.76 203.84 254.8 254.8 280.28 366.08 505.44 624

18+TSA 6.24 6.24 18.72 18.72 18.72 18.72 18.72 41.6

18+TSA 112.32 112.32 78 78 78 78 78 91

18+TSA 203.84 203.84 203.84 203.84 254.8 254.8 254.8 254.8

10 6.24 6.24 18.72 28.08 49.92 149.76 299.52 332.8

10 41.6 149.76 168.48 168.48 187.2 254.8 280.28 331.24

10 1.04 18.72 65 131.04 131.04 149.76 168.48 187.2

10+TSA 78 131.04 229.32 229.32 229.32 254.8 254.8 280.28

10+TSA 131.04 131.04 266.24 266.24 299.52 332.8 332.8 399.36

10+TSA 131.04 178.36 299.52 299.52 299.52 421.2 421.2 572

21 6.24 41.6 58.24 104 149.76 229.32 332.8 463.32

21 0.52 1.04 4.16 6.24 14.04 78 78 149.76

21 4.16 4.16 14.04 65 112.32 149.76 254.8 366.08

21+TSA 6.24 14.04 4.16 14.04 41.6 91 91 104

21+TSA 18.72 18.72 18.72 41.6 41.6 78 78 104

21+TSA 4.16 4.16 4.16 4.16 4.16 4.16 18.72 78

C1 – control group; C2 – control group – intratumor injection (DMSO+PBS); C3 – control group – intratumor injection with TSA; 5 – formulation No. 5; 
5+TSA – formulation No. 5 with TSA; 18 – formulation No. 18; 18+TSA – formulation No. 18 with TSA; 10 – formulation No. 10; 10+TSA – formulation No. 10 
with TSA; 21 – formulation No. 21; 21+TSA – formulation No. 21 with TSA.
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probe indicates that the water loss through tumor skin 
is higher in comparison with the skin on the areas not 
treated with the formulations.

Discussion

Currently, the experimental research in the field of in-
novative anticancer drugs are focused on the search for 
new active substances and are significantly associated 
with the development of effective carriers and strategies 
for drug transfer. Recently, research has also been per-
formed on new drug forms for known active substances 
in order to extend the therapeutic indications of regis-
tered medicines. This study is part of the current research 

on medicines.37–39 The aim of the experiment was to obtain 
a preparation with antitumor activity for external use. 
The excipients used in the pharmaceutical formulation 
were selected, as well as new multiphase substrates with 
liposomes or based on polymers. A semi-solid formulation 
with a histone deacetylase inhibitor, TSA, was prepared. 
The antitumor activity of the preparation was evaluated 
in a model of transplantable L1 tumor in Balb/c laboratory 
mice. The available sources of scientific research are re-
porting that much research has been conducted in the field 
of histone deacetylase (HDAC) inhibition over the past 
decade.40−42 The HDAC inhibitors (HDACi) have high 
anticancer potential. The HDACi (e.g., vorinostat, pano-
binostat, belinostat) approved by the Federal Drug Admi-
nistration (FDA) are used for treatment of various types 

Fig. 3. Assessment of anticancer activity of semisolid TSA formulations in Balb/c mice with L1 tumor. Assessment of skin moisture. Measurement with 
the Corneometer probe (n = 10) 

C1 – control group; C2 – control group – intratumor injection (DMSO+PBS); C3 – control group – intratumor injection with TSA; 5 – formulation No. 5;  
5+TSA – formulation No. 5 with TSA; 18 – formulation No. 18; 18+TSA – formulation No. 18 with TSA; 10 – formulation No. 10; 10+TSA – formulation 
No. 10 with TSA; 21 – formulation No. 21; 21+TSA – formulation No. 21 with TSA. Statistically significant differences are marked with an asterisk (* p < 0.05; 
** p < 0.01; *** p < 0.001).

Fig. 4. Assessment of anticancer activity of semisolid TSA formulations in Balb/c mice with L1 tumor. Assessment of transepidermal water loss (TEWL).
Measurement with the Tewameter probe (n = 5) with standard deviation (SD) of 0.2 

C1 – control group; C2 – control group – intratumor injection (DMSO+PBS); C3 – control group – intratumor injection with TSA; 5 – formulation No. 5;  
5+TSA – formulation No. 5 with TSA; 18 – formulation No. 18; 18+TSA – formulation No. 18 with TSA; 10 – formulation No. 10; 10+TSA – formulation No. 10 
with TSA; 21 – formulation No. 21; 21+TSA – formulation No. 21 with TSA. Statistically significant differences are marked with an asterisk (** p < 0.01; 
*** p < 0.001).
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of cancer.42 Many HDACi (e.g., entinostat) are in clinical 
research phase.42,43 The HDACi present anti-tumor ac-
tivity through various mechanisms, i.e., cell cycle arrest, 
induction of apoptosis and autophagy in transformed cells, 
and inhibition of angiogenesis.42,44 The growing interest 
of HADACi because of their effectiveness in cancer therapy 
encourages the search and research of other substances 
that belong to this group.40 It has been confirmed that 
TSA is a reversible HDAC inhibitor and affects cancer cells 
by activating apoptotic pathways and arresting the cell 
cycle. Induction of  apoptosis occurs through external 
(death receptor) or internal (mitochondrial) pathways; both 
of them lead to caspase activation and cell death induc-
tion.16,44 In the study by Ma et al., TSA has been shown 
to have antiproliferative activity on cells of the esophageal 
squamous cell carcinoma line by inducing cell cycle ar-
rest and apoptosis.45 It seems that TSA can be considered 
as an anticancer active substance to use in the prepara-
tion of semi-solid formulations for external application 
in cancer. Studies show that known anticancer substances, 
e.g., vismodegib, imiquimod, 5-fluorouracil, methotrexate, 
or gabapentin, applied topically are helpful in the treat-
ment of cancer.46–52 In one of the first studies which pro-
posed a local application of vismodegib, developed by Cali-
enni et al., nanoformulation in the treatment of basal-cell 
cancer was obtained. Vismodegib was incorporated into 
liposomes to provide a  local nanodrug delivery system 
that may be useful in reducing systemic distribution and, 
as a consequence, side effects, while simultaneously pen-
etrating the stratum corneum.46 Kubicki et al. reported 
complete remission of primary cutaneous anaplastic large 
cell lymphoma after topical application of imiquimod.47 
Another study showed that 5% imiquimod for topical use 
is an acceptable treatment option for patients with malig-
nant melanoma who prefer local treatment over surgery 
or radiation therapy.48 A mouse model study found that 
methotrexate encapsulated in  liposomes administered 
topically may be a new, less toxic treatment opportunity for 
human psoriasis.49 On the other hand, a study by Shahid 
et al. showed that gabapentin can also be used topically, 
but not as an antitumor substance, but to treat neuropathic 
pain. The study demonstrated that both local and systemic 
administration of gabapentin to rats weakens peripheral 
neuropathy caused by chemotherapy. Topical use of gaba-
pentin may be an auxiliary or alternative way of treating 
neuropathic pain when administration of systemic drugs 
threatens the patient’s life due to side effects.50 In the study 
by Kanaya et al., patients with ocular surface squamous 
neoplasia after local tumor resection were locally treated 
with interferon α-2b. Topical administration of interferon 
α-2b contributed to inhibiting tumor recurrence and im-
proving the patients’ quality of vision.51 Another study 
showed that topically applied interferon α-2b in the form 
of eye drops is an effective and safe treatment for conjunc-
tival papilloma. Three months after the start of treatment 
with interferon α-2b, complete regression of the lesion was 

achieved.52 In the treatment of cancer, combination ther-
apy is extremely important. This approach of treatment 
takes advantage of the fact that anticancer substances can 
more effectively inhibit tumor growth in combination with 
radiation and/or another anticancer substances, which 
suggests a promising strategy in  the treatment of skin 
metastases. Topical application of imiquimod cream si-
multaneously with radiation therapy significantly reduced 
the growth of a breast cancer tumor in a mouse model, 
compared to using these therapies separately. Moreover, 
administration of cyclophosphamide prior to imiquimod 
and radiation therapy potentiates the therapeutic effect, 
suggesting that this combination is a very promising strat-
egy for metastases of breast cancer to the skin.53

In the current study, it was important to choose the right 
formulation to achieve proper TSA release. It  is known 
that skin permeability is  increased due to the presence 
of water, which causes swelling of keratin and increases 
intercellular spaces. Semi-solid preparations that form 
an occlusive layer on the skin also increase the hydra-
tion of the stratum corneum and the absorption of drugs 
through the skin.54 Therefore, semi-solid preparations 
were selected for in vivo studies that released TSA well 
and those with occlusive properties: the o/w emulsion 
with a thickening and stabilizing substance (hydroxypro-
pylmethylcellulose), the w/o emulsion on an absorbent-
hydrophobic medium, the hydrogel with propylene gly-
col (which increases the penetration of the formulation 
through the skin and prolongs the stability of the prepa-
ration), and the o/w emulsion gel based on polymers and 
almond oil was used. As Fig. 5 shows, it was observed 
that the growth of tumors treated with TSA preparations 
was lower than the growth in the control groups (without 
TSA). Anticancer activity of topical preparations was also 
noticed in other works on HDAC inhibitors. In the study 

Fig. 5. Assessment of anticancer activity of semisolid TSA formulations 
in Balb/c mice with L1 tumor 

C1 – control group; C2 – control group – intratumor injection (DMSO+PBS); 
C3 – control group – intratumor injection with TSA; 5 – formulation No. 5;  
5+TSA – formulation No. 5 with TSA; 18 – formulation No. 18; 
18+TSA – formulation No. 18 with TSA; 10 – formulation No. 10; 
10+TSA – formulation No. 10 with TSA; 21 – formulation No. 21; 
21+TSA – formulation No. 21 with TSA. Statistically significant differences 
are marked with an asterisk (*** p < 0.001).
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performed by Dai et al., a hydrogel with vorinostat was 
used on rats.55 The purpose of this study was to develop 
a new formulation with vorinostat that would be effec-
tive in the early stages of cutaneous T cell lymphoma and 
free of serious side effects. As a result, topical administra-
tion with a much lower dose showed a higher area under 
the curve (AUC) (cumulative amount of vorinostat re-
tention through the skin) than oral administration, and 
the hydrogel achieved sustained permeation of vorinostat 
in the skin for 24 h in vivo. This indicated that higher 
relative bioavailability of vorinostat from the hydrogel was 
achieved compared to oral route. Researchers found that 
a hydrogel can deliver vorinostat to local skin more effec-
tively and without adverse effects than oral administration. 
A study performed by Dai et al. confirms that the topical 
application of the preparation to the skin achieves higher 
availability of the active substance and additionally re-
duces the adverse effects of the treatment.55 These results 
encourage the search for new substances that can be used 
in the same way, but there is also a need to suggest new/
appropriate formulations for topical application. Another 
study used entinostat (MS-275), which at a concentration 
of 2 mg/kg significantly slowed the growth of squamous 
cell carcinoma of the skin in a hairless SKH-1 mouse mod-
el. MS-275 was cell-permeable as a topical preparation and 
induced changes in histone acetylation in mouse tumor 
tissue. It was also effective in inhibiting the proliferation 
of patient-derived squamous cell carcinoma lines and was 
especially effective towards cells isolated from regional 
metastases in an immunocompromised individual.43

Conclusions

In summary, the performed research indicates that tumor 
growth may be limited through external administration 
of active substances with histone deacetylase inhibitory ac-
tivity. This study provides useful information for planning 
future clinical protocols in oncology. The formulations for 
topical use with TSA can be considered as future prepa-
rations supporting the treatment of patients with cancer. 
It is also worth noting that the non-invasive, external route 
of application of prescription semi-solid formulations al-
lows the patient to use the medicinal preparation outside 
the clinic. According to the results of the performed re-
search on external applications, we recommend o/w emul-
sion pharmaceutical formulations based on hydroxypro-
pylmethylcellulose and SEPINEO P600/almond oil.
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Abstract
Background. Platelets are key players in hemostasis. These blood cells contain different types of granules. 
Recently, there has been a growing interest in the role of inorganic polyphosphate (polyP) structures stored 
in dense granules of platelets and secreted during platelet activation.

Objectives. To measure platelet polyP levels in patients with thrombocytopenia and thrombocythemia, 
and to examine the relationship of this indicator with platelet aggregation.

Material and methods. The study included 36 patients with hematological disorders (26 with primary 
chronic thrombocytopenia and 10 with essential thrombocythemia (ET)) and 40 healthy subjects. Platelet 
reactivity was measured using whole blood impedance aggregometry. The polyP levels were isolated from 
lysed platelets, which were obtained from citrated platelet-rich plasma. The procedure included inactivating 
endogenous phosphatases, removing phosphate units derived from DNA and proteins, and finally hydrolyzing 
them into monophosphate units. A colorimetric assay using malachite green and ammonium molybdate was 
performed in order to quantify polyP levels.

Results. The polyP concentrations were significantly higher in the patients with thrombocytopenia than 
in the patients with thrombocythemia or the controls. The polyP level was not correlated with the level 
of aggregation.

Conclusions. The higher polyP levels observed in the patients with low platelet counts may indicate the ex-
istence of a compensatory mechanism that prevents excessive bleeding in such patients. Our study provides 
evidence of an essential role of polyP in platelet function and the coagulation process.

Key words: coagulation, platelets, thrombocytopenia, essential thrombocythemia, platelet polyphosphate
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Introduction

Platelets are small, highly specialized anucleate blood 
cells that participate in  primary hemostasis, forming 
a platelet plug at sites of vascular injury to prevent blood 
loss. Platelets become activated in response to various 
stimuli, triggering the release of their granular contents 
into the  surrounding environment. Platelets contain 
α-granules, dense granules and lysosomes. Platelet dense 
granules contain a unique pool of molecules (e.g., sero-
tonin [5-HT], nucleotides and polyphosphate (polyP) that 
can also provide a sensitive measurement of platelet activ-
ity. Platelet polyP is a highly anionic, linear strand of inor-
ganic orthophosphate residues connected by high-energy 
phosphoanhydride bonds; it is found in all living organ-
isms.1 Platelet-derived polyP composed of about 60–100 
phosphate monomers in length accelerates factor V acti-
vation, opposes the anticoagulant action of tissue factor 
pathway inhibitor (TFPI), modulates fibrin clot structure 
and promotes factor XI activation.2 Due to its highly an-
ionic nature, polyP lends itself to being a natural activator 
of the contact system. Activation of the contact system ac-
celerates thrombin generation. The net effect is increased 
fibrin formation and platelet activation, resulting in faster 
clot formation. The polyP is incorporated into the forming 
clot, thereby modifying the structure of the resulting fibrin 
network and its susceptibility to degradation by certain 
plasminogen activators.3 Studies in mice and human plas-
ma also revealed that polyP can serve as the long sought-
after FXII-activating surface on activated platelets to link 
primary and secondary hemostasis.4 Patients with polyP 
deficiency (Hermansky–Pudlak syndrome) have defective 
platelet-driven FXII activation and clotting.5 On the other 
hand, the circulating von Willebrand factor (VWF) isolat-
ed from human platelets and plasma was shown to contain 
tightly bound polyP, which can enhance VWF ristocetin 
cofactor activity without affecting the bonding of VWF 
to collagen or VWF multimerization.6

Apart from many animal and in vitro studies, the data 
on polyP in humans is still not wholly understood. Start-
ing from the basics, there are no data on the relationship 
between platelet polyP level and platelet count or between 
platelet polyP level and its reactivity.

The aim of this study was to measure platelet polyP levels 
in patients with thrombocytopenia and thrombocytosis, 
and to correlate it to platelet aggregation.

Material and methods

Patients

Patient recruitment was carried out as part of the proj-
ect entitled “Assessment of  the  Efficacy and Safe-
ty of  Antiplatelet Therapy in  Patients with Multiple 
Myeloma and Essential Thrombocythemia Cancer 

Undergoing Invasive Diagnostic and Therapeutic Proce-
dures” (internal grant of Wroclaw Medical University, Po-
land, No. STC.140.16.077). The study involved 36 patients 
with hematological disorders: 26 with primary chronic 
thrombocytopenia and 10 with essential thrombocythemia 
(ET) attending the outpatient clinic at the Department 
of Hematology, Blood Neoplasms and Bone Marrow Trans-
plantation in Wrocław, Poland. Forty healthy adults with 
no history of thrombosis or bleeding events served as con-
trols. Neither the patients nor the controls were treated 
with antiplatelet drugs. The patients with thrombocythe-
mia had been treated with hydroxycarbamide or aspirin 
in the past, but they were not actively being treated during 
the study. The study was approved by the Bioethics Com-
mittee of Wrocław Medical University in accordance with 
the Declaration of Helsinki of 1975, as revised in 2000. 
All patients and controls provided written informed con-
sent for the study. The characteristics of the patients and 
controls are presented in Table 1.

The normal platelet count in adults ranges between 
150.0 × 109/L and 450.0 × 109/L. Thrombocytopenia was 
defined as a platelet count of less than 150 × 109/L, while 
thrombocytosis was defined as a platelet count of more 
than 450 × 109/L. Blood for polyP level and platelet aggre-
gation was drawn the morning after at least 6 h of over-
night fasting from the antecubital vein with a 21G needle.

Platelet aggregation

Platelet reactivity was measured with whole blood im-
pedance aggregometry (Multiplate analyzer; Roche Diag-
nostics, Basel, Switzerland). According to the manufactur-
er’s instruction, impedance aggregometry does not require 
platelet count adjustments in the test probe before starting 
aggregation. Aggregation agonists included arachidonic 
acid (AA) at a target concentration of 0.5 mM, adenosine 
diphosphate (ADP) at a target concentration of 6.4 µM 
and thrombin receptor agonist peptide (TRAP) at a tar-
get concentration of 32 µM. The reagents were provided 
by the manufacturer of the aggregometer. Aggregation 
was assessed within 2 h of blood sampling with hirudin 
as an anticoagulant; the results were described by the area 
under the  aggregation curve (AUC). Each aggregation 
measurement was performed twice, and the mean value 
was calculated. In the case of a 10% difference between 
the 2 measurements, the result was rejected and aggrega-
tion was repeated.

Platelet polyP

A non-enzymatic assay to  quantify platelet-derived 
polyP in cell lysates from patients was developed from 
various methods described for measuring polyP in biologi-
cal samples.7–9 After collecting blood into sodium citrate 
tubes (Vacutainer; Becton Dickinson, Franklin Lakes, 
USA), 9:1 (blood-to-citrate ratio) prostaglandin I2 (PGI2; 
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Cayman Chemicals, Ann Arbor, USA) was carefully added 
to a final concentration of 5 µM in order to prevent plate-
let activation. A platelet fraction was obtained through 
the standard procedure. In brief, blood was centrifuged 
at 200 × g for 20 min at room temperature without braking. 
The resulting platelet-rich plasma (PRP) was transferred 
into a new plastic tube, supplemented with PGI2 (final con-
centration of 1 µM) and centrifuged at 900 × g for 10 min 
(room temperature, no braking). The platelet pellet was 
washed in HEPES buffer (20 mM HEPES, 140 mM NaCl 
and 1 µM PGI2) by centrifugation for 10 min (800 × g, room 
temperature, no braking). To measure the total platelet-
derived polyP, the cells were lysed with 1 mL of HEPES 
buffer supplemented with 1% NP40 (Sigma-Aldrich, St. 
Louis, USA), a 1:100 protease inhibitor cocktail (Thermo 
Fisher, Waltham, USA), and 1 mM sodium orthovanadate; 
they were then counted in a complete blood count (CBC) 
hematological analyzer (Shenzen Mindry Bio-Medical 
Electronic Co., Shenzen, China) and frozen at −80°C. Be-
fore measurement, the samples were subjected to a triple 
freeze–thaw cycle and diluted to 3 × 108 cells/mL. The total 

protein concentration was measured with a Pierce™ BCA 
Protein Assay Kit (Thermo Fisher). Next, sulfuric acid 
(0.3 M) and sodium chloride (3.5 M) was added to the ly-
sates in order to extract membrane-bound polyP. The mix-
tures were incubated for 30 min at 4°C, neutralized with 
2 M NaOH, sonicated (60 s) and homogenized. To remove 
nucleic  acids, the lysates were incubated with 50 µg/mL 
Benzonase® (Sigma-Aldrich) in the presence of 3.5 mM 
manganese (II) chloride as an activator for 30 min at 37°C. 
Then, 750 µg/mL of proteinase K (Sigma-Aldrich) was add-
ed to discard protein impurities (1 h incubation at 37°C). 
Subsequently, the samples were centrifuged for 10 min 
at 17,600 × g in a microcentrifuge and the supernatants 
were used in the next stages of the isolation procedure. 
After the addition of NaI (final concentration of 4.5 M) 
as  a  chaotropic agent, the  mixtures were loaded onto 
silica spin columns (Qiagen, Hilden, Germany), washed 
twice with an elution buffer (with 50% ethanol) according 
to the manufacturer’s protocol and the polyP was finally 
eluted with 10 mM Tris (pH 7.4). The phosphate polymers 
were hydrolyzed with 1 M HCl (1 h of incubation at 96°C). 

Table 1. Patient characteristics, results of platelet aggregometry measurements and level of platelet-derived polyphosphate in the study groups

Variable
Thrombocytopenia  

(n = 26)

Essential 
thrombocythemia

(n = 10)

Controls 
(n = 40) Statistical significance 

from post hoc tests
(1) (2) (3)

Age [years], mean ±SD 68 ±10 56 ±22 61 ±9
(1) vs (2) p < 0.0001
(1) vs (3) p < 0.0001

Gender (men/women) 14/12 5/5 19/21 NS

PLT [×109/L], mean ±SD 73 ±34 686 ±230 176 ±75 (1) vs (2) vs (3) p < 0.001

MPV [fL], mean ±SD 9.7 ±1.3 9.1 ±0.89 9.4 ±1.1 NS

Hb [g/dL], median (IQR) 10.4 (9.1–12.6) 13.3 (12.3–13.4) 13.0 (11.5–14.1)
(1) vs (2) p < 0.0001
(1) vs (3) p < 0.0001

Ht [%], median (IQR) 34.0 (28.5–39.2) 41.2 (38.2–44.6) 40.8 (36.4–42.5)
(1) vs (2) p < 0.0001
(1) vs (3) p < 0.0001

RBC [×1012/L], mean ±SD 3.6 ±0.8 4.5 ±0.7 4.1 ±0.7
(1) vs (2) p < 0.0001
(1) vs (3) p < 0.0001

WBC [×109/L], median (IQR) 5.3 (3.2–7.1) 9.0 (7.3–9.7) 6.4 (5.3–7.9)
(2) vs (1) p < 0.0001
(2) vs (3) p < 0.0001

AA-induced aggregation [AUC], mean ±SD 33.7 ±28.5 74.7 ±46.6 34.8 ±30.9
(2) vs (1) p < 0.001
(2) vs (3) p < 0.001

ADP-induced aggregation (AUC], mean ±SD 43.1 ±27.7 107.2 ±40.8 51.4 ±26.3
(2) vs (1) p < 0.001
(2) vs (3) p < 0.001

TRAP-induced aggregation [AUC], mean ±SD 60.9 ±28.9 117.7 ±17.4 86.8 ±28.2
(2) vs (1) p < 0.001
(2) vs (3) p < 0.001

PolyP [nmol per 108 platelets], median (IQR) 1.62 (1.24) 1.29 (0.22) 1.12 (0.92)
(1) vs (3) p = 0.007
(1) vs (2) p = 0.006

Arterial hypertension 12 5 – NS

Diabetes 1 1 – NS

Ischemic heart diseases 0 1 – NS

Kidney insufficiency 1 1 – NS

Gout 0 1 – NS

PLT – platelets; MPV – mean platelet volume; Hb – hemoglobin; Ht – hematocrit; RBC – red blood cells; WBC – white blood cells; AA – arachidonic acid; 
ADP – adenosine 5`-diphosphate; TRAP – thrombin receptor agonist peptide-6; AUC – area under curve; SD – standard deviation; IQR – interquartile range.
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The concentration of orthophosphate units was measured 
using a colorimetric phosphate assay kit (Abcam, Cam-
bridge, UK). The assay involves a formulation of malachite 
green and ammonium molybdate which forms a chromo-
genic complex at a maximum absorption band of 650 nm. 
The polyP levels were expressed in nmol per 108 platelets.

Statistical analysis

The statistical analysis was performed in STATISTICA 
v. 13.1 (StatSoft Poland, Kraków, Poland). The data is pre-
sented as means ± standard deviation (SD) for normal dis-
tributions and as medians with interquartile ranges (IQR) 
in non-normal distributions. The normality of distribution 
and homogeneity of variance were checked with the Lil-
liefors test and Levene’s test, respectively. In normally 
distributed data, multiple comparisons were performed 
with the analysis of variance (ANOVA) method followed 
by the least significant differences (LSD) post hoc test; 
in data without normal distribution, the Kruskal–Wallis 
test was followed by the Dunn test. Bonferroni adjustment 
was used for multiple comparisons with a resulting p < 0.01 
as the cut-off threshold for statistical significance.

Results

In patients with ET, the platelet aggregation level was 
significantly higher than in those with thrombocytope-
nia or the controls (Table 1). We observed the highest 
mean polyP concentration in patients with thrombocy-
topenia (Fig. 1). The level of polyP did not correlate with 
platelet aggregation in either group. There was a weak, 
but significant negative correlation between polyP con-
centration and platelet count (Fig. 2). However, this was 
observed only in the total population, not in subgroups. 
Patients with thrombocytopenia differed significant-
ly in age from the ET and control groups, but neither 
the  level of aggregation or the concentration of polyP 
correlated with age.

Discussion

Platelet-derived polyP has been proposed as  an  im-
portant player in  the coagulation network at  the  level 
of FXII FV and fibrin clot formation.10,11 Recent findings 
have yielded new insights into the undiscovered regula-
tory pathways of coagulation reactions and have created 
new therapeutic possibilities. In this study, we showed for 
the first time that platelet-derived polyP levels are sig-
nificantly elevated in patients with a low platelet count 
in  comparison to  those with normal platelet counts 
or  thrombocytosis. These patients also had the  lowest 
levels of aggregation, but this result was not significantly 
different from the control subjects. We could not find any 

correlation between polyP concentration and aggregation 
level in the study groups, which may at first glance sug-
gest that polyP does not directly influence the platelet ag-
gregation pathway. This is in accordance with evidence 
provided by Whyte et al.12 that polyP downregulates fibri-
nolysis by generating fibrin clots with a specific structure, 
which results in reduced binding of tPA and plasminogen 
to  fibrin, as proposed previously.13 The authors showed 
that the fibrin network formed in the presence of polyP 
was heterogeneous and more resistant to  degradation 
by fibrinolytic proteases. Any changes to the structure 
or mechanical properties of a fibrin clot are not detect-
able using aggregometry. Among the study population, 
we observed the highest aggregation levels in patients with 
ET. Since it has been confirmed that thrombin formation 
is higher in thrombocytosis than in healthy subjects,14 

Fig. 2. Correlation plot of polyP concentration and platelet count
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this supports the hypothesis that platelet-derived polyP 
enhances coagulation by amplifying thrombin generation 
at different steps, e.g., by activating procoagulant factors 
and cofactors (e.g., FVa or FXIa) or by neutralizing antico-
agulants (e.g., TFPI).15,16 A growing body of data suggests 
that changes in lipid composition are necessary but not 
sufficient enough to account for platelet surface regulation 
of thrombin generation.17 Our results add to the existing 
data which show a decrease in platelet polyP content in pa-
tients with dense granule storage pool disease.18 In our 
study, platelets from thrombocytopenic patients had sig-
nificantly elevated polyP content (Fig. 1).

There is still the question about the role of the higher 
polyP levels in thrombocytopenia. It could be regarded 
as a compensatory mechanism, where fewer platelets are 
more packed with polyP and can presumably exert to some 
extent its clot-forming action, like in patients with normal 
platelet counts. Interestingly, we observed a negative cor-
relation between polyP concentration and platelet count, 
but only in the entire study population, which may some-
how confirm this hypothesis (Fig. 2). It was previously 
demonstrated that when intracellular polyP gets released, 
it may induce responses through P2Y signaling; indeed, 
long-chain polyP induces thrombosis via FXII activation, 
but also leads to platelet activation and consumptive co-
agulopathy.5 This polyP action could in turn explain why 
some patients with low platelet counts do not present with 
bleeding; however, that issue remains to be elucidated.19 
Importantly, in  this study the  subjects had a  compa-
rable mean platelet volume (MPV) between the groups, 
reflecting the average platelet size (Table 1). Since some 
forms of thrombocytopenia are characterized by abnor-
mal platelet size, and patients with an elevated platelet 
volume may have less bleeding episodes than patients with 
the same platelet count of normal-sized platelets, we can 
exclude the influence of platelet size on both polyP con-
centration and aggregation. Recent advances in research 
on the mechanism of coagulation indicate that the role 
of platelet-derived polyP can be much more diverse, and 
this class of molecules appears to be a promising target 
in drug development.

Study limitations

This is a preliminary study exploring new field of platelet 
pathophysiology. The small study population, especially 
in the ET group, resulted from our inclusion criteria, which 
made recruitment difficult. We looked for subjects who 
had not been treated with any concomitant antiplatelet 
drugs. Moreover, the age of the patients with thrombocy-
topenia was significantly different from the other study 
groups, so it cannot be excluded that the observed results 
are age-dependent. We are aware that the data presented 
herein are underpowered for drawing firm conclusions, 
and should be considered only as an idea to generate and 
foster future research.

Conclusions

Platelet-derived polyP levels were elevated in patients 
with chronic primary thrombocytopenia in comparison 
with those with ET and healthy subjects. The polyP level 
did not correlate with platelet reactivity as measured with 
aggregation in any of the study groups. The increased levels 
of polyP observed in patients with low platelet counts may 
indicate the existence of a compensatory mechanism that 
prevents excessive bleeding in those patients. Our study 
provides evidence of an essential role of polyP in platelet 
function and the coagulation process.
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Abstract
Background. Diabetes mellitus (DM) has become more and more common and has a high morbidity and 
mortality rate worldwide. It is a multifactorial chronic disease affected by both genetic and environmental 
factors.

Objectives. To evaluate the association between antioxidant enzyme activities and their genetic varia-
tions and the level of malondialdehyde (MDA) in type II diabetes patients living in the Adıyaman province 
in the southeast part of Turkey.

Material and methods. One hundred patients diagnosed with type II DM (T2DM) and 100 healthy con-
trols were included in the study. Malondialdehyde levels and antioxidant enzyme activities were measured 
spectrophometrically. DNA isolation was performed and genotyping was carried out using polymerase chain 
reaction-restriction fragment length polymorphism (PCR-RFLP).

Results. Our results revealed no significant differences in genotype distributions and allele frequencies of all 
polymorphisms between groups (p > 0.05). Significantly elevated MDA levels and a significant reduction 
in catalase (CAT) and paraoxonase (PON) enzyme activities were observed in patients compared to the control 
group in terms of study groups and genetic variations (p < 0.05). Moreover, CAT activity was reduced in TT 
genotype in terms of CAT -262 C/T polymorphism in patients (p < 0.05). Paraoxonase activity was observed 
to be lower in MM genotype in both groups (p < 0.05).

Conclusions. CAT -262 C/T polymorphism may be one of the factors that lead to severe clinical situation 
in DM. Our results suggest that TT genotype may be more prone to lipid peroxidation.

Key words: diabetes mellitus, oxidative stress, cat, malondialdehyde, paraoxonase
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Introduction

Diabetes mellitus (DM) has become more and more 
common and has a high morbidity and mortality rate 
worldwide. It is a multifactorial chronic disease affected 
by both genetic and environmental factors.1,2 Type II DM 
(T2DM) account for 90% of the DM cases. The reduction 
of insulin secretion or development of insulin resistance 
results in the impairment of macromolecule metabolisms, 
such as proteins, carbohydrates and lipids.3,4 The pharma-
ceutical development of insulin revolutionized the treat-
ment of DM, but T2DM is still the most common disease 
globally with chronic complications.4,5

The complications of DM can be expressed with 4 major 
mechanisms, including the production of reactive oxy-
gen species (ROS), which is triggered by hyperglycemia, 
polyol pathway, the formation of advanced glycosylation 
end products (AGE), activation of protein kinase C, and 
hexamine pathway.6 Several factors, such as environmental 
factors, genetic risk factors, obesity, and oxidative stress, 
may all be associated with the development of T2DM. 
The oxidant/antioxidant balance in the organism shifts 
towards oxidation with a potential which results in the de-
velopment of organopathies, such as cardiomyopathies, 
neuropathies and retinopathies.6,7 The  excessive level 
of free radicals and ROS may result in several cellular in-
juries. In such cases, the antioxidant system may be insuf-
ficient to defend the cell against free-radical structures. 
The major components of the antioxidant system are en-
zymatic anti oxidants, such as superoxide dismutase (SOD), 
catalase (CAT), paraoxonase 1 (PON1), and glutathione 
peroxidase (GPx).7,8

Our study aims to examine the association between CAT 
-262 cysteine (C)/threonine (T) and PON1 55 leucine (L)/
methionine (M) genetic polymorphisms, CAT and PON1 
antioxidant enzyme activities, and the level of oxidative 
damage marker malondialdehyde (MDA) in T2DM.

Material and methods

Sample collection

This study included a total of 200 individuals consisting 
of 100 healthy controls without any disorders (including 
DM) in their medical histories and 100 patients diagnosed 
with T2DM who were admitted to  the  Internal Clinic 
at Adıyaman University Training and Research Hospital, 
Turkey. The confirmation by Adıyaman University Ethic 
Committee (approval No. 2011/02-1) and a written consent 
from each subject have been provided after participants 
were properly informed. All experiments were performed 
according to the Declaration of Helsinki.

Biochemical analyzes

Fasting venous blood samples were collected into EDTA 
tubes and centrifuged at 3000 rpm for 10 min. After cen-
trifugation, the plasma portion was separated and stored 
at –20°C until the analyses were performed. The enzymatic 
activities of CAT and PON1, and the level of MDA, the end 
product of lipid peroxidation, as an indicator of oxidative 
stress, were measured. Malondialdehyde forms a pink col-
ored complex as a result of its incubation with thiobarbitu-
ric acid at a pH of 3.5 and 95°C in aerobic conditions. Based 
on this principle, the amount of MDA was determined 
with spectrophotometric measurement of this complex 
at 532 nm.9 The CAT enzyme activity was determined using 
spectrophotometric measurement of the substrate molecule 
hydrogen peroxide (H2O2) absorbance; it decreased over 
time as a result of its interaction with catalase at 240 nm.10

The PON1 activity was determined in alignment with 
the technique developed by Eckerson et al., which is based 
on monitoring the production of p-nitrophenol by the en-
zymatic hydrolysis of PON1 at 412 nm. A 100 mM Tris-HCl 
at pH 8, containing 2 mM CaCl2 and 4 mM paraoxon was 
used as a buffer to measure its activity.11

Molecular analyses

For the molecular analysis, leukocytes were separated 
from whole blood samples and DNA isolation was per-
formed according to the method described by Poncz et al.12 
Genotype determination was carried out using the poly-
merase chain reaction-restriction fragment length poly-
morphism (PCR-RFLP) technique.

The most commonly studied PON1 55 L/M polymor-
phism was determined using the  PCR-RFLP method. 
The PCR amplification samples were digested with Nla 
III restriction endonuclease. Digestion products were sepa-
rated on 2% agarose gel and visualized with ultraviolet 
light after ethidium bromide staining. Alleles of leucine 
and methionine for the PON1 55 position were assigned 
based on the presence of a 172 bp (undigested) fragment 
and 106 bp and 66 bp (digested) fragments, respectively.13,14 
CAT -262 C/T polymorphism was similarly determined 
using PCR-RFLP method. The PCR amplification samples 
were digested with SmaI restriction endonuclease. Then, 
the digested products were separated on an agarose gel 
and visualized with ultraviolet light after ethidium bro-
mide staining. The alleles of CAT -262 C/T polymorphism, 
threonine and cysteine were assigned based on the pres-
ence of a 340 bp (undigested) fragment and 185 bp and 
155 bp (digested) fragments, respectively.15

The statistical analyses were performed using  MedCalc 
v. 12.3 software (MedCalc, Ostend, Belgium). The Sha-
piro–Wilk test was used to determine whether all pa-
rameters were normally distributed. Abnormally dis-
tributed data are presented as median (min–max) and 
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mean ± standard deviation (SD), and group comparisons 
were conducted using the Mann–Whitney U test. The χ2 
and Fisher’s tests were used to evaluate the differences be-
tween the groups in terms of the genotype distribution and 
allele frequencies. Statistical significance for all analyses 
was set at a p-value <0.05.

Results

Biochemical analysis

In the current study, descriptive statistic data of bio-
chemical analyses of study groups were given in Table 1. 
Malondialdehyde levels were found to be significantly 
higher in  the  diabetic group compared to  the  control 
(p < 0.0001). A significant reduction in plasma CAT and 
PON1 enzyme activities was observed in the diabetic group 
(p < 0.0001). Descriptive statistic data of biochemical anal-
yses were displayed in Table 2.

Molecular analysis

There was no statistically significant difference between 
the diabetic and control groups with respect to genetic 
distribution and allele frequencies of CAT -262 C/T and 
PON1 55 L/M polymorphisms (p > 0.05). The genotype 
distributions and allele frequencies of the CAT -262 C/T 
and PON1 55 L/M polymorphisms between diabetic and 
control groups were displayed in Table 3.

In PON1 55 L/M polymorphism, the activity of the PON1 
enzyme was lower for carriers of the MM allele, both in di-
abetic and control group compared to LL and LM geno-
types (p = 0.0001) (Table 4A). In all genotypes, the MDA 

Table 1. Descriptive statistic data of biochemical analyses

Parameter T2DM group 
mean ±SD

Control group 
mean ±SD p-value

HbA1c [%] 8.92 ±2.56 – –

Insulin [mLU/L] 10.65 ±15.16 – –

FBG [mmol/L] 10.95 ±5.62 5.15 ±0.40 <0.0001***

CHO [mg/dL] 208.6 ±45.95 180.2 ±41.79 0.0003***

TG [mg/dL] 185.1 ±108.8 115.9 ±63.25 <0.0001***

HDL-CHO [mg/dL] 40.36 ±9.7 42.59 ±10.46 0.236

LDL-CHO [ng/dL] 131.5 ±34.92 113.9 ±33.75 0.0038**

Age 56.75 ±10.86 36.65 ±14.67 <0.0001***

HOMA-IR 5.91 ±11.55 – –

HOMA-β 36.14 ±33.82 – –

Mann–Whitney U test; *p < 0.05; **p < 0.01; *** p < 0.001; T2DM – type 2 
diabetes mellitus; HbA1c – glycated hemoglobin; FBG – fasting blood 
glucose; CHO – cholesterol; TG – triglycerides; HDL-CHO – high-density 
lipoprotein cholesterol; LDL-CHO – low-density lipoprotein cholesterol; 
HOMA-IR – homeostatic model assessment for insulin resistance; 
HOMA-β – homeostatic model assessment for β-cell function.

Table 2. Descriptive statistic data of biochemical analyses

Variable

T2DM group
(n = 100)

Control group
(n = 100)

p-value
median 

(min–max)
median 

(min–max)

MDA [nmol/L]
13.56  

(4.25–43.31)
7.06  

(1.36–10.76)
0.0001***

CAT [U/L]
19.50  

(6.03–54.91)
47.16  

(9.87–89.25)
0.0001***

PON [U/L]
21.42  

(3.05–39.28)
43.35  

(13.47–98.14)
0.0001***

Mann–Whitney U test; *p < 0.05; **p < 0.01; *** p < 0.001; T2DM – type 2 
diabetes mellitus; MDA – malondialdehyde; CAT – catalase; PON – para-
oxonase.

Table 3. The genotype distributions and allele frequencies of the CAT -262 C/T and PON55 L/M polymorphisms between diabetic patients and control group

Genotype
Control group (n = 100) T2DM group (n = 100) χ2 test Interval OR

n % n % p-value OR (95% CI) p-value

CAT

TT 35 35 29 29

0.522

1 reference

CT 52 52 60 60 1.393 (0.75–2.58) 0.292

CC 13 13 11 11 1.021 (0.39–2.62) 0.965

Allele frequency
T
C

122
78

61
39

118
82

59
41

0.904
–

1.087 (0.73–1.62)
–

0.683

PON55

LL 50 50 47 47

0.878

– –

LM 38 38 39 39 1.092 (0.60–1.99) 0.774

MM 12 12 14 14 1.241 (0.52–2.96) 0.626

Allele frequency
L
M

138
62

69
31

133
67

66.5
33.5

0.669
–

1.212 (0.74–1.71)
–

0.593

χ2 test; *p < 0.05; **p < 0.01; *** p < 0.001; T2DM – type 2 diabetes mellitus; CAT – catalase;  OR – odds ratio; 95% CI – 95% confidence interval.
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level was observed to be significantly higher (p = 0.0001 
for LL and LM genotypes, p = 0.002 for MM genotype, 
respectively), while CAT (p = 0.0001 for LL and LM geno-
types, p = 0.001 for MM genotype, respectively) and PON1 
(p = 0.0001 for all genotypes) enzyme activities were ob-
served to be significantly lower in patient group compared 
to control (Fig. 1).

No significant differences were observed regarding CAT 
-262 C/T polymorphism between genotypes in the control 
group (p > 0.05). However, CAT activity was seen to be sig-
nificantly lower in TT genotype compared to CT genotype 
in the T2DM group (p = 0.017) (Table 4B). Moreover, in all 
genotypes, MDA level was observed to be significantly 
higher (p = 0.001 for CC genotype, p = 0.0001 for CT and 
TT genotypes, respectively), whereas CAT (p = 0.004 for 
CC genotype, p = 0.0001 for CT and TT genotypes, respec-
tively) and PON1 (p = 0.001 for CC genotype, p = 0.0001 for 
CT and TT genotypes, respectively) enzyme activities were 
observed to be significantly lower in the T2DM compared 
to the control group (Fig. 2).

Discussion

Diabetes mellitus has a very high incidence of 10.9% 
in countries of the Middle East and North Africa, includ-
ing Turkey as well. The incidence in Turkey is reported 
to be 14.85% and it constitutes a major health problem.16 
According to the report by International Diabetes Fed-
eration (IDF) from 2015, there are 415 million diabetic 
patients in the world and it is estimated that this figure 
will reach 642 million in 2040.17 Diabetes is an oxida-
tive stress state, in which free radicals are increased and/
or antioxidant mechanisms are inhibited. The production 
of free radicals increases as a result of protein glycation and 
glucose autoxidation.6 Oxidative stress causes bodily com-
plications such as nephropathy, cardiovascular diseases 
and neuropathy, all of which decrease the quality of life.9 

Although the genetic predisposition is recognized in DM, 
the information on the specific genetic defects is limited.6 
Therefore, we aimed to examine the oxidative stress state 
in T2DM by evaluating antioxidant enzyme activities and 
its association with their polymorphisms in our geographi-
cal region. There are 2 reasons why we carry out our study 
in the southeast region of our country. The population liv-
ing in this region does not have the habit of eating a Medi-
terranean type diet and has of a different ethnic structure 
compared to some other regions of our country.

Malondialdehyde has been studied as a lipid oxidation 
indicator. We have found significantly high levels of MDA 
in diabetic patients compared to the control group, simi-
larly to  the previous studies, confirming the presence 
of severe oxidative stress in our patients.18,19 Likewise, 
the  enzyme activities of  CAT and PON1 were found 
to be significantly reduced in diabetic patients compared 
to the control group. Our enzymatic activity results are 
consistent with most recent studies.20,21 Unlike our study, 
Sozmen et al. and Memisogullari et al. reported increased 
CAT enzyme activity in diabetic patients.22,23 The impact 
of environmental factors (climate, air pollution, nutrition, 
lifestyle, etc.) and genetic background on DM development 
is indisputable. For example, Sozmen et al. carried out their 
study in a different region of Turkey in terms of eating 
habits (where the Mediterranean-type eating habit is pre-
ferred) and ethnicity, compared to our study (Adıyaman 
region). This may be the reason for the different results 
we have achieved regarding CAT enzyme activity. There-
fore, the role of antioxidant defense mechanism in diabetic 
patients is controversial and requires further research, 
in which genetic background may be at least partly eluci-
dated. Our study results may suggest that oxidative stress 
has developed in our patients and the antioxidant mecha-
nism has become insufficient.

The  issue of  the  effect of  antioxidant enzyme poly-
morphisms on DM is unclear and controversial. Flekac 
et al. studied genetic polymorphisms of SOD and CAT 

Table 4. Genotype comparison in terms of PON 55 L/M polymorphism (A) and CAT -262 C/T polymorphism (B)

Parameters

A. PON 55 L/M polymorphism B. CAT -262 C/T polymorphism

genotype
T2DM group

(n = 100)
control group

(n = 100) genotype
T2DM group

(n = 100)
control group

(n = 100)

p-value p-value p-value p-value

MDA [nmol/L]

LL-LM 0.122 0.736 CC-CT 0.962 0.780

LL-MM 0.204 0.428 CC-TT 0.743 0.702

LM-MM 0.944 0.407 CT-TT 0.602 0.931

CAT [U/L]

LL-LM 0.609 0.950 CC-CT 0.259 0.857

LL-MM 0.237 1.000 CC-TT 0.492 0.618

LM-MM 0.408 1.000 CT-TT 0.017* 0.348

PON [U/L]

LL-LM 0.184 0.646 CC-CT 0.195 0.522

LL-MM 0.0001*** 0.0001*** CC-TT 0.116 0.359

LM-MM 0.0001*** 0.0001*** CT-TT 0.546 0.634

Mann–Whitney U test; *p < 0.05; **p < 0.01;*** p < 0.001; T2DM – type 2 diabetes mellitus; MDA – malondialdehyde; CAT – catalase; PON – paraoxonase.
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in  patients with DM, concluding that the  superoxide 
dismutase (SOD) activity was higher in the CC and AA 
genotypes compared to the TT and CC genotypes of SOD 
Ala-9Val and SOD +35 A/C polymorphisms, respectively 

(p < 0.05). Moreover, they found significant differences re-
garding allele frequencies of SOD Ala-9Val polymorphism 
between control and diabetic groups. T allele expression 
level was observed to  be significantly higher, whereas 

Fig. 1. PON 55 L/M polymorphism genotype comparison in terms of MDA 
level (A), and CAT (B), PON (C) enzyme activities between controls (circle) 
and patients (square) with T2DM

Fig. 2. CAT -262 C/T polymorphism genotype comparison in terms 
of MDA level (A) and CAT (B), PON (C) enzyme activities between controls 
(circle) and patients (square) with T2DM
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C allele expression was significantly lower in the diabetic 
group compared to the control (p < 0.05). However, they 
did not observe any association with CAT polymorphism.24 
Kasznicki et al. did not observe any significant change 
in CAT and SOD enzyme activities between T2DM pa-
tients and controls as well as any association between their 
polymorphisms (CAT -262 C/T and SOD +35 A/C) and 
activity of these polymorphisms.20 In our study, CAT ac-
tivity was found to be significantly lower in TT genotype, 
which is in line with previous study performed by Flekac 
et al. compared to CT genotype in diabetic group, which 
suggests a significant association. CAT -262 C/T polymor-
phism may be at least partly responsible for the reduction 
of CAT enzyme activity which mediates oxidative stress 
state and leads to severe clinic situation in DM (secondary 
effect of DM developing over time such as frequent urina-
tion, fatigue, tiredness, blurred vision, frequent infections, 
itching and dryness of the skin, loss of weight, micro- and 
macrovascular damage which reduce quality of life over 
time). Moreover, in all genotypes of all polymorphisms 
examined in our study, CAT activity was observed to be 
significantly lower in the diabetic group when compared 
to the control. Any significant difference was not observed 
in  terms of genetic distribution and allele frequencies 
of CAT -262 C/T between the diabetic and the control 
group. Tarnai et al. observed an elevation in the catalase 
enzyme activity in CT+TT genotype of C111T polymor-
phism in patients with T2DM.25 Therefore, the relation 
between DM and polymorphisms of CAT and SOD is con-
sidered controversial because of previous studies with dif-
ferent results. There are studies in which the relationship 
between polymorphisms and enzyme activity has been 
shown,25,26 as well as studies in which such relationship 
was not found.27,28

Gupta et al. studied serum PON1 activity and its differ-
ent polymorphisms in T2DM patients in an ethnic popula-
tion in northwestern India. They found significant reduc-
tions in the enzyme activity compared to the control group, 
similarly to our findings. Moreover, PON enzyme activity 
was reported to be significantly lower in all genotypes 
of diabetic patients compared to control group in terms 
of both PON1 192 Q/R and PON1 55 L/M polymorphisms. 
In addition, the enzyme activity was found to be highest 
in the RR genotype, whereas it was the lowest in the QQ 
genotype in both diabetic patients and controls.29 Gupta 
et al. observed a higher enzyme activity in LL genotype 
compared to the LM genotype in the control group. How-
ever, they did not find a significant difference in the dia-
betic group.29 Altuner et al. studied PON1 polymorphisms 
in the middle geographical region of Turkey (in Ankara). 
They reported reduced activities of PON1 in QQ and QR 
genotypes compared to RR genotype in terms of PON1 192 
Q/R polymorphism both in control and diabetic groups. 
Similarly, they reported higher PON1 enzyme activity 
in LL genotype compared to MM in terms of PON1 55 L/M 
polymorphism in both diabetic and control groups, which 

is in line with our results. They did not report any signifi-
cant difference between the control and diabetic groups 
in terms of genotype distributions and allele frequencies.30

In our study, PON1 enzyme activity was observed to be 
lower in MM genotype compared to LL genotype in terms 
of PON1 55 L/M polymorphism in both the T2DM and 
the control groups, which was in line with a previous study 
carried out in Turkey by Altuner et al.30 In addition, we ob-
served significantly lower PON1 enzyme activity in all 
genotypes in the T2DM group compared to the controls, 
which was in line a study performed by Gupta et al., whereas 
Altuner et al. did not report any significant difference be-
tween the groups in terms of genotype distributions and 
allele frequencies.29,30 As can be seen, there are similarities 
and differences between our study results and previous 
studies. This can be explained by the fact that different 
studies were performed in regions with different environ-
mental conditions (climate, air pollution, nutrition, lifestyle, 
etc.) and in study populations with different genetic back-
grounds and ethnicities. However, when the current studies 
are evaluated, PON1 55 L/M polymorphism does not seem 
to have a significant effect on the development of T2DM.

Conclusions

In  this study, we concluded that there was a signifi-
cant state of oxidative stress in diabetic patients. In ad-
dition, CAT enzyme activity was observed to be lower 
in TT genotype within the diabetic group, which suggests 
an association between CAT -262 C/T polymorphism and 
T2DM. Therefore, genetic testing in T2DM may be useful 
in the future to determine the relationship between genetic 
and environmental factors in development of the disease 
and its complications as well as the genetic predisposition, 
which requires further studies to confirm.
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Abstract
Background. Obstructive sleep apnea (OSA) may predispose patients to acute kidney injury (AKI) and 
chronic kidney disease (CKD).

Objectives. We postulated that apneic episodes during sleep in patients with OSA may result in episodes 
of subclinical AKI that may be detected by the use of novel sensitive serum and urine markers. The treatment 
of OSA may protect against renal injury.

Material and methods. The study involved 86 men who had positive screening test results for OSA and 
estimated glomerular filtration rates (eGFR) calculated with the Chronic Kidney Disease Epidemiology Col-
laboration (CDK-EPI) equation >60 mL/min/1.73 m². All the patients underwent overnight polysomnography 
(the diagnostic night). The patients were divided into 2 groups: 45 patients with mild OSA and 41 patients 
with moderate-to-severe OSA. Those in the latter group were qualified for 6–8 weeks of continuous positive 
airway pressure (CPAP) treatment. Blood pressure, serum creatinine, high sensitivity C-reactive protein (hsCRP), 
urine creatinine, AKI markers cystatin C and neutrophil gelatinase-associated lipocalin (NGAL), kidney injury 
molecule 1 (KIM-1), liver-type fatty acid-binding protein, and endothelium marker intercellular adhesion 
molecule-1 (ICAM-1) were assessed in both groups before and after polysomnography. The same parameters 
were also measured in the patients with moderate-to-severe OSA after CPAP therapy.

Results. Kidney injury molecule 1 and urine NGAL significantly increased after the diagnostic night 
in the whole group and in mild OSA patients (p = 0.04 and p = 0.001, respectively). Serum ICAM-1 signifi-
cantly decreased after the diagnostic night only in mild OSA patients (p = 0.03. Urine cystatin C increased after 
6–8 weeks of CPAP treatment in the moderate-to-severe OSA group (0.003). Serum ICAM-1 decreased after 
the CPAP treatment (p = 0.02). The CPAP therapy led also to a decrease in mean and diastolic (p = 0.005) 
blood pressure.

Conclusions. The pattern of overnight changes in serum and urine AKI markers after apneic episodes during 
sleep may suggest an increased risk of subclinical AKI in patients with OSA. The CPAP therapy is not protective 
against AKI, but may reduce some of its risk factors, including high blood pressure and endothelial damage.

Key words: biomarkers, acute kidney injury, obstructive sleep apnea, NGAL
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Introduction

Obstructive sleep apnea (OSA) is a common and growing 
clinical problem with many important negative health im-
plications, characterized by recurrent episodes of hypoxia 
and hypercapnia during sleep, resulting in daytime sleepi-
ness.1 Hypoxia and hypercapnia induced by OSA may have 
negative effects resulting from the activation of the sym-
pathetic nervous system, the renin-angiotensin-aldoste-
rone system (RAAS), and increased oxidative stress and 
free-radical generation.1–3 The detrimental consequences 
of hypoxia, which include endothelial dysfunction, sys-
temic inflammation, platelet aggregation, atherosclerosis, 
and fibrosis, may predispose individuals to cardiovascular 
events and are likely to induce renal damage.2,3 As much 
as half of all patients with chronic kidney (CKD) disease 
suffer from nocturnal hypoxia, which has been recognized 
as a potential cause of chronic renal dysfunction and car-
diovascular risk.3 Obstructive sleep apnea has also recently 
been identified as a strong risk factor for acute kidney in-
jury (AKI) in a large population of critically ill patients.4

It has recently been suggested that frequent apneic epi-
sodes during sleep may result in repeated renal hypoxia 
and release of inflammatory mediators, which may cause 
AKI and eventually contribute to CKD.2,3 Obstructive 
sleep apnea has also been associated with glomerular hy-
perfiltration and the development of focal glomeruloscle-
rosis, and may be an independent predictor of proteinuria, 
a major risk factor for CKD progression.5,6 Obstructive 
sleep apnea may mediate renal damage through several 
mechanisms, i.e., hypoxemia-induced endothelial dysfunc-
tion, accelerated atherosclerosis or altered cardiovascular 
hemodynamics.1–3 Therefore, there is a need to better elu-
cidate the possible impact of OSA on the incidence of kid-
ney injury and CKD progression.

The current routine diagnostics of AKI are based mainly 
on changes in serum creatinine, but these measurements 
may lack the  sensitivity necessary to  detect early and 
acute deterioration in kidney function.7 Serum creatinine 
concentration may not change until about 50% of kidney 
function has already been lost. Furthermore, serum creati-
nine levels vary widely with age, sex, muscle mass, muscle 
metabolism, medications, and hydration status.8 Novel, 
more specific and sensitive AKI biomarkers are neutro-
phil gelatinase-associated lipocalin (NGAL), cystatin C, 
kidney injury molecule 1 (KIM-1), and liver-type fatty acid-
binding protein (L-FABP), the concentrations of which 
in urine or serum rise significantly in patients with AKI 
and correlate well with the severity of kidney injury.7,8

The treatment of OSA with continuous positive airway 
pressure (CPAP) offers a unique opportunity to alleviate 
most maladaptive changes in the cardiovascular system. 
Several clinical and experimental studies have indicated 
that CPAP may lead to an improvement in endothelial 
function, decrease free radical release from neutrophils, 
decrease inflammatory mediators, increase vasodilator 

serum levels, and induce a decrease in vasoconstrictor 
levels in patients with sleep apnea.9,10 It is likely that CPAP 
treatment could mitigate renal injury and improve renal 
outcomes.11

The aim of this study was to assess the effect of sleep 
apnea episodes on the pattern of changes in novel serum 
and urine markers of AKI and endothelial function in pa-
tients with different levels of severity of OSA, and to exam-
ine whether CPAP treatment of moderate-to-severe OSA 
could influence the overnight changes in AKI markers.

Material and methods

Ninety-nine men aged 40–67 years and having estimat-
ed glomerular filtration rate calculated with the Chronic 
Kidney Disease Epidemiology Collaboration (CDK-EPI) 
equation (eGFRCKD-EPI) >60 mL/min/1.73 m² were referred 
to the Sleep and Respiratory Disorders Center in Łódź 
(Poland) after screening for OSA based on the Berlin Ques-
tionnaire and Epworth Sleepiness Scale (ESS) for daytime 
sleepiness assessment. All the patients underwent a diag-
nostic night: standard nocturnal polysomnography (8 h, 
from 10:00 pm to 06:00 am) using Sleep Lab (Jaeger Via-
sys Healthcare, Höchberg, Germany), operated by a single 
technician with long-term experience in polysomnography. 
All the readings were analyzed and interpreted by a clinical 
physiologist (P.B.) who was blinded to the endpoints and 
design of the study.

Sleep and baseline respiratory parameters were defined 
and scored according to  the 2007 American Academy 
of Sleep Medicine (AASM) criteria.12 Obstructive sleep 
apnea was defined as ≥90% cessation of airflow persist-
ing for at least 10 s relative to basal amplitude. Hypopnea 
was defined as  less than or equal to 70% reduction for 
at least 10 s. The apnea-hypopnea index (AHI) was cal-
culated as the number of OSA events plus the number 
of obstructive hypopnea events per 1 h of sleep time re-
corded by the device. The severity of OSA was determined 
as mild (AHI 5–14/h), moderate (AHI 15–29/h) or severe 
(AHI ≥ 30/h).

After positive screening tests for OSA, 86 males with 
apnea-hypopnea indexes ≥15 episodes/h and eGFRCKD-EPI 
>60 mL/min/1.73 m² were qualified for the study. The de-
mographic and clinical characteristics of the study popula-
tion are presented in Table 1. The exclusion criteria includ-
ed proteinuria >1.0 g/24 h/1.73 m2 body surface; acute and 
chronic inflammatory conditions including urinary tract in-
fection (UTI), defined as >8 leukocytes in urinary sediment 
or clinical symptoms of UTI; New York Heart Association 
(NYHA) heart insufficiency class 3 or 4; uncontrolled diabe-
tes mellitus (glycated hemoglobin (HbA1C) >8.5%); triglyc-
eride and/or total cholesterol concentration >300 mg/dL; 
chronic therapy with drugs with confirmed nephrotoxicity, 
excluding sporadic use of non-steroidal anti-inflammato-
ry drugs; use of sympathomimetics; chronic use of sleep 
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medications; alcohol abuse; liver disease; or chronic ob-
structive and restrictive pulmonary diseases. Subjects with 
uncontrolled arterial hypertension with systolic blood 
pressure (SBP) >160 mm Hg and diastolic blood pressure 
(DBP) >100 mm Hg were also excluded.

The research was conducted in accordance with the Dec-
laration of Helsinki, and the study protocol was approved 
by the ethics committee at the Medical University of Łódź. 
All the participants signed informed consent prior to their 
recruitment.

The subjects’ blood pressure was measured with an elec-
tronic automatic sphygmomanometer (Omron M1 Plus; 
Omron Healthcare Co. Ltd., Kyoto, Japan) twice, before 
and after each diagnostic night. For the blood pressure 
analysis, the values of the mean arterial pressure (MAP) 
were calculated with the standard formula: MAP = [(DBP 
+ 1/3*(SBP-DBP)]. The  eGFR was calculated from se-
rum creatinine using the CKD-EPI formula: eGFRCKD-EPI 
= 141 × min (Scr/κ, 1)α× max(Scr/κ, 1)–1.209× 0.993age.

Forty-one patients diagnosed with moderate-to-severe 
OSA were qualified for treatment with CPAP (RemStar 
Plus CPAP Machine; Respironics, Murrysville, USA). They 
all received 6–8 weeks of nightly CPAP treatment after 

appropriate training and a titration period. The CPAP 
therapy was supervised by one of the authors (P.B.). Com-
pliance with the therapy was checked throughout the treat-
ment, and use of the CPAP device for ≥4 h per night was 
considered acceptable compliance. The remaining 45 pa-
tients with mild OSA did not receive CPAP treatment and 
were managed conservatively. Figure 1 shows the design 
of the study and a flowchart of the patients; Table 1 pres-
ents the participants’ clinical characteristics.

The  patients were asked to  come to  our sleep lab 
in the evening before their polysomnography (PSG) be-
tween 7:00 and 9:00 pm to sign the consent form and 
to receive detailed instructions about the study protocol, 
including lab sample collections. At that time, baseline 
blood and urine samples were taken. The 2nd biochemical 
blood and urine samples were taken in the morning after 
the diagnostic night, after the completion of all the proce-
dures, at around 7:00–8:00 am. Serum creatinine, total and 
low-density lipoprotein (LDL) cholesterol, triglycerides, 
serum high-sensitivity C-reactive protein (hsCRP), and 
endothelium marker intercellular adhesion molecule-1 
(ICAM-1) were measured at baseline in the evening be-
fore the diagnostic night and all the measurements were 

Table 1. Clinical characteristics of the whole study population and the subgroups of patients with mild and moderate-to-severe OSA

Variable All patients Patients with 
mild OSA

Patients with moderate-to-severe 
OSA

p-value (mild vs moderate-to-
severe OSA)

Number of patients 86 (100%) 45 (52.3%)
41 (47.7%), including 13 with mild 

OSA and 28 with severe OSA

Age [years] 44.6 ±10.6 41.9 ±11.8 47.5 ±8.5 p = 0.01

BMI [kg/m2] 34.5 ±6.0 32.5 ±5.4 36.7 ±6.1 p = 0.02

WHR 1.05 ±0.08 1.02 ±0.08 1.08 ±0.07 p = 0.02

eGFR [mL/min/1.73 m2] 81.2 ±13.8 82.3 ±14.8 79.9 ±13.0 p = 0.03

Blood pressure [mm Hg]
systolic
diastolic

137.6 ±14.9
85.5 ±9.6

135.8 ±12.0
84.9 ±9.0

139.5 ±17.6
86.1 ±10.4

–

Hypertension and/or use 
of antihypertensive medication

45 (52.3%) 20 (44.4%) 25 (61%) –

Diabetes mellitus 11 (12.8%) 4 (8.9%) 7 (17.1%) –

Coronary artery disease 11 (12.8%) 7 (24.1%) 4 (9.76%) –

Number of patients with urine protein 
excretion >0.3 g/L

9 (10.5%) 3 (6.7%) 6 (14.6%) –

Active smokers 22 (25.6%) 10 (22.2%) 12 (29.3%) –

Antihypertensive treatment
ACEI
ARB
CCB
BB
α blockers
loop diuretics
thiazide diuretics
AA

40 (46.5%)
26 (30.2%)
9 (10.5%)

13 (15.1%)
16 (18.6%)

5 (5.8%)
17 (19.8%)

2 (2.3%)

17 (37.7%)
10 (17.2%)
3 (10.3%)
3 (10.3%)
7 (15.5%)
1 (2.2%)

5 (11.1%)
1 (2.2%)

23 (56.1%)
16 (39.0%)
6 (14.6%)

10 (24.4%)
9 (21.9%)
4 (9.8%)

12 (29.3%)
1 (2.4%)

–

Lipid-lowering therapy 18 (20.9%) 9 (20.0%) 9 (21.9%) –

AHI (events per 1 h of recorded sleep time) 32.1 ±28.5 11.2 ±12.3 38.3 ±20.7 p = 0.000

OSA – obstructive sleep apnea; BMI – body mass index; WHR – waist-hip ratio; eGFR – estimated glomerular filtration rate; CKD – chronic kidney disease; 
AHI – apnea-hypopnea index; ACEI – angiotensin-converting enzyme inhibitors; ARB – angiotensin receptor blockers; CCB – calcium channel blockers; 
BB – beta-adrenergic receptor blockers; AA – aldosterone receptor antagonists.
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repeated the morning after the diagnostic night. Urine 
markers including creatinine, cystatin C, NGAL, L-FABP, 
and KIM-1 were assessed in a sample of urine given before 
polysomnography protocol was started and in the morn-
ing after the polysomnography. The results of the mea-
surements of biomarkers in urine were expressed as ra-
tios per gram of urine creatinine to avoid the differences 
in the time and volume of urine collection. In the patients 
with mild-to-moderate OSA qualified for CPAP therapy, 
the same measurements were repeated in the morning 
after 6–8 weeks of the therapy. All the patients who were 
initially qualified completed the study procedures.

Serum and urine samples were stored at −70°C until 
analysis. All the measurements were performed in dupli-
cate. The intra- and inter-assay coefficients of variation 
were below 5% for the biomarkers that were measured. 
All the laboratory assessments were performed in 1 batch 
in our university central research lab to minimize analytic 
variations. Urine cystatin C was measured using an en-
zyme-linked immunosorbent assay (ELISA) (cystatin C hu-
man ELISA kits; BioVendor LLC, Candler, USA). Urinary 
NGAL was also measured with ELISA kits (Lipocalin-2/
NGAL Human ELISA kits; BioVendor LLC). The KIM-1 
and L-FABP were assessed with KIM-1 Human ELISA and 
L-FABP human ELISA kits (R&D Systems Clinical Con-
trols, Inc., Minneapolis, USA). Serum hsCRP and ICAM-
1-1 were measured using hsCRP Human ELISA kits and 
sICAM-1 Human ELISA kits respectively (both from Bio-
Vendor, LLC). Data regarding urine excretion of cystatin C, 

NGAL, L-FABP, and KIM-1 were expressed as nanograms 
per gram of creatinine. Serum and urine creatinine, total 
cholesterol, HDL- and LDL-cholesterol, triglycerides were 
measured using standard automated laboratory methods 
in our university central research lab using an Olympus 
AU 680 multianalyzer (Olympus Corp., Tokyo, Japan).

The statistical analysis was performed with STATIS-
TICA AXAP software, v. 9.1PL (StatSoft Polska, Kraków, 
Poland). The results were expressed as mean ± standard 
deviation (SD), and absolute changes of  the  variables 
as mean (95% confidence interval (95% CI)). P-values <0.05 
were considered significant. The t-test for independent 
samples was used to test between-group differences. For 
non-normally distributed variables, the Mann–Whitney 
rank test was used. For intragroup comparisons, a one-way 
analysis of variance (ANOVA) was used. Qualitative vari-
ables between groups were analyzed using χ2 test. Spear-
man’s test was used to analyze the correlations between 
AHI and urine biomarkers of AKI (NGAL, KIM-1, L-FABP, 
cystatin C) and serum ICAM-1.

Results

The patients with moderate-to-severe OSA and mild 
OSA did not differ with respect to SBP and DBP, MAP, pro-
teinuria, mean plasma glucose level, serum hsCRP, fasting 
total cholesterol, triglycerides and LDL cholesterol concen-
tration, hemoglobin concentration, or incidence of arterial 
hypertension. As shown in Table 1, significant differences 
between the groups were found with respect to age, body 
mass index (BMI), waist-to-hip ratio (WHR), and eGFR. 
The patients with moderate-to-severe OSA were signifi-
cantly older than the patients with mild OSA. Body mass, 
BMI and WHR were significantly higher in the moderate-
to-severe OSA patients than in the mild OSA group. Base-
line eGFR was lower in moderate-to-severe OSA patients 
compared to mild OSA patients.

As shown in Table 2, urine cystatin C was unchanged 
after the  polysomnography night in  the  whole study 
group and in both subgroups. Urine cystatin C measured 
in  the  first morning sample of  urine after 6–8  weeks 
of CPAP therapy decreased significantly.

Urine L-FABP did not change significantly throughout 
the study, including after 6–8 weeks of CPAP therapy 
in the moderate-to-severe OSA subgroup (Table 2). Urine 
NGAL excretion was significantly higher after the di-
agnostic night in the whole study group (p = 0.04) and 
in the mild OSA patients (p = 0.03) (Table 2). Urine KIM-1 
excretion significantly increased after the diagnostic night 
in patients with mild OSA (p = 0.000) and in the whole 
study group (p = 0.001), but not in the patients with more 
severe OSA. No significant changes of urine KIM-1 were 
observed after 6–8 weeks of CPAP treatment (Table 2). 
Serum ICAM-1 significantly decreased after the diagnos-
tic night in the mild OSA group (p = 0.02), as well after 

Fig. 1. Flowchart showing the study design

99 patients screened
for OSA

45 patients with
mild OSA

conservative
treatment

CPAP therapy
6–8 weeks

41 patients with
moderate-to-severe OSA

POLYSOMNOGRAPHY
„Diagnostic night”

Biochemistry
and AKI markers

„Therapeutic night”
Biochemistry

and AKI markers

86 patients assessed
for eligibility
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6–8 weeks of CPAP therapy in the moderate-to-se-
vere OSA group (p = 0.002) (Table 2). Serum hsCRP 
did not change significantly during the diagnostic 
night or in the further course of the study (Table 2).

Systolic blood pressure did not change signifi-
cantly at any time during the study. A significant 
decrease in DBP was observed after the diagnostic 
night in both the mild OSA patients (p = 0.005) and 
the moderate-to-severe OSA patients (p = 0.005). 
Diastolic blood pressure also decreased significantly 
after 6–8 weeks of CPAP treatment in the moderate-
to-severe OSA group. Similar significant changes 
were seen in MAP (Table 3).

Before the CPAP treatment, there was a significant 
positive correlation between AHI and the absolute 
change in serum ICAM-1 (R = 0.27, p = 0.009) and 
urine cystatin C (R = 0.27, p = 0.009) in all the sub-
jects. After the  6–8  weeks CPAP intervention, 
a significant negative correlation between AHI and 
the absolute change in urine L-FABP concentration 
(R = −0.35, p = 0.02) was revealed.

Discussion

The results of our study only partially support 
the concept that OSA may result in subclinical AKI 
and that the treatment of OSA with CPAP may re-
duce the  extent of  kidney damage and decrease 
blood pressure. The latter finding is not unexpect-
ed, since the treatment of OSA with CPAP resulted 
in a significant decrease in glomerular pressure and 
hyperfiltration.11 Comparable results were presented 
by Koga et al., who evaluated 27 patients with OSA 
but without CKD both before and 3 months after 
CPAP therapy, and found a small but a significant 
improvement in eGFR.13 In our study, there was 
a small but significant overnight increase in eGFR 
in  the patients with mild OSA, and that finding 
may also indirectly support the concept of hyper-
filtration caused by apneic episodes during sleep. 
In most of the studies that have been carried out so 
far, the impairment of kidney function in patients 
with OSA was assessed only with changes in stan-
dard markers such as the eGFR, serum creatinine, 
urinary albumin excretion, or a sodium thiosulphate 
and para-aminohippurate (PAH) double clearance 
test.11,13,14 We were able to identify only 1 very re-
cent publication in which a similar protocol to our 
study was used, showing elevated serum cystatin 
C and NGAL in patients with AKI at baseline, and 
the levels of these markers were positively correlated 
with OSA severity.15 Similar relations were not con-
firmed in our study, and that also applied to other 
sensitive AKI markers that we measured, including 
KIM-1 and L-FABP. The choice of AKI biomarkers Ta
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in our research included the 4 most validated biomarkers 
of AKI.7,8 The biomarkers of AKI could be measured both 
in the urine and the plasma.7,8 In our study, in contrast 
to a study by Chuang et al.,15 we decided to measure urine 
markers of AKI, because most data from the literature 
have confirmed that in contrast to measurements in urine, 
plasma biomarkers show less specificity for AKI, since they 
also affected by non-renal factors such as the inflamma-
tory state itself.7,16

The time course of the changes in each biomarker after 
AKI is different.7,8,16 That important fact was taken into ac-
count in our study. We were, however, limited by the tim-
ing of the routine diagnostics of OSA and CPAP treat-
ment. Urinary NGAL has been found to increase 15-fold 
within 2 h and 25-fold 4 h and 6 h after cardiac surgery; 
urine L-FABP increased 6 h after an injury, and urine cys-
tatin C within 6 h; while urine KIM-1 had 90% sensitiv-
ity to detect cardiac surgery-associated AKI when tested 
2 h and 6 h after surgery.7,17–19 However, the complete time 
course of urinary levels for each urinary biomarker in AKI 
due to different or multiple renal injuries is unknown.7 
The samples in our study were collected after 8 h over-
night PSG, during which potential repeated AKIs caused 
by episodes of apnea were expected to occur.

McIlroy et al. found that urine NGAL best identified AKI 
in patients with normal baseline renal function.20 In that 
study, among the patients with baseline eGFR ≥ 60 mL/min, 
urinary NGAL was higher in those who developed AKI.20 
Our study population included only patients with 
eGFRCKD-EPI ≥ 60 mL/min; thus, the potential effect of OSA 
on subclinical kidney injury should have been noticeable 
in assessments of urine NGAL. Urine NGAL increased 
significantly during the diagnostic night in the whole study 
population and in the patients with mild OSA. Howev-
er, in patients with more advanced OSA, no significant 
changes in urine NGAL were seen during the diagnostic 
night, and 6–8 weeks of CPAP treatment induced no sig-
nificant effects on that parameter of kidney injury. We can 
only speculate that the lack of effect of CPAP on urine 
NGAL in the patients with more advanced OSA may be 

due to the fact that more severe disease may be associated 
with longer and more intensive ischemic “precondition-
ing” of the kidneys, making them resistant to subtle in-
sults caused by frequent apneic episodes during the night. 
The results on the relationship between NGAL as a marker 
of AKI and the severity of OSA have been conflicting since 
Cheung et al.15 reported a relationship between the two, 
but the authors of another study found that plasma NGAL 
may not serve as a specific biomarker of OSA in clinical 
practice, because the kidney injury induced by OSA may 
only slightly contribute to systemic NGAL secretion; se-
rum NGAL levels appeared to be influenced largely by oth-
er factors.21 We tried to overcome that limitation by mea-
suring urine NGAL instead of serum NGAL, but we were 
unable to identify any significant association between AHI 
and the overnight change in NGAL in our patients.

Urinary cystatin C  excretion is  another biomarker 
of AKI, since its excretion increases when the reabsorptive 
capacity of proximal tubular cells is impaired due to AKI.7 
There is little information on the association of OSA with 
serum or urine cystatin C levels. In our study, urine cys-
tatin C significantly decreased after 6–8 weeks of CPAP 
treatment, which may suggest that the treatment provides 
some nephroprotection, but longer observations would be 
needed to confirm that effect. Most studies to date have 
investigated serum levels rather than the urine excretion 
of this biomarker and have been focused on chronic rather 
than acute effects. Zhang et al. performed a cross-sectional 
study and showed that serum cystatin C was associated 
with the severity of OSA in younger men.22 In another 
study by Zhang et al., patients with severe OSA were re-
cruited and treated with CPAP for 3 months, and the au-
thors assessed serum cystatin C, creatinine and eGFR after 
the CPAP treatment. That study demonstrated that CPAP 
can decrease cystatin C levels in severe OSA patients and 
may prevent latent renal impairment.23 Additionally, Kato 
et al. found that severe OSA was independently associated 
with increased serum cystatin C concentration.24 Chuang 
et al.15 did not find any significant change of serum cystatin 
C after 6 months of CPAP treatment.

Table 3. Systolic, diastolic and mean blood pressure in the patients with OSA and in the subgroups of patients with mild and moderate-to-severe OSA

Parameter

All OSA Mild OSA Moderate-to-severe OSA

before 
diagnostic 

night

after 
diagnostic 

night

before 
diagnostic 

night

after 
diagnostic 

night

before 
diagnostic 

night

after 
diagnostic 

night

before 
therapeutic 

night

after 
therapeutic 

night 

SBP
[mm Hg]

137.6 ±14.9 136.5 ±14.7 135.8 ±12.0 135.2 ±12.3 139.5 ±17.6 138.1 ±17.1 137.8 ±14.5 135.8 ±13.0

DBP
[mm Hg]

85.5 ±9.6 82.5 ±9.4* 84.9 ±9.0 81.8 ±8.5‡‡ 86.1 ±10.4 83.2 ±10.4‡‡ 83.8 ±10.6# 81.2 ±9.3**

MAP
[mm Hg]

102.8 ±10.6 100.5 ±10.5‡‡ 101.8 ±9.1 99.6 ±9.1† 103.9 ±12.2 101.5 ±12.0† 101.7 ±11.4## 100.9 ±10.7 

OSA – obstructive sleep apnea; SBP – systolic blood pressure; DBP – diastolic blood pressure; MAP – mean arterial pressure. Significant differences after vs 
before the diagnostic night: * p = 0.001; ** p = 0.000; † p = 0.002; ‡‡ p = 0.005. Significant differences before therapeutic night No. 1 vs before diagnostic 
night: # p = 0.003; ## p = 0.002.
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Most novel biomarkers of AKI, such as urinary KIM-1 
and L-FABP, have not yet been extensively investigated. 
We were unable to identify any studies in which these novel 
biomarkers have been investigated in patients with OSA.

Serum ICAM-1 has traditionally been linked to endo-
thelial dysfunction associated with vascular injury, which 
is associated with OSA.25 In our study, we  found that 
6–8 weeks of CPAP treatment resulted in a significant 
decrease in serum ICAM-1 concentration in the patients 
with moderate-to-severe OSA. In 2 previous studies, se-
rum ICAM-1 was higher in patients with OSA26,27 and 
showed a positive correlation with the severity of OSA 
and in particular with the intensity of nocturnal hypox-
emia episodes.27 In a multiple logistic regression analysis, 
Ursavaş et al. revealed that OSA was associated with high 
ICAM-1 levels independently of age, sex, BMI, smoking 
status, and cardiovascular disease.28 Ohga et al. measured 
circulating ICAM-1 levels before and after long-term 
CPAP therapy in patients with OSA.29 They reported 
that 8 months of CPAP treatment was associated with 
a significant decrease in serum ICAM-1, and that ICAM-1 
was significantly related to  oxygen desaturation and 
nasal CPAP therapy. The influence of CPAP treatment 
on ICAM-1 levels was also studied by Chin et al.30 They 
confirmed that CPAP therapy significantly decreased 
serum ICAM-1 after 3 or 4 days, 1 month, or 6 months 
of treatment. Our results were concordant with the re-
sults of Wang et al., who confirmed that CPAP treatment 
decreased levels of ICAM-1 in patients with moderate 
and severe OSA.31

Although our study was not designed to analyze the re-
lationship between OSA and systemic inflammation, 
we measured serum CRP levels but did not find any sig-
nificant changes in this parameter after the diagnostic 
night in either group, or after CPAP therapy in the patients 
with moderate-to-advanced OSA. This result contrasts 
with most recent findings. The topic has been intensively 
studied, and a recent meta-analysis reported that patients 
with OSA develop a systemic inflammation.32

We also demonstrated a significant decrease in DBP 
and MAP after the diagnostic night in both of the study 
groups, while CPAP treatment favorably influenced 
only DBP. The  data from the  literature is ambiguous. 
Among the patients with OSA and resistant hypertension 
in the HIPARCO randomized clinical trial, CPAP treat-
ment for 12 weeks resulted in a decrease in 24-hour MAP 
and DBP, and an improvement in the nocturnal blood pres-
sure pattern.33 Likewise, Durán-Cantolla et al. reported 
that CPAP produced a small but statistically significant re-
duction in blood pressure in patients with systemic hyper-
tension and OSA.34 On the contrary, Muxfeldt et al. found 
that CPAP treatment had no significant effect on clinic 
or ambulatory blood pressure in patients with resistant 
hypertension and moderate-to-severe OSA.35

Our study has several strengths. This is the first study that 
has comprehensively analyzed most novel specific urine 

AKI biomarkers, including NGAL, KIM-1, L-FABP, and 
cystatin C, in patients with recurrent episodes of hypoxia 
and hypercapnia during sleep apneic episodes. Recruiting 
males for the study meant we assembled a homogenous 
population and avoided significant sex-related differences 
in several biomarkers, including urinary NGAL, of which 
women have higher levels.36 We also avoided age-related 
differences in urinary NGAL levels and the effect of age-re-
lated kidney function decline, since we enrolled only males 
aged 40–59. We also carefully excluded patients with leu-
kocyturia, systemic inflammation, glucocorticoid therapy, 
advanced CKD, and proteinuria >1.0 g/24 h/1.73 m2 body 
surface, which may have influenced the results of urinary 
NGAL and cystatin C.

Our study has also several limitations. The  issue 
of the time lag between renal injury and urine sampling 
may have had a significant impact on the results, since uri-
nary NGAL levels vary greatly depending on their proximity 
in time to ischemic injury. In studies where NGAL was mea-
sured after cardiac bypass surgery, NGAL was elevated for 
at least 24 h after injury, but appeared to peak at ~6 h after 
an insult. Therefore, if the injury occurred acutely or a long 
time after OSA, an increase in urinary NGAL may have 
been missed. A relatively short duration of CPAP therapy 
may also be a limitation of the study. Even with the biomark-
er-aided improvement in risk stratification, we are unable 
to assess the potential implications of CPAP for clinical 
management without a prospective randomized trial.

In summary, we found that OSA may cause subclini-
cal AKI, mainly in patients with mild OSA. The CPAP 
therapy may reduce the extent of the injury, but prospective 
randomized trials are required to confirm the potential 
implications of our results for the management of sleep 
apnea in patients with renal function impairment.
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Abstract
Background. Inflammatory pseudotumor of the liver (IPTL) is misdiagnosed usually as a malignant tumor 
based on the imaging findings. Differential diagnosis should be established to avoid hepatic resection. 
At imaging, IPTL has been misdiagnosed usually as hepatocellular carcinoma (HCC). It is usually found firstly 
using conventional ultrasonic examination, which cannot give a definitive diagnosis. Because of its atypical 
clinical presentation and radiological appearance, a presumptive diagnosis of malignancy is frequently made. 
With the development of ultrasound systems and ultrasound contrast agents (UCA), contrast-enhanced 
ultrasound is widely used in diagnosing focal lesions of the liver.

Objectives. To delineate the hemodynamic features of IPTL compared with hepatic VX2 tumor and normal 
liver using contrast-enhanced ultrasound.

Material and methods. Freund’s complete adjuvant (FCA) was injected using a modified method into 
the desirable portion of the liver in rabbits. Two weeks after the injection, solitary IPTLs were formed (which 
was proved with pathological examination). Ten rabbits with IPTL, 10 rabbits with VX2 carcinoma and 
10 healthy rabbits were studied using contrast-enhanced ultrasound with bolus injection of SonoVueTM 
through the peripheral vein. Corresponding parameters such as time to enhancement (ET), time to peak 
intensity (PIT), time to ascent (AT), and time to lighten (LT) were measured with wash-in/wash-out curve.

Results. Contrast-enhanced imaging clearly delineated the dynamic enhancement of the lesions and liver 
parenchyma during the whole phase. Inflammatory pseudotumor of the liver showed the same enhanced 
features as the liver parenchyma. In VX2 tumors, hyperechoic enhancement in arterial phase and hypoechoic 
enhancement was observed in the portal and delayed phase compared with the surrounding hepatic paren-
chyma. The normal liver showed whole of liver parenchyma enhanced in portal phase.

Conclusions. The study showed that contrast-enhanced ultrasound provided useful information about 
perfusion in IPTL and VX2 carcinoma. Contrast-enhanced ultrasound is a useful technique in the differential 
diagnosis of focal liver lesions if combined with time-intensity curve.

Key words: liver, ultrasonography, inflammatory pseudotumor, contrast agent, ultrasonic diagnosis
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Introduction

Inflammatory pseudotumor of the liver (IPTL) is a benign, 
tumor-like mass, which was first described in 1953 by Pack 
and Baker.1 The lesion is characterized by encapsulated prolif-
erating connective tissue admixed with inflammatory cells.2 
Clinical presentation and morphological appearance may 
vary.3 It is difficult to arrive at a definitive diagnosis in the ab-
sence of a clinical abnormality.4 Inflammatory pseudotumor 
of the liver is misdiagnosed usually as a malignant tumor 
based on the imaging findings.5–7 The diagnosis in most cases 
was confirmed during surgery and biopsy.8 Differential diag-
nosis should be established to avoid hepatic resection.9

At imaging, IPTL has been misdiagnosed usually as he-
patocellular carcinoma (HCC). Inflammatory pseudotumor 
of the liver is usually found with conventional ultrasonic 
examination, which cannot give the definitive diagnosis. 
Further examination, such as contrast-enhanced computed 
tomography (CT) and contrast-enhanced magnetic reso-
nance imaging (MRI), needs to be undertaken. However, 
sonographic enhancement demonstrates a variable pattern 
of echogenicity. The lesion has been documented as hypo- 
or hyperechogenic, with or without mosaic pattern, and with 
ill-defined or well-circumscribed margins.4,10 Because of its 
atypical clinical presentation and radiological appearance, 
a presumptive diagnosis of malignancy is frequently made.

With the development of ultrasound systems and ultra-
sound contrast agents (UCA), contrast-enhanced ultrasound 
is widely used in diagnosing focal lesions of the liver.11,12 
The perfusion of lesions is assessed with gray-scale  harmonic 
imaging at a low mechanical index (MI) level.  Dynamic 
changes of contrast enhancement in the liver tumor are 
observed using real-time continuous gray-scale imaging. 
Furthermore, quantitative assessment of circulation in liver 
is achieved with the time-intensity-curve software, which 
obtains different curves indicating tissue and vascular up-
take, transit times, and wash-out of the contrast agent.13–17

Therefore, we  performed a  pilot study to  establish 
an animal model carrying IPTL in rabbits with Freund’s 
complete adjuvant (FCA) serving for contrast-enhanced 
ultrasound, and to explore the dynamic enhancement 
characterization of the IPTL compared with hepatic VX2 
tumor, surrounding parenchyma and normal liver. Cor-
responding parameters such as time to enhancement (ET), 
time to peak intensity (PIT), time to ascent (AT), and time 
to lighten (LT) were measured with a time-intensity curve 
to evaluate the potential usefulness of quantifing perfu-
sions in focal liver lesions.

Material and methods

Animal model

Twenty male rabbits, weighing 1.8–2.5 kg (mean body 
weight: 2.2  kg) with healthy livers, were divided into 

3  groups (A, B  and  C). Group A  was the  IPTL group 
(included 10  rabbits), group B  the VX2 hepatic tumor 
group (10 rabbits), and group C the healthy control group 
(10 rabbits).

Establishment of hepatic inflammatory  
pseudotumor modified model

Ten rabbits were anesthetized with Sumianxin (Chang-
chun Argo-Pastoral University, Jilin, China), which 
does not affect the  cardiovascular system, at  a  dose 
of 1.5 mg/kg bw. through an  intramuscular injection. 
The rabbits were placed in a supine position after the skin 
of the abdomen was shaved with 8% sodium sulfide so-
lutions. Using a sterile technique, a small subxyphoid 
midline incision was made. In the test experiment, FCA 
(containing tuberculin, steroid, protein, and polysaccha-
ride) was directly injected into the lobe of the liver in 10 
rabbits according to the recorded method.18 However, 
histopathological examination proved that no focal le-
sions formed in the place of large size areas with diffuse 
necrosis. Then, we modified the method and inserted 
1 mm3 of gelfoam into the left and right liver lobes with 
ophthalmic forceps through laparotomy incisions. Next, 
FCA was injected slowly into the gelfoam. The incision 
hole was pressed for 2–3 min after pulling out the sy-
ringe so FCA did not flow out from the needle tunnel. 
The  sonographic study was conducted 2  weeks after 
the implantations.

Establishment of hepatic VX2 tumor model
Ten rabbits were prepared as IPTL group. A small subxy-

phoid midline incision was made and about 1 mm3 of tu-
mor tissue from a carrier rabbit was inserted into the left 
and right liver with ophthalmic forceps under direct ob-
servation. The sonographic study was conducted 2 weeks 
after the implantation.

The rabbits were sacrificed after the sonographic study, 
and histopathological examinations were performed. 
The studies were conducted in compliance with the regu-
lations of the Animal Ethics Committee of Shanxi Medi-
cal University, Taiyuan, China.

Contrast agents and administration

The contrast agent used in the study was SonoVueTM 
(Bracco SpA, Milan, Italy), which is a lipid-shelled ultra-
sound contrast agent that contains millions of micro-
bubbles filled with sulphur hexafluoride gas. A white, 
milky suspension of microbubbles was obtained by add-
ing 5 mL of physiologic saline (0.9% sodium chloride) 
to the powder (25 mg) with the use of standard clinical 
aseptic techniques, followed by hand agitation. The injec-
tion of SonoVue™ was administered through a 26-gauge 
catheter placed into a marginal ear vein, followed by 2 mL 
of saline flush. SonoVue™ at a dose of 0.1 mL/kg bw. was 
applied.
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Equipment and data analysis

Fundamental gray-scale imaging and contrast-tuned im-
aging (CnTI) were conducted using a Technos MPX DU8 
ultrasonography system (Esaote Biomedical SpA, Genoa, 
Italy). A broad-band linear array transducer, operating 
at 8–3 MHz for fundamental imaging and 1.56 MHz for 
CnTI, was used. The scanning settings for the optimal vi-
sualization, including the gain, scanning depth, field of view, 
and time gain control, were determined from a test experi-
ment in several rabbits and remained unchanged through-
out this study. The rabbits were scanned using conventional 
ultrasound to observe the lesions and normal liver (the left 
and right liver lobe), recording the location, the size, the fea-
tures of the echogenicity, and the color flowing charac-
terization before injecting the contrast agent. The probe 
was fixed during the whole period of contrast-enhanced 
examination when determining the optimal  imaging plane 
showing the lesions surrounding parenchyma or normal 
liver each the left and right liver lobe. Then CnTI was trig-
gered with a low MI of 0.106. After each UCA injection, 
digitized gray-scale images of the liver in situ within 2 min 
were stored in  a  continuous loop review and recorded 
on a built-in hard disk for off-line analysis.

For the  analysis of  gray-scale parameters, the  digi-
tally stored data of the lesions surrounding parenchyma 
and normal liver, were measured offline with wash-in/
wash-out software built into the TechnosMPX DU8 sys-
tem. The regions of interest (ROI) of the same shape and 
size were set in  liver lesions surrounding parenchyma 
and normal liver, each the left and right liver lobe, in ap-
proximately the same depth. The ROI were established 
in the center and/or the enhanced rim of the lesions. Cor-
responding parameters including time to enhancement 
(ET), time to peak intensity (PIT), time to ascent (AT), and 
time to lighten (LT) were measured using a time-intensity 
curve. The ET was defined as the delay from injection 
until the first echogenic bubbles of contrast agent could 
be seen. The PIT was defined as the interval from the be-
ginning of the injection to the peak of the time-intensity 
curve. The AT was the interval calculated as PIT minus 
ET. The LT was defined as the interval from the injec-
tion to wash-out platform of the time-intensity curve after 
the enhancement peak.

Statistical analyses

Data was expressed as means and standard deviations 
(SD). The ET, PIT, AT, and LT of  liver lesions and sur-
rounding parenchyma in  IPTL group and VX2 tumor 
group for each imaging protocol were compared using 
a paired two-tailed Student’s t-test. The ET, PIT, AT, and 
LT for each imaging protocol were compared with a one-
way analysis of variance (ANOVA) among IPTL group, 
VX2 tumor group and the normal liver group, and post hoc 
tests of pairwise comparison were used for comparisons 

between the 3 groups. Differences were considered signifi-
cant at p < 0.05. The software used was SPSS v. 11.5 (SPSS 
Inc., Chicago, USA).

Results

Pathology results

IPTL group
Twenty lesions were implanted in 10 rabbits and 17 nodules 

(range: 4.6–13.8 mm) were formed successfully. The inci-
dence rate is 85%. Gross appearance showed white, round and 
solid nodules with definite capsules (Fig. 1A). Microscopi-
cally, the nodule showed marked fibrosis with infiltration 
of mixed population of inflammatory cells and multinucleate 
cells (Fig. 1B). The middle zone was proliferated granuloma-
tous tissue and fibrous tissue. Degenerated liver tissue was 
seen in the center of the nodule. Scattered necrosis, diffused 
fat and amorphous substance were also present. Obvious 
inflammatory reaction and fibrous tissue were observed 
at the periphery of the lesions. More venous vessels than 
arteries were seen in the peripheral zone of the lesion. Degen-
eration and necrosis were observable in most of tiny arteries.

VX2 tumor group
Twenty lesions were implanted in 10 rabbits and 19 nod-

ules (range: 4.2–15.3 mm) were formed successfully. Gross 
appearance showed grayish-white, hard and round nodules 
(Fig. 1C) whose borders were well-circumscribed but not 
encapsulated. Microscopically, the tumor showed scattered 
cancer nests infiltrating the liver tissues (Fig. 1D). The tu-
mor nests consisted of  large polygonal cells with many 
mitotic figures. Disorder hepatic cord and dilated small 
vessels were present around the cancer nests. There were 
abundant newborn capillaries, in some of which tumor 
emboli were observed.

Healthy control group
Twenty liver lobes (both left and right liver lobe of each 

10 healthy rabbits) were collected. Each liver lobe was red 
and had no nodules (Fig. 1E). Microscopically, the liver 
lobes had hepatocytes with normal architecture and ob-
servable sinusoids (Fig. 1F).

On-site observation  
and offline assessment

Low-MI gray-scale imaging clearly delineated the dy-
namic enhancement of  the  lesions and parenchyma 
during the whole phase. The comparison of the on-site 
enhancement between IPTL VX2 tumors and normal liv-
ers is shown in Table 1. The time-intensity curves were 
analyzed during the phases of acquisition time (wash-in) 
and release of the contrast agent (wash-out), in addition 
to the evaluation of the shape of the resulting curve.
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IPTL group
Ordinary ultrasound scanning showed iso- or hyper-

echoic nodules of IPTL (Fig. 2A), which revealed an ab-
sence of color flow before the injection of UCA (Fig. 2B). 
After the  injection of  UCA, IPTL showed the  same 
 enhanced features and dynamic changes as that of liver 
parenchyma during the whole enhanced phase. The en-
hancement of  all nodules was no greater than that 
of parenchyma in arterial phase (Fig. 2C). Hypoechoic 
nodules were not observed in portal phase and delayed 
phase compared with parenchyma (Fig. 2D). The curves 
obtained from the  IPLT and parenchyma had similar 

patterns, showing a regular progressive wash-in and slowly 
wash-out of the UCA (Fig. 2E,F). The ET, PIT, AT, and LT 
in IPTL were 10.46 ±2.05 s, 30.35 ±9.81 s, 17.93 ±8.03 s, 
and 80.59 ±25.68 s, respectively. The ET, PIT, AT, and LT 
in parenchyma of IPTL were 10.84 ±2.46 s, 27.43 ±9.27 s, 
16.59 ±8.73 s, and 77.95 ±25.68 s, respectively. There was 
no significant difference for ET, PIT, AT, and LT be-
tween IPTL and parenchyma (p > 0.05) (Table 2).

VX2 tumor group
Ordinary ultrasound scanning revealed that the VX2 tu-

mors showed hypo-, iso- or hyperechoic imaging (Fig. 3A). 

Fig. 1. Pathology results. A – IPTL group. Photography of gross appearance showing white, round and solid nodules with definite capsule. B – IPTL group. 
Photomicrograph showing marked fibrosis with infiltration of mixed population of inflammatory and multinucleate cells (H&E staining, magnification ×100). 
C – VX2 tumor group. Photography of gross appearance showing grayish-white mass well-circumscribed with no definite capsules. D – photomicrograph 
showing scattered cancer nests infiltrated among the liver tissues (red arrow) (H&E staining, magnification ×100). E – normal liver group. Photography 
of gross appearance showed red and homogeneous liver, without nodes. F – normal liver group. Photomicrograph showing normal liver lobe had 
hepatocytes with normal architecture and observable sinusoids (H&E staining, magnification ×400)

Table 1. The enhancement in IPTL and VX2 tumors in whole phase

Group Arterial phase Portal phase Delayed phase

IPTL same as parenchyma no dark areas no dark areas

VX2 tumor marked enhanced decreased enhancement marked dark areas

Normal liver enhanced hepatic artery enhanced liver parenchyma delayed liver parenchyma

ITPL – inflammatory pseudotumor of the liver.

Table 2. The comparison of ET, PIT, AT, and LT between IPTL and parenchyma

Group ET [s] PIT [s] AT [s] LT [s]

IPTL 10.46 ±2.05 30.35 ±9.81 17.93 ±8.03 80.59 ±25.68

Parenchyma 10.84 ±2.46 27.43 ±9.27 16.59 ±8.73 77.95 ±25.68

p-value 0.653 0.199 0.526 0.655

Values are presented as means ± standard deviation (SD); ITPL – inflammatory pseudotumor of the liver; ET – time to enhancement; PIT – time to peak 
intensity; AT – time to ascent; LT – time to lighten.
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Noise signal was seen in 9 tumors (Fig. 3B) and artery 
signal was observed in 4 tumors. After the UCA injec-
tion, the  tumors were enhanced markedly in  the early 
 arterial phase (Fig. 3C). The features of the enhancement 
in the early arterial phase showed 3 patterns: enhance-
ment on  the  rim of  the  tumors (7  nodules), homoge-
neous enhancement of the whole tumors (2 nodules) and 
heterogeneous enhancement of the tumors (4 nodules). 
The  tumors were clearly and easily identified as areas 
of enhancement because the parenchyma was just slightly 
enhanced in the early arterial phase. After the arterial 
phase, the echogenicity of the surrounding liver tissue 
increased, and the intensity of the tumors decreased gradu-
ally before falling off abruptly. The UCA was washed out 
earlier from tumors than from parenchyma. The tumors 
were clearly identified as dark areas compared with the en-
hanced parenchyma in portal (Fig. 3D) and delayed phases.

Results obtained in the VX2 tumor  
and liver parenchyma

The curves obtained from the VX2 tumors had differ-
ent patterns from those obtained from the surrounding 

live parenchyma. The curve obtained in VX2 tumors dis-
played abruptly rapid wash-in curve and returned much 
earlier than the parenchyma to the baseline (Fig. 3E,F). 
The ET, PIT, AT, and LT in VX2 tumor were 7.59 ±1.58 s, 
22.47 ±7.16 s, 14.75 ±7.37 s, and 34.47 ±13.15 s, respec-
tively. The ET, PIT, AT, and LT in parenchyma of VX2-
tumor bearing rabbits were 10.02 ±2.74 s, 32.53 ±12.07 s, 
22.60 ±11.51 s, and 81.84 ±23.55 s, respectively. The ET, 
PIT, AT and LT in VX2 tumors were significantly (p < 0.05) 
shorter than those of the live parenchyma (Table 3).

Healthy control group
Ordinary ultrasound scanning revealed that the nor-

mal liver lobes showed homogeneous isoechoic imaging 
(Fig. 4A), which had normal color flow before the injection 
of UCA (Fig. 4B). After the injection of UCA, the liver 
lobes showed only hepatic artery enhanced in the arte-
rial phase (Fig. 4C), while later the whole liver paren-
chyma was enhanced in  portal phase (Fig.  4D) and 
decayed in  delayed phase. The curves obtained from 
the normal liver parenchyma showed a regular progres-
sive wash-in  and slow wash-out of  the  UCA. The  ET, 

Fig. 2. IPTL group. A – hyperechoic nodule in conventional ultrasound imaging; B – no blood flow in color Doppler flow imaging; C – enhancement 
in the arterial phase, no marked enhanced change compared with the parenchyma (red circle); D – enhanced feature same as the parenchyma in delayed 
phase; E – the ROI were set in the center of the lesion (R0) and parenchyma (R1) in approximately the same depth; F – the curves obtained from 
the IPTL and parenchyma had similar patterns and showed a regular progressive wash-in and slowly wash-out of the UCA (red curve – IPTL; blue curve 
– parenchyma)
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Fig. 3. VX2 tumor group. A – hypoechoic nodule with ill-definite in conventional ultrasound imaging; B – no blood flow instead of noise in color Doppler 
flow imaging; C – marked enhancement (red arrow) in the arterial phase compared with the parenchyma; D – wash-out UCA and dark lesion in portal 
phase (red arrow); E – the ROI were set in the center of the lesion (R0), the rim of lesion (R1) and parenchyma (R2) in approximately the same depth; 
F – the curves displayed abruptly rapid wash-in curve and returned much earlier than the parenchyma to the baseline (red curve – the center of VX2 tumor, 
blue curve – the rim of VX2 tumor, green curve – parenchyma)

Fig. 4. Normal liver group. A – the normal 
liver lobes showing homogeneous 
isoechoic imaging; B – normal shape 
of color flow in color Doppler flow imaging; 
C – the liver lobes showing only hepatic 
artery enhanced in the arterial phase; 
D – whole liver parenchyma enhanced 
in portal phase
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PIT, AT, and LT in IPTL in a normal liver parenchyma 
were 10.16  ±1.76  s, 29.18  ±9.99  s, 18.30  ±6.67  s, and 
79.00 ±16.87 s, respectively.

Comparison of ET, PIT, AT, and LT among IPTL, 
VX2 tumors and a normal liver

The ET, PIT and LT in VX2 tumors were significantly 
shorter than those of IPTL and a normal liver (IPTL and 
VX2 tumors, p-value in ET group (PET) = 0.000, p-value in 
PIT group (PPIT) = 0.011, p-value in AT group (PAT) = 0.984, 
p-value in LT group (PLT) = 0.000; normal liver and VX2 
tumors, PET = 0.000, PPIT = 0.025, PAT = 0.146, PLT = 0.000). 
There was no significant difference for ET, PIT, AT, 
and LT between IPTL and a normal liver (PET = 0.888, 
PPIT = 0.658, PAT = 0.152, PLT = 0.645) (Table 4).

Discussion

An  ultrasound examination is  usually the  first line 
of investigation in the assessment of liver disease because 
it is non-invasive and widely available. The detection of fo-
cal hepatic lesions is relatively straight-forward with sonog-
raphy, but the differentiation between benign and malig-
nant lesions is usually difficult. There are different blood 
supply patterns observed for different tumors; therefore, 
assessment of tumor perfusion and blood supply is very 
useful to differentiate between benign and malignant focal 
lesions of the liver. Knowledge of the vascularity of a hepat-
ic mass is essential in determining the nature of the mass. 
To this end, CT and MRI are performed regularly with con-
trast agents using different methods of administration and 
different imaging sequences to optimize vascular informa-
tion.19 With the rapid development of contrast-enhanced 
ultrasound and time-intensity curve quantification soft-
ware, low-MI gray-scale harmonic imaging has provided 
an effective technique to identify the focal liver lesions20–22 

because low-MI continuous harmonic imaging without 
destroying the contrast bubbles reveals vessels that are 
not seen when conventional Doppler US modes are used.

Inflammatory pseudotumor of the liver is a relatively 
benign tumor-like lesion. It  was originally described 
in  the  lung.23 The  liver is  the 2nd most common site.24 
The prognosis for IPTL is good and spontaneous regres-
sion has been described.8 The knowledge of IPTL is limited 
because of the small number of reported cases. With sur-
gery and imaging techniques for advanced cases, more and 
more IPTL cases were reported.4,7,9 Inflammatory pseudo-
tumor of the liver is classified into 3 subtypes according 
to its pathological features: hyalinized sclerosing granu-
loma, xanthogranuloma and plasma cell granuloma.6,25 
This classification is reflected in a variety of radiological 
findings that have been reported. Inflammatory pseudo-
tumor of the liver is often misdiagnosed as a malignant 
tumor based on the imaging findings. Therefore, improv-
ing knowledge about IPTL imaging is important to avoid 
unnecessary invasive therapy. To date, reports about IPTL 
are mostly clinical cases and there is an absence of reliable 
animal model for experimental research. There is a report16 
that injecting FCA into the liver can induce IPTL lesions. 
However, when FCA was injected directly into the lobe 
of livers of 10 rabbits, histopathological examination proved 
that no focal lesions formed instead of large size areas with 
diffuse necrosis. The reason for this is the solution flowed 
along the parenchyma and it was difficult to form focal 
nodule in situ. Then, we modified the method and inserted 
1 mm3 of gelfoam first into the left and right liver lobe 
with ophthalmic forceps through incisions at laparotomy. 
Because FCA is liquid and easy to flow, the gelfoam can re-
strict the flow of injected FCA and form nodules. Freund’s 
complete adjuvant contains tuberculin, abundant steroid, 
protein, and polysaccharide, which can induce damage, de-
generation and necrosis of hepatic cells. At the same time, 
fibrous tissue proliferated because of inflammatory cell 

Table 4. The comparison of ET, PIT, AT, and LT among IPTL and VX2 tumors and normal liver

Group ET(s) PIT(s) AT(s) LT(s)

IPTL 10.46 ±2.05# 30.35 ±9.81# 17.93 ±8.03 80.59 ±25.68#

VX2 7.59 ±1.58* 22.47 ±7.06* 14.75 ±7.37 34.47 ±13.15*

Normal liver 10.16 ±1.76# 29.18 ±9.99# 18.30 ±6.67 79.00 ±16.87#

Values are presented as means ± standard deviation (SD); * value is significantly different from the IPTL group value, # p < 0.05; # value is significantly 
different from the VX2 tumor group value, # p < 0.05. ITPL – inflammatory pseudotumor of the liver; ET – time to enhancement; PIT – time to peak intensity; 
AT – time to ascent; LT – time to lighten.

Table 3. The comparison of ET, PIT, AT, and LT between VX2 tumors and parenchyma

Group ET(s) PIT(s) AT(s) LT(s)

VX2 7.59 ±1.58 22.47 ±7.16 14.75 ±7.37 34.47 ±13.15

Parenchyma 10.02 ±2.74 32.53 ±12.07 22.60 ±11.51 81.84 ±23.55

p-value 0.006* 0.009* 0.038* 0.000*

Values are presented as means ± standard deviation (SD); * p < 0.05. ET – time to enhancement; PIT – time to peak intensity; AT – time to ascent; LT – time 
to lighten.
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infiltration. The histopathological examination in our ex-
periment proved that the modified method could establish 
the IPTL animal model successfully, and after implanting 
of 20 lesions, 17 nodules were formed successfully (85%). 

Inflammatory pseudotumor of the liver is a proliferating 
fibrovascular lesion pathologically characterized by infil-
trated chronic inflammatory cells including lymphocytes, 
histiocytes and plasma cells.26 The microscopical results 
in our modified IPTL model revealed proliferated granulo-
mas with marked fibrous tissue infiltrated by a mixed pop-
ulation of inflammatory and multinucleate cells. Degen-
erated liver tissue was seen in the center of the nodule. 
Scattered necrosis, diffused fat and amorphous substance 
were also present. Inflammatory reaction and fibrous tis-
sue were observed at the periphery of the lesions. More 
venous vessels were seen in arteries in the peripheral zone 
of the lesion; degeneration and necrosis were seen in most 
of the tiny arteries. It was proved that the modified IPTL 
model is a proliferated nodule, which mostly supplied by 
portal vein, short of hepatic artery supply.

VX2 hepatic tumor is an established malignant  model 
in  rabbits.27 It has the  similar blood supply as human 
malignant tumor which is supplied mainly by artery ves-
sels. The IPTL is supplied mainly by venous vessels same 
as the normal live parenchyma. The various hemo dynamic 
changes result in a variety of enhancements in their IPTL 
imaging, normal liver, surrounding parenchyma, and VX2 
tumor. The experiment results showed that the IPTL had 
similar patterns as the normal liver and the surrounding 
parenchyma because of the same blood supply of venous 
vessels. No significant difference was observed in ET, PIT, 
AT, and LT between the IPTL and normal liver and sur-
rounding parenchyma. However, VX2 tumor showed a rap-
id wash-in/wash-out of enhancement because the supply 
is mainly by arteries. The ET, PIT and LT in VX2 tumors 
were observed significantly earlier than those of IPTL. 
The ET, PIT, AT, and LT in VX2 tumors were observed 
significantly earlier than those of the normal liver and 
surrounding parenchyma. This prominent difference 
of enhancement combined with the time-intensity curve 
quantification improves the accuracy of diagnosis. Con-
trast-enhanced sonography improves sensitivity and speci-
ficity in discriminating between benign and malignant 
focal liver lesions compared with baseline sonography.

The enhanced features in our IPTL model differ from 
that of the clinical report, in which the enhanced IPTL was 
similar to HCC.28 The different pathological features might 
result in a diversity of enhanced imaging. A pilot study 
about the proliferated nodule short of hepatic artery sup-
ply was performed as a part of this study. The pathology 
of this model might be different than in the reported 
clinical case, in which inflammatory cell infiltration 
might be the main feature. Thus, further studies, e.g., 
related to the different growth stages and different pa-
thology foundations of IPTL, need to be undertaken.

Conclusions

The study established a modified IPTL model in rabbits. 
The modified model easily formed solitary and solid lesion 
in situ, and had the advantages of high incidence rate, short 
latent period and easiness in duplication. Inflammatory 
pseudotumor of the liver is mainly supplied by the same 
vein as normal living tissue, and a small part of blood sup-
ply is provided by hepatic artery.

Based on the preliminary data, we believe that the low-MI 
continuous gray-scale harmonic contrast-enhanced ultra-
sound and analysis of wash-in/wash-out curves can be useful 
and reliable in diagnosing liver focal lesions and would be 
potentially useful in a clinical setting. However, our study 
is still in its early stages and is based on a small number 
of cases; therefore, further research needs to be performed.
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Abstract
Background. Kidney injury in the course of chronic kidney disease (CKD) is a consequence of aggravated 
cell migration, inflammation, apoptosis, and fibrosis. However, the sequence of these phenomena, as well 
as of the reparatory mechanisms, are not fully known. Monocyte chemoattractant protein 1 (MCP-1) and 
macrophage colony-stimulating factor (MCSF) trigger monocyte migration to the sites of inflammation and 
their transition into macrophages. Tissue inhibitor of matrix metalloproteinases-2 (TIMP-2) plays a protective 
role against excessive matrix remodeling, whereas survivin is known for its anti-apoptotic activity.

Objectives. To analyze the serum, urine and fractional excretion (FE) values of MCP1, MCSF, TIMP-2, and 
survivin in children at subsequent stages of CKD being treated conservatively, and to analyze the potential 
applicability of these markers in the evaluation of CKD-related renal damage and protective mechanisms 
against it.

Material and methods. The study group consisted of 70 children with conservatively treated CKD, 
stages 1–5, and 12 controls. The serum and urine concentrations of MCP1, MCSF, TIMP-2, and survivin were 
assessed using enzyme-linked immunosorbent assay (ELISA). The FE of these parameters in the urine was 
also assessed.

Results. The serum values of all parameters were significantly elevated at CKD stage 1 compared to the con-
trols. The urinary concentrations of MCP-1 and MCSF (stages 1–2) rose earlier than TIMP-2 and survivin 
(stage 4) concentrations. The FE values started increasing at CKD stage 3 (MCP-1) or stage 4 (other parameters).

Conclusions. The complex analysis of serum/urinary/FE values of the selected parameters revealed a se-
quence of multifaceted CKD-related phenomena, when the migration of cells and inflammation were followed 
by delayed and insufficient anti-fibrotic and anti-apoptotic activity.

Key words: apoptosis, chronic kidney disease, fibrosis, inflammation, urinary fractional excretion
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Introduction

Renal interstitial fibrosis is the final step in the progres-
sion of chronic kidney disease (CKD), irrespective of its 
origin, and confirms its irreversibility.1 It is a consequence 
of an imbalance between tissue repair and damage.2 Tubu-
lar damage in particular seems to determine the renal out-
come.3 Chronic kidney disease triggers both destructive 
and protective mechanisms in the kidney, concerning im-
munocompetent cell activity, inflammation or apoptosis.2 
However, the sequence of interactions between injury and 
regeneration and pro- and anti- inflammatory/apoptotic/
fibrotic stimuli is unknown.

Monocyte chemoattractant protein 1 (MCP-1) and mac-
rophage colony stimulating factor (MCSF) are engaged 
in the early phase of injury: immunocompetent cell migra-
tion to the sites of inflammation. The chemotactic activ-
ity of MCP-1 controls migration of monocytes, whereas 
the MCSF guidance triggers their transition into macro-
phages in situ.4 The localization of MCP-1 in renal proximal 
tubules, as well as its pro-inflammatory and pro-fibrotic 
activity, have been proven in animal models.5,6 Studies 
in children with CKD focused on the MCP1 gene (MCP-1-
2518 A/G polymorphism) in focal segmental glomerulo-
sclerosis and on connections between plasma MCP-1 and 
lipid metabolism in CKD.7,8 Our previous study revealed 
increased serum concentrations of MCP-1 in children with 
mild stages of CKD compared to those at the advanced 
stages.9 However, the role of MCP-1 as a marker of pro-
gressive kidney injury in the course of CKD is unknown.

So far, MCSF has been analyzed mainly as a marker 
of atherosclerosis in adults on chronic hemodialysis.10,11 
Data concerning the role of MCSF in the pathogenesis 
of CKD-related damage is limited to our preliminary report 
on elevated serum and urine concentrations in children; 
this issue not been analyzed in the context of the apoptotic 
or fibrotic aspects of CKD progression.9

Survivin takes part in the regulation of cell division, 
proliferation and apoptosis.12 Its ability to inhibit apop-
tosis was first proven in oncology, but further studies 
have also revealed anti-apoptotic and protective activity 
in response to ischemia/reperfusion injury in the course 
of acute kidney injury.13,14 Moreover, its location in the api-
cal membrane of proximal tubule cells and internalization 
by megalin prove that it is reabsorbed from the primary 
urine.15 Studies in CKD patients are restricted to our previ-
ous reports on elevated survivin concentrations in children 
with advanced CKD.16 However, the question of whether 
survivin shows any protective features against chronic 
kidney injury remains unknown.

The anti-fibrotic activity of TIMP-2 and its role in the cell 
cycle regulation have been known for some time, but it was 
only recently confirmed in vitro to be located in the distal 
tubule cells.17 Urinary TIMP-2 is an established marker 
of acute kidney injury, but its potential role in assessing re-
nal damage in the course of CKD progression is unknown.18

Our previous observations have suggested that the fraction-
al excretion (FE) of molecules in the urine may be added value 
in the analysis of tubular function in children with CKD.9,19,20

This study is the first attempt to evaluate inflamma-
tory/fibrotic/apoptotic phenomena using the combined 
analysis of serum/urinary/FE values of the selected param-
eters throughout all stages of pediatric CKD. Our aim was 
to analyze the usefulness of MCP-1, MCSF, survivin, and 
TIMP-2 in the assessment of CKD-related mechanisms 
of kidney injury in children, including inflammation, apop-
tosis and fibrosis, as well as the protective mechanisms 
against them.

Material and methods

Study design and settings

This is a retrospective cross-sectional study, carried out 
from 2016 to 2018 on 70 children with CKD and 12 con-
trols. The CKD patients were divided into 5 groups ac-
cording to CKD stage (patient flow is shown in in Fig. 1). 
Table 1 shows the basic demographic and biochemical data. 
The control group consisted of children with monosymp-
tomatic nocturnal enuresis and normal kidney function.

The enrollment criteria for CKD children were age be-
tween 2 and 18 years and at least three-month follow-up since 
the diagnosis of CKD. The exclusion criteria consisted of co-
morbidities (diabetes, malignancy, allergy, systemic disease 
or primary glomerulopathy, vasculitis, peripheral vascular 
disease, and obesity), smoking, immunosuppression or cor-
ticosteroid therapy, current infection, or antibiotic therapy.

The causative factors for CKD were obstructive uropathy 
(23 patients), hypo-/dysplastic kidneys (15), reflux nephropa-
thy (14), polycystic kidney disease (4), other genetic disorders 
(5), acute kidney injury (4), and unknown factors (5). Hyper-
tension was diagnosed according to the criteria of the Euro-
pean Society of Hypertension in children and adolescents.21

Informed consent was obtained from the patients and 
their parents, if necessary. The research project was ap-
proved by the Wroclaw Medical University (Wrocław, Po-
land) ethics committee, in accordance with the Declara-
tion of Helsinki.

Methods

Blood samples were drawn after an overnight fast from 
the peripheral veins. Samples were clotted for 30 min and 
centrifuged at room temperature for 10 min; the serum was 
then stored at –80°C until assayed. Urine was collected asep-
tically from the first morning sample, centrifuged at room 
temperature for 10 min and stored at −80°C until assayed.

The serum and urine concentrations of MCP-1, MCSF, 
survivin, and TIMP-2 were evaluated using commercially 
available enzyme-linked immunosorbent assay (ELISA) kits 
(MCP-1 –reagent kit DCP00; MCSF – reagent kit DMC00B; 
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survivin – reagent kit DSV00; and TIMP-2 – reagent kit 
DTM200; all from R&D Systems, Minneapolis, USA). 
The measurements were performed according to the man-
ufacturer’s instructions, and the results were calculated 
by reference to standard curves. The intra-assay and inter-
assay coefficients of variation (%CV) for the examined pa-
rameters did not exceed 8.2% and 9.3%, respectively.

Serum and urine markers were measured with auto-
mated routine diagnostic tests: creatinine OSR61204 re-
agent using Beckman Coulter AU2700 analyzer (Beckman 
Coulter, Brea, USA) and proteinuria using turbidimetry. 
Estimated glomerular filtration rate (eGFR) was calculated 
according to Schwartz’s formula.22 The urinary concen-
trations of the selected parameters were normalized for 
urinary creatinine values. The FE of the parameters was 
calculated based on the following formula:

Statistical analysis

The results are expressed as median values and inter-
quartile ranges (IQR). The null hypothesis of normality 
of distribution of the analyzed variables was rejected using 
a Shapiro–Wilk test. Thus, the comparisons and correla-
tions between the subgroups were evaluated using non-
parametric tests (Kruskal–Wallis test, Mann–Whitney 
U test and Spearman’s correlation coefficient). The sta-
tistically significant correlations in the whole group were 
then analyzed using linear regression analysis. The linear 
regression equations were calculated according to the fol-
lowing formula:

y = βx + a,

where y is the dependent variable, β is the regression coef-
ficient, x is the independent variable, and a is a constant). 
Statistical analysis was performed using the STATISTICA  
v.  13.0 software package (StatSoft, Inc., Tulsa, USA). 
A p-value <0.05 was considered significant.

Fig. 1. Patient flow diagram

eligible patients
n = 97
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control group
n = 12

excluded due
to infection

n = 15

Table 1. Basic demographic and clinical data

Parameter
(median value (lower–

upper quartile))

Study groups

Control group
(n = 12)

CKD 1
(n = 10)

CKD 2
(n = 12)

CKD 3
(n = 22)

CKD 4
(n = 16)

CKD 5
(n = 10)

Gender 6 girls, 6 boys 4 girls, 6 boys 6 girls, 6 boys 7 girls, 15 boys 7 girls, 9 boys 4 girls, 6 boys

Age [years] 
10.5

(7.9–14.2)
13.4

(4.1–14.3)
10.1

(8.4–15.4)
9.1

(6.3–12.0)
10.9

(6.8–15.2)
9.2

(2.8–15.2)

eGFR 
[mL/min/1.73 m2] 

115
(94–120)

112
(106–123)

74 a,b

(62–82)
45 a,c

(35–52)
23 a,d

(20–26)
11 a,e

(9–13)

Proteinuria 
[mg/mg creatinine]

3.0
(0.0–5.1)

4.8
(0.0–108.7)

31.6 a

(0.0–482.0)
31.7 a

(0.0–351.5)
79.4 a,d

(10.7–718.4)
197.3 a,e

(54.4–2,119.8)

Mann–Whitney U test: a p < 0.001 CKD compared to control group; b p < 0.001 CKD stage 2 compared to stage 1; c p < 0.001 CKD stage 3 compared 
to stage 2; d p < 0.001 CKD stage 4 compared to stage 3; e p < 0.001 CKD stage 5 compared to stage 4. eGFR – estimated glomerular filtration rate; 
CKD – chronic kidney disease.

      FE =

  ([urine parameter concentration] × 

 × 100%.

 
 × [serum creatinine concentration]) 
 ([serum parameter concentration] ×  
 × [urine creatinine concentration])
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Results

Serum MCP-1, MCSF, survivin,  
and TIMP-2 concentrations

The serum concentrations of all examined parameters 
were significantly higher in comparison with the controls, 
even from the earliest stages of CKD (Fig. 2–5). The steep rise 
in CKD stage 1 was observed in the case of MCP-1, MCSF 
and TIMP-2, where the concentrations increased more than 
threefold, whereas those of survivin only by 30% (Fig. 2–5). 
However, MCSF and survivin values showed a gradual in-
crease along with the progression of CKD (Fig. 3–4), whereas 
in the case of MCP-1, a short plateau phase appeared between 
CKD stages 2 and 3 (Fig. 2). The TIMP-2 concentrations rose 
at CKD stage 1 and then stabilized until stage 4, when they 
peaked again until stage 5 (Fig. 5).

Urine MCP-1, MCSF, survivin, and TIMP-2 
concentrations

The urinary concentrations of the selected parameters, 
normalized for creatinine in urine, behaved differently. 
The  MCP-1 values were elevated in  comparison with 
the controls even at CKD stage 1; they rose until stage 2 
and then remained stable until stage 5 (Table 2). The MCSF 
values grew in relation to the control group in CKD stage 2 
and also remained unchanged until stage 5 (Table 2). Sur-
vivin and TIMP-2 augmentation reached the level of statis-
tical significance no sooner than at stage 4 and remained 
unchanged in stage 5 (Table 2). All urinary values were 
significantly higher in CKD stage 2 than in stage 1.

Fig. 5. Serum TIMP-2 concentrations in children with CKD and controls

Fig. 4. Serum survivin concentrations in children with CKD and controls

Fig. 3. Serum MCSF concentrations in children with CKD and controls

Fig. 2. Serum MCP-1 concentrations in children with CKD and controls
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The values of urinary FE of MCP-1, MCSF, 
survivin, and TIMP-2

The FE values of MCSF, survivin and TIMP-2 were sig-
nificantly lower than those of the control group at CKD 
stage 1, whereas the FE values of MCP-1 remained compa-
rable to those in controls (Table 3). In CKD stage 2, none 
of the FE values differed from those in the control group. 
Contrarily, the FE of MCP-1 was significantly different 
than that of the control group at CKD stage 3, whereas 
the FE of the other parameters reached that threshold 
at CKD stage 4 (Table 3). The values of FE of survivin were 
the only ones that continued growing from stage 4 until 
stage 5 (Table 3).

Of note, the FE of MCSF presented values above 1% 
in  both the  controls and in  all CKD patients. The  FE 
of MCP-1 and survivin surpassed 1% at CKD stage 2, while 
the FE values of TIMP-2 did so at stage 4.

Correlations

Correlation analysis within subgroups revealed no signif-
icant results. In the whole group of CKD children, the se-
rum concentrations of the analyzed parameters correlated 
positively with each other (Table 4), with the exception 

of MCP-1 and the values for survivin and TIMP-2. Addi-
tionally, serum survivin and TIMP-2 correlated negatively 
with eGFR and positively with the corresponding urinary 
values and proteinuria (Table 4). The urinary values of all 
markers correlated with proteinuria. Survivin and TIMP-2 
urine values also correlated negatively with eGFR (Table 4). 
The FE values of all markers correlated with proteinuria.

However, on  linear regression analysis, only serum 
survivin could predict eGFR (R2 = 0.86; p < 0.0000001), 
whereas FE of survivin (R2 = 0.69; p < 0.000001) and FE 
of TIMP-2 (R2 = 0.73; p < 0.000001) were good predictors 
of proteinuria.

Discussion

Our study revealed the various patterns of elevated se-
rum and urinary values of MCP-1, MCSF, survivin, and 
TIMP-2, as well as changes in  the urinary FE of  these 
parameters, in pediatric patients with CKD compared 
to a control group.

While analyzing the dynamics of the observed fluctua-
tions, the elevation of MCP-1 concentration was the earli-
est (CKD stage 1) and was seen concomitantly in the se-
rum and urine. These results were in agreement with our 

Table 2. Urinary (u) values of the parameters under study

Study group
Parameter

Control group
(n = 12)

CKD stage 1
(n = 10)

CKD stage 2
(n = 12)

CKD stage 3
(n = 22)

CKD stage 4
(n = 16)

CKD stage 5
(n = 10)

u MCP-1
[ng/mg creatinine]

2.38
(2.26–2.99)

5.11 a

(3.58–6.88)
8.43 a, b

(4.89–11.45)
12.14 a

(6.51–16.64)
9.73 a

(7.33–10.42)
11.39 a

(8.17–12.28)

u MCSF
[ng/mg creatinine]

27.65
(26.82–32.08)

41.46
(30.91–59.17)

74.92 a, b

(40.89–98.87)
96.63

(58.47–142.28)
86.72 a

(62.43–90.86)
88.92 a

(64.31–95.98)

u survivin
[ng/mg creatinine]

0.55
(0.53–0.63)

0.42
(0.41–0.77)

0.94 b

(0.49–1.21)
0.95

(0.56–1.07)
1.11 a

(0.88–1.20)
1.28 a

(0.60–2.87)

uTIMP-2
[ng/mg creatinine]

0.13
(0.11–0.14)

0.11
(0.10–0.21)

0.24 b

(0.13–0.31)
0.23

(0.14–0.27)
0.34 a

(0.27–0.39)
0.44 a

(0.21–0.99)

Mann–Whitney U test: a p < 0.001 CKD compared to control group; b p < 0.001 CKD stage 2 compared to stage 1. CKD – chronic kidney disease;  
MCP-1 – monocyte chemoattractant protein 1; MCSF – macrophage colony-stimulating factor; TIMP-2 – tissue inhibitor of matrix metalloproteinases-2.

Table 3. Fractional excretion values of the parameters under study

Study group
Parameter

Control group
(n = 12)

CKD stage 1
(n = 10)

CKD stage 2
(n = 12)

CKD stage 3
(n = 22)

CKD stage 4
(n = 16)

CKD stage 5
(n = 10)

FE MCP-1 [%]
0.59

(0.65–0.87)
0.40

(0.36–0.56)
0.69 b

(0.57–2.07)
2.03 a

(0.99–3.39)
3.45 a

(2.10–4.91)
4.42 a

(4.19–5.54)

FE MCSF [%]
8.09

(6.44–10.67)
3.88 a

(3.14–4.49)
7.33 b

(4.83–17.54)
16.33

(9.29–28.19)
28.74 a

(16.89–40.28)
32.47 a

(29.90–40.19)

FE survivin [%]
0.96

(0.76–1.20)
0.64 a

(0.55–0.79)
0.79

(0.67–2.41)
1.14

(0.73–2.95)
2.79 a,d

(1.67–3.84)
4.26 a,e

(2.95–14.55)

FE TIMP-2 [%]
0.24

(0.22–0.36)
0.08 a

(0.08–0.11)
0.16 b

(0.14–0.48)
0.28

(0.18–0.69)
0.87 a,d

(0.47–1.02)
1.20 a

(0.87–4.30)

Mann–Whitney U test: a p < 0.001 CKD compared to control group; b p < 0.001 CKD stage 2 compared to stage 1; c p < 0.001 CKD stage 3 compared 
to stage 2; d p < 0.001 CKD stage 4 compared to stage 3; e p < 0.001 CKD stage 5 compared to stage 4. CKD – chronic kidney disease; FE – fractional 
excretion; MCP-1 – monocyte chemoattractant protein 1; MCSF – macrophage colony-stimulating factor; TIMP-2 – tissue inhibitor of matrix 
metalloproteinases-2.
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previous observations differentiating between mild and 
advanced CKD.9 Similarly, Vianna et al.8 described elevated 
plasma MCP-1 levels in children with CKD.

The MCP-1 is a  low-molecular-weight protein, freely 
filtered through the glomeruli, and its early rise in urine 
might be a simple consequence of increased serum concen-
tration. However, neither serum nor urinary MCP-1 cor-
related with eGFR, so together with the location of MCP-1 
in the proximal tubules, these facts may suggest that this 
molecule is secreted in situ into the urine. Another argu-
ment for this hypothesis is the correlation between MCP-1 
expression and monocyte infiltration in the kidneys.23 
The latter may also explain the plateau phase of MCP-1 uri-
nary values prior to CKD stage 5, when MCP-1-dependent 
monocyte migration is followed by their MCSF-dependent 
transition into macrophages.

The clarification of the abovementioned doubts came 
with the  analysis of  FE values. First, they had sur-
passed 1% by CKD stage 2, signaling the commencement 
of tubular dysfunction. This observation was concordant 
with our previous results concerning FE.20 Then, the FE 
values of MCP-1 were higher compared to the controls 
at stage 3, confirming the damage of tubular structure. 
Interestingly, this rise was followed by the plateau phase 
until stage 5. Thus, the FE rise followed the elevation 
in urinary MCP-1 and was probably a response to the in-
creased serum concentration and net filtration through 
the glomeruli. As a consequence, serum concentration 
remained stable until CKD stage 4. A further increase 
could not be balanced by the compensatory overactivity 
of the proximal tubules, already damaged in the course 
of CKD. Thus, the complex analysis of serum, urinary 
and FE values of MCP-1 suggested early migratory and 
inflammatory overactivity aimed at adjusting tubular 
function to new conditions, until irreversible tubular 
damage. Correlation of MCP-1 FE with proteinuria would 
be of added value in the assessment of the early and com-
plex features of tubular damage in the course of CKD.

Not surprisingly, the MCSF serum elevation in CKD 
stage 2 followed that of MCP-1 in CKD stage 1, likely de-
picting the transition of monocytes into macrophages that 
comes after monocyte migration. Likewise, the lack of cor-
relation between eGFR and serum/urinary MCSF could 
suggest a CKD-triggered systemic and kidney overproduc-
tion of MCSF. Moreover, urinary MCSF concentrations 
(before correction for urine creatinine) were significantly 
higher than those in the serum of both the controls and 
the CKD patients, and this finding was specific to MCSF. 
Thus, MCSF in situ renal production, aggravated by CKD 
conditions, was a probable explanation.

The FE MCSF values above 1% in both the controls and 
the children with CKD seemed to confirm the intra-renal 
source of MCSF production. Moreover, FE values dimin-
ished significantly in CKD stage 1, suggesting early func-
tional response of proximal tubules to increased serum 
MCSF. However, this mechanism turned out insufficient 
in advanced CKD, when FE became higher than in controls, 
most likely due to the tubular damage and subsequent ag-
gravated leakage of MCSF with urine. Of note, MCSF FE 
correlated with proteinuria, making this parameter another 
useful tool for the analysis of tubular damage in CKD pa-
tients. Moreover, the assessment of serum, urinary and 
MCSF FE, confronted to corresponding serum, urinary and 
FE values of MCP-1, suggested the sequence of inflammato-
ry and migratory activities during the early stages of CKD.

The early rise of survivin in the serum and its nega-
tive correlation with eGFR values could suggest an ac-
cumulation of the molecule. Moreover, serum survivin 
was the only predictor of eGFR. Like MCP-1 and MCSF, 
it  is a protein that freely filters through the glomeruli. 
However, its serum concentration in CKD stage 1 only 
increased by 30%, whereas the elevation of the abovemen-
tioned chemokines under similar conditions was threefold. 
Thus, this moderate elevation seemed to be independent 
of additional triggers, like inflammatory factors, since sur-
vivin has shown no correlation with MCP-1.

Table 4. Significant correlations between parameters

Parameter u survivin
[ng/mg creatinine]

u TIMP-2
[ng/mg creatinine]

eGFR
[mL/min/1.73 m2]

Proteinuria
[g/dL]

s survivin [ng/mL]
r = 0.40

p = 0.0009
r = 0.47

p = 0.00008
r = −0.91

p = 0.0000001
r = 0.42

p = 0.003

s TIMP-2 [ng/mL]
r = 0.33

p = 0.007
r = 0.42

p = 0.0005
r = −0.77

p = 0.0000001
r = 0.52

p = 0.0002

FE survivin [%]
r = 0.47

p = 0.00007
r = 0.55

p = 0.000002
r = −0.66

p = 0.0000001
r = 0.69

p = 0.0000001

FE TIMP-2 [%]
r = 0.60

p = 0.0000001
r = 0.68

p = 0.0000001
r = −0.76

p = 0.0000001
r = 0.69

p = 0.0000001

eGFR [mL/min/1.73 m2] 
r = −0.35
p = 0.005

r = −0.42
p = 0.0005 ---

r = −0.46
p = 0.001

Proteinuria [g/dL]
r = 0.56

p = 0.00004
r = 0.61

p = 0.000005
r = −0.46
p = 0.001 ---

eGFR – estimated glomerular filtration rate; FE – fractional excretion; MCP-1 – monocyte chemoattractant protein 1; MCSF – macrophage colony-
stimulating factor; TIMP-2 – tissue inhibitor of matrix metalloproteinases-2; s – serum; u – urinary.
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Further elevation of serum survivin in the course of CKD 
progression was similar to our previous observations.19 
This gradual and significant rise, stage by stage, was an-
other argument for the molecule accumulation along with 
eGFR decrease. Surprisingly, it had no influence on urinary 
survivin, which became elevated compared to the controls 
no sooner than in CKD stage 4. This late increase of uri-
nary survivin, in accordance with our previous study16 and 
together with its correlation with eGFR, could be explained 
by the filtration of this molecule through the damaged tu-
bules rather than by in situ generation. It suggests a delayed 
anti-apoptotic reaction in relation to pro-inflammatory 
MCP-1 and MCSF overactivity.

The FE values of survivin were lower in CKD stage 1, mim-
icking the MCSF FE behavior and pointing at the probable 
adjustment of tubular function to the increased survivin 
content in the serum. However, they crossed the threshold 
of 1% at CKD stage 2, confirming the early tubular dys-
function. The lack of elevation above the control values 
before CKD stage 4 is another sign of the inefficient reac-
tion against excessive molecule loss through the urine.

Finally, serum and urinary survivin correlated with 
proteinuria, and the FE values were able to predict it, sug-
gesting their usefulness in the assessment of structural 
changes to the renal parenchyma, which are responsible 
for kidney injury.

An  early threefold rise in  the  serum TIMP-2 levels 
of children with CKD stage 1 was followed by a plateau 
phase until CKD stage 3 and a further rise until stage 5. 
This pattern was specific to only this molecule. The nega-
tive correlation between TIMP-2 and eGFR would suggest 
accumulation, whereas the plateau phase concurring with 
a decrease in eGFR would suggest concomitant systemic 
generation. Indeed, TIMP-2 acts in concert with MMP-2 
activity, starting early in the course of CKD.24 Therefore, 
this elevation could be triggered by MMP-2 overactivity, 
already perceptible at CKD stage 1.24

As is the case with survivin, the early stages of CKD 
did not demonstrate an increased net content of TIMP-2 
in the urine. Thus, there was a probable mechanism pro-
tecting against excessive loss of TIMP-2 through the urine 
and keeping the serum levels in balance until CKD stage 3. 
The decrease in the FE values of TIMP-2 in CKD stage 1, 
which were also observed in MCSF and survivin, would 
suggest the increased tubular reabsorption of TIMP-2. 
However, presence of the latter in the proximal tubules 
is negligible. Instead, TIMP-2 expression and secretion 
is strictly connected with the distal tubules.17 Thus, could 
the probable mechanism be absorption in the proximal tu-
bules and secretion by the distal tubules? This hypothesis 
requires verification in experimental studies.

Irrespective of the background, the process seemed effec-
tive until CKD stage 4, when the serum, urinary and FE 
values of TIMP-2 increased concomitantly, ending the pre-
ceding plateau period. The late urinary increase, parallel 
to that of survivin, could also be the sign of anti-fibrotic 

protective reaction, distant in time from pro-inflammatory 
and migratory triggers.

As in the case of survivin, serum, urinary and FE values 
of TIMP-2 correlated with proteinuria, adding to their role 
as markers of tubular damage in pediatric CKD.

In summary, the multifaceted evaluation of serum, urine 
and FE values of the examined parameters enabled a de-
tailed analysis of CKD-related kidney injury stage by stage, 
suggesting the sequence of cell migration, inflammation 
and fibrosis in light of the progressing tubular damage.

Finally, we have to acknowledge the limitations of our 
study. Due to the lack of comparative data and reference 
values for the majority of the parameters under study, 
conclusions must be drawn cautiously. There is also a pos-
sibility of potential bias, caused by the relatively small 
study group and the transverse design. However, both 
the number of analyzed patients and the study design were 
adjusted to the overall size of the pediatric population 
with CKD.

Conclusions

Serum, urinary and FE values of MCP-1, MCSF, survivin, 
and TIMP-2 may become a useful tool in the complex 
assess ment of CKD-related kidney injury, covering cell mi-
gration, inflammation, apoptosis, and fibrosis. The MCP-1 
and MCSF FE values could serve as early markers of migra-
tion and inflammation, concomitant with tubular overac-
tivity. The FE values of survivin and TIMP-2 demonstrate 
the late adjustment of protective anti-apoptotic and anti-
fibrotic mechanisms, as they appear once tubular damage 
is already complete.
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Abstract
Background. Experimental and clinical studies evaluating the Tp–Te interval and Tp–Te/QT ratio have 
reported conflicting data. The overlap between normal Tp–Te/QT ratios (0.17 ±0.02–0.27 ±0.06 ms) and 
pathological values (0.20 ±0.03–0.30 ±0.06 ms) measured in earlier studies has raised questions about 
this ECG measurement technique.

Objectives. To analyze normal values of the Tp–Te interval, Tp–Te dispersion Tp–Te(d) and the Tp–Te/QT ratio  
based on electrocardiographic (ECG) assessment across sex and age groups in a healthy Turkish population.

Material and methods. A total of 1,485 healthy participants (723 men) were enrolled into the study. 
The age of the participants ranged 17–75 years and they did not have either any cardiovascular/systemic 
disorders or risk factors for atherosclerosis which were detected with physical examination and laboratory 
tests. The Tp–Te interval, Tp–Te(d) and Tp–Te/QT ratio were determined from V1–V6 derivations.

Results. For the entire study, the median Tp–Te interval was 66.0 (64.0–70.0) ms, the Tp–Te(d) was 15.0 
(10.0–20.0) ms, and the Tp–Te/QT ratio was 0.18 (0.17–0.19). The Pearson’s correlation test demonstrated 
that the Tp–Te/QT ratio significantly correlated with older age (r = 0.297; p < 0.0001), left ventricular (LV) 
end-diastolic diameter (LVEDD; r = 0.481; p < 0.0001), body mass index (BMI; r = 0.421; p < 0.0001), body 
surface area (BSA; r = 0.191; p < 0.0001), LV end-diastolic volume (LVEDV; r = 0.484; p < 0.0001), LVEDV 
index (r = 0.450; p < 0.0001), LV mass (r = 0.548; p < 0.0001), and LV mass index (r = 0.539; p < 0.0001).

Conclusions. The reference values for Tp–Te interval, Tp–Te(d) and Tp–Te/QT ratio are associated with age, 
BMI, BSA, LVEDV, LVEDV index, LV mass, and LV mass index. These structural elements should be considered 
when using these ECG parameters for assessing repolarization inhomogeneity. These findings may guide 
further studies assessing healthy and diseased populations.

Key words: Tp–Te interval, Tp–Te/QT ratio, Tp–Te dispersion, LV mass, LV mass index
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Introduction

Myocardial repolarization heterogeneity is considered 
to be sensitive to malignant ventricular arrhythmias.1 For 
many years, non-invasive parameters of malignant ven-
tricular arrhythmias obtained from electrocardiograms 
(ECG) have been used in cases with cardiovascular disease. 
These parameters focus mostly on the QT distance.2,3 Dis-
persion of QT, which is obtained by subtracting the lowest 
measured QT duration from the highest measured QT 
duration, is also widely used in many studies and is asso-
ciated with the risk of sudden death.4–6 Actually, QT dis-
persion is a simple, approximate evaluation of the overall 
heterogeneity of ventricular repolarization.7 It is also dif-
ficult to determine the normal and abnormal ranges of QT 
dispersion. The most important reason for this is the wide 
range of values reported in various studies (10–71 ms).8,9 
Furtheremore, the ranges considered as normal and ab-
normal values were overlapped between studies and some 
of these values were considered as abnormal. Some authors 
have reported that the upper limit of QT dispersion in nor-
mal healthy individuals is 65 ms, while others have reported 
that QT dispersion is a simple,  approximate measurement 
of myocardial repolarization abnormalities and that all 
values proposed as the upper limit in healthy individuals 
are unreliable; therefore, it  is possible that only the ab-
normal QT dispersion values >100 ms outside the margin 
of error for the calculations could have clinical importance 
in demonstrating repolarization abnormality.10,11 The fail-
ure to identify ECG parameters adequately and to reach 
a consensus on the values has spurred the search for a dif-
ferent assessment method for the repolarization period.12

Recent studies have identified the time from the peak 
of the T wave to the latest point of the T wave (Tp–Te 
interval) on and ECG and the ratio of this time to the QT 
interval (Tp–Te/QT) as new electrocardiographic param-
eters for myocardial repolarization dispersion, and these 
parameters have been accepted as measurement methods 
of transmural dispersion of repolarization (TDR) which 
is accepted as an indicator of ventricular arrhythmias.13,14 
The  Tp–Te/QT ratio is  not changed by  f luctuations 
in heart rate (HR) and is more reliable for demonstrat-
ing predisposition to ventricular arrhythmia than other 
similar, ECG-derived indices.15,16 Gupta et al. standard-
ized the normal value of the Tp–Te/QT ratio as 0.21 ±0.03 
based on measurements obtained from the V6 derivation, 
which reflects the left ventricular (LV) transmural axis best 
in healthy individuals.15 However, the overlap of normal 
Tp–Te/QT ratios (0.17 ±0.02–0.27 ±0.06) and pathological 
values (0.20 ±0.03–0.30 ±0.06) has raised doubts about this 
ECG measurement technique.17–21 To overcome reliability 
issues that may develop in relation to this measurement 
technique and to increase its applicability, we believe that 
the normal values can be standardized in comprehensive 
studies on healthy individuals with an emphasis on gen-
der, age, body mass index (BMI), body surface area (BSA), 

LV volume, LV volume index, LV mass, and LV mass index. 
In addition, no large-scale study has assessed the Tp–Te 
indices. For this reason, we aimed to conduct a prospective 
study to overcome these issues and provide standardized 
reference values for future studies.

Material and methods

Study population

This prospective study recruited 1,485 healthy partici-
pants who were admitted to the outpatient clinic of our 
hospital between June 2016 and January 2018. The age 
of the subjects who were enrolled into the study ranged 
from 17 to 75 years; they did not have either any cardiovas-
cular/systemic disorders or risk factors for atherosclerosis 
which were detected using transthoracic echocardiogra-
phy (TTE), myocardial perfusion scintigraphy or exercise 
stress test. The study was carried out in conformity with 
the Helsinki principles and ethics approval was obtained 
from the Presidency of T.C. Firat University Ethics Com-
mittee, Elazığ, Turkey.

The exclusion criteria were electrolyte imbalances, any 
drug use that might influence the QT interval (such as an-
ti-arrhythmia agents, probucol, terfenadine, erythromycin, 
clarithromycin, antidepressant agents, or antipsychotic 
agents), pregnancy, more than 3 births, being a profes-
sional athlete, and having a BMI > 30 kg/m2. In addition, 
the subjects who had a left or right bundle-branch block 
in ECG were not included in the analysis.

The  blood pressure, BMI and BSA parameters were 
measured and recorded. The subjects who were taking an-
tihypertensive medications, had a systolic blood pressure 
≥140 mm Hg, and/or a diastolic blood pressure ≥90 mm Hg 
were considered hypertensive and not included in the analysis.

The BMI and BSA were evaluated according the follow-
ing formulas:

BMI = weight [kg]
height2 [m2]

(height [cm] × weight [kg])/3600BSA (Mosteller formula) = 

Electrocardiography

By tuning the voltage value to 10 mm/mV and the pa-
per speed to 50 mm/s, commonly used ECG equipment 
(CardiofaxV model 9320; Nihon Kohden, Tokyo, Japan) 
was used to record the 12-derivated ECG. After scanning 
the whole of the ECG recording, the intervals of the Tp–Te, 
the QT and the RR were evaluated. The evaluations were 
done with the help of a computer program which is cod-
ed in MATLAB® software (MathWorks, Natick, USA). 
The computer software code was developed by an engineer 
and was dependent on the image manipulation algorithms.
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The QT interval was determined by intersecting the start 
value of the QRS with the final value of the T wave. This 
distance was evaluated by taking into account the T wave 
and the isoelectric line. The intersection of the tangent 
(drawn from the downward part of the T wave) and the iso-
electiric line yielded the QT interval.22 Such measurements 
were taken from V1–V6 derivations. The QTmax values 
were recorded by determining the maximum values, and 
the QTc was determined using Bazett’s formula.23 (Fig. 1). 
The distance between the highest peak of the T wave and 
the endpoint of the T wave was identified as the Tp–Te 
interval (Fig. 2). The endpoint of the T wave was identi-
fied as the point of intersection of the tangent line and 
the isoelectric line (when a U wave was not subsequent 
to  the  T  wave or  if  the  T  wave was not distinct from 

the subsequent U wave). When the T wave 
was followed by  a  U  wave, the  lowest 
point between the  T and U  waves was 
determined as the endpoint of the T wave 
(Fig.  1).24,25 The  T  peak was identified 
as the nadir of the T wave when negative 
or biphasic T waves were present (Fig. 3).24

In case of a notched T wave, the endpoint 
of the QT distance was identified by utiliz-
ing the tangent line defined by the down-
ward part of  the  2nd notch (Fig.  4). 
In the calculations, only the T wave am-
plitudes which were greater than 1.5 mm 
were included in the measurements. Oth-
erwise they were neglected.25

All of the precordial derivations were 
used for the Tp–Te interval measurement 

records. The highest values were accepted as the Tp–Te 
intervals. The Tp–Te (d) values were determined by sub-
tracting the values corresponding to the maximum and 
minimum Tp–Te intervals. The value of the Tp–Te/QT 
ratio was determined by dividing Tp–Te to QTmax values.

Echocardiography

In  order to  perform the  transthoracic echocardiog-
raphy, a  Vivid 5 ultrasound machine with a  2.5-MHz 
transducer (GE Medical Systems, Milwaukee, USA) was 
used. The American Society of Echocardiography sug-
gestions were followed.26 M-mode echocardiography was 
used to measure interventricular septal thickness (IVS), 
posterior wall thickness (PW), and systolic and diastolic 

Fig. 1. Bazzett’s formula and Tp–Te/QT ratio

Fig. 2. The schematic presentation of the measurement of the Tp–Te and 
QT interval

Fig. 3. The schematic presentation of the measurement of the Tp–Te 
interval in the presence of a negative T wave
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diameters of the LV. The method that was utilized to de-
termine the LV mass is Deveureux’s formula27:

LV mass [g] =
= 0.8 × [1.04 × ((LVEDD + IVSd + PWd)3 – (LVEDD)3)] + 0.6

where LVEDD is the LV end-diastolic diameter.
The LV mass index was computed with the help of this 

formula27:

LV mass index [g/m2] = left ventricular mass/BSA

Respectively, LVEDV (LV end-diastolic volume) and 
LVESV (LV end-systolic volume) values were computed 
as follows28:

LVEDV [mL] = (7/2.4 + LVEDD) × LVEDD3

LVESV [mL] = (7/2.4 + LVESD) × LVESD3

The LVEDV index (LVEDVI) was computed as follows28:

LVEDVI [mL/m2] = LVEDV
BSA( )

LV ejection fraction (EF) and FS (fractional shortening) 
were determined with the help of the following formulas, 
respectively26:

EF (%) = × 100LVEDV – LVESV
LVEDV( )

FS (%) = × 100LVEDD – LVESD
LVEDD( )

Exercise stress test

In order to conduct the stress test, a Cardiosis TEPA 
Exercise Stress Test device (TEPA Medical and Electronic 
Products Industry and Trade Company, Ankara, Turkey) 
was used. Specifically, the  tests were done according 

to the Bruce or modified Bruce treadmill protocols. Such 
protocols are known to be non-invasive for functional ca-
pacity and exercise tolerance for patients who likely do not 
have cardiovascular disorders.29

Myocardial perfusion scintigraphy

Myocardial perfusion scintigraphy was carried out uti-
lizing a treadmill according to Bruce or modified Bruce 
protocols. Sestamibi (MIBI) tagged with 10 mCi of 99 mTc 
(Cardio-Spect; Medi-Radiopharma, Budapest, Hungary) 
was administered intravenously to  the  subjects when 
the maximum HR (85–100%) was reached. Gated single-
photon emission computed tomography (SPECT) imaging 
was taken 30 min later. The imaging was carried out using 
a GE Infinia GP3 gamma monitor system (General Electric 
Healthcare, Tirat Carmel, Israel) with a low-energy high-
resolution (LEHR) collimator. The images were evaluated 
using Emory Cardiac Toolbox (ECTb) myocardial quanti-
fication software (General Electric Healthcare Company).

Statistical analysis

The statistical evaluation of the results was carried out 
with the help of SPSS v. 16.0 (SPSS Inc., Chicago, USA) anal-
ysis program for Windows. The fit of the continuous vari-
ables to a normal distribution was analyzed with the Kol-
mogorov–Smirnov test. The  continuous variables are 
presented as means with standard deviations (SD) or me-
dians with 25th–75th percentiles. Aside from the Tp–Te/
QTc ratio and BSA [m2], none of the continuous variables 
were distributed normally, and the Kolmogorov–Smirnov 
test was used to evaluate these variables. A descriptive 
statistics test was used to evaluate the Tp–Te/QTc ratio 
and BSA [m2]. These values are presented as means ±SD. 
All other data is presented as medians with 25th–75th per-
centiles. Pearson’s correlation test was used to perform 
correlation analyses. A value of p < 0.05 was required for 
statistical significance.

Results

Table 1 summarizes the baseline features of the partici-
pants. The study involved 1,485 healthy subjects (723 men 
and 762 women). The age of all participants, male partici-
pants and female participants was 42.0 years (30.0–53.5), 
41.0 years (30.0–52.0) and 43.5 years (30.0–55.0), respec-
tively. Table 1 also lists the findings for the ventricular 
repolarization parameters. The median Tp–Te interval 
was 66.0  ms (64.0–70.0), the  Tp–Te/QT ratio was 0.18 
(0.17–0.19), the mean Tp–Te/QTc ratio was 0.16 ±0.014, 
and the median Tp–Te(d) was 15.0 ms (10.0–20.0) for all 
participants.

The results revealed that the Tp–Te/QT ratio signifi-
cantly correlated with age, PW, IVS, LVEDD, BMI, BSA, 

Fig. 4. Maximum slope intercept method in the presence of a notched 
T wave
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LVEDV, LVEDV index, LV mass, and LV mass index. Addi-
tionally, significant correlations were found between age 
and BMI (r = 0.416; p < 0.0001), BSA (r = 0.101; p < 0.0001), 
LVEDV index (r = 0.394; p < 0.0001), and LV mass index 
(r = 0.484; p < 0.0001).

Discussion

The present study reports normal ECG TDR parameters 
by measuring the Tp–Te interval, Tp–Te(d) and the Tp–Te/
QT ratio in a healthy population without any systemic/

cardiovascular disorders or risk factors for atherosclerosis 
(Tables 1 and 2). We demonstrated that there is a significant 
correlation between the TDR parameters and echocardio-
graphic measurements (Table 3; Fig. 6). Notably, the TDR 
parameters increased with older age (Tables 2 and 3; Fig. 5).

Although the  QT interval and QT dispersion mea-
surements are important ECG predictors of ventricular 
arrhythmogenesis, some studies have questioned their 
prognostic importance.30 The failure to adequately identify 
ECG parameters and to reach a consensus on the values 
identified – which is due to a variety of reasons – have 
spurred the search for a different assessment method for 

Table 1. Clinical characteristics of the study population

Parameters All participants
n = 1,485

Men
n = 723

Women
n = 762

Age 42.0 (30.0–53.5) 41.0 (30.0–52.0) 43.5 (30.0–55.0)

Tp–Te [ms] 66.0 (64.0–70.0) 66.0 (63.0–70.0) 67.0 (64.0–70.0)

QTmax [ms] 361.0 (353.5–371.0) 360.0 (352.0–370.0) 362.0 (355.0–372.0)

QTc [ms] 398.73 (383.02–417.79) 393.56 (380.0–410.79) 402.77 (387.60–422.62)

Tp–Te/QT ratio 0.18 (0.17–0.19) 0.18 (0.17–0.19) 0.18 (0.18–0.19)

Tp–Te/QTc ratio# 0.16 ±0.014 0.17 ±0.015 0.16 ±0.014 

Tp–Te(d) [ms] 15.0 (10.0–20.0) 14.0 (10.0–18.0) 15.0 (10.0–20.0)

HR 74.0 (69.0–80.0) 71.0 (68.0–78.0) 75.0 (70.0–80.0)

PW [mm] 8.0 (7.0–9.0) 8.0 (7.0–9.0) 7.5 (7.0–8.0)

IVS [mm] 8.0 (7.0–9.0) 8.0 (8.0–9.0) 8.0 (7.0–9.0)

LVEDD [mm] 44.0 (42.0–46.0) 45.0 (43.0–47.0) 42.5 (40.0–45.0)

Length [m] 1.68 (1.62–1.74) 1.74 (1.71–1.77) 1.62 (1.59–1.65)

Weight [kg] 75.0 (67.0–81.0) 79.0 (74.0–84.0) 68.0 (63.0–72.0)

BMI [kg/m2] 26.10 (24.61–27.58) 26.12 (24.69–27.66) 26.08 (24.53–27.58)

BSA [m2]# 1.84 ±0.16 1.95 ±0.11 1.74 ±0.12

LVEDV [mL] 87.68 (78.57–97.33) 92.44 (83.06–102.36) 80.82 (70.00–92.44)

LVEDV index [mL/m2] 46.44 (42.40–51.45) 46.55 (42.88–51.04) 46.37 (41.94–51.92)

EF [%] 64.84 (62.14–68.11) 63.69 (61.04–66.30) 66.30 (63.26–69.41)

FS [%] 35.0 (33.33–37.5) 34.69 (32.60–36.36) 36.36 (34.09–38.46)

LV mass [g] 105.92 (89.97–132.92) 114.76 (99.92–138.32) 97.38 (82.49–119.17)

LV mass index [g/m2] 57.55 (50.12–69.49) 59.33 (52.12–71.37) 55.33 (48.85–67.51)

BMI – body mass index; BSA – body surface area; EF – ejection fraction; FS – fractional shortening; HR – heart rate; IVS – interventricular septum; LV – left 
ventricle; LVEDD – left ventricular end-diastolic diameter; LVESD – left ventricular end-systolic diameter; LVEDV – left ventricular end-diastolic volume; 
LVESV – left ventricular end-systolic volume; PW – posterior wall; QTmax – QT maximum; QTc – QT corrected. # No other continuous values – except  
Tp–Te/QTc ratio and BSA [m2] – were normally distributed; the Kolmogorov–Smirnov test was used to evaluate these variables. A descriptive statistics test 
was used to evaluate Tp–Te/QTc ratio and BSA [m2].

Table 2. Ventricular repolarization parameters across age subgroups

Age subgroups (n) Tp–Te [ms] Tp–Te/QT ratio Tp–Te/QTc ratio Tp–Te(d) [ms]

10–19 years (116) 60.0 (58.0–63.0) 0.17 (0.16–0.18) 0.15 (0.14–0.16)  10.0 (5.0–10.0)

20–29 years (237) 63.0 (60.0–66.0) 0.18 (0.17–0.19) 0.16 (0.15–0.17) 10.0 (10.0–15.0)

30–39 years (322) 66.0 (63.0–68.0) 0.18 (0.17–0.18) 0.16 (0.15–0.17) 12.0 (10.0–16.0)

40–50 years (317) 67.0 (66.0–69.5) 0.18 (0.18–0.19) 0.17 (0.16–0.18) 15.0 (10.0–17.5)

50–59 years (311) 70.0 (67.0–70.0) 0.18 (0.18–0.19) 0.17 (0.16–0.18) 18.0 (10.0–20.0)

60–69 years (138) 70.0 (70.0–75.0) 0.19 (0.18–0.20) 0.17 (0.16–0.18)  20.0 (15.75–25.0)

70–79 years (44) 75.0 (70.0–80.0) 0.19 (0.19–0.20) 0.18 (0.17–0.18)  20.0 (20.0–29.0)
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the repolarization period.31 The JT interval (the distance 
from the endpoint of the QRS structure to the endpoint 
of the T wave), the QT apex interval (the distance from 
the starting point of the QRS complex to the peak point 
of the T wave: QTa), and the T wave area (the total area 
below the J-point and the endpoint of the T wave) are ex-
amples of this search.32 However, these novel repolariza-
tion parameters are no more accurate than conventional 
QT dispersion in assessing dispersion, and in some cases 
did not correlate with QT dispersion.32,33

In recent studies, the Tp–Te interval has been accepted 
as a TDR index.13,14 However, variations in HR and body 
weight may affect the Tp–Te interval.15 Ventricular myo-
cardium is an electrically inhomogeneous construction 

and is composed of 3 different cell types: epicardial, endo-
cardial and M cells. The M cells (masonic midmyocardial 
Moe cells) are settled into the subendocardial lamina. 
These cells have a longer period of action potential than 
epicardial or  endocardial cells when exposed to heart 
rate decelerating agents.15 The period of action potential 
(PAP) is the longest in M cells. Among these 3 cell types, 
the M cells have the lowest, most slowly activating retarded 
potassium current (IKs) but the highest, late sodium cur-
rent (INa). On the other hand, the density of the rapidly 
activating retarded potassium current (IKr) does not differ 
among the 3 layers. Thus, the discrepancy at the IKs/IKr 
ratio among the ventricular myocardial layers plays an im-
portant role in  the  transmural dispersion of  TDR.33 

Fig. 5. The correlations between age, heart rate and Tp–Te/QT ratio
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Table 3. Pearson correlation analysis between ventricular repolarization parameters and echocardiographic parameters

Parameters
Tp–Te [ms] Tp–Te/QT ratio Tp–Te/QTc ratio Tp–Te(d) [ms]

r p-value r p-value r p-value r p-value

Age 0.583 <0.0001 0.297 <0.0001 0.350 <0.0001 0.476 <0.0001

PW [mm] 0.631 <0.0001 0.464 <0.0001 0.414 <0.0001 0.486 <0.0001

IVS [mm] 0.641 <0.0001 0.467 <0.0001 0.415 <0.0001 0.505 <0.0001

LVEDD [mm] 0.578 <0.0001 0.481 <0.0001 0.424 <0.0001 0.460 <0.0001

BMI [kg/m2] 0.520 <0.0001 0.421 <0.0001 0.406 <0.0001 0.394 <0.0001

BSA [m2] 0.204 <0.0001 0.191 <0.0001 0.213 <0.0001 0.136 <0.0001

LV mass [g] 0.708 <0.0001 0.548 <0.0001 0.484 <0.0001 0.560 <0.0001

LV mass index [g/m2] 0.712 <0.0001 0.539 <0.0001 0.458 <0.0001 0.570 <0.0001

LVEDV [mL] 0.579 <0.0001 0.484 <0.0001 0.425 <0.0001 0.463 <0.0001

LVEDV index [mL/m2] 0.550 <0.0001 0.450 <0.0001 0.366 <0.0001 0.453 <0.0001

BMI – body mass index; BSA – body surface area; IVS – interventricular septal thickness; LV mass – left ventricular mass; LVEDD – left ventricular end-diastolic 
diameter; LVEDV – left ventricular end-diastolic volume; PW – posterior wall thickness.

Table 4. Pearson correlation analysis between age and BMI, BSA, LVEDV index, and LV mass index

Parameters
BMI [kg/m2] BSA [m2] LVEDV index [mL/m2] LV mass index [g/m2]

r p-value r p-value r p-value r p-value

Age 0.416 <0.0001 0.101 <0.0001 0.394 <0.0001 0.484 <0.0001
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The epicardial cells complete their repolarization earlier 
than the other 2 cells. The highest point of the T wave 
(Tp) reflects the end of the epicardial PAP, and the final 
point of the T wave (Te) reflects the end of the midmyo-
cardial PAP. Consequently, the Tp–Te duration is accepted 
as a representation of the TDR.17 However, variations in HR 
might affect the Tp–Te duration.15

Recently, the Tp–Te/QT ratio has been accepted as a new, 
non-invasive ECG marker of ventricular repolarization in-
homogeneity, and it has been suggested that it may be used 
as an accurate parameter of ventricular repolarization het-
erogeneity independent of changes in HR.15,16 Gupta et al. 
also suggested that the Tp–Te/QT ratio is a more accurate 
indicator of ventricular arrhythmogenesis when compared 
with the QT, QTc and Tp–Te durations.15 However, there 
are also conflicting reports on normal and abnormal values 
for these parameters.1,17–21

The present study demonstrated that the HR of healthy 
subjects varied from 53  bpm to  106  bpm. The  Tp–Te 
duration diminished in parallel with an increase in HR, 
with the Tp–Te duration ranging from 50 ms to 86 ms 

(66.0 (64.0–70.0) ms). Likewise, the Tp–Te/QTc ratio and 
Tp–Te(d) values diminished in  parallel with increased 
HR. On the other hand, in spite of the alterations in HR, 
the Tp–Te/QT ratio remained stable with a median of 0.18 
(0.17–0.19) (Fig. 5). The results suggest that the Tp–Te/Qt 
ratio may be more appropriate than other parameters for 
assessing TDR.

Recent studies have demonstrated that risk factors for 
atherosclerosis, such as diabetes mellitus, hypertension 
and smoking –  in addition to structural heart diseases 
and myocardial ischemia – give rise to an increase in ven-
tricular repolarization parameters (TDR) and the hetero-
geneity of ventricular repolarization.1,16,17,19,23 Furthermore, 
a number of studies have stated that LV enlargement and 
increased LV mass may be helpful indices for more ventricu-
lar arrhythmia risk stratification.34–36 It has been reported 
that TDR parameters may increase with older age because 
of aging processes taking place in the myocardium, such 
as fibrosis.37 Another explanation for the increased TDR 
with aging is distortion of the balance between sympa-
thetic and parasympathetic tone in favor of sympathetic 

Fig. 6. The correlations between LV mass, LV mass index, LV volume, LV volume index, and Tp–Te/QT ratio
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tone. In old age, this balance shifts substantially towards 
the sympathetic activity.38 Increased sympathetic activ-
ity can cause several changes in myocardial membrane 
characteristics which cause early depolarizations and in-
creased TDR.39–41 Our study shows a relationship between 
age, BMI, BSA, and TDR parameters (Table 3). Although 
the mechanisms underlying such a relationship are not well-
known, it is possible that an increase in sympathetic activity, 
BMI and BSA may lead to an increase in cardiac workload 
in these subjects, and this situation might be responsible for 
the increased LV mass and LV mass index (Tables 4 and 5).

Overlapping with previous research, the current study 
– which excludes myocardial ischemia and risk factors for 
atherosclerosis as well as systemic and structural heart dis-
ease – shows that BMI, BSA, age, and echocardiographic 
measurements have a direct effect on TDR parameters. 
The study demonstrated that the values of BMI, BSA, PW, 
IVS, LVEDD, BSA, LVEDV, LVEDV index, LV mass, and LV 
mass index among Turkish people increase with age; these 
findings significantly correlated with an elevated Tp–Te/
QT ratio, suggesting an increased risk of ventricular ar-
rhythmia (Tables 2–4; Fig. 6). More clearly, the LV mass and 
LV mass index values of Turkish people increase with age, 
and the Tp–Te/QT ratio increases along with these  values 
( Tables 2–4). In other words, our data implies that aging 
and elevated BMI and BSA may cause increased ventricu-
lar repolarization heterogeneity via ventricular structural 
remodeling.

It is reasonable to suppose that the increase in myocar-
dial mass, which leads to increased LV mass and LV mass 
index, may be caused by a further proportional increase 
in M cells, with the knowledge that M cells contribute 
more to repolarization time than epicardial and endo-
cardial cells. However, an invasive method such as biopsy 
is required to enable a definitive evaluation of this link.

Conclusions

The LV mass and LV mass index increase with age inde-
pendently of the individual’s health, and these parameters 
cause TDR values to increase. It is more rational to use 
the  Tp–Te/QT ratio for TDR measurements because 
it is the least affected by HR. Future studies using the Tp–
Te/QT ratio should evaluate the parameters of age, BMI, 
PW, IVS, LVEDD, BSA, LVEDV, LVEDV index, and LV mass 
and LV mass index in patient and control groups, and even 
if the individual appears healthy, it should be considered 

in other situations (race, pregnancy, professions requir-
ing intensive labor – such as porterage and construction 
work – being a professional athlete, etc.) that may affect 
the individual’s LV mass and LV mass index.

ORCID iDs
Mücahid Yılmaz  https://orcid.org/0000-0003-1458-8637
Hidayet Kayançiçek  https://orcid.org/0000-0001-6493-5591
Nevzat Gözel  https://orcid.org/0000-0001-7326-6860
Mehmet Nail Bilen  https://orcid.org/0000-0003-1468-2930
Ertuğrul Kurtoğlu  https://orcid.org/0000-0001-5835-087X
Özlem Seçen  https://orcid.org/0000-0003-4657-8003
Pınar Öner  https://orcid.org/0000-0001-9592-5986
Suat Demirkıran  https://orcid.org/0000-0002-6769-8875
Ökkeş Uku  https://orcid.org/0000-0002-4392-7522
Yusuf Çekici  https://orcid.org/0000-0002-4585-3707
Orkun Eroglu  https://orcid.org/0000-0001-9392-5755
Fikret Keleş  https://orcid.org/0000-0003-1012-3875

References
1. Karaagac K, Yontar OC, Tenekecioglu E, et al. Evaluation of Tp–Te 

interval and Tp–Te/QTc ratio in patients with coronary artery ectasia.  
Int J Clin Exp Med. 2014;7(9):2865–2870.

2. Al-Zaiti SS, Fallavollita JA, Canty Jr JM, Carey MG. Electrocardiographic  
predictors of sudden and non-sudden cardiac death in patients with 
ischemic cardiomyopathy. Heart Lung. 2014;43(6):527–533.

3. Schouten E, Dekker J, Meppelink P, Kok F, Vandenbroucke J, Pool J.  
Qt  interval prolongation predicts cardiovascular mortality in an 
apparently healthy population. Circulation. 1991;84(4):1516–1523.

4. Di Iorio B. Relevance of qt dispersion in haemodialysis patients. 
Nephrol Dial Transpl. 2010;25(4):1357–1360.

5. Malhis M, Al-Bitar S, Farhood S, Zaiat K. Changes in QT intervals in 
patients with end-stage renal disease before and after hemodialysis.  
Saudi J Kidney Dis Transpl. 2010;21(3):460–465.

6. Genovesi S, Dossi C, Vigano MR, et al. Electrolyte concentration dur-
ing haemodialysis and QT interval prolongation in uraemic patients. 
Europace. 2008;10(6):771–777.

7. Ünal S, Yayla Ç, Açar B, et al. Tp–e interval and Tp–e/QT ratio in patients 
with human immunodeficiency virus. J Infect Public Heal. 2018;11(1): 
35–38.

8. Malik M, Batchvarov VN. Measurement, interpretation and clinical 
potential of QT dispersion. J Am Coll Cardiol. 2000;36(6):1749–1766.

9. Punske BB, Lux RL, MacLeod RS, et al. Mechanisms of the spatial dis-
tribution of QT intervals on the epicardial and body surfaces. J Car
diovasc Electrophysiol.1999;10(12):1605–1618.

10. Surawicz B. Will QT dispersion play a role in clinical decision-mak-
ing? J Cardiovasc Electrophysiol. 1996;7:777–784.

11. Çelik T, İyisoy A, Çelik M, Işık E. The clinical significance of QT disper-
sion: How much reliable and beneficial? Arch Turk Soc Cardiol. 2007; 
35(8):510–511.

12. Fak AS, Tezcan H, Oktay A. QT dispersion: An interesting research 
field, or a useful diagnostic tool? Arch Turk Soc Cardiol. 2000;28:51–59.

13. Kors JA, van Eck HJR, van Herpen G. The meaning of the Tp–Te inter-
val and its diagnostic value. J Electrocardiol. 2008;41(6):575–580.

14. Antzelevitch C, Sicouri S, Di Diego JM, et al. Does Tpeak–Tend provide 
an index of transmural dispersion of repolarization? Heart Rhythm. 
2007;4(8):1114–1116.

15. Gupta P, Patel C, Patel H, et al. Tp–e/QT ratio as an index of arrhyth-
mogenesis. J Electrocardiol. 2008;41(6):567–574.

16. Zhao X, Xie Z, Chu Y, et al. Association between Tp–e/QT ratio and prog-
nosis in patients undergoing primary percutaneous coronary inter-
vention for ST-segment elevation myocardial infarction. Clin Cardiol.  
2012;35(9):559–564.

17. Tokatli A, Kiliçaslan F, Alis M, Yiginer O, Uzun M. Prolonged Tp–e inter-
val, Tp–e/QT ratio and Tp–e/QTc ratio in patients with type 2 diabe-
tes mellitus. Endocrinol Metab (Seoul). 2016;31(1):105–112.

18. Karaagac K, Emul A, Tenekecioglu E, et al. The effects of metabolic 
syndrome on Tp–Te interval and Tp–Te/QT ratio in patients with nor-
mal coronary arteries. Eurasian J Med. 2014;46(3):182–186.

Table 5. Pearson correlation analysis between BMI, BSA, LV mass, and LV 
mass index

Parameters
LV mass LV mass index

r p-value r p-value

BMI [kg/m2] 0.447 <0.0001 0.265 <0.0001

BSA [m2] 0.484 <0.0001 0.159 <0.0001



Adv Clin Exp Med. 2020;29(9):1091–1099 1099

19. Taşolar H, Ballı M, Bayramoğlu A, et al. Effect of smoking on Tp–e 
interval, Tp–e/QT and Tp–e/QTc ratios as  indices of  ventricular 
arrhythmogenesis. Heart Lung Circ. 2014;23(9):827–832.

20. Ilgenli TF, Tokatlı A, Akpınar O, Kılıçaslan F. The effects of cigarette smok-
ing on the Tp–e interval, Tp–e/QT ratio and Tp–e/QTc ratio. Adv Clin  
Exp Med. 2015;24(6):973–978.

21. Karaman K, Altunkaş F, Cetin M, et al. New markers for ventricular 
repolarization in coronary slow flow: Tp–e interval, Tp–e/QT ratio, and 
Tp–e/QTc ratio. Ann Noninvasive Electrocardiol. 2015;20(4):338–344.

22. Hevia JC, Antzelevitch C, Bárzaga FT, et al. Tpeak–Tend and Tpeak–
Tend dispersion as risk factors for ventricular tachycardia/ventricular 
fibrillation in patients with the Brugada syndrome. J Am Coll Cardiol.  
2006;47(9):1828–1834.

23. Yontar OC, Karaagac K, Tenekecioglu E, Tutuncu A, Demir M, Melek M. 
Assessment of ventricular repolarization inhomogeneity in patients 
with mitral valve prolapse: Value of T wave peak to end interval.  
Int J Clin Exp Med. 2014;7(8):2173–2178.

24. Icli A, Kayrak M, Akilli H, et al. Prognostic value of Tpeak–Tend interval 
in patients with acute pulmonary embolism. BMC Cardiovasc Disord.  
2015;15:99.

25. Burns E. ECG Basics: Waves, Intervals, Segments and Clinical Interpre
tation. https://lifeinthefastlane.com › ECG Library. Accessed May 20, 
2018.

26. Lang RM, Bierig M, Devereux RB, et al. Recommendations for cham-
ber quantification. Eur J Echocardiogr. 2006;7:79–108.

27. Lang RM, Bierig M, Devereux RB, et al. Recommendations for chamber 
quantification: A report from the American Society of Echocardiogra-
phy’s Guidelines and Standards Committee and the Chamber Quanti-
fication Writing Group, developed in conjunction with the European 
Association of Echocardiography, a branch of the European Society 
of Cardiology.. J Am Soc Echocardiogr. 2005;18(12):1440–1463.

28. Hudsmith LE, Petersen SE, Francis JM, Robson MD, Neubauer S. Nor-
mal human left and right ventricular and left atrial dimensions using 
steady state free precession magnetic resonance imaging. J Cardio
vasc Magn Reson. 2005;7(5):775–782.

29. Bruce R, Blackmon J, Jones J, Strait G. Exercising testing in adult nor-
mal subjects and cardiac patients. Ann Noninvasive Electrocardiol. 
2004;9(3):291–303.

30. Pueyo E, Martínez JP, Laguna P. Cardiac repolarization analysis using 
the surface electrocardiogram. Philos Trans A Math Phys Eng Sci. 2009; 
367(1887):213–233.

31. Kaya D, Guler C, Esen AM, Barutcu I, Dincel C. Sildenafil citrate does 
not alter ventricular repolarization properties: Novel evidence from 
dynamic QT analysis. Ann Noninvasive Electrocardiol. 2004;9(3):228–233.

32. Zabel M, Klingenheben T, Franz MR, Hohnloser SH. Assessment of QT 
dispersion for prediction of mortality or arrhythmic events after 
myocardial infarction: Results of a prospective, long-term follow-up  
study. Circulation. 1998;97(25):2543–2550.

33. Yan G-X, Lankipalli RS, Burke JF, Musco S, Kowey PR. Ventricular repo-
larization components on the electrocardiogram: Cellular basis and 
clinical significance. J Am Coll Cardiol. 2003;42(3):401–409.

34. Haider AW, Larson MG, Benjamin EJ, Levy D. Increased left ventricu-
lar mass and hypertrophy are associated with increased risk for sud-
den death. J Am Coll Cardiol. 1998;32(5):1454–1459.

35. Aleong RG, Mulvahill MJ, Halder I, et al. Left ventricular dilatation 
increases the risk of ventricular arrhythmias in patients with reduced 
systolic function. J Am Heart Assoc. 2015;4(8):e001566.

36. Narayanan K, Reinier K, Teodorescu C, et al. Left ventricular diame-
ter and risk stratification for sudden cardiac death. J Am Heart Assoc. 
2014;3(5):e001193.

37. Reardon M, Malik M. Qt interval change with age in an overtly healthy 
older population. Clin Cardiol. 1996;19(12):949–952.

38. Pfeifer MA, Weinberg CR, Cook D, Best JD, Reenan A, Halter JB. Dif-
ferential changes of autonomic nervous system function with age 
in man. Am J Med. 1983;75(2):249–258.

39. Zipes DP. The long QT interval syndrome: A Rosetta Stone for sym-
pathetic related ventricular tachyarrhythmias. Circulation. 1991;84(3): 
1414–1419.

40. Ben-David J, Zipes DP. Differential response to right and left ansae 
subclaviae stimulation of early afterdepolarizations and ventricular 
tachycardia induced by cesium in dogs. Circulation. 1988;78:1241–1250.





Cite as
Nowak B, Poźniak B, Popłoński J. Pharmacokinetics of xantho-
humol in rats of both sexes after oral and intravenous 
administration of pure xanthohumol and prenylflavonoid 
extract. Adv Clin Exp Med. 2020;29(9):1101–1109. 
doi:10.17219/acem/126293

DOI
10.17219/acem/126293

Copyright
© 2020 by Wroclaw Medical University 
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Address for correspondence
Beata Nowak
E-mail: beata.nowak@umed.wroc.pl

Funding sources
National Science Centre, Poland, 
Grant No. 2016/21/B/NZ7/02759.

Conflict of interest
None declared

Received on April 28, 2020
Reviewed on May 20, 2020
Accepted on August 11, 2020

Published online on September 30, 2020

Abstract
Background. Female inflorescences of hops (Humulus lupulus L.) are wildly used in the brewing industry. 
Hops have been also used for ages in folk medicine. Xanthohumol (XN) is a most abundant prenylated 
flavonoid present in hops.

Objectives. To determine pharmacokinetic parameters and bioavailability of pure XN and XN given in pre-
nylflavonoid extract obtained from spent hops (HOP).

Material and methods. Fifty-six Wistar rats (28 females and 28 males) were administered with XN 
or HOP. Xanthohumol was administered either intravenously (iv.) (10 mg/kg) or orally (per os (p.o.)) (40, 100 
and 200 mg/kg). Extract obtained from spent hops was administered p.o. and its doses were based on XN 
content (doses were equivalent to XN dose of 40, 100 and 200 mg/kg, respectively). After administration 
of XN or HOP serum, XN concentration was measured at different time points (0, 0.25, 0.5, 1, 2, 4, 6, 12, 24, 
48, 72, and 96 h). Non-compartmental analysis was used to assess the pharmacokinetics (PK) of XN in rats.

Results. The XN PK in rats after intravenous administration is characterized by extensive distribution fol-
lowed by delayed elimination from the body. Enterohepatic recirculation is likely to play a role in XN PK. Some 
fraction of the orally administered XN reaches central compartment rapidly; however, the overall absorption 
is very limited and probably saturable. The formulation-dependent factors also play an important role 
in the bioavailability of the drug. Although the CMAX concentration was higher in female rats receiving XN 
orally comparing to males, the other pharmacokinetic parameters were unaffected by the rats’ sex.

Conclusions. The same doses of XN may be administered to male and female subjects, as its pharmaco-
kinetics is not affected by sex.

Key words: bioavailability, pharmacokinetics, prenylflavonoid, rat, xanthohumol
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Introduction

Female inflorescences of hops (Humulus lupulus L.) 
are wildly used in the brewing industry to preserve beer 
and to give beer aroma and flavor. Apart from being used 
in  the brewing industry, hops have been used for ages 
in folk medicine. In traditional medicine, hops are used 
mainly to treat sleep disturbances. However, they are also 
used as stomachic, antibacterial and antifungal remedy.1 
They have also been known to be estrogenic,2 and herbal 
remedies containing hops are used to alleviate menopausal 
symptoms.3 Prenylated flavonoids belong to substances 
present in hops that contribute to their bioactivity, and 
xanthohumol (XN, Fig. 1) is the most abundant prenylated 
flavonoid present in hops.

Very few studies have been published on pharmacoki-
netics of XN and hop prenylflavonoids. On the one hand, 
reported studies investigated low doses of XN (1–17 mg/kg 
orally, 1.86 mg/kg intravenously (iv.)) and only male rats 
were used in these studies.4 On the other hand, toxico-
logical studies revealed that very high doses of XN are 
safe. The dose of 500 mg/kg induced no toxic effects and 
the dose of 1000 mg/kg was associated only with mild 
hepatotoxicity.5 Taking these facts into account, we de-
cided to investigate the pharmacokinetics of higher doses 
of XN and to investigate rats of both sexes. Additionally, 
we decided to compare pharmacokinetics of 2 formulations 

of  XN (pure XN and  HOP) to  evaluate whether com-
pounds in extracts, mainly other prenylflavonoids, pres-
ent in the extract affect the bioavailability of XN and its 
pharmacokinetics.

The aim of the present study was to compare the phar-
macokinetic (PK) parameters of XN and prenylfavonoid 
extract in Wistar rats of both sexes, and to determine 
the influence of sex on the pharmacokinetics of XN. A sin-
gle dose pharmacokinetic study was conducted at 3 oral 
(per os (p.o.)) dose levels and 1 iv. dose level in order to de-
termine the bioavailability of XN and dependence of phar-
macokinetic parameters on dose level, formulation (pure 
XN or HOP) and sex.

Material and methods

Plant materials and samples 
preparation of prenylflavonoid extract 
and xanthohumol

Xanthohumol and HOP used in animal studies were ob-
tained from brewing industry waste – spent hops (Fig. 2). 
Spent hops were obtained from production of hop extracts 
(New Chemical Syntheses Institute, Puławy, Poland) by su-
percritical carbon dioxide extraction of hops Humulus 
lupulus cv. Magnum collected in 2015 in Lublin region 
(SE, Poland).

Prenylf lavonoid extract was obtained as  a  result 
of semi-industrial and laboratory process. The first stage 
of production started at Wrocław Technology Park (Po-
land), where 92 kg of spent hops were added to 0.8 m3 
of acetone (POCH, Gliwice, Poland) in the batch reac-
tor (2 m3) for 2 h with continuous stirring (120 rpm). 
The pulp formed was stirred for another 2 h at 30°C, left 
for sedimentation, and acetone fraction was pumped 
through a cotton bag filter (0.1 mm mesh) to vacuum-
evaporatory module and the extract was concentrated 

Fig. 1. Chemical structure of xanthohumol (XN)

Fig. 2. Pure xanthohumol (A) prenylflavonoid extract (B) and spent hops (C)
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under vacuum at 40°C to a volume of about 40 L, stored 
in a high-density polyethylene (HDPE) industrial barrel 
closed under nitrogen atmosphere at  room tempera-
ture and used directly in  further laboratory purifica-
tion steps. Half a liter of the extract was concentrated 
with a rotary-evaporator to volume, at which the begin-
ning of precipitation was observed, typically to about 
80 mL; then 100 mL of ice cold 1M NaOH was added, 
followed by 400 mL of cold distilled water. The slurry 
obtained was centrifuged for 4 min at 3000 × g and 
the resulting supernatant was collected and acidified 
with ice-cold 1M HCl. A new precipitate was formed, 
collected, washed with cold distilled water, air dried 
and stored at –20°C. The precipitates (prenylflavonoid 
extract – HOP) consisting mainly XN (121 mg/g dry 
weight), isoxanthohumol (IXN), 41 mg/g dry weight) 
and polyphenol fraction were pooled, air dried, grinded 
and further used directly in animal studies or in the pu-
rification of XN.

Portions, 5–6 g, of precipitate were dissolved in 30 mL 
of MeOH (POCH) and purified on column chromatogra-
phy with Sephadex LH 20 (GE Healthcare, Chicago, USA) 
and methanol as a mobile phase. Fractions were analyzed 
by TLC (Merck Silica Gel 60, F254, 0.2 mm, eluent: chlo-
rophorm: methanol (9:1 v/v)) and fractions containing only 
XN were collected, evaporated and used after additional 
air drying in animal studies (>98% purity by HPLC/NMR). 
6-prenylnaringenin (6PN), xantho humol B (XN B) and 
xanthohumol D (XN D) standards were obtained as by-
products during the purification of XN (results not shown). 
Xanthohumol C (XN C) was obtained by chemical oxi-
dative cyclisation,6 isoxanthohumol (IXN) by chemical 
isomerization of XN7 and 8PN was obtained by chemical 
demethylation of XN.8

The XN content in XN batches and HOP was evaluated 
by HPLC on a Dionex Ultimate 3000 instrument (Thermo 
Fisher Scientific, Waltham, USA) with a diode array detec-
tor (detection at 360 nm wavelength) using the analytical 
HPLC column Agilent ZORBAX Eclipse XDB (Aligent, 
Santa Clara, USA) 5  µm (4.6  ×  250  mm). Elution was 
carried out with a gradient of 40% to 100% of solvent B 
(1% formic acid in MeCN) in solvent A (aqueous 1% for-
mic acid) in 15 min at the flow rate of 0.8 mL/min after 
the initial 2 min at 40% solvent B, then from 100% to 40% 
of solvent B over the course of 7 min and held for 2 min 
in 40% of solvent B. Isoxanthohumol content in HOP was 
evaluated with the same method, but detection was carried 
at 290 nm (Fig. 3). NMR spectra (1H-NMR) were recorded 
on a DRX Avance™ 600 (600 MHz) instrument (Bruker, 
Billerica, USA) in acetone-d6 (Fig. 4).

Animal study

The study was conducted on 56 12-week-old Wistar rats 
(28 males and 28 females, weighing 208.2 ±17.3 g) that 
were housed under standard conditions of temperature 

(21–23°C), humidity (60–70%), and a  light-dark cycle 
(12:12 h). Animals were fed with a standard diet (LSM, 
Agropol, Motycz, Poland). Access to food and water was 
ad libitum and was monitored once daily.

Acclimated animals were randomized into 7 groups 
of 8 animals each (4 females and 4 males) receiving  either 
XN or HOP: XN was administered either iv. (group XN-IV: 
10 mg/kg), or p.o. (groups XN-L, XN-M and XN-H receiv-
ing 40, 100 and 200 mg/kg, respectively). Extract obtained 
from hops was administered p.o. and its doses were based 
on XN content (groups HOP-L, HOP-M and HOP-H re-
ceived the extract at doses equivalent to XN dose of 40, 
100 and 200 mg/kg, respectively).

For each oral dose level, appropriate amounts of XN 
powder or  HOP were dissolved in  dimethyl sulfoxide 
(DMSO) (Sigma-Aldrich, Darmstadt, Germany) (1 g of XN 
in 1 mL of DMSO) and then diluted in 0.9% saline solu-
tion. Animals received a single oral dose by gavage (40, 100 
or 200 mg/kg in 2 mL solution/kg). The animals in the XN-
IV group were given an iv. injection (10 mg/kg in 2 mL 
solution/kg) of XN dissolved in DMSO (1 g of XN in 1 mL 
of DMSO and diluted in 0.9% saline solution). Blood sam-
ples (0.3 mL) were obtained via catheter from the tail vein 
of each rat at the following time points: 0, 0.25, 0.5, 1, 2, 4, 
6, 12, 24, 48, 72, and 96 h. After each blood draw, 0.3 mL 
of 0.9% saline solution was injected iv. and the catheter was 
flushed with heparinized saline (20 U/mL). Blood samples 
were placed in collection tubes coated with heparin and 
stored on ice immediately after collection. Samples were 
stored at −80°C until analysis for XN.

Study protocol was approved by the First Local Ethic 
Committee for Animal Experiments in Wrocław, Poland, 
and animal experiments were therefore performed in ac-
cordance with ARRIVE guidelines and were carried out 
in accordance with EU Directive 2010/63/EU for animal 
experiments.

Sample preparation

Sample preparation procedure have been adapted from 
Legette et al.4 with minor modifications. Aliquots of 50 μL 
of whole blood in duplicate were diluted with sodium ac-
etate buffer (0.1M, pH 4.7), spiked with naringenin (NAR) 
(12.6 ng in 2-propanol) (Sigma-Aldrich,) as the internal 
standard, and treated with 600 U of Helix  pomatia hydro-
lases dissolved in sodium acetate buffer (Sigma-Aldrich) 
for 3 h at 37°C in a total volume of 600 μL to convert con-
jugates (glucuronides and sulfates) into their free agly-
cone forms. After incubation, solutions were extracted 
thrice with diethyl ether (1 mL) and centrifuged for 1 min 
at 8500 g. The combined ether extracts were dried under 
a stream of nitrogen. The residues were dissolved in 0.1 mL 
of 0.1% formic acid solution in methanol, briefly vortexed, 
sonicated and analyzed directly by (LC-MS/MS).

Calibration curves were prepared by spiking blank rat 
whole blood with known concentrations of  flavonoids 
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and the internal standard, (NAR), using 16 concentra-
tion levels covering the entire concentration range for 
all analytes in  the samples. The whole blood calibra-
tion samples were treated the same as the samples ob-
tained from dosed animals. Limit of quantitation (LOQ) 

represents the lowest concentration in a sample that can 
be determined with acceptable precision and accuracy 
(S/N > 10), whereas limit of detection (LOD) represents 
the lowest concentration in a sample that can be detected 
(S/N > 3).

Fig. 3. HPLC chromatograms of HOP at 360 nm (left) and 290 nm (right)
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LC-MS/MS analysis

Liquid chromatography–mass spectrometry (LC-MS/MS)  
was performed on  an  Agilent 6400 triple quadrupole 
instrument (Agilent) operated at a source temperature 
of 350°C with a needle voltage of 4500 kV. Nitrogen was 
used as  the  source gas, curtain gas, and collision gas. 
Selected reaction monitoring (SRM) experiments were 
conducted at collision energies ranging from 25 to 40 eV. 
Concentrations were calculated using the internal stan-
dard calibration method.

The  Agilent 1200 HPLC system (Agilent) was used 
in this study. Chromatographic separations of prenylfla-
vonoids were achieved on a 2.6 μm Accucore C8 column 
150 × 3 mm (Thermo Fisher Scientific) eluted in a gradi-
ent from 25% to 60% solvent B (0.1% formic acid in ACN) 
in  solvent  A (aqueous 0.1% formic acid) over 8.5  min 
at a flow rate of 0.5 mL/min after an initial 2.0 min at 25% 
solvent B, then from 60% B to 100% B over 1.0 min. The col-
umn was washed with 100% solvent B for 2.0 min and 
re-equilibrated at 25% solvent B for 7 min prior to each 
injection. Precursor-product ion transitions for SRM were 
developed using standards. Selected reaction monitoring 
transitions used for quantitation included: [M]– 353-119 
for XN and [M]– 271-119 for NAR.

Pharmacokinetic analysis

Non-compartmental analysis was used to  assess 
the pharmacokinetics (PK) of XN in rats (TP4.1 software; 
ThothPro, Gdańsk, Poland).

The following parameters were determined for iv. ad-
ministration: the area under the concentration–time curve 
from time 0 to the last sampling (AUC0→t), the area un-
der first moment curve from time 0 to the last sampling 
(AUMC0→t), mean residence time (MRT0→t), initial concen-
tration (C0), relative body clearance (ClB), relative apparent 
volume of distribution at steady state (Vdss), elimination 
half-life (T1/2el) and biological half-life (T1/2). The areas 
were calculated by the trapezoidal rule. For the determi-
nation of T1/2el, at least 3 last datapoints from the linear 
portion of the terminal slope were used. The T1/2 was cal-
culated as follows: 

T1/2 = MRT0→t × 0.693.9

For the oral study, AUC0→t, AUMC0→t, MRT0→t, T1/2el, 
T1/2, as well as the peak concentration (Cmax) and the time 
when it was observed (Tmax) were assessed. Mean absorp-
tion time (MAT) after oral administration was calculated 
as follows: MAT = mean MRT0→t p.o. – mean MRT0→t iv. 
The bioavailability (F) of orally administered XN was 

Fig. 4. 1H NMR spectrum of pure XN (grey) and HOP (blue)
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calculated by comparing the AUCs of XN after p.o. and 
iv. administration according to the following formula:

F (%) = × 100%mean AUC0→t p.o. × dose i.v.
mean AUC0→t i.v. × dose p.o.

Since numerous samples were found to contain very low 
and variable concentrations of XN, data below the limit 
of quantification (BLOQ) was not ignored but included 
calculations based on the method by Hornung and Reed.10 
All values appearing in the early part of the concentration-
time curve were substituted by the value of LOQ/2 and 
treated as a real value. In the elimination phase, the first 
BLOQ value was substituted with LOQ/2 and the following 
BLOQ values were ignored.10,11

Statistical analysis

The  distribution of  PK parameters was assessed by 
the Shapiro–Wilk test. Almost all parameters were charac-
terized by normal distribution and were therefore compared 
with Student’s t-test between groups. Only Tmax lacked nor-
mal distribution and was compared using the Mann–Whit-
ney U test. Statistical analysis was carried out by means 
of STATISTICA v. 13 (Tibco Software Inc., Palo Alto, USA) 
and Excel (Microsoft Corp., Redmond, USA).

Results

Good linear relationship was obtained in the concentration 
range of 4.5–4500 µg/L (y = 0.0005x + 0.0003, R2 = 0.9997) 

of XN in whole blood. The LOQ and LOD for XN in the whole 
blood were 2.5 µg/L and 0.4 µg/L, respectively.

Figure 3A depicts the mean serum concentration-time 
profile of XN. The pharmacokinetic parameters are listed 
in Table 1. The elimination half-life of XN was 173.9 h and 
the half-life was 7.7 h.

The  serum profile of  XN after oral administration 
is shown in Fig. 3B for pure XN and in Fig. 3C for XN given 
in HOP. Pharmacokinetic parameters are listed in Table 1, 
showing the bioavailability of pure XN ranging from 0.96% 
to 1.16% and lower. After oral administration of pure XN 
(40, 100 and 200 mg/kg) and HOP in a dose equivalent for 
XN 200 mg/kg, XN was detectable up to 96 h, whereas 
after oral administration of HOP in doses equivalent for 
XN 40 and 100 mg/kg no XN was detected after 72 h. 
The AUC0→t of XN was 7.7 times and 5.0 times higher for 
pure XN than for HOP for doses of 100 and 200 mg/kg, 
respectively. The CMAX of XN was 2.3 times, 8.4 times and 
11.7 times higher for pure XN than for HOP for doses of 40, 
100 and 200 mg/kg, respectively.

Table 2 summarizes the influence of sex on XN phar-
macokinetics. CMAX was higher 1.7 times and 1.8 times 
in females than in males receiving XN in doses of 100 and 
200 mg/kg, respectively.

Discussion

The concentration-time curve and the PK parameters for 
the intravenous administration are shown in Fig. 3A and 
Tables 1 and 2, respectively. As can be appreciated from 
Fig. 3A, a relatively long distribution phase (lasting about 

Table 1. Pharmacokinetic parameters (mean ±SD) of xanthohumol after single intravenous or oral administration to rats (n = 8/group). Groups IV, XN-L, 
XN-M, and XN-H received pure xanthohumol, whereas groups HOP-L, HOP-M and HOP-L were administered with prenylflavonoid extract that contained 
equivalent dose of xanthohumol

Parameter Units IV
10 mg/kg

Oral 

40 mg/kg 100 mg/kg 200 mg/kg

XN – L HOP – L XN – M HOP – M XN – H HOP – H

AUC0→t mg*h/L 13.60 ±5.72 0.63 ±0.34 – 1.31 ±0.12 0.17 ±0.06* 1.44 ±0.49 0.29 ±0.16*

AUMC0→t mg*h*h/L 93.95 ±40.01 24.04 ±14.94 – 42.83 ±6.06 4.18 ±2.56* 44.91 ±12.04 8.56 ±6.41*

MRT0→t h 7.95 ±4.99 30.20 ±16.23 – 33.01 ±5.85 21.34 ±10.02* 32.36 ±6.35 24.98 ±10.38

MAT h – 22.25 – 25.06 13.39 24.41 17.03

ClB(rel) L/h/kg 0.87 ±0.33 – – – – – –

Vdss(rel) L/kg 7.67 ±6.78 – – – – – –

T1/2el h 173.89 ±131.09 127.49 ±136.54 – 144.1 ±131.5 – – –

T1/2 h 7.67 ±7.78 20.93 ±11.25 – 22.88 ±4.05 14.08 ±7.54* 22.42 ±4.40 17.31 ±7.20

CMAX µg/L 9061 ±4543 22.02 ±2.18 9.46 ±9.37* 90.64 ±28.15 10.73 ±4.47* 168.16 ±59.38 14.38 ±7.95*

TMAX h – 1.31 ±0.56 16.91 ±21.99 1.19 ±1.82 1.45 ±1.42 0.88 ±0.48 7.06 ±9.84

F % – 1.16 – 0.96 0.13 0.53 0.11

IV – intravenous; AUC0→t – area under the curve; AUMC0→t – area under the first moment curve; MRT0→t – mean residence time; MAT – mean absorption 
time; ClB(rel) – relative body clearance; Vdss(rel) – relative volume of distribution at steady state; T1/2el – elimination half-life; T1/2 – half-life; CMAX – peak plasma 
concentration; TMAX – time to reach peak plasma concentration; F – absolute oral bioavalability.
* p < 0.05 as compared to the equivalent dose of pure xanthohumol.
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10 h) is followed by an even longer and flat elimination. 
In some individuals (particularly males), concentrations 
in the elimination phase even exceed the concentrations 
at the end of the distribution phase. A similar rise in XN 
concentration after iv. administration of XN to rats has 
been reported by Legette et al.,4 who have suggested en-
terohepatic recirculation as the underlying mechanism. 
Enterohepatic recirculation of hop prenylated phenols 
suggest also observation reported by Rad et al.12 As can 
be seen in Table 2, no statistically significant differences 
between sexes have been found for iv. administration. 
 Although there was a tendency of higher internal exposure 
(as expressed by AUC0→t) in females, high interindividual 
variability in this group and small number of animals pre-
clude any firm conclusions. A relatively long MRT does 
not differ much between males and females. Volume 
of distribution is high and may suggest deep penetration 
into tissue(s). Although ClB is slightly higher in males, 
the T1/2el estimates are also higher in this group suggest-
ing somewhat slower elimination in males. The  latter 
parameter, however, should be interpreted with caution 
as it may be biased by the aforementioned enterohepatic 
recirculation. The T1/2, which is less affected by the lack 
of  linearity in the elimination phase, does not confirm 
any sex-related difference in XN elimination. The initial 
concentrations were somewhat higher in males but, again, 
high interindividual variability precludes firm conclusions.

Studies using the Caco-2 human intestinal epithelial 
model indicate that hop prenyled flavonoids are absorbed 
at a slow to moderate rate through the intestinal epithe-
lium. XN accumulates in intestinal epithelial cells and 
then are gradually released to the general circulation,13 
while 8PN crosses the intestinal epithelium via passive 

diffusion.14 Tables 1 and 2 summarize the PK of XN ad-
ministered orally at the dose of 40 mg/kg. Due to very 
low XN concentrations observed after administration 
of the HOP-L formulation, only the CMAX and the cor-
responding TMAX could be assessed. In the case of XN-L 
formulation, the CMAX was significantly higher as com-
pared to HOP-L, and all PK phases could have been ob-
served (Fig. 3B,C). Steep increase in blood XN followed 
by a pointed peak of CMAX may suggest zero-order absorp-
tion. Similar to the iv. administration, the distribution 
phase is  followed by a flat and long elimination phase. 
No sex-dependent differences were observed in the PK 
parameters. A low AUC translated into low bioavailabil-
ity of about 1%. Longer MRT values, as compared to iv. 
administration, resulted in  very long MAT, particu-
larly in females. Such a  long MAT value could suggest 
a flip-flop phenomenon where the prolonged absorption 
is a  limiting factor for the elimination.15 However, this 
is not the case in the present study, as  the absorption 
seems to be fast and there is no difference in the slope 
of the elimination phase between the  intravenous and 
the oral studies (as seen in the T1/2el). Therefore, the cur-
rent MAT estimations seem to be biased by the very low 
bioavailability of the oral formulations on the one hand, 
and slow elimination of the absorbed fraction of the drug 
on the other.

The administration of XN at  the dose of 100 mg/kg 
in the  formulation XN-M resulted in the proportional 
increase in the AUC without any visible effect on the ab-
sorption phase as seen in the lack of change in the MRT 
and MAT (Tables  1 and  2). This questions the  possi-
bility of zero-order absorption suggested by  the shape 
of the curve in both XN-L and XN-M groups. The Cmax 

Table 2. The influence of sex on pharmacokinetic parameters (mean ±SD) of xanthohumol after single intravenous or oral administration of pure 
xanthohumol to rats of both sexes (n = 4/group)

Parameter Units

IV Oral 

10 mg/kg 40 mg/kg 100 mg/kg 200 mg/kg

males females males females males females males females

AUC0→t mg*h/L 10.41 ±2.96 16.79 ±6.04 0.42 ±0.37 0.84 ±0.07 1.26 ±0.12 1.36 ±0.09 1.15 ±0.25 1.73 ±0.50

AUMC0→t mg*h*h/L 78.64 ±40.06 109.26 ±33.59 15.76 ±17.01 32.32 ±4.50 46315 ±3550 39.35 ±6.06 42577 ±11212 47.24 ±12.38

MRT0→t h 7.21 ±1.85 8.70 ±6.72 22.10 ±19.55 38.30 ±3.67 37.11 ±4.54 28.91 ±3.76 37.07 ±5.04 27.65 ±3.29*

MAT h – – 14.89 29.60 29.90 20.21 29.85 18.95

ClB(rel) L/h/kg 1.03 ±0.26 0.70 ±0.31 – – – – – –

Vdss(rel) L/kg 7.15 ±1.72 8.18 ±9.41 – – – – – –

T1/2el h 274.00 ±114.91 73.76 ±33.32 179.78 ±176.49 75.21 ±25.35 122.8 ±87.12 172.5 ±169.8 – –

T1/2 h 4.99 ±1.28 6.03 ±4.66 15.31 ±13.55 26.54 ±2.54 25.72 ±3.14 20.03 ±2.61 25.69 ±3.49 19.16 ±2.28

CMAX µg/L 11329 ±4733 6793 ±2930 21.50 ±2.82 22.55 ±1.01 66.61 ±12.44 114.67 ±16.58* 119.58 ±18.96 216.74 ±44.41*

TMAX h – – 0.88 ±0.22 1.75 ±0.43 1.88 ±2.38 0.50 ±0.00 0.75 ±0.25 1.00 ±0.61

F % – – 1.01 1.25 1.21 0.81 0.55 0.52

IV – intravenous; AUC0→t – area under the curve; AUMC0→t – area under the first moment curve; MRT0→t – mean residence time; MAT – mean absorption 
time; ClB(rel) – relative body clearance; Vdss(rel) – relative volume of distribution at steady state; T1/2el – elimination half-life; T1/2 – half-life; CMAX – peak plasma 
concentration; TMAX – time to reach peak plasma concentration; F – absolute oral bioavalability.
* p < 0.05 as compared to males receiving the same dose of xanthohumol.



B. Nowak et al. Pharmacokinetics of xanthohumol1108

was much higher in XN-M group, particularly in females, 
but the Tmax was similarly short. Both half-lives were simi-
lar to the XN-L group, indicating no significant change 
in the elimination of the compound. In rats treated with 
the HOP-M formulation, the AUC was more than 7 times 
lower as compared to the rats administered with XN-M 

(Table 1). Moreover, very low values (below LOQ) in 3 out 
of 4 females precluded PK analysis in these individuals. 
The MRT was significantly shorter and the mean CMAX 
was about 9 times lower. The mean bioavailability of 0.13% 
should be considered extremely low. In the HOP-M group, 
it was not possible to calculate T1/2el due to the lack of lin-
earity in the elimination phase.

The saturation of XN absorption was much more visible 
in the PK of XN after the administration of the highest dose 
– 200 mg/kg (Tables 1 and 2). In the XN-H group, the mean 
AUC increased only very slightly as compared to the lower 
dose (XN-M), which translated into a drop in bioavail-
ability (0.53%). Although the MRT, MAT and T1/2 were 
not changed, the lack of linearity in the elimination phase 
(T1/2el impossible to calculate in 5 out of 8 individuals) may 
suggest limited/prolonged absorption. Cmax, however, was 
proportionally higher as compared to the XN-M group. 
In the case of the HOP-L group, the saturated absorp-
tion is also seen in the  less than proportional increase 
in the AUC and the drop in the bioavailability (as compared 
to HOP-M). The mean CMAX is only slightly higher, and 
MAT, TMAX as well as T1/2, are prolonged. The concentra-
tion-time curve for this group lacks linear elimination and 
the presence of a secondary peak at 24 h further supports 
the presence of prolonged/disturbed absorption.

The lower bioavailability of HOP at every dosage level 
in comparison to similar dosage of pure XN is  definitively 
associated with the complex composition of the prenyl-
flavonoid extract. Despite the  undertaken procedure 
of HOP preparation being highly selective for polyphenol 
fraction, the complete composition of the HOP cannot 
be determined. On the basis of the combined data from 
the HOP 1H NMR spectra (Fig. 4, especially the aromatic 
part 8.0–6.0 ppm) and HPLC analysis (Fig. 3), a rough es-
timation of total prenylflavonoid content in HOP would be 
about 30–35%, with XN and IXN being the most abundant. 
Therefore, it cannot be even speculated whether the com-
plex matrix or other prenylflavonoids affects the bioavail-
ability of XN from HOP.

Conclusions

It is concluded that the XN PK in rats after intravenous 
administration is characterized by extensive distribution 
followed by delayed elimination from the body. Enterohe-
patic recirculation is likely to play a role in XN PK. Some 
fraction of the orally administered XN reaches the cen-
tral compartment rapidly; however, the overall absorption 
is very limited and probably saturable. The formulation-
dependent factors also play an important role in the bio-
availability of the drug. Although the CMAX concentra-
tion was higher in females receiving XN orally compared 
to  males, the  other pharmacokinetic parameters were 
unaffected by rats’ sex. Therefore, the same doses of XN 
may be administered to males and females.

Fig. 5. Concentration-time profiles of xanthohumol in rat plasma 
following (A) intravenous injection (XN IV) of 10 mg/kg, (B) oral 
administration of pure xanthohumol (XN PO): 40 mg/kg, 100 mg/kg 
and 200 mg/kg, and (C) oral administration of prenylflavonoid extract 
(HOP PO): 40 mg XN/kg, 100 mg XN/kg and 200 mg XN/kg. Data is 
expressed as mean from 8 rats
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Abstract
Background. The primary reason for using a post is to retain the core with the objective to restore the missing 
coronal tooth structure. To achieve optimum results, the materials that are used to restore endodontically 
treated teeth should have physical and mechanical properties that are similar to that of dentin.

Objectives. To characterize the strength parameters of fiber-reinforced composite (FRC) posts with the appli-
cation of a three-point test. The mean fracture load, flexural strength and flexural modulus were taken into 
consideration.

Material and methods. For the three-point strength tests, 5 kinds of fiberglass root-posts were used: GC 
Fiber Post (GC America, Alsip, USA), Mirafit White (Hager Werken, Duisburg, Germany), Innopost (InnoTech, 
Verona, Italy), Rebilda Post (Voco, Cuxhaven, Germany), and EverStick Post (GC Europe, Leuven, Belgium). For 
each system, 15 FRC posts were tested. All posts had the same diameter, length and shape. The three-point 
test was carried out in accordance with ISO 10477:2004, using the Instron-5944 testing machine (Instron, 
Norwood, USA). The test was carried out until the sample was broken.

Results. The highest force values (67.6 N) were recorded for the GC posts, and the lowest force required 
to break the sample (29.6 N) was noted for the EverStick Posts. In the case of bending strength, the highest 
values were also recorded for GC posts (912.4 MPa). Low bending strengths were obtained for the Mirafit 
White posts (537.2 MPa); however, the EverStick Posts were the weakest (436.2 MPa). Rebilda posts showed 
the highest modulus of elasticity – 31.1 GPa. The lowest values of the elastic modulus were registered for 
EverStick Posts – 12.5 GPa.

Conclusions. There were statistically significant differences in fracture loads, flexural strengths and flexural 
modulus of the FRC-post systems tested. Individually polymerized FRC material showed lower flexural proper-
ties than compared prefabricated FRC posts.

Key words: three-point bending test, flexural modulus, flexural strength, fiber-reinforced composite post, 
individually formed post
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Introduction

Posts provide retention for dental materials while 
the missing coronal tooth structure is being restored. They 
do not strengthen the tooth.1,2 To achieve optimum results, 
the materials that are used for restoration of endodonti-
cally treated teeth should have physical and mechanical 
properties similar to dentin.3 There is a difference of opin-
ion whether a post should have an elastic modulus close 
to dentin4–6 or whether it should be more rigid.7,8 Posts can 
be classified based on the elastic modulus, with metallic 
posts (prefabricated or cast metal posts), ceramic posts 
and carbon fiber posts presenting high values, and glass 
fiber posts presenting low elastic modulus.9,10 Prefabricated 
and cast metal posts are rigid in nature.11 The rigidity may 
pose a risk for root fracture. One of the major reasons that 
motivated researchers to find alternative solutions to metal 
posts was to prevent root fracture, which was the main 
cause of failure with this type of restoration. The biome-
chanical properties of fiber-reinforced composite (FRC) 
posts have been reported to be similar to that of dentin.12–14 
Clinical prospective and retrospective studies on the use 
of fiber posts have reported encouraging results.15–19

The first FRC-posts were made of carbon/graphite fibers 
due to their good mechanical properties. However, they 
are black in color and thus lack cosmetic qualities.  Instead 
posts made of glass or silica fibers are white or translu-
cent and can be used in  situations of higher cosmetic 
demand.12,20

Dental market offers prefabricated and individually 
formed glass fiber posts. However, prefabricated FRC posts 
have limitations in their properties, such as poor anatomi-
cal fit to the canal. They require preparation of the root ca-
nal to fit the shape of the post, which causes loss of dentin 
and makes the root more vulnerable to root fracture.21 This 
emphasizes the importance of trying to preserve the origi-
nal anatomy of the root canal and minimizing dentin loss 
throughout the endo-restorative treatment.22,23 Large root 
preparation can be avoided by using individually formed 
FRC posts.12,24–26 An individually formed FRC post can 
be polymerized in situ in the root canal, thus precisely 
following the shape of the canal.27 The manufacturer’s 
recommendation has been to light-polymerize in 2 phases; 
first, a short curing is carried out when the post material 
is placed in the root canal to copy the anatomical shape 
of the canal. After that the final curing is carried out after 
removing the post from the canal to ensure complete cur-
ing also at the apical parts of the post.

The polymer matrix of individually formed FRC post 
material consists of both linear and cross-linked phases, 
which is called semi-interpenetrating polymer network 
(IPN).21 This matrix also allows the formation of secondary 
IPN bonding based on interdiffusion of the resin systems 
of post and luting cement. The IPN system improves ad-
hesion to composite and increases flexural strength and 
fatigue strength through the reduction of crack initiation.

Polymer matrix of the FRC post used in the present study 
is composed of cross-linking monomer system of bisphe-
nol-A-dimethacrylate (Bis-GMA) and linear polymers 
of  polymethyl methacrylate (PMMA) which structur-
ally form semi-interpenetrating polymer networks (semi-
IPN).21 Resiliency of semi-IPN based composites is higher 
and modulus of elasticity is lower compared to polymer 
made of crosslinking monomers only.28,29

The aim of this study is to:
1) characterize the strength parameters of FRC posts 

with the application of a three-point test. The mean frac-
ture load, flexural strength and flexural modulus were be 
taken into consideration.

2) compare the properties of prefabricated FRC posts 
with custom-made FRC posts in the form of a tape, which 
achieve full stiffness after the exposure to a polymeriza-
tion lamp.

3) establish which FRC posts are the most suitable for 
clinical use.

Material and methods

For this study, 5 different types of endodontic post were 
selected:

– group 1: GC Fiber Post (GC America, Alsip, USA);
– group 2: Mirafit White (Hager Werken, Duisburg, 

Germany);
– group 3: Innopost (InnoTech, Verona, Italy);
– group 4: Rebilda Post (Voco, Cuxhaven, Germany); and
– group 5: EverStick (GC Europe, Leuven, Belgium).
Seventy-five endodontic posts, 15 for each group, were 

tested. All fiber posts were 1.2 mm in diameter, 20 mm 
in  length and had a  cylindrical shape with a  tapered 
end. In order to reduce the influence of the conical end 
of the posts, a 10 mm parallel part of the post was used 
for the tests.

The EverStick fiber material containing silanized E-glass 
fibers in light-polymerizable dimethacrylate – polymeth-
ylmethacrylate matrix was made into a cylindrical shaped 
specimen with a diameter of 1.2 mm. EverStick Posts were 
treated according to  the  manufacturers’ instructions. 
Tweezers were used to take the post out from the silicone. 
The length and suitability were checked using electronic 
caliper. The specimens were polymerized in a light cur-
ing lamp for 60 s. A light-polymerizing device (Elipar S10; 
3M Espe, Maplewood, USA) with halogen lamp radiating 
blue light (wavelength 430–480 nm) and with an intensity 
of 1200 mW/cm² was used.

The  three-point bending test according to  the  ISO 
10477 standard (span 10.0 mm, crosshead speed 1.0 mm/
min, cross-sectional diameter of loading tip 2 mm) was 
used to measure the flexural strength and modulus of FRC 
post specimens. All posts were tested with the material 
testing machine Instron-5944 (Instron, Norwood, USA). 
The test was carried out until the sample was broken 
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(Fig. 1,2). All the tests were carried out in temperature 
about 22°C. Fracture load of post was measured. Flexural 
strength (σ) and flexural modulus (E) were calculated 
from the formula:

σ = 8F max L/πd 3 [MPa]

E = 4F max L 3/(D3πd 4) [GPa],

where: F max is the maximum load point of the load-deflec-
tion curve [N], L is the distance between the support rollers 
(10.0 mm), d is the diameter of the specimens [mm], and 
D is deflection [mm] at Fmax [16] at a point in the straight-
line portion of the trace.

The differences between specimens were evaluated us-
ing Kruskal–Wallis nonparametric analysis of variance 
(ANOVA) and the median test. The probability level was 
set at 0.05.

Results

In the conducted three-point test, the values of maximum 
forces that caused damage to the FRC post were observed 
(Table 1). The ANOVA revealed significant differences 
(p = 0.05) in fracture loads, flexural strengths and flexural 
modulus of the FRC-post systems tested. The highest force 
values (67.6 N) were recorded for the GC Fiber Posts and 
the lowest force required to break the sample (29.6 N) was 
noted for the EverStick Posts (Fig. 3). In the case of bend-
ing strength, the highest values were also recorded for GC 
Fiber Posts – 912.4 MPa (Fig. 4). Low bending strengths 
were obtained for the Mirafit White posts (537.2 MPa); 
however, the EverStick Posts were the weakest (436.2 MPa). 
The elastic modulus was also calculated. Rebilda posts 
showed the highest modulus of elasticity – 31.1 GPa (Fig. 5). 
Slightly lower modulus was recorded for GC Fiber Posts 
– 30.9 GPa; however, the lowest values of the elastic modu-
lus were registered for Mirafit White posts and EverStick 
Posts – 21.7 GPa and 12.5 GPa, respectively. The elastic 
module of EverStick Posts proved to be lower than the den-
tine elasticity modulus, which was 17.5 ±3.8 GPa.

Discussion

Many studies investigating the flexural properties of root 
canal posts have been published, reporting results that 
varied greatly.2,12,30–32 The flexural modulus parameter 

Fig. 1. The post during three-point bending test

Fig. 2. The broken post after three-point bedning test

Table 1. The fracture load and flexural properties

Group Posts 
type

Fracture 
load [N]

Flexural 
strength [MPa]

Flexural 
modulus [GPa]

Group 1
GC Fiber 

Post
67.6 ±3.9 992.4 ±58.3 30.9 ±0.9

Group 2
Mirafit 
White

36.5 ±3.2 537.2 ±47.3 21.7 ±0.9

Group 3 Innopost 52.5 ±4.3 773.5 ±59.6 23.5 ±1.6

Group 4
Rebilda 

Post
65.3 ±3.3 962.1 ±48.6 31.1 ±1.1

Group 5
EverStick 

Post
29.6 ±5.1 436.2 ±75.9 12.5 ±2.7
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defines the flexibility of a sample and higher values indicate 
more stiffness, while lower values indicate more flexibility. 
The flexural modulus is calculated by taking into account 
the elastic behavior of a sample within a load range that 
will not cause plastic deformation. The flexural strength 

parameter determines the resistance to fracture.2 Higher 
values indicate that a sample is more resistant to fracture, 
whereas lower values indicate that it is less so. The flexural 
strength is determined by the highest load a sample can 
withstand and depends on the specimen configuration.

In this study, the posts were tested dry at room tempera-
ture and even though the authors agree with published 
reports that humidity can alter the mechanical properties 
of fiber posts,2,30,33,34 it has been demonstrated that within 
the tooth, the behavior of posts is comparable to that of dry 
posts.14,32 Lassila et al. revealed that thermocycling for 
FRC posts had a significant effect on the fracture load and 
flexural strength.12 In general, thermocycling decreased 
the flexural modulus of the tested FRC posts by about 10%. 
Strength and fracture load decreased by about 18%. Ther-
mocycling slightly decreased the bond strength at the fiber 
post–core interface.35

The EverStick Posts were polymerized in a light-curing 
lamp (Elipar) for 60 s. Cacciafesta et al. claimed that oven 
post-curing does not increase the flexural strength values 
of FRC EverStick Posts compared with conventional hand 
light-curing.36

In  the  case of  prefabricated conventional FRC 
posts, the location of the post in the center of the root 
– in the neutral axis of tubular structure – is not opti-
mal to provide effective reinforcing effect by the fibers 
of  the  post for the  root-core-crown system.21 In  addi-
tion, by using the prefabricated FRC posts, the free space 
of the coronal root canal opening is filled only with weaker 
particulate filler composite resin cement. In the individu-
ally formed, also called custom-made, FRC posts, the fi-
ber volume at the coronal part of the root canal is high 
and it fills the entire available root canal space. This in-
creases the stiffness and strength of that part of the post 
and forms a strong support for the core. By considering 
the mechanics of tubular structure of a tooth and post 
system, the individually formed posts also provide fiber 
location closer to the outermost surface of the root, where 
the high functional stresses are located. Stress distribution 
in dentin is related to bone height level.37 Singh et al. as-
sessed that the stress in the dentin, post and the cement 
was much higher in the tooth with the alveolar bone height 
of 4 mm from cementoenamel junction (CEJ) compared 
to the tooth with bone support of 2 mm alveolar bone 
height from the CEJ.37

Lassila et al. claimed that EverStick in their studies pre-
sented the highest flexural strength values.12 Their study 
investigated the  flexural properties of  different types 
of FRC posts (Snowpost, Carbopost, Parapost, C-post, 
Glassix, and Carbonite) and compared those values with 
a FRC material for dental applications (EverStick). A three-
point bending test (span: 10 mm) was used to measure 
the flexural strength and modulus of FRC post specimens. 
The highest flexural strength was obtained with the con-
trol material (EverStick). They claimed that this unex-
pected finding could be explained by the optimization 

Fig. 5. The flexural modulus of posts

Fig. 4. The flexural strength of posts

Fig. 3. The fracture load of posts
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of the polymer matrix and fiber properties to function 
as a composite material. More precisely, the difference 
in the polymer matrix of EverStick compared to the ma-
trices of  other tested FRCs is  based on  the  existence 
of poly(methyl methacrylate) (PMMA) chains in the cross-
linked polymer matrix. The PMMA chains with a mo-
lecular weight of 220 KD plasticize the cross-linked BisG-
MA-based matrix of the EverStick FRC and reduce stress 
formation in the fiber–matrix interface during deflection. 
This may be assumed to contribute to the higher strength 
of EverStick FRC material.38

A different study examined the  f lexural strength 
of 2 different fiber post-resin cement systems and the re-
sults showed significant differences between the flexural 
strength of the prefabricated GC Fiber Posts and the in-
dividually formed EverStick Posts.39 A four-point bend 
test was carried out till failure on all groups. The highest 
flexural strengths were found for the GC Fiber Posts with-
out silane pretreatment and the second-highest flexural 
strengths were found for the GC Fiber Posts with silane 
pretreatment, both of which were higher than the flexural 
strengths of the EverStick Posts.

Cagidiaco et al. assessed whether the amount of residual 
coronal dentin and the placement of a prefabricated (DT 
Light Post) or a individually formed (EverStick Post) have 
a significant influence on the three-year survival of end-
odontically treated premolars.40 Teeth restored with 
prefabricated DT Light Posts had a three-year survival 
rate higher (90.9%) than those restored with individually 
formed EverStick Posts (76.7%).

Conclusions

The following conclusions can be drawn from the study:
1. There were statistically significant differences 

in fracture loads, flexural strengths and flexural modulus 
of the FRC-post systems tested.

2. Prefabricated FRC posts exhibit favorable mechanical 
properties in comparison to individually polymerized FRC. 
Therefore, their application may result in enhanced clinical 
performance of endodontically treated teeth.
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Abstract
Background. Patients treated in neonatal/pediatric intensive care units (N/PICUs) are frequently exposed 
to pain. To assess its severity, several behavioral and behavioral-physiological scales are used, but their useful-
ness is limited. It is therefore justified to search for additional methods to assess the adequacy of analgesia 
and sedation in these patients.

Objectives. To evaluate the usefulness of skin conductance (SC) measurement in the assessment of anal-
gosedation quality in infants requiring mechanical ventilation treated in N/PICUs.

Material and methods. Thirty infants aged 6–208 days treated in 6 N/PICUs, mechanically ventilated 
and receiving analgosedation, were included for the study. Simultaneous COMFORT-B assessment and SC 
measurement using SCA (skin conductance algesimeter) monitor were performed. Due to technical problems, 
not all of the SC records could be interpreted, and finally 412 simultaneous assessments on the COMFORT-B 
scale and SC measurements in 29 patients were analyzed.

Results. We found a statistically significant correlation between the COMFORT-B scoring and the SC mea-
surements. Additionally, SC was significantly lower when the behavioral score indicated deep sedation, 
in comparison to periods when it indicated moderate or insufficient analgosedation.

Conclusions. Skin conductance measurements are comparable with the COMFORT-B rating in mechanically 
ventilated infants receiving analgosedation. The SCA monitor may be of value in the assessment of analgoseda-
tion quality, and in particular may identify the situation where sedation is deep. Further research is needed 
regarding the suitability of this device in clinical practice.

Key words: pain, analgosedation, infant, skin conductance, COMFORT-B scale
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Introduction

As defined by the International Association for the Study 
of Pain, pain is an unpleasant sensory and emotional expe-
rience associated with actual or potential tissue damage, 
or described in terms of such damage.1 It is understand-
able that patients treated in neonatal/pediatric intensive 
care units (N/PICUs) are exposed to pain. Newborns and 
infants may suffer both from illness, particularly after sur-
gery, and from chronic use of the procedures causing dis-
comfort, such as tracheal intubation, as well as experience 
additional procedural pain. This also applies to patients 
in analgosedation. Insufficient pain control is harmful not 
only from an ethical point of view, but also because of ad-
verse development consequences.2–4 On the other hand, 
the extensive use of sedation and analgesia may also cause 
side effects and disrupt neurological development.5–8 For 
successful pain management, it is necessary to assess its 
occurrence and severity, which is difficult in newborns 
and infants due to  the  lack of  verbal communication. 
In patients treated in N/PICU, behavioral and behavioral-
physiological scales are used to assess pain. However, all 
these scales have disadvantages and limitations. Their use 
requires considerable staff involvement, is time consum-
ing and the assessment is always more or less subjective. 
In addition, the assessment is intermittent and performed 
at intervals, and therefore there is a risk of overlooking 
pain episodes. For this reason,  although pain should be 
considered a “fifth vital parameter”, the protection against 
pain is often unsatisfactory among N/PICU patients.9–13 
It  is therefore understandable that additional objective 
pain assessment methods are constantly being sought. 
Of the various solutions, methods based on measurement 
electrical skin conductance (SC) are promising. Our goal 
was to assess the usefulness of Skin Conductance Algesim-
eter (SCA; MedStorm Innovation, Oslo, Norway) in the as-
sessment of pain in mechanically ventilated infants receiv-
ing analgosedation by comparing the measurements with 
the scoring on the behavioral (COMFORT-B) scale.

This was a prospective observational study, which did not 
require any changes from the standard treatment of includ-
ed patients. The acceptance of the local ethical committee 
was granted (approval No. 270 from October 11, 2018).

Material and methods

Patients

We enrolled 30 neonates and infants treated in N/PICUs. 
Inclusion criteria were as follows: gestational age at birth 
over 26 weeks and chronological age less than 1 year, me-
chanical ventilation through an endotracheal tube, and 
analgosedation (fentanyl/midazolam). Exclusion criteria 
included: bradycardia <80 bpm, tachycardia >250 bpm, 

any cardiac rhythm other than sinus one, use of medica-
tion that have effects on sympathetic and parasympathetic 
activity (e.g., beta blockers) during a period of 7 days before 
the study, intraventricular hemorrhage of IV degree, severe 
perinatal asphyxia treated by therapeutic hypothermia, 
central nervous system congenital malformations, seizures 
in the 7 days preceding the study and neuromuscular dis-
eases, and analgosedation other than fentanyl/midazolam. 
All parents/legal guardians were given an  information 
form and gave their approval for the study.

Study protocol

The fentanyl/midazolam analgosedation was carried 
out in accordance with the rules used by the participat-
ing departments and the study did not affect it. Patients 
were constantly monitored using a SCA monitor. They 
were also periodically evaluated using the COMFORT-B 
scale. The intervals between the COMFORT-B scoring 
were at least 1 h. Patients were not disturbed by any ad-
ditional procedures during the 15-minute period before 
this assessment.

Pain assessment

The  COMFORT-B scale is  dedicated for mechani-
cally ventilated patients and is used to assess the degree 
of analgosedation.14 The scale consists of 6 behavioral 
items: alertness, calmness, respiratory response, body 
movements, facial tension, and muscle tone. A scale from 
1 point (the highest) to 5 points (the lowest) sedation level 
is assigned to each variable. The minimum and maximum 
of total scores is 6 and 30, respectively. Scores 6–10 indicate 
deep analgosedation, scores 11–23 indicate a moderately 
sedated patient and scores >23 indicate insufficient seda-
tion. COMFORT-B assessment was performed by experi-
enced neonatologists who did not have access to the mea-
surements presented by the SCA monitor.

The SCA monitor works based on the analysis of SC 
changes in response to pain stimuli. Skin conductance 
activity reflects the sympathetic nervous system activity 
influenced by changes in emotions, releasing acetylcho-
line that acts on muscarine receptors and causes a sub-
sequent burst of sweat and variations in ions secretion. 
The  measurement is  performed using 3  self-adhesive 
electrodes attached to palmar or plantar skin. A com-
prehensive description of the SC methodology has been 
published by Storm.15,16 The SCA device displays several 
parameters, of which, according to the manufacturer’s 
recommendations and the data from literature, peaks per 
second (PPS) parameter was chosen as the most suitable 
for assessing pain in preterm and term infants under anal-
gosedation.17,18 Recommended window of 15 s was used for 
analysis. A higher level of PPS corresponds to a stronger 
pain sensation.
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Statistical analysis

We analyzed the correlation of the COMFORT-B scoring 
and the PPS levels using Spearman’s correlation coefficient. 
We compared also the PPS levels using Mann–Whitney 
U test in the subgroups identified based on the COM-
FORT-B rating. We assumed the significance level p < 0.05. 
The SAS software v. 9.4 (SAS Institute Inc., Cary, USA) was 
used for statistical analysis.

Results

Thirty patients were included, in whom an assessment 
using COMFORT-B scale was performed 442  times. 
The 30 SCA records (7% of all) were illegible for assess-
ment due to artifacts (in 1 patient all records) and were 
excluded. In the final analysis, 412 simultaneous assess-
ments on the COMFORT-B scale and PPS levels in 29 pa-
tients were analyzed. The details of patients are presented 
in Table 1. There was statistically significant correlation 
of the COMFORT-B scale and PPS levels with coefficient 
0.279 (p < 0.0001). The COMFORT-B rating ≤10 (deep 
analgosedation) was measured in 324  cases (79%), 11–23 
(moderate analgosedation) in 86 cases (20.5%) and >23 
(insufficient analgosedation) in 2 cases (0.5%). Small num-
ber of events when COMFORT-B scores were >23 did 
not allow a comparison of the PPS levels in situations 
when the analgosedation was moderate and when was 
insufficient. Therefore, we compared PPS levels between 
deep and moderate/insufficient subgroups. The PPS lev-
els were significantly lower in the deep analgosedation 
subgroup (median: 0.00) than in the moderate/insuffi-
cient analgosedation subgroup (median: 0.04) (p < 0.001). 
Nine data points in the deep analgosedation subgroup 
(2.7%) and 6 in the moderate/insufficient analgosedation 
subgroup (6.8%) have differed significantly from other 
observations and were considered outliers. The results 
are shown in Fig. 1.

Discussion

Our study included a specific group of patients: neo-
nates and infants mechanically ventilated and receiving 
analgosedation. We found a statistically significant cor-
relation between the COMFORT-B score and PPS levels. 
From a clinical point of view, the quality of analgosedation 
is of utmost importance. For this reason, we set thresholds 
based on a behavioral scale. We found that PPS levels are 
significantly lower in situations where the COMFORT-B 
rating indicates profound analgosedation compared to sit-
uations where this assessment indicates that analgoseda-
tion is moderate or insufficient. The identification of pa-
tients with deep analgosedation seems to be important 
considering its adverse consequences.

Skin conductance measurements have been shown to be 
useful in assessing pain in patients of different age groups 
and in different clinical situations. Some of the research 
comprises neonates, infants and children, the vast majority 
concerning only the assessment of procedural pain. Storm, 
Scaramuzzo et al., Eriksson et al., Pereira-da-Silva et al., de 
Jesus at al., as well as Tristão et al. have shown that at-term 
neonates SC increases in response to pain stimuli.15,17–23 
Munsters et al. and Macko et al. have shown the same 
reaction in preterm neonates.24,25 Zeiner at al., Hellerud 
et al., Lyngstad et al., and Salavitabar et al. noted that SC 
changes in response to various forms of handling, sensory 
stimulation, mother and newborn skin-to skin contact and 
sound stimuli.26–29 Only a few studies focus on assessing 
the usefulness of SCA in evaluating the severity of pain and 
the effectiveness of analgosedation in infants and children 
in the postoperative period and/or treated in N/PICU. Gjer-
stad et al. obtained results similar to ours. They examined 
the correlation between SC, COMFORT score, heart rate, 
and arterial blood pressure during endotracheal suction-
ing in a group of 20 mechanically ventilated patients, in-
cluding neonates. They noted that the PPS showed better 

Table 1. Characteristics of the studied group

Overall characteristics 
(n = 29)

Mean ±SD (min–max*)
median (1st–3rd quartile) 

(min–max**)

Gestational age [weeks] 34 ±4.5 (25–40*)

Birthweight [g] 2408 ±1036 (560–4200*)

Females/males 14 (48%)/15 (52%)

Characteristics at the time 
of the events  

(n = 412)

Mean ±SD (min–max*)
median (1st–3rd quartile) 

(min– max**)

Age [days] 6 (4–23) (1–208**)

Postmenstrual age [weeks] 38 (35–41) (26–55**)

Weight [g] 3600 (2975–3800) (865–5800**)

* normal distribution; ** non-normal distribution according 
to the Shapiro–Wilk test; SD – standard deviation.

Fig. 1. SCA levels (PPS) depending on the assessment of analgosedation 
using the COMFORT-B scale (deep compared to moderate/insufficient)
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correlation with the increase in the COMFORT score than 
heart rate and arterial blood pressure. They concluded that 
for monitoring of stress in artificially ventilated children, 
SCA seems to be an objective supplement to the behavioral 
scoring.30 Hullet et al. assessed pain intensity in the post-
operative period in 180 children aged 1–16 years using 
SC analysis and various 3 behavioral scales depending 
on the patient’s age. They concluded that PPS may play 
an  important role in  the assessment of pediatric pain, 
especially when used as a predictor of moderate/severe 
pain.31 The usefulness of SC monitoring in the assessment 
of pain in mechanically ventilated neonates was also stud-
ied by Karpe et al. They analyzed SC fluctuations during 
tracheal suctioning and heel stick in term and near-term 
neonates under analgosedation. They noted a significant 
increase in SC levels in response to pain stimuli; however, 
they did not compare this reaction with other pain as-
sessment methods. They concluded that changes of SC 
level demonstrate that, despite sedation and analgesia, 
neonates experience discomfort related to the therapeutic 
and diagnostic procedures.32 On the contrary, results of re-
search done by Solana et al. in 61 mechanically ventilated 
critically ill children aged from 1 month to 16 years and 
receiving analgosedation showed that, although the PPS 
increased significantly during the painful procedures, 
it never reached the level considered diagnostic for pain 
or stress. The authors concluded that SC is no more sensi-
tive or faster than clinical scales for the assessment of pain 
or stress in critical children undergoing painful proce-
dures.33 Van der Lee et al. performed a study in which 
they evaluated PPS in  response to  tracheal intubation 
in neonates receiving different types of premedication. 
They concluded that the variation in SC measurements 
between individual neonates limits the usefulness of PPS 
as stress monitor during intubation and the use of neuro-
muscular blockers for premedication precludes monitoring 
of PPS in neonates.34 Also, Choo et al. based on research 
of 90 school-age children noted that PPS measurement 
is feasible in a perioperative setting but was not specific 
for postoperative pain intensity and was unable to identify 
analgesia requirements when compared with self-report 
measures.35 The results of research performed by Dalal 
et al. in 34 infants aged 6–12 months in the postoperative 
period are less obvious. The authors assessed pain intensity 
on the NFCS scale and simultaneously measured various 
SC parameters. They found that SCA may be useful in as-
sessing infant pain, but noticed that that the peak ampli-
tude of the SC values may be a better indicator of pain 
scores than the PPS.36 Ledowski, on the basis of a review 
of the literature on instrumental pain monitoring, came 
to the conclusion that there is currently no evidence for 
a clinically relevant benefit arising from the perioperative 
utilization of SC monitoring.37

Our study has a significant limitation: too few COM-
FORT-B scores >23 prevented the assessment of the use-
fulness of  the  monitor in  identifying situations when 

analgosedation is  insufficient. Nevertheless, we believe 
that the ability to identify the deep analgosedation using 
SCA is valuable from a clinical point of view, especially 
in the context of avoiding side effects of oversedation.

Conclusions

Skin conductance measurements are comparable with 
the COMFORT-B rating in mechanically ventilated in-
fants receiving analgosedation. The SCA monitor may be 
of value in the assessment of analgosedation quality, and 
in particular may identify the situation where sedation 
is deep. Further research is needed regarding the suitability 
of this device in clinical practice.
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Abstract
Benign thyroid nodules (BTNs), which account for 85–95% of all thyroid nodules (TNs), are a common clinical 
issue and have been increasingly detected over the last 2 decades due to the widespread use of ultrasound 
(US) imaging. The clinical treatment for BTNs is mainly focused on patients with nodular growth or clinical 
problems, either cosmetic or symptom-related. Percutaneous thermal ablation (TA) under US guidance has 
increasingly become a satisfactorily minimally invasive alternative to surgery for patients with symptomatic 
BTNs, especially for those in nonsurgical candidates, surgically high-risk individuals or patients refusing surgery. 
Based on the available English-language literature, the brief principles, procedures and clinical outcomes 
of 4 TA techniques, including laser ablation therapy (LAT), radiofrequency ablation (RFA), microwave ablation 
(MWA), and high-intensity focused ultrasound (HIFU) in the treatment of BTNs were retrospectively reviewed 
in this article. Good curative efficacy and clinical safety were noted in the published reports of the 4 TA tech-
niques in the treatment of BTNs, with nodular volume reduction ratios of 46–93.5%, significant improvement 
in symptomatic and cosmetic problems, and euthyroid preservation for most patients. The conclusion is that 
all 4 TA techniques can be safe and effective treatment for patients with symptomatic BTNs; RFA seems to be 
the best because of the highest nodular volume reduction ratio (VRR) at follow-up. Furthermore, the image 
fusion navigation technique will play an important role through assisting in precise ablation for BTNs.

Key words: ultrasonography, thyroid nodule, ablation
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Introduction

Thyroid nodules (TNs) are a common clinical issue, 
and their prevalence has been increasing over the  last 
2  decades1 due to  the  widespread use of  ultrasound 
(US) imaging. In the general population, more than 50% 
of TNs are detected with US examination, while only 
3–7% are detected with palpation.2 It is estimated that be-
nign thyroid nodules (BTNs) account for 85–95% among 
all TNs.3 Regular observation is recommended for most 
BTNs because they present no clinical problems and grow 
slowly.4 Treatment is mainly focused on patients with 
progressive nodular growth or clinical problems, either 
cosmetic or symptom-related, accociated with nodular 
volume. Partial thyroidectomy is a  traditional and ef-
fective method for the treatment of BTNs with the ad-
vantages of significant symptomatic relief and definite 
pathological diagnosis, but the cervical scar and daily 
oral levothyroxine to maintain euthyroidism are common 
sources of dissatisfaction following surgery. On the one 
hand, the thyroid gland, which synthesizes and secretes 
thyroid hormones, plays a key role in human metabolism,5 
so it  is critically important to preserve normal thyroid 
function. On the other hand, the thyroid is a small and 
superficial organ in the cervical region,6 adjacent to sev-
eral vital structures, such as the common carotid artery, 
internal jugular vein, vagus nerve, recurrent laryngeal 
nerve, superior laryngeal nerve, trachea, and esophagus, 
with high risks and possibilities of complications if surgi-
cal treatment is undertaken. This has led to an ongoing 
search for a minimally invasive procedure to maximize 
BTN patients’ relief in terms of symptoms and cosmet-
ics, and at the same time to minimize the occurrence 
of complications.

With over 10 years of development and improvement, 
4 techniques of percutaneous US guided thermal ablation 
(TA) have become satisfactory minimally invasive alter-
natives to surgery for patients with symptomatic BTNs, 
especially for nonsurgical candidates, surgically high-risk 
individuals or those who refuse surgery: radiofrequency 
ablation (RFA), laser ablation therapy (LAT), microwave 
ablation (MWA), and high-intensity focused ultrasound 
(HIFU).7,8 Besides significant improvement of the patients’ 
clinical symptom-related and cosmetic problems related 
to BTNs,9–18 other attractive advantages have been con-
firmed for TA treatment of BTNs, including low rates 
of both major and minor complications,19 and good pres-
ervation of thyroid function.20,21

Therefore, based on the available English-language lit-
erature, the brief principles, procedures and clinical out-
comes in the treatment of BTNs using 4 TA techniques 
were retrospectively reviewed, with the aim was of evalu-
ating these 4 TA techniques in clinical applications, ex-
ploring feasible methods of  further improvement, and 
providing an effective reference for clinical TA treatment 
of BTNs.

Methods and results

Laser ablation therapy

Brief principles
Infrared laser energy originates from the  emission 

of photons connected to a laser source and is delivered 
into tissue by a specially designed tiny fiber. It can be con-
verted into heat due to tissue absorption. The heat causes 
a temperature rise and eventually a lethal level is reached 
around the active tip within a target tissue.22 Laser is an ef-
ficient and precise energy source for tissue heating, but 
only a small ablation zone is formed due to its limited pen-
etration of the tissue.23 Additionally, laser cannot penetrate 
carbonized and dehydrated tissue. The most popular laser 
source is a continuous-wave neodimium:yttrium alumi-
num garnet (Nd:YAG) laser medium operating at a wave-
length of 1064 nm and an output power ranging between 
2 W and 5 W.

Procedure
Under US guidance, a flexible silica optical fiber 0.3 mm 

in diameter is advanced into the TN through the sheath 
of a 21-gauge Chiba needle. A 5 mm bare fiber tip is ex-
posed and contacts nodular tissue directly after the needle 
sheath is withdrawn. To ablate nodules in different vol-
umes, 1–4 fibers can be arrayed manually in the target. Ab-
lation starts in the deep part, 10 mm from the deep margin 
of the nodule. By the sheath and fiber pull-back of 10 mm 
every time, laser energy is repeatedly administered until 
a distance of 5 mm from the sheath tip to the superficial 
margin of the nodule is reached.

Clinical results
For efficacy, after LAT-induced histologically spindle-

shaped, well-defined necrosis surrounding central vapor-
ization and carbonization in a TN was confirmed by a pi-
lot feasibility study in  2000,24 an  initially prospective 
non-randomized control study was reported in 2002.25 
The nodular volumes of BTNs in 15 patients in a control 
group presented no change at  a median of 12 months 
of follow-up; the mean nodular volume of BTNs patho-
logically proven by  fine needle aspiration (FNA) in 16 
euthyroid patients ablated by US-guided percutaneous 
LAT significantly decreased, from 10 ±7.9 mL at baseline 
to 5.4 ±5.1 mL at 6 months of follow-up. The overall nodu-
lar volume reduction ratio (VRR) was 46% and pressure 
symptoms were significantly improved. The conclusion 
was drawn that US-guided LAT could become a useful 
nonsurgical alternative for treating a solitary solid cold 
BTN in patients who could not or would not undergo sur-
gery. An encouraging multicenter prospective randomized 
trial of US-guided LAT for solid BTNs with long-term 
follow-up was published in 2014.26 At 4 thyroid referral 
centers, 200 consecutive patients who met the inclusion 
criteria (euthyroid, no prior thyroid treatment and benign 
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cytological findings at least twice), were randomly assigned 
to 2 groups. One group underwent a single LAT session 
(101 cases); the rest (99 cases) had follow-up only. In the ab-
lation group, the mean nodular volume significantly shrunk 
and VRR was 57 ±25% at 3 years of follow-up. The VRRs 
decreased more than 50% in 67.3% out of the cases.  Local 
symptoms and cosmetic issues significantly improved 
after the  treatment. In  the  follow-up group, the mean 
nodular volume was significantly increased by 25 ±42% 
at the three-year checkup and local symptoms became 
worse in 20.4% (20/98) of the cases. It was concluded that 
a single session of LAT offered an effective, safe and less 
expensive outpatient alternative to surgery for patients 
with clinical problems related to BTNs without influencing 
patients’ thyroid function.

As far as safety in concerned, in a large-scale, three-year 
follow-up study of percutaneous LAT for cold BTNs,13 ma-
jor complications of a pseudocyst with fasciitis due to fluid 
leaks into the cervical muscle fascia occurred in 3 patients 
(2.5%), and were absorbed spontaneously in 3–6 months 
after an anti-inflammatory drug was prescribed. Two pa-
tients (1.6%) presented vocal cord paresis 12–24 h after 
the procedure. A six-week course of oral corticosteroids 
was administered, and indirect laryngoscopy showed 
recovery of  vocal cord motility after 6–10 weeks. Out 
of 122 patients, only 24 (19.7%) complained of pain or sig-
nificant discomfort during or following the procedure. 
Minor complications and side effects including mild pain 
(11.5%, 14/122), intense pain (8.2%, 10/122), intranodular 
or pericapsular bleeding (9.9%, 12/122), vasovagal reaction 
(4.1%, 5/122), cough (4.9%, 6/122), stridor (0.8%, 1/122), 
swelling (9.0%, 11/122), cutaneous burns (0.8%, 1/122), 
bruises (2.5%, 3/122), fever (37.5–38.5°C; 4.1%,  5/122), 
pseudocystic transformation (4.9%, 6/122), transient hy-
perthyroidism (1.6%, 2/122), and late hypothyroidism 
(1.6%, 2/122) that presented in intraoperatively, imme-
diately postoperatively, in the periprocedural period, and 
during the  follow-up were reported in detail. In 2012, 
a tracheal perforation − a rare but severe complication 
confirmed with tracheoscopy − occurred in a 73-year-old 
woman 50 days after a LAT procedure for multinodular 
goiter treatment; a total thyroidectomy plus tracheal repair 
were required.27

Radiofrequency ablation

Brief principles
During RFA in most biological tissue, a high-frequency 

electric current (200–1200 kHz) flows through ionic chan-
nels and causes frictional heat at the ion level, followed 
by a local temperature increase. The most efficient heating 
is produced by the high current within several millimeters 
of the electrode tip and results in tissue necrosis, and then 
heat conduction causes damage to the tissue further away 
from the electrode thermal damage.28 The heating effect 
of RFA that causes thermal tissue necrosis is a combination 

of frictional and conductive heat. Tissue carbonization 
when the temperature is higher than 100°C and the heat 
sink effect originating from tissue blood flow perfusion are 
the most important factors reducing the efficacy of RFA.

Procedure
The moving shot technique under US-guided free-hand 

operation with local anesthesia, implementing a trans-
isthmic approach and hydrodissection, is the recommend-
ed technique in BTN ablation using RFA.29 First, the target 
nodule is divided into multiple conceptual ablation units, 
whose sizes might vary within the nodule. Then, following 
local anesthesia, the electrode is advanced into the targeted 
nodule from the direction of the thyroid isthmus. The elec-
trode tip is then placed in the deepest portion of the nod-
ule. Next, the active tip is fired and gradually pulled back 
unit by unit to ablate from a deep to a superficial area. 
Finally, the electrode is re-inserted in another direction 
in the nodule to start the next ablation unit by unit until 
the whole nodule is ablated. If the target nodule is adjacent 
to critical structures such as the trachea, esophagus, large 
vessels, and nerves, hydrodissection is a useful technique 
to separate the nodule from the structures.

Clinical results
In terms of efficacy, the initial clinical report about RFA 

for BTNs was published in 2006, presenting the use of US-
guided percutaneous RFA in treating 35 cold BTNs in 30 
euthyroid patients.30 One patient was lost to follow-up, 
but the mean nodular volume in 29 patients had a trend 
toward gradual shrinkage during a mean follow-up pe-
riod of  6.4  months (range: 1.1–18.5  months). Among 
the 25 patients who complained of nodule-related symp-
toms, the symptoms improved in 22 patients (88%) after 
ablation, and it was concluded that RFA might be a non-
surgical treatment for cold BTNs. In the 2010s, the efficacy 
of RFA in treating symptomatic BTNs has been increas-
ingly confirmed by a number of non-randomized and ran-
domized control trials. In 2013, a promising report with 
a mean follow-up period of 49.4 ±13.6 months presented 
the clinical outcomes of 111 patients, whose 126 BTNs 
underwent US-guided percutaneous RFA.10 The mean 
VRR was 93.5 ±11.7% at the last follow-up, and the mean 
nodular volume significantly reduced from 9.8 ±8.5 mL 
before ablation to 0.9 ±3.3 mL after ablation. Compared 
to the original values, the mean nodular maximal diam-
eter (3.3 ±1.0 cm), vascularity classification (1.7 ±0.7), cos-
metic score (3.2 ±0.8), and symptomatic score (4.3 ±1.6) 
were significantly decreased after RFA to 1.1 ±0.8 cm, 
1.1 ±0.4, 1.3 ±0.6, and 0.8 ±0.9, respectively. A reduction 
in the VRR of more than 50% was observed in 124 (98.4%) 
out of 126 nodules, and 28 target nodules (18.3%) had dis-
appeared completely at follow-up. The authors found RFA 
to be a safe non-surgical method to effectively decrease 
nodular volumes and improve clinical problems related 
to BTNs, as confirmed by the long-term follow-up results. 
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Additionally, normal thyroid function was well-preserved 
in most patients following RFA,9,10 except for cases that 
had undergone previous thyroid lobectomy20 and bilateral 
BTNs.21

In terms of safety, a large multicenter study of compli-
cations related to RFA treatment of BTNs was published 
in 2012.19 Among 1459 patients with 1543 ablated nodules, 
the incidence rate of complications and side effects were 
3.15% (46/1459) and 3.3% (48/1459), respectively. Only 
20 patients (1.4%) underwent major complications, in-
cluding voice changes in 15 cases (1.02%), nodular rupture 
in 2 cases (0.14%), nodular rupture with abscess formation 
in 1 case (0.07%), hypothyroidism in 1 (0.07%), and brachial 
plexus injury in 1 (0.07%). Minor complications were re-
ported in 28 patients (1.92%), including hematoma (1.02%), 
vomiting (0.62%) and skin burn (0.27%). Side effects of pain 
(2.6%), vasovagal reaction (0.34%) and coughing (0.21%) 
were presented by 48 patients (3.15%).

Microwave ablation

Brief principles
The frequencies of electromagnetic wave commonly used 

for medical MWA range from 915 MHz to 2450 MHz. Di-
electric hysteresis, known as rotating dipoles, is the physi-
cal principle of heat generation in a microwave field.31 
Molecules with an intrinsic dipole moment, such as water, 
are forced to realign under the alternating electromagnetic 
field. The increase in kinetic energy produced by polar 
molecular rotation results in  local tissue temperatures 
rising high enough to cause irreversible coagulative tissue 
necrosis. The high central temperature of 150°C or more 
easily penetrates biological tissue, including dehydrated 
or charred tissue. Microwave ablation was less affected 
by the heat sink effect than RFA,32 and might be suitable for 
treating nodules with rich blood flow or to block the blood 
supply of large vessels adjacent to the ablated lesion.33

Procedure
As in RFA, the moving shot technique under US-guid-

ed free-hand operation with local anesthesia is the usual 
MWA technique for ablation of  BTNs. Fixed-antenna 
ablation could be used to ablate an area with rich blood 
flow in the target nodule, or to block large vessels around 
the nodule prior to undertaking the moving shot tech-
nique.33 An easy operating approach is decided according 
to the nodular location in the thyroid and the peripheral 
structures around the nodule; trans-isthmic approach 
is the generally preferred choice. If necessary, hydrodissec-
tion is used to separate the target nodule from surround-
ing critical structures. Usually, 5–10 s of microwave fire 
is enough for a conceptual ablation unit, and then the an-
tenna is pulled back about 10 mm to ablate the next unit. 
Internally cooled-shaft needle antenna can be helpful in ef-
fectively decreasing overheating of the needle, to prevent 
skin burns and efficiently increase the energy transferred 

to the tissue.34 While the energy is firing, the antenna tip 
cannot be placed beyond the target nodular margin.

Clinical results
In  terms of efficacy, after the development of an  in-

ternally cooled-shaft antenna with a 16 gauge diameter, 
10 cm in length and 3 mm active tip, the pilot clinical 
application of 2450 MHz MWA for BTNs was reported 
in  2012.15 The  researchers concluded that MWA was 
a feasible technique for BTNs, based on the results of 11 
solid or mixed BTNs in 11 human patients treated using 
MWA under US guidance following an ex vivo feasibility 
study on swine liver tissue. After that, a large-scale clinical 
study of 222 patient with 477 BTNs but only short-term 
follow-up was published, using the same microwave sys-
tem and antenna as in the pilot study.16 Data at the six-
month follow-up was obtained in 254 out of 477 nodules 
with a mean nodular VRR of 65 ±65%. Nodular VRRs over 
50% and complete the disappearance rates were 82.3% 
(209/254) and 30.7% (78/254), respectively. The conclusion 
was drawn that MWA seemed to be a safe and effective 
technique for the treatment of BTNs. A clinical study for 
BTN ablation was documented using a microwave system 
at a frequency of 902–928 MHz in 2015.35 Three kinds 
of antennas, with diameters from 14 G to 16 G, were used 
and the power output was 24–36 W. The mean volume 
of 18 nodules in 14 patients shrank from 19.8 ±21.3 mL 
at the baseline to 8.9 ±8.9 mL 3 months after ablation, 
and the mean VRR was 55.4 ±17.9%. It was concluded that 
MWA can be considered an effective and low-risk new 
approach to treating BTNs.

In  terms of  safety, the  largest clinical study to  date 
reported that mild sensations of heat during the proce-
dure were complained of by most patients, but it was easy 
to tolerate and cessation was not necessary.16 The most 
serious short-term complication was voice change, which 
presented in 8 patients (3.6%) out of 222, and improved 
in 3 months. Using the microwave system at frequencies 
of 902–928 MHz resulted in no major complications such 
as nerve injuries, severe infections, secondary hemorrhage, 
or nodular rupture.

High-intensity focused ultrasound

Brief principles
The basic principles of HIFU for tumoral ablation are 

the typical clinical application of thermal effects between 
US waves and biological tissue.36 During the HIFU proce-
dure, some low-intensity US beams produced by a curved 
or phase-arrayed piezoelectric probe with a central fre-
quency of 1–7 MHz are concentrated on a focused zone 
in the target tissue in the body. The procedure is totally 
noninvasive because no needle puncture into the skin 
is necessary.37 When an acoustic wave is propagated in tis-
sue, part of the acoustic energy is absorbed and transformed 
into thermal energy. In the focused zone, due to the high 
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density of acoustic energy, the temperature rises over 60°C 
in several seconds and can result in lethal damage to local 
tissue. At the same time, tissue beyond the focused zone 
remains intact due to the low density of acoustic energy. 
A focused acoustic zone can cause a small ellipsoidal ne-
crosis unit in the target tissue.

Procedure
In  accordance with pre-treatment planning, HIFU 

therapy is performed unit by unit to result in an ablated 
lesion in the target tumor. A pause between every 2 soni-
cation pulses was necessary to prevent tissue overheating 
and gas bubble formation, which might cause reflections 
and distortions of incident waves, unexpected increases 
in ablation or even unpredictable injuries beyond the tar-
get tumor. The  patient undergoes conscious sedation 
in the HIFU procedure to ablate BTNs. The HIFU is a time-
consuming therapy; from 1 h to several hours is needed 
to ablate the target tumor.37 To monitor the focused US 
energy reaching the target tissue, HIFU therapy is usually 
guided using US or magnetic resonance imaging (MRI).

Clinical results
As far as efficacy is concerned, only a few clinical re-

ports about HIFU treatment for BTNs have been published. 
The initial clinical application of HIFU ablation was docu-
mented in 2010, to treat a 26-year-old male patient with hy-
perthyroidism.38 A 9 × 8 mm solid isoechoic nodule, which 
was a clearly hot on a 123I thyroid scan, with rich blood flow, 
was located in the right isthmic lobe. The ablated nodule 
became cystic 2 weeks after treatment with 15 min of HIFU 
ablation at 4 kJ. The patient’s thyroid function recovered 
to normal range in 3 months. After 18 months of follow-
up, the ablated lesion shrank and presented a 1.4 × 1.6 mm 
hypoechoic scar with no blood flow. Thyroid function re-
mained in the normal range and iodine uptake was re-
covered on thyroid scintigraphy. The authors of this pilot 
clinical study concluded that HIFU seemed to be a safe 
and effective treatment for AFTNs, with excellent clini-
cal, biologic, ultrasonographic, and scintigraphic results. 
In 2015, a prospective clinical study reported the results 
of HIFU ablation of 20 BTNs in 20 euthyroid patients.17 
The average duration of  the procedures was 86.8 min. 
The mean nodular volume decreased significantly from 
4.96 ±2.79 mL at baseline to 3.05 ±1.96 mL 3 months after 
ablation. The results of a six-month follow-up were ob-
tained in 16 out of 20 patients, whose mean nodular and 
maximal VRR was 48.7 ±24.3% and 92.9%, respectively. 
The cosmetics improved significantly, with the mean cos-
metic score decreasing from 2.6 ±1.0 to 1.9 ±0.9. Vascular-
ity in the nodules was reduced significantly. It was the con-
clusion that US-guided HIFU ablation is safe and effective 
treatment for BTNs, and that the clinical outcomes could 
be affected by US echoic features and vascularity.

In terms of safety, the clinical outcomes of a feasibility 
study showed no major complications, but 3 patients (12%) 

underwent insufficient HIFU ablation because of pain 
or the appearance of skin blisters during the procedure.39 
The results of the 2015 prospective study outlined above 
indicated that all 20 patients tolerated HIFU ablation well, 
with a mean pain score during procedures of 2.8 ±2.6 
on a visual analog scale ranging from 0 to 7.5.17 No addi-
tional analgesics were administrated after ablation. Sub-
cutaneous edema was observed in 1 patient; it gradually 
disappeared after 1 week. Mild skin redness presented 
in 1 case after ablation and became a small rash area with 
red papules after 1 week, and disappeared by the one-
month follow-up. No major complications such as dys-
phonia or  thermal injury of  the  trachea or esophagus 
occurred.

Discussion

The clinical applications of RFA and LAT, which have 
been employed for a decade, with hundreds of published 
documents, are considered a minimally invasive alterna-
tive to surgery for patients with symptomatic BTNs, espe-
cially for nonsurgical candidates due to high surgical risk, 
comorbidities or refusal of surgery. Comparing the clinical 
outcomes of RFA and LAT for BTNs, the procedures are 
similar in terms of safety, but the efficacy of RFA has been 
found to be superior to LAT,5,40,41 although no randomized 
controlled trials with large-scale cohorts and long-term 
follow-up have been published. Under local anesthesia, 
the moving shot technique with a trans-isthmus approach 
monitored using real-time US imaging has been recom-
mended as a standard procedure in RFA for BTNs and 
could be helpful to improve the curative efficacy of other 
methods. Unfortunately, the moving shot technique is dif-
ficult to adapt to the LAT procedure. This might be a cru-
cial reasons limiting its clinical efficacy in low nodular 
VRR compared to RFA.40

The moving shot technique could easily and convenient-
ly be applied in MWA for BTNs, so MWA might techni-
cally achieve similar clinical outcomes to RFA. However, 
only a small number of clinical results of MWA for BTNs 
have been published in recent years, due to the complexity 
of the design and development of microwave antennae. 
In principle, MWA is more effective in ablating nodules 
with rich blood flow. However, it is undeniable that de-
hydrated or charred tissue caused by higher central tem-
peratures during MWA is difficult to absorb and non-
beneficial to shrinking the nodular volume. Obviously 
charred thyroid tissue was present on a gross thyroidec-
tomy specimen after MWA treatment with a power output 
of 30–50 W.16 Microwave ablation with low power outputs 
(20–30 W) is therefore recommended in BTN ablation 
in order to minimize tissue charring. The results of a re-
cent large-scale prospective multicenter comparative study 
between MWA and RFA concluded that both MWA and 
RFA are safe and effective techniques for selected patients 
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with symptomatic BTNs, and the VRR achieved in the RFA 
group was greater than in the MWA group at 6 months 
and later.42

Theoretically, HIFU should be a non-invasive method 
to ablate BTNs because skin penetration is not required43; 
there is a short approach to the target nodule without bone 
and gas to influence acoustic propagation; and unit-by-unit 
ablation in spatially proper order according to the treat-
ment planning is similar to the moving shot technique. 
However, its disadvantages also originate mainly from 
its non-invasive nature: Acoustic beams reach the target 
nodule after propagating through several non-target tis-
sues including skin, subcutaneous adipose and muscles. 
It might be possible to damage non-target tissue due to ex-
cessive energy deposition, and results after HIFU abla-
tion have observed that the range of necrosis was beyond 
the target nodule.18 Therefore, the most primary challenges 
in the clinical application of HIFU ablation are to deliver 
enough acoustic energy to the target nodule, and mean-
while to avoid or minimize injuries to important surround-
ing structures.

So far, surgery has been the most common therapy for 
BTNs. Except for nodules with large volume (over 35 mL) 
or behind the sternum and autonomously functioning thy-
roid nodule (AFTN), a comparative clinical study con-
cluded that RFA is an effective alternative to surgery for 
treating BTNs in patients with local cosmetic and symp-
tomatic problems.44 A large-scale comparative study be-
tween RFA and surgery in treating BTNs was published 
in 2015.45 Four hundred patients with BTNs were enrolled 
and separated into 2 groups: RFA and surgery, with 200 pa-
tients in each group. The results indicated that nodular vol-
ume in the RFA group shrank significantly at the one-year 
follow-up, with a mean nodular VRR of 84.8 ±17.1% (range: 
61.3–100%). The RFA group had a significantly lower re-
sidual rate, lower complication rate, lower hypothyroidism 
with medication rate, and shorter mean hospitalization 
after treatment than the surgery group did: These rates 
in the surgery group compared to the RFA group were 
11.9% vs 2.9%, 6% vs 1%, 71.5% vs 0%, and 6.6 ±1.6 days vs 
2.1 ±0.9 days, respectively. The conclusion was that RFA 
was as effective as surgery for treating BTNs and should be 
considered a first-line therapy because of the advantages 
of a low complication rate, good preservation of thyroid 
function and shortening of mean hospitalization time. 
Nevertheless, it would be indispensable to carry out fur-
ther prospective multicenter and large-scale randomized 
controlled trials between TA and surgery for BTNs before 
a non-surgical therapy can be recommended as an effective 
alternative to surgery.

Thermal ablation treatment for BTNs has shown sev-
eral obvious advantages in terms of safety, such as  low 
rates of complications and side effects, being an outpa-
tient procedure under local anesthesia; however, because 
of the occasional occurrences of several major compli-
cations, it  is  essentially necessary to  recommend that 

the procedure should be performed in special clinics and 
by experienced teams, ensuring good clinical outcomes 
and minimal complications. In addition, ablation treat-
ment guided by virtual navigation techniques or image 
fusion navigation46,47 could provide beneficial support, and 
be helpful in decreasing most of the complications caused 
by US guidance alone,48 shortening the  learning curve 
and minimizing the influence of microbubble formation 
obscuring the view of the needle tip during ablation.46 
Fortunately, image fusion navigation has become standard 
software in modern US imaging systems for the precise 
and safe clinical application of TA techniques.49

The last issue that must be mentioned is that the be-
nignity of TNs ablated by a nonsurgical treatment such 
as TA have to be proven using fine needle aspiration (FNA), 
the  sensitivity and specificity of  which are not 100%. 
In other words, there is a possibility, albeit very low, that 
a malignant TN could theoretically be ablated. Therefore, 
regular follow-up to promptly detect and manage the re-
currence of any potential malignant nodules is strongly 
recommended for patients with TNs treated with a non-
surgical TA technique.

Conclusions

As non-surgical treatments, all 4 TA techniques can be 
safe and effective treatment for patients with symptom-
atic BTNs. The RFA seems to be the best one, because 
of the highest nodular VRR at follow-up. Furthermore, 
image fusion navigation techniques promise to provide 
significant assistance in the precise ablation of BTNs.
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