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ABSTRACT 

Purpose: There is a need for a continued effort 
to develop rapid immunodiagnostic assays for 
tuberculosis (TB) infection with greater sensi-
tivity and specificity that can be used in the field 
and in the laboratory and that can be formatted 
for use with multiple species. This would help to 
obtain definitive early diagnosis of TB. The 
present study was developed to determine the 
role of using early secreted antigenic target-6 
(ESAT-6) in immunodiagnosis of Mycobacterium 
tuberculosis. Methods: Serum samples were 
obtained from TB infected patients and normal 
healthy controls. Two rapid immunodiagnostic 
assays (Enzyme-linked immunosorbent assay 
(ELISA) and Immunoblotting) were performed. 
Results: The sensitivity of immunoblotting assay 
was 100%; however, ESAT-6 antigen was not able 
to discriminate between patients and normal 
controls. Application of direct ELISA using ESAT 
-6 antigen yielded 97.6% sensitivity and 75% 
specificity for the diagnosis of TB infection. 
Conclusion: In conclusion, the detection of an-
tibodies against ESAT-6 antigen in the sera of 
TB patients by direct ELISA could be used as a 
preliminary assay for diagnosis of human M. 
tuberculosis infection. A combination of the 
ELISA with either radiological or microscopic 
examination is required to overcome the low 
specificity of the assay for negative results. 

Keywords: Tuberculosis; Diagnosis; ESAT-6; 
ELISA; Immunoblotting 

1. INTRODUCTION 

Tuberculosis (TB) is a global health problem with one- 
third of the world’s population latently infected with 
Mycobacterium tuberculosis (MTB) and about 8 million 

cases of active disease occurring each year [1,2]. Due to 
the increasing numbers of persons with MTB in the last 
years, the worldwide dissemination of HIV infection, the 
strongest risk factor for MTB development, and the con-
tinual migration of people from areas with a high inci-
dence of TB to highly industrialized countries, MTB is 
considered a global emergency [3-6]. In general, infection 
by MTB is controlled initially by host defenses, and the 
infection remains latent. However, latent TB infection has 
the potential to develop into active TB at any time. Be-
cause active TB is infectious and leads to the spread of 
MTB, rapid diagnosis and effective treatment of indi-
viduals with active TB are the most important component 
of TB control programs. Moreover, identification and 
treatment of persons with latent MTB infection who are at 
high risk of progressing to active disease, also may con-
tribute to TB control [7]. 

Diagnosis of MTB based on clinical symptoms, chest 
radiography and sputum microscopy is sensitive but not 
specific [8]. Culture of bacteria is time-consuming, and 
usually the bacillus is not cultured [9], whereas nucleic 
acid-based methods such as polymerase chain reaction 
(PCR) are not consistently accurate enough for the di-
agnosis of smear-negative pulmonary TB [10]. The tu-
berculin skin test (TST), using purified protein derivative 
(PPD), is largely used for both diagnosis and screening. 
The greatest drawback of PPD is its broad cross-reactivity 
with antigens derived from several mycobacterial species, 
e.g., attenuated M. bovis bacillus Calmette-Gue´rin (BCG) 
used for vaccination, greatly decreasing the specificity of 
the TST [11,12]. Moreover, 10-25% of TB patients have a 
negative TST result, and this percentage increases up to 
50% in patients with advanced disease or with immuno-
deficiency due to HIV coinfection [13,14]. MTB infec-
tion evokes a strong cell-mediated immune response, and 
detection of specific T cells might be a mean to detect 
infection [15-17].  Because of their ease of performance 
and cost effectiveness, serodiagnostic tests constitute a 

mailto:Robamtalaat@yahoo.com


R. M. Talaat et al. / HEALTH 2 (2010) 171-176 

Copyright © 2010 SciRes                                 Openly accessible at http://www.scirp.org/journal/HEALTH/ 

172 

promise for early detection of TB. In fact, no serological 
test is commonly used in the diagnosis of TB [18].  

In an effort to develop more accurate diagnostic tools, 
recent studies have led to the identification of the ge-
nomic segment BCG-region 1 (RD1), present in MTB but 
absent from all strains as well as almost all environmental 
mycobacteria [19-21]. Therefore, RD1 gene products 
offer the potential for the development of new diagnostic 
tests that may differentiate MTB infection from BCG 
vaccination as well as exposure to environmental myco-
bacteria. Two secretory, low molecular mass proteins, 
early secreted antigenic target 6 (ESAT-6) and culture 
filtrate protein 10 (CFP-10) have been identified as a 
product of this gene [22,23]. The antigens have already 
shown great potential for tuberculosis diagnosis [24,25]. 
Thus, the purpose of this study was to evaluate the di-
agnostic potential of two rapid immunodiagnostic assays 
(Immunoblotting and Enzyme-linked immunosorbent 
assay (ELISA) for the detection of M. tuberculosis in-
fections using ESAT-6 antigen. 

2. MATERIALS AND METHODS 

2.1. Human Sera 

Forty-two serum samples from patients with pulmonary 
tuberculosis were obtained from Mamora Chest Hospital 
(Alexandria, Egypt). They were diagnosed by a specialist 
using smear and/or sputum culture (Ziehl-Neelsen stain) 
[26] and confirmed by chest X ray. Sixteen control sera 
were collected from laboratory staffs (who never suffer 
from TB infection and did not get a vaccination). All 
investigations were done in accordance with the Ministry 
of Health, health and human Ethical Clearance Com- 
mittee guidelines for clinical researches. Minufiya Uni-
versity local ethics committee approved the study pro-
tocol. All patients and controls agreed to be enrolled in this 
study. 

2.2. Sodium Dodecyl  
Sulphate-Polyacrylamide Gel  
Electrophoresis (SDS-PAGE) 

ESAT-6 antigen was kindly prepared and provided by Dr. 
William C. Davis (College of Veterinary Medicine, 
Washington State University, Pullman, WA, USA). Pro- 
tein content was estimated by the Bradford method [27]. 
Antigen was analyzed by 12% SDS-PAGE using a dis-
continuous SDS-PAGE system [28] and stained with 
Coomassie brilliant blue (Sigma Chemical Co., St. Louis, 
MO, USA). The protein molecular weight standard was 
from invitrogen (Invitrogen Corporation Carlsbad, CA, 
USA). 

2.3. Immunoblotting 

ESAT-6 was subjected to 12% SDS-PAGE, electro- 

transferred onto 0.22µm nitrocellulose (NC) membrane 
(Bio-Rad Laboratories, Richmond, CA, USA) [29]. Elec- 
trophoretic transfer was accomplished in 1h at 4°C with a 
constant 200V. After electrotransfer, the sheet was cut 
into 0.2cm wide strips. The resolved bands on NC mem-
brane were visualized with specific immunological de-
tection as described by [29-30]. Briefly, the antigen- 
containing strips were incubated with sera of MTB in-
fected patients diluted 1:50 in blocking buffer (phos-
phate-buffered saline (PBS) containing 5% non-fat milk 
and 0.3% polyoxyethylene-20 (Tween-20) (Sigma) for 1h. 
All incubations were carried out at room temperature on 
an orbital shaker (Bellco, Vineland, NJ. USA). After 
incubation, the NC strips were washed with hot (65C) 
washing buffer (PBS/0.3%Tween-20) and incubated for 
1h with peroxidase-labeled goat anti-human IgG (GAH- 
GPOD) (kindly supplied by Dr. Victor Tsang, Division of 
Parasitic Diseases, Centers for Disease Control and Pre-
vention, Atlanta, GA) diluted 1:1000. The strips were 
then washed 3 times with washing buffer and once with 
PBS only. Reactive bands were visualized by incubating 
the NC strips with freshly prepared substrate solution 
[50mg of 3, 3'-diaminobenzidine (DAB) and 5µl H2O2 
(30%) dissolved in 50ml PBS, pH 7.2) (Sigma Chemical 
Company, St. Louis, MO]. Positive reaction bands ap-
peared within 10 min. The reaction was then stopped 
using distilled water. 

2.4. Enzyme Linked Immunosorbent Assay 
(ELISA) 

The ELISA was performed in 96 well flat bottomed mi-
croplates  (Griener Labortechnik, Kremsmunster, Austria). 
The optimum antigen, serum and conjugate concentra-
tions and the incubation times were determined by check- 
erboard titration. The wells were coated with 100 l of 
ESAT-6 diluted in PBS (pH 7.2). The plates were incu-
bated 1h at 37C then overnight at 4C. After one wash 
with PBS containing 0.05% Tween-20 (PBS/Tw), 200 l 
of 5% non-fat milk diluted in PBS/Tw were added to each 
well and incubated for 1.5 h at 37C. After one wash with 
PBS/Tw, tested TB-infected and normal healthy control 
sera (100 l/well) diluted in dilution buffer (PBS/Tw 
containing 1% non fat milk) were added in duplicates and 
incubated at 37C for 1.5h. At the end of the incubation 
period, plates were washed 3 times with PBS/Tw and 100 
l GAHG-POD were incorporated to each well at dilution 
1:1000 in dilution buffer. After 4 washes with PBS/Tw, 
100 l of TMB (3, 3’, 5, 5’-tetramethyl benzidine) and 
H2O2 (0.02% in citric acid buffer) substrate (Kirkegrd 
and Perry Lab, Caithersuburg, MY, USA) were added to 
each well. The incubation time for the substrate was 
15min. at room temperature. The optical density was 
measured at 620nm using the UV-max ELISA plate 
reader (Molecular Devices Corp.). 
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2.5. Statistical Analysis 

Data are expressed as mean OD ± SD and were analyzed 
using the statistical software package for social science 
(SPSS). Suitable cutoff value for the ELISA was deter-
mined by receiver operating characteristics (ROC) 
analysis. Comparisons of patients and normal control 
groups were performed by the Student’s t-test. The dif-
ferences were considered significant if the probability 
was associated with p<0.05. 

3. RESULTS 

3.1. Gel Electrophoresis 

ESAT-6 was subjected to SDS-PAGE followed by Comassie 
brilliant blue staining. As the results in Figure 1 showed, 2 
bands were identified in ESAT-6 (7.1 and 6.5 kDa). 

3.2. Immunoblotting 

On screening of the TB infected sera, the immunoblotting 
assay sensitivity was 100% as all TB infected patients 
reacted with ESAT-6. However, the antigen was not able 
to discriminate between patients and normal controls 
(Figure 2).  

4. ELISA 

Each serum sample was tested for its reactivities against 
ESAT-6. Figure 3 showed the reactivity of TB infected 
sera and uninfected controls against ESAT-6. The mean 
absorbance value in the TB patients was 0.566 0.017, 
significantly higher (p<0.01) than that in normal control 

 
Figure 1. Coomassie blue stained 12% SDS- 
PAGE gel of ESAT-6 antigen. 

Controls TB Patients 

 

Figure 2. Western blot profile of M. tuberculosis patients and 
normal controls. ESAT (0.1 µg/mm) were separated by 12% 
SDS-PAGE, electrotransferred onto NC sheets, cut into 0.2 cm 
identical strips and reacted with patients and normal human 
serum (last 8 strips) diluted 1:50 in PBS/0.3%Tween-20/5% 
non-fat milk. Arrow pointed to the reactive band (6 kDa). 
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Figure 3. Reactivity of sera from M. tuberculosis infected 
patients against ESAT-6 antigen (as shown by direct ELISA). 
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Figure 4. ROC curves for ELISA with ESAT-6. 

 

group (0.360 0.029). After ROC analysis (Figure 4), 
the area under the curve and standard error of the area 
under the curve were 0.961 (95% confidence interval [CI], 
0.918 to 1.005) and 0.022, respectively. Among different 
cutoff values from the ROC analysis, a cutoff value of 
0.351 was selected, as the sensitivity of 97.6 % and 
specificity of 75% at the chosen cutoff was optimal for 
our ELISA. Out of 42 TB infected sera, only 1 serum 
sample showed a negative result at the cutoff value (1/42) 
(false negative). On the other hand, out of 16 normal 
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controls, 4 serum samples showed a positive result at the 
cutoff value (4/16) (false positive). 

5. DISCUSSION 

Along with HIV and malaria, MTB has been declared a 
global enemy [31]. Delay in diagnosis is significant re-
garding not only disease prognosis at the individual level 
but also transmission within the community and the 
productive rate of TB epidemic [32,33]. An effective TB 
control program requires early diagnosis and immediate 
initiation of treatment. To control tuberculosis (TB), it is 
still necessary to find diagnostic methods that are both 
more rapid to carry out and more sensitive than traditional 
methods (smear and culture) but which are simpler and 
less expensive than the new molecular diagnostic tests 
that are based on the amplification of nucleic acids. Se-
rological methods, which seem to be the ideal choice, are 
usually based on the detection of free soluble circulating 
antibodies against mycobacterial antigens. Thus, there is 
a need for a continued effort to develop rapid immuno-
diagnostic assays with greater sensitivity and specificity 
that can be used in the field and in the laboratory and that 
can be formatted for use with multiple species. Several 
secreted antigens have been characterized, and their util-
ity for diagnostic testing as well as their attributes as 
vaccine components have been exploited [34-36]. 

An antibody detection test can be developed into sev-
eral formats depending on the membrane, antigen(s) coat- 
ing, and incubation technique. Common designs include 
ELISA and immunoblotting formats (commercial sero-
logical). TST has many drawbacks, such as the need for 
patients to return for test reading, as well as variability 
and subjectivity in test application and reading. Most 
importantly, TST has low specificity as PPD, the antigen 
used for the test, is a mixture of mycobacterial antigens 
also present in non tuberculous mycobacteria and in the 
BCG vaccine strains [11]. Although both assays (TST and 
ELISA) do not offer a good specificity in detection of M. 
tuberculosis infection, ELISA has many other advantages 
over the TST. Objective quantitative results can be ob-
tained the day after blood sampling, and time spent on 
return visits to have the TST read is spared. Furthermore, 
since no antigen is injected, the problem of a booster 
affect on sequential skin tests is avoided. The test is 
simple to perform, and can be used even in countries with 
less-developed infrastructure.  

ESAT-6 protein is secreted at an early or active phase 
of mycobacterial infection. It is virtually specific for M. 
tuberculosis complex representing a potential candidate 
for use in early detection as substitute or as improved skin 
test antigen [21-23,37-39]. Here in, we investigated the 
human antibody response against ESAT-6 antigen for the 
detection of M. tuberculosis infection using different 
immunoassays (immunoblotting and ELISA). Serial 
samples of sera collected from M. tuberculosis infected 

patients were subjected to our developed immunoblotting 
and ELISA to determine the serological response to 
ESAT6. Western blot analysis showed a reactive band at 
6 kDa with all serum samples. This may suggest that, 
using immunoblotting format assay, ESAT-6 antigen is 
not only recognized with individuals with TB infection 
but also with normal healthy controls. This result merely 
reflects a case of cross reaction that may returned to 
shared epitope identification afforded by this assay. Thus, 
our work showed that western blotting using ESAT an-
tigen is not the suitable choice for diagnosis of M. tu-
berculosis infection and just used to support its diagnosis. 
On the other hand, application of ELISA has increased the 
sensitivity and specificity for diagnosis of M. tuberculosis 
infection to 97.6% and 75%, respectively.  

ESAT-6, for comparison, is broadly recognized early 
during disease in different species infected with M. tu-
berculosis or M. bovis [37,40,41] and this antigen is 
generally reported to trigger the release of high levels of 
IFN- by sensitized peripheral blood mononuclear cells 
(PBMC) from TB patients [42,43]. This antigen dis-
criminates TB patients from both BCG-vaccinated and M. 
avium patients and has therefore been suggested as a 
candidate for in vitro TB diagnosis [42,43]. The diag-
nostic potential of low molecular weight culture filtrate 
antigens (ESAT-6 and CFP-10) of M. tuberculosis has 
been reported in earlier studies [24,25,44]. It has been 
previously reported that subjects with latent TB infection 
may respond to ESAT-6 peptides and to the whole 
ESAT-6 protein [45-49]. Vincenti et al. [50] demonstrated 
that, patients with active TB recognized the whole ESAT- 
6 protein or PPD. The lack of response in some TB pa-
tients may be due to their particular state of immune 
suppression [43-50].  

Although serologic testing can detect specific anti-
bodies to mycobacteria in serum and is attractive diag-
nostic method due to its ease of application, they present 
low sensitivity and specificity due to the great heteroge-
neity of the humoral response in patients with TB [51]. It 
is noteworthy that, in patients suffering from AIDS, in 
whom the number of T cells is decreased or even null, 
determining humoral response can be an invaluable tool 
in making an early diagnosis and gaining epidemiological 
control over TB [52]. Thus, even with 75% specificity, 
getting 97.6% sensitivity with ESAT-6 in ELISA format 
has improved the diagnostic potential of this antigen for 
TB diagnosis. Imaz et al. [18] suggested the use of 
multi-antigen cocktail to improve the diagnostic utility of 
the ELISA. The design of antigen combinations would 
achieve the high diagnostic accuracy of the assay.  

In conclusion, this study offers the potential for de-
veloping relatively rapid assays (ELISA and western 
blotting) for detection of M. tuberculosis infection. We 
have tested the application of antibody reactivity against 
ESAT-6 antigens as a serodiagnostic marker. The results 
showed that the use of ESAT-6 improves the diagnosis's 
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sensitivity and provide an ELISA as a simple method that 
could be applied in TB diagnosis. To overcome the low 
specificity of the assay, a combination of the ELISA with 
either radiological or microscopic examination is require- 
ed for negative results. 
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ABSTRACT 

This work presents the results of investigations 
to develop and implement methods to effectively 
collect and purify infiltrates from heaps, situated 
in the region of Alwernia near Cracow, where 
more than 3 million tonnes of waste material 
resulting from the production of chromium com- 
pounds have been stored. It describes a system 
for the protection of groundwater from these 
infiltrates which contain 50-400 g m-3 Cr6+, as 
well as the effectiveness of cheap and simple 
chemical methods to purify these chromic was- 
tewaters. The infiltrate collection system and the 
most effective method to decrease the concen-
tration of Cr6+ to a level below 0.1 ppm, as re-
quired by Polish and European Union regula-
tions, were implemented in the Alwernia Che- 
mical Works S. A. in the years 1998-1999. 

Keywords: Waste Heaps; Chromic Infiltrates; 
Collect; Purify 

1. INTRODUCTION 

The quantities of chromic waste accumulated in Poland 
are considerable. In Alwernia, in the course of 50 years of 
production of chrome compounds, more than 3 million 
tonnes of waste have been stored. This waste contains 
more than 1% of carcinogenic Cr6+ compounds. The 
waste heap of a former producer of chromium compounds 
in Rudniki store a further 0.5 million t. Other 1.5 million t 
of waste from the production of ferro-chromium can be 
found in Siechnice. The amount of stored waste resulting 
from tanning and galvanic processes is estimated to be at 
least 50,000 tons per year [1-3]. 

Because of the position and the quantity of accumu-
lated waste, the heap in Alwernia represents a serious 
hazard to the natural environment (Figure 1). The waste 
heap consists of two parts. The old one that was in use 

until 1967, and the new one, which has been in use since 
1968. It is situated in the macroregion of the Cracow- 
Wieluń Upland (being a layer of upper-Jurassic limestone) 
and the mesoregion of the Tenczyński Ridge [4,5]. The 
heap is located 2.5-3.0 km north of the Vistula River, in 
the valley of the meandering stream Regulanka. The dis-
tance between this stream and the old heap is 75 to 150 
metres and that between the stream and the new heap is 75 
to 200 m. The old heap at present forms a partly reculti-
vated block, which towers 5 meters above the level of the 
Chemical Works plant. The new heap forms an irregular 
cone with a cut top. On its slopes special terraces have 
been prepared to improve the stability of the slope. 

In recent years efforts aiming to limit the environmental 
impact of chromic waste accumulated in the heaps have 
mostly focused on the protection of groundwater  
 

 

Figure 1. The “Alwernia” Chemical Works—a general view. An 
active heap of chromic wastes can be seen in the foreground. An 
old reclaimed heap occupies the area between the factory and the 
heap. 
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against infiltration from leachates containing Cr6+ and the 
development of an efficient and economical method to 
remove chromium from these wastewaters [6,7]. 

The present work describes the results of investigations 
which led to the implementation of a collection and 
treatment system for infiltrates from the chromic waste 
dumps, containing 50 to 400 g m-3 of Cr6+. The results of 
experiments to devise and implement a cheap and simple 
method of removing chromium from wastewaters, thus 
reducing its concentrations below 0.1 ppm, to order to 
comply with Polish and European Union regulations [8], 
also are presented. These methods were implemented in 
the Chemical Works “Alwernia” in 1998/1999. 

2. RESEARCH ON THE SPREAD OF 
POLLUTION IN THE GROUNDWATER 
ENVIRONMENT IN THE REGION OF 
CHROMIC WASTE MATERIAL STORAGE 

The measurement of the electrical conductivity of the 
ground near the places of storage was conducted with the 
device 34-3XL produced by Geonics Ltd., Canada, based 
on the electromagnetic method (EM) utilising low fre-
quencies [9]. Measurements were conducted every 20 m 
(old heap every 10 m), with perpendicular arrangement of 
coils. The results of the specific conductivity of the 
ground to a depth of 15 m are given by Guliński et al. [6]. 
The graphic illustration of the results indicates the places 
of potential groundwater pollution (Figure 2). Maps of 
groundwater pollution with ions of Cr6+ have been pre-
pared on the basis of the analysis of samples with pie-
zometers (archival and actual), and in some cases based 
on EM measurements [6,7], conducted simultaneously. 
On the basis of these investigations, both distribution and 
direction of movement of pollution have been determined. 

Based on the analysis of the data, a model of the dis-
tribution of under ground pollution between the Chemical 
Works and the Regulanka River was identified. All pol-
lutants affecting the soil in this region permeate to the 
“quaternary” water-bearing layer and are then carried 
further by the underground waters. Between the heaps the 
water-bearing layers are connected by water-bearing 
gravel. However, the system of hydroisohypses (lines on a 
map joining places with the equal groundwater elevation), 
together with the electrical conductivity distribution, 
indicates a disturbance in the flow of the waters from 
north to south. A small hill in the neighbourhood of the 
southern border of the Chemical Works which is charac-
terized by minimal thickness of “quaternary” redundant 
contains impenetrable formations which causes the 
groundwater to flow in eastern direction. It is not ex-
cluded that a part of the infiltrating wastewater flows in a 
south-easterly direction (Figure 2). It can be also stated  

 

Figure 2. Distribution of chromium pollution in the vicinity of 
the chromic heaps at the “Alwernia” Chemical Works (accord-
ing to Guliński et al. [6]). 
 
that at the moment, in the region of Skowronek and 
Młyńczysko, the polluted waters from the Chemical 
Works are drained by the river Regulanka and carried 
away to the river Vistula. The hydrogeological conditions 
also indicate that, in the case of an attempt at regulating 
the riverbank and tightening its bed, the water may mi-
grate to the Vistula through permeable sediments at the 
bottom of the Regulanka River valley. 

The results of the investigations are presented in Figure 
2. The occurrence of three streams of polluted ground-
water has been identified. These are the following: 

1) From the grounds of the production facilities and the 
northern part of old heap; 

2) From the grounds of the production facilities and the 
southern part of old heap; 

3) From the grounds of the new heap. 
The main direction of the flow of pollution in the 

groundwater is from north to south, with some local de-
viations. These flow directions are indicated in Figure 2 [6]. 

Considering the fact that all the infiltrates might po-
tentially enter the Vistula, the possibility of pumping these 
polluted waters and cleaning them, or returning them to 
the technological processes has been considered to be an 
improvement to the natural environment. 

Decisions were taken to build the girding trenches “A” 
and “C” and the two drainage wells “B” and S-25 in 1998 
and at the beginning of 1999 (Figure 2). The original plan 
of changing the Regulanka riverbed over a distance of 1.5 
km has been given up. Initially, the quantity of infiltrates 
from these sources (intakes) was estimated to be between 
600 to 2000 m3 per day. 
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3. INVESTIGATIONS INTO THE  
REMOVAL OF Cr6+ FROM  
INFILTRATES ORIGINATING FROM 
CHROMIC WASTE HEAPS 

Taking into consideration the fact that it is possible to 
reuse only 200 m3 of chromic wastewater per 24 hours in 
the chromium compounds production, it was decided that 
the only feasible possibility to solve the problem of infil-
trates was to clean them from Cr6+ compounds. It was 
necessary, however, to develop a new method of cleaning 
chromic wastewaters. Such a method should be particu-
larly adapted to low and variable chromium concentra-
tions in wastewater and it should be cost effective to be 
used in practice. 

The laboratory investigations were carried out on 
model solutions, prepared on the basis of the composition 
of water taken from the girding trench “A” in the region of 
the old chromic heap. The quantitative composition of the 
wastewater in the trench was taken from the analyses 
presented by Kania [7]. According to these analyses, the 
concentration of Cr6+ in the wastewater varied between 11 
to 112.5 g m-3 in the first quarter of 1998. The SO4

2- ani-
ons in concentrations of 240 to 555 g m-3 can also be 
found in wastewater, and their presence has to be taken 
into consideration for the successful removal of chromate 
anions from the solution. 

In previous years the “Alwernia” Chemical Works in-
vestigated ways of cleaning the wastewaters which con-
tained more than 1 kg m-3 of Cr6+, using a classical 
chemical method, based on the reduction of Cr6+ to Cr3+ 
and the precipitation of Cr(OH)3. Sodium sulphite was 
used as a reducing agent at a pH between 2 and 4. Pre-
cipitation of the reduced chromium as a chromium (III) 
hydroxide was then accomplished with the use of calcium 
oxide [10]. 

The results of the laboratory investigations [11] on 
model solutions containing Cr6+ ions in concentrations of 
50 to 200 g m-3 show that with the use of both, sodium 
sulphite and sodium pyrosulfite (Na2S2O5) as a reducing 
agent, lowering of the concentration of Cr6+ below 1 g m-3 
was possible. In almost all the experiments between 1 and 
12.5 g m-3 of Cr6+ were left in the solution after the re-
duction, and in most of the analyses the concentration of 
Cr6+ ranged from 1 to 3 g m-3, with a tendency towards 
higher values. 

Many authors suggest the use of anion exchangers to 
remove Cr6+ [12-16]. The advantage of this method is that 
the Cr6+ compounds in the solution used to regenerate the 
anion exchanger are more concentrated than in the ori- 
ginal wastewater. In the case of diluted wastewaters con-
taining considerable quantities of suspended solids, this 
method is not practical because it requires the use of very 
large columns and the anion exchanger could be blocked 

by the suspended solid matter present in the infiltrates 
thus resulting in an increase in flow resistance.  

What is suggested most often is the purification of 
chromic wastewater by reducing hexavalent chromium to 
trivalent chromium in an acid environment and then pre-
cipitating the latter as chromium (III) hydroxide. In addi-
tion to the above-mentioned sodium sulphite and pyro-
sulfite, the use of the reducing agents sulphur dioxide 
(SO2) and sodium acid sulphate (NaHSO3) at a lower pH 
range (2-2.5) is recommended [17-19]. 

Reduction of Cr6+ to Cr3+ may also be achieved in a 
basic environment using iron (II) sulphate as a reducing 
agent [14]. This reaction follows the equation: 

CrO4
2- + 3Fe2+ + 4OH- + 4H2O = Cr(OH)3 + 3Fe(OH)3 (1) 

Another interesting possibility of chromium removal is 
the precipitation of chromium from wastewater in the 
form of chromic ettryngite. This method can be used to 
purify chromic tanning wastewater containing Cr3+ 
[20-22]. The occurrence of ettryngite was first observed in 
the research on cement mortar. Its chemical formula is 
2CaOAl2O33CaSO432H2O [23,24]. Ettryngite forms 
during cement bonding and also after mixing of ashes 
from fluidised hearths with water [25]. It was stated by 
several authors that the aluminium in ettryngite can be 
substituted by Fe3+, Cr3+ and other metal ions [26-29]. 
Furthermore, the SO4

2- ion can be exchanged by other 
anions, i.e. chromate CrO4

2- [24-30]. In spite of some 
qualitative changes, such a compound retains the same 
structure. According to the above-mentioned authors the 
requirement for the formation of this compound, generally 
called ettryngite, is a high pH, and the maintenance of a 
CaO:Me2O3:anion(II) ratio of 6:2:3. A practical example 
of the use of the ettryngite precipitation to remove SO4

2- 
ions from wastewater has been presented by Woroszyńska 
et al. [31]. 

Among the chemical methods, the possibility of pre-
cipitating chromate after first converting it into com-
pounds with a very low solubility product, i.e. BaCrO4 or 
PbCrO4 [32], should also be mentioned.  

Four methods to purify wastewater containing Cr6+ 
compounds were tested under laboratory conditions in the 
“Alwernia” Chemical Works. Two of them were based on 
the incorporation of the CrO4

2- ion into the ettryngite 
structure, in the presence of aluminium or iron (III) salts 
in a basic environment, and its subsequent precipitation. 
Another method was based on the precipitation of the ion 
of CrO4

2- by lead salts, utilising the low solubility of lead 
chromate. The last method was carried out in two stages: 
in the first stage the Cr6+ ion was reduced with iron (II) 
salts, after which the chromium ion was precipitated by 
adding CaO to the solution. The investigations were con- 
ducted at temperatures between 291 and 295 K. Model-
ling solutions and wastewater from the band trench “A” in 
the “Alwernia” Chemical Works were used in our in- 
vestigations.  
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3.1. Attempts at Removing Chromate Lons 
by Incorporating Them into the  
Ettryngite Structure 

3.1.1. Attempts to Produce Chromic-Aluminium 
Ettryngite 

The first experiments were carried out with 250 cm3 of 
model solutions prepared from potassium or sodium 
chromate, with concentrations of Cr6+ equal to 10, 50 and 
100 g m-3. These concentrations corresponded to the Cr6+ 
concentrations in the wastewater in the band trench “A” 
during the period of January to March 1998 [7]. 

The following method was used: 
Calcium oxide in the solid state was added to solutions 

containing Cr6+ in the above-mentioned concentrations. 
The solutions were then mixed for two hours, after which 
Al(NO3)39H2O was introduced. In some investigations 
solid NaOH was added in order to obtain higher basicity. 
Theoretically, the molar ratio of each component, i.e. CaO, 
Al3+ and CrO4

2+ in ettryngite should be 6:2:3. In the initial 
investigations an ettryngite structure was formed when 
CaO and Al(NO3)39H2O were added in excess by about 
20-30 % (Figure 3(a)). However, the concentration of 
Cr6+ ions in the filtrate still exceeded the permitted con-
centrations (<0.1 ppm), although it was possible to re-
move up to about 99 % of CrO4

2- ions (Table 1). 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 3. Results of the X-ray analyses of precipitates from 
the purification of the infiltrates from chromic heaps. (a) Pre-
cipitate consisting of chromic-aluminium ettryngite; (b) Pre-
cipitate consisting of lead chromate; (c) Sample of the solid 
phase after the reduction of chromium (VI) to chromium (III) 
with simultaneous precipitation of the latter; (d) Sample is 
desiccated at a temperature 378 K; (e) Sample of the solid 
phase precipitated with the ash from fluidised bed instead of 
calcium hydroxide. 

 
Results of analyses reported by Kania [7] show that the 

wastewater from the band trench “A” also contains sul-
phates (SO4

2-), and their molar ratio to CrO4
2- ions varies 

from 5:1 to 10:1. No information was found in the lit-
erature about differences in properties between the et-
tryngite containing SO4

2- or CrO4
2- and from the results of  
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our initial investigations it can be concluded that their 
properties are similar. Therefore, the quantities of added 
CaO and aluminium salts were referred to the sum of 
moles of CrO4

2- and SO4
2- in subsequent experiments. The 

results of investigations carried out on model solutions 
containing 104 mg of Cr6+ and 960 mg of SO4

2- in one litre 
of solution have been summarised in Table 2 and the 
results of investigations conducted on the wastewater 
from trench “A” are presented in Table 3. In none of the 
above-mentioned investigations (with the exception of 
two-Table 1, No. 3 and 4), results below 1 g m-3 Cr 6+ were 
obtained. Using large excesses of added aluminium salts 
and calcium oxide only resulted in concentrations of Cr6+ 
in the range of 1 g m-3 (Table 3). 

When aluminium salts were added in excess of amounts 
theoretically needed for ettryngite formation, aluminium 
appeared in the filtrate. This was a result of the high pH of 
the solution, at which aluminium exists in the AlO2

- form. 

3.1.2. Attempts to Produce Iron-Chromic  
Ettryngite 

Several experiments were conducted to synthesise a 
compound composed of 3CaOFe2O32CaSO4nH2O, in 
which aluminium was substituted by the less amphoteric 
iron (III) (some authors are of the opinion that iron (III) is 
not even amphoteric [17]). The influence of iron (III)- 
added as iron (III) chloride-was tested on a model solution 
containing 104 mg of Cr6+ and 960 mg of SO4

2- in one litre. 
The objective of the investigations was to determine the 
most economic ratio of calcium oxide and iron chloride 
added in relation to the sum of the ions of CrO4

2- and SO4
2- 

for the effective removal of Cr6+ ions. The experiments 
were also conducted on industrial wastewater containing 
38.26 g m-3 of Cr6+. All investigations were conducted in a 
manner similar to the previous ones: a weighed amount of 
CaO was added to the Cr6+ solution and the solution was 
mixed. After 1 to 2 hours FeCl36H2O was added and the 
solution was mixed for a further 0.5 to 1.0 hours. The 
results of the investigations obtained with the model so-
lutions are given in Table 4, and the results obtained with 
wastewater are presented in Table 5. Some improvement 
of filtrate quality can be observed. At a molar ratio of CaO 
and FeCl36H2O to the sum of chromates and sulphate 
equalling 20:1 and 3:1, respectively, the removal of the 
Cr6+ ions from the solution is about 94 %. 

3.2. Precipitation of Chromate Lons in Form 
of Sparingly Soluble Compounds 

According to Ufimciewa and Smietanic [19], lead chro-
mate is a sparingly soluble compound with a solubility 
product of 1.8  10-14. Thus, in the presence of lead the 
precipitation of CrO4

2- with subsequent decrease of Cr6+ to 
values below 1 g m-3 Cr6+ is expected. The tests with 
model solutions rendered the expected results. The model 
solution contained 0.194 g of K2CrO4 and 1.62 g of 

Na2SO410H2O in 500 cm3 of water, which corresponded 
to concentrations of Cr6+ ions equal to 104 g m-3 and SO4

2- 
ions equal to 960 g m-3. Solid PbCl2 was added to the 
solution. The molar ratios of Pb2+:Cr6+ were 1.5:1, 2.0:1 
and 2.5:1. The solution was then mixed for two hours, after 
which the coagulant was introduced. Separating the solid 
phase from the solution did not present any difficulties. 
Filtrate analysis showed Cr6+ concentrations of 0.99, 0.27 
and 0.025g m-3 for the Pb2+: Cr6+ ratios 1.5:1, 2.0:1 and 
2.5:1, respectively. Further experiments were conducted 
with wastewater from the trench “A”, which had a Cr6+ 
concentration of 17.28 g m-3. The molar ratios of Pb2+: Cr6+ 
were 1.5:1, 2.0:1 and 2.5:1. The best results were obtained 
when 2.5 moles of lead chloride were introduced per 1 
mole of Cr6+ (about 97% of Cr6+ removal). 

The quality of the filtrate is also influenced by its pH. 
The pH of the wastewater is weakly alkaline and under 
these conditions the formation and precipitation of lead 
hydroxide takes place (solubility product equal to 1.1  
10-20) thus reducing the participation of lead (II) in the 
formation of lead chromate, which results in an incomplete 
removal of CrO4

2- from the solution. Under acidic conditions 
(pH < 4) Cr6+ ions are still present in the solution. There-
fore, the most profitable precipitating conditions are ob-
tained at a pH between 4 and 6 (acidification of the 
wastewater with 2-3 drops of concentrated muriatic acid). 
However, the presence of SO4

2- in the wastewater causes 
the precipitation of Pb2+ ions as hardly soluble lead sul-
phate (Ir =1.610-8), thus reducing the efficiency of this 
method. The results of the experiments are presented in 
Table 6. The best treatment results (Cr6+ content below0.1 
ppm) are obtained when molar ratio Pb2+/Cr6+ was 2.5: 1 
and pH was between 5.0 and 6.1. X-ray analysis shows 
(Figure 3(b)) that the precipitate consists of lead chro 
mate (PbCrO4) and of another, not precisely identified, 
solid phase, probably Pb4O3SO4H2O. 

3.3. The Reduction of Cr6+ to Cr3+ in Alkaline 
Environment with Simultaneous  
Precipitation of Cr(OH)3 

The reduction of Cr6+ to Cr3+ with simultaneous precipi-
tation of the latter can be described by the following 
equation: 

Na2CrO4+2Ca(OH)2+3FeSO4+8H2O=Cr(OH)3+3Fe(OH)3

+2CaSO42H2O+Na2SO4                      (2) 

To determine the optimum quantities of iron (II) sul-
phates and calcium hydroxide, the experiments were 
initially conducted with model solutions. The solution 
simulating wastewater contained potassium chromate and 
sodium sulphate in concentrations corresponding to 104 
mg Cr6+ and 960 mg of SO4

2- in one litre of the solution. 
The added components are subsequently only referred to 
as Cr6+. In a first attempt calcium hydroxide was added to 
the solution in a molar ratio of Ca(OH)2 to Cr6+ of 25:1.  
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Table 1. Results of experiments to optimise the quantities of CaO and Al(NO3)39H2O necessary to remove chromate ions from model 
solutions (initial volume 250 cm3) by formation of chromic-aluminium ettryngite. 

No. 
Initial 

concentration of Cr6+ 
[g m-3] 

Quantity of 
added compounds 

[g] 

Molar ratios Filtrate characteristics 

  CaO Al(NO3)39H2O CaO/Cr6+ Al3+/Cr6+ Cr6+ 
[g m-3]

Al3+ 
[g m-3]

CaO 
[g m-3] 

pH 
NaOH 

addition
[g] 

pH after
NaOH 

addition

1 
2 
3 
4 
5 
6 
7 
8 

10 
10 
10 
50 

100 
100 
100 
100 

0.088 
0.088 
0.176 
0.220 
0.440 
0.440 
0.440 
0.440 

0.188 
0.188 
0.376 
0.470 
0.940 
0.940 
0.940 
0.940 

31 : 1 
31 : 1 
63 : 1 
16 : 1 
16 : 1 
16 : 1 
16 : 1 
16 : 1 

10 : 1 
10 : 1 
20 : 1 
5 : 1 
5 : 1 
5 : 1 
5 : 1 
5 : 1 

3.30 
3.22 
0.11 
0.92 
1.21 
1.15 
1.08 
1.26 

58.0 
35.0 
24.5 
12.0 
16.0 
52.0 
11.0 
3.5 

4.2 
31.0 
78.4 
19.6 
234.0 
204.4 
447.0 

2.8 

10.70 
10.88 
11.37 
11.09 
10.98 
11.03 
11.17 
10.77 

0.2 
0.2 
0.2 
0.2 
0.2 
0 2 
0.2 
0.4 

11.75 
11.78 
11.93 
11.86 
11.71 
11.04 
11.98 
12.00 

 

Table 2. Results of experiments to optimise the quantities of CaO and AlCl36H2O necessary to remove chromate ions from a model 
solution containing 104 g m-3 Cr6+ and 960 g m-3 SO4

2- (initial volume 250 cm3) by formation of chromic-aluminium ettryngite. 

No. 
Quantity of 

added compounds [g] 
Molar ratios Filtrate characteristics 

 CaO AlCl36H2O 
CaO/ 

(Cr6+,SO4
2-)

Al3+/ 
(Cr6+,SO4

2-)
Cr6+ 

[g m-3] 
Al3+ 

[g m-3] 
pH 

NaOH 
addition 

[g] 

pH after 
NaOH 

addition 

1 
2 
3 
4 
5 
6 

1.01 
2.02 
2.02 
2.52 
2.52 
3.03 

2.17 
2.17 
2.17 
2.17 
2.17 
2.17 

6 : 1 
12 : 1 
12 : 1 
15 : 1 
15 : 1 
18 : 1 

3 : 1 
3 : 1 
3 : 1 
3 : 1 
3 : 1 
3 : 1 

70.99 
2.86 
2.73 
5.80 
2.87 
3.70 

3755 
3174 
4375 

35 
3280 
566 

10.33 
12.16 
11.91 
11.80 
12.13 
11.66 

0 
0 
0 

1.6 
0 

1.6 

- 
- 
- 

12.29 
- 

12.06 

 

Table 3. Results of experiments to optimise the quantities of CaO and AlCl36H2O necessary to remove chromate ions from wastewater 
collected in trench “A” containing 17.28 g m-3 Cr6+, 264.0 g m-3 SO4

2- and 33.0 g m-3 Cl- (pH: 8.36, initial volume 250 cm3) by for-
mation of chromic-aluminium ettryngite. 

No. 
Quantity of 

Added compounds [g] 
Molar ratios Filtrate characteristics 

 CaO AlCl36H2O 
CaO/ 

(Cr6+,SO4
2-)

Al3+/ 
(Cr6+,SO4

2-) 
Cr6+ 

[g m-3] 
CaO 

[g m-3] 
pH 

Cl- 
[g m-3] 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

0.20 
0.22 
0.22 
0.40 
0.40 
1.29 
1.94 
1.29 
1.29 
1.94 

0.47 
0.94 
2.82 
0.94 
2.82 
0.56 
0.56 
0.93 
1.86 
1.86 

1.08 : 1 
1.2 : 1 
1.2 : 1 
2.2 : 1 
2.2 : 1 
3 : 1 
3 : 1 
5 : 1 
10 : 1 
10 : 1 

11 : 1 
22 : 1 
65 : 1 
22 : 1 
65 : 1 
30 : 1 
45 : 1 
30 : 1 
30 : 1 
45 : 1 

10.0 
7.6 
4.8 
5.8 
3.4 

2.79 
2.70 
2.74 
1.18 
1.17 

1180 
1160 
1420 
460 
960 

1614 
1954 
2183 
3980 
3855 

10.20 
10.90 
11.30 
11.93 
12.00 
12.53 
12.86 
12.71 
10.26 
12.07 

360 
440 
440 

- 
- 
- 
- 
- 
- 
- 
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Table 4. Results of experiments to optimise the quantities of CaO and FeCl36H2O necessary to remove chromate ions from a model 
solution containing 104 g m-3 Cr6+ and 960 g m-3 SO4

2- (initial volume 250 cm3) by formation of chromic-iron ettryngite. 

No. 
Quantity of added 

compounds [g] 
Molar ratios Filtrate characteristics 

 CaO FeCl36H2O 
CaO/ 

(Cr6+,SO4
2-)

Fe3+/ 
(Cr6+,SO4

2-) 
Cr6+ 

[g m-3] 
CaO[g m-3] 

Fe3+ 

[g m-3] 
pH 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

1.68 
3.36 
5.04 
1.68 
3.36 
1.68 
1.68 
3.36 
3.36 
5.04 
2.52 
3.36 
5.04 
1.68 
3.36 
3.36 
5.04 

0.81 
0.81 
0.81 
1.62 
1.62 
2.43 
2.43 
2.43 
2.43 
2.43 
3.24 
3.24 
3.24 
4.05 
4.05 
4.05 
4.05 

10 : 1 
20 : 1 
30 : 1 
10 : 1 
20 : 1 
10 : 1 
10 : 1 
20 : 1 
20 : 1 
30 : 1 
15 : 1 
20 : 1 
30 : 1 
10 : 1 
20 : 1 
20 : 1 
30 : 1 

1 : 1 
1 : 1 
1 : 1 
2 : 1 
2 : 1 
3 : 1 
3 : 1 
3 : 1 
3 : 1 
3 : 1 
4 : 1 
4 : 1 
4 : 1 
5 : 1 
5 : 1 
5 : 1 
5 : 1 

20.30 
19.42 
17.99 
4.08 
4.93 
4.36 
5.17 
3.68 
1.13 
3.95 
3.18 
1.02 
1.62 
19.83 
1.25 
1.07 
1.24 

2182 
2416 
2468 
2311 
2423 
2971 
2782 
3672 
3073 
3681 
4105 
3679 
4979 
5087 
5045 
5549 
5434 

< 0.01 
< 0.01 
< 0.01 
< 0.01 
0.05 
0.17 
0.28 
0.02 
0.02 
0.18 

< 0.01 
0.18 

< 0.01 
0.30 
0.08 

< 0.01 
< 0.01 

12.05 
12.22 
12.31 
12.27 
12.39 
11.73 
12.27 
12.25 
12.42 
12.35 
12.43 
12.48 
12.25 
11.62 
12.33 
12.30 
12.28 

 
Table 5. Results of experiments to optimise the quantities of CaO and FeCl36H2O necessary to remove chromate ions from wastewater 
collected in trench “A” containing 38.26 g m-3 Cr6+, 407.0 g m-3 SO4

2- and 43.0 g m-3 Cl- (initial pH: 7.97, initial volume 250 cm3) by 
formation of chromic-iron ettryngite. 

No. 
Quantity of added 

compounds [g] 
Molar ratios Filtrate characteristics 

 

CaO FeCl36H2O 
CaO/ 

(Cr6+,SO4
2-)

Fe3+/ 
(Cr6+,SO4

2-) 
Cr6+ 

[g m-3]  
Ca2+ 

[g m-3]  
Fe3+ 

[g m-3]  
pH 

1 
2 
3 
4 
5 
6 

0.697 
0.697 
1.046 
1.046 
1.395 
1.395 

1.01 
1.01 
1.01 
1.01 
1.01 
1.01 

10 : 1 
10 : 1 
15 : 1 
15 : 1 
20 : 1 
20 : 1 

3 : 1 
3 : 1 
3 : 1 
3 : 1 
3 : 1 
3 : 1 

3.66 
3.77  
2.38 
2.34 
2.08 
2.23 

 1715 
 997 
 2464 
 2410 
 2492 
 2558 

0.02 
0.02 
0.02 
0.14 
0.03 
0.02 

11.72 
11.63 
12.53 
12.26 
12.40 
12.37 

 
The molar ratio of FeSO47H2O to Cr6+was 6:1. After 
addition of calcium hydroxide, the solution was mixed 
for two hours, then solid iron (II) sulphate was also in-
troduced. After a few minutes the formation of the solid 
phase was noticed, and after another two hours and addi-
tion of a coagulator a separation of the solid phase from 
the solution was observed. The solution was clear and 
colourless. The content of Cr6+ in the solution was barely 
detectable. Using model solutions, further experiments 
were conducted to determine the smallest quantities of 
iron sulphate and calcium hydroxide necessary to de-
crease the “solutions” Cr6+ concentrations below 0.1 
ppm. The order in which iron (II) sulphate and calcium 
hydroxide were added were also changed, but it did not 

affect the results when the molar ratio iron (II) sulphate 
to chromium (VI) was equal to or greater than 5.5. At 
lower ratios it seems more effective to introduce 
FeSO47H2O first. Also the quality of iron (II) sulphate 
influences the quantity of iron (II) sulphate necessary to 
remove Cr6+. When ash containing the required quantity 
of CaO was used instead of calcium hydroxide, a very 
good solid phase separation was achieved without the 
use of a coagulator. The results of the investigations are 
presented in Table 7. At molar ratio of Ca(OH)2 to Cr6+ 

and Fe3+ to Cr6+ equal to or higher than 20:1 and 5.4:1, 
respectively, the concentration of the Cr6+ ions in the 
filtrate is below 0.01 ppm, which is lower than required 
by the Polish and European regulations.  
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Table 6. Results of experiments to optimise pH and Pb2+/Cr6+ 
ratio in order to remove chromate ions from wastewater col-
lected in trench “A” containing 264.0 g m-3 Cr6+ and 33.0 g m-3 
SO4

2- (initial pH: 7.28, initial volume 250 cm3) by precipitation 
as lead chromate. 

No. 
Molar ratio 
Pb2+/Cr6+ 

pH after 
correction 

Filtrate 
pH 

Filtrate content 
[g m-3] 

    Cr6+ Pb2+ 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

1.5 : 1 
1.5 : 1 
1.5 : 1 
1.5 : 1 
2.0 : 1 
2.0 : 1 
2.0 : 1 
2.0 : 1 
2.5 : 1 
2.5 : 1 
2.5 : 1 
2.5 : 1 

4.0 
5.4 
6.0 
- 

4.0 
5.0 
6 0 
- 

4.3 
5.0 
6.1 
- 

- 
- 
- 

8.72 
- 
- 
- 

8.68 
- 
- 
- 

8.34 

4.800 
0.470 
1.440 
2.110 
1.220 
1.010 
0.066 
2.710 
0.910 
0.092 
0.074 
2.700 

0.258 
< 0.2 

- 
< 0.2 

- 
- 
- 

< 0.2 
< 0.2 
< 0.2 
< 0.2 
4.57 

 
Further investigations were conducted with wastewa-

ter from trench “A”. Calcium hydroxide was added to 
the solution in molar ratios of Ca(OH)2 to Cr6+ of 15:1, 
20:1,27:1 and 68:1. The molar ratios of Fe3+ to Cr6+ were 
3.5:1, 4:1, 5.5:1, 6:1, 7.5:1, 13.3:1 and 15:1. After the 
addition of calcium hydroxide, the solution was mixed 
for two hours, then solid iron (II) sulphate was intro-
duced. After a few minutes, without addition of a co-
agulator, the formation of the solid phase was noticed 
and after another two hours a separation of the solid 
phase from the solution was observed. The solution was 
clear and colourless. The results of these investigations 
are presented in Table 8. The experiment conducted 
with the natural wastewater proved that by adding cal-
cium hydroxide and iron (II) sulphate in molar ratios of 
Ca(OH)2 to Cr6+ and Fe3+ to Cr6+ equal to or higher than 
20:1 and 4:1, respectively, the Cr6+ concentration of the 
wastewater can be decreased to below 0.1 ppm. 

The results of the X-ray analysis of the precipitates 
showed that the solid phase, which had formed had an 
amorphous character with some ettryngite traces (Figure 
3(c)). The same sample, having been desiccated at a 
temperature of 378 K still retained its amorphous char-
acter (Figure 3(d)). According to the chemical reaction 
presented above one can expect the presence of iron (III) 
and chromium (III) hydroxides and gypsum in the solid 
phase. Calcium hydroxide is also expected to be present 
due to the high quantities of Ca(OH)2 which were added 
to the solution. The fact that the X-ray analysis could not 
confirm the presence of calcium compounds, especially 
of gypsum, which shows peaks even in small concentra-
tions, indicates either their absence (which is very 
unlikely), or the creation of compounds of the spine type, 
which can be amorphous. This problem will be the object 
of further investigations. Introduction of the ash from 
fluidised hearths instead of calcium hydroxide, led to 
formation of the components of ash: SiO2 and Fe2O3, in 

addition to the ettryngite and the amorphous phases 
(Figure 3(e)). Gypsum was not detected either, in spite of 
the fact that the anhydrite is detectable in ash by X-ray 
radiography. In this case CaO and SO4

2- had been incor-
porated in the ettryngite structure. The calcium carbonate, 
which appeared on the X-ray graphs, was a secondary 
product, caused by carbonisation.  

4. RECAPITULATION AND  
CONCLUSIONS 

The geophysical investigations show that the pollutants 
from chromic heaps are drained by the Regulanka River 
and carried to the Vistula River. The hydrogeological 
conditions also indicate, that in the case of an attempt to 
regulate the river Regulanka and tighten its river-bed, the 
polluted water is going to migrate to the Vistula through 
the permeable sediments on the bottom of the Regulanka 
River valley.  

Assuming that all the infiltrates could potentially mi-
grate to the Vistula River, the possibility of draining the 
polluted waters and cleaning them has been recognized as 
an option to improve the environment. Decisions were 
taken to build the two trenches “A” and “C” and two 
draining wells “B” and S-25 in 1998 and at the beginning 
of 1999. At the same time the initial plan to regulate the 
Regulanka riverbed along the distance of 1.5 km, had 
been given up. 

The quantity of drained and purified infiltrates, coming 
from these trenches and draining wells in 1999, was av-
erage 900 m3 per day.  

Results of investigations into the purification of infil-
trates containing Cr6+ demonstrated that such wastewaters 
could be efficiently purified to chromium concentrations 
below 0.1 ppm using the following methods:  

1) Precipitation of CrO4
2- as lead chromate (PbCrO4) 

using lead (II) salts. The removal of CrO4
2- by precipita- 

tion with lead salts should take place at a pH of 4 to 5. 
At a lower pH, Pb2+ ions can be observed in solution 

which at a higher pH, on the other hand, an increased 
consumption of lead salts is observed, since lead pre-
cipitates as hydroxide (Pb(OH)2) as a result of hydrolysis. 
The best results were obtained when the molar ratio of 
Pb2+ to Cr6+ was to 2.5:1. 

2) Reduction of Cr6+ with iron (II) salts and precipita-
tion as chromium hydroxide. The most economic com-
bination of reagents assuring the complete precipitation 
of Cr6+ in this reaction is obtained when the molar ratio of 
Fe2+ to Cr6+ is 4.5:1 and that of CaO to Cr6+ is 20:1. Such 
ratios guarantee a complete removal of all Cr6+ ions from 
the solution, even when part of the iron (II) salt is oxidised. 
With the method based on the incorporation of CrO4

2- into 
an ettryngite compound, it was possible to remove 94 % of 
Cr6+, although not to concentrations below 0.1 ppm, when 
iron (III) salt and calcium oxide had been added in large 
quantities. 
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Table 7. Results of experiments to optimise the condition for the removal of chromate ions from a model soluyion containing104 g m-3 
Cr6+ and 960 g m-3 SO4

2- (initial volume 250 cm3) by reduction of Cr6+  to Cr3+ and precipitation of the latter. The letter “P” next to the 
sequence number indicates that ash was used instead of calcium oxide. The quantities of ash and corresponding quantities of CaO are 
given in the second column (No. 9, 10 and 15). The asterisk symbol “*” next to a compound indicates that the compound was intro-
duced to the solution in the first place. 

No. 
Quantity of 

added compounds [g] 
Molar ratios Filtrate characteristics 

 CaO 
FeSO47H2O CaO/Cr6+ Fe3+/Cr6+ Cr6+ 

[g m-3] 
CaO 

[g m-3] 
SO4

2- 
[g m-3] 

Fe3+ 
[g m-3] 

pH 

1 
2 
3 
4 
5 
6 
7 
8 

9P 
10P 
11 
12 
13 
14 

15P 
16 

0.42* 
0.42* 
0.56* 
0.42 
0.42 
0.56 
0.56* 
0.56 

2.8/0.56* 
2.8/0.56* 

0.56* 
0.56 
0.56* 
0.56 

2.8/0.56* 
0.701* 

0.487 
0.487 
0.487 
0.626* 
0.626* 
0.626* 
0.626 
0.626* 
0.626 
0.626 
0.750 
0.750* 
0.750 
0.750* 
0.750 
0.834 

15 : 1 
15 : 1 
20 : 1 
15 : 1 
15 : 1 
20 : 1 
20 : 1 
20 : 1 
20 : 1 
20 : 1 
20 : 1 
20 : 1 
20 : 1 
20 : 1 
20 : 1 
25 : 1 

3.5 : 1 
3.5 : 1 
3.5 : 1 
4.5 : 1 
4.5 : 1 
4.5 :1 
4.5 : 1 
4.5 : 1 
4.5 : 1 
4.5 : 1 
5.4 : 1 
5.4 : 1 
5.4 : 1 
5.4 : 1 
5.4 : 1 
6 : 1 

2.36 
1.25 
0.79 

< 0.01 
< 0.01 
0.04 
0.80 

< 0.01 
1.50 
0.05 
0.01 

< 0.01 
< 0.01 
< 0.01 
< 0.01 
< 0.01 

587.6 
725.3 
605.0 
650.5 
598.3 
924.3 
785.1 
678.0 
967.4 
725.3 
658.9 
658.9 
692.3 
647.7 
694.6 

- 

1739.4 
1706.3 

- 
2078.9 
1675.2 
1982.7 
1638.6 
1878.7 

- 
1938.4 
1884.7 
1882.1 
1920.1 
1892.4 
1789.7 

- 

- 
- 
- 

0.04 
0.01 
0.05 

- 
0.07 

- 
0.02 

- 
0.02 
0.04 

- 
0.02 

- 

11.82 
11.94 
12.00 
11.68 
11.82 
11.92 
12.13 
11.85 
11.82 
11.92 
12.05 
12.02 
11.84 
11.82 
12.02 
12.03 

 
Table 8. Results of experiments to optimise the conditions for the removal of chromate ions from wastewater collected in trench “A” 
by reduction of Cr6+ to Cr3+ and precipitation of the latter (sample A: pH: 7.97, Cr6+: 38.26 g m-3, SO4

2-: 407.0 g m-3, Cl- : 43.0 g m-3, 
initial volume 250 cm3; sample B: pH: 7.98, Cr6+: 12.99 g m-3, SO4

2-: 247.0 g m-3, Cl- : 43.0 g m-3, initial volume 250 cm3). The letter “P” next 
to the sequence number indicates that ash was used instead of calcium oxide. The quantities of ash and the corresponding quantities of 
CaO are given in the second column (No. A6 and B7). The asterisk symbol “*” next to a compound indicates that the compound was 
introduced to the solution in the first place. 

No. 
Quantity of 

added compounds [g] 
Molar ratios Filtrate characteristics 

 CaO 
FeSO47H2O CaO/Cr6+ Fe3+/Cr6+ Cr6+ 

[g m-3] 
CaO 

[g m-3] 
SO4

2- 
[g m-3] 

Fe3+ 
[g m-3] 

pH 

A1 
A2 
A3 
A4 
A5 

A6P 
B7*P 
B8* 

B9* 

B10* 

B11* 

0.697 
0.280 
0.156 
0.156 
0.206 

1.03/0.206 
0.35/0.07 

0.052 
0.070 
0.052 
0.070 

0.765 
0.680 
0.384 
0.307 
0.281 
0.281 
0.077 
0.069 
0.070 
0.061 
0.061 

68 : 1 
27 : 1 
15 : 1 
15 : 1 
20 : 1 
20 : 1 
20 : 1 
15 : 1 
20 : 1 
15 : 1 
20 : 1 

15 : 1 
13.3 : 1 
7.5 : 1 
6 : 1 

5.5 : 1 
5.5 : 1 
4.4 : 1 
4 : 1 
4 : 1 

3.5 : 1 
3.5 : 1 

< 0.010 
< 0.010 
0.031 
0.080 

< 0.010 
0.020 
0.049 
1.140 
0.037 
1.620 
0.310 

1427.0 
1109.0 
803.0 
793.2 
679.0 
692.7 
130.0 
174.7 
75.0 
65.0 
110.0 

- 
- 

1497.0 
1573 3 
1579.5 
1612.4 

- 
- 
- 
- 
- 

0.03 
0.07 
0.10 
0.08 
0.03 
0.05 
0.03 
0.04 
0.02 
0.10 
0.03 

12.50 
11.82 
9.61 
10.92 
11.47 
11.65 
7.96 
7.67 
8.09 
7.79 
8.83 

Amongst the methods tested to remove Cr6+ from 
wastewater the most effective is the method of reducing 
Cr6+ with the use of iron (II) sulphate in an alkaline en-
vironment. It is now being used on an industrial scale. 
The molar ratio of FeSO47H2O and CaO to Cr6+ should 

be equal to 4.5:1 and 20:1 in order to render positive 
results. After the addition of each reagent, the solution 
should be mixed for a minimum of 2 hours. When the 
reaction is almost finished, a coagulant should be added 
for a faster and more complete separation of the solid 
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Figure 4. Block diagram showing the removal procedure of chro-
mium (VI) from wastewater in the “Alwernia” Chemical Works. 
 
phases from the solution. When ash is used, no coagulant 
is necessary. The decisive argument for selecting this 
method was the fact that it is possible to use precipitates 
from the infiltrates as raw material for the production of 
sodium chromate [33]. 

The following quantities of chemicals are necessary for 
the wastewater purification:  

For each kmol Cr6+ it is necessary to add 4.5 kmols 
FeSO47H2O and 20.0 kmols CaO. For each kg (tonne) 
Cr6+ it is necessary to add 24.06 kg (tonnes) FeSO47H2O 
and 21.54 kg (tonnes) CaO.1000 m3 of waste from trench 
“A” with concentration 12.99 g m-3 Cr6+ (see Table 8) 
contained for example 0.25 kmol, i.e. 12.99 kg Cr6+. 

The quantities of the main products received from the 
precipitation of 1 kmol Cr6+ are 1.0 kmol Cr(OH)3 and 4.5 
kmols Fe(OH)3. The precipitation of 1 kg (tonnes) of Cr6+ 
results in the formation of 1.98 kg (tonnes) of Cr(OH)3 
and 3.08 kg (tonnes) of Fe(OH)3. These quantities were 
produced for example from 4000 m3 above-mentioned 
waste from trench “A”. 

A schematic diagram of this process is presented in 
Figure 4.  

The reduction and precipitation of Cr6+ from waste-
water can be conducted at ambient temperature even in 
winter since the introduction of CaO causes a rise in 
temperature. The addition of the chemicals should take 
place under intensive mixing with the stirrers being in-

stalled in such a way that the reagents can be evenly 
distributed throughout the container. 
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ABSTRACT 

A Bayesian analysis of the minimal model was 
proposed where both glucose and insulin were 
analyzed simultaneously under the insulin-mo- 
dified intravenous glucose tolerance test (IVG- 
TT). The resulting model was implemented with 
a nonlinear mixed-effects modeling setup using 
ordinary differential equations (ODEs), which 
leads to precise estimation of population pa-
rameters by separating the inter- and intra-indi- 
vidual variability. The results indicated that the 
Bayesian method applied to the glucose-insulin 
minimal model provided a satisfactory solution 
with accurate parameter estimates which were 
numerically stable since the Bayesian method 
did not require approximation by linearization. 

Keywords: Minimal Model; Bayesian Analysis; 
IVGTT; Nonlinear Mixed-Effects Modeling; ODE 

1. INTRODUCTION 

Mixed-effects models that include both fixed and random 
effects to account for the inter-individual variability are 
becoming increasingly popular for analysis of population 
pharmacokinetic/pharmacodynamic (PK/PD) data [1-8, 
among others]. In these models it is assumed that all 
responses follow a similar functional form, but that pa-
rameters vary among individuals. By separating the inter- 
and intra-individual variability, mixed-effects models will 
often lead to more precise estimation of population pa-
rameters. Continuous pharmacokinetic processes are 
often described by systems of ordinary differential equa-
tions (ODE) which generally lead to models that are 
nonlinear in the parameters complicating estimation. 
However, closed form solutions for systems of differen-
tial equations are not always possible therefore numerical 
solutions of differential equations are necessary in order 
to deal with many types of population PK/PD problems. 
The nlmeODE in R given by Tornoe et al. [9] and 

NLINMIX with ODE in SAS presented by Galecki et al. 
[10], which can handle the first-order ODE’s by com-
bining odesolve with the NLME and NLINMIX respec-
tively, are used for parameter estimation in nonlinear 
mixed-effects models. In addition, WBDiff (WinBUGS 
Differential Interface) given by Lunn [11] is a useful tool 
for dealing with pharmacokinetic models defined by 
ODEs in the Bayesian setting. The analysis based on 
ODEs may offer practical benefits in terms of easier 
PK/PD modeling, particularly when more complicated 
mechanistic models are used [12]. 

Diabetes is associated with a large number of abnor-
malities in insulin metabolism, ranging from an absolute 
deficiency to a combination of deficiency and resistance, 
causing an inability to dispose glucose from the blood 
stream. Three factors: Insulin sensitivity, Glucose effec-
tiveness, and Pancreatic responsiveness, referred to in 
Pacini and Bergman [13], play an important role for 
glucose disposal. Failure in any of these may lead to 
impaired glucose tolerance, or, if severe, diabetes. Quan-
titative assessment is possible by the minimal model [14], 
and may improve classification, prognosis and therapy of 
the disease. The minimal model is based on an intrave-
nous glucose tolerance test (IVGTT), where glucose and 
insulin concentrations in plasma are sampled after an 
intravenous glucose injection. In patients with impaired 
glucose tolerant (IGT), the insulin response to glucose 
may be partially or totally suppressed. Of course, without 
the insulin response, the glucose disappearance model 
cannot provide an estimate of the metabolic parameters, 
since there is no input to the model. The insulin modifi-
cation of IVGTT addressed the early problems with the 
minimal model ‘failures’ by insulin injection at 20 min-
utes after glucose injection is given at time zero. Tradi-
tionally, in the minimal model the glucose and insulin 
kinetics are described by two components, where the 
parameters traditionally have been estimated separately 
within each component by a nonlinear weighted least 
squares estimation technique in a two-step procedure [13]. 
The use of population analysis to extract all information, 
such as inter-subject variability, from experimental data 
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brings about an improvement in the estimates of popula-
tion and individual characteristics. Previous work with 
the IVGTT focused only on glucose kinetics where insu-
lin is treated as a known with no measurement errors for 
non-Bayesian analysis [10] and for Bayesian analysis 
[15]. However, the glucose-insulin system is an inte-
grated system and could be considered as a whole. An 
assumption of the minimal model is that glucose and 
insulin constitute a single dynamical system and impor-
tant information is lost in treating the insulin as known. 
For example, pancreatic responsiveness, one important 
factor of the individual metabolic portrait, cannot be 
estimated if insulin is treated as known. Therefore, a 
Bayesian analysis was adopted in combination with 
population mixed-effects modeling to estimate the four 
population and individual metabolic indices simultane-
ously with the minimal model of glucose and insulin 
kinetics using data collected during insulin-modified 
intravenous glucose tolerance test (IVGTT). No other 
published work was identified that analyzed both glucose 
and insulin simultaneously under the insulin-modified 
IVGTT. 

2. METHODS 

2.1. Bayesian Computational Algorithm for 
WBDiff 

Bayesian inference in WBDiff, which allows the nu-
merical solution of arbitrary systems of ODEs within 
WinBUGS nonlinear mixed models, can be described 
based on the following hierarchical modeling. 

1) Suppose a chemical or pharmacokinetic model is 
given by the systems of first-order ODE’s with the form  

),,(/),(  txgdttdx  , , , (1) )(),( 00  xtx  0t t

where x is an k-dimensional dependent variable vector, g 
is the structural model while   is a q-dimensional vector 

of unknown model parameters.  
2) In nonlinear mixed-effects modeling, the within- 

group variability describing the difference between the 
observed response value and the predicted value can be 
modeled as  

2 1~ [ ( ) ( , , ); ]ij ij ij i ijy N E y f x t         (2) 

where i=1, m subjects and j=1, ni time points;  is the 

solution of Eq.1 and the relationship between the ob-
served response y and the predicted variable x is desig-
nated by a nonlinear function f. 

ijx

3) The between-subject variability can be constructed 
by defining the subject-specific random effects as 

),(~  pi MVN                   (3) 

where  is a vector of mean population pharmacokinetic 
parameters and  is the variance-covariance matrix of 
between-subject random variability. 

4) In addition, hierarchical modeling in a Bayesian 
setting comprises the prior specification, where prior 
distributions are assigned to , , and . For instance, 

~MVNq(, ), -1~Wishartp(R, ), ~Gamma(a, b) (4) 

The Bayesian inference is based on the following 
principle: posterior  prior x likelihood. That is, the 
so-called “likelihood function” is used to update “prior 
beliefs” about some unknown parameters of interest to 
“posterior beliefs” in the light of observed data. To obtain 
the posterior estimators, using Monte Carlo approxima-
tion we simulate values from the joint posterior distribu-
tion of all the model parameters given the observed data, 
more specifically, the full conditional distribution. For 
example, the logarithm of the full conditional distribution 
for the random effect i can be constructed as follows: 

 
 

m

i

n

j
iijii

i

yfff
1 1

),|(log),|(log)|(log 

11 1log | | ( ) ( )
2 2

T
i i            

2

1 1

1log ( ( , , ))
2 2

inm

ij ij i ij
i j

n y f x t  
 

         (5) 

where the dot notation in denotes the distribution 

of i conditional upon everything else in the model. The 
term 

)|( if 

),|(log if  refers to the logarithm of the prior 

distribution for i and this is specified to be a multivariate 
normal distribution with mean vector θ and variance 
-covariance matrix . The term ),|(log iijyf

,( iijxf

 refers to 

the log-likelihood of the jth observation for subject i under 
the model, and the concentration yij was assumed to fol-
low a normal distribution with mean ), ijt  and 

variance -1. Since we do not have a closed form for xij 
from Eq.1, the numerical solution xij has to be obtained 
from Eq.1 by fixing all the conditioning parameters so 
that the Gibbs sampler can generate a new value, say i

(1) 
from the full conditional distribution (Eq.5) given the 
initial values to each unknown parameters (0), (0), and 
(0). After n such iterations, the algorithm yields a joint 
sample i

(n), which can be used for statistical inference in 
WBDiff. The full conditional distributions for the other 
model parameters can be constructed in a similar manner. 

2.2. Population Analysis on Glucose-Insulin 
Minimal Model 

In this section, Bayesian analysis in combination with 
population mixed-effects modeling was used to simulta-
neously estimate the four population and individual 
metabolic indices: insulin sensitivity (SI), glucose effec-
tiveness (SG) and pancreatic responsiveness (1 and 2), 
based on the integrated glucose-insulin minimal model 
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0

,

using data collected during the insulin-modified intra-
venous glucose tolerance test (IVGTT). 

2.2.1. Bergman’s Modified Minimal Model 
In an IVGTT study a dose of glucose was administered 
intravenously over a 60 seconds period to overnight- 
fasted subjects, 20 min after the glucose bolus, insulin 
was injected over 1-2 min either into the portal vein or 
into the femoral vein, and subsequently the glucose and 
insulin concentrations in plasma were frequently sampled 
(usually 30 times) over a period of 180 minutes. Profiles 
of the 10 patients are displayed in Figure 1 [10]. 

Based on Figure 1, the intravenous glucose dose im-
mediately elevates the glucose concentration in the 
plasma forcing the pancreatic β-cells to secrete insulin. 
The insulin in the plasma is hereby increased, and the 
glucose uptake in muscles, liver and tissue is raised by the 
remote insulin in action. This lowers the glucose con-
centration in plasma, implying the β-cells to secrete less 
insulin, from which a feedback effect arises [16]. The 
integrated glucose-insulin system can be described by the 
following non-linearly coupled system of differential 
equations, but this approach is not exactly the same model 
as used in [17]. Here I1 is introduced to account for the 
injection of insulin at t1 after the glucose bolus during the 
IVGTT: 

1

2 3

0 1 1

/ ( ( ) ) ( ) ( ), (0) ,

/ ( ) ( ( ) ), (0) 0,

/ ( ( ) ) ( ( ) ) , (0) , ( )

b

b

b

dG dt p G t G X t G t G G

dX dt p X t p I t I X

dI dt n I t I G t h t I I I t I 

    

    

      

 (6) 

where t=0 is the glucose injection time, + denotes posi-
tive reflection, namely, 

( ) , ( ) ,

( ( ) )

0, .

G t h G t h

G t h

otherwise









 
   

and the model parameters are as explained in [13]. 

2.2.2. Bayesian Analysis of Bergman’s Modified 
Minimal Model Using WBDiff 

A Bayesian framework for modeling the time-varying 
glucose and insulin profiles during the IVGTT and in-
ter-individual variability requires a three-stage hierar-
chical model. At the first stage, glucose values G(tj,θi) 
and insulin values I(tj,θi) in subject i at time tj were ob-
tained as the solutions to Eq.6. The model we consider 
assumes Gij = G(tj,θi) + εij1 and Iij = I(tj,θi) + εij2,  where 
εijk is a mean zero normally and independently distributed 
error term. An additional assumption about within-  
subject errors will be forthcoming in due course. Stacking 
the two response variables Gij and Iij into a single re-
sponse vector, an indicator variable for the two responses 
can be used to construct the model function. By combin- 

ing G() and I(), we obtain 

( , ) ,ij k j i ijY f t     

where ( , ) ,T
ij ij ijY G I

( , ), 1

( , )

( , ), 2

j i

k j i

j i

G t k

f t

I t k

















 and 

θi is a vector of parameters of this model 

for subject i denoted by  
1 2( , ) .T

ijij ij 

1 2 3 0 0 1 1( , , , , , , , , , ) .T
i i i i i i i i i i ip p p G n h I t I   

Here it is further assumed that the time when insulin 
injection occurs after glucose injection at time zero is also 
an unknown parameter denoted as t1 which must be es-
timated. To account for correlation between the two re-
sponse variables measured on the same occasion, we may 
assume the elements of εij are correlated, with vari-
ance-covariance matrix τ-12. Here for simplicity it is 
assumed that 2=I2, since the intent in this paper is to 
introduce the random effects to account for in-
ter-individual variability rather than define a vari-
ance-covariance structure for random errors to address 
intra-individual variability. However, the variance func-
tion fk

2(tj, ) and the weight wj are specified for hetero-
geneous within-subject error (εijk) variance for two rea-
sons: 1) the glucose and insulin concentration points 
before 8 minutes can then be zero-weighted to account for 
the time taken by the injected glucose to diffuse in its 
distribution space, which can be achieved by setting wj=0 
at any time points before 8 minutes and wj=1 for others; 2) 
it is commonly recognized that intra-subject variation of 
this kind tends to increase with plasma concentration 
level. That is, the higher the concentration level, the lar-
ger the variation so that less weight should be assigned. 
Thus, we assume the following covariance matrix for the 
within-subject errors εijk.  

2
1

1

2
30

( , ) 0

| ~ 0,

0 (

k

i k

k

f t

N

f t



  

, )




  
  
  
  
  
  
  
      


. 

The second stage is characterized by making assump-
tions about individual parameters. In particular, it was 
assumed that the individual parameters were drawn from 
a multivariate log-normal distribution guaranteeing non- 
negativity of parameters 

1 2 3 0 0 1 1 10 10( , , , , , , , , , ) ~ ( , ),T
i i i i i i i i i i xp p p G n h I t I Lnormal    

where  is an unknown population mean vector and  
is an unknown covariance matrix. At the third stage, prior 
distributions for population parameters , , and τ were 
specified. These prior distributions were vague repre-
senting a ‘lack’ of prior knowledge with: 
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Figure 1. Individual glucose and insulin profiles for 10 patients. 
 

was the mean for  derived from nonlinear weighted least 
squares minimization on  

4
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In order to allow the experimental data to drive the esti-
mation process, the above prior distributions specified 
virtually ‘flat’ distributions, i.e. they indicated that all 
values occurred with nearly the same probability, al-
though informative prior distributions could be used as 
there is a wealth of information about parameters of the 
minimal model in various populations. A general discus-
sion about the form of vague prior distribution can be 
found in [18]. Note that the priors specified above im-
plements the common assumption that population pa-
rameters are not correlated, but allows the posterior es-
timates to demonstrate correlation. 

3. RESULTS 

For the calculations, we employed WBDiff which in-
corporates the numerical solution of ODEs into the 
WinBUGS program. The WinBUGS program adopted the 
Metropolis-Hastings algorithm to calculate a single chain 
with 15,000 samples, from which the first 5,000 samples 
were discarded and the remaining 10,000 samples were 
used in a further analysis. The Bayesian analysis provided 

the following population parameter estimates and the 
posterior distribution of the parameters  in log scale, , 
and τ summarized by the median, the mean and the 95% 
credible interval respectively presented in Table 1. 

The chain history was stable, showing the classic 
“fuzzy caterpillar” shape, with minimal evidence of auto- 
correlation in the samples generated from the posterior 
distribution. After observing the fitted plots (Figure 2), 
the fitted model sufficiently explained the kinetics of glu- 
cose and insulin, since the observed and predicted values 
matched reasonably well except for several observations 
ignored since during the first eight minutes after injection, 
at the early time points. Those early data points were the 
pattern of plasma glucose and insulin is dominated by ex- 
tra cellular mixing. The estimates of the fixed-effects 
parameters were also satisfactory with an acceptable 
precision (range of coefficient of variation 1.29-8.78%) 
and within the normal range. For example, the time at 
which the insulin is injected should be between 20 and 
22min, and our estimate t1 is exp(3.031)=20.72min. It was 
also possible to determine the individual estimates of 
parameters by examining the behavior of 

Table 1. Bayesian parameter estimates and 95% credible intervals. 

Node Mean SD MC error 2.50% Median 97.50% Sample 

p1 -3.714 0.185 0.016 -4.095 -3.693 -3.399 10000 

p2 -5.096 0.448 0.043 -5.878 -5.081 -4.315 10000 

p3 -12.24 0.171 0.015 -12.53 -12.26 -11.87 10000 

n -2.026 0.102 0.007 -2.244 -2.021 -1.837 10000 

γ -7.08 0.166 0.013 -7.427 -7.071 -6.778 10000 

h 4.264 0.07 0.003 4.138 4.26 4.413 10000 

G0 5.529 0.072 0.003 5.389 5.53 5.672 10000 

I0 4.804 0.109 0.007 4.574 4.808 5.01 10000 

I1 4.958 0.108 0.006 4.743 4.961 5.162 10000 

t1 3.031 0.059 0.002 2.906 3.033 3.141 10000 

σp1
2 0.211 0.177 0.008 0.05 0.164 0.65 10000 

σp2
2 0.136 0.117 0.006 0.027 0.104 0.439 10000 

σp3
2 0.241 0.322 0.022 0.026 0.124 1.132 10000 

σn
2 0.067 0.079 0.005 0.008 0.044 0.28 10000 

σγ
2 0.03 0.036 0.002 0.002 0.02 0.117 10000 

σh
2 0.012 0.015 0.001 0.001 0.007 0.051 10000 

σG0
2 0.089 0.082 0.003 0.017 0.067 0.295 10000 

σI0
2 0.059 0.045 0.002 0.013 0.047 0.177 10000 

σI1
2 0.297 0.262 0.015 0.068 0.22 0.981 10000 

σt1
2 0.867 0.907 0.054 0.131 0.615 3.137 10000 

τ-1 0.018 0.001 0 0.015 0.018 0.02 10000 
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Figure 2. Model fit plots between predicted (Pred) and observed 
(Obs) concentrations under WBDiff. The upper plot describes 
the fit of glucose kinetics and the lower plot described the fit of 
insulin kinetics. 
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for each subject i. It was also possible to calculate the 
group and individual profiles based on the above pa-
rameter estimates. Specifically, the population charac- 
teristics of the minimal model for the data set used here 
were: Insulin sensitivity: 

SI=p3/p2=exp(-12.24)/exp(-5.096)=7.9x10-4; 

Glucose effectiveness: SG=p1=2.44x10-2; Pancreatic 
responsiveness: 2=γx104=8.42 where 1 can be calcu-
lated for each subject. 

4. DISCUSSIONS 

With the traditional minimal model, the kinetic parame- 
ters of the two components, glucose and insulin, are es-
timated separately using weighted nonlinear least squares 
within each component. In this work, the two components 
are combined to obtain a unified, integrated glucose- 
insulin system so that four metabolic indices: SI, SG, 1 
and 2, which represent an integrated metabolic portrait 
of a single individual, can be estimated simultaneously 
during the insulin-modified IVGTT. The integrated 

analysis can be directly applied to the protocols without 
insulin modification. Under insulin-modified IVGTT, not 
only the glucose kinetics but also the insulin kinetics can 
be fitted in a satisfactory way based on the Bayesian 
hierarchical analysis by introducing I1 and t1 in the 
minimal model and estimating them together with other 
model parameters. This approach constitutes an attractive 
option for minimal model analyses, since in most of the 
literature, the converse model of pancreatic secretion 
cannot be fitted to the observed data with the use of 
pharmacologic agents, resulting in the focus of most 
previous work on the glucose kinetics regarding insulin as 
the input to the system [10,13,15]. 

In addition, it is important to note that the non- 
Bayesian population analysis with the required lineariza-
tion approximation cannot be applied to the insulin sys-
tem alone and glucose-insulin kinetics in the proper way, 
since linearization itself restricts its application with this 
particular PK/PD model. In the minimal model Eq.6, 
max(G(t)-h,0) is not differentiable with respect to h at the 
time points when G(t)=h. In order to make the integrand 

function ( )I t

h




  well defined, the non-differentiable 

points must be specified as intermediate points, and then 
( )I t

h





 must be defined over the subintervals with 

non-differentiable points as endpoints, so that the nu-
merical solution of I

h




 can be solved from ‘ode’ 

module. But, the question remains as to where the 
non-differentiable time points are located in addition to 
the fact that for different subjects they do not necessarily 
coincide and may vary from iteration to iteration due to 
the change of the estimate of h during optimization. These 
appear to be serious problems that cannot be overcome 
when using a non-Bayesian approach with the required 
linearization. Another potential limitation of linearization 
is revealed when nonlinearity curvature in the parameter 
effects is severe due to the complexity of Eq.6. One naive 
approach is to solve the problem with non-differentiable 
sensitivity by replacing max(G(t)-h,0) by G(t)-h in the 
minimal model equations. We fitted this modified model 
to the data, however, not too many improvements have 
been obtained when compared with non-Bayesian me- 
thod applied to Eq.6. In fact, it is sensible to specify 
max(G(t)-h,0) in Eq.6, since insulin enters the plasma 
with zero rate when glucose in plasma is below the 
threshold amount. 

Overall, for the glucose-insulin minimal model, the 
Bayesian approach appears to be the preferred since the 
algorithm behind the Bayesian approach is applicable and 
effective to the structure of minimal model, and sensi-
tivities are not needed in the estimation process as with 
the non-Bayesian approach. Another advantage of Bay- 
esian analysis is that individual estimates of model pa-
rameters can be simultaneously calculated under the 
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Bayesian process. Therefore, Bayesian appro ach should 
be considered as an additional tool for data analysis, since 
it enables the analysis of systems of ODEs by nonlinear 
mixed-effects modeling and provide precise parameter 
estimates, make them useful tools for population PK/PD 
analysis of complicated systems of ODEs with and with- 
out an explicit form solution. 
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ABSTRACT 

Objective: To compare the result of pancreato-
gastrostomy (PG) with Roux-en-Y reconstruc-
tion versus pancreatojejunostomy (PJ) with 
conventional Traverso-type reconstruction fol-
lowing pylorus-preserving pancreatectomy (PP- 
PD) in a retrospective study. PPPD has been 
accepted as a radical surgical treatment for ma-
lignant periampullary neoplasms. However, the 
reconstruction of this surgery is technically 
complicated. The leakage of pancreatic juice 
and the delayed gastric emptying are the major 
complications of PPPD and may be fatal. To 
solve these problems, we have performed PG 
with Roux-en-Y anastomosis. There are several 
techniques proposed the reconstruction after 
PPPD, however there have been no previous 
study describing the result of PG with Roux- 
en-Y anastomosis. Since 2002 we have perfor- 
med 32 cases of PPPD. They were divided into 
two groups according to the reconstruction 
procedures: PG with Roux-en-Y reconstruction 
(group PG-RY) (17 cases) and pancreatojeju-
nostomy with Traverso-type reconstruction 
(group PJ-T) (15 cases). Results: Patient age, 
gender, and underlying disease were compara-
ble among the groups. Two groups showed no 
differences in intraoperative bleeding amount, 
and the time of surgery. The occurrence of the 
pancreatic leakage was significantly reduced in 
the group PG-RY compared with the group PJ-T. 
There was no case of the delayed gastric emp-
tying in the group PGRY. Conclusions: Pan-
creatogastrosotmy with Roux-en-Y anastomosis 
can reduce the occurrence of the pancreatic 
leakage and delayed gastric emptying following 
pylorus-preserving pancreatoduodenectomy. 

Keywords: Pancreatoduodenectomy; 
Pancreatogastrostomy; Roux-en-Y Reconstruction; 
Pancreatojejunostomy; Traverso-Type Reconstruction 

1. INTRODUCTION 

Since Traverso and Longmire reported the validity of 
pylorus-preserving pancreatoduodenectomy (PPPD) for 
benign pariampullary disease in 1978, this procedure has 
been practiced and accepted as a radical treatment for 
periampullary neoplasm. The 1999 National Survey of 
Pancreatic Cancer in Japan showed that PPPDs were 
performed in 42.6% of the periampullary cancers [1]. 
Recent advantages in surgical technique has reduced 
operative mortality after this procedure, however, the rate 
of post-operative complications is still high. The most 
frequent and severe complication is the leakage of pan-
creatic juice. The delayed gastric emptying (DGE) is a 
unique and frequent complication of PPPD. In some 
previous reports, the causes of this complication were 
speculated to be either the interruption of gastrointestinal 
continuity, angulation of the gastrointestinal tract, hor-
mone imbalance or abnormal gastric peristalsis [2]. 

In an attempt to reduce the frequency and severity of 
post-operative complications in patients undergoing 
PPPD, we performed PG with Roux-en-Y reconstruction 
for the reconstruction. To date, we have performed this 
procedure in 17 cases of periampullary neoplasms and 
have not yet encountered fatal complications. 

2. PATIENTS AND METHODS 

Since 2002, thirty two cases of PPPD were performed for 
radical operations of periampullary neoplasms in our 
institute. These surgical procedures were carried out by 4 
surgeons with sufficient experience. Out of these 32 pa-
tients, 22 were male (67.8%) and 10 were female (31.2%) 
with a median age of 66.0 ± 8.6 years (range 46-82 years). 
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We divided these patients into two groups according to 
the reconstruction procedures: 17 cases of PG-RY, 15 
cases of PJ-T. Clinical factors of these patients were 
shown in the Table 1. We analyzed the postoperative 
course in these 32 patients and compared the results be-
tween these two groups. 

Delayed gastric emptying is defined as the nasogastric 
tube placement for more than 10 days postoperatively or 
the output of gastric aspiration from gastrostomy tube 
more than 200 ml. Pancreatic leakage is defined as an 
external discharge greater than 50 ml obtained through 
drain or percutaneous aspiration, containing at least three 
times normal serum value of amylase, as described by 
Yeo et al. [3]. Major leakage of pancreatic juice was 
defined as a leakage with peripancreatic abscess forma-
tion. Biliary fistula was diagnosed by the distinctive color 
of discharge containing bilirubin. Postoperative mortality 
was defined as death occurring in the first 30 postopera-
tive days or before discharge from the hospital. 

3. SURGICAL TECHNIQUE 

In PG with Roux-en-Y reconstruction, surgical proce-
dures are following: 

Pancreatogastrostomy: After all standard resections are 
completed, pancreatogastrostomy (PG) is performed. The 
cut end of the pancreas is reapproximated and closed for 
hemostasis. A short stenting tube is placed in the pancre-
atic duct and secured loosely with one absorbable surgical 
suture. A horizontal incision is made in the posterior wall 
of the stomach, followed by the invagination of the pan-
creatic remnant. A vertical incision is then made in the 

anterior wall of the stomach. Interrupted sutures are 
placed between the full thickness of the gastric wall and 
the pancreas parenchyma through the interior of the 
stomach. This anastomosis is secured with approximately 
16 absorbable surgical sutures. A stenting tube is intro-
duced into the stomach, which allows for free drainage of 
the pancreatic juices into the stomach. A gastrostomy 
tube is inserted into the stomach to reduce the internal 
pressure of the stomach. 

Hepaticojejunostomy: Approximately 30 cm of the je- 
junum is separated with its pedicle. The jejunal limb is 
approximated and sutured to the proximal hepatic duct.  
A stenting tube is not inserted when the hepatic duct is 
dilated over 1 cm in diameter to reduce the incidence of 
retrograde infection. A continuous running suture using 
one absorbable suture line achieves speed. A drainage 
tube is not placed beside this anastomosis. 

Duodenojejunostomy: An end-to-end anastomosis is 
made between the remnant jejunum and the pylorus. 

Jejunojejunostomy: An end-to-end anastomosis is ma- 
de between the separated and the remnant jejunum. The 
remnant jejunum is brought up on the anterior side of the 
transverse colon, so that we can avoid bowel stenosis in 
case of intraabdominal recurrence. The right gastric ar-
tery is not preserved in our method. The position of this 
anastomosis is approximately 20 cm downstream from 
the duodenojejunostomy. The importance of this recon-
struction is to avoid the kink or torsion of the stomach and 
the anastomosed jejunum. This may help the transport of 
digestive contents (Figure 1(a)). 

In Traverso-type reconstruction, the end-to-side pan- 
creatojejunostomy was performed in two layers: a pan- 

Table 1. Clinical factors in patients who underwent pylorus-preserving pancreatoduodenectomy. 

  PG-RY PJ-T  

patients  17 15  

gender (male/female)  11  6 10  5 NS 

age (years)  70.1 ± 8.0 62.5 ± 8.4 p=0.013 

disease     

 pancreas cancer 9 (52.9%) 7 (46.7%)  

 bile duct cancer 6 (35.3%) 2 (13.3%)  

 duodenal cancer 1 (5.9%) 3 (20.0%)  

 IPMT 1 (5.9%) 0  

 Vater cancer 0 3 (20.0%)  

preoperative jaundice * 13 (76.5%) 5 (33.3%) p=0.266 

PG-RY: Pancreatogastrostomy with Roux-en-Y reconstruction; 
PJ-T: Pancreatojejunostomy with Traverso type reconstruction; 
IPMT : intrapancreatic papillary mucinous tumor; 
NS: not significant. 
* All the patients with obstructive jaundice underwent biliary drainage before the surgery. 
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 (a)                                                                (b) 

Figure 1. (a) Pancreatogastrostomy with Roux-en-Y reconstruction; (b) Pancreatojejunostomy with Traverso type reconstruction. 
 
creatic duct and enteric mucosa interrupted suture and a 
pancreatic tissue to jejunal seromuscular layer using ab- 
sorbable interrupted suture. Choledochojejunostomy was 
performed by the same technique introduced in Roux- 
en-Y anastomosis technique (Figure 1(b)). 

Closed suction drain tubes were placed at the site of 
pancreatoenteric anastomosis in both procedures. 

Statistical analysis: 
Data are reported as mean ± SEM. Statistical analysis 

was performed using the paired Student’s t-test and 
Fisher’s exact test for comparison between preoperative 
and postoperative status. Differences were considered as 
significant if p<0.05. 

4. RESULTS 

Of the 32 patients analyzed, 17 patients received PG with 
Roux-en-Y reconstruction (group PG-RY) and 15 patients 
received PJ with Traverso-type reconstruction. (group PJ- 
T). Operative and postoperative results were described in 
Table 2. 

In PGRY group, there were 12 male and 5 female with 
mean age of 70.1 ± 8.0 years (56-82). The average op-
erative time was 430.3 ± 71.0 minutes. The average in-
traoperative bleeding amount was 988.2 ± 498.9 ml. 

In PJ goup, there were 10 male and 5 female with a 
mean age of 62.5 ± 8.6 years (46-78). The average op-
erative time was 430.3 ± 152.1 minutes. The average in- 
traoperative bleeding amount was 1076.0 ± 670.9 ml. 

Two groups showed no significant differences in gen-
der, preoperative jaundice, the time of the surgery, and 
intraoperative bleeding amount. 

As far as the pancreatic leakage is concerned, this 
complication rate is significantly reduced in PG-RY 
group compared with PJ-T group (p = 0.015). There was 
no case of delayed gastric emptying in PG-RY group. 
26.7% of the patients (4/15) in PJ-T group were suffered 

from DGE in our study. Two groups showed significant 
difference (p = 0.038). There was one case of mortality 
(3.1%) in PJ-T group. The patient had liver cirrhosis as a 
preoperative complication, and died of liver failure 60 
days postoperatively. 

The postoperative complications in the patient with 
Roux-en Y with PG reconstruction were shown in Table 3. 

5. DISCUSSIONS 

Pancreatoduodenectomy (PD) has been considered as the 
only radical operative treatmetent for patients with ma-
lignant periampullary neoplasms. Recently pylorus- 
preserving PD (PPPD) is also accepted as a radical sur-
gical treatment. However, the reconstruction after PPPD 
is technically complicated and the postoperative morbid-
ity is still high. There are two major complications in this 
procedure, the one is the leakage of pancreatic juice and 
the other is the delayed gastric emptying.  

The pancreatic leakage or fistula sometimes leads to 
fatal complications, including intraabdominal bleeding 
and sepsis. The rate of pancreatic leakage is reported to be 
5 % to 30% with a mortality rate of 6.5% to 8.4%, and up 
to 50% of all death following pancreatoduodenectomy 
are results of the pancreatic anastomosis leakage [4]. 
Several techniques have been proposed for reducing the 
rate of pancreatic leakage and related complications. To 
avoid the risk of this occurrence, the administration of 
octreotide, which reduces the secretion of pancreatic 
juice, can be an option for preventing the leakage. How- 
ever the use of octreotide is still controversial. Yeo etc. 
reported that the use of prophylactic octreotide does not 
reduce the incidence of pancreatic fistula after PD [5]. 
The pancreatic duct ligation without anastomosis or duct 
occlusion with fibrin glue can also be an option in select 
circumstances [6]. Several retrospective studies have 
reported low rates of pancreatic leakage and mortality 
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Table 2. Operative and postoperative results. 

  PG-RY PJ-T  

  (n=17) (n=15)  

Operation time (min.)  430 ± 71.0 430.3 ± 152.1 NS 

Blood loss (ml)  988.2 ± 498.9 1076.0 ± 670.9 NS 

Portal vein reconstruction  2 (11.8%) 3 (20.0%) NS 

Complications     

 pancreatic leakage 2 (11.8%) 5 (33.3%) p=0.015 

 delayed gastric emptying 0 4 (26.7%) p=0.038 

 biliary leakage 1 (5.9%) 0 NS 

 liver failure 0 1 (6.7%) NS 

Mortality  0 1 (6.7%) NS 

NS: not significant. 

 
Table 3. Postoperative complication in the patient with Roux-en 
Y with PG reconstruction. 

Complication  

Surgical wound infection 3 

Pneumonia 1 

Small bowel obsrtuction 1 

Pancreatic leakage 2 

Reflux esophagitis 1 

Bileperitoneum 0 

Delayed gastric emptying 0 

Death None 

 
after performing PG [7]. This procedure has several ad-
vantages over pancreatojejunostomy. Delcore et al. de-
scribed several theoretic physiologic and technical ad-
vantages of performing pancreatogastrostomy [8]. First, 
the activation of the proteolytic enzymes can be avoided 
by this anastomosis. Enterokinase, which converts 
trypsinogen to its activated form trypsin, is present in 
small intestinal mucosa and it does not exist in gastric 
mucosa. The activation of trypin also depends on the 
presence of a neutral pH. Second, the anatomical rela- 
tionship between the remnant pancreas and the stomach is 
the advantageous for a tension-free anastomosis. The 
pancreas lies adjacent to the posterior gastric wall. At our 
institute, we invaginate the remnant pancreas into the 
stomach, and suture the pancreatic parenchyma and the 
full thickness of gastric wall inside of the stomach [9]. 
This is a simple and safe method for pancreatogastric 
anastomosis. A short stenting tube is used as a pancreatic 

duct that spontaneously falls out within a few months. We 
do not employ the long external drainage tube, because it 
often becomes twisted which produces high internal 
pressures within the pancreatic duct. In our 17 cases of 
PG-RY, 2 cases showed minor leakage of pancreatic 
juices, however, both cases resolved only by using 
drainage and discontinuation of oral feeding within 2 
weeks. We have never used octreotide prophylactically in 
any patient. 

The delayed gastric emptying (DGE) is a unique 
complication after PPPD. DGE is defined as the output of 
gastric aspiration from nasogastric tube or gastrostomy 
tube more than 200 ml. PPPD has a risk of 37.5% to 50 % 
for developing DGE in the early postoperative course 
[10]. There is a report describing a higher rate of DGE 
with PG [11]. The causes of DGE are not clear and might 
be multifactorial. The low concentration of plasma mo-
tilin, leakage, cholangitis or bowel edema, are major 
factors contributing to the development of this complica-
tion [2]. Furthermore, recent studies show that a strong 
angulation or torsion at the site of duodenojejunostomy 
plays a role for this unique complication. To address this 
issue we compared PG with Roux-en-Y anastomosis to PJ 
with conventional Traverso-type reconstruction. Roux- 
en-Y anastomosis is a means by which this problem may 
be avoided. By implementing PG-RY procedure, we can 
prevent a strong angle and torsion between the pylorus 
and the jejunum. A gastrostomy tube placed for the re-
duction of the internal gastric pressure can also straighten 
the angle of this anastomosis. Our results suggest the 
advantage of PG-RY regarding the smoothness of gastric 
passage. 

It is also important to avoid intraabdominal infection. 
The infection in the abdominal cavity results in the de-
crease in peristalsis of digestive tract movement. When 
constructing the anastomosis, care must be taken to re-
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duce the incidence of postoperative complication. Usual- 
ly we place a closed suction drain tube only at the site of 
pancreatogastric anastomosis. In pancreatic surgery, mul- 
tiple suction catheters are placed in relation to the biliary 
and pancreatic anastomoses. However, in doing this we 
must realize that drainage tubes are associated with the 
reflux infection in the abdominal cavity [12]. Therefore, 
at our institution we employ the use of few drainage and 
stenting tubes.  

There is no agreement as to the best reconstruction 
method after PPPD [13]. With our experience, PG with 
Roux-en-Y reconstruction can reduce the rate of these 
two major complications as least as possible. 
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ABSTRACT 

We report a 35-year-old female patient with hy- 
pertrophic cardiomyopathy, left ventricular non- 
compaction, and Wolff-Parkinson-White EKG patt- 
ern. Several other family members present the 
same clinical condition. We speculate that this 
phenotype is related to the genotypes PRKAG2 
and LAMP2 represented by mutations of the 
genes encoding AMP-activated protein kinase 
(PRKAG2) and lysosome associated membrane 
protein 2 (LAMP2). 

Keywords: Left Ventricular Noncompaction;  
Hypertrophic Cardiomyopathy; 
Wolff-Parkinson-White Syndrome 

1. INTRODUCTION 

Left ventricular noncompaction (LVNC) is the result 
from the arrest in myocardial development with persistent 
sinusoid tracts interspersed with prominent muscular 
trabeculae. Affected patients usually develop congestive 
heart failure associated with arrhythmias and systemic 
thromboembolism.We report a proband with mental retar- 
dation and peculiar somatic findings, associated LVNC 
and hypertrophic cardiomyopathy (HCM). Other family 
members were also involved, all of them, the proband 
included, had Wolff-Parkinson-White (WPW) syndrome, 
suggesting a relationship regarding the etiology of this 
LVNC - HCM phenotype overlapping. 

2. CASE REPORT 

The proband is a 35-year-old female who had been fol-
lowed since infancy. She was referred to us for a heart 
murmur and congestive heart failure. Clinical examina- 
tion at presentation was compatible with moderate to 

severe mitral regurgitation. There was cardiomegaly and 
signs of pulmonary venous hypertension on the chest 
X-ray. The EKG showed a WPW pattern with extremely 
high voltage. Cineangiography revealed a hypercontractile 
left ventricle without outflow tract obstruction, moderate 
to severe mitral regurgitation, and a never-seen-before 
contour which made it resemble a “porcupine” since there 
were heavy trabeculations leaving thin spaces between 
them as if they were wheel spokes radiating from the 
center to the periphery of the ventricular cavity. On the 
basis of the angiographic findings this patient’s heart was 
called a “spongy” heart because was thought to be the 
result of persistence of embryonic myocardium [1]. 

The patient was treated for heart failure until early 
childhood. There was clinical improvement with decreasing 
mitral regurgitation as judged by auscultation. She re-
mained symptom free for several years and she had 
non-obstructive HCM with mild mitral insufficiency 
upon echocardiographic examination. She continued 
regular follow-up visits and the echocardiograms showed 
progression to a dilated stage. Eight years ago she was 
admitted with pulmonary edema and frequent ventricular 
extrasystoles. Following treatment she was in NYHA 
functional class II and was discharged. Occasional re-
missions occurred caused by treatment non-compliance. 

Presently, she is in functional class III and has slight 
mental retardation. She has lower than normal stature, a 
short neck, low posterior hairline, and a high palate. 
Clinical genetics evaluation suggests the diagnosis of 
Noonan syndrome. Cardiovascular examination shows, a 
mitral regurgitation murmur and gallop rhythm. Chest 
x-ray and EKG presented severe cardiomegaly with signs 
of pulmonary venous hypertension and WPW pattern, 
respectively. Color Doppler-echocardiography demon- 
strated hypertrophic and dilated left ventricle with promi-
nent cavitary trabeculae compatible with the diagnosis of 
LVNC (LVNC: C ratio > 2.0), poor contractility, moderate 
mitral regurgitation, and pericardial effusion (Figure 1(a)). 
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Figure 1. (a) Echocardiographic four-chamber view of the proband; There is hypertrophic cardiomyopathy (HCM) 
and left ventricular noncompaction (LVNC) with heavy trabeculations in the left ventricular (LV) cavity. The inter-
ventricular septum (IVS): LV posterior wall (PW) ratio is 1.4:1.0. The noncompacted (NC): compacted (C) ratio is 
>2.0. The LV end diastolic (ED) diameter is 6.0 and the ejection fraction (EF) 23%. Pericardial effusion is present; (b) 
Color-Doppler echocardiographic four-chamber view of the proband’s sister. There is also HCM and LVNC. The 
color in the LV cavity delineates the heavy trabeculae. The NC: C ratio >2.0. There is concentric LV hypertrophy with 
a prominent septal bulge. The IVS: PW ratio is 1.8:1.0. The LVED diameter and the EF are 4.9 mm and 56% re-
spectively. 
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Figure 2. Pedigree of the kindred with hypertrophic cardiomyopathy (HCM), Wolff-Parkinson-White syndrome (WPW), 
and left ventricular noncompaction (LVNC) inherited as a Mendelian autosomal dominant trait.The proband is pointed by 
the arrow. I4: Proband’s grandmother with unknown clinical status. II7 and 8: Proband’s mother and aunt both of them with 
HCM and WPW. III4: Proband’s sister with HCM, WPW, and LVNC. 

 
The better resolution of the new echocardiographic 
technology allowed confirmation of the initial cinean-
giography. An updated family tree (Figure 2) showed an 
interesting family pattern where the proposita had a 
37-year-old sister also with non-obstructive HCM with 
non-compaction and normal left ventricular function 
(Figure 1(b)). External features and mental status were 
normal. She also had a WPW pattern on the EKG with 
normal voltage. She had occasional episodes of su-
praventricular tachycardia. Both the mother and her 
identical twin had HCM, WPW, and atrial fibrillation. 
They might have had also LVNC but could not be con-
firmed. They died one year apart at the ages of 59 and 60 
years due to congestive heart failure and stroke, respec-
tively. The mother’s sister had no descendants. The twins 
had 3 siblings and half- siblings each with no history of 
HCM. The maternal grandmother died suddenly at a 
young age of unspecified causes. 

3. DISCUSSION 

LVNC was a poorly recognized entity that began to gain 
interest from the medical community in the 90’s. Recently, 
it has become clear that is more prevalent than previously 
recognized [2]. However, its etiology remained unknown 
until recently, when molecular genetic studies showed 
that mutations of cytoskeletal genes like those encoding 
taffazin (TAZ) and alpha-dystrobrevin (DTNA) causing 
Barth syndrome were associated with LVNC [3]. More 

recently, it was found that LVNC was also associated with 
mutations of sarcomeric genes shared by patients with 
HCM and dilated cardiomyopathy, like the alpha-cardiac 
actin gene (ACTC), beta-myosin heavy chain (MYH7), 
and cardiac troponin T (TNNT2) [4,5]. Cases of patients 
sharing both the LVNC and HCM phenotypes have been 
published recently but there was no mention of a mutation 
[6,7]. 

The patient reported here, had other family members 
with the same disease, and all had the associated WPW 
syndrome. Such overlapping phenotype suggests a strong 
genetic association. 

WPW syndrome is infrequently associated with HCM. 
It has been found in patients with HCM phenotypes with 
mutations of the genes encoding AMP-activated protein 
kinase (PRKAG2) and lysosome associated membrane 
protein 2 (LAMP2). PRKAG2 is an important enzyme 
involved in the production of cellular energy and its mu-
tations might cause HCM, WPW syndrome, conduction 
disorders requiring pacing, skeletal myopathy, and gly-
cogen storage disease [8]. About 30% of affected indi-
viduals have atrial fibrillation or supraventricular tachy-
cardia. This clinical pattern was seen in three of the fam-
ily members of our proposita. 

LAMP-2, an X-linked gene, encodes proteins that 
regulate the integrity and function of lysosomes. Muta-
tions of this gene cause Danon disease characterized by 
HCM, WPW syndrome, skeletal myopathy and mental 
retardation. Female carriers present later in life with less 
severe disease than in males [9]. 
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In the family under discussion, the proband and the 
sister had a phenotype of HCM, WPW syndrome, and 
LVNC. The proband had also somatic features suggestive 
of Noonan syndrome and mental retardation. The dis-
eased mother and her twin, with normal external pheno-
type, had had HCM, WPW syndrome, and late onset atrial 
fibrillation, but LVNC could not be confirmed.  

The members of this family had features shared with 
patients affected with the PRKG2 and LAMP-2 mutations. 
It is then possible that any of the two might be the in-
volved gene. There are no systematic molecular genetic 
studies available showing the association of these genes 
with the HCM, WPW and LVNC phenotypes. 

The complex overlapping phenotypes of HCM with 
WPW syndrome and LVNC seen in this family is possibly 
due to a previously not described mutation which should 
be studied further. 
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ABSTRACT 

PET/CT and contrast enhancement CT (CECT) 
are the two fundamental non-invasive exams in 
the preoperative staging of patients with non 
small cell lung cancer (NSCLC). In the staging of 
the mediastinum, recent studies show that PET 
is more accurate than CECT, with an average 
sensitivity and specificity of 85 vs. 61% and 90 
vs. 79%, respectively. However, thanks to its 
specificity value of 100%, the gold standard 
remains the mediastinoscopy. The aim of this 
study was to evaluate the PET/CT accuracy in 
the intrathoracic lymph node staging. Three 
hundred and five consecutive patients with 
proven or suspected non-small cell lung cancer 
who had an integrated PET/CT study were re- 
trospectively evaluated. Lymph node staging 
was pathologically confirmed on tissue speci-
mens obtained at surgery. A med-line research 
of papers on accuracy of integrated PET/CT in 
lymph node staging was also carried out. In this 
population of patients, a total of 1972 lymph 
node stations were evaluated. Integrated 
PET/CT correctly staged 247 out of 305 patients: 
188 of 214 (87.8%) N0 patients, 34 of 40 (85.0%) 
N1 patients and 25 of 51 (49.0%) N2/N3 patients. 
PET/CT understaged 32 patients (10.5%) and 
overstaged 26 patients (8.5%). One hundred and 
forty-three lymph nodes were proved positive 
for malignancy. PET/CT correctly identified 89 
metastatic lymph node stations. The overall 
sensitivity, specificity, positive and negative 
predictive value and accuracy of PET/CT were 
64.8%, 87.9%, 69.4%, 85.5%, and 81.0% on a 
per-patient basis and 62.2%, 97.9%, 69.5%, 
97.1%, and 95.3%, on a per-nodal-station basis, 
respectively. According to nodal size, PET/CT 
correctly identified 67 out of 77 (87.0%) metas-
tatic lymph node stations with a short-axis di-
ameter ≥ 10 mm, and 22 out of 66 (33.3%) me-

tastatic lymph node stations with a short-axis 
diameter < 10 mm (p<0.001). The incidence of 
false negative lymph node metastases at 
PET/CT was higher in patients with adenocar- 
cinoma (42 out of 54). These data are in agree- 
ment with the published literature and confirm 
that integrated PET/CT is more accurate than CT 
in detecting nodal metastases; however, the 
PET/CT exam is not enough accurate to subs- 
titute mediastinoscopy. 

Keywords: Integrated PET/CT; 
Intrathoracic Lymph Node Staging; Lung Cancer 

1. INTRODUCTION 

Lung cancer is still the leading cause of death among all 
cancers. In 2006 more than 170,000 new cases were di-
agnosed in the USA [1]. The overall 5-year survival rate 
of patients undergoing surgery is less than 50% [2]. The 
successful management of these patients deals with an 
accurate staging and advances in chemo-radiotherapy and 
surgery. 

An accurate preoperative staging is done with contrast 
enhancement Computed Tomography (CECT) and 18F- 
fluoro-2-deoxy-D-glucose integrated Positron Emission 
Tomography and Computed Tomography (FDG-PET/CT). 
Although CECT is the most commonly used non-invasive 
modality for the evaluation of primary tumor characteris- 
tics (i.e. size, location, and extent), a number of reviews 
and meta-analyses have shown the limited reliability of 
this modality in lymph node staging [3-6]. In recent years, 
integrated PET/CT has become one of the most important 
exams in the preoperative staging of these patients, due to 
its ability in detecting distant and mediastinal lymph node 
metastasis [7-10]. 

Mediastinal lymph node status has an important impact 
on the course of therapy and prognosis of non small cell 
lung cancer (NSCLC) cases. In patients with N2 disease, 
neo-adjuvant chemotherapy followed by surgery or che- 
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mo-radiation therapy with curative intent are the accepted 
treatments [11]. However, in mediastinal staging false 
positive PET/CT results have been reported in patients 
with coexistent inflammatory or infectious diseases, 
while, due to a still suboptimal spatial resolution, PET/CT 
study may be unable to identify metastatic deposits in 
normal-sized lymph nodes [12-17]. Mediastinoscopy, 
thanks to its 100% of specificity, remains the gold stan-
dard exam in mediastinal nodal staging; however, it has 
several shortcomings including risk of morbidity and 
mortality and costs [18]. Due to these reasons, the medi-
astinic staging algorithm combining integrated PET/ CT 
and invasive procedures is still under debate. 

The aim of this paper is to present our results about 
PET/CT accuracy in the mediastinal nodal staging of 
patients with NSCLC. 

2. METHODS 

2.1. Patient Characteristics and Inclusion 
Criteria 

From August 2004 to March 2009, 890 consecutive pa- 
tients underwent surgery (mediastinoscopy, anterior me-
diastinotomy and/or thoracotomy) for suspected or 
pathologically proven, clinically resectable NSCLC, in 
our Thoracic Surgery Unit. Out of them, 305 patients 
(34.3%) before undergoing surgery had an integrated 
PET/CT. All PET studies were acquired in the same PET 
center using a Discovery ST scanner (GE Medical sys-
tem), within 3 weeks from the surgical operation. Patients 
who underwent preoperative chemo or radiotherapy or 
who had a PET/CT negative primary tumor or who had a 
PET/CT in other centers were excluded. Patient charac-
teristics are summarized in Table 1. 

All the patients of the study population had a history 
and physical examination, laboratory tests, spirometry, 
chest X ray, contrast enhanced brain, chest and upper 
abdomen CT and bronchoscopy to complete the pre- 
operative diagnostic work up. 

2.2. Integrated PET/CT 

Before the exam, all patients provided informed written 
consent. Patients fasted for at least 6 h before the exam; 
the scanning was performed 60 min after the intravenous 
administration of FDG (4.5 to 5.5 MBq/kg). After de-
termining the imaging field, a CT scan (140 kV, tube 
current 60 mA/S) was performed and it was used for both 
anatomical localization and for calculation of attenuation 
correction. Then, the PET data were acquired in 3D mode 
from the skull base to the pelvic floor in 8 to 9 bed posi-
tions. The acquisition time for PET was 3 minutes per bed 
position. Coronal, sagittal, and transverse data sets were 
reconstructed. Coregistered scans were displayed by 
using dedicated software (Advantage 4.2; GE Healthcare)  

Table 1. Characteristics of the study population (n=305). 

Variable No. % 

Gender   

Male 239 78.4 

Female 66 21.6 

   

Age (years)   

Mean ± SD 66.5 ± 8.4 

Range 37 – 86 

   

Site   

Right 176 57.7 

Left 129 42.3 

   

Location   
Central (inner 1/3 of lung 
field) 

100 32.8 

Peripheral 205 67.2 

   

Tumor diameter (cm)   

Mean ± SD 3.3 ±1.8 

Range 0.5 – 13 

   

Histology   

Squamous cell 77 25.2 

Adenocarcinoma 183 60.0 

Bronchoalveolar 6 2.0 

Carcinoid # 15 4.9 
Other type non-small cell 
lung cancer 

24 7.9 

   

Grade of differentiation   

Good 41 13.4 

Moderate 139 45.6 

Poor 125 41.0 

   
Presence of vascular 
invasion 

  

Yes 80 26.2 

No 225 73.8 

   

Presence of necrosis   

Absent 109 35.7 

Focal 106 34.8 

Extended 90 29.5 

   

Tumor SUVmax   

Mean ± SD 10.1 ± 9.5 

Range 1.7 – 54 

SD: standard deviation; SUVmax : maximum standardized uptake value 
# Typical n=11; Atypical n=4 
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and integrated PET/CT data sets were prospectively 
evaluated in consensus by two nuclear medicine physi- 
cians (E.P. and V.A.) who were aware of clinical and 
stand-alone contrast-enhanced CT results, but blinded to 
the histologic findings. The maximum standardized up-
take value (SUVmax) of the primary tumor was measured 
with a region-of-interest technique and calculated by the 
software according to standard formulas. Pulmonary and 
mediastinal lymph node stations, localised according to 
the classification scheme of Mountain and Dresler [19], 
were considered positive for metastatic spread if they 
showed focally increased FDG uptake (ie, uptake higher 
than the normal mediastinal activity). 

2.3. Surgery and Histopathology 

All 305 patients underwent surgical staging. Thirty five 
patients underwent invasive mediastinal staging accord- 
ing with the positive results of the integrated PET/CT for 
N2/N3 disease. Cervical mediastinoscopy was used to 
sample stations 2R, 4R, 2L, 4L, and 7, and anterior me-
diastinotomy was used to sample stations 5 and 6. Seven 
patients were excluded from subsequent surgery due to 
multi-station N2 disease (n=6) or N3 disease (n=1). The 
other 28 patients underwent invasive mediastinal staging 
procedure followed by thoracotomy during the same 
surgical session due to non metastatic mediastinal lymph 
nodes (n=8) or N2 minimal disease(n=20), defined as 
single-station, intranodal metastatic deposit. The 270 
remaining patients, considered N2 lymph node negative 
by PET/CT, underwent thoracotomy, pulmonary resec-
tion, and complete thoracic lymphadenectomy. Overall, 
pulmonary resections included pneumonectomy (n=19), 
bilobectomy (n=9), lobectomy (n=252), and segmentec-
tomy (n=18). At thoracotomy, complete thoracic lym-
phadenectomy was routinely performed; it consisted of 
en-bloc resection of all lymph nodes that were accessible 
in the mediastinum and hilum. Intrapulmonary lymph 
nodes (stations 11 and 12) were included in the resected 
lung specimen. At the subcarinal level, the contralateral 
mediastinal lymph nodes, lying on the opposite main 
stem bronchus, were removed in 41 patients. 

The pathologic review (primary tumor characteristics 
and lymph node status) was performed by standard tech-
niques while immunohistochemistry was used when 
appropriate. Pathologic TNM staging was performed and 
disease was classified as stage IA in 89 patients (29.2%), 
stage IB in 91 (29.8%), stage IIA in 10 (3.3%), stage IIB 
in 43 (14.1%), stage IIIA in 49 (19.5%), stage IIIB in 14 
and stage IV in 9 patients. 

2.4. Data Analysis 

The sensitivity, specificity, positive predictive value, 
negative predictive value, and accuracy of integrated 
PET/CT in the assessment of intrathoracic lymph node 
involvement were determined by using histologic results 

as reference standard. Diagnostic characteristics of inte-
grated PET/CT were assessed on a per-patient basis and 
on a per-nodal-station basis. A probability value of < 
0.05 was considered statistically significant. Statistical 
analysis was carried out with StatSoft version 6.1 soft-
ware. 

Finally, the results of our experience were compared 
with that of the literature. With the help of the Medline 
search engine PubMed, we reviewed the literature be-
tween 2000 and 2009. The search was performed using 
keywords such as positron emission tomography, patho- 
logical staging and lung cancer. The inclusion criteria 
were the following: English language, full text articles, 
original articles (retrospective or prospective), meta- 
analysis. We considered studies that evaluated FDG-PET 
imaging for mediastinal lymph node staging and provided 
enough data to calculate sensitivity and specificity on a 
per patient analysis and on a per nodal station analysis. 
We analyzed the number of patients and the number of 
lymph node stations sampled, sensitivity, specificity, 
positive and negative predictive value and accuracy of 
PET. The articles on the accuracy of PET(/CT) in the 
restaging after induction radio or chemotherapy were 
excluded. 

3. RESULTS 

A total of 1972 nodal stations were sampled in 305 pa-
tients (6.5 stations per patient): 1421 mediastinal, 287 
hilar and 264 intrapulmonary nodal stations; the mean 
number of lymph node dissected was 30 ± 13 per patient. 
At the pathological analysis 214 patients had no lymph 
node metastases, 40 patients showed an N1 disease, 50 an 
N2 disease and only one an N3 disease. Integrated 
PET/CT correctly staged 247 out of 305 patients; N1 
disease was correctly detected by PET/CT in 34 of 40 
patients (85.0%) with pathologically proven disease. 
N2/N3 disease was correctly determined by PET/CT in 
25 of 51 patients (49.0%) with positive results on his-
tologic analysis. PET/CT understaged 32 patients 
(10.5%). The causative factors for understaging were 
subcentimeter metastatic deposits in 22 patients and 
PET/CT inability to distinguish between large central 
tumors and adjacent mediastinal or pulmonary lymph 
nodes in 10 patients. PET/CT overstaged 26 patients 
(8.5%). Overstaging was due to inflammatory conditions 
(n=16) and silicoanthracosis (n=10). Integrated PET/CT 
showed an overall sensitivity of 64.8%, a specificity of 
87.9%, a positive predictive value of 69.4%, a negative 
predictive value of 85.5%, and an accuracy of 81.0% for 
the detection of intrathoracic nodal metastases on a per- 
patient basis (Table 2). 

Out of 1.972 nodal stations histologically evaluated, 
143 proved to be positive for malignancy. PET/CT cor-
rectly identified 89 metastatic lymph node stations. 
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Table 2. Contingency table for PET/CT in identifying intra-
thoracic lymph node (LN) involvement. 

 
Intrathoracic LN   
involvement (+) 

Intrathoracic LN   
involvement (-) 

Total

PET/CT (+) 59 26 85 

PET/CT (-) 32 188 220 

Total 91 214 305 

 
False negative results were obtained in 54 nodal stations, 
and false positive results in 39. 

The overall sensitivity, specificity, positive and nega-
tive predictive values, and accuracy of PET/CT for de-
tecting intrathoracic lymph node involvement were 
62.2%, 97.9%, 69.5%, 97.1%, and 95.3%, respectively, 
on a per-nodal station basis (Table 3). The most common 
lymph node station for hidden metastatic involvement 
was at the subcarinal level (12 out of 54 [22.2%]) fol-
lowed by the right upper and lower paratracheal and the 
hilar levels. 

The short-axis diameter of the 143 pathologically 
proven metastatic lymph node stations ranged from 3 to 
37.5 mm, with a mean value of 10.9 ± 4.8 mm. Of these 
143 lymph node stations, 66 (46.1%) were less than 10 
mm in short-axis diameter. The size of the 89 lymph node 
stations that yielded true positive results on PET/CT 
ranged from 6.5 to 37.5 mm, with a mean value of 12.9 ± 
4.8 mm. Twenty (22.5%) of 89 true positive lymph node 
stations at PET/CT were less than 10 mm in short-axis 
diameter. The size of the 54 lymph node stations that 
yielded false negative results on PET/CT ranged from 
3 to 15 mm, with a mean value of 7.6 ± 2.0 mm. Forty 
four (81.5%) of 54 false negative lymph node stations 
were less than 10 mm in short-axis diameter. As a matter 
of fact, PET/CT was successful in identifying 67 of 77 
(87.0%) metastatic lymph node stations measuring ≥ 10 
mm in short-axis diameter, and 22 of 66 (33.3%) metas-
tatic lymph node stations measuring < 10 mm in 
short-axis diameter (p<0.001). The incidence of false 
negative lymph node metastases at PET/CT was higher in 
patients with adenocarcinoma (42 out of 54). 

In order to evaluate PET/CT diagnostic efficacy in the 
detection of mediastinal nodal metastasis a per-patient 
analysis was performed in the subset of cases presenting 
N0 and N1 disease. This analysis was performed due to 
the central importance of mediastinal lymph node in-
volvement for therapeutic decision making in patients 
with localized NSCLC. The results are presented in Table 
4 (sensitivity 49.0%, specificity 96.1%, accuracy 
88.2%).Patients with adenocarcinoma showed signifi- 
cantly higher mediastinal nodal metastatic rates than 
those with other NSCLC types. Twenty two (84.6%) of 
the 26 false negative N2/N3 disease interpretations oc-
curred in patients with adenocarcinoma. 

In the same subset, a per-nodal-station analysis was 
performed. Sensitivity, specificity, positive and negative 

Table 3. Per-nodal station diagnostic efficacy of PET/CT. 

Nodal 
station #

Sensitivity
% 

Specificity 
% 

PPV 
% 

NPV 
% 

Accuracy
% 

1 - 100 - 98.1 98.1 

2 20.0 98.8 50.0 95.5 94.4 

3 - 100 - 90.5 90.5 

4 52.6 97.6 71.4 94.8 93.0 

5 81.8 97.3 75.0 98.2 95.9 

6 62.5 98.3 71.4 97.4 96.0 

7 36.8 98.6 63.6 95.8 94.6 

8 50 100 100 98.9 98.9 

9 - 99.6 - 98.8 98.4 

N2 
(n=1380)

44.7 98.8 68.0 96.8 95.8 

10 86.0 91.8 64.9 97.4 90.9 

11-12 78.3 98.8 85.7 97.9 97.0 

N1 
(n=551)

83.3 95.3 70.5 97.7 93.8 

N3 
(n=41) 

- 100 - 97.6 97.6 

# Lymph node stations were localised according to the classification 
scheme of Mountain and Dresler [18] 
PPV: positive predictive value; NPV: negative predictive value 
 
predictive values and accuracy resulted: 44.2%, 98.8%, 
68%, 96.9% and 95.8%, respectively.  

In Table 5 [20-29], we compared our results with the 
data showed in the literature analyzing the number of 
patients, the number of dissected lymph node stations and 
the sensitivity, specificity, positive and negative predic-
tive values and accuracy, on a per-patient and on a per- 
nodal station analysis (when possible). 

4. DISCUSSION 

Since the 1960’s, cervical mediastinoscopy has been 
extensively performed to stage the mediastinum in pa- 
tients potential candidates for lung resection. Specificity 
and false positive rates of mediastinoscopy can be as-
sumed to be 100% and 0%, respectively, while in a review 
of more than 6.500 patients, the average sensitivity was 
approximately 80% and the average false negative rate 
was nearly 10% [30]. False negative results mainly occur in 
lymph node stations not attainable through media-stinoscopy; 
moreover, the accuracy of the technique is surgeon dependent 
[31]. In recent years, transbronchial [32] and transesophageal 
[33] ultrasound-guided needle biopsy techniques have provided 
 

Table 4. Contingency table for PET/CT in identifying medi-
astinal lymph node (LN) involvement. 

 
Mediastinal LN   
involvement (+) 

Mediastinal LN   
involvement (-) 

Total

PET/CT (+) 25 10 35 

PET/CT (-) 26 244 270 

Total 51 254 305 
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a valuable adjunct for the evaluation of mediastinoscopic 
“blind spots”. Apart from the fact that mediastinoscopy is 
unable to completely stage the mediastinum, it also pre-
sents several shortcomings which include invasiveness, 
risk of morbidity and mortality, and costs. As a conse-
quence, different imaging techniques have been proposed 
as a guide to enable the most efficient use of medi-
astinoscopy. 

Several studies clearly demonstrate the key role of PET 
with FDG in the preoperative staging of patients with 
NSCLC, due to its ability in detecting local and distant 
metastases. In a recent meta-analysis FDG-PET resulted 
more accurate than CECT in identifying mediastinal 
nodal metastases [29]. The average sensitivity and speci-
ficity of CECT were 61% and 79%, respectively, while 
85% and 90%, respectively for PET [34]. With the in-
troduction of PET/CT, as shown for the first time by 
Lardinois et al., the accuracy in detecting local and dis-
tant metastases has even increased [7,27]. However, fur-
ther studies have not confirmed these preliminary results 
(see Table 5 [12-17,20]). Therefore at present the sensi-
tivity and accuracy of PET/CT in the mediastinal lymph 
node staging are considered too low to avoid further 
invasive studies [28], and the role of PET and medi-
astinoscopy is under discussion. 

Our study confirms the limited ability of integrated 
PET/CT in identifying the actual intrathoracic lymph 
node stage of patients with potentially resectable NSCLC. 
All the performance characteristics of integrated PET/CT 
turned out to be below the threshold of 95%, only where 
the test could replace invasive staging procedures [17]. In 
fact, we had 10.5% of false negative and 8.5% of false 
positive cases. A high rate of false negative patients for 
N2 disease in the adenocarcinoma group was identified, 
as with other authors [35]. 

Observing the available literature, we can notice a 
certain heterogeneity in the methods: some authors did 
not perform a per patient and a per nodal station analysis, 
and/or did not report the number of the sampled stations, 

and/or the average number of the dissected lymph nodes.  
Anthoc et al. reported that integrated PET/CT was 

more accurate than CECT in the overall tumor staging but 
also in identifying nodal metastases of patients with 
non-small lung cancer [8]. The sensitivity, specificity and 
accuracy were 89%, 94% and 93%, respectively. The 
authors explain that the advantage of integrated PET/CT 
is due to the exact spatial localization of the abnormal 
uptakes in the mediastinum and suggest that a mediasti-
num negative for nodal metastasis at the PET/CT study 
doesn’t require any further diagnostic surgical procedure 
such as mediastinoscopy. 

On the contrary, Yi et al. in their study analyzed 453 
mediastinal nodal stations and demonstrated that the 
PET/CT sensitivity is not high enough in identifying 
metastases. These authors stressed the need to continue to 
perform mediastinoscopy also in stage T1, N0 patients, 
despite its high cost and associated morbidity and mor-
tality. Curiously, in this study PET/CT showed very high 
specificity levels leading the authors to conclude that 
mediastinoscopy should not be performed in patients with 
a positive PET/CT [15]. 

Turkmen in 2007 reported the higher accuracy of 
PET/CT over CT and PET alone in detecting mediastinal 
nodal metastases, but the accuracy was not enough to 
replace the mediastinoscopy as the gold standard: on 59 
patients he reported a sensitivity of 76% and an accuracy 
of 80%. He pointed out that the causes of PET false 
negative cases were micro-metastases, necrosis and PET 
limited spatial resolution [36].  

De Langen showed that in PET negative lymph nodes 
of 10 to 15 mm the probability of discovering nodal me-
tastases is too low to justify mediastinoscopy. In con- 
clusion he stressed the necessity to identify the subset of 
patients with a negative PET/CT, that could benefit from 
a mediastinoscopy [25-37]. 

Lee et al. reported that PET/CT did not improve the 
overall accuracy of mediastinal staging due to the fact 
that, the improvement in technology, reduced the number

 
Table 5. Integrated PET/CT sensibility and specificity. 

Characteristic Patients (No.) LN stations (No.) Sensibility (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

Our series 305 6.5 64.8 87.9 69.4 85.5 81 

Melek et al. [20] 170 4.04 74 73 55 87 74 

Perigaud et al. [21] 51 3.8 40 85 40 85 - 

Port et al. [22] 64 - 45 89 - - - 

Nomori et al. [23] 80 - 78 98 74 98 97 

Cerfolio et al. [9]* 129 N/A 69 94 49 99 96 

Cerfolio et al. [24] 400 - 71 77 44 91 76 

Gupta et al. [25] 77 - 87 91 72 97 82 

Poncelet et al. [26] 64 - 67 85 43 94 82 

Pieterman et al.* [27] 102 - 91 86 95 74 87 

Kim et al. [28] 150 3.8 47 100 100 87 88 

Yi et al. [29] 143 3.2 56 100 100 88 90      
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of false negative patients while it increased that of the 
false positive results [16]. 

Cerfolio showed that the use of PET/CT in the selec-
tion of patients candidates for surgery is useful; however, 
it concluded that PET/CT is not accurate enough to re-
place nodal biopsies to stage the mediastinum [9].  

In the present paper, we performed both the per patient 
and the per nodal station analysis in order to better un-
derstand the overall sensitivity, specificity and accuracy 
of PET/CT. It is our opinion that the accuracy of PET/CT 
could be more precisely evaluated by analyzing the re-
sults in all the nodal stations (it should be pointed out, that 
even if other authors, including Cerfolio, stressed the 
relevance of the nodal station analysis, only few authors 
used it [24]). In our study, at the per nodal station analysis, 
the most common location for mediastinal lymph node 
metastases was the subcarinal station, followed by the 
lower paratracheal station. In agreement with the findings 
reported by Cerfolio and co-workers [9], PET/CT showed 
the highest incidence of both false positive and false 
negative results at this level, which underline the need for 
a thorough lymph node dissection at the subcarinal station. 

Moreover, previous or concomitant inflammatory and 
infectious conditions are mainly responsible for false 
positive results at PET/CT. Due to this reason and in 
accordance with other authors we agree on the necessity 
to confirm PET positive findings with a biopsy [16-24]. 
Therefore, even if PET/CT is more accurate than CT and 
other preoperative exams in detecting distant and local 
metastases, both the published literature and our experi-
ence underline the continued need for tissue confirmation 
of a positive PET/CT result. 

On the other hand, the spatial resolution of PET/CT 
remains inadequate to rule out sub-centimetre lymph 
node metastases and this was clearly confirmed by Peri-
gaud et al. [21]. Furthermore, Al Sarraf and coll. [38] in 
their series showed that the rate of false negative patients 
resulted 16% (25 out of 153). In this study, the elements 
significantly related with occult N2 disease were: central 
location of the tumor, right upper lobe cancer, and N1 
uptake at PET/CT. Melek in his paper reported an higher 
false negative rate in patients with adenocarcinoma [20], 
which is confirmed by our results.  

In conclusion our data show that integrated PET/CT is 
more accurate than CECT in detecting nodal metastases; 
however, its accuracy is below 95% and therefore, not 
sufficient enough to substitute mediastinoscopy in all 
patients. Therefore, in patient cohorts with a higher like-
lihood of mediastinal lymph node involvement, a nega-
tive PET scan does not obviate the need of invasive 
staging procedures [31-35]. New randomized trials will 
be necessary to identify these cohorts of patients. Vice-
versa, in patients with PET positive mediastinal lymph 
nodes, the mediastinoscopy is mandatory in order to 
avoid false positive results. 
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ABSTRACT 

Fuzzy logic is a logical calculus which operates 
with many truth values (while classical logic 
works with the two values of true and false). 
Since fuzzy logic considers the truth of scien- 
tific statements like something softened, it is 
fruitfully applied to the study of biological phe-
nomena, biology is indeed considered the field 
of complexity, uncertainty and vagueness. In 
this paper fuzzy logic is successfully applied to 
the clinical diagnosis of a patient who suffers 
from different diseases bound by a complex 
causal chain. In this work it is presented a 
mathematical foundation of fuzzy logic (with 
connectives and inference rules) and then the 
application of fuzzy reasoning to the study of a 
clinical case. Probabilistic logic is widely con-
sidered the unique logical calculus useful in 
clinical diagnosis, thus the usefulness of fuzzy 
logic and its relation with probabilistic logic is 
here explored. The presentation of the case is 
supplied with all the features necessary to affect 
a clinical diagnosis: physical exam, anamnesis 
and tests. 

Keywords: Fuzzy Logic; Probabilistic Logic; Clini-
cal Diagnosis; Biological Phenomena; Truth 

1. INTRODUCTION 

In this work fuzzy logic was applied to clinical diagnosis. 
Fuzzy logic is a multi-valued logic, i.e. a logic which 
works with many (finite or infinite) truth-values. Differ-
ently from classical logic, which works with two truth- 
values (true or false, 1 or 0), fuzzy logic allows for de-
grees of truth. Fuzzy logic considers the truth of scientific 
statements like something softened, then it is fruitfully 
applied to the study of biological phenomena because 
biology and medicine are considered the field of com-
plexity, uncertainty and vagueness. Fuzzy logic empha-
sizes the precision of clinical data: it includes scalar 
quantities in the argumentations, providing conclusions 
which give partial truth in results. This means that fuzzy 
diagnosis, achieving the quantitative precision of clinical 

signs, symptoms and laboratory tests, is capable to show 
the vagueness of diagnostic argumentations. Classical 
logic derives from absolutely true premises absolutely 
true conclusions, but in the whole science the absolute 
truth is an illusion: human science always works with 
uncertainty. In medicine, and in particular in medical 
practice, this problem is quite evident. Fuzzy and prob-
abilistic logic treats vagueness and uncertainty, but 
nowadays only probabilistic logic is employed in clinical 
diagnosis. The central aim of this work is to demonstrate 
that fuzzy diagnosis may be an improvement and a comple-
tion of probabilistic diagnosis. Fuzzy logic, differently from 
classical logic, not only shows the uncertainty in the argu-
mentations, but also measures it; and, differently from 
probabilistic logic, treats a kind of uncertainty which prob-
ability does not consider. Many scholars are persuaded by 
the work of de Finetti [1] that only one kind of mathe-
matical method is needed to treat uncertainty: probabil-
istic logic. If that was the case fuzzy logic would be not 
necessary. On the other hand, Kosko argues that prob-
abilistic logic is a sub-theory of fuzzy logic, and that 
probability handles only one kind of uncertainty. He also 
claims to have proven a derivation of Bayes’ theorem from 
the concept of fuzzy ‘subsethood’ [2]. Zadeh, the creator of 
fuzzy logic, argues that fuzzy logic is different in char-
acter from probability, and it is not a substitute of prob-
abilistic logic. Which is the relation between fuzzy and 
probabilistic logic? The clinical diagnosis is a good field 
to look for the answer. 

A lot of clinical phenomena, symptoms, signs and 
laboratory tests are quantitative; whether their quantity is 
wholly scalar, as in the case of lab test, or whether it is 
determinable only by linguistic adjectives, as in the case 
of symptoms, there is however a great advantage in the 
use of fuzzy logic. In the “Methods” section of this work 
it was furnished a mathematical-logic formulation of 
fuzzy logic and of fuzzy set theory. In the “Results” sec-
tion fuzzy logic was applied to a real clinical case. 

2. METHODS: ELEMENTS OF FUZZY 
LOGIC 

2.1. Set Theory 

A set is a collection of objects which satisfies one particular 
condition. The objects contained in the set are called 
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“elements” of the set. The elements of a set can also be 
sets. The term “set” is not defined: it is sufficient to give 
an intuitive exposition of set theory. Following a usual 
symbolization, the sets are denoted with capital letters A, 
B, X, Y, and the elements of the sets with miniscule letters 
a, b, x, y, 

To denote that a is an element of A, it is used  

a  A                     (1) 

To denote that a is not an element of A, it is used 

a  A                     (2) 

To denote that A is the set which has as elements a, b, c, 
it is used 

A = {a, b, c, …}               (3) 

Definition 1. For two sets A and B, if each element of A 
is an element of B, then A is a subset of B: 

A  B or B  A               (4) 

To denote that A is not a subset of B, it is used 

A  B                    (5) 

Definition 2. For two sets A and B, A  B shall denote 
the set constituted by the elements which belong to A or to 
B. The set A  B is called the “union of A and B”. 

Definition 3. For two sets A and B, A  B shall denote 
the set constituted by the elements which belong to A and 
to B. The set A  B is called the “intersection of A and B”. 

Definition 4. For two sets A and B, a function f of A in B 
is a law which associates to each element of A an element 
of B. To denote this function it is used f: A → B. 

An “indicator function” or a “characteristic function” 
is a function defined on a set X that indicates the mem-
bership of an element x in a subset A of X. The indicator 
function of a subset A of a set X is a function 

1A: X→ {0,1} 

defined as 
 

1 if x  A 
         1A(x) =  

0 if x  A 

2.2. Fuzzy Set 

The fuzzy set theory is an extension of classical set theory. 
As the classical sets are used in classical two-valued logic, 
fuzzy sets are used in fuzzy logic. In classical set theory 
the membership of elements in relation to a set is assessed 
in binary terms according to a crisp condition: an element 
either belongs (1, true) or does not belong (0, false) to the 
set. By contrast, fuzzy set theory permits a gradual 
membership of the elements in relation to a set. This fact 
is described with the aid of a membership function 
μ→[0,1]. The membership function of a fuzzy set is a 

generalization of the indicator function of classical sets. 
In fuzzy logic, it represents the degree of truth as an ex-
tension of valuation. For any crisp set X, a membership 
function on X is any function from X to the real unit in-
terval [0, 1]. Membership functions on a crisp set X rep-
resent fuzzy subsets of X. It is remarkable that fuzzy sets 
are defined as subsets of a classical set; this is the reason 
why the fuzzy set theory is considered an extension of 
classical set theory. The membership function represent-
ing a fuzzy set is usually denoted by μÃ. For an element x 
of X, the value μÃ (x) is called the membership degree of x 
to the fuzzy set Ã, which is a subset of X. The membership 
degree μÃ (x) quantifies the grade of membership of the 
element x to the fuzzy set Ã. The value 0 means that x is 
not a member of the fuzzy set; the value 1 means that x is 
fully a member of the fuzzy set. The values between 0 and 
1 characterize members which belong to the fuzzy set 
only partially. Usually membership functions with values 
in [0, 1] are called [0, 1]-valued membership functions. In 
Figure 1, the function μÃ (x) of an element of the fuzzy 
subset Ã of X is represented by the curved line, while the 
function μA (x) of an element of the crisp subset A of X is 
represented by the broken line. 

For A  X  Ã 

2.3. Fuzzy Logic 

Fuzzy logic, derived from fuzzy set theory, is an useful 
calculus which represents a reasoning that is approximate 
rather than precisely deduced as in classical predicate or 
propositional logic. It can be thought of as the application 
side of fuzzy set theory dealing with well thought out real 
world. Fuzzy logic admits set membership values to 
range (inclusively) between 0 and 1, and, in its linguistic 
form, admits imprecise concepts like “slightly”, 
“enough”, “very”, “not completely” and so on. 

2.3.1. Connectives 
As the classical logic, but differently from probabilistic 
logic, fuzzy logic is truth-functional. The AND ( ), OR 
( ), and NOT () operators of classical logic exist also in 
fuzzy logic; they are usually defined as the minimum, 
maximum, and complement. When they are defined in this 
way they are called “Zadeh operators”, indeed they were 
 

Figure 1. The function μÃ (x) of an element of the fuzzy subset Ã 
of X is represented by the curved line, the function μA (x) of an 
element of the crisp subset A of X is represented by the broken line. 

http://en.wikipedia.org/wiki/Image:Fuzzy_crisp.gif�
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first defined in Zadeh’s original papers. The most important posed in the past for fuzzy logic, such as those of Sugeno 
[3], Dubois and Prade [4] and Yager [5]. Each of these 
provides a way to vary the “gain” on the function so that it 
can be very restrictive or very permissive. Here I follow 
the Gödel T-norm (min) and Gödel T-conorm (max) as 
defined in Hajek [6]. 

thing to understand about fuzzy logical reasoning is the 
fact that it is a superset of standard Boolean logic. If we 
keep the fuzzy values at their extremes of 1 (completely 
true), and 0 (completely false), the laws of classical logic 
will be valid. Consider, for example, the truth tables of 
classical logic (Figure 2). 

2.3.2. Fuzzy Implication: If-Then Rules Knowing that in fuzzy logic the truth of any sentence is a 
matter of degree, these truth tables must be defined through 
others connectives. Input values can be real numbers be-
tween 0 and 1. One function which will preserve the results 
of the AND truth table (for example) and also extend to all 
real numbers between 0 and 1 is the min operation. This 
operation resolves the sentence A AND B, where A and B 
are limited to the range (0, 1), by using the function min (A, 
B). Using the same reasoning, it is possible to replace the 
OR operation with the max function, so the sentence A OR 
B, where A and B are limited to the range (0, 1), becomes 
equivalent to max (A, B). Finally, the operation NOT A 
becomes equivalent to the operation 1  A. The truth 
function of negation has to be non-increasing (and assign 0 
to 1 and vice versa); the function 1 − A (Łukasiewicz ne-
gation) is the best known candidate. Let’s consider Figure 
3: the truth table in Figure 2 is completely unchanged by 
this substitution. 

Fuzzy sets are the subjects and predicates of fuzzy logic. 
The If-Then rule statements are used to formulate the 
conditional statements that comprise fuzzy logic. A single 
fuzzy If-Then rule assumes the canonical form 

1) if x is A then y is B  
or, in fuzzy propositional logic, 
2) if p then q 
In 1) A and B are linguistic values defined by fuzzy 

sets on the ranges (universes of discourse) X and Y, re-
spectively. The if-part of the rule, “x is A” (or p), is called 
the antecedent or premise, while the then-part of the rule, 
“y is B” (or q), is called the consequent or conclusion. An 
example of such a rule might be. 

If service is good then tip is average. 
The adjective good can be represented as a number 

between 0 and 1, thus the antecedent is an interpretation 
that gives a single number between 0 and 1. The adjective 
average is represented as a fuzzy set, and so the conse-
quent is an assignment that assigns the entire fuzzy set B 
to the output variable y. In the If-Then rule, the word “is” 
is used in two entirely different ways depending on 
whether it appears in the antecedent or the consequent. In 
general, the input of an If-Then rule is the current value 
for the input variable (in this case, service), while the  

With these three functions it is possible to resolve any 
construction using fuzzy sets and the fuzzy logical op-
erations AND, OR, and NOT. Clearly, it is only defined 
here one particular correspondence between two-valued 
and multi-valued logical operations for AND, OR, and 
NOT. This correspondence is not unique. Not only min 
and max but several kind of connectives have been pro-  

 

Figure 2. Truth tables of classical logic. 
 

 

Figure 3. Truth tables of fuzzy logic. 
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output is an entire fuzzy set (in this case, average). This 
set will later be “defuzzyfied”, assigning a numerical 
value to the output. The defuzzyfication is the process of 
producing a numerical result in fuzzy logic. Typically, a 
fuzzy system will have a number of tables of conversion 
that transform some variables (scalar or linguistic) into 
numerical results: the result is described in terms of 
membership into fuzzy sets. Interpreting an If-Then rule 
involves distinct parts: first evaluating the antecedent 
(which involves fuzzyfying the input variable and then 
defuzzyfying it), second applying that result to the con-
sequent (implication). In the case of two-valued or clas-
sical logic, If-Then rules don’t present difficulty. If the 
premise is true, then the conclusion is true. If we relax the 
restrictions of two-valued logic and assume that the an-
tecedent is a fuzzy statement, this shall reflect on the 
conclusion. If the antecedent is true to some degree of 
membership, then the consequent is also true to that same 
degree. In other words: 

Classical logic p  q (p and q are either true or false)  
Fuzzy logic 0.5 p  0.5 q (partial antecedents provide 

partial implication) 
The antecedent of a rule can have multiple parts, for 

example: 
if sky is gray and wind is strong and barometer is fal-

ling, then... 
All parts of the antecedent must be defuzzyfied, cal-

culated simultaneously and resolved to a single number 
using the logical operators described in the preceding 
section. The consequent of a rule can also have multiple 
parts. For example: 

if temperature is cold then hot water valve is open and 
cold water valve is closed.  

The consequent is affected by the antecedent and all 
consequents are affected equally by the result of the an-
tecedent. The consequent assigns a fuzzy set to the output, 
then the implication function modifies that fuzzy set to 
the degree specified by the antecedent. The If-Then rules 
which were used in the case report (Section 3) gave to (all 
parts of the) the consequent the same fuzzy value which 
was given to the antecedent. Using the If-Then rules is a 
four-part process: 

1) Fuzzifycation of variables: Provide tables of con-
version that transform some variables (scalar or linguistic) 
into fuzzy sets, the tables show that the degree of mem-
bership to the fuzzy set correspond to numerical values 
between 0 and 1 (0 and 100%). 

2) Defuzzifycation: Resolve all fuzzy statements in the 
antecedent giving a precise degree of membership be-
tween 0 and 1 (0 and 100%) to each part. If there is only 
one part into the antecedent, this is the degree of support 
for the rule.  

3) Apply fuzzy operators to multiple part antecedents: 
If there are multiple parts in the antecedent, apply fuzzy 
logic operators (connectives) and resolve the antecedent 

to a single number between 0 and 1. This is the degree of 
support for the rule. 

4) Apply implication method: Use the degree of sup-
port for the entire rule to shape the output fuzzy set. The 
consequent of a fuzzy rule assigns an entire fuzzy set to 
the output. If the antecedent is only partially true, (i.e., is 
assigned a value less than 1), then the output fuzzy set is 
truncated according to the implication method.  

The general structure of the If-Then rules, with their 
modifications with connectives, is: if p * p’ then q * q’ 
where * denotes the binary operations of conjunction and 
disjunction. The inference rule that was used in the case 
report (Section 3) to provide the If-Then statements is the 
generalized modus ponens (GMP), which has the form: 

((p  q)  p’)  q’ 

where p’ is always a quantitative modification of p and q’ 
is always a quantitative modification of q (through the 
degree of membership). This rule allows quantitative 
implications as 

p  q 

0.60 p 

0.60 q 

3. RESULTS: CASE REPORT 

Maria C., a 67-years-old white woman, was admitted to 
our unit because of dyspnoea, fatigue, leg oedema and 
abdominal enlargement. 

The patient was quite well until two weeks ago, when 
she complained of increasing weakness, abdominal en- 
largement and foot enlargement. Moreover, she felt in-
creasingly tired and suffered breathing difficulties, in 
particular after physical activity or at the end of the day.  

Physical exam: on admission the patient was pale and 
dyspnoeic at rest. On clinical examination the patient had 
leg oedema and ascites. 

Blood 
Pressure 

160/80 mm/Hg 

Breathing 
rate 

Hyperpnoea: 22 cycle/min 

Heart 
Rate 

140 b/min 

Weight 68.8 Kg 

Heart 
Percussion of heart area estimate enlargement of 
heart size. Normal heart sounds with systolic heart 
murmur 3/6 Levine. Tachycardia and arrhythmias. 

Thorax 

Reduced chest expansibility during inspiration and 
expiration. An abolished fremitus on the right 
pulmonary base and a reduced fremitus on the other 
part of the right chest. The chest percussion reveals 
the absence of the “clear lung sound”. On auscul-
tation of the chest the normal breathing is impaired 
and is revealed the presence of rales on the right 
part of the chest and on the medium-basal left part 
of the chest. 
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Abdomen 

The abdomen is taut, but no discomfort is elicited 
during palpation. The percussion of the abdomen 
reveals a dull sound about 2 centimetres below to 
the navel. 
Liver: enlargement liver: it can be palpated 3 cen-
timetres below to the costal margin. Normal con-
sistency, surface and tenderness. 
Spleen: normal 

Other 
Presence of legs oedema, with impressive oedema 
of the ankles. 

Anamnesis: 
The patient was born in Italy and she lived with her 

son;  
She did not use alcohol or tobacco;  
Diagnosis of hypertension when she was in her 40s;  
Open-heart surgery, to repair a little atrial septal defect, 

when she was in her 50s; 
Total hysterectomy for cancer when she was in her 53s;  
Diagnosis of diabetes mellitus when she was in her 

55s; 
Diagnosis of atrial fibrillation when she was in her 59s; 
The patient’s current medications were metformin, 

digoxin and ramipril. 

3.1. Pre-test Hypotheses 

On the basis of the clinical history of the patient, of the 
presence of Dyspnoea at rest (a), Oedema (b), Tachyar-
rhythmias (c), Epatomegaly (d), Ascites (e), and Pleural 
effusion (f), it is possible to formulate the following di-
agnostic hypotheses in agreement with clinical probability: 

Hepatic Cirrhosis (t) 
Nephrosic Syndrome (u) 
Pneumonia (w) 
Myocardial Ischemia (x) 
Congestive Heart Failure (y) 
Worsening of the Supraventricular Arrhythmias (z) 
Using the If-Then rules the inferences have the form: 
1) If a and b and c and d and e and f then t or u or w or x 

or y or z 
1’) If a and b and c and d and e and f then t and u and w 

and x and y and z 
In particular, the clinical probability suggests the fol-

lowing inferences: 
2) If a and b and c and d and e and f then y 
3) If a and f then w or y 
3’) If a and f then w and y 
4) If b and e and f then u 
5) If a and c then z or x or y 
5’) If a and c then z and x and y 
6) If b and d and e and f then t  
Tables of fuzzy conversion of signs and symptoms. 

Tables 1-6 provide a correspondence function between 
the intensity of the clinical phenomena, measured on the 
usual clinical parameters, and the fuzzy values between 0 
and 1 (degree of membership to a fuzzy set). Defuzzifica-
tion of data: The following values result from the con-
version of symptoms and signs found in our patient, Ma- 

ria C., in defuzzyed values. 
Fuzzy value of Dyspnoea (a) = 0,95  
Fuzzy value of Oedema (b) = 0,70 
Fuzzy value of Tachyarrhythmia I = 0,75  
Fuzzy value of Epatomegaly (d) = 0,75 
Fuzzy value of Ascites (e) = 0,75 
Fuzzy value of Pleural Effusion (f) = 0,75 

3.2. Fuzzy Evaluation of Pre-test Hypotheses 

Quantifying the “if” parts of the inferences (sings and 
symptoms), it is possible to obtain the quantification of 
“then” parts of the inferences (diagnosed diseases). This 
is the application of generalized modus ponens (GMP). In 
this step of diagnostic process the quantification of di-
agnosed diseases could seem premature, but the GMP is 
employed since now to show the increasing usefulness of 
fuzzy logic in the diagnosis progress. Let’s rewrite the 
diagnostic hypotheses of Subsection 3.1. with fuzzy values:  

2) If 0,95 a and 0,70 b and 0,75 c and 0,75 d and 0,75 e 
and 0,75 f then 0,70 y 

3) If 0,95 a and 0,75  f  then 0,75 w or 0,75 y 
3’) If 0,95 a and 0,75  f then 0,75 w and 0,75 y 
4) If 0,70 b and 0,75 e and 0,75 f  then 0,70 u  
5) If  0,95 a and 0,75 c then 0,75 z or 0,75 x or 0,75 y 
5’) If 0,95 a and 0,75 c then 0,75 z and 0,75 x and 0,75 y 
6) If 0,70 b and 0,75 d and 0,75 e and 0,75 f then 0,70 t 
First turn of tests 
Kidney function 

Urea nitrogen (mg/dl) 58 v.n. 10-50 
Creatinine (mg/dl) 0.8 v.n. 0.5-1.1 

Na+ (mEq/l) 133 v.n. 133-145 
K+ (mEq/l) 4 v.n. 3.3-5.1 

Ca++ (mg/dl) 8.3 v.n. 8.5 -10.2 
Proteinuria 24-hour urine sample 0.4 < 0.6 g/die 

Liver function 
AST (U/L) 34 v.n. < 31 
ALT (U/L) 42 v.n. < 31 
Bilirubin 1.11 v.n. 0.2-1.1 

Gamma-GT 90 v.n. 5-36 
Fosfatase alkaline 191 v.n. 35-104 
Serum Albumin 4.02 v.n. 3.48-5.39 

Serum Gamma Globulin 1.65 v.n. 0.67-1.56 

Myocardial specifics enzymes 
CK (U/L) 170 v.n. <190 

CK Mb-Massa (ng/ml) 1.96 v.n. <2.4 

Troponin I (ng/ml) 0.055 v.n. <0.08 

Mioglobin (ng/ml) 127 v.n. <120 

Others laboratory tests 
Glucose 150 v.n. 80-125

Glycosilated Haemoglobin 7.9 % v.n. <7 
Cholesterol (mg/dl) 109 < 200 

HDL (mg/dl) 33 < 60 
LDL (mg/dl) 65.6 < 130 

Triglycerides (mg/dl) 52 < 150 
Uric Acid (mg/dl) 4.1 < 7 

ESR 72 < 15 
PCR 0.6 Absent 

LDH (U/L) 422 v.n. 250-480     
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Table 1. Fuzzyfication of Dyspnoea (a). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95
0,90
0,85
0,80
0,75
0,70  
0,65
0,60
0,55
0,50

 

 

Dyspnoea 
(a) 

Paroxysmal nocturnal for strenuous exercise for light exercise at rest 

 
Table 2. Fuzzyfication of Oedema (b). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Oedema (b) +/++++ ++/++++ +++/++++ ++++/++++ 

 
Table 3. Fuzzyfication of Tachyarrhythmias I (c). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Tachy- 
arrhythmias I 

Slow Moderate Fast 

 
Table 4. Fuzzyfication of Epatomegaly (d). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Epatomegaly 
(d) 

1-3 cm below to the
costal margin 

3-5 cm below to the 
costal margin 

Over 5 cm below to the 
costal margin 

Openly accessible at  
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Table 5. Fuzzyfication of Ascites (e). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Ascites (e) 
More 3 cm below 

the navel 
1-3 cm below 

the navel 
1-3 cm above 

the navel 
More 3 cm above 

the navel 

 
Table 6. Fuzzyfication of Pleural Effusion (f). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95
0,90
0,85
0,80
0,75
0,70
0,65
0,60
0,55
0,50

 

 

Pleural 
Effusion  (f)

Basal pleural effusion Medium-Basal pleural effusion Apical pleural effusion 

Urinalysis
Color yellow 

pH 7 

Glucose (mg/dl) 0.0 

Protein (mg/dl) 70 

Haemoglobin > 1 

Ketones (mg/dl) 0.0 

Bilirubin (mg/dl) 0.0 

Urobilinogen 0.2 

Specific gravity 1009.0 

Red blood cells (n°/uL) 2041 

White blood cells (n°/uL) 48 

Epitelial cells (n°/uL) 1 

Bacterial (n°/uL) 1345 

Miceti (n°/uL) 0 

Complete blood count 

Red cell count (mm3) 3.810.000 v.n. 4.000.000-6.000.000

Haemoglobin (g/dl) 9.7 v.n. 12-17 

Haematocrit (%) 30.2 % v.n. 26-50 % 

Mean corpuscular 
volume (pg) 

79.3 v.n. 80-99 

White cell count 
(mm3) 

5770 v.n. 4.000-10.000 

Differential count (%) 
Neutrophils 

Lymphocytes 
Monocytes ,Basophils, 

Eosinophils 

73.1 % 
16.8 % 
10.1 % 

 

Platelet count (mm3) 300.000 v.n. 150.000-450.000 

Aptt (sec) 33.5 v.n. 24-36 

Fibrinogen (mg/dl) 299.4 v.n. 150-450 

Instrumental tests 
Electrocardiography (ECG): Atrial Flutter. Bundle 

branch block Strain. 
Chest radiography: Redistribution of blood flow to the 

nondependent portions of the lungs. Perihilar and lower- 
lobe airspace filling with the confluent opacities. Medium 
-basal bilateral pleural effusions. Cardiomegaly. 

Abdomen Ultrasonography: Hepatomegaly. Increased 
liver echogenicity like moderate steatosis. Absence of 
enlargement of hepatic veins. Normal aspect and  echo-
genicity of gallbladder without stones. ICV and Portal vein: 
moderate enlargement of the diameter and poor respiratory 
variation. Normal pancreas and spleen size and echo-
genicity. Normal size and sonographic appearance of the 
right and left kidney with normal hypoechoic appearance 
of the medullary pyramids. Presence of right pleural effu-
sion and ascites.  

Tables of fuzzy conversion of laboratory and instru-
mental tests. Tables 7-17 provide a correspondence func- 
tion between the scalar quantities of the laboratory tests, 
the instrumental tests measured on the usual clinical 
parameters, and the fuzzy values between 0 and 1 (degree 
of membership to a fuzzy set).  

Defuzzyfication of data. The following values result 
from the conversion in defuzzyfied values of the results 
of laboratory and instrumental tests (measured on the 
usual clinical parameters) found in our patient, Maria C. 

Fuzzy value of AST (34 U/L) (h’) = 0,48  
Fuzzy value of ALT (42 U/L) (i’) = 0,52 
Fuzzy value of Total bilirubin (1,11 mg/dl) (j’) = 0,48 
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Table 7. Fuzzyfication of AST (h’). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0.90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50  

AST 
U/L (h’) 

37 70 100 200 400 600 800 1000 

 
Table 8. Fuzzyfication of ALT (i’). 

F
uz

zy
 m

ea
su

re
 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

ALT 
U/L (i’) 

37 70 100 200 400 600 800 >1000 

 
Table 9. Fuzzyfication of Total bilirubin (j’). 

F
uz

zy
 m

ea
su

re
 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Total bilirub- 
bin mg/dl (j’) 

1,5 3 5 10 15 20 25 >30 

 
Table 10. Fuzzyfication of Gamma GT (k’). 

F
uz

zy
 m

ea
su

re
 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Gamma 
GT U/L (k’) 

60 80 100 120 140 160 180 >200 
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Table 11. Fuzzyfication of Fosfatase Alkaline (l’). 

F
uz

zy
 m

ea
su

re
 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 
Fosfatase 
Alkaline 
U/L (l’) 

105 125 145 165 185 205 225 >225 

 
Table 12. Fuzzyfication of Platelets (m’). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Platelets 
n/mm3(m’) 

150000 100000 50000 10000 

 
Table 13. Fuzzyfication of CK Mb Massa (e’). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

CK Mb Massa 
(e’) 2,5 3,5 4,5 5,5 

 
Table 14. Fuzzyfication of Troponina I (f ’). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 
Troponin I 

ng/ml 
(f’) 

0,08 0,1 0,2 0,3 
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Table 15. Fuzzyfication of Supraventricular Arrhythmias ECG (a’). 

F
uz

zy
 m

ea
su

re
 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Supraventricular 
Arrhythmias 

ECG 
(a’) 

Atrial Fibril-
lation Moder-

ate HR 

Atrial Fibril-
lation Slow 

HR 

Atrial 
Fibrillation 

Fast HR 

Atrial 
Flutter 
Slow 

Atrial 
Flutter 
Fast 

 
Table 16. Fuzzyfication of Pulmonary Congestion (d’). 

F
uz

zy
 m

ea
su

re
 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Pulmonary 
Congestion 
signs (d’) 

Basal Sporadic
Rales 

Basal Rales
Medium-Basal

Rales 
Pulmonary Oedema 

 
Table 17. Fuzzyfication of Pleural Effusion RX (c’). 

F
uz

zy
 m

ea
su

re
 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50  

Pleural 
Effusion RX 

(c’) 

Opacity of 
costophrenic angles

Basal pleural
effusion 

Medium-Basal 
pleural effusion 

Apical 
pleural  
effusion 

 
Fuzzy value of Gamma GT (90 U/L) (k’) = 0,60 
Fuzzy value of Fosfatase alkaline (91 U/L) (l’) = 0,40 
Fuzzy value of Platelets (300000 n/mm3) (m’) = 0,40 
Fuzzy value of CK Mb-Massa (1,96 ng/ml) (e’) = 0,40 
Fuzzy value of Troponin I (1, 96 ng/ml) (f’) = 0,45 
Fuzzy value of Supraventricular Arrhytmias ECG 

(atrial flutter) (a’) = 0,90  

Openly accessible at  

Fuzzy value of Pulmonary congestion signs (d’) = 0,80  
Fuzzy value of  Pleural effusion RX (c’) = 0,60  

3.3. Refused Hypotheses 

On the basis of the first round of tests it is possible to 
eliminate some hypotheses among those considered in 
Subsection 3.2. The values of white blood cells, PCR, the 

thorax RX and the absence of fever permit to exclude the 
suspect of Pneumonia (w). The values of Creatinine, 
Urinalysis, 24h Proteinuria and Serum albumin permit to 
exclude the suspect of Nephrosic Syndrome (u). Thus it is 
possible to eliminate the following hypotheses, because 
the suspect of Congestive Heart Failure (y) shall be con-
sidered in other inferences:  

3) If 0,95 a and 0,75 f then 0,75 w or 0,75 y 
3’) If 0,95 a and 0,75 f then 0,75 w and 0,75 y 
4) If 0,70 b and 0,75 e and 0,75 f  then 0,70 u 

3.4. Congestive Heart Failure Hypothesis 

Now it is possible to add the laboratory and instrumental 
tests data in the inference (2) of the four remaining di- 
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agnostic hypotheses of Subsection 3.2.  
2) If 0,95 a and 0,70 b and 0,75 c and 0,75 d and 0,75 e 

and 0,75 f then 0,70 y 
Anamnesis, symptoms and signs permit to suspect a 

moderate Congestive Heart Failure. Now it is possible to 
consider the following data to reach a more precise di-
agnosis: 

Fuzzy value of Dyspnoea = 0,95 (a); Fuzzy value of 
Supraventricular Arrhythmias ECG = 0,90 (atrial flutter) 
(a’); Fuzzy value of Oedema = 0,70 (b); Fuzzy value of 
Pulmonary Congestion signs = 0,80 (d’). These findings 
indicate with sufficient certainty the presence of Con-
gestive Heart Failure. I shall consider, as specifically 
suggestive of the seriousness of Congestive Heart Failure 
of our patient, the fuzzy values of Dyspnoea (0,95), of 
Supraventricular Arrhythmias ECG (Atrial flutter) (0,90) 
and of Pulmonary Congestion signs (0,80), so the fol-
lowing inference will be valid: 

2’) If 0,95 a and 0,90 a’ and 0,80 d’ then 0,80 y 
This part of diagnostic route which regards the Con-

gestive Heart Failure is completed: the patient suffers 
from a moderate-severe (0,80) Congestive Heart Failure 
(y). 

3.5. Supraventricular Arrhythmias  
Worsening or Myocardial Ischemia  
Hypothesis 

Now it is possible to add the laboratory and instrumental 
data in the inference (5) of the diagnostic hypotheses 
considered in Subsection 3.2. 

5) If 0,95 a and 0,75 c then 0,75 z or 0,75 x or 0,75 y 
Since it is well known that our patient suffered from 

Congestive Heart Failure, it is possible to eliminate, in 
this inference, the disjunction which regards the Conges-
tive Heart Failure (y). Symptoms and signs permit to 
suspect a moderate Supraventricular Arrhythmias Wors-
ening (z) or a moderate Myocardial Ischemia (x). Now it 
is possible to consider the following data to reach a more 
precise diagnosis: 

Fuzzy value of CK Mb-Massa (1, 96 ng/ml) = 0,40 (e’); 
Fuzzy value of  Troponin I (1, 96 ng/ml) = 0,45 (f’); 
Fuzzy value of Supraventricular Arrhythmias ECG = 0,90 
(a’). 

5.1) If 0,40 e’ and 0,45 f’ then 0,40 x 
5.2) If 0,95 a and 0,90 a’ then 0,90 z  
The inference 5.1 eliminates the hypotheses of Myo-

cardial Ischemia, but the presence of a strong Dyspnoea 
(fuzzy value of 0,95) and of Supraventricular Arrhyth-
mias in ECG with fuzzy value of 0,90 (Atrial Flutter), 
indicates in 5.2 an acute Supraventricular Arrhythmias 
Worsening (z). 

3.6. Supraventricular Arrhythmias  
Worsening, Myocardial Ischemia and  
Congestive Heart Failure Hypothesis 

Clinical signs and symptoms suggest the presence of  

Supraventricular Arrhythmias Worsening, Myocardial 
Ischemia and Congestive Heart Failure, according with 
the following inference:  

5’) If 0,95 a and 0,75 c then 0,75 z and 0,75 x and 0,75 y 
The former analysis confirms the presence of a strong 
Supraventricular Arrhythmias Worsening (0,90) and of an 
heavy Congestive Heart Failure (0,80 y). The 5.1 infer-
ence excludes the presence of Myocardial Ischemia (0,40 
x). Thus it is possible to conclude that the inference 5’ was 
partial right, but the 5.2 and the 2’ inferences, supported 
by laboratory and instrumental tests, furnish a more pre-
cise description of the seriousness of Supraventricular 
Arrhythmias Worsening and of Congestive Heart Failure.  

3.7. Cirrhosis Hypothesis 

According with inference (6) symptoms and signs permit 
to suspect a moderate Cirrhosis (0, 70 t): 

6) If 0,70 b and 0,75 d and 0,75 e and 0,75 f then 0,70 t 
Now it is possible to add the laboratory and instru-

mental findings to obtain a more precise diagnosis: 
Fuzzy value of AST (34 U/L) = 0,48 (h’); Fuzzy value 

of ALT (42 U/L) = 0,52 (i’); Fuzzy value of Total 
bilirubin (1,11 mg/dl) = 0,48 (j’); Fuzzy value of Gamma 
GT (90 U/L) = 0,60 (k’); Fuzzy value of Fosfatase alka-
line (91 U/L) = 0,40 (l’); Fuzzy value of Platelets (300000 
n/mm3) = 0,40 (m’); Fuzzy value of Ascites = 0,75 (e). 

6’) If 0,48 h’ and 0,52 i’ and 0,48 j’ and 0,60 k’ and 0,40 
l’ and 0,40 m’and 0,75 e then 0,40 t 

The fuzzy values of Platelets (0,40), AST (0,48), ALT 
(0,52), Total Bilirubin (0,48) and of Fosfatase alkaline 
(0,40) permit to exclude the hypothesis of Cirrhosis, but 
fuzzy values of Gamma GT (0,60), of Ascites (0,75) and 
of Epatomegaly (0,75) permit to hypothesize in our pa-
tient a mild Congestive Hepatopathy (z’). Then the fol-
lowing inference will be valid:  

6’’) If 0,60 k’ and 0,75 e and 0,75 d then 0,60 z’ 
Second turn of tests 
The hypothesis of a mild Congestive Hepatopathy 

needs to be confirmed with an echocardiography. 
Cardiac Ultrasonography Findings: Normal size of the 

aorta. Calcifications of the aortic and mitralic valves. 
Normal left ventriclular myocardium. Sistolic function 
reduced at rest. Ventricular Ejection fraction: 42 %. Right 
sections enlargement. Paradox movement of the inter-
ventricular septum. Colour doppler imaging: light mitral 
stenosis, moderate mitral regurgitation, moderate-severe 
Tricuspidal regurgitation (PAPs 42 mm/Hg). ICV (infe-
rior cava vein) diameter greater than 2.3 cm with poor 
respiratory variation. 

Tables of fuzzy conversion of laboratory and instru-
mental findings (II turn). Tables 18-21 provide a corre-
spondence function between the results of the instru-
mental tests, measured on the usual clinical parameters,  
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Table 18. Fuzzyfication of Ejection fraction (k’’). 

F
uz

zy
 m

ea
su

re
 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Ejection fraction  
% 

(k’’) 
54 41 27 18 

 
Table 19. Fuzzyfication of Right sections enlargement (l’’). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Right 
sections 

enlargement 
(l’’) 

Light Moderate 
Severe (with 

movement paradox of 
the septum) 

 
Table 20. Fuzzyfication of Tricuspidal regurgitation (n’’). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70   
0,65 
0,60 
0,55 
0,50 

 

 

Tricuspidal 
regurgitation 

(n’’) 
Light Moderate Severe 

 
Table 21. Fuzzyfication of Enlargement of inferior cava vein (o’’). 

F
uz

zy
 m

ea
su

re
 

 

1 
0,95 
0,90 
0,85 
0,80 
0,75 
0,70 
0,65 
0,60 
0,55 
0,50 

 

 

Enlargement 
of inferior 
cava vein 

(o’’) 

Enlargement with 
normal respiratory 

modulation 

Enlargement with 
poor respiratory 

modulation 

Enlargement 
without  respiratory 

modulation 

Openly accessible at  
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and the fuzzy values between 0 and 1 (degree of mem-
bership to a fuzzy set). 

Defuzzification of data. The following values result 
from the conversion in defuzzyfied values of the results of 
instrumental tests (measured on the usual clinical pa-
rameters) found in our patient, Maria C. 

Fuzzy value of Ejection fraction 42 % (k’’) = 0,60  
Fuzzy value of Right sections enlargement (l’’) = 0,90  
Fuzzy value of moderate-severe Tricuspidal regurgita-

tion (n’’) = 0,80  
Fuzzy value of Enlarged inferior cava vein with poor 

respiratory modulation (o’’) = 0,80 

3.8. Congestive Hepatopathy Hypothesis 

Fuzzy values of Gamma GT = 0,60 (k’), of Ascites = 0,75 
(e) and of Epatomegaly = 0,75 (d) permit to hypothesize 
in our patient a Congestive Hepatopathy (z’). Then the 
following inference will be valid:  

6’’) If 0,60 k’ and 0,75 e and 0,75 d then 0,60 z’  
Now it is possible to consider the following data to 

obtain a more precise diagnosis: 
Fuzzy values of Right Sections enlargement = 0,90 (l’’), 

moderate-severe Tricuspidal regurgitation = 0,80 (n’’), 
Enlarged inferior cava vein with poor respiratory modu-
lation = 0,80 (o’’). Thus the following inference will be 
valid:  

6’’’) If 0,90 l’’ and 0,80 n’’ and 0,80 o’’ then 0,80 z’ 
The fuzzy values of Right Sections enlargement = 0,90 

(l’’), of moderate-severe Tricuspidal regurgitation = 0,80 
(n’’) and of Enlarged inferior cava vein with poor respi-
ratory modulation = 0,80 (o’’) permit the diagnosis of a 
moderate-severe (0,80) Congestive Hepatopathy (z’).  

3.9. Other Findings 

The echocardiographic findings permit to confirm the 
Congestive Heart Failure with Congestive Hepatopathy 
and to establish a plausible pathophysiologic link between 
these two diseases. Fuzzy value of EF 42 % = 0,60 (k’’) 
confirms our diagnosis of Congestive Heart Failure, 
moreover all echocardiographic findings permit to affirm 
that the Congestive Heart Failure of our patient is a Global 
Congestive Heart Failure. 

Now it is possible to consider the following data to 
obtain a more precise diagnosis: 

Fuzzy value of Right sections enlargement = 0,90 (l’’) 
and Enlarged inferior cava vein with poor respiratory 
modulation = 0,80 (o’’). The following inference will be 
valid: 

7) If 0,90 l’’ and 0,80 o’’ then 0,80 y C 0,80 z’ 
Where C indicates the causal relation between Con-

gestive Heart Failure (y) and Congestive Hepatopathy 
(z’). 

Final diagnosis 
Maria C., affected by diabetes mellitus, Hypertension 

and Atrial fibrillation, was admitted to our unit because of 

dyspnoea, fatigue, leg oedema and abdominal enlargement. 
She suffers from the following diseases: 
1) A moderate-severe (0,80) Global Congestive Heart 

Failure;  
2) A severe (0,90) Worsening of the Supraventricular 

Arrhythmia (Atrial Flutter);  
3) A moderate-severe (0,80) Congestive Hepatopathy; 
4) A causal relation between Congestive Heart Failure 

and Congestive Hepatopathy. 
A moderate-severe (0,80) Congestive Heart Failure 

(CHF) is a condition in which the heart can no longer 
pump enough blood to the rest of the body. It is almost 
always a chronic, long-term condition, although it can 
sometimes develop suddenly. In our case, probably, the 
decompensed CHF (0,80) was caused by the onset 
worsening of the Supraventricular Arrhythmia (0,90). 
With heart failure, many organs don’t receive enough 
oxygen and nutrients, which damages them and reduces 
their ability to function properly. Decompensed right 
ventricular or global Heart Failure (0,80) causes trans-
mission of elevated central venous pressures directly to 
the liver; venous congestion impedes efficient drainage of 
sinusoidal blood flow and sinusoidal stasis results in ac-
cumulation of deoxygenated blood and, ultimately, in a 
moderate-severe (0,80) Congestive Hepatopathy and 
cardiac cirrhosis. As the heart’s pumping action is lost (as 
in our case), blood may go back up into other areas of the 
body, including: the liver (0,80 Congestive Hepatopathy), 
the gastrointestinal tract (0,75 Ascites) the extremities 
(0,70 leg oedema) and the lungs (0,95 Dyspnoea, 0,60 
Pleural Effusion and 0,80 Pulmonary Congestion Signs). 

4. CONCLUSIONS 

Is fuzzy logic an improvement of probabilistic logic for 
clinical diagnosis? In what sense is it an improvement? 
The success of fuzzy diagnosis in its application to a real 
clinical case shows that fuzzy diagnosis is an improve-
ment of probabilistic logic. The accuracy of final diagno-
sis, with pathophysiological explanation within the de-
scription of the causes, of sings and of symptoms, is a 
proof that fuzzy logic describes the pathological phe-
nomena with a precision that probabilistic diagnosis 
cannot reach. Nevertheless, fuzzy diagnosis seems to be 
impossible without the contribution of probabilistic rea-
soning. Indeed the physician, in the differential diagnosis, 
chooses the hypotheses to follow on the basis of prob-
ability. The differential diagnoses of Subsection 3.1 ob-
tain their precision with the quantitative inferences of 
fuzzy logic, but the preference of some diseases more than 
others, is probabilistic. Finally, it is now possible to an-
swer to the question on the relation between probabilistic 
and fuzzy logic in the diagnostic algorithm. At the be-
ginning of diagnosis, on the basis of signs, symptoms and 
anamnesis, a probabilistic reasoning must lead the re-
search, while, in the progress of diagnosis, the more and 
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more rich plenty of data requires the use of fuzzy infer-
ences. In this way it is possible to see that some mean-
ingful fuzzy values (laboratory and instrumental data) are 
able to address the probabilistic choice of the diseases to 
consider. At the end of diagnostic process the fuzzy in-
ferences can identify the nature and the seriousness of 
diseases found. Thus, fuzzy logic is not a substitute of 
probabilistic logic, but its natural complement. 
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ABSTRACT 

The kynurenine (KYN) pathway, which is initi-
ated by indoleamine 2, 3-dioxygenase (IDO), is a 
key tryptophan (TRP) metabolic pathway. It 
shares TRP with the serotonin (5-HT) pathway. 
Because activation of the KYN pathway by pro-
inflammatory cytokines induces depressive 
symptoms, shifts in the balance of TRP metabo-
lism to the KYN pathway are closely related to 
the etiology of depression. In the present study, 
the influence of age on the effect of the inflam-
mation response system (IRS) on brain TRP 
metabolism was investigated. Male ICR mice 
(PND21) were reared for 4 weeks (younger 
group) or until they reached 1 year of age (older 
group), and given an intraperitoneal (i.p.) injec-
tion of lipopolysaccharide (LPS). The TRP, KYN, 
and 5-HT levels were measured in the prefrontal 
cortex, hippocampus, amygdala, and dorsal 
raphe nuclei. An increase in TRP and 5-HT levels 
was observed with age in all brain regions, 
whereas age was associated with decreases in 
KYN levels in the dorsal raphe nuclei. In all brain 
regions, LPS increased TRP levels, while it in-
creased KYN levels in the prefrontal cortex and 
amygdala. Reduced KYN/5-HT ratios in all re-
gions were observed with age, whereas increas- 
ed KYN/5-HT ratios were observed with LPS in 
all regions except the dorsal raphe nuclei. Thus, 
age shifted the balance between the KYN and 
5-HT pathways toward the 5-HT pathway, and 
countered the effects of LPS, which shifted the 
balance to the KYN pathway. These effects are 
relevant to the etiology of psychiatric disorders 
in elderly people. 

Keywords: Tryptophan; Kynurenine; Serotonin; 
Age; Lipopolysaccharide 

1. INTRODUCTION 

Changes in tryptophan (TRP) metabolism play an im-
portant role in the brain-endocrine-immune system in-
teraction that is hypothesized to be involved in the eti-
ology and/or pathophysiology of major depression. Two 
main pathways metabolize TRP. One is the kynurenine 
(KYN) pathway, which is initiated by indoleamine 2, 
3-dioxygenase (IDO). The other is the serotonin (5-HT) 
pathway, which is initiated by the enzyme tryptophan 
hydroxylase (TPH).  

An induction of IDO by inflammation may occur in 
depression [1]. Studies of depression induced by cytokine 
therapy have indicated that the severity of depressive 
symptoms is correlated with decreases in serum TRP 
and/or increases in KYN [2-4]. Immunological chal-
lenges such as exposure to proinflammatory cytokines 
(IL-1, IFN-, IFN-, and TNF-induce IDO activity 
[5-10], which metabolizes TRP to KYN, deprives TPH of 
its substrate, and may result in 5-HT depletion [11]. Be-
cause IDO can directly metabolize 5-HT [12], activated 
IDO may also decrease 5-HT levels [13]. Such 5-HT 
depletion is included in the monoamine hypothesis, a 
major etiological hypothesis for depression that proposes 
the existence of a relationship between decreases in 
monoamines in the brain and the onset and symptoms of 
depression [14-15]. 

According to the monocyte-T-lymphocyte hypothesis 
[16-17], IL-1 released from activated macrophages di-
rectly stimulates corticotropin-releasing hormone (CRH) 
release from the paraventricular nucleus (PVN) in the 
hypothalamus. Thus, the HPA-axis hyperactivity hy-
pothesis, which proposes a relationship between HPA- 
axis hyperactivity and depression [18], closely relates to 
changes elicited by macrophage hyperactivity. 

As noted above, changes in immunological activity 
have been incorporated into two main hypotheses about 
the etiology and pathophysiology of major depression. A 
shift in the balance between the KYN and 5-HT pathways 
to the KYN pathway may occur in the brain of patients 
with major depression [19]. However, patients ordinarily 
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become depressed in response to adverse life events 
and/or the loss of social support (i.e., psychological 
and/or environmental factors), especially when such 
events or losses are encountered at an advanced age 
[20-21]. In order to investigate the shift in the balance in 
the TRP metabolism to the KYN pathway, the influence 
of such factors on TRP metabolism was investigated [22]. 
Specifically, a previously designed animal model [23-28] 
was applied to assess the influence of the following three 
risk factors on TRP metabolism: age, social isolation, and 
activation of the inflammation response system (IRS). 
The results showed that older age and social isolation 
shifted the balance between the KYN and 5-HT pathways 
to the 5-HT pathway, whereas novelty stress shifted the 
balance to the KYN pathway [22]. Further study revealed 
that immunological challenges such as intraperitoneal 
(i.p.) injection of lipopolysaccharide (LPS) shifted the 
balance to the KYN pathway [29]. These studies may 
confirm that psychological stressors, as well as immu-
nological challenges, can shift the balance between the 
KYN and 5-HT pathways toward the KYN pathway, as 
expected. Although interactions between social isolation 
and systemic LPS injection on TRP metabolism in the 
brain have been observed [29], the influence of age on 
changes elicited by systemic LPS injection remains to be 
examined. 

The aim of the present study was to clarify the influ-
ence of age on a shift in the balance between the KYN 
and 5-HT pathways elicited by i.p. injection of LPS. For 
this series, four brain regions were selected, the first three 
of which possess 5-HT nerve terminals: the prefrontal 
cortex, because it relates to behavioral motivation; the 
amygdala, because it relates to emotion; the hippocampus, 
because it regulates the HPA axis, and hyperactivity of 
this axis is closely related to the etiology and patho-
physiology of depression; and the dorsal raphe nuclei, 
because they contain the cell bodies of 5-HT neurons and 
are the center of brain 5-HT synthesis. 

2. METHODOLOGY 

2.1. Animals 

A total of 32 male-specific, pathogen-free (SPF) ICR 
mice were used in the present experiments. At 21 post-
natal days (PND), the mice were housed in groups of 
4–5 per cage, and they were reared for 4 weeks (younger 
group) or until they became 1 year old (older group). On 
the final day (Day 28 for the younger group, and 1 year 
old for the older group), the animals were further sepa-
rated into two groups and were then given a 0 mg/kg or 
1 mg/kg intraperitoneal (i.p.) injection of LPS diluted 
with saline. Thus, the mice were divided into 4 groups as 
follows: younger, LPS 0 mg/kg (n=8); younger, LPS 1 
mg/kg (n=8); older, LPS 0 mg/kg (n=8); older, LPS 1 
mg/kg (n=8). 

Mice in the older group with apparent wounds were 
excluded from the study, because any such wound would 
itself likely have influenced the immune response, and in 
turn TRP metabolism. Although this selection process 
excluded apparently subordinate mice from the study, it 
was more important to avoid the potential influence of 
the immune responses associated with wounds on TRP 
metabolism. 

The cages used in this series measured 21 x 31 x 13 
cm. Cage exchange was performed 2 times per week. 
Food and water were provided ad libitum. The animals 
were kept on a 12-h light/dark cycle (lights on at 09.00 h, 
off at 21.00 h), and room temperature was maintained at 
21–23˚C. All efforts were made to minimize both the 
number of animals used and the degree of their suffering. 
All experiments were conducted in accordance with the 
European Communities Council Directive of November 
24, 1986 (86/609/EEC). The study was approved by the 
ethical committee of the Nagoya University Graduate 
School of Medicine. 

2.2. LPS Injection 

For the LPS injection, LPS from E. coli (Sigma, St. 
Louis, MO) was diluted with saline (2 mg/10 ml) and 
i.p.-injected (0 mg/kg or 1 mg/kg) into the mice (saline 
only in the 0 mg/kg group). The time of LPS injection 
was between 11.00 h and 14.00 h. The injection volume 
was 5 ml/kg. After having received the LPS injection, 
the mice were returned to their rearing cages until brain 
sample preparation. 

2.3. Sample Preparation 

Four brain regions (prefrontal cortex, hippocampus, 
amygdala, and dorsal raphe nuclei) were dissected from 
the whole brain. 

The mice were sacrificed by decapitation 4 h after the 
i.p.-injection of LPS; mice were decapitated under brief 
ether anesthesia. The brains were removed, and four 
brain regions were dissected out as quickly as possible 
on glass plates over ice [22]. The samples were weighed 
and treated with 1000 µl of an ice-cold 0.2 M tri-
chloroacetic acid (TCA) solution containing 0.2 mM 
sodium pyrosulfite, 0.01% EDTA-2Na, and 0.5 µM iso-
proterenol (ISO) and 3-nitro-L-tyrosine (3-NTYR) as an 
internal standard per 100 mg of wet tissue. The solution 
was sonicated and then centrifuged at 10,000g for 20 
min at 4˚C. The supernatant was filtered through a Mil-
lipore HV filter (0.45 µm pore size) and then subjected 
to both high-performance liquid chromatography (HPLC) 
with electrochemical detection (ECD) of 5-HT, and 
HPLC with fluorimetric detection (FD) of TRP as well 
as ultraviolet (UV) detection of KYN. 

The standard solution was prepared using the above- 
mentioned ice-cold 0.2 M TCA solution containing 
0.5-µM internal standards (ISO, 3-NTYR), and the solu-
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tion concentrations were adjusted to 0.5 µM for 5-HT 
and KYN, and to 10 µM for TRP. 

2.4. HPLC Determination of 5-HT Levels in 
the Brain 

The levels of 5-HT in the brain extracts were measured 
by HPLC with ECD. The HPLC-ECD system employed 
here consisted of a CMA/200 autosampler (CMA/Mic- 
rodialysis AB, Stockholm, Sweden), a micro LC pump 
(BAS, West Lafayette, IN), an LC-4C ECD (BAS), a 
Bio-Phase ODS-4 51-6034 column (4.0x110 mm; BAS), 
a CR-6A recorder (Shimadzu, Kyoto, Japan), an LC-26A 
vacuum degasser (BAS), and a CTO-10A column heater 
set at 35˚C (Shimadzu). The mobile-phase solution con-
sisted of 0.1 M tartaric acid-0.1 M sodium acetate buffer 
(pH 3.2), containing 0.5 mM EDTA-2Na, 555 µM so-
dium 1-octane sulfonate, and 5% acetonitrile. The flow 
rate was 700 µl/min. The concentration of each com-
pound was calculated by comparison with both internal 
(ISO) and external standards. The sensitivity of the 5-HT 
measurements was 150 f mol. 

2.5. HPLC Determination of Brain Levels of 
TRP and KYN 

The levels of TRP and KYN were measured according to 
the methods of Widner and colleagues [30-31]. The 
HPLC pump was an LC-10AD (Shimadzu). For separa-
tion, reversed-phase column LiChroCART 55-4 car-
tridges filled with Purospher STAR Rp-18e (55-mm 
length, 3-µm grain size) together with a reverse-phase 
LiChroCART 4–4 precolumn filled with Purospher 
STAR RP-18e (5-µm grain size; Merck, Rahway, NJ) 
were used. In this series, TRP was detected by RF-535 
FD (Shimadzu) at an excitation wavelength of 285 nm 
and an emission wavelength of 365 nm. KYN and 
3-NTYR were detected by a SPD-10A UV-detector 
(Shimadzu) at a wavelength of 360 nm. Both detectors 
were connected in a series to enable simultaneous meas-
urement. The mobile-phase solution consisted of a 
15-mM L-acetic acid-sodium acetate buffer, pH 4.0, 
containing 2.7% acetonitrile. The flow rate was 900 
µL/min at room temperature. The sensitivities of the 
TRP and KYN measurements were, respectively, 50 f 
mol and 100 f mol. 

2.6. Statistical Analyses 

To examine differences in the levels of TRP, 5-HT, and 
KYN, and in the ratios of KYN/TRP, 5-HT/TRP, and 
KYN/5-HT, two-way MANOVA (Wilks’s lambda) for 
age and LPS was conducted on dependent measures in 
each brain region, followed by the Tukey-Kramer test. 
Data are presented as the means ± S.E.M. All P values of 
less than 0.05 were accepted as significant. 

3. RESULTS 

3.1. Prefrontal Cortex 

The results of the two-way MANOVA for age and LPS 
were as follows: age (F (6, 23) = 6.917; P = 0.0003) and 
LPS (F (6, 23) = 11.020; P < 0.0001) significantly al-
tered the dependent measures. The interaction between 
age and LPS (F (6, 23) = 3.810; P = 0.0088) was sig-
nificant. The results of the post-hoc test are shown in 
Figure 1(a) and Table 1(a). Age significantly decrea- 
sed the KYN/5-HT ratio (p < 0.01, Table 1(a)), whereas 
it did not alter that of KYN/TRP (Table 1(a)). Thus, age 
shifted the balance between KYN and 5-HT pathways 
toward the 5-HT pathway. Whereas LPS significantly 
increased the KYN/5-HT ratio (p < 0.01, Table1(a)), it 
did not alter the KYN/TRP ratio (Table 1(a)). Thus, LPS 
shifted the balance between the KYN and 5-HT path-
ways toward the KYN pathway. 

3.2. Hippocampus 

The results of the two-way MANOVA for age and LPS 
were as follows: age (F (6, 23) = 10.114; P < 0.0001) 
and LPS (F (6, 23) = 10.393; P < 0.0001) significantly 
altered the dependent measures. The interaction between 
age and LPS (F (6, 23) = 3.676; P = 0.0105) was sig-
nificant. The results of the post-hoc test are shown in 
Figure 1(b) and Table 1(b). Age significantly decreased 
the ratios of KYN/TRP (p < 0.01, Table 1(b)) and 
KYN/5-HT (p < 0.01, Table 1(b). Thus, age shifted the 
balance between the KYN and 5-HT pathways to the 
5-HT pathway. Although LPS significantly decreased the 
KYN/TRP ratio (p < 0.05, Table 1(b)), it increased the 
KYN/5-HT ratio (p < 0.01, Table 1(b)). Thus, LPS 
shifted the balance between KYN and 5-HT pathways 
toward the KYN pathway. 

3.3. Amygdala 

The results of the two-way MANOVA for age and LPS 
were as follows: age (F (6, 23) = 13.776; P < 0.0001) 
and LPS (F (6, 23) = 14.523; P < 0.0001) significantly 
altered the dependent measures. The interaction between 
age and LPS (F (6, 23) = 5.904; P = 0.0008) was sig-
nificant. The results of the post-hoc test are shown in the 
Figure 1(c) and Table 1(c). Age significantly decreas- 
ed the KYN/5-HT ratio (p < 0.01, Table 1(c)), whereas it 
did not alter the KYN/TRP ratio (Table 1(c)). Thus, age 
shifted the balance between the KYN and 5-HT path-
ways to the 5-HT pathway. Whereas LPS significantly 
increased the KYN/5-HT ratio (p < 0.01, Table 1(c)), it 
did not alter the KYN/TRP ratio (Table 1(c)). Thus, LPS 
shifted the balance between the KYN and 5-HT path-

ays toward the KYN pathway. w 
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(c)                                                                  (d) 

Figure 1. Changes in tryptophan (TRP), kynurenine (KYN), and serotonin (5-HT) levels elicited by age and LPS. Each bar indicates 
a group defined by age and LPS (n=8). Younger, younger group; Older, older group. White bar, LPS 0 mg/kg; black bar, LPS 1 mg/kg. 
Values are shown as means ± S.E.M. The results of the Tukey-Kramer test for age and LPS are shown. Effects of age are shown: +, p 
< 0.05; ++, p < 0.01. Effects of LPS are shown: *, p < 0.05; **, p < 0.01. (a) Prefrontal cortex; (b) hippocampus; (c) amygdala; (d) 
dorsal raphe nuclei. 

Table 1. Changes in the KYN/TRP, 5-HT/TRP, and KYN/5-HT ratios elicited by age and LPS. Eight animals were used in each group 
(as defined by age and LPS). Values are shown as means ± S.E.M. The results of the Tukey-Kramer test for age and LPS are shown. 
Effects of age are shown: +, p < 0.05; ++, p < 0.01. Effects of LPS are shown: *, p < 0.05; **, p < 0.01. (a) prefrontal cortex; (b) 
hippocampus; (c) amygdala; (d) dorsal raphe nuclei. 

(a) Prefrontal cortex 

Age LPS KYN/TRP 5-HT/TRP KYN/5-HT 

Younger 0 mg/kg 0.016 ± 0.002 0.180 ± 0.014 0.093 ± 0.011 

Younger 1 mg/kg 0.012 ± 0.001 0.068 ± 0.010 0.204 ± 0.028 

Older 0 mg/kg 0.009 ± 0.001 0.211 ± 0.046 0.054 ± 0.009 

Older 1 mg/kg 0.015 ± 0.002 0.150 ± 0.015+, ** 0.106 ± 0.016 ++, ** 

 

(b) Hippocampus 

Age LPS KYN/TRP 5-HT/TRP KYN/5-HT 

Younger 0 mg/kg 0.018 ± 0.002 0.089 ± 0.008 0.213 ± 0.035 

Younger 1 mg/kg 0.014 ± 0.001 0.033 ± 0.006 0.500 ± 0.079 

Older 0 mg/kg 0.013 ± 0.002 0.144 ± 0.023 0.107 ± 0.018 

Older 1 mg/kg 0.009 ± 0.001 ++, * 0.142 ± 0.025 ++ 0.079 ± 0.019 ++, ** 
 

(c) Amygdala 

Age LPS KYN/TRP 5-HT/TRP KYN/5-HT 

Younger 0 mg/kg 0.013 ± 0.001 0.235 ± 0.024 0.060 ± 0.006 

Younger 1 mg/kg 0.011 ± 0.001 0.070 ± 0.007 0.175 ± 0.022 

Older 0 mg/kg 0.010 ± 0.002 0.195 ± 0.017 0.056 ± 0.012 

Older 1 mg/kg 0.010 ± 0.001 0.163 ± 0.011 ** 0.062 ± 0.005 ++, ** 

 
(d) Dorsal raphe nuclei 

Age LPS KYN/TRP 5-HT/TRP KYN/5-HT 

Younger 0 mg/kg 0.021 ± 0.004 0.119 ± 0.023 0.193 ± 0.029 

Younger 1 mg/kg 0.016 ± 0.002 0.073 ± 0.007 0.223 ± 0.028 

Older 0 mg/kg 0.013 ± 0.002 0.152 ± 0.012 0.133 ± 0.052 

Older 1 mg/kg 0.009 ± 0.001 ++ 0.148 ± 0.021 ++ 0.071 ± 0.017 ++  
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3.4. Dorsal Raphe Nuclei 

The results of the two-way MANOVA for age and LPS 
were as follows: age (F (6, 23) = 10.978; P < 0.0001) and 
LPS (F (6, 23) = 5.751; P = 0.0009) significantly altered 
the dependent measures. The interaction between age and 
LPS (F (6, 23) = 1.757; P = 0.1529) was not significant. 
The results of the post-hoc test are shown in Figure 1(d) 
and Table 1(d). Age significantly decreased the KYN/ 
TRP (p < 0.01, Table 1(d)) and the KYN/5-HT (p < 0.01, 
Table 1(d)) ratios. Thus, age shifted the balance between 
the KYN and 5-HT pathways to the 5-HT pathway. More-
over, LPS did not alter the KYN/TRP, 5-HT/TRP, or 
KYN/5-HT ratios (Table 1(d)). Thus, LPS did not shift 
the balance between the KYN and 5-HT pathways. 

4. DISCUSSION 

In the present study, the influences of age on the balance 
between the KYN and 5-HT pathways of brain TRP me-
tabolism were investigated. This balance has been known 
to shift in favor of the KYN pathway in response to a 
systemic injection of LPS. 

4.1. Effects of Age on Brain TRP Metabolism 

Age shifted the balance between the KYN and 5-HT 
pathways to the 5-HT pathway, as was expected based on 
the results of our previous study [22]. Animal experi-
ments have yielded controversial findings on the effects 
of age on KYN pathway activity. One previous study 
suggested that age activates the KYN pathway, espe-
cially as regards the synthesis of kynurenic acid (KYNA), 
a neuroprotective product of the KYN pathway [32]. 
However, another study suggested that age reduces IDO 
activity in the liver, kidneys, and small intestines of rats 
[33]. In a human study, Alzheimer’s disease patients and 
age-matched controls exhibited a decrease in plasma 
TRP levels and an increase in the KYN/TRP ratio, as 
compared to those of a younger control group [34]. Fur-
thermore, the serum KYN/TRP ratio in healthy individu-
als was found to increase with older age [35], and the 
serum KYN/TRP ratio in nonagenarians was signifi-
cantly higher than that of controls [36]. As the serum 
KYN/TRP ratio has been found to consistently rise with 
increasing age, it serves as a marker of IDO activity in 
humans. In the present study, no evidence of activation 
of the KYN pathway elicited by age was found. Instead, 
the KYN/TRP ratio decreased in the hippocampus and 
dorsal raphe nuclei, as age was associated with increased 
TRP levels, while KYN levels remained unaltered or to 
some extent decreased. Apparently, increases in age are 
associated with increases in brain 5-HT levels. The pre-
sent findings regarding the abovementioned shifts are 
based primarily on an increase in 5-HT levels. However, 
previous studies have reported increases [37-38], no 

change [39-40], or even decreases [41-42] in 5-HT levels 
elicited by age. Thus, the influence of age on brain 5-HT 
levels remains controversial. A previous rat-model study 
revealed a decrease in the 5-HT turnover ratio elicited by 
age [24], and therefore decreased 5-HT turnover is sus-
pected to have been the cause of observed increases in 
5-HT levels. Although the effects of age on TRP metabo-
lism were discussed in a previous study, the age of the 
mice used (6 months) in that study was not sufficient to 
investigate the effects of age [22]. In the present study, 
older (1-year-old) mice were used in order to clarify this 
point. The results of our previous study regarding the 
effects of age on TRP metabolism were confirmed here. 
Although the age of the mice in the present study may 
still have been insufficient for studying the effects of age, 
the older (1-year-old) mice did exhibit more of a shift in 
the balance between the KYN and 5-HT pathways to the 
5-HT pathway, as well as more of a decrease in the 
KYN/TRP ratio in the hippocampus and dorsal raphe 
nuclei, and more of an increase in the 5-HT/TRP ratio in 
all regions (except for the amygdala), than the shift ob-
served in young adult (6-month-old) mice (i.e., increased 
5-HT/TRP ratio in the prefrontal cortex and hippocam-
pus) [22]. 

4.2. Effects of Systemic LPS Administration 
on Brain TRP Metabolism 

A shift in the balance between the KYN and 5-HT path-
ways to the KYN pathway after LPS exposure was ob-
served, as LPS increased brain TRP and KYN levels. 
These results confirmed previously reported data regard-
ing the influence of LPS on TRP metabolism [29]. The 
putative mechanisms of these changes elicited by LPS 
are as follows. 

The elevation in TRP is associated with the following 
mechanisms. One mechanism regulating brain TRP lev-
els is the free fatty acid (FFA) levels induced by the 
sympathetic nerve system. The activated sympathetic 
nerve increases plasma FFA, which binds to albumin. 
The albumin bound to FFA reduces its affinity for TRP 
[43], resulting in an increase in free plasma TRP levels 
[44-45]. The other mechanism regulating brain TRP lev-
els is the competition between TRP and the so-called 
“large neutral” amino acids (LNAA), which include 
aromatic amino acids and branched-chain amino acids 
(BCAA), at uptake sites at the blood-brain barrier (BBB). 
Elevation of the plasma TRP/LNAA ratio regulates TRP 
uptake activity at the BBB [45-47]. Thus, LPS may in-
crease plasma FFA, which would in turn bind to albumin 
and reduce its affinity for TRP, resulting in an increase in 
free plasma TRP. Due to the increase in the TRP/LNAA 
ratio at BBB amino acid-uptake sites, LPS may lead to 
increase brain TRP levels [19]. 

In the present study, systemic LPS administration ac-
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tually increased brain KYN levels. Systemic LPS ad-
ministration is known to increase both brain [48] and 
peripheral [49] IDO activity. Because KYN is thought to 
enter the brain by the same system that transports TRP 
and other large amino acids [50], blood KYN may enter 
the brain. In fact, 60% of the total KYN pool in the nor-
mal brain is derived from blood [51]. In gerbils, 78% of 
the brain KYN is derived from blood, whereas brain 
KYN is derived exclusively from the blood after sys-
temic LPS injection [52]. Thus, most of the increase in 
brain KYN elicited by systemic LPS injection in these 
studies may have originated from outside of the brain. 
However, in the present study, immune-activated brain 
microglia and/or astrocytes may have synthesized KYN, 
thus accounting for a small portion of the increase in 
brain KYN. Here, the systemic administration of LPS did 
not directly increase the brain KYN/TRP ratio. It is likely 
that the increase in free TRP in the plasma preceded the 
newly synthesized KYN by peripherally activated IDO. 
A recent study has indicated that the effects of i.p. injec-
tion of LPS on the mRNA expression of IDO in the hip-
pocampus and hypothalamus reached a peak at 6 h after 
injection [53]. Another study has suggested that i.p.-LPS 
injection actually increased the KYN/TRP ratio in the 
whole brain at 28 h following injection [54]. Thus, the 
brain KYN/TRP ratio at 4 h after LPS injection may not 
have reflected the maximum elevation of IDO activity 
elicited by LPS.  

In the present study, LPS did not significantly reduce 
the level of 5-HT, although a previous study revealed a 
reduction in 5-HT levels with the administration of LPS 
[29]. Because LPS clearly decreased 5-HT levels in all 
brain regions except the dorsal raphe nuclei of the 
younger group (i.e., the Tukey-Kramer test showed sig-
nificant decreases, data not shown), the unchanged 5-HT 
levels may be primarily attributable to a lack of LPS- 
alteration of 5-HT levels in the older group of mice. The 
mechanisms by which different 5-HT levels are produced 
at different ages post-LPS administration remain to be 
elucidated in the future studies.  

Because novelty stress was also found to shift the bal-
ance to the KYN pathway [22], these results suggest an 
overlap between the neurochemical changes elicited by 
stressor and immune challenges, as has been frequently 
noted elsewhere [55-59]. The activation of the IRS by 
either direct immunological activation or psychological 
stress activates IDO and shifts the balance to the KYN 
pathway [19]. 

4.3. Influence of Age on Changes in Brain 
TRP Metabolism Elicited by Systemic 
LPS Administration 

Although there were clear effects of age on TRP metabo-
lism that led to a shifting of the balance between KYN 
and 5-HT pathways to the 5-HT pathway, the precise 

underlying mechanisms of these effects remain unknown. 
However, age was found to shift the balance of TRP me-
tabolism in a direction opposed to that elicited by LPS. 
In other words, age suppressed the changes in TRP me-
tabolism elicited by LPS (i.e., inhibited a shift in the 
balance between the 5-HT and KYN pathways to the 
KYN pathway). Suppression of this shift is potentially 
important in terms of the etiology of psychiatric disor-
ders such as delirium elicited by physical illness, as well 
as depression in the elderly [60-61], because elderly 
people are known to be more vulnerable than younger 
people to delirium elicited by systemic inflammation 
[62]. It is likely that the combined inhibition of stress and 
immunological responses is closely related to such vul-
nerability, because sufficient-but not prolonged-responses 
to stress and immunological challenge are needed to 
quickly recover from these stimuli. Further evidence will 
still be needed to clarify this point. 

4.4. Limitations of the Study Design 

An important limitation of the present study was that the 
immune system activation elicited by a single systemic 
injection of LPS was acute, not chronic. Because the type 
of immunological activation in cases of depression is 
thought to be chronic rather than acute, the behavioral 
changes elicited by acute immune system activation has 
been referred to as “sickness behavior” and is not di-
rectly comparable to depression. This limitation was 
present in the protocol design of the present study. 
However, a recent study using mice demonstrated that 
the peripheral administration of LPS activated IDO, and 
culminated in a distinct depressive-like behavioral syn-
drome, as measured by increased duration of immobility 
in both a forced-swim test at 24 h and a tail-suspension 
test at 28 h following the administration of LPS [54]. 
Because the present study was designed independently of 
this new study, only the early-phase changes in TRP me-
tabolism (i.e., 4 h after LPS injection) were examined. 
Thus, the time course of changes in TRP metabolism 
until the appearance of a depressive-like behavioral syn-
drome was not investigated. Although acute systemic 
LPS injection increased brain TRP levels, it is believed 
that depression is accompanied by lowered plasma and 
brain TRP levels [63-64], and depletion of TRP by the 
administration of high doses of BCAAs may induce de-
pression in some vulnerable subjects and depressed sub-
jects who are in remission [65]. The discrepancy between 
the TRP increase elicited by a single systemic admini-
stration of LPS and TRP reduction seen in cases of de-
pression suggest that the present results do not directly 
correspond with the pathophysiology of depression. 

5. CONCLUSIONS 

The influences of age and the acute systemic administra-
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tion of LPS on the balance between the KYN and 5-HT 
pathways of brain TRP metabolism were investigated. 
Whereas age shifted the balance of TRP metabolism to 
the 5-HT pathway, the acute systemic administration of 
LPS shifted the balance of these pathways in favor of the 
KYN pathway. Age countered the effects of LPS. Thus, 
age attenuated the normal, sufficient immunological 
brain TRP-metabolism response, which is thought to be 
an essential part of the normal stress response. These 
effects will be important to consider as they might be 
related to the etiology of psychiatric disorders in elderly 
people. 
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ABSTRACT 

Reported is an empirical study which shows 
that Post-Traumatic Embitterment Disorder 
(PTED) is the most appropriate psychological 
diagnosis for victims of workplace conflicts, 
particularly bullying. A group of 118 people all 
reporting conflict at work were evaluated with 
the LIPT questionnaire, the PTED self-rating 
scale and a guided psychological interview. 
91.5% proved to be affected by a PTED, the 
slight majority males, aged between 31 and 40 
years and subjected to bullying. The evidence 
suggests that some workplace conflict victims 
who are presently diagnosed and treated as 
depression or phobia can be in fact cases of 
PTED. The treatment may be adjusted and the 
PTED scale may be used as a screening in-
strument similar to scales for anxiety and de-
pressive disorders. 

Keywords: Workplace; Conflict; PTED; Bullying; 
Straining 

1. INTRODUCTION 

In Italy there is a growing interest about conflicts at work 
and claims for damages from victims. In recent years a 
considerable number of legal actions have been promoted 
and medical doctors and psychologists have often been 
called as expert witnesses to define the conflict, investi- 
gate its causes and negative potential, and evaluate the 
grade of the loss suffered by the claimant. This should be 
done, of course, both in a purely medical sense (bi- 
ological damage, or damage to the health) and in the 
so-called existential aspect (damage to the interior exis-
tence of the person, his/her affectivity, habits, interests, 
quality of life). 

It is then very important for Work Psychology to find 

suitable answers to the requirements of the Law, that is to 
dispose of efficient, clear and objective instruments to 
distinguish the different forms of workplace conflicts and 
to guarantee diagnostical accuracy. This in order to give 
concrete help to victims in two aspects: on the legal point 
of view to a correct evaluation of the damage suffered and 
on the psychological side to optimize the treatment and 
rehabilitation. 

2. DEFINITION OF WORKPLACE  
CONFLICT: THE 7-PARAMETERS 
METHOD 

Bullying at the workplace is a systematic, persistent and 
progressing conflictual situation in which one or more 
people are subjected to hostile persecutive actions by 
one or more mobbers (colleagues, supervisors or subord- 
inates), who aim at causing damages. The mobbee(s) 
is/are put in a position in which they cannot react ade-
guately to attacks and in the long run they can show 
psychosomatic, relational or depressive symptoms, which 
can drive to permanent psycho-physical invalidity. 

In 2002 an original method of recognition of bullying 
in a work event was developed, which works on the ba-
sis of 7 definitive parameters [1]: 

1) Work Context (the conflict must take place on the 
work place); 

2) Frequency (the hostile actions must occur at least 
some times a month); 

3) Duration (the conflict must have been going on at 
least for six months); 

4) Kind of actions (the hostile actions must belong to 
at least two of Leymann's five categories); 

5) Difference in level of the two antagonists (the 
mobbee must be constantly in a position of inferiority); 

6) Progress through phases (the work event has reach 
at least the II phase of a Six-phase model of bullying); 

7) Persecutive intention (a coherent and aimed vexatory 
scheme must be clearly noticeable in the work event). 
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Each parameter is to be verified through the LIPT 
(Leymann Inventory of Psychological Terrorism) ques-
tionnaire [2] and a guided interview; if it is possible to 
verify the presence of all of them in the work event, then 
we can state it is a bullying case. With the same method 
it is possible to recognize if the work event is another 
standardized type of conflict, for example straining [3]. 

Bullying and straining are distinguished on the basis 
of the frequency of the active negative actions. Bullying 
requires at least two-three attacks in a month (Leymann 
even recommended weekly attacks), whereas straining is 
a conflict in which the negative action is just one but it 
has permanent effects on the working condition of the 
victim (disqualification; transfer in an isolated or un- 
pleasant position; etc). Other crucial points of straining 
are discrimination (the victim is treated differently from 
others), negative intention (the action is strategically and 
deliberately perpetrated against one or more people), 
inferiority (the victim has no capacity or possibility of 
acting or reacting to contrast the straining). 

Thanks to its objective approach, the 7-parameters 
method has been recognized and successfully applied by 
many Italian work courts since 2002 for bullying cases; 
straining was firstly recognized by the law in 2005. 

3. PSYCHOLOGICAL DIAGNOSIS FOR 
VICTIMS OF WORKPLACE CONFLICTS 

Victims of workplace conflicts often report the following 
psycho-physical symptoms: disturbed sleep, lack of con- 
centration and memory, digestive problems, anxiety, 
depression, sexual difficulties. This often lead profess- 
ionals to make diagnosis of depression, adjustment dis-
orders or even Post Traumatic Stress Disorder (PTSD). 
This diagnosis, however, seem for many aspects to be 
inadequate or incorrect, just as the psycho-pharmac- 
ological treatment recommended as a consequence. Ad-
justment disorder, for example, is a quite vague and 
general diagnosis, whereas Post-Traumatic Stress Dis-
order (PTSD) has no scientific foundation, due to the 
evident lack of criterium A (presence of a life-threat- 
ening event). 

In search of accuracy, we examined the relevance of 
Post-Traumatic Embitterment Disorder (PTED) diagno-
sis in the context of work conflicts. Post-Traumatic Em-
bitterment Disorder is a special form of adjustment dis-
order which was described for the first time in 2003 by 
Prof. Michael Linden and his staff of Charité Hospital in 
Berlin [4]. PTED is caused by a negative experience that 
the victim perceives as a violation of his/her basic values. 
As a consequence, the victim experiences a deep feeling 
of embitterment, together with a strong sense of injustice 
and deprivation, which lead to emotive arousal, intrusive 
thoughts, sleep disorders, depressive mood, social and 
affective impairment, loss of the self-esteem and differ-

ent psychosomatic symptoms. 
Differently from Post-Traumatic Stress Disorder (PTS 

D) the breaking event is not an extreme or life-threaten- 
ing situation, but a negative experience which can hap-
pen in normal life, such as unemployment, divorce, se-
rious illness, separation or significatively-occupational 
problems. While in PTSD anxiety is the predominant 
emotion, in PTED it is a prolonged feeling of embitter-
ment and injustice. 

Screening instrument for PTED is a self rating scale, 
which is used as a basis for a following standard diag-
nostic interview. A final rate over 2.0 corresponds with a 
clinically relevant intensity of reactive embitterment. 
This study has been carried out to prove whether PTED 
is an appropriate diagnosis for victims of conflicts at 
workplace, bullying, straining or other. 

4. METHOD 

The tested group consisted of 118 people, 43.2% females 
and 56.8% males of various ages. All of them applied to 
PRIMA Association against Mobbing in Bologna, report- 
ing to suffer from workplace conflicts. They were sub- 
mitted to a modified version of the LIPT questionnaire by 
Leymann and to the PTED scale by Linden [5,6]; after that 
they had an interview with a work psychologist. (Table 1). 

The first step of the analysis consisted in the defini-
tion of the type of conflict reported by every person, 
according to the 7-parameters method. After the applica-
tion of the method and the analysis of the conflict, three 
groups resulted: 

1) 16.1%: Victims of bullying; 
2) 53.4%: Victims of straining; 
3) 30.5%: Victims of other conflicts (meaning con- 

flicts which fall in none of the seven parameters, since 
they present no frequency, no discrimination, no dy- 
namic progression, no persecutive intent etc, for exam-
ple unfair dismissal, stress from bad organisational cli-
mate, daily interpersonal conflicts, etc.) 

In the second step of the study, these results were 
confronted with those coming from the PTED scales. It 
was so founded out that 108 people out of 118 (91.5%) 
suffered from PTED. 

5. RESULTS 

Crossing this with the data about gender, age and type of 
workplace conflict, it resulted that PTED affected: 

1) both sexes in almost the same percentage (92.5% of 
the men and 90.2% of the women); 

2) younger people slightly more than the others 
(95.5% of the people aged from 31 to 40 years, but 
90.7% of the people aged from 51 to 60 years and the 
89.6% of the people aged from 41 to 50 years (Table 2); 

3) 94.7% of victims of bullying (85.7% of women, 
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Table 1. PTED symptoms in comparison with different types of 
workplace conflict. 

Type of Conflict Female Male Total 

 Total 
with 

PTED- 
Symptoms 

Total 
with 

PTED- 
Symptoms 

Total
with 

PTED- 
Symptoms

Bullying 7 6 12 12 19 18 

Straining 24 22 39 36 63 58 

Other Conflict 20 18 16 14 36 32 

Total 51 46 67 62 118 108 

Openly accessible at  

 

Table 2. PTED symptoms in comparison with gender and age of 
the victims. 

Years Female Male Total 

 Total 
with 

PTED- 
Symptoms 

Total 
with 

PTED- 
Symptoms 

Total
with 

PTED- 
Symptoms

21-30 0 0 2 2 2 2 

31-40 6 6 16 15 22 21  

41-50 23 20 25 23 48 43 

51-60 22 20 21 19 43 39 

over 61 0 0 3 3 3 3 

Total 51 46 67 62 118 108 

 
and 100% of men!); 

4) 92.1% of victims of straining (91.7% of women 
and 92.3% of men; 

5) 88.9% of victims of other workplace conflicts. 
Under 30 and over 61 the percentage was of 100%, 

but it can not be taken as representative due to the low 
number of the people in this two ages. 

6. CONCLUSIONS 

The data show that victims of workplace conflicts are 
very frequently affected by PTED, that is to say that they 
very often present feeling of deep embitterment and in-
justice and symptoms such as emotive arousal, intrusive 
thoughts, sleep disorders, depressive mood, social and 
affective impairment, loss of the self-esteem and psy-
chosomatic symptoms. Men tend to be more exposed to 
PTED than women. Similarly, victims of standardized 

conflicts such as bullying or straining seem to be slightly 
more affected than people subjected to unstructured con-
flicts such as unfair dismissal, stress from bad organisa-
tional climate, daily interpersonal conflicts, etc. 

7. DISCUSSION 

Psychological science has not given any definitive an-
swer yet to the question on how to properly diagnosti-
cate victims of bullying or other workplace conflicts, in 
order to reach an effective clinical treatment. This study 
shows that PTED represents an important differential 
diagnosis for victims of workplace conflicts, especially 
bullying. 

From a clinical point of view the contribution by Prof. 
Linden about PTED seems to be particularly important 
because many PTED cases are incorrectly diagnosticated 
and ineffectively treated as depression or phobia. The 
knowledge of PTED as a possible diagnosis and the ap-
plication of appropriate diagnostic instruments could 
contribute to a better and optimized treatment of these 
patients, especially for victims of workplace conflicts 
such as bullying or straining. 
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ABSTRACT 

Advanced and specialized radiological diag-
nostic procedures are essential in cases of 
clinically diagnosed injuries to the head, thorax, 
abdomen or extremities of a child, especially if 
there is no case history or if the reporting of an 
inadequate trauma suggests battered child 
syndrome. In particular, these diagnostic pro-
cedures should aim at detecting lesions of the 
central nervous system (CNS), so that the 
treatment can be immediately initiated. If the 
diagnostic imaging reveals findings typically 
associated with child abuse, accurate docu-
mentation constituting evidence, which will 
stand up in court, is required to prevent any 
further endangerment of the child’s welfare. 

Keywords: Child Abuse; Battered Child Syndrome; 
Shaken Baby Syndrome; Non-Accidental Injury; 
Pediatric Radiological Diagnostics 

1. INTRODUCTION 

Children have the right to a non-violent childhood and 
adolescence. This right is enshrined in the UN Conven-
tion on the Rights of the Child, which was adopted by the 
United Nations General Assembly in November 1989. 
Among the fundamental children’s rights are the right to a 
non-violent upbringing (in Germany Section 1631 Sub-
section 2 of the Civil Code) and the right to protection 
from physical, emotional or sexual abuse. 

The statistics on crime published by the Federal 
Criminal Police Office in Germany show that even today 
these rights are not secured for all children and adoles-
cents [1]. 

In 2006, a total of 597, 504 cases of physical injury 
(code number 2200) were reported, including 3,640 cases 
of child abuse (code number 2231). Boys were the vic-

tims in 55.2% of cases, and in 12 cases the physical injury 
resulted in death. 

The number of cases of sexual abuse against children 
(code number 1310) was much higher, with a total of 
15,185 victims in 12,765 registered cases. 

These data are consistent with our own daily experi-
ence, in which we have observed over the past few years a 
major increase in the number of children examined due to 
suspected physical or sexual abuse. 

2. FORMS OF ABUSE 

The term child abuse is very hard to define [2]. The ex-
pression threat to child well-being does not comprise 
accidental, intentional or unintentional, violent, mental 
or physical damage to a child leading to injuries, abnor-
mal development or even death and affecting or threat-
ening the well-being and the rights of a child. 

The following forms of violence can be distinguished 
[3]: 

2.1. Physical Abuse 

Physical abuse occurs when violent behavior on the part 
of the parents or other caregivers causes physical injury 
to the child. Physical injuries should be considered abuse 
if not resulting from an accident; if the type of injury is 
not consistent with the alleged cause of the injury or 
explanation of how the injury occurred; if there are rea-
sonable grounds for suspicion or an admission has been 
made that the injury was caused by a person exercising 
parental responsibility for the child, responsible for the 
care of the child, or an attachment figure for the child; or 
if such a person purposely did not prevent the injury to 
the child. Physical abuse also encompasses forms of 
injury such as attempted drowning, suffocation or the 
administration of damaging substances. 

2.2. Emotional Abuse 

Emotional abuse is defined as a hostile or neglectful 
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attitude, the rejection or ignoring of the child by the 
parents or parental figures—a behavior that seriously 
damages the child’s sense of personal identity and self- 
esteem. Also included is emotional neglect, when the 
parents or caregivers fail through negligence to provide 
the child with the family atmosphere required for healthy 
emotional development (for example through constant 
emotional coldness or ignoring the child, as silent forms 
of child abuse). 

2.3. Physical Neglect 

Physical neglect means that the parents or other caregiv-
ers fail completely or partially to provide for the child’s 
survival or well-being, i.e. health care, nourishment, clo- 
thing, health promotion, protection and supervision. 

2.4. Sexual Abuse 

Sexual abuse is the involvement of children and adoles-
cents in all types of sexual activity and/or sexual exploi-
tation by adult reference persons to whom the child 
cannot give informed consent owing to ignorance, de-
pendence, developmental immaturity or fear. 

Child pornography is a form of sexual abuse, as is 
also the confrontation of minors with representations of 
sexuality in a manner that is inappropriate to the child’s 
stage of development. In every case, responsibility for 
such mistreatment is borne by the perpetrator. Incest is a 
special form known as ‘intrafamilial child sexual abuse’, 
committed by a member of the family group. Child sex-
ual abuse also refers to actions performed with the inten-
tion of sexually stimulating a child or using a child for 
the purpose of sexual arousal, either of the perpetrator or 
of another person. 

Children in particular are often unable to speak out— 
either because they are insufficiently developed as in-
fants or toddlers, or as a result of fear. A thorough 
physical examination in cases of suspected mistreatment 
or sexual abuse is an important milestone in both the 
diagnosis and ‘therapy’ of the abuse. The detection and 
ascertainment of traumatic findings and their attribution 
is an important diagnostic criterion in cases of suspected 
child abuse. 

Infants and toddlers are particularly challenging in 
this context. In instances of suspected physical abuse, 
the examination should not be restricted solely to the 
external inspection of the body, since osseous injuries 
are frequently not detected through clinical examination. 
A full skeletal survey using radiological imaging tech-
niques can detect or rule out bone lesions resulting from 
traumatic injury, therefore constituting an essential 
component of the investigations in suspected child abuse 
cases. 

Both action and failure to provide care can constitute 
a threat to a child. 

The following text briefly deals with the possible 

consequences of physical violence. Based on the daily 
experiences made by the Doctor of Legal Medicine and 
the Pediatric Radiologist it can be said that any form of 
physical violence one can think of can also occur when a 
child is abused. Typical forms of violence are punches, 
kicks, pushes against the wall and the use of objects 
(sticks, etc.). 

Consequently, the affected children suffer from inju-
ries such as hematomas, swellings of soft parts or inju-
ries to the soft parts and skin (contused wounds or cuts). 
Additionally, there can be hidden injuries, such as dam-
aged organs and fractures. 

A special form of physical abuse is the shaken baby 
syndrome. The term “Whiplash shaken baby syndrome” 
goes back to Caffey [4]. Severe shaking of a baby leads 
to strong shearing forces due to acceleration and decel-
eration. Babies and toddlers are not able to hold their 
head, which is very heavy compared with their body, 
when they are shaken severely. As a result there will be 
cranial hemorrhages (subdural and subarachnoid hem-
orrhages), hemorrhages in the retina and lesions of cra-
nial tissue [5]. The shaken baby syndrome can lead to 
death. The affecting forces have been determined exten-
sively in the finite element analysis [6]. The scope of 
injuries resulting from shaken baby syndrome comprises 
not only intracranial injuries, but also frequently injuries 
of the skeletal system in particular rib fractures and fin-
ger marks [7]. Based on literature one can assume that 
shaken babies show clinically diagnosable symptoms 
[8]. 

The strategy of examination depends on the clinical 
situation and the age of the child. 

Besides the clinical examination, radiological imaging 
examination methods are to be applied. 

3. IMAGING PROCEDURES 

Accordingly, we aim to presently discuss the various 
uses of radiological diagnostic imaging in this context, 
including an assessment of their respective value and the 
necessary indications. 

In instances of clinical suspicion of child abuse, the 
following imaging procedures may be used: skeletal 
radiography, computer tomography (CT) and/or, pref-
erably, magnetic resonance imaging (MRI) investiga-
tions and sonography [9,10]. 

3.1. Full Radiographic Skeletal Survey 

A full radiographic skeletal survey should always be 
performed in children up to 2 to 3 years old if child 
abuse is suspected [11]. All the extremities, the thorax 
and pelvis should be x-rayed from one viewing angle 
and the cranium, spine and fracture areas should be 
x-rayed from two viewing angles (Figure 1). The radio-
graphic images of the extremities should include the 
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Figure 1. Skeletal radiographs in an instance of suspected child abuse in a child under the age of 2–3 years. 
 
hands and feet, or these should be x-rayed selectively. 
The procedure known as a ‘babygram’, i.e. producing a 
single radiographic image of the whole child, is not 
suitable for the purpose of confirming or ruling out child 
abuse, because the metaphyses, in particular, cannot be 
adequately assessed. In older children, selected skeletal 
areas should be x-rayed from two viewing angles if there 
is clinical suspicion of trauma-induced lesions (hemato-
mas, palpable callus formation, axial deviation). 

3.3. Computer Tomography 

Computer tomography of the skull is often the first im-
aging procedure used for the investigation of injuries to 
the skull and brain. 

In cases of blunt trauma to the abdomen, ultrasound 
should be the first imaging procedure used for detecting 
free abdominal fluid or injuries to the parenchymatous 
organs in the upper abdomen and kidneys. In instances 
of suspected child abuse, the subsequent performance of 
a computer tomography (using a contrast medium) on 
the abdomen is the gold standard. Serious thoracic trau-
mas can also be investigated further by means of com-
puter tomography. 

3.2. Sonography 

It depends on the clinical situation whether an ultrasound 
examination is advisable. Sonography is of utmost im-
portance in case of suspected organic injuries to the ab-
domen and the soft parts of the extremities. 3.4. Magnetic Resonance Imaging 

Sonographic examination of the skull can be used in 
infants with an open fontanelle. However, the value of 
such examination must be critically assessed. Non-de-
tection of objective findings in the sonogram (fresh and 
older areas of bleeding) does not necessarily rule out the 
existence of such lesions, as shown by some cases in the 
investigation material examined at the Dresden Institute 
of Legal Medicine. 

Magnetic resonance imaging is primarily used when 
investigating intracranial or spinal injuries. 

3.5. Skeletal Scintigraphy 

Skeletal scintigraphy has now practically ceased to be 
used in Germany in cases of suspected child abuse, be-
cause this procedure is unable to provide relevant an-
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swers in the context of child abuse, since epiphyseal and 
metaphyseal fractures in the zones characterized by 
physiological activity (growth areas of the epiphyses) 
cannot be detected, and the age of existing fractures 
cannot be determined by this method. Furthermore, the 
child would be subjected to high radiation exposure de-
spite the limited usefulness of the procedure. Only in 
cases of occult rib fractures can skeletal scintigraphy be 
helpful [10]. 

4. ANATOMY OF THE BONES DURING 
CHILDHOOD 

The skeletal anatomy of a child is considerably different 
from that of an adult. On a conventional radiograph only 
the ossified parts are visible, while the cartilaginous ar-
eas of the growth zones do not appear on a radiographic 
image. The zones on the long bones which are relevant 
for height growth are the epiphysis, epiphyseal plates 
and the metaphysis (Figure 2). 

Typical childhood fractures are greenstick fractures, in 
which the cortex is not completely ruptured due to the 
high degree of elasticity of the bone. 

5. SKELETAL TRAUMA 

A fracture can be the result of various forms of violence. 
Its localization and the age of the fracture are essential 
indicators for its assessment. Skeletal traumatic lesions 
are not usually life-threatening injuries, but often a de-
finitive indicator of child maltreatment [12]. The radio-
graphic skeletal images should meet the very highest 
quality standards (spatial resolution: 10 line pairs per 
mm, without grid) and should be performed by experi-
enced personnel under the supervision of an experienced 
pediatric radiologist, when available. 

 

 

Figure 2. Anatomy of a child’s bones in a radio-
graph, as exemplified by the lower leg with the knee 
joint (A–ossification nucleus of the epiphysis, B– 
epiphyseal plate, C–metaphysis, D–diaphysis). 

5.1. Determining the Age of a Fracture 

A question often posed both in criminal and in family 
law proceedings pertains to the age of fractures or the 
possible occurrence of the traumatic injuries at different 
times. When determining the age of fractures, particu-
larly when multiple fractures are detected, the following 
parameters have to be taken into account: 

1) 0–10 days: soft tissue swelling, edemas, bleeding, 
fracture lines and fragments (Figure 3); 

2) 7–10 days: earliest callus formation; 
3) 10–14 days: clearly evident callus formation; 
4) up to 8 weeks: periosteal new bone formation; 
5) subsequent resorption: after 3 months the fracture 

may have healed without residue. 
Skull fractures do not result in callus formation, so 

that the age of a fracture cannot be determined by means 
of an x-ray image alone. The approximate age of the 
injury (fresh or older) can be determined, however, by 
reference to soft tissue trauma, such as swelling or hem-
orrhaging. 

5.2. Types of Fracture 

5.2.1. Metaphyseal and Epiphyseal Fractures 
Metaphyseal and epiphyseal fractures have a high speci-
ficity for child abuse [13]. 

Multiple subphyseal micro-fractures at the connection 
between the metaphysis and the epiphyseal plate are 
usually attributable to centrifugal and rotational forces. 
Metaphyseal corner/chip fractures, bucket-handle frac-
tures and metaphyseal fractures are indicators of mal-
treatment via this mechanism and are virtually proof- 
positive when summing up all assessments (Figure 3). 
The readaptation of metaphyseal corner fractures gener-
ally takes place within approximately 18 days [14]. 

5.2.2. Diaphyseal Fractures 
Diaphyseal fractures have a low specificity for child 
abuse, since they also occur frequently in accidental 
traumas. However, they occur significantly more fre-
quently than metaphyseal fractures [15]. 

Humerus fractures are suspicious signs of non-acci-
dental injury, particularly in children under the age of 15 
months (Figure 4). 

 

 

Figure 3. Radiograph of the distal lower leg with metaphyseal 
fractures evident as bucket-handle fracture and corner fractures. 
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Lower arm fractures in the middle of the shaft can be 
evaluated as self-defense injuries (parry fractures) re-
sulting from an impact effect (Figure 5). 

Femoral fractures during the first year of life are sus-
picious as indicators of external force having been ap-
plied. 

Tibial fractures, distal metaphyseal and epiphyseal, 
and proximal metaphyseal, may occur through child 
abuse. 

Fractures of the sternum, scapula and pelvis are ob-
served very rarely in cases of child abuse, as the applica-
tion of great force is required to cause them. 

Spinal fractures are also the result of massive traumas 
and only occur very rarely as compression fractures in 
instances of child abuse. 

 

 

Figure 4. Radiograph of the left upper arm: spiral 
fracture of the humeral shaft in an infant. 

 

 

Figure 5. Radiograph of the left arm: proximal 
fracture of the ulna, healed with callus formation. 

5.2.3. Periosteal Reactions 
Rotational and flexion forces, in particular, can result in 
the detachment of the periosteum, which is elastic in the 
diaphysis but stiff in the metaphysis. The sub-periosteal 
hemorrhaging thus caused leads to the development of 
areas of periosteal ossification, which later become visi-
ble (Figure 6). 

5.2.4. Rib Fractures 
Rib fractures and particularly serial rib fractures have a 
high specificity for the detection of child abuse. When 
thorax compression has taken place in cases of shaken 
baby syndrome, serial rib fractures are often observed 
[16]. These are found in both the posterior paravertebral 
and in the lateral regions. These fractures only become 
visible on a radiograph after the start of callus formation 
after approximately 7 days (Figure 7). 

 

 

Figure 6. Radiograph of the left lower leg from two viewing 
angles: healing metaphyseal fracture on the distal tibia with 
periosteal calcification. 

 

 

Figure 7. Radiograph of the thorax: left paravertebral region of 
ribs 7-9 showing post-fracture callus formation. 
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5.3. Differential Diagnoses of Skeletal  
Injuries Following Child Abuse 

The evaluation of ossified lesions always requires im-
portant differential diagnoses to be considered [10] and 
should therefore be conducted by an interdisciplinary 
team.  

Significant differential diagnoses are: 
1) accidental traumas 
2) birth trauma (clavicle, humerus) 
3) premature infant osteopenia (Figure 8) 
4) metabolic disorders (rickets, Menkes syndrome 

etc.) 
5) medication (Methrotrexate, Prostaglandin E etc.) 
6) infections (syphilis, osteomyelitis etc.) 
7) neuromuscular disorders (infantile cerebral palsy) 
8) neoplasias (leukemia, histiocytosis X, metastases) 
9) infantile cortical hyperostosis 
10) osteogenesis imperfecta 

5.4. Cranial Trauma/Shaken Baby Syndrome 

Indicators of child abuse are calvarial fractures (Figures 
9 and 10) and sutural diastasis, with the ping-pong ball 
fracture of the soft calvarium of the young infant and the 
growing skull fracture being particularly significant. 

In the case of the ping-pong ball fracture, the exertion 
of external force leads to a permanent inward deforma-
tion of the elastic cranial vault of the young infant (Fig-
ure 11). 

The growing skull fracture is caused by brain tissue 
and cerebral membranes being trapped in the fracture 
fissure, preventing the healing of the bone (Figure 12). 

In this paper, we do not intend to discuss the clinical 
characteristics and mechanisms involved in shaken baby 
syndrome. A detailed presentation on this topic has been 
published in different journals [17-19]. 

 

 

Figure 8. Radiograph of the thorax: premature infant os-
teopenia and bronchopulmonary dysplasia with condition after 
multiple rib fractures. 

 

Figure 9. Radiograph of the skull from two viewing angles: 
cranial burst fracture on the left parietal bone. 

 

 

Figure 10. CT image of the skull: biparietal calvarial fracture 
crossing the sagittal suture. 

 

 

Figure 11. Radiograph of a skull with a ping-pong 
ball fracture on the right parietal bone. 

 

Intracranial injuries, however, are usually more seri-
ous and can be life-threatening [20]. In the case of a ch- 
ild presenting with neurological abnormalities, a cranial 
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CT scan is of decisive importance in the highly acute 
phase owing to its almost unlimited availability and the 
rapidity in which it can be performed enabling decisions 
to be made quickly about the diagnosis and the neces-
sary treatment. The CT has a high degree of sensitivity 
in detecting acute intraparenchymatous, subarachnoid, 
subdural and epidural hemorrhaging (Figure 13). Patho-
logical changes which may require neurosurgical inter-
vention can be detected with certainty, and critically ill 
children can be treated quickly. Accompanying cranial 
and facial fractures can also be diagnosed. Sonography 
via the open large fontanelle of an infant is an important 
examination method in the follow-up monitoring of an 
intracranial injury. MRI is the best imaging method for 
showing the full extent of the cranial injuries. The detec-
tion of extraparenchymatous fluid accumulation, intra- 
parenchymatous hemorrhaging, contusion areas, diffuse 
axonal injury and cerebral edema requires T1-weighted, 
T2-weighted, FLAIR, T2-gradient echo and diffusion- 
weighted sequences from several viewing angles (Fig-
ure 14). MRI has the highest degree of sensitivity and 
specificity for the diagnosis of child abuse, and therefore 
this form of imaging should always be performed in 
cases of suspected child abuse. 

 

 

Figure 12. MRI image of a skull: T2-weighted se-
quence with growing skull fracture on the right pa-
rieto-occipital bone and trapped cerebral parenchyma 
in the subperiosteal area. 

 
A further aspect is the follow-up monitoring in cases 

of suspected shaken baby syndrome. Due to the serious 
lesions of the cerebral tissue caused by shaking, these 
injuries can lead to general cerebral atrophy with dilation 
of the inner and outer subarachnoid spaces, or to a circu- 
mscribed cystic encephalomalacy (Figures 15 and 16). 

Bilateral subdural hemorrhaging is generally indica-
tive of child abuse involving shaken baby syndrome. 

Subdural hemorrhaging in the supra and infratentorial 
regions or in the interhemispheric fissure substantiate the 
suspicion of shaken baby syndrome. Unilateral subdural 
hemorrhaging may also be caused by a simple fall. 

 

 

Figure 13. CT image of a skull: subdural hematoma 
in the right frontotemporal region and focal cerebral 
edema in the left frontotemporal region. 

 

 

Figure 14. MRI image of a skull: diffusion- weighted 
sequence with hypoxically damaged basal ganglia and 
cerebral parenchyma in the occipital region on both 
sides as an indicator of a highly acute fresh parenchy-
mal lesion. 
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Figure 15. MRI image of a skull: clearly evident bilateral cys-
tic encephalomalacy with a hemorrhage component in the cor-
tical region and a subdural hematoma in the left occipital area 
extending into the interhemispheric fissure. 

 

 

Figure 16. MRI image of a skull: subdural hematomas on both 
sides in the supra and infratentorial regions with different sig-
nal intensity, which may be indicative of the injuries having 
been sustained at different times. 

 
When assessing cerebral changes using MRI imaging, 

it is essential that consequences of abuse are distin-
guished from perinatal brain damage. In premature and 
newborn infants, specific patterns of brain damage occur, 
the dynamics of which can be observed in follow-up 
monitoring and which can therefore usually be distin-
guished from injuries resulting from child abuse (for 
assessment purposes, the birth mechanism should be 
known, if possible). For the purposes of differential di-
agnosis, vitamin K deficiency and glutaraciduria must be 
ruled out. 

5.5. Blunt Trauma to the Thorax and  
Abdomen 

Serious injuries to the thorax with suspected intratho-
racic organ damage can be diagnosed quickly and safely 
using computer tomography. In cases of suspected child 
abuse, a blunt abdominal trauma is initially investigated 
through sonographic examination of the abdomen. If this 
reveals free abdominal fluid or suspected organic inju-
ries, computer tomography must be used, since it is the 

most sensitive imaging technique. By this method, rup-
tures or intramural hematomas in the gastrointestinal 
tract or tears in the parenchymatous organs can easily be 
detected through abdominal or retroperitoneal examina-
tion. However, serious thoracic or abdominal traumas do 
not occur frequently in child abuse. 

6. CONCLUSIONS 

The assessment of child abuse requires a multi-profes-
sional interdisciplinary approach. In cases of suspected 
physical abuse, differential diagnosis is necessary taking 
into account the age of the child and the clinical symp-
toms. The radiological investigations should comply 
with the very highest quality standards, so as to be able 
to produce a diagnosis that will stand up in court while 
also minimizing the child’s exposure to radiation. Final 
assessment of the images should be left to an experi-
enced pediatric radiologist. 
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ABSTRACT 

Activation and aggregation of blood platelets is 
crucial for hemostasis and thrombosis. In the 
vascular system adenine nucleotides are im- 
portant signaling molecules playing a key role in 
hemostasis. ADP was the first low molecular 
weight agent recognized to cause blood plate-
lets activation and aggregation. NTPDases and 
adenylate kinase (AK) are the main enzymes 
involved in metabolism of extracellular adenine 
nucleotides. The majority of studies concen-
trated on the role of NTPDase1 (apyrase) in the 
inhibition of platelets aggregation. Up to now, 
there are still insufficient data concerning the 
role of AK in this process. We found that ade-
nylate kinase activity in the serum of patients 
with myocardial infarction is significantly in-
creased when compared to the healthy volun-
teers. The elevated activity of AK is connected 
to appearance of another isoform of that en-
zyme, expressed in patients with myocardial 
infarction. The influence of AK on the pig blood 
platelets aggregation induced by 20 μM ADP or 
7.5 μg/ml rat collagen was examined. 1U of 
adenylate kinase added to platelet-rich plasma 
(PRP) before ADP or collagen, inhibited the 
platelets aggregation. One minute after induc-
tion of platelets activation by ADP as much as 
5U of adenylate kinase was necessary to stop 
the platelet aggregation. In the case of collagen 
activated aggregation, only 2U of AK added 1 or 
5 minutes after initiation of the aggregation 
process were sufficient for disaggregation of 
platelets. The increase of ATP: ADP ratio is 
probably responsible for the initiation of dis- 
aggregation process. We conclude that ade-
nylate kinase is involved in regulation of plate-
lets aggregation. Anticoagulative role of AK in-
dicates the possibility of using this enzyme in 

the treatment of cardiovascular diseases. 

Keywords: Hemostasis; Platelets Aggregation; 
Adenylate Kinase 

1. INTRODUCTION 

It is well known that platelets aggregation is the key 
process in thrombosis. Platelets hyperaggregability is 
associated with the risk factors for cerebral, coronary or 
peripheral arterial ischemia causing stroke, cardiovascu-
lar disease and venous thrombosis [1,2]. The WHO es-
timated that 12.6 percent of deaths worldwide are caused 
by the ischemic heart disease, that is the leading cause of 
death in the developed countries [3]. The novel therapies 
against platelet-dependent thrombosis are targeted at 
purinergic receptor (P2Y12) activating the platelets ag-
gregation. In the last few years the thienopyridyne de-
rivatives (ticlopidine, clopidogrel, prasugrel) are mainly 
used. 

Adenine nucleotides play an important role in blood 
platelets function. Platelets possess three purinergic re-
ceptors for ecto-nucleotides: P2Y1 and P2Y12, which 
interact with ADP, and P2X1, which interacts with ATP 
[4-6]. The interaction of adenine nucleotides with their 
receptors activates platelets and leads to their aggregation. 
Among the nucleotides, ADP is a key molecule involved 
in hemostasis and development of arterial thrombosis 
[7-9]. Furthermore, ATP stimulation of P2X1 triggers off 
the platelets shape change and helps to amplify platelet 
responses mediated by agonists such as collagen. Acti-
vation of each of these nucleotide receptors results in 
unique signal transduction pathways that are important in 
the regulation of hemostasis and thrombosis [10]. 

The most important enzymes metabolizing ecto- 
ncleotides in the vascular system are: NTPDase1 (EC 
3.6.1.5), NTPDase2 (EC 3.6.1.5), 5’-nucleotidase (EC 
2.7.4.6), adenosine deaminase (EC 3.5.4.4) and adenylate 
kinase (EC 2.7.4.3) [8-10]. These enzymes maintain the 
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proper level of purine nucleotides. 
NTPDase1 (apyrase, CD39) metabolizes ATP and ADP 

to AMP. Its role in blocking the platelet aggregation 
triggered by ADP is well recognized [14,15]. The de-
creased activity of NTPDase1 in the atherosclerotic ar-
teries proves its important regulatory function in throm- 
bosis [13]. 

Adenylate kinase (AK) also participates in controlling 
the adenine nucleotides concentration due to transferring 
the phosphate group between ATP, ADP and AMP [17- 
19]. Some authors suggest, that serum adenylate kinase is 
responsible for the clearance of circulating ADP and 
therefore blocks activation of platelets [11,20]. Based on 
these information, adenylate kinase may be useful in the 
regulation of platelets activity. The research results pub-
lished in the 1970s show the increased AK activity in 
serum and urine of patients in the early phase of myo-
cardial infarction [21,22]. However, there are still insuf-
ficient data concerning the adenylate kinase influence on 
the platelets aggregation [23]. 

The aim of our research was to determine the role of 
adenylate kinase in the regulation of platelets aggrega-
tion.  

2. MATERIALS AND METHODS 

Reagents. The following reagents were used: ethanola-
mine, n-heptane, KCl, HClO4 and EDTA (POCh Gliwice, 
Poland, p.a. grade), KH2PO4, K2HPO4, tetrabutylammo-
nium hydrogen sulphate (TBA) and isocratic methanol 
(Baker Phillipsburg, USA, HPLC grade). Adenylate 
kinase (AK) from Bacillus stearothermophilus, potato 
NTP-Dase1 (apyrase), ADP, rat collagen and other re-
agents were purchased from Sigma Chemical Co. 
(USA). 

Materials. Human serum was obtained from blood 
samples taken from healthy volunteers and patients with 
myocardial infarction collected not later than 3 hours 
after the incident in the WSZ Hospital, Torun (Poland). 

Platelet-rich plasma (PRP) was prepared from fresh 
pig blood samples. The whole citrated blood was centri-
fuged at 200 × g for 20 min in temperature 10ºC and the 
resulted supernatant was used in the experiments. 

Platelet aggregation. All the experiments were con- 
ducted in 37ºC. To 800 l sample of PRP (containing 
246 × 103 to 458 × 103 platelets in μl counted by Sysmex 
K-1000 hematology analyzer) the appropriate am- ounts 
of ADP, rat collagen and adenylate kinase was added. 
The platelet aggregation was monitored by spectropho-
tometric measurement at λ = 600nm. 

The appropriate amount of the adenylate kinase was 
added to the PRP together with ADP or collagen, 1 min-
ute or 5 minutes after initiation of the aggregation, re-
spectively. 

Assay of nucleotides. The qualitative and quantitative 

analysis of purines in the reaction mixtures was made by 
the HPLC method [21]. The samples were separated on 
the Nova-Pack C18 column, 3.9 mm × 150 mm (Waters 
Co., Milford, MA, USA). The presence of purines was 
detected at λ=260 nm. 

Adenylate kinase activity determination. 50 μl diluted 
human serum was added to 50 μl reaction mixture (2mM 
ADP, 1.5 mM MgCl2 and 0.1 mM suramin in 50 mM 
Hepes, pH 7.6). The enzymatic reaction was terminated 
with 100 μl 1M HClO4. Then the samples were neutral-
ized with KOH and delipidated with n-heptane. 20 μl 
aliquots were analysed by the HPLC method [21]. 

Partial purification of adenylate kinase. Human se-
rum from healthy volunteers and patients with myocar-
dial infarction was precipitated with ammonium sulfate 
(35% saturation and the obtained supernatant up to 85% 
saturation). The partially purified enzyme with the activ-
ity of 2.27 U (healthy volunteers serum) or 17.3 U (se-
rum after myocardial infarction) was used in further ex-
periments. 

Affinity chromatography on Blue-Sepharose. The Blue 
-Sepharose column (Ø 1.5 cm × 13 cm) was equilibrated 
with 10 mM Tris-HCl buffer pH 7.4 containing 1 mM 
dithiotreitol and 0.1 mM EDTA. Approximately 15 mg 
of partially purified protein from the previous step was 
applied to the column. The proteins were eluted with the 
linear gradient of 0÷2M NaCl. One-milliliter fractions 
were collected and used to the determination of AK ac-
tivity and protein concentration. 

Statistical analysis. All data presented in this paper 
derive from 3 to 6 independent experiments. The results 
are expressed as mean  SD. 

3. RESULTS 

Our experiments on the purine nucleotides metabolism 
in the human serum confirmed that adenylate kinase 
activity in patients with myocardial infarction is signi- 
ficantly increased when compared to the healthy volun-
teers (Figure 1). 

The elution profile after Blue-Sepharose chroma- 
tography of partially purified human serum obtained 
from healthy volunteers and patients with myocardial 
infarction is also different (Figure 2). There were no 
significant changes in the NTPDase activity (data not 
shown). These data suggest that the elevated activity of 
AK is connected to appearance of another isoform of 
that enzyme, expressed only in patients with myocardial 
infarction. 

To precisely explain the role of adenylate kinase in 
blood, the AK influence on the platelets aggregation 
process was determined. Simultaneously with the plate-
lets aggregation we analyzed: a/ the concentration of 
purines and b/ the adenylate kinase influence of this 
process. These experiments provoked that a minimal vo- 
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lume of PRP analyzed was 800 μl. Therefore, the meas-
urement of platelet aggregation required using the spec-
trophotometer. The degree of platelet aggregation in pig 
blood is dependent on the ADP and rat collagen concen-
trations (Figure 3). Based on the experiments, we found 
that 20 μM ADP and 7.5 μg/ml rat collagen were used in 
further experiments as sufficient to the efficient aggrega-
tion of pig blood platelets. 
 

 

Figure 1. Comparison of the adenylate kinase activity in human 
serum of patients with myocardial infarction ( ) and healthy 
volunteers ( ). 

 

 
(a) 

 
(b) 

Figure 2. Elution profile after Blue-Sepharose chromatography 
of human serum preparation from healthy volunteers (a) and 
patients with myocardial infarction (b). Adenylate kinase activ-
ity of eluted fractions (—o—) was estimated with 2mM ADP as 
substrate. The protein concentration (—□—) was measured 
spectrophotometrically at λ = 280 nm. NaCl concentration 
(—▲—) ranged from 0 to 2M. 

 
(a) 

 
(b) 

Figure 3. The influence of different concentrations of ADP (a) 
and rat collagen (b) on the platelets aggregation in PRP. Control 
PRP (—o—), PRP + 10 M ADP (—∆—), PRP + 20 M ADP 
(—□—), PRP + 30 M ADP (——),PRP + 5 g/ml collagen 
(—▲—), PRP + 7.5 g/ml collagen (—■—), PRP + 10 g/ml 
collagen (——). 

 
The purines concentration was controlled after 10 

minutes of incubation in 37ºC in control PRP and in PRP 
activated by 20μM ADP or 7.5μg/ml rat collagen (Table 
1). Concentration of nucleotides and nucleosides differs 
between PRP activated by 20μM ADP and by 7.5μg/ml 
rat collagen. 

 
Table 1. Concentration of purines after 10 min incubation of 
control PRP, PRP activated by 20 μM ADP and PRP activated 
by 7.5 μg/ml rat collagen. 

Purines concentration [μM] 
 

Ado AMP ADP ATP 

Control PRP 292.9±27.8 0 0 0 

PRP+20μM 
ADP 

1042.0±100.4 46.0±6.7 18.5±3.3 14.3±2.4 

PRP+7,5μg/m
l rat collagen 

2084.9±140.6 66.7 ± 6.3 10.9 ± 4.7 26.3±11.3
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Then the adenylate kinase influence on the aggrega-
tion process induced with the addition of 20 M ADP 
was analysed. The appropriate amount of the enzyme 
was added to the PRP together with ADP, 1 minute or 5 
minutes after initiation of the aggregation, respectively– 
Figures 4-7. 

The presented results show that addition of 1U ade-
nylate kinase before initiation of the aggregation proc-
esss by ADP effectively blocks aggregation (Figure 4). 
Addition of 5U adenylate kinase in 1 minute after plate-
lets activation (Figure 6) or 6U in 5 minutes after acti-
vation (Figure 7), respectively, is necessary to stop the 
aggregation process. The purines concentration in the 
control PRP, in PRP after activating platelets with 20μM 
ADP and in the presence of adenylate kinase are sum-
marized in Table 2. 

 

Time [s]

0 100 200 300 400 500 600

%
 A

g
gr

eg
a

tio
n

0

20

40

60

80

100

120

 

Figure 4. Influence of 1U adenylate kinase (AK) on the plate-
lets aggregation in PRP induced by 20μM ADP. Control PRP + 
20 M ADP (—o—), PRP + 1U AK + 20 M ADP (—∆—). 
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Figure 5. Influence of 1U and 2U adenylate kinase (AK) added 
1 min after initiation of the platelets aggregation in PRP by 20 
μM ADP. Control PRP + 20 M ADP (—o—), PRP + 20 M 
ADP + 1U AK after 1 min. (—∆—), PRP + 20 M ADP + 2U 
AK after 1 min. (—□—). 
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Figure 6. The influence of 5U adenylate kinase (AK) added 1 
min after initiation of the platelets aggregation in PRP by 20μM 
ADP. Control PRP + 20 M ADP (—o—), PRP + 20 M ADP + 
5U AK after 1 min. (—∆—). 
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Figure 7. The influence of 6U adenylate kinase (AK) added 5 
min after initiation of the platelets aggregation in PRP by 20μM 
ADP. Control PRP + 20 M ADP (—o—), PRP + 20 M ADP + 
6U AK after 5 min. (—∆—). 
 
Table 2. Influence of AK on the concentration of purine nu-
cleotides in PRP activated by 20 μM ADP. 

Nucleotides concentration [μM] Amount of 
AK 

Time of 
enzyme 
addition AMP ADP ATP 

No enzyme - 46.0 ± 6.7 18.5 ± 3.3 14.3 ± 2.4 

1U 
Before activa-
tion by ADP 

92.9 ± 11.3 21.5 ± 4.6 55.2 ± 3.3 

1U 
1 min after 

activation by 
ADP

40.4 ± 3.3 52.3 ± 5.8 45.0 ± 1.5 

2U 
1 min after 

activation by 
ADP 

49.3 ± 0.7 63.2 ± 2.6 67.9 ± 1.9 

5U 
1 min after 

activation by 
ADP 

100.8 ± 2.1 23.6 ± 4.5 50.2 ± 2.1 

6U  
5 min after 

activation by 
ADP

81.2 ± 13.9 22.9 ± 1.3 56.7 ± 2.0 



B. Studzińska et al. / HEALTH 2 (2010) 246-252 

Copyright © 2010 SciRes                                 Openly accessible at http://www.scirp.org/journal/HEALTH/ 

250 

Inhibition of adenylate kinase activity by 20μM dia-
denosine pentaphosphate (AP5A) in the presence of 
ADP causes the platelets aggregation as in the control 
with ADP only (Figure 8). It proves that the aggregation 
process is inhibited in fact due to the adenylate kinase 
activity. 

The adenylate kinase influence on the aggregation 
process induced by the addition of 7.5 μg/ml rat collagen 
was also analyzed. The appropriate amount of the en-
zyme was added to the PRP simultaneously with colla-
gen, 1 minute or 5 minutes after initiation of the aggre-
gation respectively (Figures 9-11). 

The presented results show that only 2U of adenylate 
kinase added to PRP within 1 or 5 minute after initiation 
of the aggregation process cause an almost complete 
disaggregation of platelets. The purines concentration in 
control PRP, in PRP after activating the platelets with 7.5 
μg/ml rat collagen and in the presence of adenylate 
kinase are summarized in Table 3. 
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Figure 8. The influence of 20μM AP5A on the platelets ag-
gregation in PRP in the presence of 1U adenylate kinase (AK). 
Control PRP + 20 M ADP (—o—), PRP + 1U AK + 20 M 
ADP (—∆—), PRP + 20μM AP5A + 1U AK + 20 M ADP 
(—□—). 
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Figure 9. The influence of 1U adenylate kinase (AK) on the 
platelets aggregation in PRP induced by 7.5μg/ml rat collagen. 
Control PRP + 7.5 g/ml collagen (—o—), PRP + 1U AK + 7.5 
g/ml collagen (—∆—). 
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Figure 10. The influence of 1U and 2U adenylate kinase (AK) 
added 1 min after initiation of the platelets aggregation in PRP 
by 7.5μg/ml rat collagen. Control PRP + 7.5 g/ml collagen 
(—o—), PRP + 7.5 g/ml collagen + 1U AK after 1 min. 
(—∆—), PRP + 7.5 g/ml collagen + 2U AK after 1 min. 
(—□—). 
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Figure 11. The influence of 2U adenylate kinase (AK) added 5 
min after initiation of the platelets aggregation in PRP by 
7.5μg/ml rat collagen. Control PRP + 7.5 g/ml collagen 
(—o—), PRP + 7.5 g/ml collagen + 2U AK after 5 min. 
(—∆—). 
 
Table 3. Influence of AK on the concentration of purine nu-
cleotides in PRP activated by 7.5 μg/ml rat collagen. 

Nucleotides concentration [μM] Amount 
of AK 

Time of enzyme 
addition AMP ADP ATP 

No 
enzyme

-  66.7 ± 6.3 10.9 ± 4.7 26.3 ± 11.3

1U 
Before activation 
by rat collagen 

68.0 ± 1.3 12.9 ± 0.3 47.7 ± 4.3 

1U 
1 min after 
activation  

by rat collagen 
35.9 ± 6.2 36.0 ± 1.1 41.4 ± 2.3 

2U 
1 min after 

activation by rat 
collagen 

78.0 ± 4.3 14.4 ± 0.3 49.4 ± 0.8 

2U  
5 min after 

activation by rat 
collagen 

100.3 ±18.2 8.8 ± 8.9 51.1 ± 0.1 
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4. DISCUSSION 

The nucleotide hydrolases and kinases are both engaged 
in the precise regulation of purines concentration in the 
vascular system therefore controlling the platelets agg- 
regation process. Previous studies on platelets aggrega-
tion and thrombosis revealed that NTPDase1 (apyrase) 
inhibits activation of blood platelets [14,15]. The potato 
apyrase was used most often. However the latest ex-
periments concerned human NTPDase1 produced by 
using a yeast expression system, purified, and reconsti-
tuted within lipid vesicles [25] or recombined human 
NTPDase1 expressed in bacteria [26]. 

The results of our studies indicated that in addition to 
antithrombotic effects of NTPDase1, also adenylate 
kinase is involved in regulation of aggregation. The in-
creased activity of AK in patients after myocardial in-
farction is connected with appearance of another isoform 
of the enzyme. The occurence of another active isoform 
of AK can constitute an emergency mechanism main-
taining the proper blood flow due to the clearance of 
circulating ADP. Likewise in Duchenne dystrophic pa-
tients, an additional isoform of AK was identified and 
separated on Blue-Sepharose column chromatography 
[27]. The increase of AK activity observed for patients 
after myocardial infarction confirmed its correlation with 
platelets aggregation.  

The minimal efficient ADP concentration required for 
human platelet aggregation is 1.5 μM [28]. We found 
that in pig blood the ADP and collagen concentrations 
required for the platelets aggregation in vitro are higher 
than in human blood. However, in the literature there is 
very little data concerning the pig platelets aggregation 
process. It cannot be excluded that there are differences 
between species in minimal ADP and collagen concen-
trations required to the platelets aggregation. 

The decrease in ADP concentration may lead to termi- 
nating the platelets aggregation. Therefore NTPDase1 
(apyrase), which hydrolyses ATP and ADP to AMP, has 
an antithrombotic effect due to inhibition of aggregation 
but not to disaggregation of platelets [28]. Our experi-
ments proved that aggregation process initiated by ADP 
as well as by rat collagen was blocked but not reversed 
in the presence of potato NTPDase1 (results not shown). 

Unexpectedly, AK causes almost complete disaggre-
gation of activated platelets up to five minutes after ini-
tiation of the aggregation process by collagen. These 
results are in agreement with the paper of Rysanek et al. 
[23], but their experiments concerned myokinase prepa-
ration containing ammonium sulphate. It is not clear that 
myokinase itself caused the disaggregation of platelets. 
In our experiments myokinase did not affected in neither 
inhibition of aggregation nor disaggregation of activated 
platelets (results not shown). The main difference be-
tween myokinase and adenylate kinase is their substrate 

specificity. The preferred substrate for myokinase is ATP 
while for adenylate kinase from B. stearothermophilus 
the KM for ATP is the same as for ADP. The value is 
KM(ADP) = 0,037 mM, KM(ATP) = 0,036 mM respectively 
[29]. Therefore, during activation and aggregation of 
platelets, when high concentrations of ADP are present 
in the blood, adenylate kinase from B. stearothermophi-
lus preferably uses two ADP molecules to synthesis of 
ATP and AMP. The decrease in ADP concentration si-
multaneous with the increase in ATP concentration may 
be the main requirement for disaggregation of platelets. 

In the aggregation process induced by 20 μM ADP, 
concentration of the nucleotide is high enough for the 
activated platelets to partially undergo irreversible ag-
gregation [30,31]. In this case, NTPDase1 as well as 
adenylate kinase stop the aggregation, but do not trigger 
the disaggregation of platelets. ADP concentration in the 
samples activated by rat collagen is lower. The ATP: 
ADP ratio after the AK addition to the platelets activated 
by collagen is higher than that observed for platelets 
activated by ADP. The increase of ATP:ADP ratio is 
probably responsible for the initiation of disaggregation 
process. That explains why the aggregation may be re-
versed only in the case of platelets activation initiated by 
rat collagen.  

In conclusion, the disaggregation process is possible 
in the appropriately low ADP concentration and only in 
the presence of adenylate kinase. However, the effects of 
adenylate kinase activity are diverse and multidirectional. 
The enzyme not only decreases the ADP level but also 
produces ATP and AMP. Dilation of blood vessels in the 
response to ATP decreases the blood pressure. AMP is 
hydrolysed by 5’-nucleotidase to adenosine that inhibits 
blood platelets aggregation [32,33]. 

The platelet activation and aggregation occurs in the 
early stage of the thrombosis. The occlusive thrombus 
formation is a main cause of acute coronary syndromes 
and stroke in humans. Anticoagulative role of adenylate 
kinase indicates the possibility of using this enzyme as 
antithrombotic agent in the treatment of cardiovascular 
diseases, including myocardial infarction and ischemic 
stroke. 
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ABSTRACT 

The cytotoxic effects of Paraquat, an herbicide 
refractory to treatment after intentional or acci-
dental contact, were investigated on the human 
leukemia HL-60 cells. With the establishment of 
Paraquat injury model of HL-60 cells, trypan 
blue exclusion assaying was performed to have 
determined the effects of Paraquat-induced cy-
totoxicity on HL-60 cells in a concentration- 
dependent manner. Upon treatment with various 
concentrations of Paraquat, pronounced increase 
on the levels of intracellular production of O2

•- 
and H2O2 was detected with employment of 
fluorescent probes. Indicative of the oxidative 
stress, levels of MDA and T-AOC were quanti-
tated to have determined the causal role for 
Paraquat in subjecting HL-60 cells to oxidative 
damage. Based on this finding, effects of anti-
oxidant enzymes including GSH, NAC, CAT and 
SOD on attenuating the Paraquat-induced oxi-
dative damage on HL-60 cells were examined, 
aiming to identify the most effective antioxidant 
enzyme for alleviating the cytotoxicity induced 
by Paraquat. In conjunction with the determina-
tion of cytotoxicity exerted by all the antioxidant 
enzymes on HL-60 cells, GSH-with its least in-
herent cytotoxicity on HL-60 cells-was identified 
as a promising candidate ingredient for extenu-
ating the Paraquat-induced cytotoxicity. 

Keywords: Paraquat; HL-60 Cells; Oxidative Damage; 
Cytotoxicity; Antioxidant Enzymes 

1. INTRODUCTION 

As response to increasingly more environmentally- 
associated outbreaks of diseases, Paraquat (PQ) had al-
ready gained tremendous attention since 1966, following 
the determination of the toxicity of PQ for a number of 
animal species [1] and a report on two cases of accidental 
poisoning by PQ in human [2]. Herein, PQ is the trade 
name of the dichloride salt of the radical 1, 1’-dimethyl-4, 

4’-dipyridyliuim, whose herbicidal property was reported 
in 1958. Since its toxicity is dosage-dependent, a wide 
spectrum of studies on PQ-induced toxicity had been 
conducted at various levels, aiming to standardize the 
safe dosage to minimize its toxicity to other untargeted 
organisms. Although an in vivo experiment upon the 
toxicity of PQ, which set up the rats and mouse as study 
objects and factored into the acute and chronic toxicity as 
well as teratogenicity and mutagenicity, was conducted to 
have claimed that PQ would be safe if used following the 
recommended use instruction, the hard-to-control ma-
nipulation of use in practice and differentiated suscepti-
bility of animal species necessitate the investigations of 
underlying mechanism of PQ-induce cytotoxicity. More-
over, advanced techniques had already been employed 
to identify effective candidate molecules to reduce PQ- 
induced toxicity [3]. 

PQ is biologically active after it has been sprayed in the 
field. It’s either strongly bound to soil particles or de-
composed into a non-toxic form by soil bacterial and 
sunlight [4]. However, active form of PQ is highly toxic 
to humans and many cases of acute poisoning and death 
had been reported over the past few decades [5-9]. The 
most frequent routes of exposure to PQ, either acciden-
tally or intentionally, in humans and animals are by in-
gestion or through direct skin contact. Regardless of the 
well-tuned administration of circulation and body-defense 
systems, PQ could be rapidly distributed in most tissues, 
with the highest concentration in the lungs and kidneys 
[10], where the compound accumulates and causes great 
damage in Clara cells and alveolar type I and II epithelial 
cells [11]. Mechanisms involving the generation of Re-
active Oxygen Species (ROS) were implicated in the 
PQ-induced cell apoptosis [12-16]. Although the infor-
mation on the possible mechanism of human carcino-
genesis associated with PQ exposure is limited, several 
papers have suggested a possible link to Non-Hodgkin’s 
Lymphoma by induction of chromosomal aberrations, 
gene mutations in human lymphocytes, and apoptosis in 
human B lymphocytes [17,18]. 

ROS is hypothesized to induce cell damage or initiate a 
cascade of signaling mechanisms that ultimately lead to 
cell adaptation, apoptosis or necrosis [19]. The mecha-
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nisms of PQ toxicity include the formation of ROS me-
diated by cytochrome P450 reductases and subsequent 
damage of ROS to cellular macromolecules [20]. The 
dysfunction of pulmonary microvascular endothelial cell 
membrane and high oxidative potential in pulmonary 
microvascular endothelial cells, which resulted from the 
overproduction of hydrogen peroxide, had been well- 
documented to be involved in PQ-induced cytotoxicity 
[21,22]. Additionally, EPR techniques had been em-
ployed to have confirmed that PQ could have triggered 
the intracellular production of ROS during which the 
formation of oxygen radicals (O2

•-) and hydroxyl radical 
(OH.) involved the mechanism of hydrogen transfer [23]. 
As one of the PQ-induced toxicity modes, mechanism of 
ROS-induced neuronal damage by PQ had been proposed 
[24]. Thus, Cellular Reactive Oxygen Species metabo-
lism has been the focus of intense interest regarding 
physiological activities, due in part to the evidence that 
over expression of antioxidant enzymes confers resis-
tance to oxidative stress, improvement in disease and 
increased lifespan, respectively [25,26]. ROS including 
superoxide, hydrogen peroxide and hydroxyl radicals are 
commonly generated through cellular metabolism and 
their physiological balance is achieved through neutrali-
zation of cellular antioxidant enzymes, which include 
Glutathione (GSH), Superoxide Dismutase (SOD), Cata-
lase (CAT) and Glutathione Peroxidase (GPx) [27,28]. 
Oxidative stress occurs as a consequence of the imbalance 
between the production of ROS and cellular antioxidant 
capacity. Antioxidant enzymes, which are biologically and 
functionally coupled with ROS, have been evolved to 
maintain the high-efficiency performance of cell functions. 
A putative illustration of how a cell responds at risk of 
oxidative damage had been proposed [29]. 

Here, based on the establishment of in vitro PQ injury 
model of HL-60 cells, we have studied the ROS-involved 
cytotoxicity induced by PQ in HL-60 cells through 
measuring the contents and time-resolved changes of 
malondialdehyde (MDA), total anti-oxidation compe-
tence (T-AOC), O2

•- and H2O2. A concentration- and 
time-dependent inhibition of cell growth has also been 
quantified to determine whether the release of O2

•- and 
H2O2 into cytosol could potentially induce the cytotovic-
ity on HL-60 cells. In addition, we have explored that 
whether the treatment with antioxidant enzymes could 
attenuate the PQ-induced cytotoxicity on HL-60 cells. 
Inspired by the PQ-detoxication effects of multiple 
emulsions [30], we hope the GSH could be developed as 
an ingredient in attenuating the PQ-induced toxicity. 

2. MATERIALS AND METHODS 

2.1. Cell Line and Culture Medium 

Human Promyelocytic Leukemia HL-60 cell line was 
obtained from the cell library of Institute of Cancer Mo-
lecular biology and Drug Screening at Lanzhou Univer-

sity. RPMI-1640 cell culture medium was purchased 
from Gibco (Santa Clara, USA). Mycoplasma-free Neo-
natal Bovine Serum was purchased from Hangzhou Si-
jiqing Biological Engineering Materials. 

2.2. Reagents, Assay Kits and Other Materials 

Paraquat was purchased from Sigmal-Aldrich. Assay 
kits of MDA and T-AOC were purchased from Promega 
(Madison, WI, USA). Culture dishes and 24-well plates 
were purchased from Hangzhou Sijiqing Biological En-
gineering Materials (Hangzhou, China). 2’, 7’-Di-
chlorofluorescein diacetate (DCF-DA) and Dihydro-
ethidium (DHE) probes were purchased from Molecular 
Probes (Eugene, OR, USA). Other common experiment 
materials were of analytically pure. 

2.3. Culture of Human Promyelocytic  
Leukemia HL-60 Cells and Analysis of 
Cells Proliferation by Trypan Blue  
Exclusion 

HL-60 cells were grown in RPMI medium supplemented 
with 2g/L NaHCO3, 100U/ml penicillin, 100μg/ml 
streptomycin and 10% fetal calf serum in a humidified 
atmosphere of 95% air and 5% CO2. Cultures were initi-
ated at a density of 104/ml at 37℃ and grown exponen-
tially to about 106/ml in 72 hours. Under the hypothesis 
that the imbalance between oxidative stress and antioxi-
dant capacity could be restored if the antioxidant en-
zymes are replenished subsequently to the oxidative 
damage [31], cells were treated with various concentra-
tions of PQ and desired concentrations of antioxidant 
enzymes for assigned time to determine both the PQ- 
induced cytotoxicity and antioxidant-mediated cytopro-
tection. To perform the trypan blue exclusion, cells were 
washed and harvested with sterile PBS. The cell suspen-
sion was mixed at the ratio of 4:1 with 0.4% trypan blue 
solution and incubated for 5 min. The viable cells were 
counted in a hemocytometer with an inverted- phase 
contrast microscope (Olympus IX81, Japan). 

2.4. Detection of Intracellular Production of 
O2

•- and H2O2 by Inverted Fluorescent 
Microscope 

For assessment of intracellular ROS produced by treat-
ment with PQ in the HL-60 cells, the DCF-DA and DHE 
assay were performed [32,33]. The production of H2O2 
was measured with a non-polar compound 2’, 7’- 
dichlorofluorescein diacetate (DCF-DA) that readily 
enter the cells, where it is cleaved to form non-fluorescent 
2’, 7’-dichlorofluorescein (DCFH) by endogenous es-
terases. DCFH reacts with H2O2 to produce a fluorescent 
compound 2’, 7’-dichlorofluorescein, which is trapped 
inside the cells and indicates the intracellular level of 
H2O2 [34,35]. To detect the intracellular production of 
O2

•-, DHE probe was used where DHE is oxidized to 



W. H. Zhang et al. / HEALTH 2 (2010) 253-261 

Copyright © 2010 SciRes                                 Openly accessible at http://www.scirp.org/journal/HEALTH/ 

255

oxoethidium by superoxide anions [36]. After treatment 
with PQ, HL-60 cells were incubated with DCF-DA and 
DHE for 1 hour, respectively. For quantification of fluo-
rescence intensities of DCF-DA and DHE the glass 
slides were placed in an inverted fluorescent microscope 
(Olympus, Japan) to take the images with excitation 
wavelength at 485nm and emission wavelength at 
525nm and 610 nm for DCF-DA and DHE, respectively. 

2.5. Flow Cytometric Quantification of O2
•- 

and H2O2 

Intracellular production of H2O2 and O2
•- was measured 

using DCF-DA and DHE as probes. HL-60 cells treated 
with PQ for 12 hours were washed and resuspended in 
PBS containing 20μM DCF-DA and 20μM DHE, re-
spectively. After 1 hour incubation in the dark at 37 , ℃
the extracellular fluorescence was removed by washing 
with PBS for three times. Then cells were suspended 
with PBS to the concentration of 106/ml. The intracellu-
lar contents of H2O2 and O2

•- were determined by flow 
cytometry with excitation wavelength at 485nm and 
emission wavelength at 525nm and 610 nm for DCF-DA 
and DHE, respectively. 

2.6. Determination of the Levels of MDA and 
T-AOC 

The increase in malondialdehyde (MDA) level upon 
treatment with PQ indicates oxidative damages to major 
cellular components, whereas the reduction in the level 
of T-AOC occurs as a response to the oxidative stress 
[27,28]. The levels of MDA and T-AOC were measured 
by MDA assay kit [37] and T-AOC assay kit, respec-
tively. Well- grown HL-60 cells were treated with vari-
ous concentrations of PQ for 12 hours. After incubation, 
cells were washed twice with PBS, harvested and soni-
cated following the instructions of the kits. The levels of 
MDA and T-AOC were determined with a DU 640 spec-
triphotometer (Beckman instrument Inc, CA, USA). The 
expression of MDA and T-AOC contents were con-
verted and presented as the following, respectively: 

At - Ato
MDA content 10nmol / ml Ct

Ak - Ako
    
 

  

At: Absorbance of sample tube; 
At0: Absorbance of blank sample tube; 
Ak: Absorbance of standard tube; 
At0: Absorbance of blank sample tube; 
Ct: content of sample protein. 

At - Ato
C content n / 30 Ct

0.01
        
 

 

At: Absorbance of sample tube; 
At0: Absorbance of blank sample tube; 
n: dilution factor; 
Ct: content of sample protein; 
The reaction duration was 30 min. 

2.

ed independently more 

7. Statistical Analysis 

All experiments were perform
than 4-6 times and data are presented as mean ± standard 

( SD ) deviation unless otherwise indicated. Statisti-
cal significance was determined between untreated 
groups and treated groups at each time point, with the 
one-way analysis of variance (ANOVA) and the t-test. A 
value of p<0.05 was considered to be significant. 

3. RESULTS 

3.1. Analysis of PQ-Induced Toxicity on 

3.1.1 tive Effects of PQ 
0 cells were 

HL-60 Cells 

. Antiprolifera
To examine the cytotoxicity of PQ, HL-6
treated with various concentrations of PQ for 48 hours 
and cell viability was assayed by trypan blue exclusion 
(Figure 1). PQ exerted a significant effect on the prolif-
eration of HL-60 cells in a time-dependent manner dur-
ing which no significant changes were observed until 16 
hours while pronounced effects on inhibiting the cells 
proliferation occurred after 16 hours (Figure 1(a)); PQ at 
concentration below 5μM exerted insignificant effects 
on the proliferation of HL-60 cells while the prolifera-
tion of HL-60 cells was arrested upon treatment with PQ 
at concentration above 100μM. At concentrations ranging 
from 5μM to 100μM, PQ decreased HL-60 cells viability 
in a concentration-dependent manner (Figure 1(b)). 
 

 
(a) 

 
(b) 

Figure 1. Profile of antiprolifer effects of PQ on HL-60 cells. ative 
Cells in culture dishes were treated with various concentrations of 
PQ for 48 hours and cells viability was measured by trypan blue 
exclusion in ranges of both 24 hours and 48 hours. (a) Profile of 
time-course proliferation of HL-60 cells by treatment with the 
various concentrations of PQ. (b) Comparison of antiproliferative 
effects of each concentration of PQ. **p<0.01 Vs24 h control and 
## p<0.01，### p<0.001 Vs 48h control. 
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C Levels  

To det ontents of MDA and T-AOC 

tracellular Levels of 

For as acellular production of O2  and 

ined by 
flo

 

3.1.2. Changes of MDA and T-AO
Induced by PQ 
ermine whether c

inside HL-60 cells undergo appreciable fluctuations 
upon treatment with PQ, MDA kit and T-AOC kit were 
performed to assay the Oxidative stress-initiated physio- 
chemical variations of HL-60 cells. After treatment with 
various concentrations of PQ for 24 hours, the MDA 
level had increased. In particular, 100μM PQ elevated 
MDA level by 85.1% while 12.5μM PQ exerted insig-
nificant effect on the changes of MDA level, whereas 
25μM and 50μM PQs increased the MDA levels by 
37.2% and 48.1%, respectively (Figure 2). Yet, upon 
treatment by 12.5μM, 25μM, 50μM and 100μM PQs, the 
level of T-AOC decreased by 62.8%, 77.7%, 87.6% and 
98.8%, respectively (Figure 3). 

3.1.3. Effects of PQ on the In
O2

•- and H2O2 
sessment of intr •-

H2O2 upon treatment with PQ, cells well-grown on 24 
well plates were assayed by the DHE and DCF-DA assay 
kits. HL-60 cells were treated by 50μM PQ for 12 hours. 
Images were taken by fluorescent microscope after incu-
bating cell samples with DHE and DCF-DA for 1 hour, 
respectively. In the DHE group, red fluorescence were 
detected in 50μM PQ-treated HL-60 cells (Figure 4(d)) 
while no significant fluorescence signals were detected on 
control ones (Figure 4(b)), which indicated that the treat-
ment with PQ induced the overproduction of O2

•-. In the 
DCF-DA group, the absence of detectable green fluores-
cence on the control group (Figure 5(b)), which was de-
tected on the 50μM PQ-treated HL-60 cells (Figure 5(d)), 
confirmed that the treatment with 50μM PQ triggered the 
intracellular production of H2O2. In addition, the viability 
of 50μM PQ-treated HL-60 cells decreased compared 
with the control group, whereas their morphology remain- 
ed physiologically undamaged (Figure 5(d)). 

Quantifications of O2
•- and H2O2 were determ

w cytometry. HL-60 cells were treated by various 
concentrations of PQ for 12 hours until confluent. In 
parallel with control group, PQ-treated HL-60 cells were 
hybridized with DHE and DCF-DA probes separately 
 

 

Figure 2. Intracellular MDA levels of HL-60 cells increased 
by treatment with various concentrations of PQ for 24 hours. 
*p<0.05, **p<0.01 Vs the control. 

 

Figure 3. Decrease in T-AOC levels of HL-60 cells upon 

r 1 hour and the fluorescence intensity was measured. 

s of Antioxidant  

3.2.1 oxidant  

 
Treate  cells were 

 

treatment by various concentrations of PQ for 24 hours. The 
levels of T-AOC was decreased substantially by 100μM PQ by 
100μM PQ by 98.8% while 12.5μM, 25μM, 50μM reduced the 
T-AOC levels by 62.8%, 77.7%, 87.6%, respectively. **p<0.01 
Vs the control. 
 
fo
Contents of O2

•- and H2O2 produced by treatment of PQ 
were presented and compared (Figures 6 and 7). In the 
DHE group, levels of O2

•- increased drastically in a con-
centration-independent manner. In the DCF-DA group, 
levels of H2O2 elevated substantially. From 12.5μM, 
25μM to 50μM, the levels of H2O2 increased in a con-
centration-dependent manner and dropped slightly at the 
point of 100μm. 

3.2. Protective Effect
Enzymes on the PQ-Induced  
Cytotoxicity of HL-60 Cells 

. The Protective Effects of Anti
Enzymes on the PQ-Induced  
Antiproliferation of HL-60 Cells
d with 50μM PQ for 12 hours, HL-60

subsequently incubated with GSH, NAC, SOD, CAT 
and GSH-inhibitor BSO for 48 hours during which the 
proliferation of cells was examined by Trypan blue ex-
clusion every 8 hours. Within either 24 hours or 48 
hours, GSH, NAC, SOD and CAT improved the prolif-
eration of PQ-treated Hl-60 cells (Figure 8(a)) where 
the combination of BSO with GSH had substantially 
compromised the potency of GSH in enhancing the pro-
liferation of cells. In particular, the protective effects of 
antioxidant enzymes performed better in 48 hours than 
in 24 hours (Figures 8(a) and 8(b)). Among the four 
antioxidant enzymes, GSH, NAC and CAT demonstra- 
ted relatively potent effects on enhancing the prolifera-
tion of PQ- treated cells while the effect conferred by 
SOD wasn’t significant. To screen the most efficient 
antioxidant enzyme for protecting HL-60 cells against 
PQ toxicity, cytotoxicity of these oxidant enzymes on 
HL-60 cells was also examined by treatment with 50μM 
PQ, 100μM GST, 200μM NAC, 200U/ml SOD, 400U/ 
ml CAT and 50μM BSO, respectively (Figure 9). There- 
fore, GST was identified to have exerted least cytotoxic-
ity on HL-60 cells while NAC and CAT were moderately 
effective in extenuating the PQ-induced cytotoxcity, fac-
toring into their inherent minor toxicities on HL-60 cells. 
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Figure 4. Determination of the intracellular production of O2•- by fluorescent inverted micro-
scope. (a) and (b) were HL-60 cells, whereas (c) and (d) were 50μM PQ-treated HL-60 cells. (a) 
and (c) were taken under visible light whereas (b) and (d) were taken fluorescent light with ex-
citation wavelength as 485 nm and emission wavelength as 610 nm. 

 

 

 

Figure 5. Determination of the intracellular production of H2O2 by fluorescent inverted mi-
 croscope. (a) and (b) were HL-60 cells, whereas (c) and (d) were 50μM-treated HL-60 cells. (a)

and (c) were taken under visible light whereas (b) and (d) were taken fluorescent light with ex-
citation wavelength as 485 nm and emission wavelength as 525 nm. 
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Figure 6. Quantification of O2

•- upon treatment with desired 
concentrations of PQ. Control was presented as the basal level 
of O2

•- of the HL-60 cells. **p<0.01 Vs the control. 

 
Figure 7. Quantification of H2O2 upon treatment with desired 
concentrations of PQ. Control was presented as the basal level of 
H2O2 of the HL-60 cells. *p<0.05 and ***p<0.001 Vs the control. 

 
(a) 

 
(b) 

Figure 8. Effects of various oxidant enzymes on the en-

f Antioxidative Enzymes on 

50μM 

 anti
hancing the proliferation of PQ-treated HL-60 cells. (a) Time- 
course profile of proliferation of HL-60 cells upon treatment 
with 50μM PQ, 100μM GST, 200μM NAC, 200 U/ml SOD, and 
400 U/ml CAT and 25μM BSO, respectively. (b) Cytoprotective 
effects of 100μM GST, 200μM NAC, 200 U/ml SOD, and 400 
U/ml CAT and 25Μm BSO examined on a range of both 24 
hours and 48 hours. 

Regulating
3.2.2. Effects o

 Levels of MDA and T-AOC 
HL-60 cells grown to confluent were treated with 

r 12 hours. Levels of MDA were measured PQ fo after 
incubating PQ-treated HL-60 cells with 100μM GST, 
200μM NAC, 200U/ml SOD, 400U/ml CAT for 12 
hours. Compared with the control group, GST greatly 
decreased the level of MDA by 25.1% whereas NAC, 
CAT and SOD also reduced the level of MDA by 18.5%, 
14.9%, 4.4%, respectively (Figure 10). Similarly, after 
treatment with 100μM GST, 200μM NAC, 400U/ml 
CAT and 200U/ml SOD for 12 hours, the level of 
T-AOC had been elevated significantly. Based on the 
ground level set by the 50μM PQ, GSH, NAC, CAT and 
SOD increased the level of T-AOC by 183.3%, 89.8%, 
101.3% and 114.2%, respectively (Figure 11). 
 

 

Figure 9. Cytotoxical effects of antioxidant enzymes on HL-60
cells. With HL-60 cells as control group, cytotoxicity indicated

 
 

by the proliferation of cells was examined by treatment with 
50μM PQ, 100μM GST, 200μM NAC, 200U/ml SOD, 400U/ml 
CAT and 50μM BSO. *p<0.05 and **p<0.01 Vs PQ for 24 
hours incubation; #p<0.05, ##p<0.01 and ###p<0.001Vs PQ for 
48 hours incubation. 
 

 

Figure 10. Modulation of MDA levels by treatment with anti-
oxidant enzymes. With 50μM PQ-treated HL-60 cells as control 
and the intracellular MDA level of HL-60 cells as basal level, 
MDA level was reduced upon treatment with 100μM GST, 
200μM NAC, 200U/ml SOD and 400U/ml CAT by 25.1%, 
18.5%, 14.9%, 4.4%, respectively. *p<0.05 and **p<0.01 Vs 
50μM PQ. 
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Figure 11. Increase of T-AOC levels upon treatment with an-
tioxidant enzymes. With 50μM PQ-treated HL-60 cells as con-

ented to be able to cause a range 
of progressive and irreversible diseases to animal species 

 
PQ

avenging overproduced 
am

lls 
w

can be determined for the in-
volvement of oxidative damage in the PQ-induced cyto-

trol and the intracellular T-AOC level of HL-60 cells as basal 
level, T-AOC levels were elevated by treatment with 100μM 
GST, 200μM NAC, 200U/ml SOD and 400U/ml CAT by 
183.3%, 114.2%, 89.8% and 101.3%, respectively. *p<0.05 and 
**p<0.01 Vs 50μM PQ. 

4. DISCUSSION 

PQ has been well-docum

and humans which are refractory to treatment [38-42]. As 
it used worldwide in agriculture, the toxicities of PQ on its 
untargeted organism are supposed to be well-administered. 
A wide spectrum of investigations pivoting on the treat-
ment of PQ-induced diseases on humans have been con-
ducting to either quantify the safe dosage [43,44], or to 
clinically monitor the long term evolution of PQ-caused 
disease [45]. Although its pathological mechanism re-
mains mainly elusive, the contribution of oxidative stress 
in the pathogenic process has been evidenced [32]. How-
ever, the inadequacy to elucidate the oxidative stress- 
initiated pathway at the tissue level with different animal 
models necessitates relevant studies of that pathway at the 
cellular level. Toward this end, the PQ-induced injury 
model of HL60-cells was established to study the ROS- 
mediated cytotoxicity on HL-60 cells. 

Antiproliferative effects of PQ on HL-60 cells and pro-
liferation-enhancing effects of antioxidant enzymes on

-treated HL-60 cells were examined by Trypan blue 
exclusion assaying, respectively. The threshold of PQ 
concentration with physiological relevance was determined 
with finding that PQ concentration below 5μM conferred 
no pronounced effect on the cell growth and proliferation 
while PQ concentration above 200μM led directly to the 
death of all HL-60 cells. With concentration ranging from 
12.5μM to 100μM, the antiproliferative effect of PQ was 
observed to be concentration-dependent, which was in 
agreement with a recent finding that production of hydro-
gen peroxide may contribute to the induction of apoptosis 
on HL-60 cells [46]. Subsequently, 50μM PQ was ex-
perimentally chosen to treat HL-60 cells for studying 
other physiochemical relevance. 

Indicative of the ROS-induced damage to cellular 
components and ability of sc

ounts of ROS, MDA and T-AOC were examined 
quantitatively to determine the cytotoxicity of PQ on 
HL-60 cells, respectively. Relatively high concentrations 
of PQ (50-100μM) caused an appreciable increase in the 
MDA level while the T-AOC level dropped accordingly 
in a concentration-dependent manner. It is generally con-
sistent with the finding that various concentrations of PQ 
increased peroxidation in PC12 cells [24]. Thus, the in-
volvement of imbalance between the oxidative compe-
tence and antioxidant capacity was determined in the 
PQ-induced cytotoxicity. Furthermore, the intracellular 
production of O2

•- and H2O2 was confirmed by fluores-
cent inverted microscope through hybridizing cell sam-
ples with DHE and DCF-DA probes and quantified by 
employment of flow cytometric analysis. Determination 
of the intracellular production by treatment with various 
concentrations of PQ suggested that production of O2

•- 
wasn’t sensitive to the concentrations of PQ, whereas the 
intracellular production of H2O2 was in a concentra-
tion-dependent manner. That finding was in part consis-
tent with the report that PQ (0.01-1mM) induced the 
intracellular burst of ROS in rat cortical neurons [47]. 

In our study, effects of GSH, NAC, SOD and CAT on 
extenuating PQ-induced cytotoxicity on HL-60 ce

ere further examined, following the treatment with 
50μM PQ. In explicit agreement with the finding that 
levels of antioxidant enzymes increased in inverse pro-
portion to the levels of ROS [48,49]. Among 100μM 
GST, 200μM NAC, 400U/ml CAT and 200U/ml SOD 
which were experimentally administered to examine their 
potency, 100μM GSH was determined to reduce the 
MDA level by 25.1% and increase the T-AOC level sig-
nificantly by 183.3%. 200μM NAC functioned well with 
its performance on reducing MDA level and enhancing 
T-AOC level by 18.5% and 89.8%, respectively. As a 
parallel, BSO, which was the inhibitor of GSH, was also 
used to exclude the false positive results of the efficacy 
conferred by antioxidant enzymes. Hopefully, 100μM 
GSH was identified as the most effective antioxidant 
enzymes for attenuating the PQ-induced cytotoxicity, in 
combination with examining the inherent cytotoxicity of 
all antioxidant enzymes on the HL-60 cells. 

5. CONCLUSIONS 

In this study, a causal role 

toxic effects on HL-60 cells. Upon treatment with various 
concentrations of PQ, the compromised capacity of HL-60 
cells to scavenge the intracellular overproduced O2

•- and 
H2O2 was responsible for the cytotoxicity of HL-60 cells 
on grounds that the levels of O2

•-, H2O2, MDA, T-AOC 
were altered unfavorably in the physiological level. Fur-
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ABSTRACT 

Centrin is a member of the EF-hand super family 
that plays critical role in the centrosome dupli-
cation and separation. To investigate the role of 
Asp37 in the process of metal-binding and 
conformational change of ciliate Euplotes oc-
tocarinatus centrin (EoCen), the mutant D37K, in 
which aspartic acid 37 had been replaced by 
lysine, was first obtained by the site-directed 
mutagenesis. Then 2-p-toluidinylnaphthalene-6- 
sulfonate (TNS) was used as a fluorescence 
probe to detect the conformational change of 
the protein. The results show that the metal- 
binding capability of the site I of EoCen was lost 
by the mutation of Asp37→Lys. In comparison 
the Tb3+-saturated EoCen, the hydrophobic 
surface of D37K, which is exposed by the bind-
ing of Tb3+, has shrunk sharply, suggesting that 
Asp37 plays an important role in maintaining the 
proper conformation of EoCen in the presence 
of Tb3+. Meanwhile, the conditional binding 
constants of TNS with Tb3+-loaded EoCen and 
D37K were obtained, K(Tb3+-EoCen-TNS)=(7.38 
±0.25)×105 M-1 and K(Tb3+-D37K-TNS)=(1.16± 
0.05)×106 M-1. 

Keywords: Centrin; Aspartic Acid; Tb3+; TNS 

1. INTRODUCTION 

Centrin is a calcium-binding protein of ~20 kDa, and 
present in both the pericentriolar material and the centri-
oles of centrosome. Genetic studies show that centrin is 
essential to normal cell cycle-dependent duplication and 
segregation of the microtubule organizing center (MTOC) 
[1]. The microtubule organizing center (MTOC) is cyto-
plasmic organelles, encountered in almost all the eu-
karyotic cells and having an important role in the nu-

cleation of the microtubules and the regulation of their 
dynamics [2]. It is fundamental to many cellular proc-
esses, including chromosomal segregation, cytokinesis, 
fertilization, cellular morphogenesis, cell motility, and 
intracellular trafficking [3]. Much research has focused 
on these functions, because abnormal centrosome dupli-
cation may lead to chromosomal instability and then 
cancer, an idea supported by discovery of supernumerary 
abnormal centrosomes in different human tumor cells 
[4-6]. In addition, centrin forms part of the human het-
erotrimetric DNA damage recognition complex required 
for global genome nucleotide excision repair [7]. Centrin 
seems to act as a Ca2+ sensor, i.e., in its Ca2+-load form, 
centrin interacts with specific target protein to modulate 
the cellular activity. In general, the binding of Ca2+ in-
volves a structural rearrangement of the α-helices of the 
EF-hand pair domain with the consequent exposure of a 
hydrophobic cleft [8,9]. Conformational changes are 
intrinsic to the function of a variety of proteins. 
2-p-Toluidinylnaphthalene-6-sulfonate (TNS) has been 
extensively used in the conformational change of centrin 
induced by metal ions [10-12]. 

Ciliate Euplotes octocarinatus centrin (EoCen) is a 
protein of 168 residues, which shares about 60, 62 and 
66% sequence identity with human centrin 1, human 
centrin 2 and human centrin 3, respectively, and shares 
approximately 50% sequence identity with the well 
studied EF-hand protein calmodulin (CaM). Like CaM, 
centrin consists of two independent domains tethered by a 
flexible linker, each domain comprising a pair of EF-hand 
motifs of helix-loop-helix that can potentially bind two 
calcium ions [13]. As show in Figure 1 [14], the first 
amino acid of Ca2+-binding 12-residue loop is aspartic 
acid which is highly conserved. Thus, the Asp at the first 
position of the loop would be expected to be important to 
the proper conformation and metal binding characteristics 
of centrin. 

Lanthanides have been known for their diversity in 
biological effects, and the application of lanthanides in 
medicine has high potential. In agriculture, lanthanides  
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Figure 1. The sequence logo of the EF-hand domain [14]. The 
residues are colored as follows: D, E, N, red; K, R, blue; S, T, 
purple; G, green; hydrophobic, yellow. 
 
have been used to increase the production of crops and to 
promote the growth of livestock in China for many years 
[15]. The molecular mechanism of the biological effects 
of lanthanides is not totally understood so far. Lanthanide 
ions (Ln3+) have similar ionic radii and similar coordina-
tion properties to Ca2+ [16]. Hence, Tb3+ was usually used 
to sense properties of Ca2+-binding proteins [17]. 

EoCen is the first reported by our laboratory [18] (gene 
register Y18899), which is cloned from Euplotes octoca-
rinatus, and the detailed biological function is unclear. In 
this paper, in order to investigate the importance of the 
first amino acid (Asp37) of site I of EoCen to the metal- 
binding and conformation characteristics of this protein, 
the mutant protein (D37K), with the mutation of Asp37 to 
Lys, was obtained by the method of site direct mutation. 
Using TNS as fluorescence probe, the characterization for 
the binding of Tb3+ to EoCen and the mutant D37K were 
investigated. 

2. MATERIALS AND METHODS 

2.1. Reagents and Stock Solutions 

N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (Hepes) 
(analytical reagent), ampicillin (ultra pure grade), isopro-
pyl-β-D-thiogalactoside (IPTG) (ultra pure grade), tryp-
tone, and yeast extract were purchased from Bio. Basic 
Inc. TNS was bought from Sigma. Glutathione Sepharose 
TM 4B (GST) was purchased from Pharmacia Ltd. Ter-
bium oxide was 99.99% and purchased from Hunan in 
China. The terbium stock solution was prepared by dis-
solving weighed Tb4O7 in concentrated hydrochloric acid. 
The concentration of Tb3+ was standardized by com-
plexometric titration with EDTA using xylenol orange as 
indicator in HAc/NaAc buffer at pH 5.5. The solution of 
TNS prepared by dissolving weighed samples. 

2.2. Protein Expression and Purification 

Two proteins were used in this study, namely, EoCen 
(full-length of the wild type EoCen 1M-168Y), D37K 
(mutant EoCen with Asp37 changing to be Lys 1M- 
168Y). The D37K was acquired by polymerase chain 
reaction technique with p1 (5’-TATTTAAGACCAAC 
AAAACTGG-3’) and p2 (5’-AATCAAAGGCTTCTTT 
GATCTC-3’) used as primers. Proteins of EoCen were 

over-expressed off a PGEX-6p-1 plasmid construct in 
Escherichia coli BL21 (DE3) induced with isopro-
pyl-Dthiogalactopyranoside (IPTG) to yield milligram 
quantities of the desired protein as reported previously 
[18]. Briefly, transformed E. coli cells were grown in LB 
media containing 100 µg/mL ampicillin and incubated at 
37 ◦C while monitoring its growth via optical density (OD) 
measurements at 600 nm. Once OD600 reaches 0.6, a 
final concentration of 0.5 mM IPTG was added to the 
culture, and 3 h later, the cells were harvested and frozen. 
Frozen cells were thawed in PBS buffer and sonicated 
with a macro probe at mediate power on ice. This solution 
was centrifuged at 15,000 g for 25 min at 4 ◦C. The su-
pernatant was applied to a Glutathione-Sepharose TM 4B 
column which has been equilibrated with PBS buffer. 
After the initial purification by washing the supernatant 
with PBS buffer, prescissor proteinase was added at 4 ◦C 
for reacting about one night. Primary target proteins were 
washed out and eluted with PBS buffer. Then the proteins 
were applied to a superdex 75 column to be further puri-
fied. Fractions containing centrin were identified via 15% 
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis). After purification, the proteins were 
kept in -80 ◦C. The stock protein solutions were con-
served in 10 mM Hepes. 

2.3. Metal Lon Removal and Protein  
Concentration 

To remove contaminating bound cation, the protein sam-
ples were ultrafiltrated extensively against 10 mM Hepes, 
pH 7.4 containing 1 mM EDTA. The protein concentration 
was measured spectrophotometrically using molar extinc-
tion coefficient at 280 nm of 5600 L·mol−1·cm−1. The ex-
tinction coefficient of centrin was estimated from the ty-
rosine content as previously reported [19]. 

2.4. Native- and SDS-PAGE Assays 

Each protein sample with the same concentration was 
prepared in Hepes (10 mM, pH 7.4) for this experiment. 
Polyacrylamide gels contained 390 mM Tris (pH 8.8), 
10% ammonium persulfate, 15% acrylamide/bis (29:1), 
and 0.1% TEMED. Tris-glycine electrophoresis run-
ning buffer contained 25 mM Tris (pH 8.3) and 250 
mM glycine. All electrophoreses were run at room 
temperature. Gels were run at a constant current of 
11-12 mA for 2 h. Gels were fixed in 50% methanol, 
7% acetic acid for 1 h, washed in distilled water for 1 h, 
stained with Coomassie blue R-250 for 2 h, washed in 
distilled water for 2 h. 

For SDS-PAGE, keeping same experimental condi-
tions as above described except that 10% sodium dode-
cyl sulfate (SDS) was added and running buffer con-
tained 25 mM Tris (pH 8.3), 250 mM glycine, 10% SDS 
was used. 
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2.5. Fluorescence Spectroscopy 

The changes of the hydrophobic exposure degree of wild 
type EoCen and D37K were studied by monitoring the 
fluorescence emission spectra of the hydrophobic probe 
TNS. The fluorescence spectra of TNS were measured 
by Cary Eclipse spectrofluorometer (Varian Inc.). The 
excitation wavelength was set at 320 nm. The slit width 
of excitation and emission were both set at 10 nm. 
Fluorescence emission spectra were recorded with a 
single scan over the range 350-600 nm for TNS. The 
protein solutions were prepared by dilution of the stock 
solution with 10 mM Hepes pH 7.4 and 150 mM KCl. 
The TNS stock solution was gradually added to the 
mixed solution. The mixture were shaken thoroughly, 
and then equilibrated for 3 min at 25 C in order to make 
the binding of TNS to protein was complete before 
measurements were taken. 

3. RESULTS AND DISCUSSIONS 

The effect of the mutation on the conformation of 
wild-type EoCen was monitored by Far-UV circular 
dichroism (CD), the Far-UV light CD spectra of EoCen 
and D37K are highly similar in shape (data not shown), 
which means that the mutation of aspartic acid does not 
disrupt the secondary structure of wild-type EoCen. 
Therefore, D37K was selected and purified for further 
research. 

3.1. SDS- and Native-PAGE Assays 

The mutant D37K had the same mobility as wild type 
EoCen on polyacrylamide gel electrophoresis in the 
presence of sodium dodecyl sulfate (Figure 2(a)), since 
the molecular weight of D37K nearly did not change after 
mutation with an apparent molecular mass of 20 kDa, 
indicating highly purified proteins were obtained. Fig-
ure 2(b) indicates that on the native PAGE, the posi-
tion of D37K is higher than that of WT-EoCen which is 
much closer to the bottom of the gel (the positive pole), 
exhibiting the much more positive net charge of D37K 
that is obviously different from the SDS-PAGE (muta-
tion of Asp37 does not disrupt the secondary structure 
shown in CD spectra), indicating that the mutate D37K 
is surely obtained. 

3.2. The Conformation Change of Proteins 

2-p-toluidinylnaphthalene-6-sulfonate (TNS) is a useful 
probe of conformational changes, because its fluores-
cence is altered when it binds to hydrophobic patches on 
the accessible surface of proteins [8,20,21]. Undergoing a 
large conformational change is required for the trigger 
proteins (Ca2+-modulated proteins or sensor proteins such 
as CaM and troponin C) to regulate a vast number of 
target proteins [22,23]. As shown in Figure 3, TNS had a 

weak fluorescence in water alone, and the fluorescence 
intensity increased largely with binding to EoCen and 
Tb3+-saturated EoCen, accompanied by a blue shift of the 
maximum fluorescence peak from 500 to 435 nm, indi-
cating the probe transferred from the polar to the apolar 
environment and the Tb3+-saturated centrin exposed more 
hydrophobic surface. Figure 4 is a set of fluorescence 
spectra caused by the addition of Tb3+ (3.35×104M) so-
lution to 1.5 mL WT-EoCen (8 µM) in the presence of 
TNS in 10 mM Hepes at pH 7.4, 150 mM, 25 C. The plot 
of the fluorescence intensity of TNS at 435 nm versus 
[Tb3+]/[protein] is shown as Figure 5. 
 

 

Figure 2. (a) The purified wild type apoEoCen and D37K 
monitored by 15% SDS-PAGE. Lane 1, Mr, molecular size 
marker; Lane 2, WT-EoCen; Lane 3, D37K. (b) The purified 
wild type apoEoCen and D37K monitored by 15% native 
PAGE. Lane 1, WT-EoCen; Lane 2, D37K. 
 

 

Figure 3. Fluorescence spectra of TNS alone (a); in the pres-
ence of apoEoCen (b); and Tb3+-saturated WT-EoCen (c). The 
protein concentration is 8 μM in 10 mM Hepes, 150 mM KCl, 
at pH 7.4 and 25C. 
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Figure 4. Fluorescence spectra of Tb3+ binding to EoCen in 
the presence of TNS. (a) [Tb3+]/[P]=0; (b) [Tb3+]/[P]=1.0; (c) 
[Tb3+]/[P] =2.0; (d) [Tb3+]/[P]=2.5; (e) [Tb3+]/[P]=3.0; (f) 
[Tb3+]/[P]=3.5; (g) [Tb3+]/[P]=4.0. The protein concentration is 
8 μM in 10 mM Hepes, 150 mM KCl, at pH 7.4 and 25 C. 
 

 

Figure 5. Titration curves of the addition Tb3+ to the WT- 
EoCen and D37K in the presence of TNS, in 10mM Hepes, pH 
7.4, 25 C. The protein concentration is 8 μM. 
 

It can been seen from Figure 4 that there is a peak at 
near 435 nm, and which increase obviously with the 
addition of metal ions, when the value of [Tb3+]/[protein] 
is equal to near 4, the increase become very slow (Figure 
5, curve (a)). The conclusion, the affinities of sites IV and 
III (C-terminal domain) with Tb3+ are higher than that of 
sites I and II (N-terminal domain), has already obtained 
[24]. From Figure 4, the results show that EoCen un-
dergo a conformational change when binding the Tb3+, 
and the change extent of hydrophobic exposure between 
the C-terminal domain and the N-terminal domain is 
different and the N-terminal domain is larger than the 

C-terminal domain, induced by metal ions (Figure 5). So 
the C-terminal domain and N-terminal domain play a 
distinct role in the process of centrin realizing itself bio-
logical function. This is a possible explanation of that 
N-terminal of centrin responsible for self-assembly, 
while C-terminal serves as recognizing the target protein 
or enzyme, which is accord with the reports previously 
[25,26]. It can be seen from Figure 5 that D37K can only 
bind three equivalents Tb3+ (WT-EoCen binds four equiv. 
Tb3+). When Asp37, the first amino acid of loop I, was 
mutated to lysine, the net charge of loop I (in D37K) is 
changed from -1 to +1. Due to the electrostatic repulsion 
between the positively charged loop and Tb3+, the 
metal-binding ability of loop I in D37K is abolished. TNS 
fluorescence intensity induced by the Tb3+ binding to 
D37K is obviously declined. It can be concluded that the 
mutation of Asp to Lys at position 37 leads to the smaller 
exposure of hydrophobic surface in the presence of Tb3+, 
which can be attributed to the fact that the ability of 
metal-binding of loop I was abolished by mutation of 
Asp37 to lysine. It proved that the Asp37 plays an im-
portant role in maintaining the proper conformation of 
EoCen in the presence of Tb3+. 

3.3. The Calculation of the Binding  
Constants of TNS Interaction with 
Tb3+-Loaded Proteins 

Assuming that there are n TNS-binding sites and they are 
independent and identical in TNS-protein complex, the 
conditional binding constants [27-29] can be fitted using 
Eqs.1-6 from the data of curves a and b in Figure 6. 
 

 

Figure 6. Titration curves of the addition TNS to the different 
form of proteins, in 10 mM Hepes, 150 mM KCl, pH 7.4, 25 C. 
(a) Tb3+-saturated WT-EoCen, (b) Tb3+-saturated D37K. The 
protein concentration is 8 μM. 
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The binding equation is presented by: 

TNS  P  TNS Pnn               (1) 

Given that F∞ is maximum molar fluorescence inten-
sity, Fr is fluorescence intensity of every titration dot. The 
increase of fluorescence intensity resulted from the 
binding of TNS to protein. The following equations can 
be obtained: 
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where [TNS]b is the bound concentration of TNS. [P]t and 
[P]b is the total and bound concentration of protein in 10 
mM Hepes, pH 7.4, 25 C, respectively. The binding 
constant can be given as follows: 
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[TNS]f and [P]f represent the free concentration of TNS 
and protein, respectively. Finally, equation can be ex-
pressed by Eq.6. 
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For Tb3+-EoCen, 1/K can be obtained by the linear 
slope of the plot of [TNS]t/[TNS]b versus {[Tb3+-EoCen]t- 
[TNS]b}

-1, as showed in Figure 7. n is set to be 1, the 
intercept of Eq.6 is very close to 1, and can also be seen 
in Figure 6, n=1 is suitable. K (Tb3+-EoCen-TNS) can 

be calculated to be (7.38±0.25) ×10
5
M

-1 from Figure 7. 
In the similar way, K (Tb3+-D37K-TNS) can be calcu-

lated to be (1.16±0.05) ×10
6
M

-1
. 

It can be seen that the affinities of TNS binding to 
EoCen and D37K are different, K (Tb3+-D37K-TNS)>K 
(Tb3+-EoCen-TNS), showing that D37K, with more 
positive charges, has larger electrostatic interaction with 
TNS than EoCen in the presence of Tb3+ and the mutation 
of Asp37 influence the hydrophobic and electrostatic 
environment of WT-EoCen. 

4. CONCLUSIONS 

Using the fluorescence spectroscopy, the interaction of 
TNS and EoCen has been studied in the presence of Tb3+. 
WT-EoCen and D37K undergo a different extent con-
formation change, and D37K exposes lesser hydrophobic 
surface in the presence of Tb3+, which can be attributed to 
the fact that the ability of metal-binding of site I was 
abolished by the mutation of Asp37 to lysine. It can be 
concluded that the Asp37 plays an important role in 
maintaining the proper conformation of EoCen in the  

 
Figure 7. The plot of [TNS]t/[TNS]b vs {[WT-EoCen-Tb]t-[TNS]b}

−1. 
 
presence of Tb3+. In the end, the binding constants of TNS 
with Tb3+-saturated EoCen and D37K were obtained, 

K(Tb
3+

-EoCen-TNS)=(7.38±0.25)×10
5
M

-1 
and K(Tb

3+ 

-D37K-TNS)=(1.16±0.05)×10
6
M

-1
. 
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ABSTRACT 

Objectives: This study investigates the preva-
lence of obesity in children with familial Medi-
terranean fever (FMF). Material and Methods: We 
retrospectively reviewed the medical records of 
70 patients with FMF whose cases had been fol-
lowed in our Pediatric Nephrology and Rheuma-
tology Unit. The height and weight measure-
ments of children with FMF were obtained and 
body mass index was calculated. Results: The 
mean body mass index was 16.7± 2.4 in the boys, 
and 17.4±2.9 in the girls. Nine of the children 
(five boys, four girls) were found to be over-
weight, a rate of 12.8% in FMF patients. Obesity 
was not detected in FMF patients. Conclusions: 
We think that there are some unligteening mo-
lecular mechanisms that prevent obesity in FMF 
patients. Due to the limited number of patients in 
this study, further research involving more pa-
tients are needed. 

Keywords: Familial Mediterranean Fever; Obesity; 
Children; Adipocytokines 

1. INTRODUCTION 

Familial Mediterranean fever (FMF), an autosomal re-
cessive disorder common in Mediterranean and Middle 
Eastern populations, especially in Sephardic Jewish, 
Armenian and Turkish populations, is characterized by 
recurrent episodes of fever, abdominal pain, joint pain, 
and less frequently, pleuritis, pericarditis and rash, de-
scribed as erysipelas-like erythema [1]. The prognosis of 
this disease depends on the development of the amyloi-
dosis of AA type with prominent renal involvement [2]. 
The molecular mechanism of FMF is still not clear. The 
gene causing FMF, known as MEFV (MEditerranean 
FeVer), has been mapped on the short arm of chromo-

some 16 [3]. It has been shown that substantial subclinical 
inflammation occurs widely and over prolonged periods 
in patients with FMF, indicating that the relatively in-
frequent clinically overt attacks represent the tip of the 
iceberg in this disorder [4]. 

Obesity is characterized by a state of chronic low-grade 
inflammation [5]. The basis for this view is that increased 
circulating levels of several markers of inflammation, 
both pro-inflammatory cytokines and acute-phase pro-
teins, are elevated in the obese; these markers include 
IL-6, the TNFa system, C-reactive protein (CRP) and 
haptoglobin [6]. Nevertheless, it is increasingly evident 
that the inflammatory state may be causal in the devel-
opment of insulin resistance and the other disorders as-
sociated with obesity, such as hyperlipidaemia and 
metabolic syndrome [5]. While the general assumption is 
that inflammation is consequent to obesity, it has been 
suggested that obesity is in fact a result of inflammatory 
disease [6]. 

Although studies regarding the etiologic factors of 
FMF and obesity have been reported, the eligible etiology 
of neither FMF nor obesity is clear yet. The influence of 
FMF on the growth parameter has been reported [7-9]. 
According to literature, the prevalence of both diseases is 
high in the Turkish population [10,11]. Thus we aimed to 
show the relationship between the diseases and the 
prevalence of overweight and obesity in FMF patients. 

2. PATIENTS AND METHODS 

We retrospectively reviewed the medical records of 70 
patients with FMF whose cases had been followed up in 
our Pediatric Nephrology and Rheumatology Unit. The 
diagnosis of FMF had been made according to the diag-
nostic criteria and mutational analysis [12,13]. Only pa-
tients who had homozygosity and/or compound het-
erozygosity for MEFV mutations were included in this 
study. Body height and weight were measured by trained 
paediatric specialists. For the measurements, the patients 
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were dressed in light indoor clothing and bare feet or 
stockings. The subjects were weighed to the nearest 0.1 
kg with an electronic scale (SECA 762; Vogel & Hakle, 
Hamburg, Germany) calibrated daily at the beginning of 
each working day. Height was measured with a stadi-
ometer in the vertical position, erect, with parallel feet 
and ankles, and with the shoulders and bottom touching 
the wall. The height and weight data were used to calcu-
late the body mass index (BMI) (kg/m2) using the for-
mula: weight (kg) divided by height (m) squared. The 
BMI normalized centile curves for Turkish children were 
applied to define obesity and the values of 95 percent or 
more were accepted as obesity [11]. 

3. STATISTICAL ANALYSES 

All tests were performed using SPSS for Windows 15.0. 
The parameters with normal distribution were expressed 
as mean ± SD. Comparisons of means were performed 
with an unpaired t-test. Comparisons of proportions were 
performed with a Pearson-chi-squared test. A P value 
<0.05 was accepted as statistically significant. 

4. RESULTS 

The study population consisted of 70 children with FMF 
(34 boys, 36 girls). Table 1 shows the age distribution 
and anthropometric parameters of the FMF patients. The 
mean age of boys and girls was 8.9±3.5 (range 5-18 
years) and 9.4±3.1 (range 5-16 years), respectively. The 
mean of BMI was 16.7±2.4 in boys, 17.4±2.9 in girls. 
Overweight was diagnosed in 9 (5 boys, 4 girls) and the 
prevalence of overweight is 12.8% in FMF patients. 
Obesity was not detected in FMF patients. The results of 
genotype of the patients with FMF are shown in Table 2. 

5. DISCUSSIONS 

In this study we investigated the prevalence of obesity in 
FMF patients. Obesity is a problem of public health and 
its prevalence is increasing rapidly worldwide [14]. The 
prevalence of obesity and overweight has been reported 
9.7-12.8% and 11.6-25%, respectively, in Turkish chil-
dren [11,15-17]. Regarding the study group, the number 
of obese children at least was expected to be seven, but 
none were found; and the P value <0.05 was statistically 
significant. The rate of overweight in the study group 
was the same as in Turkish healthy children. 

Shortened growth is a frequent complication in the 
chronic inflammatory diseases of childhood [18]. Growth 
in children with FMF has been evaluated in three previ-
ous studies [7-9]. Savgan et al. reported that children 
with FMF have growth patterns no different from those 
of their healthy peers. Zung et al. showed that colchi-
cine therapy has a positive effect on anthropometric 

Table 1. Age distrubution and antropometric parameters of the 
patients with FMF. 

Variables 
FMF (boys) 

(n=34) 
FMF (girls) 

(n=36) 

Age (years) 8,9±3,5 9,4±3,1 

BMI (kg/m2) 16,7±2,4 17,4±2,9 

Overweight 5 4 

 
Table 2. Major genotypes in FMF patients. 

Mutations n (%) 

M694V–M694V 28 (40) 

M694V–V726A 13 (18.5) 

M694V–M680I 11(15.7) 

M694V–E148Q 7 (10) 

M680I–M680I 3 (4.2) 

V726A–E148Q 2 (2.8) 

V726A–V726A 1 (1.4) 

E148Q– E148Q 1 (1.4) 

M694V/R761H 1 (1.4) 

M680I/V726A 1 (1.4) 

V726A/R761H 1 (1.4) 

E148Q/R761H 1 (1.4) 

Total 70 (100) 

 
parameters in children with FMF. Turkmen et al. indi-
cated that colchicine therapy caused a slight but signifi-
cant increase in BMI. There was no obese child among 
the FMF subjects in this study. In the light of sugges-
tions that obesity is in fact a result of inflammatory dis-
ease, we think that the chronic inflammatory situation 
alone is not enough to state the mechanism of the 
non-development of obesity in the FMF study group. 
The low-grade systemic inflammation in FMF patients 
may underlie the clustering of metabolic risk factors, 
but their role in children remains to be specified. The 
adipocytokines and cytokines appear to be important in 
this respect. 

Leptin is secreted from adipocytes in response to 
changes in body fat and was initially suggested as a 
promising “anti-obesity” hormone. The interaction of 
leptin with its receptors controls body weight and daily 
energy consumption [19,20]. In the hypothalamus, leptin 
binds to receptors that stimulate anorexigenic peptides 
and inhibit orexigenic peptides [21]. Leptin declines 
rapidly during fasting. Therefore, leptin deficiency was 
perceived as a state of unmitigated starvation, leading to 
compensatory responses, such as hyperphagia, decreased 
metabolic rate and changes in hormone levels, designed 
to restore energy balance [22]. Leptin reduces intracellu-
lar lipid levels in skeletal muscle, liver and pancreatic beta 
cells, and thereby improving insulin sensitivity. 

Unlike most adipokines, adiponectin expression and 
serum concentrations are reduced in obese and insu-
lin-resistant states. Like leptin, adiponectin enhances 
insulin sensitivity. High adiponectin levels were found in 
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association with high levels of HDL cholesterol and a 
low triglyceride-to-HDL ratio [23]. Adiponectin, impli-
cated as having anti-inflammatory activity, is induced by 
PPARg (Peroxisome proliferator-activated receptors) ago-
nism. Weight loss and caloric restriction have been found 
to increase adiponectin plasma levels and gene expres-
sion in white adipose tissue. Two case control studies in 
obesity-prone Pima Indians and in Caucasians suggested 
that individuals with high adiponectin concentrations are 
less likely to develop type-2 diabetes than those with 
low concentrations [22]. Also, Saltevo et al. showed the 
significant negative relationship between adiponectin 
measured at adulthood and the relative change of BMI 
from childhood to adulthood [24]. 

It was shown that insulin resistance in lipoatrophic 
mice was fully reversed by a combination of physio-
logical doses of adiponectin and leptin, but only partially 
by either adiponectin or leptin alone, suggesting that 
adiponectin and leptin work together to sensitize periph-
eral tissues to insulin. However, because globular adi-
ponectin improves insulin resistance but not obesity in 
ob/ob leptin-deficient mice, adiponectin and leptin ap-
pear to have distinct, albeit overlapping, functions [22]. 

Another adipokine studied in obese patients is omentin. 
Lean subjects have higher plasma omentin levels than do 
obese and overweight patients. Plasma omentin levels are 
inversely correlated with BMI, waist circumference, leptin 
levels and insulin resistance as measured by HOMA-R, 
and positively correlated with adiponectin and HDL- 
cholesterol levels. Accordingly, omentin gene expression 
is decreased with obesity [25]. 

In addition, adipokines and many cytokines (espe-
cially IL-17A, IL-6, TNF-alfa) also were studied and 
found to be associated with lipid metabolism. It was 
shown that IL-17A inhibits adipocyte differentiation in 
human bone marrow mesenchymal stem cells, while 
promoting lipolysis of differentiated adipocytes [26]. 

In conclusion, the chronic inflammatory situation 
alone is not sufficient to state the mechanism of the non- 
development of obesity in FMF patients. It is thought 
that some unligteening molecular mechanisms are in-
volved in the interaction between cytokines and adipo-
cytokines preventing obesity in FMF patients. Due to the 
limited number of patients in this study, further research 
with a greater number of patients looking at the wide 
range of adipocytokines and cytokines known to be as-
sociated with lipid metabolism and obesity are needed to 
confirm this speculation and establish the fundamentals 
of the non-development of obesity in FMF patients. 
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ABSTRACT 

Background: Although cardiac-related mortality 
rates are declining for the general population in 
the United States, this is not the case for pa-
tients with diabetes. Diabetes is a significant 
independent predictor of atrial fibrillation (AF), 
the most common cardiac rhythm disturbance 
responsible for substantial morbidity and mortality. 
Objectives: This research was designed to 
evaluate properties of the atrial tissue between 
patients with and without type 2 diabetes. Heart 
rate variability (HRV) indices were calculated 
and expression of Kv1.5, connexin 43 (Cx43), 
and 40 (Cx40) were compared. Methods: Pa-
tients undergoing a CABG were enrolled: 10 
with type 2 diabetes and 8 without diabetes, 
paired for age, gender and co-morbidities such 
as hypertension and dyslipidemia. All patients 
showed normal ejection fraction. A sample of 
right auricular appendix was taken during CABG 
and Kv1.5, Cx40 and Cx43 protein contents were 
determined by western blotting and normalized 
to α-tubulin level. Results: No HRV difference 
was found between patients with and without 
diabetes. Cx43 and Kv1.5 levels were unaffected 
by diabetes (p=0.20 and 0.07, respectively) whe- 
reas Cx40 content was significantly increased 
by 55% (p=0.02). Levels of Cx43 phosphorylated 
and non-phosphorylated forms were non-sig-
nificantly decreased in patients with diabetes. 
Conclusion: Patients with type 2 diabetes had 
higher expression of Cx40 in the right auricular 
appendix tissue. In light of other studies having 
demonstrated a link between AF and Cx40 ex-
pression, it is possible that higher prevalence of 
AF in patients with diabetes is explained, at least 
partially, by differential expression of gap-junc-

tion proteins. 

Keywords: Diabetes; Gap Junctions; Atrial Tissue; 
Atrial Fibrillation 

1. INTRODUCTION 

The prevalence of diabetes is steadily increasing in west- 
ernized societies as well as in developing countries. Al-
though the overall cardiac-related mortality rate has been 
declining for the general population in the United States, 
this is not the case for patients with diabetes [1]. Of par-
ticular significance, diabetes is a risk factor for different 
heart-related conditions such as coronary artery disease, 
heart failure, aortic stenosis and arrhythmias [2]. 

Atrial fibrillation (AF) is the most common arrhyth-
mia and is responsible for substantial morbidity and 
mortality [3]. In the Framingham study, systemic hyper-
tension and diabetes were found to be independent pre-
dictors of AF [4]. For men and women, respectively, 
diabetes increased by 1.4 and 1.6 fold the risk of devel-
oping AF. The risk of developing AF correlates with 
atrial dilatation, and the presence of left ventricular dia-
stolic dysfunction [5]. Since AF occurs as an ongoing 
process over time, subtle atrial abnormalities may pre-
cede overt atrial dilatation and contractile dysfunction 
[5-7]. These could be linked to alterations in electro-
physiological properties predisposing to AF. 

In animal models (mostly streptozotocin-induced dia-
betes models), diabetes mellitus is responsible for car-
diac arrhythmias, probably caused by an excessive 
lengthening of the cardiac action potential [8]. Several 
changes in ionic currents have been described in car-
diomyocytes isolated from animal models of diabetes, 
principally a decrease in the transient repolarizing potas-
sium current Ito [8,9]. This effect could possibly be par-
tially mediated by impaired sympathetic nervous system 

 

mailto:pascal.daleau@pha.ulaval.ca
mailto:pascal.daleau@pha.ulaval.ca


P. Daleau et al. / HEALTH 2 (2010) 271-277 

Copyright © 2010 SciRes                                 Openly accessible at http://www.scirp.org/journal/HEALTH/ 

273

activity [10] or by oxidative stress-induced alteration in 
the glutathione redox state [11]. 

It should be pointed out that a reduction in Vmax, [12] 
the maximum speed of the rising phase of the action 
potential, and a prolongation of the QRS complex [13, 
14] have been associated with diabetes. Changes in the 
intercellular electrical coupling through gap junctions 
could be involved in this effect. Indeed, it was demon-
strated that elevated glucose concentrations inhibit gap 
junction intercellular communication and reduced con-
nexin (Cx) expression in a variety of cells including 
vascular smooth muscle cells, endothelial cells, and 
retinal microvessels. It has been proposed that high glu-
cose concentration interfered with gap junction through 
the activation of protein kinase C [15-18]. In addition, it 
has been reported in rat model of diabetes that a 
down-regulation of Cx43 occurred and is associated with 
a compensatory over-expression of other Cxs [19,20]. 
However, direct alteration of gap junctions by diabetes 
were never assessed in human cardiomyocytes.  

The purpose of this study was to evaluate properties 
of the atrial tissue between patients with and without 
type 2 diabetes. Heart rate variability (HRV) indices 
were calculated to evaluate the potential influence of the 
cardiac autonomic nervous system. Expression levels of 
Kv1.5 (underlying IKur), connexin 43 (Cx43), and 40 
(Cx40) were compared between patients with and with-
out type 2 diabetes. 

2. RESEARCH DESIGN AND METHODS 

2.1. Study Design 

Ten subjects with type 2 diabetes and 8 subjects without 
diabetes undergoing a coronary artery bypass grafting 
surgery (CABG) were enrolled in this study. Patients in 
sinus rhythm aged between 35 and 70 were included. 
Patients with and without type 2 diabetes were paired for 
age, gender, co-morbidities such as hypertension and 
dyslipidemia. All patients had to show normal ejection 
fraction. Exclusion criteria were: 1) previous history of 
supraventricular arrhythmia, 2) significant hepatic or 
renal dysfunction (creatinine >150 mmol/L), 3) signifi-
cant pulmonary or thyroid disease, 4) any connective 
tissue disease or history of malignancy, 5) episode of 
recent heart failure, 6) acute coronary syndrome within 
the last 3 months and, 7) smoking within the previous 3 
months. The present study was approved by the local 
ethical committee of Laval Hospital. 

A sample of right auricular appendix was taken at the 
beginning of the CABG procedure, and immediately 
placed in an oxygenated Tyrode solution (in mM: NaCl 
137, KCl 5.4, CaCl2 1.8, MgCl2 1, NaHCO3 12, 
NaH2PO4 0.4, glucose 5.6) at 4℃. The tissue was sub-

sequently immersed in liquid nitrogen and stored at -80
℃ for western analyses. 

2.2. Heart Rate Variability 

Heart rate variability (HRV) was derived from a 24-hour 
Holter monitoring system (Marquette Electronics Inc., 
Milwaukee, WI) in all subjects during normal daily life 
activity. HRV derived from 24-hour ambulatory moni-
toring is reproducible and free of placebo effect [21]. 
Using frequency domains, power in the low frequency 
(LF, 0.04-0.15 Hz) that is an index of both sympathetic 
and parasympathetic activity, and high frequency (HF, 
0.15-0.4 Hz) that is an index of solely parasympathetic 
activity, were calculated. LF/HF ratio is the power in 
low frequency divided by the power in high frequency. 
Using time domains, the standard deviation of the RR 
intervals (SDNN), the square root of the mean squared 
differences of successive RR intervals (rMSSD) and the 
standard deviation of the average RR intervals calculated 
over 5-min periods (SDANN) were determined. pNN50 
is the proportion of interval differences of successive 
NN intervals greater than 50 ms. NN intervals are the 
normal-to-normal intervals that include all intervals be-
tween adjacent QRS complexes resulting from sinus 
node depolarizations in the entire 24-hour ECG re-
cording as previously reported [7]. 

2.3. Protein Isolation and Western Blot 
Analysis [22,23] 

Total protein content was determined with bovine serum 
albumin as standard and subsequently separated with an 
8% denaturing-PAGE. Proteins transferred to Immobilon 
PVDF membranes were incubated with antibodies for 
Kv1.5 [Alomone Labs], Cx40 [Chemicon Int.] (poly-
clonal, raised in rabbit) and Cx43 [Chemicon Int.] 
(monoclonal, mouse). Epitopes are residues 513-602 of 
mouse Kv1.5, gap junction alpha-5 protein of mouse 
connexin 40 [CxA-5], and residues 252-270 of native 
sequence from rat cardiac connexin 43, respectively. All 
primary antibodies specific for these 3 proteins were 
diluted in TBS-Tween 1:200. Membranes were respec-
tively incubated with secondary antibodies (1:10000 and 
1:5000, anti-rabbit [Cedarlane]; 1:100000, anti-mouse 
[Chemicon Int.]), conjugated with peroxidase. An ECL 
detection kit [Millipore] was used to reveal the anti-
gen-antibody for subsequent densitometric analysis. 
Kv1.5, Cx43 and Cx40 protein levels were normalized to 
α-tubulin level (1:250, polyclonal, raised in rabbit, Ab-
cam). 

2.4. Statistical Analysis 

Patient characteristics, Holter and blood chemistry pa-
rameters are reported as mean ± standard deviation 
unless otherwise specified (S.D.). Densitometry values 
are expressed as mean ± S.E.M. Comparisons between 
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groups were performed using an unpaired Student’s 
t-test and a p value<0.05 was considered significant.  

3. RESULTS 

There was no difference in age, body mass index (BMI) 
and left ventricular ejection fraction between groups 
(Table 1). As expected, fasting glucose level was sig-
nificantly higher in patients with diabetes (Table 1). 
There were no differences in the lipid profile between 
groups. Also, drug regimen was comparable between 
groups except for the use of hypoglycaemic agents in 
patients with diabetes (Table 2). Results from the 
24-hour Holter analysis, showed no significant differ-
ence in the indices assessed (LF, HF, LF/HF ratio, 
SDANN, rMSSD, pNN50, mean NN, SDNN) between 
patients with and without diabetes. 

Densitometric analysis showed that Cx43 levels 
(normalized with α-tubulin and tested in triplicate) were 
unaffected by diabetes (Figure 1, p = 0.20). When com-
pared to control subjects, patients with diabetes had a 
tendency of having higher expression of Kv1.5 (Figure 
3, p=0.07), whereas Cx40 content was significantly in-
creased by 55% (Figure 2, p=0.02). We also assessed 
expression levels of phosphorylated forms of Cx43. In 
patients with diabetes, expression levels of the two 
phosphoisoforms of Cx43 (P2 and P1) were decreased to 
71% and 64% of control values respectively. The  
non-phosphorylated form of Cx43 (P0) decreased to 
79% of control values. However, these differences were 

 

 

Figure 1. Representative Western blots of right auricular ap-
pendix Cx43 protein level. P0 represents the nonphosphory-
lated form, while P1 and P2 represent two phosphoisophorms 
of Cx43. The lower panel shows densitometry of Cx43 nor-
malized to α-tubulin (expressed as % of tubulin densitometry) 
in diabetes and control patients (one Control was lacking due 
to limited tissue availability). Data are means ± s.e.m. 

 

Figure 2. Representative Western blots of right auricu-
lar appendix Cx40 protein level. The lower panel shows 
densitometry of Cx40 normalized to α-tubulin (ex-
pressed as % of tubulin densitometry) in diabetes and 
control patients. Data are means ± s.e.m.; * P＜ 0.05. 

 

 

Figure 3. Representative Western blots of right auricular 
appendix Kv1.5 protein level. For tubulin, only the lower 
band was considered for densitometric analysis; the upper 
band was due to a non-specific binding of the Kv1.5 anti-
body. The lower panel shows densitometry of Kv1.5 nor-
malized to α-tubulin (expressed as % of tubulin densitometry) 
in diabetes and control patients. Data are means ± s.e.m. 

 
not significant for all isoforms (p = 0.46, 0.21 and 0.23 
respectively for P0, P1 and P2). 

Among patients with diabetes, 50% (5/10) developed 
new onset of postoperative AF significant enough (epi-
sodes longer than 2h or recurrent episodes of AF) to 
require pharmacological treatment compared to 25% 
(2/8) in the control group (p = 0.27). 
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Table 1. Patient characteristics. 

 
Diabetes 
(n=10) 

Controls 
(n=8) 

P 
value 

Age (years) 
BMI (kg/m2) 
EF (%) 
Men/Women 

61.5 ± 13.1 
34.1 ± 7.5 
57.3 ± 7.1 

7/3 

68.4 ± 6.7 
29.5 ± 4.4 
63.4 ± 8.7 

7/1 

0.197 
0.198 
0.065 
0.815 

Blood analysis: 
Glucose (mmol/L) 
HbA1c (%) 
Apo B (g/L) 

      
7.2 ± 1.6 
7.1 ± 1.0 

0.71 ± 0.18 

 
5.2 ± 0.6 

- 
0.86 ± 0.21 

 
0.003 

- 
0.148 

Lipid profile: 
Total cholesterol (mmol/L) 
Triglycerides (mmol/L) 
HDL cholesterol (mmol/L) 
LDL cholesterol (mmol/L) 
Total-C/HDL-C 

 
3.54 ± 0.62 
1.72 ± 0.87 
1.11 ± 0.14 
1.65 ± 0.48 
3.20 ± 0.58 

 
4.04 ± 0.81 
1.82 ± 0.99 
1.18 ± 0.27 
2.03 ± 0.50 
3.57 ± 1.08 

 
0.160 
0.756 
0.657 
0.120 
0.372 

BMI = Body mass index; EF = Ejection fraction 

 
Table 2. Co-morbidities and drug regimen in both groups. 

 
Diabetes 
% (n) 

(n=10) 

Controls 
% (n) 

(n=8) 

P value 

History 
Hypertension 
Dyslipidemia 
Smoking 

 
70 (7) 
70 (7) 
10 (1) 

 
62.5 (5) 
75 (6) 

37.5 (3) 

 
0.107 
1.000 
1.000 

Rx Classes 
Nitroglycerin 
β-blockers 
CCB 
ACEI 
ARB 
α1 inhibitors 
ASA 
Diuretics 
Statins 
Fibrates 
Oral hypoglycemic agents 
Benzodiazepine 
Antidepressants 

 
40 (4) 
90 (9) 
50 (5) 
30 (3) 
60 (6) 
10 (1) 
90 (9) 
40 (4) 
90 (9) 

- 
100 (10) 

10 (1) 
10 (1) 

 
50 (4) 

87.5 (7) 
50 (4) 

- 
12.5 (1) 
12.5 (1) 
87.5 (7) 

- 
62.5 (5) 
12.5 (1) 

- 
25 (2) 

- 

 
0.143 
1.000 
1.000 

- 
1.000 
1.000 
0.125 

- 
0.375 

- 
- 

1.000 
- 

 

4. DISCUSSION 

This study assessed the effects of type 2 diabetes on the 
expressions of connexins and Kv1.5 in the human heart. 
The most important finding of this work is that patients 
with type 2 diabetes had significantly higher expression 
of Cx40 in the right auricular appendix tissue. Apart 
from the diabetic status, the 2 groups were well matched 
in terms of age and risk factors, implying that the ob-
served modulation of connexin is likely to reflect the 
effect of diabetes per se. 

4.1. Expression of Connexins and  
Modulation by Diabetes 

Assessment of protein content revealed that when com-
pared to control patients, the level of Cx40 in the right 
auricular appendix specimens was increased by 55 % in 
individuals having type 2 diabetes. Similarly, a recent 
study in rats with streptozotocin-induced diabetes has 
shown that expression of Cx40 was increased in retinal 
microvessels [18]. Although not statistically significant, 
we also observed a trend toward a decreased expression 
of Cx43 in the right auricular appendix tissues of pa-
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tients with type 2 diabetes. All isoforms of Cx43 (the 
two phosphoisoforms and the non-phosphorylated form), 
were diminished, although non-significantly. It should 
be emphasized that in diabetic animal models a reduc-
tion in the expression of Cx43 has been documented in 
several tissues [17,24,25], including the heart [18,26], 
though exceptions also exist [27,28]. 

In one study, while a down-regulation of Cx43 was 
demonstrated in retinal microvessels of diabetic rats, an 
over-expression of Cx40 and Cx45 were found [18]. 
Thus, it seems possible that a down-regulation of one 
type of connexin is offset by the increased production of 
another type of gap junction protein. In the same line, a 
recent study analyzing the expression of connexins in the 
bladder of diabetic rat reported a lower amount of Cx43 
isoform and higher expression of Cx32 and 26 [17]. 
However, it has been stressed that the function of one 
type of connexin cannot necessarily be restored by the 
presence of another but different member of the con-
nexin family [29]. Hence, this ‘replacement’ hypothesis 
certainly deserves more investigations. 

4.2. Atrial Fibrillation, Connexins and K+ 
Channels 

Diabetes has been reported as a strong and independent 
risk factor for the development of AF [30,31]. Of note, 
episodes of postoperative AF have been associated to a 
higher expression Cx40 in the right auricular appendix 
obtained from patients undergoing cardiac surgery [32, 
33,34,35]. It is likely that the relative abundance of Cx43 
and Cx40 plays an important role in the atrial impulse 
propagation, and whereby dominance of Cx40 decreases 
local propagation velocity [36]. Therefore, the modula-
tion of Cx40 expression by the diabetic environment 
could lead to micro-heterogeneities of electrical conduc-
tion pattern, promoting by this way episodes of AF. 

In different studies with experimental animal models, the 
activity of several cardiac potassium currents, such as Ito, IK 
and Iss, are modulated by diabetes and are possibly involved 
in the development and/or maintenance of AF [37,38,39]. 
However, the present results in human right auricular ap-
pendix tissue show that Kv1.5 expression remains un-
changed in patients with diabetes, suggesting that IKur is not 
affected. Nevertheless, one cannot exclude a direct modula-
tion of this current by glucose and/or insulin levels. 

4.3. Clinical Implications 

AF is the most frequent arrhythmia and has been linked 
to aging as well as to diabetes. While atrial remodeling 
is undoubtedly an important process participating to the 
development and the maintenance of AF, an electro-
physiological substrate is actively involved in the genera-
tion of arrhythmia. In this regard, the dispersion of atrial 
refractoriness and the ensuing development of multiple 
reentry wavelets are likely to be important underlying 

mechanisms pertaining to AF. In this study, the finding of 
a significant modulation of Cx40 in patients with diabetes 
may partly explain the well-documented association be-
tween diabetes and AF. By which mechanism diabetes 
contributes to increase Cx40 expression in atrial tissue is 
still unknown, but it is possible that inflammatory and/or 
oxidative stress pathways [40, 41], which are incidentally 
activated in subjects with diabetes, may contribute to 
modify the amount of connexins in atrial cardiomyocytes. 

4.4. Limitations 

Insofar patients in the present study had significant 
coronary artery disease and other co-morbidities, the 
present findings cannot be inferred to the overall spec-
trum of patients with diabetes. Particularly, pre-diabetic 
subjects with glucose intolerance were not studied and 
may have given further insights as to whether the ob-
served modifications may occur at an earlier stage. In 
addition, the size of the left atria, which represent atrial 
remodeling, was not documented in the present study. 
However, the effect of atrial remodeling, a possible 
confounding variable, was minimized by having selected 
a cohort of patients without significant valve disease, a 
normal ejection fraction, and in sinus rhythm.  

4.5. Conclusions 

In conclusion, we found an up-regulation of Cx40 pro-
tein content in right auricular appendix tissue from pa-
tients with type 2 diabetes. In light of other studies hav-
ing demonstrated a link between AF and Cx40 expres-
sion, it is possible that higher prevalence of AF in pa-
tients with diabetes is explained, at least partially, by 
differential expression of gap-junction proteins. Albeit 
further studies are still needed to understand the full im-
plication of Cx40 in AF, this study casts some light on a 
potentially important process occurring in individuals 
with diabetes, and may open-up new therapeutic and/or 
research vistas in order to treat and/or prevent AF in this 
at-risk population. 
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