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CONFERENCE & WORKSHOP PROGRAM 
 

Thursday, 14 October 2010 
 

 
13.30-14.00 Registration of participants at 
  Kaunas Medical University Hospital branch Oncology Hospital 
  Volungių str. 16, Kaunas 
 
Session 1. Chair: Jurgita Laurikaitienė 
 
14.00-14.15  Welcome to the Oncology Hospital: Artūras Andrejaitis, Vice-Director; Dr. Marius 
  Laurikaitis, Medical physicist 
14.15-14.45 Tommy Knöös. Lessons learned from accidents in radiation therapy: how to prevent

 them? 
14.45-15.00 A. Miller, L. Kasulaitytė. IMRT for craniospinal irradiation: challenges and results 
15.00-15.15 E. Jakubovskij, R. Griškevičius, A. Miller. IMRT commissioning: Baltic institutions 
  planning and dosimetry comparisons 
15.15-15.30 Fredrik Nordström, Sacha AF Wettersted, Sven ÅJ Bäck. Quality assurance 

methods in radiotherapy 
15.30-15.45 R.Vilkas, M. Laurikaitis, D. Adlienė, V. Andrijaitienė. Implementation of the 

patient plan checking in radiotherapy 
 

15.45-16.00 Coffee break 
 
 
Session2. Chair: Dr. Marius Laurikaitis  
 

QUALITY ASSURANCE SEMINAR 
 
16.00-16.15 Miglė Šniurevičiūtė. Quality assurance in brachytherapy 
16.15-16.30 Romas Griškevičius. Quality assurance of modern radiotherapy procedures 
16.30-16.45 Marius Laurikaitis. Quality assurance of distance radiotherapy 
16.45-17.00 Tim Thurn (LAP GmbH Laser Applikationen). Virtual simulation and patient 

positioning in the field of radiotherapy 
 
17.00-17.45 Visit to the Radiotherapy department 
 
 
18.00-19.00  ANNUAL MEETING OF LITHUANIAN MEDICAL PHYSICISTS SOCIETY 
 



 4 

 
Friday, 15 October 2010 

 
9.00-9.30  Registration of participants at  
  Kaunas University of Technology,  
  Studentų str. 50–325F, Kaunas 
 
9.15-9.30 Conference opening: Vytautas Janilionis, Dean of the Faculty of Fundamental 

Sciences; prof. Sören Mattsson, Lund University, Malmö University Hospital; prof. 
Diana Adlienė, Kaunas University of Technology 

 
Session 3. Chair: prof. Diana Adlienė 
 
9.30-10.00 Sören Mattsson, Marcus Söderberg. Patient dose management in CT, SPECT/CT 

and PET/CT imaging 
10.00-10.15 Anatoli Vladimirov, Kalle Kepler. Analysis of AEC calibration methods for 

computed radiography by estimating TCDD at different tube potentials 
10.15-10.30 Lada Bumbure, Yuri Dekhtyar, Alexey Katashev, Tatyana Kirsanova, Ella 

Pacukevich, Lubova Shuvalova. Digital QA method‘s calibration in digital 
radiography 

10.30-10.45 Hanna Holstein, Anders Tingberg, Marie-Louise Olsson. Optimization of image 
quality and determination of effective dose to assisting persons in veterinary 
radiology 

10.45-11.00 Raju Srivastava, Sofie Gillis, Carlos de Wagter. Radiographic film: still a viable 
dosimeter? 

 
Coffee break 11:30-11:45 

 
 
Session 4. Chair: prof. Carmel J. Caruana  
 
11.00-11.15 Jurga Valančiūnaitė, Ričardas Rotomskis. Quantum dots as energy donors for 

photosensitizers: perspectives for photodynamic therapy of cancer 
11.15-11.30 Vytautas Kulvietis, Ričardas Rotomskis. Accumulation of quantum dots in Ehrlich 

ascites tumours in mice 
11.30-11.45 Juras Kišonas, Vytautas Kulvietis. Spectroscopic study of quantum dots distribution 

in vivo 
11.45-12.00 Artiom Skripka, Jurga Valančiūnaitė, Ričardas Rotomskis. Spectral study of the 

formation of quantum dots and chlorin E6 complex in the presence of protein 
12.00-12.15 Vilius Poderys, Algirdas Selskis, Adelina Ilie, Ričardas Rotomskis. Ring like TPPS4 

J-aggregate structure 
12.15-12.30 Matulionytė Marija, Vilius Poderys, Ričardas Rotomskis. Influence of surface 

coating on CdTe quantum dots stability and interaction with bovine serum albumin 
12.30-12.45 Simona Petrošiūtė, Rasa Purvinienė, Vita Pašukonienė, Simona Lukoševičiūtė, 

Petras Juzėnas, Ričardas Rotomskis. Characterization of cancer stem cells and their 
response to CdTe quantum dots 

12.45-13.00 Karolis Stašys, Vitalijus Karabanovas, Ričardas Rotomskis, Mindaugas Valius. 
Surface modification of (CdSe)ZnS quantum dots using thiols – characterization, 
photo-physical and biological studies 

 
Time for the lunch 13:00 – 14:00 
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Session 5. Chair: prof. Sören Mattsson 
 
14.00-14.15 Maksims Polakovs, Nina Mironova-Ulmane, Andrejs Pavlenko, Tija Zvagule, 

Natalija Kurjane, Natalija Gabrusheva.  The investigation of Chernobyl clean - up 
workers blood by EPR technique 

14.15-14.30 Alevtina Leice, Yuri Dekhtyar, Natalya Britzina. Behaviour of blood cells being in contact 
with hydroxyapattite-coated titanium plate within an hour 

14.30-14.45 Andrej Rožkov, Ruslan Jerenkevič, Vadim Česonis. Method of the radionuclide 
activity determination in nuclear medicine sources of complex geometries 

14.45-15.00 Dmitrijus Styra, Ana Usovaitė, Jelena Stankevič. Data processing for connection 
between hard cosmic ray flux variations and human health disorder analyzing 

15.00-15.15 Rita Plukienė, Artūras Plukis, Laurynas Juodis, Vidmantas Remeikis. The 
radiation safety of educational neutron laboratory 

15.15-15.30 Gediminas Adlys. Physical aspects of neutron generation in medical accelerators 
 

Coffee break 15:30-15:45 
 
 
Session 6. Chair: prof. Tommy Knöös 
 
15.45-16.30 Carmel. J. Caruana. European Commission Project ‘Guidelines on MPE’: proposed 

qualification and curriculum frameworks 
16.30-16.45 Vojtěch Mornstein, Daniel Vlk, Carmel. J. Caruana. Teaching of medical physics 

to medical, dental, health care and biomedical engineering students in the Czech 
 Republic 

16.45-17.00 Daniel Vlk, Vojtěch Mornstein, Carmel. J. Caruana.  Medical physics and 
biomedical engineering at the Faculty of Medicine, Masaryk University, Brno 

17.00-17.15 Sören Mattsson. Education and training of medical physicists in Sweden 
17.15-17.30 Kalle Kepler. Education and training of medical physicists in Estonia 
17.30-17.45 Lada Bumbure. Education and training of medical physicists in Latvia 
17.45-18.00 Diana Adlienė. Highlights from IAEA seminar & workshop “Synergy of nuclear 

sciences and medical physics: Education and training of medical physicists in the 
Baltic States”. Kaunas, 22-24 September 2010 

18.00-18.15 C.J. Caruana, M. Wasilewska-Radwanska, A. Aurengo, P.P. Dendy, V. 
Karenauskaite, M.R. Malisan, J.H. Meijer, D. Mihov, V. Mornstein, E. Rokita, E. 
Vano, M. Weckstrom, M. Wucherer. EFOMP project ‘Biomedical physics education 
for the medical/healthcare professions’ – an update for MEDPHYS2010 

 
18.15-19.00 Discussion: The Proposed Qualification and Curriculum Frameworks of the 

European Commission Project “Guidelines on Medical Physics Expert” and 
Education and Training of Medical Physicists in the Baltic States 

 
 

19:30-22:00 Get-together party 
M. Valančiaus str. 9, Kaunas 
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Saturday, 16 October 2010 

 
9.00-9.30  Registration of participants at  
 Kaunas University of Technology, 
  Studentų str. 50-325F, Kaunas 
 
Session 7. Chair: Dr Kalle Kepler 
 
9.30-9.45  Joosep Kepler, Kalle Kepler, Tiiu Tomberg, Pilvi Ilves. Uncertainty in functional 

magnetic resonance imaging methods for cortex motor and language area 
examinations 

9.45-10.00  Carl Siversson, Carl-Johan Tiderius, Leif Dahlberg, Jonas Svensson. Early 
diagnosis of osteoarthritis using contrast enhanced 3-dimensional MRI 

10.00-10.15 Therese Geber, Mikael Gunnarsson, Sören Mattsson. Dosimetry for the lens of the 
eye, applications for medical staff involved in interventional radiology procedures 

10.15-10.30 Aušra Urbonienė, Birutė Gricienė. Extremity and eye lens doses of the 
interventional radiology and cardiology workers 

10.30-10.45 Agnė Usaite, Julius Žiliukas, Leonidas Krynke, Jonas Marcinkevičius. Survey of 
  pediatrics patient exposure in radiography examinations 
10.45-11.00 Rita Pikaitė, Jurgita Laurikaitienė, Diana Adlienė. Patients’ dose assessment in  
  digital diagnostic radiography 
11.00-11.15 S. Luchkovsky, I. Kadenko. Yu. Spizhenko. The assessment of absorbed dose value 
  for calculations of irradiation plan for patients lungs cancer tumours with application 
  of CyberKnife system 
 

Coffee break 11:15-11.30 
 
 
Session 8. Chair: prof. Nina Mironova-Ulmane 
 
11.30-11.45  Karolis Jakštas, Miglė Šniurevičiūtė. Dosimetric comparison between linked 

 and strand seeds for I-125 permanent seed prostate brachytherapy 
11.45-12.00 Nikolajus Medvedevas, Diana Adlienė, Jurgita Laurikaitienė. Distribution of 

scattered radiation in superfical X-ray therapy 
12.00-12.15 Vaida Pupkaitė, Jurgita Laurikaitienė, Diana Adlienė. Optimization of 3D and 2D 
  treatment planning for palliative patients with lumbar spine metastasis. 
12.15-12.30 Virgilijus Minialga, Rolandas Paulauskas. Heat dissipation investigation by 

 thermovision 
12.30-12.45 Algimantas Meškauskas, Gediminas Adlys, Simona Mačiulaitienė. Radiation 

impact on polymer structures 
 
12.45-13.00 Final remarks (prof. Sören Mattsson) 
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IMRT FOR CRANIOSPINAL IRRADIATION: CHALLENGES AND RESULTS 

 
 

A. Miller, L. Kasulaitytė 
Institute of Oncolygy, Vilnius University 

 
_________________________________________________________________

 
Abstract: To develop, investigate and implement IMRT method for Craniospinal irradiation (CSI) into the clinical 
environment. The study was performed for patients required either CSI or only extracranial (spinal) irradiation. IMRT 
plans with multiple isocenters without couch rotation and with overlap of field edges as well as standard technique 3D 
CRT plan were generated for each patient. The planning dose distributions for both methods and effect of patient set up 
uncertainties were investigated. As expected the IMRT treatment plans provided much better dose coverage and 
homogeneity in the target volume. Treatment verification proved, that interfractional movement of the field isocenters 
relative to the patient anatomy was within 3 mm limits in all cases. The IMRT plans provide much better dose 
distribution stability for these movements in comparison with 3DCRT plans. Dose bath in the dose range over 10 Gy 
within the “cancerous” distance from the fields’ edges was significantly lower for all IMRT plans created. The 
developed IMRT method for CSI and spinal irradiation provides superior dose coverage throughout the target volume, 
simplifies the technical performance, is less dependent on intrafractional movements of the patient and potentially 
reduce the risk of deterministic secondary cancer incidence. This method is recommended for use in the clinic for all 
CSI patients. 
 
Key words: IMRT, CSI, setup verification 
________________________________________________________________________________________________
 

1. Introduction 
 
Craniospinal irradiation is very important part in the 
treatment of patients with primitive neuroectodermal 
tumors such as medulloblastoma. Craniospinal 
irradiation (CSI) is technically very challenging 
because of the difficult geometry of the treatment 
fields, high radiosensitivity of the spinal cord and other 
critical structures around. The mechanical properties of 
standard linacs make possible treatment only with 
treatment field junctions and several isocenters. Thus 
causing potential problems – under/over dosage of the 
spinal cord in the areas of field junction and over 
dosage of adjacent structures. The most commonly 
used technique to reduce this potential problem is 
manual shift of the fields between fractions. 
Intensity modulated radiotherapy technique (IMRT) 
has the advantage of modulating photon beam fluence 
in each treatment field and achieve more homogenous 
dose distribution in the target volume. This technique 
can be used in craniospinal and extra-cranial tumor 
treatment due to better dose coverage, more 
homogenous dose distribution and fewer doses to 
adjacent normal tissues [1]. 
 
 

 
The aim of this study was to develop IMRT technique 
for CS irradiation, to measure patient set-up errors 
during treatment and to compare possible affection of  
these uncertainties to the dose statistics of 3D CRT and 
IMRT treatment plans. 
 

2. Methods and materials 
 
Hereafter two representative cases are demonstrated: 
two young patients (age 35-31 years) with 
medulloblastomas were treated between 2009-2010. 
One patient had craniospinal treatment administered, 
and the second only extracranial (spinal) treatment. The 
patients were imaged with CT scanner in the prone 
position with the standard head and fit fixation and 
treatment plans were generated with treatment planning 
system. A dose of 32,4 Gy was prescribed to the PTV 
with 18 fractions. The PTV was created by adding 1,0 
cm margin to CTV in all directions. Outlined organs at 
risk (OAR) included eyes, lenses and kidneys. 
There were three plans generated for each patient - two 
3D CRT and one IMRT treatment plans. Two 3DCRT 
plans had differences in field junction. First plan had 
field junction with 3 mm gaps in cranial-spinal area 
and spinal-spinal area. It was set on even days. Second 
treatment plan had no gaps (exact match) in cranial-
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spinal and spinal-spinal junction areas, and it was set 
on odd days. Therefore, this technique was intended to 
reduce the effect of patient set-up errors and smear out 
the dose distribution and avoid cold or hot spots in 
field junction area [2,4]. 
Both created treatment plans – 3D CRT and IMRT, had 
comparable dose statistics.  
3D CRT treatment plan consisted of 2 opposing cranial 
fields for craniospinal case and three spinal fields – one 
upper and two lower fields [3]. All spinal treatment 
fields had couch rotation to 90 degrees.Extracranial 
treatment plan consisted of tree spinal treatment fields. 
IMRT treatment plan consisted of 2 cranial fields and 6 
spinal fields. No spinal field had couch rotation [4]. 
Both treatment plans had additional perpendicular 
setup fields for everyday set-up verification. Field 
arrangement for 3D CRT and IMRT plans is given in 
Fig.1. 

 

  
a 

 
b 
 
Fig.1. Field arrangement of 3D CRT (a) and IMRT (b) plans. 
 
The IMRT plans were normalized so that 95 percent 
isodose was covering 100 percent of target volume. For 
dose optimization objectives, the minimum dose to 
PTV was set to be greater than 98 %, and the 
maximum dose less than 106 %. Additional 
optimization constrains were set for given OAR’s. 
Optimized dose was calculated using AAA algorithm. 
The actual treatment of the patients was carried out 
with IMRT technique.  

Patient related IMRT QA was performed before 
treatment. Verification plan created within the 
treatment planning system with portal dose prediction 
algorithm was verified on linac portal imaging system. 
During the treatment on-line verification was 
performed before every session, and subsequently 
required adjustment of the patient position was made 
before plan delivery. 
Analysis of set-up errors was performed with 
estimation of the effect of these errors on the dose 
distribution 
 

3. Results and discussion 
 

Both patients completed treatment successfully. The 
IMRT and 3D CRT treatment plans comparison reveals 
the apparent advantage of IMRT plan in terms of dose 
distribution homogeneity in the target volume [5]. The 
resulting dose distributions for both treatment methods 
are given in Fig.2.  

 

  
a 

 
b 
 
Fig.2. CSI and extracranial (spinal) IMRT (a) treatment cases 
and extracranial 3D CRT treatment plan. 
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Better dose homogeneity is achieved within entire 
treatment volume and spinal cord and in field junction 
areas. Also, it is evident that, adjacent normal tissues 
and OAR’s receive fewer doses [6].  
It has been proven in many published dosimetry studies 
that IMRT method, rightfully applied, provide 
noticeably better dose distribution for targets and 
critical organs for many different sites under 
consideration [7]. Therefore, there is no clinically 
important point to demonstrate this, ones again for this 
localization. 
More important in our view is to demonstrate the 
IMRT plan stability and robustness to every day 
variation in patient position. 
Therefore, the data of on-line patient setup errors was 
analyzed. The example of on-line setup verification is 
presented in Fig.3. 

 

   
 

Fig.3. On-line setup view with PI. 
 
Maximum setup error was found to be in our case 3mm 
in LNG and VRT directions. Influence of these 
maximum shifts on the plans dose distribution was 
evaluated. Resulting change in the maximum and mean 
doses are given in Table 1. 
 

Table 1. Changes in dose statistics for IMRT plan. 

 Max 
dose 

Mean 
dose 

Original plan 108% 96 % 
Cranial isocenter   
3 mm lateral shift 111,3% 99% 
3mm vertical shift 120% 94,6% 
Upper spinal isocenter   
 3 mm lateral shift 109,7% 94% 
3 mm vertical shift 108,4% 94,6% 
Lower spinal isocenter   
3 mm lateral shift 109,5% 93% 
3 mm vertical shift 107,5% 94,3% 

 
Simulated change in isocenter position for 3D CRT 
plans in order of 3mm magnitude gives rise of up to 
147% maximum dose in the junction area. 

Additionally, 3D CRT plans might have more than 3 
mm isocenter move as soon as field setup involves 
table rotation to 90-degree angle. One can also see 
from this data that IMRT plans are sufficiently stable in 
rage of random isocenter position shift except, 
probably vertical shift of the cranial isocenter, were 
somewhat lager increase in maximum dose was 
observed. 
The last point that we considered separately in this 
study was the whole body dose for these two 
techniques. This issue is of paramount importance in 
case of medulloblastoma treatments, because of young 
patient age and relatively good prognosis. The dose to 
the normal surrounding tissues depends strongly on the 
number of field involved and because of the interleaf 
leakage, partially on the number of monitor units for 
the particular plan. It is possible to produce sufficiently 
good IMRT plan with number of fields that do not 
differ much from the number of fields in 3D CRT 
plans. Therefore, dose to the surrounding tissue is in all 
cases much better than for the 3D CRT plans. 
Representative curves are shown in Fig. 4 

 

 
 

 
Fig. 4. Dose volume histograms of Body and PTV for IMRT 

treatment plan. 
 

Thought, the body dose from 1 to approximately 5 Gy 
is slightly lower for 3D CRT plan, the difference is 
small and the risk of secondary cancer incidence in this 
dose range is still unclear. The difference in body dose 
up from this point, however, is around two fold in 
favor of IMRT plan. The risk of secondary cancer 
development in this dose range (up to 4 cm from the 
field edges) is well known and depends strongly on the 
dose-volume parameter [8]. 

 
4. Conclusions 

 
The target volume of medulloblastoma is usually very 
complex. Due to target long shape and different 
distance from skin surface it is possible to achieve 
homogenous dose distribution in the target only using 
IMRT treatment technique. IMRT technique also 
enables to ensure good treatment accuracy as this 
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technique seems to be less sensitive to patient set-up 
uncertainties and there is no need for couch rotation 
during the treatment.  

Surrounding normal tissues receive much 
smaller doses in the IMRT treatment plan rather than 
3D CRT. It is especially important, because of 
radiotherapy toxicity, the young age of the patients and 
involved risk of secondary cancer development. 
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IMRT COMMISSIONING: BALTIC INSTITUTIONS PLANNING AND 

DOSIMETRY COMPARISONS  
 
 

E. Jakubovskij, R. Griskevicius, A. Miller 
 Vilnius University Institute of Oncology, Santariskiu st. 1, 08660 Vilnius, Lithuania 

 
________________________________________________________________________________________________ 
 
Abstract: The purpose of this study was to investigate applicability of the new AAPM TG119 protocol for IMRT 
commissioning and use it for verification of IMRT planning and delivery accuracy in Vilnius University Institute of 
Oncology. The results were also compared with main hospitals in Baltic States. Results from Vilnius University 
Institute of Oncology and main hospitals from Baltic states shows agreement with trend lines from new AAPM TG119 
protocol in chamber and Field by field measurements. Verification data of composite plan showed deviation from 
AAPM TG119 protocol. To conclude AAPM TG119 protocol is good tool to verify IMRT planning and delivery 
accuracy. 
 
Keywords: IMRT, film verification, commissioning, measured dose. 

 
1. Introduction 

 
Intensity Modulated Radiation Therapy (IMRT) has 
become over the last ten years a standard radiotherapy 
treatment in many hospitals. However, more complex 
treatment technique could be associated with larger 
uncertainties in dose delivery. In 2008, the 
Radiological Physics Center reported that of the 250 
irradiations of a head and neck phantom as part of an 
IMRT credentialing process, 71 (28%) had failed to 
meet accuracy criteria of 7% for dose in a low gradient 
region and/or 4 mm distance to agreement in a high 
gradient [1]. The purpose of this study was to 
investigate applicability of the new AAPM TG119 
protocol for IMRT commissioning and use it for 
verification of IMRT planning and delivery accuracy in 
Vilnius University Institute of Oncology. This protocol 
includes tests of different complexity and helps 
evaluate the overall accuracy of the IMRT system. The 
results were also compared with main hospitals in 
Baltic States. 
 

2. Materials and Methods 
 

AAPM TG119 test package was used to verify the 
accuracy of IMRT implementation. The images of slab 
phantom with drawn structures in DICOM-RT format 
were uploaded to local treatment planning system and 
5 different clinical test cases were planned according to 
description provided in the protocol. The planar dose 
distributions were assessed using gamma criteria of 
3%/3 mm. The test cases included:  

1) Three cylinders to be irradiated with different dose 
levels (multitarget) (Fig.1). Three cylindrical targets 
are stacked along the axis of rotation. Each has a 
diameter of approximately 4 cm and length of 4 cm [2]; 

 
 

Fig. 1 Three cylindrical targets, multitarget case. 
2) Prostate test case (Fig.2). The prostate CTV is 
roughly ellipsoidal with RL, AP, and SI dimensions of 
4.0, 2.6, and 6.5 cm, respectively. The prostate PTV is 
expanded 0.6 cm around the CTV. The rectum is a 
cylinder with diameter 1.5 cm that abuts the indented 
posterior aspect of the prostate [2]. 
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Fig. 2 Prostate test case. 

 
3) Typical head and neck test case (Fig.3). The HN 
PTV includes all anterior volume from the base of the 
skull to the upper neck, including the posterior neck 
nodes. The PTV is retracted from the skin by 0.6 cm. 
There is a gap of about 1.5 cm between the cord and 
the PTV [2]; 
 

 
 

Fig. 3 Head and neck case. 
 
4) C-shaped target with OAR (Fig.4). The target is a C-
shape that surrounds a central avoidance structure. The 
center core is a cylinder 1 cm in radius. The gap 
between the core and the PTV is 0.5 cm, so the inner 
arc of the PTV is 1.5 cm in radius. The outer arc of the 
PTV is 3.7 cm in radius. The PTV is 8 cm long and the 
core is 10c m long [2]; 
5) C-shaped target with OAR (hard constraints) (Fig.4). 
The agreement between calculated and measured doses 
for each test case was determined using small volume 
ion chamber (0.125 cm3), film dosimetry for composite 
plan and for each field perpendicular to central axis 
using EPID or 2D array [2].  
 

 
 

Fig. 4 C-shape case. 

IMRT test cases were optimized using Eclipse v.8.1 
software package. The water-equivalent plastic 
phantom slabs with a total thickness of 20 cm were 
used for chamber and film measurements. Reference 
dose measurements were performed with a Farmer type 
0.125 cm3 ionization chamber. Measurements were 
performed as described in test package in high and low 
dose region. Field by field verifications was performed 
using Varian Electronic Portal Imaging Device aS1000. 
Portal dose calculation on the EPID was made with 
Eclipse Portal Dose Prediction algorithm. Dose 
evaluation of Field by field measurements was done 
within Eclipse v. 8.1 gamma evaluation module. 
Composite plan measurements were carried out using 
radiographic Kodak X-Omat V films. The film was 
positioned in the middle plane of phantom and 
posterior or anterior depending on the case 
requirements.  Films were developed with Kodak -35 
developing machine and scanned with Vidar 16 
scanner.  For films gamma pass evaluation Dose Lab v 
4.11 software package was used.  
 

3. Results and discussion 
 

As result of IMRT optimization process the 
requirements for dose distribution were met in all of 
the package test cases except most difficult case of the 
C-shape (hard) target. Here we failed to satisfy the 
required constrains. Communication with other 
hospitals from Baltic countries reveals the same 
experience in all institutions. The measurements were 
repeated several times to reduce the measurements 
uncertainty. The differences between planned and 
measured doses are within the range of [-0.005, 0.051] 
for point dose measurements. The test result are 
tabulated in the Table 1 

Table1. High dose point and low dose point in the PTV 
measured with ion chamber: [(measured dose-plan 
dose)]/prescription dose. 

Test  
(High dose region) Location 

[(measured 
dose-planned 

dose)]/ 
prescribed dose 

Multitarget Izocenter 0.0425 
Prostate Izocenter 0.051 

Head/Neck Izocenter 0.01765 

C-shape(easy) 2.5cm 
anterior 0.04 

C-shape(hard) 2.5cm 
anterior 0.0364 

Test  
(Low dose region) Location 

[(measured 
dose-planned 

dose)]/ 
prescribed dose 

Multitarget 4cm inferior 0.0022 

Prostate 2.5cm 
posterior -0.005 

Head/Neck 4.0cm 
posterior -0.0215 

C-shape(easy) Izocenter 0.0255 
C-shape(hard) Izocenter 0.0005 
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The range of mean gamma values using 3%, 3mm 
criteria for all test cases is [99.18, 99.99] for field by 
field planar measurements. For other hospitals the 
range of mean gamma values was [94.3-99.8] [3]. The 
results of field by field measurements demonstrate 
reliability and accuracy of used verification technique. 
For composite plans the range of mean gamma values 
is [80.6-94.1]. For Baltic countries the range of mean 
gamma values is [88-95.5] [3]. Results of composite 
plans measurements show a nonlinear sensitivity of 
film caused by dependence on accumulated dose, 
inaccuracy of development process, and expression of 
scanning device. This technique is not the best option 
on purpose to perform IMRT plan verification before 
patient treatment. The same measurements performed 
in other hospitals for several composite test cases have 
given slightly worse result than the protocol baseline 
values. The short summary of these results in all three 
countries is listed in Table 2. 
 
Table 2. Comparison of results from Lithuania and Baltic 
countries. 
 

Country Lithuania Baltic countries 

Chamber -0.5, 5.1 -1.9-5.1 

Filed by field 99.18-99.99 94.3-99.8 
Film 80.6-94.1 88-95.5 

 
 
 

4. Conclusion 
 

AAPM TG119 test package is a useful tool to verify 
and improve IMRT delivery. This report provides 
uniform baseline for IMRT commissioning. The results 
from VUOI and other Baltic States major hospitals 
shows reasonable agreement between calculated and 
measured doses, but have also indicated that there is a 
room for improvements in our institution for planar 
composite IMRT plan verification. 
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_______________________________________________________________________________________________ 
 
Abstract: The rapid development and implementation of new technology over the last decades has greatly increased the 
complexity of the radiotherapy process and potentially made it more error-prone. Independent checking has been 
identified as an intervention that could reduce the risk of errors. This paper discusses four quality control methods 
which all fall into the concept of independent checking.  
 
Keywords: Quality assurance (QA), quality control (QC), patient safety, independent checking, monitor unit (MU) 
verification, data integrity, gel dosimetry. 
________________________________________________________________________________________________ 
 

1. Introduction 
 

Preparation and delivery of radiotherapy is a complex 
procedure (figure 1), involving many different 
technologies and groups of professionals. The rapid 
development and implementation of new technology 
(eg. three-dimensional computed tomography based 
treatment planning, multi-leaf collimator / MLC, 
intensity modulated radiotherapy / IMRT) over the last 
decades have greatly increased the complexity of the 
radiotherapy process and potentially made the it more 
error-prone.   
A high level of accuracy in all steps of the process is 
required in order to deliver treatments resulting in a 
high tumour control probability (TCP) and minimal 
risk to normal tissue. Based on TCP data, ICRU has 
stated in its Report No. 24 that the overall uncertainty 
in the delivery of absorbed dose to a target volume 
should be within 5% [1]. The confidence level which 
this value represented was not explicitly stated. Goitein 
have suggested 5% dose accuracy at the 1.5 s.d. level 
which is in agreement with Mijnheer et al. which stated 
3.5% at the 1 s.d level [2, 3]. 
In order to reduce uncertainties and errors in the steps 
of radiotherapy treatment preparation and delivery, a 
comprehensive quality assurance program is needed. 
Quality assurance in radiotherapy is according to the 
World Health Organization (WHO) all procedures that 
ensure consistency of the medical prescription, and 
safe fulfillment of that prescription, as regards to the 
dose to the target volume, together with minimal dose 
to normal tissue, minimal exposure of personnel and 
adequate patient monitoring aimed at determining the 
end result of the treatment [4]. 
 

 

 
 
Fig. 1. The radiotherapy process of care as defined by WHO. 
 
In a recent study initiated and founded by the WHO, 
three high impact risk reduction interventions were 
identified: planning protocol checklists, competency 
certification and independent checking [5, 6]. Planning 
protocol checklists is relevant in all preparation steps 
of the radiotherapy process. They are low resource 
demanding and easy to develop and implement. 
Competency certification requires more resources but 
will have an impact on the quality in all steps of the 
process.  
The focus of this paper is on the third intervention, 
independent checking. This intervention is resource 
intensive but it is also a minimum standard in 
radiotherapy delivery in order to avoid errors from 
involuntary automaticity [7]. The simplest form of 
independent checking is to have two persons 
performing the same procedure separately. This could 
for instance be two radiotherapy technicians (RTT) 
verifying the setup of the patient on the treatment 
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couch independently of each other. A higher level of 
independent checking could be accomplished by 
utilizing two different methods. In the above example, 
the positioning of the patient could be performed using 
external positioning lasers and also positioning 
verification by planar x-ray imaging. 
 

2. Independent dose calculation 
 

In the process of patient specific quality assurance of 
radiotherapy plans, monitor unit (MU) verification is 
considered to be a central part [8, 9]. The monitor units 
are directly proportional to the absorbed dose in the 
patient for linac based deliveries, in a similar manner 
as the treatment time for cobalt treatments. The 
calculation method used for verification of the number 
of MU:s required to delivered the prescribed dose to 
the patient should be independent from that of the 
primary treatment planning system (TPS). Independent 
refers both to the data utilized to characterize the 
treatment unit, the implementation of the calculation 
algorithms, as well as the derivation of geometrical 
data (source-to-surface distance, depth and radiological 
path length) from the patient anatomy. Several 
calculation methods have been proposed for the 
purpose of MU verification [10-13]. Clinical 
implementation of MU verification software usually 
includes only a single tolerance level for dose or MUs, 
rather than complete tools for evaluation of calculation 
results. Control charts is a tool within statistical process 
control (SPC)  which can be used to distinguish 
between common cause variations (data points inside 
control chart limits) and special cause variations (data 
points outside control chart limits). Control charts have 
been proven useful for analysis of results from 
independent dose calculations as well as for results 
from quality control of linac parameters (output, 
flatness, etc.) [14-16]. 
 

3. Data integrity 
 

Software and computer systems from more than one 
vendor are often used in the preparation and delivery of 
the treatment. To allow different medical systems to 
communicate with each other a global information-
technology standard, Digital Imaging and 
Communications in Medicine (DICOM) has been 
developed. In 1997, the standard was extended to cover 
radiotherapy information objects. Today DICOM-RT 
has been widely accepted and has a major role in the 
communication between different RT systems. 
Undoubtedly the absence of manual transfer ensures a 
higher level of data integrity. However, manual input 
might be difficult to avoid at some steps of the 
treatment chain, which inevitably leads to an increased 
risk. Comparisons between the data in different 
systems have previously been made manually by one 
or two professionals. Modern computer systems often 
relies on checksums, which are fixed-sized signatures 
calculated from a block of digital data. By comparing 

check sums before and after transmission or storage, 
communication errors may be detected.  
However, this method is not applicable for verification 
of the interpretation of data in systems from different 
vendors. For this purpose, independent tools that 
compare DICOM-RT data objects or database entries 
between different systems could be employed [17]. 
 

4. In-vivo dosimetry 
 

In-vivo dosimetry acts as a final check of the treatment 
data and patient geometry. In vivo dose measurements 
can be divided into entrance dose measurements, exit 
dose measurements and intracavitary dose 
measurements. Through entrance dose measurements, 
the output and performance of the treatment unit as 
well as the accuracy of patient set-up can be examined. 
An exit dose measurement also checks the dose 
calculation, including volumetric information and 
heterogeneity corrections. Further, in-vivo dosimetry 
can not only provide information on the absorbed dose 
to the target, but also dose information for risk organs, 
such as the lens of the eye. Thermoluminescence 
dosimeters (TLD) and semiconductor detectors (silicon 
diodes) are the types of dosimeters that are most 
commonly employed for in-vivo dosimetry purposes. 
The entrance dose is usually defined at the depth of 
dose maximum below the surface. In-vivo dosimetry 
detectors should be covered with a buildup cap 
appropriate to the photon beam energy. The drawback 
of this build-up cap is that it introduces an 
underdosage, up to 5%, in the shadow region beneath 
the detector [18]. Therefore, it is not recommended to 
use in-vivo dosimetry with this type of detector placed 
in front of the target during the whole treatment 
delivery, but instead only for a part of the treatment or 
the detector can be moved between treatment fractions. 
 

5. Dosimetric verification of the whole process 
 

When introducing new technologies and methods, the 
need for verification of the whole treatment process is 
imminent. The new advanced technologies such as 
intensity-modulated radiotherapy (IMRT) and 
volumetric arc therapy (VMAT), where the beam 
intensity is varied over the plane perpendicular to the 
central axis demands a full 3D dosimetric verification 
information. One detector system that could provide 
this information is gel dosimeters. Polymer gel 
dosimetry can be used to measure absorbed dose 
distributions in a complete volume with high spatial 
resolution [19, 20]. The use of gel dosimetry has also 
been found feasible for verification of dynamic 
delivery [21, 22]. For verification purposes, the patient 
could be substituted with the gel phantom, which can 
be manufactured in any shape. The phantom is passed 
through the radiotherapy treatment process and the 
dosimetric information is afterwards read-out using 
magnetic resonance imaging or optical computed 
tomography in 3D. The measured dose can be 
compared with the TPS calculated dose distribution, 
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verifying both the dosimetric and geometric delivery of 
the treatment. 
 

6. Evaluating the effectiveness of the QC 
 

In order to evaluate the effectiveness of the QC 
procedures, the use of simulated errors could be 
employed [23]. Note that this method should never be 
used in combination with real patients and treatments, 
where it would increase the risk for error tremendously. 
The method is useful in combination with phantom 
measurements, especially for determination of 
tolerance levels. Pre-treatment verification of IMRT 
using 2D detector arrays of either diodes or ionization 
chambers has become a standard verification method. 
A central part of this verification method is to adopt 
clinically relevant tolerances. If known errors are 
introduced into the treatment plan and then delivered to 
the detector, one can directly determine at which level 
these errors are detectable. Further, due to the fact that 
the errors are known, the TPS could be used to 
compare the erroneous plan with the correct plan and 
the clinical relevance of the error can be determined. 
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________________________________________________________________________________________________ 
 
Abstract: New imaging technologies that use x-rays or radiopharmaceuticals are continuously developed. The 
techniques are now also often combined into a single investigation, such as PET/CT and SPECT/CT – so called “hybrid 
imaging”. The benefits of the new techniques are so dramatic that there is a tendency to overuse them. The increasing 
radiation exposure from CT has been of concern for some years and is now given increased attention by health 
professionals, authorities, manufacturers and patient groups. The relatively high doses from PET and SPECT 
investigations have only recently been discussed. The aim is to inform about developing technologies and clinical 
techniques for 3D imaging using ionizing radiation, and their associated radiation dose to patients and staff. The 
presentation includes a discussion on tools for improved dose management. Patient dose is a critical parameter for 
justification and optimization and there is a need to improve collection of patient (and staff) dose data.   
Persons educated and trained in medical physics and radiation protection have to be fully involved in planning, 
absorbed dose estimations and optimisation of the diagnostic procedures and have to initiate radiation safety training for 
the medical staff. Guidelines need to be developed so that referring physicians carefully weigh the benefits against the 
potential risks and base their decisions on medically relevant data.  
 
Keywords: CT, SPECT, PET, hybrid imaging, radiation dose, optimisation. 
________________________________________________________________________________________________ 
 

1. Introduction 
 

There is a tremendous and undeniable benefit of 
medical imaging. During the last few years there have 
been a dramatic development and this development 
continues. Since its introduction in the 1970s and 1980s 
respectively, CT and MR has become two important 
tools in medical imaging to supplement planar X-ray- 
nuclear medicine and ultrasound imaging.  The 
evolution of diagnostic imaging now goes from 
standalone techniques to “hybrid imaging” using 
SPECT/CT and PET/CT for many applications – and 
now also PET/MR and MR/CT. 
The significant increase in the use of CT scanners, alone 
or in combination with SPECT or PET, has raised 
concerns about the radiation doses that patients are 
exposed to and the consequent increase in the 
probability of occurrence of cancers later in life [1, 2]. 
The concept of PET/CT has been so successful that 
none of the major medical imaging manufacturers now 
offers stand-alone PET scanners. This has also 
stimulated the use of SPECT/CT devices within nuclear 
medicine. The complementary anatomical, functional 
and molecular information provided by these hybrid 
techniques has been found clinically very important. A 
problem with CT as a complimentary anatomical  
 

imaging modality is that it, like some of the PET- and 
SPECT- investigations, gives a comparatively high 
patient dose. Another problem is that CT provides 
relatively poor soft tissue contrast in the absence of oral 
and intravenous contrast media. This has stimulated the 
development of prototype PET/MRI devices, which are 
now under clinical tests. 
A report from the Swedish Radiation Safety Authority 
showed that CT and nuclear medicine constitute 16% of 
the number of radiological investigations 
(mammography not included) and contribute with 64% 
to the collective dose in Sweden 2005 [3]. The National 
Council on Radiation Protection and Measurements in 
USA reports that CT and nuclear medicine constitute 
22% of all radiological investigations, but 75% of the 
collective dose in USA 2006 [4].  
The introduction of the PET and PET/CT-techniques 
and the increasing use of positron emitters have 
increased the doses to the staff at the hospital as well as 
at the cyclotrons and the hot labs for production of the 
radiopharmaceuticals. The aim of this work is to discuss 
various methods to reduce the radiation exposure to 
patients and staff in connection with CT-, SPECT- and 
PET-investigations.  
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2. CT 
 

The effective dose from a single slice CT-investigation 
is typically from about 2 mSv (head) to 10 mSv 
(abdomen and pelvis) (Table 1). A total body 
investigation (brain, chest, abdomen and pelvis) gives 
around 20 mSv [5]. This is roughly a factor of ten 
higher than conventional planar X-ray investigations 
(range 0.01-10 mSv). The CT-doses are highly 
dependent on the characteristics of the CT-scanner, the 
size of the patient, the anatomical region under 
investigation and the technical factors used in each 
examination. The local doses from a CT-investigation 
can come up to hundred mSv [5]. For PET 
investigations, the effective doses are also considerable. 
An investigation with 350 MBq of 18F-FDG gives for 
example an effective dose of 7 mSv [6]. The highest 
organ doses are 20-50 mGy. If this PET-study is 
combined with a CT-investigation of for example chest, 
abdomen, and pelvis, which gives an additional dose of 
10 mSv, this together comes up to an effective dose of 
20 mSv. If the PET-study instead is combined with a 
“low-dose” CT just for attenuation correction and 
anatomical orientation, the CT contribution can be 
reduced to 2-3 mSv and the total to around 10 mSv.  
 
Table 1. Typical effective dose and organ dose values 
for common diagnostic single detector CT (SDCT) and 
multi detector CT (MDCT) investigations. 
 
Investigation Effective 

dose (mSv) 
[2, 5] 

Organ absorbed doses 
(mGy) 

 [7] 
Head CT 2 Lens of the eye: 50,  

Thyroid: 1.9 
Chest CT 6 Breast: 21, Thyroid 2.3,  

Lens of the eye: 0.14 
Abdomen CT 16 Uterus and ovaries: 8 

Pelvis CT 8 Uterus and ovaries: 25 
Total body 20-30  

 
2.1. Methods to reduce CT doses 
 

The slowly growing awareness of the increasing 
radiation doses from CT has forced the manufacturers to 
development several methods and techniques to reduce 
CT doses. The following section will review various 
dose reduction strategies. The implementation of these 
methods requires close collaboration between medical 
physicists, manufacturers, radiologists, technologists 
and referring physicians to be effective.  
 
2.1.1. Optimise scanning parameters 
 

There is an amount of scanning parameters that 
influence the radiation dose and the image quality: tube 
current, tube voltage, filtration, collimation, 
reconstruction filter, slice thickness, pitch and scanning 
length. The operator can monitor most of these 
parameters and modify them to obtain the necessary 

image quality with a minimum radiation dose to the 
patient.   
Except minimising the number of scans, tube current 
and tube voltage are important factors that affect the 
radiation dose. There is a simple relationship between 
the tube load (the product of tube current and the 
exposure time per rotation, mAs) and the radiation dose 
to the patient. A 50% reduction in tube load reduces the 
radiation dose by half but also causes an increase in the 
noise level by a factor of . Which mAs level that is 
adequate can be studied by using quite recently 
available dose reduction simulation software [8-10]. 
The software adds artificial noise to measured CT raw 
data with the intention to simulate a scan acquired with 
lower dose (mAs). 
The tube voltage determines the energy of the emitted 
photons from the x-ray tube and a variation in tube 
voltage causes a change in radiation dose and image 
quality. Several studies have shown various levels of 
dose reduction or image quality improvement by using 
lower tube voltage [11, 12].   
 
2.1.2. Automatic exposure control (AEC) 
 

AEC is a technique that adapts the tube current relative 
the patient attenuation in the x-y plane (angular 
modulation), along the scanning direction (z-axis; 
longitudinal modulation), or both (combined 
modulation). The principle is that the operator selects an 
indicator of the image quality that is required and then 
the system adapts the tube current to obtain the 
predetermined image quality with improved radiation 
efficiency [13]. Use of an AEC system is an effective 
method for patient dose reduction and several studies 
have shown its potential. Results from a study 
performed by Söderberg et al. [14], valid for an 
anthropomorphic chest phantom representing a standard 
male patient, showed dose reductions in the range of 35-
60%. 
 
2.1.3. Iterative image reconstruction 

 

Iterative image reconstruction methods have been used 
for a long time in SPECT and PET, but first recently 
been available also for CT. The conventionally used 
filtered back projection (FBP) procedure becomes now 
more and more replaced.  The iterative algorithms have 
potential advantages as yielding lower image noise, 
improved spatial resolution, and reduced image artefacts 
(beam hardening, “windmill” and metal artefacts), 
which bring opportunities to reduce the radiation dose. 
Recently published clinical studies have shown dose 
reductions above 25% and improved image quality with 
iterative reconstruction compared to FBP [15, 16].   
 
2.1.4. Organ based dose reduction 
 

Protection of radiosensitive organs such as the breast, 
eye lenses and gonads is especially important in 
paediatric patients and young adults. Hidajat et al. [17] 
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have shown reduction in radiation dose to the testes 
with up to 95% using testis capsules during abdominal 
CT investigation. Several studies have shown the 
efficacy of using bismuth shield for reduction of the 
dose the lens of the eye and dose to the breast without 
excessively affecting the image quality [18, 19], while 
other groups have questioned its value and even pointed 
out it as a dose-increasing factor [20]. Recently organ-
based tube current modulation was developed where the 
x-ray tube switches off for a certain range of the rotation 
phase to protect radiosensitive organs from direct 
exposure. This is the method to recommend. Schmidt et 
al. [21] have shown dose reductions to the breast by 
about 30% and nearly the same noise level achieved 
using constant tube current by using noise-optimised 
image reconstruction techniques in combination with 
organ-based tube current modulation.  
 

 
 
Fig. 1.  The x-ray tube can now be switched off for a certain 
range of the rotation to protect radiosensitive organs like 
breasts, thyroid and eye lenses from direct exposure. 
 
2.1.5. Adaptive collimation to reduce effect of 
“overscanning” 
 

With overscanning means exposure of tissue volumes 
for which no reconstruction of tomographic images is 
done. Overscanning is required for helical CT scans to 
provide sufficient data on each side of the volume to be 
imaged to allow image reconstruction. As the X-ray 
beams in modern CT-scanner have become broader, 
consequently more and more wasted radiation dose is 
delivered to the patient by overscanning [22]. Both a 
software solution [23] and a hardware solution to this 
issue have been presented. Christner et al. [24] have 
shown dose reductions of up to 40% (using high pitch 
and short scan length) by using dynamically adjustable 
z-axis collimation. 
 

3. Hybrid imaging 
 

In PET/CT and SPECT/CT, the two techniques give 
complimentary information on structure and function, 
anatomy and physiology/biochemistry respectively.  
Hybrid imaging with PET/CT and SPECT/CT, in 
combination with more and more advanced 
reconstruction software, respiratory or cardiac gating 
and new tracer substances has increased the accuracy  
 

of imaging and enable diagnosis in earlier stages of the 
disease. In PET/CT and SPECT/CT systems, attenuation 
mapping is performed based on available CT 
transmission data. Earlier techniques using different 
types of flat sources and line sources [25] have now 
been replaced by CT, as the improved attenuation 
correction in PET and SPECT gives a superior 
quantification.  
Using PET/CT and SPECT/CT there are two levels of 
ambition for the CT part of the investigation: to use it 
for diagnosis (“diagnostic CT”) or just for attenuation 
correction or CT for imaging. From the radiation 
protection point of view, it is essential that if a 
“diagnostic” CT is needed, this be taken as part of the 
PET or SPECT/CT investigation to avoid that two CT 
investigations are done on the same patient. This creates 
a need for good cooperation between radiology and 
nuclear medicine departments if they are separated.  
 
3.1. PET/CT 

 

PET/CT has now replaced the standalone PET for many 
applications and is used mainly in oncology, but also 
more and more in neurology and cardiology. For PET-
investigations, there are few observer performance 
studies, which relates diagnostic outcome to 
administered activity for an investigation. There is a 
work on diagnostic reference levels (administered 
activity) parallel to that in X-ray imaging.  
For radiation protection PET/CT means an addition of 
two high-dose investigations, with effective doses of 20-
30 mSv and organ doses, which for some organ could 
reach 100 mSv as seen in Tables 1 and 2 for the mean 
absorbed dose to the urinary bladder wall at a PET/CT 
investigation with 18F-FDG. The use of 11C-labelled 
substances generally gives a factor of two to three lower 
dose contributions.  
 
3.2. SPECT/CT 
 

SPECT is superior to planar imaging with gamma 
camera. SPECT/CT is used for bone scintigraphy, 
myocardial perfusion imaging, functional brain 
imaging, somatostatin receptor scintigraphy, parathyroid 
scintigraphy, adrenal gland scintigraphy, detection of 
sentinel nodes, etc.  
Like in PET, there are few observer performance 
studies, which relates diagnostic outcome to 
administered activity for an investigation. 
 

4. Justification 
 

The topic of justification for medical exposures and the 
role of the referring physician and the radiologist at the 
radiology department are currently widely discussed. 
The meaning of justification of an investigation and the 
role of the involved staff is clarified in ICRP 
Publication 103 [26] and is further discussed and 
developed in the new European basic safety standards. 
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5. Occupational exposure 
 

The areas within medical use of radiation, which today 
generates the highest personnel doses, are interventional 

x-ray investigations, fluoroscopy outside the radiology 
department and PET.  
 

 
Table 2. Typical effective dose values for common PET/CT investigations (PET contribution) [6].  

 
Study Radionuclide Radio- 

pharmaceutical 
Activity (MBq) Effective dose 

(mSv) 
Examples of organ doses (mGy) 

Tumour 18F FDG 400 7.6 Bladder wall: 50; Ovary: 6; Testes: 5, Red 
bone marrow: 4 

Tumour 18F Choline 300 6.0 Bladder wall: 22; kidneys: 25 
Tumour 11C Choline 300 1.4  
Alzheimer 11C PiB 300 1.4  
Tumour 11C Acetate 400 1.4  
Tumour 11C Methionine 800 6.7  
 
Table 3. Typical effective dose values for common SPECT/CT investigations (SPECT contribution) [6, 27]. 
 

Study Radionuclide Radio- 
pharmaceutical 

Activity (MBq) Effective dose 
(mSv) 

Examples of organ doses (mGy) 

Bone 99mTc Phosphonates 600 3.4 Bladder wall 30, Red bone marrow 6,  
Ovary 2, Testes 1.4 

Myocardial 
perfusion 

99mTc Tetrofosmin; 
sestamibi  

600 4.2-4.6 Bladder wall: 10-16, Gall bladder: 16- 
22- 

Brain 99mTc HMPAO 800 7.4  
Tumour 123I MIBG 400 5.2  
White cell 111In; 99mTc In vitro labelled 

leucocytes 
18; 185 6.5; 2.0  

 
The shielding of PET and PET/CT facilities presents 
special challenges as the 0.511 MeV annihilation 
photons have much higher energy than other types of 
radiation used for diagnostics. Barrier shielding may be 
required in floors and ceilings as well as adjacent walls.  
However, shielding requirements, facility design, site 
planning, workflow, etc are not yet standardized. 
Therefore dose measurements for staff members show 
different values. From filling of syringe to patient 
departure the effective dose to technicians from 18F-
FDG is around 15 nSv/MBq ([28-33], with an essential 
part coming from interaction with the radioactive 
patient. For an annual number of less than 500 patients, 
an annual individual dose for the technicians would  
realistically be less than 3 mSv, which is still low but 
around 50% higher than that of technologists 
performing general nuclear medicine. Contributions to 
staff in wards may be about the same 15 nSv/MBq. The 
exposure of hands and especially fingers may, however, 
be a greater problem in ordinary nuclear medicine 
laboratories. Finger doses to technicians working under 
good normal nuclear medicine laboratory standard is 
around 2-3 Sv/MBq [33,34]. The use of syringe 
drawing device and semiautomatic injector can reduce 
this value to 0.2-0.6 Sv/MBq [30] and with fully 
automatic dispensing technique it can almost be totally 
eliminated (< 0.02 Sv/MBq). For an average injected 
activity of 350 MBq per patient and for the three 
categories mentioned, the dose limit (500 mSv to 

fingers) is reached after handling of 500, 2400 or many 
more patients annually.   
 

7. Conclusion 
 

The reduction of CT-doses during the last years, mainly 
due to improved technology from the manufacturers has 
been significant. Today CT-colon investigations can be 
done of an effective dose less than 2 mSv. There is a 
trend towards more individualised investigations. In 
PET and SPECT, more observer performance studies 
should be done to find optimal activities for various 
patients and investigations.  
Cooperation between nuclear medicine and radiology 
departments are necessary to use CT investigations in 
the best way, both for diagnosis and for attenuation and 
scatter corrections in PET- and SPECT investigations.  
Efforts should be made to make patients better informed 
why a radiological examination is being performed, if 
there are alternative techniques and if the investigation 
is optimised. 
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________________________________________________________________________________________________ 
 
Abstract: In the present work the threshold contrast-detail detectability (TCDD) estimated with a CDRAD test phantom 
by using HT(A) index at different tube potentials, with keeping constant detector entrance dose, phantom entrance 
surface dose (ESD) and time-current product (MAS) which correspond to different strategies in dose-quality 
optimisation practice. During the experiments also statistical component of image receptor dose uncertainty was 
evaluated when using AEC control.   
 
Keywords: computed radiography, threshold contrast-detail detectability (TCDD), contrast-to-noise ratio (CNR), 
CDRAD 
________________________________________________________________________________________________ 
 

1. Introduction 
 

During past years most of radiographic departments in 
European Union have been successfully moved from 
film-screen (FS) based technology to filmless digital 
technology. The digital technology in diagnostic 
radiography in Estonia is mostly presented by computed 
radiography (CR) systems, with slowly increasing 
number of digital radiography (DR) systems [1]. At the 
present work only CR systems as most conventional 
digital imaging systems in the radiology departments in 
Estonia have been covered, whereas DR systems have 
remained out of the scope. The transition from a film-
screen environment to a digital is not a simple matter. In 
this process, patient radiation doses could increase from 
40 to 100% [2]. However European directive (MED) 
97/43/Euratom requires that medical exposures have to 
be justified and carried out in an optimized fashion. [3].   
The CR systems are much more tolerant of 
inappropriate technique because of high latitude of 
digital detectors and phosphor plates which makes 
possible systematic over-expose or unnecessary high 
doses with a good or even perfect image quality.  With 
increasing awareness of the need for radiation 
protection, a paradigm shift can be observed from the 
principle of “image quality as good as possible” to 
“image quality as good as needed”. The problem is that 
in digital radiography until now there is no certain 
approach how to keep constant image quality at 
 
 
 
 

different tube potentials in order to calibrate the 
automatic exposure control (AEC) and this makes 
urgent need to find out appropriate practical image 
quality test methods. At this moment different types of 
parameters for image quality optimisation have been 
proposed by medical physics researchers: detector 
entrance dose, pixel value, detector dose indicator 
(DDI), signal-to-noise ratio (SNR), contrast-to-noise 
ratio (CNR), threshold contrast-detail detectability 
(TCDD). The behaviour of CNR at different tube 
potentials was recently examined in Marshall study [4]. 
As result of that work the method of constant entrance 
surface dose for AEC calibration was proposed in order 
to keep same value of CNR. Fig. 1 shows entrance 
surface dose (ESD) for the constant air kerma and 
constant CNR modes according to Marshall experiments 
[4]. 
Unfortunately CNR does not give information on the 
perceptibility of details of different size, although it 
does provide data on how well objects of different 
attenuation can be imaged, the question is if that method 
is good enough for evaluation and maintenance of an 
adequate image quality. In the present work comparison 
of the suggested CNR method with alternative strategies 
have been presented for dose-quality optimization, 
including introduction of the method by using physical 
measurements of threshold contrast-detail detectability 
(TCDD). 
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Fig. 1. Entrance surface dose (ESD) measured at the input to 
the 20 cm tissue equivalent phantom for the constant air kerma 
at the CR cassette (3 μGy) and for the constant target CNR 
method [4]. 
 

2. Materials and methods 
 

2.1. Imaging system 
 

All test were performed in X-ray room equipped with 
overtable fluoroscopy system Iconos R100 Axiom 
(Siemens Medical Solutions, Erlangen, Germany) 
assembled with X-ray tube Optitop 150/40/80HC 
(tungsten target, anode angle 16°) and additional 
filtration of 0.1 mm Cu with total inherent filtration 
equivalent to 6.7 mm of aluminium (Al) and vertical 
bucky with moving antiscatter grid (focus distance 180 
cm, 70 lines cm-1, grid ratio 7:1). Images were acquired 
with storage phosphor plates of type MD 4.0 (35 cm x 
43 cm, effective pixel pitch of 0.167 mm) (Agfa 
Healthcare, Mortsel, Belgium) and the phosphor plates 
were scanned by Agfa CR-35X digitizer with software 
version Agfa NX 1.0 (build 1.0.3203).  
 
2.2. Contrast-detail phantom 
 

The threshold-contrast detectability was assessed using 
the CDRAD contrast-detail phantom (Artinis Medical 
Systems BV, Zetten, The Netherlands). The CDRAD 
phantom consists of a 10 mm thick, 265 x 265 mm2 
wide polymethyl metacrylate (PMMA) support in which 
circular holes of 15 different diameters (ranging from 
0.3 mm to 8 mm) have been drilled of 15 different 
depths (ranging from 0.3 mm to 8 mm) (Fig. 2)  The 
holes have been arranged in a 15 x 15 matrix. Rows 
contain holes of identical diameter and exponentially 
increasing depth. 
 

 
 
Fig. 2. Pattern of the CDRAD 2.0 phantom. 
 
Columns contain holes of identical depth and 
exponentially decreasing diameter. Square matrix 
element of the first three rows contains one hole in the 
centre. Each square matrix element of the remaining 12 
rows contains two identical holes; one in the centre and 
a second one randomly placed in one of the four 
corners. The detail depths are such that within a 
reasonable range of exposures some, but not all, of the 
details should be visible at all detail diameters.  
In this work the CDRAD phantom was placed between 
two 75 mm (3  25 mm) PMMA plates to provide 
scatter and give attenuation similar to an adult patient. 
This gives the total thickness of the CDRAD-PMMA 
phantom of 160 mm PMMA.  
All exposures were made in the vertical bucky stand 
with a moving antiscatter grid and a focal spot to 
detector distance of 200 cm in order to reduce parallax 
effect as much as possible. Large focal spot (1.0 mm) of 
the x-ray tube was selected.  In order to have the x-ray 
beam collimated into the CDRAD-PMMA phantom 
area, the field size of 19 x 19 cm2 (projected on the 
phosphor plate plane) was chosen on the collimator. The 
setup geometry is shown in Fig. 3. 
 

 
 
Fig. 3. A schematic diagram of the experimental setup. 
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2.3. Detector constant entrance dose setup 
 

At first stage of experiment the tube potential of 81 kVp 
and central sensor for AEC system was chosen, together 
with high speed sensitivity settings (speed class “H“). 
Detector entrance dose of 3.9 Gy was used as the 
reference to obtain images with as close as possible 
entrance dose at 60 kVp, 100 kVp and 125 kVp (Table 
1).  Image receptor entrance dose with the phantom in 
place was measured with a Keithley TRIAD dosimeter 
and a 15 cm3 ionization chamber (Keithley Instruments 
Inc., USA) placed directly inside the bucky cassette 
holder. 

Table 1. Setup for constant detector dose 
measurements. 
 

Tube 
potential, 
kVp 

Tube charge, 
mAs 

Detector entrance 
dose, µGy 

60 110 3.8 
81 28 3.9 
100 11 3.8 
125 5 3.8 

Reference exposure at 81 kVp was repeated 10 times in 
order to estimate uncertainty in the measurements.  
 
2.4. Phantom constant entrance dose setup 
 

At second stage in order to keep constant CNR 
according to Marshall method the constant value of 
ESD about 0.38 mGy at phantom entrance surface was 
selected  and set as the reference dose level for 
obtaining images at potentials of 60 kVp, 100 kVp and 
125 kVp (Table 2).  
 
Table 2. Setup for constant ESD measurements. 
 

Tube 
potential, 
kVp 

Tube 
charge, 
mAs 

Phantom 
entrance 
surface dose, 
mGy 

Detector 
entrance 
dose, µGy 

60 65 0.38 2.3 
81 28 0.39 3.9 
100 16 0.37 4.9 
125 10 0.39 6.3 

 

Phantom entrance dose was measured with a same 
Keithley ionization chamber placed directly at the 
centre of CDRAD-PMMA phantom entrance plane.  At 
last stage the setup values of 81 kVp and 28 mAs were 
used as the reference to obtain images with same time-
current product (MAS) at 60 kVp, 100 kVp and 125 
kVp (Table 3). 
 
Table 3. Setup for constant MAS measurements. 
Tube 
potential, 
kVp 

Tube charge, 
mAs 

Detector entrance 
dose, µGy 

60 28 1.1 
81 28 3.9 
100 28 10.2 
125 28 21.6 

The CR plates were read out in Agfa CR-35X scanner 
without clinical post-processing by using the “system 
diagnostics“ and ”flat field” settings. The DICOM 
greyscale image window and level were adjusted 
manually such that the visibility of the details appeared 
to be maximized and the background noise remained 
perceptible. The contrast of detail is defined as: 
 

I
II

C D


 
(2.1) 

 
where I is the primary transmission through the full 
phantom thickness of 160 mm and ID is primary 
transmission through the contrasting detail of the 
CDRAD phantom and the PMMA phantom of 150 mm.  
To estimate the detail contrast, the transmitted air kerma 
(the phantom output) was calculated for the particular 
CDRAD detail with the PMMA phantom at different 
tube potentials by using relevant tube data (tungsten 
target, anode angle 16, ripple of the generator voltage  
5%)  and spectral data derived from IPEM Report 78 
[5]. An X-ray spectrum calculated for the reference 
potential of 81 kVp is given in Fig. 4. 
The CDRAD phantom was used to measure the lowest 
contrast detectable (CT) as a function of detail size. All 
CDRAD DICOM images were evaluated (including 
finding threshold contrast-detail curves) with CDRAD 
Analyzer software v1.1 (Artinis Medical Systems BV, 
Zetten, The Netherlands) [6].  
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Fig. 4. Calculated X-ray photon spectrum for 155 mm and 160 
mm of PMMA (tube voltage 81 kVp, ripple 5 %, total 
filtration 4.4 mm Al, anode angle 16, target material W). 
 
The lowest contrast detectable (the threshold contrast 
level) was determined by the computer analysis. Using 
the Student t-test with Welch correction the program 
determines if the contrast-detail combination in a certain 
square is positively seen. The same Alpha level of 
significance (Alpha=1e-008) was selected for all 
evaluations. This level set for automated software 
evaluation has a best correlation with a visual scoring 
by an average observer [7]. The contrast detail curve of 
mean value with maximum and minimum deviations of 
ten measurements of the CDRAD phantom, DICOM 
image acquired at 81 kVp with 15 cm PMMA are given 
in Fig. 5. 
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Contrast Detail Curve
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Fig. 5. Contrast detail curve of the CDRAD phantom at 
81 kVp, 15 cm PMMA. 
 

The data were presented graphically as the TCDD index 
HT(A) against the square root of detail area A (in mm) 
by the formula [8] 

 
AC

AH



T

T
1    (2.2) 

where CT is the detected threshold contrast. 
 
The ideal  HT(A) curve was also calculated by using 
ideal conditions where CDRAD phantom holes are fully 
visible and the maximum lowest contrast is detectable 
over every detail size.  
 

3. Results and discussion 
 

The aim of this work is to compare the different 
methods of AEC calibration through comparison of 
threshold contrast-detail index. Fig. 6 shows comparison 
of HT(A) index at different tube potentials with keeping 
constant detector entrance dose of 3.9  Gy.  
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Fig. 6. Comparison of the threshold contrast-detail index at 
different tube potentials by using same 3.9 Gy detector 
entrance dose (15 cm PMMA + CDRAD). 
 

Standard deviations of the single measurements of each 
value of HT(A) index  for 60 kVp, 100 kVp and 125 kVp 
from reference 81 kVp was calculated. The average 
standard deviation for constant detector entrance dose 
method was 1.7 mm-1. Fig. 7 shows the comparison of 
threshold contrast-detail index at different tube 
potentials when using constant patient entrance dose or 
ESD which could be corresponded according to 
Marshall study to the constant contrast-to-noise ratio 
(CNR) [4]. In order to do that the constant patient 
entrance dose ESD was kept around level of 0.39 mGy 

which corresponds to well optimized system according 
the previous studies [9].  
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Fig.7. Comparison of the threshold contrast-detail index at 
different tube potentials using the same 0.39 mGy entrance 
surface dose (ESD) in order to keep constant CNR (15 cm 
PMMA + CDRAD). 
 

For constant CNR method the average standard 
deviation of HT(A) index for 60 kVp, 100  kVp and 125 
kVp from reference 81 kVp curve is 2.4 mm-1 which is 
41% more compare to constant detector dose method.  
In the same time the average absolute value of HT(A) 
index is about 10% more for constant dose detector 
method. Fig. 8 shows the effect of tube potential to the 
contrast-detail index curve without any AEC calibration 
and by using constant time-current product. 
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Fig. 8. Comparison of the threshold contrast-detail index at 
different tube potentials using same time current product (28 
mAs) (15 cm PMMA + CDRAD). 
 

Because lower tube potentials produce lower tube 
output it is clear, that lower KV will produce 
significantly lower ESD when MAS value is kept 
constant and as result the lower image quality as well.   
Fig. 9 demonstrates how the AEC detectors could be 
practically calibrated in order to keep same detector 
entrance dose or ESD.  
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Fig. 9. Comparison of detector entrance dose at different 
optimisation methods (15 cm PMMA + CDRAD): constant 
detector entrance dose (A); constant CNR (B); constant time-
current product (MAS) (C). 
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In Fig. 10 the threshold contrast-detail index for two 
different methods is compared at 60 kVp. The average 
standard deviation of HT(A) index at 60 kVp from 
reference 81 kVp curve is 1.5 mm-1 for constant dose 
detector method and 2.4 mm-1 for constant CNR 
method.  Fig. 10 shows that for 60 kVp at lower spatial 
frequencies or large details absolute value of  HT(A) 
index for the constant detector entrance dose method 
compared to the constant CNR method differs from 
26% to 63%. In the same time at higher spatial 
frequencies (small details) the values of HT(A) index  
are almost equal In the same way in Fig. 11 the 
threshold contrast-detail index for two different methods 
is compared at 125 kVp. The average standard deviation 
of HT(A) index from reference 81 kV curve is 1.9 mm-1 
for constant dose detector method and 2.0 mm-1 for 
constant CNR method. 
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Fig. 10. Comparison of the threshold contrast-detail index at 
60 kVp with method based on constant detector entrance dose 
(A) and method based on constant CNR (B) (15 cm PMMA + 
CDRAD). 
 
Fig. 11 shows that at higher spatial frequencies (i.e. 
smaller detail objects)  absolute value of  HT(A) index 
for the constant detector entrance dose method 
compared to the constant CNR method differs from 
26% to 30% and is almost equal at lower spatial 
frequencies.  
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Fig. 11. Comparison of the threshold contrast-detail 
index at 125 kV with method based on constant detector 
entrance dose (A) and method based on constant CNR  
(B) (15 cm PMMA + CDRAD). 
 
The expanded uncertainties were found for detector 
dose measurements at 81 kVp, entrance surface dose 
measurements (ESD) and dose measurements with 

automatic expose control (AEC). The statistical 
uncertainty component for 3.9 Gy of detector dose 
measurements was 0.0012 Gy,  type B uncertainty was 
0.07 Gy;  combined standard uncertainty is 0,07 Gy. 
The measured detector dose value with expanded 
uncertainty at 95% level of confidence (3.90  0,17) 
Gy. The statistical uncertainty component for ESD 
measurements was 0.00012 mGy,  type B uncertainty 
was 0.007 mGy; combined standard uncertainty is 0.007 
mGy. The measured ESD value with expanded 
uncertainty at 95% level of confidence ESD = (0,390  
0,016) mGy. During experiment it was also evaluated 
statistical component of image receptor dose when 
using AEC control, which was 0.05 Gy. Using AEC 
instead of manual mode could give rise to additional 
1.0% of relative uncertainty in detector dose 
measurements. 
For HT(A) index the maximum measured expanded 
uncertainty  at 95% level of confidence was 1.2 mm-1 
which corresponds to  relative uncertainty of 7.5% . 
 

4. Conclusions 
 

Two methods of automatic exposure control (AEC) 
setup based on threshold contrast-detail detectability 
measurements on CDRAD phantom have been 
examined as a function of x-ray beam quality in a 
computed radiography (CR) system. It was found that 
the constant CNR method did not maintain constant 
TCDD when the x-ray energy has been increased. The 
constant detector entrance air kerma strategy was more 
successful at maintaining constant detectability.  
Deviation between on spatial frequency dependences of 
the constant CNR method and the constant detector 
entrance dose method at lower and higher tube 
potentials was found. It was found that for HT(A) index 
the maximum measured expanded uncertainty at 95% 
level of confidence was 1.2 mm-1 which is lower than 
average standard  deviation of  HT(A) index from 
reference 81 kVp curve for both constant detector dose 
and constant CNR methods which was 1.7 mm-1 and  
2.4 mm-1 correspondently The results show that TCDD 
evaluation method is reliable and could be used for the 
optimisation practice.  It was also found that usage of 
automatic AEC instead of manual setting could give rise 
to additional 1% of relative uncertainty in detector dose 
measurements, which shows that if AEC is used during 
image quality optimisation the repeatability of AEC 
control needs to be taken into account, that was absent 
in the previous studies [9]. However the idea to keep 
constant contrast–to-noise ratio for every patient 
independently from tube potential is good, the physical 
parameter of CNR itself does not give information on 
the perceptibility of details with different size. 
Following the Marshall method [4] the detector entrance 
dose would decrease at lower tube potentials, but the 
threshold-contrast detail detectability would also drop 
down up to 63%. For CR system optimisation the 
Marshall method could be developed if the constant 
detector dose method is combined with the constant 
CNR method to achieve the golden mean. For higher 
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tube potentials the constant CNR method could be fully 
implemented which will slightly decrease the TCDD at 
higher spatial frequencies, and at the same time ESD 
will be slightly increased. For lower tube potentials it is 
suggested not to decrease fully the detector dose in 
order to keep constant CNR but decrease it up to 30% of 
TCDD deviation at lower spatial frequencies. It will 
maintain slightly increased CNR and slightly decreased 
ESD.  Also according to the previous publication the 
HT(A) index is more sensitive to dose reduction at lower 
tube potentials than higher tube potentials [9]. Although 
the dependence of both CNR and TCDD on tube 
potential has been examined in this work, the optimum 
absolute value of detector entrance dose still needs 
future investigations. It could be also necessary to 
calculate effective patient doses for optimised AEC 
curves by using for example PCMCX software [10].  
Still the new optimisation methods using objective 
physical parameters need further justification by the 
human observer evaluation methods for medical image 
quality such as ROC or VGA analysis.  
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________________________________________________________________________________________________ 
 
Abstract: A digital x-ray imaging technology allows making of quality assurance of x-ray images digitally. There was 
found that a brightness histogram is a tool, which correlates with digital x-ray image quality parameters. Usage of 
brightness histograms become an important method of digital x-ray images quality assurance. A calibration of the 
method would allow using digital quality assurance in any hospital where digital radiography is in use.  
 
Keywords: a digital x-ray image quality, a brightness histogram. 
________________________________________________________________________________________________ 
 

1. Introduction 
 

Quality assurance of an x-ray machine and an x-ray 
image is an integral part of today’s digital radiography 
quality assessment. A digital x-ray imaging technology 
allows making the quality assurance digitally.  
In the previous works a digital x-ray image data array 
was in use to produce a pixel distribution over 
brightness related to the quality parameters of the x-ray 
image. There was found that a variance and an average 
of brightness histograms correlate to the contrast of x-
ray image which in turn depends on high voltage. The 
previous results demonstrated that image brightness 
digitalization could be a useful method for quality 
assessment of digital x-ray imaging.  
The aim of this work was to establish an approach of the 
brightness digitalization method’s calibration that would 
allow determination of a basic value of standard 
deviation with some confidence intervals for each 
specific x-ray machine. In future the method could be 
used by medical physicists in any x-ray diagnostics 
department for quality assessment of digital 
radiography.  
 

2. Materials and methods 
 

The x-ray machine „Digital Diagnost” was employed to 
supply a flow of radiation to acquire the digital x-ray 
images.  
The images were acquired using an automatic exposure 
control (AEC) mode. The x-ray tube was provided with 
the voltage equal to 71 kV.  
The test plate “ETR-1” from the set “QC Kit Roland 8” 
was used as the test object. 
 
 

The Source Image Distance (SID) was 1m. The 
irradiated field was sized to 19x25 cm for each 
exposure. A large, a medium and a small focal spot size 
were in use. A total of 10 exposures were done for each 
focal spot size. 
All the digital x-ray images were acquired in the 
DICOM (Digital Imaging and Communications in 
Medicine) format.White and black areas of the images 
(Fig.1) were analysed.  

 
Fig. 1. The analyzed areas of the digital image 

 
The DICOM images of each area were transferred to 
TIFF (Tagged Image File Format) format images 75x75 
pixels, and digitized using software, designed for this 
purpose. Histograms of pixel distribution over 
brightness for all 10 exposures of each area and each 
focus were constructed using “Microsoft Excel” 
program (Fig.2 - 7).  
An average of brightness (xvid) for each histogram was 
calculated using formula (1) [1]: 
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where: xvid – average brightness, xi - brightness value 
“i”, ni - pixels number of  value “i”,n – total number of 
pixels 
 
A variance of each histogram was calculated using 
formula (2): 
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where: xvid – average brightness, xi - brightness value 
“i”, ni - pixels number of  value “i”, n – total number of 
pixels,  σ – variance 
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Fig. 2. White area small focus brightness histograms 
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Fig. 3. White area medium focus brightness histograms 
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Fig. 4. White area large focus brightness histograms 
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Fig. 5. Black area small focus brightness histograms 
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Fig. 6. Black area medium focus brightness histograms 
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Fig. 7. Black area large focus brightness histograms 
 
A standard deviation (σ) was calculated for each 
variance. Then confidence intervals of the standard 
deviations were calculated using χ2 test (significance 
level of 0.01). After that an average value of standard 
deviation and of the limits was calculated for each area 
and each focal spot. 
 

3. Results 
 

The results of the calculations are shown in Tables 1-6  
The values of standard deviations are shown in the 
figures 8 and 9. 
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Fig. 8. White area standard deviations 
 

Black area standard deviation
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Fig. 9. Black area standard deviations 
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Table 1.  White area’s standard deviation (small focus) 
 

White area (small focus) 
Nr. of 
image σ2 σ 1st limit 2nd limit 
1 23.05 4.801 0.121 0.113 
2 20.93 4.575 0.115 0.107 
3 36.55 6.046 0.152 0.142 
4 18.52 4.303 0.108 0.101 
5 34.04 5.834 0.147 0.137 
6 25.55 5.055 0.127 0.118 
7 27.71 5.264 0.133 0.123 
8 18.92 4.350 0.110 0.102 
9 35.04 5.920 0.149 0.139 
10 24.35 4.935 0.124 0.116 
Aver. 26.47 5.108 0.129 0.120 

 
 
Table 2.  White area’s standard deviation (medium focus) 
 

White area (medium focus) 
Nr. of 
image σ2 σ 1st limit 2nd limit 
1 32.43 5.695 0.144 0.133 
2 17.40 4.171 0.105 0.098 
3 34.63 5.885 0.148 0.138 
4 30.79 5.549 0.140 0.130 
5 18.91 4.348 0.110 0.102 
6 26.08 5.107 0.129 0.120 
7 19.40 4.404 0.111 0.103 
8 20.31 4.506 0.114 0.106 
9 18.48 4.299 0.108 0.101 
10 20.19 4.493 0.113 0.105 
Aver. 23.86 4.846 0.122 0.114 

 
Table 3.  White area’s standard deviation (large focus) 
 

White area (large focus) 
Nr. of 
image σ2 σ 1st limit 2nd limit 
1 17.40 4.171 0.105 0.098 
2 29.91 5.469 0.138 0.128 
3 21.73 4.661 0.118 0.109 
4 22.22 4.714 0.119 0.110 
5 39.45 6.281 0.158 0.147 
6 19.70 4.439 0.112 0.104 
7 16.41 4.052 0.102 0.095 
8 19.63 4.430 0.112 0.104 
9 23.48 4.845 0.122 0.114 
10 33.11 5.754 0.145 0.135 
Aver. 24.30 4.882 0.123 0.114 

 
 
 
 

Table 4.  Black area’s standard deviation (small focus) 
 

Black area (small focus) 
Nr. of 
image σ2 σ 1st limit 2nd limit 
1 28.83 5.369 0.135 0.126 
2 29.49 5.430 0.137 0.127 
3 28.40 5.330 0.134 0.125 
4 27.67 5.260 0.133 0.123 
5 29.04 5.389 0.136 0.126 
6 28.81 5.367 0.135 0.126 
7 28.09 5.300 0.134 0.124 
8 30.00 5.477 0.138 0.128 
9 29.14 5.398 0.136 0.127 
10 29.75 5.454 0.137 0.128 
Aver. 28.71 5.360 0.135 0.126 

 
Table 5.  Black area’s standard deviation (medium focus) 
 

Black area (medium focus) 
Nr. of 
image σ2 σ 1st limit 2nd limit 
1 26.66 5.164 0.130 0.121 
2 28.86 5.372 0.135 0.126 
3 26.43 5.141 0.130 0.120 
4 25.57 5.057 0.127 0.119 
5 25.54 5.054 0.127 0.118 
6 26.10 5.109 0.129 0.120 
7 24.60 4.960 0.125 0.116 
8 25.65 5.065 0.128 0.119 
9 27.72 5.265 0.133 0.123 
10 26.29 5.127 0.129 0.120 
Aver. 25.54 5.054 0.127 0.118 

 
Table 6.  Black area’s standard deviation (large focus) 
 

Black area (large focus) 
Nr. of 
image σ2 σ 1st limit 2nd limit 
1 22.47 4.741 0.119 0.111 
2 30.90 5.559 0.140 0.130 
3 25.17 5.017 0.126 0.118 
4 25.16 5.016 0.126 0.118 
5 36.74 6.061 0.153 0.142 
6 27.25 5.220 0.132 0.122 
7 24.51 4.950 0.125 0.116 
8 20.64 4.543 0.115 0.106 
9 22.59 4.753 0.120 0.111 
10 27.36 5.231 0.132 0.123 
Aver. 26.28 5.126 0.129 0.120 
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4. Conclusions 
 

The achieved results demonstrate that standard 
deviation of white area is less constant than standard 
deviation of black area. The tendency is observable in 
all cases i.e. using small, medium or large focal spot 
size. The most stable standard deviation appears using 
small focus and black area. So the recommendation is to 
use small focal spot for exposures and to process only 
black areas of digital x-ray images in calibration 

process. When the standard deviation with some 
confidence intervals is acquired, it would serve as a 
basic value for quality assurance for a specific x-ray 
machine. All the further measurements would be 
compared with the basic value. 
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_____________________________________________________________________________________________ 

Abstract: Diagnostic radiology of horses is rarely optimized in terms of image quality and dose to the assisting 
person. The effective dose to the assisting person has been measured and techniques have been developed with 
different characteristics to increase the image quality by shaping the x-ray beam for homogeneous exposure of the 
thoracic spine. 
 
Keywords: Veterinarian radiology, dose assisting person, image quality, horses, wedge. 
_____________________________________________________________________________________________ 
 

1. Introduction 

In Sweden, there are approximately 300 licenses and a 
total of 430 x-ray systems for veterinary diagnostic 
radiology[1]. There are about 2000 professional 
veterinarians, a third of them are employed by the 
government and the remainder works in the private 
sector. Radiographic examinations are performed on 
about 40 veterinary clinics in Scania. The clinics are 
divided into small and large animal clinics, and they 
vary in size from small clinics with two to three persons 
employed up to large clinics with several employees. X-
ray examinations of horses are investigated in this study 
and evaluated which are categorized as large animals.  
The veterinarian decides which x-ray examinations 
should be performed and the treatment of the animal is 
based on the diagnostic information from the 
radiographs. It is important that the x-ray diagnosis is 
accurate and that the dose to the animals and the persons 
assisting during the examination is kept as low as 
reasonably achievable. Currently, radiographic 
examinations on horses are rarely optimized in terms of 
image quality and dose. Generally, no medical 
physicists are involved in the clinical routine. 
Veterinarians use mainly conventional radiographic 
equipment, developed for diagnosis of humans, and 
these devices are adapted to be used for horses. Direct 
digital systems (DR), and, more frequently, computed 
radiography system (CR), are used. In some 
applications, the delayed image formation with CR (due 
to the cassette handling and image readout), can be 
problematic and thus DR is advantageous. On the other 
hand a DR system is more expensive than a CR system.  
Frequently at veterinary clinics, a veterinary assistant 
has special training in veterinary radiography and 

radiation physics, and is therefore responsible for 
acquiring the x-ray images. During the examination it is 
often the animal owner who holds the detector and is 
involved as much as possible in the x-ray examinations 
in order to reduce the radiation dose to the staff. This 
means that the animal owner is close to the primary x-
ray beam which makes radiation protection aspects 
important [2]. In most cases there is another assisting 
person who holds the horse, and who is also subject to 
the scattered radiation, however to a lesser degree.   
The image quality varies between different clinics due 
to different radiographic systems and the degree of 
training and experience of the person who takes the 
images. The image quality at most examinations is 
relatively good and adequate diagnostic information is 
generally achieved.  
The thoracic spine of the horse presents a special 
problem due to the large variation in thickness of the 
animal of this area. Without special arrangements 
during the image acquisition, it is difficult to achieve 
correct exposure of both the lower and upper parts of 
the vertebral bodies. Details may be underexposed or 
burnt-out, which causes information loss in those parts 
of the image. Multiple images, at different dose levels, 
are often produced to circumvent this problem and give 
rise to higher effective dose to the assisting person.  
Due to the necessary sedation of the horse and possible 
movement of the horse between the images, multiple 
images are highly undesirable. Furthermore, this is an 
urgent field of interest, since back problems are frequent 
among horses.  
There are no established standards for determining 
image quality in veterinary radiology (e.g. with criteria 
on image quality)[3], which makes it hard to evaluate 
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and compare image quality from different exposure 
parameters or x-ray systems. 
 

2. Material and method 

Two different x-ray systems were used in this study: 
One DR system (at Saxtorp equine clinic, Saxtorp, 
Sweden), and one CR system (at the Swedish University 
of Agricultural Sciences, Uppsala, Sweden).  
The equipment used in Saxtorp is equipped with a 
Sound Techniques True DR lx detector (Sound-
EklineTM, Carlsbad, California, USA) and a Varian x-
ray system (Type RAD-14, Varian Medical System, 
Palo Alto, California, USA).  At Uppsala, a Siemens 
generator (Siemens Health, Erlangen, Germany) used 
with a Fuji computed radiography system (FCR xG1, 
Fuji Film, Tokyo, Japan).   
An effort was made to minimize bias due to exposure 
geometry and size of the horses. The geometries used 
were as similar as possible for the two systems and the 
horses examined were similar with respect to size, about 
550 kg and 1.65 m at the withers. The most common 
examinations are the examination of the phalanx (the 
leg) of the horse. Other common examinations are the 
examination of the hock joint, stifle joint, the thoracic 
spine and the cervical spine (c-spine). The effective 
dose to the assisting person was determined during 
normal daily work examining horses. A direct detector 
(Educational Direct Dosimeter, EDD, Unfors, Billdal, 
Sweden) was placed at the trunk, inside of the lead 
apron (0.25 mm Pb equivalent), of the assisting person. 
The dosimeter converts the measured absorbed dose to 
effective dose with built-in conversion factors. The 
effective dose to the assisting person is determined on a 
per-image basis as well as for a full investigation. 
In Uppsala, the absorbed dose to the trunk of the 
assisting person (the horse owner) was measured for 
190 single images at 30 examinations. At Saxtorp 
equine clinic the absorbed dose was measured at 20 
examinations with a total of 116 images. The exposure 
parameters are based on parameters commonly used in 
the daily routine in the clinic. In figure 1 a typical 
position of the assisting person are shown.  
The visibility of normal anatomy can be used as a 
measure of image quality. By formulating criteria with 
respect to the visibility of defined anatomical structures, 
the image quality can be assessed in clinical trials [4]. 
Such criteria exist for diagnostic radiology of humans 
but not for horses. 
Similar image criteria for horses would be useful to 
evaluate the image quality resulting from different x-ray 
systems, exposure parameters and techniques, in the 
optimization of veterinary radiological examinations. 
Image criteria were developed for four common and 
important examinations, cranial thoracic spine, central 
thoracic spine, caudal thoracic spine and caudal lumbar 
spine; examinations which are considered to be difficult 
to get accurate diagnostic information from.  
 

 
Fig. 1. The position of the assisting person holding the 
detector (near the horse) when examining the hock joint. 

 When defining the criteria, the veterinarians studied 
images of different types of horses and with the support 
of the image criteria for humans[3], developed the new 
image criteria. For each of the four examinations, 
defined anatomical structures are mentioned together 
with a level of visibility: “visually sharp reproduction”, 
“visualization” and “reproduction”.  These visibility 
levels show the importance of various image quality 
aspects (e.g. spatial resolution or contrast) for this 
particular examination. 
By letting observers judge the confidence regarding the 
fulfillment of the image criteria (e.g. based on the 
confidence scale), a score related to the clinical image 
quality can be calculated. This image criteria score can 
thus be used as a measure of the image quality of 
different x-ray systems and different exposure 
parameters. 
The observer (radiologist or veterinary) judge the 
images based on the fulfillment of criteria, often on a 
five-grade scale ranging from “not fulfilled” to 
“definitely fulfilled”. Based on these scores, an image 
criteria score, ICS, was calculated for each image, and 
each examination technique [5].  
Development of image criteria for horses was done in 
collaboration with Margaret Uhlhorn of Agricultural 
Sciences, Uppsala University animal hospital, and with 
help of Anne Haglund, Saxtorp equine clinic.  
One veterinarian and two medical physicists observed 
all the images with the developed image criteria in a 
visual grading analysis  [6] study with the software 
package ViewDEX [7]. Fifty central thoracic spine 
radiographs and forty lumbar thoracic spine radiographs 
from different horses were evaluated. For each 
radiograph the observers judged the visibility of the 
defined anatomical structures of the criteria according to 
five-grade scale ranging from “not fulfilled” to 
“definitely fulfilled”. Five different techniques to shape 
the x-ray beam were manufactured within this project. 
The different techniques consist of wedges that have 
different design. Two of the wedges are patent pending 
and the designs of the wedges are confidential. The 
techniques were constructed for imaging the central 
thoracic spine, cranial thoracic spine, caudal thoracic 
spine and caudal lumbar spine.  
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The image observations took place at two different 
workstations but the viewing conditions were kept as 
constant as possible.  
 

3. Results 

The effective dose to the assisting person is based on 
measurements performed at every examination of horses 
in Uppsala and Saxtorp during one typical work-week, a 
total of 30 resp. 20 complete examinations. The 
effective dose to the assisting person per image for four 
different examinations and for a whole examination (7-
20 radiographs) is presented in Figure 2.  
There are a significant difference between the 
examination at Uppsala and Saxtorp of the thoracic 
spine and the stifle joint (t-test p<0,05). There are no 
significant difference between the examination of the 
phalanx, c-spine and a whole examination.  
 

 
 

Fig. 2. Mean effective dose to the assisting person per 
image for four different examinations and for a whole 
examination (multiple images). The error bars show the 
standard deviation of the mean. 
 
Image criteria scores were calculated based on image 
quality evaluation of images from seven horses that had 
central thoracic spine and the caudal lumbar spine 
examinations, without and with one of the custom-made 
wedges (See Figure 3 and Figure 4). 
 

 
Fig. 3. Image criteria score without a wedge and with 
four different wedges used at the central thoracic spine 
examination. 

 
Fig. 4. Image criteria score without a wedge and with 
four different wedges used at the lumbar thoracic spine 
examination. 

All wedges, except no. 3 in figure 4 improved the ICS. 
There are a significant improvement of the ICS 
(Wilcoxon, p<0,05) when use wedge no. 4 both for the 
central thoracic spine and the caudal lumbar spine. The 
wedge that gave rise to the highest ICS was wedge no. 4 
for both the central thoracic spine and the lumbar 
thoracic spine examinations. 

4. Conclusions 

The average effective dose to the assisting person 
ranged from 0.8 µSv to 1.85 µSv per examination 
(provided that protective clothing is worn), i.e. the 
effective dose is negligible. It is of big importance that 
the lead aprons are adapted well to minimize gap 
between the lead apron and the assisting person that 
could appear if the lead apron does not fit properly. 
Image criteria for spine examinations were developed 
and used in an image quality study. The image criteria 
proved to be a good method to quantify clinical image 
quality.  
The use of a novel wedge significantly improves the 
image quality for the thoracic spine examination and 
makes it possible to image the whole spine with a single 
exposure. 
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Abstract: The dosimetric accuracy of EDR2 radiographic films has been evaluated using 3D-inverse pyramid shaped 
beam intensity patterns to investigate the film response over the full dynamic dose range in both parallel and 
perpendicular direction. In the present study, coherent information was gathered to differentiate the extent to which 
EDR2 film is useful for total treatment verification, and for deciding when what compromises have to be made and 
what precautions have to be taken. 
 
Keywords: Inverse pyramid, radiographic film, dosimetry, perturbation, IMRT 
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1. Introduction 
 

In intensity modulated radiotherapy treatments 
(IMRT), not only the beam shape is geometrically 
optimized – as is also the case for 3D-CRT – but also 
the photon intensity across the beam area is actively 
shaped. This additional feature enables treatment plans 
with increased dose conformality to the tumour and 
more appropriate dose restriction to the normal tissues 
and organs at risk [1, 2].  However, the demands on the 
performance of plan design and delivery are very high. 
Treatments might hold a high number of irregular 
shaped beamlets, each contributing in a small extent to 
the overall dose distribution and geometrically accurate 
steep dose gradients are often required. Additionally, 
the complicated underlying physics of IMRT makes 
accurate dose calculation an arduous task; e.g. the 
delivered dose to shielded organs at risk is a 
superposition of many contributions like head scatter, 
transmission through the collimators, photons scattered 
in the patient and electrons transported from the 
adjacent high dose regions. The complexity of IMRT 
planning and delivery makes verification of the 
intended dose distributions an important issue (IMRT 
Collaborative Working Group 2001).  
Herein, two approaches can be followed: one option is 
the dose delivery verification of the separate beams; the 
other is verifying the whole treatment at once. Both 
have their arguments for and against. In the first 
approach, detected discrepancies between measured 
and calculated values can be directly related to the 
individual beams or even segments while this is not 
easily possible for complete treatment verification. 
However, the impact of the deviations revealed by 

single-beam verification cannot be straightforwardly 
extrapolated to the composed dose distribution. For the 
second approach, the verification of complete 
treatments, three-dimensional information is expedient. 
Only one real three-dimensional technique is available: 
gel dosimetry [3]. However, due to its main drawback 
of complexity, gel dosimetry is only slowly becoming 
available in research centers. Alternatively, 2D 
dosimeters such as radiochromic [4] and radiographic 
films [5] provide in one plane dosimetric data with 
high spatial resolution. Dosimetric information in the 
third dimension can be obtained by placing several 
films parallel to each other [6]. Radiochromic film is 
advantageous by being tissue equivalent. Although this 
type of film does not required chemical processing and 
allows ambient light conditions, it is still hampered by 
low signal to noise ratios and film uniformity issues.  
The second alternative, EDR2 radiographic film, yields 
high spatial resolution, is readily available and its 
extended dose range make MU rescaling of the 
treatment fraction superfluous. EDR2 films are now an 
integral part of dosimetric QA, particularly in intensity-
modulated radiation therapy (IMRT), image-guided 
radiation therapy (IGRT), and stereotactic radiosurgery 
(SRS). A detailed description and applications have 
been described in radiological text books [7, 8] and 
rather recently published in the Task Group 69 (TG-69) 
report [9]. However, a lot of controversy in literature 
exists about the dosimetric accuracy that can be 
achieved. 
The process of radiographic film dosimetry appears to 
be easy:  the interaction of radiation with film results 
after development in a blackening of the film. 
Quantifying the resulting optical density (OD) and 
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relating it to the applied doses, yields a sensitometric 
curve. Hence inversely, the OD of film irradiated with 
an unknown dose can be converted to dose using this 
sensitometric curve. In principle, the sensitometric 
curve should reflect unambiguously the sensitivity of a 
specific film to dose. However, many parameters can 
further influence the registered OD of the film: photon 
energy, irradiation conditions, composition of the 
emulsion, film processing and characteristics of the 
film scanner (densitometer). Some parameters are 
controlled: the irradiation of a set calibration films 
within each experiment together with the use of films 
of the same batch within one experiment already 
reduce the variability to a large extent. In addition, 
strict procedures regarding the irradiation conditions 
and the use of the film digitizer guarantee a further 
reduction of variability [10]. The remaining issues are 
photon energy spectrum and irradiation conditions. It is 
known that the high silver content in the film enhances 
the photoelectric interactions when compared to 
biological tissue, resulting in an over-response of the 
film to low-energetic photons. Additionally, published 
results might be confounded by the great impact a 
variety of experimental conditions have on the film 
sensitivity: air gaps [11], the material surrounding the 
film when bare (e.g. cassette material) [12] and film 
orientation with respect to the incident beam [13]. 
Especially, irradiation in parallel geometry requires 
special care in experimental set-up.  
Gillis et al [14] showed that in parallel irradiation 
geometry, inadequate contact between film and 
surroundings induces a gradual increase of film 
response with depth which might be confounded with 
an increase in film response due to the growing relative 
amount of low-energy photons with depth. Despite 
these drawbacks and controversies, radiographic film is 
used in many IMRT verification studies [15, 16, 17].  

In this study, we evaluated the dosimetric accuracy of 
EDR2 radiographic film in IMRT fields at different 
depths for perpendicular as well as parallel film 
irradiation geometries. Finally, the self-perturbation 
and intrinsic directional sensitivity of the film were 
investigated. In this way, lucid information was 
gathered to discriminate whether radiographic film is at 
all useful for specific total treatment verification and 
what compromises have to be made. 

 
2. Materials and methods 

 
All measurements were performed using the 6 and 18 
MV photon beams from a SLiplus linear accelerator 
(Elekta, Crawley, UK) equipped with the standard 
multileaf collimator (MLC). In this study, the X- and 
Y-directions are defined according to the Elekta 
convention. The Y-direction is the travelling direction 
of the leaves of the MLC. A 3-level valley (Inverse 
Pyramid) dose patterns was realized by combining six 
partly overlapping beamlets that all measured 20 cm in 
the X-direction (Figure 1). Inverse pyramid filed is a 
laborious and challenging test for radiographic film 
dosimetry due to (1) relatively high-dose region are 
irradiated by a greater number of beamlets and thus by 
a greater proportion of in-field photons (2) relatively 
low-dose regions are irradiated by a smaller number of 
beamlets and thus by a greater proportion of outside-
penumbra photons. For this reason the photon fluence 
spectrum varies significantly across a single fluence 
map. The contribution of low energy is larger than in 
calibrations condition so that it increases in 
photographic effects in the film with respect to tissue. 
On the other hand, regions with large scatter 
contribution mostly correspond to low dose rate. These 
are the reasons why the 3-dimentional inverse pyramid 
field was chosen for this investigation. 

 
Beamlets  1 2 3 4 5 6 

X1/X2= 
10cm/10cm 

Y1/Y2 10/-1 10/-4 10/-7 -1/10 -4/10 -7/10 

 
Fig.1. Inverse pyramid field. Negative sign of beamlets in table indicates the MLC point which crosses the central axis. The moving 
direction of leaves is Y. 
 
Film measurement: EDR2 (Eastman Kodak Co., 
Rochester, NY, USA) was used for this study. This 
film can handle a dose of more than 2 Gy without 
saturation [18]. This implies that a clinically applied 
fraction dose can be given to the film. All films were 
irradiated and calibrated in their ready-pack jackets. 
The films irradiated in one session were of the same 
batch, avoiding confounding effects by inter-batch 
differences [19]. As we always irradiated the films in 

the evening and did not develop them before the next 
morning, we ensured that the films had reached their 
stable OD [20]. The film processor (Kodak RP X-Omat 
processor model M7B with standard RP X-Omat 
chemicals) was not dedicated to film dosimetry alone, 
so that one “dummy” film was processed before each 
development session to ensure proper working 
conditions of developer. Residual effects of drift in 
temperature or composition of the developer solution 
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during the development session were randomized by 
developing the films in arbitrary order. These rigorous 
precautions were taken to enhance consistency of the 
measurements. 
Both calibration and measurement films were scanned 
using a VXR-12 film scanner (Vidar Systems 
Corporation, Herndon, VA, USA). The film scanner 
was operated with a resolution of 75 dpi (0.34 
mm/pixel) an encoding depth of 12 bit/pixel, and a 
digitizing speed of 14 ms/line. The film scanner was 
switched on 15–20 min beforehand to avoid warm-up 
effects [10] and procedure followed as described by 
Martens et al [30].  Film analysis was performed using 
in-house written routines in the Matlab environment 
(The Math Works Inc., Natwick, MA, USA, and 
Matlab 6.5). 
Film calibration: All calibration films were irradiated 
by 5 cm x 5 cm fields in a polystyrene slab phantom of 
30 cm x 30 cm x 20 cm in ‘perpendicular’ geometry 
(Figure 2a) – with the radiation beam incident at right 
angle to the film. For the 6 MV beam quality, the films 
were positioned at 5 cm depth in the slab phantom and 
the SSD was 95 cm. For 18 MV the films were located 
at 10 cm depth and a SSD of 90 cm was established.  

 
Fig.2. Experimental phantom geometries: a) perpendicular 
geometry b) parallel geometry c) geometry for assessment of 
self-perturbation d) intrinsic directional sensitivity. 
 

Self perturbation: The response at a certain depth in 
parallel geometry might be influenced by the part of 
the film more upfront in the beam and the phantom 
[21] because radiographic film is not tissue equivalent. 
The experimental set-up to investigate this issue was 
similar to the set-up for parallel irradiation. The film 
was aligned with the edge of the horizontal slabs of the 
phantom. Then, various thicknesses of slabs were put 
vertically in front of this phantom: 0, 4, 9 and 14 cm 
(figure 2c) and table was adjusted laterally to keep the 
SSD equal. A rigorous junction without air gaps 
between the horizontal plates and the vertical ones 
upfront was complicated by the film. Therefore, the 
film, in its ready-pack jacket, was shortened 
beforehand at one side with a cutting machine in the 
dark room in order to achieve a clear border of film and 
its envelope. In that way the film could be aligned 
accurately with the border of the polystyrene slab. To 
avoid incoming light in the opened ready-pack jacket, 
the polystyrene plates, between which the film was 
inserted, were covered by black insulation tape. The 
gantry was rotated to a horizontal central axis 
orientation and a 5 cm x 5 cm field with a beam quality 
of 6 MV was set and 2.00 Gy was delivered to the 
isocentre. Each film exposure was repeated three times 

and the images from the three films were averaged in 
terms of dose for reproducibility reasons.  
Directional sensitivity: A cubic high-density 
polyethylene (0.94-0.98 g/cm3) phantom was designed 
and constructed (Figure 2d) with a hole in which a 
cylindrical holder fitted to discriminate local from 
distant directional effects. This holder, containing a 
small elongated piece of film along its diagonal, could 
be rotated in the phantom. In the dark room, three films 
were cut into 8 pieces of 3 cm x 20 cm, exactly fitting 
into the holder together with surrounding white paper 
and jacket. In this way, the same configuration is 
guaranteed as in the other experiments. The rotation 
axis of the cylindrical film holder is positioned in the 
isocentric plane. A dose of 1.5 Gy was delivered to the 
isocentre by a 6 MV 5 cm x 5 cm beam SSD of 95 cm 
was established. Eight different film orientations were 
considered:  0, 5, 10, 20, 30, 50, 70 and 90°. 0° implies 
a film orientation containing the central beam axis and, 
obviously, 90° means perpendicular irradiation of the 
film. For each film orientation three films were 
exposed. The OD in the middle of each film piece i.e. 
film response at the isocentre, was evaluated. The 
resulting OD values of the three films irradiated in the 
same configuration were then averaged.  
The same procedure was followed for the inverse 
pyramid 6 MV beam as fig.1 at 20 cm depth in the 
phantom. Finally, this experiment was repeated for a 
0.5 cm x 5 cm 6 and 18 MV beam at depth of 5 cm and 
SSD of 95 cm.  

 
3. Results and discussion 

 
Figure 3 shows the results of inverse pyramid 
irradiation in perpendicular and parallel geometries for 
6MV and 18MV beam quality compared to diamond 
measurements. 

 
Fig.3. Inverse pyramid profiles measured with diamond 
detector, film in perpendicular geometry and film in parallel 
geometry: a) 6 MV SSD = 95 cm d = 5 cm (85 MU/ segment) 
b) 18 MV SSD = 90 d = 10 cm (70 MU/segment). The letters 
A-G indicate the areas where dose has been evaluated 
quantitatively.  
 

For the same IMRT beam in the same dose regions 
(Inverse Pyramid) for 6 MV, at evaluation spot A and 
G (i.e. minimal relative dose due to scatter), the local 
deviation from the diamond measurements varies from 
0.2 to 0.5 % for perpendicular irradiated films. For 
parallel irradiated films, the local deviation varies from 
-2.4% to -2.2%.  
In the central regions without primary dose 
contribution, (region D for the inverse-pyramid dose 
pattern in Figure 3) the over-response of perpendicular 
irradiated film varies from 27.8% for the 6 MV large 
inverse pyramid beam. In identical irradiation 
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geometry, parallel irradiated film over-responds by 
23.2%. 
For the same IMRT beam in the same dose regions but 
in an 18 MV beam quality, the local deviation from the 
diamond measurements vary from -0.4% to -0.2% for 
perpendicular irradiated films. For parallel irradiated 
films these local deviations vary from -2.9% to -2.7%. 
We found that the parallel irradiated films show a 
lower response than the film irradiated in perpendicular 
geometry systematically.  
Pragmatic methods to suppress low-energy over-
response of radiographic film have been proposed in 
several papers. For open beams Williamson et al [22] 
presented a depth-dependent sensitometric curve fitted 
to a mathematical equation. However, this method is 
specific for each field size and does not correct fully 
the over-response in the outside-penumbra region. 
Another published approach to overcome the over-
response problem to low-energy photons is a 
scintillation method [26]. Hereby, a film is sandwiched 
between two plastic scintillation screens to enhance the 
film response to upstream electrons, and therefore 
minimize the over-response caused by low-energy 
photons. Their method suffers from poor uniformity of 
the scintillation screens and has only been evaluated 
for percentage depth dose curves. Burch et al [25] 
proposed a filtration method: scattered low-energy 
photons are prevented from reaching the film by 
placing a lead foil parallel to the film. This method 
described and tested by Burch et al [25] and Yeo et al 
[26] for regular field profiles and depth dose curves 
and it was evaluated for more complicated IMRT 
beams by Yeo et al [23], Ju et al [27] and Bucciolini et 
al [28].  However, the optimal filter thickness is in 
principle dependent on depth, field size, energy and the 
orientation of the filter and film. The applicability of 
this filter technique needs therefore still more 
investigation for total treatment verification. Recently, 
a Monte Carlo based spectral and absorbed dose 
correction was presented by Palm et al [29].They 
achieved good results but Monte Carlo simulations are 
needed for any verification rendering the method rather 
cumbersome. We thought that the cause of lower 
response of radiographic film in parallel orientation can 
be explained by a recombination effect. Radiographic 
film behaves as a solid-state process occurring in the 
silver bromide (AgBr) crystals of the film emulsion.  
After ionization of AgBr, electrons are released into 
conduction band and trapped at imperfection sites.  
Recombination of electrons and holes at recombination 
centers (imperfection) would be expected to occur as a 
second-order process, being proportional to the product 
of the numbers of electrons and holes. The alternative 
process leading to the formation of silver (permanent 
hole-trapping, nucleation and growth of silver 
particles) would probably proceed with lower order 
kinetics. For this reason, it is to be expected that 
recombination is more probable under condition that 
large number of electrons and holes are simultaneously 
present in the grain. They probably released their 
energy in the form of lattice vibrations or heat energy. 

The increasing recombination effect results in a 
reduced sensitivity. 
Figure 4 represents a 6-MV central depth dose curve of 
a 5 cm x 5 cm field measured with film in a parallel 
geometry together with different partial depth dose 
curves obtained by placing the respective film edges at 
different depths: 0, 4, 9 and 14 cm. No significant 
response changes can be detected when placing the 
front edge of the film deeper into the phantom. The 
response of the film irradiated in parallel geometry at a 
certain depth is obviously not influenced by film 
material situated more upfront in the beam. 
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Fig.4. Superposition of four partial depth dose curves 
measured with 4 sets of films retracted over 0, 4, 9 and 14 cm 
respectively in parallel irradiation geometry for a 6MV 5 cm 
x 5 cm beam. SSD = 95 cm. 2 Gy was delivered to the 
isocentre for all curves. The colors show the start of each set 
of retracted films. 
 

Figure 5 represents the OD as function of incidence 
angle for four irradiation geometries: in the isocentre at 
5 cm phantom depth in a 5 cm x 5 cm 6 MV and at 
position D of the 6 MV inverse pyramid beam at 20 cm 
depth in the phantom and in the isocentre in a 0.5 x 5 
cm 6 and 18 MV beam. 
For the 6 MV 5 cm x 5 cm beam, the film response 
gradually decreases by 3.5% when evolving from 
perpendicular to parallel film irradiation. Reducing the 
field size to 0.5 cm x 5 cm brings the gradual decrease 
up to 6 %. For 18 MV this field size revealed no further 
decrease. Inverse-pyramid field shows less than 1% 
decrease. 

 
Fig. 5. Intrinsic directional sensitivity at 5 cm depth in a 6 
MV 5 cm x 5 cm and 0.5 x 5 cm beam, 18 MV 0.5 cm x 5 cm 
beam and in the central region (D) of the 6MV inverse-
pyramid dose pattern at 20 cm depth.  Error bars are standard 
errors of the mean. 0° stands for parallel irradiation and 90° 
for perpendicular irradiation. OD values for perpendicular 
irradiation are normalised to 1. 
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4. Conclusion 
 

While for the measurement in a parallel plane to the 
beam axis EDR2 film is reported to be lower response 
than perpendicular irradiated film for IMRT beams 
which involve great amount of low-energy scattered 
photons. This can be fully described to intrinsic 
directional sensitivity. This is a pure local effect that 
can be largely overcome by appropriate calibration 
measurements and choice of verification plane in total 
treatment verification. The film irradiated in parallel 
geometry at a certain depth is clearly not influenced by 
film material situated more upfront in the beam. There 
is no extra self absorption by the film itself.  
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________________________________________________________________________________________________ 
 
Abstract: In this work we review the perspectives of using semiconductor quantum dots in the photodynamic therapy of 
cancer. The special attention is paid to studies where quantum dots were investigated as resonance energy donors to 
porphyrin-type photosensitizers. One example of self-assembled quantum dot-photosensitizer complex with the ability 
of energy transfer, which was examined by our group, is presented as well.  
 
Keywords: Photodynamic therapy, PDT, quantum dots, nanocrystals, porphyrin, photosensitizer, resonance energy 
transfer, FRET, singlet oxygen. 
______________________________________________________________________________________________ 
 

1. Introduction 

Cancer is a leading cause of death worldwide. Late 
diagnosis and inefficient treatment of cancer lead to 
large number of deaths every year. Nanotechnology can 
offer new solutions for fighting this disease. Due to 
nano-dimensions, unique optical properties, high 
stability and easy surface modification by binding 
different functional groups and biomolecules, 
semiconductor quantum dots (QDs) are considered as 
promising materials for many biological and medical 
applications. Recently it has been suggested to use QDs 
not only for diagnostic purposes but also in the 
photodynamic therapy (PDT) of cancer [1]. PDT is a 
treatment that uses a photosensitizing drug (PS), usually 
porphyrin-type molecules, and the light to cure the 
malignant tumors and certain non-malignant 
pathologies. Once the light is applied, the excited 
molecules of photosensitizer generate cytotoxic reactive 
oxygen species (ROS), such as singlet oxygen (1O2) 
(type II reaction) or free radicals (type I), which 
irreversibly damage cancer cells. Desired features for 
the ideal PDT sensitizer are chemical purity, simplicity 
of synthesis, significant absorbance in the red spectral 
region (in optical window of biological tissues), high 
quantum yield for generation of photochemical 
reactions, preferential tumor localization, minimal dark 
toxicity and rapid clearance from normal tissue. It is 
believed that using QD-PS system could improve PDT 
in many ways. First of all, due to tunable by QD size 
emission spectrum, high emission quantum yield and 
long lifetime, QDs can work as efficient energy donors 
for PS. The energy transmitted from QD to PS could 

further be used for generation of 1O2 or free radicals. It 
is established that the energy from QD to PS is 
transmitted by non-radiative Förster resonance energy  
transfer mechanism [1]. Moreover, in several recent 
papers it was shown that QDs are potential 
photosensitizers in their own i.e QDs can generate ROS 
[1-3]. Scheme in Fig. 1 illustrates processes, which 
could be induced after photoexcitation of QD-PS 
complex during PDT. The optical properties of QDs 
such as high extinction coefficient (105-106 M-1cm-1) 
and broad absorption spectrum would make easier to 
excite QD-PS complex. High extinction coefficient of 
QDs absorbing in red or NIR spectral region would 
allow achieving the photosensitization in deeper tissue 
layers. Further, high photostability of QDs as well as the 
ability to control the QDs encapsulation and surface 
functionalization for improved water solubility, 
biocompatibility and targeting make QDs favorable for 
PDT.  

 
Fig.1. The processes induced after photoexcitation of 
QD in QD-photosensitizer (QD-PS) complex. 
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The absorbed energy by QD could be returned by 
emission, which is an advantage when QDs are used for 
imaging. The excitation energy could also be transferred 
to bound photosensitizer molecule via Förster resonance 
energy transfer (FRET) mechanism. Photosensitizer 
excited by this indirect way can further pass the energy 
to surrounding oxygen molecules (3O2) by exciting them 
to singlet state (1O2) [1]. The third possible way is when 
photoexcited QD* directly generates 1O2 [1, 2] or other 
reactive oxygen species [3]. The last two ways are 
desirable for PDT. 
Several comprehensive reviews where the numerous 
investigations of different aspects using QDs for PDT 
are summarized have been published recently [4-7]. 
Here we will focus on QD-porphyrin systems where QD 
works as energy donor for porphyrins. One example of 
non-covalent QD-PS complex investigated by our group 
[8] will be presented as well. 
 

2. Quantum dots as resonance energy donors for 
classical photosensitizers 

Förster resonance energy transfer (FRET) is a non-
radiative transfer of excitation energy from an excited 
donor fluorophore to a ground-state acceptor 
fluorophore [9]. FRET process results from dipole-
dipole interactions and its rate is depended on: 1) the 
degree of spectral overlap between donor luminescence 
and acceptor absorption (Fig. 2) 2) the sixth power of 
the separation distance between the donor and acceptor 
pair, and 3) orientations of donor and acceptor transition 
dipoles. FRET efficiency is determined experimentally 
from the fluorescence quantum yields or lifetimes of the 
donor in the absence (ΦD, τD) and presence of the 
acceptor (Φ D, τ D) using Eq. (1). 
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FRET efficiency is related to the distance between the 
donor and acceptor pair (r) by Eq. (2). 
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where R0 (the Förster distance) is the critical distance 
between the donor and the acceptor molecules for which 
efficiency of energy transfer is 50%. R0 depends on the 
quantum yield of the donor, Eq. (3) as 
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where κ2 is the dipole orientation factor (κ2=2/3 is often 
assumed, considering that both donor and acceptor are 
isotropically oriented during the excited state lifetime),  
n is the refractive index of the medium and J is the 
spectral overlap integral, calculated as 
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where fD is the normalized donor emission spectrum, 
and εA is the acceptor molar extinction coefficient. 
FRET between organic molecules is quite common 
process and is widely exploited in a variety of biological 
studies [9]. However, only recently FRET was reported 
in hybrid nanomaterials composed of inorganic 
semiconductor QDs and organic dyes.   
The first demonstrations that QDs could efficiently 
transfer energy via FRET were reported in QD systems 
between the different sizes of QDs. In the pioneering 
works performed by Bawendi group it was shown that 
FRET occurs between closely-packed QDs of two 
different diameters: smaller (38.5Å diameter) serving as 
exciton donors and larger ones (62 Å) functioning as 
energy acceptors [10]. Further studies demonstrated that 
inorganic QDs could perfectly function as FRET donors 
for different organic fluorophores [11, 12], including 
porphyrin-type photosensitizers used for PDT [1]. 
Using QDs as FRET donors to photosensitizer 
molecules are particularly attracting due to: 1) the 
ability to tune the emission wavelength by either simple 
manipulation of the nanocrystal dimension and/or 
modification of the composition of the inorganic core 
used, which can allow achieving a better spectral 
overlap with an acceptor absorption, 2) high quantum 
yield and long lifetime of emission, 3) resistance to 
photobleaching, 4) ease of surface modifications and 
subsequent possibilities of stable and controllable 
binding of donor molecules. 
 

 
Fig.2. Normalized absorption and emission spectra of 
CdSe/ZnS QDs and photosensitizer chlorin e6 in 
phosphate buffer solution (PBS) of pH 7. Filled area 
indicates the overlap of QDs (donor) emission with the 
absorption spectrum of chlorin e6 (acceptor). The arrow 
shows the excitation at λex=465 nm, used for FRET 
studies. 
 
In our studies, we used a second-generation 
photosensitizer, chlorin e6 (Ce6) and water-soluble 
CdSe/ZnS quantum dots with lipid-based coating 
bearing external amino groups (commercially available 
from eBioscience) [8]. QDs were chosen according to 
their emission maximum in the way to full fill the 
condition of spectral overlap between the emission of 
QD (donor) and absorption of Ce6 (acceptor) for FRET 
to occur. Fig. 2 demonstrates the spectral overlap of 
studied QD-Ce6 pair. The absorption spectrum of QD is 
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broad with gradual intensity decrease towards the red 
spectral side, while the emission band is narrow with the 
maximum at 620 nm. The emission of QDs partially 
overlaps two last absorption bands of Ce6. For FRET 
studies, the excitation wavelength (λex=465 nm) was 
selected to coincide with the minimum of Ce6 
absorption spectrum in order to reduce contributions 
resulting from the direct excitation of Ce6. 
 
2.1 Quantum dot-porphyrin systems in organic 
solvents 

First studies on QD-photosensitizer complexes were 
performed in organic solvents [1, 13-15]. In the earliest 
work reported by Samia et al. the spectral measurements 
of trioctylphosphine oxide (TOPO) capped-CdSe QDs 
with linked silicon phthalocyanine (Pc) through an alkyl 
amino group on the photosensitizer’s axial substituent 
were performed in toluene [1]. The primary condition 
for FRET to occur was fulfilled – the emission band of 
QDs overlapped with the absorption of Pc. Using 
excitation wavelength where only QDs absorbed, the 
authors observed a decrease in QD’s emission, while the 
emission of Pc appeared in the spectrum. It was 
evaluated that QDs could work as FRET donors for 
conjugated Pc molecules with 77% FRET efficiency. In 
that work the key principles of using QDs for PDT were 
formulated. In the later works of Burda group, the 
efficiency of energy transfer between CdSe QDs and Si 
Pc molecules were studied as function of length of chain 
linkers, their functional groups, also thickness of 
capping layers of QDs.  For example, it was noticed that 
the efficiency of energy transfer between QDs and Pc 
increased with the chain length of the linker. These 
findings were opposite to a FRET process, which 
efficiency depends on donor-to-acceptor separation 
distance with an inverse 6th power (Eq. 2.). However 
this contradiction was explained by the better 
interdigitization of the longer phthalocyanine linker 
chains into the organic capping layer of QDs [14, 15]. 
The formation of CdS/ZnS QDs capped with TOPO and 
pyridyl-substituted porphyrins non-specific conjugates 
in toluene solution was demonstrated by Zenkevich et 
al. [16, 17]. It was shown that the quenching efficiency 
of QD emission by porphyrins was dependent on the 
number and position of pyridyl rings, as well on the 
position of nitrogen atom within the pyridyl ring. This 
was related to the manner and orientation of pyridyl 
groups upon porphyrin attachment to the surface of 
QDs. It was concluded that pyridyl-substituted 
porphyrin molecules anchor on the CdSe/ZnS surface in 
a nearly perpendicular fashion with two nitrogen lone 
pair orbitals forming coordination bonds with the 
surface. Authors stated that FRET is a good qualitative 
tool to identify formation of QD-porphyrin complexes 
[16]. 
 
2.2. Quantum dot-porphyrin systems in aqueous 
medium 

Although studies of QD-porphyrin complexes in organic 
solutions had confirmed the possibility of FRET in such 

systems, however these complexes were not suitable for 
biological medium due to the lack of water solubility.  
The first study on QD-porphyrin complex in aqueous 
solution was reported by Shi et al. [18]. Water-soluble 
CdTe QDs coated with 2-aminoethanethiol (cysteamine) 
and meso-tetra(4-sulfonatophenyl)porphine (TSPP) as a 
photosensitizer were used. It was proposed that QD-
TSPP complex was formed via electrostatic interaction. 
The measurements of singlet oxygen in D2O revealed 
that such complex was able to produce singlet oxygen 
with quantum yield of 0.43. Since QD-TSPP complex 
was excited at the wavelength where the absorption of 
free TSPP was minimal, the authors suggested that 
singlet oxygen was produced via excitation of QD 
followed by a FRET mechanism. No singlet oxygen was 
generated when QDs where excited in the absence of 
TSPP, this was in contrast to results obtained by Samia 
et al. who observed a small amount (5%) of singlet 
oxygen formed directly from excitation of CdSe QDs 
[1]  
Further attempts to produce stable QD-porphyrin 
complexes in aqueous solutions via electrostatic 
interaction were reported [19-23]. However, in most of 
these studies the aggregation of formed QD-porphyrin 
complex arose as main instability problem. For instance, 
aggregation was obtained under formation of complex 
between CdTe(TGA) QDs and metal-free tetra(p-
trimethylamino) phenylporphyrin [19] as well between 
CdTe(cysteamine) QDs and AlOH-
tetrasulfophthalocyanine [20]. Addition of CdTe(MPA) 
QDs also caused the aggregation of cationic zinc 
phthalocyanine in methanol-water solution [22].  
The interesting results were obtained with TGA capped 
CdTe QDs and porphyrins having differently charged 
meso-substituents [23]. The quenching of QD 
luminescence was observed upon increasing 
concentration of both negatively and positively charged 
porphyrins, however the intensity of only negatively 
charged porphyrins increased and became higher than in 
the absence of QDs. The authors concluded, that the 
negatively charged porphyrins interact with QDs 
through energy transfer mechanism, while positively 
charged porphyrin molecules interacts through charge 
transfer mechanism [23].           
The first covalent QD-PS conjugates were created by 
linking peptide-coated  CdSe/CdS/ZnS QDs and 
photosensitizers, Rose Bengal and chlorin e6 [24]. The 
dramatic increase of fluorescence of both Rose Bengal 
as well as chlorin e6 in comparison to photosensitizers 
alone was observed after its covalent attachment to 
QDs. This observation was accompanied by a decrease 
in emission intensity and lifetime of QDs. Moreover, it 
was shown that such conjugates are able not only 
undergo FRET but also produce singlet oxygen.  The 
highest quantum yield of singlet oxygen generation was 
obtained for QD-Ce6 sample (0.31). 
 
2.3. Complex of water-soluble CdSe/ZnS quantum 
dot and chlorine e6    

In this section, we will shortly present our results on 
non-covalent complex formation between water-soluble 
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CdSe/ZnS QDs and chlorin e6 [8]. As was shown above, 
QDs were selected in the way to full fill the condition of 
spectral overlap between its emission and the absorption 
band of Ce6 (Fig. 2). When Ce6 was added to QD 
solution, the fluorescence band of Ce6 underwent a 
bathochromic shift from 660 nm to 670 nm. Upon 
increase in Ce6 concentration, the intensity of QDs 
emission significantly decreased,  while the intensity of 
Ce6 fluorescence at 670 nm was increasing 
simultaneously (Fig. 3). It should be noted that the 
excitation wavelength at 465 nm was used, which 
coincided with the minimum of Ce6 absorption in order 
to reduce contributions resulting from direct excitation 
of Ce6. 
 

 
Fig. 3. Emission spectra of QD, Ce6 and mixed QD-Ce6 
solutions at increasing QD:Ce6 molar ratio from 1:0.1 to 
1:20, λex= 465 nm. The inset shows Emission excitation 
spectra of corresponding solutions recorded at λem= 670 
nm.   
 
The emission lifetime measurements of QDs showed a 
substantial shortening of QDs lifetime in the presence of 
Ce6 (Fig. 4). These findings indicated that the efficient 
process of energy transfer from QDs to bound Ce6 
molecules occur within self-assembled QD-Ce6 
complex.  

 
Fig. 4. Photoluminescence decay of QD and QD-Ce6 
solutions at increasing QD:Ce6 molar ratio from 1:1 to 
1:10 registered at λem= 620 nm.  
 
In the first approach, we expected that the electrostatic 
interaction between the positively charged amino groups 
of QDs coating and negatively charged carboxyl groups 
of Ce6 might be a pivotal force for QD-Ce6 complex 

formation. However, the experiments with similar QDs, 
except that terminal amino (positively charged) groups 
were changed to carboxyl (negatively charged) also 
revealed the formation of Ce6 fluorescence band at 670 
nm. Meanwhile, the measurements performed with 
QDs, which did not have lipid-based coating, but were 
capped with MSA or TGA did not resulted any changes 
in Ce6 spectrum. This suggested that lipid-based coating 
plays the major role in QD-Ce6 complex formation. 
Indeed, similar bathochromic shift of fluorescence band 
is observed upon binding of Ce6 to plasma proteins, 
LDL and DOPC unilamellar vesicles [25], i.e. when Ce6 
molecules localizes in hydrophobic environment. Most 
probably, upon binding to QD, the nonpolar part of Ce6 
molecule immerse in the hydrophobic part of lipid 
coating of QD. This is also in agreement with Ce6 
cellular localization studies, which demonstrated that 
Ce6 molecules tend to localize in most cellular 
membranes [26] and membrane models [27].          
By summarizing the above results we proposed the 
model of QD-Ce6 complex formation with schematic 
illustration how Ce6 molecules might be arranged within 
this complex in Fig. 5.  

 
Fig. 5.  Model of QD-Ce6 complex  formation. Ce6 
bears polar carboxyl groups on one side of the 
porphyrin macro cycle whereas the opposite side is 
rather nonpolar. Most probably upon binding to QDs, 
the nonpolar part of Ce6 molecule immerse in the 
hydrophobic part of lipid coating of QD, while carboxyl 
groups are exposed to water surrounding. 
 
Our findings imply that the hydrophobic interaction 
might be a promising way for creating QD-
photosensitizer complexes for PDT. 
 

3. Conclusions 

As the primary step in the long cascade of 
photosensitization the effective energy transfer from 
QDs to photosensitizers is vital for using QDs in 
photodynamic therapy of cancer. Although, the first 
successive attempts in development of such QD-PS 
systems were made, however further efforts are needed 
to produce stabile, biocompatible conjugates with a high 
quantum yield of singlet oxygen or ROS generation.     
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________________________________________________________________________________________________ 
 
Abstract: Quantum dots (QD) are semiconductor nanoparticles which are widely used as fluorescence imaging probes 
in biomedicine. We investigated QDs distribution in mouse Ehrlich ascites tumour model in vivo using fluorescence 
microscopy. The results show limited QDs penetration into tumour cells and principal accumulation in cell membrane. 
Meanwhile, QDs are internalized inside the blood cells and are retained in vesicular structures indicating endocytotic 
uptake pathway.  
 

Keywords: Fluorescence imaging, quantum dots, endocytosis, Ehrlich ascites, tumour. 
________________________________________________________________________________________________ 
 

1. Introduction 
 

Nanobiotechnology has become an actively emerging 
research area because of the immense efforts in the 
biomedical applications of nanomaterials. 
Semiconductor quantum dots (QDs) have widely served 
as fluorescent probes to visualize the biological 
processes both in vitro and in vivo. These nanoparticles 
are easily functionalized using peptides, proteins, DNA 
and antibodies. QDs indeed showed high capacity to 
target and image tumours in living subjects by 
fluorescence based techniques [1-4]. 
Selective tumour imaging strategies can be divided into 
passive and active targeting. Passive targeting does not 
require nanoparticles specificity for tumour cells and is 
based on the enhanced permeability and retention (EPR) 
effect [1]. Tumour capillaries are leakier than healthy 
tissue vessels, which causes more intense QD 
extravasation into neoplastic tissue. Additionally, 
tumours usually have reduced lymphatic drainage and 
increased permeability of cell membranes, which 
determine nanoparticles retention in tissue. 
Active targeting is reasoned on the selective interaction 
of specifically modified QD with biomolecules 
(antibodies, proteins, etc) expressed by the cancer cells. 
Tumour imaging can be performed by interaction of 
functionalized QDs with specific receptors located on 
the membranes of vascular endothelium cells [2,3]. This 
strategy doesn’t require nanoparticles extravasation into 
tissue and is based on tumour vessel imaging. 
On the other hand, QD can be targeted to the cancer 
cells directly. This strategy, however, needs QD to be 
transported from intravascular compartment through 

vessel wall into tissue. This hurdle depends on tissue 
type  
and becomes even more complicated in the brain tissue 
because of blood-brain barrier [4]. One of the QD 
delivery solutions is loading macrophagues with 
nanoparticles. These cells actively phogocytize QD and 
accumulate in the inflammatory lesion and tumours. 
This technique was used with magnetic nanoparticles 
and QDs [5]. Another way to translocate nanoparticles 
through biological membranes is capping with cell 
penetrating peptides. For example Tat protein 
conjugated QDs successfully penetrated into brain tissue 
[6]. 
The other important group of QD applications involves 
intracellular imaging and organelle tracking. These 
applications require QD delivery through cell 
membrane. It was shown that QD enter the cells via the 
endocytotic pathway and remain entrapped in vesicular 
structures [7,8]. There are several endocytotic pathways 
shown to be involved in QD uptake: lipid raft mediated, 
G-protein coupled receptor dependant, clathrin based 
and caveolin based endocytosis. It is believed that QD 
size, surface coatings and charge could be the key 
determinants for nanoparticles recognition by certain 
receptor(s) [9]. On the other hand, QD uptake depends 
on the biological system parameters, namely, cell type, 
physiological state, endocytotic activity and other [8]. 
However, fairly little is known about how QDs are 
eliminated from cells after labeling. It was shown that 
QD may remain in the lysosomes, Golgi complex and 
even nuclei [10]. Meanwhile in vivo studies reveal that 
administered QDs are observed in the organism up to 2 
years with additional changes in spectral properties 
indicating nanocrystal degradation and possible release 
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of toxic compounds [11]. QDs excretion from the cell 
was reported only in the stem cells [8]. 
Understanding the metabolism of QDs in individual 
cells could help us to prevent the cytotoxicity of QDs in 
different types of cells. Nanoparticles behavior in 
biological systems is little known and there is a need for 
extensive studies in order to optimize and control QD 
applications in biomedicine. 
In this study we investigated QDs distribution and 
intracellular uptake in Ehrlich ascites tumour mouse 
model by the means of fluorescence microscopy. 
 

2. Materials and Methods 
 

Ehrlich ascites tumour model 
Subcutaneous tumour models were generated by the 
subcutaneous inoculation of Ehrlich ascites carcinoma 
cells into peritoneum (200 µl) using a 1 ml syringe.  
After two weeks the tumour reached appropriate volume 
for nanoparticles distribution experiments. 0,3 ml of 
CdSe/ZnS QD capped with carboxy groups exposing 
ligands (QTracker-565, Invitrogen) at 5,3*10-7 M in 
PBS were injected intraperitoneally. After different 
incubation times (1-24 hours) the Ehrlich ascites 
specimen were prepared (0,1-0,5 ml) and diluted up to 
200 times with PBS. The cells were washed by 
centrifugation at 1000 rpm for 5 min and aspirating the 
supernatant and resuspending with PBS up to initial 
volume. 
The cells were stained with 0,1 ug/ml DiOC6 for 10 min 
which is lipophylic and, therefore, stains cellular 
membranes. 
 
Fluorescence microscopy 
Microscopy experiments were performed using Nikon 
Eclipse TE-2000U microscope, equipped with Plan 
Fluor 20x/0,5 and Plan Apo VC 60x/1,4 (oil imm.) 
objectives. For brightfield and fluorescence image 
detection RGB CCD camera Leica “DFC 290” was 
used. Three excitation-emission filter blocks were used: 
BP330-380, BA420 for ultraviolet; BP450-490, BA520 
for blue and BP510-560, BA590 for green excitation. 
Nikon mercury lamp was used for fluorescence 
excitation. 
Confocal fluorescence microscopy was performed using 
the Nikon “Eclipse C1 Plus” confocal scanning system 
equipped with two detectors. For standard images the 
three channel RGB detector (bandpass filters: 515/30 
for green and 605/75 for red channel) was used. For 
spectral imaging the 32-channel spectral detector was 
used (resolution: 5 nm). Specimens were excited with 
488 nm Ar ion laser. 
Image processing was performed using the “Nikon EZ-
C1 Bronze version 3.80” and “ImageJ 1.41” software. 

 
3. Results 

 

3.1. Characterization of Ehrlich ascites tumour  
 

The microscopic examination of Ehrlich ascites sample 
shows that the tumour is not a homogenous cell 

population and consists of several cell types. Using the 
brightfield microscopy different cell types can be 
distinguished by their size and shape (Fig. 1.). The most 
abundant cells are ascites cells. They are largest in 
diameter (15-25 µm), nearly spherical with weakly 
visible nucleus. However, the blood cells are present in 
the sample as well. They could be identified due to their 
size, 6-9 µm in diameter, and shape: erythrocytes – 
characteristically concave and white blood cells – 
spherical. The quantity of blood cells varied among the 
animals. An increase could be observed if any bleeding 
occurred during sample preparation. The blood cells 
could be distinguished from ascites cells according to 
the images of healthy mouse blood plasma. The cellular 
heterogenicity was confirmed by differentiating the cells 
with Giemsa stain: ascites cells stained in blue, 
erythrocytes in red and white blood cells in purplish-
reddish colors. 
Using the fluorescence microscopy the tumour cells 
appeared bluish autofluorescent under UV excitation. 
There were seen single cells with greenish fluorescence 
under UV or blue excitation. However autofluorescence 
bleached in the order of seconds under lamp exposure. 
 

 
 
Fig.1. Brightfield image of Ehrlich ascites sample 

showing heterogenous cellular composition.  
 
3.2. Quantum dots distribution in Ehrlich ascites 
tumour  
 

The distribution of QD in Ehrlich ascites tumour is 
unambiguous. When a concentrated ascites sample 
(1:10 ascites:saline dilution) is investigated under 
fluorescence microscope, the extracellularly distributed 
QD can be observed. They can be detected in the 
interstitial cell connecting substance, which is 
predominantly rich in extracellular proteins. 
Extracellular QD localization can be observed even 
better by diluting the ascites sample to a higher degree 
(1:100 -1:500 ascites:saline). When the cell aggregates 
are disrupted single cells can be analyzed (Fig. 2). Most 
of the Ehrlich ascites cells show no QD 
photoluminescence. Several cells appear having 
fluorescent membrane (fig. 2: the cell with numbers “2” 
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and  ”4”) indicating limited or no QD intracellular 
uptake but mostly accumulated in the plasma membrane 
or the extracellular matrix. Since QDs are coated with 
carboxy groups exposing ligands, they posses negative 
charge. These polar groups may strongly interact with 
positively charged amino acids of the proteins. QD 
electrostatic interaction with proteins was shown earlier 
[12]. 
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Fig.2. Confocal microscopy images of Ehrlich ascites cells 2 
h after intraperitoneal QD (λfl=565 nm) injection. Membranes 
stained with DiOC6 (λfl=510 nm). Left: “green” channel 510-
560 nm for DiOC6; right: “red” channel 560-660 nm for QD; 
bottom: fluorescence spectra of selected areas in the images. 
Note that one cell has more intense QD PL at 565 nm in the 
membrane “4” than in the cell centre “2”. 
 
However, single cells with internalized QDs can be 
found (Fig. 3.). These cells are rare in the sample and 
presumably are not healthy ascites cells. They are 
smaller in size (up to 10 µm) compared with Ehrlich 
ascites cells. According to the results of tumour 
characterization experiments it is most likely that these 
cells are phagocytes. The QD photoluminescence 
pattern is not homogenous but granulated. It shows that 
QDs are not monodispersed in the cytosol but rather 

entrapped in certain cellular vesicular compartments. 
The QD PL was not observed in the nuclei of any cells.  
 

 

 
 
Fig. 3. Confocal microscopy images of a single cell from 
Ehrlich ascites tumour 2 h after incubation with QDs. 
Membranes stained with DiOC6. Left: “green” channel 500-
530 nm for DiOC6, right: “red” channel 568-643 nm for QD 
 
In the samples single fluorescent cells with continuous 
QD distribution could be found. However, they posses 
intact membrane, blebbing, nuclear fragmentation or 
other signs indicating damaged cells. The homogenous 
QD distribution could have been determined by passive 
migration through disrupted barrier.  
The cell to cell variability in the sample could be 
determined by several factors: limited QD 
intraperitoneal diffusion and dispersion because of 
tumour viscosity, QD adhesion to non cellular tissue 
components, cellular migration and diversity of cell 
types with different metabolism and endocytotic 
activity. 
The last factor should have played the major role in the 
observed QD distribution pattern. Macrophages and 
other phagocytes are the part of the reticuloendothelial 
system (RES) which is an essential component of the 
immune system. Phagocytes are able of engulfing 
substances, such as bacteria and viruses, rendering them 
incapable of causing harm to the body. They also ingest 
abnormal and old cells, thus clearing the body of their 
harmful presence. Increased endocytosis of 
nanoparticles by these cells was reported as well and is 
a key determinant in QDs uptake and clearance from 
blood [3,5]. The selective QD accumulation in 
phagocytes can be used for identification of 
inflammation process or tumour as these tissues are rich 
in phagocytic cells [5]. In general, QD intracellular 
uptake is determined by both: cellular (cell type, 
endocytotic activity, physiological state) [3,8] and 
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nanoparticles properties (size, surface chemistry, 
functionalization) [7, 13]. 
 

4. Conclusions 
 

The complexity of the investigated biological system 
impedes the analysis of cellular QD distribution. 
However, it can be concluded, that intraperitoneally 
injected QDs adhere to extracellular tissue components 
and the membranes of ascites cells. QD intracellular 
uptake can be observed in non-ascites cells, 
predominantly in phagocytes. Vesicular QD cellular 
distribution indicates endocytotic QD uptake pathway 
and limited nanoparticle release from the vesicular 
structures. Cell type dependant QD uptake is related 
with different endocytotic activity and can be used for 
selective cell imaging. 
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________________________________________________________________________________________________
  
Abstract: In recent decade nanoparticles became very popular for biomedical applications. Biological imaging requires 
comprehensive knowledge about distribution and clearance patterns of nanoparticles for efficient clinical applications 
and for potential risks minimization. We used quantum dots (QDs) to investigate the biodistribution of nanoparticles in 
mouse model after subcutaneous and intravenous administration by the means of fluorescence spectroscopy. The results 
show that QD penetration through vessels is limited and distribution depends on the administration pathway. 
 
Keywords: Quantum dots, fluorescence imaging, spectroscopy, clearance, biodistribution, lymph nodes mapping. 
_______________________________________________________________________________________________ 
 

1. Introduction 
 

Quantum dots (QDs) are semiconductor nanocrystals 1–
10 nm in diameter [1]. Structurally they consist of a 
core and a shell. Exceptional QDs properties, like 
composition and size-dependent absorption and 
emission, high photostability makes them perfect for in 
vivo imagining. Organic coatings can be added to the 
surface of such QD to make them biologically 
compatible, stable and widely adaptable for biomedical 
research. Properly modified QD were numerously used 
for targeted in vivo imaging, drug delivery systems, 
therapeutic agents and others [2,3]. 
Recently subcutaneously injected QDs were used for 
lymph node (LN) mapping in order to locate LN during 
lymphonodectomy, which is an important part of radical 
cancer operation [4,5]. Subcutaneously injected QDs 
were detected in sentinel lymph nodes (SLN) already 5 
minutes post injection. Their concentration reached a 
maximum at 60 min [5] or 4 h [6] after injection. Most 
of injected QDs remained in injection region with no 
migration into internal organs [5]. Contrary, other 
research group detected QDs in internal organs, but in 
very low and time depended concentrations [6,7].  
Sentinel lymph node mapping was performed after QDs 
injection into pleural space [8], esophagus [9], 
gastrointestinal tract [10] etc. Inoue Y. et al. used 
abdomen compression with transparent, colorless tape, 
this markedly improved the visualization of the iliac LN 
[11].   
QDs injected into different tumours models rapidly 
migrate to sentinel lymph nodes [12]. In the future this 
procedure can help to find tumor metastases in LN were 
tumours lymph drains. 

The other promising group of QD applications relates 
tissue specific imaging after intravenous adminstration.  
The majority of tumour targeting strategies involve QD 
functionalization with antibodies specific for receptors 
that are overexpressed by tumour cells. One such 
approach is targeting the integrin αvβ3 receptors which 
are overexpressed in the endothelium of growing blood 
vessels associated with tumour growth (angiogenesis), 
using peptides containing the arginine–glycine–aspartic 
acid (RGD) sequence as the targeting agent [13]. 
However in vivo applications require comprehensive 
knowledge about QD distribution, non-specific 
accumulation and clearance from organism because of 
potential toxicity, due to QD toxic heavy metal 
composition. For today cadmium-free QDs are 
synthesized and already used for in vivo imaging [14]. 
It is known that QDs toxicity depends on multiple 
factors derived from both individual QD 
physicochemical properties and environmental 
conditions. QD size, charge, concentration, outer 
coating bioactivity (capping material, functional 
groups), and forthcoming oxidative, photolytic, and 
mechanical stability have each been shown to be 
determining factors in QD toxicity [15].  
Low nanoparticle toxicity could be clinically tolerated if 
they would be cleared from organism in a short period 
of time. It was shown that the molecules with 
hydrodynamic diameter (HD) less than 6 nm are 
typically filtered through kidneys, while the particles 
with HD>8 nm are not. The filtration of molecules 6-8 
nm in size depends both on size and charge of the 
particle. Liver is physiologically capable to effectively 
capture the particles 10-20 nm in size for the clearance 
of viruses, pathogens and other small particles. 
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Consequently the agents within this size undergo rapid 
liver uptake and they have low circulation lifetimes 
[16,17]. QD presence in the organism was observed 
even 2 years after injection and long-term effects of 
accumulated QD are not studied well [18]. 
The aim of this study was to examine QDs distribution 
in mouse model after different administration routes 
using photoluminescence (PL) spectroscopy. 
 

2. Materials and methods 
 

Animal model 
Experiments were carried out in the Institute of 
Oncology, Vilnius University. Permission for 
experiments with animals (no.0190) was given by The 
State Food and Veterinary Service. BALB/c mice were 
used for spectroscopy experiments and one Wistar rat 
was used for fluorescence microscopy. Animals were 
kept in a 12 h light/dark cycle and had access to food 
and water ad libitum. 
Subcutaneous QD administration 
For QD distribution after subcutaneous administration 
CdTe QD (Plasmachem) with 710 nm emission were 
used. QDs nanocrystals are capped with organic 
molecules and have carboxy groups in the outer layer. 
100 µl at 2,5 and 1,25 µM solution of CdTe were 
injected into front left paw of mouse. As a positive 
control 200 µl of photosensitizer AlPcS4 at 55,6 µM 
were injected subcutaneously. QD and photosensitizers 
distribution were evaluated by fluorescence 
spectroscopy. 
 Intravenous QD administration 
For QD distribution after intravenous administration 
CdSe/ZnS quantum dots (QTracker-705, Invitrogen) 
with 705 nm emission were used. 200 µl at 0,4 µM 
solution (total dose: 40 pmol/animal) were injected into 
the tail vein of experimental mouse.  
Fluorescence spectroscopy 
Fluorescence spectra were measured by Varian Eclipse 
spectrophotometer. The fiber optics module was used 
for examination of mice skin in vivo and for 
measurements of internal organs after sacrificing the 
animals. Cuvette module was used for examination of 
prepared tissue homogenates. 450 nm excitation light 
was used.  
Sample preparation 
After examination of photoluminescence of mice skin 
animals were sacrificed at 20 min, 24 h and 5 days post 
injection. Internal organs (liver, heart, kidneys, lungs, 
brain, spleen, muscles) were removed and prepared for 
mechanical homogenization. Disruption was performed  
by T18 basic Ultra-Turrax disperser by IKA Afterwards 
homogenates were centrifuged for 15 min at 7000 RPM. 
Supernatants were used for spectroscopy. 
Fluorescence microscopy 
QD localization in tissue was examined by fluorescence 
microscopy.  The rat was anestized by calipsol narcosis. 
The thoracic cavity was partially opened and QDs  (100 
µl; 0,7 µM; QTracker-655) were injected directly into 
heart (left ventricle). After 15 min the animal was 
sacrificed and organs were prepared, frozen (at -200C) 

and sliced with scalpel (thickness ~0,5mm) for 
fluorescence microscopy: Nikon Eclipse TE2000 
microscope with Plan Fluor x20/0,5 objective and 
mercury lamp with dichroic filter set BP510-560, 
DM575, BA590 for QD PL detection. 
 

3. Results 
 

3.1 Quantum dots (QD) distribution after 
subcutaneous administration 
 

Autofluorescecnce of mice skin was measured before 
the injection of QDs and is presented in Fig. 1. PL 
intensity of mice skin decreases with increasing 
detection wavelength, and there are no specific bands of 
PL intensity in this spectral region.  
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Fig. 1. Photoluminescence spectra of mouse skin, quantum   
dots and AlPcS4  photosensitizer. 
 
These are typical spectra of tissue autofluorescence 
caused by endogenous biomolecules. QDs have PL band 
with the peak at ~725 nm and AlPcS4 at 684 nm, 
therefore these fluorophores can be clearly distinguished 
from the autofluorescence background. 
After subcutaneous injection of AlPcS4 characteristic 
PL of photosensitizer is visible in all regions of skin 
already 15 minutes after injection (Fig. 2). 
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Fig. 2. PL spectra of the skin 15 min after injection of AlPcS4, 
compared with AlPcS4 PL. 
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AlPcS4 PL was registered in the internal organs as well 
(data not shown). It indicates that sensitizer is rapidly 
absorbed from tissue to the blood vessels and distributes 
with blood throughout the organism.  
These results show that sensitizer is easily detectable 
using optical fiber spectroscopy in vivo.  
After subcutaneous injection of QDs characteristic PL 
band is observed only in the PL spectra of skin at 
injection site region. The signal could be registered 
during the whole investigation period, e.g. up to 5 days 
(Fig. 3).  
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Fig. 3. Photoluminescense spectra of the skin 20min after 
subcutaneous injection of CdTe QDs.  
 
However QD PL could not be detected in other skin 
sites located more than 1cm from the injection site. 
Fiber optics spectroscopy is limited because of limited 
penetration depth of excitation light into the tissue. 
Therefore, the signal comes only from the superficial 
skin layer and the information about QDs distribution in 
deeper tissues is not gathered. 
After QDs photoluminescence evaluation in vivo, 
animals were sacrificed and internal organs were 
prepared for fluorescence spectroscopy. The PL spectra 
of internal organs didn’t show characteristic QDs 
photoluminescence band up to 5 days after QDs 
injection (Fig. 4). These results indicate that QDs did 
not migrate from injection site and remained in the 
administration region during the whole investigation 
period. 
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Fig. 4. Photoluminescence spectra of internal organs 
homogenates 5 days after CdSe/ZnS QDs injection.  
 

The results show that photosensitizer molecules and QD 
nanocrystals distribute in organism differently. 
Photosensitizers molecules are small (MW=894 g/mol) 
and this allows them to be absorbed from interstitium to 
blood and afterwards they migrate to other organs 
(hematogenic migration). Meanwhile QDs are much 
bigger particles (MW≈4*106g/mol) and their penetration 
into vessels is highly limited. More to add QDs 
interaction with biomolecules is reported which may 
cause the increase of hydrodynamic diameter, 
opsinization, aggregation and other effects [17]. These 
processes influence QD stability and pharmacokinetics 
which are essential for in vivo applications.  
 
3.2 QD distribution after intravenous administration 
 

After intravenous QD administration, characteristic QD 
PL band  (at ~705 nm) could be observed in injection 
site and surrounding regions by the means of fiber 
optics spectroscopy (Fig. 5). However QD PL was not 
detected more than 1 cm from the injection point, 
similarly like after subcutaneous injection. The QD PL 
topical distribution pattern remained similar up to 1 
hour. 
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 Fig. 5. Fluorescence spectra of mouse skin in different body 
positions 1 h after intravenous QD administration; measured 
with fiber optics module. 
1 hour after injection the mouse was sacrificed, internal 
organs were prepared and examined by fiber optics 
spectroscopy. In most organs the QD PL band could be 
detected indicating QD presence in tissues (Fig. 6).  
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Fig. 6. Fluorescence spectra of mouse organs 1 h after 
intravenous QD administration; measured by fiber optics 
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module. The graph shows normalized spectra (at 640 nm), 
inset displays the original spectra. 
The highest QD PL intensity was observed in the brain. 
It should be noticed, that highest PL intensity does not 
necessary reflect highest fluorophore concentration in 
tissue because the investigated organs have different 
optical properties and, therefore, light is absorbed and 
scattered differently. Kidney, liver and spleen are very 
dark due to the high pigmentation in these organs and, 
therefore, they have overall lowest fluorescence signals 
(fig. 6, inset). Therefore this method should be treated 
as semi-quantitive. 
After fiber optics examination the organs were 
homogenized and prepared for cuvette-module based 
spectroscopy. The QD PL band was registered in the 
spectra of these samples as well (data not shown). 
QD presence in internal organs after 1 hour indicates 
that nanoparticles migrate from injection site. The fast 
and systemic QD appearance in organs indicates that 
QD distribute with blood circulation. In general, 
intravenously administered agents may be a) retained in 
tissue vascular compartments, b) extravasate into 
interstitium and later c) be taken up by the tissue cells 
[16,17].  
24 hours after injection QD PL could still be observed 
in the injection area during topical examination. QD PL 
traces were observed in the internal organs spectra as 
well (Fig. 7). However the QD PL was significantly 
lower when compared to 1 h samples and was 
compareable with autofluorescence level in liver, lungs, 
spleen and kidney. Meanwhile the spectra of brain, heart 
and control samples (no QD administration) do not 
exhibit 705 nm band. 
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Fig. 7. Fluorescence spectra of mouse organs 24 h after 
intravenous QD administration, measured by fiber optics 
module. The graph shows normalized spectra (at 640 nm), 
inset displays the original spectra. 
 
In the spectra of samples prepared after 24 h the QD PL 
intensity is significantly lower than in the samples 
prepared after 1 h. More to add, the spectrum of brain 
tissue overlaps with the control spectrum, which means 
that no QD PL was detected after 24 h, whereas it was 
most intense among investigated organs after 1h. 
Similarly, no QD PL was observed in the spectrum of 

heart. These results are related with QD transport from 
blood vessel to tissue and can be explained as follows. 
The diffusion of molecules across capillary wall is 
exceptionally limited in the brain by the blood-brain 
barrier, which does not exist in other tissues. Therefore 
QD uptake to the brain tissue is highly limited and 
remains a challenge for researchers [19]. The observed 
results could be associated with the intravascular QD 
retention in brain capillaries. The intensive QD PL in 
the brain should be attributed to the high cerebral blood 
flow, which constitutes ~15% of cardiac output. 
QD presence in blood vessels was confirmed by 
fluorescence microscopy of brain section after QD 
injection into the circulation. Figure 8 shows blood 
vessel of the brain surface and QD PL (right) coming 
from the vascular compartment. 
 

  
 
Fig. 8. Brightfield (left) and fluorescence (right) images of 
brain surface 15 min after QD injection indicating QD 
presence in blood vessel without extravasation to interstitium; 
scale bar - 50 µm. 
 
Consequently, measured QD PL intensity in brain and 
heart tissues correlates with QD concentration in blood 
and the absence of QD PL in brain and heart after 24 h 
respresents QD clearance from blood. Contrary, weak 
QD PL remains in other organs indicating QD 
accumulation in tissue (muscle, liver, kidneys, lungs). 
Rapid QD accumulation in liver and spleen was 
observed by others and is explained by QD retention in 
reticuloendothelian system. The other clearance 
pathway is renal filtration. However urinary clearance is 
most efficient for smaller particles (particularly up to 6 
nm) and should not be significant in our case. On the 
other hand, QD interaction with biomolecules was 
reported earlier and possible QD PL quenching, 
nanoparticle aggregation or disruption in biological 
tissue should not be excluded [16,17,20].  
The observed QD distribution is caused by several 
processes and more detailed study on QD 
pharmacokinetics and deposition pattern is needed in 
order to predict and control nanoparticle behaviour in 
biological systems. 
 

4. Conclusions 
 

Our results show that QD distribution depends on the 
administration pathway. Subcutaneously injected QDs 
diffuse locally and do not migrate with blood to other 
organs. QD remain in injection site up to 5 days 
indicating limited QD penetration into vessels. 
Intravenously injected QD migrate with blood and can 
be observed 1 h after injection in the vascular 
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compartments of internal organs. Meanwhile after 24 h 
QD are removed from blood and their distribution is 
more related to QD tissue uptake. 
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Abstract: In this work we present the spectral study on complex formation between CdSe/ZnS-amino (PEG) (545 nm) 
quantum dots and second-generation photosensitizer chlorin e6 in the presence of bovine serum albumin.   
 
Keywords: Photodynamic therapy, quantum dots, photosensitizer, porphyrin, chlorin e6, complex, energy transfer, 
FRET, protein, bovine albumin serum. 
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1. Introduction 
 

Luminescent semiconductor quantum dots (QDs) have 
received considerable interest due their unique optical 
properties leading to various applications in some 
biological and biomedical fields. Several years ago it 
was suggested that QDs could also be used in the 
photodynamic therapy (PDT) of cancer to enhance the 
efficiency of conventional porphyrin-type 
photosensitizers (PS) [1]. Although there are numerous 
studies on different QD-PS systems in organic and 
aqueous solutions reported until now [2, 3], however the 
formation and stability of QD-PS complex in biological 
medium were not investigated yet.    
In this work, we present the spectral study on the 
formation of complex between CdSe/ZnS-amino(PEG) 
(545 nm) QDs and second-generation photosensitizer 
chlorin e6 (Ce6) in the presence of protein, bovine serum 
albumin (BSA).  
 

2. Materials and methods 
 

Chlorin e6 tetrasulfonic acid was purchased from 
Frontier Scientific Inc. (USA). CdSe/ZnS coated with 
amphiphilic (AMP) polymer and polyethylene glycol 
(PEG) amine (NH2 100%) were obtained from 
Invitrogen Corp. (USA). Bovine albumin serum was 
purchased from Sigma (Germany). All materials were 
used without further purification. 
Working solution of QD (0.05µM) was prepared by 
diluting the stock solution of QD (8µM) provided 
directly by manufactures (Invitrogen Corp., USA). The 
stock solutions of Ce6 and BSA were freshly prepared 
before experiments. All solutions were prepared in 

phosphate buffer solution (PBS) of pH 7. A small 
amount of BSA was added to working QD solution to  
reach QD:BSA molar ratio of 1:100. Further, 
concentrated Ce6 solution was titrated to QD-BSA 
solution until QD:BSA:Ce6 molar ratio of 1:100:15 was 
achieved. Similarly, solution of QD-Ce6 without BSA 
was prepared (QD:Ce6, 1:15). For control measurements, 
unmixed Ce6 and QD solutions were prepared without 
(0.75µM Ce6, 0.05µM QD) and with BSA (Ce6:BSA 
15:100,  QD:BSA 1:100).   
Fluorescence measurements were performed on Cary 
Eclipse fluorescence spectrophotometer (Varian Inc., 
USA). To determine if FRET from QDs to Ce6 
molecules occurs, the excitation wavelength at 465 nm 
was used, which coincides with the minimum of Ce6 
absorption (in order to reduce contributions resulting 
from direct excitation of Ce6).  

 
3. Results and discussion 

 
The fluorescence spectra of QD, Ce6 and mixed QD-Ce6 
solutions in the absence and presence of BSA are shown 
in Fig. 1. The emission maximum of QD was at 545 nm 
and upon addition of BSA the change in QD emission 
was negligible. Meanwhile, the fluorescence maximum 
of Ce6 in the presence of BSA shifted to red side of the 
spectrum from 660 nm to 670 nm. Similar spectral shift 
of Ce6 was reported upon binding to human serum 
albumin [4]. Further addition of Ce6 into QD-BSA 
solution reduced the intensity of QD emission, while the 
intensity of Ce6 fluorescence at 670 nm became higher 
than in Ce6-BSA solution. Upon addition of Ce6 to pure 
QD solution, the intensity of QD emission decreased 
almost twice as in QD-BSA-Ce6 solution, while the 
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intensity of Ce6 fluorescence increased five folds. 
Interestingly, the position of Ce6 fluorescence band in 
QD-Ce6 solution was at 670 nm, similar as in the 
presence of BSA (in Ce6-BSA and QD-BSA-Ce6 
solutions). The bathochromic shift of Ce6 fluorescence 
band to 670 nm was reported not only upon binding to 
serum albumin, but also in LDL and DOPC unilamellar 
vesicles[4].  

Fig. 1. Fluorescence spectra of QD (0.05µM), Ce6 
(0.75µM) and QD-Ce6 (QD:Ce6 molar ratio 1:15) 
solutions in PBS and in the presence of BSA (QD:BSA 
1:100, Ce6:BSA 15:100, QD:BSA:Ce6 1:100:15). The 
excitation was at 465 nm. The spectral region from 625 
to 725 nm is shown in different scale. 
 
Structurally similar chlorin p6 was shown to undergo red 
shift of its fluorescence band due to the interaction with 
surfactants (SDS and CTAB) [5]. These studies disclose 
that the spectrum of Ce6 molecules is very sensitive to 
the polarity of environment and changes significantly in 
the hydrophobic surrounding. The amphiphilic nature of 
Ce6 might favor the binding affinity to nonpolar 
molecules. The principal function of serum albumin is 
to transport fatty acids, which bind in hydrophobic 
pockets capped by polar side chains [6]. Most probably 
that upon binding to BSA, Ce6 molecules localize in the 
hydrophobic parts of protein as well. The explanation 
for similar position of Ce6 fluorescence band in the 
presence of QDs might be that Ce6 molecules immerse 
into the hydrophobic region of amphiphilic polymer, 
which is the main constituent of QD coating. The 
interaction study with PEG (another constituent of QD 
coating) did not reveal any changes in Ce6 spectrum 
(not shown here). In this approach, upon binding to 
AMP polymer, Ce6 molecules became situated at a short 
and fixed distance from QD core. This might lead to 
high FRET efficiency. The quenched intensity of QD 
emission after addition of Ce6 and the increased 
intensity of Ce6 (Fig. 1, QD-Ce6 in PBS) confirm that 
the energy transfer from QD to bound Ce6 molecules 
occur within QD-Ce6 complex. However, when BSA 
was added into QD solution before Ce6 (QD-BSA-Ce6), 
the efficiency of energy transfer was significantly lower. 
The decreased intensity of QDs indicated that some Ce6 
molecules reached QD coating. The higher intensity of 
fluorescence band at 670 nm in QD-BSA-Ce6 solution 
in comparison to that in Ce6-BSA solution reinforced 
the fact that some Ce6 molecules were excited by energy 
transfer from QDs. The reduced efficiency of energy 

transfer in the presence of BSA could be resulted not 
only from the decreased number of potential acceptors 
because some Ce6 molecules were bound to BSA, but 
also from the fact that BSA molecules could bind to 
QDs thus increasing the interaction distance for Ce6. 
The study with CdTe QDs with similar core size 
(emission maximum at 550 nm) revealed that the 
interaction of QDs with BSA led to the formation of 
additional quantum dot coating layer [7].  

Fig. 2. Fluorescence spectra of QD:Ce6 (QD:Ce6 1:15) 
solutions in PBS and in the presence of BSA 
(QD:BSA:Ce6 1:100:15) 24h after the preparation.  
 
Moreover, the presence of protein molecules could 
simply increase the viscosity of solution thus reducing 
the speed of the reaction between QDs and Ce6. To test 
the last assumption, the fluorescence spectra of QD-Ce6 
solutions in PBS and in the presence of BSA were 
measured after 24 hours (Fig. 2.). After 24 hours the 
spectral changes were registered not only in QD-BSA-
Ce6 solution but also in QD-Ce6 solution. The same 
tendency of intensity redistribution between QD and 
Ce6 emission bands was observed in both solutions: the 
intensity of QD emission further decreased, while the 
intensity of Ce6 fluorescence raised. However, in the 
presence of BSA, the quenching of QD emission was 
not so intensive as in the absence of protein. The level 
of QD emission in the presence of BSA almost dropt to 
that observed in freshly prepared QD-Ce6 solution 
without BSA. On the contrary, the increase in Ce6 
fluorescence after 24h was more pronounced in the 
presence of protein, however the intensity of Ce6 
fluorescence did not reach the value obtained in the 
absence of BSA. These results indicate that the presence 
of protein slows down the binding reaction between QD 
and Ce6 and reduces its yield. Consequently, the FRET 
efficiency is lower in QD-BSA-Ce6 solution. However, 
the higher ratio of QD emission decrease in respect to 
the ratio of Ce6 increase obtained in the absence of 
protein after 24h suggests that besides FRET there 
might be another quenching mechanism of QD 
emission, which in the presence of protein is eliminated. 
It was demonstrated that the interaction with BSA 
prevents CdTe QDs from aggregation [7]. Although, the 
coating of AMP polymer and PEG should insure good 
solubility for QDs, however the aggregation might be 
the case. 
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4. Conclusions 
 

We conclude that photosensitizer Ce6 can form a stable 
complex with CdSe/ZnS-amino(PEG) quantum dots in 
the presence of protein. The interaction responsible for 
Ce6 binding to QDs in the presence of BSA reveals the 
hydrophobic character, similar as in PBS solution. In 
formed QD-Ce6 complex, energy transfer from QD to 
bound Ce6 molecules occur, however with lower 
efficiency. 
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________________________________________________________________________________________________ 
 
Abstract: Self assembling nanostructures of Meso-tetra (4-sulfonatophenyl) porphine (TPPS4) were investigated using 
atomic force microscope (AFM) and scanning tunneling microscope (STM). It was shown that TPPS4 forms long up to 
1 m length 19 nm diameter nanotubes. Also short „standing“ nanotubes (10 nm height) were observed. Investigations 
with STM showed that TPPS4 molecules forms 17,5 nm diameter ring like structures. These ring like structures are 
primary TPPS4 J-aggregate structures formed by stacking TPPS4 molecules by zigzag model. We propose a new TPPS4 
nanotube formation model – winding of linear threads to a 18 nm diameter spiral. 

 
Keywords: Porphyrin, aggregation, atomic force microscopy. 
________________________________________________________________________________________________ 
 

1. Introduction 
Organized self-assembly of molecules and self-
organization is the central issue to the utilization of 
nanoscaled materials in the “bottom-up” approach of 
nanotechnology for future manufacturing [1]. Self-
assembled porphyrin nanostructures have recently 
gained considerable attention as a technique for the 
fabrication of nanoscale functional structures, for the 
electronic and photonic devices and solar energy 
conversion [2].  
It is believed that in the future nanodevices will be 
created using self-assembling nanostructures. One of 
possible building blocks for nanodevices is molecular 
aggregates. It is known, that ordered structures are used 
in nature (and can be used in nanodevices) to perform 
specific functions like light harvesting complexes in the 
chlorosomes of green bacteria. Molecular aggregates 
also could be used for manufacturing photo converters 
[3] and biosensors [4]. Optical properties of molecular 
aggregates with a cylindrical geometry currently draw 
considerable attention since they are model substances 
for aggregates of the light harvesting antenna 
chlorophyll with a ‘storage-ring‘ configuration and of 
primary charge-separation systems in photosynthesis. 
The molecules in such aggregates are bound to each 
other by noncovalent bonds, such as hydrogen bonds, 
van der Waals interactions, and -  stacking and they 
are highly ordered. Water-soluble 5,10,15,20-tetrakis-
(4-sulfonatophenyl)porphyrin (TPPS4) (fig 1.) has been  
largely investigated by many authors [5, 6] mainly 
because its diacid form is able to self-aggregate, leading 
to formation of porphyrin nanotubes [7, 8].  

 
 

 
 

Fig. 1. Structure of TPPS4 at pH=7 [ 9]. 
 

Aggregate nanotube model is confirmed by AFM [10], 
TEM [11], small angle X-ray scattering [12] and 
theoretical modeling [13] results. Structure, deposition, 
preparation of TPPS4 nanotubes is widely investigated 
using various methods, but detailed molecular structure 
and aggregation model of TPPS4 aggregates still 
remains unclear. 
In this paper we present investigation of TPPS4 
aggregates structure by means of Atomic force 
microscopy (AFM) and scanning tunneling microscopy 
(STM).  

 
2. Materials and methods 

 
Meso-tetra (4-sulfonatophenyl) porphine (TPPS4) was 
obtained from Frontier scientific (Logan, UT, USA). J-
aggregate solutions were prepared by dissolving TPPS4 
in a drop of distilled water and then diluted with 
hydrochloric acid (HCl) till the required concentration. 
Concentration of all solutions was 10-4 M medium 
pH=1.3. TPPS4 molecules assemble into small 
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aggregates immediately, but it takes at least several 
hours to form large aggregates. 
Glass and self-assembled monolayers (SAMs) were 
used as substrates for measurements with atomic force 
microscope (AFM). Glass slides were degreased and 
washed in distilled water. Gold substrates, used for 
SAM’s preparation were prepared by first precoating 
the Si substrates with 25 Å of Ti adhesion layer and 
then by evaporating 2000 Å of Au. Gold substrates were 
washed in aqueous solution of 3,6% NH3 and 4,0% of 
H2O2 at 85° C for 5 minutes. SAMs were prepared by 
dipping gold substrates into diluted solutions of 
hexadecanthiol (hydrophobic surface). Substrates were 
left in solution for at least 12 hours. Afterwards, the 
samples were washed in the MilliQ water in ultrasonic 
bath for 3-10 minutes. Gold wafers were used as 
substrates for STM measurements.  
Samples for AFM measurements were formed by 
casting a droplet (20–60 μl) of solution of J-aggregates 
onto the glass/SAM substrate. The droplet was removed 
after 30 seconds. Drop of solution covered 0,5 – 1 cm2 
of the substrate surface. Then the sample was dried in 
ambient air. Samples for STM were prepared by putting 
a drop (20 μm) of TPPS4 J-aggregate solution on gold 
substrate and, 30 s later, spun at 5000 rpm. This 
procedure was repeated six times.  
Atomic force microscopes Explorer 
(ThermoMicroscopes, Sunnyvale, CA) and Nano Scope 
IIIa (Digital Instruments, Santa Barbara, CA) were used 
to produce surface images in ambient air. Measurements 
were performed in constant force contact mode using 
silicon nitride cantilevers (type: MLCT-EXMT-A, 
Thermomicroscopes, Sunnyvale, CA) and in the tapping 
mode with a point probe silicon tip (type: NCH-W) of 
radius <15 nm (Nanosensors GmbH&Co.KG, 
Norderfriedrichskoog, Germany) at oscillation 
frequencies of 250-350 kHz. Omicron UHV AFM/STM 
(Omicron NanoTechnology GmbH Taunusstein, 
Germany) was used to produce images in ultra high 
vacuum (10-11 Torr). Tungsten tips were used. 
Spectral measurements were carried out using PC1000 
(Ocean Optics Inc., Dunedin, Fl, USA) spectrometer. 

 
3. Results and discussion 

 
It is suggested that TPPS4 does not stack in neutral 
water solution because the negative charges at the 
sulfonato groups cause electrostatic repulsion. The 
changes observed in the absorption spectrum in aqueous 
solution of TPPS4 with increasing medium acidity are 
result of diprotonated species formation, which are the 
ones forming the J-aggregates. Figure 2 presents the 
normalized absorption spectra of TPPS4 in neutral 
solution (dotted line), acidic solution (solid line), and 
film of TPPS4 deposited on glass substrate (dashed line) 
prepared by the drying a drop of an acidic aqueous 
solution of TPPS4 at room temperature. In neutral 
solution (pH=7) TPPS4 molecules has intense Soret 
absorption band at 413nm and four Q bands in visible 
region (516 nm, 553 nm, 582 nm and 636 nm). In acid 

medium spectrum of TPPS4 changes: intensity of Soret 
band decreases, new absorption bands at 489 nm (J-
band) and at 706 nm appears. Absorption band peaks at 
489 nm and 706 nm both indicate the formation of J-
aggregates [14]. Spectrum of TPPS4 aggregates film 
deposited on glass substrate (40 μl of acid TPPS4 
solution dried on glass slide) is very similar to spectrum 
of acidic TPPS4 solution. It has absorption bands at the 
same positions (489nm and 706nm). This indicates that 
the J-aggregates remained structurally intact on glass 
substrate after drying 40μl of TPPS4 acidic solution in 
ambient air.  

 
 
Fig. 2. Normalized absorption spectra of neutral TPPS4 
solution (c=10-4M, pH=7) (dotted line), TPPS4 J-aggregates in 
aqueous acidic solution (c=10-4M, pH=1.3) (solid line), and in 
thin layer on glass substrate (dashed line), prepared by the 
drying a drop of an acidic aqueous solution of TPPS4 at room 
temperature. 
 
The stability of the optical properties in general 
indicates that deposition and drying of J-aggregates on 
the substrate does not destroy them. A slight broadening 
of the absorption band at 489nm may appear because of 
possible distortion of the spatial structure of the 
aggregates deposited on glass substrate. 
 

 
 
Fig. 3.  TPPS4 J-aggregates dispersed on glass (A) and 
hydrophobic SAM (B) substrates topography images and 
model (C) 
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AFM images of J-aggregates on glass substrate (fig. 3 
A) show that TPPS4 molecules form rod-like 
aggregates. Their height (~ 4nm) and width (~ 40 nm) is 
uniform, but length of the aggregates varies in quite 
broad range (from 200 - 1000 nm). This indicates that 
aggregates growth direction is along the rod. In AFM 
images presented in fig. 3 A, B besides rod-like 
aggregates, cylinder-like objects that are about 10 nm in 
height and 40 nm in diameter were observed. In 
literature [7] such structures were presented and 
described as not ordered “flocculated“ structures. But 
these structures recur in AFM images of TPPS4 
aggregates and have approximately equal size; width of 
these cylinder-like objects is approximately the same as 
width of TPPS4 aggregates. In solution small TPPS4 
aggregates should also be present. In case of very short 
aggregates it could be energetically more favorable to 
“stand” rather than lay on the surface. It was previously 
reported [15], that TPPS4 aggregates interact stronger 
with hydrophilic surfaces. This shows, that surface of 
aggregates is hydrophilic and small aggregates should 
tend to stand on hydrophobic surfaces so minimizing 
interaction surface. Our results shows, that these 
cylinder-like objects lay on the top of TPPS4 aggregates 
when aggregates are dispersed on hydrophilic substrate 
(glass). In case of hydrophobic substrate (SAM of 
hexadecanthiol molecules) these cylinder shaped objects 
lay not on the surface of aggregate but on the 
hydrophobic SAM. These results confirms idea, that 
these cylindrical objects are „standing“ TPPS4 J-
aggregates (short nanotubes) (fig. 3 C). Absence of the 
hollow could be explained by too low resolution of used 
AFM.  
Measurements with UHV STM showed that width of 
aggregate dispersed on gold substrate is around 25 nm, 
height – around 2 nm (fig. 4 A). Surface of aggregates is 
covered by small structures (fig. 4. A). On the surface of 
some aggregates bending threads can be seen. One 
almost complete ring-like structure is presented in (fig. 
4, B, C). Diameter of this ring-like structure is around 
17,5 nm, width of a thread is approximately 5 nm, 
height ~1 nm.   
 

 
Fig. 4. STM image of TPPS4 aggregate (insert shows side of 
the aggregate) (A), ring-like structure on surface of aggregate 
(B), 3D view of ring-like structure (C), cut of ring-like 
structure (D). 

Width of aggregate measured with UHV STM is about 
15 nm smaller than width measured with AFM in air. 
This difference could appear because of UHV STM has 
greater resolution and sharper tips were used so “tip 
imaging” had less effect. Width of TPPS4 aggregates 
(nanotubes) presented in literature [11] measured with 
cryo-EM is equal to 18 nm. Our measurements with 
STM show 6 nm wider aggregates. Difference of 
aggregates width measured width STM could be 
explained by nanotube flattening on the gold surface. 
TPPS4 aggregates deforms (flattens) after deposition on 
the surface (height of aggregate is equal to bilayer of 
TPPS4 molecules) so width of aggregate increases. 
Flattened 18 nm diameter nanotube on the surface 
should appear as 28 nm width rod-like aggregate. These 
results are in good agreement with previously reported 
studies of TPPS4 aggregates using AFM [7, 8, 10, 16], 
small angle X-ray scattering [12], theoretical modeling 
[13]. The most relevant structure based on spectroscopic 
data and mathematical modeling supports the formation 
of linear TPPS4 J-aggregates [17]. The polar sulfonic 
groups exibit strong intermolecular interactions with 
positive charge of the protonated nitrogen atoms at the 
center of neighboring porphyrin molecules. Theoretical 
modeling [13] results shows that that porphyrin ring of 
TPPS4 molecule is flat in neutral solutions and it looses 
it’s flatness in acid solutions. Asymmetry of zwitterions 
(building blocks of the thread) leads to bending of the 
whole thread approximately 5 for each monomer. In 
literature there are presented several TPPS4 nanotubes 
formation models [7, 12]. These models states, that 
bending threads forms rings, and nanotube is composed 
of these rings. However there are no data presented in 
literature that would show a closed ring formed of 
TPPS4 molecules. Friesen et. al. [18] reported that 
TPPS4 rods are composed of disk-like building blocks 
approximately 6 nm in diameter. They speculated that 
these disks are rings formed from TPPS4 molecules. But 
these rings are too small to form a 18 nm diameter 
nanotube seen in SPM images.  
Size of ring-like structure, we observed, presented in 
fig. 4 B perfectly coincides with SPM measurement, 
theoretical modeling [13] and small angle X-ray 
scattering [12] experiment results. 
Another interesting fact is that aggregates end is 
diagonal (fig. 4 A). It makes 120 degrees angle with 
longitudinal axis of aggregate. It was impossible to 
determine how threads of TPPS4 molecules are oriented 
in TPPS4 aggregate because surface of aggregate was 
covered by small structures (TPPS4 monomers or small 
aggregates), but we observed that side of aggregate is 
toothed (fig. 4 A insert). This toothed side is made of 
oblong structures approximately 2.2 nm in width and 
oriented same direction (approximately 117 degrees to 
the longitudinal axis of aggregate) as end of the 
aggregate. Periodicity of these structures is ~4.6 nm. In 
literature presented models states that aggregate is 
formed from rings. In this case end of the aggregate 
should be perpendicular to the longitudinal axis of 
aggregate. Nanotube could also form when a bending 
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thread, formed of TPPS4 molecules, winds up to a 
spiral. In this case end of aggregate should be diagonal 
to aggregate longitudinal axis, treads formed of TPPS4 
molecules should be oriented same direction as end of 
aggregate. Structures observed on the side of aggregate 
are oriented the same direction as end of the aggregate. 
“Spread deck of cards”, “zigzag” and “helical” models 
were proposed for formation of linear threads of TPPS4 
molecules [14, 17]. Size of TPPS4 molecule is 
approximately 1.9 nm x 1.9 nm x 0.4 nm [9]. Width and 
height of threads formed agreeably to these models 
would approximately be 1.9 nm x1 nm, 4.2 nm x 1 nm 
and 3 nm x 3 nm respectively for “Spread deck of 
cards”, “zigzag” and “helical” models. Height of 
nanotube made of threads formed by helical model 
should be at least 6 nm. Height of TPPS4 nanotube 
measured with STM is 2 nm. Regarding to these results 
helical formation model can be rejected. It was shown 
[10] that TPPS2a (adjecant form) forms rodlike 
structures, similar to the ones formed by TPPS4, while 
the aggregates TPPS2op (opposite form) do not exhibit 
any regular features. This suggests that adjacent SO3 
groups interact with neighboring TPPS4 molecules when 
TPPS4 molecules are forming linear threads. Opposite 
SO3 groups are necessary to form linear thread of TPPS4 
molecules by spread deck of cards model. In case of 
zigzag model – adjacent SO3 groups are needed. We 
propose that thread of TPPS4 molecules is formed by 
zigzag model. Toothed aggregate side confirmed 
confirms this model. Periodicity of structures observed 
on the edge of the aggregate (4.6 nm) is very similar to 
the width of thread of TPPS4 molecules formed by 
zigzag model (4.2 nm). On base of these results we 
suggest, that primary TPPS4 aggregate structure is linear 
bending thread formed by staircase model. TPPS4 
nanotube (meso aggregate) forms when this bending 
thread winds up to 18 nm diameter spiral. One winding 
should contain about 80 TPPS4 molecules. 

 
4. Conclusions 

Self assembling TPPS4 J-aggregates structure was 
investigated. It was shown that besides long rod-like 
aggregates, on the surface also some short “standing” 
aggregates are present. These small “standing” 
aggregates tend to participate on the hydrophobic 
surface. We noticed that aggregate surface is covered 
with smaller structures - bending threads that form 18 
nm diameter ring-like structures. These ring like 
structures are primary TPPS4 J-aggregate structures 
formed by stacking TPPS4 molecules by zigzag model. 
We propose new TPPS4 nanotube formation model – 
winding of linear threads to a 18 nm diameter spiral. 
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________________________________________________________________________________________________ 

 
Abstract: Quantum dots – fluorescent semiconductor nanoparticles are very promising fluorescent markers for 
biomedical imaging due to their exceptional optical properties. It is very important to know all the effects of quantum 
dots interaction with biological molecules before applying them in medicine. In this work effect of quantum dots 
coating on interaction with bovine serum albumin (BSA), stability and spectral properties of quantum dots were 
investigated. Steady state and time resolved fluorescence spectroscopy results showed that CdTe quantum dots coated 
with mercaptosuccinic acid (MSA) are more stable in aqueous solution than CdTe quantum dots coated with 
thioglycolic acid (TGA). Bovine serum albumin appeared to stabilize CdTe-TGA quantum dots and prevent from 
aggregating. In the case of CdTe-MSA quantum dots, addition of BSA induced decrease of photoluminescence intensity 
though quantum dots remained stable and did not precipitate even after two months. 
  
Keywords: quantum dots, coating, thioglycolic acid, mercaptosuccinic acid, bovine serum albumin, interaction, 
stabilization, aggregation.  
________________________________________________________________________________________________ 
 

1. Introduction 

Quantum dots – fluorescent semiconductor 
nanoparticles - are more resistant to photobleaching 
than nowadays for biomedical imaging used organic 
dyes. For their broad absorption spectra and narrow 
photoluminescence spectra they are perfectly suitable 
for multicolor imaging. Tunable photoluminescence 
wavelength and easy modified surface makes quantum 
dots very promising fluorescent markers [1].  
The best quality of quantum dots is achieved when they 
are synthesized in organic solutions though for imaging 
biological objects they have to be made water-soluble. 
Coating with specific molecules that have hydrophilic 
ends makes quantum dots water soluble and affects 
many other properties like photoluminescence quantum 
yield [2, 3], stability (toxicity) [4] and interaction with 
biological molecules.  
In earlier studies interaction of CdTe quantum dots with 
bovine serum albumin was investigated [5]. It was 
shown that CdTe quantum dots coated with thioglycolic 
acid (TGA) are not stable in aqueous solution. Bovine 
serum albumin appeared to stabilize CdTe-TGA 
quantum dots and prevent from aggregating.  
In this paper effect of coating on quantum dot-protein 
interaction was investigated. Results of CdTe  

TGA-coated quantum dots are compared with the ones 
of CdTe quantum dots coated with mercaptosuccinic 
acid. Both TGA and MSA have same hydrophilic 
groups and differ only in structure – thioglycolic acid 
has one carboxylic acid group and mercaptosuccinic 
acid has two branches both ending with carboxylic acid 
groups. However, stability and interaction with BSA are 
different to CdTe-TGA and CdTe-MSA quantum dots. 
 

2. Materials and methods 

Samples for spectroscopic measurements were prepared 
by dissolving CdTe quantum dots (λ= (550±5) nm, 
PlasmaChem GmbH, Germany) in saline (0.9 %, 
pH=5.6). CdTe quantum dots coated with thioglycolic 
acid (TGA) and CdTe quantum dots coated with 
mercaptosuccinic acid (MSA) were used. Investigating 
interaction of quantum dots with protein, bovine serum 
albumin (V fraction, M=69000 g/mol Sigma, Germany) 
was added to CdTe solutions in saline.  
Spectral measurements were performed immediately 
after preparation of solutions. 
Absorbance spectra were measured with Varian Cary 
Win UV (Varian Inc., Australia) absorption 
spectrometer. Photoluminescence spectra were 
measured with Varian Cary Eclipse (Varian Inc., 
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Australia) and PerkinElmer LS 50B (PerkinElmer, 
USA) fluorimeters. Photoluminescence excitation 
wavelength was 405 nm. Measurements were done in 1 
cm path length quartz cells (Hellma, Germany). Cells 
were hermetically sealed and between measurements 
kept in dark at room temperature.  
Photoluminescence decay measurements were 
performed with FLS920 (Edinburgh instruments, UK) 
using time correlated single photon counting technique. 
EPL-405 (Edinburgh instruments, UK) laser, emission 
wavelength 405nm and pulse repetition rate 500 kHz 
was used for excitation. Photoluminescence decay was 
measured at peak of photoluminescence band (550 nm).  
 

3. Results 

CdTe quantum dots coated with thioglycolic acid 
(TGA) appeared to be not stable in aqueous solution – 
after 144 hours photoluminescence intensity of quantum 
dots solution in saline started to decrease, 
photoluminescence band started getting narrower and 
shifted to longer wavelength region (Fig. 1). 
Simultaneously absorption slightly decreased. This 
indicates aggregation of quantum dots. At 270th hour 
photoluminescence intensity was close to zero and after 
nine days precipitate was observed.  
Spectral properties of CdTe quantum dots coated with 
mercaptosuccinic acid (MSA) remained stable for 250 
hours. After that time photoluminescence intensity 
started slightly decreasing, slow shift to longer 
wavelength region was observed. Width of 
photoluminescence band remained intact. No precipitate 
was observed even after 2 weeks. 
Addition of bovine serum albumin changed dynamics of 
CdTe-TGA quantum dots in saline. A sudden increase 
followed by further growth of photoluminescence 
intensity was observed after bovine serum albumin was 
added. Photoluminescence intensity increased for 
64 hours and after that started decreasing, but even after 
two months did not drop below half of the value of 
initial intensity, no precipitate was observed [5]. 
In case of CdTe-MSA quantum dot solution with bovine 
serum albumin photoluminescence intensity started 
decreasing straight away, but after 50 hours slowed 
down and stabilized. Photoluminescence band 
maximum over the 336 hours shifted to longer 
wavelength region by 5 nm. Width of 
photoluminescence band remained intact.  
Time resolved spectroscopy measurements showed that 
photoluminescence of CdTe-TGA quantum dots without 
protein decays faster. Decay is described with four 
exponents (χ2=1.018) while photoluminescence decay of 
quantum dots with bovine serum albumin is  
tri-exponential (χ2=1.063) (Fig. 2). Photoluminescence 
lifetime analysis showed that in case of quantum dots 
with BSA the fastest relaxation component (τ1=3.4 ns) 
disappeared.  
In case of MSA coating photoluminescence decay of 
CdTe quantum dots is described best not with four but 
with three exponents. Addition of bovine serum 

albumin to CdTe-MSA quantum dots solution does not 
change photoluminescence decay. It remains tri-
exponential (χ2=1.09).  
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Fig. 1. Photoluminescence intensity dynamics of CdTe 
quantum dot solutions. a) CdTe quantum dot solutions without 
bovine serum albumin, b) CdTe quantum dot solutions with 
bovine serum albumin 
 

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0
1 0

1 0 0

1 0 0 0

1 0 0 0 0

1 0 0 0 0 0

B

 

 

t ,  n s

AIn
te

ns
ity

, a
.u

.

a )

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0
1 0

1 0 0

1 0 0 0

1 0 0 0 0

1 0 0 0 0 0
b )

In
te

ns
ity

, a
.u

.

t ,  n s

B
A

 

 

 
Fig. 2. Photoluminescence decay of a) CdTe-TGA quantum 
dots and b) CdTe-MSA quantum dots solutions (c=6×10-6 
mol/l) without bovine serum albumin (curve A) and with 
bovine serum albumin (c=3×10-5 mol/l) (curve B) 
 

4. Discussion 

Our proposed model, explaining spectral dynamics of 
CdTe-TGA quantum dots in aqueous solution with and 
without BSA is presented in figure 3. 
After dissolution of CdTe quantum dots coated with 
thioglycolic acid in aqueous media, increase of 
photoluminescence intensity was observed (Fig. 1, a), 
but absorption spectra and photoluminescence band 
position did not change [5]. This showed that quantum 
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dot core remained intact. Photoluminescence intensity 
increase (from preparation of solution till 144th hour) 
should be caused by increasing photoluminescence 
quantum yield of CdTe quantum dots. 
Photoluminescence quantum yield of quantum dots 
could increase if number of quantum dots surface 
defects decreases [4]. This could be caused by 
rearrangement of quantum dots coating (TGA) 
molecules (Fig. 3, IA). Since thioglycolic acid 
molecules are not covalently bound to the quantum dot 
core (they are attached to it by coordinating bonds [5]) 
they can be washed out from the quantum dots. This 
would lead to reduced quantum dot coating quality and 
decrease of quantum dots photoluminescence quantum 
yield (Fig. 3, IIA). Due to washout of surface molecules 
hydrophobic core of quantum dot is exposed to water. 
Such quantum dots tend to aggregate (Fig. 3, IIIA). This 
is confirmed by observed photoluminescence band shift 
to longer wavelength region and decrease of absorption. 
Atomic force microscopy measurements done 40 min, 5 
hours and 24 hours after preparation of CdTe quantum 
dots solution also confirmed aggregation of quantum 
dots [5]. CdTe quantum dots in aqueous media 
precipitated nine days after preparation of solution 
(Fig. 3, IVA), photoluminescence intensity and 
absorption was close to zero.  
Addition of bovine serum albumin changed dynamics of 
spectral properties of CdTe-TGA quantum dots. A 
sudden increase of photoluminescence intensity was 
observed after BSA was added to CdTe quantum dots 
solution. Time resolved spectroscopy measurements 
showed that addition of BSA to CdTe-TGA quantum 
dots solution eliminated the fastest excitation relaxation 
pathway. The fastest non-radiative relaxation path 
should be related with surface defects of quantum 
dots [8], so elimination of the fastest component 
increased photoluminescence quantum yield of CdTe-
TGA quantum dots. 
Increase of photoluminescence intensity might be 
caused by formation of additional quantum dots coating 
(bovine serum albumin) layer (Fig. 3, IB) that enhanced 
photoluminescence quantum yield of quantum dots. 
Further growth of photoluminescence intensity 
(observed from sample preparation till 40th hour) is 
related to rearrangement of surface coating (TGA) 
molecules (Fig. 3, IIB) which led to increasing 
photoluminescence quantum yield. Later 
photoluminescence intensity of quantum dots started to 
decrease but even after 300 hours did not drop below 
half of the value of initial intensity. Decrease of 
photoluminescence intensity is caused by slow wash out 
of TGA molecules (Fig. 3, IIIB) that reduces quality of 
surface coating and led to reduced photoluminescence 
quantum yield. Atomic force microscopy measurements 
confirmed that CdTe-TGA quantum dots in aqueous 
solution with BSA remained stable and did not 
precipitate.  
Model, explaining spectral dynamics of CdTe-MSA 
quantum dots in aqueous solution with and without 
bovine serum albumin, is presented in figure 4.  

 
Fig. 3. Model of water soluble CdTe-TGA quantum dots 
aggregation in aqueous solution (A processes) and 
stabilization with bovine serum albumin (B processes) 

 
Fig. 4. Model of water soluble CdTe-MSA quantum dots 
aggregation in aqueous solution (A processes) and interaction 
with bovine serum albumin (B process) 
 
Photoluminescence intensity of CdTe-MSA quantum 
dots in aqueous solution remained stable for 
approximately 250 hours after preparation of solution. 
After that time photoluminescence intensity started 
slowly decreasing. This indicated that surface molecules 
of quantum dots are slowly washing out (Fig. 4, IA) as 
they are attached to the core by coordinating bonds [7]. 
Washout of surface molecules led to formation of small 
aggregates (Fig. 4, IIA) and slow photoluminescence 
band shift to longer wavelength region though 
photoluminescence band width remained intact and no 
precipitates were observed even after two months. 
These results show, that CdTe quantum dots coated with 
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mercaptosuccinic acid are more stable than CdTe 
quantum dots coated with thioglycolic acid. 
Photoluminescence decay of CdTe-MSA quantum dots 
is described best not with four but with three exponents. 
Compared with CdTe-TGA quantum dots 
photoluminescence decay the fastest non-radiative 
relaxation path is absent. This shows that CdTe-MSA 
quantum dots may have less surface defects [7] as in 
case of CdTe-TGA quantum dots the fastest relaxation 
component disappeared after addition of BSA, which 
increased photoluminescence quantum yield.  
Addition of bovine serum albumin strongly changes 
dynamics of photoluminescence intensity of CdTe-MSA 
quantum dots solution. Photoluminescence intensity of 
CdTe-MSA quantum dots solution starts immediately 
decreasing after addition of BSA (Fig. 1, b). This might 
be explained by BSA molecules wrapping several 
quantum dots together (Fig. 4, IB). After 50 hours 
decrease of photoluminescence intensity slows down 
and CdTe-MSA quantum dots do not precipitate even 
after two weeks though photoluminescence intensity is 
close to zero. However, addition of bovine serum 
albumin to CdTe-MSA quantum dots solution does not 
change photoluminescence decay. It remains tri-
exponential (χ2=1.09). This shows that bovine serum 
albumin does not influence photoluminescence decay of 
CdTe-MSA quantum dots. Reduction of 
photoluminescence intensity may be related to decrease 
in quantum yield of CdTe-MSA/bovine serum albumin 
complex. 

 
5. Conclusions 

Experiments showed that CdTe-TGA quantum dots are 
not stable in aqueous media and aggregate. Addition of 
bovine serum albumin stabilizes CdTe-TGA quantum 
dots and prevents from aggregating. CdTe-MSA 
appeared to have fewer surface defects. CdTe-MSA 
quantum dots are stable in aqueous media but addition 
of BSA decreases photoluminescence intensity. This 
shows that different coatings of quantum dots may 
cause different effects on quantum dot – protein 
interaction. 
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________________________________________________________________________________________________ 

 
Abstract: Cancer stem cells display extensive differentiation potential and can give rise to new tumours. Therefore, an 
important attention must be paid for cancer stem cell identification, characterization and investigation of for novel 
targeted therapies. Quantum dots are promising tools in fighting against cancer. However, there is not much known 
about accumulation and cytotoxicity of quantum dots in cancer stem cells. It is important to know that before we use 
quantum dots as therapy agents.  

 
Keywords: Quantum dots, cancer stem cells, flow cytometry, FACS, CD133, CD44, nanoparticles. 
________________________________________________________________________________________________ 
 

1. Introduction 

Human tumours exhibit intra-tumoural heterogeneity at 
genetic and epigenetic level. The existence of functional 
heterogeneity between defined sub-populations of 
tumour cells has also been described in clonogenic and 
xenotransplantation studies. Numerous studies have 
used cell surface markers to isolate sub-populations of 
cancer cells, which possess enhanced tumorigenicity 
and self-renewal potential when injected into 
immunodeficient mice. Cells with such properties have 
been termed ‘cancer stem cells’ (CSC) [1,2].  
It has been reported that CSCs are more likely to 
survive chemotherapy or radiotherapy. Low efficiency 
of chemotherapy is associated with CSC ability to 
extrude a drug from the cytosol through transcytosis [3]. 
Other studies have documented that CSCs are also more 
resistant to radiotherapy than non-stem cells [4, 5]. 
Reduced radiosensitivity is associated with activated 
defence mechanisms against radiation induced reactive 
oxygen species (ROS) and accelerated repopulation of 
CSCs. These studies also indicate that CSCs could be 
the main targets in cancer therapies.  
Nanomaterials create new possibilities in targeted anti-
cancer therapies. One of them is a quantum dot (QD) 
with possibility for easy manipulation of surface 
chemistry and ability to fluoresce at a desired spectral 
range [6]. It has been reported that QDs can be used for 
detection and imaging of cancer cells ex vivo [7] and for 
labelling healthy and cancerous cells in vivo [8]. Cancer 

treatment can be performed using QDs as photodynamic 
therapy (PDT) agents [9, 10]. 
In this study we investigated if QDs could be new 
multifunctional agents with potential to identify and 
treat cancer stem cell. Accumulation and cytotoxicity of  
CdTe-MPA (mercaptopropionic acid) QDs in cancer 
stem cells were assessed using flow cytometry and 
fluorescence-activated cell sorting (FACS) techniques 
as well as colorimetric cell viability assay. 

 

2. Materials and methods 

Pancreatic adenocarcinoma (Mia-PaCa-2, Panc-1), 
glioblastoma (U87) cells and human fibroblasts (F11-
hTERT) were cultured in DMEM medium. Prostate 
adenocarcinoma (Du145, PC3) and melanoma (FEMX-
I) cells were cultured in RPMI-1640 medium. Both 
growth mediums contained 10% fetal bovine serum, 
FBS (20% FBS for F11-hTERT), 100 U/ml penicillin, 
100 mg/ml streptomycin and 2 mM L-Glutamine. In 
case of U87 cells DMEM medium was additionally 
supplemented with 3% MEM non-essential amino acids. 
The cells were routinely cultivated in 25 cm2 Nunc 
culture dishes under standard conditions subculturing 
them twice a week and keeping them in a humidified 
incubator at 37ºC. For experiments the cells were 
harvested bringing them into suspension by 
trypsinization and seeding a necessary amount of cells 
into multiplates. 
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Stock QD solution was prepared by dissolving 1 mg 
CdTe-MPA (fluorescence λmax =710 ± 5 nm, 
PlasmaChem GmbH, Germany) in 1 ml PBS (pH=7.4) 
or saline (0.9% w/v NaCl). The stock solution was 
further diluted until a desired concentration in DMEM 
or RPMI-1640 medium and poured over the cells 
growing in the multiplates. The medium without QDs 
was poured in a few wells to keep control cells in the 
same multiplate. After incubation at 37°C for 4 or 24 h 
the cells were washed with ice-cold PBS+ (pH 7.4, 
standard PBS supplemented with 0.9 mM CaCl2 and 0.5 
mM MgCl2 to prevent cell detachment at this step) to 
remove any free QDs. Immediately after washing, the 
cells were brought into suspension by trypsinization for 
further analysis using monoclonal antibodies.  
Up to 106 cells were labelled in PBS solution with 
mouse anti-human monoclonal CD44 antibody 
conjugated with fluorescein isothiocyanate (FITC) (BD 
Biosciences Pharmingen) and mouse anti-human 
monoclonal CD133 antibody conjugated with 
phycoerythrin (PE) (eBioscience, Inc.,) for 20 min. at 
room temperature. Respective mouse immunoglobulin 
and dye conjugates, IgG2b-FITC (Dako Denmark AS) 
and IgG1-PE (BD Biosciences), were used as unspecific 
binding controls. Flow cytometric analysis was carried 
out with a FACSort or LSR II analyzer (BD 
Biosciences). The data were analyzed with Cyflogic 
(CyFlo Ltd, Finland) or FCS Express (De Novo, CA) 
software. A minimum of 10 000 viable cells were 
measured per sample. Using forward and side scatter 
profiles and propidium iodide (PI) staining, debris, cell 
doublets and dead cells were gated out, respectively. 
Fluorescence-activated cell sorting  was performed on a 
BD FACSAria or FACSort Cell Sorter (BD 
Biosciences). Purities of the sorted populations, as 
determined by post-sorting flow analysis, were 
generally >90%. 
The cytotoxicity of QDs was determined using 
methylene blue (MB) assay on FEMX-I cell line. The 
same amount of the cells in each well was seeded in a 
96-well plate and incubated with different 
concentrations of QDs. After 24 h incubation the old 
medium was carefully aspirated and the cells were 
supplemented with fresh medium and left for further 
growth under standard culture conditions. After 3 days 
the cells were washed with ice-cold PBS and fixed with 
70% ethanol. After 10 min 100 µl of filtered 1% w/v 
MB aqueous solution was added to each well. After 20 
min, the excess dye was removed by washing the wells 
with distilled water. To elute the dye, 200 µl of 0.2% 
Triton X-100 solution was added to each well and left 
overnight at 37ºC. The plates were then gently shaken 
and the absorbance at 650 nm was measured for each 
well by a microplate photometer (BioTek Instruments, 
VT). The photometer was blanked on the first column of 
the control wells containing the elution solvent alone.  

 

 

3. Results 

We have investigated heterogeneity of six cancer cell 
lines using putative stem cell markers CD133 and 
CD44. The cell-surface associated CD44 is an adhesion 
glycoprotein. The function of CD133 is still unknown 
but it has been shown to be involved in dynamics of 
membrane protrusions and to mark cancer stem cells. 
Flow cytometry technique was performed to detect 
fluorescence from single cells after combined staining 
with antibody-dye conjugates against CD133 and CD44. 
All cell lines express CD44 to a similar degree, from 
96.2% to 99.9% (Fig. 1). However, the expression of 
CD133 was very low among these cell lines (0% - 
0.03%) with slightly higher prevalence in Du145 cells 
(0.35%, Fig. 1A) and U87 cells (1.94%, Fig. 1D). Only 
FEMX-I cells exhibited high expression of CD133 
(99.1%, Fig. 1F).  
                      DU145                                PC-3 

      
 
                Mia-Paca-2                U87 

      
 
              f11-hTERT              FEMX-I 

      
                     
 
Fig. 1. A representative example of CD133 and CD44 
expression in different human cell lines. A) and B) prostate 
adenocarcinoma cells, C) pancreatic adenocarcinoma, D) 
glioblastoma cells, E) non-cancerous human fibroblasts and F) 
melanoma cells. 
 
The response to CD markers is not enough to determine 
heterogeneity of the cell lines. Therefore, we have 
further analyzed the shape of their phenotypical patterns 
(Fig. 1), which indicate the expression levels of CD133  
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and CD44. Du145 (Fig. 1A) and U87 (Fig. 1D) cells 
show nearly uniform semi-horizontal oval-shaped cloud 
distribution. PC-3 (Fig. 1B) and Mia-PaCa-2 (Fig. 1C) 
cells show two clouds, indicating two subpopulations, 
circular-shaped dense cloud with high CD44 expression 
(CD44high) and horizontal oval cloud with low/none 
CD44 expression (CD44low/-). FEMX-I cells appear to 
consist of three different subpopulations: 
CD44highCD133high, CD44highCD133low/- and CD44low/-

CD133low/- (Fig. 1F). Since FEMX-I cells showed both 
high expression of two CD markers and possibility to be 
divided into distinct subpopulations, they were chosen 
for further investigations.  
To examine the specificity of the used markers to cancer 
cells, we investigated CD44 and CD133 expression in 
normal human fibroblast cells f11-hTERT. 
Interestingly, one can obviously see CD44 expression in 
f11-hTERT cells (96.2%, Fig. 1E) but there was no 
perceptible CD133 expression. This shows that anti-
CD133 is more selective for cancer cells than anti-
CD44. 
For correct analysis of flow cytometry data, it is 
important to discriminate between debris, dead cells and 
cell doublets. Measurements of forward scattered light 
(FSC) together with side scattered light (SSC) aid such 
separation.  
Location of dead cells and cell doublets on a dot plot of 
forward and side scatter, B) forward and side scatter give 
information about live cells, dead cells and debris, C) SSC-
Width vs. SSC-Area plot gives information about two or more 
cells agglomerated together, D) whole image of CD133 and 
CD44 expression in  live cells together with debris, dead cells 
and cell doublets, E) gated image of CD133 and CD44 
expression only in live  cells. 
As can be seen from Fig. 2A, the dead cells in Du145 
population as detected by PI fluorescence are nicely 
located in a SSC-FSC dot plot and, therefore, can be 
distinguished even without additional PI staining (Fig. 
2B). Cell doublets do not have exact location on SSC-
FSC dot plot and usually are detected by the width of a 
scatter signal (Fig. 2C). Two or more cells lumped 
together give a wider signal. Debris is usually situated 
at the very left corner of a SSC-FSC plot (Fig. 2B). If 
one does not eliminate debris, dead cells and cell 
doublets, false-positive expression of CD133 and CD44 
markers may be detected (Fig. 2D). However, once 
debris, dead cells and cell doublets are gated out, no 
CD133 positives are left (Fig. 2E). 
We have examined the most heterogeneous cell line 
FEMX-I consisting of three subpopulations. To examine 
their capability of growing and restoring initial 
population, each subpopulation (CD44highCD133high, 
CD44highCD133low/- and CD44low/-CD133low/-) was 
isolated and plated under usual growing conditions. 
CD44low/-CD133low/- cells did not grow after sorting. 
CD44highCD133high cells grew after sorting but after 10 
days of growth the cells did not show significant 
changes in their phenotypical composition. 
 

              

 
 
Fig. 2 Schematic representation of debris, dead cells and cell 
doublets determined by flow cytometry of Du145 cells. A)  
 
Immediately after sorting the subpopulation was 
composed of around 95% CD44high CD133high cells 
(results are not shown) and remained unchanged after 
10 days of growth (Fig. 3B) suggesting that CD44high 

CD133high subpopulation was unable to restore its 
progeny. However, CD44high CD133low/- cells were able 
to grow and change their phenotypical composition. 
Immediately after sorting the cells were composed of  
around 80 % CD44high CD133low/- cells (results are not 
shown) and after 10 days of growth the same cells were  
composed of around 58,85 % CD44high CD133low/- and 
around 40,90 % CD44high CD133high cells (Fig. 3C) thus 
approaching the phenotypical composition of unsorted 
cells (Fig. 3B).  
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Fig.3. The CD profile of CD44high CD133high, CD44high 

CD133low/- and total population of FEMX-I cells. A) 
phenotype of the total population of the cells, B) phenotype of 
CD44highCD133high and C – CD44highCD133low/- cells after 10 
days of growth. 
 
To determine the cytotoxicity of CdTe-MPA on FEMX-
I cells, the unsorted cells were incubated with different 
concentrations of QDs for 24 h. The cell viability was 
determined using colorimetric MB assay. As can be 
seen from Fig. 4, the viability decreases increasing 
CdTe-MPA concentration, suggesting that QDs are 
cytotoxic to the cells. To investigate the response of 
each defined subpopulation to such cytotoxic QDs, a 
concentration of CdTe-MPA QDs was chosen to be high 
enough to induce death for approximately half of the 
cells (Fig. 4, dotted line). Immediately after the 
incubation flow cytometry was performed to observe 
any changes in a phenotypical composition of the 
treated FEMX-I cells.  
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Fig. 4 FEMX-I cell viability after treatment with different 
concentrations of CdTe-MPA QDs. The viability was 
calculated as a percentage from the viability of the control 
untreated cells. The results are means ±SD from three 
independent experiments. 
 
When compared to the control untreated cells, QD-
treated cells contained 1.25 times more 
CD44highCD133low/- cells (42% vs. 34% in the control) 
and 1.4 times less CD44highCD133high cells (41% vs. 
59% in the control).  
The percentage of CD44low/-CD133low/- cells increased 
after the treatment, which might be associated with 
CdTe induced apoptosis.  
 

           

             
 

 
Fig. 5. The CD profile of FEMX-I cells: plot A – untreated 
cells, plot B – treated with CdTe QD. Quadrants divide cells 
into subpopulations: CD44highCD133high, CD44highCD133low/- 
and CD44low/-CD133low/-. Percentages marked with “CdTe” are 
CdTe positives in a defined subpopulation. 
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Accumulation of CdTe-MPA QDs in FEMX-I cells was 
also examined by flow cytometry. The number of CdTe-
MPA positives was calculated as a percentage from all 
CD44highCD133high, CD44highCD133low/- and CD44low/-

CD133low/- subpopulations. Interestingly, approximately 
99% of each subpopulation exhibited CdTe-MPA 
fluorescence (Fig. 5B) showing no differences in QD 
uptake by different FEMX-I subpopulations. 

 

4. Discussion 

In this study, we have investigated population 
heterogeneity of normal fibroblasts, prostate and 
pancreatic adenocarcinoma, glioblastoma and 
melanoma cancer cell lines using putative CSC markers 
CD44, an adhesion molecule, and CD133, which has 
been recently considered as a common marker of 
tumour stem cells [11]. All studied cell lines exhibited 
high expression of CD44 (Fig. 1), while CD133 was 
highly expressed only in FEMX-I cells (Fig. 1E). 
Therefore, the latter cells were chosen for further 
examination of their stem-like properties.  
Our experiments demonstrate that FEMX-I cells consist 
of three distinct subpopulations with different CD133 
and CD44 expression levels: CD44highCD133high, 
CD44highCD133low/- and CD44low/-CD133low/-. Rappa and 
colleagues also have shown CD133 expression in 
FEMX-I cells and stated that downregulation of CD133 
in FEMX-I cells results in decreased growth rate and 
migratory capacity, which suggests CD133 to be 
essential in tumour formation and regression [12-13]. 
Interestingly, we can suggest that the subpopulation 
with lower expression of CD133 antigen possibly 
represents tumorigenic stem cells since only 
CD44highCD133low/- cells were capable of progeny 
restoration after their isolation and were also resistant to 
the toxic effect of CdTe-MPA QDs. The toxicity of 
CdTe is associated with release of Cd2+ ions and 
generation of ROS products [14]. The concentration of 
QDs was chosen to correspond to lethal concentration 
LC40, i.e. high enough to induce obvious QD-
associated cell death (Fig. 4) and thus to examine 
whether QD-resistant subpopulation exists. Although no 
significant differences in CdTe-MPA accumulation 
among CD44highCD133high, CD44highCD133low/- and 
CD44low/-CD133low/- subpopulations was observed (Fig. 
5B), these populations showed different behaviour: The 
percentage of CD44highCD133low/- cells actually 
increased after CdTe-MPA treatment. However, our 
results cannot be directly compared with the studies of 
Rappa and colleagues who have experimented with 
whole CD133+ population while we have divided 
CD133+ into CD133high and CD133low/-.  
When considering novel targeted therapies it is 
important to know whether a potential therapeutic agent 
can accumulate inside a cell. In our study we have 
shown that although FEMX-I cell line is heterogeneous, 
CdTe-MPA QDs accumulate equally in different 
subpopulations To our knowledge, this the first time 

when QD accumulation in different subpopulations of 
cancer stem-like cells was evaluated.  
 

5. Conclusions 

Our experiments show that FEMX-I cell line is 
heterogeneous and can be divided into subpopulations 
with higher and lower expression of CD44 and CD133. 
The subpopulation with lower expression of CD133 
(CD44highCD133low/-) displays characteristics of cancer 
stem cells by being more resistant to QD cytotoxicity 
and capable to restore its progeny. There is no 
difference in the accumulation of CdTe-MPA QDs 
among different FEMX-I subpopulations. These 
interesting results encourage for further investigations 
on applicability of QDs in CSC targeting therapies.  
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Abstract: In this work surface modification of (CdSe)ZnS-TOPO QDs  using three different thiols was performed. 
Stability, spectral properties, and QDs behavior in immortalized mouse embryonic fibroblasts NIH3T3 cells was 
investigated. It is shown that depending on surface coating, QDs stability and behavior differs in various pH buffers and 
biological environment.  Observation in biological media showed that the localization and uptake of QDs in NIH3T3 
cells differs with each type of surface modification.  
 
Keywords: Quantum dots, mercaptopropionic acid (QDS-MPA), thioglycol (TGA), QDs-CYSteamine (QDS-CYS), 
fluorescence spectroscopy. 
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1. Introduction 

Quantum dots are fluorescent semiconductor 
nanoparticles that are widely explored due to their 
possible applications in many fields such as molecular 
and cellular biology, hybrid nanobiosensors and drug 
delivery systems and medicine. Tunable emission 
wavelength, broad absorption and sharp emission 
spectra, high quantum yield (QY), resistance to 
chemical degradation and photobleaching, versatility in 
surface modification makes quantum dots very 
promising fluorescent markers [10].   
QDs can be used for live cell labeling, detection and 
imaging of cancer cells and for treatment of cancer 
using photodynamic therapy [11]. Despite all unique 
photophysical properties, some problems must be 
solved before QDs can be successfully applied in 
medicine. QDs are synthesized in organic solutions, are 
water insoluble and made of materials (Cd, Se) that are 
toxic for biological objects. The main strategies to make 
QDs soluble include silanization and surface exchange 
with bifunctional molecules. Such molecules have a 
hydrophobic side (e.g., a thiol group) that binds to the 
ZnS layer of the QDs and a hydrophilic side (e.g., a 
carboxyl group –COOH). A next strategy involves 
encapsulation of QDs within phospholipids micelles, 
polymer beads or block–copolymer micelles, which are 
composed of synthetic polymers containing hydrophilic 
and hydrophobic parts. The hydrophilic part is 
commonly poly[ethylene oxide], while the hydrophobic 
part may utilize amino acids and polyesters.  

At present, most of the related efforts on the ligand 
chemistry of semiconductor QDs are focused on the 
development of new types of ligands and different 
passivation strategies. However, it remains an open 
question as to how the decay behavior and surface 
morphology change by changing the pH of the solution, 
and more experiments are still required to understand 
the influence of the surface structure on the 
luminescence properties of the thiols capped QDs. 
Therefore, studies of the surface structure of thiol-
stabilized nanoparticles continue to be of great 
importance in understanding the control of the optical 
properties of nanoparticle materials. And it’s still 
important to know about thiol-stabilized QDs 
interaction with biological surrounding, cytotoxicity, 
stability and distribution in the cells. 
One problem that occurs is low quality of surface 
coating after modification that reduces photophysical 
properties. However, Ravindrans group showed how 
surface modification using cysteamine and mercapto 
groups affect cell localization and quantum yield by 
increasing both qualities [2]. 
Secondly, QDs usage as probes and dyes occurs 
uncertain. One scientific group showed how using 
cysteamine and protein groups for coating, QDs 
managed to dye cytoplasm [3]. Thou many unanswered 
questions remains, especially how QDs tend to localise 
in cells. 
The biggest problem remains is QDs hazardousness to 
cells. After injection of hydrophobic quantum dots to 
live organisms they tend to agglomerate and obstruct 
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vital veins. Uptaken by OS hydrophobic QDs do not 
permeate through gastric wall [10]. This might lead to 
the destruction of the quantum dots core and to the 
release of Cd+  ions that are highly toxic. It is very 
important to know how different ways of modification 
influences the biological effects and photophysical 
properties of QDs before using them in medical 
applications. Nowadays there are three main ways to 
make QDs water soluble using different thiol groups but 
there were no attempts to compare all of them together. 
It was showed that both the physicochemical properties 
and the cellular toxicity of surface modified quantum 
dots are dependent on the surface molecules not the core 
material [1]. It was also showed that coating made from 
mercapto group molecules allows the QDs to pass into 
cells and localizes them in  vesicles [2] One scientific 
group made water soluble nanocrystals using MPA and 
MUA (11-mercapto-undecanoic acid) and received 
greater full width at half maximum (FWHM) but lower 
photoluminescence (PL) then original [4]. Some authors 
also observed QDs-TGA temporal PL decrease and 
bathochromic shift using different pH buffers [5]. 
In this work the surface of hydrophobic (CdSe)ZnS-
TOPO QDs was modified using thiols, such as MPA, 
TGA, CYS and compared their stability and spectral 
properties in different pH solutions then observed  
uptake and localization in NIH3T3 cells.  
 

2. Materials and methods 

Quantum dots solutions were prepared by evaporating 
toluene from (CdSe)ZnS-TOPO (λ =(595 ±5) nm, 
Evident Technologies, USA, c=19.67 μM) solution. 
Then the dry QDs were resuspended in chloroform and 
mixed with the same amount of liquid MPA (10:4 
QDs:MPA; Sigma-Aldrich, Germany), TGA (10:4 
QDs:TGA; Fluka, Germany) and CYS (10:4 QDs: CYS; 
Sigma-Aldrich, Germany) and all three samples were 
left to vortex for 48 hours. The obtained solutions were 
purified using a centrifuge at 14000 rpm for 15 minutes 
three times using ethanol (98%) to precipate. Then the 
products were desiccated to remove all traces of ethanol 
and then dissolved in distillated water. Spectral 
measurements of modified QDs (c=98 nM) were 
performed in PBS (pH 7.4) immediately after 
preparation of solutions.  
The same concentration of QDs dissolved in different 
pH (6.6-8) PBS solution was used in stability 
experiments.  
(CdSe)ZnS-TOPO QDs dissolved in toluene were used 
to compare how certain properties have changed after 
modification with different thiol groups. 
Absorbance spectra were measured with Varian Cary 
Win UV (Varian Inc., Australia) absorption 
spectrometer. Photoluminescence spectra were 
measured with Varian Cary Eclipse (Varian Inc., 
Australia) fluorimeters. Photoluminescence excitation 
wavelength was 405 nm, excitation slits were 2.5 nm, 
and emission slits 5 nm for Varian Cary Eclipse. Hellma 
Optik (Jena, Germany) cell with 1 cm length optical 
path was used for all optical measurements.  

PL lifetime experiments were performed with a FLS920 
Steady State and Fluorescence Lifetime Spectrometer 
(Edinburg instruments, United Kingdom). This system 
is equipped with a 405nm GaN laser diode, which 
produce 66ps pulses at a repetition rate of 20MHz and 
time correlated single photon counting system. “FAST” 
software package for the advanced analysis of QDs PL 
multi-exponential decay kinetics was used. 
Photoluminescence decay was measured at different 
peaks of photoluminescence band according to different 
coating (595 nm for QDs-MPA and QDs-TGA and 600 
for QDs-CYS).  
Cell culture line: NIH-3T3 – immortalized mouse 
embryonic fibroblast cell line. Cell line have been 
cultured in the presence of CO2 (5 % v/v) at 37oC in 
Dulbecco’s Modified Eagle’s (DME) Medium 
supplemented with foetal bovine serum (10 % v/v), 0.1 
% antibiotics (stock: 1000 U/mL Penicillin, 1000 μg/mL 
Streptomycin) to get ~60 % of confluence. 
Living cells were in vitro imaged with a confocal Nikon 
Eclipse TE2000-S, C1 plus microscope equipped with 
Leica CCD camera DFC 290. NIH-3T3 cells were 
washed 3 times with 37oC DME medium before 
imaging. 
DIOC6 (Invitrogen, USA, 1μg/mL) was used to label 
cells endoplasmic reticulum, vesicles membranes and 
mitochondria. 
All cell specimens were incubated for 24 hours with the 
same concentration (c=60nM) of differently modified 
QDs. 
 

3. Results 

3.1. Spectroscopic studies 
 
During the first stage of our experiments the influence 
of surface modification with MPA, TGA and CYS of 
QDs on optical properties was investigated by using 
steady state and ultrafast spectroscopy techniques. 
Study of optical properties (optical density, PL 
intensity, position and width of PL band and PL decay) 
after three different thiol groups modification was 
investigated in phosphate buffer (PBS, pH 7.4) solution 
(Fig. 1 A,B,C).  
Decrease of absorbance at the interval ranging from 400 
up to 630nm was detected in both QDs-MPA and QDs-
CYS solutions. (Fig. 1A). The cysteamine modified 
QDs absorbance decreased rapidly and even the 
absorption excitonic peak at 583 nm is not clearly 
visible. After dissolving QDs-CYS start to aggregate 
and precipitation of large aggregates was detected. On 
the other hand, the absorption bands for QDs-TGA and 
QDs-MPA are detectable and sharper than original QDs 
Spectral positions of the absorption bands remained 
constant. There for it can be suggested that QDs surface 
coating changes do not affect their absorption peak 
position only determine the solution colloidal stability. 
PL decreased to about 80% of its initial intensity value 
for QDs-CYS, 11% – for QDs-MPA and to 15% – for 
QDs-TGA, as shown in Fig. 1 B Inset of Fig. 1 B shows 
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how the spectral position and measured FWHM 
depended on the surface modification.  
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 Fig. 1. Optical properties of (CdSe)ZnS QDs after 
modification with MPA,TGA and CYS.  All samples were 
dissolved in PBS with pH of  7.4. (A) - Absorption spectra of 
modified QDs (98 nM). (B) –PL spectra of modified QDs, 
Inset: peak of PL band and FWHM of modified QDs . (C) - 
The time-resolved PL decays of of each QDs 
 
The results show that PL peak remained the same for 
QDs-TGA and QDs-MPA as for QDs-TOPO. Only for 
QDs-CYS slight batochromic shift about 5 nm of PL 
band was detected. This PL band shift might be caused 
by QDs aggregation, which is a result of bad surface 
passivation by cysteamine molecules after ligand  
 
 

exchange reaction.  The same 27 nm FWHM means 
good polidispersity in size for all modified QDs. Fig. 1 
C compares the time-resolved PL decays of the QDs 
after surface modification measured at the exciton 
emission peak for each modified QDs. 
The decay profiles of all modified QDs dissolved in 
PBS are shorter than for QDs-TOPO suspended in 
toluene.  
These data were modeled with 3 exponential decay 
components according to:  
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Where τn represents a decay time, and An the amplitude 
of this component. The best-fit results are presented in 
Table 1.  
 
Table 1. Best-fit results of PL decay with the reduced 
χ2 values. 
QDs τ1  (ns) τ2  (ns) τ3  (ns) χ2 
QDs-
MPA 6.303 19.025 114.139 1.074 

QDs-
CYS 5.299 13.003 78.213 1.060 

QDs-
TGA 6.193 17.251 81.701 1.054 

Control 5,02 15,86 35,88 1.050 
 
Changes of fast components are not as dramatic as the 
slow component. From table 1. it is seen that for 
modified QDs τ3 lifetime component is from 2 to 3 
times longer than QDs-TOPO. It is possible that τ3 
lifetime component is longer because of the formation 
of trap sites on the surface of QDs after modification. 
The longest τ3 lifetime is for QDs-MPA and the shortest 
is for QDs-CYS. This might be caused that CYS barely 
passivates the QDs surface that is already not perfect, 
has a huge numbers of defects. As a result, probability 
of non-radiation relaxation increases and PL quantum 
yield decreases. It correlates with steady state 
spectroscopy results and shows that MPA ligand 
passivates the surface of QDs better than CYS 
molecules. 
The stability of QDs-ligand complexes has become a 
focus of study nowadays because of several promising 
applications of QDs. QDs stability can be monitored by 
the following PL spectra parameters: the maximum 
peak position, the maximum peak intensity and the 
spectral width of the band. The effect of the medium pH 
(6.6–8) on the physicochemical properties of modified 
QDs was spectroscopically evaluated in the present 
study. We observed that the PL intensity of QDs are 
highly sensitive to surface modification quality and the 
pH level of the solution. Fig 2. illustrates how PL 
intensity depends on surface modification and solution 
pH value.  
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Fig. 2.  PL intensity changes of each modified QDs dissolved 
in the two different pH value solutions. 
 
It was observed that initial PL intensity for different 
modification QDs enhanced at neutral pH values (6.6). 
The PL intensity increase for MPA and TGA modified 
QDs in both pH solutions was detected after 24 h. 
Temporal stability study show, that after 7 days PL 
intensity slightly decreased to it initial values for MPA 
and TGA coated QDs solutions, which pH=6.6. The 
most visible decrease of PL intensity was registered for 
TGA and MPA coated QDs in PBS solution, which pH= 
8. At day 7 it was about 82% of its initial PL intensity 
value for QDs-TGA and about 89% for QDs-MPA.  
The most unstable were cysteamine coated QDs,, their 
PL intensity decrease rapidly from preparation till 3 
day..After it the temporal stabilization of PL intensity of 
QDs-CYS was detected. Moreover spongy, red 
precipitates were obtained after 7 days in both QDs-
CYS solutions. After mixing them the same PL intensity 
as the day 1 occurred.  FWHM and PL peak position 
was also taken into consideration. No bathocromic and 
hypsochromic shifts and no FWHM changes of  QDs-
MPA, QDs-TGA PL spectra were observed during all 
time of examination. Notwithstanding, after 5 days the 
FWHM and PL peak position of QDs-CYS changed 
rapidly. The PL spectra has broadened what means that 
different size of QDs-CYS aggregates formed in the 
solution.  
  
3.2. Confocal microscopy studies 
 
Confocal microscopy was employed to examine the 
subcellular localization of QDs. To examine differently 
modified QDs cellular interaction, their uptake and 
localization, NIH3T3 cells was used as model cell lines. 
Imaging studies illustrated that the cellular uptake and 
localization of QDs were sensitive to their surface 
properties.  
First QDs-MPA accumulated inside the NIH3T3 cells 
were detected after 1h of normal incubation conditions 
(Fig. 3A.). Discrete pattern of intracellular QDs-MPA 
PL implied that QDs-MPA were incapsulated in 
vesicular structures that initially concentrated in 
perinuclear region and later localized uniformly through 
the cytoplasm. After 3h the number of QDs-MPA 
containing vesicles per cell increased, as well their size 
and PL intensity. QDs containing vesicles formation 
assume that process of QDs-MPA accumulation is 

controlled by endocytosis, but not by diffusion through 
cytoplasmic membrane. Detailed investigation of single 
cells, showed fully filled with QDs-MPA vesicles 
varying size ranging from 0.5 μm to 2 μm in diameter.  
 

  
 
Fig. 3. Confocal fluorescence images for the NIH3T3 cells 
taken after 1h (A) and 24h (B) incubation with QDs-MPA. 
ntercellular transport of QDs-MPA vesicles between NIH3T3 
cells(C). 
 
These vesicles were moving rapidly into the cytoplasm 
in a ‘‘stop and go’’ manner, but vesicle fusion with the 
cytoplasmic membrane was never observed.  No traces 
of QDs were found in nucleus as the release of vesicles 
content was never observed. Intercellular transport of 
QDs-MPA vesicles mediated by intercellular junctions 
was detected (Fig. 3B). Size of vesicles increased to 3-5 
μm in diameter after 24h incubation with QDs-MPA. 
These larger vesicles revealed to be multi-vesicular 
bodies composed of many small vesicles fully filled 
with ODs-MPA. 
On the contrary, no QDs-TGA observed inside the 
NIH3T3 cells even after 24h of incubation. Rather they 
tend to localize in the cell cytoplasmic membranes, 
were they remained stable and homogeneous (Fig. 4). It 
seems that QDs-TGA surface still more hydrophobic 
even after surface ligand exchange. These TGA coated 
QDs were stuck to the cell membrane and did not enter 
the NIH3T3 cells.    
  

 
 
Fig. 4. Confocal fluorescence image of NIH3T3 cells 
incubated with QDs-TGA for 24 h. 
 
Cationic QDs-CYS had weaker interactions with 
NIH3T3 cells, than QDs-MPA and QDs-TGA, because 
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they were unstable and tend to agglomerate in NIH3T3 
cells incubation media (Fig 5). 
 

 
 
Fig. 5. Confocal fluorescence image of NIH3T3 cells 
incubated with QDs-CYS QDs. DIOC6 was used for the 
staining cells endoplasmic reticulum.   
Large aggregates of QDs-CYS appeared after 24h 
incubation and none of them were enter cells. However 
no significant changes in the cells viability were 
detected.  
 

4. Conclusions 

 This study showed that (CdSe)ZnS quantum 
dots coated with three thiol groups (TGA, CYS, MPA) 
have different photophysical and biological properties. 
The least successful modification was for QDs-CYS as 
their PL band intensity rapidly decrease, they became 
unstable and tend to agglomerate in biological 
environment. PL decay spectra suggest poor surface 
passivation for QDs-CYS in comparison with others. 
QDs modified with MPA and TGA showed similar 
results to QDs-TOPO photophysical properties though 
QDs-MPA was more stable. However they differed 
greatly in biological medium. NIH3T3 cells tended to 
uptake QDs-MPA via endocytosis process and after 24 
h. they localize in multivesicular bodies while QDs-
TGA localize in membranes and none were uptaken 
inside the cells.      
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1. Introduction  
 
The main objectives of the European Commission 
project 'Guidelines on Medical Physics Expert' 
(TREN/09/NUCL/SI2.549828) is to provide for 
improved implementation of the provisions relating to 
the Medical Physics Expert (MPE) of Council Directive 
97/43/EURATOM (Medical Exposures Directive, 
MED) and the recently proposed recast Basic Safety 
Standards (BSS) Directive. This includes harmonisation 
of the mission statement, education and training of the 
MPE among the Member States of the European Union. 
In this way, the project will support the European 
Commission in its actions relating to the optimisation of 
radiation doses to individuals submitted to medical 
exposures. This paper will present the current thinking 
of the project consortium on the qualification 
framework for attainment of MPE status and also for 
the curricular framework for Education and Training. 
 

2. Principles guiding the development of the 
document 

 
The principles guiding the development of the 
qualification and curriculum frameworks were the 
following: 
 The new proposed qualification framework for the 

MPE will be based on the levels defined by the 
European Qualifications Framework (EQF)1 for 
lifelong learning which is the most recent 
document proposed by the EC on qualification 
frameworks. For the purpose of this project the 
appropriate Levels are EQF Level 6 (e.g., 
Bachelor) and EQF Level 7 (e.g., Masters)1,2. 

 The qualification framework will facilitate the 
mobility of the MPE in Europe through an agreed 

set of minimum criteria for achievement of MPE 
status (whilst keeping in mind the safety of the 
patient). 

 The qualification framework will make it possible 
for more individuals to achieve MPE status  
through its flexibility, cost-effectiveness and 
lifelong learning approach (whilst keeping in mind 
the safety of the patient). 

 The curriculum framework must be such as to 
make it possible for MPEs to move easily from 
one area of medical physics practice (i.e., 
Diagnostic Radiology, Nuclear Medicine and 
Radiotherapy) to another, according to national 
and professional needs, with a minimum amount 
of additional education and training.  

 The determination of the content will be guided by 
a mission statement for Medical Physics Services 
derived from the MED and recast BSS. The 
consortium has developed the following mission 
statement: “Medical Physics Services will 
contribute to maintaining and improving the 
quality3, safety4,5 and cost-effectiveness6 of 
healthcare services through patient-oriented 
activities requiring expert action, involvement or 
advice regarding the selection, acceptance, 
commissioning, quality assurance and optimised 
clinical use of medical devices and risks from 
associated physical agents (including radiation); all 
activities will be based on current best evidence or 
own scientific research when the available 
evidence is not sufficient” This mission includes 
the following key activities: General Physics 
Service, Physical Agents Dosimetry Service, 
Development of Service Quality, Clinical 
Involvement, Expert Consultancy, Patient Safety 
and Risk Management, Occupational / Public 
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Safety and Risk Management (when associated 
with patient safety), Education of Healthcare 
Professionals, Clinical Medical Device 
Management, Economic Issues / Health 
Technology Assessment (HTA) and Innovation. 

 Learning outcomes (LO) for MPE programmes 
will be expressed in terms of Knowledge, Skills 
and Competences (KSC) as stipulated and defined 
in the EQF document. These are: 
a. Knowledge (facts, principles, theories, practices)  
b. Skills as the ability to use knowledge and know-

how to complete tasks and solve problems (both 
cognitive skills involving the use of logical, 
intuitive and creative thinking and practical 
skills involving manual dexterity and the use of 
methods, materials, tools and instruments)  

c. Competence (in the EQF meaning responsibility 
and autonomy)1. 

 
3. Qualification framework for the MPE in Europe 

 
The current thinking of the consortium regarding the 
qualification framework for the MPE is shown in  
Fig. 1. 
 
4. Curricular framework for MPE programmes in 

Europe 
 
The curricular framework proposed can be seen in  
Fig. 2. LO are classified into two categories: Generic 
and Subject Specific7. Generic LO consist of skills 
which are transferable across professions. They are 
further classified into three sub-categories7: 
a. Instrumental skills: cognitive, methodological, 

technological, linguistic  
b. Interpersonal skills: individual abilities involving 

social and co-operational aspects 
c. Systemic skills: involving combinations of 

understanding, sensibility and knowledge and 
usually involving prior acquisition of instrumental 
and interpersonal skills 

Subject Specific LO are those which are specific to a 
profession. These would be further classified into sub-
categories as determined by the particular profession. 
The following classification is based on proposals by 
the EFOMP Board and Caruana8 and Caruana9: 
a. Medical Physics Core LO (these LO are expected 

from all medical physicists) 
   -LO appropriate for the medical physicist as physical 
scientist (these are fundamental physics knowledge and 
measurement skills  expected of all physicists)  
   -LO for the medical physicist as healthcare 
professional 
   -LO for the medical physicist as clinical medical 
device / physical agents expert (these are common to 
all medical devices and safety from all associated 
physical agents) 
b. LO for specific medical physics areas (these LO 

would consist of the application of the Medical 
Physics Core LO to the three areas of medical 
physics relevant to this project e.g., Diagnostic and 

Interventional Radiology, Nuclear Medicine, 
Radiotherapy. 

5. Conclusion 
 
The whole curriculum document will be forwarded to 
medical physicists in Europe for their feedback. A 
workshop is being held 9-10 May 2011 in Seville, 
Spain for medical physicists and stakeholders. The 
website for the project is 
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Fig. 1. Qualification framework for the MPE in Europe 
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programmes in Europe 
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Abstract: We describe the biomedical physics component of the study programmes for General Medicine, Dentistry and 
Biomedical Engineering at the Faculty of Medicine, Masaryk University, Brno, Czech Republic. In comparison with 
other biomedical subjects, biomedical physics has less curriculum time in the case of General Medicine and Dentistry 
programmes. However, it has a higher number of hours in the case of the programme in Biomedical Technology. 
Practical tasks play an important role in all our programmes. 
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1. Introduction 
 

At the Department of Biophysics, Faculty of Medicine, 
Masaryk University, Brno we teach students of three 
different faculties, who represent several healthcare 
professionals. Table 1. shows all specialisations and the 
number of students in each of them for the academic 
year 2009-10. About one fifth of the General and 
Dental Medicine students are enrolled in the English 
study programme (identical with the Czech programme 
but the students are taught in English and pay fees). 
The biggest group involves students of General 
Medicine, followed by other healthcare professional 
groups from the Medical Faculty. A small group of 
students comes from the Biophysics and Medical 
Physics programmes of the Faculty of Science. Since 
the academic year 2008/2009 we also started education 
of students from the newly designed BSc programme 
“Biomedical Technology and Bioinformatics” of the 
Faculty of Electrical Engineering and Communication 
(FEEC), University of Technology, Brno. 
  
We have prepared individual syllabi for students for 
the different programmes. We focus on the effective 
and safe use of biomedical devices (students of 
Medical Faculty), medical and technical aspects of 
biomedical physics (students of Medical Physics and 
Biophysics from the Faculty of Science) and general 
biophysics (students from FEEC). These syllabi were 
designed in agreement with the latest recommendations 
published by Caruana et al. [1,2] 
 
 
 
 
 

Table 1. 

Faculty Specialisation Number of 
students 

General Medicine 480 

Dentistry 90 

Nurse – midwife 30 

General Nurse 40 

Physiotherapy 40 

Optometry 40 

Human Nutrition 20 

Laboratory 
Assistant 50 

Faculty of Medicine 
Masaryk University, 

Brno 

Radiology 
Assistant 10 

Biophysics 15 
Faculty of Science, 
Masaryk Uni., Brno 

Medical physics 8 

FEEC, Technical 
University, Brno 

Biomedical 
Technology and 
Bioinformatics 

70 
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2. Biomedical physics and other theoretical subjects 
 

Lectures and practicals are held during the first 
semester of the first year of the programmes as 
biomedical physics is considered fundamental.  The 
number of hours for the three biggest groups of 
students are shown in Table 2. Physics is assigned less 
than half the time compared to Chemistry (and 
biochemistry), anatomy and physiology in the case of 
students of General Medicine (GM) and Dentistry. This 
is not ideal, but better than in most European countries 
[3,4]. The situation in the case of the Biomedical 
Technology and Bioinformatics (BTB) study 
programme is the reverse – together with Physiology 
we have the biggest number of hours.   
 
Table 2. 
 

Study programme 
Hours per semester (number of 

semesters) 
 

Theoretical 
subject G M Dentistry  BTB 

Medical physics 105 (1) 90 (1) 75 (1) 

Chemistry and 
Biochemistry 225 (3) 165 (3) 60 (1) 

Biology 135 (2) 90 (2) 60 (1) 

Anatomy 240 (3) 195 (3) 30 (1) 

Physiology 232 (2) 120 (2) 75 (1) 

Histology and 
Embryology 150 (2) 105 (2) 30 (1) 

 
3. Practical exercises 

 

The practical exercises usually represent about 60% of 
the complete course of biomedical physics. Moreover, 
practical exercises (tasks) include also an introduction 
to healthcare informatics (only in the courses for 
students of Faculty of Medicine). The latter involves a 
wide range of topics starting from PC hardware and 
software to data mining, sharing and processing with 
emphasis on web tools, resources and scientific 
databases (e.g. Medline, Scopus). The time available 
for practical tasks oriented on biomedical physics 
proper (i.e., without informatics) is the same for GM, 
Dentistry and BTB – 45 hours. The intended learning 
objectives of the practical sessions are: the 
development of the measurement and instrument user 
skills, the awareness of the scientific, effective, 
efficient and safe use of biomedical devices (as 
required by EU Directives and healthcare policies), 
basics of the biophysical quantities behind clinical 
diagnostics and the fundamentals of medical imaging 
and physiological monitoring techniques. One of the 
target learning outcomes of the practical tasks is for all 

healthcare professions to share a common conceptual 
understanding and unified terminology regarding 
medical devices. Our syllabus is based on the 
theoretical model which considers Biomedical Physics 
as a discipline that creates an important bridge between 
physics, technology and medicine. 
The practical programme consists of three sets of tasks: 
(1) a basic set which is common to all professions and 
which ensures a solid foundation to all students, (2) 
specialized sets chosen according to the future specific 
healthcare profession of the students. More details 
about the rationale for this arrangement can be found in 
[5]. 
Most of the tasks are involve laboratory measurements, 
some have the character of demonstrations performed 
by the teacher, which can be followed by student 
operation/measurement; a few hours are theoretical 
seminars. 
 
Examples of tasks: 
 
Basic set: 
Illuminance 
Spectrophotometry (absorption curve and 
concentration measurement) 
Viscometry(different types of viscometers) 
Thermometers (thermistor, thermocouple, IR camera) 
Signal processing (oscilloscopy, filtering, etc.) 
Specialised set: 
Audiometry (hearing threshold measurement) 
Ultrasound induced haemolysis (see below) 
X-ray imaging (a group of tasks performed with a 
student laboratory X-ray device Phywe) 
Membrane potential measurement (a model) 
Sound level measurement 
Medical set (mostly demonstrations):  
Ultrasound diagnostic methods (B-scan, Doppler blood 
flow measurement) 
Optometry (e.g. applanation tonometry, refraction 
measurement, visual acuity measurement) 
Endoscopy (operation of a technical endoscope) 
MRI (seminar) 
Electrotherapy (electrostimulation etc.) 
 
Example task: 
 
Ultrasound induced haemolysis 
 
Main task: 
Determine the effect of ultrasound on erythrocytes in 
suspension in the dependence on duration of sonication 
(application of ultrasound). The students acquire 
information about ultrasonic cavitation, conventional 
microscopy and cell counting, and basic digital 
acquisition and processing of images. 
 
Equipment for the measurement: 
Ultrasound generator BTL-07 (Fig. 1.), microscope  
with a digital camera connected to computer (Fig. 2.), 
Bürker counting cell, stand with test tubes, pipettes, flat 
bottom test tube for sonication, suspension of 
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erythrocytes, saline, cellulose tissues, acoustic contact 
medium (paraffin oil). 
 
 

 
 

Fig. 1. Ultrasound generator 
 

 
 

Fig. 2. Microscope connected with computer 
 

Procedure: 
Suspension of erythrocytes (50-times diluted non-
coagulable horse blood) is prepared in the beaker. 
1) After a mild stirring pour approximately 3mL of 
the suspension of erythrocytes into a flat-bottom test 
tube (half of test tube). 
2) Count number of erythrocytes in this control 
suspension. Dilute the suspension 10-times: 0.1 mL of 
suspension + 0.9 mL of saline. Take the erythrocyte 
suspension into the Bürker cell and count erythrocytes 
at least in 20 small squares of the grid. Calculate 
number of unsonicated erythrocytes in 1 mL of the 
suspension. Stir the suspension before each 
manipulation! 
3) Switch the ultrasound generator. Spread the 
ultrasound application head with a little of paraffin oil, 
The application head is fastened in the stand. 
4) Before the actual accomplishment of haemolysis, 
set the sonication time – 30 seconds is sufficient. Push 

start button and gradually increase intensity of 
ultrasound. During sonication one can observe 
ultrasonic cavitation taking place on the head in the 
paraffin oil. Time switch will automatically switch off 
the device. 
5) Put carefully the flat-bottom test tube with 
erythrocyte suspension on the ultrasound application 
head. Set the ultrasound intensity – 0.1 W/cm2 – and 
the time of sonication – 30 seconds. After that take 
0,1mL from the sonicated erythrocyte suspension and 
dilute by addition of 0.9 mL of saline. Count the 
erythrocytes - see point 2. 
6) Sonicate the suspension in the flat-bottom test tube 
for 30 seconds again. Count number of erythrocytes 
after sonication - see point 2.  
7) Repeat the previous step several times. If the 
average number of erythrocytes in one small square 
drops under 5, do not dilute the suspension and fill the 
Bürker cell with undiluted suspension. 
8) Accomplish at least 6 sonications If the full 
hemolysis happens (e.g. after four thirty-second 
sonications), finish the experiment. 
9) Write down numbers of erythrocytes recounted for 
1mL of full blood into a table and percentage (level) of 
hemolysis in dependence on the time of sonication. 
Based on this table, plot a graph showing the level of 
haemolysis vs. the time of sonication. 
10) To calculate the number of erythrocytes N in 
1mm3 of undiluted suspension (full blood) use this 
equation: 

N = nz/Shx 
 

Where n is number of erythrocytes in x squares 
(usually 20), z – dilution of suspension, S – area of a 
small square of the Bürker cell (0,0025mm2) and 
thickness (hight) of the Bürker cell h is 0,1mm).  

 
4. Student´s responsibility 

 
The practical exercises in Biophysics are compulsory 
and a missing practical has to be substituted. 
Theoretical knowledge of the principles of the methods 
used is regularly checked by oral examination. For 
each task the students have to write a comprehensive 
report which is marked. From, this year, students are to 
hand in reports via the website of Masaryk University 
Information system, and they receive the corrected 
script through the same system. At the end of the 
course students sit for a multiple-choice test which 
consists usually of 20 questions and must achieve 50% 
of the mark to be considered successful. 
Students will only be allowed to sit for the final exam 
if successful in the multiple choice test. The exam 
consists of a written test consisting of 25 multiple 
choice questions and an oral part. The student can 
continue with the oral part only when the number of 
correctly answered questions in the multiple choice test 
is at least 15. The oral part consists of two questions. 
The examined student must be able to explain physical 
and biophysical problems and explain their clinical 
importance. 
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______________________________________________________________________________________________ 
 
Abstract: The policy statements describing the role of the biomedical physicist (and engineer) published by 
organizations representing biomedical physicists in Europe include the responsibility of contributing to the education of 
healthcare professionals. But the role of the biomedical physicist in the education of the medical/healthcare professions 
has never been studied systematically. The EFOMP SIG ‘Biomedical Physics Education for the Healthcare Professions’ 
has been conducting research aimed at producing a development model for this increasingly important subrole of the 
biomedical physicist.  
 
Keywords: Biomedical physics education, medical education, academic role development, curriculum development.  
________________________________________________________________________________________________ 
 

1. Introduction 

Although biomedical physicists provide educational 
services in most medical/healthcare faculties (and 
hospitals) in Europe, the role of the biomedical physicist 
in the education of the medical/healthcare professions 
has never been studied systematically. In 2005, the 
EFOMP council set up a Special Interest Group to 
develop the role of the biomedical physics educator in 
such faculties and to work with other healthcare 
professional groups to produce updated European 
curricula for them. The group seeks to provide a basis 
for the progress of the role, enhance its relevance to 
contemporary healthcare professional education and 
provide input for future EFOMP policy documents. The 
educational aspect of the physicist’s role is becoming 
progressively more important owing to the rapid 
increase in the number and sophistication of medical 
devices used by these professions. 
This article presents a research project aimed at 
developing the role of biomedical physics (BMP) 
educators in the teaching of the non-physics healthcare  
 

professions (HCP). The methodology used was based on 
the well-established SWOT analytical framework. 
SWOT is a two-step process: an audit of SWOT themes 
relevant to the role under study is first carried out and 
then a development model is constructed by matching 
the internal Strengths and Weaknesses of the role to 
Opportunities and Threats arising from the external 
Political, Economic, Social-Psychological and 
Technoscientific environments. SWOT themes were 
identified through a survey of 120 faculties across 
Europe and document analysis of the medical/healthcare 
educational literature. Two papers have already been 
published, the first presenting a survey of the literature 
on the subject and the second presenting the results of 
the SWOT audit [1, 2]. The third paper with the 
proposed role development model has been submitted 
for publication. A fourth paper which will include a 
curriculum development model is also planned. The set 
of papers will strengthen the role and help bring about 
convergence of biomedical physics curricula for the 
medical/healthcare professions in Europe. 
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2. Background to the project   

A scrutiny of the medical and healthcare professional 
literature provides relatively few references on the 
educational role of the biomedical physicist in Faculties 
of Medicine / Health Science (FMHS). Current 
curricular content varies tremendously across Europe. 
Even for a single profession such as that of physician 
content ranges from general physics to physical 
biochemistry, biomolecular and cellular biophysics, 
physiological physics, the effects of physical agents on 
the human organism and medical devices. From the 
personal experience of the members of the group there 
are various causes for this variability. Remits presented 
to BMP educators by HCP programme leaders are 
sometimes quite vague as the latter are often unsure on 
what the learning requirements of their students are. 
Choice of curriculum content is often subjective with 
BMP educators simply choosing learning objectives 
based on those areas of their expertise that in their 
opinion are most relevant to the particular HCP. 
Research-based curriculum development and 
international networking on the issues are lacking. This 
ad-hoc approach to curriculum development may lead to 
learning objectives that are far removed from the 
everyday practicalities in the exercise of the HCP, hence 
leading to a low level of satisfaction and motivation on 
the part of the students. There are also indications that 
the BMP academic is not perceived by the various HCP 
to have a clear, valuable and easily identifiable role with 
respect to the education of their students - an issue 
which if not addressed with urgency by the profession 
could lead to a reduction of curriculum time devoted to 
BMP in the various HCP curricula. 
At the same time, the gradual construction of the 
European Higher Education Area (often referred to as 
the 'Bologna' process) is encouraging institutions 
involved in higher education to take a critical look at 
their curricula and ensure that the latter are more in 
agreement with the present and future learning needs of 
the professions [3]. BMP educators cannot play a 
significant role in this process unless they have a clear 
updated role mission statement, are in possession of 
research based role and curriculum development models 
to guide their work, and increase the degree of 
harmonization of their activities at the European level. 
 

3. Summary of the literature review regarding the 
role 

 
Almost all articles found in the literature focus on the 
role within programmes for physicians, diagnostic 
radiographers / radiation therapists and the postgraduate 
medical specializations of radiology, radiotherapy, 
interventional radiology and cardiology. There are very 
few articles regarding the physics component of medical 
curricula even though it is a component of many 
medical programmes. The only work that has been 
described in detail is that of J. K. Robertson, teaching at 
Queen's University Faculty of Medicine, Canada in the 

years 1909 - 1951. The pedagogical approach of this 
educator demonstrates the remarkable vision of some 
early biomedical physics educators. 
At that time the medical curriculum was very linearly 
structured with strict separation of basic and applied 
science. Robertson challenged this system and produced 
a very successful course combining physics principles 
with clinical applications in a single unit. "Robertson's 
success in this endeavor was based largely on two 
factors: his sympathetic understanding of the needs of 
medical students and his innovative combination of 
basic and applied science in one course - factors that are 
as important to medical teaching today as they were 50 
years ago" [4]. However it seems that this initial flash of 
educational initiative was not followed up by the 
international biomedical physics community. 
Moreover there have been indications that the absence 
of systematic research and publication has resulted 
sometimes in unsatisfactory learning with a high theory-
practice gap. In 2001, an interesting attempt to introduce 
problem-based learning to medical students was 
reported [5]. In 2005, EFOMP published a radiation 
protection syllabus for medical undergraduates. Some 
authors have appealed for a widening of content to 
include topics such as biosignals. In 2005, a survey of 
the physics component of European undergraduate 
medical curricula led to the following results: (a) in 
general a compulsory physics contribution is included in 
the pre-clinical stage with further optional units in the 
clinical years (b) there is wide variation in the 
compulsory physics pre-clinical curriculum time 
ranging from 0 - 90 hours (c) in some countries physics 
is a national legal requirement whilst in others not (d) 
there is wide variation in curriculum content, in some 
countries legal instruments specify detailed content 
whilst in others these provide only general direction (e) 
delivery is still mainly presentation based though in 
some countries practicals are mandated by law (f) there 
is a lack of systematic, research-based curriculum 
development (g) most departments have not yet reacted 
to developments such as competence-based curricula 
and problem-based-learning [6]. In a subsequent paper 
the same authors developed a biomedical physics 
competence inventory for undergraduate medical 
education. 
Physics has been included in the curriculum for 
diagnostic radiographers since the beginning of formal 
radiography education. However, the first research-
based inventory of physics competences for diagnostic 
radiography education in Europe was only published 
recently [7]. Physicists have always been involved in 
international initiatives regarding radiation protection 
education. These have always included reference to 
radiographers [8]. Physicists are presently involved in 
an ICRP group working on a document entitled 
‘Radiation protection training for diagnostic and 
interventional procedures’ to be published in 2009 
(Vano E., personal communication, Feb. 2008). 
Therapeutic radiology is an area in which physicists and 
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other healthcare professions have worked together to 
produce European curricula including one for radiation 
therapists. 
Physics has always been a component of the curriculum 
of the postgraduate medical specializations of radiology 
and radiotherapy. It has been argued that it is the 
superior knowledge that radiologists have of physics 
that gives them an advantage over other clinicians who 
attempt to read medical images. Some have argued that 
owing to the pressures on radiologists' learning time 
only physics knowledge that is derived from the clinical 
practice should be taught. 
This was countered by the argument that it is more 
important to use the time available to build firm broad 
conceptual foundations as concepts that were not seen 
as relevant at the time of learning could become so at a 
later date. A more recent debate involved a discussion 
on whether the rapid increase in the number of imaging 
modalities implies that the physics taught to radiologists 
would need to be expanded and become more 
quantitative. The arguments in favour of the proposition 
tended to be statements on the lines that more 
technology requires more physics. Arguments against 
the proposition were that there is simply no available 
curriculum time and that medical students do not tend to 
be mathematically inclined. Some recent experiences in 
the teaching of the practical aspects of radiation 
protection to interventional radiologists and 
cardiologists have been well received by clinicians. 
Although there are indications of increasing interest [9-
12] the literature indicates that the precise role of the 
biomedical physics educator in Faculties of Medicine / 
Health Science has never been studied in a systematic 
manner. The complete literature review has been 
published in Physica Medica - European Journal of 
Medical Physics [1]. 

 

4. Subsequent research 

The group has finished conducting a SWOT analysis for 
the role. Strengths and Weaknesses have been identified 
through a survey of 120 faculties across Europe whilst 
Opportunities and Threats through a systematic survey 
of the healthcare, healthcare professional education and 
higher education literature. The SWOT themes indicate 
that (a) the biomedical physicist’s role in the education 
of the healthcare professions is blessed with many 
opportunities and if biomedical physicists rise to the 
challenge a good future for the role is achievable (b) 
however, in the past the role has been generally 
weakened in some countries either through neglect from 
role holders who have not practiced proper role-balance 
amongst their various sub-roles or through lack of 
opportunity. In the case of university based physicists 
the educator role has not been given its due importance 
owing to over-emphasis on the research role. In the case 
of clinically based physicists there is a lack of 
opportunity when the educational role is considered 
subsidiary to the service role. The major strengths of the 

role are its strong medical device competences and its 
competences regarding protection from physical agents 
associated with medical devices.  
SWOT themes identified in the study [2] 
Strengths of the role  
S1) Highly qualified academics  
S2) Strong medical device competences  
S3) Strong competences regarding safety with regard to 
physical agents  
S4) Strong Information and Communication 
Technology competences  
S5) Strong research competences  
Weaknesses of the role  
W1) Absence of a clear mission  
W2) Poorly determined scope  
W3) Absence of international networking and curricular 
harmonization  
W4) Absence of a unique internationally agreed title for 
the discipline   
W5) Low level of pedagogical expertise, pedagogical 
materials and educational research  
W6) Narrow range of client groups  
W7) Role overlaps  
W8) Absent departments  
W9) Low marketing competences  
W10) Conflict between the self-perceived role and the 
role expectations of the HCP  
W11) Insufficient awareness of the ethical and 
humanistic aspects of healthcare  
Opportunities for the role  
O1) The European Higher Education Area and 
recognition of professional qualifications  
O2) The European Research Area  
O3) EC directives  
O4) The escalating cost of health care and health 
technology assessment  
O5) Human resource requirements in the HCP sector  
O6) Increased public awareness of quality and safety 
standards in healthcare  
O7) The rise of the new HCP  
O8) Increased regulation of the HCP  
O9) Increased awareness of occupational safety issues  
O10) The explosion in the number and sophistication of 
biomedical devices  
Threats to the role  
T1) The escalating cost of higher education  
T2) Low incentives for biomedical physicists to join 
academia  
T3) Resistance to multi-disciplinarity in HCP education  
T4) Insufficient curriculum time  
T5) The perception of physics as a difficult subject  
 
Many members of the profession consider that the major 
function of the role is to act as a ‘bridge’ across the 
divide between biomedical device providers / medical 
device research literature and the HCP (Fig.1). The 
BMP is the biomedical science professional who is 
comfortable using the terminologies of both technology 
and medicine. A significant component of this bridging 
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role is to ‘translate’ technical knowhow (e.g., that found 
in device user manuals) into a form that can be useful to 
the HCP. It is also important to ensure that future HCP 
have at least the basic physics concepts required to be 
able to achieve understanding during the training 
sessions provided by device manufacturers.   
 

 
 

Fig. 1. Major mission of Medical Physicists for HCP 
education 

Following the SWOT audit, the group has been working 
on a strategy for the development of the role based on 
the outcomes of the audit. The research methods 
adopted focus on the importance of strategic planning at 
all levels in the provision of educational services.  The 
analytical process used in the study is a pragmatic blend 
of the various theoretical frameworks described in the 
literature on strategic planning research as adapted for 
use in academic role development. Important results 
include identification of the core competences of the 
biomedical physicist in this context; specification of 
bench-marking schemes based on experiences of other 
biomedical disciplines; formulation of detailed mission 
and vision statements; gap analysis for the role (i.e., the 
discrepancies between the current position and desired 
vision for the role). The study concludes with a set of 
strategies and specific actions for gap reduction. 
 

5. Conclusions 
 

The literature review showed that in this field, there was 
a need to focus research on the following areas: (a) 
carrying out a comprehensive Europe-wide SWOT 
position audit for the role, including curricular 
challenges within higher and healthcare professional 
education (b) proposing a strategic role development 
model for the perusal of role holders which would 
ensure the future well-being of the role (c) putting 
forward a curriculum development model structured 
enough for  systematic curriculum development yet 
generic enough to be applicable to all the HCP and 
easily modifiable to national and local needs. The 
Group’s recent work has addressed the first objective 
and the results of the study have been submitted for 
publication to Physica Medica - European Journal of 
Medical Physics. In the coming year the Group will be 
focusing its efforts on addressing the two remaining 
research objectives, that is constructing role 
development and curriculum development models. 
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Abstract: Inter- and intrasubject uncertainty in functional magnetic resonance imaging examinations at cortex motor 
and language area was studied. The highest Z-scores were identified and mean weighted lateralisation index (LIw) were 
calculated using a combined bootstrap/histogram analysis by Wilke and Schmithorst within prescribed Brodmann areas 
(BA). LIw (with standard deviation) for right hand motor task of adults was 0,77(0,04) for BA 1-2-3, 0,88(0,02) for BA 
4 and 0,71(0,04) for BA 6. 
 
Keywords: functional magnetic resonance imaging (fMRI), statistical parametrical mapping (SPM), neuroimaging 
studies, data analysis, reproducibility. 
________________________________________________________________________________________________ 
 

1. Introduction 
 

Since 1990, when blood-oxygen-level-dependent 
(BOLD) technique [1] was first used for imaging brain 
functions, functional magnetic resonance imaging 
(fMRI) method has spread to many university hospitals, 
as indispensable clinical tool. Since fMRI methods has 
not been systematically introduced in Estonia, this is the 
first methodology adaption carried out in Tartu 
University Hospital. A short overview about processing 
and analyzing techniques, which were chosen for 
making clinical evaluation of motor cortex 
reorganisation of patients with hereditary spastic 
paraplegia and compensatory reorganisation of language 
network of children with perinatal and early childhood 
stroke, is given. In addition, the purpose of this study 
was to assess inter- and intrasubject reproducibility of 
the used methodology. Due to the fact that subject will 
get tired and bored after repeating the same task, fMRI 
repeatability can only be estimated exactly by an 
appropriate phantom [2]. Thus only reproducibility 
assessment was carried out and it was assessed both 
between subjects (inter-) and for one subject 
(intrasubject). This study was approved by the local 
ethics committee. 
 

2. Materials and methods 
 

2.1. Subjects and tasks 
 

Twelve right-handed healthy subjects (aged between 22 
and 70, with mean age of 45) with no history of 
neurological or psychiatric illness were studied while  

performing hand and foot motor task. Ten right handed 
healthy children (aged between 9 and 14, with mean age 
of 11) were studied while performing two cognitive 
tasks. For assessing intrasubject reproducibility one 
healthy 23 year old right handed male subject was 
studied at both motor and both cognitive tasks. 
All tasks were employed in a block design. Motor task 
of the hand was flexion/extension of the right-hand 
fingers and for the feet was flexion/extension of the 
right ankle. Hand and feet motor tasks were run 
separately. Cognitive task comprised also of two tasks, 
where activation block comprised of verb generation 
task or sentence comprehension task and during the rest 
block subject were asked to do motor task of finger 
tapping. 
Length of a block was 10 TR-s with the TR of 4 s. For 
motor task 3 blocks of motor task and 3 blocks of 
resting was done alternately. For cognitive task 5 blocks 
of verb generation tasks or sentence comprehension 
tasks was used with 5 motor tasks alternately. 
 
2.2. Image Acquisition 
 

Before examination the subjects were informed about 
the procedure, tasks and length of the examination. 
Images were obtained on a 1,5 T MR scanner 
Magnetom Symphony (Siemens Medical Systems, 
Erlangen, Germany). Prior to the functional scans, high 
resolution T1 weighted anatomical image was obtained 
with gradient echo FLASH sequence (TR=12 ms, 
TE=5,68 ms, flip angle 15˚, resolution 224×256, voxel 
size 1×1×1 mm3, 176 sagittal planes). Functional T2* 
weighted images were obtained using gradient echo EPI 
sequence (TR=4 s, TE=50 ms, spin flip angle 90˚, 
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resolution 64×64, voxel size 3×3×3 mm3, slice gap 
0,75 mm, 36 axial planes, interleaved scan). 60 whole 
brain functional images were acquired for each patient 
and control subject while the subjects were performing 
the motor tasks and 100 images while performing 
cognitive tasks.  
 
2.3. Image Processing 
 

All of the image processing steps were performed using 
Statistical Parametrical Mapping (SPM8, Wellcome 
Trust Centre for Neuroimaging, London, UK) software 
[3], which is a suite of MATLAB (The MathWorks, 
Inc., Natick, MA, USA) functions to process and 
analyse functional neuroimaging data. First step of 
spatial pre-processing was realignment of functional 
images, where movement effects were discounted. After 
realignment high resolution anatomical images were 
coregistered with functional images, which maximized 
the mutual information. Pre-processing continued with 
segmentation of high resolution anatomical images, 
where the MNI452 white matter, grey matter and 
cerebro-spinal-fluid probability maps [4] were used to 
yield a parametric description for normalisation. In 
normalisation process the images were normalised and 
bias corrected. Image pre-processing ended with 
smoothing by 8×8×8 mm3 full width at half maximum 
(FWHM) isotropic Gaussian kernel. 
 
2.4. Statistical Analysis 
 

Image processing was followed by a general linear 
model based statistical analysis of the functional 
images.  

 
 

Fig. 1. Box car function convolved with hemodynamic 
response  function (bold line) and pre-processed signal 
readings at a single voxel during motor task (red dots). 

 
Modelling was done with box car functions convolved 
with hemodynamic response function [7]. An example 
of pre-processed data points with response function are 
shown in fig. 1. Low frequency noise was eliminated by 
using 160 s high-pass filter. Estimation of model 
parameters was done by using SPM 8, after which task 
vs. rest activation was assessed by applying t-test to the 
parameter estimates, resulting statistical parametric t-
maps for each subject. Multiple comparisons problem 
was corrected by masking images with Brodmann area 
(BA) masks (fig. 2) from MRIcro [8] and by doing ROI 
analysis using WFU PickAtlas [9, 10]. BA masks a), b) 

and c) were used for motor task and d), e) for cognitive 
task results. 

 a) b)  

c) d)  

    e)  
 
Fig. 2. Broadmann area masks (regions of interest) defined on 
a normalized MNI single_subject_T1 template using modified 
Brodmann area templates by MRIcro [8] and visualized within 
10 mm below the surface: a) BA 1-2-3; b) BA 4; c) BA 6; d) 
BA 22; e) BA 44-45.). 
 
From resulting masked t-maps, weighted lateralisation 
index (LIw) was calculated using combined 
bootstrap/histogram analysis approach by Wilke and 
Schmithorst [11]. Bootstrap algorithm helps to evaluate 
sampling distribution of a sample by repeatedly 
resampling, with replacement, the original sample 
which would give approximately the “real” distribution 
of the original sample.  By using bootstrap algorithm, 
10 000 indices were iteratively calculated with equation 
(1) at different thresholds, where QLH is the sum of all 
the t-map values in masked area of left hemisphere and 
QRH is the similar sum for right hemisphere: 

 

 

  
.   (1) 

For each threshold a trimmed mean lateralisation index 
was calculated by finding the mean value of 
lateralisation indices where 25% of upper and lower 
values were excluded. Weighted lateralisation index LIw 
was calculated by equation (2), where LI25,i is the 
trimmed mean lateralisation index and Wi is the 
weighting factor or threshold, where trimmed mean was 
calculated: 
 
 

 

.  (2) 
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To avoid statistically not important results, limits for 
minimum cluster size of 5 “activated” voxels and 
minimal number of 10 “activated” voxels per 
hemisphere were established. By using same BA masks 
and by doing ROI analysis with WFU PickAtlas in SPM 
8, maximum Z-scores in each BA were found.   
 

3. Results 
 

3.1. Intersubject repeatability of motor task 
 

Motor task was run in two parts, at first with right hand 
and then with right ankle. Weighted lateralisation 
indices of right hand motor task for each subject are in 
fig. 3. As the lateralisation is usually [12] assessed to be 
left lateral when the LIw is higher than 0,2 all of the 
patients right hand motor task results at each BA were 
assessed to have left lateralisation.   
 

 
 

 
Fig. 3. Weighted lateralisation indices of right hand motor task 
of right handed healthy subjects in respective Brodmann areas 
(BA). 
 
Z-score relative standard uncertainty for right hand 
motor task was 5% for BA 1-2-3 and BA 4 and 6% for 
BA 6. 
The results of right ankle motor task are shown in fig. 4. 
Ankle motor task had bigger variation in results, thus 
some of the results were yielded bilateral (with |LI|≤0,2) 
and some of the results right lateral (with LI<-0,2). The 
best reproducibility of ankle test was found in BA 4, 
where standard deviation of mean was 0,04. This was 
expected by physicians because BA 4 is thought to be 
primary motor cortex. Bigger variation of other BA-s 
was thought to be caused by inhomogenity of the 
subjects group or as well as moving right ankle without 
moving left ankle might have been difficult for some 
subjects, which might have led to different results. 
Relative standard uncertainty of mean Z-score of the 
ankle motor task was 6% for BA 1-2-3, 8% for BA 4 
and 6% for BA 6. 
 

 
 

 
Fig. 4. Weighted lateralisation indices of right ankle motor 
task of right handed healthy subjects in respective Brodmann 
areas (BA). 

 
3.2. Intersubject reproducibility of cognitive task 
 

Cognitive task was also run in two parts where at first 
subjects had to think about the word which they were 
told, and finally they had to listen different sentences 
and to decide whether it is true or false. 
The results for word generation task are at fig. 5. It was 
concluded that for cognitive task much higher subject 
group homogeneity requirements should be in place and 
as results in fig. 5 and 6 are for children aged between 9 
and 14 a big variation is seen.  
 

 
 

 
Fig. 5. Weighted lateralisation indices of word generation task 
of right handed healthy subjects in respective Brodmann areas 
(BA). 
 
The results for sentence comprehension test are in fig. 6. 
While comparing results of different test of single 
subject, for example 40 and 41, it can be seen that word 
generation and sentence comprehension can have 
opposite laterality at BA 22.  
 

   BA 22                     BA 44-45 
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Fig. 6. Weighted lateralisation indices of sentence 
comprehension task of right handed healthy subjects in 
respective Brodmann areas (BA). 
 
Z-score relative standard uncertainty of cognitive task 
for word generation was 11% for both BA-s, and for 
sentence comprehension task 8% for BA 22 and 10% 
for BA 44-45. 

 
3.3. Intrasubject reproducibility of motor task 
 

From the word generation and the sentence 
comprehension data 8 motor task contrast t-maps were 
acquired, which LIw values are in fig. 7. For intrasubject 
reproducibility a motor task of finger tapping was used. 
Though all the results are connected to left 
lateralisation, one can see increasing trend of 
lateralisation due to adaptation of motor task. 
 

 
Fig. 7. Weighted lateralisation indices of finger tapping 
motor task of one right handed healthy subject in 
respective Brodmann areas (BA). 
 
Relative standard uncertainty of mean maximum Z-
score in intrasubject reproducibility study of the motor 
task was 15% for BA 1-2-3, 13% for BA 4 and 14% for 
BA 6. 
 
3.3. Intrasubject reproducibility of cognitive task 
 

The results of 4 word generation and 4 sentence 
comprehension tasks are in fig. 8. Due to the fact that 
subject under study was more tired in one day than the 
other and due to cognitive adaptation, results tend to 
yield pseudobilaterality as mentioned in literature [12]. 
 

 
Fig. 8. Weighted lateralisation indices of word 
generation and sentence comprehension task of one 
right handed healthy subject in respective Brodmann 
areas (BA). 
 

4. Discussion 
 

The aim of this work was to compare inter- and 
intrasubject variability of motor and language area 
examinations. It is not right to compare the exact mean 
results of inter- intrasubject motor tasks because one of 
the tasks comprised flexion extension of right hand and 
the other finger tapping, respectively. As intersubject 
cognitive task examinations were held on children and 
intrasubject cognitive task examinations on adult, 
language task results are not directly comparable either. 
For this reason only standard deviations are compared. 
 
4.1. Motor task reproducibility 
 

In fig. 9 standard deviation of mean inter- and 
intrasubject LIw values are compared. Even although the 
tasks where different the mean values of hand motor 
tasks only slightly differ with finger tapping task results 
having 7-16% lower lateralisation. Standard deviations 
of mean LIw values of intersubject reproducibility were 
0,04 for BA 1-2-3, 0,02 for BA 4 and 0,04 for BA 6 and 
for intrasubject reproducibility 0,04 for BA 1-2-3, 0,04 
for BA 4 and 0,05 for BA 6. From these results hand 
motor tasks with flexion/extension and finger tapping 
were counted as reproducible. 
 

 
Fig. 9. Comparisons of standard deviations of mean weighted 
lateralisation indices at inter- and intrasubject of motor tasks at 
respective Brodmann areas. 

      BA 22                  BA 44-45 

   BA 22    BA 44-45 |   BA 22  BA 44-45 
   word generation     |      sentence comp. 
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In fig. 10 standard deviations of mean Z-score values 
were compared. Though Z-score values are often used 
in neurological studies mean Z-score standard 
deviations for intrasubject study were 0,90 for BA 1-2-
3, 0,86 for BA 4 and 0,89 for BA 6. Relative standard 
uncertainties for intersubject study were 5% for BA 1-2-
3, 5% for BA 4, 6% for BA 6 and for intrasubject study 
15%, 13% and 14% respectively. This showed that 
maximum Z-score value of fixed region characterise 
more of concentration on task and this might not be the 
best characteristic of neurological differences. 

 
 
Fig. 10. Comparisons of standard deviations of mean 
maximum Z-score at inter- and intrasubject of motor tasks at 
respective Brodmann areas. 
 
4.2. Cognitive task reproducibility 
 

Fig. 11 shows the comparison of standard deviations of 
mean weighted lateralisation indices. The mean values 
of inter- and intrasubject test are not overlapping 
because of the age difference of subjects. Sentence 
comprehension test yielded a lower variation of results 
for intrasubject study with the standard deviation of 
0,10 compared to 0,13 for BA 22 and 0,13 compared to 
0,24 for BA 44-45. In intersubject study the results at 
BA 22 were equally variable with STD 0,15, and 
sentence comprehension test yielded more variability 
with STD of 0,19 compared to 0,13. The results showed 
that intrasubject results were all left lateral. For 
intersubject study word generation test yielded more 
interpretable results, because within STD BA 22 had 
bilateral activation and BA 44-45 left lateral activation. 
The mean results of intersubject sentence 
comprehension task are near the boundary limit of bi- 
and left laterality. It was concluded that word generation 
task would have higher reproducibility than sentence 
comprehension task for children.  
The fig. 12 shows the comparison of standard deviation 
of inter- and intrasubject mean Z-score value where 
higher variation of intrasubject results are shown. 
Relative standard deviations of mean Z-score values in 
intersubject study with word generation task were 11% 
for BA 22, 11% BA 44-45 and for sentence 
comprehension 8% and 10% respectively. Relative 
standard uncertainty of mean Z-score values in 
intrasubject study with word generation task were 25% 

for BA 22, 29% BA 44-45 and for sentence 
comprehension 14% and 25% respectively. 
 

 
 
Fig. 11. Comparisons of standard deviations of mean weighted 
lateralisation indices of word generation and sentence 
comprehension tasks at respective Brodmann areas of inter- 
and intrasubject results. 
 

 
Fig. 12. Comparisons of standard deviations of mean 
maximum Z-score of word generation and sentence 
comprehension tasks at respective Brodmann areas of 
inter- and intrasubject results. 
 
Fig. 12 shows that word generation task yielded lower 
maximum Z-score values from witch was concluded 
that sentence comprehension task was more 
understandable to subjects and might need more logical 
thinking and interpretation of sentences which might 
need more concentration on task.  
 

5. Conclusions 
 

This study was about methodological reproducibility 
issues of functional magnetic resonance imaging. 
Reproducibility of methodology was assessed with both 
inter- and intrasubject results. Intersubject 
reproducibility was assessed with 24 motor area tests on 
healthy right handed adults and with 20 language area 
tests on healthy right handed children. Intrasubject 
reproducibility was assessed on one healthy right 
handed adult. Image pre-processing and analysis was 
done in SPM 8, where t-maps were masked by 
Brodmann area masks from MRIcro and analyzed in 
prescribed area. Maximal Z-scores were noted and 
weighted lateralisation indices were calculated with 

T, K 
BA 22 BA 44-45    | BA 22  BA 44-45 
word generation     | sentence comp. 
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bootstrap/histogram algorithm in prescribed BA. The 
study yielded that motor test has good reproducibility 
with mean LIw values (and standard deviation) of 
0,77(0,04) for BA 1-2-3, 0,88(0,02) for BA 4 and 
0,71(0,04) for BA 6 for hand motor test. For ankle 
motor test mean LIw values and their standard deviation 
are 0,11(0,12), 0,59(0,04) and 0,23(0,06) respectively. 
Intrasubject repeatability yielded LIw results with 
standard deviation between 0,04 and 0,05 for right hand 
finger tapping. 
Cognitive word generation task results for intersubject 
study were 0,02(0,15) for BA 22 and 0,40(0,13) for BA 
44-45 and 0,15(0,15), 0,26(0,19) respectively for 
sentence comprehension. 
Mean maximum Z-scores had relative standard 
deviations for right hand test in intersubject study 5-6 % 
and for intrasubject study 13-15%. It was concluded that 
methodology of the motor task has good reproducibility. 
For language area methodological issues was concluded 
that stricter criteria for choosing subjects should be 
applied. 
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________________________________________________________________________________________________ 
 
Abstract: In this work the delayed Gadolinium Enhanced MRI of Cartilage (dGEMRIC) method, for early diagnosis of 
osteoarthritis, is described. A novel method for performing the dGEMRIC measurements using a 3-dimensional Look-
Locker (3D-LL) MRI sequence is also described, together with the results from a study of 33 persons, for verification of 
this method. It is concluded that the 3D-LL sequence is robust enough for accurate dGEMRIC measurements. 
 
Keywords: dGEMRIC, cartilage, osteoarthritis, MRI, T1, Look-Locker, 3D, B1 correction 
________________________________________________________________________________________________ 
 

1. Introduction 
 
Osteoarthritis (OA) is a common chronic disease, 
resulting in degeneration of articular cartilage, causing 
pain and disabilities. The disease commonly affects the 
weight bearing joints, such as knee and hip joints. In a 
report [1], the World Health Organization (WHO) 
ranked OA as one of the ten diseases causing the most 
decease burden for people around the world. It was 
estimated that, at age 60, around 10 percent of the world 
population have joint problems that are related to OA.  
There are yet no direct cures for OA and it is not clear 
which persons are at risk. To some extent, OA appears 
to be related to tearing of cartilage. Thus, overweighed 
people suffer from a higher risk of OA at a young age. 
As the disease is not yet curable, treatment is primarily 
focused on prevention and symptom relief. Weight loss 
and appropriate exercise programs are the techniques 
that have been proved most effective. Only at a very late 
stage of the disease, when symptoms are very serious, 
transplants or implants may be considered as a 
treatment. 
 
1.1. Cartilage diagnosis with dGEMRIC 
 
Articular cartilage is a very complex tissue. Not only 
must the cartilage be able to absorb all forces that are 
generated as the body moves, but the cartilage surfaces 
must also be able to move without friction against each 
other, in order to not tear on the tissue. 
Articular cartilage can be described as two different 
structures complementing each other. One structure is  
 

collagen, holding the cartilage volume together and 
preventing it from expanding. The other structure 
consists of aggrecan, with strongly negatively charged 
glycosaminoglycans (GAGs) tightly bound. These 
strong charges will, through osmotic effects, attract 
water molecules, which will expand the cartilage 
structure and prevent it from collapsing. The result is an 
elastic tissue capable of absorbing large forces without 
being damaged. One of the early effects of OA is the 
amount of GAG in the cartilage being reduced. This 
will in turn affects the amount of water molecules in the 
cartilage, which over time will impair the mechanical 
properties of the cartilage. 
Delayed Gadolinium Enhanced MRI of Cartilage 
(dGEMRIC) is a method for estimating the amount of 
GAG in the cartilage, thus providing a measurement of 
the degree of OA long before actual symptoms can be 
seen.  
A negatively charged paramagnetic contrast agent 
(Magnevist, Gd-DTPA2-) is administered intravenously 
to the patient. The contrast agent distributes in the 
cartilage inversely proportional to the amount of GAG, 
due to repulsion between Gd-DTPA2- and the GAG. 
Due to the paramagnetic properties of Gd-DTPA2-, the 
concentration of contrast agent can be determined by 
measuring the longitudinal relaxation time (T1) of the 
cartilage tissue using an MRI scanner. This is typically 
done at 60-120 minutes after injection, when the 
contrast agent has reached its peak concentration in the 
cartilage. Thus, the lower the measured T1 value is, the 
higher is the contrast agent uptake and the lower is the 
quality of the cartilage. 
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1.2. Traditional T1 quantification 
 
T1 values for dGEMRIC is traditionally calculated from 
a series of equally positioned 2-dimensional Inversion 
Recovery spin echo (2D-IR) images with different 
inversion times. For each voxel a number of points, 
following the longitudinal magnetization recovery, is 
retrieved. By fitting the values of these points to an 
equation describing this recovery, the T1 of each voxel 
can be retrieved. Typically, an average T1 value is 
calculated for the region of the cartilage that is of 
interest. 
In early dGEMRIC studies [2] it was investigated 
whether pre-contrast T1 measurements were also 
necessary, for relating the post-contrast T1 values to. 
However, it was concluded that the major T1 
differences between patients primarily emerge after the 
contrast agent is added, thus making the pre-contrast 
measurements nonessential. 
An early application of the dGEMRIC method [3, 4] 
was to measure the average T1 values for groups of 
people with expected differences in cartilage quality. 
Four such groups were examined (table 1), ranging from 
elite runners to groups of patients with early 
osteoarthritis. One conclusion from these studies was 
that the dGEMRIC method is a good indicator of 
cartilage quality and osteoarthritis. 
 

Table 1. Previous dGEMRIC T1 results for four different 
groups of people. 

 Elite 
runners 

Average 
exercise 

Sedentary Early 
OA 

Average 
T1 

470 ms 410 ms 380 ms 305 ms 

 
1.3. Three-dimensional dGEMRIC 
 
During recent years, several methods for performing 
dGEMRIC in a three-dimensional (3D) volume of 
interest have emerged [5]. These are based on various 
techniques such as Inversion Recovery prepared Spoiled 
Gradient Echo (3D-IR SPGR), Look-Locker (3D-LL), 
and 2-point Variable Flip Angle (3D-VFA). 
There are several advantages of using such 3D 
measurements, including improved possibilities for 
giving diagnoses regarding specific locations on the 
cartilage as well as improved possibilities for 
performing measurements that can more easily be 
reproduced. 
Both the 3D-LL and the 3D-VFA techniques rely on a 
well-defined excitation pulse flip angle to obtain 
reliable measurements. A problem with this approach is 
that the flip angle is usually not very accurate outside of 
the centermost slices of the volume of interest, due to 
the radio frequency (RF) pulse excitation profile being 
nonrectangular. This typically renders erroneous T1 
values outside of these slices, which limits the 
usefulness of such 3D measurement techniques. Local 

flip angle variations may also be caused by B1-
inhomogeneities, further reducing the accuracy of the 
T1-measurements. While the 3D-IR SPGR sequence 
does not suffer from these particular problems, it does 
instead suffer from long measurement times, typically 
twice that of other 3D sequences, which limits its 
usefulness for in vivo studies. 
The aim of this work is to present the evaluation method 
we have developed [5] for 3D dGEMRIC, which 
resolves some of these previous issues. Our method has 
been used extensively during the past two years, 
proving it to be robust enough for clinical work [5, 6].  
 

2. Materials and methods 
 
2.1. The 3D Look Locker pulse sequence 
 
The 3D Look-Locker sequence described here is based 
on the work by Look and Locker [5, 7]. A slice-
selective adiabatic inversion pulse is applied followed 
by a train of low flip angle excitation pulses, separated 
by a small time tf, to repeatedly sample the recovery of 
the longitudinal magnetization using a gradient echo. 
Remaining transversal magnetization is destroyed 
between the excitation pulses by means of RF and 
gradient spoiling.  
 

 
Fig. 1. The complete longitudinal magnetization evaluation 
throughout one repetition in a Look-Locker sequence. 
 
By encoding each group of n successive gradient echoes 
into one of m separate k-spaces, a total of m separate set 
of image volumes are generated, each representing a 
specific temporal position (i.e. inversion time, TI) along 
the longitudinal relaxation curve. For each group of n 
successive gradient echoes the entire slice direction 
encodings are acquired using a linear encoding scheme. 
The process is repeated for new inversion pulses until 
all k-spaces are fully encoded. The actual TI for each 
image volume c (1≤c≤m) is thus given by TIc = Tstart + 
(c-1)∙n∙tf + 0.5∙n∙t, where Tstart is the time of the first 
excitation pulse, which is usually chosen as short as 
possible with respect to crusher gradients following the 
inversion pulse. 
The signal S(c) for a voxel in a given image volume c is 
proportional to the magnetization M(TIc) in the same 
voxel for the corresponding TIc. This can be described 
by equation 1, where T1* is the apparent longitudinal 
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relaxation time, and MB and MA are the extrapolated 
initial and steady-state longitudinal magnetization 
values respectively. By performing a three-parameter 
least square fit, using signal data from all image 
volumes, the parameters T1*, MB and MA can be 
estimated for each voxel. 
 

S(c)M (TIc )  M A  (M A  M B) e


TIc
T1 *  

(1) 

 
 
Since the recovery of the magnetization is affected by 
the applied RF pulses, the resulting T1* is shorter than 
the true T1. Thus, the calculation of the true T1 is 
dependent on the excitation pulse flip angle, which must 
be properly corrected for.  
 
2.2. Constant flip angle correction 
 
This is the correction technique traditionally used with 
both 2D and 3D Look-Locker sequences. It has been 
previously described (8) that the resulting T1* can be 
corrected using equation 2. 
 

1
T1


1

T1 *


ln(cos())
t f

 (2) 

 
However, one major drawback of this approach is that it 
requires the flip angle, , to be well determined in every 
voxel being corrected. Commonly, the nominal flip 
angle from the user interface is used for all voxels and 
hence we refer to this method as constant flip angle 
(FA) correction. 
 
2.3. Precalculated flip angle correction 
 
If it can be assumed that the major source for flip angle 
variations within a sample is due to the shape of the RF-
pulse excitation profile, the variations in flip angle will 
be mostly slice dependent. Thus, by calculating a flip 
angle slice profile, the acquired T1* can be effectively 
corrected, using equation (2}, knowing only the slice 
origin for the corresponding region of interest. We call 
this method precalculated flip angle (FA) correction [5]. 
 
2.4. Calculation of a flip angle slice profile 
 
We have shown [5] that during certain conditions the 
flip angle can be calculated directly from the 3D-LL 
data by combining equations (3), (4) and (5). These 
certain conditions include that the inversion pulse must 
be performing optimal, which is usually the case when 
scanning phantoms. Hence, once a flip angle slice 
profile has been acquired from phantom scans, this 
profile will be valid also for correction of in vivo data 
acquired using the exact same excitation pulse. 
 

T1  
t f

ln 1 M A M A  e


t f

T1*

M 0



















 

(3) 

   

M 0 
MTstart M Tstop K e


Tstart

T1  e


TR Tstop

T1

1 e


Tstart
T1 K e


Tstart

T1 K e


Tstart
T1  e


TR Tstop

T1

 

(4) 

  

  arccos e
t f 

1
T1

 1
T1 *



























 
(5) 

 
2.5. MR acquisition 
 
All data was acquired on a 1.5 T Siemens Sonata whole-
body scanner using a transmit-receive CP-Extremity 
coil. T1 was measured using a standard 2D-IR pulse 
sequence and an in-house developed 3D-LL sequence. 
The T1-evaluations were performed using custom in-
house developed software. 
For 2D-IR six images with TI ranging from 50 ms to 
1600 ms was acquired. Resolution 256x256 pixels, field 
of view (FOV) 120 mm, slice thickness 3 mm, TE 15 
ms, TR 2000 ms and Turbo factor 11. Duration for 2D-
IR on both condyles was 10 minutes and 24 seconds.  
For 3D-LL resolution was 256x256 pixels with 30 
slices, FOV 160 mm, slice thickness 3 mm, nominal FA 
6º, TE 2.15 ms, TR 2500 ms, 12 TIs. First TI was 98 ms 
and each excitation pulse was separated 4.84 ms. A 
hyperbolic secant pulse was used to achieve adiabatic 
inversion. Duration was 10 minutes and 42 seconds. 
 
2.6. In vivo study 
 
A study with 33 persons, likely to develop OA, was 
performed [5]. The subjects were injected with a triple-
dose of Magnevist, after which the subjects were 
instructed to walk along a pre-determined route for ten 
minutes. The first measurement sequence was 
performed at 90 minutes after the contrast injection.  
All sequences were executed consecutively without 
delays. First two sets of 2D-IR sequences were 
performed, positioned parallel to each other through the 
mid sections of the lateral and medial femur condyles in 
the knee with expected OA. Next, the 3D-LL sequence 
was performed on the same knee, positioned to cover 
both femur condyles. 
Regions of interest (ROIs), in which an average T1 was 
calculated, were hand-drawn to cover the weight-
bearing part of each femur condyle for both 2D-IR and 
3D-LL (Fig 2). 
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Fig 2. Weight bearing region of cartilage, 
from which an average T1 value is calculated. 

 
The in vivo 3D-LL data was evaluated using both the 
constant FA correction method and the precalculated 
FA correction method, using a flip angle slice profile 
previously calculated from phantom measurements. 

 
3. Results 

 
T1 evaluations for both condyles were made, using each 
of the described methods, for all 33 subjects, resulting 
in a total of 66 measured ROIs for each method.  
When comparing to the 2D-IR T1 values, the 3D-LL T1 
values are systematically overestimated by the constant 
FA correction method (Fig. 3a, table 2). However, the 
precalculated FA correction method is performing very 
well in vivo (Fig. 3b, table 2). 

a) 

 
b) 

Fig 3. A total of 66 in vivo T1 measurements were 
made using both 3D-LL and 2D-IR. The figures show 
T1 measured using 3D-LL and evaluated using both 
evaluation methods, compared with T1 measured using 
2D-IR. a) Constant FA correction versus 2D-IR; b) 
Precalculated FA correction versus 2D-IR. 

 
Table 2. Comparison of in vivo results for the two 3D-LL 
evaluation methods. 
 Constant FA 

correction 
Pre-calculated 
FA correction 

Systematic error 109.1 ms 13.3 ms 
Random error 
(95%) 

127.4 ms 90.1 ms 

 
4. Discussion 

 
Evaluating a 3D-LL sequence using the traditional 
constant FA correction method puts some severe 
restrictions on the reliability of the T1 measurements, 
mainly due to the flip angle slice profile not being 
perfectly rectangular. The method described here 
overcomes these problems and makes it possible to 
utilize a larger part of the acquired volume for reliable 
dGEMRIC measurements [5]. 
Thus it is shown that the 3D Look-Locker sequence is 
robust enough to perform reliable volumetric 
dGEMRIC measurements within clinical acceptable 
acquisition times. In order to perform such 
measurements it is however necessary to take the flip 
angle slice profile into account. 
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________________________________________________________________________________________________ 
 
Abstract: In interventional radiology the working physicians are exposed to scattered radiation. Recent studies indicate 
that the lens of the eye may be even more sensitive to ionizing radiation than previously thought. This makes good 
methods for estimating lens doses necessary. The relation between eye dose to physicians and patient dose-area product, 
absorbed dose to the lens and the dose to a measuring point at the forehead as well as the effect of eight different 
models of protective eyewear is measured. A correlation between physicians eye dose and patient dose-area product 
was found and a dosemeter at the forehead was found to underestimate the dose to the lens of the eye with 25 %. The 
effect of protective eyewear was shown to depend strongly on the angle in which the radiation strikes and the design of 
the eyewear. 
 
Keywords: Interventional radiology, Staff doses, Cataract, Protective eyewear. 
________________________________________________________________________________________________ 
 

1. Introduction 
 

During interventional procedures the present staff is 
exposed to scattered radiation from the patient. At 
particular risk are the eyes and hands of the physicians, 
which are not as easy to protect as the rest of the body 
(with lead aprons). Radiation exposure to the lens of the 
eye may lead to radiation-induced cataract [1]. The 
development of cataract has long been considered a 
deterministic effect, i.e. a threshold dose exists below 
which damage does not occur [2-4]. Recent studies 
however, suggest that the threshold is much lower or 
even that it does not exist at all and thus that cataract in 
fact is a stochastic effect [5-12]. This makes the issue of 
radiation exposure to the eyes even more significant 
since present dose limits [4], which are based on the 
deterministic data, then have to be reduced. If the 
absorbed dose to the lens is measured at all during 
medical procedures today it is usually done by placing a 
dosemeter at the side of the head near the eye or at the 
forehead [13, 14]. The question arises on how good is 
this approximation of the absorbed dose to the lens of 
the eye. To provide good protection for the lens of the 
eye it is important to have good knowledge of all 
aspects concerning the radiation situation. This report 
presents results from experimental measurements of the 
absorbed dose relation between the lens of the eye and a 
measuring point at the forehead. The dose distribution 
inside the head and thence the effect of eight different 
types of protective eyewear are investigated. Since 

absorbed dose measurements are consuming it would be 
desirable to be able to estimate the dose to the lens of  
 
the eye without performing measurements and therefore 
the presence of a relationship between the output from 
the X-ray tube and the absorbed dose to the lens is 
explored. 
 

2. Materials and Methods 
 

Measurements were made using a head phantom and a 
thorax phantom acting as a patient. The head phantom 
was an anthropomorphic Alderson phantom constructed 
around natural human bone, divided in discs with a 
thickness of 2.5 cm. Teeth and nasal cavities (sinuses) 
are also incorporated. To be able to place 
thermoluminescent dosemeters (TLDs) inside the head 
and not destroying the phantom, the disc where the eyes 
are located was replaced with a disc of polyethylene 
(PE) that has density and atomic number close to that of 
tissue. Small holes were made to fit the TLDs at the 
position of the lenses. The TLDs used were square chips 
made of LiF:Mg,Ti, TLD-100 (Thermo, Ohio, USA, 
www.thermo.com). The holes have a diameter of 4.2 
mm and a depth of 13 mm to accommodate the 
dosemeters of 3x3 mm2 and positioning the TLDs in the 
middle of the “eye disc”. The thorax phantom (model 
PBU-X-21, Kyoto Kagaku CO. Ltd, Kyoto, Japan, 
www.kyotokagaku.com) is an anthropomorphic 
phantom that closely resembles a real human chest and 
consists of materials that interact with radiation in the 
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same manner as do a real human being. During 
measurements the thorax phantom was placed on the 
operating table and the head phantom positioned where 
a physician would be expected to stand, figure 1. A 
headband with pockets for TLDs just above each eye 
was produced and placed on the head phantom during 
measurement without protective eyewear. The phantom 
measurements were performed on a clinically used X-
ray unit (Philips MultiDiagnost Eleva, 
www.healthcare.philips.com). To easily be able to 
repeat the measurements the automatic exposure control 
was turned off and the exposure parameters set to 77 
kV, 500 mA and 200 ms. No additional filter was used 
and the field size was set to it’s maximum (about 13x16 
cm2 at a distance of 55 cm from focus). Below and 
above the PE disc sheets of radiochromic film 
(Gafchromic film, XR-QA2, www.gafchromic.com) 
was positioned. The film had been cut to fit precisely 
between the discs in the head phantom. To be able to 
convert the blackening of the film into absorbed dose 
the film was calibrated. This was done in the same 
radiation quality by irradiating a monitor detector 
(Unfors Xi, model 8201011-C, Unfors Instrument, 
Billdal, Sweden, www.unfors.com) and a piece of film 
simultaneously. Repeated exposures with increasing 
dose were made while exchanging films, giving darker 
and darker films. To scan the film an EPSON 4900 
flatbed scanner was used and the images were read with 
the program ImageJ (http://rsbweb.nih.gov/ij). The 
mean pixel values were measured in each film, the 
background pixel value subtracted. The pixel values and 
the absorbed dose values from the detector was then 
plotted to obtain a dose-response diagram. A third 
degree polynomial was fitted to the measurement points 
and the equation for this was later used to convert net 
pixel values into absorbed dose distributions in the films 
used in the head phantom. 
 

      
 

 
Fig. 1. Position of thorax and head phantom during 
measurements. 
 
Measurements were made without protective eyewear as 
well as for eight different models of eyewear, irradiated 
both from the front and underneath from the left (as 
during interventional procedures). Measurements were 
also carried out on two senior physicians during a 
number of interventional procedures. They wore the 
same headband with TLDs as used in the phantom 
 
 
 

measurements during the whole time of the procedures.  
The X-ray units used for measurements on the 
physicians were a Siemens Axiom Artis TA as well as a 
Siemens Axiom Artis see DF 
(www.medicalsiemens.com), X-ray units similar to the 
earlier used Philips Eleva. After each procedure the 
DAP value was noted and the TLDs in the headband 
read out.  

 
3. Results 

 

Figure 2 shows the relation between absorbed dose in 
the TLDs in the headband from the phantom 
measurements and the DAP value from the X-ray unit. 
The TLDs are located just above each eye respectively. 
Similarly figure 3 shows the relation between absorbed 
dose in the TLDs in the headband and the DAP value 
from the X-ray unit for the measurements on the 
physicians. A value of 7 Sv at the physicians’ eyes for 
1 Gycm2 patient dose is found for the left lens in the 
phantom measurements and 1 Sv for 1 Gycm2 in the 
measurements on the physicians. For the right lens the 
value is 5.5 Sv for 1 Gycm2 in the phantom 
measurements and 0.7 Sv for 1 Gycm2 in the 
measurements on the physicians.  
Table 1 presents the absorbed dose to the TLD in the 
lens position related to the absorbed dose to the TLD at 
the corresponding position in the headband for the right 
and left eye respectively. For both eyes there is a 25 % 
higher dose in the lens than at the forehead. 
In table 2 the absorbed dose to the TLD in the lens 
position with protective eyewear related to the absorbed 
dose to the TLD in the lens position without protective 
eyewear is presented. The number of the eyewear match 
one of the eight different models tested. For each pair of 
eyewear and without eyewear the phantom have been 
irradiated from the front as well as oblique from 
underneath, as during an interventional procedure. 
Figure 4 shows the dose distribution from the film 
sheets above and below the PE disc in the head 
phantom. The distribution without protective eyewear as 
well as the distribution from the worst and best working 
eyewear are presented. 
 

 
Fig. 2. Relation between absorbed dose in the TLDs in the 
headband from the phantom measurements and DAP value 
from the X-ray unit. 
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Fig. 3. Relation between absorbed dose in the TLDs in the 
headband from the measurements on physicians and DAP 
value from the X-ray unit. 

 
Table 1. The absorbed dose to the TLD in the lens position 
related to the dose to the TLD at the corresponding position in 
the headband (at the forehead). 
 

Left Lens/Headband over Left Eye (%) 125 
Right Lens/Headband over Right Eye (%) 125 
 
Table 2. The absorbed dose to the TLD in the lens position 
with protective eyewear related to the dose to the TLD in the 
lens position without protective eyewear, for the eight 
different models of protective eyewear. Irradiated oblique 
from underneath (as in interventional procedures) as well as 
from the front. 
 

Eyewear # 1 2 3 4 5 6 7 8 
Average Left TLD 
below (%) 72.4 43.0 77.5 84.8 86.1 22.4 35.1 69.7 

Average Right TLD 
below (%) 98.2 89.1 96.8 93.8 96.6 89.2 87.6 92.0 

Average Left TLD 
front (%) 17.8 14.4 27.1 26.0 22.5 14.3 15.5 20.0 

Average Right TLD 
front (%) 17.0 13.0 24.7 26.1 23.7 17.1 18.9 16.6 

 

   

   

 
 
 
 

Isodoses 
 
White    6mGy 
Red       5mGy 
Orange  4mGy 
Yellow  3mGy 
Green    2mGy 
Cyan     1mGy 

 
Fig. 4. Dose distribution from film sheets above (upper row) 
and below (lower row) the PE disc in the head phantom 
irradiated oblique from underneath. Leftmost is the 
distribution without protective eyewear, in the middle is the 
worst working eyewear and to the rightmost is the best 
working eyewear. 
 

4. Discussion 
 

The clear correlation between DAP value and absorbed 
dose to the right and left lens for the phantom 
measurements indicates the possibility of estimating the 
dose to the lenses without performing specific point 

dose measurements for a given procedure, i.e. that a 
factor between DAP value and dose to the lens could be 
found. This would be of great use since it means that 
time consuming measurements would not be needed at 
all times and yet an estimation of the dose to the 
physicians’ eyes would be obtained. In this case such a 
factor for the left lens would be about 7 Sv for 1 
Gycm2 and about 5.5 Sv for 1 Gycm2 for the right 
lens. This is consistent with another study were the 
correlation between staff eye doses and patient doses 
where investigated [15]. They found a factor of 7 Sv 
for 1 Gycm2 at the position of the eyes though with no 
scattering material at the head position and with a 
polymethylmethacrylate plate used to simulate a patient. 
For measurements on the physicians the correlation 
appear less clear. This is probably due to the fact that 
the physicians often work in pairs during procedures, 
the one not currently working standing behind the other, 
which means that the dose to the TLD does not 
correspond to the whole procedure in this case. 
When the absorbed dose to the TLD in the lens position 
is related to the absorbed dose to the TLD at the 
corresponding position in the headband it turns out that 
the absorbed dose in the lens is 25 % higher than the 
absorbed dose in the headband. This means that a 
dosemeter at the forehead used for estimating the lens 
dose would underestimate the dose. 
When the head phantom is irradiated from the front 
most of the protective eyewear works well and there are 
hardly any differences between the right and left eye. 
The absorbed dose to the lens is ranging between 13 % 
and 27 % of the dose without protective eyewear, which 
is considered as good. When the head phantom is 
irradiated oblique from underneath the situation is quite 
different. The remaining dose is much higher, between 
22 % and 98 %, and there is a pronounced difference 
between the right and left eye. This is believed to be due 
to that radiation can slip through the gap created 
between the cheek and the eyewear because of the 
incident angle. The dose is consistently higher in the 
right lens suggesting that radiation also slips through at 
the nose. There is also a crucial difference between the 
different models, mainly for the left lens irradiated 
oblique from underneath. This suggests that how well 
the eyewear fit to the face is decisive. From figure 4 it 
can be seen that there is a big difference between the 
different models of protective eyewear. The effect of the 
protective eyewear seems to be best for the film sheet 
located above the PE disc. This is because the radiation 
strikes from underneath and therefore slips through the 
gap between the eyewear and the cheek at the bottom of 
the eyewear resulting in a higher dose there than at the 
top. It is important to bear in mind that the lens is 
located between these two sheets and so the real impact 
of wearing protective eyewear is some kind of average 
of the sheet below and above the PE disc. The dose 
distribution from figure 4 also show that a lot of 
radiation is deposited in the area of the left lens if 
protective eyewear is not used, which points out the 
importance of using protective eyewear. 
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5. Conclusions 
 

It seems to be a clear relationship between DAP value 
and the dose to the physicians eyes. This relationship is 
most clear for phantom measurements but it is possible 
that a factor that correlates well even for physicians 
could be found. The meaning of such a factor would be 
that a lot of time could be saved since an approximation 
of the lens dose could be made from patient dose, given 
after each procedure, and therefore tedious 
measurements would not always be required.  
When the absorbed dose to the lens of the eye is 
measured today it is usually done by placing a 
dosemeter at the side of the head or at the forehead and 
the assumption is made that this corresponds to the dose 
in the lens. When an approximation is made it is 
important to be aware of the errors that are introduced 
due to the approximation. This has most likely not been 
the case so far. This study shows that the dosemeters at 
the forehead underestimate the dose to the lens by 25 %. 
This has to be considered when estimating the dose to 
the lens of the eye. To underestimate the dose to the lens 
could lead to serious consequences, especially if the 
threshold dose turns out to be lower than previously 
thought.  
When protective eyewear is irradiated from the front 
they seem to work as intended but when irradiated 
oblique from underneath the effect of the eyewear is 
poorer, especially for the right lens. This means that 
protective eyewear may provide a false sense of security 
when used under conditions where radiation does not 
strike from the front. The most important factor that 
determines whether a model of protective eyewear is 
effective or not seems to be the design. A good design 
minimizes gaps and moulds itself around the face, 
which can be highly individual. Each person on the staff 
ought therefore to have their own protective eyewear. 
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EXTREMITY AND EYE LENS DOSES OF INTERVENTIONAL RADIOLOGY AND 

CARDIOLOGY WORKERS  
 
 

Аusra URBONIENE, Birute GRICIENE 

Radiation Protection Centre 
 

________________________________________________________________________________________________
 
Abstract: An interventional radiology and cardiology workers during interventional radiology procedures receive higher 
ionizing radiation doses in comparison with other groups of medical staff. This category of workers has higher potential 
risk of negative health effects (such as cataract) caused from occupational ionizing radiation exposure. It is known that 
external ionizing exposure distribution to the body of medical worker during interventional radiology procedures is non 
uniform. The aim of this work was to assess occupational exposure doses of extremities and eye lens of medical staff 
during interventional radiology procedures. 
The doses of extremities and eye lens of interventional radiology and cardiology workers were measured during 55 
interventional radiology procedures. The average eye lens dose of interventional radiology and cardiology physicians 
were about two times higher than the average dose near the neck above the protective apron. The maximum measured 
dose of physicians were: 0,79 mSv (left eye), 1,01 mSv (left shoulder), 1,29 mSv (finger), 1,50 mSv (left leg) per 
procedure. The study results show that annual dose of eyes and extremities of interventional radiology and cardiology 
physicians might result in more than 10 % of the annual dose limit to eyes and extremities. 
 
Keywords: TLD, dosimetry, eye lens dose; extremity dose 
_______________________________________________________________________________________________ 
 

1. Introduction 
 

Sustained occupational exposure monitoring of workers 
exposed to ionizing radiation shows that medical staff 
during interventional radiology procedures receives 
much higher doses [1, 2]. This category of workers is 
more likely caused to negative effects (such as cataract) 
of ionizing radiation exposure to their health [3]. During 
interventional radiology procedures the individual 
protective aprons covers breast, waist, upper part of 
legs, however used additional radiation shielding in 
many cases do not help to avoid external exposure to 
eyes, hands and lower part of legs. The routine 
measurements of eye lens and extremity doses of 
interventional radiology and cardiology workers are not 
performed. The aim of this work was to assess exposure 
to eyes and extremities of medical staff during 
interventional radiology procedures.  
 

2. Materials and Methods 
 
Dose measurements were done with thermoliuminescent 
whole body and ring dosimeters and separate 
thermoluminescent pellets placed into black packets 
(Fig. 1). 
 
 

 
 

Fig. 1. Thermoluminescent dosimeters. 
 
During interventional radiology procedures doses were 
measured in 8 places on the worker’s body: above left 
and right eyebrows, on the left and right shoulders, on 
the left and right legs about 20 cm below knees, on the 
finger of right hand and near the neck above protective 
collar. The lithium fluoride (LiF:Mg,Ti) pellets were 
used. All doses were measured in terms of personal dose 
equivalent Hp(0.07). Hp(0.07) is operational dose 
quantity, it is equivalent dose in the depth of 0,07 mm.  
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Dosimeters after irradiation were read out with the 
RADOS thermoluminescent dosimetric system. The 
dosimeters for whole body dose measurement consist of 
two lithium fluoride pellets covered within 1 mm Al 
filter in a standard holder. The ring dosimeter has one 
lithium fluoride pellet. Preparing pellets for 
measurements annealing is performed at the temperature 
of 400ºC for 1h and subsequently at 100ºC for 2 h [4]. 
All pellets were calibrated for individual background 
and sensitivity. The minimum measured dose was 0.01 
mSv. The total expanded measurement uncertainty is ± 
25% with coverage factor k=2. 

 
3. Results and discussion  

 
During period of 2007-2008 34 interventional radiology 
and cardiology physicians and 30 workers of assisting 
staff (nurses, technicians and assistants) from the 6 
hospitals participated in this study. 512 doses were 
measured during 55 interventional radiology 
procedures.  
The results show wide range of variation in measured 
doses at different locations on the worker’s body. 
Variation was influenced of wide range of fluoroscopy 
time and medical staff distance from the patient. 
Observed fluoroscopy time was in the range of 18 
seconds – 30 minutes.  
The measured doses of assisting staff were much lower 
than physicians. The doses above the minimum 
measured dose level for assisting staff were measured in 
three cases. The maximum measured dose for left leg of 
assisting nurse was 0,15 mSv per procedure. The lower 
doses assisting staff in comparison with physicians are 
received due to longer distance from X-ray equipment 
during interventional procedures.  
The work place of physician during interventional 
procedure is close to the scattering area of patient 
however due to very short fluoroscopy time the doses of 
11 physicians were less than minimum measured dose. 
The maximum measured doses of physicians were: 0,79 
mSv (left eye), 1,01 mSv (left shoulder), 1,29 mSv 
(finger), 1,50 mSv (left leg) per procedure. The ranges 
of measured doses of interventional radiology and 
cardiology physicians are shown in Table 1. 
 
Table 1. Ranges of measured doses per procedure of 
interventional radiology and cardiology physicians. 
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Coronariography 
and angioplasty 
(31) 

0,01-
0,79 

0,01-
0,45 

0,01-
1,01 

0,01-
0,17 

0,04-
1,29 

0,01-
1,50 

0,01-
0,92 

Coronarograph 
(11) 

0,01-
0,09 

0,01-
0,03 

0,01-
0,08 

0,01-
0,06 
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0,18 

0,01-
0,94 

0,01-
0,73 

Angiography  
of limb (6) 

0,01 0,01 
 

0,01-
0,06 

0,01 
 

0,01-
0,09 

0,01-
0,36 

0,01-
0,14 

Embolization  
of head (1) 

0,42 0,04 0,89 0,02 – 0,67 0,11 

Other (6) 0,11-
0,19 

0,02-
0,10 

0,03-
0,18 

0,01-
0,21 

0,07-
0,55 

0,08-
0,50 

0,01-
0,10 

 
The average doses per procedure are shown in figure 2. 
The results show that the average left eye dose is about 
two times higher than the average dose near the neck 
above the protective apron. The average left eye dose 
per procedure was 0,19 mSv. The average extremity 
dose per procedure was 0,55 mSv (left leg) and 0,29 
mSv (hand). 
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Fig. 2. Average dose per procedure of interventional 

radiology and cardiology physician. 
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Fig. 3. Dose of the left and right eye of interventional 
radiology and cardiology physician. 
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Fig. 4. Dose of the left and right leg of interventional 
radiology and cardiology physician. 
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Fig. 5. Dose near the left eye and neck of interventional 
radiology and cardiology physician. 
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Generally the left side of the body receives higher doses 
than the right side (Fig. 3 and 4). Several authors state 
that dosimeter worn above the apron at neck level can 
be used to estimate the dose to the eyes [5, 6]. During 
present study it was observed more than five cases when 
left eye dose was more than 50 percent higher then the 
dose near the neck above collar (Fig. 5). 
Taking into account that physician average fluoroscopy 
work time per month is 130 min. was calculated the 
annual average dose to eyes, legs and hands (table 2). 
The calculated average annual doses do not exceed dose 
limits, but results show that annual average dose of left 
eye and left leg could be more than 10 percent of the 
annual dose limit to eyes and extremities. 
 
Table 2. Average dose for different pats of body comparison 
with annual dose limit. 
Part of 
body 

Average 
dose per 
procedure, 
mSv 

Annual 
average 
dose, mSv 

Annual 
dose limit, 
mSv 

10 % of 
annual 
dose limit, 
mSv 

Left eye 0,19 25,2 150 15 
Hand 0,29 37,2 500 50 
Left leg 0,55 72,0 500 50 

 
4. Conclusion 

 
The average eye lens dose of interventional radiology 
and cardiology physicians were about two times higher 
than the average dose near the neck above the protective 
apron. The study results show that annual doses of eyes 

and extremities of interventional radiology and 
cardiology physicians might result in more than 10 
percent of the annual dose limit to eyes and extremities. 
In such cases individual monitoring of extremities and 
eye lens of should be performed. 
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________________________________________________________________________________________________ 
 
Abstract: The purpose of the study is to compare two different types and activities of I–125 seeds used in low dose rate 
(LDR) prostate brachytherapy. Ten patients, whose treatment had been planed using linked (model STM1251) or strand 
(model 6711) seeds were selected. For each patient, the new treatment plans were created with another seeds type and 
activity. The number of seeds, needles and the parametres such as Vp100, D90, Vr100 and D1 were compared and 
analyzed .  

 
Keywords: LDR brachytherapy, linked seeds, strand seeds, prostate. 
________________________________________________________________________________________________ 
 

1. Introduction 
 

Brachytherapy history starts from 1901 when Pierre 
Curie suggested to Henri-Alexandre Danlos that a 
radioactive source could be inserted into a tumour and 
makes it shrink. More recent advancements in three 
dimension imaging modalities, computerised treatment 
planning systems and delivery equipment have made 
brachytherapy a safe and effective treatment for many 
types of cancer today. There are several types of 
brachytherapy, but the main target on this study is LDR 
(low dose rate) brachytherapy with I-125 seeds. 
LDR prostate brachytherapy is a form of radiotherapy 
treatment for early, localized prostate cancer that has 
not spread outside the prostate gland. The treatment 
involves inserting tiny radioactive seeds into the 
prostate gland. This allows radiation to be targeted 
directly to the tumour and minimizes unwanted 
radiation effects. The homogeneous dose distribution in 
tumour depends on number of seeds and their activity. 
The activity of seeds used in prostate brachytherapy 
varying from 0.4 to 0.7 mCi. However, there are not 
many information about what source activity is the best 
for implantation.  
The aim of our study was to compare linked (model 
STM1251) and strand (model 6711) seeds with different 
activity, find the most effective choice with less number 
of seeds and needles. The use of higher activity seeds 
could have some advantages – for example, we need 
smaller amount of seeds and needles that reduce 
operating time and harm of tissue, minimise edema for 
patient. Furthermore, there are some economical 
reasons, lower treatment cost 

Here we report result of initial study of examining 
influence of the source activity to number of seeds and 
needles. 
 

2. Methods and materials 
 
Ten patients, whose treatment have been planed using 
linked (model STM1251) or strand (model 6711) seeds 
were selected. For each patient, the new treatment plans 
were created with another seeds type and activity. The 
volume of prostates varied from 22,22 to 47,42 cc 
(mean 33,33 cc) and prescribed dose was 145 Gy. 
Activity of the seeds ranged from 0,443 to 0,645 mCi. 
More detail information is given in Table 1. 
The implantation were performed under general 
anestesia An ultrasound (US) probe is placed in the 
rectum to obtain transversal and sagittal image of 
prostate, rectum and urethra. The software Variseed 8.0 
was used for treatment planning. After the contours 
were obtained the plans were prepared The criteria were 
used for intra-operative planning dosimetry: for the 
prostate, D90 (minimum dose covering 90% of the 
prostate volume) >160 Gy, a Vp100 (prostate volume 
receiving 100% of the prescribed dose) ≥98%, for the 
rectum Vr100 (volume of the rectum receiving 100% of 
the prescribed dose) ≤0,5 cc, for the urethra D1 
(maximum dose covering 1% of the urethra volume) 
≤232 Gy. 
As was mentioned above, we had real treatment plans 
with two types of seeds and later other plans with 
different type of seeds were made trying to reach similar 
dosimetry parameters. Table 2 summarises the 
parameters of planning dosimetry. 
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Table 2. Baseline characteristics of treatment plans: prostate volume, seed activity, number of seeds and needles 

Seed activity (mCi) Seed number Number of needles 
No. Prostate volume 

(cc) Linked Strand Linked Strand Linked Strand 
1 38.15 0.498 0.644 63 54 25 20 

2 33.52 0.498 0.645 58 47 20 14 

3 22.22 0.498 0.594 50 43 23 20 

4 34.09 0.460 0.594 63 51 19 21 

5 24.78 0.460 0.595 51 39 16 18 

6 47.42 0.568 0.645 62 55 23 24 

7 32.95 0.443 0.645 59 43 19 20 

8 24.4 0.433 0.638 53 36 17 15 

9 45.94 0.443 0.638 74 53 22 25 

10 29.82 0.443 0.645 57 42 21 20 

 

         Table 3. Planning dosimetry parameters. 

Vp100%1 D90(Gy)2 Vr100(cc)3 D1(Gy)4 
No. 

Linked Strand Linked Strand Linked Strand Linked Strand 
1 99.59 99.76 181.35 188.51 0.21 0.25 228.28 235.01 

2 99.14 99.59 181.22 177.88 0.37 0.15 196.17 201.6 

3 99.86 99.94 198.07 191.74 0.09 0 208.17 229.18 

4 99.4 98.43 188.87 182.88 0.34 0.38 207.3 227.52 

5 98.87 98.35 191.12 181.73 0.19 0.17 216.55 223.46 

6 98.44 99.5 182.39 184.34 0.4 0.1 211.45 203.58 

7 98.9 99.06 189.67 178.88 0.19 0.32 208.27 223.48 

8 99.93 98.69 193.2 182.21 0 0 213.12 219.11 

9 98.92 99.26 182.48 183.38 0.25 0 190.89 214.51 

10 98.76 99 184.7 186.65 0.23 0.19 206.87 203.91 

 
1. Vp100 = prostate volume receiving 100% of the prescribed dose; 
2. D90 = minimum dose covering 90% of the prostate volume; 
3. Vr100 = rectum volume receiving 100% of  the prescribed dose; 
4. D1 = maximum dose covering 1% of the urethra volume. 

 
Examples of the coverage of prostate gland using two different types of radioactive seeds are shown in Fig. 1. 
 

   A      B    
 

Fig. 1. Dose coverage of prostate gland (a – strand seeds; b – linked seeds). 
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The lines mean different kind of dose coverage of 
prostate, for example, 100% of prescribed dose or 140% 
of prescribed dose. The manufacturing difference 
between these two kinds of radioactive materials is that 
the linked (model – STM1251) seeds are not initially 
connected and this process is made at the period of 
procedure. In this case the distances between seeds 
centres could be different and variable: the minimum 
distance between seeds could be 5 mm. However strand 
seeds (model – 6711) are connected by manufacture and 
the distance between them is fixed 10 mm, so you can’t 
change the distance as you wish. 
The planning system for seeds amount and dose 
distribution calculation converts source activity in mCi 
to the seed strength U. According to the 
recommendations in AAPM Report No. 21, Iodine-125 
seed strength is specified as „air kerma strength“ having 
unit of microGray meter squared per hour, or μGym2/h. 
This unit corresponds to the dose imparted to air and is 
the product of the air kerma rate and the square of the 
distance in vacuum, in a direction perpendicular to and 
bisecting the long axis of the seed. For historical 
purposes, the strength is also stated in terms of 
„Apparent Activity“ having units of miliCurie (mCi). 
Apparent activity is determined from the stated air 
kerma strength using a conversion factor of 1.27 U/mCi. 
Both air kerma strength and apparent activity are a 
measure of output and not contained activity. The 
characterisation of the source in common use is activity. 
Therefore we use activity instead of strength units in our 
study.  

3. Results 
 

As shown in Figure 2, the most plans were made with 
seeds activity of 0.638– 0645 mCi, the plans with 
activity below 0.5 mCi reached 45%. The distribution of 
activity in the lower activity group is higher because the 
producer of linked seeds recommends seeds activity 
depending on the prostate volume. The volume of 
prostate was divided into three groups: from 20 to 30 cc, 
30 – 40 cc and 40 – 50cc. 

0.498mCi

0.433-0.46mCi0.568-0.595mCi

0.638-0.645mCi

30%

15%

20%

35%

 
 
Fig. 2. Distribution of seeds radioactivity (percent) 
 
One of the goals of this study was to compare number 
of seeds used in each kind of plans. Therefore, average 
number of seeds and needles in each volume of gland 
was evaluated. Figure 3 shows the average number of 
seeds in each volume of prostate. The average 52 seeds 
of lower activity were used for small volume prostate, 

and 40 – higher activity strand seeds. The different 
between them is 12 seeds. The similar difference of 
seeds number is in bigger prostate group as well. It is 
quite big difference in seeds, however the planning 
dosimety parameters, such as Vp100, D90, Vr100 and 
D1, are very close. This outcome gives an advantage in 
clinical and economical aspect 
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Analyzing the number of seeds in one cc of prostate, 
there were found that smaller glands have bigger density 
of seeds, no matter it was lower or higher seeds activity 
(Fig.4). 
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Furthermore, the amount of needles is really important 
thing, because less number of needles translates into the 
shorter procedure time and reduces insult to patient. 
However, these results show small different in number 
of needles, only 1 – 2 needles (figure 5). It could be 
because we started to use the higher activity seeds 
recently and it needs more experience in planning. 

 
4. Conclusion 

 
Our analysis showed that it is possible to have good 
intraoperation treatment plans with higher activity seeds 
and it is possible to reduce amount of seeds and needles. 
However all these results require more precise 
evaluation – take more plans with each type of seeds, 
try to choose bigger interval between activities and to 
take more attention to the dose homogeneity. The next 
step would be comparing of the clinical results of 
patient after some period of implantation and evaluate 
the results of post implant dosimetry.  
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________________________________________________________________________________________________ 
 
Abstract: Heat dissipation occurs from heated area in accordance with heat diffusion law. The temperature will reduce, 
if there is no heat source. Heat spreads to material sides and to depth. The rate of this spread depends on conditions of 
thermal conductivity. Coefficients of thermal conductivity are included in temperature reduction describing equation. 
Materials were heated during laser’s beam exposure and temperature reduction was measured by non-contact method 
using thermovisor after switching-off of heating. 
 
Keywords: Heat, temperature reduction, thermal conductivity, laser heating, thermovisor. 
________________________________________________________________________________________________ 
 

1. Introduction 
 

Heat from heated area spreads in three ways: 1 - 
radiation, 2 - conductivity, 3 – convection.  Radiation 
means that electromagnetic energy is emitted from the     
material to surrounding bodies. Conductivity is 
materials possibility to transfer heat through. 
Convection occurs when heat flows to the air (Fig. 1).  
 

 
Fig. 1. The ways of heat spread from heated area. 
 
Theoretical considerations and experimental 
measurements show that the main way of heat 
dissipation is thermal conductivity. Equation describing 
reduction of temperature by thermal conductivity is the 
following: 
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where T is temperature, Ta is environment temperature, 
λ is thermal conductivity constant, T0 is initial 
temperature, c is specific heat,  is mass density, and d 
is diameter of heated zone. 
The time constant τe of exponential reduction of 
temperature with time t strongly depends on thermal 
conductivity constant λ (2) 
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Thermal conductivity constant λ is obtained from (2) by 
formula: 

e
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2. Theoretical investigation 

 

Examples from wood, ceramics, silicon, and carbon 
were taken for theoretical evaluations. The theoretical 
graphs were drawn using formula (1). Initial 
temperature T0 was similar to temperature in experiment 
T0 = 300 K. Ta was room temperature. In this 
investigation it was equal to 295 K. Parameters c and  
were taken from [1, 2]. Parameter d equals to several 
millimeters of heated area. 
Some results are presented in Fig. 2, Fig. 3, Fig. 4. Rate 
of temperature is the biggest in carbon examples, the 
second are silicon and ceramics.  
Theoretical evaluation of radiation and convection 
influence on temperature reduction shows that the rate 
of these processes was much slower, therefore these 
processes were not taken into account because of their 
small contribution. 
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Fig. 2. Theoretical and experimental graphs of   temperature 
reduction on the wood surface. 
 

 
 

Fig. 3. Theoretical and experimental graphs of temperature 
reduction on the ceramics surface. 
 

 
 
Fig. 4. Theoretical graphs of temperature reduction on the 
carbon and silicon surface.  
 

3. Experimental investigations 
 

Experimental measurements were done with wood and 
ceramics using thermovisor FLIR A20 (Fig.5). This 
device could take thermoimages and produce 
thermomovies of thermal radiation in 7,5 - 13μm 
wavelength region. Range of temperatures is -20°C --
900°C with 2% error. The device has three changeable 
lenses for different distances of measurement. 
Thermovisor is connected to the computer over 
FireWare and data are saved as images or movies using 
ThermaCam Research Lab PRO 2.8 software. 
 

 
 
Fig. 5. Thermovisor FLIR A20. 
 
Three ways for heating surface area during the  
investigation were discussed. These ways are:  

a) Heating of surface by powerful laser beam; 
b) Temperature increase after hammer impact; 
c) Touching and contact heating. 

 
The investigated materials were heated with 100mW 
laser in the first way (Fig. 6). 
 

 
 
Fig. 6. Thermoimage of the wood heated by laser. 
 
The white areas in Fig. 6 are laser beam heated places 
on the surface of object 1. The object is wooden board 
which was heated during ~ 10s laser beam exposure. 
The measurements were repeated with the same 
materials but in the other way. The heat was given to the 
object by mechanical impact with hammer. 
The kinetic energy was transformed into thermal energy 
so the heat was transferred additionally from the wood 
to the ground after impact as it is seen in Fig. 7. 
Heated areas on the ground are bright places in the 
center part of thermoimage. The object 1 was moved to 
the right side of Fig. 7 after strong hammer impact. The 
white area of object 1 surface means the most heated 
place. 
Mechanical impact could create a wider heated area in 
comparison with laser beam on the surface of material 
under investigation, but this impact could damage the 
material, for example break the bone in medical 
treatment. 
 

T, K 
BA 

  t, s 
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Fig. 7. Thermoimage of the wood after hammer impact. 
 
The similar view is seen in thermoimage of human’s 
body: the bruise area has higher temperature than other 
tissues.  
The other way of measurement was to put close together 
two objects having different temperature. The heat was 
transferred from the hot material to the cold one because 
of heat diffusion (Fig. 8). 
 

 
 
Fig. 8. Thermoimage of transferred heat to material’s surface. 
 
The area A is heated surface under investigation after 
contact with object B which has higher temperature. 
Difficulty of this way is the necessity of massive heated 
body. It should have good contact with object under 
investigation. This process takes long time comparing 
with earlier mentioned processes. Also the narrow 
places are not accessible for such heating. 
The best way of these mentioned ways is heating by 
laser because of possibility to heat narrow places, to 
control laser beam’s output power, direction and 
diameter. Therefore almost all experiments were carried 
out using laser heating. 
Experimental graphs (Fig. 2, Fig. 3) were drawn using 
data from thermoimages of wood and ceramics. 
Investigated objects were heated for a short time by 
laser and the reduction of temperature was observed 
using thermovisor FLIR A20.   
 

4. Results and discussions 
 

The two different curves in Fig.2 correspond to different 
thermal conductivity for wood: evaluated theoretically 
experimentally. Similar changes of curves (Fig.3) show 
that thermal conductivity for ceramics is identical for 
theoretical model and for experimental sample. These 
measurements show that theoretical parameters have 

been chosen identical to experimental samples. The 
parameters could be chosen more accurately in the case 
of Fig.2. Laser heating has the advantages in medical 
applications because of possibility to avoid infection 
and reach narrow places. 
On the other hand the beam output power could damage 
surface of object under investigation in case of very 
powerful laser. This possibility is illustrated in Fig.9. 
Bright spot indicates laser beam and white circled area 
shows damaged surface. 
 

 
 

Fig. 9. Laser beam on material and circled area is damaged 
surface. 

 
5. Conclusions  

 

The best way of three investigated methods for heating 
object was laser heating. The possibilities to avoid 
infection and reach narrow places in medical 
applications are the main advantages of this method. 
Theoretical evaluation and thermovision investigation 
of laser heated material surfaces temperature reduction 
show that the main way of heat dissipation is 
conductivity. Thermal conductivity of real material can 
be calculated using experimental graphs of temperature 
reduction of heated area in time. 
This method allows non-contact investigation of 
material thermal properties that is necessary for thin 
tissues and hard accessible places. Sometimes laser 
beam can damage the material’s surface under 
investigation like body tissues, so it is important to take 
attention to laser’s output power. 
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________________________________________________________________________________________________ 
 
Abstract: Patients’ irradiation doses during X-ray diagnostic examination procedures must be as low as reasonable 
possible, but sufficient for the diagnostics of diseases. The implementation of a new digital X-ray technique causes 
changes of the collective dose from medical exposures and absorbed dose to patients.  
Doses received by patients during digital X ray chest examinations (anterior and lateral projections) using a digital X-
ray machine AXIOM MULTIX MP have been measured by DAP-meter and dose dependencies on patient’s physical 
parameters (weight and size) investigated. It was shown that the dose area product depends exponentially on the 
patient’s size. Optimization of the X-ray examination procedures for the individual patients is discussed on the basis of 
the obtained results. 
________________________________________________________________________________________________ 

1. Introduction 
 

The benefits to mankind from medical x-ray diagnostic 
procedures in the past few decades have been 
substantial and the practice of modern medicine is 
highly dependent on their use. X-ray diagnostics is a 
medical procedure to get diagnostic view of testing 
field. There are ordinary and digital radiography. 
Ordinary X-ray image is obtained on the X-ray film and 
digital image is obtained on a computer screen. In the 
digital radiography the X-ray machine is installed in a 
close system, which uses digital technology to transform 
the detected X-radiation to digital image. Increasing of 
X-ray diagnostic techniques in the last years and 
implementation of new, mainly digital technologies 
cause the increasing of number of the X-ray 
examinations and influence collective dose from 
medical exposures over the world [1].  
Doses received by patients are measured in different 
ways. Measurements depend on the available equipment 
and the method of the patients investigation. Anyhow 
the irradiation dose to patients should be as small as 
possible, but provide all necessary information about the 
investigated object.  
One of the most important problems in the X-ray 
diagnostics is dosimetry. According to the registered 
dose a degree of risk for a patient could be evaluated. 
The absorbed dose to patient could be measured by 
various calorimetric, chemical, photographic, 
scintillation, thermoluminescent, semiconductor, 
ionization and other dosimeters, taking into account that  
 

the accuracy of the dose registration depends on the 
measurement method.[2].  
X-ray chest examination is most common diagnostics 
procedure in Lithuania and in the world, since the lung 
cancer is most comon disease among men in many 
countries. 1200 new lung cancer cases are being 
determined every year in Lithuania. Because of the 
need and importance of lung radiography, the X-ray 
chest examination procedure was chosen for this 
investigation 

 
2. Measurements 

 
A group of randomly selected male patients undergoing 
X-ray examinations in the chest region was chosen for 
the dosimetric investigation. Doses to patients during 
126 procedures have been measured. 86 procedures of 
them were X-ray chest examinations. Three 
examinations are possible in the chest X-ray 
radiography: a frontal plane (KL PA) radiography and 
side projection radiography (KL LAT) for the right and 
the left side  
All investigated patiens were weighted and their size 
was measured. The weight of the most analyzed 
patients was from the range of 61-70 kg. Standardized 
patient (an adult) weight is 60-80 kg. 
X-ray chest examinations of patients were performed by 
digital X-ray machine AXIOM MULTIX MP with the 
integrated flat pannel detector, which converts X-ray 
images to the digital data and sends them to the PC 
(Fig.1). 
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Fig. 1. Digital X-ray machine "AXIOM Multix MP” 
  
The machine automatically adjusts the settings 
according to the chosen voltage, which depends on the 
area of the investigation (e.g chest radiography -125 kV, 
spine – 75 kV). Selected voltage was the same for the 
same region of the investigation regardless of the 
physical parameters of the patients. Adjusted parameter 
was exposure (mAs). It was dependent on the patient's 
parameters. 
Dose-area product meter Diamentor 4M (PTW, 
Germany) was used for the dose measurements. 
Obtained dose area product values were used for the 
evaluation of the surface entrance doses received by 
patients [3]. Evaluated values were compared to those 
measured using TLD [4]. 

 
3. Results 

 
Recommended surface entrance doses received by 
patient during chest x-ray examination are: 0.6 mGy or 
0.2 Gycm2 (single PA exposure) and 1.7 mGy or 0.3 
Gycm2 (single LAT exposure) [5]. Dose values are 
dependent on patient’s physical parameters (weight, 
thickness).  

The increasing tendency of the DAP values with the 
increased patient’s thickness was observed. After the 
evaluation of the results it was found that this tendency 
was exponential one (Fig. 2) and was in accordance 
with the results discussed in the paper of T. Kiljunen et 
al [6].  
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Fig. 2. Dose-area product versus patient's thickness 
 
Since the X-ray tube voltage is set as a standard 
parameter for standard X-ray examination, the main 
parameter related to the patient’s biometric data is 
exposure (mAs). The thicker is the patient, the higher is 
exposure: current strength and exposure time. 
During the lung X-ray examinations higher exposure is 
applied when a patient is examined in LAT projection, 
as compared to the exposure in AP projection. The 
higher exposure corresponds to the higher dose received 
by patient. Measurement results on DAP variations for 
different patients exposed in KL AP and in KL LAT 
projections are provided in Fig. 3.  
It is clearly seen that the doses to patients for KL LAT 
irradiation projection higher. This corresponds to the 
fact, that the thicknes of patient in lateral projection is 
larger as in the case of front irradiation. 
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Fig. 3. Measured DAP values for patients exposed in two different thoractic projections 
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It is clearly seen that the doses to patients for KL LAT 
irradiation projection higher. This corresponds to the 
fact, that the thicknes of patient in lateral projection is 
larger as in the case of front irradiation. 
Intercomparisson of the dose mesurements was 
performed together with Radiation Protection Centre of 
Lithuania, using both: DAP meter and TLD’s. 
Intercomparisson results are presented in Fig.4. 
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Fig. 4. Data obtained from the two dosimeters DAP, meter and 
thermoluminescent dosimeters 
 
The same tendency of dose variations was observed 
using both methods of mesaurement. Some 
discrepancies (patient No.1 and patient No.9) in 
measured values could be attached to the not accurate 
positioning of Tlthermoluminescent dosimeter on the 
patient’s surface.  

 
4. Conclusions 

 
Dose to the patient using digital X-ray diagnostics 
equipment is lower then in the case of conventional X-

ray examination. Exposure doses depend on the 
patient’s biometric data (weight, thickness) and tend to 
increase exponentially with an increase of patient’s 
thickness.  
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RADIATION IMPACT ON POLYMER STRUCTURES 
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________________________________________________________________________________________________ 
 
Abstract: A sample of commercial semicrystalline polyethylene (PE), with the estimated crystallinity of 10% to 73%, 
was structurally characterized using constant wavelength X-ray powder diffraction. Degree of crystallinity and 
intermolecular distance of the amorphous component were measured for permeable samples. Changes in the crystalline 
orientation have been related to the load-extension curve. This was altered by changing the molecular weight, 
concentration of branches and strain rate. Structural changes of the polyethylene under exposure to cosmic radiation for a 
long time period have been investigated. Radiation induced changes and possibility to modify the properties using gamma source are 
discussed 

 
Keywords: Radiation, Polymer, Polyethylene, XRD, GIXRD. 
 

1. Introduction 
Irradiation is an established tool for modifying the 
structure and properties of polymers [1, 2]. 
Modification possibility of polymers attracts growing 
interest [3, 4] due to the potential technological 
application of the modified polymers. Irradiation of the 
polymers generally leads to a radiation damage and 
modification of the surface and bulk properties of [5, 
6]. This modification is the consequence of irreversible 
reaction mechanisms in polymers owing to processes 
like main chain scission, intermolecular cross-linking, 
creation of unsaturated bonds and emission of atoms, 
and molecules etc.. 
The overall picture of polyethylene bulk may be 
divided into two regions. In one region there is a high 
degree of disorder which is associated with the 
presence of a large number of structural defects. In the 
second region only a small number of defects are 
found. This region gives the structure a sufficiently 
high degree of order to enable the term “crystalline” to 
be applied. 
The two regions are separated by a “semi-ordered” 
nematic zone where the level of disorder is 
intermediate. The basic techniques of infrared 
spectroscopy and x-ray diffraction have been used in 
the present work to determine the effect of electric 
fields on the morphology of LDPE and highly 
crystalline polyethylene. 
The present work has been carried out to study the 
comparative influence of UV and hard electromagnetic 
radiation on the crystalline and optical properties of 
polymer materials. The effects induced by hard 
electromagnetic radiation have been investigated 
through the measurement of the degree of 
amorphization and crystallinity of polymers and 

estimation of the crystallite size. When this powerful 
tool is applied to the organic materials, especially 
polymers, the actual challenge occurs due to the 
destruction of the specimens resulted from the 
irradiation damage by hard electromagnetic radiation. 
 

2. Instruments and methods 
 

X-ray diffractometer (Cu K radiation source) has been 
used in fixed  of glancing angle incidence for 2 scan 
(GIXRD) in depth profiling and conventional Bragg-
Brentano geometry (-2 scanning) for wide scan. In 
conventional diffraction geometry the diffraction slit, 
Soller slit and receiving slit widths were 1º, 1º and 
0.15min, respectively, and the scanning step was 0.01º. 
To avoid the direction influence when measuring 
crystal grains specimen rotation attachment has been 
used. The XRD measurements reported here were 
carried out using modified diffractometer (DRON-3M). 
Conventional X-ray diffraction (Fig.1.) can only reveal 
average structural characteristics such as lattice 
parameters for the investigated specimen and the 
diffraction is observed only from the planes parallel to 
the surface. 

 

 

Source   Detector   

 
Fig.1. The experimental set up used for the measurement of 
diffraction patterns by conventional (B-B) geometry. 
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However in GIXRD (Fig. 2), the Bragg reflections 
originate from the crystals planes inside the sample and 
not parallel to its external surface, unlike in 
conventional Bragg– Brentano geometry where the 
incident angle  is fixed and 2 is rotating on a 
goniometer circle. 
 

Fig.2. The experimental setup used for the measurement of 
diffraction patterns in grazing-incidence mode (GIXRD). 
 
In the conventional /2 geometry [standard Bragg–
Brentano (B-B) geometry], a parafocusing arrangement 
is used where the X-ray source and the detector slit are 
at the focal points of the incident and diffracted beams, 
respectively. For thin film arrangement, the incident 
and diffracted beams are made nearly parallel by 
means of a narrow slit on the incident beam and a long 
Soller slit on the detector side. In addition, the 
stationary incident beam makes a very small angle with 
the sample surface (typically 1 to 3), which increases 
the path length of the X-ray beam through the film). 
This geometry is also referred to as asymmetric Bragg 
geometry. 
A Ceylon graphite (002) reflection (dhkl3.345 Å, for 
Cu-K - 13.31) monochromator was available for 
the incident beam in this work, and thus only the 
diffracted beam was collimated by a verticals Soller-
slit assembly. The spectral resolution was usually 
reduced in this mode as .compared with a focusing 
Bragg–Brentano geometry,  
If the incident angle (I) is larger than the incident 
critical angle (c) of the material, the X-ray penetration 
depth changes very rapidly. If 1>c the refracted 
beam passes into the film and the diffraction from the 
near surface region is observed. If 1>>c the refracted 
beam penetrates through the sample into the interface 
layer or substrate. This critical angle can be calculated 
for any material: 
  c (2.610-62)1/2            (1) 
where  is the density in kilogram per cubic meter and 
 is the wavelength of incident X-rays in Angstroms. 
The X-ray beam penetration depths are calculated for 
each value  (since the depth changes for each  
value) according to the following formula: 
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where is the tilting angle; —the Bragg angle;  
— X-ray beam incidence angle; —the absorption 
coefficient of the irradiated material corresponding to 
the applied X-ray wavelength. An example of the 
penetration depth variation with respect to the angle  
of 2500 m thick specimen is provided in figure 3. 
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Fig.3. Penetration depth as a function of  angles 
 
In GIXD geometry, the incident X-ray beam impinges 
on the surface at small angles (<3 of incidence.  
The absorption function  (z,) describes the 
attenuation of the incident wave and of the diffracted 
wave. For grazing incidence angle, it is expressed as: 
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were  is the linear absorption coefficient and  is the 
angle between the diffraction beam and the sample 
surface, which is defined as: 2-.  
B () is defined as: 
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Since rather broad spectral features are found in the 
polyethylene films, the reduced resolution does not 
present a major limitation for this work. A higher 
resolution is difficult to achieve with a laboratory 
setup, at least not within a reasonable time frame for 
the spectral acquisition process. 
In basic theory related to isotropic two-phase systems it 
is stated that the scattering intensity is proportional to 
the Fourier transform of the autoconvolution of the 
electron-density profile, ρ(r) as follows: 
 

   2 FI                            (5) 
 

where symbol F means a three-dimensional Fourier 
transform, Δρ is the difference between the local and 
average electron density, and superscript *2 stands for 
the autoconvolution. When the ideal sharp profile of 
electron density is obtained due to the interface of two 
phases, the I values could be obtained from the Porod’s 
law. This law predicts the decreasing tendency of the 
intensity proportional to q-4 for large q values: 

X-ray tube, Cu 
K1,2, K and  
whit radiation 

Flat graphite 
monochromator 

Monochromatic Cu 
K1 (0.541 nm) 
 X-ray 

Sample 

   Sollers slit 

X-ray 
 detector  

 2-
 



A. Meskauskas et al. /Medical Physics in the Baltic States 8 (2010) 122-125 

124 

      qI
q

K
qI

P

P

q


 4lim        (6) 

where q is the scattering vector: 
   2sin/4  q , 

λ is the wavelength of the incident X-ray beam, θ is the 
scattering angle, I (q) is the observed scattering 
intensity, KP is the so-called Porod-law constant, IP (q) 
is the Porod-law intensity.  
 

3. Results 
 
The absorption property of polymers exposed to X-
rays is not high. Due to this, the reflection of the X-
rays from the experimental samples has been 
investigated. In the present work initially unexposed 
0.2 mm thick polyethylene fiber composite samples 
were investigated. The composite was fabricated by 
compaction of extended chain UHMWPE fibers under 
high pressure without any extraneous binder. The 
samples were exposures to the cosmic radiation X-ray 
diffractogram of LDPE (Fig.4), indicates 
characteristics peaks at 21.5º and 23.8º of 2θ scale.  
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Fig. 4. Typical X-ray diffraction spectrum of polyethylene 
 
X-ray diffractogram could be used for the evaluation of 
the sample crystallinity degree according to the 
formula (2) 
Synthetic polymers almost never occur as single 
crystals. The diffraction pattern from polymers is 
almost always either a "powder" pattern 
(polycrystalline) or a fiber pattern (oriented 
polycrystalline). 
The results presented in Fig.5 show that analysis of the 
shape and angular position of the amorphous halo in 
WAXS patterns of semicrystalline polymers is a 
sensitive and fruitful method for obtaining information 
on the amorphous phase’s structure. 
The integrated XRD intensity corresponds to the 
volume fraction crystallinity, c. Other techniques 
such as density gradient columns (see Campbell and 
White or DSC) correspond to a mass fraction 
crystallinity c. The two fractions are related by the 
density ratios, where ρc is the crystalline density, ρ is 

the bulk sample density and ρa is the amorphous part 
density, 
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Fig. 5. X-ray diffraction pattern of polyethylene exposed to 
cosmic radiation 

 
The peak at 2θ= 21.11° in diffraction pattern of the 
sample indicates the amorphous nature of the polymer. 
It was found that the diffraction intensity of polymer 
samples decreases after their long term exposure to 
cosmic rays. The increased intensity indicates the 
decrease in the amorphous nature of the polymer.  
The highest intensity peak was found to be shifted 
towards the small angles after the exposure (Fig.6a). It 
could be assumed that the diffraction peak occurs at 
about 0.2 degrees! This implies that the lattice 
parameters are changed during the irradiation of 
polyethylene. 
If the time of measurement is long enough the X-ray 
diffraction could be observed from regularly spaced 
lamellae at very small angles using x-rays.  
Small-angle x-ray scattering is a primary technique to 
describe the colloidal scale structure of such stacked 
lamellae. Since the lamellae are 2-D objects, a small 
angle pattern is multiplied by q2 with the purpose to 
remove this dimensionality (Lorentzian correction) and 
the peak position is measured: q= 4p/λ sin (θ/2), where 
q is the scattering angle. Bragg's law can be used to 
determine the period of crystalline structure: L = 2p/q*.  
In some cases the X-ray data are being Fourier 
transformed to obtain a correlation function for the 
lamellae which indicate an average lamellar profile as 
it is shown in figure 6b. 
The first broad diffraction peak corresponding to the 
period of 31.5nm is a distance between the polymeric 
fiber and 15.8 nm line corresponds to the crystal fiber 
layer thickness. 
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Fig. 6a. Experimental GISAXS measurement  
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Fig. 6b. Theoretical fitting data 
 

4. Conclusions 
 
Polyethylene samples have been investigated after their 
long term exposure to cosmic rays. Observed changes 
in the crystalline orientation have been related to the 
exposure doses. It was found that the direct exposure to 
cosmic rays increase the crystallinity of polyethylene 
structure.   
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Abstract: Neutron and proton separation energies as threshold energies of photonuclear reactions were calculated for 
typical materials used in medical accelerators and for radiation technologies. The values of nucleon binding energies in 
nucleus are defined within the range from 2.224 MeV for 2H nuclide to 17.5 MeV for 13C isotope are comparable to the 
energies of electrons produced in medical accelerators. The photo-neutron yield depends on neutron separation energy 
of nuclide and on natural isotopic composition of the element. 

 
Keywords: nucleon separation energy, photonuclear reaction, photo-neutron and photo-proton generation, medical 
accelerators. 
________________________________________________________________________________
 

1. Introduction 
Linear accelerators have evolved over the last decades 
to powerful devices having increasing role in medicine. 
Linear accelerators are used for generating both high-
energy X-ray and electron beams for the treatment of 
tumours.  
The maximum photon energy in linear accelerators can 
vary between 6 to 25 MeV. When the photons have 
energies above 10 MeV, they can interact with the 
atomic nuclei of the high-Z materials, which constitute 
the target and the head of the accelerator, and neutrons 
and protons can be ejected. Consequently, it is 
important to know the threshold energies of photo-
neutron and photo-proton emissions from various 
materials. 
The therapeutic beams with energies of over 10 MeV 
induce both photonuclear and electronuclear reactions  
Different activation processes are likely to occur in 
products irradiated with high – energy photons or 
electrons. There are two direct processes: photo-proton 
(γ, p) and photo-neutron (γ, n) reactions. The remaining 
process is a neutron capture reaction after release of a 
neutron by a photo-neutron reaction [1]. 
Consequently as a result of these reactions undesirable 
radioisotopes and fast neutrons are produced. The main 
sources for photo-neutrons in a linear accelerator head 
are high atomic number components, including target, 
primary collimator, secondary collimators, wedges, 
blocks and multi-leaf collimators. These material 
include the lead (Pb), used as shielding in the 
collimator, tungsten (W) target used for the production 
of X-rays and iron (Fe) in the accelerator head [2]. 
The majority of the ejected neutrons reach the concrete 
walls of the accelerator bunker [3]. The neutron 

production yield is related to the type of the beam, i.e. 
the cross-sections of photonuclear reactions are about 
three orders of magnitude greater than those for 
electronuclear reactions in the energy range of the 
therapeutic beams. Therefore, the neutron production is 
significantly higher for the therapeutic X-ray beams. 
The production of photo-neutrons may result in an 
additional irradiation of the patient [4] and exposure to 
the medical staff during treatments outside the 
treatment room due to the leakage neutron and photon 
radiation, Irradiation of personnel is possible also in 
treatment rooms due to the gamma and beta radiation 
emitted by decaying activation products [5]  
At accelerator facilities, walls, floors and ceilings 
surrounding beam lines are exposed to secondary 
particles during machine operation and various 
radionuclides, such as 3H, 22Na, 54Mn, 60Co and 152Eu, 
are produced and accumulated in the concrete. 
Quantitative estimation of these nuclides is important 
for radioactive waste management in the reconstruction 
or for evaluation of the decommissioning conditions of 
accelerator facilities [6, 7].  
Natural isotopic abundance of elements is shown in a 
Table 1 [8].  
 

2. The evaluation method 
 

For photons with energies above the typical binding 
energy of nucleons, photonuclear interaction generally 
leads to emission of photo-neutrons as well as photo-
protons. Absorption of the incident photons excites the 
nucleus to a higher discrete energy state, and the extra 
energy is emitted in the form of neutrons or protons. 
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The probability of neutron or proton emission depends 
on the last neutron or proton binding energy in nucleus. 
 
Table 1. Natural abundance of elements  
 

X Isotope (natural abundance, %) 
H 1H (99.985), 2H (0.015) 
B 10B (19.8), 11B (80.2) 
C 12C (98,89), 13C (1.11) 
N 14N (99.634), 15N (0.366) 
O 16O (99.762), 17O (0.038), 18O (0.2) 
F 19F (100) 
Na  23Na (100) 
Mg 24Mg (78.99), 25Mg (10), 26Mg(11.01) 
Al 27Al (100) 
Si 28Si (92.23), 29Si (4.683), 30Si (3.087) 
P 31P (100) 
S 32S (95.02), 33S (0.75), 34S (4.21), 36S (0.02) 
Cl 35Cl (75.77), 37Cl (24.23)  
K 39K (93.2581), 40K (0.0117), 41K (6.7302) 
Ca 40Ca (96.94), 42Ca (0.647), 43Ca (0.135),  

44Ca (2.09), 48Ca (0.187) 
Ti 46Ti (8.25), 47Ti (7.44), 48Ti (73.72),  

49Ti (5.41), 50Ti (5.18) 
Cr 50Cr (4.345), 52Cr (83.789), 53Cr (9.501),  

54Cr (2.365) 
Mn 55Mn (100) 
Fe 54Fe (5.845), 56Fe (91.754), 57Fe (2.119),  

58Fe (0.282) 
Co 59Co (100) 
Ni 58Ni (68.077), 60Ni (26.223), 61Ni (1.14), 

 62Ni (3.634), 64Ni (0.926) 
Cu 63Cu (69.17), 65Cu (30.83),  
Zn 64Zn (48.63), 66Zn (27.9), 67Zn (4.1), 

 68Zn (18.75), 70Zn (0.62) 
Mo 92Mo (14.84), 94Mo (9.25), 95Mo (15.92), 

96Mo (16.68), 97Mo (9.55), 98Mo (24.13), 
100Mo (9.63) 

Sn 112Sn (0.97), 114Sn (0.66), 115Sn (0.34),  
116Sn (14.54), 117Sn (7.68), 118Sn (24.22), 
119Sn (8.59), 120Sn (32.58), 122Sn (4.63),  
124Sn (5.79) 

Ta 181Ta (99.988) 
W 180W (0.12), 182W (26.5), 183W (14.31),  

184W (30.64), 186W (28.43) 
Pb 204Pb (1.4), 206Pb (24.1), 207Pb (22.1)  

208Pb (52.4) 
 
Masses of all nuclei are somewhat smaller than the 
sum of the masses of the N neutrons and Z protons 
contained in them. The mass difference is 

Anp MmNmZm  ,            (1) 

where pm the mass of free proton, d is nm  is the mass 
of a free neutron and AM  is the mass of the nucleus. 
Number of nucleons (mass number) is NZA  .  
When m is expressed in energy units, this energy is 
known as a binding energy of the system, since it 

represents the amount of energy keeping the particles 
in nucleus together.  
The binding energy of a nucleus with Z protons and N 
neutrons ),( ZAB  is the energy needed to separate all 
the nucleons and end up with free protons and 
neutrons. According to the Einstein’s theory, the 
difference of the the nucleus mass AM  and the sum 
of the masses of its protons and neutrons is equal to its 
binding energy: 

    2]),([),( cZAMmNmZZAB np            (2) 
Frequently mass and energy are given by the same unit 
and in that case the factor c2 in equation can be left out; 
On the other hand, when a nucleus is created from A 
nucleons, ),( ZAB is equal to the energy released in 
the process.  

The energy necessary to remove one particle from 
the nucleus is the separation or binding energy of that 
particle for that particular nuclide. A “particle” may be 
a neutron, a proton, an alpha particle, a deuteron, etc. 
The separation or binding energy of a nuclear particle 
is analogous to the ionization potential of an electron. 
If a particle enters the nucleus, an amount of energy 
equal to its separation energy is released [9].  
The separation or binding energy of a neutron is 

2]),(),1([ cZAMmZAMS nn              (3) 
Such separation energy can be expressed in terms of 
the total binding energy [10]: 

),1(),( ZABZABS tottotn                (4) 
The separation or binding energy of a proton is  

2]),()1,1([ cZAMmZAMS pp          (5) 
In many reference sources the tabulated quantity is the 
excess or mass defect rather than the mass. The mass 
excess , is defined as M (A, Z)- A, and is usually 
given in units of energy equivalent of mass [10].  

 
3. Results 

 
Neutron separation energies (written in the brackets) 
are shown in the Table 2. Separation energy has the 
meaning of the neutron production energy thresholds 
for different isotopes of chemical element.  
Neutron production thresholds are: 13.1 MeV for Al 
and between 8.9 MeV and 12 MeV for Fe isotopes; 
~10 MeV for Cu and between 6,2 MeV and 8,7 MeV 
for W and Pb isotopes respectively.. 
The separation energy of the last neutron in the nucleus 
varies from 5 MeV to 17 MeV. As a consequence, the 
energy higher than 5 MeV would be necessary to 
produce neutrons from most of elements. However 
only for a few light elements, such as deuterium and 
beryllium, 5MeV energy is sufficient enough to 
produce neutrons. The (γ, n) cross section for these 
light elements is quite low, therefore the total process, 
electron-photon-neutron, has a low efficiency [11]  
Tungsten has five stable isotopes with threshold 
energies for photo-neutron emission ranging from 
6.190 MeV for 183W to 8,416 MeV for 180W and for 



G.Adlys /Medical Physics in the Baltic States 8 (2010) 126-129 

128 

photoprotons emission from 6.568 for 180W to 8.398 
MeV for 186W (Fig.1.). 
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Fig. 1. Neutron and proton separation energies for tungsten 
isotopes. 
 
Calculated proton separation energies from various 
nucleuses are shown in Table 3. 

 
Table 2. Neutron separation energies 

X Neutron separation energy Sn, (MeV) 
1H 2H (2.224) 
5B 10B (8.436), 11B (11.454) 
6C 12C (18.721), 13C (4.946) 
7N 14N (10.553), 15N (10.833) 
8O 16O (15.664), 17O (4.143), 18O (8.043) 
9F 19F (10.432) 
11Na  23Na (12.419) 
12Mg 24Mg (16.531), 25Mg (7.330), 26Mg(11.093) 
13Al 27Al (13.058) 
14Si 28Si (17.180), 29Si (4.473), 30Si (10.609) 
15P 31P (12.311) 
16S 32S (15.042), 33S (8.642), 34S (11.417),  

36S (9.889) 
17Cl 35Cl (12.645), 37Cl (10.31)  
19K 39K (13.077), 40K (7.799), 41K (10.095) 
20Ca 40Ca (15.643), 42Ca (11.480), 43Ca (7.933), 

44Ca (11.130), 48Ca (9.945) 
22Ti 46Ti (13.188), 47Ti (8.880), 48Ti (11.627), 

49Ti(8.142), 50Ti (11.010) 
24Cr 50Cr (12.999), 52Cr (12.039), 53Cr (7.939), 

54Cr (9.718) 
25Mn 55Mn (10.227) 
26Fe 54Fe (13.378), 56Fe (11.197), 57Fe (7.648), 

58Fe (10.044) 
27Co 59Co (10.542) 
28Ni 58Ni (12.217), 60Ni (11.387), 61Ni (7.820), 

62Ni (10.958), 64Ni (9.657) 
29Cu 63Cu (10.852), 65Cu (9.911),  
30Zn 64Zn (11.862), 66Zn (11.058), 67Zn (7.052), 

68Zn (10.198), 70Zn (9.218) 
42Mo 92Mo (12.676), 94Mo (9.678), 95Mo (7.368), 

96Mo (9.154), 97Mo (6.821), 98Mo (8.643), 
100Mo (8.289) 

50Sn 112Sn (10.787), 114Sn (10.299), 115Sn (7.546), 
116Sn (9.563), 117Sn (6.943), 118Sn (9.327), 
119Sn (6.483), 120Sn (9.108), 122Sn (8.813), 
124Sn (8.487) 

73Ta 181Ta (7.577) 
74W 180W (8.416), 182W (8.065), 183W (6.190), 

184W (7.411), 186W (7.190) 
82Pb 204Pb (8.394), 206Pb (8.086), 207Pb (8.738), 

208Pb (7.368) 

Table 3. Proton separation energies 
X Proton separation energy, MeV 
1H 2H (2.224) 
5B 10B (6.586), 11B (11.228) 
6C 12C (15.957), 13C (17.533) 
7N 14N (7.551), 15N (10.204) 
8O 16O (12.127), 17O (13.782), 18O (15.940) 
9F 19F (7.995) 
11Na  23Na (8.794) 
12Mg 24Mg (11.693), 25Mg (12.064), 26Mg(14.146) 
13Al 27Al (8.271) 
14Si 28Si (11.585), 29Si (12.334), 30Si (13.507) 
15P 31P (7.297) 
16S 32S (8.864), 33S (9.570), 34S (10.884),  

36S (13.095) 
17Cl 35Cl (6.371), 37Cl (8.386),  
19K 39K (6.381), 40K (7.582), 41K (7.808) 
20Ca 40Ca (8.328), 42Ca (10.277), 43Ca (10.676), 

44Ca (12.164), 48Ca (15.807) 
22Ti 46Ti (10.344), 47Ti (10.464), 48Ti (11.445), 

49Ti (11.352), 50Ti (12.164) 
24Cr 50Cr (9.591), 52Cr (10.505), 53Cr (11.133), 

54Cr (12.372) 
25Mn 55Mn (8.068) 
26Fe 54Fe (8.853), 56Fe(10.183), 57Fe (10.559), 

58Fe (11.955) 
27Co 59Co (7.364) 
28Ni 58Ni (8.173), 60Ni (9.533), 61Ni (9.861), 

62Ni(11.137), 64Ni (12.548) 
29Cu 63Cu (6.122), 65Cu (7.454),  
30Zn 64Zn (7.714), 66Zn (8.924), 67Zn (8.911),  

68Zn (9.977), 70Zn (11.118) 
42Mo 92Mo (7.482), 94Mo (8.491), 95Mo (8.631), 

96Mo (9.297), 97Mo (9.225), 98Mo (9.795), 
100Mo (11.143) 

50Sn 112Sn (7.554), 114Sn (8.480), 115Sn (8.753), 
116Sn (9.280), 117Sn (9.439), 118Sn (10.000), 
119Sn (10.127), 120Sn (10.690),  
122Sn (11.395), 124Sn (12.096) 

73Ta 181Ta (5.943) 
74W 180W (6.568), 182W (7.095), 183W (7.223), 

184W (7.700), 186W (8.398) 
82Pb 204Pb (6.638), 206Pb (7.253), 207Pb (7.488), 

208Pb (8.004) 
 
Neutron and proton separation energies for four stable 
lead isotopes are shown in Figure 2.  

0
1
2
3
4
5
6
7
8
9

Pb204 Pb206 Pb207 Pb208

Se
pa

ra
tio

n 
en

er
gy

, M
eV Neutron Proton

 
Fig. 2. Neutron and proton separation energies for lead 
isotopes. 
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The range of neutron emission threshold is from 6.738 
MeV to 8.394 MeV and for photoprotons – from 6.638 
MeV to 8.004 MeV. 
For a given atomic number Z, the neutron separation 
energy Sn is larger for even N as compared to that for 
odd N. Similarly for a given N, proton separation 
energy Sp is larger for even Z compared to that for odd 
N. This effect is caused by that part of the nuclear force 
that likes to have neutrons paired with neutrons (with 
antiparallel spin). This pairing of similar nucleons 
causes even- even nuclei (Z even, N even) to be more 
stable than even-odd or odd –even nuclei which, in 
turn, are more stable than odd-odd nuclei [10]. More 
stable nucleus is characterized by higher binding 
energies. In this case the larger amount of energy is 
required to separate the last particle (neutron or proton) 
from the nucleus. 
It should be noted that nuclei containing 2, 6, 8, 14, 20, 
28, 50, 82 or 126 neutrons or protons are especially 
stable. These nuclei are said to be magic. The 
associated numbers of neutrons or protons that are 
required to fill shells (or subshells) of nucleons in the 
nucleus behave in the same way as the electrons filling 
the shells of the atoms. Nuclei having a magic number 
of neutrons absorb neutrons to only a very small extent, 
so materials of this type could be used in the places 
where neutron absorption must be avoided. 
 

4. Conclusions 
 
Neutron and proton separation energies as threshold 
energies of photonuclear reactions were calculated for 
typical materials used in medical accelerators and for 
radiation technologies. The natural chemical elements 
consist of stables isotopes, differing by particle 
separation energies. As a consequence, with the 
increasing photon energy, more isotopes are 
participating in neutron or proton production.  
The values of last nucleon separation energies vary 
from 2.224 MeV for 2H nuclide to 17.5 MeV for 13C 
isotope and are from the range of operation energies of 
medical electron accelerators used in medical therapy. 
The photo-neutron yield depends on neutron separation 
energy of nuclide and on natural isotopic composition 
of element. 
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Abstract: The aim of this work was to check dose plans prepared using treatment planning system (TPS) before the first 
treatment of patient in linear accelerator applying percent depth dose (PDD) algorithm.  
Dose plans of 166 patients prepared in the clinical routine work were checked. It was found that the dose deviations in 
the checked plans varied from -4.2 % to +6.7 %, with a mean deviation of 0.42 % and a standard deviation of 1.86 %. 
The sources of possible data variations are discussed on the basis of the obtained results. 
 
Keywords: Radiotherapy, linear accelerator, quality control, dose calculation, plan check 
________________________________________________________________________________
.

1. Introduction 

High energy radiation therapy is one of the most 
important methods to treat cancer patients. Therefore 
the requirements to deliver a prescribed dose to the 
certain target in modern radiotherapy are growing fast. 
Patient’s treatment process is computerized, starting 
with the patient’s data mapping and ending with the 
dose delivering to the patient. However errors can occur 
along the procedure chain. The prescribed dose errors 
larger than 5 % may influence the clinical outcome of 
the treatment [1]. This might be prevented if treatment 
plans are checked befor the first treatment. 
Usually dose plans are prepared using standard dose 
planning systems and the doses to patients are 
calculated using standard algorithms. Nevertheless 
different treatment complications may occur due to the 
incorrect dose calculations. The implementation of dose 
plan verification system in the clinical routine may help 
to ensure the high-quality treatment and avoidance of 
errors that might influence the clinical outcome of the 
treatment. However, the better way is to use 
independent calculation algorithm, which uses different 
from treatment planning system algorithms for the dose 
calculations. 
The aim of this work was to check dose plans using 
percent depth dose algorithm befor the first treatment of 
patient in linear accelerator. 
 

2. The calculation method 
 
The depth dose at a depth d on the central axis (CAX) 
can be calculated as [3]: 

 

       pFCTPLANCFCFCFdCFAdDDdDD sumisoinvddm _, 

(1) 
 
where, DD(d) - the percentage depth dose (PDD) at any 
point on the beam central axis at depth d for patient 
geometry; DDm(d,A) - the depth dose at depth d for the 
equivalent field A on the surface, for reference beam 
geometry; CFdd(d) - the depth dose correction factor to 
convert from one Source to Skin Distance (SSD) to 
another; CFinv - the Inverse Square Law (ISL) 
correction; CFiso - the isocentric normalization 
correction; CFsum - the weight factor, accounting for the 
weight of the beam (and the number of fields); 
PLAN_FCT(p) - the plan normalization factor - this is 
used if the final distribution is renormalized to a 
particular isodose. 
 
PDD method includes the inverse square correction in 
the depth dose calculation. Figure 1 shows the steps 
which are necessary for the calculation of a single 
isocentric beam in the patient (c) from reference beam 
geometry (fixed SSD) (a). 
The depth dose correction factor used to convert from 
one SSD to another is given by: 
 

 
 

 
 2

max

2

2

2
max

1

2

),(
),()(

DSPD
dSPD

dCSSD
DCSSD

AdTPR
AdTPRdCFdd








    (2) 

where, TPR(d,A) – tissue-phantom ratio. TPR depends 
from depth d and for the equivalent field A; CSSD - the 
SSD on the central axis for the particular patient 
situation; Dmax – the maximum dose depth; SPD – 
Source to Phantom Distance.  
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Fig. 1. The correction factors CFdd and CFinv are applied to the 
reference beam (a) to calculate the depth dose in the patient 
(b). The depth dose is then normalized in (c) by the 
application of the correction factors CFiso, CFsum, and 
PLAN_FCT(p), such that (c) shows the actual on-screen 
isodose distribution. [3] 
 
The Inverse Square Law correction is defined as: 
 

 
 2

max

2
max

DCSSD
DSSDs

CFinv



       (3) 

 
where, SSDs - is equal to the SPD for standard fixed 
SSD and isocentric fields. For changed SSD fields, e.g., 
extended SSD, the SSDs is equal to the changed SSD 
value. 
The weighting factor, accounting for the weight of the 
beam is calculated using Eq.4. The weight of a beam is 
only relevant with respect to the other beam. The weight 
of a single field is meaningless. The correction factor 
CFsum identifies  the weight of the beam as: 
 

N
F

CF weight
sum         (4) 

 
The PDD algoriyhm is used for the calculations 
performed in respect to the central axis. Only bulk 
densities are used for the lung (0.3 g/cm3) and bone (1.2 
and 1.5 g/cm3). 
Varian accelerators use an enhanced dynamic wedge 
(EDW) to generate a wedged beam. It is difficult to 
control this type of wedge, but it is advantageous since 
it provides constant energy distribution over the field. 
The wedge is generated by moving one of the 
collimators during irradiation. The number of monitor 
units required to deliver a wedged field is obtained 
multiplying the number of monitor units for the open 
field by a wedge factor (WF). This wedge factor is 
equal to the ratio between the number of monitor units 
delivered when the moving collimator passes the central 
axis (or the fan line through the point of calculation) and 
the final number of monitor units. This ratio can be 
estimated from the segmented treatment table (STT). 
The Kuperman model for the calculation of Varian 
enhanced dynamic wedge factors [2] calculation is used 

Applying this model the wedge factor WFθ (Yc) is 
described as: 

 

     YSTT
MU

YMUYWF
total

c 


 ,
     (5) 

where Y   is considered to be a function of the centre-of-
field coordinate Yc and field size in the wedge-gradient 
direction. Note that equation (5) assumes that wedge 
factors are defined in the centre of the radiation field. 
The above described algorithm was computerized and 
the “Radiotherapy Verification Program” (RVP) was 
developed by Swedish colleagues [4]. Working panel of 
RVP is presented in Fig. 2. 
 

 
 
Fig.2 Working panel of Radiotherapy Verification Program. 
 
All dose plans where checked at Radiotherapy 
department of Kaunas Medical University Hospital 
branch Oncology Hospital. 
 

3. Results and discussion 

Individual patient data (name, identification number), 
dose plan  and irradiation details (irradiation unit, field 
size, distance from the source to irradiated surface, the 
depth in tissue, material heterogeneity and density, 
number of monitor units and the absolute dose) have 
been registered and calculation according to the selected 
data was performed.  
Deviation between the results obtained using depth-dose 
calculation algorithm and calculated by TPS was 
estimated as: 

%1001
TPS











D
DDeviation PDD     (6)The program 

sets 5% tolerance limit. If the estimated deviation of 
checked plan exceeds the tolerance limit, the plan 
should be investigated. If investigation fails, the plan 
must be recalculated, and the reasons of discrepancy 
must be explored more deeply. 
However it is quite difficult to check dose plans 
produced with sophisticated radiation treatment 
planning systems algorithms Basic algorithm of RVP 
supports only calculations on a central beam axis. So it 
is impossible to check the dose plans where field central 
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axis is closed by a multi-leaf collimator or is a near the 
side of configured field, as it is shown in the Fig.3. 
 

 
Fig.3 Field central axis is hidden 

 
If that happens, it is necessary to recalculate the dose 
plan again changing the coordinates in the planning 
system so,, that a central axis would be in the centre of 
the irradiated field. Of course, sometimes it is not 
possible if the planned location is surrounded by a 
number of critical organs that must be protected from 
additional exposure. 
Also it is impossible to check plans if the irradiation 
fields with rotation are foreseen. Plans of this type 
require manual recalculation, dividing the calculation 
procedure according to the distinguished segments of 
rotation arc and calculating doses for each segment 
separately. 
Dose plans for 166 cancer patients were produced using  
treatment planning system „ECLIPSE“ and checked by 
RVP using PDD method. Comparison of dose 
calculation results performed using different algorithms 
was processed statistically. The distribution of 
deviations obtained from the comparison of two 
algorithms is shown in Fig. 4.  
 

 
Fig. 4. The distribution of the deviation from comparison of 
two algorithms (PDD and TPS).  
 
It was found that the deviations varied from -4.2 % to 
+6.7 %, with a mean deviation of 0.42 % and a standard 
deviation was 1.86 %. It was also found that 2% of 
plans did not fit in the 5% tolerance limit. These plans 
required an additional evaluation using manual check. 
The distribution of the deviations obtained from the 
comparison of PDD and TPS for different localizations 
are shown in Fig. 5 and Table 1. 
 

  
a b 

 
c 

Fig. 5. The distribution of the deviation for different 
localization: head&neck (a), pelvis (b) and breast (c). 
 
Table 1. Percentage deviation for different localization. 

 
 

4. Conclusions 

Verification of dose plans was performed comparing 
dose calculation results obtained using planning system 
algorithm and verification algorithm. Total number of 
verified plans was 166. The deviations varied from -4,2 
% to +6,7 %, with a mean deviation of 0,42 % and a 
standard deviation was 1.86 %. For the most treatment 
cases except breast treatment the deviation between 
percent depth - dose method and treatment planning 
system was in 5 % range. 
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Abstract: Measurement and knowledge of dose delivered under lead eye shielding during superficial X-ray therapy 
allow to evaluate the irradiation effect on ocular structures. CT-Head phantom investigation of the lead shielding 
effectiveness in the typical superfical X-ray treatment procedure has shown that the side scattering of photons from the 
applicator are the main contributors to the additional dose to the patient as compared to the backscattered photons from 
the phantom surface or volume. Application of a lead shielding for reasonable eye protection is discussed.  
 
Keywords: phantom, applicator, X-ray tube, superficial therapy, eye shielding, scattered photons. 
________________________________________________________________________________________________ 
 

1. Introduction 
 

The application of superficial X-ray therapy doesn’t 
anticipate the obligatory calculation of the doses 
delivered to critical organs as it is in case of computed 
tomography or LINAC. Despite the treatment doses are 
lower, they can cause radiation damage to the irradiated 
organs. Due to this the necessity exists to protect critical 
organs, especially during the superficial X-ray treatment 
of head skin. 
It is known, that lead (Pb) shields are used in superficial 
radiotherapy of the periorbital region to reduce the dose 
delivered to critical structures beneath the area requiring 
treatment, which are close to or over the eye [1]. 
Treatment areas often include the nasal bridge, medical 
canthus and the eye lids [2, 3]. The protection efficiency 
of lead eye shields must be evaluated before their 
appliance in superficial X-ray therapy treatment. 
One of the most recent evaluations of eye protection 
efficiency from direct X-rays for the case when the 
applicator is set in a certain distance from the irradiated 
area has been performed by M. J. Butson et al. [1].  
However the superficial X-ray therapy is also performed 
when the applicator contacts with patient surface. In this 
case, the eye protection and the evaluation of protection 
efficiency raise some questions, because of the scattered 
photons, originating from the applicator, phantom and 
lead shielding. During the superficial X-ray therapy a  
photon interaction cross sections at keV energies are 
relatively large and dose enhancement is probable due 
to substantial backscattered photon fluence [4]. The 
evaluation of possible dose enhancement by 
backscattered photons from lead shielding is important, 

because it may have a negative effect on ocular 
structures. 
The purpose of this work was to investigate 
experimentally the angular surface dose distribution of 
scattered radiation of X-ray photons that were 
responsible for the doses registered on the head 
phantom surface without shielding and with a lead 
shielding during superficial X-ray therapy treatment, 
and to evaluate the efficiency of this shielding when the 
applicator contacts the phantom surface. 
 

2. Methodology 
 

GULMAY D3225 X-ray therapy unit with a acrylic 
conical applicator (orbicular exposure field - Ø4 cm) 
was used for the irradiation of PMMA head phantom 
(Cardinal Health Model 76-414-4150, Ø16 cm, h = 15.8 
cm, ρ =1.190 g/cm3).  
X-ray shielding of PMMA phantom areas near the 
applicator was performed using pieces of lead (4.12 x 
3.15 x 0.183) cm3.  
A set of calibrated pencil dosimeters D-500 (dose range 
- 0.02÷5 Gy, Ø1 cm, h = 10 cm) was used for dose 
measurements. Dose values were estimated using 
analyser KID-6. The pieces of lead were placed beneath 
the applicator to cover the whole pencil dosimeter 
(Figure 1) and to avoid misinterpretation of the obtained 
results  
Experimental set ups for angular dose distribution 
measurement on the phantom’s surface (without 
shielding and with lead shielding) are presented in 
Figure 2 and Figure 3. 
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Fig. 1. Position of lead shielding on the PMMA phantom 
during the measurement of the angular surface dose 
distribution 
 

 
 

Fig. 2. Experimental set up for angular surface dose 
distribution measurement without shielding (1 – GULMAY 
D3225 X-ray therapy unit; 2 – conical applicator; 3 – pencil 
dosimeter D-500;  4 – PMMA head phantom) 
 

 

 
 

Fig. 3. Experimental set up for angular surface dose 
distribution measurement with lead shielding (5 - lead eye 
shield) 

 
Central angle of 28.072 was estimated that corresponds 
to the irradiation field diameter, when the applicator 
contacts with the phantom. In order to include the 
contribution of side scattered photons from the 

applicator to the phantom surface dose, dosimeters were 
placed around a phantom with an angular step of 15 
degree. This arrangement enabled us to measure edge 
doses when the pieces of shielding lead were placed on 
the phantom’s surface just beneath the applicator.  
Angular surface dose distributions (without and with a 
lead shielding) were measured changing the beam 
quality (80 kVp, 100 kVp, 120 kVp). Irradiation dose to 
the target, DT = 4.0 Gy at 0.5 cm depth was kept during 
all measurements. Irradiation parameters are provided in 
the Table 1. 
 
Table 1. Irradiation parameters 
 

Tube voltage, 
kVp 80 100 120 

D0,5cm, Gy 4,0 
D0cm, Gy 4,56 4,50 4,45 
Photon 

penetration 
depth, cm 

0,5 

HVL 2,44  
mm Al 

2,97  
mm Al  

5,33  
mm Al 

Tube current, 
mA 20,0 

FSD, cm 20,0 
 
With reference to methods described in [5, 6, 7], the 
obtained dose values, measured in the shielded area 
(measuring point at 195, 210 and 225) without 
shielding and with lead shielding, were used to calculate 
the mass attenuation coefficients:  

D
D

d
0ln1/





  (1) 

 
where D0 and D are the dose values measured without 
and with lead shielding, d (cm) is the thickness of lead 
shielding, ρ (g/cm3) is density of lead and  μ/ρ (cm2/g) is 
the lead mass attenuation coefficient. The calculated 
values of lead mass attenuation coefficient were 
compared to theoretical values that were ascertained to 
energies of backscattered at 180 degrees photons using 
the XCOM database. 
 

3. Results and discussion 
 

The angular surface dose distributions measured without 
and with a lead shielding at different beam qualities of 
80 kVp, 100 kVp and 120 kVp are presented in Fig.4 – 
Fig.6. 
Performed measurements without shielding have shown 
that the doses in the neighbouring areas of applicator 
(165-195) are several times higher as compared to 
those measured near phantom surface at some distance 
from the applicator. This effect could be attributed to 
the side scattering of X-ray photons from the applicator. 
Application of led eye shielding contributes to the 
reducing of the doses in the region of interest however 
the doses in the closest neighbourhood of applicator 
remain rather high. The most effective dose reduction 
(70.4% - 81%) was obtained at the angle of 210, which 
corresponds to the distance of 4 cm from the edge 
(applicator side) of lead shielding plate. Average dose 
reduction of < 20% at 195 degrees is not satisfying and 
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1 2 
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was caused due to edge conditions (applicator - Pb 
plate). Average dose reduction of ~50% at further edge 
of lead shielding is appropriate. 
It seems that the shielding effectiveness could be 
enhanced if the lead plates would have a thickness 

gradient. The thickness of the applied lead shielding 
must be larger in the area tightly closed to the applicator 
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Fig. 4. Angular surface dose distribution, measured at 80 kVp without shielding and with lead shielding  

(rectangle marks the shielded area) 
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Fig. 5. Angular surface dose distribution, measured at 100 kVp without shielding and with lead shielding 

(rectangle marks the shielded area) 
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Fig. 6. Angular surface dose distribution, measured at 120 kVp without shielding and with lead shielding 

(rectangle marks the shielded area) 
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4. Conclusions 
 
Investigation has shown that the lead shielding placed 
on the phantom surface near by the applicator of X-ray 
irradiation unit “narrows” side scattering range of X-ray 
photons and reduces the doses in the shielded area 
depending on the beam quality, photon penetration 
depth and angular position.  
The most effective dose reduction of > 70% was 
obtained at the angle of 210, which corresponds to the 
distance of 4 cm from the edge (applicator side) of Pb 
shielding plate. However due to the edge conditions 
(applicator - Pb plate) at 195 the dose reduction of < 
20% was not satisfying. Dose reduction of ~50% at 
further from applicator edge of lead shielding is 
appropriate. Shielding effectiveness in these regions 
needs more detailed investigation.  
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_______________________________________________________________________________________________ 
 
Abstract: Results of the blood investigation of Chernobyl clean-up workers examined by Electron paramagnetic 
resonance method in the Centre of Occupational and Radiological medicine of P.Stradins Clinical hospital of Latvia are 
reported in the present work. 
 
Keywords: EPR (Electron paramagnetic resonance) hemoglobin, blood, Chernobyl clean-up worker. 
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1. Introduction 
 
At the beginning of this century, when scientists began 
to apply the principles of quantum mechanics to 
describe the atoms or molecules, they found that a 
molecule or atom has discrete states, each with a 
corresponding energy. EPR (Electron paramagnetic 
resonance) was first discovered in Kazan State 
University by Soviet physicist Yevgeny Zavoisky in 
1944, and was developed independently at the same 
time by Brebis Bleaney at the University of Oxford. 
EPR spectroscopy is a measurement and interpretation 
of the energy differences between the electronic states. 
With knowledge of these energy differences, it is 
possible to gain insight into the identity, structure, and 
dynamics of the sample under study. It is possible to 
measure these energy differences, ∆E, because of an 
important relationship between ∆E and the absorption 
of electromagnetic radiation (Planck's law). EPR is the 
only technique that provides direct detection in the 
sample that contains free radicals and unpaired 
electrons.Common examples: 
Transition metal ions – Fe3+, Cu2+, Mn2+, Co2+ 
Free Radicals – Typically carbon, nitrogen or oxygen 
containing compounds.  
 

2. Materials and methods 
 
The study of blood and hemoglobin radiation damage 
is very important in order to understand the biological 
effects of ionizing radiation [1-6]. Various physical 
techniques are used to determine structural damages of 
hemoglobin after irradiation: absorption spectroscopy  
 

 
[8], IR spectroscopy [7], Mossbauer [6] and EPR 
spectroscopy [1, 7]. 
In present work we have studied the blood of 
Chernobyl clean-up workers by Electron paramagnetic 
resonance. 
Between 1986 and 1991 approximately 6500 Latvian 
inhabitants were recruited for clean-up works at 
Chernobyl Nuclear Power Plant. Clinical investigations 
show high morbidity rate of clean-up workers compare 
with general population. Nowadays they represent 
group of chronically sick people with diseases 
prevalence of digestive, musculoskeletal and nervous 
system.  Most of the Chernobyl’ clean-up workers have 
poli-symptomatic sicknesses that exhibit tendency to 
progress, and their morbidity exceeds that observed in 
general population. Some of clean-up workers have 
erythrocytosis. 
 

 
Fig.2. Chemical structure of porphyrin ring of the 
hemoglobin. 
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Erythrocytosis is defined as an excess of erythrocytes, 
or red blood cells (RBCs). RBCs in the blood are 
measured by the hematocrit (the percentage of the 
blood volume made up of RBCs) or by the hemoglobin 
(the essential oxygen-carrying protein in the RBC). 
Erythrocytosis occurs if either of these values is 
elevated. The normal limits on these blood values for 
males and females respectively are 52% and 47% for 
the hematocrit, and 17.7 g/dl and 15.7 g/dl for 
hemoglobin concentration. Many blood proteins use 
metal centres to bind and react with small molecules. 
For example hemoglobin contains iron (Fig.2) and 
gives to red blood cells their colour. The iron group in 
hemoglobin transports oxygen around the body. When 
the hemoglobin binds oxygen its does change charge 
but only changes its electronic configuration from high 
spin configuration to low spin configuration (Fig. 3). 
    

 

Fig. 3. Electornic configuration of Fe2+ (ferrous ) [Ar]3d6 in 
low and high spin states  in hemoglobin. 

 
Methemoglobin or (ferric form of hemoglobin) is the 
form of hemoglobin, when iron Fe2+ in the heme is 
oxidized to the Fe3+ ferric state (Fig. 4). 
This form of hemoglobin is not able to bind oxygen 
This compound is unable to deliver oxygen to tissues; 
therefore, it is advantageous to convert this Fe3+ form 
of hemoglobin into the Fe2+ ferrous state so that tissues 
can get the oxygen that they need. 

 

 

Fig. 4. Electornic configuration of Fe3+ (ferric) [Ar]3d5 in low 
and high spin states in methemoglobin. 

 
The samples of blood were received from the Centre of 
Occupational and Radiological medicine of P. Stradins 
Clinical hospital of Latvia, where Chernobyl 
“liquidators” are examined. 
Venous blood was donated by consenting Chernobyl 
clean-up worker and collected under air in glass tubes 
containing a small amount of sodium citrate or heparin 

used as an anticoagulant. Blood without any 

anticoagulant was also tested and showed no difference 
with respect to sodium citrate-treated or heparin blood.  
The samples for EPR measurements were rapidly 
frozen in liquid nitrogen. 
The EPR spectra of frozen blood were measured on a 
BRUKER EMX-6/1 spectrometer equipped with an 
Aspect 2000 data system (Fig. 5). An ER 4102 ST 
Universal X-Band Resonator (TE102 mode) was used. 
The g-factors of EPR signals were determined by 
reference to the external magnetic field value measured 
by a Bruker ER 035 Gaussmeter and of the microwave 
frequency measured by a Systron Donner 6235A 

frequency counter.  
   

 
  

 Fig. 5. BRUKER  EMX-6/1 spectrometer 
 
The EPR signal intensities in blood were measured 
against fixed standard signals using the standard crystal 
MgO (Cr3+) placed in resonant cavity. 
The spectra were recorded at microwave power 6.2 
mW, applying magnetic filed modulation of 100 kHz 
and amplitude 1 mT. One spectrum is obtained 
averaging 20 scans with receiver time constant 25 ms.  
Documented dose for Chernobyl clean-up workers was 
taken from the register of the Centre of Occupational 
and Radiological medicine of P. Stradins Clinical 
hospital of Latvia. 
  

3. Experimental results and discussion 
 
In the present work we report results of investigations 
of blood of Chernobyl clean-up workers examined in 
the Centre of Occupational and Radiological medicine 
of P.Stradins Clinical hospital of Latvia by Electron 
paramagnetic resonance.  
The important parameter of EPR spectra is g-factor. 
The g-factor of an EPR sample determines the position 
in the magnetic field (at a given microwave frequency) 
where an EPR transition will occur. 

 

 ,                                       (1) 

where h  = Planck’s constant, n  = microwave 
frequency; b = Bohr magneton, B0 = magnetic field.  
The EPR spectra of human blood not participated in 
Chernobyl clean-up actions are present in the Fig. 6. 
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We can observe low intensity of EPR signal at g-factor 
6.0, 4.3 and 2.00.  
According to Table 4 [1, 11, 12] EPR signal with g = 
6.0 is associated with methemoglobin (Fe3+ in high spin 
state), EPR signal with g = 4.3 is associated with 
transferrin (none-heme iron Fe3+), signal with g = 2.00 
is associated with methemoglobin (Fe3+ in low spin 
state), signal 1.98 is associated with used etalon MgO 
(Cr3+).  

Table 4. The indicators of EPR signal of the human 
blood [1]. 

Indicators of blood Parameters of EPR signal 

Fe 3+ (methemoglobin) 
Anisotropic signal 

g┴ = 6,0 
g║= 2,0 

low-molecular complex 
of iron 

Anisotropic signal 
g┴ = 4,52 

Fe3+ (transferrin) 
Anisotropic signal 

g┴ = 4,3 
g║= 9,3 

Cu2+ (ceruloplasmin) 
g┴ = 2,056 
g║= 2,209 

A║= 155-200 G 

Radicals of adrenaline singlet, ΔH = 14 G 
g = 2,003 

Radicals of adrenahroma singlet, ΔH = 9 G 
g = 2,004 

Radicals of ascorbic acid 
singlet at 77 K, ΔH = 9 G 

g = 2,004  
doublet at 300 K,  

 
It is shown that it is difficult to analyze signal of g-
factor at 2.00 since it is very close to EPR signal of 
MgO (Cr3+) etalon with g = 1.98 which was used in this 
work. To investigate EPR signal of g=2.00 the other 
etalon with different g-factor is needed.  
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Fig. 6. The spectra of human blood not participated in 
Chernobyl clean-up actions. 

It is shown in the Fig. 7 that this blood sample the level 
methemoglobin (Fe3+ in high spin state) is higher than 
normal. It is necessary to point out that the spectrum of 
blood sample corresponding to “not-participant” in 
Chernobyl clean-up action presented in the Fig. 6 is 
similiar to the spectrum of a human blood sample, 
which was never exposured to radiation. We can 
observe correlation between EPR signal of 

methemoglobin and activity of the 90Sr/90Y and 
documented dose in register (recorded from military 
passport) as well. The level of EPR signal of transferrin 
is higher than normal comparing with EPR spectrum of 
blood represented in Fig. 6. 
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Fig. 7. EPR spectrum of blood of Chernobyl clean–up 
worker. (Documented dose in register - 0.195 Gy. 90Sr/90Y 
measured in tooth by EPR in 1997 year - 60 Bq/g).  

It is shown (Fig. 8) that the level of methemoglobin 
(Fe3+ in high spin state) in this blood sample is higher 
than normal. We observe correlation between EPR 
signal of methemoglobin and activity of the 90Sr/90Y 
and documented dose in register as well. The level of 
EPR signal of transferrin is higer than normal. 
Comparing this level with EPR spectra (Fig. 7) it was 
found that relation between the levels of 
methemoglobin and transferrin are being changed. 
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Fig. 8. EPR spectrum of blood of Chernobyl clean–up 
worker. (Documented dose in register 0.211 Gy.  90Sr/90Y 
measured in tooth by EPR in 1997 year -  80 Bq/g). 
 
In the Fig. 9 it is shown that the level of EPR signal of 
methemoglobin (Fe3+ in high spin state) g=6.0 is close 
to the level of EPR signal registered for person who has 
not participated in Chernobyl clean-up work (Fig. 6). 
The activity measurement of the 90Sr/90Y related to the 
person who’s data is shown in the Fig. 9, equals to 
zero. The dose documented in register is 10 times 
smaller as compared to EPR spectra of human blood 
shown in Fig. 7 and Fig. 8. Despite the EPR signal 
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level corresponding to methemoglobin, which is 
presented in Fig. 9 is smaller than the EPR signal levels 
shown in Fig. 7 and Fig. 8, practically the same level of 
EPR signal of human blood g = 4.3 related to 
transferrin was observed. 
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Fig. 9. EPR spectrum of blood of Chernobyl clean–up 
worker. (Documented dose in register - 0.02 Gy. 90Sr/90Y 
measured in tooth by EPR in 1997 year - 0 Bq/g).  
 

Comparison of the EPR spectra of human blood of non- 
participants in Chernobyl clean-up action (Fig. 6) and 
spectra of Chernobyl clean-up workers (Fig. 7, Fig. 8 
and Fig. 9), has confirmed the suggestion that 
Chernobyl clean-up workers have higher levels of 
methemoglobin (Fe3+ in high spin state) than other 
persons.  

For the assessment of EPR spectra measured in blood 
samples of  Chernobyl clean-up workers another etalon 
was used additionally. It was found that amount of Sr-
90 presented in the teeth could serve as another etalon, 
since its contribution to he total absorbed dose varies 
from 20% to 50% [9, 10]. 

 
4. Summary and conclusion 

 
These processed data show that methemoglobin level 
in the blood of Chernobyl clean-up workers is above 
normal.  May be ion Fe2+ in hemoglobin is oxidized 
to the Fe3+ in human by radiation. In this case it is 
possible that the source of radiation is 90Sr/90Y or 
other radionuclides absorbed in teeth and bones of 
Chernobyl clean up workers during the clean-up 
action. Examining the health status of liquidators, 
determined pathologies can be related to the presence 
of higher levels of strontium and other radionuclides 
in the body. 
The enhanced level of transferrin in the human blood is 
a subject of investigation since it plays a significant 
role in vital functions of human organism. EPR can 
detect the concentration of methaemoglobin and 
transferrin ions in human blood more precisely than 
any other technique does. 
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Abstract: Changes of 15 parameters in blood samples being in contact with the bioimplant (titanium plate, coated by 
hydroxyapatite layer) and undergoing blood ageing for an hour were investigated. Five consecutive measurements 
were analyzed. Blood exposure to the bioimplant resulted in statistically significant changes in 8 out of the 15 blood 
parameters. Ageing signs were obtained in 10 of them. Ageing process did not affect the influence of the bioimplant.  
 
Keywords: blood cells, blood contact in vitro method, bio implant, blood ageing.  
______________________________________________________________________________________________ 
 

1. Introduction 
 

The principal problem of biocompatibility of the 
material for tissue restitution is the issue of host 
response. Biomaterials can be either bio-inert or 
bioactive when coated by special layer creating bio 
surface [8, 4]. Hydroxyapatite is known as the bioactive 
one [1, 3, 5, 6, 8, 11]. The bio surface stimulates cell 
attachment and bone-implant contact in shorter time, 
[8] accelerates osseointegration [5], decreases platelet 
and erythrocytes adhesion [6, 11]. 
Therefore, it is very important to test implants for 
bioactivity by evaluating of host responce [7].  Blood 
contact tests as initial testing for host response is 
usually done in vitro. Blood is variable material. [2]. 
Typically, blood samples stored with K2-EDTA at 
room temperature for 48 hours are aged [10, 12, 13]. 
The aim of this study is to reveal changes in blood 
parameters upon contact with titanium plate coated by 
hydroxyapatite layer as well as to evaluate whether 
these changes depend on blood ageing process which 
occurred during the storage for an hour. The dynamic 
method of consecutive measurements was applied.  
 

2. Methods 
 

The titanium plate deposited with hydroxyapatite 
(HAP) ceramic layer as bioactive material (Ti:HAP 
plate) was chosen for blood contact test. The 2 mm 
thick plates (1x2 cm2) were cut off from the titanium 
(grade A) tape. Then the titanium plates were washed 
carefully in acetone and ethanol and finally dried in air. 
To cover them by HAP, pulse laser deposition 
technique was used. A thickness of the HAP layer was 
equal to a couple of micrometers.         
The blood specimens were tested by means of ABX 
Micros OT automated hematology analyzer, delivering 

a standard package of 15 blood characteristics [9] 
including  the count of red (RBC) and white (WBC) 
blood cells, platelets (PLT) as well as the percentages 
of 3 WBC subpopulations – lymphocytes (LY), 
monocytes (MON) and granulocytes (GRA), values 
of mean platelet volume (MPV), mean cell volume 
(MCV), mean cell hemoglobin (MCH), mean cell 
haemoglobin concentration (MCHC), content of 
hemoglobin (HGB), red cell distribution width 
(RDW), plateletcrit (PCT), platelet distribution width 
(PDW)  and hematocrit (HCT).  Subpopulations of 
white blood cells are recognized according to their 
size: LY are between 30 – 100 fl, MON are between 
100 – 150 fl and GRA are between 150 – 450 fl [9].  
The length of experiment was chosen to be an hour. 
The experiment was performed at room temperature.  
Venous blood specimens from 70 volunteers were 
collected in Vacutainer tubes (Becton-Dickinson) 
with K2-EDTA. The baseline test (1st test) of the 
collected specimens from each volunteer was 
performed. Then each of specimens was divided into 
two parts: “reference” (RP) and “experimental” (EP) 
samples.  
The Ti:HAP plate was positioned within the EP, 
whereas, the RP was kept Ti:HAP plate free. Both EP 
and RP were tested simultaneously four times during 
an hour: on 10th, 20th 40th and 60th minute of 
experiment.  
The differences (DIF) of 15 blood parameters from 
their baseline values were selected as the variables 
for statistics. Thus, the 1st test values were taken to 
be zero. DIF of the blood parameters calculated from 
the values at the corresponding time of testing in EP 
and RP samples were compared. Two-Factor analyze 
of variance with replication was used. This type of 
analysis provides 3 separate F statistics. Fa - 
evaluates blood ageing process (time-dependent 
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changes), Fb – estimates the effect of the bioimplant 
(Ti:HAP) and Fab – detects the interaction of the both. 
The latter confirms or rejects whether Ti:HAP influence 
depends on dynamic of blood ageing. Significance for F 
was at the P 0,05 level. 
  

3. Results 
 

The differences of 15 blood parameters from their 
baseline values obtained within an hour are illustrated 
in figures 1-15. 
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Fig.1. Changes in DIF.RBC number obtained in EP and RP 
blood samples  
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Fig.2. Changes in DIF.HGB values obtained EP and RP blood 
samples 
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Fig.3. Changes in DIF.HCT values obtained EP and RP blood 
samples 
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Fig.4. Changes in DIF.MCV values obtained EP and RP 
blood samples 
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Fig.5. Changes in DIF.MCH values obtained EP and RP 
blood samples 
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Fig.6. Changes in DIF.MCHC values obtained EP and RP 
blood samples 
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Fig.7. Changes in DIF.RDW number obtained EP and RP 
blood samples 
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Fig.8. Changes in DIF.PLT number obtained EP and RP 
blood samples 
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Fig.9. Changes in DIF.PCT values obtained EP and RP blood 
samples 
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Fig.10. Changes in DIF.MPV values obtained EP and RP 
blood samples 
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Fig.11. Changes in DIF.PDW values obtained EP and RP 
blood samples 
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Fig.12. Changes in DIF.WBC number obtained EP and RP 
blood samples 
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Fig.13. Changes in DIF.LY percentage obtained EP and RP  
blood samples 
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Fig.14. Changes in DIF.MON percentage obtained EP and 
RP blood samples  
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Fig.15. Changes in DIF.GRA percentage obtained EP and 
RP blood samples 
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The two-factor analysis of variances with replication 
provided evaluation of separate factors as well as their 
interaction. Analysis of five consecutive measurements 
allowed concluding that the blood parameter changes 
are time-dependent. Statistically significant Fa was 
revealed for five of blood parameters related to the red 
blood cells (DIF.RBC, DIF.HGB, DIF.MCH, 
DIF.MCHC, DIF.RDW), and for two of them related to 
platelet (i.e. DIF.PCT and DIF.MPV). There were 
stated statistically significant time-dependent changes 
in three WBC subpopulations percentages without any 
changes in the total WBC number (Table.1.).  

Table 1. Changes in blood parameters occurring during 
its storage for 1 hour. Comparison of 5 consecutive 
measurements , obtained in blood exposed to Ti:HAP 
and free of it. 

Blood parameter Fb pb Fa pa 
DIF.RBC [10 12/l] 6.72 0.01 3.05 0.02 
DIF.HGB [g/l] 6.69 0.01 3.42 0.01 
DIF.HCT [%] 4.27 0.04 1.48 0.21 
DIF.MCV [μm3] 3.02 0.08 1.46 0.21 
DIF.MCH [pg] 0.04 0.84 2.46 0.04 
DIF.MCHC [g/dl] 0.25 0.62 2.4 0.05 
DIF.RDW [%] 0.05 0.83 11.93 0.01 
DIF.PLT [10 9/l] 12.88 0.01 0.41 0.80 
DIF.PCT [%] 6.89 0.01 2.34 0.05 
DIF.MPV [μm3] 0.53 0.47 11.21 0.01 
DIF.PDW [%] 0.26 0.61 0.62 0.65 
DIF.WBC [10 9/l] 0.10 0.75 0.75 0.56 
DIF.LY [%] 12.53 0.01 14.90 0.01 
DIF.MON [%] 20.52 0.01 20.74 0.01 
DIF.GRA [%] 3.24 0.03 7.40 0.01 

 
Fa – F statistic of time-dependent changes (blood 
ageing);  
pa – significance level for Fa 
Fb - F statistic of Ti:HAP influence; 
pb - significance level for Fb 
 

Table 2. Changes in blood parameters occurring during 
its storage for 1 hour. Analysis of Ti:HAP/ageing 
interaction: 5 consecutive measurements, obtained in 
blood exposed to Ti:HAP and free of it. 

Blood parameter Fab pab 
DIF.RBC [10 12/l] 0.59 0.67 
DIF.HGB [g/l] 0.63 0.64 
DIF.HCT [%] 0.33 0.86 
DIF.MCV [μm3] 0.25 0.91 
DIF.MCH [pg] 1.02 0.40 
DIF.MCHC [g/dl] 0.72 0.58 
DIF.RDW [%] 0.11 0.98 
DIF.PLT [10 9/l] 1.65 0.16 
DIF.PCT [%] 1.72 0.14 
DIF.MPV [μm3] 1.08 0.37 
DIF.PDW [%] 0.62 0.65 
DIF.WBC [10 9/l] 0.50 0.74 
DIF.LY [%] 1.22 0.30 
DIF.MON [%] 1.65 0.16 
DIF.GRA [%] 0.52 0.72 

 
Fab – F statistic of Ti:HAP/blood ageing interaction;  
pab – significance level for Fab 

To estimate the effect of blood/Ti:HAP contact, Fb 
was calculated for each blood parameter 
simultaneously. Four of blood parameters related to 
erythrocytes (DIF. RBC, DIF.HGB and DIF.HCT) 
changed their values in different ways after having 
being in contact with Ti:HAP. The same was stated 
for DIF.PLT and DIF.PCT (platelet parameters), as 
well as for WBC subpopulations percentage. The 
changes in the total number of WBC remained 
statistically insignificant  
To check whether Ti:HAP effect depends on dynamic 
of blood ageing, F statistic of interaction of both 
factors (Fab) was calculated. The results are shown in 
the Table2. There was not found any statistically 
significant Fab in any of the 15 analyzed blood 
parameters. This indicated that changes in blood 
parameters affected by the bioimplant are not related 
to time-dependent changes, i.e., the both processes 
were independent. 

 
4. Discussion 

 
Using host response in vitro as the initial testing of 
biomaterials faces two problems: the evaluation of 
changes in tissue and development of suitable 
methods for this purpose. The method of blood 
contact testing is one of the most widespread and 
inexpensive one. Blood tests performed in vitro are 
usually directed towards the issue of blood 
coagulation and lyses of blood cells. However, more 
detailed information about changes of blood 
parameters can be of interest as well. 
Blood is extremely variable material. Its properties 
depends on many factors of individual donors, as 
well as on accuracy of blood drawing act,  that may 
change the host response capabilities [2] Besides, it is 
well known that blood storage at room temperature is 
accompanied by the process that is considered as 
blood ageing [10,12,13].  
So, the aim of the experiment was, firstly, to evaluate 
time-dependent changes in 15 blood parameters in 
condition, when blood samples were stored at room 
temperature for an hour, secondly, to compare 
changes in blood samples being in contact with the 
bioimplant to contact free ones and finally, to judge 
whether the difference in both samples depends on 
blood ageing process.   
The titanium plate, coated by hydroxyapatite (HAP) 
ceramic layer is considered as bioactive material [1, 
3, 5, 6, 8, 11]. Thus, it was chosen for testing. 
Changes in blood parameters over time of exposure 
to bio-implants were the subject of interest, so the 
differences from baseline values of blood parameters 
(DIF) were selected as the variables for statistics. 
This approach allowed ignoring the individual 
variances in the baseline values of blood parameters. 
To obtain more reliable results, 5 consecutive 
measurements of each blood sample have been 
performed.  
The results of two-factor analysis of variances with 
replication showed that changes in 6 out of the 15 
parameters differed in blood samples exposed to 
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Ti:HAP from exposure free ones. These 6 parameters 
demonstrated the signs of ageing during the storage for 
an hour. Platelet numbers and values of hematocrit 
differed in blood samples being in contact with Ti:HAP 
plate from contact free samples, at the same time there 
were no signs of systemic time-dependent changes in 
those parameters. On the other hand, there were 4 
parameters (DIF.MCH, DIF.MCHC, DIF.RDW and 
DIF.MPV) with signs of blood ageing process 
(statistically significant Fa) but without any changes 
related to contact with the bioimplant. 
Thus, it can be stated that changes in blood parameters 
under experimental conditions can be either only time-
dependent or bioimplant-dependent, or both factor 
dependent.  The obtained data suggest that blood ageing 
process and bioimplant-dependent process develop in 
different ways. This is confirmed by the lack of any 
statistically significant Ti:HAP/ageing factor 
interaction.   
This phenomenon can probably be explained by 
changes in citoplasmic membrane properties of blood 
cells. This suggestion comes from the behavior of WBC 
subpopulation during the experiment: pronounced 
changes in WBC subpopulation percentage without any 
changes in total WBC number. Leukocyte 
subpopulation measurement principles are based on 
different reaction of their cytoplasmic membranes to 
treatment by two reagents Diluent and Lyse.  Those 
actions make the sizes of three cell types more different 
(one from the other) and this is the base for recognition 
them by hemoanalyzer [9]. The alteration of cell 
membrane properties that leads to the modifying 
reaction to Diluent and Lyse is the possible way how 
the automated cell classification can be changed. Those 
alterations take place both in the processes of blood 
ageing and during the contact with Ti:Hap but their 
modes are probably different.  
  

5. Conclusions 
 

1. Blood exposure to titanium coated by 
hydroxyapatite layer resulted in statistically 
significant changes in erythrocyte and platelet 
number as well as in alteration of leukocyte 
subpopulation percentages leaving unchanged the 
total white blood cell numbers.  

2. Blood sample storage at room temperature for an 
hour evokes changes in the number of red blood 
cell and percentage distribution of subpopulations 
of leukocytes. The changes in the number of total 
white blood cells remained statistically 
insignificant. 

3. Two-factor analysis of variances showed the lack 
of statistically significant interaction between time-
dependent and bioimplant-dependent changes in all 
tested blood parameters. 

4. The proposed dynamic method of several 
consecutive measurements because of special 
statistical approach appeared to be sensitive for 
detecting changes in blood cells, occurring within 
an hour of contact with bio-implant. 

 

6. References 
 

1. Bermúdez-Reyes B., Espinoza- Beltrán F. J., 
Espitia-Cabrera I. and Contreras- García M. E. 
Characterization of HA/ZrO2-Base Bilayer on 
316L Stainless Steel Substrates for Orthopedic 
Prosthesis Applications. Advances in 
Technology of Materials and Materials 
Processing Journal, 9[2] (2007) 141-148.  

2. Black J.and Hasting G. Handbook of 
Biomaterial Properties. CHAPMAN HALL, 
1998; 590p.  

3. Cannas M., Denicolat P., Webb L.X., Gristina 
A.G. 1988. Bioimplant surfaces: Binding of 
fibronection and fibrolast adhesion. J.Orthop. 
Res. 7. pp. 316–325.    

4. Kononen M., Hornia M., Kivilahti J., 
Hautaniemi J., et al. Effect of surface 
processing on the attachment, orientation, and 
proliferation of human gingival fibroblasts on 
titanium. J. Biomed. Mater. Res. 1992. 26, No 
10. pp. 1325–1341. 

5. Nishimura Ichiro et al. Discrete deposition of 
hydroxyapatite nanoparticles on a titanium 
implant with predisposing substrate 
microtopography accelerated osseointegration. 
2007 Nanotechnology 18 245101 (9. pp). 

6. Pakr JY. Davies JE. Red blood cell and 
platelet interactions with titanium implant 
surfaces.  Clin Oral Implants Res. 2000 
Dec;11(6):530-9. 

7. Sajuata V. Bhat. Biomaterials. 2002, Springer, 
265p. 

8. Schuler M., Gethin Rh. Owen, Douglas W. 
Hamilton, Michael de Wild, Marcus Textor.  
Biomimetic modification of titanium dental 
implant model surfaces using the RGDSP-
peptide sequence: A cell morphology study. 
Biomaterials Volume 27, issue 21, July 2006. 
pp. 4003 – 4015.  

9. Hematoloģijas analizators ABX MICROS OT. 
(Hematology analyzer ABX MICROS OT). 
Invitros SIA. Lietotāja instrukcija., 2000. 98 
lpp.  

10. LaFayette N., et al. An in vitro method for 
assessing biomaterial-associated platelet 
activation. ASAIO J., 2007. 53. pp.159–162.  

11. Viayanand K., Deepak K. Pattanayak, T.R. 
Rama Mohan and R.Banerjee. Interpreting 
Blood-Biomaterial Interactions from Surface 
Free energy and work of Adhesion. In: Trends 
Biomater. Artif. Organs. 2005. Vol 18 (2). 

12. Vienken J. The need for a systems approach in 
biomaterials testing. MDT. 2007. September , 
Germany. 
http://www.devicelink.com/mdt/archive/07/09
/004.html     

13. Vogelaar, S.A., Posthurma, D., Boomsma, D. 
& Kluft, C. Blood sample stability at room 
temperature for counting red and white blood 
cells and platelets. Vascular Pharmacology, 
2002, 39, pp. 123-125.  



 

MEDICAL PHYSICS IN THE BALTIC STATES 8 (2010) 
 

Proceedings of International Conference “Medical Physics in the Baltic States” 
14 - 16 October 2010, Kaunas, Lithuania 

 

 
 

147 

 
DATA PROCESSING FOR CONNECTION BETWEEN HARD COSMIC RAY 

FLUX VARIATIONS AND HUMAN HEALTH DISORDER ANALYZING 
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________________________________________________________________________________________________ 
Abstract: The prognostic connection between a decrease of hard cosmic ray flux (HCRF) and human health, especially 
leaps in cardiovascular disease (CVD) occurrence within 1–3 days is well known. In addition, now the authors begin to 
analyze the relationship between geomagnetic parameters (HCRF) and other human state parameters - trauma cases and 
the total number of emergency calls. HCRF and medical data are analyzed in period 2001 – 2010 and it is a large 
amount of data. Authors offer data processing system design with three main parts: database management system, client 
part and results visualization by the suitable method.  
 
Keywords: Hard cosmic rays flux, medical calls, cardio-vascular diseases, database. 
_____________________________________________________________________________________________

1. Introduction 
 

Hard cosmic rays flux (HCRF) variations can be used 
as an indirect human health indicator. The prognostic 
relationship between a decrease of HCRF and 
subsequent leaps in cardiovascular disease (CVD) 
occurrence within 1–3 days is well known (Styra et al. 
2005, 2008, 2009). 
HCRF can be use for human health warning pathology 
prediction. People, who have any cardiovascular 
pathology, are very sensitive to the environment and its 
obvious changes. In addition, now the authors analyze 
the relationship between geomagnetic parameters 
(HCRF) and trauma cases and the number of total 
emergency medical calls. The similar information (e.g. 
solar radiation) for research frequently are obtained 
from different free access databases (Pagola et al. 2010, 
De Ruysscher  et al. 2010).  
Therefore, for analysis the database system is 
necessary. This systems implementation is described in 
the paper.  
 

2. HCRF values data processing 
 

HCRF values are measured continuously through 15 
minutes intervals by computerized gamma 
spectrometer. The special software AnGamma 3.24 
manages spectrometer work. Data of many years was  
accumulated and it was necessary to transform in XLS 
(Excel) format. 
 
 
 
 
 
 

2001-2010 HCRF data was analyzed in four ranges of 
energies. Altogether initial HCRF data contained more 
than 700,000 records. So, nine years of real data are 
available with a high quality. These are large amounts 
of data and that must be prepared for further processing 
and using. This is the only way possible to make the 
proper, intended for current research, data array. The 
main feature of developed system of data processing is 
requirement to work with very large volumes of the 
data though there isn’t any concerning difficult 
mathematical calculations (Styra et al. 2005, 2008, 
2009). 
Initial data of HCRF measurements must be arranged 
so that we must continue to work with its and it would 
be possible: 

1) To use HCRF measurements value of certain 
date; 

2) To show how HCRF change in different time 
intervals: one hour, day, month and year; 

3) To prepare the data for further work. 
For this purpose the original database was created, 
allowing work with the data in period 2001 – 2010. The 
database consists of three data sets: 

1) For each hour HCRF values; 
2) For each day HCRF 1-h time interval averages; 
3) For each month HCRF 1-h time interval 

averages. 
At first, it was developed an algorithm for the 
intermediate calculations - for each hour of each HCRF 
values and each day HCRF 1-h time interval averages 
data arrays formation. 
Three main data arrays were developed. The general 
data-processing algorithm is shown in Figure 1. 
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Fig. 1 HCRF data processing algorithm 
 

3. Human health disorder data arrays formation 
 

Medical data were obtained from the Vilnius ambulance 
service. In this paper used 2001 January - July 2010 
period data: 

1. Total number of emergency calls; 
2. Cardio-vascular diseases data; 
3. Trauma cases data. 

Emergency calls data array formation algorithm is shown 
in Figure 2: 

Fig. 2 Emergency calls data processing algorithm 
 
In the same way cardiovascular diseases data and 
trauma cases data are processed. All incidence data is 
stored in XLS file format. 
 

4. System design and implementation 
 

For computerized work with the given data it was 
necessary to choose software components. 
The main requirements for the system are: 

1. To store large data arrays; 
2. To use only the computer equipment in our 

disposition; 
3. To process and visualize the data; 
4. To allow concurrent access by multiple users; 
5. To offer usable interface. 

System functionality is given in use case diagram (Fig. 
3). 

Fig. 3 System functionality 
 
Client-server architecture was chosen for this system 
(Fig. 4).  

Fig. 4 System architecture 
 
System implementation consists of three parts: 

1. To choose database management system 
(DBMS) and create database for storing the data. This 
data are imported into the database from MS Excel 
files. 

2. To develop MS Access project connected to 
the created database. This is system client part which 
can be installed o several users’ computers. Therefore, 
such a solution of the task was chosen. Forms and 
reports are used for interface creation. If it is necessary 
the results may be exported to Excel file or to statistical 
software chosen one.  

3. Then the results are visualized by the suitable 
method. 
 

Initial every 15 minutes measured HCRF values  

Hourly, daily and monthly HCRF averages data 
arrays 

Preparation of all three arrays for further work 
and results output 

Total number of medical emergency calls per day  

Daily and monthly averages of calls data and its 
deviation from the monthly averages data arrays  

Preparation of all three arrays for further work and 
reporting of results 

Visų trijų masyvų parengimas tolesniems darbams ir 
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The combination of all these different program 
components makes the system appropriate for almost 
any our needs.  
The system report with data visualization example is 
given in Figure 5. 
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Fig. 5 Average monthly values in Vilnius in 2008 – 2009;  
○ - cardiovascular diseases (1), ■ - hard cosmic ray flux (2). 

 
The results of average monthly value produce 
analogical course of HCRF and CVD with maximum in 
winter and minimum in summer time (Fig. 5, curves 1 
and 2). 
Changes of HCRF values on 2 January 2001 are shown 
in Figure 6. 
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Fig. 6 HCRF values in hourly intervals on 2 January 2001. 
 

 
5. Conclusions 

 
HCRF and medical data are analyzed in period 2001 – 
2010 and it is a large amount of data. In this work the 
data processing system to quick and simple work the 
data from different source has been proposed. 
Originally, HCRF data were in 15 minutes frequency, 
medical data were in daily one, therefore the respective 
data integrates and daily and monthly values were 
calculated to do the analysis. The obtained results show 
the usefulness of the system for initial studies of 
relationship between hard cosmic rays flux variations 
and medical data. 
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________________________________________________________________________________________________ 
 
Abstract. Exposure from radioactive nuclear substances can pose a risk of adverse health effects. All employees of 
educational institution and students involved with the use of nuclear substances and radiation devices are required to 
follow established procedures for the possession, safe use, transfer and disposal of these substances and devices. 
According to the IAEA recommendations the radiation dose levels should be kept as low as reasonably achievable 
(ALARA Principle) and below the allowed exposure limits [1].  
In this work we address the above introduced problem concerning the future neutron laboratory, which is previewed in 
the CPST (Center for Physical Sciences and Technology) for educational purposes. The possible risk in terms of dose 
levels was estimated at the PuBe and Cf neutron sources storage container, experimental hall with neutron sources and 
adjacent laboratory room for equipment and student practical works. These estimations also serve as guidelines for the 
neutron laboratory design in the preparation stage. 
 
Keywords: neutrons, dose rate. 
________________________________________________________________________________________________

 
1. Introduction 

Neutrons are neutral particles with no charge and 
because of this they can penetrate many materials very 
easily. They do not produce ionization directly, but their 
interaction with atoms can give rise to alpha, beta, 
gamma or X rays which produce ionization. Neutrons 
can only be stopped by thick masses of concrete, water, 
polyethylene or paraffin. 
The Educational Neutron Laboratory (ENL) at the 
CPST will be created to house PuBe and Cf neutron 
sources (together forming 108 n/s of total activity) and 
possibly the neutron generator. It will be situated on the 
first floor of the building which construction initially 
was designed for work with various kinds of radiation. 
In the neutron laboratory the student practical works of 
specimen irradiation, life time experiments, coincidence 
measurements and other experiments will be performed.   
The goal of the work is to estimate the dose levels of the 
laboratory and evaluate the radiation safety condition 
because this influences different routine and monitoring 
scheme. If radiation dose does not exceeds 12 Sv/h it 
is accepted as common laboratory without additional 
means of radiation controlling system, if the dose level 
exceeds 56 Sv/h – the requirements for such II 
category laboratory is more strict and includes 
additional monitoring and radiation control system with 
time limit for work in the place, special permissions to 
enter the zone, safety control, personal dose monitoring 
etc. We have evaluated the dose levels at the PuBe and 
Cf neutron sources storage container, experimental hall  

 
and adjacent laboratory room for equipment and student 
practical works.  

 
2. Modeling   

For radiation safety assessment we have used MCNPX 
code [2] and ENDF-VI [3] cross-section libraries. The 
Monte Carlo N-Particle Code MCNPX was applied for 
neutron transport calculation and dose rate evaluation. 
In brief, particle transport using the Monte Carlo 
technique is based on the explicit tracking of particles 
following each particle from a source throughout its life 
to its death (by parasitic absorption or escape). 
Probability distributions are randomly sampled using 
transport data. In calculations these distributions are 
used to determine the type of interaction, energy of 
particles if it scatters, leakage of particles and number of 
neutrons produced if fission occurs. The dose rate was 
obtained using detector calculation tallies and energy 
deposition to dose conversion factors. For the neutron 
sources, secondary gamma photons mostly produced in 
the (n,) reactions must be taken into account. It is 
possible to do simultaneous coupled neutron-gamma 
transport calculations using MCNPX code.  
MCNPX was used in evaluation of radiation shielding 
of RBMK-1500 reactor spent nuclear fuel containers [4] 
and in modeling of several nuclear experiments: AVF 
65 °-ray beam (1-10 MeV) transport, HIMAC and ISIS 
800 – high energy neutron (20-800 MeV) transport in 
iron and concrete [5]. 
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The neutron sources of two types are previewed in the 
laboratory – 4 239PuBe sources of the total activity of 
5.7·107 n/s and one spontaneous fission 252Cf source 
(~2·107 n/s). The total activity of neutron sources was 
taken conservatively 108 n/s. The neutron source storage 
container is the 1.8 m depth underground cylindrical 
well of 0.6 m diameter, filled by polyethylene matrix as 
moderator. The neutron sources are placed in central 
channel of the well and two vertical experimental 
channels are situated 15 cm and 20 cm from the source 
to obtain different neutron flux characteristics during 
irradiation experiments.  
The simplified scheme of storage container of the 
neutron sources is presented in Fig. 1. 

 

 
Fig. 1. The simplified scheme of the underground storage 
container for neutron sources.  

 
Fig. 2. The neutron laboratory scheme with underground 
neutron source in the middle (marked by circle).  
 
The ENL scheme is presented in Fig. 2. The neutron 
sources storage container is placed in the right corner of 
the experimental hall, which concrete walls are 1.54 m 
of thickness specially designed for the radiation 
shielding purposes. The experimental hall is subdivided 
in two rooms by thin walls (part of wall is 50 cm and 
other part is 15 cm thickness) for neutron generator or 
other equipment. The equipment and student room is 
behind the experimental hall and connected by the door 
1.74 m of width. This door is additionally shielded by 
the movable trolley filled with polyethylene or paraffin. 
The second door opening is from the experimental hall 
to the corridor. In this calculation concrete density was 
taken 3 g/cm3 and polyethylene density – 0.9 g/cm3. 

 
3. Results 

The radiation safety has been evaluated in terms of 
neutron and photon doses in case of inserted in the 
storage container and open neutron source as well as 

neutron flux distribution in the experimental hall and 
surrounding.  
The calculated neutron doses rates in the case of 
inserted in the storage container and neutron source are 
presented in Table 1. The central channel of the 
moderator tube can be plugged with the 50 cm of 
polyethylene. In this case one or two of the side 
channels will be used for activation of samples. The 
dose rates are less than 0.1 Sv/h, when the plug is 
inserted. In order to obtain the high fluxes of the fast 
neutrons, plug must be removed. In this case dose rate 
on the ground level above the source is more than 
0.6 mSv/h. Fortunately, one does not need to stay 
directly above central hole, and time for changing 
samples is less than 10 seconds. The neutron dose rates 
for unshielded neutron source situated on the ground 
level are presented in Table 2. At vicinity of the source 
they are in order of few mSv/h, but on the other side of 
the shielding wall and if door is closed by the 
polyethylene shield (trolley) of 30 cm thickness, dose 
rates are less than 0.01 Sv/h. One must take into 
account, that experiments outside shielding most 
probably will use one smallest PuBe source with 105 n/s 
activity, so resulting doses will be two orders of 
magnitude lower, but for the 108 n/s activity neutron 
source – the additional shielding means should be 
implemented.  
 
Table. 1. Neutron dose rates in the various positions of the 
laboratory when neutron source is placed in the storage 
container.  

Position Dose rate Sv/h 
At ground level unplugged 640 
At 1.5 m height unplugged 140 

At ground level with 50 cm of 
thickness polyethylene plug 

0.07 

At 1.5 m height polyethylene plug 0.02 
At ground level 0.5 m from the source 

channel 
0.01 

 
Table. 2. Neutron dose rates in the various positions of the 
experimental hall during experiment with open neutron 
source* on the ground level.  

Position Dose rate Sv/h 
At 3.64 m height above neutron source 

(on the ceiling)  
461 

At ground level on the wall 1.2m from 
the source 

2.1103 

At 1.5 m height on the wall 1.2m from 
the source 

1.5103 

At ground level behind the wall  0.009 
At 1.5 m height behind the wall 0.0035 

At 1.5 m height behind the open door 37 
At 1.5 m height behind the closed door 0.002 

At 1.5 m height behind 50cm of 
thickness wall opposite the door 

22  

At 1.5 m height in the corner of thin 
walls intersection  

83 

At 1.5 m height behind 15 cm wall  118 
At 1.5 m height behind the open door 

to the corridor 
3 

*the 252Cf (~108 n/s) neutron source was used in the present 
calculation 
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The photon dose rates for unshielded neutron source are 
presented in Table 3. The photons make additionally 
about 1% of the neutron dose in the case of weak (i.e. 
thin wall) or no shielding (i.e. open door), on the other 
hand in the case of strong shielding (i.e. 1.53 m concrete 
wall) the photons dose is comparable (makes about one 
third of the neutron dose).  
 
Table. 3. Photon dose rates for various positions in the 
experimental hall during experiment with open neutron source 
on the ground level.  
 

Position Dose rate Sv/h 
At 1.5 m height behind the wall 0.001 

At 1.5 m height behind 50 cm wall 
opposite the door 

0.3 

At 1.5 m height in the corner of  thin 
walls intersection  

0.6 

At 1.5 m height behind 15 cm wall  0.6 
At 1.5 m height behind the open door 

to the corridor 
0.05 

 
The neutron distribution in the experimental hall and 
around in the case of open neutron source is presented 
in Fig. 3. It is obvious that the highest neutron 
propagation is in the ambience of the neutron source, 
but also in the room separated by the thin wall and in 
the adjacent laboratory. The neutron leakage is observed 
behind the door – the larger shielding should be 
implemented at the entrance to the laboratory and also 
the shielded or permanently closed with concrete wall 
door opening from the experimental hall to the corridor 
should be considered. The neutron flux distribution also 
shows that the building construction of the experimental 
hall is sufficient to block the neutron propagation in the 
surrounding premises.  

 
Fig. 3. The neutron flux (a.u.) distribution in the experimental 
hall, adjacent laboratory and corridor in the case of open 
neutron source. 

4. Conclusions 

The radiation safety evaluation of the future neutron 
laboratory (CPST, Vilnius) has been performed using 
MCNPX code. During activation experiments, if the 
central experimental channel with neutron source is 
plugged, the neutron dose rate is less than 0.1 Sv/h i.e. 
less than natural background. There is no potential risk 
for students or personnel in adjacent laboratory or 
corridor even using unshielded 105 n/s source, but in 
case of 108 n/s activity neutron sources (i.e., 252Cf  
source is used) – the additional shielding means should 
be implemented. It was estimated, that photons forms 
about one third of the dose when neutron shielding is 
strong, but their input is negligible (about 1%) in case of 
weak shielding. The neutron flux distribution shows that 
the building construction of the experimental hall is 
sufficient to block the neutron propagation in the 
surrounding premises, but the special attention should 
be paid on the door openings, they should be shielded 
carefully to avoid neutron leakage at the edges.   
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________________________________________________________________________________________________ 
 
Abstract: We present an overview of the development of the biomedical physics component of programmes for medical, 
dental, healthcare and biomedical engineering students in faculties of medicine in the Czech Republic. With medical, 
dental and healthcare students, we focus on the effective and safe use of biomedical devices, whilst for engineering 
students we concentrate on general biophysics and on devices which are not encountered in engineering courses such as 
optical devices (e.g., endoscopes and microscopes). 
 
Keywords: Biomedical physics, Medical physics, Biophysics, Biomedical engineering, Education, Czech Republic 
________________________________________________________________________________________________ 
 

1. Introduction – history 
 

In the Austro-Hungarian Empire, the teaching of 
medical physics (i.e. physics for medical students) 
started in the 50’ of 19th century. The teachers were 
physicists working in philosophical faculties at this 
time. At the beginning, the same syllabus was 
delivered to both students of medicine and physics. 
This led to complaints from students of both medicine 
and physics. The situation changed after the arrival of 
the famous professor Ernst Mach from Graz to Prague. 
Special lectures on physics were introduced for 
students of medicine and pharmacy. They were of 
relatively small extent – 2 semesters, each with 5 hours 
of lectures for both the German and Czech part of  
Charles University. 
Masaryk University in Brno was founded in 1919 and 
its Medical Faculty in 1920. Physics became a regular 
part of curriculum, and was taught by Czech professors 
of physics coming from the Faculty of Sciences of the 
university or from Brno Technical University. The first 
author of a Czech textbook on Medical Physics was 
professor Viktor Teissler (published in 1937). He 
worked in Bratislava and later also in Brno (after 
World War II., as Czech universities were closed by 
Nazis for six years).  
The other Czech medical faculties were founded after 
the war and the development of medical biophysics 
was accelerated. The educational process was 
completed with the introduction of practical laboratory 
classes. Originally experiments consisted of 
measurements of basic physico-chemical, electrical and 
optical quantities. Starting from about the 70’ of the 
20th century the practical exercises were gradually 
oriented to problems closer to medicine, 
demonstrations of medical devices started, and later the 

students could perform also some simple physical 
examinations as regular laboratory tasks (e.g., 
measurement of blood pressure, determination of visual 
acuity or skin impedance). 
The departments of Medical physics were also 
growing, and started involving themselves in research 
activities. Before the World War II. the departments 
were usually represented only by one professor, 1-2 
volunteer assistants and one craftman or academic 
technician. Today numbers of employees exceed ten in 
most departments. Partly due to Soviet influence, partly 
due to major progress in molecular sciences, Medical 
Physics was renamed as Medical Biophysics. Its 
syllabus was also oriented more in direction of general, 
molecular and physiological biophysics. This trend was 
finally broken in the last 10-15 years in most of the 
departments, and the subject (denoted still as 
biophysics) is gradually reorienting on the safe, 
efficient and effective use of medical devices. Thus, we 
are in full agreement with the latest recommendations 
published by Caruana et al. [1,2]. The Czech 
community of medical biophysicists was informed 
about this activity also in a Czech language journal [3]. 
The latest achievement of our community is the 
foundation of the Czech Society of Medical Physics 
which is associated with the Czech medical society of 
Jan Evangelista Purkyně. 
 

2. Situation today 
 

Eight medical faculties exist in the Czech Republic 
today and all include a medical biophysics department. 
They are listed in Table 1. (teaching General Medicine 
courses) and Table 2. (teaching also Dental Medicine 
courses). 
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Notice the specific situation in Charles University – 
there are five medical faculties, three of them in 
Prague. Historically, the 1st medical faculty has been 
oriented on General Medicine, the 2nd on Paediatrics 
and the 3rd on Hygiene and Preventive Medicine. 
Today this differentiation of focus has been reduced. 
The curriculum at the 3rd Medical Faculty in Prague is 
partly delivered using problem based learning 
techniques. English study programmes, identical with 
the Czech ones, are taught everywhere, except at the 
newer Medical Faculty in Ostrava, where courses 
started in September 2010. It is also necessary to 
mention that besides the students of general and dental 
medicine, almost all these faculties have big numbers 
of bachelor students of health care professions like 
nursing, laboratory assistants, optometrists, 
radiological assistants, nutrition specialists, midwifes, 
rescuers, physiotherapists and some others. Except for 
physiotherapists, radiological assistants and 
optometrists, these study programmes involve less 
physics and biophysics compared to medicine, 
however they always include some physics in their 
curriculum. 
The teachers in the departments of medical biophysics 
have background in medicine, biophysics, physics, 
electrical engineering and other professions such as, 
computer sciences, as health informatics is also often 
taught by these departments. The faculties in Hradec 
Králové and Olomouc deal also with the teaching of 
basic biostatistics so that they have more lectures and 
laboratory hours. In some faculties, health informatics 
or biostatistics is taught in separated courses by the 
same or different departments. 

3. What we teach – a typical syllabus 
 
The main task of departments of Medical Biophysics is 
to provide students with basic knowledge of physical 
principles encountered in medicine both as a 
background of physiological processes and as working 
principles of biomedical devices.  Of course, to assess 
the risks connected with operation of diagnostic or 
therapeutic systems it is also necessary to understand 
interaction of many physical agents on the human 
organism. Safety problems due to ionising radiation 
and electric currents are emphasized. Our programme 
also includes health informatics which includes a wide 
range of topics from PC hardware and software to data 
mining, sharing and processing with emphasis on web 
tools and resources. Since the practical laboratory tasks 
are discussed in another contribution, we will 
concentrate on the content of lectures. Although there 
are small differences between individual faculties 
depending on the research interests of individual 
academic members of staff we are convinced that the 
following syllabus of lectures at Brno Medical Faculty 
is typical to what is found at other universities in the 
Czech Republic. 
 
A) Medical biophysics in General medicine 
programmes  
 

Device-oriented lectures: Medical devices - 
introduction, X-ray imaging, Biosignals and their 
processing. Thermometry, Protection of the patient 
from ionizing radiation and image quality outcomes in 
X-ray imaging, Biomolecular and cellular research 
devices, Magnetic resonance imaging (MRI), Infrared 

Table 1. Medical Biophysics for General Medicine in Czech medical faculties 
Medical Faculty (MF) additional content semester lectures –  labs1 

Charles Univ. Prague xxx xxx xxx 
1st MF in Prague - 1st 2-4 
2nd MF in Prague - 1st 2-3 
3rd MF in Prague informatics 1st 0-53 (total) 
MF in Pilsen - 2nd 3-4 
MF in Hradec Králové biostatistics 1st 41-69 (total) 

MF of Masaryk Univ. in Brno informatics 1st 3-4 
MF of Palacký Univ.  in Olomouc informatics, biostatistics 1st and 2nd 60-60 (total) 
MF of Univ. Ostrava2 informatics 1st and 2nd 2-2 

1hours per week or total number of hours 
2starting this year (new faculty) 
 

Table 2. Medical Biophysics for Dental Medicine in Czech medical faculties 
Medical Faculty (MF) additional content semester lectures – labs1 

Charles Univ. Prague    
1st MF in Prague - 1st 2-2 
MF in Pilsen - 1st 2-2 
MF in Hradec Králové biostatistics 1st 23-60 (total) 

MF of Masaryk Univ. in Brno informatics 1st 2-0-4 

MF of Palacký Univ.  in Olomouc informatics, biostatistics 1st  15-45 (total) 
1hours per week or total number of hours 
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imaging (thermography), Devices for electrochemical 
analysis, Auxiliary laboratory devices (e.g., 
centrifuges), Microscopy, Nuclear medicine and 
radiotherapy, Sensory perception examination and aids, 
Physical therapy, Endoscopes, tissue ablation devices 
and lithotripters, Nanomedical devices, Occupational 
safety when using medical devices, Devices for 
substitution and support for body organs, Ultrasound 
diagnostics.  
 
Lectures on general and physiological biophysics: 
Structure of matter, Thermodynamic principles, 
Thermodynamics and life, Structure of living matter, 
Resting and action membrane potential, Biophysics of 
cardiovascular system, Biophysics of breathing, 
Introduction to biophysics of receptors, Biophysics of 
hearing and vestibular sense, Biophysics of visual 
perception, Safety aspects of air pressure, gravity 
changes and ultrasound, Biocybernetics, Healthcare 
informatics. 
 
B) Medical biophysics in Dental medicine 
programmes  
 

Device-oriented lectures: Medical devices - 
introduction, X-ray imaging, Protection of the patient 
from ionizing radiation and image quality outcomes in 
X-ray imaging, Magnetic resonance imaging (MRI), 
Infrared imaging (thermography), Biosignals and their 
processing, Thermometry, Microscopy, Nuclear 
medicine and radiotherapy, Physical therapy, Sensory 
perception examination and aids, Ultrasound 
diagnostics. 
 
Lectures on general and physiological biophysics: 
same as in general medicine.  
 
The syllabus used for dental medicine is rather reduced 
and not so strongly device-oriented. The reason is that 
fewer medical devices are used in dentistry. However, 
in some cases, diagnostic or therapeutic methods are 
explained for better understanding of themes taught in 
other courses. An overview of medical biophysics as it 
is taught in the Czech Republic, is internationally 
accessible in our textbook used in the English study 
programme [4]. 
Rigorous quality assurance has become an unavoidable 
part of the educational process in medicine. 
Unfortunately it is a time consuming activity which is 
considered as an obstacle for scientific research by 
many our colleagues. It results in abundant use of 
written tests and, generally, in the degradation of the 
teacher’s role. We are convinced that student 
assessment in the form of written tests or essays on 
their own is not sufficient for accurate student 
appraisal. Our assessment tradition also includes an 
oral exam, which gives good feedback to the teacher, 
and the written test is used to act as an impetus for the 
students to prepare seriously for the oral part of the 
exam. After the first experiences obtained in the 
English study programme, we have introduced such 
tests also in the Czech study programme.  
 

4. Medical physics for biomedical engineering  
programme 

 
The second large group of students taught in some 
medical faculties are biomedical technicians. These 
will soon be joined also by biomedical engineers. In 
the past, these study programmes were fully managed 
by Technical Universities in Prague and Brno. To 
improve the understanding of medical problems, 
medical terminology and the health care services, these 
study programmes now include units taught at medical 
faculties. About ten biomedical science subjects are 
now taught and examined by departments at medical 
faculties. Since biomedical engineers receive tuition 
regarding medical devices at their own faculty we 
emphasize different topics such as Microscopy, 
Sensory perception examination and aids, Physical 
therapy, Endoscopes, tissue ablation devices and 
lithotripters, Devices for substitution and support of 
body organs, Structure of matter, Thermodynamic 
principles, Thermodynamics and life, Structure of 
living matter, Resting and action membrane potential, 
Biophysics of cardiovascular system, Biophysics of 
breathing, Introduction to biophysics of receptors, 
Biophysics of hearing and vestibular sense, Biophysics 
of visual perception, Safety aspects of air pressure, 
gravity changes, and ultrasound. 
 

5. Perspectives 
 

The SWOT audit methodology thoroughly performed 
at the European level by Caruana et al. [2] has been 
applied by ourselves at the local (faculty) level and 
used for future planning. The situation can be different 
in various countries so that it is not easy to give 
advices. Perhaps, the situation in the Czech Republic is 
not yet critical, because the stakeholders are aware of 
the need of physics as a part of the theoretical 
background for medicine. The main danger for Czech 
medical biophysics is to ignore overlapping of subject 
matter taught in other departments or to concentrate too 
much on medical informatics. The department of 
medical biophysics can maintain a strong position only 
when teaching subjects which are difficult for other 
departments such as physiology, chemistry or biology 
to deliver. It is our personal experience that such a 
strategy is accepted as a role our departments should 
play. It is becoming difficult for faculty management to 
ignore warnings that without certain (bio)physical (and 
technical) knowledge the use of biomedical devices by 
medical and healthcare professionals is dangerous both 
for patients as well as for the medical and healthcare 
professionals themselves. Many renowned clinicians 
are aware that their own ability to use physical 
knowledge for the improvement of patients’ treatment 
is not sufficient for effective and safe practice. This can 
lead to occasional or even regular cooperation with 
biophysical departments.   
To maintain or regain academic acceptance of medical 
biophysics within faculties of medicine we need to 
base our curricula on device oriented teaching and 
internationally accepted research. The academic milieu 
is very competitive and a biophysics which is weak on 
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strategy can easily be absorbed by new departments 
arising from the boom in basic biomolecular sciences.  
It is already evident (we can see that when teaching in 
the English study programme) that too many medical 
students study in medical faculties throughout different 
European countries without understanding basic 
physical concepts like energy, power, electric voltage 
or radioactivity. These students are coming from high 
schools without classes in physics and when the lack of 
physics is not made up in medical curricula life-
threatening situations arise for patients when a 
communication is needed between the medical doctor 
and a medical physicist or technician particularly in 
critical care medicine situations.   
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Abstract: The possibility to use the high purity germanium (HPGe) detector with a package of software for the semi-
empirical modeling of the radionuclide registration efficiency and the analysis of gamma energy spectra in routine 
measurements in nuclear medicine laboratory is demonstrated.  
 
Keywords: Gamma spectrometry, registration efficiency, HPGe detector, ANGLE modeling software 
________________________________________________________________________________________________ 
 

1. Introduction 
 
In nuclear medicine liquid radiopharmaceutical drugs 
are administered to patients during diagnostic or 
therapeutic treatments reaching 33 million procedures 
worldwide annually. Radionuclide activities in most 
popular drug samples may be as large as 0.37-7.4 GBq 
per single delivery to the patient. Although the increase 
of radionuclide activities in drugs improves the quality 
of imaging procedures and may lead to the success of 
the radiotherapy treatment, it cannot be compromised by 
ionizing radiation doses given to persons [1]. 
The internal exposure doses to the patient due to the 
drug treatment may be evaluated using complicated 
models of the radionuclide distribution in organs of the 
human body. In routine laboratory operations the patient 
exposure is monitored by measuring the radionuclide 
activity prior to its administration using dose calibrators. 
Dose calibrators are ionization chambers coupled to a 
digital electronic system which gives a direct reading in 
units of the activity by means of calibration factors 
previously established by the manufacturer. 
Commercially available dose calibrators enable 
determination of radionuclide activities in drug samples 
with the typical measurement error of about 5 
(compared to a NIST SRM geometry, 5 ml of the 
solution in a glass ampoule with 0.6 mm wall thickness) 
[2]. 
However, the accuracy of the radionuclide activity 
measurement depends on many factors, most important 
of them being related to the attenuation of the ionizing 
radiation in the container material (e.g. the type of the 
container, its filling volume, container position inside 
the ionization chamber, container material and wall 
thickness)  
 
 

and to the measured radionuclide decay scheme. 
Underestimation of the above mentioned parameters 
may lead to the inaccurate determination of the 
radionuclide activity in a drug sample up to several 
times and, thus, may result in false results of the internal 
exposure dose to the patient [3, 4]. 
The aim of this work is to demonstrate the possibility to 
apply the semi-empirical modeling of radionuclide 
registration efficiency in order to improve the procedure 
of the determination of radionuclide activities in nuclear 
medicine samples of complex geometries. 
 

2. Methods 
 
The radionuclide photo peak registration efficiency in 
the defined measurement geometry was calculated using 
the semi-empirical model ANGLE (ORTEC) [5]. It uses 
reference efficiency curves, detector geometrical 
parameters and gamma attenuation coefficient databases 
as input data to calculate effective solid angles between 
the escaping gamma ray and the detector and, thus, to 
determine the radionuclide registration efficiency 
values. In this work HPGe detector parameters, used as 
input data in the modeling – detector height/radius, core 
top type/height/radius, inactive germanium top/side 
thickness, contact top/side thickness, contact (pin) 
material, end-cap top/side thickness and material, 
vacuum top/side thickness and housing side/top material 
– were taken from the detector manufacturer design 
records. 
In order to validate modeling data, radionuclide 
registration efficiencies were modeled for the Marinelli 
beaker geometry (GA-MA Associates, model 530 G-E, 
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matrix density 1.0 g/cm3) using the reference curve 
obtained for the certified ionizing radiation source in a 
close geometry (Czech metrological institute, model 
CBSS)The modeled radionuclide efficiency registration 
curve was used to calculate radionuclide activities in the 
certified calibration ionizing radiation source 
(Eckert&Ziegler Nuclitec, model EG-ML), and then 
compared with certified values (Table 1). The gamma 
energy spectrum was obtained using a coaxial HPGe 
detector (end-cap diameter 76 mm) and analyzed using 
the software GammaVision (ORTEC). 
 
Table 1. Radionuclide activities in the reference ionizing 
radiation source, according to its certificate, Cr, Bq, and 
radionuclide activities in the source calculated using the 
modeled radionuclide registration efficiency curve, Cm, Bq. 

Radionuclide Cr, Bq Cm, Bq 
57Co 107  3 110  10 
60Co 548  16 500  30 
85Sr 664  20 660  40 
88Y 1050  30 1000  60 

109Cd 2840  91 3000  20 
113Sn 509  15 510  30 

123mTe 136  4 130  10 
137Cs 459  13 460  30 

241Am 303  11 290  20 
 
Results show that radionuclide activities, calculated 
using the semi-empirical registration efficiency curve, 
are in a good agreement with certified values in the 
range of the total measurement uncertainty. 
 

3. Results and discussions 
 
Registration efficiencies of radionuclides, used in 
nuclear medicine gamma imaging procedures, were 
modeled for the 10 ml serum vial (Kimble, diameter 24 
mm) geometry of a varying filling volume 1-10 ml. 
Radionuclides included: a) 123I (T1/2=13.2 h) emitting 
158.97 keV gamma ray with the decay probability of 
83.3 % and b) 111In (T1/2=2.80 d) emitting a couple of 
coincident gamma rays, of which one is a 245.35 keV 
photon with the decay probability 94.1 %. Modeling 
results are given in Fig. 1.  
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Fig. 1. Modeled 123I and 111In registration efficiency curves for 
the serum vial geometry. 
 
Modeled curves were integrated into the gamma spectra 
analysis software to produce automatic reports on 

radionuclide activities in samples. Apparently, 123I 
medical source of about 1 MBq activity, placed in 10 ml 
serum vial, would yield a statistically reliable photo 
peak (> 10 000 cps) in less than a minute of the 
measurement time, resulting in radionuclide activity 
values with the total uncertainty up to 10 , that is 
comparable with the performance of dose calibrators. 
However, in a case of complex measurement geometries 
(e.g. different type of the vial, its filling volume, vial 
position towards the detector, different vial material and 
wall thickness), the ANGLE software would generate 
the curve typically in 5 minutes, with the possibility for 
the immediate application in the gamma spectra analysis 
software – faster than compared with dose calibrator 
calibration and operation procedures, that may take 
considerable time and require additional certified 
calibration sources. That will result in less time for 
calibration procedures and, thus, in lower ionizing 
radiation doses obtained by the operator and in lower 
errors in radionuclide activity determination due to the 
decay half-life correction.  Probably, the combination of 
a dose calibrator (for well defined measurement 
geometries) and the HPGe detector with a package of 
ANGLE and GammaVision software (for complex 
measurement geometries) would accelerate the 
determination of radionuclide activities with reasonable 
precision in drugs prior to administration to patients.  
 

4. Conclusion 
 
Radionuclide activity determination in medical drugs 
using the HPGe detector with a package of software for 
the semi-empirical modeling of radionuclide registration 
efficiency and the analysis of gamma energy spectra 
may be used in nuclear medicine laboratories as an 
additional tool to accelerate the determination of 
radionuclide activities with reasonable precision in 
medical sources of complex geometries prior to their 
administration to patients.  
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